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Abstract 
Somatosensory and motor cortical areas of the primate brain are functionally linked into 

a global sensorimotor system that integrates somatosensory information from the pe-

riphery into movement production. Plastic modifications take place continuously in this 

large-scale network and are of prime importance throughout life, for instance during 

daily sensory experience, for skill learning and for functional recovery after a brain le-

sion.  

In order to provide a fresh insight into the dynamics of sensorimotor cortical activity in 

non-human primates in the general context of a motor cortex lesion, we developed a 

methodological approach allowing to record the whole-scalp electroencephalogram 

(EEG) from 32 electrodes in anaesthetised macaque monkeys. Somatosensory evoked 

potentials (SSEPs) in response to the electrical stimulation of the median nerve at the 

wrist were mapped non-invasively from the whole scalp with submillisecond temporal 

resolution. We aimed at using EEG measurement of SSEPs to study the reorganisation of 

the somatosensory processing following a focal cortical lesion of the primary motor cor-

tex (M1), requiring a craniotomy. Consequently, we fully validated our EEG method by 

demonstrating that a craniotomy performed in the context of a cortical lesion did not 

induce major distortions in the EEG signal measured at the scalp. From then on, we were 

able to confidently use this EEG technique to investigate the effects of a cortical lesion on 

brain activity and the mechanisms involved in subsequent cortical reorganisation.  

Lesion-induced plasticity was investigated in one monkey subjected to a unilateral per-

manent lesion of the hand representation in M1, resulting in strong deficits of contrale-

sional fine manual dexterity. Regular pre- and post-lesion EEG measurements of median 

nerve SSEPs showed that the M1 lesion induced extensive plastic modifications in soma-

tosensory processing that were not restricted to the somatosensory cortical level but, 

surprisingly, affected the subcortical level as well. To elaborate, experiments revealed a 

reduction of the amplitude of subcortical potential after the lesion. Moreover, the lesion 

resulted in a constant gain added in the somatosensory processing at the cortical level 

while the sensitivity itself of somatosensory cortex to fluctuating inputs from the sub-

cortical level was maintained. 
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We complemented our investigations on the same monkey by recording EEG measure-

ment of SSEPs elicited by a more naturalistic, tactile stimulation to the fingertips 

(thumb, index and middle fingers) in order to overcome some major drawbacks inher-

ent in artificial, electrical stimulations. As a result, we observed that the M1 lesion in-

duced drastic alterations in tactile sensory processing from the fingertips, especially 

from the thumb tip although the lesion affected the entire hand representation in M1. 

Interestingly, detailed behavioural observations revealed that these cortical modifica-

tions were associated with differential alterations and recovery of the use of the differ-

ent fingers in a precision grip task (opposition of the thumb and index finger) performed 

with or without visual control. Behavioural analyses extended to other monkeys in-

volved in the same task confirmed the presence of somatosensory-related behavioural 

deficits after a motor cortex lesion. This pilot study illustrates that sustained changes in 

motor output and sensorimotor connectivity after a motor cortex lesion were sufficient 

to induce deep plastic reorganisation of the somatosensory processing over the post-

lesion recovery period in an adult macaque monkey.  

In a separate study, we took advantage of the high temporal resolution of EEG to investi-

gate in greater detail the effects of the aforementioned repeated tactile stimulation to 

the fingertips on somatosensory processing, in three intact adult monkeys. By using a 1-

Hz stimulation repetition rate, which is actually low as compared to many other studies 

using repeated stimulations, we demonstrated that cortical adaptation is not limited to 

the well-known reduction in amplitude of cortical activity over time, but surprisingly the 

latency of EEG signal was linearly increasing over time in response to a repeated tactile 

stimulation to each of the fingertips. These rapid plastic modifications of the somatosen-

sory cortical activity may correspond to a unique and specific “cortical signature” of fin-

gertip tactile stimulation and may enable the brain to prioritise novel stimuli by delaying 

the sensory processing of repeated and thus meaningless inputs. Moreover, these results 

suggest that latency adaptation is a significant process that should be carefully consid-

ered in case of repeated tactile stimulations, even at a low stimulus repetition rate. 

Finally, we provided significant insights into use-dependent plasticity by moving to EEG 

investigations on human. While a wealth of studies on use-dependent plasticity has fo-

cused on highly skilled expert people so far, we investigated the plasticity of the sen-

sorimotor cortex in daily, unconstrained conditions by measuring EEG on adult 
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touchscreen smartphone users and nonusers (used only old-technology mobile phones) 

in response to tactile stimulations to the fingertips (thumb, index and middle fingers). In 

addition, we took advantage of the intrinsic technology of touchscreen smartphones 

which store built-in battery logs to document participants’ activity on these devices. In 

this way, we were able to relate past sensory activity on the phone with cortical soma-

tosensory processing from the fingertips. Briefly, we found that the repetitive finger in-

teractions on a smooth touchscreen led to deep reshaping of tactile sensory processing 

from the fingers in smartphone users. Remarkably, we demonstrated that use-

dependent plasticity can operate very rapidly by daily updating the somatosensory cor-

tical representation of the thumb in particular. In a subsequent study, we investigated in 

greater detail the brain cortical imprinting of sensory behavioural activity on the 

touchscreen. In short, we observed that different temporal features of touchscreen expe-

riences and related hand actions are strongly imprinted at distinct stages of tactile sen-

sory processing in the contemporary brain.  

Taken all these results together, we were able to confirm by using EEG that brain activity 

in adult primates cannot be dissociated from the concept of neuroplasticity, whether 

during daily sensory experiences or after a brain lesion. Furthermore, we confirmed that 

M1 is definitely not a purely motor structure but, on the contrary, is important for soma-

tosensory processing as well in primates.  
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Résumé 
Chez les primates, les aires corticales somatosensorielles et motrices sont liées fonction-

nellement sous la forme d’un système sensorimoteur plus global, intégrant les informa-

tions somatosensorielles de la périphérie pour produire les mouvements. Ce réseau à 

grande échelle est constamment sujet à des modifications plastiques cruciales, que ce soit 

dans nos expériences sensorielles quotidiennes, pour acquérir de nouvelles habiletés ou 

lors de la récupération fonctionnelle suite à une lésion cérébrale, entre autres.  

Afin d’approfondir nos connaissances sur la dynamique de l’activité corticale sensorimo-

trice chez le primate non-humain dans le contexte général d’une lésion du cortex moteur 

primaire (M1), nous avons développé une approche méthodologique permettant 

d’enregistrer l’électroencéphalogramme (EEG) chez le macaque anesthésié, au moyen de 

32 électrodes distribuées régulièrement sur toute la surface du cuir chevelu. Ce faisant, 

nous avons pu cartographier de manière non-invasive sur le cuir chevelu les potentiels 

évoqués somatosensoriels (SSEPs) en réponse à une stimulation électrique du nerf médian 

au poignet, avec une résolution temporelle inférieure à la milliseconde. Notre but final 

était d’utiliser ensuite cette méthode pour étudier la réorganisation du traitement de 

l’information somatosensorielle suite à une lésion focale de M1, cette dernière procédure 

impliquant la réalisation d’une craniotomie. Nous avons alors validé complètement notre 

technique d’enregistrement EEG en montrant qu’une craniotomie n’induisait pas de dis-

torsions majeures dans le signal EEG mesuré au niveau du cuir chevelu. Dès lors, nous 

étions en mesure d’appliquer l’enregistrement EEG de SSEPs pour étudier les effets d’une 

lésion corticale cérébrale sur l’activité du cerveau et ainsi mieux appréhender les méca-

nismes de la réorganisation corticale inhérente à la lésion.  

Nous avons étudié la plasticité cérébrale induite par une lésion chez un singe ayant subi 

une lésion unilatérale permanente de la représentation corticale de la main dans M1, per-

turbant profondément sa dextérité manuelle fine contralésionnelle. Par des acquisitions 

EEG de SSEPs du nerf médian réalisées régulièrement avant et après la lésion, nous avons 

observé que la lésion de M1 a induit d’importantes modifications plastiques du traitement 

de l’information somatosensorielle. A notre plus grande surprise, ces modifications 

n’étaient pas limitées au cortex somatosensoriel mais elles s’étendaient également au ni-

veau sous-cortical sous la forme d’une diminution de l’amplitude du potentiel sous-cortical 
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après la lésion. L’activité corticale post-lésionnelle était, elle, caractérisée par une augmen-

tation du potentiel somatosensoriel sous la forme d’un gain constant ajouté, alors que la 

sensibilité du cortex somatosensoriel aux afférences sous-corticales variables était elle-

même conservée après la lésion. 

Les stimulations périphériques électriques comme celles appliquées ici au nerf médian 

comportent de nombreux inconvénients, notamment parce qu’elles sont très artificielles. 

Pour contourner ce problème, nous avons alors mis au point, chez ce même animal, 

l’enregistrement EEG de SSEPs obtenus par une stimulation tactile de l’extrémité des 

doigts (pouce, index et majeur), correspondant à une activation plus naturelle des voies 

somatosensorielles afférentes. Nous avons alors observé que la lésion de M1 a modifié de 

manière profonde le traitement cortical de l’information sensorielle tactile provenant des 

doigts, en particulier du pouce, alors que la lésion corticale s’étendait sur la représentation 

complète de la main dans M1. De plus, en parallèle à ces modifications corticales, la lésion 

a altéré de manière distincte l’usage puis la récupération fonctionnelle des différents 

doigts dans une tâche comportementale basée sur l’utilisation de la pince de précision 

(opposition du pouce et de l’index), réalisée avec ou sans contrôle visuel. Des analyses 

comportementales réalisées sur d’autres singes impliqués dans cette même tâche ont con-

firmé qu’une lésion corticale motrice induisait des déficits comportementaux en lien avec 

le traitement somatosensoriel. Cette étude pilote démontre que les changements majeurs 

opérés au niveau du cortex moteur et de la connectivité sensorimotrice ont été suffisants 

pour provoquer une profonde réorganisation plastique du traitement de l’information so-

matosensorielle au cours de la période de récupération qui a suivi la lésion, chez un ma-

caque adulte.  

Dans une autre étude, nous avons profité de l’excellente résolution temporelle offerte par 

l’EEG pour étudier dans plus de détails l’impact de la stimulation tactile répétée décrite ci-

dessus, sur le traitement de l’information somatosensorielle provenant de l’extrémité des 

doigts. Pour ce faire, nous avons délivré des simulations tactiles répétées aux doigts de 

trois singes adultes intacts avec un taux de répétition de 1 Hz (faible valeur en comparai-

son de beaucoup d’autres études utilisant un paradigme de stimulation répétée). Nous 

avons alors observé que l’adaptation corticale ne se limite pas à la réduction de l’amplitude 

corticale au cours du temps, comme généralement décrite. En effet nous avons mis en évi-

dence que la latence du signal EEG augmentait de manière linéaire durant la période de 

stimulation tactile répétée de chaque doigt. Ces modifications plastiques rapides de 
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l’activité du cortex somatosensoriel pourraient correspondre à une « signature corticale » 

unique et spécifique de la stimulation tactile de l’extrémité des doigts et pourraient per-

mettre au cerveau de traiter en priorité de nouveaux stimuli en retardant le traitement 

sensoriel de l’information répétée et ainsi moins pertinente. De plus, nos résultats suggè-

rent que l’adaptation de la latence est un processus significatif qu’il faut considérer avec 

attention dans les protocoles impliquant une stimulation tactile répétée, et ce même lors-

que le taux de répétition du stimulus est faible.  

Pour finir, nous avons étudié dans de plus amples détails la plasticité liée à l’usage en con-

centrant nos investigations EEG sur l’homme. Alors que le concept de plasticité liée à 

l’usage est le plus souvent associé à la pratique soutenue et spécialisée d’une activité par 

des sujets experts, nous nous sommes intéressés à la plasticité du cortex sensorimoteur 

associée aux conditions non contraintes de la vie quotidienne. Pour ce faire, nous avons 

mesuré l’activité EEG en réponse à la stimulation tactile du pouce, de l’index et du majeur 

chez des utilisateurs adultes de smartphones à écran tactile et des non-utilisateurs (sujets 

restés fidèles à des téléphones d’ancienne génération, sans écran tactile). De plus, nous 

avons utilisé l’historique de la décharge de la batterie des smartphones pour en suivre 

l’utilisation faite par leur propriétaire. Ainsi, nous avons pu établir un lien entre l’activité 

sensorielle précédemment opérée sur le téléphone et le traitement cortical somatosenso-

riel associé aux doigts. Nous avons alors mis en évidence que les interactions répétées des 

doigts sur un écran tactile lisse ont provoqué un remodelage important du traitement cor-

tical tactile chez les utilisateurs de smartphone. Nous avons en particulier observé que la 

plasticité liée à l’usage est un phénomène qui opère très rapidement en permettant 

d’actualiser quotidiennement la représentation corticale somatosensorielle du pouce, en 

particulier. Dans une dernière étude, nous nous sommes intéressés à l’empreinte corticale 

laissée dans le cerveau par le comportement sensoriel sur les écrans tactiles. Il ressort que 

différentes caractéristiques temporelles de l’expérience tactile et de l’usage de la main sur 

le smartphone sont fortement représentées à différentes étapes du traitement sensoriel 

tactile dans le cerveau des utilisateurs d’écran tactile.  

Les investigations EEG présentées ici confirment que l’activité corticale du cerveau du 

primate adulte est intimement liée à la notion de plasticité, que ce soit dans les expé-

riences sensorielles quotidiennes ou après une lésion cérébrale. Nous avons aussi confir-

mé que M1 n’est pas une structure purement motrice mais au contraire qu’elle est égale-

ment impliquée dans le traitement somatosensoriel chez les primates.  
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Preamble 
The present manuscript summarises the work I have carried out during my PhD thesis 

in the laboratory of Professor Eric Rouiller at the University of Fribourg, from March 

2010 to September 2015. I assembled texts from peer-reviewed published articles for 

which I wrote most of the text (Chapter 1 and French review in Chapter 6) and/or con-

tributed substantially to the study design and data collection (Chapters 1 and 6), a 

submitted paper (Chapter 7), and other chapters that are still not so completely 

achieved but that may result, in a more condensed form, in future publications as well 

(Chapters 2 to 5), explaining why some repetitions may occur as the text progresses. 

Finally, four other peer-reviewed published articles reporting studies which I took part 

in as well are compiled in the Appendixes.  

Each chapter of the main text is connected either to one or to both of the central themes 

of my thesis, namely the electroencephalography (EEG) and the plasticity of the sen-

sorimotor system in primates. I have gathered the methodological parts that were com-

mon to several chapters together in the Chapter General Materials and Methods, un-

less an entire chapter was specifically devoted to a particular methodological aspect.  

The General Introduction and the Chapter General Materials and Methods are pre-

sented first. Then the results are divided into 7 chapters, followed by the transcription of 

a public conference I hold, followed by a General Discussion, and finally the Appendix-

es.  

The Chapter 1 describes the methodology of scalp EEG recordings in macaque monkeys 

following an electrical peripheral stimulation. This constitutes a general introduction to 

the methodology used throughout the Chapters 2 to 4 dealing EEG recordings in ma-

caque monkeys specifically. We also put a special emphasis on evaluating the impact of a 

craniotomy on brain potentials recorded at the scalp. This work was published in Brain 

Structure and Function in 2014. This study was already initiated as I was a Master stu-

dent in the laboratory of Prof. E. Rouiller.  

The Chapter 2 is focused on evaluating the impacts of a motor cortical lesion on brain 

activities elicited by an electrical peripheral stimulation, by using EEG in one macaque 

monkey.  



Preamble  Anne-Dominique Gindrat 

11 

At the time I started my PhD project, we intended to measure the brain activity evoked 

by an electrical stimulation delivered to peripheral nerves in macaque monkeys to in-

vestigate the effects of a cortical lesion on brain activity and to follow the subsequent 

brain reorganisation. Nevertheless, even though the convenience of this technique, the 

electrical stimulation of large peripheral mixed nerves presents several drawbacks. Con-

sequently, we improved our study design by adding EEG recording of brain activity elic-

ited by a more naturalistic stimulation. These results are presented in Chapter 3, ex-

ploring still in the same animal the impacts of the cortical lesion on brain activity elicited 

now by delivering a peripheral tactile stimulation to the fingertips, with the advantage 

to activate specific classes of mechanoreceptors and therefore to selectively engage 

some afferent fibres.  

The Chapter 4 shows how a repeated peripheral stimulation (either tactile or electrical) 

can lead to adaptation in cortical activity assessed by scalp EEG, both in the time do-

main, which was really surprising, and in the amplitude domain, which was more ex-

pected.  

The Chapter 5 is again a more methodological section describing a behavioural task im-

plemented to evaluate the integrity of the sensorimotor system in macaque monkeys. 

This chapter does not directly relate to EEG recording but it deals with interesting be-

havioural observations that may complement electrophysiological information in order 

to go deeper in our understanding of mechanisms underlying the brain reorganisation 

following a focal and permanent cortical lesion in macaque monkeys.  

The Chapter 6 presents the results of an EEG study conducted in human in collaboration 

with Dr Arko Ghosh (University of Zürich and ETH Zürich). We were here interested to 

investigate the plasticity of the sensorimotor cortex in relation to the use of touchscreen 

smartphones. These results were published originally in Current Biology in 2015. A short 

French review about the same topic was published in Médecine/sciences as well in 2015 

and is also included here.  

The Chapter 7 is the direct continuation of the study presented in Chapter 6. Here we 

investigated in greater detail how the touchscreen behavioural statistics are imprinted 

through the different stages of sensory processing in the cerebral cortex. This paper has 

been submitted for publication in the Annals of Neurology. 
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Finally, the Chapter 8 is the written and refined version of a public conference I hold 

about the use of non-human primates in scientific research, and more specifically in 

Neuroscience. I found important to integrate some ethical aspects about animal research 

in the present manuscript because the achievement of my PhD project would never have 

been possible without the invaluable contribution of some macaque monkeys.  

 

 

15th June 2015 Anne-Dominique Gindrat 
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General context 

This PhD thesis comes within the scope of research already initiated from many years in 

the laboratory of Prof. Eric Rouiller to document the mechanisms of functional recovery 

of manual dexterity (both time course and extent) following a lesion affecting the corti-

cospinal system. To this end, an adult macaque monkey model of cervical spinal cord le-

sion (Beaud et al., 2008; Beaud et al., 2012; Freund et al., 2006; Freund et al., 2007; 

Freund et al., 2009; Hoogewoud et al., 2013; Schmidlin et al., 2004; Schmidlin et al., 

2005; Wannier et al., 2005; Wannier-Morino et al., 2008), and an adult macaque monkey 

model of motor cortex lesion (Bashir et al., 2012; Hamadjida et al., 2012; Hoogewoud et 

al., 2013; Kaeser et al., 2010; Kaeser et al., 2011; Liu and Rouiller, 1999; Peuser et al., 

2011; Rouiller and Olivier, 2004; Wyss et al., 2013) were developed, the ultimate goal 

being to transpose findings obtained in the non-human primate model to human pa-

tients suffering a spinal cord injury or a stroke, for instance. In particular, the major on-

going area of research is now about unravelling the mechanisms of cortical reorganisa-

tion within the brain, underlying functional recovery of hand sensorimotor control after 

a permanent focal lesion of the hand representation in the primary motor cortex (M1). 

To investigate this topic, several approaches have been developed: 

The first experimental front deals with testing different therapeutic approaches: the 

therapeutic strategy anti-Nogo-A, already proven to be efficient on the rodent model 

(Schwab, 2004) and aiming at improving the functional recovery of manual dexterity 

following a lesion in the central nervous system (CNS), was tested and validated on spi-

nal cord injured monkeys as well (Freund et al., 2006; Freund et al., 2007; Freund et al., 

2009) and ongoing investigations are performed to test its safety and effectiveness on 

macaque monkeys subjected to a motor cortex lesion (Hamadjida et al., 2012; Wyss et 

al., 2013) (see Chapter 8 for greater detail). In parallel, another therapy based on graft-

ing autologous adult neural progenitor cells has been developed (Brunet et al., 2005; 

Kaeser, 2010; Kaeser et al., 2011) and experiments are still in progress to test its safety 

and effectiveness on a parkinsonian macaque monkey model, among others.  

A second experimental approach, presented in Chapters 1-4 of this PhD thesis, was to 

develop non-invasive measurements of brain activity in macaque monkeys by using 

electroencephalogram (EEG), in order to investigate the post-lesion cortical reorganisa-

tion within the brain repeatedly and over the long-term.  
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In addition, several behavioural tasks challenging fine manual dexterity, in particular the 

precision grip, were developed to precisely characterise functional deficits after the CNS 

lesion (Chatagny et al., 2013; Kaeser et al., 2014; Schmidlin et al., 2011).  

In parallel with experiments on non-human primates, another ongoing area of research 

has been developed in collaboration with Dr Arko Ghosh (University of Zürich and ETH 

Zürich). Essentially, we are interested in studying how use-dependent plasticity of the 

brain is implemented in human daily life. To this end, EEG experiments were and are 

conducted on smartphone users and nonusers(see Chapters 6 and 7).  

 

Electroencephalography 

The human’s fascination for the brain and its mysteries, on the one hand, and the in-

creasing prevalence of neurological disorders (see for instance the Swiss Health Statis-

tics 20141 or the Health statistics from WHO2) and their associated devastating after-

effects, on the other hand, have motivated the development of innovative technologies 

and their subsequent improvements to investigate the functioning of the brain and mon-

itor its activity (Figure 1). These techniques are not only relevant for medicine to detect 

neurological disorders, but also to study the normal functions of the brain. The brain 

monitoring methods currently used in human and in animal models have each their own 

advantages and limitations (see e.g. Boas and Dunn, 2010; Buzsáki, 2006; Logothetis, 

2008; Small and Heeger, 2013; Taulu et al., 2014). 

 

                                                        
1 http://www.bfs.admin.ch/bfs/portal/fr/index/news/publikationen.html?publicationID=%205766 
2 http://www.who.int/healthinfo/global_burden_disease/estimates/en/index2.html 
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Figure 1: Biological data in 

Neuroscience span over a wide range of 

temporal (x-axis) and spatial (y-axis) 

scales and are optimally collected by 

brain imaging techniques with specific 

temporal and spatial resolutions. Note 

the very submilisecond resolution of 

EEG, counterbalanced by a low spatial 

resolution. There has been a 

tremendous development in brain 

imaging technologies in the last decades. For comparison, the state in 1988 is depicted on the 

lower right corner. Open rectangles show measurement techniques and filled rectangles represent 

perturbation techniques. VSD, voltage-sensitive dye; TMS, transcranial magnetic stimulation; 2-DG, 

2-deoxyglucose (from Sejnowski et al., 2014). 

 

The electroencephalography is a technique for recording the neural electrical activity of 

the brain by using electrodes. In particular, recording the spontaneous electrical activity 

of the brain is defined as an electroencephalogram or EEG (Berger, 1929). Populations of 

neurons in the superficial layers of the cortex generate electrical impulses fluctuating 

rhythmically according to different patterns (Lopes da Silva, 2011a). When derived non-

invasively at the scalp, the field potential at each electrode (voltage difference with the 

reference electrode, in the order of μV) is the spatiotemporally smoothed version of the 

local field potential (LFP) generated by the electrical activity from neuronal populations 

in deeper cortical layers and then integrated over an area of about 10 cm2 (Buzsáki, 

2006; Buzsáki et al., 2012). The EEG activity is not directly linked to the spiking patterns 

of the individual neurons generating it because of the smearing effects of the successive 

tissue layers between the current generator and the recording electrode at the scalp 

(Nunez, 1998; Nunez, 2000) (see below the section The brain as a volume-conductor). 

Nevertheless, the use of high-density EEG caps associated with source-localisation tech-

niques allow to remedy partially these volume-conduction effects and greatly improve 

the spatial resolution of EEG (see below the section Electrical neuroimaging) (Brandeis 

et al., 2009; Buzsáki et al., 2012; Michel et al., 2004b; Michel and He, 2011). These con-

cepts will be developed in the following paragraphs.  
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EEG has several great advantages over the other brain imaging techniques. The first one 

is to provide a direct, real-time monitoring of neuronal activity at the scalp, not a corre-

late of it, by non-invasively directly detecting the electrical activity of the neurons within 

the brain. For comparison, the functional magnetic resonance imaging (fMRI), the posi-

tron emission tomography (PET) or the single-photon emission computerised tomogra-

phy (SPECT) all detect the haemodynamic response and hence metabolic changes result-

ing from the brain activity and not changes in brain activity itself (Bear et al., 2007; 

Kayser and Logothetis, 2013; Purves et al., 2008; Small and Heeger, 2013). A second in-

valuable advantage of this technique is its high temporal resolution (in the order of the 

millisecond) able to resolve the fast changes of neuronal activity and therefore to docu-

ment the dynamic processes taking place within the brain, contrary to fMRI, PET of 

SPECT (Jurcak et al., 2007; Michel and Murray, 2012; Nunez, 1993). Third, when record-

ed at the scalp, EEG is a completely non-invasive, safe and painless procedure, allowing 

to investigate the same brain in a repeated manner. Fourth, EEG is much less expensive 

than magnetoencephalography (MEG) (Taulu et al., 2014), fMRI, PET or SPECT. Fifth, as 

compared to invasive procedures currently used in neurophysiology, such as intracorti-

cal microstimulation (ICMS) or Laser Speckle Imaging (LSI) (see Appendix 1), EEG rec-

orded at the scalp with a high density of electrodes is powerful to monitor the cortical 

activity of the whole brain, meaning that investigations are not restricted over a small 

brain region. Last but not least, EEG has proven to be a powerful diagnostic tool, for in-

stance to localise an epileptic focus (Brodbeck et al., 2009; Brodbeck et al., 2010; 

Brodbeck et al., 2011; Michel et al., 2004a; Michel and Murray, 2012; Sperli et al., 2006). 

The evoked potential (EP) recording is another powerful, non-invasive method to inves-

tigate the whole brain activity. This tool, corresponding to time-locked voltage fluctua-

tions derived from the ongoing EEG signal in response to a specific peripheral sensory 

(Lopes da Silva, 2011b), will be discussed in greater detail below. 

 

The pioneers of electroencephalography3  

The first measurements of both spontaneous and evoked brain electrical activity were 

very likely accomplished by Richard Caton (1842-1926) (Figure 2A), a physician from 

                                                        
3 For an extensive and illustrated historical review from the birth of EEG until 1960, see Grass (Grass, 1984). 
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Liverpool, from the brains of rabbits and monkeys, by using a galvanometer and two 

electrodes at the scalp (Caton, 1875; Caton, 1887; for historical reviews, see Brazier, 

1963; Cohen of Birkenhead, 1959; Haas, 2003; Niedermeyer and Schomer, 2011; and 

Ormerod, 2006). More specifically, Caton noticed that the spontaneous electrical activity 

of the rabbit’s and monkey’s brains was changing in response to visual stimulation 

(Caton, 1875; Caton, 1887). Strictly speaking, this was not EEG yet because the recorded 

activity was projected on the wall and not written as “graphein” means. Nevertheless, 

these first observations constitute a milestone in the birth of electroencephalography. 

From 1924, Hans Berger (1873-1941) (Figure 2B), a German neuropsychiatrist, devel-

oped an electroencephalograph, an instrument with which he measured and recorded 

the first spontaneous human EEG activity, first from patients with large skull defects, 

then from healthy people (Figure 2C, D) (Berger, 1929; for historical reviews, see Haas, 

2003; Millett, 2001; and Niedermeyer and Schomer, 2011). From then on, the term elec-

tro- (registration of brain electrical activities) encephalo- (emitting the signals from the 

head) gram (drawing or writing) was proposed to describe the electrical neural activity 

of the brain. Interestingly, he reported that photic stimulation generated small poten-

tials in the occipital region (“the driving response”) and that potentials could be evoked 

by auditory stimulation during sleep (K-complexes) (Berger, 1930). At the time, the de-

velopment of EEG to record brain activity represented a breakthrough by providing a 

new neurological and psychiatric diagnostic tool and the contribution of these EEG pio-

neers is still of prime importance nowadays because EEG is still one of the most widely 

used tools to investigate the brain electrical activity. 

Figure 2 (next page): The fathers of electroencephalography. (A) Richard Caton (from Brazier, 

1963). (B) Hans Berger (from Millett, 2001). (C) EEG recorded on Klaus Berger, 16 years old, Hans 

Berger’s son. First line: scalp EEG, bipolar recording with fronto-occipital subcutaneous needle 

electrodes, second line: ECG, third line: time scale (10 cycles/s sine wave) (from Berger, 1929). (D) 

Berger’s subject with pad EEG electrodes on the scalp (from Grass, 1984) (E) George D. Dawson. (F) 

Averaged evoked response (below) by the overtrace method from the 55 individual traces 

superimposed (above) after electrical stimulation of the left ulnar nerve at the wrist, bipolar 

electrode montage (left side). As a control, the averaging of 55 traces of the calibration pulse (5 μv) 

is shown on the right. Time scale: 20 ms. (E and F from Merton and Morton, 1984). 
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The related fields of EEG developed in parallel with the EEG as well. In particular, EP re-

cording was used to map several cortical areas in response to sensory stimulation in an-

imals. For instance, Frederic Bremer (1892-1982) located precisely the auditory cortex 

of cats using two cotton electrodes and clicks as auditory stimuli (Bremer and Dow, 

1939). Then, Edgar Douglas Adrian (1889-1977) confirmed Berger’s observations 

(Adrian and Matthews, 1934) and mapped the “somatic receiving area”, i.e. the soma-

tosensory cortex, in several mammals by recording brain activity with electrodes placed 

on the surface of the cortex or with intracortical electrodes, in response to mechanical 

stimulations of the skin and pressure receptors (Adrian, 1941). By using peripheral 

stimulations and recordings at the scalp, Marshall et al. (1941; 1937) were able to map 

the somatosensory cortex in cats and monkeys.  

Subsequently, George D. Dawson (1912-1983) (Figure 2E) applied the technique of EP 

recording to human patients suffering from myoclonus (Dawson, 1947b; Dawson, 1950) 

and to healthy human subjects (Dawson, 1947a; Dawson, 1950). Later on, Dawson con-

tributed to one of the most important advances in EP recording: by measuring brain ac-

tivity after electrical stimulation of the ulnar nerve, he realised the urgent need to solve 

the signal-to-noise issue inherent to EP recording. To this end, he established the first 

summation and averaging method, namely the responses evoked by each repetitive 

stimulus were displayed on an oscilloscope and superimposed on a photographic film. In 

A C 

ED F 
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this way, the time-locked brain activity resulted in an overexposure in one portion of the 

film whereas random activity only lightly exposed all of the film (Figure 2F). This pho-

tographic overtrace method allowed thus suppressing spontaneous nonrelated poten-

tials while extracting the low-amplitude “significant phases of the response” evoked by 

the stimulation (Dawson, 1951; Dawson, 1954; for reviews, see Desmedt, 1987; Erwin et 

al., 1987; and Niedermeyer and Schomer, 2011). Due to this major impact on the field, 

George D. Dawson is usually considered as the father of EP studies. From then on, the EP 

technique developed, improved and became an independent field of electrophysiology. 

In particular, the averaging method was afterward further improved to lead to the cur-

rent digital computerised averaging methods that permit the averaging of multiple re-

sponses, and the old galvanometers were progressively replaced by highly sensitive am-

plifiers (for reviews, see Desmedt, 1987; and Niedermeyer and Schomer, 2011). Since 

then, the measurement of EPs has become widely employed in human clinics, for in-

stance to non-invasively assess the processing integrity in sensory systems (Nuwer et 

al., 1992; Nuwer, 1998; Nuwer et al., 2012), and EP recording is now an increasingly 

popular neuroscientific tool as well (see e.g. Andrew et al., 2014; Zeller et al., 2014). 

 

The brain as a volume-conductor 

The volume-conduction or electrical spread is defined as the passage of an electrical 

current through a conducting substance (Fisch, 2011). ln electroencephalography more 

specifically, the brain can be considered as a volume-conductor, meaning that each ionic 

current produced locally through the membrane of an active neuron generates then an 

electrical field in the surrounding medium (Buzsáki et al., 2012; Nunez and Srinivasan, 

2006). Current dipoles are generated in individual neurons, resulting in ohmic return 

currents flowing through the surrounding area. The EEG electrodes at the scalp surface 

capture then the differences in potential of the return currents (for a more biophysics-

oriented review, see Buzsáki et al., 2012; Westbrook, 2013; Wolters and Munck, 2007).  

To elaborate, it is now accepted that the high-frequency electrical activity in single cells, 

such as action potentials, is largely filtered out by the brain tissues and therefore does 

not contribute to the EEG signal at the scalp. Conversely, the EEG activity mainly results 

from slower-frequency voltage fluctuations across cell membranes, such as the summat-

ed effects of many excitatory postsynaptic potentials (EPSPs) and inhibitory postsynap-



General Introduction  Anne-Dominique Gindrat 

22 

tic potentials (IPSPs) upon pyramidal cells (Gloor, 1985; Pascual-Marqui et al., 2009; 

Speckmann et al., 2011; Westbrook, 2013). Indeed, the EEG signal derived at the scalp 

reflects predominantly the synchronous activity of populations of cortical neurons close 

to the scalp electrodes, i.e. the pyramidal cells, meaning that deep brain structures do 

not largely contribute to the scalp EEG (Buzsáki, 2006). The pyramidal cells constitute 

the main projection neurons in the cerebral cortex; they are oriented perpendicularly to 

the cortical surface and many synapses are formed with their dendrites.  

The activation of an excitatory synapse (EPSP) on the apical dendrite of a pyramidal 

neuron, in layers II and III, by a contralateral cortical afferent axon (Figure 3A and C) 

causes an inward flow of cations into the dendrite at the synaptic site where the EPSP is 

generated, resulting in the formation of a current sink. This current flows then down the 

dendrite and crosses the membrane to go back in the extracellular space, forming a loop. 

This creates at this site a current source. If an extracellular electrode is placed at the cur-

rent sink, near the site of EPSP generation, current flowing away from the electrode into 

the intracellular space will be detected and recorded as a negative deflection. On the 

contrary, if an extracellular electrode is inserted close to the current source, near the cell 

body, a positive deflection will be recorded, as a result of current flowing out of the cell 

towards the electrode.  

The activity of pyramidal neurons is mainly influenced and synchronised by subcortical 

inputs, particularly from the thalamus and from the high brainstem reticular formation 

(Westbrook, 2013). In the case of excitatory (EPSP) thalamocortical afferent axons, giv-

ing rise to synapses on the proximal dendrites in layers IV and V (Figure 3B), current 

flows are reversed as compared to the case of contralateral cortical afferent axons, 

where the synapses are established with the distal dendrite: an extracellular electrode 

inserted superficially will record a positive deflection as current flows out of the cell to-

wards the electrode. Conversely, an electrode inserted deeply will show a negative de-

flection as current flows away from the electrode into the intracellular space. IPSP in 

deeper layers results in a negative scalp potential in the same manner as EPSP in super-

ficial layers, because the EEG surface electrode is close to the current sink. On the other 

hand, IPSP in superficial layers appears as a positive scalp potential like EPSP in deeper 

layers because the EEG surface electrode is near the current source. As a consequence, it 
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is not possible to distinguish between such cortical synaptic potentials unambiguously 

using only EEG signals.  

At the larger population level, when neurons are synchronously activated, the longitudi-

nal (parallel to the elongated apical dendrites) components of the current flows add 

each other, while their transverse components cancel each other, resulting in a laminar 

current along the main axis of the pyramidal neurons (Lopes da Silva, 2011a; Lopes da 

Silva, 2013).  

To sum up, the location of the synaptic activity in the cortex determines the polarity of 

the EEG scalp signals (Figure 3B and C) (Gloor, 1985). The cortical electrical activity 

captured by scalp electrodes consists of slow, simultaneous, summated EPSP and IPSP 

generated by large populations of pyramidal cells (Gloor, 1985). Note that the amplitude 

of the EEG signal recorded at the scalp depends on both the strength of individual cur-

rent dipole and the temporal synchronisation of their activity (Gloor, 1985; Musall et al., 

2014; Nunez and Srinivasan, 2006).  

Figure 3 (next page) : (A) Current flow generated by an EPSP from a contralateral cortical afferent 

axon on the distal dendrite of a pyramidal neuron in the cerebral cortex. The electrical activity is 

recorded from 4 electrodes: superficial intracellular (1) and extracellular (2) electrodes located 

near the EPSP generation site, and deeper extracellular (3) and intracellular (4) electrodes located 

near the cell body. Current flows from the extra- to the intracellular space at the EPSP generation 

site (current sink), flows down the dendrite and goes out of the cell, so as to form a current loop 

(current source). The potentials recorded from each electrode are represented: both intracellular 

electrodes record potentials with the same polarity whereas potentials of both extracellular 

electrodes display opposite polarities. Ra, Rm and Re refer to the cytoplasmic, membranar and 

extracellular resistances, respectively. (B) and (C) The location of the synaptic activity in the cortex 

determines the polarity of the EEG scalp signals. (B) When excitatory thalamocortical afferent 

axons do synapse with proximal dendrites in layers IV and V, a positive deflection is recorded at 

the surface of the scalp because the EEG surface electrode is located near the current source. (C) 

When excitatory contralateral cortical afferent axons do synapse with distal dendrites in layers II 

and III, a negative deflection is observed at the scalp as the EEG electrodes are near the current 

sink (from Holmes and Khazipov, 2007, p. 30-31; Westbrook, 2013, p. 1122-1123). 
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As a matter of fact, because the electrical activity originates from neurons in the under-

lying brain tissue, the EEG signal captured at the scalp strongly depends on the orienta-

tion and distance between the neuronal generator and the recording electrodes. More 

specifically, the convolutional organisation of the brain induces different configurations 

of electrical fields recorded at the scalp (Gloor, 1985). Within the neocortex, pyramidal 

neurons are organised into columns perpendicular to the cortical surface (Amaral and 

Strick, 2013; Mountcastle, 1997; Powell and Mountcastle, 1959b; Szentáigothai, 1983), 

i.e. with the apical dendrites parallel to each other and at the same time perpendicular to 

the cortical surface. These assemblies of neurons of sufficient size constitute spatially-

organised functional entities that can be synchronously activated such that the resulting 

electrical field may be captured at some distance, such as from the scalp (Lopes da Silva, 

2011a; Lopes da Silva, 2013). The populations of vertically oriented pyramidal cells con-

stitute then sheets of electrical dipoles that are parallel to the cortical surface: these di-

pole sheet layers have uniform and opposite voltage polarities and only one polarity 

(one side of the dipole layer) is captured at the scalp surface (Fisch, 2011; Gloor, 1985). 

This corresponds to radial dipoles (at 90°) to the scalp. Conversely, the populations of 

pyramidal cells in the walls of the sulci are horizontally oriented with regard to the scalp 

surface (i.e. parallel to the scalp) with their dipole layers now perpendicular to the scalp 

surface, corresponding to a tangential dipole to the scalp surface (both ends of the di-

pole are captured by scalp electrodes). Such configuration of tangential dipoles contrib-

A B C 
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utes only few to the EEG signal at the scalp because they do not strongly project negativ-

ity or positivity to the scalp surface. Furthermore, dipole layers located in the walls of 

sulci facing each other tend to mutually cancel at the scalp surface (Figure 4). In sum, 

the EEG field is differentially sensitive to both tangential and radial components of dipo-

lar sources. 

Figure 4 : Example of volume-conduction for a cortical 

source generating synchronous activity located in the 

crown of a gyrus and its two sides. The curve S represents 

the distribution of the voltage magnitude reaching the 

scalp surface. The amount of current captured by a scalp 

electrode (P1 or P2 here) from the cortical source 

corresponds to the area between the lines originating at 

the cortex and converging on the corresponding 

electrode. P1, located at the top of the gyrus convexity, 

captures only the negative side of the dipole layer in the 

crown of the gyrus and its sides ( 1
-). For P2, located 

laterally to the gyrus convexity, the source projects both 

negativity from the outer surface of the cortex ( 2
-) and 

positivity ( 2
+) from the inner vertical part of cortex (corresponds to the area between the dashed 

lines converging to P2). Currents from the inner cortex and the outer cortex cancelled each other 

(the positivity -area within the dashed lines- subtracted from the negativity - area within the solid 

lines converging on P2), resulting in a reduced voltage of the signal captured by P2 ( 2 eff) as 

compared to P1 (see curve S). The potential profile (S) is therefore bell-shaped. Actually, the 

scheme should be considered in 3D space with the lines originating from the cortex to electrodes 

representing the sides of approximately conical spaces. The amount of current measured at P1 and 

P2 should be therefore a volume  and not an area (from Fisch, 2011; Gloor, 1985). 

 

The volume-conductive properties of the brain, i.e. the passive resistive process by 

which the amplitude of an extracellular potential decreases according to the increasing 

distance from the active neuronal membrane (Holsheimer and Feenstra, 1977), mean 

that the activity of neurons can still be detected quite far from their membrane and 

therefore that the activity of given neurons can be picked up by several electrodes. The 

EEG technique takes advantage of this property of the brain by measuring at the scalp 
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the electrical open field (i.e. detected at some distance from the neuronal sources (Lopes 

da Silva, 2013)) from neuronal populations located quite far from the recording elec-

trodes, corresponding therefore to the summed activity of neuronal populations. Never-

theless, the potentials generated within the brain are further blurred and distorted by 

going through several filtering and attenuating biological layers (cortical layers, blood 

vessels, meninges, cerebrospinal fluid, skull, muscles, skin) (Flemming et al., 2005; 

Lopes da Silva, 2011a; Lopes da Silva, 2013; van den Broek et al., 1998; Westbrook, 

2013), each of them with specific properties of electrical propagation, electrical re-

sistance and complex geometry, before being picked up by scalp electrodes. As a result, 

the amplitude of EEG signals at the scalp (in μV) is much smaller than the voltage chang-

es occurring in a single neuron (in mV). In EEG signals with frequency below 1000 Hz, 

one can reasonably neglect the capacitive component of tissue impedance, the inductive 

effect and the electromagnetic propagation effect without inducing errors (Wolters and 

Munck, 2007). It results that the transmission of brain activity through the different bio-

logical tissues depends only on their conductivity and can be described with the quasi-

static Maxwell equations (de Munck and, 1991; Plonsey and Heppner, 1967; Sarvas, 

1987). In sum, volume-conduction causes blurring and attenuation of the effect of the 

neural generators at the scalp surface, decreasing the EEG spatial resolution. 

For a long time, EEG has been commonly used as a diagnostic tool and nowadays a fur-

ther step has been achieved with the use of electrical source imaging based on inverse 

solution methods. In both cases, it is mandatory to know if a given change in EEG signal 

comes from a modification in brain activity itself or alternatively if that change merely 

reflects volume-conduction effects, such as the anisotropy of the skull, the one of the 

white matter, a change in skull conductivity following a craniotomy, a brain lesion, or 

the presence of fluid-filled compartments (van den Broek et al., 1998). This serious issue 

has often been underestimated and resulted in massive errors in source localisation be-

cause the head models used did not include the relevant features, for instance (Aydin et 

al., 2014; Benar and Gotman, 2002; Chauveau et al., 2004; Vanrumste et al., 2000).  

Actually there is still some uncertainty concerning the influence of volume-conduction 

effects on scalp EEG. This means that there is still no perfect model of the head (forward 

problem) able to integrate realistically all the volume-conduction properties of the brain 
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but progresses are ongoing (Hallez et al., 2007; Huiskamp et al., 1999; Michel et al., 

2004b; Wolters et al., 2004). 

 

Electrical neuroimaging 

A major problem in the interpretation of EEG signal is the impossibility to localise the 

generators uniquely on the basis of the potentials that are measured at the scalp. One 

possibility to overcome this situation is to use a high density of electrodes at the scalp to 

measure the EEG activity simultaneously at many locations (Brandeis et al., 2009; 

Buzsáki et al., 2012; Michel et al., 2004b; Michel and He, 2011). With several recording 

electrodes at the scalp, a map of the voltage changes in the brain can be then construct-

ed. Finally, by using EEG inverse solution based on some assumptions, the underlying 

generators can be reconstructed by determining the relationship between the signals 

measured from the different locations (Michel et al., 2004b; Ryynanen et al., 2004; 

Ryynanen et al., 2006). 

Understanding the relation between the generators in the brain and the activity meas-

ured at the scalp may be considered from two distinct points of view: either using a for-

ward approach or an inverse approach. The EEG forward problem consists in computing 

the electrical field at the scalp generated by electrical sources within the brain by model-

ing the volume-conduction properties of the head (using realistic head models and ap-

plying actual values of skull-to-brain resistivity ratios) (Hallez et al., 2007; Pascual-

Marqui et al., 2009).  

Conversely, the EEG inverse problem aims at reconstructing the electrical sources within 

the brain from the EEG signals measured over the scalp (Grave de Peralta et al., 2009; 

Lopes da Silva, 2011a; Michel and Brandeis, 2009; Pascual-Marqui, 1999; Pascual-

Marqui et al., 2009; Spinelli et al., 2000) by using the model of field distribution of a cur-

rent dipole in the given volume-conductor provided by the forward problem. To put it 

another way, it corresponds to the process of imaging the brain activity that generates 

the voltage distribution observed at the scalp. Nevertheless, as reviewed by Michel 

(2004b), there is an “ambiguity of the underlying static electromagnetic inverse problem 

(Helmholtz, 1853)”, meaning that the EEG signals measured over the scalp do not indi-

cate unambiguously the location of the generators because the inverse problem has an 
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unlimited number of solutions in case no constraints are used. The consequence is that a 

given distribution of potentials over the scalp can be actually generated by different 

source configurations within the brain (this problematics has been discussed by Fender, 

1987). On the other hand, different topographies at the scalp obligatorily result from dif-

ferent sources within the brain. In sum, the maximal brain activity measured at a given 

electrode does not necessarily mean that the corresponding generator is located imme-

diately under the electrode. Electrical source imaging, or electrical neuroimaging, ap-

plies inverse source estimation methods to EEG recorded with multiple electrodes ar-

rayed across the whole scalp (Grave de Peralta Menendez et al., 2004; Michel et al., 

2001; Michel et al., 2004b; Michel and He, 2011; Michel and Murray, 2012). As explained, 

several a priori assumptions about the intracerebral sources are required to solve this 

ambiguous problem in addition to modeling the head and especially determining the 

conductive properties of the different structures involved in the conduction of the EEG 

activity from the generator to the scalp electrodes (Michel et al., 2004b). Such electrical 

neuroimaging analyses are currently successfully used in clinics, for instance to localise 

the brain structures responsible for epileptic seizures (Brodbeck et al., 2009; Brodbeck 

et al., 2010; Brodbeck et al., 2011; Michel et al., 2004a; Michel and Murray, 2012; Sperli 

et al., 2006). 

 

Evoked potentials 

The evoked potentials (EPs) are the brief changes in EEG signals evoked by external pe-

ripheral stimulations (Lopes da Silva, 2011b). Essentially, in response to a peripheral or 

external stimulus, the resulting afferent sensory volley travels from the sensory receptor 

at the stimulation site to the cortex by being processed at each neuronal population level 

–the neural generators– along the involved afferent pathway and then further transmit-

ted to the next relay (Aminoff and Eisen, 1998; Cruccu et al., 2008; Desmedt, 1987; 

Freye, 2005; Mauguière, 2011). As explained above, the synchronous activity at the level 

of neuronal populations results in current dipoles that can be measured with electrodes 

along the stimulated pathway, and especially at the scalp.  

The brain activity generated in response to each individual stimulation is of very small 

amplitude (usually in the order of 1-30 μV) and is mixed up with the large-amplitude 

spontaneous activity of the brain (Freye, 2005; Mauguière and Fischer, 1990). To cir-
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cumvent this inherent limitation, the stimulation is repeated many times so as to obtain 

a large number of EEG signals or trials, each of them being time-locked to one repetition 

of the stimulus. Then, in order to increase the signal-to-noise ratio and thus to reveal the 

brain activity specifically elicited by the stimulation, an averaging of the individual trials 

is performed, based on the method originally developed by Dawson (Dawson, 1951; 

Dawson, 1954). Simply put, responses are added up each other in such a way that those 

generated synchronously with the stimulation are amplified (Desmedt, 1987; Mauguière 

and Fischer, 1990). Conversely, randomly generated spontaneous signals are not time-

locked to the stimulus and cancel out each other due to their variable polarity. An EP 

corresponds therefore to the brain activity that is precisely time-locked to the stimula-

tion. The resulting EP is a waveform containing several successive peaks or components 

and troughs or valleys, each of these components being characterised by specific ampli-

tude (represents the extent of neural activity), latency (represents the timing of activa-

tion) and scalp distribution (represents the pattern of the voltage gradient of a compo-

nent at the scalp at any time point) that reflect the activity of a given neural generator 

along the afferent pathway (Sanei and Chambers, 2007).  

Depending on the modality of the peripheral or external stimulation, one can distinguish 

between somatosensory evoked potentials (SSEPs) (see below), auditory evoked poten-

tials (AEPs) including brainstem auditory evoked potentials (BAEPs) if the very early 

components are considered (Celesia, 2011), visual evoked potentials (VEPs) (Celesia 

and Peachey, 2011), pain- and laser-evoked potentials (LEPs) (Treede, 2005), and motor 

evoked potentials (MEPs) (Legatt et al., 2011), among others.  

In human clinics, the different modalities of EPs are relevant to assess the integrity of 

sensory processes in real time. Simply put, the presence of lesions in a specific relay 

along the stimulated pathway can be inferred from the absence or alteration of the cor-

responding component, sometimes associated with delays of subsequent waves as well 

(Starr, 1978; Tandon, 1998). Even though this tool tends to be supplanted nowadays by 

functional imaging, EPs have proven to be highly relevant to diagnose some neurological 

disorders, such as nerve conduction impairments (Lascano et al., 2009; for reviews, see 

Michel and Murray, 2012; Morizot-Koutlidis et al., 2015; Sand et al., 2013), to predict 

outcome and disabilities such as in comatose patients (Carter and Butt, 2001; Carter and 

Butt, 2005; for a review, see Sand et al., 2013; Tzovara et al., 2013) or in patients with 
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multiple sclerosis (Schlaeger et al., 2014), to perform intraoperative monitoring (Korn et 

al., 2015; for reviews, see Freye, 2005; Nitzschke et al., 2012; and Nuwer et al., 2012; 

Nwachuku et al., 2015; Stecker, 2012; Tamkus et al., 2015), or to obtain a presurgical 

mapping of the cortex (Lascano et al., 2014), among others. 

 

Somatosensory evoked potentials 

The SSEPs are EEG signals, usually recorded from the scalp, that result from the sequen-

tial activation of neural structures along the somatosensory pathway from the peripher-

al receptors to the somatosensory cortex, in response to the repeated application of a 

peripheral somatosensory stimulation, either electrical (Figure 5) or mechanical (Fig-

ure 6) (Allison et al., 1991a; Aminoff and Eisen, 1998; Arezzo et al., 1979; Arezzo et al., 

1981; Berger and Blum, 2007; Legatt, 2014; Mauguière et al., 1999; Mauguière, 2011). 

Electrical stimulations at bearable stimulation intensity are usually delivered on the skin 

over the trajectory of a peripheral nerve by using a bipolar transcutaneous stimulator, 

resulting in a small twitch in the muscles innervated by the stimulated nerve when the 

latter contains some motor fibres as well (i.e. mixed nerve, such as the median nerve) 

(Cruccu et al., 2008; Freye, 2005; Mauguière et al., 1999). SSEPs can be virtually elicited 

from any peripheral nerve, even though the median nerve and posterior tibial nerve are 

most commonly used in clinics (Mauguière et al., 1999). Mechanical stimulations can be 

delivered among others by using either solenoid tappers (see Chapters 3 and 4 for 

greater detail), or pneumatic stimulators (Lascano et al., 2014; Wienbruch et al., 2006), 

or air-puff stimulators (Figure 6) (Hashimoto et al., 1989; Hashimoto et al., 2000), or 

moving coil vibrators (Pratt et al., 1979a; Pratt et al., 1979b; Pratt et al., 1980).  

A peripheral stimulation at bearable stimulation intensity, as routinely used in clinics, 

activates the rapidly conducting, large myelinated fibres mediating touch and proprio-

ception, but muscle afferents may be activated as well after posterior tibial nerve stimu-

lation (Mauguière et al., 1999). Conversely, both electrical and mechanical stimulations 

virtually do not activate the small myelinated or unmyelinated afferent fibres mediating 

thermoreception and nociception, meaning that SSEPs are primarily mediated by the 

dorsal column-medial lemniscal tract, as confirmed by experiments on monkeys (Allison 

et al., 1991a; Cruccu et al., 2008; Cusick et al., 1979; Freye, 2005; Legatt and Benbadis, 

2014; Sances et al., 1978; Toleikis, 2005). 



General Introduction  Anne-Dominique Gindrat 

31 

However, nociceptive and thermoreceptive afferent fibres can be selectively stimulated 

by delivering brief heat pulses by means of a CO2 laser beam applied to the skin surface, 

for instance (Kunde and Treede, 1993; Mauguière et al., 1999; Treede, 2005; Valeriani et 

al., 2000). These specific EPs are commonly called laser-evoked potentials or LEPs. More 

information about the activated fibres in response to electrical and mechanical stimula-

tions is provided in the Discussion of Chapter 3. 

SSEP recordings are influenced by several factors, such as the consciousness level, the 

administration of drugs, the repetition rate of the stimulation, the stimulation amplitude, 

the body temperature, the age, gender and size of the subject, among others (for 

reviews, see Banoub et al., 2003; Mauguière et al., 1999; and Mauguière, 2011).  

Cornerstone work in the field of SSEP recordings in monkeys was established by Truett 

Allison and collaborators from the 1980s. By measuring scalp EEG, epidural EEG, corti-

cal-surface EEG and intracerebral activity on awake or anaesthetised macaque monkeys, 

either control animals or animals after removal of a specific brain region, they were able 

to locate the generators of median nerve SSEPs. Essentially, they found that the precen-

tral potentials P10-N20 (Figure 5, left side), inverting through the central sulcus into 

the postcentral potentials N10-P20, were most probably generated by a tangential di-

pole in the posterior wall of the central sulcus, corresponding primarily to the area 3b. 

In addition, the potentials P12-N25, recorded near the CS, were proposed to originate 

from a radial generator in areas 1 and 2. Conversely, they excluded the presence of any 

generator in areas 3a and 4 (Allison et al., 1991b; McCarthy et al., 1991). Nevertheless, 

the role of M1 in the generation of N20-P20 and P22 (human components) SSEPs is un-

der debate, some studies on human and monkeys reporting generators located in the 

area 4 (for a review, see Mauguière, 2011).  

Importantly, Allison and collaborators also demonstrated that comparable median nerve 

SSEPs were obtained on macaque monkeys and human, fully justifying then translation-

al studies using median nerve SSEP recordings on macaque monkeys as animal models, 

before transposing the results to human. To elaborate, they showed that early median 

nerve SSEPs (i.e. generated from the peripheral nerve to the primary somatosensory 

cortex (S1), and corresponding to human potentials with a latency shorter than 40 ms) 

measured in macaque monkeys were similar to the human SSEPs in terms of waveform, 

relative latency and topography. More specifically, the cortical SSEPs P10-N20, N10-20 
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and P12-N25 in macaque monkeys corresponded to human SSEPs P20-N30, N20-P30 

and P25-N35, respectively (Allison et al., 1991a; Allison and Hume, 1981; McCarthy et 

al., 1991) (Figure 5). Nevertheless, as expected, the absolute latencies recorded in mon-

keys were about 10 ms shorter than the human’s ones because of the shorter soma-

tosensory pathways in monkeys than in human (Allison et al., 1991a; McCarthy et al., 

1991). Based on these results, the authors therefore concluded that the same neuronal 

activity and voltage topography were present in both species (Allison et al., 1991a; 

Allison and Hume, 1981; McCarthy et al., 1991).  

Figure 5: Comparison of SSEPs obtained 

after electrical stimulation of the left 

median nerve, in macaque monkey and in 

human, under similar stimulation and 

recording conditions. Cortical surface 

recordings were performed at three sites 

(precentral, pericentral and postcentral, 

respectively) on the right sensorimotor 

cortex in monkeys and human, both 

under anaesthesia. The gray zone on 

monkey’s cortex represents the primary 

somatosensory cortex (S1) hand area. AS: 

arcuate sulcus, CS: central sulcus, IPS: intraparietal sulcus, LS: lateral sulcus, PrCS: precentral 

sulcus, PoCS: postcentral sulcus, SPS: superior precentral sulcus. The stimulus was delivered at 0 

ms (from McCarthy et al., 1991).  

Figure 6: Cortical tactile SSEPs recorded 

in an awake macaque monkey from an 

epidural electrode over the contalateral 

area 1 in response to air-puff 

stimulation of the volar forearm. P15 

was shown to originate from areas 3b 

and 1 and P25 from areas 3b, 1 and 

other posterior parietal cortical areas 

(from Gardner et al., 1984). 

 



General Introduction  Anne-Dominique Gindrat 

33 

Somatosensory system4 

In primates, the fine voluntary motor control from the hand depends on the integrity of 

the major afferent and efferent pathways of the cervical cord, namely the dorsal column-

medial lemniscal system and the spinothalamic pathway for the afferent pathways and 

predominantly the corticospinal tract for the motor pathway. For instance, by manipu-

lating a small object with the fingers, the brain is continuously flooded with many differ-

ent tactile afferent inputs linked with the time course, the amplitude, the direction and 

the spatial distribution of the contact forces, the shapes and structure of the object being 

contacted as well as the frictions generated between the object and the fingers 

(Johansson and Flanagan, 2008; Johansson, 1991; Johansson et al., 1992; Johansson, 

1998; Johansson, 2002; Johansson and Cole, 1992; Johansson and Flanagan, 2009a; 

Johansson and Flanagan, 2009b; Johansson and Flanagan, 2009c; Johansson and 

Westling, 1990; Johansson and Westling, 1991; Johansson, 1996; Macefield et al., 1996; 

Macefield and Johansson, 1996).  

The somatosensory system is involved in processing sensory information from the skin 

or from organs and structures within the body. It provides information for instance 

about the location of a touch stimulus on a given body part or about the texture of an ob-

ject being manipulated with the fingers. In addition to mediating such discriminative 

touch, the somatosensory system plays a role in vibration sense and proprioception. As 

a whole, the somatosensory system provides our ability to recognise objects, to discrim-

inate textures, it gives sensorimotor feedback and plays a key role in social interactions 

as well (Abraira and Ginty, 2013; Keysers et al., 2010; McGlone et al., 2014). 

In the next sections, we will present the somatosensory system, beginning from the skin 

and ending in the cerebral cortex.  

 

Some definitions about somesthesic perceptions 

The somatosensory system mediates several types of conscious somesthesic perceptions 

(Patestas and Gartner, 2013; Strominger et al., 2012). 

                                                        
4 For a comprehensive description of mechanoreceptors, somatosensory pathways and somatosensory areas, 
see Darian-Smith (1984), Nieuwenhuys et al. (2007, chapter 16) and Gardner (Gardner and Johnson, 2013a; 
Gardner, 2010). 
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Depending on the mechanical stimuli applied on the body surface, two types of tactile 

sensations may be evoked, namely: (1) the nondiscriminative or crude touch, usually 

elicited by applying light strokes on the skin with hair or cotton. This sensation does not 

provide detailed information about the stimulus, and is considered as a poorly localised 

perception. (2) The discriminative or fine touch, namely the ability to localise and per-

ceive the fine details of an object by palpation, such as its shape, size, and texture, even 

with closed eyes. This is also called stereognosis (perception of the three-dimensionality 

of an object). To put it another way, the discriminative touch corresponds to the ability 

to distinguish two stimuli separated in space, tested by using the so-called “two-point 

discrimination test” (Weber et al., 1996). This perception of spatial resolution strongly 

depends on the receptor density, as it will be discussed below.  

In addition, tactile perception is linked to pressure sense from the body, and perception 

of vibration. This latter is usually tested by applying the stem of a vibrating tuning fork 

on a joint or other body parts.  

Conscious proprioception is elicited by the mechanical displacement of muscles, liga-

ments, and joints and has several facets as well: (1) the static proprioception or static 

position sense, namely the awareness of position of body parts, especially joints; (2) the 

dynamic proprioception or kinesthetic sense, namely the awareness of body and limb 

movement, direction and balance (Patestas and Gartner, 2013; Strominger et al., 2012).  

A passive tactile perception (being touched) is obtained by stimulating the inactive fin-

gers or hand with an external stimulus (moving or static) while active tactile perception 

(touching) (Gibson, 1962), also known as haptic perception, haptics or tactile scanning, 

is defined as the sense through which we perceive our environment by actively explor-

ing it with our body, especially the active exploration and manipulation of surfaces and 

objects by palpation with the hands (Ballesteros and Heller, 2008; Hollins, 2002). During 

environment exploration, exteroceptive inputs are generated by extracting relevant sen-

sory information about texture and shape for further processing, in addition to proprio-

ceptive inputs (Lederman et al., 1986; Lederman and Klatzky, 1987; Lederman and 

Klatzky, 1996). Movements of the hand are here exploratory and not performatory and 

induce changes in the stimulus itself, enhancing some features and decreasing some oth-

ers. Passive touch relies only on the excitation of receptors in the skin and underlying 

tissues. Conversely, active touch includes additionally the excitation of joint and tendon 
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receptors, as well as continuous inputs from vestibular organs. Simply put, active touch 

involves the integration of inputs from the whole skeleto-muscular system (Ballesteros 

and Heller, 2008).  

 

Peripheral receptors involved in tactile sensation  

Discriminative touch is elicited by several kinds of mechanoreceptors (here receptors 

activated by the physical deformation or stretch of the skin) located in surface layers of 

the skin and subcutaneous tissue in body parts that actively contact objects, i.e. the gla-

brous skin of the hand and fingertips, the sole of the foot, the lips, the tongue and the 

oral mucosa (Johansson and Flanagan, 2009a). In human5, the glabrous surface of the 

hand constitutes one of the most sensitive body parts (behind the lips and the tongue, 

see Sathian and Zangaladze, 1996; and Van Boven and Johnson, 1994), with about 

20’000 mechanoreceptors, among them 2’000 on each fingertip (see for instance Pacini-

an corpuscles in Figure 7E) (Johansson and Flanagan, 2009b; Johansson and Vallbo, 

1979b). The elastic properties of the skin make it actually a perfect sensory organ be-

cause objects then leave their print on it, allowing us to discriminate their size, shape 

and texture (Gardner, 2010). 

The tactile mechanoreceptors are specialised exteroceptors (specialised receptors to 

detect sensory information from the external environment) associated with myelin-free, 

encapsulated nerve endings (Andres and von Düring, 1973; Cauna and Mannan, 1958; 

Chambers et al., 1972; Darian-Smith, 1984; Iggo and Andres, 1982; Iggo and Muir, 1969) 

(Figure 7) arising from large diameter, fast-conducting (Aβ), myelinated afferent neu-

rons (Burgess and Perl, 1973) (Table 1). The transduction of mechanical stimulus into 

electrical activity takes place directly in these myelin-free nerve endings.  

                                                        
5 The differences in tactile innervation of the fingertips between macaque monkeys and human (Paré et al., 
2002) will be presented in Chapter 4. 
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Figure 7: Encapsulated tactile mechanoreceptors. (A) Merkel cell-neurite complexes are branched 

receptors. Each terminal consists of a disk-shaped Merkel cell in close apposition with an expanded 

disk-shaped nerve terminal (from Iggo and Muir, 1969). (B) Meissner corpuscles are made of a 

connective tissue capsule containing stacks of flattened Schwann cells envelopping the nerve 

terminal (from Andres and von Düring, 1973). (C) Ruffini endings are branched nerve fibres 

intertwining around a core of collagen fibres, inside an elongated, lamellated, cylindrical capsule 

(from Chambers et al., 1972). (D) Pacinian corpuscles are large layered onion-like capsules 

(connective tissue) surrounding the nerve terminal. A fluid-filled space separates the compact 

inner core of membrane lamellae (made of modified fibroblasts) from the outer lamella of the 

capsule (from Gray, 1893). (E) Londitudinal section through the index finger (radial half) showing 

the distribution of Pacinian corpuscles (open circles) in a 7-month foetus (from Cauna and Mannan, 

1959). 

 

A B

C 
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Table 1: Classification of peripheral nerve fibres according to their diameter, myelination, 

conduction velocity and localisation. Fibres located in peripheral nerves are divided into 

unmyelinated (C) and myelinated fibres (A), the latter being further divided into 4 classes (α-δ) 

based on their properties of conduction and diameter. Fibres innervating the musculoskeletal 

system are classified into 4 groups (I-IV) (from Augustine, 2008, p. 84). 

 

The mechanoreceptors and their associated afferent fibres were studied in detail in hu-

man by using a technique called microneurography (for a review, see Vallbo, 1989; 

Vallbo and Hagbarth, 1968). Essentially, a fine needle electrode was carefully inserted 

through the skin into individual afferent fibres of peripheral nerves along the arm, in 

conscious subjects, so as to measure and record the activity elicited in response to me-

chanical stimulation delivered on the skin surface, here the hand. In this way, receptive 

fields were determined, i.e. the skin area from which a primary afferent fibre is activated 

when an appropriate stimulus is applied on. When a stimulus was applied within the re-

ceptive field, already a weak stimulus elicited a strong response in the activated fibre. 

Conversely, if the stimulus was delivered on the boundaries of or outside the receptive 

field, a much stronger stimulation was required to activate the corresponding nerve fi-

bre (Johansson, 1978). Moreover, receptive fields were shown to not be uniform in the 

sense that there are some spots with especially low activation threshold, corresponding 

to the location of individual nerve endings resulting from the branching pattern of the 
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fibre extremity (Johansson, 1978). Moreover, an individual fibre is preferentially acti-

vated by one submodality, such as light pressure, low-frequency vibration or high-

frequency vibration. 

Four types of tactile afferents in the glabrous skin of the hand were described 

(Johansson and Vallbo, 1983), each of them allowing a sophisticated processing of touch 

stimulation to take place already in the skin (Figure 8A). To elaborate, there are two 

types of somatosensory mechanoreceptor afferents based on contrasting properties of 

adaptation of firing rate in response to a stimulus: slowly adapting (SA) mechanorecep-

tor afferents (Merkel cell-neurite complexes innervated by SA-I afferents, and Ruffini 

endings innervated by SA-II afferents) show a sustained firing rate as long as the skin is 

stimulated and exhibit only very mild decline in activity in response to prolonged skin 

indenting stimulus. Therefore, SA fibres inform about how strongly the fingers are 

grasping an object or how heavy are the feet pressing on the ground, for instance. Con-

versely, activity in fast adapting (FA) mechanoreceptor afferents (Meissner corpuscles 

innervated by FA-I or RA afferents, and Pacinian corpuscles innervated by FA-II or PC 

afferents) is rapidly changing and restricted to modifications in stimulation, i.e. the 

stimulus onset and offset, in the form of brief bursts of action potentials. Consequently, 

FA afferents primarily inform about the dynamic properties of mechanical stimuli. The 

adaptation properties are, in part, determined by the dynamic filtering properties of the 

encapsulated structures of the mechanoreceptors. Regarding the Pacinian corpuscles, 

for instance, Loewenstein compared the activity of an intact isolated receptor from the 

cat with the one of a decapsulated isolated nerve ending (Figure 9). Essentially, a brief 

pulse of compression applied to the Pacinian corpuscle in an intact receptor elicited a 

brief receptor potential only at the onset and offset of the stimulus (Figure 9A). This 

was explained by the fact that the compression of the fibre ending was largely attenuat-

ed by the redistribution of the mechanical pressure throughout the fluid-filled capsule 

and its lamellae, surrounding the nerve terminal (Loewenstein and Skalak, 1966). Con-

versely, when the mechanical compression was applied to the decapsulated nerve end-

ing, a prolonged receptor potential was generated, lasting for the entire stimulus and 

thus matching now a slowly-adapting receptors, even though the amplitude slowly de-

creased during the pulse (Figure 9B). But interestingly, even after removal of the Pacin-

ian capsule, the fibre still produced only a brief burst of action potentials in the axon in 

response to the mechanical pulse (not shown here, but see Loewenstein and Mendelson, 
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1965; Loewenstein, 1971), meaning that the axon itself had similar adaptation proper-

ties as those of the intact Pacinian corpuscle associated with the nerve ending.  

 

Figure 8: (A) Classification of the mechanoreceptors located in the glabrous skin of the human 

hand. The middle panels represent the impulse discharges of the 4 types of mechanoreceptors 

(lower traces) in response to a skin indentation (perpendicular ramp, upper traces). The fast 

adapting (FA, in red) receptor cells show a rapid adaptation in response to a continuous 

deformation of the skin, meaning that they discharge only when the application of the stimulus 

changes. The slowly adapting (SA, in green) receptor cells show a continuous discharge during the 

entire presentation of the stimulus. The relative occurrence frequency and the probable associated 

end structures for each mechanoreceptor type are given. The left panels show the receptive fields 

of the different mechanoreceptors. Note that Meissner's corpuscles are the most common 

mechanoreceptors in glabrous hand skin. Upper left: 15 different receptive fields of FA-I and SA-I 

receptor cells. These receptive fields are small and precisely delimited on the skin (around 10 

mm2). Lower left: 2 receptive fields of FA-II and SA-II receptor cells. They are larger and less 

precisely delimited than those of FA-I and SA-I receptor cells. The right panels illustrate the density 

of the mechanoreceptors on the skin. For FA-I and SA-I receptor cells, the innervation density 

increases from the palm to the very fingertips (upper right panel, FA-I density per cm2 in red and 

SA-I density per cm2 in green). For FA-II and SA-II receptor cells, the innervation density is more 

constant over the glabrous skin and lower than the one of FA-I and SA-I receptor cells (lower right 

panel, FA-II density per cm2 in red and SA-II density per cm2 in green). Note that the type II 

receptors are present in all fibrous tissues in the body. (B) Cross section through a human fingertip 

showing the location of the nerve endings and their associated mechanoreceptors. Merkel cell-

B A 
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neurite complexes (innervated by SA-I afferents) are located at the border between the epidermis 

and dermis, aligned with the dermal papillae. Meissner corpuscles (innervated by FA-I afferents) 

are located between the dermal papillae just, just below the epidermis. Ruffini endings (innervated 

by SA-II afferents) are located in the dermis, and Pacinian corpuscles (innervated by FA-II afferents) 

are located deeply, in the subcutis. Note that free nerve endings, involved in temperature, itch and 

pain sensation are not represented here (from Johansson and Flanagan, 2009b). 

 

 

Figure 9: Adaptation in the cat Pacinian corpuscle, demonstrated in Loewenstein’s experiments. (A) 

When a mechanical compression (yellow trace on the right) is applied to an intact Pacinian 

corpuscle (left), a transient deformation travels through the capsule layers to the nerve ending 

only at the onset and offset of the stimulus and the receptor potential rapidly adapts (blue trace 

on the right). (B) After removal of the capsule, the same stimulus induces a prolonged receptor 

potential lasting for the entire application of the stimulus, even though its amplitude decreases. 

This decapsulation experiment shows that adaptation in Pacinian receptor primarily results from 

the capsule, but also from axon properties (from Nicholls et al., 2001, p.340). 

 

These 4 types of mechanoreceptors also differ in their location in the skin and in recep-

tive field properties (Johansson and Vallbo, 1983; Johnson, 2001). On the one hand, SA-I 

afferents and FA-I afferents are both located in the superficial layers of the skin (Figure 

8B). Their receptive fields are small and circumscribed, allowing the most precise locali-

sation and finest discrimination of touch, such as for Braille reading (Phillips et al., 

1990). More precisely, SA-I afferents are located in the stratum basale of the epidermis 
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and are for instance involved in the high-quality perception of coarse structures 

(Nicholls et al., 2012), shapes, edges and roughness of surface (Hsiao et al., 1993). FA-I 

afferents are located in the dermal papillae of the glabrous hand (also in dermal papillae 

of the glabrous skin of the lips, forearm, and foot sole, as well as in the connective tissue 

papillae of the tongue) and are important for the perception of moving stimuli and low-

frequency vibration (up to 50 Hz) (Coleman et al., 2001; LaMotte and Mountcastle, 1975; 

Lundström and Johansson, 1986). On the other hand, SA-II afferents and FA-II afferents 

are located in deeper skin layers and have therefore large and diffuse receptive fields. 

FA-II afferents are located in the subcutis (and in gut mesenteries, pancreas, peritone-

um, muscles, ligaments, joint capsules, external genitalia, and interosseous membranes). 

They are mainly activated by transient mechanical stimuli that deform the skin depth 

and high-frequency vibratory stimuli, including tickling. Conversely, SA-II afferents are 

located in the dermis and in subcutis, especially at the base of the fingernails and in the 

hand palm (and in ligaments and joins), with their long axis usually parallel to the 

stretch lines in skin (Paré et al., 2002). They are activated by stimuli that induce a strain 

or compression in the dermis and subcutis (Bolanowski et al., 1988) and respond to the 

direction of motion, stretch, and vibration. They are not activated by an electrical stimu-

lation.  

Equally important, there is a differential innervation pattern of the glabrous hand skin, 

with the fingertips showing the largest innervation density (Bensmaia et al., 2005; 

Darian-Smith and Kenins, 1980; Johansson and Vallbo, 1976; Johansson and Vallbo, 

1979b; Johansson and Vallbo, 1983; Leung et al., 2005; Talbot et al., 1968; Vallbo and 

Johansson, 1984). See the legend of Figure 8A for greater detail.  

Skin vibration below 40 Hz is usually reported as flutter, while touch stimulations with a 

repetition rate between 80 and 300 Hz are described as hum or buzz (LaMotte and 

Mountcastle, 1975). Interestingly, it was demonstrated that the psychophysical proper-

ties of the stimuli (frequency-dependence of the tactile perception) are directly linked 

with the tuning of FA afferents, similarly in human and monkeys (LaMotte and 

Mountcastle, 1975). To elaborate, FA-I afferents preferentially discharge in response to 

30-40-Hz stimulation (Konietzny and Hensel, 1977) while FA-II afferents preferentially 

discharge in response to 250-Hz vibration (LaMotte and Mountcastle, 1975; Talbot et al., 

1968) and FA-II afferents have a lower response threshold than FA-I afferents. However, 
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note that, contrary to what was traditionally reported, FA-I afferents have a much 

broader tuning range by being able to respond to vibratory stimuli > 1000 Hz (Prof. Ro-

land Johansson, personal communication, April 24, 2015).  

In natural unconstrained conditions, stimuli usually activate several kinds of receptors 

simultaneously such that the different aspects of the stimulus are coded by the different 

receptors. The mechanoreceptors are important in passive touch to give sensory infor-

mation about the size, shape, and texture of objects. Moreover, they play an important 

role during skilled movements, such as object manipulation. Simply put, by handling an 

object, tactile afferent signals provide information about object texture among others, 

allowing to identify this object and to produce the appropriate motor plan to prevent the 

object slipping through the hands. SA and FA afferents contribute differently due to their 

characteristics: for instance, the vibration sensitivity of FA afferents is important since 

the slipping of an object being gripped with the fingers transmits skin vibrations 

(Brisben et al., 1999). Moreover, SA-II receptors, located in the depth of the skin, are ac-

tivated by stretch stimulus in a particular direction during object grasping and thus in-

form about stimulus direction. The critical importance of tactile feedbacks in the control 

of the fine manual dexterity has been investigated in depth in human by Johansson and 

collaborators by using microneurography as an object was first contacted by the fingers, 

grasped between the thumb and index finger, then lifted, held for a while above a table, 

lowered, and returned back to the rest position (Johansson and Flanagan, 2008; 

Johansson, 1991; Johansson et al., 1992; Johansson, 1998; Johansson, 2002; Johansson 

and Cole, 1992; Johansson and Flanagan, 2009a; Johansson and Flanagan, 2009b; 

Johansson and Flanagan, 2009c; Johansson and Westling, 1990; Johansson and Westling, 

1991; Johansson, 1996; Macefield et al., 1996; Macefield and Johansson, 1996). Essen-

tially, all types of mechanoreceptors are specifically involved in a particular phase dur-

ing object grasp. For instance, the FA-I, FA-II, and SA-I afferents signal finger-object con-

tact when an object is first touched. Then, the SA-I afferents inform about the amount of 

grip force applied with each finger while the FA-I afferents measure the speed of the 

grasp being applied. The FA-II afferents detect the small vibrations transmitted by the 

object being lifted. Due to their rapid adaptation properties, the FA-I and FA-II afferents 

stop responding after grasp has been established. Conversely, the SA-II afferents detect 

flexion or extension of the fingers during grasp or release of the object and thereby in-

form about the hand posture during movements. In sum, the signals about object shape, 
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size, and texture originating from the four types of afferences are used to adjust the level 

of forces that are applied during an object grasping. In case these afferent inputs are 

completely prevented, for instance by a local anaesthesia of the fingertips (inactivates 

probably some proprioceptive inputs as well), then fine object grasping is strongly im-

paired (Johansson et al., 1992; Johansson and Westling, 1984; Monzée et al., 2003)6. 

In sum, the combination of the different properties observed among the four cutaneous 

afferent systems makes each of them being functionally specialised to process some spe-

cific features of tactile stimuli (Johnson, 2001) during both passive and active touch, and 

thus constitute an anatomical and functional substrates for the richness of touch percep-

tion (Zimmerman et al., 2014). 

In addition to the four aforementioned mechanoreceptors, discriminative touch is also 

mediated by free nerve endings and peritrichial endings, associated with hair follicles.  

Proprioception is mediated by proprioceptors, such as the muscle spindles, Golgi tendon 

organs, joint capsule receptors and stretch-sensitive free endings. These afferents are 

fast-conducting, myelinated fibres located in deeper skin layers, joint capsules, liga-

ments, tendons, muscles, and periosteum and are activated by the physical deformation 

of the structures which they are located in (Table 1). For instance, muscle spindles and 

Golgi tendon organs continuously measure the level of muscle contraction and tension 

within the tendons, respectively, so as to provide information about the state of the 

muscles, the configuration of the joints, the position of the body or a limb in space 

(Gardner and Johnson, 2013a). But they are beyond the scope of the present thesis and 

therefore will not be described in greater detail.  

 

Somatosensory pathways7 

The dorsal column-medial lemniscal system and the anterolateral system are the two 

most important structures conveying somatosensory information from the periphery to 

the brain, leading to somatosensory sensations (Figure 10). In addition, the postsynap-

tic dorsal column pathway, the spinocervical tract, the spinocerebellar tract, the spino-

                                                        
6 See also https://www.youtube.com/watch?v=0LfJ3M3Kn80&feature=player_embedded 
7 This section is primarily based on textbooks (Bear et al., 2007; Cruccu et al., 2008; Kandel et al., 2013; Nicholls 
et al., 2001; Purves et al., 2008; Shimoji and Willis, 2008) in addition to more specific references mentioned in 
the text.  
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tectal tract, the spinoreticular tract, and the spinomesencephalic tract contribute as well, 

but to a lesser extent, to somatosensory processing. Moreover, there are several other 

ascending pathways such as the spinohypothalamic tract, the spinoparabrachial tract, 

and several tracts projecting directly to the amygdala and other telencephalic limbic 

structures that are involved in different limbic system-related functions (Shimoji and 

Willis, 2008).  

These different systems process information linked with different types of bodily sensa-

tions, namely the discriminative touch (perception of size, shape, texture, movement of 

an object on the skin, as well as vibration and pressure), nondiscriminative touch (crude 

or poorly localised tactile perception), the proprioception (perception of static position 

and movements of the own limbs and body mediated by the measurement of muscles 

stretch, tendon tension and joint position), the nociception (sensation of pain or itching 

due to a physically damaging or threatening stimulus), the temperature sense or ther-

moreception (distinction between warmth and cold) and the visceroception (perception 

of the physiological state of internal organs, part of the autonomous nervous system). 

The present thesis is primarily concerned with discriminative touch processing. Howev-

er, even though there are segregated pathways for tactile stimulus processing and ther-

mal/painful stimulus processing, both systems are linked and interact with each other. 

Indeed, in the skin, the mechanoreceptors are largely intermixed with thermoreceptors 

and nociceptors. Moreover, a painful stimulus inevitably activates tactile receptors as 

well, located in close vicinity with the painful stimulus given that the activation thresh-

old of the large-diameter fibres mediating touch is lower than the one of Aδ and C fibres. 

Reciprocally, in case the intensity of a given tactile stimulus is strong enough, nocicep-

tive-sensitive afferent fibres may be activated as well. Such interactions between both 

systems are exemplified by the gating effect of touch stimulus on pain (Melzack and 

Wall, 1967). Moreover, in a very recent study on musicians experiencing chronic pain, a 

clear link was demonstrated between the increase in pain sensitivity and a decrease in 

tactile acuity (Zamorano et al., 2015). 

Therefore, we will focus in further detail first on the dorsal column-medial lemniscal 

system, mediating touch among others, and then on the spinothalamic tract, mediating 

pain among others (but we will not discuss somatosensory pathway from the head and 

face). Both ascending tracts share similar organisation patterns. First, both pathways 
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involve 3 successive neurons, the cell body of the first one being located in a dorsal root 

ganglion. In other words, the activation of cortical neurons is separated from the periph-

eral stimulus by 3 synapses only. Second, an orderly representation of the body is pre-

served along each level in the pathways. Third, both pathways send a crossed projection 

to the cortex, resulting in the representation of the left half of the body onto the right 

somatosensory cortex and vice-versa. Fourth, both pathways mediate a conscious per-

ception of sensory information from external stimuli to the ventral posterior lateral nu-

cleus of the thalamus. Conversely, sensations that do not reach consciousness are medi-

ated by the spinoreticular tract, spinomesencephalic tract, spinotectal tract, spinohypo-

thalamic tract, anterior, posterior, and rostral spinocerebellar tracts, and cuneocerebel-

lar tract, ending in the reticular formation, mesencephalon, hypothalamus and cerebel-

lum, respectively. In particular, non-conscious proprioceptive inputs are transmitted di-

rectly to the cerebellum (Patestas and Gartner, 2013).  

 

Dorsal column-medial lemniscal system 

The dorsal column-medial lemniscal system (Figure 10) relays primarily discriminative 

touch, pressure sensation, vibratory sense and proprioception. This system is highly 

sensitive. Namely, based on microneurographic investigations, Johansson and Vallbo 

(1979a) demonstrated that a skin indentation of as small as 10 μm, most probably pro-

ducing a single action potential in a single FA-I afferent, was sufficient to induce a touch 

sensation that the subject was able to perceive and report! The transmission of periph-

eral inputs to the cortex along the different relays of the pathway is remarkably sensi-

tive as well because only 3 synapses are involved and each of them transmits infor-

mation with high security and temporal fidelity (Huang et al., 2010; Rowe, 2001; 

Zachariah et al., 2001). It results virtually in a one-for-one transmission from the pe-

riphery to the cortex (Nicholls et al., 2001).  

Tactile and proprioceptive stimuli at the periphery are transduced into action potentials 

by the large-diameter (Aα and Aβ) afferent sensory fibres (see Table 1) associated with 

the aforementioned peripheral nerve endings (see the description of mechanoreceptors 

and proprioceptors above) located in the skin, joint capsules and muscles. These cells 

constitute the first-order sensory neurons and their cell bodies are located in the ipsilat-

eral dorsal root ganglia. Each ganglion is associated with a segmental spinal nerve. The 
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afferent fibres are grouped into peripheral nerves entering the spinal cord through the 

dorsal roots and terminating in Rexed laminae II-V in the dorsal horn. In particular, af-

ferent tactile and proprioceptive inputs from the skin and deeper tissues of the hand en-

ter the cervical spinal cord via dorsal roots C5-C8 (Darian-Smith, 2007). Once in the spi-

nal cord, the central process of each afferent fibre divides and one axon collateral synap-

ses on neurons in the spinal gray matter already at that level. The other, ascending 

branch of the first-order sensory neuron projects ipsilaterally through the dorsal col-

umn (in the fasciculus cuneatus and fasciculus gracilis) to the caudal part of the medulla 

oblongata and ends in the dorsal column nuclei, either the nucleus gracilis or the nucleus 

cuneatus, depending on the origin of the first-order neuron (Rustioni et al., 1979): first-

order neurons entering the spinal cord via a dorsal root caudal to T6 ascend the spinal 

cord through to the fasciculus gracilis and establish a synapse on second-order neurons 

located in the nucleus gracilis (Qi and Kaas, 2006). Conversely, first-order neurons orig-

inating from a dorsal root rostrally to T6 travel in the fasciculus cuneatus and to the nu-

cleus cuneatus to synapse second-order neurons. Second-order neurons originate from 

the dorsal column nuclei, project their axon across the midline in the medulla (sensory 

decussation), ascend then contralaterally in the medial lemniscus (fibre bundle) to reach 

the thalamus and finally synapse in the contralateral thalamic ventroposterolateral nu-

cleus (VPL, mainly the caudal VPL, but also the oral VPL, the anterior pulvinar (Pulo) and 

the suprageniculate nucleus of the thalamus) on third order neurons (Darian-Smith, 

2007; Darian-Smith and Darian-Smith, 1993). The thalamocortical projections from the 

VPL nucleus ascend through the posterior limb of the internal capsule to finally project 

to S1 and other secondary areas of the somatosensory cortex (Darian-Smith et al., 

1996c). The thalamocortical projections from the Pulo terminate in S1 as well, but also 

in the posterior parietal cortexand even in the caudal motor cortex (Darian-Smith, 

2007). 

In brief, the left hemisphere receives sensory information from the right side of the body 

and conversely. Along the entire afferent pathway, ascending axons are organised and 

terminate in their target in a somatotopic manner (see below the section Somatosensory 

cortical areas for greater detail about somatotopy) (Qi and Kaas, 2006).  

The face is sensitively innervated by the trigeminal somatosensory system (beyond the 

scope of this work). 
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Note the presence of the postsynaptic dorsal column pathway as well: second-order 

neurons originating from the dorsal horn receive afferent synaptic input from dorsal 

root ganglion collateral fibres, travel in the dorsal columns and project to the dorsal col-

umn nuclei. They synapse another neuron projecting to the VPL thalamic nucleus (Jones, 

1983) that in turn projects to the somatosensory cortex. This tract conveys mecha-

nosensory information from the posterior third of the head and the rest of the body.  

Proprioception from the lower extremity is mediated by afferent fibres ascending in the 

fasciculus gracilis and synapse on second-order neurons in Clarke’s column (in cats and 

probably in human as well (Lloyd and McIntyre, 1950)). These latter neurons project 

then to the medulla oblongata along with the dorsal spinocerebellar tract (Grant et al., 

1973). On the contrary, proprioceptive fibres from the upper limb travel through the 

fasciculus cuneatus to the nucleus cuneatus and the lateral cuneate nucleus (Whitsel et 

al., 1969a). These two nuclei send then axons to the contralateral VLP thalamic nucleus 

that in turn projects to somatosensory cortical neurons. Note that the lateral cuneate 

nucleus sends axons to the cerebellum as well through the cuneocerebellar tract. 

The dorsal column usually does not process pain or thermal stimuli even though some 

unmyelinated axons originating from the dorsal root ganglion cells, containing peptides 

such as substance P and calcitonin gene-related peptide, and projecting to the dorsal 

column nuclei, have been shown in rats (Patterson et al., 1989; Patterson et al., 1990). In 

the same way, there are some postsynaptic dorsal column neurons and some neurons in 

the nucleus gracilis responding to noxious stimulation (Al-Chaer et al., 1998; Ferrington 

et al., 1988). 
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Figure 10 (next page): Organisation of the two major afferent somatosensory pathways from the 

limbs and trunk to the cerebral cortex in human. The discriminative tactile sensation and the 

proprioception are mediated by the dorsal column-medial lemniscal system (in dark orange) 

towards the cortex, whereas the temperature, pain and crude tactile perceptions are conveyed 

towards the cortex by the spinothalamic tract (in dark brown). In the dorsal column medial-

lemniscal system in particular, the first sensory fibres mediating tactile sense from the lower limb 

ascend the dorsal columns by being located medially. By ascending progressively the spinal cord, 

the newly entering fibres, e.g. from the upper limb, are added progressively more lateraly within 

the dorsal column, resulting in inputs from the leg being located more medially than those from 

the arm, for instance. This somatotopic organisation is conserved along the entire pathway. 

Afferent fibres entering the spinal cord below level T6 convey inputs from the lower limb and 

lower half of the trunk and afferent fibres entering the spinal cord at level T6 and above convey 

inputs from the upper half of the trunk and upper limb. The upper right figure represents the 

location of S1 (in orange) on a lateral view of the brain, in the postcentral gyrus in the anterior 

parietal lobe. The planes of the successive transverse sections through the spinal cord and medulla 

and the coronal section of the brain through the postcentral gyrus used to represent the pathways 

are indicated by the black lines (Gardner and Johnson, 2013a, p. 493). 
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Anterolateral system  

The spinothalamic tract, a component of the anterolateral system (Figure 10), relays 

thermoreception, nociception, itch sensation, visceroception, as well as nondiscrimina-

tive (crude) touch, pressure sensation, and some proprioceptive sensation from the pe-

riphery to the brain8. These sensations are mediated by small-diameter (group III and 

IV, and Aδ and C, see Table 1) myelinated and unmyelinated afferent fibres with free 

nerve endings located in the skin and other tissues (bones, joint capsules, tendons, mus-

cles, and many visceral organs). Contrary to the encapsulated mechanoreceptors de-

scribed above, the free nerve endings do not contain any specialised structure but can be 

classified into different classes according to the modality they convey at best, such as 

mechanical deformation (mechanoreceptors), heating or cooling (thermoreceptors), or 

painful stimuli (nociceptors) (Burgess and Perl, 1973; Hensel, 1973; Willis, 2007; Willis 

and Coggeshall, 2004). Nociceptive and thermoreceptive afferent fibres are of two types: 

small-diameter (1-5 μm) myelinated Aδ fibres, conducting at about 6-25 m/s, and un-

myelinated (0.1-1 μm in diameter) C fibres, conducting at 0.5-2 m/s (Table 1). 

Following a thermal or painful stimulation, action potentials are generated in the axons 

of the first-order sensory neurons whose terminals are the aforementioned free nerve 

endings. In the same way as the dorsal column-medial lemniscal pathway, the cell bodies 

of these first-order neurons are located in ipsilateral dorsal root ganglia. These small fi-

bres reach, in part, the ipsilateral dorsal horn (marginal zone and substantia gelatinosa, 

Rexed laminae I and II) and, in part, the intermediate region and ventral horn of the spi-

nal cord (Willis, 2007), and synapse on second-order neurons. These second-order neu-

rons cross immediately the midline of the spinal cord to the contralateral side in the 

ventral white commissure (Nathan et al., 2001), and then ascend in the anterolateral 

quadrant of the spinal cord white matter (forming the lateral and the ventral spinotha-

lamic tracts) (Apkarian and Hodge, 1989a; Zhang et al., 2000a; Zhang et al., 2000b) to 

reach the third-order neurons located in different thalamic nuclei, such as the ventral 

posterior lateral (VPL), ventral posterior inferior (VPI), posterior (Po), and central lat-
                                                        
8 This is here the classical textbook view of thermoreception, nociception, itch sensation and other crude sen-
sations from the body. Nevertheless, there is emerging evidence that the emotions and motivations linked to 
temperature, pain, itch processings, visceroception and non-discriminative affective touch, among others, are 
mediated by another pathway (interoceptive pathway), distinct from tactile mechanoreception and proprio-
ception at all levels, and projecting to the insular cortex, the anterior cingulate cortex and prefrontal cortex, 
among others (for further detail, see Couto et al., 2014; Craig, 2009; Craig, 2013; Craig, 2014; Craig and Zhang, 
2006; McGlone et al., 2014 (see in particular their Figure 5); Morrison et al., 2010; Wiech et al., 2001).  
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eral (CL) nuclei (Apkarian and Hodge, 1989b; Boivie, 1979; Mehler, 1962). The VPL nu-

cleus sends then axons to S1 and to other secondary somatosensory areas (sensory dis-

criminative aspects, i.e. the intensity and location of pain) while some other thalamic nu-

clei convey nociceptive information to the anterior cingulate gyrus and to the insula 

(emotional and motivational processing of nociceptive input) (Craig, 2009; Craig, 2013; 

Craig, 2014; Craig and Zhang, 2006; Dum et al., 2009; Willis, 2003). The spinothalamic 

tract is responsible for noxious, thermal and visceral sensations from the posterior third 

of the head and the rest of the body. The face is innervated for these sensations by the 

spinal trigeminal tract (beyond the scope of this thesis). 

Besides the spinothalamic tract, the anterolateral system also includes the spinoreticu-

lar, the spinomesencephalic, the spinotectal, and the spinohypothalamic tracts, all these 

pathways also mediating predominantly nociception, thermoreception, visceroception, 

nondiscriminative touch, itch sensation, pressure, and some proprioceptive sensation 

from the periphery, but to other regions in the nervous system (see Patestas and 

Gartner, 2013 for greater detail).  

Most importantly, note that there are feedback projections from high motor levels (cor-

tex, brainstem nuclei) to all the levels of the somatosensory pathways in the form of in-

hibitory projections controlling sensory ascending pathways (Darian-Smith, 2007; 

Towe, 1973; Zimmermann, 1989). For instance, motor areas send premovement inputs 

to S1 so as to modulate its excitability (Jiang et al., 1991; Nelson, 1987; Nelson et al., 

1991; Salimi et al., 1999; Williams and Chapman, 2002; Williams et al., 1998). Cortico-

spinal tract fibres from M1 send collaterals to the cuneate nucleus, and these projections 

are of prime importance during the execution of fine skilled movements involving tactile 

sensory feedback from the hand (Darian-Smith, 2007). In addition, each level of the so-

matosensory pathway projects down to preceding levels, such that somatosensory areas 

project back to the same thalamic, brainstem and spinal cord relays from which they re-

ceived afferent inputs (Nicholls et al., 2012). This top-down control modulates ascending 

somatosensory transmission by making a selective filtering of signal transmission and 

increases the specification of signal processing in the different relays of the somatosen-

sory pathways (Johansson and Flanagan, 2009a). These feedback effects have high tem-

poral and spatial specificity, such that tactile perception from the hand decreases when 
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the arm is reaching an object and is increased during object manipulation (tactile gating) 

(Chapman, 1994; Chapman and Beauchamp, 2006; Jiang et al., 1991).

 

Somatosensory cortical areas 

In primates, the primary somatosensory cortex, shorten to S1, is located in the post-

central gyrus, in the anterior parietal cortex (Figure 11) (Kaas, 2004a; Kaas, 2004b; 

Kaas and Collins, 2001; Krubitzer and Disbrow, 2005). S1 contains a large density of 

granules (stellates) in layer IV, typical for the sensory areas, corresponding to the synap-

tic projections of the thalamocortical fibres (Jones, 1975; Jones and Powell, 1973).  

Figure 11: Somatosensory cortex in human. (A) Location of the somatosensory areas on a lateral 

view of the brain. The somatosensory cortex is composed of three areas, namely S1 (S-I, 

Brodmann's areas 3a, 3b, 1, and 2), S2 (S-II) and the posterior parietal cortex (Brodmann’s areas 5 

and 7). S1 is located posterior to the primary motor cortex (Brodmann’s area 4) and anterior to the 

posterior parietal cortex. (B) Coronal section through the postcentral gyrus (section plane shown in 

A) showing the cytoarchitectonic subdivisions of S1 and the location of S2 (from Gardner and 

Johnson, 2013b, p. 512; and Gardner, 2010). 

 

Early studies on rats, rabbits, cats and monkeys (Figure 12A-C) by Woolsey and collab-

orators (Marshall et al., 1941; Marshall et al., 1937; Woolsey et al., 1942; Woolsey, 1958; 

Woolsey, 1964) and on human patients undergoing a surgical ablation of epileptic foci 

by Penfield and collaborators (Penfield and Boldrey, 1937; Penfield and Jasper, 1954; 

Penfield and Rasmussen, 1950; Woolsey et al., 1979; Woolsey and Erickson, 1949), using 

electrical stimulation of the cortical surface or SSEP recordings, revealed that the soma-

A B 
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tosensory cortex is somatotopically organised, meaning that neighbouring body parts 

are represented as neighbouring points on the cortical surface (Figure 12D, E). In pri-

mates, the genitals, the foot and the leg are represented most medially on the interhe-

mispheric aspect of S1, followed by the trunk, then the hand more laterally, then the face 

and finally the tongue most laterally. Moreover, the representation of the body is not a 

one-to-one map but some body parts, such as the hand, fingers, foot, lips and tongue, are 

largely over-represented with respect to cortical territory. The cortical magnification9 

(Sur et al., 1980) of these body parts in S1 results from a particularly dense tactile in-

nervation of the palm of the hands, the soles of the feet, the tongue and lips, some body 

surfaces that are usually in tight contact with objects, surface and textures. For instance, 

as already mentioned, each fingertip in human contains about 2’000 tactile afferent fi-

bres (Johansson and Flanagan, 2009b). Moreover, the oral cavity and the tongue are 

regularly in tight contact with food and are involved in speech production as well, both 

situations generating strong tactile inputs. Conversely, the trunk and the leg do not have 

such a strong endowment of tactile receptors. The resulting disproportionate human 

body with huge hands, feet, lips and tongue relative to their normal proportions was 

called sensory homunculus (“little man”) by Penfield (Penfield and Boldrey, 1937; 

Penfield and Rasmussen, 1950) and the corresponding distorted monkey body was 

called sensory simiusculus (“little monkey”) by Woolsey (Woolsey et al., 1952; Woolsey, 

1958). Later on, non-invasive imaging techniques provided finer detail about the soma-

totopic organisation of the somatosensory cortex (Blankenburg et al., 2003; Buchner et 

al., 1995; Hlustik et al., 2001; Inoue et al., 2013; Jamali and Ross, 2012; Martuzzi et al., 

2014; Nelson and Chen, 2008; Overduin and Servos, 2004; van Westen et al., 2004; 

Zeharia et al., 2015). In fact, the somatosensory representation of the body in S1 follows 

probably the same overlapping mosaic principles as described for the primary motor 

cortex (see below). 

  

                                                        
9 The star-nosed moles remarkably illustrate the principle of cortical magnification with 52% of the somatosen-
sory representation devoted to their pink fleshy appendages ringing the snout (Catania, 1999; Catania and 
Kaas, 1997; Sachdev and Catania, 2002). These highly innervated structures are moved as tactile probes to find 
food and explore the environment.  
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Figure 12: Somatotopy in S1. (A-C) The organisation of S1 was established by recording SSEPs in 

monkeys, among others by Marshall et al. (1941). Here, SSEPs (A) were measured on the pial 

surface of S1, in the left postcentral gyrus (B) of rhesus monkeys, after a repeated light touch 

stimulation at different points on the right hand palm (A) (from Kandel, 2013, p. 374). (C) 

Magnification of the recorded region showing the precise location of the recording electrodes 

(black dots). At each site, the coloured hand region corresponded to the stimulated area that 

evoked a SSEP at that location. The light pink area on the left represents approximately areas 3a 

and 3b, whereas the dark pink area on the right corresponds more or less to area 1 ((B) and (C) 

from Kandel, 2013, p. 375). (D) Topographic organisation of S1 in macaque monkeys, based on 

A

B 

C E 
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microelectrode recordings in S1 by Nelson and by Pons. The location of S1 in the anterior partietal 

cortex is shown on a dorsolateral view of the brain, on the small left inset. The detailed 

representation of the different body surfaces in the areas 3a, 3b, 1, 2 and 5 is depicted. Note that 

the cortical surface along the central sulcus was unfolded. The depth of the sulcus is represented 

by the long dotted line. The mesial aspect of the hemisphere was flattened as well (short 

horizontal dotted line). The areas 3a and 2 receive mainly proprioceptive inputs from deep tissues, 

while the areas 3b and 1 are primarily activated by cutaneous inputs. The representations in areas 

3b and 1 are parallel and largely mirror images along the mediolateral axis. A clearly distinct 

representation of each finger is visible in the areas 3b and 1 whereas receptive fields in the area 2 

are more complex and represent the convergent inputs from several fingers. A careful examination 

of the map indicates that the entire finger representation covers a larger extent of cortical surface 

than e.g. the back representation (about 100 times more cortical columns per unit of body surface 

responding to touch stimulus on the fingers than on the trunk, in owl monkeys (Sur et al., 1980)). 

The area 5 in macaque monkeys is homologous to the areas 5 and 7 in human. D1-D5: fingers 1-5 of 

the hand (lateral)/foot (medial) (from Kandel, 2013, p. 517). (E) Section along the postcentral gyrus 

(S1) in human, illustrating the somatotopic representation of the entire body on the surface of S1 

and the sensory homunculus and simiusculus (insets on the bottom left). Body parts which are 

particularly involved in tactile discrimination, essentially because of their dense somatosensory 

innervation, i.e. the face, the hand, the fingers and the foot, have a disproportionately extended 

representation on the somatosensory cortex (from Kandel and Jessell, 1991, p. 373; and Patestas 

and Gartner, 2013, p. 152). 

 

Furthermore, the somatotopic architecture of S1 is reflected at the level of cortical col-

umns as well: cells located in the same vertical cortical column in S1 share similar prop-

erties in terms of receptor class, i.e. preference of stimulus modality and adaptation of 

the mechanoreceptors, and receptive field location (Amaral and Strick, 2013; Jones and 

Powell, 1973; Mountcastle, 1997; Powell and Mountcastle, 1959b; Szentáigothai, 1983).  

Finally, as already mentioned, the somatotopic organisation is not restricted to the corti-

cal level but sensory inputs from the different body parts are conveyed towards the cor-

tex according to a somatotopic organisation as well, as demonstrated for instance in 

both cuneate and gracile nuclei (Culberson and Brushart, 1989; Florence et al., 1989; 

Strata et al., 2003) and in the thalamic VPL nucleus (Jones et al., 2002).  
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S1 is architectonically subdivided into Brodmann’s area 1, 2 and 3, the latter being fur-

ther divided into areas 3a and 3b (Figure 11) (Brodmann, 1909; Geyer et al., 1999; 

Jones, 1975; Powell and Mountcastle, 1959a; von Economo, 1927). This organisation al-

so reflects functional differences within each area, each of them being involved in specif-

ic processing. Moreover, the general classical somatotopic organisation described above 

is actually distinctly represented in a more or less elaborated form in each area of S1 

(Kaas et al., 1979): area 1 (Kaas et al., 1981; Merzenich et al., 1978; Merzenich et al., 

1981; Merzenich et al., 1987; Nelson et al., 1980), area 2 (Pons et al., 1985), area 3a 

(Geyer et al., 1999; Huffman and Krubitzer, 2001; Jones and Porter, 1980; Kaas and 

Collins, 2001; Krubitzer et al., 2004) and area 3b (Cusick et al., 1989; Jain et al., 1998; 

Jain et al., 2001; Kaas et al., 1981; Manger et al., 1997; Merzenich et al., 1978; Merzenich 

et al., 1981; Merzenich et al., 1987; Nelson et al., 1980; Pons et al., 1987; Qi and Kaas, 

2004). Taken together, it means that S1 is characterised by parallel processing in differ-

ent areas, and contains several modality-specific body representations. These distinct 

somatosensory areas are described in further detail below (for a review, see Krubitzer 

and Disbrow, 2005). 

The area 3a is buried in the fundus of the central sulcus, in direct continuity with the ar-

ea 4 (Geyer et al., 1999; Huffman and Krubitzer, 2001; Jones and Porter, 1980; Kaas and 

Collins, 2001; Krubitzer et al., 2004). This subdivision of S1 receives primarily inputs 

from muscle spindle receptors and other deep receptors (Tanji and Wise, 1981; Tanji, 

1976; Wise and Tanji, 1981; Yumiya et al., 1974) via thalamocortical afferent fibres orig-

inating from the thalamic ventroposterior (VP) complex (Kaas, 2004a; Kaas, 2004b), and 

is involved in the coding of muscle stretch, movement velocity and limb position to 

adapt the posture (Tanji, 1976; Wise and Tanji, 1981). Nevertheless, some neurons in 

the hand representation of area 3a also process cutaneous stimuli (Tanji and Wise, 

1981; Wise and Tanji, 1981) and noxious stimuli (Whitsel et al., 2009). The area 3a is 

densely interconnected with other ipsilateral areas such as areas 3b, 4 (Huerta and 

Pons, 1990; Kaas, 2004b), 6 (SMA), 2, 5, S2, PV, the cingulate cortex and the insular cor-

tex (Huffman and Krubitzer, 2001; Krubitzer and Disbrow, 2005).  

Proceeding then posteriorly, the area 3b is mostly activated by inputs from cutaneous 

receptors (Pons et al., 1987; Tanji and Wise, 1981), conveyed through thalamocortical 

afferent fibres originating from the thalamic VP complex (Kaas, 2004a; Krubitzer and 
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Kaas, 1990). In addition, the area 3b is activated by nociceptive inputs as well (Keysers 

et al., 2010). The receptive fields are relatively simple, small and cutaneous (Pons et al., 

1987). This area is characterised by a high expression of myelin and cytochrome oxidase 

(C.O.) (Kaas and Collins, 2001). Remarkably, it was demonstrated that the fine-scale so-

matotopic representation within area 3b was correlated with regional patterns of mye-

lin and C.O. expression (Jain et al., 1998; Jain et al., 2001; Qi and Kaas, 2004). The area 3b 

is interconnected predominantly with areas 3a, 1 and 2, S2, PV and M1 (Krubitzer and 

Disbrow, 2005). 

The area 1 is located immediately posterior to the area 3b (Kaas and Collins, 2001). This 

area is primarily activated by inputs from 3b (Kaas, 2004a; Keysers et al., 2010) and its 

activity is modulated by cutaneous thalamic inputs from the thalamic VP complex (Kaas, 

2004a). The somatotopic organisation in area 1 is approximately the mirror reversal of 

the one described in area 3b along their common border. Receptive fields usually have a 

center-surround organisation with separate 'on' and 'off' zones, and are larger than in 

area 3b (Sur et al., 1985). The area 1 has broad connections with areas 3b, 2, S2/PV, 5, 

AIP/7b, and more sparsely with area 3a, M1, and the frontal cortex (Krubitzer and 

Disbrow, 2005). 

The area 2 lies in the most caudal part of S1. It receives tactile and proprioceptive in-

formation from areas 3a, 3b and 1 (Keysers et al., 2010) and muscle spindle receptor in-

formation from the thalamic VP complex (Kaas, 2004a; Kaas, 2004b; Keysers et al., 

2010), and sends dense projections to the posterior parietal cortex (Kaas, 2004b). The 

area 2 is activated not as consistently and homogeneously as more rostral somatosenso-

ry areas (Pons et al., 1985), but instead more complex stimuli are required than in 3b. As 

a result, some area 2 neurons were shown for instance to preferentially respond to cur-

vature (Yau et al., 2013), others were activated by the perception and discrimination of 

objects with a particular form by using haptic palpation (Iwamura and Tanaka, 1978; 

Keysers et al., 2010), and some neurons were also responding to stimuli on both the ipsi-

lateral and the contralateral hands during bimanual exploration (Keysers et al., 2010). In 

addition the somatotopic organisation in area 2 is more complex than the one described 

in more rostral areas (Pons et al., 1985). The area 2 is interconnected with all the other 

areas of S1, with M1, with some areas in the intraparietal sulcus and in the inferior pari-
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A B 

etal lobule, and with the contralateral area 2 (Keysers et al., 2010; Krubitzer and 

Disbrow, 2005). 

In sum, the characteristics of the receptive fields evolve hierarchically along the rostro-

caudal axis of S1. More specifically, from area 3b to area 1 and later on to area 2, the re-

ceptive fields become more complex and more extended, and feature-specific responses 

such as center-surround organisation (Friedman et al., 2008; Sripati et al., 2006; Sur, 

1980), direction selectivity of the stimulus, or submodality integration become more ob-

vious (Iwamura et al., 1993; Iwamura, 1998; Iwamura, 2007; Nicholls et al., 2001). 

Tract-tracing studies confirmed that there is a strong and sequential outflow of connec-

tions from area 3 to areas 1 and 2, then from area 1 to area 2 (and then from area 2 to 

area 5 and rostral area 7) (Vogt and Pandya, 1978). A summary of the afferent input 

modalities to the areas of S1 and characteristics of their receptive fields are provided in 

Figure 13.  

Figure 13: Hierarchical processing along the rostro-caudal axis of the postcentral gyrus in monkey. 

(A) Sagittal histological section across the postcentral gyrus, showing the architectonic divisions of 

S1, the input modality (under) and the properties of the receptive fields of S1 areas. (B) Lateral 

view of a monkey’s brain with the section plane shown in (A). CS: central sulcus, IPS: intraparietal 

sulcus (from Iwamura, 1998).  

 

From S1, the somatosensory information is sent through reciprocal projections to the 

secondary somatosensory cortex (S2) (Jiang et al., 1997), containing another somato-

topic somatosensory representation (Burton and Robinson, 1981; Cusick et al., 1989; 

Friedman et al., 1980; Friedman, 1981; Whitsel et al., 1969b). This area is located in the 



General Introduction  Anne-Dominique Gindrat 

59 

upper bank of the lateral sulcus and on the parietal operculum (Figure 11) (Cusick et al., 

1989; Kaas and Collins, 2001; Keysers et al., 2010). S2 receives strong afferent inputs 

from the thalamus as well (Kaas, 2004b; Keysers et al., 2010). S2 was shown to be in-

volved in a hierarchical information processing from S1 to S2, for instance regarding tex-

ture discrimination. Essentially, monkeys had to evaluate the presence or absence of tex-

ture changes on a surface by using the fingertips: while S1 neurons linearly encoded tex-

ture changes, a more complex feature extraction was performed in S2 (Jiang et al., 1997). 

Other studies confirmed that S2 is involved in a sophisticated extraction of somatosen-

sory features (Fitzgerald et al., 2006), for instance by demonstrating the presence of 

larger receptive fields in S2 than in area 3b (Cusick et al., 1989) and bilateral receptive 

fields (Whitsel et al., 1969b). This is accompanied by a large number of interconnections 

with other sensory and associative areas (Keysers et al., 2010), allowing a high level of 

information integration to build up a representation of tactile objects (Haggard, 2006). 

For further detail about the role of S2, see Keysers et al. (2010). 

In addition, Kaas and collaborators identified an additional area, namely a parietal ven-

tral area (PV), as a subdivision of S2. PV is located caudal to S2, along the upper bank of 

the lateral sulcus, and shares the same connectivity as S2 (Kaas, 2004b; Keysers et al., 

2010). Moreover, the respective somatotopic representations of S2 and PV are the mir-

ror reversal of each other along their common border. 

The posterior parietal cortex is located in the parietal lobe caudal to area 2 but without 

including the cortex of the lateral sulcus nor the supplementary sensory area of the me-

dial wall (Kaas, 2004c). This brain region is particularly well developed in macaque 

monkeys (Kaas, 2004b) and is composed of at least 8-10 separate sensorimotor and 

visuomotor areas, among others the Brodmann’s areas 5 and 7, the ventral (VIP), lateral 

(LIP), medial (MIP), and anterior (AIP) sensorimotor areas (Kaas, 2004c). It is consid-

ered as the somatosensory association cortex. The rostral areas receive principally so-

matosensory inputs, mainly from area 2 and from areas of the lateral parietal cortex, and 

they project to M1 and to premotor areas. The caudal areas receive auditory and par-

ticularly visual information, and send projections to premotor areas. By integrating so-

matosensory inputs with inputs from other sensory modalities, the posterior parietal 

cortex is largely involved in the perception of the body in relation to the surrounding 

environment, such as in guided motor behaviours (see e.g. Baumann et al., 2009; Borra 
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et al., 2008; Brochier and Umiltà, 2007; Buneo and Andersen, 2006; Davare et al., 2011; 

Gardner et al., 2007; Janssen and Scherberger, 2015; Kaas, 2004a; Kaas, 2004b; 

Lehmann and Scherberger, 2013; Mountcastle et al., 1975; Murata et al., 2000; 

Schaffelhofer et al., 2015; Townsend et al., 2011). A summary of somatosensory affer-

ences and efferences of S1 is presented in Figure 14. 

 

 

Figure 14: Summary of the afferences and efferences of the somatosensory cortical areas. The 

thalamus sends direct thalamocortical afferent fibres from the ventroposterior (VP) complex 

primarily to the areas 3b and 3a but also to the areas 1 and 2. The area 3b receives massive 

projections from the core of the thalamic ventroposterior complex, while the other 3 areas receive 

less dense inputs from the shell areas surrounding the core of the thalamic ventroposterior 

complex. In S1, neurons of areas 3a and 3b project to areas 1 and 2. Information from all the four 

S1 areas is then transmitted for further processing to neurons in the posterior parietal cortex (area 

5), in S2/PV and in M1 (not shown here). From then on, information is further processed in higher-

order associative cortical areas: the ventral pathway originates from S2 and is involved in tactile 

object recognition (specific shape and texture, context, behavioural relevance). The dorsal 

pathway begins in the parietal lobe and is involved in the sensorimotor guidance of movements. 

Tactile inputs can be conveyed to frontal areas directly from S1. In addition, other tactile inputs are 

conveyed to several areas of the posterior parietal cortex (areas 5, 7, 39, 40) where a multimodal 

integration takes place. The information is then sent to premotor areas in the frontal lobe to be 

integrated into complex movement sequences. In sum, tactile and proprioceptive inputs (in 

addition to visual ones) play an important feedback role that can modify behaviour during object 

manipulation. PR: parietal rostroventral cortex; PV: parietal ventral cortex: VPL, thalamic 
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ventroposterolateral nucleus; VPI, thalamic ventroposteroinferior nucleus; VPS, thalamic 

ventroposterosuperior nucleus (from Gardner and Johnson, 2013b, p. 512; Gardner, 2010; and 

Patestas and Gartner, 2013, p. 151). 

 

Motor control of voluntary movements10 

Contrary to reflexes, voluntary movements depend on the activity of supraspinal cen-

ters, among them motor cortical areas that exert control on the effector muscles via de-

scending pathways running down the spinal cord. Here we will review the organisation 

of the motor system involved in the generation of voluntary movements, such as the fine 

manual dexterity that characterises primates. We will describe first the motor cortex, 

and then the main descending pathways in the spinal cord. 

 

Motor cortical areas 

In primates, the frontal cortex contains several motor areas (Amaral and Strick, 2013; 

Dum and Strick, 2002; Luppino and Rizzolatti, 2000; Matelli et al., 2004; Rizzolatti and 

Luppino, 2001; Rouiller, 1996; Rouiller and Olivier, 2004; Strick et al., 1998; 

Wiesendanger, 1981): the primary motor cortex (M1) and several association or sec-

ondary motor areas, all of them sharing at least one of the following characteristics: the 

area contains corticospinal neurons, it directly projects to M1, electrical stimulation to it 

does elicit movements and tonic contractions mostly on the contralateral half of the 

body, but also to a lesser extent on the ipsilateral side (Wiesendanger, 1981), it possess-

es a connection with a thalamic nucleus, its neuronal activity is clearly related to the ex-

ecution of a conditional motor task (Rouiller and Olivier, 2004).  

 

Primary motor cortex 

The primary motor cortex (M1) is architectonically defined as Brodmann’s area 4 

(Brodmann, 1909; von Economo, 1927) (Figure 15A), characterised by the absence of a 

granular layer IV and the presence of very large pyramidal cells in layer V (Stepniewska 

                                                        
10 For a comprehensive description of the motor areas and motor pathways, consult Lemon (2008b) and Nieu-
wenhuys et al. (2007, chapter 21). 
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et al., 1993). Physiologically, M1 is defined as the region of electrically excitable cortex 

where the lowest-intensity stimulus is able to evoke a contralateral isolated movement 

of skeletal muscles (Nudo et al., 2001; Sessle and Wiesendanger, 1982; Strick and 

Preston, 1978a). Similarly to the somatosensory cortex, studies on animals (Fritsch and 

Hitzig, 1870; Leyton and Sherrington, 1917; Woolsey et al., 1952; Woolsey, 1958; 

Woolsey, 1964) and on human patients (Foerster, 1936; Penfield and Boldrey, 1937; 

Penfield and Jasper, 1954; Penfield and Rasmussen, 1950; Woolsey et al., 1979) demon-

strated using electrical stimulation of the cortical surface that there is a somatotopic or-

ganisation of the body in the motor cortex. To elaborate, muscles of the contralateral 

body are represented on the cortex, for instance with muscles of the head and face being 

represented in the most lateral part of the precentral gyrus, those of the leg and tail in 

the paracentral lobule on the medial surface of the cerebral hemisphere, and those of the 

hand in between, in the lateral surface of the precentral gyrus (Figure 15B). Further-

more, as for the somatotopy in S1, this body representation is not a one-to-one map but 

there is a cortical magnification of some body parts with respect to cortical territory: the 

body parts able to produce the finest movements and therefore with a large number of 

M1 neurons involved in controlling these movements, i.e. distal parts of the extremities, 

especially of the hand, as well as the lips and tongue, have a larger cortical representa-

tion in M1 than the body parts used in gross movements such as locomotion. Thus, the 

resulting motor homunculus (Penfield and Boldrey, 1937; Penfield and Rasmussen, 

1950) and motor simiusculus (Woolsey et al., 1952; Woolsey, 1958) have highly dispro-

portionate hands, lips and tongue relative to their normal proportions (Schieber and 

Baker, 2013) (an illustrated comparison of the motor somatotopic organisation in hu-

man and in macaque monkey in provided in Chapter 8, Figure 6). 
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Figure 15 : Organisation of M1. (A) Neocortical areas involved in voluntary motor control, on a 

lateral view of the left hemisphere surface in human. M1 is located in the precentral gyrus. A more 

detailed representation of the motor areas is provided in Figure 16 (from Bear et al., 2007, p. 460). 

(B) Somatotopic representation of the body on the surface of M1 in human, and the resulting 

motor homunculus, superimposed on a coronal section along the precentral gyrus. The body 

muscles are organised in an orderly manner but there is a disproportionally large representation of 

the finger muscles and the oral cavity muscles, resulting from the fine motor control needed for 

object manipulation with the fingers and for speech production (from Patestas and Gartner, 2013). 

(C) Distributed and overlapping mosaic organisation of M1 neurons involved in finger movements 

throughout the hand representation, in monkeys. Each coloured sphere represents a single neuron 

recorded in left M1 (frontal pole reconstruction on the left side, and magnification on the right 

side) during individuated finger flexion or extension. The larger the sphere diameter, the larger the 

spiking frequency of the neuron under consideration (from Schieber and Hibbard, 1993).  

 

Later on, this concept of somatotopy in M1 was refined, especially for the hand repre-

sentation. Studies on monkeys (Kwan et al., 1978; Lemon, 1988; Rathelot and Strick, 

2006; Schieber and Hibbard, 1993; Schieber and Poliakov, 1998) and then on human 
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(Schieber, 1999) demonstrated that finger movements were actually represented in a 

distributed and overlapping mosaic fashion in M1 (Figure 15C) rather than only in the 

strict strip-like pattern originally proposed by Penfield and contemporaries (Foerster, 

1936; Penfield and Boldrey, 1937; Penfield and Jasper, 1954; Penfield and Rasmussen, 

1950; Woolsey et al., 1979). To put it another way, even though there is a tendency for 

the more radial fingers to be represented more laterally and the more ulnar fingers to be 

represented more medially (Hwang et al., 2014; Schieber, 1999), each finger movement 

is still represented at many locations in the whole hand representation (Kwan et al., 

1978; Schieber, 2001; Schieber, 1999; Schieber and Poliakov, 1998). Consequently, the 

neuronal populations controlling a given finger movement topographically overlap with 

those involved in the motor control of other finger movements in order to create syner-

gies between movements of different muscles and fingers (Hepp-Reymond et al., 1996). 

More recently, the general somatotopic organisation of the motor cortex as well as the 

distributed motor control of the fingers was confirmed by using fMRI, among others 

(Beisteiner et al., 2001; Dechent and Frahm, 2003; Hlustik et al., 2001; Indovina and 

Sanes, 2001; Kleinschmidt et al., 1997; Lotze et al., 2000; Rao et al., 1995; Zeharia et al., 

2015). 

By using the technique of spike-triggered averaging on rhesus monkeys, Park and col-

laborators (2001; 2004) extended to the whole upper limb the concept of synergy be-

tween muscle representations. Namely, they highlighted a “horseshoe-like” representa-

tion of the upper limb in M1 with three different zones identified across several mon-

keys: a mediolaterally-oriented central zone along the caudal border of M1 containing 

distal muscle synergies, surrounded by a first zone representing synergies between dis-

tal and proximal muscles, itself surrounded by a zone representing proximal muscle 

synergies only. This means that the wrist representation in M1, for instance, is in part 

intermingled with the finger representation and the shoulder representation as well.  

 

Association motor cortices 

In addition to M1 itself, 6 spatially separate premotor areas (Figure 16) have been iden-

tified in the frontal lobe of monkeys by using retrograde labelling in parallel with phys-

iological ICMS mapping. Each of them projects massively and directly to M1 (Dum and 

Strick, 1991; Dum and Strick, 2002; Felix and Wiesendanger, 1970; Picard and Strick, 
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1996; Strick et al., 1998; Wiesendanger, 1981): the ventral premotor area (PMv) and the 

dorsal premotor area (PMd), both located just rostrally to M1 on the lateral surface of 

the hemisphere in Brodmann’s area 6; the supplementary motor area (SMA, Brodmann’s 

area 6) and three cingulate motor areas (CMA) -the rostral, the dorsal and the ventral 

cingulate motor areas (CMAr, CMAd and CMAv, in Brodmann’s areas 23 and 24)- all four 

located on the medial wall of the hemisphere. SMA can be further divided into a rostral 

part (pre-SMA) and a caudal part (SMA-proper), PMd into a rostral and a caudal part 

(PMdr and PMdc) and PMv into a rostral and a caudal part (PMvr and PMvc) (Gentilucci 

et al., 1988; Luppino et al., 1991; Matelli et al., 1991; Matelli et al., 1985; Rizzolatti et al., 

1988; Rizzolatti et al., 1998; Rouiller and Olivier, 2004). Note that the nomenclature of 

motor areas varies across authors (Figure 16B). 

 

Figure 16 : Motor areas in the macaque monkey. (A) Localisation of the frontal and cingulate motor 

areas on the lateral and mesial surfaces of the hemispheres. Each colour field represents a distinct 

cytoarchitectonic area. Yellow diamonds: origin of corticospinal (CS) neurons projecting to cervical 

motoneurons in the spinal cord. The % of distribution of CS neurons is indicated (even though 

some parietal CS neurons were omitted here). AIP: anterior intraparietal area (tightly 

interconnected with F5 and plays a key role in grasping. For a review, see Janssen and Scherberger, 

2015); AR: arcuate sulcus; CC: corpus callosum; Cin S: cingulate sulcus; CMA: cingulate motor areas

A

B 
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(further divided into rostral or ‘r’, ventral or ‘v’ and dorsal or ‘d’ subareas); CE: central sulcus; IP: 

intraparietal sulcus; P: principal sulcus (modified from Rouiller, 2012; and Rouiller and Olivier, 

2004). (B) Different nomenclatures have been used to describe the motor areas in primates, among 

them Matelli et al. nomenclature (Matelli et al., 1991; Matelli et al., 1985), Brodmann’s 

nomenclature of the agranular frontal areas (Brodmann, 1909), and a commonly used functional 

nomenclature (from Matelli et al., 2004). 

Again by using retrograde labelling, it was shown that the premotor areas have massive 

direct projections to the spinal cord, forming corticospinal tracts with a precise topo-

graphical organisation, i.e. distinct projections for the upper and lower limb motoneu-

rons were observed in the cervical and lombar segments of the spinal cord, respectively 

(see e.g. Biber et al., 1978; Coulter and Jones, 1977; Dum and Strick, 1991; He et al., 

1993; He et al., 1995; Jones and Wise, 1977). At the cortical level, a more or less elabo-

rated somatotopic organisation was observed in each of the premotor areas (but not as 

clear as in M1) by using ICMS (Mitz and Wise, 1987; Preuss et al., 1996) or neural tract-

tracing. To elaborate, in all areas but PMv, distinct projections to upper and lower cervi-

cal segments were further identified, meaning that those areas contain separate proxi-

mal and distal upper limb representations. Conversely, PMv was shown to project only 

to the upper cervical motoneurons (Dum and Strick, 1991; He et al., 1993; He et al., 

1995). The total number of corticospinal neurons identified in these 6 areas was equal 

to or sometimes even larger than the number of corticospinal neurons located in M1. 

The termination of the corticospinal fibres from SMA, CMAr, CMAd and CMAv in the spi-

nal cord was studied by injecting anterograde tracers in each area individually as well as 

retrograde tracers in the cervical spinal cord (Dum and Strick, 1996a; Martino and 

Strick, 1987; Rouiller et al., 1996): it was shown that the corticospinal axons project 

mainly to different portions of the intermediate zone of the cervical spinal cord and less 

densely to the ventral horn of the lower cervical spinal cord where motoneurons con-

trolling distal upper limb muscles are located (i.e. like M1). Another study combining an-

terograde tracer injection in SMA and retrograde labelling from distal hand muscles con-

firmed that there were direct connections from the hand area of SMA to motoneurons in 

the cervical spinal cord (Rouiller et al., 1996). In sum, these motor areas establish direct 

connections with cervical motoneurons, like M1, especially the ones innervating distal 

muscles of the upper limb.  
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The function of these areas was assessed by using ICMS (Luppino et al., 1991; Mitz and 

Wise, 1987; Takada et al., 2001): in SMA and CMAs, proximal and distal movements of 

both upper and lower limbs were evoked, although the threshold was higher and the 

probability to observe a movement was lower than with a similar stimulation in M1. As 

mentioned above, corticospinal fibres from PMv project only to upper segments of the 

cervical spinal cord (normally involved in the control of proximal upper limb) (He et al., 

1993; Martino and Strick, 1987). But the same region of PMv sends very dense projec-

tions to the finger representations in M1 as well (Dum and Strick, 2002; Tokuno and 

Tanji, 1993). The function of this conflicting organisation of PMv was clarified by using 

ICMS in the posterior bank of the arcuate sulcus, the region of origin of the PMv cortico-

spinal fibres projecting to upper cervical motoneurons in the spinal cord. ICMS resulted 

in movements of the distal upper limb, in particular thumb and fingers movements 

whereas movements of the proximal upper limb, i.e. the elbow, were much more rarely 

observed (Dum and Strick, 1991; He et al., 1993; Martino and Strick, 1987). Interesting-

ly, the stimulation thresholds were as low as the ones usually used to elicit movements 

by ICMS in M1. It was therefore concluded that this region of PMv, in particular PMvr, is 

important for the motor control of the distal upper limb (Cerri et al., 2003; Dum and 

Strick, 2005; Gentilucci et al., 1988; He et al., 1993; Kurata and Tanji, 1986; Rizzolatti et 

al., 1988; Shimazu et al., 2004). These neural tract-tracing studies and ICMS studies indi-

cate that premotor areas can influence the motor control either through M1 (Cerri et al., 

2003; Maier et al., 2013; Schmidlin et al., 2008; Shimazu et al., 2004) or more directly as 

well through corticomotoneuronal projections (see below for more detail about corti-

comotoneuronal pathway) (Rouiller et al., 1996). Dum (2002) suggested that each pre-

motor area works actually as a functionally distinct efferent system in parallel with M1 

and is able to produce and control specific aspects of motor behaviour. 

The premotor cortex (PM) and SMA are intimately involved in planning and program-

ming sequences of movements, in particular complex motor sequences of the distal 

musculature, by integrating all the information they receive from the posterior parietal 

cortex. SMA activity is essential for the organisation of movements, particularly in case 

of a sequential performance of multiple movements as well as bilateral movements 

(Brinkman, 1984; Brinkman and Porter, 1979; Brinkman, 1981; Kazennikov et al., 1999; 

Kermadi et al., 1997; Kermadi et al., 1998; Kermadi et al., 2000; Larsson et al., 1996; 

Luders, 1996; Picard and Strick, 1996; Roland et al., 1980; Seitz and Roland, 1992; Shima 



General Introduction  Anne-Dominique Gindrat 

68 

and Tanji, 1998a; Tanji, 1994; Wiesendanger, 1986). In addition, SMA is important for 

initiating self-paced sequences of movements (Kermadi et al., 1997; Larsson et al., 1996; 

Roland et al., 1980).  

PM is involved in programming motor sequence as well (Kurata and Tanji, 1986; Rijntjes 

et al., 1999; Weinrich et al., 1984; Weinrich and Wise, 1982) but primarily based on ex-

ternal cues. For instance, it was demonstrated that the activity of PM is tightly linked to 

visuospatial signals and sensory guidance of movement (Picard and Strick, 1996; 

Weinrich et al., 1984; Weinrich and Wise, 1982). Moreover, PMv (F5) contains mirror 

neurons (di Pellegrino et al., 1992; Rizzolatti and Fogassi, 2014). Regarding PMvr in 

greater detail, this area is involved in goal-related (Rizzolatti et al., 1988) and visually-

guided movements of the hand during fine manipulation of objects (Chouinard and Paus, 

2006; Umilta et al., 2007), in coding for object shape (Murata et al., 1997), grasping 

movements (Bonini et al., 2010; Spinks et al., 2008; Umilta et al., 2007), grip type and 

object orientation (Fluet et al., 2010; Schaffelhofer et al., 2015; Townsend et al., 2011), 

reach and gaze representation (Lehmann and Scherberger, 2013), 3-D objects (Janssen 

and Scherberger, 2015), and in exerting a facilitatory effect on M1 output to upper limb 

motoneurons (Cerri et al., 2003; Maier et al., 2013; Schmidlin et al., 2008; Shimazu et al., 

2004). This last observation suggests that PMvr may be involved in the control of grasp 

movements essentially through corticocortical projections to M1, and less through its 

corticospinal tract projections to motoneurons innervating hand muscles because these 

latter are few in number. In addition, it was recently demonstrated that PMv could also 

exert an inhibitory effect on M1 (Kraskov et al., 2011). 

CMA, which is a part of the limbic system, plays a motor role as well, in particular in vol-

untary movements involving emotions and motivation (Craig, 2009; Craig, 2014). More 

specifically, the neuronal activity in CMA is modulated during selection of voluntary 

movements based on the expectation of a reward (Shima and Tanji, 1998b). 

 

Motor pathways 

In primates, the main descending pathways (for a definition of a descending pathway, 

see Lemon, 2008b) that project directly or indirectly on spinal cord motoneurons origi-

nate from the cerebral cortex and from the brainstem and terminate either within the 

dorsolateral or the ventromedial part of the intermediate zone of the spinal gray matter 
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(Kuypers, 1981; Kuypers, 1987; Kuypers and Brinkman, 1970). There are two major 

dorsolateral pathways, namely the lateral corticospinal tract, originating from the cer-

ebral cortex, and the rubrospinal tract, coming from the red nucleus in the brainstem. 

They supply a monosynaptic and polysynaptic innervation largely on lateral motoneu-

rons that can recruit small groups of distal muscles in order to exert a fine motor con-

trol. Regarding the ventromedial pathways, one can distinguish the ventral corticospi-

nal tract, coming from the cerebral cortex, the lateral and medial vestibulospinal 

tracts, originating from the vestibular nuclei, the pontine and medullary reticulospinal 

tracts, originating from the pontine and medullary reticular formations, respectively, 

and the tectospinal tract, originating from the superior colliculus. These ventromedial 

pathways mainly supply innervation of medial and ventral motoneurons that control 

large groups of axial and proximal muscles, in order to regulate the body position and 

posture (Nicholls et al., 2001). 

 

Corticospinal tract  

The corticospinal tract (CST), also known as pyramidal tract, is the major descending 

motor pathway involved in voluntary motor control through skeletal muscles and its 

lateral component, in particular, plays a critical role in fine skilled movements of the 

hands and fingers (Figure 17) (for reviews, see Lemon, 2008b; and Schieber, 2007). To 

put it briefly, the CST projects from the cerebral cortex to the motoneurons located in 

the brainstem and in the spinal cord. This pathway can be either direct or indirect (via 

interneurons). The upper motoneurons are located in upper portion of the system, from 

the cerebral cortex to the anterior horn cells in the spinal cord. The lower motor neu-

rons are located in the lower portion of the system, corresponding to the anterior horn 

cells and their associated axon.  

It was conventionally established that the human CST tract originated exclusively from 

M1 although Penfield described in an early study that some movements were also elicit-

ed by postcentral electrical cortical stimulations in human patients (Penfield and 

Boldrey, 1937). But as described above, it is now well known that the upper motoneu-

rons of the CST are located in several cortical areas of the frontal lobe (M1, SMA, PMd, 

PMv, CMAs) (Figure 16A) and parietal lobe (S1, posterior parietal cortex, parietal oper-

culum (S2)) (Biber et al., 1978; Cheema et al., 1983; Coulter and Jones, 1977; Darian-
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Smith et al., 1996b; Dum and Strick, 1991; Galea and Darian-Smith, 1994; He et al., 1993; 

He et al., 1995; Jones and Wise, 1977; Kumar et al., 2009; Lemon, 2008b; Lemon and 

Griffiths, 2005; Liu and Chambers, 1964; Maier et al., 2002; Nieuwenhuys et al., 2007; 

Nudo and Masterton, 1990; Ralston and Ralston, 1985; Rouiller et al., 1996; Schieber, 

2007; Seo and Jang, 2013; Sessle and Wiesendanger, 1982; Toyoshima and Sakai, 1982; 

Wiesendanger, 1981). There are anatomical differences between the different CSTs: for 

instance, corticospinal fibres from M1 project mainly to the contralateral intermediate 

zone of the spinal cord and especially on lateral nuclei supplying the muscles for the up-

per limb (Armand et al., 1997), whereas corticospinal fibres from S1 project primarily to 

the contralateral dorsal horn (see below the section Functional sensorimotor system for 

greater detail). Moreover, there are considerably more axon terminals in the lamina IX 

(motor nuclei) from M1 than from SMA or the CMAs (Dum and Strick, 1996b; Schieber, 

2007) and direct projection (corticomotoneuronal fibres, see below) from M1 are much 

denser and stronger than those from SMA (Boudrias et al., 2006; Maier et al., 2002; 

Rouiller et al., 1996). As a matter of fact, the multiple origins of the CSTs suggest that 

these pathways are involved in several functions, in addition to the execution of move-

ments through the CST from M1 (Lemon, 2008b; Lemon and Griffiths, 2005). For in-

stance, it has been shown that CST fibres from PMv do not reach the lower cervical cord 

(subserving hand muscles) in macaque monkeys but they rather terminate at more ros-

tral cervical levels (He et al., 1993). Therefore it is expected that they do not directly ex-

ert a descending motor control through corticomotoneuronal neurons. In fact, it is now 

proposed that the CST from PMv may be involved in unwanted movement suppression 

during action observation since CST neurons with mirror properties were discovered in 

PMv (Kraskov et al., 2014; Kraskov et al., 2009; Rizzolatti and Fogassi, 2014; 

Vigneswaran et al., 2013). Regarding the CST originating from SMA, the existence of a 

direct CM projection strongly suggests that this pathway can contribute directly to the 

control of hand movements (Rouiller et al., 1996). More specifically, a very recent study 

demonstrated that this pathway is recruited when manual force control requires a high 

degree of precision (Chen et al., 2013). The putative function of CST originating from S1 

will be developed below (see the section below Functional sensorimotor system for 

greater detail). In sum, corticospinal projections from non-primary cortical motor areas 

usually provide less direct access to motoneurons than the projection from M1 does 

(Schieber, 2007). 
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The upper motoneurons at the origin of the CST (Figure 17A) are mainly the pyramidal 

cells of cortical layer V (Biber et al., 1978; Jones and Wise, 1977; Nudo and Masterton, 

1990; Schieber, 2007) made up of the Betz cells (Figure 17B, C), characterised by a 

large soma, and non-Betz pyramidal neurons. Very recently, it was demonstrated that 

the CST may contain much more very thin axonal fibres than reported until now, i.e. <1 

μm in diameter as compared to large fibres up to 13 μm in diameter (Porter and Lemon, 

1993), even though their origin and activity pattern are still not well understood (Firmin 

et al., 2014). The upper motoneurons give rise to axon bundles that descend via the pos-

terior limb of internal capsule to the cerebral peduncle, on the ventral surface of the 

midbrain. The axon bundles branch among the transverse pontine fibres and the nuclei 

of the basal pontine gray matter by entering the pons via the base of the pons, and coa-

lesce again by entering the pyramids, on the ventral surface of medulla. In the caudal 

part of the medulla, most pyramidal fibres (90%, but note that there are variations 

across studies) cross the midline (decussation of pyramids) and descend in the dorso-

lateral columns of the spinal cord on the opposite side to form the lateral CST. But some 

fibres (8%) enter the spinal cord without crossing the midline (Darian-Smith, 2007; 

Galea and Darian-Smith, 1994) and travel then downward in the ipsilateral dorsolateral 

CST to form the ipsilateral lateral CST. These projections are of prime importance in 

case of a lesion of the CST, by constituting a substrate for some functional recovery. 

Some other CST fibres descend bilaterally in the ventral funiculus to form the bilateral 

anterior CST (or ventral CST) (2%) (Darian-Smith, 2007). These ventral CST fibres 

arise primarily from dorsal and medial regions of the motor cortex that subserve axial 

and proximal limb muscles, the same divisions of the motor cortex that give rise to pro-

jections to the reticular formation as well. Some anterior CST fibres send collateral 

branches through the midline via the ventral white commissure in the spinal cord to 

terminate in the contralateral ventral funiculus. The upper motoneurons of CST estab-

lish then synapses at the spinal cord level, mostly in the intermediate zone (contralateral 

fibres terminals in Rexed laminae I to IX, but most densely in lamina V-VII, vs ipsilateral 

fibres terminals in Rexed laminae V to X) (Figure 17D) (Cheema et al., 1984; Coulter 

and Jones, 1977; Lemon and Griffiths, 2005; Liu and Chambers, 1964; Morecraft et al., 

2013; Ralston and Ralston, 1985; Schieber, 2007; Wiesendanger, 1969; Wiesendanger, 

1981): lateral CST fibres synapse most predominantly on interneurons and α-

motoneurons in the ipsilateral lateral gray matter of the spinal cord, present in the cer-
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vical and lumbar enlargements (Biber et al., 1978). These α-motoneurons control distal 

limb muscles and are usually involved in phasic activities, for instance the fine manipu-

lation of small objects. On the contrary, anterior CST fibres synapse mostly on interneu-

rons in the anterior gray matter. The anterior α-motoneurons control more proximal 

and axial muscles and are mainly involved in sustained activities, for instance muscle 

control for stance and posture adjustments. Indeed, α-motoneurons show an orderly 

somatotopic organisation in the gray matter of the spinal cord (Figure 17D, E) (Bossy 

and Ferratier, 1968). Essentially, those α-motoneurons innervating extensor muscles 

are located more ventral than those α-motoneurons controlling flexor muscles. In addi-

tion, α-motoneurons innervating trunk muscles and proximal limb muscles, such as the 

shoulder musculature, are located on the medial and ventral parts of the ventral horn, 

respectively. Proceeding more laterally, ventral α-motoneurons innervate the arm and 

then the forearm musculature, respectively the thigh and then the leg musculature, and 

they are mostly controlled by interneurons travelling over many spinal cord segments. 

Finally, the lateral α-motoneurons in the cervical and lumbar enlargements control dis-

tal limb muscles, and are coordinated by short spinal interneurons, such as the system of 

C3–C4 propriospinal neurons. 

Very recently, the existence of commissural premotor interneurons synapsing on cervi-

cal motoneurons (i.e. innervating intrinsic hand muscles) and receiving inputs from the 

periphery as well as from descending pathways was demonstrated in macaque monkeys 

(Soteropoulos et al., 2013). The authors suggested that these interneurons may repre-

sent a substrate of bilateral coordination during fine fractionated voluntary movements 

of the hands. 
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Figure 17 (next page): (A) Organisation of the corticospinal tract in human. The upper motoneuron 

fibres send collaterals to brainstem nuclei (cranial nerve nuclei, reticular formation, red nucleus, 

basilar pontine nuclei) (Lemon, 2008b) but they are not represented here. Note the direct 

projection of some corticospinal neurons on motoneurons in the lateral horn of the spinal cord 

(modified from Patestas and Gartner, 2013). (B) Histological photomicrograph of a SMI-32-stained 

frontal section in M1 cortex. Strongly stained neurons are Betz cells, in cortical layer V. Bar: 1 mm. 

(C) Magnification of the delineated rectangle in (B), showing 3 stained Betz cells. Bar: 100 μm. (D) 

Transverse section of the spinal cord showing projections of lateral and ventral corticospinal 

neurons on distinct pools of spinal α-motoneurons, based on the somatotopic organisation of α-

motoneurons supplying the trunk, upper and lower extremities (from Patestas and Gartner, 2013). 

(E) Transverse section of the spinal cord showing the detail of the orderly somatotopic organisation 

of α-motoneurons in the ventral and lateral horns: muscles of the shoulder and arm, respectively 

thigh and leg, are represented most medially, while distal muscles are represented most laterally. 

Extensor muscles are controlled by α-motoneurons located in the most ventral part of the spinal 

gray matter while flexor muscles are controlled by more central α-motoneurons (from Patestas 

and Gartner, 2013). 
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Of prime importance, many primates, among them macaque monkeys and human, de-

veloped a specialisation of the lateral CST during the evolution (see Figure 7 in Chapter 

8), the so-called corticomotoneuronal tract (CM tract): essentially, many upper moto-

neurons of the lateral CST establish direct monosynaptic excitatory projections on α-

motoneurons innervating the distal limb muscles, especially hand muscles (Alstermark 

et al., 2004; Bennett and Lemon, 1996; Bernhard and Bohm, 1954; Cheney and Fetz, 
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1985; Courtine et al., 2007; Fetz et al., 1976; Fetz and Cheney, 1980; Lawrence et al., 

1985; Lemon et al., 1991; Lemon, 1993; Lemon, 1997; for a review about Leyton's study, 

see Lemon, 2008a; Lemon, 2008b; Lemon and Griffiths, 2005; Leyton and Sherrington, 

1917; Porter and Lemon, 1993; Rouiller et al., 1996; Wiesendanger, 1969), but also 

hindlimb distal muscles (see e.g. Asanuma et al., 1979a; Porter and Lemon, 1993) and 

tail muscles (Lemon, 2008b). In macaque monkeys, most of CST fibres terminate in the 

intermediate zone of the spinal gray matter but, in addition, in the cervical enlargement 

(and lombar enlargement as well), many CST fibres project more ventrally into the lami-

na IX of the spinal gray matter as well, where they establish then a direct synaptic con-

nection with α-motoneurons (Dum and Strick, 1996b; Kuypers, 1982; Liu and Chambers, 

1964; for greater detail, see Morecraft et al., 2013; Schieber, 2007). This direct motor 

cortical control on distal muscles allows the recruitment of small groups of muscles in a 

highly selective manner and thereby represents the anatomical support of the exquisite 

manual dexterity and independent finger movements that characterise some primates 

(Bennett and Lemon, 1996; Bernhard and Bohm, 1954; Bortoff and Strick, 1993; Buys et 

al., 1986; Darian-Smith et al., 1996a; Lawrence and Hopkins, 1976; Lemon et al., 1991; 

Lemon, 2008b; Lemon and Griffiths, 2005; Porter and Lemon, 1993). This is illustrated 

by their unique ability to perform the precision grip, i.e. the opposition of the thumb and 

another finger, usually the index finger (Napier, 1956; Napier, 1960; Napier, 1961; 

Napier, 1962). In addition, it was recently demonstrated that CM tract is also involved in 

tool use in macaque monkeys (Quallo et al., 2012). As a matter of fact, the CM pathway is 

a unique feature to primates and is especially well developed in the most skillful species 

(Courtine et al., 2007). But note that even in these species, the CM pathway coexists with 

the indirect CST, involving segmental interneurons and propriospinal neurons (Lemon, 

2008b). CM fibres control mainly distal, intrinsic hand muscles (Buys et al., 1986; Lemon 

et al., 1986; Maier et al., 2002; Nakajima et al., 2000) and, to a lesser extent, upper limb 

proximal muscles (de Noordhout et al., 1999; Lemon, 2008b; Lemon and Griffiths, 2005). 

In addition, CM fibres from M1 are more numerous and activate α-motoneurons for up-

per limb muscles in a stronger way than CM fibres from SMA (Maier et al., 2002). 

As a consequence, the interruption of the lateral CST in human or in non-human pri-

mates (either by section of the spinal cord or cortical lesion, usually in M1) results im-

mediately in a dramatic loss of the ability to perform independent finger movements 

and consequently in a strong impairment to perform fine skilled movements with the 
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hand (Figure 18) (Freund et al., 2007; Hepp-Reymond, 1988; Hoogewoud et al., 2013; 

Kaeser et al., 2010; Kaeser et al., 2011; Kazennikov et al., 1998; Kermadi et al., 1997; 

Kuypers, 1974; Kuypers, 1981; Kuypers, 1987; Lawrence and Kuypers, 1968a; Lemon et 

al., 2012; Liu and Rouiller, 1999; Rouiller et al., 1998; Rouiller and Olivier, 2004; Wyss et 

al., 2013).  

Figure 18 : Successive schematic frames 

reproduced from the seminal work of Lawrence 

and Kuypers (Lawrence and Kuypers, 1968a), 

demonstrating that the corticospinal tract 

subserves fine and individuated finger 

movements, such as the precision grip. (A) Intact 

monkey grasping a small food morsel from a well 

on a Klüver board by using the precision grip. (B) 

Following a bilateral section (here 5 months after 

the lesion) of the pyramidal tract (inducing 

thereby the loss of the direct control by the 

corticomotoneuronal fibres), the animal is not 

able any more to produce individuated finger 

movements, but can only remove food from the 

well by grabbing it with the whole hand (power 

grasp) (from Kalaska and Rizzolatti, 2013, p. 847).  

 

 

Other descending pathways 

Even though the CST is undoubtedly the major descending pathway in intact primates, 

there is now a growing body of evidence that some of the other descending pathways, 

originating from the brainstem, establish monosynaptic projections to motoneurons in-

nervating distal muscles as well: the rubrospinal tract, the reticulospinal tract and the 

vestibulospinal tract (Cheney et al., 1991; Lemon, 2008b; Lemon and Griffiths, 2005). 

These tracts may play an important role in voluntary hand motor control, in parallel 

with the CST. Note that these pathways are under the control of motor cortex as well.  
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Regarding dorsolateral descending pathways, the rubrospinal tract (Figure 19A) is 

particularly well developed in cats (Fujito et al., 1991; Fujito and Aoki, 1995; Pettersson 

et al., 1997) but probably not as prominent in primates, especially in human (Kennedy, 

1990; Nathan and Smith, 1982) because of the increasing significance of the CST and es-

pecially the CM pathway during the evolution of primates. The rubrospinal tract emerg-

es from the magnocellular part of the red nucleus, a somatotopically organised structure 

located in the ventral midbrain (Murray and Haines, 1975) that receives excitatory in-

puts from the motor cortex and the cerebellum (Humphrey et al., 1984). Then, rubrospi-

nal fibres cross the midline in the ventral midbrain (ventral tegmental decussation) and 

project down along the spinal cord to synapse on contralateral interneurons in the 

dorsolateral region of the intermediate zone of the spinal horn and, in some cases, di-

rectly on lateral α-motoneurons innervating distal muscles (Cheney, 1980; Isa et al., 

2013; Kuypers, 1981; Kuypers, 1987; Lemon, 2008b; Shapovalov et al., 1971). This 

pathway primarily controls proximal and axial muscles and is usually involved in gross 

automated movements, such as the maintenance of body orientation and posture 

(Deliagina et al., 2014). Moreover, it has been demonstrated in lesion studies that this 

pathway can compensate to some extent for the loss of descending CST input. For in-

stance, in one of their famous experiments, Lawrence and Kuypers (1968a) lesioned bi-

laterally the CST of rhesus monkeys. After an initial strong impairment of hand motor 

control, the animals progressively recovered some manual dexterity although individu-

ated finger movements remained largely affected. Then, in case these monkeys were 

subjected to a second lesion targeted now towards the rubrospinal tract, manual dexter-

ity was again completely abolished but never recovered subsequently (Lawrence and 

Kuypers, 1968b). In another study where monkeys were subjected to a cervical spinal 

cord injury, Belhaj-Saïf and Cheney (2000) observed some post-lesion reorganisation in 

the magnocellular red nucleus that may have contributed to the spontaneous functional 

recovery of the forelimb that had been observed in these animals. These results associ-

ated with others (Cheney et al., 1991; Kennedy, 1990) strongly suggest that the rubro-

spinal tract can in part duplicate some functions of the CST if the latter is lesioned and 

consequently that the rubrospinal tract may play an important role in voluntary hand 

motor control, in parallel with the CST.  

Regarding now ventromedial descending pathways, the pontine (or medial) reticulo-

spinal tract (Figure 19A) originates from the reticular formation in the pons and de-
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scends ipsilaterally to project on segmental interneurons. These latter establish then bi-

lateral excitatory projections on medial extensor motoneurons and thereby enhance an-

tigravity reflexes. The medullary (or lateral) reticulospinal tract (Figure 19A) origi-

nates from the reticular formation in the medulla and travels bilaterally down the spinal 

cord to inhibit motoneurons innervating the proximal limbs, thus inhibiting antigravity 

reflexes (Nicholls et al., 2001). In sum, both pathways are mainly involved in the control 

of proximal and axial muscles, and are usually the substrate for gross movements such 

as locomotion (Matsuyama et al., 2004), reaching and postural correction (Lemon, 

2008b). However, the reticulospinal tract modulates its activity during the execution of 

fine movements of the hand (Soteropoulos et al., 2012) and some fibres from the reticu-

lar formation can also establish direct excitatory projections on motoneurons innervat-

ing distal hand muscles (Baker, 2011; Riddle et al., 2009) that may influence hand 

movements (for a review, see Baker et al., 2015).  

Regarding the vestibulospinal tract, the lateral vestibulospinal tract (Figure 19B) 

originates from the lateral vestibular nucleus that receives itself information from the 

ipsilateral utricles of the labyrinth and from the cerebellum. The lateral vestibulospinal 

tract descends in the ipsilateral spinal cord to the anterior spinal gray matter innervat-

ing the axial and proximal limb muscles and establishes a monosynaptic excitatory pro-

jection on motoneurons innervating extensor muscles and a disynaptic inhibitory pro-

jection on motoneurons innervating flexor muscles. This tract is mainly involved in pos-

tural maintenance and in the regulation of extensor tone (Nicholls et al., 2001; Purves et 

al., 2008). The medial vestibulospinal tract (Figure 19B) emerges from the medial ves-

tibular nucleus, itself getting inputs from the semicircular canals of the vestibular sys-

tem and from stretch receptors located in the neck musculature. The medial vestibulo-

spinal tract projects ipsilaterally through the medial longitudinal fasciculus to the medi-

al part of the ventral gray matter in the cervical-midthoracic spinal segments to adjust 

the posture of the neck (Sugiuchi et al., 2004) and upper limbs during angular accelera-

tion (Nicholls et al., 2001). In addition, some vestibulospinal fibres also make synaptic 

connections with motoneurons supplying distal limb muscles (Cheney et al., 1991). 

The tectospinal tract (Figure 19C) originates from the superior colliculus. These axons 

travel around the periaqueductal gray, decussate (dorsal tegmental decussation), join 

the medial longitudinal fasciculus in the medulla, and project down along the anterior 
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funiculus of the spinal cord to upper cervical segments of the spinal cord. This tract is 

involved in directing head and eye movements in response to visual and auditory stimuli 

(Nicholls et al., 2001). 

Finally, the role of cortical excitation to upper limb motoneurons by the system of C3–C4 

propriospinal neurons in the macaque monkey is still under debate, some studies 

demonstrating its involvement (Isa et al., 2007; Isa et al., 2013; Kinoshita et al., 2012; 

Sasaki et al., 2004) but another infirming its presence (Olivier et al., 2001) (for a review, 

see Baker et al., 2015).  

 

Figure 19 (next page): (A) Rubrospinal tract and reticulospinal tracts. (B) Vestibulospinal tracts. 

MLF: medial longitudinal fasciculus. (C) Tectospinal tract. Note that all these pathways also receive 

descending cortical inputs but they are not represented here (from Patestas and Gartner, 2013).  
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Riddle and Baker (2010) showed that the reticulospinal tract, medial vestibulospinal 

tract and tectospinal tract largely parallel the CST that projects on spinal interneurons in 

the cervical spinal cord of rhesus monkeys, i.e. involved in the indirect control of hand 

muscles. The authors suggested that these indirect pathways as well may be involved in 

functional recovery after a lesion of the CST. This was confirmed later in monkeys sub-

jected to a CST lesion: mono- and disynaptic EPSPs elicited from the medial longitudinal 

fasciculus (contains reticulospinal, medial vestibulospinal, and some tectospinal fibres) 

were significantly larger after recovery in motor neurons innervating forearm flexor and 

intrinsic hand muscles. Conversely no new connections from the intact ipsilateral CST 

were observed. They concluded that the reticulospinal tract, in particular, was most 

probably involved in some functional recovery after the lesion (Zaaimi et al., 2012).  

In sum, in case of a lesion affecting the CST in primates, other motor pathways, especial-

ly the rubrospinal pathway and the reticulospinal pathway, may influence, at least in 

part, upper limb motor control and thereby may be involved in the functional recovery 

by assuming some motor control previously predominantly achieved by the CST. 

 

Voluntary hand motor control 

The role of the brain is to generate our behaviour, among them voluntary movements. 

M1, the association motor areas and the somatosensory areas all are involved in motor 

control but each with a different role (as well as basal ganglia and the cerebellum). Dur-

ing the execution of simple voluntary movements, the brain activity is restricted to M1 

and S1 (Roland et al., 1980). But in case of more demanding tasks, the generation of 

complex movements requires the involvement of other brain areas (Georgopoulos, 

1991; Larsson et al., 1996; Roland et al., 1980; Seitz and Roland, 1992), among them the 

aforementioned association motor areas. These areas have dense reciprocal connections 

with several other brain areas in the parietal lobe and in the prefrontal lobe which rep-

resent the highest levels in motor control hierarchy because they are involved in the de-

cision of action choice and in the anticipation of the likely outcome. In particular, grasp-

ing an object with the hand constitutes a highly complex sensorimotor process (Janssen 

and Scherberger, 2015). Visual inputs, for instance, are of prime importance: the brain 

needs information about the precise spatial location of the object in relation to the hand 

as well as information about the intrinsic properties of the object (Davare et al., 2011). 
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Then premotor areas integrate sensory information and motor programs into an appro-

priate motor command to produce the hand movement.  

For reminder, M1 is supplied with somatosensory information directly from the soma-

tosensory cortex as well as from premotor areas. These latter receive strong inputs from 

the association sensory areas such as the posterior parietal region, where multimodal 

integration takes place (see Figure 14), for instance regarding the spatial perception of 

the position of the body and limbs (proprioception). To elaborate, to perform a move-

ment, the motor system needs a spatial coordinate system that is provided in part from 

motor areas themselves (Kakei et al., 1999) but also from association areas in the parie-

tal lobe that integrate many sensory modalities (Brozzoli et al., 2011; Fogassi and 

Luppino, 2005; Matelli and Luppino, 2001; Mountcastle et al., 1975; Mountcastle, 1995; 

Rizzolatti et al., 1997).  

Visual information about the object to be grasped is conveyed from the visual cortex to 

association areas along two processing paths. Briefly, the more ventral pathway projects 

on the inferotemporal cortex and is involved in object recognition by providing infor-

mation about the visual properties of the objects to be grasped (i.e. size, colour, form, …) 

and these inputs are used to direct reaching and grasping behaviour. This information 

may be probably then conveyed towards posterior parietal cortex, in the anterior intra-

parietal area (AIP) (Davare et al., 2011; Janssen and Scherberger, 2015). The more dor-

sal pathway terminates in the posterior parietal cortex, in particular in AIP, and is in-

volved in the control of specific movements and in visuomotor transformation by 

providing information to act on objects and to locate them in space (Rizzolatti and 

Strick, 2013). Thereby AIP is a key structure for processing grasp-related object proper-

ties because inputs from both dorsal and ventral visual pathways may converge there 

(Davare et al., 2011; Janssen and Scherberger, 2015). From then on, the resulting multi-

sensory integrated information is sent to premotor areas, in particular to PMv, through 

reciprocal connections (Davare et al., 2011; Janssen and Scherberger, 2015; Tanné-

Gariépy et al., 2002). As mentioned above, premotor areas are linked with planning and 

programming complex motor sequences such as hand movements. They integrate the 

representations from the external environment with intentions and motor plans, and 

work with the cerebellum in order to identify from the available motor repertoire the 

precise sequence of muscle contractions that is needed to achieve the planned motor ac-
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tion. In sum, the AIP–PMv (F5) network is essential in the motor planning and control 

(with M1) of visually guided grasp because it is tightly interconnected with other parie-

tal, premotor and prefrontal areas as well as subcortical structures and thereby receives 

all intentional inputs, perceptual inputs and spatial object information (Davare et al., 

2011; Davare et al., 2008; Davare et al., 2009; Janssen and Scherberger, 2015).  

Then, the motor program is transmitted from premotor areas to the M1 hand represen-

tation, through strong reciprocal connections, for the motor execution itself (Davare et 

al., 2011; Davare et al., 2009; Kraskov et al., 2011; Umilta et al., 2007). In case of fine 

hand movement, the projection from PMv on M1 is the predominant frontal input to M1 

(Dum and Strick, 2005). M1 commands the precise contractions of all muscles needed 

for the given action (Cheney and Fetz, 1985; Fetz et al., 1976; Fetz and Cheney, 1980) by 

projecting descending fibres through the brainstem and the spinal cord. To this end, M1 

is involved in coding many aspects of movements: M1 neurons clearly show movement-

related activity, for instance by discharging preferentially during flexion or extension of 

the wrist (Evarts, 1968), by coding for the amplitude of muscle forces (Wannier et al., 

1991), by coding the posture of the hand (Kakei et al., 1999), by coding in detail the tra-

jectory of movements (Hocherman and Wise, 1990), by broadly coding the movement 

direction (at the population level) and the final position of the hand (Amirikian and 

Georgopoulos, 2000; Caminiti et al., 1990; Georgopoulos et al., 1982; Georgopoulos, 

1994; Georgopoulos et al., 2007; Georgopoulos, 2014; Merchant et al., 2008; Schwartz et 

al., 1988; Scott and Kalaska, 1995). Moreover, some neurons clearly show a change in 

tuning from spatial location to muscle activity, by first encoding the location of a target, 

and later encoding the resulting movement towards the target (Shen and Alexander, 

1997). In addition, some M1 neurons specifically code a chosen category of tactile stimu-

lus, meaning that decision making takes place in M1 as well (Salinas and Romo, 1998). 

M1 sends this elaborated motor command to interneurons and motoneurons in the 

brainstem and spinal cord that produce the intended movement and the postural ad-

justments that accompany it. 
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Functional sensorimotor system in primates 

The sensorimotor cortex is well documented in rodents (Diamond et al., 2008; 

Feldmeyer et al., 2013; Ferezou et al., 2007; Petersen, 2009) and in marsupial mammals 

(Frost et al., 2000; for a review, see Kaas, 2004b; Lende, 1963) but the use of the expres-

sion “sensorimotor cortex” or even “sensorimotor system” in primates may appear 

strange because the common practice is to split the somatosensory system on the one 

side and the motor system on the other side, as usually seen with individual large sec-

tions dedicated to each of them in most Neuroscience reference textbooks (see e.g. 

Kandel et al., 2013; Purves et al., 2008; Squire et al., 2012). Moreover, the macroscopic 

separation by the central sulcus may be interpreted as a strong boundary between mo-

tor and somatosensory areas.  

Nevertheless, there is strong evidence that somatosensory and motor systems are divi-

sions of a larger, more complex functional and global sensorimotor system and thus that 

they participate together to the motor control, as summarised by Wiesendanger (1981):  

“In a general way, the dichotomy in “motor” and “sensory” is perhaps not very meaningful, 

since processing of sensory information usually leads to motor behavior. In this sense the 

term sensorimotor is certainly justified. “ 

Simply put, the somatosensory cortical areas are not purely sensory areas and the motor 

areas are not exclusively motor areas but somatosensory and motor cortical areas of the 

primate brain are functionally linked into a global sensorimotor system that integrates 

somatosensory information from the periphery into movement production, a process 

called sensorimotor integration. In the following sections, we will present a brief histori-

cal review followed by more recent evidence in favour of the existence of a sensorimotor 

system in primates.  

 

Emergence of the concept of sensorimotor cortex in primates 

The concept of sensorimotor cortex in primates is not new. Historically, the first experi-

ments investigating the pericentral region led to the well accepted idea of a broad, over-

lapping sensorimotor cortex. For instance, by electrically stimulating some parts of the 

brain in monkeys, Ferrier already noticed in 1876 that it was possible to elicit some 
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movements from the postcentral cortex, in addition to the precentral cortex (Ferrier, 

1876). Then, in 1878, Luciani and Tamburini were the firsts to introduce the concept of 

a combined sensorimotor cortex, based on their investigation on the localisation of brain 

functions and on epilepsy (Luciani and Tamburini, 1878). At the same time, other neuro-

surgeons investigating brain functions, such as Mills (Figure 20A), also observed that 

movements of the body were elicited by electrically stimulating the precentral gyrus and 

the postcentral gyrus, either on epileptic patients or on animals (for a historical review, 

see Uematsu et al., 1992). 

The original idea of a discrete precentral motor cortex completely separated from a 

postcentral sensory cortex was originally proposed by Charles Sherrington, a surgeon 

who actually attempted to delimit the motor and sensory cortices, by performing elec-

trical stimulation of the precentral cortex and histological analyses (Figure 20B) 

(Grünbaum and Sherrington, 1901; Leyton and Sherrington, 1917). His colleague Harvey 

Cushing, one of the first modern neurosurgeons, confirmed Sherrington’s ideas by locat-

ing the somatosensory cortex only in the postcentral gyrus, and was the first to use the 

term “narrow motor strip” to describe the motor cortex (Figure 20C) (for a historical 

review, see Uematsu et al., 1992). Even though there were some oppositions from other 

scientists, the conception of a purely precentral motor cortex and a separate post-

central somatosensory cortex proposed by Sherrington became accepted as the rule by 

most neuroscientists at that time.  

Figure 20 (next page): (A) Map of the human brain drawn by the neurosurgeon Mills, in 1888. The 

face, finger, wrist, elbow, shoulder, hip, knee, foot, and toe motor representations extended over 

both pre- and postcentral gyri (from Uematsu et al., 1992). (B) Map of the chimpanzee’s brain 

drawn by Sherrington, in 1901. The location of the motor cortex, strictly restricted to the 

precentral gyrus, is depicted by steeples and the different representations are indicated in red. 

Many stimulated sites evoking a motor response were located in the depth of the sulci as well. This 

map became a standard for teaching. Note that Sherrington already noticed that many 

representations were actually overlapping but this pattern was impossible to be represented on 

such a drawing (from Grünbaum and Sherrington, 1901). (C) Map of the human motor and sensory 

cortices drawn by the neurosurgeon Cushing, in 1906. The motor representations (in red) are 

restricted to the precentral gyrus and the somatosensory representations to the postcentral gyrus 

(in blue). We are indebted to Cushing for the use of the red colour to represent the motor cortex 
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and the blue colour to represent the somatosensory cortex, a colour code that is still commonly 

used in some modern textbooks (from Uematsu et al., 1992). 

  

From the 1920s, more extensive electrical brain stimulation studies (e.g. Foerster, 1936; 

Vogt and Vogt, 1926) and histological studies (e.g. Vogt and Vogt, 1926) were performed 

on human patients and the original idea of a much more complex and broader motor 

representation became popular again. Based on his results from electrical brain stimula-

tions on epileptic patients, Penfield wrote: “Often we have found it impossible to confine 

functional representation within strict cytoarchitectural boundaries.” (Penfield and 

Boldrey, 1937). Then, Woolsey performed similar detailed brain mapping on macaque 

monkeys, among others, and he observed that somatosensory and motor functions of 

the cortex were not segregated into separate cortical areas (Woolsey et al., 1953; 

Woolsey et al., 1952; Woolsey, 1958; Woolsey, 1964). For instance, even after the com-

plete ablation of the precentral gyrus and SMA, electrical stimulation of the postcentral 

gyrus elicited well-organised motor responses (Woolsey et al., 1953). Moreover, by us-

ing electrical stimulation of the medullary pyramid in macaque monkeys, Woolsey also 

A 
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noticed that antidromic brain activation was not restricted to the precentral gyrus and 

SMA, but the whole parietal lobe was activated as well (Woolsey and Chang, 1947). 

Regarding somatosensory activity in M1, Penfield and Boldrey (1937) observed during 

surgeries on human epileptic patients that it was actually possible to elicit tactile sensa-

tion by electrically stimulating the cortical surface over M1 such that one sixth of the 

sensations felt in fingers were evoked by stimulating the precentral gyrus. Similarly, 

Woolsey (1958) reported that evoked responses were recorded in the precentral gyrus 

of monkeys, in addition to the well-established potentials in the postcentral gyrus, fol-

lowing stimulation of a spinal dorsal root ganglion in monkey.  

Based on his observations, Woolsey (1964) proposed the denomination of somatic sen-

sory-motor area I (Sm I) for the postcentral gyrus, somatic sensory-motor area II (Sm II) 

for the secondary sensory area (S2), somatic motor-sensory area I (Ms I) for the precen-

tral motor area, and somatic motor-sensory area II (Ms II) for SMA.  

 

M1 and S1 have dense reciprocal anatomical connections 

In primates, motor areas and somatosensory areas from the same hemisphere are 

densely anatomically interconnected, in particular M1 and S1 (Kaas, 2004a; Kaas, 

2004b).  

Evidence of extensive reciprocal fibres connections between M1 and S1 was obtained in 

macaque monkeys (Cole and Glees, 1954; for a review, see Jones, 1999; Jones and 

Powell, 1969; Jones and Powell, 1970; Vogt and Pandya, 1978) by studying the pattern 

of Wallerian axonal degeneration from a given brain region by damaging that region (for 

instance by using the Swank-Davenport Marchi method for staining degenerated mye-

linated fibres, or the Nauta technique using reduced silver impregnation for the staining 

of myelinated or unmyelinated degenerated axons (Bancroft and Gamble, 2008)). Then 

deeper insights were obtained among others by means of anterograde and retrograde 

labelling in several monkey species: in sum, reciprocal connections were observed be-

tween the different cytoarchitectonic areas 1, 2, 3a, 3b, 5 and 7 with the area 4 (see e.g. 

Burton and Fabri, 1995; Darian-Smith et al., 1993; Huerta and Pons, 1990; Huffman and 

Krubitzer, 2001; Jones et al., 1978; Jones and Porter, 1980; Jones, 1986; Künzle, 1978; 

Leichnetz, 1986; Liao et al., 2013; Stepniewska et al., 1993; Tokuno and Tanji, 1993). 
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Remarkably, it was demonstrated that fibres interconnecting S1 and M1 were organised 

in a somatotopic manner, meaning that representations of the same body part are usual-

ly interconnected (Burton and Fabri, 1995; Huerta and Pons, 1990; Jones et al., 1978; 

Jones and Porter, 1980; Jones and Powell, 1968; Jones, 1986; Stepniewska et al., 1993; 

Tokuno and Tanji, 1993). Consequently, CST neurons in M1 hand representation get a 

complete somatosensory representation of the hand (Lemon, 2010), during both passive 

and active movements (Lemon, 1981). Nevertheless, there were some exceptions as 

well. For instance, in addition to the somatotopic and homotopic organisation of fibres 

between the area 4 and the areas 3, 1, 2 and 5 in macaque monkeys, Künzle (1978) ob-

served that there were some heterotopic projections from M1 to S1 as well, for instance 

from the M1 leg representation to the S1 finger representation or from the M1 face rep-

resentation to the S1 toe representation. 

It is well known that the motor cortex of primates can be divided into a rostral part 

(M1r) and a caudal part (M1c), both containing a motor representation of the hand (see 

e.g. Geyer et al., 1996; Rathelot and Strick, 2009; Strick and Preston, 1982a; Strick and 

Preston, 1982b; Strick and Preston, 1978a). Differences were reported concerning their 

connectivity with somatosensory areas. In non-human primates such as owl monkeys, 

M1c has been shown to be connected mainly with the somatosensory areas 3a, 1, S2, PV 

area and to a lesser extent to areas 2 and 3b. On the other hand, M1r has connections 

mostly with the areas 2 and S2 and to a lesser extent with areas 1, 3a, 5 and 7b 

(Stepniewska et al., 1993). Strick and Preston (1978b) also demonstrated that in squir-

rel monkeys, cutaneous inputs primarily project to M1c while deep inputs mainly pro-

ject to M1r. 

Some authors examined the M1-S1 connections at the laminar level in greater detail. For 

instance, Sloper (1973) combined electron microscopy and a modified Nauta technique 

in rhesus monkeys and demonstrated that afferent S1 neurons (comprised between the 

postcentral gyrus and the anterior bank of the intraparietal sulcus) connected M1 neu-

rons in all the cortical layer of this area, but however predominantly in the upper half of 

M1 cortex. Moreover, he observed that 82% of asymmetric axo-dendritic synapses from 

S1 axons terminated on dendritic spines belonging most probably to pyramidal cells, i.e. 

on M1 efferent neurons, and only 18% on dendritic shafts of large stellate cells. Later, 

Ghosh and Porter (1988) stimulated the cortical surface of S1 in macaque monkeys and 
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labelled the neurons responding orthodromically to such stimuli by using intracellular 

ionophoresis of horseradish peroxidase. The resulting strongest labelling was observed 

in pyramidal layers III and V of M1. In addition, they reported that M1 pyramidal neu-

rons were excited at short latency by stimulation of the somatosensory cortex (1.1-6.5 

ms), confirming that S1 sends strong monosynaptic inputs onto M1 efferent neurons. 

Then, Huerta and Pons (1990) used retrograde labelling from restricted portions of M1 

in order to study in particular muscle inputs from the area 3a. They showed that afferent 

projections from the area 3a primarily originated from layer III, with fewer cells labelled 

in layers V and IV of area 3a as well. In sum, the aforementioned studies confirmed that 

M1 and S1 are densely interconnected and a large proportion of projection neurons in 

M1 receives direct inputs from S1. Moreover, somatosensory inputs are conveyed to M1 

directly through the thalamus as well (Jones, 1987; Lemon, 1981, see the Introduction of 

Chapter 3 for greater detail). 

 

The somatosensory cortical areas contribute to movements 

Woolsey’s and Penfield’s observations were carried out by using massive electrical 

stimulations at the surface of the cortex. Their results were later confirmed thanks to the 

development of ICMS, allowing a cortical mapping with finer resolution: in owl monkeys, 

stimulation in areas 3a and 3b, for instance, elicited some movements, even though the 

stimulation threshold was higher than in M1 (Lemon and Van der Burg, 1979; Preuss et 

al., 1996). Note however that higher stimulation thresholds were required to produce 

movements from the postcentral gyrus with ICMS in macaque monkeys (Sessle and 

Wiesendanger, 1982). Moreover, electrical stimulation of the postcentral gyrus follow-

ing ablation of the precentral cortex remained effective to elicit movements, probably 

ruling out that the postcentral motor effects were only the result of electrical spread of 

the stimulus to the precentral cortex or resulted from cortico-cortical transmission 

(Woolsey et al., 1953).  

According to Rizzolatti (1998), the electrical excitability of a brain area (providing cor-

rect stimulation parameters) is correlated with the presence of CST neurons in this lat-

ter. Indeed, as already described above, the lamina V in somatosensory cortical areas 

(S1, S2, posterior parietal cortex) does contain CST neurons (Biber et al., 1978; Cheema 

et al., 1983; Cole and Glees, 1954; Coulter and Jones, 1977; Darian-Smith et al., 1996b; 
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Galea and Darian-Smith, 1994; Jones and Wise, 1977; Kumar et al., 2009; Lemon, 1997; 

Lemon, 2008b; Lemon and Griffiths, 2005; Nieuwenhuys et al., 2007; Nudo and 

Masterton, 1990; Ralston and Ralston, 1985; Schieber, 2007; Seo and Jang, 2013; Sessle 

and Wiesendanger, 1982; Toyoshima and Sakai, 1982; Wiesendanger, 1981). These CST 

fibres from the parietal lobe descend in the capsula interna more posteriorly than CST 

from M1 (Schieber, 2007). Investigations on macaque monkeys revealed some differ-

ences between the CST from S1 and the CST from M1: first, the mean surface of the cor-

ticospinal cell soma was observed to be smaller in the areas 3a, 3b, 1 and 2 than in the 

area 4. Nevertheless, none corticospinal S1 cell was smaller than the smallest cortico-

spinal cells in the area 4 (Jones and Wise, 1977). Second, clusters of corticospinal cells 

usually contained fewer cells in the 4 areas of S1 than in the area 4 (Jones and Wise, 

1977). Third, the corticospinal projection from S1 terminated mainly in the dorsal horn 

of the contralateral spinal cord (from Rexed lamina I to VII, but primarily in Rexed lami-

nae III-VI) as compared to the intermediate zone for CST from M1 (from Rexed lamina I 

to IX, but most densely in laminae V-VII) (Figure 21) (Cheema et al., 1984; Coulter and 

Jones, 1977; Lemon and Griffiths, 2005; Liu and Chambers, 1964; Morecraft et al., 2013; 

Ralston and Ralston, 1985; Schieber, 2007; Wiesendanger, 1969; Wiesendanger, 1981). 

Ralston and Ralston (1985) also reported few ipsilateral CST fibres from S1. Galea and 

Darian-Smith (1994) estimated in macaque monkeys the contribution of each cortical 

origin to the CST to be (% of total CST population): 2.2% from the area 3a, 9% from the 

areas 3b/1, 13% from the areas 2/5 and 3.4% from the area S2/insula (as compared to 

35% from M1, 6% from PMd, 2.6% from PMv, 15% from SMA, and 10% from CMA 

among others).  
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Figure 21: Differential distribution of 

corticospinal projection from M1 and 

S1 in the cynomolgus monkey’s 

spinal cord assessed by means of 

terminal labelling (stipple) following 

injections of the anterograde tracer 

horseradish peroxidase individually 

in the areas 1, 2, 3a, 3b, 4 and 5. Each 

spinal reconstruction was obtained 

from 5 sections (1-mm interval) in 

the cervical enlargement (from 

Coulter and Jones, 1977). 

 

 

Recently, by using diffusion tensor imaging (DTI), Seo and Jang (2013) were able to re-

construct the different cortical origins of the human CST in M1, S1, SMA and PM. Inter-

estingly, the authors showed that M1 and S1 send CST projections with similar DTI 

properties, namely the fractional anisotropy (measure of the directional dependence of 

water molecule diffusion within nervous system tissues, depends e.g. on the axonal in-

tegrity, myelination, axon diameter and density (Zatorre et al., 2012)) and mean diffusiv-

ity (i.e. the magnitude of free diffusion of water molecules). Moreover, by reconstructing 

the volume of the different CSTs, they reported that the CST from S1 was the second 

largest source of CST fibres after M1, i.e. before SMA and before PM, contrary to what 

was reported until now (see e.g. Galea and Darian-Smith, 1994). The authors linked this 

finding with the reorganisation in S1 often observed following a stroke in M1. 

There were few mentions about the existence of direct CM cells from S1. For instance, by 

using the very elegant method of retrograde transneuronal transport of rabies virus 

from single muscles in macaque monkeys, allowing to specifically label CM cells (provid-

ed that the timing of the experiment is precisely and closely controlled), Rathelot and 

Strick (2006; 2009) observed that some CM cells were labelled in the areas 3a as well. 

Previous observations of CM fibres from S1 based on tract-tracing experiments were al-

so reported (see e.g. Cheema et al., 1984 below). 
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An important issue concerns the functional role of the CST from S1. Essentially, is the 

CST from S1 directly involved in motor control or does it modulate ascending soma-

tosensory transmission? 

The exact function of the CST terminating in the dorsal horn of the spinal gray matter, 

originating largely from S1 and actually present in all mammals (Lemon and Griffiths, 

2005), is still not fully understood. Based on the pattern of projection in the dorsal gray 

matter, it seems that this pathway is mostly involved in sensory processing and is prob-

ably important for the descending control and gating of ascending somatosensory in-

puts, especially proprioceptive inputs generated by movements, and may act by modu-

lating the flow of movement-associated afferent inputs both to spinal cord reflexes and 

interneuron systems and to afferent spinothalamic and spinocerebellar pathways 

(Lemon, 2008b; Lemon and Griffiths, 2005; Porter and Lemon, 1993; Schieber, 2007; 

Sessle and Wiesendanger, 1982). Rathelot and Strick (2006) proposed that the CST fi-

bres from S1, in particular the CM fibres from the area 3a, may establish monosynaptic 

connections with γ-motoneurons, involved in the control of the sensitivity of muscle 

spindle afferents. In this way, the CM cells from the area 3a may provide an efferent con-

trol over the afferent proprioceptive inputs (Rathelot and Strick, 2006). Indeed, it has 

been reported since a long time that electrical stimulation of S1 strongly modulated the 

transmission of somatosensory inputs at several levels of the ascending pathway such as 

in the spinal cord (Towe, 1973; Wiesendanger, 1969). Moreover, direct CM projections 

from S1 were shown to terminate into laminae I and II of the spinal cord in macaque 

monkeys, suggesting that these CM fibres may directly modulate the transmission of no-

ciceptive inputs in the most superficial laminae of the spinal gray matter (Cheema et al., 

1984). As a consequence, a lesion of the CST does not only induce motor deficits, but also 

results in sensory impairments, such as tactile placing and deficits to perform a rapid 

matching of tactile inputs to motor outputs (Lemon and Griffiths, 2005).  

To sum up, S1 has CST fibres that may operate the descending control of afferent infor-

mation during movement.  
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Somatosensory processing takes place in M111 

There is a wealth of literature about somatosensory processing recorded in M1. In addi-

tion to the early observations already mentioned above, many other studies reported 

that M1 neurons can be activated in response to somatosensory stimulation (Adrian and 

Moruzzi, 1939; Barbay et al., 2005; Lemon et al., 1976; Lemon, 1981; Lemon and Porter, 

1976; Malis et al., 1953; Moore et al., 2000; Strick and Preston, 1982b; Tanji and Wise, 

1981; Wannier et al., 1991; Wise and Tanji, 1981). More specifically, neurons of forelimb 

and hindlimb representations in M1c were shown to respond predominantly to cutane-

ous stimulation while neurons of forelimb and hindlimb representations in M1r re-

sponded predominantly to proprioceptive stimulation (muscle stimulation and joint 

manipulation) (Boudreau and Smith, 2001; Lemon and Porter, 1976; Picard and Smith, 

1992a; Picard and Smith, 1992b; Strick and Preston, 1982b; Tanji and Wise, 1981).  

Extensive work in the field was performed by Asanuma and co-workers (Asanuma, 

1973; Asanuma, 1975; Asanuma and Rosén, 1972; Asanuma et al., 1979b; Rosén and 

Asanuma, 1972; Tanji and Wise, 1981), among others. A review of their work is pro-

posed in the introduction of the Chapter 3. Very briefly, they observed that the activity 

of a given columnar array of M1 neurons, producing the contraction of a target muscle, 

was tightly associated with somatosensory feedback directly generated by the contrac-

tion of that target muscle, constituting a closed-loop circuit (homonymous coupling be-

tween sensory inputs to M1 and motor output). Regarding the functional role of sensory 

inputs to M1, they may be involved in the sequencing of voluntary movements by facili-

tating and/or setting up the excitability level of corticofugal M1 neurons by positive 

feedback, both before and during voluntary movements (Lemon, 1981; Liepert et al., 

2003; Murray and Keller, 2011) and may be particularly important for the learning of 

motor skills (Lemon, 1981; Pavlides et al., 1993). Tactile exploration (Darian-Smith, 

2007) and real-time adjustments during object manipulation (Gardner et al., 2007; 

Monzée et al., 2003; Wannier et al., 1991) with the fingers and the hand in particular 

were shown to strongly depend on a continuous afferent positive feedback of peripheral 

inputs to M1 (Lemon, 1981). 

To sum up, M1 is not a purely motor area but is involved in somatosensory processing as 

well.  
                                                        
11 This topic will be presented in greater detail in the introduction of the Chapter 3. 
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A disruption of somatosensory input induces motor deficits  

“The body of an animal must have tactile sensation, if the animal is to survive.” 

(Aristotle, 350 B.C.) 

As developed previously, dexterous hand movements require obviously the integrity of 

the motor cortex and CST. In addition, the fine motor control is strongly associated with 

different sensory inputs from the periphery, among them somatosensory inputs (Lemon, 

1999; Lemon and Porter, 1976; Twitchell, 1954), so that the brain remains constantly 

informed about the outcome of each executed movement as well as supplied with pro-

prioceptive inputs. These latter are transmitted from muscle and joint receptors to S1 

and then directly or indirectly to motor areas, or directly from the thalamus to M1 

(Asanuma and Arissian, 1984; Jones, 1987; Lemon and Van der Burg, 1979) that inte-

grates this sensory information to generate appropriate movements (Jones, 1996). In 

case these inputs are abolished, such as in deafferented patients12, the consequences re-

garding the execution of movements are disastrous because these patients are usually 

simply unable to maintain static postures and to correctly reproduce even simple 

movements (Cole and Paillard, 1995; Sainburg et al., 1993; Sainburg et al., 1995; Sanes 

and Shadmehr, 1995; Volpe et al., 1979). Despite almost no deficit in motor power and 

the conserved ability to perform voluntary movements, they cannot carry out many 

simple tasks of daily life because they have no more automatic reflex correction, they 

cannot judge the weight of objects and they cannot execute without visual feedback cor-

rect movements requiring complex muscle synergies (Cole and Sedgwick, 1992; Ghez et 

al., 1995; Gordon et al., 1995; Rothwell et al., 1982; Sanes et al., 1984). 

Tactile inputs are even more fundamental and vital. This is demonstrated by the lack of 

any identified congenital absence of touch in newborns (Tan and Katsanis, 2009) while 

genetic mutations leading to complete deafness (Smith et al., 1999), blindness (Graw, 

2003), deafblindness at birth (Ask Larsen and Damen, 2014) or even to congenital in-

sensitivity to pain at birth (see e.g. Cox et al., 2006; Goldberg et al., 2007) are known and 

viable. As predicted by Aristotle, this suggests that any mutation inducing an absence of 

touch sensation during development is simply lethal before or around birth (Poole et al., 

2011).  
                                                        
12 See for instance http://www.dailymotion.com/video/x12647t_the-man-who-lost-his-body-bbc-
documentary_tech 
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From a motor point of view, tactile inputs from the fingers are essential to control 

movements, as extensively investigated by Johansson and collaborators (see previous 

sections): for instance, by locally anaesthetising the fingers, a procedure that completely 

removed tactile inputs (and probably some proprioceptive inputs as well), as already 

mentioned above (Johansson et al., 1992; Johansson and Westling, 1984; Monzée et al., 

2003), the subjects were unable to correctly execute very simple grasping tasks and ob-

ject slipping was thus frequent, illustrating that tactile inputs are required in order to 

adapt the force used to grasp an object with the fingers. In sum, somatosensory inputs 

from the periphery are integrated with the motor commands originating from the motor 

cortex to control the body movements.  

The first observations on deafferented subjects were actually carried out on monkeys: 

Mott and Sherrington (1894) already reported long time ago that in macaque monkeys, 

the sections of sensory spinal roots from either the upper limb or the lower limb, at their 

entry in the spinal cord, induced strong and permanent motor deficits, such that the 

movements of the hand or foot were nearly completely abolished and the animals were 

not able any more to perform grasping movement, whereas movement of more proximal 

joints were less affected. They demonstrated thereby the essential contribution of mus-

cular and cutaneous inputs to voluntary motor control of the limbs in monkeys. Later, 

other studies on monkeys confirmed the strong inability to use a deafferented limb (see 

e.g. Twitchell, 1954). 

Another experiment on macaque monkeys, subjected now to a small lesion (either uni-

lateral or bilateral) of the hand representation in S1 (areas 1, 2 and 3), resulted in a 

strong loss of motor power and dexterity in addition to tactile and proprioceptive defi-

cits, followed by a massive, and sometimes complete, recovery of all deficits (Cole and 

Glees, 1954). Interestingly, the authors were already aware that “[…] the sensory and mo-

tor cortices form a single unit, although when viewed macroscopically the depth of the cen-

tral sulcus suggests at first a separation, as lines so often indicate boundaries.” 

Similarly, a small lesion of the area 3b in squirrel and owl monkeys did not only result in 

impaired tactile sensations from the contralesional hand, but the contralesional manual 

dexterity was severely affected as well, such that the monkeys were unable to produce 

independent and precisely coordinated finger movements. Here again, the animals then 
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progressively recovered their sensorimotor skills (Xerri et al., 1998). Based on these ob-

servations, the authors proposed that S1 provides an important sensory feedback to mo-

tor areas during object manipulation and palpation and this sensory afferent input con-

tributes to regulate 1) the forces involved during grasping and 2) the generation of fine 

finger movements, such as the precision grip.  

Additional insight into the motor deficits resulting from an alteration in somatosensory 

inputs was obtained in macaque monkeys by reversibly inactivating some restricted 

portions of the finger representation in S1 with microinfusion of muscimol. The disrup-

tion of fine manual dexterity, assessed by means of specific behavioural tasks, was then 

characterised by a loss of finger coordination, an abnormal placement of the fingers on 

the objects, and an impaired control of prehensile and lifting forces (Brochier et al., 

1999; Hikosaka et al., 1985).  

Further detail about the impact of the loss of somatosensory inputs on the M1 organisa-

tion was obtained by ICMS mapping of M1: in addition to deficits in the execution of fine 

fractionated finger movements, an injury of the hand representation in the dorsal col-

umn of macaque monkeys induced fine modifications in the representation of the finger 

movements in M1 (less extension-flexion sites, more adduction-abduction sites, higher 

ICMS thresholds) (Kambi et al., 2011; Qi et al., 2010). 

 

A disruption of motor output induces modifications in somatosensory pro-

cessing 

Following an ischemic lesion of the hand representation in M1c (receiving predominant-

ly cutaneous inputs) in squirrel monkeys, Nudo and collaborators observed that the so-

matosensory processing from the contralesional hand was affected in parallel with the 

motor control itself (Friel et al., 2005; Nudo et al., 2000). More specifically, a positive 

correlation was described between the increase in sensory errors reminiscent of human 

sensory agnosia and the deterioration of manual dexterity in the Klüver board task. The 

authors interpreted this finding as either a deficit in processing of cutaneous infor-

mation or a failure to integrate cutaneous information with motor commands. Converse-

ly, when the lesion targeted the hand representation in M1r (receiving predominantly 

proprioceptive inputs), the monkeys did many reaching errors, such that the animals 
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failed to direct the hand correctly towards the wells of the Klüver board. The authors 

proposed that this may reflect either a dysfunction in proprioceptive processing or the 

loss of integration of proprioceptive information with motor commands (Friel et al., 

2005). These differential results are fully in accordance with the contrasting somatosen-

sory processing in M1c as compared to M1r described above. 

Sasaki and Gemba (1984) performed an elegant study in conscious macaque monkeys 

by using the method of transient lesioning of a brain region with a cooling chamber. In 

parallel, they recorded cortical field potentials in the hand representation of M1 and S1 

while the monkeys were doing a behavioural task consisting in visually-guided hand 

movements. After a cooling lesion of the hand representation in M1 specifically, and 

while the animals were performing the behavioural task, the authors observed that, 

within a few minutes, the associated premovement cortical activity in M1 was strongly 

reduced compared to the baseline and this electrophysiological modulation was accom-

panied with a slowness and weakness of the contralesional hand movements and an in-

crease in the reaction time during the behavioural task. Remarkably, by simultaneously 

recording the S1 hand representation, they observed an increase in the premovement 

cortical activity in S1. Most interestingly, the latency of the movement from the pre-

movement potential was similar or even larger for the potential recorded in S1 than the 

one in M1 under normal condition (i.e. without lesion), indicating that S1 could be acti-

vated earlier in relation to movement onset than when the premovement potential orig-

inated from M1. Conversely, cooling of S1 had usually only a weak effect on movements. 

Then, in case the cooling lesion affected the hand representation both in M1 and in S1, 

the contralateral hand movements of the animal were severely impaired. These results 

indicate that when the lesion affected M1 only, S1 could partially (because of the behav-

ioural deficit) take up the motor function previously assumed by M1, corresponding to 

the increase in premovement cortical activity measured in S1. To put it another way, the 

role of S1 in motor control was significant when M1 was transiently lesioned. Note that 

no changes in activity were observed in premotor areas (Sasaki and Gemba, 1984). Even 

though the premotor activity in M1 can be compensated by the one in S1, still it does not 

allow for a complete functional recovery. Therefore, in accordance with the evidence 

that the CST from S1 usually does not directly contribute to movement, it may be pro-

posed that M1 networks usually subserve motor activities, probably with a modest con-

tribution from S1. When M1 is lesioned, S1 is recruited to compensate for the loss of mo-
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tor function, explaining the enhanced activity in S1 during M1 cooling, but S1 cannot 

completely assume the motor functions of M1. This study is in line with some observa-

tions that, in monkeys, CST neurons from S1 share similar properties of activities to CST 

neurons from M1, such that in addition to their sensory function, CST neurons from S1 

could be directly involved in motor control (Evarts, 1974; Fromm and Evarts, 1982). 

To sum up, the integrity of the somatosensory processing depends on the integrity of the 

descending motor pathways, meaning that sensorimotor interactions allow M1 and S1 to 

adapt their activity to changes at the periphery. 

 

By way of conclusion of this section, both motor and somatosensory systems, and in par-

ticular M1 and S1, work together as a functional and global sensorimotor system and 

sensorimotor cortex that are involved in processing peripheral inputs and in executing 

movement, rather than two completely separated entities.  

 

Neuroplasticity13 

“Once the development was ended, the founts of growth and regeneration of the axons and 

dendrites dried up irrevocably. In the adult centers, the nerve paths are something fixed, 

ended, and immutable. Everything may die, nothing may be regenerated.”  

(Ramon y Cajal, 1913) 

Nowadays, this citation appears unrealistic in view of our fresh knowledge about the 

plasticity of the brain. Cajal’s words were however the dominant view among neurobiol-

ogists until the middle of the 20th century. Before Altman’s studies (Altman, 1962; 

Altman and Das, 1965), it had been proposed that the nervous system was a machine 

with static properties, containing its maximal amount of neurons at birth, and that new 

neurons were not added to the adult mammalian brain, except in the hippocampus to 

some extent, once the critical period of the brain had been reached (for a review, see 

Braun and Jessberger, 2014; Colucci-D'Amato et al., 2006; Jäncke, 2009).  

                                                        
13 For a comprehensive historical review about the “birth” of the concept of neuroplasticity, see Doidge (2007). 
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This central dogma in Neuroscience implied also that a given function was strictly locat-

ed in a specific brain region (proposed by F.J. Gall, 1758-1828) and that any changes in 

the brain or functional recovery were merely some exceptions to this cornerstone prin-

ciple. Ramon y Cajal (1913) was nevertheless conscious that this central dogma of neu-

robiology might one day change as he continued his paragraph with: “It is for the science 

of the future to change, if possible, this harsh decree.”. Actually, he had previously written: 

“[…] the work of a pianist […] is inaccessible for the untrained human, as the acquisition of 

new abilities requires many years of mental and physical practice. In order to fully under-

stand this complicated phenomenon it is necessary to admit, in addition to the strengthen-

ing of pre-established organic pathways, the establishment of new ones, through ramifica-

tion and progressive growth of dendritic arborizations and nervous terminals. […] Such a 

development takes place in response to exercise, while it stops and may be reversed in 

brain spheres that are not cultivated.” (Ramon y Cajal, 1904, translated and cited in 

Pascual-Leone, 2001). 

In truth, we already have reached the future of Cajal’s predictions! At the present time, 

we know that the basic architecture of the brain is not completely hard-wired and there 

is strong evidence that its organisation can actually change throughout the lifespan 

(Kempermann, 2006), as perfectly summarised by Michael Merzenich: “The brain was 

constructed to change.” (Holloway, 2003).  

 

Definition of neuroplasticity 

The term neuroplasticity was first introduced by Konorski in 1948 (Konorski, 1948). The 

neuroplasticity or brain plasticity (from the Greek verb plássein meaning to mold) refers 

to the intrinsic ability of the brain (and the nervous system) to continuously reshape its 

own structural and functional organisation in response to environmental demand, either 

modifications in the external environment or within the body, in order to adapt to these 

environmental changes (Nudo, 2006b; Pascual-Leone et al., 2005). More precisely, the 

brain plasticity corresponds to the ability of neuronal networks and neural systems to 

modify their topography and their local organisation in response to new information.  

Brain plasticity is the strongest during childhood. Nevertheless the adult brain con-

serves the ability to continuously reshape itself over the entire lifespan (Boyke et al., 
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2008; Pascual-Leone et al., 2005; Sanes and Donoghue, 2000), although usually in a 

more selective manner than during childhood (Bengtsson et al., 2005) and by using dif-

ferent mechanisms. Plastic modifications of the cortical representations are the normal 

ongoing state of the brain over time and take place under many circumstances (Ward 

and Frackowiak, 2004), e.g. during the development of the nervous system (for a review, 

see Stiles and Jernigan, 2010; Zilles, 1992), during sensory information reinforcement 

through experience, such as training (Adkins et al., 2006; Cannonieri et al., 2007; Chang, 

2014; Dayan and Cohen, 2011; Lamprecht and LeDoux, 2004; Nudo et al., 1996; Pascual-

Leone et al., 1995a; Pascual-Leone et al., 2005), in learning and memory processes 

(Draganski et al., 2006; Mahncke et al., 2006; Merzenich and Sameshima, 1993; Takeuchi 

et al., 2010), in cognitive processes (e.g. during reading acquisition, in Dehaene et al., 

2015; or for spatial orientation, see the famous example of the London taxi drivers in 

Maguire et al., 2000), in functional recovery after a dysfunction or a damage, such as a 

sensorimotor deprivation, a peripheral injury, or a brain injury (see below), and in our 

daily activities as well, depending on the amount of use of the corresponding body part 

(see below). 

Brain plasticity results from the combination of different events taking place at several 

levels, from the gene expression or molecular level (see e.g. Garraghty et al., 1991; 

Hendry and Jones, 1986; Jones, 1993; Kleim et al., 2006; Zatorre et al., 2012) to the be-

haviour (see e.g. Di Paola et al., 2013), through the cellular (see e.g. Kolb et al., 2008; 

Zatorre et al., 2012), anatomical (see e.g. Draganski et al., 2004; Kolb and Whishaw, 

1998) and functional (see e.g. Calvo-Merino et al., 2005; Kelly and Garavan, 2005; Lotze 

et al., 2003) levels. 

In sum, there are many different forms of brain plasticity. Here, we will focus in greater 

detail on two of them, namely the use-dependent plasticity and the lesion-induced plas-

ticity in the primate sensorimotor system more particularly. 

 

Use-dependent plasticity in the adult 

Use is a decisive factor underlying the plasticity of cortical processing and cortical rep-

resentations. Thus, use-dependent neuroplasticity or use-dependent brain plasticity corre-

sponds to the outstanding property of the brain to selectively adjust the amount of neu-
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ronal activity associated with a given body part in response to behavioural changes in 

the use of this body part (Dayan and Cohen, 2011; Nudo, 2006b; Pascual-Leone et al., 

2005).  

In the next two sections, we will present some examples of use-dependent plasticity, 

first in monkeys, then in human, with a special emphasis on plasticity in the sensorimo-

tor system. 

 

Use-dependent plasticity in animals 

The first key principles of use-dependent plasticity were demonstrated in animals, in 

particular in adult monkeys, by Jon Kaas, Michael Merzenich and their collaborators, by 

modifying monkeys’ sensory inputs to cortex and studying the impact on cortical senso-

ry representation by mapping the receptive fields. For instance, some monkeys were 

trained to perform a sustained and specific use of the hand (Byl et al., 1996; Byl et al., 

1997; Jenkins et al., 1990; Kaas, 1991; Recanzone et al., 1992b; Wang et al., 1995), and 

the associated receptive fields were mapped at the cortical level before and after the “in-

tervention”: in one study, adult owl monkeys were trained to regularly apply their index, 

middle and fourth fingertips to a rotating disc, for about 10 days. After this sustained 

tactile “practice”, the representations of those fingertips, specifically, were substantially 

enlarged in 3b and invaded 3a as well (Figure 22) (Jenkins et al., 1990), meaning that 

the overuse induced a clear change in the cortical representation of the trained skin. 
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Figure 22: Jenkins’ experiment on use-dependent 

plasticity in an adult owl monkey. (A) The animal was 

conditioned to freely apply the index, middle and 

fourth fingertips on a rotating disk for about 10 days 

(corresponding to about 1.5 cumulated hours of tactile 

stimulation a day), to create a controlled and sustained 

tactile experience (modified from Vinogradov et al., 

2012, itself modified from Jenkins et al., 1990). (B) 

Somatosensory representation of the monkey’s fingers 

in contralateral area 3b, before training (left) and 3.5 

months after training (right). R: rostral, L: lateral. Note 

the considerable functional expansion of the cortical 

representation of the stimulated fingertips specifically, 

after training (purple). These cortical representations 

were obtained by determining the receptive fields on 

the glabrous fingerskin (C) before and after training. 

More and smaller receptive fields were identified on 

those fingertips that experienced sustained tactile stimulation, after the training (B and C modified 

from Kandel, 2013, itself modified from Jenkins et al., 1990). 

 

In another series of studies, adult owl monkeys were trained to discriminate differences 

in the frequency of a vibrating stimulus applied to one fingertip (Recanzone et al., 1991). 

Here again, this training by overuse induced a clear cortical expansion of the representa-

tion of the stimulated finger in S1, more specifically in the area 3b, by a factor of 1.5 to 3 

(depending on the animals) as compared to the untrained hand (Recanzone et al., 

1992b). Remarkably, this spatial modification of the sensory cortical representation af-

ter training was accompanied by an improved tactile discrimination (Recanzone et al., 

1992a), as well as a larger, earlier and temporally sharper neuronal activity in area 3b. 

The authors found that the behavioural improvement was linked with a decrease in the 

variance of the neuronal representation of the vibrating stimulus (Recanzone et al., 

1992c). To put it another way, there was an improvement in the temporal precision of 

neuronal responses to the vibrating stimulus. Interestingly, based on these observations, 

the authors proposed that both spatial and temporal functional organisations of S1 
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should always reflect the recent behaviourally relevant history of stimulation as well as 

the current perceptual abilities of the subject.  

Another intriguing finding was obtained by intensively training adult owl monkeys to a 

tactile discrimination task where several fingers were stimulated simultaneously, for 4-5 

weeks. Essentially, after the training, the cortical maps of S1 were reorganised in such a 

way that there was now a large continuous cortical zone in which all neurons had the 

same large receptive field covering the simultaneously stimulated fingers. To put it an-

other way, the cortical representations of the stimulated fingers were integrated into 

neurons showing a single large multi-finger receptive field covering the different trained 

fingers, and the normally segregated representations of adjacent fingers completely dis-

appeared for these stimulated fingers. This learning-induced cortical representational 

remodeling was shown to be cortical in origin and did not result from remodeling al-

ready taking place at subcortical levels because no similar integrated receptive fields 

were observed in the thalamic VPL nucleus (Wang et al., 1995). 

In some cases, the training by overuse was intentionally forced to create monkey models 

for focal hand dystonia (Blake et al., 2002; Byl et al., 1996; Byl et al., 1997). Here, adult 

owl monkeys were trained to perform a repetitive finger squeezing daily for several 

weeks. The repetition of highly stereotyped hand movements induced disorders in mo-

tor control and a degradation of the cortical sensory representation of the hand in area 

3b. To elaborate, the hand overuse resulted in the dedifferentiation of the sensory corti-

cal representation of the hand skin in the form of strongly enlarged receptive fields, the 

development of many new receptive fields extending each over the whole glabrous sur-

face of a given finger or even extending over several fingers, the emergence of intermin-

gled representations of glabrous finger skin with hairy finger skin, and the loss of the 

normal local shifted-overlap topography of the receptive fields (Blake et al., 2002; Byl et 

al., 1996; Byl et al., 1997). Moreover, stimulations on the face skin revealed the emer-

gence of face-responding sites within the representation initially devoted to the hand in 

S1 (Blake et al., 2002). In sum, the extreme and repetitive overtraining of the hand led to 

the development of maladaptive plasticity, characterised by a degradation of the S1 

hand representation that was normally involved in the fine sensorimotor control of the 

hand. These aberrant sensory representations induced thereby an abnormal motor con-
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trol that itself strengthened sensory abnormalities, leading to focal hand dystonia (Blake 

et al., 2002). 

Taken all together, these studies on owl monkeys demonstrate that the specificity of the 

cortical neuronal response, and therefore the resulting cortical maps, is a dynamic pro-

cess with plastic changes in the cerebral cortex that strongly depend on the inputs deliv-

ered on the skin.  

The plastic properties of M1 cortical representations were investigated as well. Normal 

adult squirrel monkeys were trained to perform a behavioural task consisting in the 

skilled retrieving of small pieces of food with the fingers. After a period of training, the 

ICMS mapping of M1 revealed an enlarged finger representation at the expense of the 

wrist and forearm representations, as compared to the pre-training representations. 

Conversely, monkeys engaged in a task involving mainly the use of the forearm present-

ed an enlarged forelimb representation in M1 after training, at the expense of more dis-

tal representations (Nudo et al., 1996). This study demonstrated that plastic modifica-

tions were highly specific to the muscles involved in a given task. 

 

Use-dependent plasticity in human 

Further studies on use-dependent brain plasticity were also performed in parallel on 

human subjects, in particular on people presenting a long-lasting and exceptional use of 

a particular body part, such as the fingers and the hand, leading to the development of 

extraordinary skills or expertise (for a review, see Chang, 2014). Musicians, for instance, 

present such outstanding skills (Gaser and Schlaug, 2003; for reviews, see Jäncke, 2009; 

Munte et al., 2002; Pascual-Leone, 2001; and Wan and Schlaug, 2010). In a very elegant 

study, Elbert et al. (1995) demonstrated that in adult string players, the S1 representa-

tion of the left little finger –particularly engaged on the instrument– was larger in com-

parison with the same finger of their right hand or in comparison with the correspond-

ing finger of control subjects (Figure 23).  
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Figure 23: Elbert’s experiment on use-dependent 

plasticity in adult string players. Light pneumatic 

stimulation was separately delivered to the left 

thumb tip (D1) and fifth fingertip (D5) and brain 

activity was measured by magnetoencephalography 

(MEG) to estimate the size of the cortical 

representation of the fingers. As compared to non-

musicians, string players had an enlarged S1 cortical 

representation of the left fifth fingertip –the finger that strongly interacts with the strings– 

represented by a stronger equivalent current dipole (D5 black arrow vs yellow arrow). Conversely, 

the cortical enlargement was only very small for the left thumb representation, a finger that is 

used to stabilise the violin. In addition, there was a topographic shift towards the midsagittal plane 

for both fingers in musicians, indicating an enlarged representation of their left fingers as 

compared to non-musicians (from Elbert et al., 1995).  

 

Professional pianists constitute another group of music experts. Here, a larger finger 

representation was bilaterally observed in motor cortex as compared to non-musicians 

(Amunts et al., 1997; Schlaug, 2001; Watson, 2006). But interestingly, the hand repre-

sentation was especially more extended on the right hemisphere (i.e. controlling the 

subdominant left hand) than on the left hemisphere (i.e. controlling the dominant right 

hand) (Amunts et al., 1997). In addition, professional pianists were shown to have a sig-

nificantly higher tactile acuity than non-musicians (Ragert et al., 2004). 

In addition, a DTI study demonstrated that the CST was more structured (indicating a 

higher integrity of the fibre system) in professional pianists than in control non-

musicians. Interestingly, a positive correlation was highlighted between the total 

amount of practice and organisation of the CTS (Bengtsson et al., 2005).  

Still in musicians, differential neuroplastic changes were even observed depending on 

the instrument played, such that pianists (more pronounced use of the right hand than 

the left hand) had a hand representation more clearly defined (in terms of Omega sign) 

in left motor cortical area. Conversely, string players (implying a more predominant use 

of the left hand as compared to the right hand) had a hand representation more clearly 

defined in the right motor cortical area (Bangert and Schlaug, 2006).  
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Interestingly, the acquisition of new motor skills in control subjects, such as the piano 

practice, is linked to rapid plastic changes as well. A study focused on non-musician vol-

unteers who learned to play a specific five-finger exercise on the piano, with one hand, 

for 2 hours a day (Pascual-Leone et al., 1995a). By using TMS just after the daily practice 

to map motor cortical outputs, it was observed that the motor cortical output maps to 

the muscles involved in the task became progressively enlarged over 5 days of piano 

practice, as the volunteers became more skillful in the task. These changes in motor out-

put were specific to the hand involved in the piano training. Some other volunteers did 

not learn the specific piano sequence but were free to play the piano at will during the 

same 2 hours a day of musical practice. Interestingly, the motor output maps to the free 

playing hand increased as well in these subjects during the 5 days of practice, but to a 

lesser extent as compared to the trained volunteers. Then, some volunteers were fol-

lowed up during four additional weeks of training and motor output maps were ob-

tained each Monday (after 2 days off) and each Friday (after 5 days of piano training). 

Interestingly, the maps measured on Fridays progressively decreased over the course of 

the four weeks of practice, even though the practice continued. In addition, the maps ob-

tained on Mondays, i.e. after 2 days without piano training, showed a slight decrease as 

compared to the map obtained 3 days before, and then, the motor output maps in-

creased again throughout the week of practice. Conversely, a control group did not have 

the 4 additional weeks of piano practice. As a result, their maps returned to baseline al-

ready after a week rest and did not evolve any more thereafter (Pascual-Leone, 2001; 

Pascual-Leone et al., 2005). This study demonstrated that plastic changes were very rap-

id and reversible. Based on these results, the authors proposed that such use-dependent 

plasticity occurs in two steps: the first step involving flexible and rapid modulations of 

already existing pathways (such as unmasking previously existing connections), leading 

then to deeper changes in the organisation of intracortical and subcortical networks 

over the longer term, as the subject develops the skills (Pascual-Leone, 2001; Pascual-

Leone et al., 2005).  

Experienced Braille readers represent another excellent human model for studying the 

changes in the brain induced by intensive, specialised, sensorimotor skills (for a review, 

see Elbert and Rockstroh, 2004). For instance, the cortical sensorimotor representation 

of their right (reading) index finger was shown to be significantly larger (at the expense 

of the representation of other fingers) than the one of their left index finger or than the 
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one of the right index finger of non-Braille readers (Hamilton and Pascual-Leone, 1998; 

Pascual-Leone and Torres, 1993), and this cortical reorganisation was accompanied by 

an increased tactile spatial acuity of the reading fingertip, interpreted as the potential 

behavioural correlate of plastic changes observed at the cortical level (Van Boven et al., 

2000). Remarkably, changes in motor cortical output, assessed by using TMS, were even 

observed within a day when Braille reading was intensively practiced (about 6h/day) 

after a day off practice: for instance, after a working day spent reading Braille, the motor 

cortical output maps to a muscle of the reading finger were significantly enlarged as 

compared to the maps of the contralateral finger muscle and to the maps of an ipsilateral 

hand muscle not involved in Braille reading. Conversely, after a day without Braille read-

ing activity, the maps for the reading finger muscle remained small, suggesting that a 

very rapid update of the motor cortical output took place within the brain to adjust the 

brain activity to the demand of the task being performed (Pascual-Leone et al., 1995b). 

Use-dependent plasticity was investigated in athletes as well because they usually de-

velop high sensorimotor skills through disciplined and long-lasting periods of practice 

(Nielsen and Cohen, 2008). A study based on TMS focused on the CM projection to the 

hand in elite racquet players. Essentially, elite racquet players were shown to have larg-

er motor evoked potentials (MEPs) as compared to social players and control volun-

teers. Moreover, a shift in the motor cortical representation of the playing hand was sys-

tematically observed in all elite players and some of them even had lower cortical motor 

thresholds of MEPs. Conversely, the social players did not differ from the non-players in 

the MEPs. These findings indicate that a functional reorganisation of the motor system, 

and in particular the CM pathway, took place in the athletes specifically, that is most 

probably the anatomical support of the acquisition and retention of the highly developed 

sensorimotor skills observed in these athletes (Pearce et al., 2000).  

The sensorimotor control is especially well developed in athletes using actively both 

hands. A very new study investigated this particular topic in professional handball play-

ers. To elaborate, by using fMRI and DTI, some structural brain changes were observed 

in these athletes as compared to control non-player subjects, in the form of an enlarge-

ment of the right sensorimotor cortex, of the SMA and CMA bilaterally, and of the left in-

traparietal sulcus. Moreover, the DTI properties of the right CST were shown to signifi-

cantly differ from those in control non-players. Equally interesting, the authors were 
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able to demonstrate that the age at beginning of the athletic practice was inversely cor-

related with the volume of both right and left sensorimotor cortices, supporting the fact 

that the intensive training induced neuroplastic adaptations in the sensorimotor system 

of these athletes (Hänggi et al., 2015).  

In these examples of skill learning and expertise, the brain increases its computational 

capacities associated with the body part being used and these use-dependent adapta-

tions in the nervous system may be useful (Dayan and Cohen, 2011). More specifically, 

the structural brain plasticity is usually characterised by an increase in the volume and 

gray matter density of those brain areas that are involved in the sustained practice of the 

task (Chang, 2014). Moreover, these use-dependent structural changes are rapid 

(Pascual-Leone, 2001; Pascual-Leone et al., 2005) and reversible, meaning that they can 

rapidly disappear in case of interruption of the practice (Chang, 2014; Draganski et al., 

2004; Pascual-Leone, 2001; Pascual-Leone et al., 2005; Pascual-Leone et al., 1995b). One 

special feature of neuroplasticity observed mainly in expert musicians is the direct link 

between the amount of brain reorganisation and the age at beginning of the musical 

training (Amunts et al., 1997; Elbert et al., 1995; Wan and Schlaug, 2010). This suggests 

that there may be sensitive periods beyond which music-induced plastic changes and 

learning effects may become less pronounced (Chang, 2014). But note that such a corre-

lation was very recently observed in elite handball players as well (Hänggi et al., 2015). 

The use-dependent plasticity of the body representations in the nervous system, and in 

the sensorimotor cortex more specifically, is not limited to extraordinary skills. For in-

stance, in a very recent study about the effect of age and expertise on tactile processing 

from the fingertips in human, it was observed that a period of as short as 30 minutes of 

repeated tactile stimulation to the fingertips was sufficient to induce significant plastic 

modifications in the brain activity visible on EEG signals (P300), in addition to an im-

provement in tactile discrimination performance (Reuter et al., 2014).  

In addition, we demonstrated that the brain was able to conform its activity according to 

practice performed in our everyday, unconstrained life as well (see Gindrat et al., 2015 

in Chapter 6; and see Chapter 7 as well): in short, we observed that sensory processing 

from the fingertips in touchscreen smartphone users was reshaped by their repetitive 

interactions on the smooth surface of their smartphone. More specifically, the thumb 

representation was daily adjusted in a use-dependent manner.  
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Special forms of use-dependent plasticity in human 

The examples provided so far described plastic changes usually associated with an in-

crease in brain activity or in cortical volume. The opposite process, resulting from peri-

ods of disuse or non-use of a given body part, affects cortical representations and per-

ception as well, and this kind of plastic changes is sometimes called deprivation-related 

neuroplasticity (Hänggi et al., 2015; Makin et al., 2013). For instance, a decrease in corti-

cal thickness of the contralateral sensorimotor cortex was observed in patients after a 

short-term (16 days) upper limb immobilisation in a plaster cast because of an upper 

limb injury (Langer et al., 2012). Another study demonstrated that, in addition to the re-

duction of activation of the finger representations in S1, a limb immobilisation for 4-10 

weeks led to an impairment of tactile acuity. Remarkably, the authors observed that the 

more severe the tactile deficits, the larger the decrease in cortical somatosensory repre-

sentation (Lissek et al., 2009). Equally interesting, the brain activity related to the non-

immobilised hand was shown to increase during the immobilisation period (Langer et 

al., 2012; Weibull et al., 2011), and the tactile perception was significantly better than 

the one of control subjects (Lissek et al., 2009), meaning that the immobilisation of one 

limb led to a skill transfer to the intact limb. Finally, while perceptual and cortical 

changes associated with the immobilised hand completely recovered after cast removal, 

the improved tactile perceptive abilities of the intact hand were conserved (Lissek et al., 

2009).  

As already mentioned by reviewing studies on monkey models of focal hand dystonia 

(Blake et al., 2002; Byl et al., 1996; Byl et al., 1997), use-dependent brain plasticity can 

be detrimental as well and can lead to maladaptive brain plasticity (Pascual-Leone et al., 

2005), meaning that a cortical representation becomes functionally innervated by sur-

rounding cortical representations, leading to misperceptions. Syndactyly is an interest-

ing example of maladaptive changes: a study demonstrated that the artificial finger 

webbing for 5 hours only was sufficient to deeply reorganise the finger representation in 

S1 in human (Stavrinou et al., 2007). Conversely, recovery of a nearly normal somato-

topic finger representation was observed in S1 in an adult patient after surgery to cor-

rect syndactyly (Mogilner et al., 1993).  

Another famous example is provided by patients who experience phantom sensations 

and phantom limb pain, for instance after an amputation (Birbaumer et al., 1997; 
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Dettmers et al., 2001; Elbert and Rockstroh, 2004; Flor et al., 1995; for a review, see Flor 

et al., 2006; Kaas et al., 1997; Ramachandran et al., 1995; Ramachandran and Hirstein, 

1998; Ramachandran and Rogers-Ramachandran, 2000). The sensory deprivation re-

sulting from an amputation can induce maladaptive cortical changes in S1, in the form of 

a functional invasion of the deafferented cortex by surrounding representations. This 

disorganisation of S1 and the inability to receive afferent inputs from the amputated 

limb often lead to phantom limb pain. Interestingly, a high correlation was observed be-

tween the intensity of phantom limb pain sensation and the extent of cortical reorgani-

sation in S1 (Flor et al., 1995). Moreover phantom sensations such as referred sensa-

tions on the phantom limb can appear as well when adjacent sites are stimulated, such 

that tactile sensations on the phantom hand can be evoked by touching the face, for in-

stance (Ramachandran and Hirstein, 1998; Ramachandran and Rogers-Ramachandran, 

2000). Another study (Makin et al., 2013) revealed that the concept of maladaptive plas-

ticity resulting from sensory deprivation may not work in amputees, and the authors 

proposed instead a reverse mechanism, i.e. that adaptive patterns of limb use (both in-

tact and residual limb) after amputation do drive cortical plasticity (instead of sensory 

deprivation leading to maladaptive changes). This study suggests therefore a tight link 

between deprivation-related neuroplasticity and use-dependent neuroplasticity. 

Maladaptation was also reported in patients after limb replantation, in the form of an 

increased activity in S1, and the amount of pain in this reimplanted body part was in-

versely proportional to the amount of cortical reorganisation in S1 (Blume et al., 2014). 

In addition, maladaptation induced by the overuse of a given body part has been demon-

strated in Braille readers in the form of an alteration of touch perception (Sterr et al., 

1999), and in professional pianists or hand writers with painful focal hand dystonia 

(Aranguiz et al., 2011; Elbert et al., 1998; Lim et al., 2004; Murase et al., 2000; Neychev 

et al., 2011; Quartarone and Hallett, 2013; Quartarone and Pisani, 2011; Zamorano et al., 

2015). In these dystonic subjects, the hand representation in S1 was found to be altered, 

with a reduction of inhibitory cortical activity (Abbruzzese et al., 2001; Murase et al., 

2000; Neychev et al., 2011; Pascual-Leone, 2001; Pascual-Leone et al., 2005; Pujol et al., 

2000; Quartarone and Hallett, 2013; Tamburin et al., 2002; Tamura et al., 2009; Tamura 

et al., 2008).  



General Introduction  Anne-Dominique Gindrat 

111 

Before closing this section about use-dependent neuroplasticity, note that brain plastici-

ty can be cross-modal as well, as demonstrated for instance by the pioneering develop-

ment of prosthetic devices to substitute vision in blind subjects via tactile inputs (Bach-

y-Rita et al., 1969; Bach-y-Rita, 1983; Bach-y-Rita, 1967) and later by the observation of 

a shift in modality (from vision to somatosensory processing from the reading finger) in 

the visual cortex of Braille readers (Cohen et al., 1997; Pascual-Leone et al., 2005; Sadato 

et al., 1998; Sadato et al., 1996). 

 

To sum up so far, the brain conserves throughout life the ability to operate plastic 

changes in the cortical representations of the body based on environmental demand, i.e. 

fine adjustements in the topographic representation of the body in the cortex, as 

illustrated here in particular with the sensorimotor representation. As a general princi-

ple, selected body parts are represented over an expanded cortical region when their 

use is amplified, for instance in response to a specific training or to shifts in sensory de-

mands. In some cases, the expanded cortical representations, i.e. the larger number of 

cortical cells involved in the processing of the relevant stimuli, may be associated with 

an improvement of sensory perception. But in some cases, an unwanted cortical reor-

ganisation takes place and leads to misperceptions.  

 

Lesion-dependent plasticity in the adult 

Brain plasticity operates after a lesion affecting the nervous system as well. More specif-

ically, changes in the body such as a peripheral lesion (loss of a limb, nerve degenera-

tion, …) or a CNS lesion (spinal cord injury, brain cortical lesion) induce plastic modifica-

tions in the cortex as well.  

 

Lesion-induced plasticity in adult monkeys 

The fundamental principles of lesion-induced plasticity in the adult nervous system 

were demonstrated in monkeys in the 1980s, first by Michael Merzenich and collabora-

tors (Kaas et al., 1983; Merzenich et al., 1983a; Merzenich et al., 1983b), then by others. 
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These pioneering studies (followed then by others) focused on the cortical modifications 

taking place in S1 after an alteration in somatosensory inputs, either by performing pe-

ripheral nerve injuries (Jones et al., 2002; Kaas et al., 1983; Kaas, 1991; Kaas et al., 1997; 

Merzenich et al., 1983a; Merzenich et al., 1983b; Wall et al., 1986; Wall et al., 1983), or 

by performing amputations (Florence et al., 1998; Florence et al., 2000; Florence and 

Kaas, 1995; Kaas, 1991; Kaas et al., 1997; Manger et al., 1996; Merzenich et al., 1984), or 

by inducing finger syndactyly (Allard et al., 1991; Clark et al., 1988) or by lesioning the 

spinal cord (Kambi et al., 2014) or S1 (Xerri et al., 1998). For instance, immediately after 

a finger amputation, say the middle finger, the S1 cortical representation associated with 

this finger became completely unresponsive. But later on, the region was found to be 

progressively invaded by the representation of the intact, adjacent fingers, i.e. the index 

and fourth fingers, now with smaller receptive fields on the skin. To put it another way, a 

dynamic functional remapping took place in the form of a contraction of the sensory-

deprived representation followed by a cortical enlargement of the somatosensory repre-

sentation of adjacent fingers into the deprived cortical area (Merzenich et al., 1984). 

 

Example of plasticity following a motor cortex lesion in monkeys 

The mechanisms of brain plasticity operating after a motor cortex lesion in the adult 

monkey have been already extensively studied as well, for instance by E. Rouiller, R. 

Nudo, and their co-workers, among others.  

In case of a very restricted unilateral lesion of M1 in monkeys, the cortical reorganisa-

tion remains restricted to this region and the regions immediately adjacent. Essentially, 

the non-damaged zones immediately around the lesion can reorganise themselves to as-

sume now the functions that were previously fulfilled by the damaged tissue as it was 

intact (Nudo, 2006b; Nudo and Milliken, 1996; Rouiller et al., 1998; Rouiller and Olivier, 

2004). 

But in case of more extended M1 lesions, it has been demonstrated that other intact, 

more remote brain regions do contribute, at least in part, to the post-lesion recovery (for 

reviews, see Dancause and Nudo, 2011; Nudo, 2006a; and Rouiller and Olivier, 2004), 

such as the premotor areas: for instance, a unilateral permanent lesion of the hand rep-

resentation dominantly in M1 was performed on adult macaque monkeys (Liu and 
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Rouiller, 1999; Rouiller and Olivier, 2004). This intervention resulted in the complete 

abolition of the contralesional dexterous hand use such that the monkeys were not able 

any more to perform fine fractionated finger movements for 1 to 2 months after the cor-

tical lesion. Then, a progressive spontaneous functional recovery developed, lasting for 3 

to 4 months, before reaching a stable but still incomplete level of manual dexterity 

(about 30% of the pre-lesion value). An ICMS mapping showed that it was now impossi-

ble to evoke any visible movement of the recovered hand by electrically stimulating the 

lesioned M1 cortex and the surrounding sites where more proximal representations 

were visible before the lesion, indicating that the adjacent M1 representations did not 

reorganise to contribute to the post-lesion motor recovery, contrary to what was ob-

served after a more restricted cortical lesion. Later on, the transient inactivation of PM 

specifically (PMv+PMd) of the lesioned hemisphere using the GABA agonist muscimol 

resulted in the complete loss of the recovered manual dexterity, strongly suggesting that 

the incomplete functional recovery observed after the relatively extended permanent 

lesion was, at least partly, mediated by ipsilesional PM. Other neurophysiological studies 

confirmed that PM, in particular PMv, was reorganised after a similar M1 lesion (Frost et 

al., 2003; Murata et al., 2015). A very recent study gave more insight into the potential 

time course of the reorganisation by showing that PMv is involved in the early post-

lesion recovery period, whereas the late post-lesion recovery period implies peri-

lesional reorganisation of M1 itself (Murata et al., 2015). Others observed the potential 

involvement of SMA in the functional recovery after a permanent lesion of the M1 hand 

representation in monkeys (Eisner-Janowicz et al., 2008; McNeal et al., 2010). 

An anatomical study confirmed the contribution of non-primary motor cortical areas in 

recovery after an M1 lesion (Dancause et al., 2005). Briefly, squirrel monkeys were sub-

jected to a unilateral lesion of the hand representation in M1. After injection of the tracer 

biotinylated dextran amine (BDA) into the ipsilesional PMv, the authors were able to re-

construct the afferent and efferent projections of this area. Remarkably, they observed a 

prominent new corticocortical projection between PMv and the areas 1 and 2 in S1, 

most probably mediated by PMv fibres that reoriented their trajectory by approaching 

the lesion, travelling now towards S1 instead of M1. This study did not only confirm the 

role of PM, but also suggested the potential implication of S1 in the functional recovery 

after an M1 lesion. To put it another way, the sensorimotor cortex may have developed a 

repair strategy by reconnecting motor areas with somatosensory areas (Nudo, 2006b). 
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Taken all together, these lesion studies all converge to demonstrate that, after a lesion of 

the M1 hand representation, plastic modification took place at the cortical level and in-

volved cortical areas quite remote from the lesion site, in particular premotor areas.  

After a lesion, the cortical reorganisation and the associated functional recovery can be 

promoted by using some treatments, such as anti-Nogo-A antibody. This topic is pre-

sented in greater detail in Chapter 8. In addition, the use of autologous adult neural 

progenitor cells was shown to be effective in enhancing functional recovery after an M1 

lesion as compared to control animals (Kaeser et al., 2011). 

After a very extended cortical lesion, such as after a stroke in human patients, plastic 

modifications were shown to involve not only the peri-infarct cortex, but also more re-

mote areas, such as the contralesional hemisphere (Nudo, 2006b). But note that this sit-

uation is less probable in animal models because lesions are usually relatively well re-

stricted, at least in comparison with lesions observed in human subjects following a 

stroke. 

In sum, cortical representations in adult primates are not immutable and can reshape 

according to the sensorimotor changes resulting from a peripheral nervous system 

(PNS) lesion or a CNS lesion. 

 

How does neuroplasticity operate ? 

The specific mechanisms underlying neuroplastic changes are still far from full 

knowledge. In particular, the cellular and molecular processes remain elusive, as well as 

the precise time scale of these neural changes.  

It has been proposed that brain plasticity operates at several microscopic and 

mesoscopic levels and is visible in the form of modifications in cortical representations 

(see above), morphological changes of synapses, morphological and contact changes in 

dendrites and dendritic spines (Chen and Nedivi, 2013; Churchill et al., 2004; Harms et 

al., 2008; Holtmaat et al., 2006; Knott et al., 2006; Trachtenberg et al., 2002), modifica-

tion in the trajectory of axons (Dancause et al., 2005), modulation in the neurotransmit-

ters concentration, such as a reduction of GABA (Chen and Nedivi, 2013; Frias and 

Wierenga, 2013; Garraghty et al., 1991; Griffen and Maffei, 2014; Jones, 1993; Kullmann 
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et al., 2012), short-term strengthening, respectively weakening of existing synapses via 

the induction of long-term potentiation (LTP), respectively long-term depression (LTD) 

(Martin and Morris, 2001), changes in glial number and morphology, angiogenesis, and 

neurogenesis (Gould et al., 1999), to a limited extent (Nudo, 2006b). For further detail, 

see e.g. Zatorre (2012). 

Regarding use-dependent plasticity, in particular, the purpose and significance of such 

plastic modifications in the adult brain are not completely understood, especially if one 

considers maladaptive changes such as dystonia or phantom-limb pain.  

Use-dependent modifications in the cortical representations can appear very rapidly 

(remember e.g. that 5 hours of artificial finger webbing were enough to elicit visible 

modifications in the cortical representation (Stavrinou et al., 2007)). This means that 

they most probably do not depend on neurogenesis or on the formation of new projec-

tions between distinct brain areas. Several other mechanisms are possible immediately 

after the event (experience, lesion, …) (Kaas, 2000): 1) Changes in the balance of excita-

tion and inhibition can be achieved very quickly. Already existing connections that 

where kept silenced until now through strong inhibition can become rapidly unmasked 

due to disinhibition, probably mediated by a the removal of local GABAergic inhibition 

(Dancause and Nudo, 2011). 2) The synaptic efficacy in existing neural circuits can be 

modulated by LTP (leading to an increase of synaptic efficacy) or LTD (leading to a de-

crease of synaptic efficacy. 3) The neuronal membrane excitability can change.  

Then, in a second phase, lasting at least several weeks, changes operate over the longer 

time (Dancause and Nudo, 2011). Structural changes appear, such as the formation of 

new dendritic spines and changes in dendritic arborisation, followed by sprouting of 

new axonal terminals, and the formation of new synapses between neurons. In case of a 

lesion, the remainder of the deprived cortex undergoes some gradual modifications and 

becomes responsive to other inputs (Dancause and Nudo, 2011). Note that these mech-

anisms are not mutually exclusive because plastic changes are expected to occur over 

several time scales.  

 



General Introduction  Anne-Dominique Gindrat 

116 

Biology of the long-tailed macaque 

Long-tailed macaques, also known as crab-eating macaques or cynomolgus monkeys 

(Macaca fascicularis, Raffles, 1821) belong to the Primate order, the Cercopithecidae 

family and the Cercopithecinae subfamily (Groves, 2005). Males usually measure be-

tween 40 cm and 65 cm, and weigh between 5 kg and 10 kg whereas females range be-

tween 40 cm and 50 cm and weigh between 2.5 kg and 7 kg. Another characteristic of 

the sexual dimorphism is the much more prominent canine teeth in males than in fe-

males (Cawthon Lang, 2006). According to their name, the tail is longer than the rest of 

the body. The back, leg, and arm fur of long-tailed macaques ranges usually from light 

brown or grayish to brown. A small hair crest is usually present in the midline on head 

(Groves, 2005).  

The long-tailed macaques originate from islands of Southeast Asia and mainland Asia 

and usually live in coastal, mangrove, swamp, and riverine forests from 0 up to 2000 m 

above sea level and favour habitats near water such as riverbanks, lakeshores, or sea-

coast. They primarily eat fruits but also some small invertebrates, insects, eggs, frogs, 

crabs, shrimps and octopus (Cawthon Lang, 2006). These animals usually store food in 

their cheek pouches during foraging in order to eat later quietly, especially for dominat-

ed animals.  

Long-tailed macaques are social animals and live in highly hierarchical groups. In the 

wild, macaque monkeys live in large multi-male, multi-female groups made of about 40 

animals, usually with a ratio of one male for every 2.4 females. On the one hand, female 

offspring keeps the maternal hierarchical rank and remains closely associated with its 

group and hierarchical status throughout its life. On the other hand, male offspring 

leaves its birth group at sexual maturity to attempt to incorporate into a new group, 

meaning that its hierarchical status evolves throughout its life depending on its age, 

temperament and group size (Tardif et al., 2012). Long-tailed macaques reach sexual 

maturity at the age of 3 (females) or 4 (males) years old and may become as old as 30 

years old. The period of pregnancy in females is 165 days (Groves, 2005; Tardif et al., 

2012). 
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General aims of the thesis 

As discussed above, the motor control cannot be fully understood without considering 

its somatosensory component. However, until now, most studies in the laboratory have 

focused on the post-lesion reorganisation taking place in the motor system itself, after 

an M1 lesion (Hamadjida et al., 2012; Liu and Rouiller, 1999; Rouiller et al., 1998; 

Rouiller and Olivier, 2004; Wyss et al., 2013). Conversely, relatively little attention has 

been given to the reorganisation of the somatosensory system after an M1 lesion. 

Based on this situation, the first aim was to develop a methodological approach allowing 

to investigate the reorganisation of the somatosensory system in macaque monkeys af-

ter an M1 lesion. To this end, during my Master thesis, already carried out in the labora-

tory of Prof. Eric Rouiller, I have already contributed towards the early developments of 

a method of whole-scalp EEG mapping of SSEPs in anaesthetised macaque monkeys. We 

decided to focus on the EEG technique because this non-invasive tool provides an in-

stant reflection of the ongoing neurophysiological processes taking place within the cer-

ebral cortex. At that time, EEG recordings were obtained from intact monkeys only. 

Thus, in order to use this recently introduced EEG technique for post-lesion investiga-

tions of the cortical reorganisation, a second aim was to verify that a craniotomy itself –

required to perform an M1 lesion– did not induce any artifact in the EEG signals record-

ed at the scalp. 

From the moment that we fully validated the EEG recording of SSEPs after a craniotomy, 

the third aim of the present thesis was to apply the EEG measurement of SSEPs to docu-

ment the mechanisms of reorganisation taking place in the somatosensory system fol-

lowing a permanent lesion of the hand representation in M1. Essentially, was the soma-

tosensory processing affected by the M1 lesion? If yes, were the plastic modifications 

restricted to the cortical level? Could one gain more knowledge about the mechanisms of 

cortical reorganisation by using different stimulation paradigms to elicit SSEPs? 

In addition, measuring SSEPs means that a large number of stimuli are presented in a 

repeated manner, what is known to induce adaptation in some cases. Consequently, the 

fourth aim was to determine to what extent the simulation paradigm used was affected 

by adaptation.  
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The sensorimotor system is the anatomical substrate of motor behaviour. A behavioural 

task allowing to assess more specifically the effects of an M1 lesion on the somatosenso-

ry system itself has been previously developed but there was no conclusive method to 

analyse the collected data until now. Thus, based on these already existing data, the fifth 

aim was to develop an effective analysis method able to document somatosensory im-

pairments resulting from the M1 lesion, in case they were some.  

Besides these projects involving macaque monkeys, we started a collaboration with Dr 

Arko Ghosh (University of Zürich and ETH Zürich), aiming at investigating how past sen-

sory experiences of the daily, unconstrained life shape the sensory cortical processing in 

the adult brain, i.e. how use-dependent plasticity is implemented in daily life. By focus-

ing on smartphone users and nonusers, we were interested in particular in investigating 

the impact of smartphone daily use on tactile sensory processing in the brain. In addi-

tion, we intended to better understand how the different temporal features of our tactile 

behaviour on a smartphone touchscreen are imprinted in brain cortical activity.  

More specific aims will be declared in each result chapter. 
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In this chapter, we will expose the general methodology of the experiments involving 

non-human primate subjects. Results of these experiments are presented in Chapters 1 

to 5. More specific methodology to each chapter is presented in the corresponding chap-

ter.  

 

Subjects 

Experiments were planned to be conducted on three adult macaque monkeys (Macaca 

fascicularis) (1 male: Mk-EN, and 2 females: Mk-AT, Mk-DI) (Figure 1). Unfortunately, 

much before the completion of all the experiments, Mk-AT prematurely died of a perito-

nitis. In addition, Mk-EN had to be euthanised because of a chronic incurable scalp infec-

tion. Therefore the data presented in Chapters 2 and 3 were obtained from Mk-DI only. 

Additional animals were involved in the other projects and are mentioned accordingly in 

the appropriate chapters.  

Figure 1 : The three monkeys I was in charge of during my PhD thesis. Note the presence of Mk-EN 

in a primate chair, here with both frontal doors removed, giving free access for both upper limbs. 

Mk-AT (female, age: 5-8 years old during the experiments, weight: 3.2-3.8 kg) and Mk-DI 

(female, age: 5.5-10 years old during the experiments, weight: 3.1-3.8 kg) were housed 

in the animal facility in a group with three other congeners, in a 45-m3 room (12 hours 

light/12 hours dark cycle). Moreover, they had a regular access to an outside facility (21 

m3) with a high degree of enrichment (trees, branches, ladders, large pipes to hide, dif-

Mk-AT Mk-DI Mk-EN 
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ferent toys, foraging devices, etc.) for a part of the day or night. Before September 2010, 

Mk-EN (male, age: 4-9 years old during the experiments, weight: 3.1-8.3 kg) was housed 

in the animal facility with another congener in a 15-m3 room (12 hours light/12 hours 

dark cycle), with regular access to an outside facility. In September 2010, the Swiss legis-

lation about animal welfare was updated with new guidelines. From this time point, Mk-

EN and its roommate moved in a 45-m3 room (12 hours light/12 hours dark cycle), with 

regular access to a similar outside facility (13 m3) as for both females. The monkeys 

were daily weighted and on no account food- or water-deprived (see e.g. Kaeser, 2010; 

Schmidlin et al., 2011). All procedures and animal care were conducted in accordance 

with the Guide for the Care and Use of Laboratory Animals (Committee for the Update of 

the Guide for the Care and Use of Laboratory Animals and National Research Council, 

2011) and were designed to minimise the animals’ pain and suffering. Moreover, all pro-

cedures were approved by local (Canton of Fribourg) and federal (Swiss) veterinary au-

thorities. The experiments involving these monkeys were covered by the official author-

isation numbers FR 17/09, FR 18/10 and FR 23765.  

 

Behavioural tasks 

General training 

A comprehensive description of the daily routine and different tasks performed by the 

monkeys is provided in Schmidlin et al. (2011) and available in Appendix 214. The first 

step had been to train the monkeys to cooperate from the moment they arrived in our 

animal facility. To this aim, animals were first trained to go freely from their home room 

into a smaller transitional cage and then from this cage into a primate chair (Figure 1) 

through a tunnel (Figure 2). The primate chair was made of Plexiglas® and contained a 

sliding opening on the top for the head and two independent sliding doors at the front, 

one for each upper limb. The size of the chair and the one of the upper opening were 

adapted to each animal. The next step was to get them to extract the head out of the 

primate chair on a voluntary basis. This long training phase was adapted to the charac-

ter of each monkey and was absolutely essential to form a relationship based on mutual 

                                                        
14 For short videos sequences illustrating the behavioural tasks, see also 
http://www.unifr.ch/neuro/rouiller/research/motorcontcadre.php 
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trust. This ensured that the monkeys remained calm and not stressed in my presence, in 

order to subsequently get valid behavioural data from them.  

 

Figure 2 : Transfer of a monkey of its own free will from the transitional cage into the primate chair 

through a tunnel (from Schmidlin et al., 2011). 

Once this first step had been achieved, the animals were trained to perform several be-

havioural tasks to assess their fine manual dexterity. For all these tests, the animals 

were sitting in the aforementioned primate chair. The daily behavioural training, usually 

lasting for about one hour, included the modified Brinkman board task, the Brinkman 

box task, the rotating Brinkman board task and the reach and grasp drawer task. How-

ever the latter two tasks will not be considered here (for greater detail, see Schmidlin et 

al., 2011 in Appendix 2). After completion of the daily training, the animals were fed 

(mix of fruits, vegetables, cereal croquettes and dried fruits) and then brought back to 

their home room and were then free to interact with their congeners until the next train-

ing session, usually the day after. Food access was limited to a 1-to-2-hour period after 

the end of the training session and the remaining non-eaten food was removed after that 

period. Note however that the monkeys had a continuous free access to water. Im-

portantly, for each animal the different behavioural tasks were carried out at a very sim-
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ilar schedule from one day to the next in order to establish a routine, a prerequisite for 

the monkeys to be motivated to work.  

 

Modified Brinkman board task 

The fine manual dexterity of monkeys was assessed by using the modified Brinkman 

board task (Figure 3). This test has been specifically designed to challenge the precision 

grip ability (Napier, 1956) in macaque monkeys (Brinkman and Kuypers, 1973) and its 

original version was improved into a modified version currently used in our laboratory 

(Chatagny et al., 2013; Liu and Rouiller, 1999; Rouiller et al., 1998; Schmidlin et al., 

2005; Schmidlin et al., 2011) (see also the Introduction of Chapter 5). The modified 

Brinkman board set-up (Figure 3A) consisted of a rectangular board (40° angle above 

the horizontal) in green Perspex® (22 cm long, 12 cm wide) containing 25 vertically- and 

25 horizontally-oriented rounded rectangular wells (15 mm x 7.5 mm, 6 mm deep), each 

filled with a 45-mg banana pellet (about 4 mm diameter, Bio-Serv, US and Canada, 

www.bio-serv.com) (Figure 3B). The task for the monkeys consisted of unimanually re-

trieving the pellet from each well. A fine finger motor control was required to perform 

the test, usually achieved by first introducing one finger (mostly the index finger or the 

thumb) into the well to establish a contact with the pellet, followed by the contact of a 

second finger (mostly the thumb or the index finger) to grasp the pellet with a precision 

grip while keeping the 3 other fingers flexed (Figure 3C). Collecting pellets from the 

horizontal wells required additionally ulnar or radial deviations and was therefore much 

more challenging than collecting pellets from the vertical wells, usually performed with 

the wrist in a neutral position (see e.g. Chatagny et al., 2013; Hoogewoud et al., 2013). 

In practice, the monkey sat in its primate chair (Figure 1). The two independent sliding 

doors allowed the animals to work with either hand individually (Schmidlin et al., 2011). 

The monkey was placed in front of the modified Brinkman board with the door of the 

tested hand centred in front of the set-up (the distance between the door and the set-up 

was about 3 cm and the height at the basis of the board fitted the height at the basis of 

the door of the primate chair). Tests were conducted with each hand individually, and 

alternating between the first tested hand from one session to the next. Usually, this test 

was conducted from twice to five times a week, with a musical background to mask dis-

turbing noise from outside. Each test session was videotaped (25 frames/s) using 3 
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standard digital cameras (Sony Handycam DCR-SX33, 25 frames/s, one above the board 

and one on either side) (Figure 3A). This task was straightforward to learn for the mon-

keys because they were simply reaching for food. Importantly, the animals performed 

the task in a free-will basis, meaning that there was neither constraint of score level nor 

speed to achieve. Short video sequences illustrating this task are available at 

http://www.unifr.ch/neuro/rouiller/research/MBB.php. Video sequences of the modi-

fied Brinkman board task performed with the right (contralesional, in Mk-DI) hand were 

analysed frame by frame (25 frames/s) with the software Virtualdub-MPEG2 1.6.19. The 

score in 30 s was established, i.e. the number of pellets correctly retrieved during the 

first 30 s of the task, independently for the vertical and horizontal wells as well as for all 

wells. Then, we defined a pre-lesion plateau of performance and a post-lesion plateau of 

performance based on all wells and compared both of them with a Mann-Whitney rank-

sum test (SigmaPlot 12.5). The contact time was obtained for the first five vertical pellets 

and the first five horizontal pellets collected in the sessions of the pre-lesion plateau and 

post-lesion plateau. This measure was defined as the time interval between the first con-

tact established by a finger with a pellet in a precision grip and the time point at which 

the fingers left the well with the pellet. A Mann-Whitney rank-sum test was used to 

compare pre- and post-lesion values distinctly for each well orientation (SigmaPlot 

12.5).  

Some additional information about this task is available in Appendix 2.  
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Figure 3 : Modified Brinkman board 

set-up. (A) General view of the set-

up. Data were simultaneously 

acquired from one digital camera 

above the board and 2 lateral 

digital cameras. Lightening was 

provided by 2 LED lights. (B) Detail 

of the board and its sizes. (C) Detail 

of the initiation (left) and 

completion (right) of a pellet 

picking from a vertical well by using 

a precision grip. The index finger 

was first inserted in the well to 

establish a contact with the pellet 

and the thumb was then brought to 

pinch the pellet between the 

thumb tip and index fingertip.  

 

 

Brinkman box task 

In addition to the modified Brinkman board task, we assessed the integrity of the mon-

key’s sensorimotor system by using the Brinkman box task, relying on motor explora-

tion by palpation. Both tasks were usually performed in the same behavioural session, 

beginning with the modified Brinkman board task and then the Brinkman box task. A 

comprehensive description of the latter task and its analysis method are presented in 

Chapter 5. 

 

EEG recording of somatosensory evoked potentials  

Electroencephalographic recordings (EEG) 

A comprehensive description of the protocol dealing with EEG recordings in anaesthe-

tised macaque monkeys is presented in Chapter 1. 
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Peripheral electrical stimulation 

The protocol of peripheral electrical stimulation is described in Chapters 1, 2 and 4.  

 

Peripheral tactile stimulation 

The protocol of peripheral tactile stimulation is described in Chapters 3 and 4.  

 

EEG data analysis 

The specific protocol for EEG data analysis is presented in each corresponding chapter 

(Chapters 1-4).  

 

Lesion 

When Mk-DI reached a behavioural plateau in aforementioned manual dexterity tests, a 

unilateral permanent cortical lesion was performed in the hand representation of left 

M1 by infusion of ibotenic acid in order to impair the dominant, right hand (defined 

according to the criteria established in Chatagny et al., 2013, see Appendix 3). The pro-

cedure of unilateral permanent cortical lesion by microinfusion of ibotenic acid at multi-

ple sites within the hand representation of M1 in awake monkeys (having a chronic re-

cording chamber implanted on the skull) was already reported previously (see e.g. 

Hamadjida et al., 2012; Kaeser et al., 2010; Kaeser et al., 2011; Liu and Rouiller, 1999; 

Peuser et al., 2011; Rouiller et al., 1993; Wyss et al., 2013). In these animals, the hand 

representation had been first mapped by using intracortical microstimulation (ICMS). In 

the present thesis, the lesion was performed on an anaesthetised monkey and without 

previous ICMS mapping because Mk-DI had no chronic recording chamber, in order to 

keep an intact skull to measure scalp EEG. Nevertheless, the very standard anatomy of 

the precentral gyrus allowed an easy identification of the “hand knob”, corresponding to 

the hand representation in M1 (Hopkins et al., 2014; Yousry et al., 1997). Ibotenic acid 

microinfusion creates a permanent and focal excitotoxic lesion (Boegman et al., 1992; 

Inglis and Semba, 1997; Jarrard, 1989; Watkins and Evans, 1981; Zinkand et al., 1992). 
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Mk-DI was first sedated with an intramuscular (i.m.) injection of ketamine hydrochlo-

ride (Ketasol 100®, 100 mg/ml, Graeub AG, 10 mg/kg), midazolam hydrochloride (Dor-

micum®, 5 mg/ml, Roche Pharma SA, 0.1 mg/kg) and methadone (Methadone®, 10 

mg/ml, Streuli Pharma AG, 0.2 mg/kg). The premedication also included atropine (Atro-

pinum sulf®, 0.5 mg/ml, Sintetica SA, 0.05 mg/kg, i.m.) to reduce bronchial secretions, 

the analgesic carprofen (Rimadyl®, 50 mg/ml, Pfizer Animal Health, 4 mg/kg, subcuta-

neous (s.c.)), the antibiotics Amoxicillin/clavulanic acid (Synulox® Suspension, 140 

mg/ml Amoxicillin and 35 mg/ml clavulanic acid, Pfizer Animal Health, 30 mg/kg, s.c.) 

and dexamethasone (Dexadreson®, 2 mg/ml, Intervet, 0.3 mg/kg, i.m.) to prevent brain 

oedema. The surgery itself was performed under sterile conditions. The animal was 

placed in ventral decubitus position on a heating blanket regulated according to the an-

imal’s rectal temperature. In addition, single-use gloves filled with warm water were 

placed along the monkey’s sides and the animal was isolated with bubble wrap. Eye 

drops (Lacryvisc® SE, Alcon) were administrated to prevent exsiccation of the cornea. 

The intra-operative monitoring was the same as described for SSEP acquisition (see 

Chapters 1 and 2) and included in addition body temperature monitoring.  

The animal was intubated and put under sevoflurane anaesthesia (Sevorane®, Abbott, 

2.5%-4%, in 50% O2 and 50% air). An intravenous (i.v.) catheter was placed in the sa-

phenous vein to induce propofol anaesthesia (mixture of propofol 1% MCT (Fresenius 

Kabi AG) and Ringer lactate (1:2), 1.8 ml/kg/h) and Ringer lactate infusion (8 ml/kg/h). 

The monkey’s head was then fixed in a stereotaxic frame (Narishige, Japan) using ear 

bars coated with lubricating gel (Lidohex®, Dr. G. Bichsel AG). The skin was incised along 

the anteroposterior axis of the head, in the midline. This zone had been locally anaesthe-

tised with several s.c. injections of lidocaine 1% (Rapidocain® 1%, 10 mg/ml, Sintetica 

SA, 2 ml in total). The muscles were incised and reclined. A craniotomy (Figure 4A) was 

performed by drilling a rectangular bone flap (22 mm mediolaterally x 30 mm antero-

posteriorally) over the left hemisphere (i.e. contralateral to right median nerve), whose 

centre was localised 15 mm rostral and 15 mm lateral from the reference point of the 

stereotaxic frame (half distance between both ear bars) and with an angle of 30° with 

respect to the mid-sagittal plane (Shimazu et al., 2004), giving access to the hand area in 

the left sensorimotor cortex. Then, the dura was carefully incised, giving directly access 

to the sensorimotor cortex (Figure 4B). Twenty-one microinfusions of ibotenic acid (1 

mg ibotenic acid in 50 μl phosphate buffered saline, Sigma 95%) were performed in the 
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hand representation of M1 (1.8-2.1 μl at each site, total volume of 39.7 μl) with a 10-μl 

Hamilton microsyringe guided with a 3 axes micromanipulator fixed on the stereotaxic 

frame (Figure 4C and D). In order to target the hand representation folded into the 

depth of the central sulcus, microinfusions were performed at 3 different depths (2-3 

mm distant from each other) along the same microsyringe penetration in sites along the 

rostral bank of the central sulcus. Injections were performed at sites located from 2 to 9 

mm below the cortical (pial) surface, depending on their location. To compensate for the 

neuroprotective effect of sevoflurane and propofol anaesthesia (Adembri et al., 2007; 

Engelhard et al., 2003; Jain, 2011a; Jain, 2011b; Velly et al., 2003; Werner, 2009; Wu et 

al., 2011), a twice as concentrated solution of ibotenic acid was used as in previous 

monkeys in the laboratory (Hamadjida et al., 2012; Kaeser et al., 2010; Kaeser et al., 

2011; Liu and Rouiller, 1999; Peuser et al., 2011; Rouiller et al., 1993; Wyss et al., 2013) 

and electrical stimulation was delivered continuously to the right median nerve (1.98 

mA, 0.5-Hz repetition rate, 400-μs duration) to increase the excitability of the neurons. A 

constant small twitch of the thumb was observed during the whole procedure. After 

completion of the ibotenic acid microinfusions, the dura was sutured. The bone flap was 

then repositioned and sealed with a calcium phosphate cement converting to hydroxy-

apatite (HydroSet Injectable HA Bone Substitute, Stryker®; Chow and Takagi, 2001; 

Dickson et al., 2002; Larsson, 2006; Van Lieshout et al., 2011) as previously reported 

(see Gindrat et al., 2014 in Chapter 1) (Figure 4E). The muscles and the skin were then 

sutured. During painful phases (e.g. bone drilling), fentanyl was delivered (Fentanyl Cu-

ramed®, 0.1 mg/ 2 ml, Actavis Switzerland AG, 0.1 μg/kg/min diluted 1:1 in saline, i.v.). 

Following surgery, the monkey was treated for 8 days with carprofen (Rimadyl®, 50 

mg/ml, Pfizer Animal Health, 4 mg/kg/day, s.c.) and antibiotics Amoxicillin/clavulanic 

acid (Synulox® Suspension, 140 mg/ml Amoxicillin and 35 mg/ml clavulanic acid, Pfizer 

Animal Health, 30 mg/kg/day, s.c.). 
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Figure 4: Overview of the M1 lesion procedure. (A) A craniotomy was performed over the left 

sensorimotor cortex by removing a 22-mm x 30-mm bone flap. (B) Exposed cortical surface after 

incision of the dura. Note the well defined “hand knob” in the precentral gyrus, corresponding to 

the hand representation in M1. (C) A unilateral permanent lesion targeting the hand 

representation in M1 was performed by microinfusion of ibotenic acid at 21 locations (D) in the 

precentral “hand knob”. For the 5 sites along the rostral bank of the central sulcus, microinfusions 

were performed at 3 different depths along the same microsyringe penetration. Stereotaxic 

coordinates in the anteroposterior and mediolateral axes from the reference (midpoint between 

ear bars at the vertex with an angle of 30° with respect to the mid-sagittal plane) are given. (E) 

After ibotenic acid microinfusion, the dura was closed, the bone flap was put back in place and 

sealed by using bone cement. Finally, the muscles and skin were sutured. Ant: anterior, AS: arcuate 

sulcus, CS: central sulcus, Lat: lateral, Sp: spur of arcuate sulcus. 

 

Injection of BDA neuronal tracer  

Once the acquisition of the electrophysiological and behavioural data was achieved for 

Mk-DI, the experiment was completed with the injection of the bidirectional neuronal 

tracer biotinylated dextran amine (BDA; 5% BDA in saline solution; 10,000 MW (high 
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molecular weight) conjugated to lysine; Molecular Probes, Eugene, OR) into the distal 

forelimb representation in S1 in left hemisphere (i.e. ipsilateral to the lesion) (see Chap-

ter 2, Supplementary Figure 3) by using a 10-μl Hamilton syringe. Injections were tar-

geted at 2 cortical locations and at 2 depths each (injected volume = 4 x 1 μl), 2 and 5 

mm below the dura mater to attempt to label all six layers of the gray matter. Due to the 

previous surgery having aimed at lesioning M1, the dura matter was strongly adhering 

to the brain and was consequently not reopened. Therefore, injections were performed 

directly through the dura matter, decreasing partially the accuracy of the injections. This 

surgery was performed under the same conditions as already described for the M1 le-

sion. 

 

End of the experimental protocol 

After a survival period of 22 days following BDA injection, Mk-DI was first anaesthetised 

with an i.m. injection of ketamine hydrochloride (Ketasol 100®, 100 mg/ml, Graeub AG, 

1 ml), followed by an i.v. lethal dose of sodium pentobarbital (60 mg/kg body weight) 

and an injection of heparin (Heparin-Natrium, 5000 IE/ml, B. Braun Medical AG, 1 ml) in 

the left ventricle. A transcardiac perfusion with 0.9% saline (400-500 ml) was per-

formed, followed by a perfusion with fixative (4 ℓ of 4% phosphate-buffered paraform-

aldehyde in 0.1 M phosphate buffer, pH 7.6) and 3 subsequent solutions of the same fixa-

tive in increasing concentrations of sucrose (10%, 20% and 30%; 2 ℓ each). After decap-

itation, the brain was removed, dissected and then stored for 1 week in a 30% sucrose 

solution (in phosphate buffer) for cryoprotection. Eight series of frozen sections were 

then performed in the frontal plane at a 50- m thickness (400 m between two succes-

sive sections of the same series) by using a freezing cryotome (HM560, MICROM, Volke-

tswil, Switzerland). Until further use, the obtained brain slices were stored at -20°C in a 

cryoprotective phosphate buffer solution (50 mM, pH 7.4) containing 25% glycerol 

(G7893, Sigma Aldrich, St. Louis, MO, USA) and 30% ethylene glycol (33068, Ridel-de-

Haën, Seelze, Germany).  
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Histology 

Three brain series were then prepared for Nissl staining, SMI-32 staining and BDA histo-

chemistry, respectively, as follows below (for greater detail, see e.g. Beaud et al., 2008; 

Liu et al., 2002; Wannier et al., 2005). In a later step, a selected rostrocaudal portion of 

the brain comprising M1 and S1 was processed using 2 series of sections, to reveal cyto-

chrome oxidase (C.O.) and myelin, respectively, using previously published protocols. 

 

Nissl staining  

The Nissl bodies, Nissl granules, tigroid bodies or Nissl substance refer to the basophilic 

(due to ribosomal RNA) aggregations of rough endoplasmic reticulum (RER or ergasto-

plasm) (Bancroft and Gamble, 2008; Kiernan, 2010). These structures were named after 

Franz Nissl. This German neuropsychiatrist (1860-1919) developed the so-called Nissl 

staining method that revealed the Nissl bodies as darkly stained granules in the neu-

ronal perikaria in brain sections stained with cationic dyes such as methylene blue or 

cresyl violet. Based on the perikarion localisation of the RER, the Nissl technique prefer-

entially stains the soma and to some extent the axonal hillock of neurons (Bancroft and 

Gamble, 2008; Garman, 2011). The Nissl staining method allows to identify the different 

layers constituting the gray matter in the nervous system as the amount, distribution 

and size of the Nissl bodies vary according to the cell types. Moreover, in case of degen-

erating neurons, for example after a lesion, ribosomes separate from RER, resulting in 

very badly labelled neurons with the Nissl technique given that it is based on RER stain-

ing (Garman, 2011). 

In Mk-DI, every eighth section (50 m, i.e. at 400- m interval), corresponding to a first 

section series, was histologically prepared to stain the Nissl substance with cresyl violet. 

Brain tissue was first treated to remove fat residuals by incubating for 1 hour in 1:1 

chloroform-alcohol 100%, then in alcohol 100% twice for 3 min each time, and finally 3 

min in alcohol 95%. At the end, sections were dried at 37°C. Then, sections were incu-

bated subsequently in alcohol 70% for 2 min, in alcohol 50% for 1 min and in distilled 

H2O for 30 s. Staining was performed by incubating sections at 40°C in 0.5% cresyl violet 

(diluted in distilled H2O, natrium acetate and acetic acid) for 2 to 7 min. Sections were 

then rinsed twice to three times for 1 min 30 s in distilled H2O, and incubated subse-
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quently in alcohol 70% for 3 min, in alcohol 80%-acetic acid for 6 min, in alcohol 95% 

for 1 min, twice in alcohol 100% for 1 min each time, in butanol for 5 to 45 min, and fi-

nally twice in xylol for 5 min each time. At the end, sections were mounted on slides by 

using Eukit. 

 

SMI staining 

The SMI-32 monoclonal antibody recognises a non-phosphorylated epitope of neurofil-

aments H (Sternberger and Sternberger, 1983). The SMI-32 immunoreactivity highlights 

the cell bodies, the dendrites and some thick axons of some pyramidal neurons in the 

neocortex (Campbell and Morrison, 1989). 

For Mk-DI, every eighth section was histologically prepared for SMI-32 staining. Free-

floating sections were first rinsed several times in phosphate-buffered saline solution 

(PBS, 0.1 M, pH 7.2) and then incubated for 10 min in 1.5% H2O2 (750 l 30% H2O2 in 50 

ml PBS) to remove the endogenous peroxidase activity. Sections were rinsed twice in 

PBS for 10 min each time and then incubated overnight at room temperature in SMI-32P 

mouse monoclonal antibody (anti-Neurofilament H Non-Phosphorylated, BioLegend, by 

LubioScience GmbH, Luzern, Switzerland) diluted 1:3000 in 2% normal horse serum 

and PBS-T (0.1 M, pH 7.2, Triton 0.2%). The following day, the tissue was washed three 

times in PBS for 10 min each time, then incubated for 30 min at room temperature in 

0.5% biotinylated anti-mouse secondary antibody (BA-2000, Vector Laboratories, Inc., 

Burlingame, CA), 2% horse serum and PBS, and rinsed again three times in PBS for 10 

min each time. The avidin-biotin complex (ABC) reaction was subsequently performed 

by using the ABC immunoperoxidase method (VECTASTAIN ABC Kit, peroxidase stand-

ard PK 4000, Vector Laboratories, Inc.): sections were incubated at room temperature in 

1% ABC solution (400 l A and 400 l B in 40 ml PBS-T) and then firstly rinsed twice in 

PBS for 10 min each time and secondly once in Tris-HCl buffer (pH 7.7). Finally, the visu-

alising reaction with diaminobenzidine (DAB, 3,3-diaminobenzidine tetrahydrochloride) 

as a chromogen was performed with 0.05% DAB diluted with 0.05% Tris-HCl buffer (pH 

7.7) and H2O2 (0.03%). Brain sections were finally washed twice in Tris-HCl buffer (pH 

7.7), then twice in PBS, and immediately mounted on gelatin-coated slides, dehydrated 

and coverslipped. 
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BDA histochemistry 

Within the injection site, the neuronal tracer biotinylated dextran amine (BDA) is taken 

up by the neuronal cell bodies and is then transported anterogradely to label the axon 

fibres, the collaterals and the synaptic boutons (terminal fields and boutons en passant) 

(Brandt and Apkarian, 1992; Morecraft et al., 2014). Moreover, low molecular weight 

BDA can also be retrogradely taken up at the injection site, resulting in retrogradely la-

belled fibres and cell bodies. Nevertheless, for high molecular weight BDA, such as in our 

study (i.e. 10,000 MW), anterograde labelling is much more effective than retrograde 

labelling (Negyessy et al., 2013; Rockland and Knutson, 2000). 

A third series of sections was histologically prepared to study the anterograde and ret-

rograde distributions of BDA after injection in S1. Processing was performed using a 

VECTASTAIN ABC Kit (peroxidase standard PK 4000, Vector Laboratories, Inc.). After 

sectioning, the free-floating sections were collected into PBS (pH 7.4, 0.1 M). The tissue 

was then washed three times in PBS-T (phosphate buffer 0.01M pH 7.4, NaCl 0.9%, Tri-

ton 0.3%) for 10 min each. Then the ABC reaction was performed: sections were over-

nighted at room temperature in a solution of 10 ml PBS-T, 2 drops of A and 2 drops of B. 

The following day, the tissue was rinsed three times in PBS (without Triton) and then a 

DAB reaction was performed to reveal BDA: sections were incubated in a DAB solution 

(20 ml PBS 0.1 M pH 7.4, 10 mg DAB, 660 μl H2O2 0.3%) for around 20 min or until the 

background came up. The tissue was then rinsed three times in PBS (0.1 M pH 7.4). Fi-

nally, the sections were mounted on subbed slides and dried overnight, before being co-

verslipped the day after. 

 

Cytochrome oxidase staining 

The cytochrome oxidases (C.O.) are energy-deriving mitochondrial enzymes responsible 

for electron transport and oxidative phosphorylation, ultimately producing ATP (adeno-

sine triphosphate) (Voet and Voet, 2004). ATP is linked to vital processes, meaning that 

the brain is highly dependent of these reactions due to its high metabolic needs 

(Herculano-Houzel, 2011). Briefly, the C.O. is sensitive to changes in neuronal activity. 

Accordingly, histochemical analyses of brain tissue revealed variable levels of C.O. activi-

ty from one region of the brain to another (Carroll and Wong-Riley, 1984; Matelli et al., 
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1985; Wong-Riley, 1979; Wong-Riley and Carroll, 1984), demonstrating that this en-

zyme could be used as a functional and anatomical marker. 

A selected rostrocaudal portion of a fourth series of MK-DI’s brain sections, comprising 

M1 and S1, was incubated for C.O. activity by using the method described by Wong-Riley 

(Carroll and Wong-Riley, 1984; Wong-Riley, 1979). To this end, sections were rinsed in 

0.1 M phosphate buffer for 5 minutes, then in 10% sucrose-phosphate buffer for 5 min 

and finally in 20% sucrose-phosphate buffer for 5 min. Next, sections were incubated for 

4 hours at room temperature in a solution of 0.1 M phosphate buffer containing 4% su-

crose, 50 mg of DAB and 0.04% cytochrome c from horse heart (Sigma n° C2506) per 

100 ml of buffer. Catalase (about 10 mg/100ml, Sigma n° C40 (500mg)) was used to 

eliminate the presence of any endogenous H202 but no detectable difference was noted 

with sections processed without catalase. The staining reaction was stopped by washing 

sections three times for 5 min each time in 0.1 M phosphate buffer. Sections were finally 

mounted, dehydrated in a series of graded alcohols, defatted in xylenes before being co-

verslipped. 

 

Myelin staining 

The myelin sheath is formed by compacted superimposed layers of neuroglial mem-

branes (oligodendrocytes in the CNS and Schwann cells in the PNS) surrounding axons 

and constituting axonal insulator to improve the conduction of action potentials by sal-

tatory conduction (Greenstein and Greenstein, 2000; Huxley and Stämpfli, 1949; 

Rushton, 1951; Tasaki, 1939). A myelin staining is therefore a marker for the white mat-

ter in the nervous system. The different techniques of myelin staining are based on the 

myelin composition rich in phospholipids and basic proteins essential for proper neu-

ronal function (Bancroft and Gamble, 2008; Savaskan et al., 2009). Interestingly, in case 

of neuronal degeneration or axonal damage, the myelin sheath degenerates as well, 

meaning that myelin staining can be used as an anatomical marker of lesion (Kiernan, 

2010).  

A portion of a fifth series of MK-DI’s brain sections, comprising M1 and S1, was histolog-

ically prepared to stain myelin (protocol generously provided by Dr Loïc Chareyron and 

Prof. Pierre Lavenex, improved from Quinn and Graybiel, 1994) in order to assess if the 
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cortical lesion affected white matter as well. To this end, free-floating sections were first 

rinsed three times for 10 min each in a solution of PBS (0.02 M) with 0.6% NaCl (pH 7.2-

7.4; 100 ml PO4 0.1 M + 400 ml H2O + 3 g NaCl) and then incubated with rotation for 1 

hour in a gold chloride solution (0.2% HAuCl4·3H2O, 0.012% H2O2 in 0.6% NaCl-PBS so-

lution) at room temperature. The development was stopped by rinsing the sections with 

normal saline (NaCl 0.9%) for 10 min and brain tissue was then fixed with 5% sodium 

thiosulphate for 5 min. Sections were then rinsed three times for 10 min each in PBS, 

mounted in PO4 (0.02 M) and dried for 3-4 hours in a 37°C oven. Then, sections were 

hydrated in a descending series of ethanol solutions (from 100% to 50% in 5 successive 

baths, for 2 min each), followed by several dips in distilled water. Counterstaining was 

then performed with 0.25% thionin (Fisher Scientific, Waltham, MA; catalog n° T-409) 

for 4 s followed again by several dips in distilled water. Sections were then dehydrated 

in an ascending series of ethanol solutions (from 50% to 100% in 5 successive baths, for 

4 min each), with the adjunction of 7 drops of acetic acid (1 min) in 95% ethanol be-

tween the 2nd and 3rd ethanol baths to differentiate the sections. Sections on glass slides 

were imbibed with xylene and coverslipped by using mountant DPX (BDH Laboratories 

Supplies, Poole, UK). 
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Abstract High-density scalp EEG recordings are widely

used to study whole-brain neuronal networks in humans non-

invasively.Here, we validate EEGmapping of somatosensory

evoked potentials (SSEPs) in macaque monkeys (Macaca

fascicularis) for the long-term investigation of large-scale

neuronal networks and their reorganisation after lesions

requiring a craniotomy. SSEPs were acquired from 33 scalp

electrodes in five adult anaesthetized animals after electrical

median or tibial nerve stimulation. SSEP scalp potential maps

were identified by cluster analysis and identified in individual

recordings. A distributed, linear inverse solution was used to

estimate the intracortical sources of the scalp potentials.

SSEPs were characterised by a sequence of components with

unique scalp topographies. Source analysis confirmed that

mediannerveSSEPcomponentmapswere in accordancewith

the somatotopic organisation of the sensorimotor cortex.Most

importantly, SSEP recordings were stable both intra- and in-

terindividually. We aim to apply this method to the study of

recovery and reorganisation of large-scale neuronal networks

following a focal cortical lesion requiring a craniotomy. As a

prerequisite, the present study demonstrated that a 300-mm2

unilateral craniotomy over the sensorimotor cortex necessary

to induce a cortical lesion, followed by bone flap reposition-

ing, suture and gap plugging with calcium phosphate cement,

did not induce major distortions of the SSEPs. In conclusion,

SSEPs can be successfully and reproducibly recorded from
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high-density EEG caps in macaque monkeys before and after

a craniotomy, opening new possibilities for the long-term

follow-up of the cortical reorganisation of large-scale net-

works in macaque monkeys after a cortical lesion.

Keywords Craniotomy � Electrical neuroimaging �
High-density EEG � LORETA inverse solution �
Non-human primate � Sensorimotor cortex

Abbreviations

CD Current density

EEG Electroencephalography

EPs Evoked potentials

GA Grand average

GEV Global explained variance

GFP Global field power

ICMS Intracortical microstimulation

im Intramuscular

iv Intravenous

LORETA Low-resolution electromagnetic tomography

LSI Laser speckle imaging

M1 Primary motor cortex

MRI Magnetic resonance imaging

S1 Primary somatosensory cortex

SC Spatial correlation

sc Subcutaneous

SD Standard deviation

SE Standard error

SSEPs Somatosensory evoked potentials

Introduction

Cortical plasticity promotes some functional recovery by

allowing reorganisation of neuronal connections after a

brain insult (e.g. Bütefisch 2004; Nudo 2006, 2007; Pascual-

Leone et al. 2005). Different approaches such as intracorti-

cal microstimulation (ICMS) (Eisner-Janowicz et al. 2008;

Liu and Rouiller 1999; Nudo and Milliken 1996; Rouiller

et al. 1998; Rouiller and Olivier 2004; Wyss et al. 2013),

laser speckle imaging (LSI) (Peuser et al. 2011) or magnetic

resonance imaging (MRI) (Peuser et al. 2011) have been

used to study cortical reorganisation accompanying func-

tional recovery of manual dexterity after a motor cortex

lesion in non-human primates. However, these techniques

have major limitations: MRI has a great cost and a limited

temporal resolution preventing time-sensitive assessment of

the brain activity whereas ICMS and LSI are invasive

methods limiting repetitive and long-term follow-up of

functional reorganisation and their limited spatial coverage

does not allow to investigate large-scale, whole-brain

network recovery. In contrast, electroencephalographic

(EEG) recordings of evoked potentials (EPs) are non-inva-

sive, easy to use and to repeat, and offer high temporal res-

olution. The poor spatial resolution of conventional EEG

techniques can be compensated using high-density scalp

recordings andmapping analysis tools that render EEG a true

brain mapping technique, i.e. providing spatiotemporal

information on normal and pathologic brain functions (Jur-

cak et al. 2007; Michel and Murray 2012; Nunez 1993), as

reported in humans (e.g. Hardmeier et al. 2013; Lascano et al.

2009, 2010; Lopez et al. 2011; Toepel et al. 2012; van de

Wassenberg et al. 2008a, b, 2009) and in rodents (Megevand

et al. 2008; Quairiaux et al. 2010). However, these tools have

not yet been systematically used in monkeys. EEG record-

ings in monkeys were classically restricted to invasive

electrocorticography or epidural recordings over a limited

brain area (Allison et al. 1991a, b; Allison and Hume 1981;

Arezzo et al. 1979, 1981; Chao et al. 2010; McCarthy et al.

1991) or were performed with surface electrodes along the

stimulated afferent pathway (Hernandez-Godinez et al. 2011

(4 electrodes in Macaca mulatta)), on the skull (Reinhart

et al. 2012 (14 electrodes in Macaca radiata); Tamura et al.

2013 (2 electrodes in Macaca fuscata)) or at the scalp with

poor spatial resolution (Ferrari et al. 2012 (6 electrodes in

newbornM.mulatta); Shimazu et al. 2000 (5 electrodes inM.

fuscata); Ueno et al. 2008 (5 electrodes in Pan troglodytes)).

To the best of our knowledge, only two studies involving

whole-brain EEG recordings inmonkeys have been reported,

focusing on electrical source imaging of brainstem auditory

evoked potentials (Fontanarosa et al. 2004, 32 electrodes in

M. mulatta) and auditory event-related potentials (Gil-da-

Costa et al. 2013, 22 electrodes in M. mulatta).

Motor areas and somatosensory areas are densely

interconnected in primates and participate together to the

motor control, forming the functional sensorimotor system

(e.g. Huffman and Krubitzer 2001; Kaas 2004; Krakauer

and Ghez 2000; Krubitzer and Disbrow 2005; Krubitzer

and Kaas 1990; Shinoura et al. 2005; Stepniewska et al.

1993). The primary somatosensory cortex (S1) sends cor-

ticocortical inputs to the primary motor cortex (M1)

(Ghosh and Porter 1988; Huerta and Pons 1990; Sloper

1973) and somatosensory corticospinal projections (Lemon

2008; Seo and Jang 2013), contributing to the control of

voluntary movements (Murray and Keller 2011). After a

lesion in caudal M1 in monkeys, the somatosensory system

is affected in parallel with the motor control itself (Friel

et al. 2005; Nudo et al. 2000) and in the same line, fol-

lowing a stroke, an increase of activity in S1 is associated

with a better motor recovery in humans (Laible et al. 2012).

It is therefore expected that, after a lesion in M1, S1

functions will also be affected in parallel with the motor

control itself. Our long-term goal is to show that after a

permanent lesion of the motor cortex, a rearrangement of
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connections, including also areas remote from the lesion,

can be monitored at repetitive time points during the

functional recovery using high-density EEG recordings of

somatosensory evoked potentials (SSEPs).

To validate our approach of whole-scalp EEG mapping

of SSEPs in macaque monkeys, a prerequisite is to dem-

onstrate the intraindividual stability and interindividual

reproducibility of SSEP signals. The present study intends

therefore to demonstrate that SSEPs can be successfully

and reproducibly recorded with good temporal and spatial

resolution from a high-density EEG cap covering the entire

skull in anaesthetized macaque monkeys. To this aim, we

developed customised EEG caps with 33 channels for

macaque monkeys. Median and tibial nerve SSEP record-

ings were regularly performed in five macaque monkeys to

obtain stable baseline data. We assessed the intraindividual

stability and interindividual reproducibility of the SSEPs

with classical component analyses as well as topographical

analysis tools as used in human studies. Furthermore, we

evaluated for the first time the ability of SSEP source

imaging to provide spatial information on brain somato-

sensory processing in macaque monkeys.

The experimental brain lesion of the motor cortex used

in our non-human primate model requires a craniotomy

(see e.g. Hamadjida et al. 2012; Kaeser et al. 2010, 2011;

Liu and Rouiller 1999; Wyss et al. 2013). It is well-known

from the literature that an opening in the skull may produce

a strong distortion in the pattern of electrical fields recor-

ded at the scalp due to a leakage of current through this

hole and the surrounding skull (Brigo et al. 2011; Cobb

et al. 1979; Cobb and Sears 1960; van Doorn and Cherian

2008). Therefore, the second goal of this study was to

assess whether a craniotomy followed by bone flap

replacement, suture and use of calcium phosphate cement

to fill the gaps around the flap, would distort the SSEPs

recorded from the scalp after surgery as compared to before

surgery. This evaluation also has important implications for

human EEG studies investigating recordings before and

after surgery, e.g. in epileptic patients that are not seizure

free after a surgery intended to remove the epileptic foci

(see e.g. Jung et al. 2013; Moosa et al. 2013; Roulet-Perez

et al. 2010; Sheybani et al. 2012; Simasathien et al. 2013).

Materials and methods

Macaque monkeys

Experiments were conducted on five adult macaque mon-

keys (M. fascicularis): three males (Mk-BB, Mk-DG, Mk-

EN) and two females (Mk-AT, Mk-DI). Their age/weight

ranges were 6 years/5.5 kg (Mk-BB), 9 years/8.5 kg

(Mk-DG), 7–8 years/7.7–8.3 kg (Mk-EN), 7 years/3.3 kg

(Mk-AT) and 8 years/3.4 kg (Mk-DI) at the time of the

experiments. They were housed in the animal facility with

one to three other congeners in a 45-m3 room (12 h light/

dark cycle). The weight of the animals was checked daily.

The animals were on no account food- or water-deprived

(see e.g. Kaeser et al. 2010; Schmidlin et al. 2011). All

procedures and animal care were conducted in accordance

with the Guide for the Care and Use of Laboratory Animals

(Committee for the Update of the Guide for the Care and

Use of Laboratory Animals, National Research Council

2011) and were approved by local (Canton of Fribourg)

and federal (Swiss) veterinary authorities. The present

experiments were covered by the official authorisation

numbers FR 22668, FR 18/10, FR 17/09, FR 156/08 and

FR 22010. Experimental procedures were designed to

minimise the animals’ pain and suffering.

SSEP acquisitions

Anaesthesia and procedure

SSEP acquisitions were performed under sevoflurane

anaesthesia (Sevorane�, Abbott) delivered with a mask by a

cassette vaporiser inserted in an anaesthesia machine (ADU

AS/3, Datex-Engström Division, Instrumentarium Corp.,

Helsinki, Finland). In case of low tolerance for the mask and

also to decrease the level of stress in highly restless mon-

keys, a pre-anaesthesia with S-ketamine hydrochloride

(Keta-S�, 60 mg/ml, Graeub AG, 5 mg/kg, im (intramus-

cular)) could be administrated as a first step. Data presented

in this study were, however, obtained without this pre-

anaesthesia. To induce a rapid gas anaesthesia, a bolus was

first given at a concentration of 6.5 % of sevoflurane (1–2 l/

min air; 1–2 l/min O2) for about 4–5 min, while the monkey

sat in a Plexiglas� primate chair (Schmidlin et al. 2011).

Then, the concentration of sevoflurane was reduced and

maintained at 2.5 % (0.3–1 l/min air; 0.3–1 l/min O2 for

Mk-AT, Mk-BB and Mk-EN) or 3.5 % (0.7–1 l/min air;

0.7–1 l/min O2 for Mk-DG and Mk-DI) for the continuation

of the experiment, suppressing the lid reflex. At that time,

the monkey was placed in a metal tilted chair with the

forearms on armrests and the hind legs laying horizontally

on a platform in the prolongation of the chair. Monkey’s

back and nape of the neck were maintained in an adequate

position with a customised thermoplastic shell (Turbocast

without perforation, Art.-nr 636025, FREY Orthopädie-

Bedarf AG, Othmarsingen, Switzerland). The monkey’s

head was shaved and washed vigorously with alcohol to

eliminate fat secretion on the scalp. The EEG cap was then

placed and maintained in the correct position using a chest

strap. Body temperature was maintained by covering the

animal with bubble wrap and single-use gloves filled with

warm water. During the experiment, the level of anaesthesia
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was regularly evaluated by checking the lid reflex. More-

over, the electrocardiogram, the cardiac pulse frequency,

the respiratory frequency, the expired CO2 and blood sat-

uration rate in oxygen were continuously monitored with

the anaesthesia machine.

Usually, a 30- to 50-min period was necessary between

the induction of the anaesthesia and the first recordings to

set up the EEG cap (see below) and to ensure equilibration

of the anaesthetic concentration.

At the end of the recordings, the sevoflurane delivery

was stopped and a mixture of O2 and air was delivered via

the mask to the monkey. All SSEP recordings were per-

formed in a Faraday cage room. The entire experimental

session typically lasted about 2–3 h.

Peripheral nerve stimulation

An electrical pulse stimulation was delivered to the median

nerve at the wrist or to the tibial nerve at the ankle, suc-

cessively on both sides through a surface stimulator (bar-

rette with 2 electrodes, 1 cm apart) attached around the

corresponding limb with a Velcro� strip. A silver-

impregnated conductive Velcro� ground electrode (model

F-E10SG1, Grass Instruments Division, Astro-Med, Inc.,

West Warwick, RI, USA) was placed around the stimulated

limb, proximally to the stimulation site. The regions where

the stimulator and the ground electrode were applied were

shaved and cleaned with alcohol and the electrodes of the

stimulator were moistened with saline solution. Stimuli

consisted of monophasic square wave electrical pulses of

400-ls duration delivered via an isolation unit (Stimulus

isolator A365R, World Precision Instruments, Sarasota,

USA) every 2 s (0.5 Hz) for periods of 3 min (corre-

sponding to a total of about 90 stimuli delivered at each of

the 4 stimulation sites). Stimulation intensities corre-

sponded to the visual threshold of the motor response of the

muscles innervated by the stimulated nerve (between 0.55

and 4.75 mA at the wrist and between 0.32 and 2.6 mA at

the ankle, depending on the animal’s corpulence), i.e.

eliciting a small twitch of the thumb after median nerve

stimulation and a plantar flexion of the toes after tibial

nerve stimulation. The visual motor threshold was used as

an indicator of the stimulation intensity because it is a

simple and position-independent criterion to visualise the

effectiveness of the electrical stimulation. Moreover, this

technique is widely used in clinics, e.g. to reliably localise

a nerve or a plexus during peripheral nerve blockade (Tsui

2007) or to evaluate curarisation level in anaesthetised

patients (Baurain et al. 1998) or animals (Martin-Flores

et al. 2008). To reduce the likelihood of anodal block, the

cathode of the stimulator was placed proximally and the

anode more distally on the stimulated limb (Cruccu et al.

2008).

Scalp SSEP recording

Recordings were performed at the scalp with a customised

EEG cap made of synthetic elastic tissue (EASYCAP

GmbH, Herrsching, Germany) with slits for the ears and 32

sintered Ag/AgCl electrodes (EASYCAP, Catalogue-Nr.

B12-HS-200) (Fig. 1a) in reference to a vertex electrode.

The EEG was grounded at an electrode just left to the

reference one. Electrodes were 2 mm in diameter and

embedded on a circular support 14 mm in diameter for Mk-

DG and Mk-EN’s cap (Fig. 1b) and 9.5 mm in diameter for

Mk-AT, Mk-BB and Mk-DI’s caps (Fig. 1c). Electrodes

were inserted in the cap in a symmetrical and regular

manner between both hemispheres, based on the Interna-

tional 10–10 System (American Clinical Neurophysiology

Society 2006) to cover the whole scalp (Fig. 1d). The

montage included 2 midline sites and 15 sites over each

Fig. 1 SSEP acquisitions and craniotomy. a View of Mk-EN’s EEG

cap from the top (frontal: down, occipital: up, right side: left, left side:

right). b Detail of an electrode of Mk-EN’s cap. The electrode is

mounted on a 14-mm circular support which is inserted in the cap.

c Detail of an electrode of Mk-AT, Mk-BB and MK-DI’s cap. The

electrode is fixed on the cap via a 9.5-mm circular glue support.

d Location of the 33 electrodes and their waveform after left median

nerve SSEPs (GA of 9 recordings), projected on Mk-EN’s MRI head

surface viewed from above (frontal: up, occipital: down, right side:

right, left side: left). Interval: 0.0 to 50.0 ms post-stimulus. The

perimeter of the bone flap of the craniotomy is indicated by dotted

lines. ref reference electrode
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hemisphere. The inter-electrode distance was between 1.5

and 2 cm for Mk-DG and Mk-EN’s cap and between 1 and

2 cm for the other caps.

The EEG was recorded using a BrainAmp DC amplifier

(Brain Products GmbH, Gilching, Germany) with a band-

pass filter between 0.1 Hz and 1 kHz and sampled at

5 kHz, with a resolution of 0.1 lV and 16 bit A/D con-

version. Signals were displayed online and stored on hard

drive using a conventional human EEG software (Brain-

Vision professional Recorder 1.20, Brain Products GmbH,

Gilching, Germany). Impedance minimisation was

obtained with a high-chloride, abrasive electrolyte gel

(Abralyt HiCl, EASY CAP). The impedances were kept

below 5 kX.

SSEP analysis

SSEP data averaging

Data analysis was performed using the Cartool software

developed by Denis Brunet (Geneva University Hospital

and Medical School, Geneva, Switzerland; https://sites.

google.com/site/fbmlab/cartool, Brunet et al. 2011).

Prior to averaging, the EEG was filtered offline between

8 and 300 Hz, and the DC component (0 Hz) was removed.

When the signals were contaminated with 50-Hz noise, an

additional 50-Hz notch filter was used. Signals were re-

referenced offline against the average reference and the

reference electrode became therefore a 33rd electrode.

Before averaging, responses to each stimulus were visually

selected offline to ensure that they were not contaminated

by noise in addition to a threshold criterion of 100 lV. All
SSEPs were finally obtained by averaging about 80 sweeps.

Data were baseline corrected, based on the -80 to -30 ms

pre-stimulus period. For Mk-EN, several SSEP grand

averages (GAs) were calculated based on different

recordings made at days to weeks intervals before and after

a 15 9 20-mm2 craniotomy performed over the right

parietal bone (see below ‘‘Surgery and craniotomy’’).

Classical component analysis

The effect of a craniotomy on EEG signals recorded at the

scalpwas first assessed by statistically comparing at each time

frame the amplitude of left median nerve SSEP signal recor-

ded at each electrodebetween4 pre-craniotomy sessions and 4

post-craniotomy sessions. A two two-tailed unpaired t test

with Bonferroni correction for the number of electrodes was

performed in Cartool with a p value threshold at 0.01.

Moreover, to assess the effects of the craniotomy on

SSEP signals and at the same time the stability of record-

ings, we also performed classical component analysis on

the global field power (GFP) waveform and at two selected

electrodes: electrode 32 (e32), located in right occipital

region presumably over the right half of the brainstem, and

electrode 12 (e12) presumably located over the sensori-

motor cortex of the right hemisphere (see Fig. 1d for pre-

cise location of the electrodes). The arrival of the afferent

volleys at the brainstem (brainstem component) and the

main cortical component were characterised both on the

GFP waveform, on e32 for the former and on e12 for the

latter. Both components measured at peak were analysed in

terms of absolute amplitude and latency from the stimu-

lation onset on the 4 pre-craniotomy sessions and on the 4

post-craniotomy sessions. Pre- and post-craniotomy values

were compared using unpaired t tests with SigmaPlot 12.0

(p value threshold at 0.01).

Identification of SSEP maps by cluster analysis

The spatiotemporal dynamics of the SSEPs can be repre-

sented by maps of the scalp potentials, i.e. a succession of

non-overlapping periods of stable scalp voltage topogra-

phies of variable duration and intensities and separated by

sharp transitions. Such SSEP component maps are thought

to represent the different processing steps in the brain

activity evoked by a stimulus (Brandeis and Lehmann

1986; Lehmann et al. 2009; Michel et al. 2009; Pascual-

Marqui et al. 1995). These maps represent the voltage

distribution on the scalp produced by all concurrently

active intracranial generators during this processing step

(Koenig et al. 2013; Michel and Murray 2012): different

scalp topographies necessarily result from different gen-

erators (Helmholtz 1853; Michel et al. 2004; Pascual-

Marqui et al. 1995; Vaughan 1982).

Topographical analyses of SSEPs have many advanta-

ges over the classical component analysis of SSEPs,

namely SSEP maps are reference–independent and are not

limited by a priori time periods and components of interest

in a subset of electrodes (Geselowitz 1998; Michel et al.

2004; Murray et al. 2008).

To determine the most important stable maps optimally

summarising the data, we applied a K-means clustering

algorithm (Murray et al. 2009; Pascual-Marqui et al. 1995)

to the GAs from 6- to 50-ms post-stimulus for median

nerve SSEPs and from 10.8- to 60-ms post-stimulus for

tibial nerve SSEPs. Clusters shorter than 0.4 ms (2 time

frames) were excluded and associated with the preceding

or the following one, depending on which they correlated

better with. Clusters with a correlation coefficient[92 %

were merged together. The optimal number of clusters was

determined using either the Krzanowski–Lai criterion

(Krzanowski and Lai 1988) or the cross-validation criterion

(Brunet et al. 2011).

Potential values were averaged during each cluster at

each electrode and interpolated with Delaunay
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triangulation for graphical representations of mean SSEP

maps. For further details about the whole segmentation

process, see Brunet et al. (2011) and Cartool Reference

Guide (Brunet 1996).

Statistical analyses on SSEP component maps

To determine in how far the templates (or maps) identified

by the cluster analysis are represented in the data of each

individual recording session, we computed a strength-

independent spatial correlation (SC) between the templates

identified in the GA cluster analysis and the EPs of each

individual recording session (fitting) (Megevand et al.

2008). The SC measures the topographical similarity

between two maps:

SC ¼
Pn

i¼1 ðui � viÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 u

2
i

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 v

2
i

p ;

where n is the number of electrodes and ui and vi are the

voltages against the average reference at electrode i for the

two maps (Lehmann and Skrandies 1980). No SC between

the template and the individual data results in SC = 0,

whereas a perfect SC between them yields SC = 1. This

fitting process assigns at each time frame and for each

individual recording the component map obtained by

cluster analysis having the highest SC. Segments shorter

than or equal to 0.4 ms were rejected. No smoothing was

applied to the data. Eight different topographical parame-

ters were then computed for each component map in each

individual recording: latency at first onset, duration, global

explained variance (GEV), latency at best SC, mean SC,

maximum of GFP, latency at maximum of GFP and mean

GFP. The GEV is the sum of the explained variances

weighted by the GFP at each time. For further details about

these parameters, see Brunet et al. (2011), Koenig and

Gianotti (2009) and Cartool Reference Guide (Brunet

1996).

The intraindividual stability of SSEPs was tested across

9 recording sessions. Unpaired t tests or Mann–Whitney

U rank sum tests when normality tests failed were per-

formed with SigmaPlot 12.0 to compare the latency at first

onset and the latency at best SC from each individual

recording session between pairs of successive component

maps obtained after median nerve stimulation and tibial

nerve stimulation (the p value threshold at 0.01 was

adapted using Bonferroni correction for the number of

electrodes). The total GEV for each recording session was

also computed by adding the GEVs obtained from each

template map, and these values were then averaged across

the 9 recording sessions.

Moreover, two-tailed unpaired t tests with Bonferroni

correction for the number of electrodes were performed

with Cartool with a p value threshold at 0.01 to compare

the 8 topographical parameters of the fitting before and

after the craniotomy.

SSEP source estimation method

MRI acquisition, electrode position reconstruction

and lead field model

Because any voltage topography recorded at the scalp can

be generated in principle by an infinite number of different

source combinations within the brain, no unambiguous

statement about which brain areas contribute to what extent

to the EPs can be made on the basis of scalp EEG data

alone. To estimate the electrical source activity, we used a

low-resolution electromagnetic tomography (LORETA)

distributed, linear inverse solution based on the estimation

of current density (CD) distribution in the whole brain

(Pascual-Marqui et al. 1994, 2009) combined with a lead

field model (or forward solution model) based on the

individual CT scan and MRI of Mk-EN.

For the MRI acquisition, the monkey Mk-EN was first

sedated with an im injection of ketamine hydrochloride

(Ketasol 100�, 100 mg/ml, Graeub AG, 10 mg/kg) and

midazolam hydrochloride (Dormicum�, 5 mg/ml, Roche

Pharma SA, 0.1 mg/kg), allowing to transport the animal

from the animal facility of the University to the HFR

Hôpital cantonal of Fribourg. The transport by car was

approved by local (Canton of Fribourg) veterinary

authorities. The MRI investigations were conducted

according to guidelines established by the Hospital’s

authorities.

Once in the MRI anteroom at the Hospital, the EEG cap

was positioned on the animal’s head and a small spot of

EEG paste (high-chloride electrolyte gel Lectron III-10,

EASY CAP) was put at each electrode location. This EEG

paste was used because it is easily visible in T1-weighted

MR images. The EEG cap was then carefully removed,

leaving the electrode positions labelled with EEG paste. An

intravenous (iv) catheter was placed in the saphenous vein

to induce propofol anaesthesia (mixture of propofol 1 %

MCT (Fresenius Kabi AG) and Ringer lactate (1:1), and

1.25 ml ketamine hydrochloride (Ketasol 100�, 100 mg/

ml, Graeub AG), 1.2–3.6 ml/kg/h). The monkey was

placed in lateral decubitus position and insulated with

bubble wrap. The monkey’s head was carefully positioned

on the side inside the head coil. During the MRI acquisi-

tion, the animal’s cardiac pulse frequency and blood sat-

uration rate in oxygen were continuously monitored and

the animal was provided with a continuous O2 flow. The

electrode positions were determined with the EEG paste

positions in the MRI space: an Ax FSPGR 3D full head

MRI (TE = 3.6 ms, TR = 8,000 ms, ET = 1, flip angle =
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10�, acquisition matrix = 240 9 240, 1 excitation) of Mk-

EN was acquired on a Discovery MR750 3.0T scanner (GE

Medical Systems) with a 32-channel head coil. A total of

312 slices were recorded with a 1.2-mm slice thickness, a

0.6-mm gap between slices and an in-plane resolution of

0.625 9 0.625 mm2.

The lead field model was computed with the Cartool

software from the CT scan and MRI acquisitions and from

the electrode positions. An analytical head model using a

manifold of locally adapted spheres to calculate the lead

field for each of the 33 electrodes was used (Brunet et al.

2011). The radiuses for the scalp, skull and brain were kept

constant (scalp at 100 %, outer skull boundary at 78 % and

brain/inner skull boundary at 68 %). Skull stripping was

performed with Cartool to obtain the isolated brain. The

whole brain, i.e. white and grey matter combined, was used

to define a solution space of 3,000 discrete points, because

the MRI quality did not provide enough separation between

white and grey matter. The relative conductivity of the

skull was set to 0.05.

Inverse solution

The obtained lead field matrix of Mk-EN was used to

compute a LORETA inverse matrix with the Cartool

software. A range of 13 Tikhonov regularisations was

pre-computed to allow the right amount of regularisation

to be selected according to the noise level found in the

data.

Left and right median nerve SSEPs from 9 recording

sessions in Mk-EN (before the craniotomy) were consid-

ered for this analysis. We estimated the CDs (mA/mm3)

for each source and at each time point. The 100-ms pre-

stimulus CD period was used as a baseline. Then, we

compared the baseline CDs with the post-stimulus CDs

across all the epochs of the different recording sessions

using paired t tests performed with Matlab (p value

threshold at 0.05) to assess when stimulus-evoked CDs

exceeded the baseline activity (Plomp et al. 2010). The

paired samples were the average baseline CD and the

evoked CD within each epoch at each time point between

0 and 200 ms after stimulus onset, and for each source

point. The t values were averaged across each component

map and colour-scaled.

Surgery and craniotomy

The animals of the present study are included in a pro-

tocol of cortical lesion of the hand area of M1 (see e.g.

Hamadjida et al. 2012; Kaeser et al. 2010, 2011; Wyss

et al. 2013). To this aim, animals were trained to perform

several manual dexterity tasks (for more details, see

Schmidlin et al. 2011) in parallel with SSEPs recordings.

The next step in the protocol is to perform a lesion by

microinfusion of ibotenic acid at multiple sites within the

hand area of M1 (see e.g. Hamadjida et al. 2012; Kaeser

et al. 2010, 2011; Liu and Rouiller 1999), requiring

consequently a craniotomy to expose the sensorimotor

cortex. To evaluate the effect of the craniotomy itself on

the SSEPs, a ‘‘sham lesion’’ consisting in the craniotomy

alone was first performed in Mk-EN, with the bone flap

put back in place.

To perform the craniotomy, the monkey Mk-EN was

first sedated with an im injection of ketamine hydrochlo-

ride (Ketasol 100�, 100 mg/ml, Graeub AG, 10 mg/kg),

midazolam hydrochloride (Dormicum�, 5 mg/ml, Roche

Pharma SA, 0.1 mg/kg) and methadone (Methadone�,

10 mg/ml, Streuli Pharma AG, 0.2 mg/kg). The premedi-

cation also included atropine (Atropinum sulf�, 0.5 mg/ml,

Sintetica SA, 0.05 mg/kg, im) to reduce bronchial secre-

tions, the analgesics carprofen (Rimadyl�, 50 mg/ml,

Pfizer Animal Health, 4 mg/kg, subcutaneous (sc)), the

antibiotics ampicillin 10 % (Betamox LA�, 150 mg/ml,

Arovet SA, 30 mg/kg, sc) and dexamethasone (Dexa-

methasone�, 5 mg/ml, Helvepharm AG, 0.15 mg/kg dilu-

ted 1:1 in saline, im) to prevent brain oedema. The surgery

itself was performed under sterile conditions. The animal

was placed in ventral decubitus position on a heating

blanket regulated according to the animal’s rectal temper-

ature, and isolated with bubble wrap. Eye drops (Neospo-

rin�, GlaxoSmithKline Inc.) were administrated to prevent

exsiccation of the cornea. The intra-operative monitoring

was the same as described above for SSEP acquisition (see

‘‘Anaesthesia and procedure’’) and included in addition

body temperature monitoring.

The animal was intubated and put under sevoflurane

anaesthesia (Sevorane�, Abbott, 2.5 %, in 50 % O2 and

50 % air). An iv catheter was placed in the saphenous vein

to induce propofol anaesthesia (mixture of propofol 1 %

MCT (Fresenius Kabi AG) and Ringer lactate (1:2), 1.8 ml/

kg/h) and Ringer lactate infusion (8 ml/kg/h). The mon-

key’s head was then fixed in a stereotaxic frame (Narishige,

Japan) using ear bars coated with lubricating gel (Lido-

hex�, Dr. G. Bichsel AG). The skin was incised along the

anteroposterior axis of the head, in the midline. This zone

had been locally anaesthetized with several sc injections of

lidocaine 1 % (Rapidocain� 1 %, 10 mg/ml, Sintetica SA,

2 ml in total). The muscles were incised and reclined. A

craniotomy was performed by drilling a rectangular bone

flap (15 mm mediolaterally 9 20 mm anteroposteriorally)

over the right hemisphere (i.e. contralateral to left median

nerve), whose centre was localised 15 mm rostral and

15 mm lateral from the reference point of the stereotaxic

frame (half-distance between both ear bars) and with an

angle of 30� with respect to the midsagittal plane (Shimazu

et al. 2004), giving access to the hand area in the right
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motor cortex (Fig. 1d). The dura mater was left in place.

The bone flap was then repositioned and sutured with 2

stitches, one on the midline anterior part and one on the

midline posterior part of the bone flap. To this aim, two

small holes were beforehand drilled through the bone flap

and two through the skull. A calcium phosphate cement

converting to hydroxyapatite (HydroSet Injectable HA

Bone Substitute, Stryker�; Chow and Takagi 2001; Dick-

son et al. 2002; Larsson 2006; Van Lieshout et al. 2011)

was then applied all around the bone flap and over the

stitches to seal the gaps. HydroSet is a synthetic material

formed by a sterile white powder (dicalcium phosphate

dihydrate, tetracalcium phosphate and trisodium citrate)

which has to be mixed with liquid (sodium phosphate,
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polyvinylpyrrolidone and water) to form a malleable paste.

It was mixed and applied with a thin spatula. The muscles

and the skin were then sutured. During painful phases (e.g.

bone drilling), fentanyl was delivered (Fentanyl Curamed�,

0.1 mg/2 ml, Actavis Switzerland AG, 0.1 lg/kg/min

diluted 1:1 in saline, iv). Following surgery, the monkey

was treated for 9 days with carprofen (Rimadyl�, 50 mg/

ml, Pfizer Animal Health, 4 mg/kg/day, sc) and ampicillin

10 % (Betamox LA�, 150 mg/ml, Arovet SA, 30 mg/kg

every second day, sc).

Results

Median nerve SSEPs

Electrical stimulation of the left median nerve at the wrist

elicited a complex response derived at the scalp (Fig. 2a,

b). In Mk-EN, the earliest component was recorded with

largest amplitude (mean -2.770 lV, standard deviation

(SD) 0.196; mean across 4 pre-craniotomy recording ses-

sions, used for further comparison with 4 post-craniotomy

recording sessions, see below ‘‘Effect of craniotomy on left

median nerve SSEPs’’) at 6.9 ms (mean, SD 0.258)

(Fig. 3b, c pre) at a contralateral occipital electrode (e32).

These spatiotemporal characteristics presumably corre-

spond to the arrival of the afferent volleys in the brainstem

(see also results of the inverse solution); this component

was consequently called brainstem component. The next

major component was recorded with the largest amplitude

(mean 6.603 lV, SD 2.428) at 17.9 ms (mean, SD 1.039)

(Fig. 3e, f pre) at a contralateral electrode located on the

sensorimotor cortex (e12). This component was called here

main cortical component.

To characterise the spatiotemporal dynamics of the scalp

SSEPs, signals after left and right median nerve stimulations

were each averaged from 9 recording sessions regularly

distributed at different days over an 11-week period and the

GAs were then segmented (GAs of 9 recording sessions

performed with Mk-EN, 2 independent clusterings, Fig. 2).

The Krzanowski–Lai criterion yielded 4 template maps as

the best solution of the K-means cluster analysis (Fig. 2c, d)

which explained 97.33 % of the GEV of the sequence of

brain activity evoked after left median nerve stimulation and

96.18 % of the GEV of the sequence of brain activity evoked

after right median nerve stimulation.

Following left median nerve stimulation, the first SSEP

component map lasted from 6 to 12.8 ms after the stimu-

lation (map 1, Fig. 2e) and was characterised by a positive

amplitude above the ipsilateral frontal part of the scalp and

a strong focal negative amplitude above the contralateral

most occipital part of the scalp. The next component map

was very short (map 2, from 12.8 to 15.2 ms), with a

positive amplitude above the contralateral fronto-parietal

cortex and a negative amplitude above the ipsilateral pa-

rieto-temporal part of the scalp. Then, the positivity spread

towards contralateral parietal electrodes and the negativity

became more frontal (map 3, from 15.2 to 25.6 ms). The

last component map (map 4, from 25.6 to 50 ms) was

characterised by a voltage inversion as compared to map 3.

As expected, voltage topographies of SSEPs obtained after

left and right median nerve stimulations were essentially

mirror images in relation to the anteroposterior axis

(Fig. 2e, f). Moreover, the latencies for each component

map were highly conserved between both stimulated sides.

A crucial issue is how stable the SSEP signals are in a

given monkey across recording sessions from different

days since the EEG cap might not be positioned precisely

in the same way between recording sessions. The high

stability of left median nerve SSEPs was first confirmed by

the small SD in amplitude and latency of the brainstem and

main cortical components measured on the GFP and,

respectively, on e32 and e12, as illustrated in Fig. 3. To

address the stability of the component maps across

recording sessions, the sequence of 4 templates identified

from the GAs was fitted back to the 9 individual recordings

(a summary of the raw voltage maps can be found in

bFig. 2 Median nerve SSEPs in Mk-EN. a, b Overlapped SSEP

waveforms at all electrodes after left and right median nerve

stimulations (GA of 9 recordings in each case), computed against

the average reference, during the first 50 ms following the stimula-

tion. Positive voltages are plotted upward. c, d Global field power

(GFP) waveform during the first 50 ms following the stimulation, and

temporal extent of the SSEP component maps obtained by cluster

analysis. e, f Colour-scaled mean voltage maps obtained for each

cluster shown in c, d. The colour scaling was adapted for each map

(positive voltage: red, negative voltage: blue). Red ‘‘?’’ indicates the

electrode with the most positive voltage value and blue ‘‘?’’ the

electrode with the most negative voltage value. The latency at onset is

indicated for each map. Maps are oriented so that the frontal part

points up, the occipital part points down, the left part points left and

the right part points right. g, h Latency at first onset and latency at

best spatial correlation (SC) for the 4 maps obtained after left and

right median nerve stimulations in each of the 9 recording sessions

used to compute the GAs shown in a, b. The mean latency ± SD is

shown. 9 unpaired t tests and 3 Mann–Whitney U rank sum tests when

normality tests failed were performed (the p value threshold at 0.01

was adapted using Bonferroni correction for the number of electrodes;

*** p B 0.01) to compare the latencies of pairs of successive maps. i,
j Box plots of the mean SC of each map measured for each of the 9

individual recordings used to compute the GAs shown in a, b. The
bottom of the boxes indicates the 25th percentile, the line within the

boxes marks the median, and the top of the boxes indicates the 75th

percentile. Whiskers below and above the boxes display the 10th and

90th percentiles, respectively. Outliers are represented by black dots.

k, l The estimated source localisations obtained with LORETA

inverse solution are plotted for each map after left and right median

nerve stimulations. Coloured areas indicate regions of significant

deflection from baseline projected onto Mk-EN’s brain (t values are

averaged across each component map and colour-scaled, only

significant t values at p\ 0.05 are shown, paired t tests, ns

statistically non-significant)
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Online Resource Supplementary Figures 1 and 2). The

GEVs of each of the 4 templates of a recording session

were added and then averaged across the 9 recording ses-

sions, resulting in remarkably strong mean GEV of

94.64 % (SD 2.26) for left median nerve SSEPs and

93.90 % (SD 0.93) for right median nerve SSEPs. More-

over, the mean latency at first onset and the mean latency at

best SC for each component map across the 9 recording

sessions were very similar between both right and left

median nerve SSEPs and exhibited a very small SD

(Fig. 2g, h; Table 1); and the mean SC for each map from

the 9 recording sessions was very high for both stimulated

sides (Fig. 2i, j; Table 1). Equally important, we observed

that the differences in mean latencies at first onset and the

differences in mean latencies at best SC between pairs of

successive component maps were all highly statistically

significant, both after left and right median nerve stimu-

lations (all p values B10-3 for each comparison of two

successive map latencies, 9 unpaired t tests and 3 Mann–

Whitney U rank sum tests because normality test failed,

Fig. 2g, h; Table 1), indicating that the sequence of com-

ponent maps was similar across recording sessions. All

these observations demonstrate that median nerve SSEPs in

macaque monkeys are characterised by a succession of 4

stable component maps highly reproducible across

recordings sessions (Fig. 2e, f).

Fig. 3 Latencies and amplitudes of left median nerve SSEP compo-

nents in Mk-EN. a Waveform at electrode 32 (e32) (left) and GFP

waveform (right) before (black) and after (red) craniotomy. The small

black arrow shows the brainstem component on each waveform.

b Latency from stimulation onset of the brainstem component

measured on e32 and on the GFP waveform before (pre, black) and

after (post, red) craniotomy. c Amplitude of the brainstem component

measured on e32 and on the GFP waveform. dWaveform at electrode

12 (e12) (left) and GFP waveform (right) before (black) and after

(red) craniotomy. The small black arrow shows the main cortical

component on each waveform. e Latency from stimulation onset of

the main cortical component measured on e12 and on the GFP

waveform. f Amplitude of the main cortical component measured on

e12 and on the GFP waveform. The mean ± SD values from 4 pre-

craniotomy SSEP (pre) and from 4 post-craniotomy SSEP (post)

recordings are plotted for each condition. p values obtained with

unpaired t tests at p\ 0.01 are indicated. See Fig. 1d for the location

of e32 and e12
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The spatiotemporal propagation of activity described by

this sequence of component maps seems to correspond well

to the expected propagation of sensory evoked processing

following median nerve stimulation. During map 1, the

strong negative voltage deflections above the contralateral

posterior part of the map may correspond to the early

processing of the afferent sensory volleys in the dorsal

column nuclei in the brainstem. During the 3 following

maps, the locations of the strongest voltage values in the

contralateral parietal and frontal cortices, first positive

during maps 2 and 3, then negative during map 4, may

correspond to activation of sensory and motor hand rep-

resentations. However, no unambiguous statement about

the contributing brain areas can be made on the basis of

surface topographies alone. Consequently, we used the

LORETA distributed, linear inverse solution adapted to

Mk-EN’s brain to localise the generators of the observed

scalp EEG activities. Figure 2k, l shows the surface rep-

resentations of the significant intracerebral source esti-

mates during the 4 SSEP maps in response to left and right

median nerve stimulations. For left median nerve SSEPs, it

confirmed that during map 1, the contralateral dorsal

region of the brainstem was active. From maps 2 to 4,

activity invaded successively an anterior medial region of

the contralateral parietal cortex, then the posterior medial

region of the frontal cortex and finally back to the parietal

cortex (Fig. 2k). After right median nerve stimulation,

similar results were obtained for maps 2 and 3 (Fig. 2l).

However, no significant source estimates could be calcu-

lated using our algorithm at p\ 0.05 for maps 1 and 4.

This difficulty to localise evoked activity source estimates

may be due to morphological differences between the two

hemispheres or to the skull altering the positioning of the

electrodes above the left and right hemispheres and

reducing the signal-to-noise ratio asymmetrically.

Tibial nerve SSEPs

Although we were interested mainly in the arm represen-

tation of the sensorimotor cortex, we also recorded left and

right tibial nerve SSEPs (Fig. 4a, b). SSEP signals were

averaged from 9 recording sessions regularly distributed

over an 11-week period and the GAs were then segmented

(GAs of 9 recording sessions performed with Mk-EN, 2

independent clusterings, Fig. 4). The spatiotemporal

dynamics of evoked brain activity was summarised by 3

different component maps (Fig. 4e, f) by the K-means

cluster analysis (Fig. 4c, d), explaining 97.29 % of the

GEV of left tibial nerve SSEPs and 98.04 % of the GEV of

right tibial nerve SSEPs. This sequence of 3 templates was

then fitted back to the 9 individual recordings. The GEVs

of the 3 templates of a recording session were added and

then averaged across the 9 recording sessions, yielding a

mean GEV of 89.55 % (SD 4.00) for left tibial nerve

SSEPs and 90.66 % (SD 3.34) for right tibial nerve SSEPs.

Once again, the SD in mean latencies at first onset and in

mean latencies at best SC from the 9 recording sessions

was small (Fig. 4g, h; Table 1), these latencies were sim-

ilar between both stimulated sides (Table 1) and the mean

SC for each map across the recordings was very high for

both left tibial nerve SSEPs and right tibial nerve SSEPs

(Fig. 2i, j, Table 1). These findings demonstrate here again

that the succession of brain activity components was stable

and reproducible across recordings and consequently that

the intraindividual variability of tibial nerve SSEP maps

was minimal over time.

The differences in mean latencies at first onset and the

differences in latencies at best SC between pairs of suc-

cessive component maps were all highly statistically sig-

nificant, both after left and right tibial nerve stimulations

(all p values B10-3 for each comparison of two successive

map latencies, 4 unpaired t tests and 4 Mann–Whitney U

rank sum tests because normality test failed, Fig. 4g, h;

Table 1). Thus, tibial nerve SSEPs in macaque monkeys

Table 1 Fitting parameters of median and tibial nerve SSEPs

Latency at first

onset (ms)

Latency at best

SC (ms)

Mean SC

Mean SD Mean SD Mean SD Median

Left median nerve SSEPs

Map 1 6.00 0.00 8.46 0.62 0.90 0.03 0.91

Map 2 13.00 0.68 14.18 0.91 0.88 0.06 0.90

Map 3 15.31 1.02 18.76 1.78 0.91 0.03 0.92

Map 4 25.44 1.04 34.30 2.89 0.93 0.01 0.93

Right median nerve SSEPs

Map 1 6.00 0.00 8.20 0.52 0.88 0.04 0.88

Map 2 12.09 0.62 13.16 0.71 0.85 0.08 0.90

Map 3 14.44 0.86 18.07 2.05 0.86 0.09 0.89

Map 4 25.05 0.87 32.40 3.04 0.88 0.05 0.88

Left tibial nerve SSEPs

Map 1 10.91 0.33 12.71 0.96 0.86 0.05 0.85

Map 2 16.53 1.09 22.00 3.21 0.87 0.04 0.88

Map 1 29.31 1.08 40.82 3.92 0.79 0.09 0.83

Right tibial nerve SSEPs

Map 1 10.94 0.38 12.94 1.08 0.78 0.14 0.82

Map 2 15.76 0.64 21.60 3.32 0.89 0.04 0.89

Map 3 28.97 1.87 40.13 8.25 0.83 0.05 0.84

Latency at first onset, latency at best spatial correlation (SC) and

mean SC resulting from the fitting of the templates (maps) obtained

by cluster analysis back to the 9 individual recording sessions of left

and right median nerve SSEPs (Fig. 2) and left and right tibial nerve

SSEPs (Fig. 4). Values correspond to the mean, SD and median (for

mean SC only) across the 9 recording sessions. For reminder, no

correlation between the templates and the individual data leads to

SC = 0, whereas a whole correlation between them results in SC = 1
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are remarkably stable across recording sessions (which is

also visible in the raw voltage maps in Online Resource

Supplementary Figures 3 and 4) and can be characterised

by a succession of 3 stable component maps (Fig. 4e, f).

Following left and right tibial nerve stimulations, the

SSEPs exhibited first a negative amplitude in the central

part of the scalp (fronto-parietal region) and a positive

amplitude at the most frontal electrodes (map 1) (Fig. 4e,

f). A strong central positive amplitude appeared above

midline in the fronto-parietal scalp region during map 2,

situated above the expected sensorimotor somatotopic

representation of the contralateral leg along the medial

longitudinal fissure and reversed during map 3. The simi-

larity of voltage topographies of the SSEPs obtained after

left and right tibial nerve stimulations is presumably due to

the fact that the leg representation in the sensorimotor

cortex is located on either side of the medial longitudinal

fissure.

Fig. 4 Tibial nerve SSEPs in Mk-EN. a, b Overlapped SSEP

waveforms at all electrodes after left and right tibial nerve stimula-

tions (GA of 9 recordings in each case), during the first 60 ms

following the stimulation. c, d GFP waveform during the first 60 ms

following the stimulation, and temporal extent of the SSEP compo-

nent maps obtained by cluster analysis. e, f Colour-scaled mean

voltage maps obtained for each cluster shown in c, d. g, h Latency at

first onset and latency at best SC for the 3 maps obtained after left and

right tibial nerve stimulations in each of the 9 recording sessions used

to compute the GAs shown in a, b. The mean latency ± SD is shown.

4 unpaired t tests and 4 Mann–Whitney U rank sum tests when

normality tests failed were performed (the p value threshold at 0.01

was adapted using Bonferroni correction for the number of electrodes;

*** p B 0.01) to compare the latencies of pairs of successive maps. i,
j Box plots of the mean SC of each map measured for each of the 9

individual recordings used to compute the GAs shown in a, b. Same

conventions as in Fig. 2
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Interindividual reproducibility of SSEPs

The results presented in Figs. 2 and 4, acquired in a

single animal (Mk-EN), showed high stability across

recording sessions. Median nerve and tibial nerve SSEP

recordings were also performed in four other monkeys

(Mk-AT, Mk-BB, Mk-DG, Mk-DI). A qualitative analysis

based on left median nerve SSEPs obtained from 1

recording session in the five animals showed that there

were some differences in the relative amplitude and some

shifts in latencies of the different SSEP components

among the animals (Fig. 5a), i.e. the voltage maps at a

given time point may differ slightly across animals. For

example, maps from 13 ms in Mk-DI were delayed by

3–6 ms relative to the ones in the other monkeys. More

importantly, however, voltage topographies at the scalp

were conserved both in terms of spatial configuration and

temporal sequence across the five individuals (Fig. 5b).

This reproducibility of surface topographies across ani-

mals was also true for right median nerve SSEPs and left

and right tibial nerve SSEPs (Online Resource Supple-

mentary Figures 5–7).

Fig. 5 Interindividual reproducibility of left median nerve SSEPs.

a Brainstem component and main cortical component SSEP wave-

forms after left median nerve stimulation in five monkeys: Mk-AT

(blue), Mk-BB (green), Mk-DG (black), Mk-DI (red), and Mk-EN

(yellow), during the first 50 ms following the stimulation. These data

were obtained from 1 recording session in each animal. b Colour-

scaled voltage maps obtained from 7 to 37 ms post-stimulus, at 3-ms

interval. The colour scaling in microvolts is indicated for each animal

and was adapted for each map. All the maps were obtained using the

same cap model (Mk-EN). The locations of the electrodes where both

components were recorded with the largest amplitude are represented

on the maps with orange circles (brainstem component) and light

green circles (main cortical component). Note that these locations can

vary between animals. Same conventions as in Fig. 2
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Effect of craniotomy on left median nerve SSEPs

A 300-mm2 craniotomy was performed over the hand

representation in the right sensorimotor cortex followed by

bone flap repositioning in Mk-EN. Subsequently, post-

craniotomy SSEPs were acquired and compared to pre-

craniotomy data, to investigate whether the craniotomy had

an impact on the scalp SSEPs. Four post-craniotomy

SSEPs in response to left median nerve stimulation

(therefore contralateral to the craniotomy) were recorded at

regular time points over a 7-week period and compared to 4

pre-craniotomy SSEPs recorded over an 11-week period.

No statistically significant differences appeared in the

amplitude of the signal before and after the craniotomy

when the statistical analysis was performed on each elec-

trode at each time frame (two-tailed unpaired t test at

p\ 0.01, Bonferroni corrected for the number of elec-

trodes). Moreover, post-craniotomy waveforms did not

show any artefact.

The effect of craniotomy on left median nerve SSEPs

was then classically assessed by comparing the absolute

amplitude and the latency from the stimulation onset of the

brainstem and main cortical components on two electrodes

of interest (e12 and e32) and on the GFP (Fig. 3). No

statistically significant differences in amplitude and in

latency were observed between pre- and post-craniotomy

data (all p values [0.1 for each comparison of pre- and

post-craniotomy data, 8 unpaired t tests).

The effect of craniotomy was also tested using topo-

graphical analyses of surface SSEPs (Fig. 6). To this aim,

the GA of the 4 pre-craniotomy sessions and the GA of the

4 post-craniotomy sessions used in Fig. 3 were subjected to

a common K-means clustering. This segmentation process

found the same sequence of 4 SSEP component maps

before (Fig. 6c, e) and after (Fig. 6d, f) the surgery with

quite similar latencies at first onset, suggesting that crani-

otomy by itself did not induce major changes in the spatial

configuration and the temporal sequence of the component

maps. To confirm this result, the 4 maps were fitted back to

each of the 4 pre-craniotomy and 4 post-craniotomy

recordings (Fig. 6g). Two-tailed unpaired t tests were

performed to compare 8 topographical parameters (latency

at first onset, duration, GEV, latency at best SC, mean SC,

maximum of GFP, latency at maximum of GFP and mean

GFP) for each component map before and after the crani-

otomy (Fig. 6h). Despite a seeming increase in cluster 2

duration, no statistically significant differences appeared

between both conditions for any map parameter (all p val-

ues[0.15 for each comparison of pre- and post-craniotomy

parameters), except a statistically higher post-craniotomy

map 2 GEV (mean 0.101, standard error (SE) 0.005) than

pre-craniotomy (mean 0.020, SE 0.007; p value 0.0045).

This confirmed the absence of any strong adverse effect of

craniotomy on our surface EEG and again the intraindi-

vidual stability of SSEP recordings over time.

Discussion

The present study showed that scalp SSEPs can be suc-

cessfully and reproducibly recorded from a high-density

EEG cap in anaesthetized macaque monkeys. Using

detailed analyses of waveform components, voltage

topographies and source localisation methods, we descri-

bed the spatiotemporal propagation of SSEPs across the

brain and demonstrated the stability of EEG recordings

over time and across animals. We also demonstrated that a

craniotomy followed by bone flap replacement with cal-

cium phosphate cement suture did not affect the SSEPs in

macaque monkeys, confirming that topographical analyses

of SSEP are a valid and promising method to assess the

reorganisation of the somatosensory network after lesions

requiring a craniotomy. This study hence opens up new

possibilities for the non-invasive long-term follow-up of

cortical reorganisation in macaque monkeys after a cortical

lesion or any injury affecting other parts of the central

nervous system.

Intraindividual stability and interindividual

reproducibility of the SSEPs

SSEPs recorded over several daily sessions in the same

monkey were highly stable in terms of shapes of the

waveform components as well as in terms of scalp topog-

raphies. This finding is not trivial because it is impossible

to position the EEG cap exactly at the same location from

one recording session to the next and the impedance of the

electrodes also vary between recording sessions. The in-

traindividual stability of the SSEPs was demonstrated with

the fitting process: it is a highly demanding procedure

because it tries to allocate the clustering template fitting

with the highest SC to the voltage topography of each time

frame independently, and in each individual recording

independently. Therefore, obtaining a coherent succession

of voltage topographies in each recording and conserved

across the recordings demonstrates and also proves the high

quality and the stability of the SSEP data. Highly repro-

ducible EP recordings from one session to the next were

already demonstrated in mice in response to whisker

stimulation (Megevand et al. 2008). Between monkeys, the

same components were present, although we observed

some differences in latencies and amplitudes. These dif-

ferences in latency and amplitude might be due to intrinsic

physiological differences between animals. Latency dif-

ferences may also be due to anatomical variations, such as

the size of the limbs, inducing differences in the length of
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Fig. 6 Effect of the craniotomy on the spatiotemporal pattern of left

median nerve SSEPs in Mk-EN. a, b Overlapped SSEP waveforms at

all electrodes after left median nerve stimulation obtained before and

after craniotomy (GA of 4 recordings in each case). c, d GFP and

temporal extent of the SSEP component maps obtained by cluster

analysis. e, f Colour-scaled mean voltage maps obtained for each

cluster shown in c, d. Same conventions as in Fig. 2. g, h Fitting

process of the 4 distinct clusters obtained by cluster analysis in c,

d back to each of the 8 recordings. g GFP waveforms and temporal

extent of the 4 different SSEP component maps for each of the 4 pre-

craniotomy (black) and 4 post-craniotomy (red) individual recordings

used to compute the GAs shown in a and b, from 6 to 50 ms

following the stimulation. h Two-tailed unpaired t tests at p\ 0.01

performed on the fitting results, between the pre- and post-craniotomy

recording sessions: black bars indicate for each parameter the maps

during which p values are statistically significant
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the nerve tracts from the peripheral receptors to the brain

(Chu 1986). Moreover, some variability may result from

differences in the EEG caps and electrode types used for

the different animals or differences in the signal-to-noise

ratios. Nevertheless, voltage topographies were well con-

served among the five monkeys. Taken together, the in-

traindividual stability and the interindividual

reproducibility of SSEPs prove the high quality of our data

and support the potential of our method of whole-scalp

EEG mapping of SSEPs in non-human primates, e.g. in the

context of a regular evaluation of the cortical reorganisa-

tion following a cortical lesion.

Spatiotemporal propagation of SSEPs

Here, we described EPs recorded in macaque monkeys as a

succession of stable brain states called functional micro-

states (Lehmann et al. 1987, 2009; Michel et al. 2009).

Their presence was demonstrated in many human multi-

channel EP studies (for reviews, see Brandeis and Leh-

mann 1986; Michel et al. 1999, 2001; Murray et al. 2008)

as well as in rodents in response to whisker stimulation

(Megevand et al. 2008, 2009; Quairiaux et al. 2010, 2011).

SSEP voltage maps obtained here in monkeys are quite

similar to the ones obtained in human with high-resolution

EEG mapping of SSEPs (Lascano et al. 2009; van de

Wassenberg et al. 2008a) using the same kind of stimula-

tion. The differences in latency observed between both

species are due to the longer human sensory pathways as

compared to the ones in macaque monkeys. As reported

here, scalp topographies of right and left median nerve

SSEPs in human are mirror images in relation to the

anteroposterior axis (Lascano et al. 2009), which could be

of importance to study the effects of unilateral brain lesions

(Quairiaux et al. 2010).

Source imaging

Based on anatomical knowledge, one could localise the

main deep generators of the median nerve SSEPs recorded

at occipital electrodes to the brainstem and at contralateral

parietal and frontal electrodes to the underneath cortical

areas, as already demonstrated in human (Finke et al. 2013;

He et al. 2002) and in accordance with a response of the

dorsal column nuclei following an electrical stimulation of

the median nerve at the wrist in macaque monkeys (Moller

et al. 1989) and close to the expected location of the

somatosensory representation of the hand in macaque

monkeys (Nelson et al. 1980). Moreover, as expected, the

scalp SSEP response after tibial nerve stimulation was

medial to the one after median nerve stimulation. Never-

theless due to the volume conduction problem and to the

distance to the generators, the validity and the spatial

resolution of such observations are limited. Classically, the

localisation of generators of brain activity was investigated

in monkeys using invasive recordings on the surface of or

within the cortex (for a review, see e.g. Allison et al.

1991a). Here, we used a distributed source localisation

method on the scalp EEG of macaque monkeys. Distrib-

uted source localisation methods have been successfully

used in many previous human experimental studies (for

reviews, see e.g. He et al. 2011; Michel et al. 2001, 2004;

Michel and He 2011) and clinical studies in the context of

the localisation of epileptic foci (see e.g. Plummer et al.

2010). Our results could be of interest for future lesion-

induced plasticity experiments. To the best of our knowl-

edge, LORETA source analyses based on high-density

EEG have been used only in two other studies with mon-

keys (Fontanarosa et al. 2004; Gil-da-Costa et al. 2013).

The present study confirms the feasibility of recording

scalp EEGs from a high-density electrode array in non-

human primates and of localising the cortical generators of

EPs with LORETA. Moreover, our study on SSEPs is

original from several points of view: first of all, we

developed for the first time scalp EEG recordings of SSEPs

in adult M. fascicularis with a large number of scalp

electrodes. Such whole-scalp recordings allow to record

large-scale neuronal networks and their reorganisation

following a disruption. We can assume that we recorded

EEG with a higher density of scalp electrodes as compared

to 22 electrodes (Gil-da-Costa et al. 2013) and 32 elec-

trodes (Fontanarosa et al. 2004) in adult M. mulatta, that

have a larger head than M. fascicularis (Hamada et al.

2006), although the size and weight of the animals

involved in both studies were not mentioned. Then, we

demonstrated that SSEP signals were topographically sta-

ble over time in the same animal and across several ani-

mals, which is required to prove the validity of our method

of EEG mapping of SSEPs in macaque monkeys. To this

aim, we introduced for the first time a cluster analysis of

monkey SSEPs with detailed statistical analyses of the

voltage topographies which are reference-independent

instead of waveforms at selected electrodes (Geselowitz

1998; Michel et al. 2004; Murray et al. 2008). Equally

important, we developed and applied a LORETA inverse

solution to SSEP signals in macaque monkeys. Last but not

least, we demonstrated that a replaced, sutured and

cemented bone flap following a craniotomy had a negli-

gible effect on the recorded EEG signals in macaque

monkeys.

Effect of craniotomy on scalp SSEPs

EEGs in patients with a skull defect or a skull lesion are

characterised by a ‘‘breach rhythm’’ that is not suppressed

in all cases after skull reconstruction (Brigo et al. 2011;
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Cobb et al. 1979; Cobb and Sears 1960; van Doorn and

Cherian 2008). The breach rhythm signals are a mu-like

activity and exhibit a higher overall power as compared to

normal scalp spontaneous EEGs and EPs (Lee et al. 2010a;

Pfurtscheller et al. 1982; Tatum et al. 2011; Voytek et al.

2010). These signals reflect probably the reduction of the

filtering and of high resistive properties normally exerted

by the intact skull, resulting in a higher current flow from

the brain to the scalp (Brigo et al. 2011; Chauveau et al.

2004). The amplitude of these signals depends among

others on the distance between the recording electrode and

the hole, on the hole size and conductivity, and on the

orientation and location of the source in relation to the

skull defect (Benar and Gotman 2002; Chauveau et al.

2004; Flemming et al. 2005; Heasman et al. 2002; Li et al.

2007; Oostenveld and Oostendorp 2002). Thus, the signal

distortion is variable for the different components of EPs,

depending on the location of the involved source in relation

to the skull defect (Flemming et al. 2005). It is important to

take this EEG alteration into account to achieve an accurate

EEG source localisation (Benar and Gotman 2002; Chau-

veau et al. 2004; Chen et al. 2010; Heasman et al. 2002;

Oostenveld and Oostendorp 2002). In addition to these

breach rhythms, a recent publication (Suzuki et al. 2012)

reports that a craniotomy may induce artifactual glial

activation (Xu et al. 2007) due to mechanical stimulation

(Davalos et al. 2005), and cortical inflammation due to

inflammatory blood cell leakage from damaged vessels.

The effect of the craniotomy on SSEP signals was

assessed by two complementary approaches: the classical

analysis gives information about differences in the signal

amplitude and latency between two situations, whereas the

topographical analysis illustrates changes in the electrical

field distribution (Astle et al. 2009). Classical analyses

showed no statistically significant effect of craniotomy. No

differences were observed in the topographical parameters

studied here except the GEV of map 2 that was higher in

post-craniotomy recordings. As reminder, the GEV is the

percentage of the data variance explained by a given

voltage topography and therefore should indicate the

importance of a given map (Brunet 1996, Cartool Refer-

ence Guide; Koban et al. 2012). It means that the signifi-

cance of map 2 was higher after than before the craniotomy

but the topography, the latency at first onset, the duration,

the SC and the GFP of this map were not affected by the

surgery, i.e. the syntax (temporal sequence and duration) of

the SSEP component maps did not significantly change

after craniotomy.

The observation that craniotomy followed by bone flap

repositioning had a negligible effect on the SSEP signals in

macaque monkeys shows the beneficial effect of using

calcium phosphate cement to plug the entire perimeter of

the bone flap. Such hydroxyapatite bone substitutes present

several advantages: they can be resorbed and then replaced

by natural bone under physiological conditions (osteocon-

ductive properties) because they support bone prolifera-

tion; they are biocompatible; they have a long working

time (time from start of mixing, allowing to manipulate the

cement) and a short setting time; they can be set in a wet

field environment; they do not release any heat during

setting (isothermic properties) and finally they can be

applied by simple injection (Adams et al. 2011; Clarkin

et al. 2009a, b; Hannink et al. 2008). Our results contrast

with the ‘‘breach rhythm’’ reported by Cobb et al. (1979) in

some patients after skull reconstruction following craniot-

omy. Nevertheless, we should keep in mind that immedi-

ately after a surgery breach rhythms can be absent and

develop progressively instead (Pfurtscheller et al. 1982). In

a recent study using median nerve and tibial nerve SSEPs

to evaluate the extent of surgical decompression in children

affected by Chiari type 1 malformation (Chen et al. 2012),

the bone flap was not replaced at the end of the surgery

(craniectomy) in some patients whereas it was (craniot-

omy) in the others. Nevertheless, there was no difference in

the pattern of decrease of SSEP latency during the surgery

between both groups of subjects, meaning that the

replacement of the bone did not influence SSEPs and

therefore that the EP latency decrease observed during the

surgery was the result of the decompression on its own (by

craniectomy and durotomy). This finding goes in the same

direction as the results obtained here in macaque monkeys.

The demonstration of negligible effect of the craniotomy

on SSEPs is important in the context of a future unilateral

lesion of M1 requiring a craniotomy, to distinguish the

possible modulations generated by the craniotomy from the

consequences of the lesion itself on SSEP responses.

Future perspectives

Based on previous studies (Bazley et al. 2011; Hu et al.

2011), SSEPs are expected to help to investigate the post-

lesional cortical reorganisation of neuronal networks,

especially to highlight which areas of the monkey’s brain

may take over the functions of M1 affected by the lesion.

From a clinical point of view, we also hope that post-

lesional modifications in SSEP signals will help us to

predict the level of recovery after the lesion (Carter and

Butt 2005; Feys et al. 2000; Lee et al. 2010b, c; Su et al.

2010; Tzvetanov et al. 2005; Tzvetanov and Rousseff

2005; Zhang et al. 2011).

To sum up, the present study demonstrated the feasi-

bility of high-density scalp SSEP recordings during the pre-

and post-lesional follow-up of cortical activity in macaque

monkeys. Not only is EEG relatively inexpensive and non-

invasive as compared to other imaging techniques, allow-

ing repeated acquisitions in the same animal, but it also
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allows to study cortical reorganisation at the whole-brain

level and with high temporal resolution, i.e. in the ms time

scales, a temporal resolution consistent with the speed of

information processing (Michel and Murray 2012; Nunez

1993). Therefore, SSEPs might give additional information

to ICMS or LSI approaches from a temporal and large-

scale networks point of view and will help to unravel the

different mechanisms involved in cortical reorganisation

following a brain lesion. Future perspectives will include

EEG recordings of SSEPs following a unilateral permanent

lesion of the hand representation in M1 in macaque mon-

keys, and subsequently the application of this EEG method

in awake monkeys.

Acknowledgments We thank Josef Corpataux, Laurent Bossy,

Jacques Maillard (animal care taking), André Gaillard (mechanics),
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Supplementary Fig. 1  Intraindividual stability of left median nerve SSEPs in Mk-EN. Colour-

scaled voltage maps of each of the 9 individual SSEP recording sessions from different days used to 

compute the GA shown in Figure 2A, obtained from 7 to 40 ms post-stimulus at 3-ms interval. Same 

conventions as in Figure 2.  
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Supplementary Fig. 2  Intraindividual stability of right median nerve SSEPs in Mk-EN. Colour-

scaled voltage maps of each of the 9 individual SSEP recording sessions from different days used to 

compute the GA shown in Figure 2B, obtained from 7 to 40 ms post-stimulus at 3-ms interval. Same 

conventions as in Figure 2.  
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Supplementary Fig. 3  Intraindividual stability of left tibial nerve SSEPs in Mk-EN. Colour-scaled 

voltage maps of each of the 9 individual SSEP recording sessions from different days used to compute 

the GA shown in Figure 4A, obtained from 12 to 45 ms post-stimulus at 3-ms interval. Same conven-

tions as in Figure 2.  
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Supplementary Fig. 4  Intraindividual stability of right tibial nerve SSEPs in Mk-EN. Colour-

scaled voltage maps of each of the 9 individual SSEP recording sessions from different days used to 

compute the GA shown in Figure 4B, obtained from 12 to 45 ms post-stimulus at 3-ms interval. Same 

conventions as in Figure 2.  
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Supplementary Fig. 5  Interindividual reproducibility of right median nerve SSEPs. (A) Brain-

stem component and main cortical component SSEP waveforms after right median nerve stimulation in 

5 monkeys: Mk-AT, Mk-BB, Mk,-DG, Mk-DI, and Mk-EN, during the first 50 ms following the stimu-

lation. These data were obtained from 1 recording session in each animal. (B) Colour-scaled voltage 

maps obtained from 7 to 37 ms post-stimulus, at 3-ms interval. Same conventions as in Figures 2 and 5. 
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Supplementary Fig. 6  Interindividual reproducibility of left tibial nerve SSEPs. (A) Brainstem 

component and main cortical component SSEP waveforms after left tibial nerve stimulation in 5 mon-

keys: Mk-AT, Mk-BB, Mk,-DG, Mk-DI, and Mk-EN, during the first 60 ms following the stimulation. 

These data were obtained from 1 recording session in each animal. (B) Colour-scaled voltage maps 

obtained from 12 to 42 ms post-stimulus, at 3-ms interval. Same conventions as in Figures 2 and 5. 
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Supplementary Fig. 7  Interindividual reproducibility of right tibial nerve SSEPs. (A) Brainstem 

component and main cortical component SSEP waveforms after right tibial nerve stimulation in 5 

monkeys: Mk-AT, Mk-BB, Mk,-DG, Mk-DI, and Mk-EN, during the first 60 ms following the stimula-

tion. These data were obtained from 1 recording session in each animal. (B) Colour-scaled voltage 

maps obtained from 12 to 42 ms post-stimulus, at 3-ms interval. Same conventions as in Figures 2 and 

5. 
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Abstract 

A cortical lesion affecting mostly the hand representation in primary motor cortex (M1) 

was performed in an adult macaque monkey, resulting in a severe deficit of fine manual 

dexterity of the contralesional hand. By using electroencephalography (EEG) at the 

scalp, we measured the brain activity in response to electrical stimulation to the median 

nerve at the wrist before and after the lesion to investigate in greater detail the post-

lesion plastic mechanisms involved in brain reorganisation underlying spontaneous 

functional recovery. Importantly and as expected for somatosensory evoked potentials 

(SSEPs) after an M1 lesion, we did not observe any post-lesion alteration of the voltage 

topography at the scalp, confirming that the lesion itself did not induce volume-

conducted effects. But surprisingly, the lesion resulted in a reduction of the amplitude of 

subcortical potential after stimulation of contralesional as well as ipsilesional median 

nerves, whereas the amplitude of the cortical potential in the lesioned hemisphere in-

creased after the lesion when the contralesional median nerve was stimulated. By focus-

ing then our analysis on single trials, we showed that there was a significant linear rela-

tionship between the amplitude of afferent volleys at the subcortical level and the ampli-

tude of outputs at the cortical level before the lesion. Surprisingly, after the cortical le-

sion, the somatosensory cortex continued to maintain this sensitivity to fluctuating in-

puts from the subcortical level. The lesion resulted rather in a constant gain added in the 

somatosensory processing. Moreover, a slight change in precision of the cortical pro-

cessing was observed through the post-lesion period. This suggests that the cortical sen-

sitivity could be fully achieved very locally by structures spared by the lesion whereas 

the dominant M1 lesion probably affected some structures of the sensorimotor cortex 

normally involved in a global control of the somatosensory output. In sum, the present 

data indicate that plastic modifications of the neural circuits occurred both at subcorti-

cal and cortical levels after a cortical lesion but the clear functional implications of such 

changes for behavioural recovery still need further investigations. In the discussion, we 

propose some hypotheses about the origin of the brain reorganisation and functional 

recovery. 
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Introduction 

Afferent sensory signals from the periphery to the cerebral cortex through the dorsal 

column-medial lemniscal pathway and through the spinothalamic tract play a critical 

role by continuously informing the brain about the current state of somatosensory in-

teractions between the environment and the body and thus contribute to regulate the 

functional state of the brain (Kandel et al., 2013; Purves et al., 2008). Moreover, soma-

tosensory information from the periphery is crucial for motor control such as manual 

dexterity (Smith, 2009). Understanding how the surrounding sensory events are further 

reflected in neural activity in the CNS and then transformed through successive popula-

tions of neurons is crucial, for instance how they influence motor commands. Peripheral 

inputs are already processed at several subcortical levels before reaching the cerebral 

cortex. For instance, potentials intrinsically generated within the lumbosacral spinal 

cord were recorded from the surface and directly within the spinal cord of monkeys fol-

lowing cutaneous stimulation delivered at the limb (Beall et al., 1977). Evidence of po-

tentials generated by afferences to the dorsal column nuclei was obtained as well in 

monkeys by electrical stimulation to the median nerve at the wrist among others (Moller 

et al., 1986; Moller et al., 1989). Equally important, these volleys generated in the affer-

ent pathways before reaching the cortex were shown to coincide with the potentials 

recorded simultaneously at the scalp (Moller et al., 1986). By simultaneously recording 

potentials at the surface of the scalp, spinal cord and peripheral nerve, from epidural 

electrodes over the brain and by using intracranial electrodes in the medial lemniscus, 

the ventral thalamus and the internal capsula in macaque monkeys, Arezzo et al. (1979) 

demonstrated that several early potentials in response to electrical stimulation of the 

median nerve were generated in the medial lemniscus, the thalamus and the pons, re-

spectively. Lesion-based evidence of early potentials generated in the brainstem and the 

thalamus after electrical stimulation of the median nerve was also obtained from human 

subjects affected by very specific damages in these structures (Barba et al., 2005; 

Mauguière et al., 1983; Mauguière and Ibanez, 1985; Sonoo et al., 1992). 

In spite of the abundance of evidence of volleys generated already at subcortical level 

after a peripheral stimulation, we still do not fully understand the subcortical influences 

on the cortical activity, i.e. the response function of the different structures involved in 

the processing of peripheral stimulation. More specifically, how is the processing of af-
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ferent volleys at the brainstem level then reflected in the cortical processing? To investi-

gate this particular process in greater detail, it is necessary to measure both potentials 

captured at the brainstem level and potentials generated at the cortical level after a pe-

ripheral stimulation and then evaluate whether there is a relationship between them. To 

put it another way, how is the cortex responding to a given amount of brainstem afferent 

volleys? Is there a linear signal transfer from subcortical to cortical structures? Based on 

previous reports, one can reasonably expect that there is actually a clear link between 

subcortical and cortical processing. The properties of the different synaptic relays of 

somatosensory afferent pathways have been investigated long time ago by measuring 

the outputs at several levels of inputs in the spinal cord, the brainstem or the soma-

tosensory cortex of cats (Krnjevic and Morris, 1976; Lloyd and McIntyre, 1950; Mark 

and Steiner, 1958; McIntyre and Mark, 1960; Mountcastle et al., 1957; Walsh and 

Whitehorn, 1981). However, the results were not always consistent. For instance, input-

output curves best fitted by a power function with 0.5 exponent were obtained in the 

nucleus cuneatus of decerebrate cats after stimulation of afferences to this nucleus, sug-

gesting a high sensitivity and responsiveness of this pathway to a wide range of inputs 

used (Krnjevic and Morris, 1976). Walsh (Walsh and Whitehorn, 1981) used a simple 

saturation model to describe the input-output function for the same nucleus, still in 

anaesthetised cats. Others hypothesised linear conductions through the relays along the 

somatosensory afferent pathways (Mountcastle, 1965). More recently, a study on audi-

tory evoked potentials (AEPs) reported that an increase in brainstem synchrony (i.e. a 

faster encoding based on a more precise timing in generating and transmitting auditory 

information to further relays) was strongly correlated with a more robust auditory cor-

tical processing in normal children, in the form of a more consistently precise timing in 

processing repetitive auditory stimuli in a noisy background (Wible et al., 2005). In mu-

sicians exposed to different series of vowels, the spectral magnitude of F1 brainstem re-

sponse (encoding the voice timbre) was shown to be predictive of the amplitude of cor-

tical P2 component and this coordinated plasticity was proposed to be the substrate of 

the higher categorical speech perception in musicians as compared to non-musicians 

(Bidelman et al., 2014). But, to the best of our knowledge, such a relationship has never 

been investigated in a straightforward way in SSEPs in primates so far by comparing for 

instance the amplitude of both brainstem volleys and cortical potentials at the single tri-

al level. 
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In monkeys, a focal lesion of the hand representation in M1 results in an immediate 

strong impairment of the fine manual dexterity of the contralesional hand, followed by a 

progressive but incomplete spontaneous recovery (Darling et al., 2014; Frost et al., 

2003; Glees and Cole, 1950; Hoogewoud et al., 2013; Liu and Rouiller, 1999; Murata et 

al., 2008; Murata et al., 2015; Nudo and Milliken, 1996; Pizzimenti et al., 2007; Plautz et 

al., 2003; Rouiller et al., 1998; Wyss et al., 2013). The neuronal substrate of the cortical 

reorganisation underlying the functional recovery has been already investigated 

(Dancause et al., 2005; Dancause et al., 2006b; Dancause, 2006; Frost et al., 2003; Liu 

and Rouiller, 1999; McNeal et al., 2010; Nudo and Milliken, 1996; Plautz et al., 2003; 

Rouiller and Olivier, 2004; Wyss et al., 2013), suggesting a role played by intact ipsile-

sional non-primary motor cortical areas, such as PM or SMA. However, many questions 

still remain, in particular about the role of the somatosensory system in the cortical re-

organisation. SSEPs are a powerful tool to evaluate the plastic changes occurring in the 

CNS. Allison et al. (1991b) previously demonstrated that SSEPs recorded in macaque 

monkeys with latencies from 10 to 25 ms are generated in S1 but not in M1, meaning 

consequently that any modification in somatosensory processing and any involvement 

of S1 in the brain reorganisation after an M1 lesion should be highlighted with this 

method. Given the bidirectional tight connections between M1 and S1 in primates 

(Burton and Fabri, 1995; Jones et al., 1978; Jones and Porter, 1980; Jones, 1986; Kaas, 

2004b; Liao et al., 2013; Stepniewska et al., 1993; Tokuno and Tanji, 1993), and the 

modulatory effect of motor areas on the somatosensory pathway (Jiang et al., 1991; 

Nelson, 1987; Nelson et al., 1991; Salimi et al., 1999; Williams and Chapman, 2002), le-

sion performed in the motor cortex can affect the somatosensory processing as well. In-

deed somatosensory impairments were observed in squirrel monkeys after a lesion of 

M1 hand representation (Friel et al., 2005; Nudo et al., 2000) and an increase of activity 

in S1 forelimb area was shown in macaque monkeys during the reversible inactivation 

of the M1 forelimb area (Sasaki and Gemba, 1984). Although it is known that M1 is in-

volved in somatosensory processing in primates (Jones, 1986), the neuronal processes 

of this sensorimotor integration remain poorly understood. Actually, the motor and so-

matosensory systems of primates should be considered more globally as a functional 

sensorimotor system instead of two distinct entities (Jones, 1986; Kaas, 2004a; Kaas, 

2004b; Kaas, 2008; Tanji and Wise, 1981; Uematsu et al., 1992; Wise and Tanji, 1981; 

Woolsey, 1964). 
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The aim of this study was to assess the impact of a permanent lesion, targeting primarily 

the M1 hand representation, on somatosensory information processing from the distal 

forelimb in macaque monkeys. Our working hypothesis was that the somatosensory 

processing from the distal forelimb was affected by the cortical injury. To test this hy-

pothesis, we examined here the relationship between processing of peripheral electrical 

stimuli at the subcortical level and at the cortical level in an adult macaque monkey by 

using scalp EEG recording of SSEPs. We were particularly interested to investigate: (1) 

whether there was a correlation between inputs provided by subcortical volleys and 

output measured at the cortical level, (2) in case such a relationship existed, whether 

and how a dominant M1 lesion would affect it. More specifically, are the effects of a le-

sion at high hierarchical brain level visible on lower level structures as well? Is the plas-

ticity of the somatosensory pathway restricted to the cortical level? Such questions have 

been largely under-investigated so far in case of motor cortex lesion. We performed our 

study on a non-human primate because this model is very close to human in terms of 

anatomy and physiology of the nervous system, especially the motor system (see e.g. 

Courtine et al., 2007). Moreover, it offers also the unique opportunity to collect “pre-

intervention” data, then to perform a lesion in controlled conditions, followed by a regu-

lar and dense follow-up over the long-term during the post-intervention phase, both in 

terms of behavioural tests and electrophysiological measurements, which is in principle 

not possible to achieve in studies with human patients (see the Discussion in Chapter 3 

for more detailed justifications for EEG investigations in a non-human primate model).  

In brief, we first demonstrated that there was a significant relationship between the 

amount of information processing at brainstem level and the amount of information 

processing at cortical level. Second, we found that a dominant M1, permanent lesion in-

duced post-lesion alterations in somatosensory processing that were by no means con-

fined to the sole S1. Rather, we observed a subcortical modulation of afferent volley after 

peripheral electrical stimulation to the contralateral as well as ipsilateral median nerve 

at the wrist after the lesion. In addition, the cortical amplitude over the sensorimotor 

cortex was increased. Finally, the relationship observed between subcortical  volleys and 

cortical processing was partly affected after the lesion. Based on the present results, we 

propose some hypotheses about the mechanisms involved in the post-lesion reorganisa-

tion of the sensorimotor cortex. 
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Materials and Methods 

Monkey 

Experiments were conducted on one adult female macaque monkey (Macaca fascicu-

laris) (Mk-DI, age: 8-10 years old during the experiments, weight: 3.3-3.8 kg). The ani-

mal was housed in the animal facility in a group of 4-5 congeners, in a 45-m3 room (12 

hours light/12 hours dark cycle), with a regular access to an outside facility (21.12 m3) 

for a part of the day or night. The monkey was daily weighted and on no account food- or 

water-deprived (see e.g. Kaeser, 2010; Schmidlin et al., 2011). All procedures and animal 

care were conducted in accordance with the Guide for the Care and Use of Laboratory 

Animals (Committee for the Update of the Guide for the Care and Use of Laboratory 

Animals and National Research Council, 2011) and were approved by local (Canton of 

Fribourg) and federal (Swiss) veterinary authorities. The present experiments were 

covered by the official veterinary authorisations FR 17/09, FR 18/10 and FR 23765. Ex-

perimental procedures were designed to minimise the animal’s pain and suffering. 

EEG mapping of SSEPs was routinely recorded on Mk-DI under anaesthesia, as described 

previously (see Gindrat et al., 2014 in Chapter 1). Essentially, SSEP acquisitions were 

performed under sevoflurane anaesthesia (Sevorane®, Abbott). To induce a rapid gas 

anaesthesia, a bolus was first given at a concentration of 6.5% of sevoflurane (1-2 ℓ/min 

air; 1-2 ℓ/min O2) for about 4-5 minutes while the monkey sat in a Plexiglas® primate 

chair (Schmidlin et al., 2011). Then, the concentration of sevoflurane was reduced and 

maintained between 4.0% and 5.5% (0.75-1 ℓ/min air; 0.75-1 ℓ/min O2) for the contin-

uation of the experiment, adjusted on the basis of the cardiac pulse frequency and the 

respiratory frequency. Body temperature was maintained by covering the animal with 

bubble wrap and single-use gloves filled with warm water. During the experiment, the 

level of anaesthesia was regularly evaluated by checking the lid reflex. Moreover, the 

electrocardiogram (ECG), the cardiac pulse frequency, the respiratory frequency, the ex-

pired CO2 and blood saturation rate in oxygen were continuously monitored with the 

anaesthesia machine. The EEG recordings under general anaesthesia ensured highly 

controlled recording conditions (e.g. decreased muscular and movement artifacts) so as 

to increase the sensitivity to detect small changes in brain potentials between different 

conditions. 
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Cortical lesion  

A unilateral permanent cortical lesion was performed in the hand representation of left 

M1 in anaesthetised Mk-DI in order to impair the right, dominant hand. Ibotenic acid mi-

croinfusion was performed in the “hand knob” in M1 (Hopkins et al., 2014; Yousry et al., 

1997) (see Chapter General Materials and Methods for additional information). 

 

Behavioural task 

The monkey’s manual dexterity was assessed by using the modified Brinkman board 

task, consisting  in unimanually retrieving food pellets from horizontal and vertical wells 

by using the precision grip (Napier, 1956). Here we present only the data from the right, 

contralesional hand. Collecting pellets from the horizontal wells required ulnar or radial 

deviations and was therefore much more challenging than collecting pellets from the 

vertical wells, usually performed with the wrist in a neutral position (see e.g. Chatagny 

et al., 2013; Hoogewoud et al., 2013) (see Chapter General Materials and Methods and 

Appendix 2 for further detail). 

The score in 30 s was established, i.e. the number of pellets correctly retrieved during the 

first 30 s of the task, independently for the vertical and horizontal wells as well as for all 

wells. Then, we defined a pre-lesion plateau of performance and a post-lesion plateau of 

performance based on all wells and compared both of them with a Mann-Whitney rank-

sum test (SigmaPlot 12.5). The contact time was obtained for the first five vertical pellets 

and the first five horizontal pellets collected in the sessions of the pre-lesion plateau and 

post-lesion plateau. This measure was defined as the time interval between the first con-

tact established by a finger with a pellet in a precision grip and the time point at which 

the fingers left the well with the pellet. A Mann-Whitney rank-sum test was used to 

compare pre- and post-lesion values distinctly for each well orientation (SigmaPlot 

12.5). 

 

EEG and electrical stimulation 

We investigated the brain activity by using high-density EEG in order to survey large 

populations of neurons in a non-invasive way. The procedure of brain activity measure-
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ment following peripheral electrical stimulation by using high-density EEG recording on 

anaesthetised macaque monkeys was already described in detail previously (see Gindrat 

et al., 2014 in Chapter 1). Essentially, electrical stimulation to the median nerve at the 

wrist (right and left) was delivered with a surface stimulator (intensity slightly above 

the motor threshold, 0.5-Hz repetition rate, 400- s duration). The stimulation intensity 

was based on visual motor threshold of thumb twitch given that it is a straightforward 

and position-independent criterion to assess the effectiveness of electrical stimulation, 

in addition to be commonly used in clinics (Baurain et al., 1998; Tsui, 2007). EEG signals 

were obtained from an elastic cap (EasyCap) containing 32 electrodes regularly distrib-

uted over the whole scalp. The position of the electrodes at the scalp was obtained from 

MRI scanning of spots of EEG paste (high-chloride electrolyte gel Lectron III, EASY CAP) 

at the electrode locations. The EEG signals were recorded with a 5-kHz sampling rate 

against a vertex reference, amplified with an AC/DC amplifier (BrainAmp, Brain Prod-

ucts) and digitized using a 16 bit A/D converter. Further offline analysis was performed 

using the Cartool software (Brunet et al., 2011): the data were re-referenced offline to 

the average signal from all the scalp electrodes (average reference), band-pass filtered 

between 8 Hz and 300 Hz, baseline corrected with a pre-stimulation period of 50 ms and 

artifacts were removed (threshold at 100 μV and visual inspection of all the epochs). 

SSEPs were obtained by averaging 80 accepted epochs per recording. Raw accepted 

epochs were saved as well for further analysis at the single-trial level. 

The single-trial analysis was achieved by processing the raw accepted epochs in the fol-

lowing way: filters between 8 Hz and 300 Hz, 50-Hz notch when needed, baseline cor-

rection: 10 ms, average reference. This led to the processed accepted epochs. 

The latency of both subcortical peak (at about 7 ms, most probably from the brainstem) 

and main cortical peak (at about 18 ms) was obtained from every average SSEP from the 

electrode with the largest signal amplitude. The amplitude of these components at those 

latencies was then measured on the processed accepted epochs at the corresponding 

electrodes using the Export tracks tool in Cartool. As a control, the amplitude of EEG sig-

nals was also extracted both at 5 ms and at 27 ms on the 2 selected electrodes. Median 

peak amplitudes across the single trials were then obtained for each recording, both be-

fore and after the M1 lesion. Linear regressions were computed between the brainstem 

peak amplitude and the cortical peak amplitude among all pre-lesion sessions on the one 
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hand and among all post-lesion sessions on the other hand by using MATLAB® (MATLAB 

R2013b). We chose to focus our analysis only on the electrodes measuring the largest 

brainstem potential and the largest cortical potential, respectively, because previous a 

inverse solution on median nerve SSEPs in our macaque monkeys confirmed that the 

initial brainstem component was generated at the brainstem level and the main cortical 

component was generated at the sensorimotor cortex level (see Gindrat et al., 2014 in 

Chapter 1). Therefore, we are confident that the activity at these 2 electrodes reflects 

the brainstem input and the cortical output, respectively. 

The amplitude of potentials recorded on specific electrodes was compared before and 

after the lesion by using a two-tailed unpaired t-test with Bonferroni correction for mul-

tiple comparisons (Cartool). We evaluated the effect of an M1 lesion on the relationship 

between subcortical (brainstem) input and cortical output in the brain by using a linear 

regression between the amplitude of the cortical component as the response variable 

and the amplitude of the brainstem component as the predictor variable in the average 

of all single trials per recording, both before and after the lesion. The y-axis intercept of 

the regression line was interpreted as a correlate of a constant gain added or removed to 

the cortical processing, the slope was a measure of the sensitivity or responsiveness of 

the cortex to changes in subcortical input, and the residuals, assessed by the coefficient 

of correlation R, corresponded to the precision of the prediction of cortical output from 

subcortical input, or noise in the data. A One-Way Analysis of Covariance for Independ-

ent Samples (ANCOVA) (aoctool function implemented in MATLAB) was used to statisti-

cally compare the slope and y-axis intercept of both pre- and post-lesion regression 

lines. The significance of the difference between the coefficients of correlation R of two 

groups was assessed by using a Fisher r-to-z transformation. 

Data were obtained from 18 pre-lesion sessions and 13 post-lesion sessions for right 

median nerve SSEPs and from 12 pre-lesion and 9 post-lesion sessions for left median 

nerve stimulation. The reduced amount of left median nerve SSEP data as compared to 

right median nerve ones comes from our experiment design: right median nerve SSEPs 

were obtained at the beginning of the recording session whereas left median nerve 

SSEPs were recorded at the end (tibial nerve SSEPs were performed in between but 

these data are not presented here.). At the end of some sessions, the anaesthesia was not 

as stable as at the beginning and we had to interrupt the EEG acquisition before per-
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forming left median nerve stimulation or the data were contamined by artifacts (muscu-

lar activity, higher electrode impedance, …), reducing the quality of the signals. 

 

Injection of BDA neuronal tracer  

Once the acquisition of the electrophysiological and behavioural data was achieved, the 

neuronal tracer biotinylated dextran amine (BDA) was injected in the distal forelimb 

representation in S1 in left hemisphere (i.e. ipsilateral to the lesion) (see Supplemen-

tary Figure 3 at the end of this chapter, and Chapter General Materials and Methods 

for more information). 

 

End of the experimental protocol 

After a survival period of 22 days following tracer injection, the animal was euthanised 

(see Chapter General Materials and Methods for further detail). The brain was re-

moved and eight series of frozen sections were then performed in the frontal plane at a 

50- m thickness (400 m between two successive sections of the same series).  

 

Histology 

A series of brain frontal sections was histologically prepared to stain the Nissl substance 

with cresyl violet. A second series of MK-DI’s brain sections was histologically prepared 

for SMI-32 staining and a third one for BDA histochemistry to study the anterograde and 

retrograde distributions of BDA after injection in S1, using previously published proto-

cols (for greater detail, see e.g. Beaud et al., 2008; Liu et al., 2002; Wannier et al., 2005). 

In a later step, a selected rostro-caudal portion of the brain comprising M1 and S1 was 

processed using two series of sections, to reveal cytochrome oxidase (C.O.) activity by 

using the method described by Wong-Riley (Carroll and Wong-Riley, 1984; Wong-Riley, 

1979), and myelin, respectively (see Chapter General Materials and Methods for fur-

ther detail). 
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Neuroanatomical reconstruction  

Data were analysed by using Neurolucida 9.12 32-bit (MBF Bioscience, Williston, VT, 

USA) both for charting the sections and then reconstructing serial sections. The software 

was working with a computer-interfaced Olympus BX40 microscope (Olympus Schweiz 

AG), a computer-controlled motorised stage (Märzhäuser Wetzlar GmbH & Co. KG, type 

EK 32 75 x 50) and a digital camera (Olympus U-PMTVC). Frontal brain sections were 

examined under bright-field illumination. Photomicrographs taken with the digital cam-

era were further edited in CorelDRAW (the colour, brightness and contrast were not 

modified). 

The lesion location was reconstructed on the basis of frontal Nissl-stained sections. To 

this aim, we first determined the extent of the lesion by selecting all the Nissl-stained 

sections where the lesion was present. Then the contour of the brain sections and some 

anatomical landmarks such as the ventricles and the white matter/gray matter border 

were mapped at 1.25x-4x (objective magnification), and the contour of the lesion in gray 

matter was drawn at 4x-10x for each selected brain section. The outer and inner bound-

aries of the lesion were the actual neuronal layers at the boundary of the lesion in the 

gray matter. The area of the lesioned site was reconstructed on each section by using the 

same location on the intact hemisphere as model given that a brain lesion induces brain 

atrophy (Seghier et al., 2014) at the lesion site itself in addition to either some tissue 

missing or conversely some cavitation. Each reconstructed brain section was then care-

fully realigned with the previous ones by using anatomical landmarks (such as the cut 

edges of the section and the ventricles). The cortical lesioned area was reconstructed by 

using the serial section reconstruction function implemented in Neurolucida Explorer 

(MBF Bioscience, Williston, VT, USA) and its volume was estimated by using the Cava-

lieri estimator (see e.g. Pizzimenti et al., 2007) based on Cavalieri’s principle (Cavalieri, 

1653) and running on the same software. The extent and location of the lesion were pro-

jected onto a lateral view of the cortical surface of the lesioned hemisphere for display. 

The BDA injection site was reconstructed by drawing a contour at 4x-10x on the corre-

sponding BDA-stained sections (at 400- m interval) around the injection core (dense 

dark zone, center of the injections) and part of the surrounding transition zone (less 

dense zone, halo), in addition to the contour of the brain sections and some anatomical 

landmarks such as the ventricles at 4x. The dense core and the halo were determined in 
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the same way as previously defined by Dancause et al. (2005; 2006a, see their Figure 1A 

and B), namely the dense core is the part of the injection site where cell bodies, axonal 

fibres and synaptic boutons cannot be individually distinguished from the others and the 

halo is the transition zone where one begins to distinguish each of these structures sep-

arately from the others. Therefore, the injection site, as defined here, comprised the in-

jection core and part of the surrounding halo as the border between these two zones 

was not always clearly identifiable. The sections were realigned with the previous ones 

and the volume of the injection site was then determined with Neurolucida Explorer in 

the same way as explained above for the cortical lesion reconstruction. The location of 

the tracer injection sites in terms of gray matter versus white matter and cytoarchitec-

ture was determined by examining the corresponding Nissl-stained sections and the 

corresponding site in the contralateral intact hemisphere. 

 

Results 

Description and characterisation of the lesion 

A unilateral permanent lesion of the hand representation predominantly in M1, in the 

left hemisphere, was performed by microinfusion of 39.7 μl ibotenic acid in total distrib-

uted in 21 sites in the “hand knob” (Hopkins et al., 2014; Yousry et al., 1997) of the pre-

central gyrus (see Figure 4 in Chapter General Materials and Methods). The cortical 

volume of the lesion on the basis of reconstructions from Nissl-stained sections (Sup-

plementary Figure 1) was estimated at 68.46 mm3, in the range of the largest lesions 

previously performed in our laboratory (Hamadjida et al., 2012; Kaeser et al., 2010; 

Wyss et al., 2013). The lesioned sites were characterised by a clear diminution or even a 

complete absence of magnocellular cell bodies, replaced then by gliotic tissue. The tran-

sition from non-lesioned to lesioned tissue was usually clear, in the form of a loss of the 

precise cortical laminar cytoarchitecture and a change in the shape of cell nuclei from 

being large, darkly stained and with a nearly oval shape in intact tissue to being small, 

lighter and with an irregular shape in lesioned tissue (Nissl staining). In some sections, 

the damaged tissue was even absent, forming cavities. Nevertheless, there was neither 

sign of oedema nor calcification. A careful examination of each individual section 

showed that the lesion extended from section 27 to section 48, confirming that the corti-
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cal lesion targeted M1 but possibly extended also somewhat into the ventrocaudal part 

of PM (PMvc, sections 27-28; corresponding to the transition zone between PM and M1), 

in the white matter, and into about 15-20% of the hand representation of area 3a in di-

rect continuity with area 4 in the fundus of the central sulcus. More specifically, about 

50% of the medial part of the median third of the hand representation of area 3a was 

lesioned (sections 36-41 included), but the full rostral and caudal thirds of the hand rep-

resentation of area 3a remained intact (Figure 1A and Supplementary Figure 1). All 

subcortical gray matter structures such as basal ganglia and thalamic nuclei were intact 

as well. Our estimation of the lesion affecting a small portion of median area 3a was 

based on criteria previously reported by others (Geyer et al., 1999; Krubitzer et al., 

2004; White et al., 1997): by using the intact hemisphere as a reference, this region 

showed no strict architectonic borders but appeared much more as a transition zone 

from densely distributed large pyramidal cells in area 4 towards sparse and less evenly 

distributed large pyramidal cells in area 3a, in parallel with the progressive emergence 

of the internal granular layer IV in area 3a that was largely absent in area 4. This was 

visible on Nissl-stained sections, on SMI-32-stained sections, on C.O.-stained sections, 

and on myelin-stained sections (Figure 1B-G). The detailed representation of the lesion 

reconstruction on consecutive Nissl-stained sections is available in Supplementary 

Figure 1.  
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Figure 1 (next page): Extent of the lesion. (A) On the basis of Nissl-stained sections, the lesion 

(hatched area) extended from section 27 to section 48 (red boundaries). The lesion was dominantly 

located in the hand representation of M1, but most likely extended also in the ventrocaudal part of 

the premotor cortex (PM) and in a small portion of the medial part of the median third of the hand 

representation of area 3a (see text for greater detail). The landmark of some sections is given, as 

well as the rostro-caudal coordinates (in mm) relative to interaural axis (based on Paxinos’ atlas 

(Paxinos et al., 1999)). Ant: anterior, Med: medial. (B) Camera lucida reconstruction of the frontal 

Nissl-stained section 39, with the lesion (red) putatively extending into the area 3a. The border 

between gray matter and white matter is represented in light blue. (C) Camera lucida 

reconstruction of the frontal Nissl-stained section 45, with the lesion (red) restricted to area 4. (D-

G) Nissl staining (D), cytochrome oxidase staining (E), SMI-32 staining (F), and myelin staining (G) of 

the lesion, for both sections 39 and 45, first at 1.25x magnification (left panels for each section, see 

rectangle delimited in B and C), then at 4x magnification (right panels for each section, see 

rectangle delimited in 1.25x sections). In the intact cortex, CST neurons are visible in the layer V 

(see SMI-32 staining at 4x magnification). Our estimation of the anterior border of the lesioned 

cortex is shown with a dotted line on Nissl-stained sections, cytochrome oxidase-stained sections 

and myelin-stained sections.  

 



Chapter 2  Anne-Dominique Gindrat 

246 

 



Chapter 2  Anne-Dominique Gindrat 

247 

Impact of the lesion on fine manual dexterity 

We tested the monkey’s ability to achieve precision grip by using the modified Brinkman 

board task repeatedly performed before and after the lesion and we quantified its per-

formance with the score in 30 s (Figure 2A). We defined plateaux of stable performance 

based on previously established criteria (Chatagny et al., 2013; Kaeser et al., 2014) and 

also on the ability of the monkey to collect again pellets from the horizontal wells (see 

below). A stable pre-lesion plateau of performance was defined between from day 141 

to day 4 before the lesion based on the score in 30 s obtained from all wells (median total 

plateau: 29; median vertical plateau: 14; median horizontal plateau: 15). The lesion in-

duced then several marked behavioural deficits for the contralesional hand: in the first 

post-lesion days, the animal showed only very little voluntary use of the hand, either for 

collecting the small pellets in this behavioural task, or for natural behaviours in the ani-

mal facility and kept its hand hanging out. The monkey kept its hand in a flexed resting 

posture of the wrist and was actually completely unable to perform the task, as reflected 

by a score in 30 s at 0. Then we observed a progressive and regular improvement in the 

performance from day 16 to day 69. During this period, the animal collected only pellets 

from the vertical wells and was completely unable to collect those from the horizontal 

wells. This strongly reflected an impairment to perform either ulnar or radial deviation 

with the wrist. From day 72, the animal began to collect horizontal pellets as well but to 

a lesser extent than vertical ones and its performance did not increase any more. There-

fore, we considered the post-lesion plateau of the score in 30 s from day 72 to day 187 

(median total plateau: 10; median vertical plateau: 10; median horizontal plateau: 1). 

The post-lesion score at plateau in all wells was statistically lower than the pre-lesion 

score (p <0.001, Mann-Whitney rank-sum test) and the percentage of spontaneous re-

covery based on this score was then estimated at 34.48%. The post-lesion score in verti-

cal wells (recovery: 71.43%, p <0.001, Mann-Whitney rank-sum test) and the one in hor-

izontal wells (recovery: 6.67%, p <0.001, Mann-Whitney rank-sum test) were statistical-

ly lower than the pre-lesion scores as well. Moreover, as expected, the contact time in 

both vertical (pre- vs post-lesion median: 0.25 s vs 0.56 s) and horizontal wells (pre- vs 

post-lesion median: 0.36 s vs 0.68 s) was significantly increased after the lesion (p 

≤0.001 for both tests, Mann-Whitney rank-sum tests). Moreover, the contact time was 

significantly shorter in vertical wells than in horizontal ones both before (p ≤0.001, 
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Mann-Whitney rank-sum test) and after the lesion (p ≤0.008, Mann-Whitney rank-sum 

test) (Figure 2B). 

 

 

Figure 2: Behavioural task. (A) Score in 30 s in the modified Brinkman board task with the right 

hand (contralesional hand), separately for the vertical wells (blue diamonds), the horizontal wells 

(red circles) and the sum of them (yellow triangles). The lesion was performed at day 0. The pre- 

and post-lesion plateaux of score based on all the wells are indicated by black horizontal lines. (B) 

Contact time in the modified Brinkman board task with the right hand (contralesional hand), 

separately for the vertical wells (blue box plots) and the horizontal wells (red box plots), both 

before and after the lesion. Box plot description: box, 25th and 75th percentiles, whiskers, 10th and 

90th percentiles, black dots: 5th and 95th percentiles, red line: median. ***: p <0.001, Mann-Whitney 

rank-sum test.

 

Subcortical potentials of SSEPs 

We investigated whether the somatosensory brain activity evoked by an electrical stim-

ulation applied to the median nerve (independently on both sides) at the wrist was af-

fected by the cortical lesion. To this end, we used 32 surface electrodes distributed over 

the whole scalp to detect brain potentials evoked by electrical stimulation (monophasic 

square wave electrical pulses of 400-μs duration) to the median nerve at the right (con-

tralesional) and left (ipsilesional) wrists. SSEPs were then obtained by averaging 80 tri-

als. 
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It appeared that the dominant M1 lesion induced changes in the early potential meas-

ured with maximal negativity from the two most caudal electrodes, located on either 

side of the midline just below the external occipital protuberance, both after stimulation 

to the right and left median nerves, respectively. For right median nerve stimulation, the 

amplitude of the post-lesion SSEP was significantly smaller than the amplitude of the 

pre-lesion SSEP from 6 ms to 8.4 ms on the left-side electrode and from 5.6 ms to 8.2 ms 

on the right-side electrode (p <0.05, two-tailed unpaired t-tests with Bonferroni correc-

tion for multiple comparisons) (Figure 3A and B). For left median nerve SSEPs, the post-

lesion amplitude was significantly reduced from 5.8 ms to 8.0 ms on the left-side elec-

trode and from 5.6 ms to 8.2 ms on the right-side electrode (p <0.05, two-tailed un-

paired t-tests with Bonferroni correction for multiple comparisons) (Figure 3C and D). 

Conversely, no statistical difference between pre- and post-lesion potentials was ob-

served for either of the two electrodes in the pre-stimulation baseline period, strongly 

suggesting a true post-stimulation difference between both groups instead of an artifact. 

The period around the stimulation onset was not considered in this analysis because it 

was contaminated with some stimulation artifacts. Based on previous studies on the la-

tency and amplitude of these potentials (Gindrat et al., 2014; Hashimoto, 1984), we pro-

pose that these signals originated from the brainstem (see the section Discussion for fur-

ther detail). Therefore, from now on we refer to this potential as brainstem peak, cap-

tured from the 2 subcortical electrodes. 

 

Figure 3 (next page): Brainstem potential of SSEPs following electrical stimulation to the median 

nerve. (A) The brainstem potential was captured with maximal negativity from the two most 

caudal scalp electrodes, located on either side of the midline just below the external occipital 

protuberance. Grand averages of the SSEPs ± SEM (lighter shade) from the left subcortical 

electrode (red dot) in response to electrical stimulation to the right median nerve at the wrist 

before (dark blue) and after (light blue) the lesion. The lighter gray areas comprise the latencies at 

which statistical analyses between both conditions were performed. The darker area depicts 

significant differences between both groups, p <0.05, |T|>1 and minimum of 10 successive 

significant time frames (=2 ms) (two-tailed unpaired t-tests with Bonferroni correction for multiple 

comparisons). The zigzag arrow above the traces points at the stimulation onset (i.e. 0 ms). (B) 



Chapter 2  Anne-Dominique Gindrat 

250 

Same as (A) but for the right subcortical electrode, before (red) and after (orange) the lesion. (C) 

and (D) Same as (A) and (B), respectively, but for left median nerve stimulation.  

 

 

 

In sum, the cortical lesion induced already subcortical alterations. Moreover, this effect 

of the lesion was obtained after stimulation of both contralesional and ipsilesional medi-

an nerves. 

 

Cortical potential of SSEPs 

Based on a previous study in our laboratory, we defined the cortical peak as the poten-

tial measured at the scalp at about 18 ms (Gindrat et al., 2014). The lesion did not induce 

noticeable changes in voltage topography at the scalp in right SSEPs (Figure 4A), except 

an increase in voltage amplitude of the cortical peak, as exemplified here at 18 ms post-

stimulation whereas there was no topography difference in the baseline before the initi-

ation of the cortical peak (e.g. at 10 ms). This increase in amplitude of the cortical peak 

was further confirmed throughout the signal: the post-lesion potential was significantly 

larger than the pre-lesion potential between 11 ms and 21.4 ms after the stimulation on 

the electrode capturing the largest potential before and after the lesion (p <0.05, two-

tailed unpaired t-test with Bonferroni correction for multiple comparisons) (Figure 4B). 
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As a control, there was neither difference in topography nor in the amplitude of the cor-

tical component of left median nerve SSEPs measured on the electrode capturing the 

largest potential before and after the lesion (ns, two-tailed unpaired t-test with Bonfer-

roni correction for multiple comparisons) (Figure 4C and D). 

 

 

Figure 4: Cortical potential of SSEPs following electrical stimulation to the median nerve. (A) 

Voltage topographies as the scalp before and after the lesion, before the initiation of the cortical 

peak (10 ms) and at the cortical peak (18 ms). The orientation of the maps is frontal-up and right 

side-right. (B) The cortical potential was captured with maximal positivity from the contralateral 

scalp electrode indicated in red. Grand averages of the SSEPs ± SEM (lighter shade) in response to 

electrical stimulation to the right median nerve at the wrist before (dark blue) and after (light blue) 

the lesion. Same conventions as in Figure 3. (C) and (D) Same as (A) and (B), respectively, but for 

left median nerve stimulation. 
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Relationship between subcortical volleys and cortical output 

Based on the assumption that early alterations do influence later potentials and conse-

quently that we cannot explain the putative cortical modifications without understand-

ing the earlier ones at subcortical level, we focused on the relationship between afferent 

volleys from the brainstem and output at the cortical level in right and then left median 

nerve SSEPs. To this aim, we measured the amplitude of the brainstem component in 

each single trial at the electrode with maximal negativity and the amplitude of the corti-

cal component in each single trial at the electrode with maximal positivity in pre-lesion 

sessions and in post-lesion sessions. Then, we performed linear regressions between the 

median brainstem peaks and the median cortical peaks obtained from each recording 

available in each recording session, independently for the pre-lesion sessions and the 

post-lesion sessions. Interestingly, for right median nerve SSEPs, we observed a signifi-

cant, negative linear relationship between both components among the pre-lesion ses-

sions (R =-0.55, p =0.0003) (Figure 5A), meaning that a substantial portion of the varia-

bility observed among the amplitude of the cortical peak was explained by differences in 

the amplitude of the brainstem peak. In essence, the more negative the amplitude of the 

brainstem peak, the larger the positive amplitude of the cortical component. We per-

formed the same regression analysis among post-lesion data and, surprisingly, we still 

observed a significant linear relationship among them as well (R =-0.63, p =0.0004). The 

next step was to compare both regression lines to assess how the lesion of the finger 

representation in M1 affected the relationship between subcortical volleys from the 

brainstem and output at cortical level. To this end, we performed a One-Way Analysis of 

Covariance for Independent Samples (ANCOVA) to compare the slope and the y-axis in-

tercept of both regression lines and the coefficients of correlation R were compared with 

a Fisher r-to-z transformation. For the ANCOVA implemented in MATLAB, different 

models to fit were available (single mean ignoring groups, separate mean to each group, 

single line ignoring groups, parallel line to each group, separate line to each group (with 

no constraints)). In our situation, the regression line slope is a measure of the average 

amount by which the cortical peak increases or decreases as a function of a given change 

of the brainstem peak, i.e. a measure of the sensitivity of the cortex to brainstem chang-

es. The y-axis intercept is a measure of a constant input or gain to the cortical pro-

cessing. Finally, the R indicates the level of noise or variability in the data. By fitting the 

separate line model, we did not observe any significant change in slope (F =0.31, p 
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=0.5806) but the y-axis intercept of the regression line was significantly higher after the 

lesion than before the lesion (T =2.89, p =0.0054). No changes in R (z =0.46, ns) was ob-

served between both groups. In sum, the dominant M1 lesion resulted in a constant gain 

added to S1 output, without affecting the sensitivity of the cortex to process somatosen-

sory inputs, nor the noise/variability level of the somatosensory processing. 

 

 

Figure 5: Relationship between subcortical volleys and cortical processing. (A) To investigate how 

the lesion affected the relationship between subcortical input and output at the cortical level, we 

measured the amplitude of the brainstem peak in each single trial at the electrode with maximal 

negativity and the amplitude of the cortical peak in each single trial at the electrode with maximal 

positivity in pre-lesion sessions and in post-lesion sessions. Then, we performed linear regressions 

between the median brainstem peaks and the median cortical peaks obtained from each session, 

both before (dark blue) and after the lesion (orange and green). We further splitted the post-lesion 

data into 2 groups (closer to the lesion in orange and further from lesion in green). The regression 

line, the coefficient of correlation (R), the p-value of the linear regression (p) and the regression 

line equation (y) are indicated for each group. (B) Same as (A) but for left median nerve 

(ipsilesional) SSEPs. Here post-lesion data were pooled into a single group. Note that the same 

scales are used on both graphs.  

 

To go further into the evolution of post-lesion brain activity, we separated the post-

lesion data into 2 sets: the first one (post-lesion 1) containing the data from the 7 ses-

sions performed 9 to 56 days after the lesion and the second one (post-lesion 2) contain-
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ing the data from the next 6 sessions, from day 63 to day 134 after the lesion. No change 

appeared between post-lesion 1 and post-lesion 2 groups either in terms of slope (AN-

COVA, F =0.66, p =0.4238) or y-axis intercept (ANCOVA, T =0.35, p =0.7323). The Fisher 

r-to-z transformation resulted in a very close to significance difference between both R 

(z =1.83, one-tailed p =0.0336 and two-tailed p =0.0673). We report here the p-value for 

both one-tailed and two-tailed z tests because we do not see any indication to favour one 

test over the other. In any case, it reveals that the difference between the R of both post-

lesion groups is modest and very close to the significance level, either just above or just 

below, depending on the test. This suggests that there is a small reduction in the noise 

level of the cortical processing throughout the post-lesion phase. 

Similar statistical comparisons between the pre-lesion group and the post-lesion 1 group 

confirmed the absence of change in slope and the difference in y-axis intercept (slope: F 

=0.07, p =0.7993, ANCOVA; y-axis intercept: T =2.99, p =0.0043, ANCOVA; R: z =-0.22, ns, 

Fisher-r-to-z transformation) whereas interestingly there was a significant difference in 

R (Fisher-r-to-z transformation, z =1.96, one-tailed p =0.025 and two-tailed p =0.05) be-

tween the pre-lesion group and the post-lesion 2 group in the form of a reduction of 

noise in the post-lesion 2 group without any changes in slope (ANCOVA, F =0.58, p 

=0.4517) but again in y-axis intercept (ANCOVA, T =2.57, p =0.0134). 

One may argue that the post-lesion shift in the regression line is due to a general in-

crease in the baseline EEG activity at the cortical level, and not to a specific modification 

in the relationship between subcortical input and cortical output of right median nerve 

SSEPs. To address this question, we applied the same analysis to SSEPs obtained in re-

sponse to electrical stimulation to the left median nerve, i.e. originating from the non-

lesioned hemisphere. There was neither significant modification after the lesion in the 

slope (ANCOVA, F =0.02, p =0.8838) nor in the y-axis intercept (ANCOVA, T =0.47, p 

=0.6439) nor in the R (z =0.75, ns, Fisher-r-to-z transformation) of the regression lines 

(Figure 5B). The absence of alteration in the y-axis intercept confirms that the lesion 

did not induce a global increase in the cortical activity but only a specific effect in the le-

sioned hemisphere. 

One may also argue that the relationship between brainstem peak and cortical peak ob-

served across several recording sessions both before and after the lesion is only a noise 

correlation resulting from data contamination by a recurrent electrical artifact across 
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the sessions, such as mains frequency. Artifacts are any transient or periodic electrical 

activities that can be recorded by the EEG electrodes (in our situation) but that are not 

originating from cerebral components (Talsma and Woldorff, 2005). Transient artifacts 

include electromyographic (EMG) activity, movements, ECG artifacts and equipment 

problems. Periodic noise comprises interferences from power lines (50 Hz), light 

sources and equipment. We paid much attention to avoid electrical noise (1) by imped-

ance minimisation of the electrodes below 5 k  and regular check during the experi-

ments to avoid “electrode popping”, (2) by performing the recordings in a Faraday room 

to reduce non-physiological artifacts such as the interference from electrical devices, 

and (3) by performing the recordings in an anaesthetised animal to avoid muscular and 

blinking artifacts. However, these precautions do not guarantee a completely artifact-

free situation and noise-free data because ECG artifacts or salt bridge artifacts may still 

appear. Therefore, as a control, we measured the amplitude of the brain activity at 5 ms 

and at 27 ms for right median nerve SSEPs, both on the subcortical electrode and on the 

cortical electrode, in the same way as the brainstem peak and the cortical peak. Both ac-

tivities at 5 ms and at 27 ms were outside any peaks and were therefore considered as a 

more random signal as compared to the brainstem peak and the cortical peak. In case of 

completely artifact-free data, there should be no strongly significant correlation be-

tween the amplitude of the 5-ms signal recorded at the subcortical electrode and at the 

cortical electrode, and the same principle applies for the measurement of the 27-ms am-

plitude as well. These expectations were verified: there was no strongly significant cor-

relation between the 5-ms amplitude recorded at the subcortical electrode and at the 

cortical electrode, either across the pre-lesion sessions (R =0.32, p =0.052) or across the 

post-lesion sessions (R =-0.23, p =0.248). In the same way, there was no significant cor-

relation between the 27-ms amplitude recorded at the subcortical electrode and the cor-

responding measure at the cortical electrode across the sessions either before (R =-0.30, 

p =0.070) or after the lesion (R =0.20, p =0.327) (Supplementary Figure 2). 

At the single-trial level, a significant regression between two amplitudes measured out-

side of a peak is not sufficient to infer noise contamination of the data because the back-

ground activity of the brain is not completely random (Spencer, 2005), as previously 

claimed (Graben et al., 2000). However, in case of significant relationship between 2 

amplitudes measured at each trial, a recurrent artifact in the data should result in a 

highly reproductive slope of the regression line, meaning a suspicious reproducible 
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trend, from one session to next. That has however never been observed by considering 

the regression among single trials in each recording, either for the brainstem peak vs 

cortical peak, or the amplitude at 5 ms vs the amplitude at 27 ms on the subcortical elec-

trode, or the amplitude at 5 ms vs the amplitude at 27 ms on the cortical electrode, or 

the amplitude at 5 ms on the subcortical electrode vs the amplitude at 27 ms on the cor-

tical electrode, or the amplitude at 5 ms on the cortical electrode vs the amplitude at 27 

ms on the subcortical electrode. Taken together, these results strongly suggest that we 

described a true lesion effect in Figure 5 and not an artifact.  

 

Reconstruction of BDA labelling 

Tract-tracing analyses of brain sections after post-lesion injection of the tracer BDA in 

S1 should provide more insight into the post-lesion input and output projections of this 

area. Here, BDA was infused in 4 sites and injection site reconstruction was localised in-

to the areas 3b and 1 of S1, both in gray matter and white matter, from section 35 to sec-

tion 43 (see Supplementary Figure 4). The section showing the largest injection site 

area (section 41) contained 2 distinct patches of labelling (areas of 4.01 mm2 and 1.18 

mm2, respectively), both regions containing a dense plexus of labelled neuronal fibres, 

cell bodies and synaptic boutons and a surrounding halo (Supplementary Figure 3A). 

The volume of the injection site comprising the injection core and some part of the halo 

was estimated at 4.78 mm3 with the Cavalieri estimator. We were able to distinguish dif-

ferent labelled structures such as fibres, synaptic boutons and cell bodies (Supplemen-

tary Figure 3B-D). 

Given that similar BDA injections in S1 have never been performed either in control 

monkeys or in other lesioned monkeys until now, we were not able to directly compare 

our neuroanatomical data and provide quantitative analyses and therefore we were not 

able to investigate whether the motor cortex lesion affected the projections from and to 

S1. Nevertheless, we suggested here an interesting complementary approach to the be-

havioural and electrophysiological readouts presented in this study. We hope that simi-

lar analyses will be pursued in the future and that this material will be useful. The re-

construction of BDA-labelled sections is presented for information in Supplementary 

Figure 4.  
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Discussion 

Understanding the mechanisms of brain plasticity following a cerebral damage is of crit-

ical importance for the clinics but this field still contains many gray areas. Here, by using 

scalp EEG recording of SSEPs in an adult macaque monkey, we found that a dominant 

M1 lesion induced alterations in somatosensory processing. Our first surprise was that 

the post-lesion modulations were by no means restricted only to S1 but on the contrary, 

we also observed a post-lesion reduction in the amplitude of subcortical volleys. In addi-

tion, even though there was no change in voltage topography at the scalp after the le-

sion, the somatosensory cortical potential from the lesioned hemisphere was increased. 

Our second surprise was that the significant linear relationship between the amount of 

subcortical volleys and the amount of cortical output observed before the lesion after 

stimulation to the contralesional median nerve was partly maintained after the lesion in 

the form of a conserved cortical sensitivity to fluctuating volleys from the brainstem. 

Conversely, the lesion resulted in a constant gain added in the somatosensory pro-

cessing irrespective of the amount of subcortical volley, as well as in a slight reduction of 

noise level of the cortical processing through the post-lesion period. 

 

Extent of the lesion 

The characteristics of the lesioned tissue reported here correspond to the cellular dis-

tortion previously described in other studies involving cortical lesions by using microin-

fusion of ibotenic acid in monkeys (Liu and Rouiller, 1999; Murata et al., 2008; Murata et 

al., 2015; Newsome et al., 1985a; Newsome et al., 1985b). The lesion was performed to 

damage the M1 finger representation only but actually it extended unintentionally to 

some extent in PMvc or more likely to the transition zone between M1 and PM (see be-

low the section Post-lesion cortical reorganisation for further detail), in the white matter 

and maybe in area 3a as well. This is probably due to some spread and to the large vol-

ume and high concentration (twice as usually used in our laboratory) of ibotenic acid 

injected to circumvent the neuroprotective effect of the anaesthesia during the lesion 

surgery. Moreover, the large variations in area 3a position among different monkeys 

within the same species make very challenging to predict and then to spare its exact lo-

cation at the moment of the lesion (Krubitzer et al., 2004). Previous studies already re-
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ported the difficulty to perform very focal lesions restricted to the hand representation 

in M1 and described some damage in the neighbouring areas as well, such as S1 or PM 

(Kaeser et al., 2010; Lashley, 1924; Liu and Rouiller, 1999; Murata et al., 2008; Ogden 

and Franz, 1917). In particular, the lesion described in Murata et al. (2008), involving 

the fundus of the central sulcus, seems to be very close to the one performed in our 

study. This situation probably mimics to some extent the complex brain injuries ob-

served in human as well, usually not restricted to a single architectonic area (see e.g. 

Kim and Lee, 1994). Although we acknowledge that the lesion may have damaged a 

small portion of the area 3a as well, more specifically the rostral part located in direct 

continuity with the area 4 in the fundus of the central sulcus, we are confident that the 

post-lesion alterations in SSEPs and manual dexterity changes described here cannot be 

only attributed to a damage of area 3a for the following reasons: (1) No generator of 

median nerve SSEPs has been found in area 3a in macaque monkeys using either epi-

dural and intracranial recordings (Allison et al., 1991a; Allison et al., 1991b; McCarthy et 

al., 1991) or dipole localization method (Hayashi et al., 1994; Hayashi et al., 1995) (for a 

recent review about median nerve SSEP generators, see Mauguière, 2011). More specifi-

cally, the cortical potential recorded in our study at about 18 ms corresponds probably 

to the component P20 reported previously in anaesthetised macaque monkeys and 

whose generator was shown to be in area 3b (McCarthy et al., 1991). (2) Manual dexteri-

ty was previously compared in squirrel monkeys after a lesion of the rostral vs caudal 

portion of M1 (Friel et al., 2005). A caudal M1 lesion may be reasonably compared with 

the lesion performed in our study. The striking difference between both groups of mon-

keys was demonstrated using a behavioural task involving the precision grip performed 

under visual control (Klüver board): animals with a caudal M1 lesion often had to visual-

ly inspect the empty palm of their working hand after a pellet retrieval to realise that 

they really collected the pellet or not even though the whole task was under visual con-

trol, which the authors compared to somatosensory agnosia observed in humans. Alt-

hough such a behaviour was observed in some monkeys in our laboratory (unpublished 

data, see Chapter 5), it was not the case in Mk-DI. 

In spite of the absence of ICMS mapping of the lesioned area to directly assess its extent, 

there are several lines of evidence that the lesion most likely targeted the entire hand 

representation. First, in the 3 days following the lesion, the monkey presented a paresis 

of the ipsilateral (to the impaired hand) face, a severe paralysis of the ipsilateral 
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hindlimb in addition to a complete paralysis of the contralesional hand, wrist, elbow and 

shoulder to some extent. Normal movements of the face, shoulder, elbow and hindlimb 

were progressively recovered in the following days but the daily video follow-up of the 

animal performing the different behavioural tasks confirmed that finger and wrist 

movements remained partially altered throughout the post-lesion period. The transitory 

motor impairment of the face and hindlimb, in addition to the permanent deficit of the 

fingers and wrist throughout the post-lesion recovery phase strongly suggest that the 

lesion actually targeted the whole hand representation because the general somatotopic 

representation of the fingers is located between the representation of the face (more 

laterally) and the representation of the wrist and then the one of the leg (more medial-

ly). Second, post mortem histological analyses confirmed the large extent of the lesion, 

covering most likely the whole hand representation in the antero-posterior axis given 

that small portions of PMvc and maybe of the area 3a were damaged as well. Moreover, 

our neuroanatomical results were in accordance with other reports of lesions affecting 

the whole hand in M. fascicularis (see e.g. Qi et al., 2000; Sessle and Wiesendanger, 1982; 

Woolsey et al., 1952; and Wyss et al., 2013).  

 

Effect of the cortical lesion on subcortical processing of peripheral inputs 

Our first surprise was that a lesion performed at the cortical level induced massive al-

terations at the subcortical level as well, more specifically a reduction of the brainstem 

potential generated after stimulation of the median nerve of either side. We are confi-

dent that the modification observed here in subcortical sensory processing is not due to 

alteration in volume-conduction that may result from the lesion because the generator 

of this potential is very distant from the lesion.  

A quite old study in cats mentioned that a drug-induced epileptic seizure originating at 

several sensory cortical areas drove then epileptic activity in sensory relay thalamic nu-

clei as well and both activities were synchronous and similar in shape, suggesting that 

subcortical activity was subordinate to cortical activity (Starzl et al., 1953). Moreover, 

subcortical modifications of several receptor systems after a ischemic lesion of prefron-

tal, motor, and somatosensory cortices were reported in rats (Dawson et al., 1994). 

These alterations were explained as an attempt of the damaged structures to compen-

sate for the decrease of innervation following the cortical lesion. Another study in rats 
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showed some alterations of BAEPs after partial ablation of the auditory cortex (Lamas et 

al., 2013). But to the best of our knowledge, no mention of subcortical reorganisation 

after a cortical lesion is available in the EP literature either in non-human primates or in 

human (Green and McLeod, 1979; Kileny et al., 1987; Kraus et al., 1982; Ozdamar et al., 

1982). On the contrary, a lesion in the afferent pathways usually induced abnormalities 

in signal from the latency corresponding to the structure itself targeted by the lesion 

(Green and McLeod, 1979; Sonoo et al., 1991; Stohr et al., 1983).  

Other studies in rodents (Ghosh et al., 2009; Ghosh et al., 2010; Ghosh et al., 2012) and in 

primates (Bowes et al., 2013; Kaas et al., 1997; Kaas, 2000; Kaas et al., 2008; Nishimura 

and Isa, 2009; Nishimura and Isa, 2012; Schneider, 1990) already demonstrated that a 

spinal cord injury, a pyramidotomy or a dorsal column section all induced reorganisa-

tion at the cortical level. For instance, a partial dorsal column section in primates spar-

ing afferences from fourth and fifth fingers induced a cortical reorganisation of the so-

matosensory cortex in the form of an expansion of the representation of both these 

spared fingers into territories previously devoted to the other fingers (Kaas et al., 1997). 

In case of a complete cervical dorsal column section, the former cortical representation 

of the fingers in S1 was then even invaded by cutaneous afferences from the face (Kaas 

et al., 1997). This confirms the general idea that an alteration at low-hierarchical level in 

a system induced further alteration at higher-hierarchical level ("magnification 

concept", Wall et al., 2002) in that system during reorganisation processes after a lesion. 

Essentially, according to this theory, the small subcortical changes induced by a lesion 

are substantially amplified in the cortex (Kaas et al., 1997). 

But the reverse situation is not intuitive and was a real surprise for us from two points 

of view. First, our results suggest that a modification in motor output is able to induce 

itself a modification in sensory afferent processing as well, more specifically in the 

brainstem relay involved in somatosensory processing. Second, this suggests that a mod-

ification performed at a high-hierarchical level (the cortex in this case) results in further 

visible effects downwards in the hierarchical organisation of the nervous system, essen-

tially implying that subcortical structures are under constant control of the cortex (see 

General Introduction for more information). 

How can we interpret the reduction of brainstem volleys after the lesion? Does this re-

flect a use-dependent modulation? The sudden post-lesion decrease of use of the con-
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tralesional upper limb may have induced a decreased sensory feedback from this partic-

ular body part to the brainstem, in the form of a smaller afferent volley at the brainstem 

level. The flow of sensory information from the periphery to the cortex via subcortical 

relay stations corresponds actually to the integration of ascending afferent pathways, 

intrinsic circuits and descending pathways from the neocortex as well (Nunez and Buno, 

2001). Does the subcortical alteration correspond to a spinal, a subcortical or a cortical 

modulation on the brainstem by an increase of inhibition by lesion-induced plasticity in 

these structures? For instance, some topographically restricted corticocunate projec-

tions have been already demonstrated in monkeys (Cheema et al., 1985). These ques-

tions remain open. But still this does not explain the similar decrease in brainstem volley 

observed after stimulation of the ipsilesional median nerve as well. 

The similarly significant post-lesion decrease of the brainstem volley observed after 

stimulation of the ipsilesional median nerve suggests that the lesion induced massive 

reorganisation in subcortical sensory processing, i.e. that the unilateral lesion affected 

indiscriminately and bilaterally subcortical structures, instead of inducing a more focal 

and lateralised alteration. This may reflect either a strong cortical modulation on brain-

stem structures through bilateral projections after the lesion, or that alteration in pro-

cessing from the contralesional median nerve are sufficient to induce alteration in pro-

cessing from the ipsilesional median nerve, maybe through extensive bilateral connec-

tions at the brainstem level. Interestingly, even though the subcortical volleys after ipsi-

lesional median nerve stimulation were decreased, the cortical signal and the brainstem 

input-cortical output relationship were not altered by the lesion, meaning that the post-

lesion modulation in processing from the ipsilesional median nerve was restricted to 

subcortical structures only. 

In sum, based on the data presented here, we can only speculate about the origin of the 

brainstem alterations after the lesion and not favour one hypothesis over the others. 

We cannot exclude that the cortical lesion may have induced some other subcortical al-

terations, for instance in the thalamus or in the thalamocortical projections. Neverthe-

less, our study design did not allow us to investigate these possibilities.  
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Origin of subcortical potential 

An important issue concerns the precise origin of the generation of the subcortical po-

tential of median nerve SSEPs. Previous source localisation of median nerve SSEPs in our 

macaque monkeys confirmed the brainstem origin of this signal (Gindrat et al., 2014). 

Nevertheless, this first result did not allow to distinguish between intrinsic tissue activi-

ty at the brainstem level and axonal volleys in pathways along the brainstem. The ulti-

mate proof of the origin of this signal would be provided of course by several intracellu-

lar recordings in the brainstem during electrical stimulation of the median nerve. A pre-

vious study of SSEP recordings in M. mulatta, by using surface electrodes, array of epi-

dural electrodes over S1 and intracortical electrodes, reported that the early potentials 

P5.3 and P6.2 were generated by “bursts of highly synchronised action potentials travel-

ling along the medial lemniscus” and that the potential P7.2 was “generated within the 

thalamocortical radiations” (Arezzo et al., 1979). Based on our previous study using elec-

trical source imaging (Gindrat et al., 2014), we may reasonably assume that the P6.4 po-

tential corresponds to the brainstem potential recorded in the present study and there-

fore that the brainstem potential in our study is generated by an afferent volley at the 

brainstem level. The slightly longer latency we reported here (about 7 ms) is probably 

due to the different body sizes of the animals involved in each study (M. fascicularis in 

the present study versus M. mulatta in Arezzo’s paper) (Hamada et al., 2006). The differ-

ence in polarity of the potentials (negative brainstem peak here versus positive P6.2 ms 

in Arezzo’s paper) is probably due to the difference in electrode montage design (aver-

age reference here versus left wrist reference in Arezzo’s paper) (Dien, 1998; Murray et 

al., 2008; Yao et al., 2007).  

Another study supports this hypothesis: an interpretation of the origin of human short-

latency brainstem potentials recorded using intracranial and scalp electrodes was pro-

posed on the basis of spatial gradients of latency and amplitude changes in the recorded 

potentials (Hashimoto, 1984). On the one hand, the authors classified components such 

as P11 as volume-conducted far-field activity because neither shift in latency nor changes 

in amplitude of the potential were observed along the successive electrodes in the intra-

cranial array, meaning that this activity was not affected by the relative distance of the 

recording electrodes. On the other hand, for other components such as P13, a latency 

shift was present along the electrode array from the pons to the diencephalon, then a 
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very similar potential waveform was measured from 2 close electrodes in the midbrain 

at the medial lemniscus level, followed by a volume-conducted far-field activity recorded 

close to the lateral ventricle and at the scalp surface. This activity was proposed to cor-

respond to a synchronised volley of action potentials within the medial lemniscus from 

the brainstem to the thalamus. In our study we picked up this brainstem signal from all 

the electrodes at the scalp with some changes in latency and amplitude but this compo-

nent was with maximal amplitude and very similar waveform in the two most caudal 

electrodes, located on either side of the midline just below the external occipital protu-

berance. By applying the same reasoning as in Hashimoto’s paper (1984) but by being 

well aware that this potential was derived only from scalp electrodes in our study, we 

can conclude again that the brainstem activity may represent a synchronised axonal vol-

ley travelling in fibre tracts at the level of these recording electrodes. 

 

Effect of the cortical lesion on cortical potential 

The cortical lesion induced modifications at the cortical level itself, in the form of an in-

creased amplitude of the cortical potential measured over the ipsilesional sensorimotor 

cortex even though the voltage topography was not affected. Given the very close dis-

tance between the S1 generator of this potential (Allison et al., 1991a; Allison et al., 

1991b; Hayashi et al., 1994; Hayashi et al., 1995; McCarthy et al., 1991) and the cortical 

lesion, we are aware that this alteration in the amplitude of cortical signal may result 

from modification in volume-conduction properties induced by the lesion itself, in addi-

tion to a real modification of the brain activity. The biophysical properties of volume-

conduction of EEG signal from the generators through brain tissues to the scalp elec-

trodes remain largely elusive and have been only investigated by using models so far 

(van den Broek et al., 1998). We still do not know exactly how the signal is conducted 

through the living tissues of the head and modified before reaching the recording elec-

trodes at the scalp. Therefore, we cannot predict then how a cortical lesion will modify 

the volume-conduction properties of the brain. Nevertheless, we do not think that the 

sole lesion-induced distortions in volume-conduction could explain the post-lesion EEG 

signature observed at the scalp for the following reasons: (1) The cortical potential rec-

orded in our study at about 18 ms corresponds probably to the component P20 reported 

previously in anaesthetised macaque monkeys. The generator of this potential was 
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shown to be located in area 3b (McCarthy et al., 1991), i.e. in the posterior bank of the 

central sulcus. This generator is therefore tangentially oriented to the scalp surface. Pre-

vious models of the effect of a brain lesion on volume-conduction demonstrated that 

volume-conduction artifacts from tangential generators close to the lesion were smaller 

than from radial generators (van den Broek et al., 1998). (2) Modification in volume-

conduction induces most certainly strong distortions in voltage topography at the scalp 

(van den Broek et al., 1998). But here, we did not observe any topographical changes at 

the scalp after the lesion. (3) The dipole location relative to the lesion and to the inner 

skull surface is crucial for the presence or absence of volume-conduction artifacts (van 

den Broek et al., 1998). Essentially, the closer the lesion is to the dipole, the larger vol-

ume-conduction artifacts are, especially if the lesion is located in between the dipole and 

the head surface. We do not expect such a configuration of the lesion-generator localisa-

tion here. (4) We already demonstrated that the craniotomy itself required in our le-

sional protocol did not induce artifact in brain activity recorded at the scalp (see Gindrat 

et al., 2014 in Chapter 1). (5) The significant linear relationship between brainstem in-

put and cortical output observed before the lesion cannot objectively be attributed to 

any volume-conduction artifact because the monkey’s head and brain had not been sub-

jected to any intervention during this pre-lesion period. The evidence of a preserved 

cortical sensitivity to changes in brainstem input after the lesion indicates that the corti-

cal potential was not fully altered and we can then reasonably assume that the post-

lesion relationship is real as well and is not merely the result of volume-conduction ef-

fect. 

Of course further evidence against volume-conduction artifact would have been to con-

firm the post-lesion increased cortical amplitude of contralesional SSEPs by using an-

other imaging technique such as magnetoencephalography (MEG) that is known to be 

less affected by volume-conduction issues than EEG (Mondt, 1989; van den Broek et al., 

1998; Winter et al., 2007).  

In brief, all these observations suggest that the modulation of brain activity observed 

after the lesion are not only due to volume-conduction effects resulting from the lesion 

but correspond to true alterations in brain activity after the lesion.  
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Effect of the cortical lesion on the relationship between subcortical volleys 

and cortical output 

We demonstrated here that the spontaneous cortical reorganisation after the permanent 

cortical lesion was characterised by a modification of the relationship between subcorti-

cal volleys and cortical output after contralesional electrical stimulation. But in spite of 

the large extent of the cortical lesion, this relationship was not fully altered. On the con-

trary, the lesion induced very specific modulations of this relationship: we interpreted 

the post-lesion increase of the y-axis intercept value as a constant gain added to the so-

matosensory cortical processing, i.e. an increase of somatosensory output. The slight 

post-lesion decrease in R indicated a small reduction in the noise level of the cortical 

processing. The absence of any modification in the slope of the regression lines suggest-

ed a conserved sensitivity of S1 to subcortical volleys. This post-lesion EEG signature is 

interesting from several points of view. 

First, surprisingly, the sensitivity of the somatosensory cortex to fluctuating subcortical 

volleys was maintained after the lesion in spite of a decreased processing at the brain-

stem level. This suggests that the S1 sensitivity could still be fully achieved even with 

impaired afferent information. Moreover, it indicates that this specific process does not 

require the involvement of the large sensorimotor cortical networks and subcortical 

networks that may have been damaged by the lesion performed here. Rather we pro-

pose that the sensitivity of S1 was performed very locally by S1 itself. Another possibil-

ity would be that the lesion had destroyed the neuronal network responsible for this 

particular process as well but then that the post-lesion plastic reorganisation at the cor-

tical level resulted in the complete recovery of the sensitivity of the somatosensory cor-

tex. Nevertheless, given that we demonstrated that the same cortical sensitivity as ob-

served before the lesion was still present in the first post-lesion data in spite of the large 

extent of the lesion, we do not think that this is a putative hypothesis. 

Second, intriguingly, the cortical lesion resulted in a constant gain added in the soma-

tosensory cortical process and maybe a slight post-lesion evolution in the control of 

noise in somatosensory processing. This suggests that the control of the somatosensory 

output and the one of noise normally depended on a more global and larger cortical 

network probably affected by the lesion, in addition to S1 itself. 
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Third, this observation suggests that the post-lesion increase of somatosensory output 

was not accompanied with any clear benefit for S1 in terms of processing improvement, 

given the conserved sensitivity of S1. 

The demonstration of a similar relationship between subcortical input and somatosen-

sory cortical output in both left and right median nerve SSEPs before the lesion is im-

portant. First, it confirms that this relationship was not an artifact in our data. Second, it 

suggests that this process of cortical sensitivity is not linked to hand dominance but is 

rather a general feature of somatosensory processing, at least from the median nerve. 

Furthermore, the completely conserved relationship between subcortical input and so-

matosensory cortical output in left, ipsilesional median nerve SSEPs confirmed that the 

lesion did not induce a global change in brain activity that may be attributed to an arti-

fact but rather that the gain added at the cortical level was restricted to S1 in the le-

sioned hemisphere. 

We demonstrated here that the relationship between subcortical afferent volleys and 

cortical output after electrical stimulation to the median nerve in macaque monkey was 

linear. This result is not in agreement with previous observations of non-linear conduc-

tions through relays in the somatosensory afferent pathways (Krnjevic and Morris, 

1976; Walsh and Whitehorn, 1981). Nevertheless, a direct comparison with them is not 

appropriate because both these earlier studies were performed in cats, under very un-

natural conditions (decerebrate animals or paralysed and artificially respired animals) 

and did not involve the same structures, nor exactly the same kind of measurement nor 

the same analysis. 

In sum, we propose that the lesion-induced alterations in somatosensory pathway al-

ready observed at the subcortical level are further transmitted at the cortical level by 

ascending projections from the periphery to the cortex. The preserved linear relation-

ship observed between brainstem input and cortical output after the lesion does not 

support the “magnification concept” (Wall et al., 2002) of subcortical inputs at the cortex 

level during post-lesion reorganisation processes where small subcortical changes in-

duced by a lesion are substantially amplified in the cortex (Kaas et al., 1997). The pre-

sent data rather suggest that extensive alterations are already present at the brainstem 

level, in accordance with the “multiple substrate view” (Wall et al., 2002). But the obser-

vation that, after the lesion, a reduced activity at the brainstem level was related to an 
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increased activity at the cortical level ruled out the hypothesis of a simple, passive and 

complete reflection of brainstem alterations at the cortical level, but rather suggested 

the additional involvement of “supra-brainstem” mechanisms, for instance in the form of 

other cortical areas sending inputs to S1 and/or intrinsic reorganisation in S1, both re-

sulting in a constant gain added to cortical output. 

 

Post-lesion cortical reorganisation  

Then, how can we interpret the increased output from S1? Does that correspond to an 

internal reorganisation in S1 or do some inputs come from other areas? Moreover, 

is/are the increased somatosensory output and/or the improved control of noise level 

contributing to the functional recovery? This will be discussed here. 

There was some spontaneous functional recovery of the contralesional hand dexterity 

after the lesion although the hand area in left M1 had been permanently destroyed, 

meaning that there were compensatory mechanisms underlying the partial functional 

recovery of the contralesional finger use. The increased output from S1 and the slightly 

improved control of noise in S1 processing may be one neuronal substrate of functional 

recovery among others because the involvement of S1 in post-lesion cortical reorganisa-

tion after a similar injury in squirrel monkeys was already demonstrated (Dancause et 

al., 2005) as well as the role of S1 in functional recovery after a stroke in human (Jang et 

al., 2002; Jang et al., 2004; Laible et al., 2012; Pineiro et al., 2001; Schaechter et al., 

2012). Remarkably, an increase in sensorimotor cortex responsiveness to tactile stimu-

lation of impaired fingers correlated strongly with the level of functional motor recovery 

during subacute post-stroke period (less than one year after stroke, corresponding to 

the same time period as the post-lesion phase investigated in our study) in human pa-

tients (Schaechter et al., 2012). S1 is a contributor of the CST (Biber et al., 1978; Cheema 

et al., 1983; Cole and Glees, 1954; Coulter and Jones, 1977; Darian-Smith et al., 1996; 

Galea and Darian-Smith, 1994; Jones and Wise, 1977; Kumar et al., 2009; Lemon, 1997; 

Lemon, 2008; Lemon and Griffiths, 2005; Nieuwenhuys et al., 2007; Nudo and 

Masterton, 1990; Ralston and Ralston, 1985; Schieber, 2007; Seo and Jang, 2013; Sessle 

and Wiesendanger, 1982; Toyoshima and Sakai, 1982; Wiesendanger, 1981). One may 

therefore speculate that the partial functional recovery and changes in strategy ob-

served after the lesion are at least partially mediated through an increased contribution 
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of S1 to the CST output. Alternatively, this increase in S1 output may come from aberrant 

projections to S1 and therefore represent a maladaptive activation of S1, interfering 

with functional recovery. Based on our results, we cannot invalidate this hypothesis. 

What is the origin of this constant input to the somatosensory cortex? If the linear rela-

tionship between the brainstem input and the cortical output is always true, irrespective 

of the brainstem input, we expect that a constant input is added to the somatosensory 

output, even without any subcortical input. This suggests that this gain added at the cor-

tical level is independent from the subcortical activity. Putative explanations are ex-

posed here: 

(1) The post-lesion increase of background activity at the somatosensory cortex level 

may correspond to a post-lesion activity-related reorganisation in S1 itself in the form of 

an increase of self-generated, intrinsic activity in S1. We expect that the M1 lesion re-

sulted not only in sustained changes in motor output, but it should have also damaged 

the strong sensorimotor connectivity between M1 and S1. It has been proposed that the 

amount of inhibitory inputs to sensory cortices is strongly linked to long-term activity 

levels (Kaas et al., 1997): deprived areas are less inhibited, for instance by a reduction of 

GABA activity (Chen and Nedivi, 2013; Garraghty et al., 1991; Griffen and Maffei, 2014; 

Hendry and Jones, 1986; Jones, 1993; Kullmann et al., 2012; Redecker et al., 2000) or 

ACh activity (Avendano et al., 1995) among others. Conversely highly stimulated areas 

get much more inhibition. This means that S1 was then largely deprived of intracortical 

inhibitory connections from M1, leading to an increase in intrinsic S1 activity. Similar 

phenomena of increase of activity in sensory cortex have been already suggested to ex-

plain some phantom perceptions such as tinnitus (Chen et al., 2014; Lockwood et al., 

1999; Norena and Eggermont, 2003) or phantom limb pain (Bolognini et al., 2013; 

Dettmers et al., 2001). 

This leads then to ask the question about the functional significance of this motor inhibi-

tion in normal situations. During motor exploration by active touch from the fingers for 

instance, the somatosensory system is exposed to many different stimuli but has to con-

centrate on the most important ones only, in order to send the most relevant sensory 

feedback to M1. This gating of sensory input to M1 may be achieved at the cortical level 

(Seki and Fetz, 2012) by temporarily upregulating intracortical inhibition from M1 to S1. 
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(2) A second hypothesis involves an acute plastic reorganisation of the connections from 

and to S1, such as a constant input to the somatosensory cortex coming from another 

remote area of the brain involved in post-lesion reorganisation. Based on previous stud-

ies, a strong candidate is PM that was shown to be involved in functional recovery (Liu 

and Rouiller, 1999; Murata et al., 2015) and reorganised as well after a large M1 lesion 

of the hand representation of M1 in non-human primates (Frost et al., 2003; Murata et 

al., 2015). More specifically, the ventrorostral part of PM (PMvr or F5 (Matelli et al., 

1985)), in the postarcuate cortex, may be involved because there is a large body of evi-

dence that the PMv hand representation is actually located in PMvr (Cerri et al., 2003; 

Dum and Strick, 2005; Gentilucci et al., 1988; Gerbella et al., 2011; He et al., 1993; Kurata 

and Tanji, 1986; Lehmann and Scherberger, 2013; Rizzolatti et al., 1988; Shimazu et al., 

2004). For instance, we propose that some cortical inputs from PMvr targeting originally 

M1 may have been redirected to S1 after the lesion, as already observed (Dancause et al., 

2005), or some pre-lesion existing but inactive inputs from PMvr to S1 may have been 

desilenced after the lesion. Importantly, although some portions of PMvc were lesioned, 

PMvr remained intact, supporting the hypothesis of a post-lesion contribution of PMv.  

(3) Maybe some other remote, non-primary motor areas in the lesioned hemisphere 

could contribute in the same way by projecting on S1, such as the SMA (Eisner-Janowicz 

et al., 2008; McNeal et al., 2010) or the CMA because existing projections from SMA 

(DeVito and Smith, 1959; Huffman and Krubitzer, 2001; Jones et al., 1978; Jürgens, 

1984) and CMA to S1 were already observed in control monkeys as from PM to S1 

(Dancause et al., 2005).  

All these potential phenomena may result in a completely new cortical output from S1 

and may actually coexist as well. However, this does not fully explain our data because 

we did not observe any massive post-lesion evolution in S1 processing and output, if not 

a slight improvement in the control of noise level, whereas the monkey showed a pro-

gressive functional recovery of fine manual dexterity. This implies that some additional 

contributions are expected to underlie the partial functional recovery, for instance orig-

inating from other non-primary motor cortical areas in the frontal cortex. SMA, PMv or 

CMA all contain a hand representation and CST neurons as well and may therefore ei-

ther increase the strength of their projections in the CST or the strength of projections to 

some spared portions of M1 (Borra et al., 2010; Boudrias et al., 2010; Darian-Smith et al., 
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1999; Dum and Strick, 1991; Dum and Strick, 2002; Dum and Strick, 1996; He et al., 

1993; He et al., 1995; Kantak et al., 2012; Liu and Rouiller, 1999; McNeal et al., 2010; 

Rouiller et al., 1996). What about the involvement of contralesional areas (Nudo, 2006)? 

The recruitment of the intact hemisphere such as the intact sensorimotor cortex 

(Cramer et al., 1997; Liepert et al., 2000; Schaechter et al., 2008; Schaechter et al., 2012) 

has already been observed, especially in case of largely extended lesions (Nudo, 2013). 

Here the lesion was extended in the sense that it covered the whole hand representation 

of M1. Nevertheless, back in the clinical context, this corresponds to a very focal lesion, 

meaning that the implication of the intact hemisphere is unlikely. One may expect con-

tribution from the intact hemisphere in case of an extended lesion affecting not only M1 

but other non-primary motor areas as well, such as PM or SMA, as observed in stroke 

patients. 

We should not forget that plastic changes mediating functional reorganisation are actu-

ally dynamic over time. A very recent study on M. mulatta revealed that after an M1 

hand lesion, the early post-recovery period involved the activation of ipsilesional PMv 

whereas the functional recovery during the later post-recovery period was mediated 

primarily by the peri-lesional intact portion of M1 (Murata et al., 2015). This suggests 

that during the early post-lesion stage, the brain resorted to available pre-existing neu-

ral substrates by simply reducing inhibitory control on them, whereas during the late 

post-lesion stage original structures were again involved by plastic changes of the neural 

circuits (Nishimura and Isa, 2009). 

In sum, based on the present data, we cannot favour one scenario over the others. 

 

Electrical stimulation 

We used here electrical peripheral stimulation at the wrist because it activates synchro-

nously a large amount of afferent fibres not restricted to tactile afferences (Allison et al., 

1991a; Aminoff and Eisen, 1998; Desmedt, 1987; Legatt, 2014; Mauguière, 2011; Regan, 

1989; Walsh et al., 2005; York, 1985). Testing this nonspecific activation by using elec-

trical stimulation may be relevant in case of a neurological impairment affecting differ-

entially the different types of fibres. Moreover electrical peripheral stimulation gener-

ates a robust response at the scalp (Dawson, 1956; York, 1985). This was a prerequisite 
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for data analysis at single-trial level. Moreover, this type of stimulation is user-friendly 

and has some advantages over other types of stimulation, such as the brevity and strict 

temporal control of stimulus onset and cutoff (Mauguière, 2011). Consequently, it is 

commonly used in clinical investigations (American Clinical Neurophysiology Society, 

2006; Cruccu et al., 2008), increasing then the relevance of our results. 

We delivered electrical stimulation to the median nerve instead of the ulnar nerve be-

cause the ratio of skin afferents to muscle afferents from the hand is higher in median 

nerve than in ulnar nerve (Dawson, 1956). Actually, cerebral potentials evoked by elec-

trical stimulation to a nerve are primarily produced by the large-diameter and low-

threshold sensory afferent fibres form the skin, as compared to the sensory afferences 

from the hand muscles (Dawson, 1956). 

 

Relevance of single-trial analysis 

We considered median nerve SSEPs at the single-trial level and performed regressions 

between the subcortical peak and the cortical peak over each recording in a single sub-

ject. The standard method of event-related potential (ERP) analysis and interpretation 

assumes (1) that ERPs are essentially stable over time across many trials (stationary 

hypothesis) and (2) that ERPs are superimposed on an uncorrelated stochastic back-

ground EEG activity (Graben et al., 2000). Therefore brain responses related to a given 

similar stimulus are usually averaged across trials and across subjects to enhance signal-

to-noise ratio. Nevertheless this approach fails to consider that ERPs are influenced by 

some important factors over time, such as learning, plasticity, adaptation, and back-

ground EEG activity, resulting consequently in variability across trials, in addition to in-

ter-individual variability (McLaughlin and Kelly, 1993; Spencer, 2005). The physiological 

information contained in each trial is partially lost when data are averaged in a given 

subject (Pernet et al., 2011) and averaging brain activity across subjects can result in 

false interpretations by summarising the brain activity into patterns that are not present 

at the single-subject level (Gaspar et al., 2011). What is even more important, the high 

temporal resolution of EEG constitutes a unique opportunity to access the real temporal 

dynamics of the brain processing incoming stimuli. These elements have led to consider 

the variance of brain activity within subjects already at the level of the single trials. Sin-

gle-trial analysis allows to address the fundamental question of relationship between 
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sensory inputs to the brain and cortical output activity over time and to get more 

knowledge about the different mechanisms underlying brain plasticity. Moreover, this 

method enables statistical analysis already at the single-subject level, which is crucial 

when the subject cannot be easily included in a larger group, for instance in animal re-

search with only few animals involved in a protocol, or in clinics with patients present-

ing very specific deficits. From the point of view of basic neurophysiology, by going 

deeper than the averaged brain activity, a more detailed description of the data allows to 

get additional insight into the mechanisms of ERP generation: the activity at each single 

trial is the correlate of post-synaptic potentials of neuronal populations in the cortex.  

 

Impact of the lesion on hand motor control 

The cortical lesion induced severe motor deficits in manual dexterity with an initial 

complete loss of finger movements followed by a spontaneous gradual functional recov-

ery. Although some relatively independent fingers movements were restored, allowing 

to perform some precision grip, the ability to perform fine fractionated fingers move-

ments was permanently reduced, as indicated by the score in 30 s and the contact time. 

Moreover, the larger impairment to collect horizontal pellets as compared to vertical 

ones reflects a permanent deficit to perform wrist deviations associated to precision 

grip. This is in accordance with previous reports of motor cortex lesions of the hand rep-

resentation in non-human primates performed in our laboratory (Hoogewoud et al., 

2013; Kaeser et al., 2011; Liu and Rouiller, 1999; Rouiller et al., 1998; Wyss et al., 2013), 

and in other groups (Darling et al., 2014; Frost et al., 2003; Glees and Cole, 1950; Nudo 

and Milliken, 1996; Pizzimenti et al., 2007; Plautz et al., 2003). The lesion performed in 

our study has most probably extensively damaged the populations of CM cells in M1 

normally involved in the control of the distal muscles of the contralateral arm (Buys et 

al., 1986; Lemon, 1993; Lemon, 1997; Lemon, 2008; Lemon and Porter, 1976). 

The clear functional implications of the post-lesion EEG alterations observed here for 

behavioural recovery are unknown and would still need further investigations. Never-

theless, the increase of cortical activity may be reminiscent of the increase in premove-

ment cortical activity measured in S1 after cooling of the M1 hand representation in ma-

caque monkeys, previously described by Sasaki and Gemba (1984). It is tempting to 

speculate that S1 may be recruited to compensate for the loss of motor function, explain-
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ing the enhanced activity in S1 after M1 lesion. This is in line with some observations 

that, in monkeys, CST neurons from S1 share similar properties of activities to CST neu-

rons from M1, such that in addition to their sensory function, CST neurons from S1 could 

be directly involved in motor control (Evarts, 1974; Fromm and Evarts, 1982). Our data 

suggest a slight decrease in the amount of noise in cortical processing from post-lesion 1 

group (post-lesion days 9 to 56) to post-lesion 2 group (post-lesion days 63 to 134). Such 

decrease in the noise of cortical processing through the post-lesion recovery period may 

correspond to functional recovery in the form of the transition from reacquisition to 

stabilisation of the performance of the contralesional hand observed from post-lesion 

day 72. This observation does not necessarily mean that the slightly reduced noise in 

processing induced the partial functional recovery of manual dexterity of the contrale-

sional hand, nor the opposite, but this suggests that the two phenomena may be linked. 

Many questions remain open at that level. 

 

Further remarks 

This study is a case report. Evidently, we will need to confirm the EEG signature of a le-

sion of the M1 hand representation in more animals. Moreover, we could refine our 

study by analysing other SSEP components and by increasing the number of trials in or-

der to get a finer and more robust analysis. It would be also interesting to use other 

stimulations paradigms, by changing for instance the stimulus length, stimulus ampli-

tude (Lesser et al., 1979; Rappaport et al., 1992a; Rappaport et al., 1992b) or repetition 

rate (Araki et al., 1999; Fujii et al., 1994; Pratt et al., 1980; Robinson and Micklesen, 

2010; Valeriani et al., 1998), and to investigate in particular if the relationship observed 

between brainstem volleys and cortical output does depend on these stimulation pa-

rameters. 

The power of our study resides in the acquisition of whole-scalp EEG signals very fre-

quently over time, both before and after the lesion, associated with a simple but even so 

fruitful data analysis to obtain a detailed follow-up of the cortical reorganisation. Alt-

hough subcortical evoked signals usually have a lower signal-to-noise ratio as compared 

to cortical evoked potentials, we were able to extract both potentials already at the sin-

gle-trial level and demonstrate that there is actually a significant linear relationship be-

tween them. 
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We demonstrated that the lesion-induced changes in motor output and sensorimotor 

connectivity were sufficient to reorganise the somatosensory system at several levels, 

meaning that a lesion in the motor system induces extensive plasticity in the somatosen-

sory system as well that may be involved in functional recovery (Schaechter et al., 2012). 

Therefore these results may be relevant for the clinics, where neurorehabilitation strat-

egies for stroke patients for instance should target more intensively the somatosensory 

system as well, in parallel with the recovery of motor functions themselves, as already 

initiated in some studies (Byl et al., 2003; Laible et al., 2012; Sawaki et al., 2006). 

 

Conclusion 

By way of conclusion, we presented here an additional window into the mechanisms of 

sensorimotor reorganisation underlying functional recovery after a cortical lesion in 

non-human primates. More specifically, the present data showed that the somatosenso-

ry processing was deeply reorganised in the form of plastic modifications both at sub-

cortical and cortical levels after a dominant motor cortex lesion. This indicates that the 

sustained changes in motor output and sensorimotor connectivity induced by the lesion 

were sufficient to reorganise extensively the somatosensory system as well. We provid-

ed here additional information about the post-lesion compensatory mechanisms of sub-

cortical structures interacting with the cortex, shedding light on another facet of lesion-

induced plasticity. This further confirms that the motor cortex is not a purely motor 

structure (Asanuma, 1981; Asanuma and Rosén, 1972; Jones, 1986; Rosen and Asanuma, 

1972). Equally important, this supports that the sensorimotor cortical representations 

are plastic in adult macaque monkeys. However the clear functional implications of the 

changes described here for behavioural recovery still need further investigations.  
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Supplementary Figures 

Supplementary Figure 1 (next page): Histological reconstruction of the cortical lesion in Mk-DI. 

Complete series of individual Nissl-stained sections in the frontal plane where the lesion was 

visible. The cortical lesion in gray matter (red area) extended from Nissl-stained section 27 to 

section 48. The border between gray matter and white matter is shown in blue. The extent of the 

cortical lesion (insert in the lower right corner), based on Nissl-stained sections, was orthogonally 

projected onto the surface of the left hemisphere. When the lesion extended in the depth of the 

central sulcus, the lower extremity of the red bars was represented crossing the central sulcus in 

direction of the postcentral gyrus. The landmark of some sections is given. 
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Supplementary Figure 2: 5-ms signal and 27-ms signal captured at the subcortical and cortical 

electrodes. (A) Relationship between the amplitude of the 5-ms signal from the subcortical 

electrode and from the cortical electrode before the lesion. (B) Same as (A) but after the lesion. (C) 

and (D) Same as (A) and (B) but for the amplitude of the 27-ms signal. 
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Supplementary Figure 3: BDA labelling. (A) Injection core on section 41, and magnification (on the 

right). (B) Labelled fibres in PM, M1 and S1. (C) Retrogradely labelled cell bodies in M1 and S1. (D) 

Labelled synaptic boutons in S1.  
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Supplementary Figure 4 (next 6 pages): Reconstruction of BDA labelling. Series of individual BDA-

stained sections (11-44) with visible ipsilateral BDA labelling after BDA injection into left S1. 

Sections before 27 showed labelling primarily in PM while posterior sections from 27 showed 

labelling in M1 and in the different areas of S1. For sections 35-44, some labelled structures in S1 

were not drawn here due to the highly dense labelling, especially around the injection site. Note 

that BDA-labelled structures were present caudal to section 44 as well but were not investigated 

here. Labelling in the right hemisphere was not reconstructed. Given the absence of information 

about the distribution of labelled structures following an injection in S1 in intact animals, we 

cannot provide here any quantitative data but the following sections are shown for information.  
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Abstract 

Sensory information from the hand is crucial for motor control and the disruption of 

these inputs due to a nervous system injury or disease results in numb and clumsy 

hands. The fingertips, in particular, are well endowed with tactile receptors but how 

these inputs are computationally linked to motor control is not entirely clear. Here, our 

goal was to profit from the high temporal resolution and non-invasiveness of scalp EEG 

to study the changes in tactile information processing from the fingertips following a 

highly focal cortical lesion in a non-human primate, in order to complement our under-

standing of post-lesion mechanisms involved in brain plastic reorganisation. 

To this end, in parallel with the previous study (Chapter 2) involving scalp EEG meas-

urements of the processing of electrical stimulation to the median nerve, we recorded 

the cortical activity associated with the fingertips in the same anaesthetised macaque 

monkey as well, both before and at several time points (5-week interval) after the domi-

nant M1 lesion. Tactile stimulations were applied by using computer-controlled solenoid 

tappers placed over the contralesional thumb, index and middle fingertips. 

The pre-lesion recordings from the electrodes over the contralateral somatosensory cor-

tex revealed a large positive peak at 33-37 ms post-stimulus. After the lesion, we ob-

served major changes in brain activity following tactile stimulation to the contralesional 

fingertips: interestingly, although the lesion targeted the whole hand representation in 

M1, the alterations were the most prominent for the thumb and were further enhanced 

over post-lesion time. Similar effects were observed for the index finger but to a lesser 

extent. In parallel, the animal displayed impairment in contralesional thumb use in fa-

vour of the index finger when manual dexterity was assessed in a task without visual 

feedback. The alterations in sensory processing may partially explain the behavioural 

deficits observed after the lesion. 

We hypothesise that the dominant M1 lesion may have damaged the pre-existing strong 

sensorimotor interactions which are normally biased towards the thumb sensorimotor 

control. Equally importantly, several observations suggest that the post-lesion changes 

in scalp signals are unlikely to result from lesion-induced distortions in volume-

conduction. 
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In sum, the present data show that the dominant M1 lesion interfered with the pro-

cessing of fingertip inputs in the cerebral cortex and suggest that normal tactile sensory 

processing is modulated by motor cortical activity.  

 

Introduction 

This chapter should be considered as the direct and complementary succession of Chap-

ter 2. In the latter, we presented the impact of a motor cortex lesion on somatosensory 

processing of electrical stimulation to the median nerve in Mk-DI. Here we will explore 

the impact of the same lesion on tactile processing from the fingertips in the same ani-

mal. Before concluding, we will discuss the present results in relation with those of 

Chapter 2.  

Sensory and motor capabilities of the primate hand evolved to eventually reach the ul-

timate refinement in prehensility that characterises primates (Old World monkeys and 

Humans) (Napier, 1962) and confers them a very special evolutionary advantage in the 

sense that they can directly interact with the physical environment and partly control it 

(Napier, 1993). Indeed, the primate hand is able to fully achieve dual complementary 

functions, namely to finely manipulate objects as well as to be used as a sensory organ to 

get somatosensory feedback, especially during discriminative touch and haptic percep-

tion (Chapman et al., 1996; Napier, 1993). Such sophisticated sensorimotor control of 

the hand is first assumed by M1 and S1 and relies on a uniqueness of S1 among the dif-

ferent primary sensory areas in being directly and intimately connected with M1 

through strong bidirectional projections (Hendry and Hsiao, 2013).  

The crucial role of this sensorimotor integration has been already demonstrated by le-

sioning one of these 2 areas. For instance, a muscimol-mediated reversible inactivation 

of S1 hand representation (Hikosaka et al., 1985) or electrocoagulation-mediated per-

manent inactivation of S1 hand representation (Xerri et al., 1998), both in monkeys, re-

sulted in strong but temporary deficits in fine manual dexterity. Conversely, somatosen-

sory impairments were observed in squirrel monkeys after lesion of M1 hand represen-

tation (Friel et al., 2005; Nudo et al., 2000) and an increase of activity in S1 forelimb area 

was described in macaque monkeys during reversible inactivation of the M1 forelimb 

area (Sasaki and Gemba, 1984). These descriptions of impairments highlight the im-
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portance of the strong connectivity between M1 and S1 in primates (Cole and Glees, 

1954; Jones et al., 1978; Jones and Powell, 1970; Jones, 1986; Kaas, 2004; Stepniewska 

et al., 1993). 

In addition to these corticocortical connections between M1 and S1, short-latency pe-

ripheral somatosensory inputs were shown to reach M1 directly from the thalamus 

(Asanuma et al., 1979a). More specifically, thalamic inputs from the distal upper limb 

originate primarily from the oral subdivision of VPL (VPLo) (Asanuma et al., 1979c; 

Horne and Tracey, 1979; Lemon and Van der Burg, 1979; Strick, 1976) while thalamic 

inputs from the proximal upper limb project mostly from the ventrolateral nucleus (VL, 

both oral and caudal parts) (Darian-Smith and Darian-Smith, 1993; Holsapple et al., 

1991; Leichnetz, 1986; Matelli et al., 1989; Rouiller et al., 1999; Shindo et al., 1995; 

Strick, 1976; Strick, 1975). These thalamic inputs are mediated mainly through the dor-

sal column-medial lemniscal system (Asanuma et al., 1980; Brinkman et al., 1978) in 

monkeys while they reached S1 through both the dorsal column-medial lemniscal sys-

tem and spinothalamic tract (Asanuma et al., 1979b; Asanuma et al., 1980; Brinkman et 

al., 1978; Darian-Smith et al., 1996a; Darian-Smith et al., 1996b). 

The existence of afferent feedback to higher levels of the nervous system involved in mo-

tor control is known since a very long time (Francois-Franck, 1887). Peripheral afferent 

inputs to the motor system were reported in the form of pyramidal tract neurons re-

sponding to peripheral nerve stimulations (Adrian and Moruzzi, 1939), cutaneous 

stimulation or passive limb movements (see e.g. Wannier et al., 1991). Then pioneering 

extensive work in the field of relation between motor function and peripheral input was 

performed in particular by Asanuma and co-workers (for a review, see Asanuma, 1981), 

first in cats (Asanuma, 1959; Asanuma et al., 1968; Asanuma, 1973; Asanuma, 1975; 

Asanuma et al., 1979b; Asanuma and Rosén, 1972; Asanuma and Sakata, 1967; Asanuma 

et al., 1979c; Stoney et al., 1968; Thompson et al., 1970) then in awake monkeys 

(Asanuma, 1973; Asanuma, 1975; Asanuma and Rosén, 1972; Asanuma et al., 1979c; 

Rosén and Asanuma, 1972). Some other groups later confirmed their results again in 

cats (Murphy et al., 1975) and in monkeys (Brinkman et al., 1985; Colebatch et al., 1990; 

Murphy et al., 1978; Wiesendanger, 1973; Wong et al., 1978). In practical, by using mi-

croelectrode penetrations in M1, Asanuma and co-workers combined at a given cortical 

site both receptive field determination with natural stimuli and passive movement and 
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then ICMS. In this way they were able to map and then to reconstruct the cortical vol-

ume in charge of a given muscle or movement, with the aim to correlate it with the affer-

ent inputs projecting to this cortical region. They discovered a columnar organisation 

within the motor cortex where neurons of the same column were shown to control 

movements of the same body part. In particular they demonstrated that M1 neurons 

controlling finger movements received polymodal afferent inputs from peripheral recep-

tors activated by light touch, skin pressure or passive finger movements. For instance, 

tactile afferences elicited by stimulating the glabrous volar surface of the hand projected 

on neurons of the hand cortical area controlling finger flexions. In the same way, most of 

the cells activated by passive joint movements (receptors in muscles and joints) project-

ed on neurons involved in the motor control of that joint that sent peripheral input to 

the given cortical region. More generally, they highlighted an input-output organisation 

where each M1 cortical region received afferent inputs associated with the movement 

produced by the activity of that zone, because peripheral receptors (skin, joint and mus-

cle receptors) were located in the same region potentially stimulated by the contraction 

of the target muscle. The motor cortex received in particular dense peripheral sensory 

inputs from the distal forelimb areas. Asanuma and co-workers described in greater de-

tail the columnar organisation within M1 and observed that cells responding to periph-

eral inputs were mostly located in layers II to IV whereas cell controlling movements of 

the corresponding body parts originated mostly in layer V. They suggested a loop organ-

isation between peripheral inputs and motor cortex but excluded a direct initiation of 

movements by peripheral inputs because these inputs projected on cells of superficial 

layers with a high activation threshold to generate movements. Conversely, cells in layer 

V were rarely activated directly by peripheral inputs. Asanuma et al. concluded there-

fore that these inputs were actually relayed from superficial layers to a restricted group 

of neurons located in deeper layers of the same cortical column by interneurons.  

Remarkably, a mostly somatotopic organisation of afferent sensory inputs to M1 was 

demonstrated by using EPs (Woolsey et al., 1942; Woolsey, 1958; Woolsey, 1964) and 

intracortical microelectrode recordings (Brooks et al., 1961; Buser and Imbert, 1961; 

Lemon and Porter, 1976; Murphy et al., 1978; Rosén and Asanuma, 1972; Wong et al., 

1978) in cats and in monkeys, in a similar way as inputs to S1. Some exceptions to this 

topographical organisation of afferent inputs were nevertheless reported (Lemon et al., 

1976; Lemon and Porter, 1976). Moreover, a segregation between cutaneous and deep 
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afferent inputs emerged in M1: neurons receiving substantial cutaneous input were con-

centrated in the caudal M1 hand representation while those driven by non-cutaneous, 

deep input were located in the rostral M1 hand representation in monkeys (Strick and 

Preston, 1982; Strick and Preston, 1978; Tanji and Wise, 1981). Consequently, Strick and 

Preston (1978) suggested that the caudal motor representation may control movements 

using tactile input for their execution and guidance, such as in tactile exploration, while 

the rostral motor representation may control movements using kinesthetic input for 

their execution and guidance, such as in load compensation. 

The functional role of sensory inputs to motor control are still under debate although 

their importance was already demonstrated long time ago, for instance by Claude Ber-

nard (1858) in frogs and in dogs. Namely he wrote: « Les racines postérieures, nerfs du 

sentiment, semblent  […] avoir une certaine influence sur les propriétés motrices des ra-

cines antérieures. Chez les grenouilles, cette influence ne paraît pas sensible, et nous avons 

vu qu'en privant un membre postérieur de tous ses nerfs de sensibilité, il se meut encore 

assez bien en harmonie avec celui du côté opposé dans les mouvements de natation ou de 

saut qu'exécute l'animal. Cependant, quand on coupe la racine postérieure des deux 

membres postérieurs à la fois, il y a moins d'ensemble dans les mouvements auxquels tous 

deux prennent part. Chez les chiens, cette influence est beaucoup plus manifeste. Cette in-

fluence du sentiment sur le mouvement est un fait important qui, je crois, n'a pas été re-

marqué par les expérimentateurs. » (Bernard, 1858). Similar observations of motor im-

pairment of the limbs, especially for distal hand and foot muscles, followed or not by 

partial functional recovery, were then reported in macaque monkeys after dorsal root 

sections (Darian-Smith and Ciferri, 2005; Darian-Smith, 2007; Mott and Sherrington, 

1894). In human severe motor deficits were observed after local finger anaesthesia 

(Johansson et al., 1992; Johansson and Westling, 1984; Monzée et al., 2003) or after se-

vere deafferentation (Rothwell et al., 1982; Sanes et al., 1984). Moreover, cortical reor-

ganisation emerged in M1 after reduced somatosensory inputs, either by unilateral sec-

tion of the dorsal columns in macaque monkeys (Kambi et al., 2011; Qi et al., 2010) or by 

limb amputation (Qi et al., 2000). 

Some hypotheses about the functional role of these sensory inputs to M1 were proposed. 

For instance Brooks suggested these inputs to have integrative functions (Brooks et al., 

1961). Asanuma and co-workers (Asanuma and Arissian, 1984) investigated the ques-
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tion in detail in awake macaque monkeys by interrupting each of the 2 major sources of 

peripheral input to M1, namely 1) the dorsal column, sending direct projection from the 

periphery to M1 through the thalamus, 2) S1, sending association fibres to M1. The re-

moval of a large portion of S1 (from the neck representation to hindlimb representation) 

resulted only in very slight and transient (about 1 week) finger motor deficits. In the 

same way, very few and short-lasting (about 2 weeks) motor deficits (loss of orientation 

and coordination) were observed after section of the dorsal column, and afferent pe-

ripheral inputs to M1 recovered in parallel. But, when S1 was removed in animals that 

just recovered from the transient motor deficits of dorsal column sections, or the oppo-

site situation -meaning that both lesions were now combined in the same animal- then 

very strong and permanent motor deficits emerged, characterised by a profound im-

pairment of fine manual dexterity associated with a loss of orientation within ex-

trapersonal space. Similarly, after dorsal column section, a subsequent lesion of the as-

sociation fibres between S1 and M1 was performed on some monkeys, resulting in 

strong permanent impairment to perform individuated fine finger movements and to 

orient the hand in space, in addition to a loss of the pre-lesion receptive fields in M1. 

Taken together, these results suggest that sensory inputs from the periphery to M1 can 

be mediated either through the dorsal column and then direct thalamocortical fibres to 

M1 or indirectly from S1 to M1 through association fibres. Both play a key role in the ex-

ecution of voluntary movements (Wiesendanger, 1973) and deficits produced by the 

loss of one source of inputs can be compensated by the function of the other source of 

inputs (Brinkman et al., 1978).  

Asanuma and co-workers integrated all their findings in a model called cortico-

peripheral loop (Asanuma, 1973; Asanuma, 1981). Essentially, the pyramidal system is 

involved among others in the control of fine movements of the hand and fingers (Lemon, 

1997; Lemon, 2008). The activity in CST fibres from a given columnar efferent zone in 

M1 produces the contraction of a target muscle. In parallel, the same M1 region receives 

afferent peripheral inputs directly from receptors associated with the contraction of the 

target muscle, constituting a closed-loop circuit. In addition, afferent inputs from these 

receptors project to S1 as well. In sum, there are direct and indirect loop circuits be-

tween M1 and the periphery.  
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In conclusion, Asanuma, Murphy (Murphy et al., 1978) and their co-workers suggested 

that the homonymous coupling between sensory inputs to M1 and motor outputs was 

involved in the sequencing of voluntary movements with sensory inputs facilitating 

and/or setting up the excitability level of corticofugal neurons in M1 by positive feed-

back, both before and during voluntary movements. Tactile exploration (Darian-Smith, 

2007) and real-time adjustments during object manipulation (Gardner et al., 2007; 

Monzée et al., 2003; Wannier et al., 1991) with the fingers and the hand, in particular, 

were shown to strongly depend on a continuous afferent positive feedback of peripheral 

inputs to M1 (Lemon, 1981). 

SSEPs in human and in non-human primates have been traditionally investigated pri-

marily by using a punctate electrical stimulation delivered percutaneously to a periph-

eral nerve because of the convenience of this technique (see e.g. Allison et al., 1989a; 

Allison et al., 1989b; Allison et al., 1991a; Allison et al., 1991b; Allison et al., 1996; 

Aminoff and Eisen, 1998; Arezzo et al., 1979; Arezzo et al., 1981; Desmedt and Cheron, 

1980a; Desmedt and Cheron, 1980b; Desmedt and Cheron, 1981; Desmedt and Nguyen, 

1984; McCarthy et al., 1991; Nuwer et al., 1994; Perot et al., 1983; Stohr et al., 1983; 

Valeriani et al., 2000; van de Wassenberg et al., 2008). We used this classical stimulation 

paradigm in Chapter 1 and Chapter 2 as well. Such responses to electrical shocks led to 

important discoveries about the neural basis (i.e. generators) of these potentials (Allison 

et al., 1989a; see e.g. Allison et al., 1989b; Allison et al., 1991b; Desmedt and Cheron, 

1982; Mauguière et al., 1983; Valeriani et al., 2000; Vaughan, 1982). Nevertheless, elec-

trical stimulation represents a very artificial stimulation because it is targeted directly 

on the nerve trunk and in this way completely bypasses the terminal nerve fibres 

(Brown, 1984; Starr et al., 1982), and fibre activation is nonspecific (Pratt et al., 1979a). 

Moreover, the use of electrical stimulation resulted in discrepancies between electro-

physiological and psychophysical thresholds (Rosner and Goff, 1967; Uttal and Cook, 

1964). 

Conversely, natural stimulation such as taps or vibrations delivered to the skin, the 

fingernails or the pads, has been used more sporadically so far (see e.g. Breitwieser et 

al., 2011; Breitwieser et al., 2012; Budd and Timora, 2013; Colon et al., 2012; Hari, 1980; 

Hashimoto et al., 2000; Hashimoto et al., 1990; Johnson et al., 1975; Pokorny et al., 2013; 

Pratt et al., 1979b; Pratt et al., 1980; Soininen and Jarvilehto, 1983; Starr et al., 1982) but 
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presents actually several advantages over electrical stimulation: natural stimulation ac-

tivates the afferents through their receptors and thus involves the most distal segments 

of the peripheral nerves as well (Caruso et al., 1994; Pratt et al., 1979a; Pratt et al., 

1979b; Starr et al., 1982). Moreover, here the perceptual estimations were shown to be 

linearly related to the amplitude of mechanical stimulation (Franzén and Offenloch, 

1969; Johnson et al., 1975). In addition, natural stimulation has already been shown to 

be physiologically appropriate to clarify mechanisms of both normal somatosensory 

processing (Adrian, 1941; Caruso et al., 1994; Gardner et al., 1984; Gindrat et al., 2015; 

Hari, 1980; Marshall et al., 1941; McLaughlin and Makeig, 1995; McLaughlin and Kelly, 

1993; Nakanishi et al., 1973; Pratt et al., 1979a; Reuter et al., 2014; Soininen and 

Jarvilehto, 1983; Woolsey et al., 1942; Woolsey and Erickson, 1950; Zeller et al., 2014) 

and clinical disorders of somatosensory processing (Lascano et al., 2014; Maitre et al., 

2012; Pokorny et al., 2013; Vanhatalo et al., 2009).  

Although it is known from the aforementioned evidence that peripheral afferent inputs 

in primates are not restricted to S1 but project to M1 as well, meaning that M1 is indis-

putably involved in somatosensory processing, the neuronal mechanisms of this sen-

sorimotor integration and its involvement in the execution of motor commands remain 

poorly understood. Therefore, in parallel with our first investigations with median nerve 

stimulation (Chapter 2), we were interested here to study in the same monkey the im-

pacts of the motor cortex lesion on somatosensory processing of a more naturalistic and 

more physiological stimulation, namely a purely passive tactile stimulation to the hand 

fingertips. Based on the observations presented in Chapter 2, our working hypothesis 

was that tactile processing of information originating from the distal forelimb in non-

human primates was affected by a motor cortex injury. Our second hypothesis was that 

recording the brain activity evoked by different types of stimulation applied to the so-

matosensory pathway would provide further and complementary insights into the 

mechanisms involved in post-lesion plastic reorganisation of the brain. To test these hy-

potheses, we measured brain activity (EEG) at the scalp in response to a tactile stimula-

tion to the fingertips of the hand in Mk-DI, before and after a permanent cortical lesion 

of the hand representation in M1.  
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Materials and Methods 

Monkey 

This experiment was performed on Mk-DI in parallel with the study presented in Chap-

ter 2. Therefore, all the general procedures introduced in Chapter 2 apply here as well 

(anaesthesia, cortical lesion, EEG acquisition, end of procedure, histology, neuroanatom-

ical reconstruction) except the behavioural task, the peripheral stimulation and the EEG 

data analysis. These specific aspects will be developed below.  

 

Behavioural task 

We assessed the integrity of the sensorimotor control of the monkey’s hand from a be-

havioural point of view by using the Brinkman box task. The full description of this task 

is provided in Chapter 5. Briefly, this grasping task is based on the use of the precision 

grip (Napier, 1956) and was specifically designed to be performed either without or 

with visual feedback. In particular without visual feedback, the Brinkman box task was 

expected to challenge the motor exploration by palpation and the precision grip ability 

by relying mostly on tactile sense and proprioceptive inputs. Such fine fractionated 

movements of the fingers during active tactile exploration without visual feedback in-

volve the activation of M1 neurons through glabrous afferent inputs (Lemon, 1981). 

In this study, we were particularly interested in the use of the fingers. To this end, we 

quantified for each pellet being collected using a precision grip which was the first finger 

in contact with this given pellet, and we divided then the total score of each finger by the 

number of pellets retrieved to express the use of each finger as a percentage of the total 

finger use (% of first finger use). We also measured the percentage of effective contacts 

established with each finger in the first 30 s of the task (% of effective contacts), defined 

as the number of pellets successfully retrieved in the first 30 s divided by the number of 

contacts established with pellets in the first 30 s, for each individual finger. The ability to 

conform a precision grip was evaluated by measuring firstly the precision grip shaping 

time for the first 5 collected pellets, defined as the time interval between the well detec-

tion by a finger and the first contact between a finger and the pellet in this given well in 

order to make a precision grip. Secondly, we measured the contact time for the first 10 

pellets as the time interval between the first contact established by a finger with a pellet 
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in a precision grip and the time point at fingers going out of the well with the pellet. The 

time interval between 2 pellets, defined as the time difference between the time point of 

pellet retrieval from a well and the time point of first contact established by a finger with 

the next pellet to be collected, was used to quantify the duration of motor exploration by 

palpation. To this end, the time interval in the task with vision, corresponding to the sole 

travelling time from the box to the mouth and vice-versa, was removed from the time 

interval in the task without vision (travelling time + motor exploration by palpation) to 

estimate the duration of pure motor exploration. In the same way, the precision grip 

shaping time obtained with vision (time to conform a precision grip) was removed from 

the precision grip shaping time obtained without vision (time to conform a precision grip 

+ time of motor exploration) to derive another measurement of motor exploration. The 

motor performance at the wrist level was assessed by quantifying the % of wrist orienta-

tion in the form of radial deviation, neutral position and ulnar deviation at the moment 

when fingers went out of a well with a pellet. Both ulnar and radial deviations are espe-

cially needed to retrieve pellets from horizontal wells (see e.g. Chatagny et al., 2013; 

Hoogewoud et al., 2013) whereas collecting pellets from the vertical wells can usually be 

performed less challengingly with the wrist in a neutral position. 

For the parameters under investigation here, we defined a pre-lesion plateau of perfor-

mance and a post-lesion plateau of performance (same dates for each parameter, based 

on visual appreciation, with the goal to find the time period being the most stable across 

the different parameters under consideration and in accordance with the plateaux de-

fined in the modified Brinkman board task, see Chapter 2) and compared both of them 

with either a Mann-Whitney test, or a z-test for comparing proportions, as the case may 

be. Statistical analyses were performed with SigmaPlot 12.5. We chose to perform Mann-

Whitney tests even in some cases when a t-test was possible, in order to be fully con-

sistent across the data. Moreover, in case of a small sample size, such as the data sample 

considered in each plateau, Mann-Whitney tests are known to perform better than t-

tests (Fay and Proschan, 2010; Ludbrook and Dudley, 1998). 

Further detail about the analysis of the behavioural data of the Brinkman box task is giv-

en in Chapter 5.  
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EEG and tactile stimulation 

The cortical activity at the scalp was measured after a peripheral tactile stimulation by 

using high-density EEG recordings on Mk-DI under sevoflurane anaesthesia, as already 

described in detail previously (see Gindrat et al., 2014 in Chapter 1, and Chapter 2). 

EEG recordings under general anaesthesia ensured that the animal was exposed to pure-

ly passive touch stimulations (see below) in addition to highly controlled conditions (e.g. 

decreased muscular and movement artifacts, and reduced cardiovascular and autonomic 

responses that are usually associated with unanticipated stimulus exposure in conscious 

subjects) so as to increase the sensitivity to detect small changes in brain signals be-

tween different conditions. 

The passive tactile stimulation was randomly and individually delivered to the volar pad 

of the tips of the thumb, index finger and middle finger of the right hand (i.e. contrale-

sional) using solenoid tappers (Heijo Research Electronics) (Figure 1) that were pre-

cisely computer-controlled (IBM ThinkPad T43) in time via a stimulation box using a 

customised MATLAB® script (MATLAB R2011b). The tappers were designed to apply 

single pulses of 2-ms-long suprathreshold touch stimulus (square wave pulse) with an 

interstimulus interval of 1000 ± 250 ms, resulting in a <0.4-mm indentation on the pulp. 

A 0.4-mm skin indentation was measured in human (see Chapters 6 and 7 for a use of 

the same tappers in human). Nevertheless, because of the thicker skin at the fingertips in 

monkeys than in human, we can expect that the indentation generated here was some-

what less prominent than in human. Brain activity was measured at the scalp in the 

same way as described in Chapters 1 and 2. Regular breaks in acquisition were made 

during the experiments to visually check the state of the monkey, in addition to the con-

tinuous monitoring of vital parameters.  

The cortical activity associated with the fingertips was recorded both before (3 sessions) 

and after (4 sessions at 5-week interval) the dominant M1 lesion. 
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B A Figure 1 : Solenoid tapper used for tactile 

stimulations. (A) A small magnet is inserted at 

the centre of the cylinder. Under activation, 

the magnet moves then forward and 

backward, inducing a small depression of the 

skin surface and generating a sensation of 

touch (Image from manufacturer Heijo Electronics). (B) Tapper positioned on the monkey’s right 

thumb. Some additional tape was added to secure the position of the tapper on fingertips during 

the experiments.  

 

EEG data analysis 

The EEG signal was re-referenced offline to the average reference using EEGLAB (an 

open source MATLAB toolbox (Delorme and Makeig, 2004)), then band-pass filtered be-

tween 5 and 100 Hz, and baseline corrected by using the pre-stimulus period from -100 

ms to -10 ms. Artifact-contaminated amplitudes were rejected by using both a ±20-μV 

threshold and the kurtosis and joint probability distribution of the recordings (the 

threshold was set at 3 SD). SSEPs for each fingertip stimulation were then obtained by 

averaging a total of about 500 epochs (from -100 ms to +100 ms) per recording. All of 

the analyses were conducted with customised scripts on MATLAB and EEGLAB. 

 

Results 

EEG and tactile stimulation 

In parallel with the electrical stimulation protocol (Chapter 2), we investigated in Mk-DI 

the impact of the dominant M1 lesion on somatosensory processing of passive tactile 

stimulation to the contralesional, right fingertips (thumb, index and middle fingers) as 

well. Such stimulation is more natural and more physiological because the afferents are 

now activated through their receptors and thus the most distal segments are involved.  

Before the lesion, the passive tactile stimulation to all three fingertips resulted in a di-

pole field around the contralateral (to stimulation) sensorimotor cortex (Figure 2), with 

signal onset at about 22 ms and prominent positive peak at 33 ms (on grand average 
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waveforms) for the thumb and the index finger stimulation and with signal onset at 

about 25 ms and large positive peak at 37 ms (on grand average waveforms) for the 

middle finger stimulation (Figure 3). At the peak for all three fingertips, positive SSEPs 

were recorded from electrodes in the contralateral and central fronto-parietal elec-

trodes, and negative SSEPs were obtained from bilateral temporo-occipital electrodes 

(Figure 2).  

The lesion induced major changes in voltage topography at the scalp, especially after 

tactile stimulation applied to the thumb tip: by considering maps at the same latency, 

the strong pre-lesion central fronto-parietal positivity was now shifted on contralateral 

parieto-temporal electrodes, as exemplified at 33 ms after the stimulation (Figure 2). 

Post-lesion alterations in voltage topography were less prominent for index fingertip 

SSEPs, characterised by a shift of the pre-lesion central fronto-parietal positivity to-

wards central and contralateral parieto-temporal electrodes. Conversely, no clear altera-

tion of voltage topography was observed in middle fingertip SSEPs, except a post-lesion 

increase in amplitude of the positivity, as exemplified at 43 ms and 50 ms after the stim-

ulation (Figure 2). Note however that a similar increase in amplitude of the positivity 

emerged after the lesion for the thumb tip and index fingertip SSEPs as well at 41 ms. 

These post-lesion changes in voltage topography were visible throughout the signal as 

well (Figure 3): for thumb tip stimulation, the first component (a in Figure 3) largely 

decreased in amplitude (a’ in Figure 3) after the lesion whereas the second component 

(b in Figure 3) largely increased in amplitude (b’ in Figure 3) after the lesion. Moreover, 

the latency of both components was smaller after than before the lesion. Essentially, 

both early and late tactile sensory inputs were treated differently at the cortical level 

after the M1 lesion. The same post-lesion changes were observed for index fingertip 

stimulation as well, but less pronounced than for thumb tip stimulation, whereas any 

post-lesion effect on middle fingertip SSEPs was difficult to identify. Based on the signal 

latency and topography, we are confident that these potentials were of cortical origin. 

Namely, cortical components generated in areas 3b and 1 were observed already at 15 

ms after a mechanical tactile stimulation by air-puff to the hand or forearm in awake 

macaque monkeys (Gardner et al., 1984).  

The impacts of the dominant M1 lesion on voltage topographies and waveforms were 

obvious already with the naked eye, explaining our choice for a qualitative rather than 
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quantitative analysis with sophisticated statistics. In addition, we decided to pool all 

post-lesion data together into a grand average to represent the voltage topography at 

the scalp because we did not observe any strong evolution in topography throughout the 

post-lesion sessions. The same applies to pre-lesion data.  

By considering the post-lesion potentials in greater detail, we observed that brain sig-

nals did evolve over time during the 4 post-lesion sessions in the form of the amplitude 

of the second component usually further increasing over time after the lesion (b’ in Fig-

ure 3, from dark red to light orange) for thumb and index finger SSEPs. Simply put, this 

means that the alterations in cortical sensory processing induced by the lesion were fur-

ther enhanced over time. While the post-lesion topographies never recovered towards 

the pre-lesion configuration (the waveforms conserved the same altered shape through-

out the post-lesion period), there was a trend towards an increase in amplitude of corti-

cal sensory signal during post-lesion recovery phase. 

In sum, the dominant M1 lesion affected drastically tactile sensory processing primarily 

from the thumb and to a lesser extent from the index finger, in terms of voltage topogra-

phy, amplitude and latency of SSEPs. Additionally, the post-lesion alterations in SSEP 

amplitude were further enhanced over time. 
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Figure 2 : Lesion-induced modifications in voltage topography of tactile SSEPs at the scalp. Colour-

scaled voltage maps of pre-lesion and post-lesion SSEP grand averages, at three time points, for 

the three stimulated fingertips. The orientation of the maps is given on the right: frontal-up, left 

side-left. Thumb tip and index fingertip SSEPs had similar latency, shorter than middle fingertip 

SSEPs. Therefore, in order to present maps at corresponding parts of the signal for the three 

stimulation sites, maps for middle fingertip SSEPs are shown at a later latency than maps for the 

other two fingertip SSEPs.  
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Figure 3 : Lesion-induced modifications in amplitude and latency of tactile SSEP signal. Individual 

pre-lesion and post-lesion SSEPs at three scalp electrodes of interest (red dot on the head 

representations on the left) over the ipsilesional hemisphere in response to right thumb tip, index 

fingertip and middle fingertip stimulation, respectively. The colour code of the signal is given on 

the right: pre-lesion sessions in black, post-lesion sessions in a gradient from dark red (earliest 

post-lesion session) to light orange (latest post-lesion session). Average reference.  

 

Impact of the lesion on fine manual dexterity 

In order to provide a more complete description of the lesion-induced alterations in sen-

sorimotor processing, Mk-DI was tested for haptic touch as well, in addition to passive 

tactile stimulation processing. 

Along with alteration in cortical processing of tactile inputs to the fingertips, the lesion 

induced several behavioural deficits of fine manual dexterity highlighted with the 

Brinkman box task: the most striking effect was a complete opposite pattern of use of 

the thumb and index finger after the lesion, in the sense that the thumb was much 

more affected by the lesion than the index finger. To elaborate, this was visible immedi-

ately after the lesion on the % of first finger use both in the task performed with visual 
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feedback and in the task performed without visual feedback (Figure 4A and B, Table 1). 

Before the lesion, first contacts with pellets were usually established as often with the 

thumb as with the index finger, in both conditions of the task. After the lesion, there was 

a huge decrease in the use of the thumb in favour of a proportional increase in index fin-

ger use. But even more surprisingly, this pattern of finger use evolved then differentially 

over post-lesion time according to the task: the use of both fingers recovered partially 

towards pre-lesion level in the Brinkman box task with vision (Figure 4A, Table 1) 

whereas the thumb use further deteriorated when the task was performed without vi-

sion, in favour of the index finger use (Figure 4B, Table 1). This behavioural readout 

reflects the active tactile component of the precision grip in the sense that it was re-

quired to first actively establish a tactile contact (Gibson, 1962) with a pellet in order to 

localise it before collecting it strictly speaking (Smith, 2009). Once a pellet contact was 

established, the lesion affected the ability to retrieve the pellet as well, as measured by 

the % of effective contacts in 30 s in both conditions of the task (Figure 4C and D, Table 

1). This parameter corresponds now to the true ability to perform a precision grip, i.e. it 

reflects the fine manipulation ability of the hand, once a contact with a pellet has been 

established. Here again, the percentage of effective contacts was much more affected by 

the lesion for the thumb than for the index finger, in both conditions of the task. The 

post-lesion use of the index finger nearly reached the pre-lesion level in both conditions 

of the task. But whereas the animal then partially recovered the use of the thumb when 

visual feedback was provided, it was not able any more to perform effective contacts 

with the thumb in the blind condition of the task, at least in the first 30 s of the task 

(Figure 4D). In sum, we observed a non-uniform behavioural adaptation of the finger 

use over post-lesion time, the thumb use being more impaired than the index finger use.  

The decreased ability to perform fine finger movements was confirmed by a significant 

increase in the contact time with horizontal and vertical pellets both in the Brinkman 

box task with vision (2.2-fold increase for vertical pellets and 1.8-fold increase for hori-

zontal pellets after the lesion) and without vision (2.7-fold increase for vertical pellets 

and 3.4-fold increase for horizontal pellets after the lesion) (Figure 4E and F, Table 1). 

This was accompanied with a significant increase in the precision grip shaping time in 

both conditions of the task (Figure 4G and H, Table 1). Simply put, the animal needed 

significantly more time after the lesion to conform a precision grip once a first finger had 

already contacted a pellet. Here this lesion-induced increase appeared to be slightly 



Chapter 3  Anne-Dominique Gindrat 

321 

more pronounced in the task with vision (2.5-fold increase after the lesion) than without 

vision (2.1-fold increase after the lesion). 

Then, the duration of motor exploration by palpation between the contact of 2 succes-

sive pellets, derived from the median time interval without vision – median time interval 

with vision, was severely increased after the lesion (pre-lesion: 0.62 s vs post-lesion: 

2.64 s) (Figure 4I and J, Table 1). Another measurement of the motor exploration was 

provided by the median precision grip shaping time without vision - median precision 

grip shaping time with vision (Figure 4G and H, Table 1), and resulted in a higher post-

lesion value as well (pre-lesion: 0.16 s vs post-lesion: 0.30 s). 

In addition, general movements of the contralesional hand were slower after the le-

sion, as reflected by the significant increase in the time interval between 2 successive 

pellets in both conditions of the task (Figure 4I and J, Table 1). Note that this lesion ef-

fect was stronger in the task without (3.5-fold increase after the lesion) than with vision 

(2.8-fold increase after the lesion).  

Moreover, the animal presented a strong impairment to perform wrist deviations (Fig-

ure 4K and L, Table 1). More specifically, we observed a post-lesion permanent deficit 

in performing ulnar deviation in favour of an increase in neutral position of the wrist in 

both conditions of the task, though much more prominent in the absence of vision. Note 

that the use of radial deviation was already absent in the pre-lesion period. The post-

lesion consequence was therefore a stronger impairment to retrieve pellets from the 

more challenging horizontal wells compared to the vertical wells, reflected by the strong 

decrease in the number of horizontal pellets collected after the lesion (note the very few 

orange triangles in post-lesion period in Figure 4E and F). This large difference in the 

number of vertical vs horizontal pellets collected after the lesion may probably explain 

that we did not observe any statistical difference between horizontal contact time and 

vertical contact time in both tasks after the lesion although there was a visible trend to-

wards larger contact time with horizontal pellets at least in the blind task (Figure 4F). 

For reminder, we observed a significantly longer contact time for horizontal pellets 

compared to vertical ones both before and after the lesion in the modified Brinkman 

board task (see Chapter 2). 
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To sum up, the dominant M1 lesion induced a large range of deficits in fine manual dex-

terity, characterised among others by a striking alteration in finger use when the behav-

ioural task was performed without visual feedback. Taken as a whole, the post-lesion 

impairment was more prominent in the blind task than in the task with visual feedback. 

 

Figure 4 (next page): Impact of the lesion on the fine manual dexterity of the contralesional hand 

assessed with the Brinkman box task performed with vision (left column) and without vision (right 

column). Time course of the % of first finger use in the task with vision (A) and without vision (B), 

the % of effective contacts with pellets in the first 30 s of the task with vision (C) and without 

vision (D), the contact time with pellets in the task with vision (E) and without vision (F), the 

precision grip shaping time in the task with vision (G) and without vision (H), the time interval 

between 2 pellets in the task with vision (I) and without vision (J), the % of 3 wrist orientations in 

the task with vision (K) and without vision (L). The colour codes are given on the right. The cortical 

lesion was performed at day 0 (x-axis). Pre- and post-lesion plateaux (see Table 1) are shown in a 

lighter colour than the corresponding data. When data were partly or completely missing, mostly 

after the lesion, a red star was indicated at the highest value for the corresponding time point. 
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Table 1 : Brinkman box task. Detail of values at the pre- and post-lesion plateaux for several 

readouts of the monkey’s fine manual dexterity, in the task with vision (upper part) and without 

vision (lower part). Plateau values were expressed either as a median or a proportion of the given 

parameter among all observations. Pre- and post-lesion plateaux were compared for each 

parameter using either a Mann-Whitney test or a z-test for comparing proportions (SigmaPlot 

12.5). We chose to perform Mann-Whitney tests even in some cases when a t-test was possible, in 

order to be fully consistent across the data. Pre-lesion plateaux were defined between day -147 

and day -6 (lesion: day 0) and post-lesion plateaux were defined between day 76 and day 186. 

 

  

With vision pre-
lesion 

post-
lesion p-value, test 

first finger use, thumb, proportion 0.453 0.368 p =0.04, z-test 
first finger use, index finger, proportion 0.547 0.629 p =0.049, z-test 
% of effective contacts, thumb, median 100 29.17 p ≤0.001, Mann-Whitney test 
% of effective contacts, index finger, median 84.62 68.33 p =0.002, Mann-Whitney test 
contact time, vertical wells, median 0.20 s 0.44 s p ≤0.001, Mann-Whitney test 
contact time, horizontal wells, median 0.28 s 0.50 s p ≤0.001, Mann-Whitney test 
precision grip shaping time, median 0.08 s 0.20 s p ≤0.001, Mann-Whitney test 
time interval, median 0.64 s 1.8 s p ≤0.001, Mann-Whitney test 
wrist orientation, neutral position, proportion 0.5137 0.8495 p ≤0.001, z-test 
wrist orientation, radial deviation, proportion 0 0  
wrist orientation, ulnar deviation, proportion 0.4863 0.1505 p ≤0.001, z-test 

Without vision 

first finger use, thumb, proportion 0.4221 0.0977 p ≤0.001, z-test 
first finger use, index finger, proportion 0.5779 0.8563 p ≤0.001, z-test 
% of effective contacts, thumb, median 32.29 0 p ≤0.001, Mann-Whitney test 
% of effective contacts, index finger, median 57.74 40.4 p ≤0.001, Mann-Whitney test 
contact time, vertical wells, median 0.36 s 0.96 s p ≤0.001, Mann-Whitney test 
contact time, horizontal wells, median 0.40 s 1.36 s p ≤0.001, Mann-Whitney test 
precision grip shaping time, median 0.24 s 0.50 s p ≤0.001, Mann-Whitney test 
time interval, median 1.26 s 4.44 s p ≤0.001, Mann-Whitney test 
wrist orientation, neutral position, proportion 0.5328 0.9773 p ≤0.001, z-test 
wrist orientation, radial deviation, proportion 0 0.0076 p =0.611, z-test 
wrist orientation, ulnar deviation, proportion 0.4672 0.0152 p ≤0.001, z-test 
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Discussion 

Here, by using again scalp EEG recording of SSEPs in the same macaque monkey, we 

complemented results from the previous chapter (Chapter 2) by demonstrating that a 

dominant M1 lesion induced drastic alterations in tactile sensory processing from the 

fingertips, in addition to alteration in somatosensory processing from the median nerve. 

With this stimulation paradigm as well, several surprising results emerged: first, alt-

hough the lesion was not restricted to the thumb representation in M1, the tactile senso-

ry processing from the thumb was mostly affected, followed by processing from the in-

dex finger while no obvious post-lesion modification was observed in tactile processing 

from the middle finger. Second, equally interesting, a trend towards a continuous evolu-

tion of the cortical signal throughout the post-lesion recovery phase emerged. Finally, 

the post-lesion evolution of fine manual dexterity, assessed with the Brinkman box task, 

was striking as well, characterised among others by a differential alteration in finger use 

according to the conditions of the task. Taken together, our results confirm that M1 is 

important for tactile somatosensory processing from the fingers in primates. 

 

Justifications for EEG investigations on a non-human primate model 

By reading so far, one may wonder why a non-human primate model was actually re-

quired for this EEG study. Several reasons motivated the choice to perform our research 

on a macaque monkey model. First, as exposed briefly in the previous chapter (Chapter 

2), non-human primates and Old World monkeys in particular are very close to human 

in terms of anatomy and physiology of the motor system, and of particular interest here 

regarding hand motor control (see e.g. Courtine et al., 2007 and Figure 7 in Chapter 8). 

Findings obtained on monkeys can then be transposed to human more easily than find-

ings obtained on rodents, for instance. 

Second, investigating on a non-human primate model offers the unique opportunity to 

collect already “pre-intervention” data, then to carry out experimental interventions in 

controlled conditions (here a cortical lesion), and then to obtain a regular and dense fol-

low-up over the long-term during the post-intervention phase, both in terms of behav-

ioural readouts and electrophysiological measurements (EEG in our case, particularly 

visible in Chapter 2), which is not possible to achieve in studies with human patients. 
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Here we intended in particular to investigate in detail the impact of a motor cortex le-

sion on somatosensory processing.  

Third, non-human primate models constitute the exclusive occasion to perform lesions 

restricted to a very precise brain region, for instance here a lesion dominantly limited to 

M1, to investigate the deficits specifically associated with that brain region. Such very 

focal lesions restricted to a small brain area are very rare in human.  

Fourth, equally important, detailed histological analyses of the brain tissue are manda-

tory at the end of the experiment in order to precisely document the lesion and thus to 

better interpret our results.  

Fifth, by specifically considering the protocol of tactile stimulation to the fingertips, we 

were interested to deliver a purely passive tactile stimulation. Due to the low signal-to-

noise ratio of such tactile SSEPs, this stimulation paradigm requires a high number of 

trials to be averaged (Krarup and Trojaborg, 1994; Starr et al., 1982; York, 1985) and 

recordings should be insulated from movements and muscular artifacts as much as pos-

sible in order to obtain a reliable signal at the scalp. These requirements could be suited 

with ease by performing EEG recordings on a monkey under anaesthesia.  

 

Extent of the lesion 

The much stronger post-lesion impairment observed both in tactile processing from the 

fingertip and in behaviour for the thumb as compared to the other fingers may have re-

sulted from an incomplete lesion of the hand representation in M1 in the form of a per-

manent lesion affecting the fingers with a decreasing gradient from the most radial (i.e. 

the thumb) to the most ulnar (i.e. the middle finger here) finger. The absence of ICMS 

mapping of the lesioned area does not allow to directly rule out such a possibility. Nev-

ertheless, there are several lines of evidence against such a hypothesis.  

First, previous studies on monkeys (Kwan et al., 1978; Lemon, 1988; Rathelot and Strick, 

2006; Schieber and Hibbard, 1993; Schieber and Poliakov, 1998) and then on human 

(Beisteiner et al., 2001; Indovina and Sanes, 2001; Schieber, 1999) demonstrated that 

finger movements were represented in a distributed and overlapping mosaic fashion in 

M1 rather than only in the simplified strip-like pattern originally proposed by Penfield 
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and contemporaries (Foerster, 1936; Penfield and Boldrey, 1937; Penfield and Jasper, 

1954; Penfield and Rasmussen, 1950; Woolsey et al., 1979). This misleading interpreta-

tion was sometimes observed in studies using ICMS mapping as well and was due to the 

fact that only the muscular response appearing at the lowest stimulation intensity 

(threshold) was reported for a given stimulation site, occulting the other movements 

that would probably have been elicited at higher stimulation intensities at the same or at 

different depths in the cortex (Andersen et al., 1975; Foerster, 1936; Sessle and 

Wiesendanger, 1982). Actually, both organisation patterns are superimposed, meaning 

that there is a tendency for the more radial fingers to be represented more laterally and 

the more ulnar fingers to be represented more medially in M1 (Hwang et al., 2014; 

Schieber, 1999) but each finger movement is still represented at many locations in the 

whole hand representation (Kwan et al., 1978; Schieber, 2001; Schieber, 1999; Schieber 

and Poliakov, 1998). Consequently, the neuronal populations controlling a given finger 

movement topographically overlap with those involved in the motor control of other 

finger movements in order to create synergies between movements of different muscles 

and fingers, meaning that it is very difficult to precisely isolate the brain territory con-

trolling a single finger. This makes a selective lesion of the thumb representation highly 

improbable. Nevertheless, due to the general gradient from thumb represented laterally 

to middle finger more medially in M1, one may still oppose that the lesion affected most-

ly the lateral part of the finger representation. 

The arguments based on behavioural observations and histological analyses developed 

in the discussion of Chapter 2 in favour of a lesion extending over the entire hand rep-

resentation imply therefore that the lesion did not target the thumb representation se-

lectively. For reminder, there were some transient motor impairments of the contrale-

sional face and hindlimb immediately after the lesion, together with permanent partial 

motor deficits of the contralesional fingers and wrist throughout the post-lesion recov-

ery phase, suggesting a large mediolateral extent of the lesion. Nevertheless, we are 

aware that the wrist representation is in part intermingled with the finger representa-

tion as well rather than being completely separated from it (Nudo and Milliken, 1996; 

Park et al., 2001; Park et al., 2004; Schieber, 1999).  

To sum up, we are confident that the differential impairments of the finger use and tac-

tile SSEPs observed here did not result from a lesion that would have damaged the 
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thumb representation much more than the representation of the other fingers but rather 

that the lesion damaged the entire finger representation in M1. 

 

Impact of the dominant M1 lesion on hand sensorimotor control 

The functional consequence of the lesion-induced sensory changes for motor behaviour 

is not clear. But, interestingly, the post-lesion changes in brain signals were associated in 

particular with behavioural adaptation of the finger use over time highlighted with the 

Brinkman box task. This test designed to assess the integrity of the hand sensorimotor 

control after an M1 lesion revealed that both motor and tactile components of the preci-

sion grip were affected in Mk-DI after the lesion. A more comprehensive discussion 

about the pertinence of this behavioural task will be presented in Chapter 5. 

After the lesion, we observed a nearly complete recovery of both thumb and index finger 

motor behaviours by focusing on the first finger used to establish contact with a pellet in 

a precision grip in the Brinkman box task with visual feedback. On the other hand, when 

the task was performed without visual feedback, relying therefore mainly on tactile and 

proprioceptive inputs from the fingertips, an inverse pattern emerged: the use of the 

thumb decreased over time and never recovered, in favour of the use of the index finger 

which showed a proportionally more pronounced use after the lesion as compared to 

before. Such a non-uniform impairment of the finger use observed in the task without 

visual feedback is in accordance with our suggested model of sensorimotor impairment 

biased towards the thumb (see below the section Post-lesion cortical reorganisation 

highlighted by tactile stimulation to the fingertips). Equally interestingly, the distinct 

post-lesion evolution of the finger use according to the behavioural task condition sug-

gests that the post-lesion alteration in tactile sensory processing and the further deteri-

oration of cortical tactile processing over post-lesion time highlighted with SSEP record-

ing was specifically related to behavioural deficits in the corresponding unisensory con-

text (no vision + touch) but not in a multisensory condition (vision + touch). However, 

we are aware that tactile stimulation to the fingertips corresponds to passive touch 

whereas the motor exploration by palpation involved in our behavioural task corre-

sponds to active touch. Our data support the idea that the post-lesion tactile cortical sig-

nals were not a substitute for the normal tactile signals given that the animal was unable 

to regain its pre-lesion sensorimotor behaviour in the blind behavioural task. 
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One may argue that picking very small objects with the thumb first, in the absence of 

visual feedback, is not an instinctive behaviour, explaining its absence after the lesion. 

Here, interestingly, the monkey relied often on its thumb to establish a precision grip 

before the lesion, even in the absence of visual feedback. This demonstrates that the an-

imal performed the task very efficiently and proficiently before the lesion. As a conse-

quence, one cannot impute the post-lesion deficits with the thumb to a not fully acquired 

behaviour but rather to a true sensorimotor deficit. 

The neural control of fine fractionated finger movements, such as the precision grip in 

primates, depends to a large extent on the motor cortex and the CST (Lemon et al., 1991; 

Lemon, 1993; Lemon, 1997; Lemon, 2008). More specifically, many electrophysiological 

studies on primates demonstrated that performing the precision grip involves the activi-

ty of monosynaptic CM cells (Bennett and Lemon, 1996; Bortoff and Strick, 1993; Buys 

et al., 1986; Cheney and Fetz, 1985; Fetz and Cheney, 1980; Lawrence and Hopkins, 

1976). In case of a lesion of the hand representation in M1 (Darling et al., 2014; Frost et 

al., 2003; Glees and Cole, 1950; Hoogewoud et al., 2013; Liu and Rouiller, 1999; Nudo 

and Milliken, 1996; Passingham et al., 1983; Pizzimenti et al., 2007; Rouiller et al., 

1998b; Rouiller and Olivier, 2004; Wyss et al., 2013) or of the CST at cervical level 

(Freund et al., 2006; Freund et al., 2009; Galea and Darian-Smith, 1997; Hoogewoud et 

al., 2013; Lawrence and Kuypers, 1968; Nishimura et al., 2007; Schmidlin et al., 2004; 

Zaaimi et al., 2012), severe impairments of hand dexterity have been described in non-

human primate models. In the same way, alteration in fine fractionated finger move-

ments (Beebe and Lang, 2008; Han et al., 2006; Hwang et al., 2014; Kim, 2001; Kim et al., 

2002; Kobayashi et al., 2004; Lang and Schieber, 2003; Lang and Schieber, 2004; Lang et 

al., 2009; Lee et al., 1998; Schieber, 1999; Schieber et al., 2009; Terao et al., 1993; 

Thielbar et al., 2014; Uribe Roca et al., 2002) with a reduction of muscle selectivity (Lang 

and Schieber, 2003; Lang and Schieber, 2004) were reported in human after an injury 

affecting the motor cortex or the CST.  

While some studies mentioned that all fingers were similarly affected in motor 

behaviour after the lesion (Beebe and Lang, 2008; Darling et al., 2014; Schieber, 1999), 

other groups reported differential motor deficits across the fingers. For instance Murata 

et al. (2008) described a sequential recovery of the use of the fingers during the first 

weeks after a lesion of the M1 hand representation in three macaque monkeys, charac-
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terised by the reappearance of index finger movements first, and subsequently thumb 

movements, suggesting a stronger impairment for the thumb than for the index finger. 

Similar stronger impairments for the thumb in particular were reported after section of 

the CST in spinal cord in macaque monkeys (Galea and Darian-Smith, 1997; Schmidlin et 

al., 2004). 

Similarly, a report mentioned a human stroke patient with an impairment restricted to 

thumb sensorimotor control (Terao et al., 1993). Some other studies reported cases of 

human patients with motor impairment predominantly of the contralateral radial-sided 

fingers (from thumb to middle finger) (Hwang et al., 2014; Kim, 2001; Lang and 

Schieber, 2003; Lee et al., 1998; Schieber, 1999; Uribe Roca et al., 2002), and sometimes 

even in a decreasing degree of severity from the thumb (Hwang et al., 2014; Lee et al., 

1998; Schieber, 1999; Uribe Roca et al., 2002), following small discrete strokes located 

either only in the posterior bank of the precentral gyrus or affecting the anterior bank of 

the postcentral gyrus as well (Uribe Roca et al., 2002). Conversely, some stroke patients 

presented motor impairment predominantly of radial-sided fingers other than the 

thumb (Hwang et al., 2014; Kim et al., 2002; Kobayashi et al., 2004) or selectively on the 

ulnar-sided fingers (from middle to little fingers) (Han et al., 2006; Kim, 2001; Schieber, 

1999) after small cortical infarctions in the precentral gyrus. Some authors also report-

ed that patients had sensory deficits in addition to motor impairments (Kim, 2001; 

Terao et al., 1993; Uribe Roca et al., 2002). But as Schieber (1999) mentioned, most of 

the stroke patients with an M1 lesion affecting differentially the fingers presented a 

larger deficit in thumb motor control compared to the other fingers, confirming that due 

to the larger thumb representation throughout M1 compared to the one of the other fin-

gers, a lesion of the hand representation would affect the thumb more than the other 

fingers. 

The finger independency in macaque monkeys is nearby but still lower than the human 

one (for detailed hypotheses about the origin of these differences, see Häger-Ross and 

Schieber, 2000; Schieber, 1991), meaning that we should not have expected such a large 

post-lesion discrepancy in thumb versus index finger use in our monkey compared with 

studies on human stroke patients. A previous study on human subjects with a pure mo-

tor hemiparesis resulting either from motor cortex or CST lesion, showed a differential 

effect of the lesion on the motor behaviour of the five fingers, in the form of an increas-
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ing loss of independent finger movements from the thumb (not impaired) to the little 

finger (largely impaired), but without any mention of somatosensory deficit (Lang and 

Schieber, 2003). This distinct pattern of post-lesion finger impairment was explained 

first by the rehabilitative training therapies in humans usually designed to reinforce the 

independent use of the thumb and index finger as compared to the other fingers, and 

second by the naturally stronger independent motor control of the thumb as compared 

to the other fingers. At a first glance, our behavioural results may appear conflicting with 

this study. Nevertheless, a direct comparison is not suitable here because we cannot 

consider the behavioural tasks performed by our monkeys as an intensive rehabilitative 

training towards improving individual finger movements, as targeted in human rehabili-

tation. Indeed, although our monkeys are usually performing several manual dexterity 

tasks involving the precision grip 3-5 days a week, both before and after the lesion, these 

tasks are performed on a free-will basis, meaning that there is neither constraint of time 

nor predefine level to reach for the animals. The tasks are only based on the motivation 

to get additional food rewards, complementing the sufficient daily food already provid-

ed. Moreover, the variable nature of the lesions inducing the pure motor paresis ob-

served in the human study makes a direct comparison with our results in monkey diffi-

cult because actually only one subject in Lang and Schieber’s study (2003) had a lesion 

affecting selectively the precentral gyrus. 

 

Post-lesion cortical reorganisation highlighted by tactile stimulation to the 

fingertips 

Although the dominant M1 lesion most probably extended over the entire hand repre-

sentation in M1 (see above the section Extent of the lesion), tactile sensory processing 

from the fingertips was not evenly impaired after the lesion. We observed rather a de-

creasing degree of severity of alterations in tactile processing from the thumb tip to the 

middle fingertip. To explain this finding, we base our argument on the cortico-peripheral 

loop model proposed earlier by Asanuma (Asanuma, 1973; Asanuma, 1981) and we hy-

pothesise that the lesion may have damaged the pre-existing strong sensorimotor inter-

actions which are normally biased towards the thumb sensorimotor control. In the con-

trol situation, we expect that the thumb has the strongest sensorimotor connectivity, fol-

lowed by the index finger, itself followed by the middle finger (i.e. weakest sensorimotor 
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connectivity among the three fingers) given that macaque monkeys have a fully opposa-

ble thumb (Darian-Smith, 1984; Napier, 1961; Napier, 1962; Napier, 1993) (Figure 5A). 

To put it another way, the motor cortex of the hand may be primarily devoted to the 

thumb motor control that may be itself tightly linked to a very strong tactile sensory 

processing from the thumb. M1 is hypothesised to get sensory feedback directly through 

the thalamus or indirectly from S1 (see the section Introduction for greater detail).  

Figure 5 : Model based on a pre-existing differential sensorimotor connectivity of the fingers. (A) 

Control pre-lesion situation. (B) Post-lesion situation. The dominant M1 lesion (lighter area) 

damaged the hand representation in M1, most probably a small portion of the area 3a and the 

connections between M1 and S1 (see Chapter 2 for greater detail). The thickness of the arrows 

indicates the strength of the projections for the 3 fingers. Nevertheless, we cannot provide hard 

connectional data on the relative strength of sensory projections to M1 either from S1 or from the 

thalamus. See text for greater detail (inspired from Asanuma, 1981). 

The assumption of the motor control in M1 hand representation primarily focused to-

wards the thumb, followed by the index finger one and finally the middle finger one, is 

derived from previous mappings of M1 in macaque monkeys by cortical surface stimula-

tion (Woolsey et al., 1952) or ICMS (Liu and Rouiller, 1999), confirming the large repre-

sentation of the thumb as compared to the other fingers. ICMS investigations also re-
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vealed the usually lower intensity threshold needed to elicit thumb movements com-

pared to other finger movements (Sessle and Wiesendanger, 1982) and the production 

of isolated thumb movements but not isolated index finger nor isolated middle finger 

movements (Kwan et al., 1978). In addition, the activity in M1 neurons was shown to be 

much more correlated with thumb movements than with movements of the other fin-

gers (Kirsch et al., 2014). Finally, the decreasing individuation index of the macaque fin-

gers from thumb to middle finger through index finger on the one hand (Schieber, 

1991), and post-spike facilitations primarily on thumb muscles when CM cells were ob-

served to facilitate only a single intrinsic hand muscle (Buys et al., 1986; Lemon et al., 

1991) on the other hand, also suggest a highly selective control of the thumb in particu-

lar. Of course this difference in the relative amount of the M1 representation of each fin-

ger is not incompatible with the distributed and overlapping mosaic finger representa-

tion described in M1 (see above the section Extent of the lesion). 

Regarding the finger representation in S1, more receptive fields involving the thumb 

alone were recorded in S1 in macaque monkeys as compared to receptive fields of other 

individual fingers (Iwamura et al., 1980). The different areas of S1 were then investigat-

ed in greater detail and it was demonstrated that receptive fields for the thumb and the 

index finger in area 2 of macaque monkeys were smaller and rarely involved more than 

one finger, contrary to the other three fingers and a greater cortical magnification (i.e. 

the extent of cortical representation divided by that of the skin surface represented) was 

observed for the thumb and the index finger compared to the other three fingers (Pons 

et al., 1985). Similarly, a decreasing gradient of cortical magnification of the glabrous 

part of the fingers was observed in area 3b from the thumb (the largest) to the little fin-

ger (the smallest) and the cortical magnification of the thumb was shown to be also 

much larger than the one of the index and middle fingers in area 1 in squirrel monkeys 

and owl monkeys (Merzenich et al., 1987). In addition, electrophysiological mapping of 

areas 3a and 3b in macaque monkeys revealed larger thumb and index finger represen-

tations than the ones of the other fingers (Krubitzer et al., 2004). Finally, a larger thumb 

representation in somatosensory cortex as compared to the other fingers was reported 

in an optical imaging study on intrinsic signal in M. fascicularis after mild tactile stimula-

tion to the fingertips (Shoham and Grinvald, 2001).  
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A lamellar somatotopy of the body representation in the thalamic nuclei VPLo (mostly 

afferent inputs from distal upper limb) and VL (mostly afferent inputs from proximal 

upper limb), the relays of peripheral inputs to M1, was described by Vitek et al. (1994) 

but the detail of the finger representation was not shown. Nevertheless, an organisation 

of VPLo similar to the arm representation in M1 was suggested by Strick (1976) and 

Matelli et al. (1989).  

A mostly somatotopic organisation of afferent sensory inputs to M1 was demonstrated 

(Murphy et al., 1978; Rosén and Asanuma, 1972; Wong et al., 1978; Woolsey et al., 1942; 

Woolsey, 1958; Woolsey, 1964) in monkeys. In particular, Wannier et al. (1991) were 

able to record receptive fields in M1 in macaque monkeys after either cutaneous stimu-

lation or passive finger movements and reported that the thumb had the largest number 

of M1 receptive fields, followed then by the index finger, itself followed by the middle 

finger. Moreover, M1 receptive fields devoted exclusively to a single finger were ob-

tained both after cutaneous stimulation and joint manipulation of the thumb only 

whereas the other fingers were represented in pair in the other receptive fields (Wong 

et al., 1978). 

Taken all these results together, we can then reasonably assume that the thumb normal-

ly has the strongest pre-existing sensorimotor connectivity (Figure 5A). Consequently, a 

dominant M1 lesion of the hand representation should have the largest impact on the 

sensorimotor processing from the thumb as compared to the one of the other fingers 

(Figure 5B). By recording SSEPs at the scalp, we were able to assess the integrity of so-

matosensory processing from the periphery to S1 through the dorsal column–medial 

lemniscal system (Allison et al., 1991a; Cruccu et al., 2008; Freye, 2005; Legatt, 2014; 

York, 1985) and we observed that the tactile processing from the fingertips was affected 

by the dominant M1 lesion. Conversely, we are not in a position to obtain here infor-

mation about the direct sensory processing from the periphery to M1 through the thal-

amus. We assumed arbitrarily in our model that this processing was altered as well after 

the lesion (Figure 5B), on the basis of the subcortical alteration highlighted by using 

electrical stimulation in Chapter 2, but this is only a speculation. In sum, the aforemen-

tioned studies and our model emphasize that M1 is important for tactile somatosensory 

processing from the fingers in primates, in addition to motor control.  
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Interestingly we observed that the post-lesion alteration in tactile signals from the 

thumb tip and index fingertip was further enhanced over time, in the form of an increas-

ing amplitude of the 2nd component studied throughout the post-lesion recovery period. 

In parallel a differential functional recovery appeared over time depending on the task. 

Hypotheses about cortical mechanisms underlying this recovery process have been al-

ready proposed in Chapter 2. We can now refine our explanations with the idea that the 

neural components involved in recovery, probably non-primary motor areas such as 

SMA or PMvr, do not allow for a better compensation of the thumb sensorimotor func-

tion compared to the other fingers. This may suggest that the relative differences in the 

extent of representation of the different fingers are probably not as prominent in non-

primary motor areas as in M1. This makes sense if we consider both SMA-proper and 

PMvr areas and their role in further detail. 

Regarding SMA, a somatotopic organisation was highlighted (Indovina and Sanes, 2001; 

Mitz and Wise, 1987; Woolsey et al., 1952) but the representation of the different body 

parts obtained by ICMS in SMA-proper (F3, Matelli et al., 1985) appeared less detailed 

and more intermingled than in M1 (Chen et al., 1991; Luppino et al., 1991; Macpherson 

et al., 1982; Maier et al., 2002; Mitz and Wise, 1987; Tanji, 1994) and higher stimulation 

thresholds were often required to elicit movements (Chen et al., 1991; Luppino et al., 

1991; Macpherson et al., 1982; Maier et al., 2002; Rouiller et al., 1994; Rouiller et al., 

1996; Woolsey et al., 1952). More specifically, the hand representation in F3 was clearly 

not as enlarged as in M1 and global finger movements rather than fluent and smooth in-

dividual finger movements were obtained by ICMS (Kalaska and Rizzolatti, 2013; 

Luppino et al., 1991; Rouiller et al., 1994; Rouiller et al., 1996; Rouiller et al., 1998a). Ac-

tually, SMA (both F3 and F6) was shown to be more often involved in controlling bilat-

eral movements and quite demanding tasks than M1 and plays a crucial role in the or-

ganisation of movements, particularly in sequential performance of multiple movements 

(Brinkman and Porter, 1979; Kermadi et al., 1998; Tanji, 1994).  

Contrary to SMA, PMvr (F5, Matelli et al., 1985) does contain a detailed hand representa-

tion (Cerri et al., 2003; Dum and Strick, 2005; Gentilucci et al., 1988; Gerbella et al., 

2011; He et al., 1993; Kurata and Tanji, 1986; Lehmann and Scherberger, 2013; 

Rizzolatti et al., 1988; Shimazu et al., 2004). But similarly to SMA, the hand representa-

tion was smaller in PMvr than in M1 (Dancause et al., 2006), higher stimulation thresh-
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olds were often required to elicit movements in PMvr during ICMS (Cerri et al., 2003; 

Gentilucci et al., 1988; Schmidlin et al., 2008; Umilta et al., 2007), ICMS responses were 

less robust than in M1 (Cerri et al., 2003; Gentilucci et al., 1988) and often elicited 

movements of several articulations including the mouth as well (Gentilucci et al., 1988). 

The role of F5 as well was shown to be more complex than the one of M1: F5 was 

demonstrated to be involved in goal-related (Rizzolatti et al., 1988) and visually-guided 

movements of the hand during fine manipulation of objects (Chouinard and Paus, 2006; 

Umilta et al., 2007), to code for object shapes (Murata et al., 1997), grasping movements 

(Bonini et al., 2010; Spinks et al., 2008; Umilta et al., 2007) and object orientation (Fluet 

et al., 2010; Schaffelhofer et al., 2015; Townsend et al., 2011), reach and gaze represen-

tation (Lehmann and Scherberger, 2013) and to exert a facilitatory effect on M1 output 

to upper limb motoneurons (Cerri et al., 2003; Schmidlin et al., 2008; Shimazu et al., 

2004). 

In sum, both SMA and PMvr contain a somatotopic representation of the body and of the 

hand in particular but neither as clear nor as robust as the one observed in M1, suggest-

ing that both areas may probably not be able to exert a much stronger motor control on 

the thumb than on the other fingers, or at least may not be able to compensate for the 

larger thumb impairment as compared to the other fingers.  

By comparing post-lesion signals to pre-lesion signals, one may claim that the post-

lesion changes in amplitude we suggested here are questionable given the large variabil-

ity already present in the pre-lesion data. We propose two arguments against that: first, 

the variability in the amplitude of the pre-lesion waveforms was not consistent with 

time, meaning that we did not observe any regular evolution (increase or decrease) in 

the amplitude of the signals during the pre-lesion recording sessions, but the amplitude 

changes were random across the sessions (Figure 6). Second, even though there was 

obviously some pre-lesion variability, the general shape of the pre-lesion waveforms 

was conserved and was in no way at all similar to any of the post-lesion waveforms, 

therefore strongly suggesting a true alteration in post-lesion potentials.  
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Figure 6 : Variability in the signal. Same individual 

pre-lesion and post-lesion potentials as shown in 

Figure 3 (first graph at the top-left) in response to 

right thumb tip stimulation. The pre-lesion 

potentials are displayed here in a gradient from 

dark gray (first pre-lesion session) to light gray (last 

pre-lesion session) and the post-lesion sessions in a 

gradient from dark red (earliest post-lesion session) 

to light orange (late post-lesion session). Same 

conventions as in Figure 3. 

  

 

Moreover, another confounding factor may arise by interpreting post-lesion waveforms. 

At a first glance, one may pretend that the lesion induced a complete shift in polarity of 

the signals, especially if one compares the largest pre-lesion positive component with 

the largest post-lesion negative component. A more careful examination of the wave-

forms indicated instead that there was a non-uniform change in amplitude for both early 

and late components but still with the same polarity, in the form of a large reduction in 

the amplitude of the first component and a large increase in the amplitude of the second 

component, associated with a decrease in latency for both components after the lesion.  

 

Arguments against volume-conduction artifacts 

As already mentioned in Chapter 2, we acknowledge an important caveat in our study, 

namely the very close distance between the S1 generator of tactile potentials (Gardner 

et al., 1984) and the cortical lesion affecting most probably a small portion of area 3a as 

well. This means that the alteration in cortical signal measured at the scalp may result 

from modification in volume-conduction properties secondary induced by the lesion it-

self (van den Broek et al., 1998) in addition to a truly altered functioning of the brain.  

There are nevertheless some observations allowing to reduce the likelihood that the 

post-lesion brain alteration is only due to lesion-induced distortions in volume-

conduction within the brain. 
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First, both latencies and amplitudes of tactile SSEPs were substantially altered after the 

lesion. Volume-conduction artifacts secondary affect the conduction of brain signal that 

has been already generated, on its way from its generator to the scalp. Therefore, we can 

expect that volume-conduction alteration would have resulted in massive changes in 

amplitudes at the scalp due to inhomogeneous tissue for instance (van den Broek et al., 

1998), but we cannot figure out how secondary alteration in volume-conduction in-

duced by the lesion could result in an obvious shift in latency of brain activity at the 

scalp as we observed here.  

Second, the dominant M1 lesion affected mainly the thumb tip-related brain activity, and 

to a lesser extent the index fingertip-related brain activity, but the middle fingertip sig-

nals remained largely unaffected. Given that these three signals were most probably 

generated by very close dipoles within the brain, volume-conduction effects would have 

affected them in a very similar manner but we did not observe such a scenario.  

Third, the prominent stimulus specificity of the effects induced by the lesion further fa-

vours that we recorded real alterations in brain processing after the lesion. Namely, 

while we reported post-lesion modifications in voltage distribution at the scalp in tactile 

SSEPs, voltage topographies of median nerve SSEPs remained largely unaffected after 

the lesion (Chapter 2), suggesting that the cortex was dealing both kinds of peripheral 

stimulation very differently. We suppose that the large population of neurons involved 

in generating median nerve SSEPs produced a dipole whose activity was strong enough 

to mask volume-conduction effects resulting from the small damage in area 3a if there 

were some. Conversely tactile SSEPs were generated by a much less widespread subset 

of neurons (McLaughlin and Kelly, 1993; Pratt et al., 1979b; Starr et al., 1982) within the 

ones involved in the production of median nerve SSEPs, most probably in areas 3b, 1 

and S2 (Gardner et al., 1984). It is therefore much less likely that the generator of tactile 

SSEPs has been damaged by the lesion, suggesting that is it not very likely that we ob-

served here only purely conduction artifact rather than truly altered brain activity after 

the dominant M1 lesion.  

Fourth, as already mentioned in Chapter 2, the dipole location and orientation relative 

to the lesion, and relative to the inner skull surface are crucial for the presence or ab-

sence of volume-conduction artifacts (van den Broek et al., 1998). Essentially, the closer 

the lesion is to the dipole, the larger volume-conduction artifacts are, especially if the 
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lesion is located in between the dipoles and the head surface. Here again, we do not ex-

pect that the lesion was in between the dipole and the head surface. 

Taken together, these arguments suggest here again that the modulations in tactile pro-

cessing observed after the lesion were not only due to volume-conduction effects result-

ing from the lesion but reflected true alterations in brain activity. 

 

Electrical versus tactile stimulation 

The stimulus specificity of the effects induced by the dominant M1 lesion on somatosen-

sory processing probably results in part from the dual properties of electrical and tactile 

stimulations. Some of them are exposed here. 

The activation of the median nerve by means of an electrical shock delivered to the over-

lying skin represents a very artificial stimulation because it is targeted directly on the 

nerve trunk and bypasses the terminal nerve fibres (Brown, 1984; Mauguière, 2011; 

Starr et al., 1982). Following the stimulation, the nerve impulses are generated nearly 

simultaneously (Larsson and Prevec, 1970), resulting in SSEPs that are time-locked to 

the stimulation onset, but the afferences are activated nonspecifically on the basis of 

their electrical threshold and their relative position to the cathode rather than by their 

functional type (Brown, 1984; Mauguière, 2011; Starr et al., 1982). The median nerve is 

a mixed nerve, containing both sensory and motor fibres. Nevertheless, the response 

volley to electrical stimulation is primarily conducted along the large myelinated and 

low-threshold sensory fibres because the sensory conduction velocity is about 8% faster 

than the motor conduction velocity (Dawson, 1956; Krarup and Trojaborg, 1994). Actu-

ally, an electrical stimulation of the median nerve at the wrist can antidromically acti-

vate many conducting motor fibres as well. But these activations do not propagate fur-

ther along the ascending pathways of the spinal cord after synapses in the anterior horn, 

leading to a subsequent decrease in SSEP amplitude at the spinal level (Pratt et al., 

1979b). An electrical stimulation delivered at normally bearable intensity recruits the 

large-diameter, fast-conducting myelinated sensory afferent fibres of group I (or Aα) 

mostly, and on occasion group II (or Aβ) as well at thumb twitch threshold, at least in 

human. These sensory fibres innervate cutaneous receptors, muscle spindles (primary 

and secondary endings), Golgi tendon organs and receptors in the joint capsules (Allison 
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et al., 1991a; Aminoff and Eisen, 1998; Desmedt, 1987; Legatt, 2014; Mauguière, 2011; 

Regan, 1989; Walsh et al., 2005; York, 1985). The visible motor response is due to the 

concomitant depolarisation of motor axons at the site of electrical stimulation (Allison et 

al., 1991a). In sum, an electrical stimulation prevents a natural activation of the soma-

tosensory system by engaging afferent and efferent fibres in abnormal patterns 

(McLaughlin and Kelly, 1993). 

Tactile stimulation is delivered by using a mechanical or air-puff device to tap the skin, 

the fingernails or the pads or to stretch muscles and provide cutaneous input. As op-

posed to an electrical stimulation to the skin overlying directly the nerve trunk, a tactile 

stimulation activates the afferents through their receptors and thus involves the most 

distal segments of the sensory nerve fibres as well, corresponding to a more physiologi-

cal and more naturalistic stimulus for the somatosensory system (Caruso et al., 1994; 

McLaughlin and Kelly, 1993; Nakanishi et al., 1973; Pratt et al., 1979a; Pratt et al., 1979b; 

Starr et al., 1982). A tactile stimulation produces a very focal and selective activation of 

some mechanoreceptors (compared to a larger number of nerve fibres with electrical 

stimuli) (Caruso et al., 1994; Larsson and Prevec, 1970) and therefore elicits smaller pe-

ripheral (Hashimoto et al., 1989; Krarup and Trojaborg, 1994; McLaughlin and Kelly, 

1993) and central (Pratt et al., 1979b; Starr et al., 1982) responses than an electrical 

stimulation does, and consequently requires a larger number of trials to be averaged to 

obtain a SSEP (York, 1985). While electrical stimulation results in synchronous nerve 

action potentials in a larger number of fibres, mechanical taps induces a repetitive firing 

in some uniform populations of mechanoreceptive fast-conducting afferent fibres 

(Larsson and Prevec, 1970; Pratt et al., 1979b). It is known from the literature that the 

waveforms of SSEPs elicited by mechanical and electrical stimulations are generally sim-

ilar but the initial negative component present in electrical SSEPs is usually absent in 

tactile SSEPs (Larsson and Prevec, 1970; Manzano and Kohn, 2000). Our data with the 

initial brainstem component observed in electrical SSEPs but not in tactile SSEPs con-

firmed this last observation. Moreover, the latency of mechanical SSEPs is longer than 

with electrical stimulation (Brown, 1984; Larsson and Prevec, 1970; Nakanishi et al., 

1973; Onofrj et al., 1990; York, 1985). This latency difference is due to the time interval 

between the stimulation onset and the actual excitation of the receptors, the additional 

conduction along thin distal fibre portions in case of tactile stimulation and a difference 

in conduction velocities of the fibre types recruited by an electrical stimulation com-
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pared to a mechanical stimulation (Krarup and Trojaborg, 1994; Nakanishi et al., 1973; 

Pratt et al., 1979b; York, 1985). Moreover, voltage topographies at the scalp may differ 

between electrical and tactile SSEPs because a median nerve stimulation simultaneously 

engages afferent fibres from several fingers and different modalities, resulting in a 

spread of activation at the cortical level (McLaughlin and Kelly, 1993). 

An additional hypothesis about the differences between electrical and mechanical SSEPs 

was proposed by Larsson and Prevec (1970): following peripheral stimulation to the 

first-order neuron, synchronous volleys induce repetitive discharges in the second-

order neurons, and then in the third-order neurons, i.e. in the thalamocortical tract fi-

bres. But there are then differences in the thalamocortical repetitive activity following 

either electrical or mechanical stimulation. An electrical stimulation generates bursts of 

thalamocortical activity with a comparatively higher degree of synchronicity between 

different thalamocortical fibres compared to a mechanical stimulation, meaning a high 

reproducibility of the signal. Conversely, a mechanical stimulation induces thalamocor-

tical bursts which are well defined for each single neuronal fibre, but less synchronised 

and less reproducible in relation to each other. This may help to explain the absence of 

the initial negative peak in tactile SSEPs specifically and the longer latency of tactile 

SSEPs compared to electrical SSEPs. 

 

Originality of our lesion study 

Our EEG experiments on Mk-DI in the context of an M1 lesion are original for several 

points of view: first, in addition to the processing of electrical stimulus presented in 

Chapter 2, in order to document in detail plastic reorganisation of the sensorimotor sys-

tem after dominant M1 lesion, we assessed here both active (behavioural task) and pas-

sive touch (EEG measurement of brain activity at the scalp) processing. We combined 

tests of both tactile perceptions because it is obvious that both processes largely differ 

(Gibson, 1962) and testing one cannot be a substitute of testing the other (Gibson, 1962; 

Heller, 1984; Heller et al., 1990). Moreover, SSEPs in response to tactile stimulation of 

the upper limb have only been rarely performed in non-human primates until now (see 

e.g. Gardner et al., 1984; Marshall et al., 1937; Woolsey et al., 1942). Conversely, SSEPs 

were rather usually obtained by electrical stimulation of a peripheral nerve (see e.g. 

McCarthy et al., 1991). To the best of our knowledge, there is no existing report about 
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whole-scalp EEG mapping of tactile SSEPs in non-human primates but previous tactile 

SSEP measurements were restricted to invasive electrocorticography or epidural re-

cordings over a limited brain area (Gardner et al., 1984; Marshall et al., 1937; Woolsey et 

al., 1942) or whole-head MEG (Wilson et al., 2009). 

Second, both here and even more prominent in the previous chapter (Chapter 2), we 

used a high density of EEG recordings over time both before and after the lesion to pro-

vide a detailed follow-up of the time course of cortical reorganisation. Conversely, most 

studies using EEG on non-human primates (Allison et al., 1991a; Allison et al., 1991b) or 

on patients with brain or spinal cord lesion for instance usually reported data acquisi-

tion at a single time point after the nervous system insult (Ferri et al., 2001; see e.g. 

Finnigan et al., 2004; Giblin, 1964; Green et al., 1999a; Green et al., 1999b; Han et al., 

2013; Jabbari et al., 1987; Lee et al., 2010; Riquelme et al., 2014; Slimp et al., 1986; 

Sonoo et al., 1991; Stohr et al., 1983; Tsuji et al., 1988; Tzvetanov et al., 2005; Tzvetanov 

and Rousseff, 2005; Watanabe et al., 1989; Wong et al., 1982; Zeman and Yiannikas, 

1989). 

Third, by considering again the results exposed in the previous chapter as well, we com-

bined two different types of peripheral stimulations for the somatosensory modality, 

namely either direct stimulation of sensory nerve trunk with an electrical stimulator or 

stimulation of the corresponding mechanoreceptors with tactile stimulators. In this way, 

we were able to obtain complementary information about the effects of a dominant M1 

lesion on somatosensory processing at different levels of the somatosensory pathway.  

Finally, we presented in this chapter a detailed description of sensorimotor impairment 

of the fingers by using the Brinkman box task. We showed in particular that the lesion 

induced differential deficits between the thumb and the index finger. Whereas differen-

tial weakness in the fingers are known and well described in human stroke patients, on-

ly few studies mentioned such a similar phenomenon in non-human primates (Galea and 

Darian-Smith, 1997; Murata et al., 2008; Schmidlin et al., 2004). Actually, manual dexter-

ity, agility or skill have been usually described globally without distinction of impair-

ment between the fingers after a lesion affecting the motor system in most studies so far 

(Freund et al., 2006; Freund et al., 2009; Frost et al., 2003; Hoogewoud et al., 2013; 

Lawrence and Kuypers, 1968; Liu and Rouiller, 1999; Nishimura et al., 2007; Nudo and 
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Milliken, 1996; Passingham et al., 1983; Pizzimenti et al., 2007; Rouiller et al., 1998b; 

Rouiller and Olivier, 2004; Wyss et al., 2013; Zaaimi et al., 2012). 

 

Prospects 

The case report presented here in combination with Chapter 2 confirmed that SSEP re-

cording is a relevant technique for assessing the integrity of the somatosensory pathway 

to the cortical sensory areas. We demonstrated in one monkey the potential of our EEG 

technique and we hope that similar experiments will be carried out on additional ani-

mals to confirm our preliminary findings. In particular we propose to refine future in-

vestigations by testing additional stimulation paradigms, for instance by changing the 

stimulus length, stimulus amplitude or repetition rate (Huttunen and Hömberg, 1991; 

Popescu et al., 2010; Pratt et al., 1980) to verify the consistency of the results. It would 

be also relevant to include some tests of tactile perception to better document touch 

processing. Then with these additional data it would be possible to investigate at the 

population level whether there is a link between abnormality in brain potential after the 

lesion and the extent of the cortical lesion, sensory deficits or functional recovery of 

manual dexterity, as it was already demonstrated in human (Jabbari et al., 1987; 

Watanabe et al., 1989). 

Another improvement would be to apply tactile stimulation to the non-affected limb as 

well given that it is known that the intact hemisphere may be involved in functional re-

covery, especially in case of an extended brain lesion in human (Liepert et al., 2000; Netz 

et al., 1997; Serrien et al., 2004; Shimizu et al., 2002). In addition, Watanabe showed that 

the amplitude ratio of ipsilesional SSEP component to contralesional SSEP component 

after median nerve stimulation was significantly correlated with sensory disturbance in 

a large population of stroke patients (Watanabe et al., 1989). Finally, we will demon-

strate in Chapter 5 that fine manual dexterity of the non-affected limb is slightly modi-

fied as well after a focal cortical lesion of the hand representation in M1 in our macaque 

monkeys, confirming that it is of definite relevance to extend investigation to the intact 

hemisphere as well.  

We demonstrated that the lesion-induced changes in motor output and sensorimotor 

connectivity were sufficient to reorganise the somatosensory system, meaning that a le-
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sion in the motor system induces extensive plasticity in the somatosensory system as 

well that may be involved in functional recovery (Schaechter et al., 2012). Therefore 

these results may be relevant for the clinics, where neurorehabilitation strategies for 

stroke patients for instance should target more intensively the somatosensory system as 

well in parallel with the recovery of motor functions themselves (Byl et al., 2003; Laible 

et al., 2012; Sawaki et al., 2006). 

 

Conclusion 

In sum, the present data show that the dominant M1 lesion interfered with tactile input 

processing from the fingertips in the cerebral cortex, suggesting that normal tactile sen-

sory processing is modulated by motor cortical activity. The alterations in sensory pro-

cessing documented here may partially explain the motor deficits observed after the le-

sion. 

By way of conclusion of this chapter and the previous one, we presented complementary 

insights into the mechanisms of sensorimotor reorganisation underlying functional re-

covery after a cortical lesion in non-human primates. We used the technique of scalp 

EEG to address the impact of a dominant M1 lesion on somatosensory processing from 

the distal forelimb in one adult macaque monkey and we observed distinct effects of the 

lesion on the somatosensory processing from the hand by applying either direct electri-

cal stimulation to a sensory nerve or tactile stimulation to the corresponding mechano-

receptors.  

Our results may be relevant for clinical neurophysiologists by combining different 

methods to quantify the sensorimotor function in patients (Pratt et al., 1979a; Pratt et 

al., 1979b). Both peripheral stimulation paradigms used in our study were shown to 

have particular advantages and revealed different facets of plastic reorganisation in the 

sensorimotor system. Electrical stimulation is user-friendly and results in relatively 

large-amplitude components. Nevertheless, it may be painful and there is no specificity 

in the type of fibres activated. Conversely, mechanical stimulation to the fingertips is ab-

solutely not painful, it involves the entire afferent pathways, it elicits information pro-

cessing in a specific group of receptors and their nerve pathways, but signal is smaller. 

In sum, both methods could be combined in patients with problems of sensorimotor 



Chapter 3  Anne-Dominique Gindrat 

345 

processing that characterise neurologic disorders, in order to unravel the localisation 

and the mechanisms of the neurological impairment. 

These data confirm that the somatosensory cortical representations are plastic in adult 

macaque monkeys in the sense that sustained changes in motor output and sensorimo-

tor connectivity induced by a lesion were sufficient to deeply reorganise the somatosen-

sory processing, in addition to the control of fine manual dexterity. In other words, by 

using EEG, we were able to demonstrate here lesion-induced plasticity in the soma-

tosensory pathway.  

Last but not least, our results further demonstrate that the motor cortex is definitely not 

a purely motor structure (Asanuma, 1981; Asanuma and Rosén, 1972; Jones, 1986; 

Rosén and Asanuma, 1972). On the contrary, M1 is also important for somatosensory 

processing from the forelimb in primates. 
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Abstract 

The integration of sensory inputs originating from the fingers allows us to feel and skill-

fully manipulate objects. Taking advantage of the high temporal resolution of our scalp 

EEG recording method, we studied some properties of tactile processing from the finger-

tips in non-human primates. We recorded tactile SSEPs by using scalp EEG after 2-ms-

long repeated touch stimuli applied to the right thumb tip, index fingertip and middle 

fingertip of three anaesthetised macaque monkeys. SSEPs in response to repeated elec-

trical stimuli to the median nerve at the wrist were obtained as well in one of these 

monkeys for comparison. For both stimulation paradigms, we used a 1-Hz repetition 

rate precisely to avoid a massive amplitude adaptation, as usually reported to occur in 

case of high stimulus repetition rate.  

A careful data examination revealed a novel observation: surprisingly, we noticed a sig-

nificant linearly increasing latency shift of the cortical tactile component over time, for 

the three stimulated fingertips. More specifically, the latency adaptation for each finger-

tip stimulation developed regularly but distinctly during successive 50-trial blocks, and 

distinctly in each monkey as well. For instance, the latency increased by 1.8 ms to 8 ms 

over the 600-800 trials analysed after middle fingertip stimulation in each of the three 

monkeys. Conversely, there was no consistent adaptation in the cortical amplitude of 

tactile SSEPs across the animals. For comparison, a modest latency increase accompa-

nied by a much stronger amplitude decrease over time characterised specifically the 

processing of the first 700 trials of electrical stimulation to the median nerve. 

Taken together, our findings indicate, first, that the cortical processing of repeated stim-

ulations was open to significant fluctuations within an experimental EEG session, mean-

ing that cortical plasticity can operate rapidly. Second, our results suggest that these lin-

ear and at the same time finger-specific and subject-specific evolutions of latency over 

time reflect dynamic processes that are highly consistent in macaque monkeys and very 

specifically linked to the processing of tactile sensory inputs from the fingertips. We may 

therefore have stressed a unique and specific “cortical signature” of fingertip tactile 

stimulation. Our results clearly demonstrate that latency adaptation is a significant pro-

cess that should be carefully considered in case of repeated tactile stimulations, even at 

a low stimulus repetition rate. 
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In the discussion, we provide evidence supporting that the adaptation in tactile SSEPs 

arguably did not result from a general side effect of anaesthesia. In addition, we propose 

some hypotheses about the origin of these adaptation patterns and we suggest that this 

temporal shift may enable the brain to prioritise novel stimuli by delaying the sensory 

processing of repeated meaningless inputs. 

 

Introduction 

In our daily life, we are often continuously exposed to a large amount of stimuli from the 

environment but our brain is able to select only the most relevant features to adapt our 

behaviour at best to such fluctuating situations. In many cases, repeated stimuli instead 

of isolated stimuli are experienced, for instance during the manipulation of objects or 

the motor exploration by palpation. In these cases, sensory inputs from sequences of re-

peated events separated by a fraction of millisecond to minutes are integrated to allow 

us to feel and skillfully manipulate objects. How the brain processes such a huge amount 

of continuous information and integrates stimuli at the time scale of tens to hundreds of 

milliseconds remains largely unknown.  

Remarkably, the different sensory systems share some common principles of organisa-

tion: for instance, as a general rule, a specific type of stimulus energy is transduced into 

electrical signal by specialised receptors and then transmitted to a specific area of the 

brain by passing and being processed from one neuron to the next in a sensory afferent 

pathway (Frings, 2012; Gardner and Johnson, 2013; Hendry and Hsiao, 2013; Purves et 

al., 2004; Torre et al., 1995). In addition, the successive structures processing afferent 

information usually have a conserved and precise pattern of topographical organisation 

(Gardner and Johnson, 2013; Hendry and Hsiao, 2013; Kaas, 1997). Moreover, the con-

trast of stimuli is enhanced during information processing by amplifying differences in 

the activity of neighbouring neurons, which is called lateral or surround inhibition 

(Hendry and Hsiao, 2013; Severens et al., 2010; see e.g. Von Békésy, 1967).  

Stimulus-specific adaptation of neural responses is another common fundamental fea-

ture of sensory processing. In case of repeated or continuous sensory stimulation (usual-

ly with high repetition rate), the nervous system and the brain in particular generally 

reduce their responsiveness by adapting their cortical responses, usually in the form of a 
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rapid decrease in response amplitude (see e.g. Pérez-González and Malmierca, 2014). 

The resulting advantages are presumably to optimise stimulus processing by reducing 

redundancy (Adibi et al., 2013; Müller et al., 1999; Wissig and Kohn, 2012) and thus to 

adjust sensitivity to detect changes in stimulus (Goble and Hollins, 1993; Goble and 

Hollins, 1994; Greenlee and Heitger, 1988; Maravall et al., 2007; Musall et al., 2014; 

Ohzawa et al., 1982; Pérez-González and Malmierca, 2014; Regan and Beverley, 1985; 

Tannan et al., 2007; Von Békésy, 1960; von der Behrens et al., 2009; Wang et al., 2010) 

and more relevant novel environmental inputs (Andrade et al., 2015; Kadohisa and 

Wilson, 2006; Tannan et al., 2006). In a very recent study in rats, adaptation was pre-

vented by optogenetic optical activation of the barrel cortex in S1 (Musall et al., 2014). 

When the animals were then presented with behavioural tasks, they showed a strong 

improvement of stimulus detection and discrimination of stimulus frequency, but at the 

cost of reducing fidelity under steady-state conditions. This very elegant study clearly 

demonstrates the critical role of sensory adaptation in the perception of stimulus pat-

terns. Instead of being merely a "fatigue" of sensory structures as previously claimed 

(see e.g. Wedell and Cummings, 1938), the adaptation to repeated stimulations corre-

sponds in fact to a process of adjustment or "tuning" of the sensory system involved to-

wards the most pertinent inputs. Cortical adaptation to repeated sensory inputs in the 

form of a rapid modification in response represents a form of short-term plasticity.  

Deficit in adaptation can lead to pathological states, such as autism spectrum conditions. 

Processing of repeated tactile stimulations was reported to be impaired in autistic peo-

ple, resulting in a sensory over-responsivity (Blakemore et al., 2006; Marco et al., 2011; 

Tavassoli et al., 2014), and a decreased adaptation response (assessed by tactile 

defensiveness, see e.g. Baranek et al., 1997; and Baranek and Berkson, 1994; Puts et al., 

2014; Tannan et al., 2008). A strong decrease in GABAergic inhibition has been hypothe-

sised to explain these impairments, based on the observed mutations in genes coding for 

specific GABA receptor proteins (Fatemi et al., 2002; Hussman, 2001; Ma et al., 2005). 

Schizophrenic patients may suffer from an impaired adaptation as well (Haigh et al., 

2015a; Haigh et al., 2015b). 

Adaptation in response to a repeated stimulation has been highlighted at different spa-

tial scales, from the single neuron (see e.g. Li et al., 1993; Ringo, 1996) or individual sen-

sory receptor level (see e.g. Fraser et al., 2006; Zufall and Leinders-Zufall, 2000), at the 
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level of small neuronal populations (see e.g. Kaliukhovich and Vogels, 2012), up to the 

level of hemodynamic changes (see e.g. Henson et al., 2002) or electrical activity record-

ed at the scalp (see e.g. Andrade et al., 2015; Bradley et al., 2014; Löfberg et al., 2013; 

Van Olphen et al., 1979) for instance, corresponding to the activity of several millions of 

neurons.  

In addition, the neural repetition effects of adaptation have been observed at different 

temporal scales, lasting from some milliseconds (see e.g. Maravall et al., 2007; Ulanovsky 

et al., 2004), some tens of second (see e.g. Netser et al., 2011; Ulanovsky et al., 2004; 

Zufall and Leinders-Zufall, 2000), some minutes (see e.g. Regan and Beverley, 1985) or 

even some days (see e.g. van Turennout et al., 2000; van Turennout et al., 2003).  

Moreover, a wealth of studies has described and characterised the repetition-related re-

ductions of activity by sensory adaptation in different sensory systems. In the auditory 

system for instance, adaptation is of prime importance to faithfully encode auditory in-

formation (Pérez-González and Malmierca, 2014) and temporal integration (May et al., 

2015). This phenomenon was observed in AEPs (Ballachanda et al., 1992; Debruyne, 

1986; Zhang et al., 2009). More detailed investigations revealed that adaptation occurs 

at several levels in the auditory pathway (Pérez-González and Malmierca, 2014): as ear-

ly as in the auditory nerve (Meyer et al., 2007; Smith et al., 1983), in the ventral cochlear 

nucleus (Loquet et al., 2003; Loquet et al., 2004; Loquet and Rouiller, 2002; Meyer et al., 

2007), in the inferior colliculus (Dahmen et al., 2010) and in the auditory cortex 

(Herrmann et al., 2015; Löfberg et al., 2013; May et al., 2015; Ulanovsky et al., 2004; von 

der Behrens et al., 2009) among others.  

Adaptation plays a key role in the vestibular system as well (Cohen et al., 1992; Gonshor 

and Jones, 1976a; Gonshor and Jones, 1976b; Lisberger and Miles, 1980; Miles and 

Eighmy, 1980; Watt et al., 1986) to keep sensitivity to slight linear and angular accelera-

tions of the head in spite of constant and much stronger inputs from gravitational forces.  

Olfaction is also subjected to adaptation (Cain, 1974; Dalton, 2000; Kadohisa and Wilson, 

2006; McBurney, 1984; Sobel et al., 2000; Stevenson and Wilson, 2007; Stuck et al., 

2014; Thomas-Danguin et al., 2014; Wilson and Rennaker, 2009; Yoder et al., 2014; 

Zufall and Leinders-Zufall, 2000). In brief, the sustained exposure to an odor typically 

results in a rapid decrease of the receptor sensitivity (Zufall and Leinders-Zufall, 2000) 
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associated with a rapid decrease of neuronal response in the olfactory bulb and piriform 

cortex (Dalton, 2000; Kadohisa and Wilson, 2006; Sobel et al., 2000; Stevenson and 

Wilson, 2007; Thomas-Danguin et al., 2014; Wilson and Rennaker, 2009), leading to an 

increase in threshold detection of a subsequent odor (Dalton, 2000; Yoder et al., 2014).  

Evidence of adaptation was demonstrated in the visual cortex as well (Andrade et al., 

2015; Cattan et al., 2014; Hawken et al., 1996; Müller et al., 1999; Ohzawa et al., 1982; 

Sclar et al., 1985; Wissig and Kohn, 2012). For instance, adapted neurons in the primary 

visual cortex become more sensitive to orientation change near the adapting orientation, 

enhancing visual discrimination (Müller et al., 1999; Wissig and Kohn, 2012).  

Regarding the somatosensory processing, adaptation characteristics have been already 

investigated in detail in the rodent whisker-barrel cortex system. More specifically, re-

peated deflections of facial whiskers in rodents result in a rapid decrease in amplitude of 

synaptic responses in the trigeminal ganglion cells (Fraser et al., 2006, repetition rate of 

1-40 Hz), in the brainstem (Minnery and Simons, 2003), in the thalamus (Chung et al., 

2002; Katz et al., 2006; Khatri et al., 2004; Sosnik et al., 2001; Wang et al., 2010) and 

even more pronounced in the barrel cortex (Adibi et al., 2013; Ahissar et al., 2001; 

Chung et al., 2002; Garcia-Lazaro et al., 2007; Katz et al., 2006; Khatri et al., 2004; 

Maravall et al., 2007; Miu et al., 2011; Musall et al., 2014; Wang et al., 2010) with in-

creasing number of stimulations. Short-term depression of thalamocortical inputs to the 

S1 cortex was proposed to be responsible for the rapid adaptation observed at sensory 

cortical level (Chung et al., 2002; Katz et al., 2006; Khatri et al., 2004).  

There is adaptation in touch processing as well. For instance, we rapidly become una-

ware of the pressure of our clothes on the body. But as soon as we move an arm, for in-

stance, we immediately and transiently perceive again the sleeve of our shirt. Adaptation 

in touch processing from the primate hand has been studied in detail along different lev-

els of the somatosensory pathways. For instance, by using microneurography (Vallbo 

and Hagbarth, 1968), it was demonstrated that a sophisticated processing of touch stim-

ulation begins already in the skin, similarly to early visual processing in ganglion cells 

(Hubel and Wiesel, 1960; Kuffler, 1953). More specifically, two types of mechanorecep-

tor afferents with contrasting properties of adaptation of firing rate in response to a sin-

gle stimulus were discovered: slowly adapting mechanoreceptor afferents (Merkel cell-

neurite complexes innervated by SA-I afferents and Ruffini endings innervated by SA-II 
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afferents) were characterised by a sustained firing rate during skin indentation and ex-

hibited only very mild decline in activity to the indented stimulus. Conversely, activity in 

rapidly adapting mechanoreceptor afferents (Meissner corpuscles innervated by FA-I or 

RA afferents and Pacinian corpuscles innervated by FA-II or PC afferents) was rapidly 

changing and restricted to modifications in stimulation, i.e. the initial presentation of the 

stimulus and its removal, in the form of brief bursts of action potentials (Bensmaia et al., 

2005; Johansson and Vallbo, 1976; Johansson and Vallbo, 1979; Johansson and Vallbo, 

1983; Leung et al., 2005; Talbot et al., 1968; Vallbo and Johansson, 1984). This type of 

adaptation in primary afferents occurs within a second or less and results at least partly 

from the properties of the encapsulated structures of the mechanoreceptors themselves, 

such as the particular structure of Pacinian corpuscles (Loewenstein and Skalak, 1966) 

or, as proposed for vibratory adaptation, from an increase in spiking thresholds pro-

duced by cation influx through mechanosensitive ion channels in the receptor mem-

brane of the afferent fibres (Bensmaia et al., 2005; Leung et al., 2005). By recording 

SSEPs after repeated stimulations (either stimulus pairs or stimulus trains of high fre-

quency), adaptation was observed at several levels in the ascending somatosensory 

pathway, in the form of component amplitude attenuation, and the effect usually in-

creased going towards higher-order structures: at subcortical level, e.g. in the cuneate 

nucleus (Kaji and Sumner, 1987 (stimulus repetition rate of 17-1000 Hz); O'Mara et al., 

1988; Wiederholt, 1978), in the medial lemniscus (Emori et al., 1991, stimulus repetition 

rate of 7-330 Hz), in the thalamus (Emori et al., 1991), and in S1 (Allison, 1962 (stimulus 

repetition rate of 2-330 Hz); Emori et al., 1991; for a review, see McLaughlin and Kelly, 

1993; Shagass and Schwartz, 1964 (stimulus repetition rate of 10-1000 Hz)). Later so-

matosensory ERPs were also decreased in amplitude in response to repeated tactile or 

electrical stimulations (Kekoni et al., 1992; Kekoni et al., 1997). In MEG studies, adapta-

tion to tactile stimulations of the fingertips in human was characterised by a reduction 

in the dipole strength generated in S1 as early as the second tactile stimulation (Popescu 

et al., 2010; Venkatesan et al., 2010, stimulus repetition rate of 2-8 Hz). There is some in 

vivo and in vitro evidence that modifications in the patterns of adaptation to repeated 

stimuli observed in S1 can be explained by intracortical dynamics in S1 itself (Lee et al., 

1992; Lee and Whitsel, 1992). Nevertheless, although the large amount of studies re-

porting adaptation in different sensory systems, the precise neuronal mechanisms un-

derlying this crucial integration process remain poorly understood.  
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In addition to modification at the neuronal level, adaptation to a constant stimulation 

was shown to be accompanied by adaptation in perception, namely an increase in detec-

tion threshold of the stimulus being repeated (Berglund and Berglund, 1970; Gescheider 

et al., 1995; Hollins et al., 1990; Hollins et al., 1991; Laskin and Spencer, 1979; Leung et 

al., 2005; McLaughlin and Kelly, 1993; Wang et al., 2010). 

The fingertips are very densely endowed with various mechanoreceptors presenting 

distinct properties of adaptation to repeated stimulations (Darian-Smith and Kenins, 

1980; Johansson and Vallbo, 1979; Johansson and Vallbo, 1983; Paré et al., 2002; Vallbo 

and Johansson, 1984) and this is correlated with an extended representation of the fin-

gers at the somatosensory cortical level (Merzenich et al., 1987) and an exquisite tactile 

spatial acuity (Johnson and Phillips, 1981; Sathian and Zangaladze, 1996; Van Boven and 

Johnson, 1994). Actually, the fingertips may be compared with the fovea within the reti-

na, both regions possessing a great sensitivity resulting from a high density of receptors 

with small receptive fields and a high sensory magnification factor of the peripheral rep-

resentation at the cortical level (Hendry and Hsiao, 2013). The integration of sensory 

inputs originating from the fingertips is of prime importance when small objects are de-

tected, inspected and skillfully manipulated (Johansson and Flanagan, 2008; Johansson 

and Vallbo, 1976; Johansson, 1998; Johansson and Flanagan, 2009a; Johansson and 

Flanagan, 2009b; Johansson and Vallbo, 1979; Johansson and Westling, 1990; Johansson 

and Westling, 1991; Vallbo and Johansson, 1984). Many questions still remain about the 

crucial phenomenon of sensory adaptation occurring in the somatosensory pathway re-

sponsible for processing the cutaneous afferent inputs associated with hand sensorimo-

tor control.  

In this study, by measuring the cortical activity at the scalp in 3 adult macaque monkeys, 

we aimed at characterising the short-term effects of repeated stimulations to the finger-

tips on the brain activity, by applying a physiologically naturalistic tactile stimulus. We 

focused on the fingertips as they contain a high density of tactile sensors (Darian-Smith 

and Kenins, 1980; Johansson and Vallbo, 1979; Johansson and Vallbo, 1983; Paré et al., 

2002; Vallbo and Johansson, 1984). Based on the large amount of existing literature 

about adaptation to repeated sensory stimulations (see above), our working hypothesis 

was that tactile processing of a large number of repeated sensory stimuli from the distal 

forelimb in non-human primates was characterised by an adaptation in the amplitude of 
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cortical activity over time. To test this hypothesis, we measured evoked brain activity by 

using 32 EEG electrodes at the scalp in response to a large number of repeated light tac-

tile stimulations (jittered around 1 Hz) to the fingertips of the hand in 3 macaque mon-

keys. Moreover, in order to assess the specificity of processing of repeated tactile stimu-

lations from the fingertips, one monkey was also exposed to repeated electrical stimula-

tions to the median nerve at the wrist (1-Hz repetition rate). By using scalp electrodes 

we were able to detect the neuronal activity in a large population of neurons to survey 

the overall changes in signal processing as a consequence of stimulus repetition. 

 

Materials and Methods 

Monkeys 

This experiment was performed on 3 intact adult female macaque monkeys (Mk-AN: 9 

years old at the time of the experiment, weight: 5 kg; Mk-CA: 9 years old at the time of 

the experiment, weight: 5.6 kg; and Mk-DI: 9 years old at the time of the experiment, 

weight: 3.6 kg). Mk-AN and Mk-CA were housed in the same conditions as Mk-DI (see 

Chapter General Materials and Methods). All procedures and animal care were con-

ducted in accordance with the Guide for the Care and Use of Laboratory Animals 

(Committee for the Update of the Guide for the Care and Use of Laboratory Animals and 

National Research Council, 2011) and were approved by local (Canton of Fribourg) and 

federal (Swiss) veterinary authorities. The present experiments were covered by the of-

ficial veterinary authorisations FR 18/10 and 2014_42_FR. The general procedures in-

troduced in Chapters 1 and 2 regarding the anaesthesia, EEG acquisition and electrical 

stimulation (except the modifications mentioned below) apply here again, as well as the 

tactile stimulation protocol described in Chapter 3.  

 

EEG and tactile stimulation 

Briefly, cortical activity at the scalp was measured by using high-density EEG recording, 

as already described in detail previously (see Gindrat et al., 2014 in Chapter 1, and 

Chapter 2), following repeated peripheral tactile stimulations delivered randomly and 

individually to the volar pad of the tips of the right thumb, index finger and middle fin-
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ger (see Chapter 3) in the 3 monkeys under sevoflurane anaesthesia. For reminder, the 

tappers delivered single pulses of 2-ms-long suprathreshold touch stimulus (square 

wave pulse) with an interstimulus interval of 1000 ± 250 ms (i.e. jittered around 1 Hz), 

resulting in a <0.4-mm indentation on the pulp (a 0.4-mm skin indentation was meas-

ured in human but because of the thicker fingertip skin in monkeys than in human, the 

indentation generated in monkeys was probably somewhat less prominent than in hu-

man). We used this repetition rate precisely to avoid massive amplitude adaptation to 

the repeated stimulation. Note that the tappers were always carefully positioned on the 

monkeys’ fingertips by the same experimenter (AG) to reproduce a similar tapper posi-

tioning across the monkeys as best as possible.  

Between 600 and 850 stimulations were delivered to each fingertip depending on the 

monkey, the variable number of trials between the fingers in a given monkey resulting 

from the purely random design of stimulation. The tactile stimulation experiment lasted 

for about 1 hour (58 min for Mk-AN, 57 min for Mk-CA and 63 min for Mk-DI). The pre-

sent study is based on the sole first session of EEG recording of repeated tactile stimulus 

processing for each monkey because we were interested here to investigate in particular 

the phenomena of adaptation to repeated stimuli and we needed therefore to avoid 

some learning effects that could have appeared in the following sessions. For reminder, 

the EEG signals were recorded with a 5-kHz sampling rate. 

 

EEG and electrical stimulation 

In parallel with tactile stimulation of the fingertips, the brain activity was also recorded 

in one monkey (Mk-CA) subjected to a large number of repeated electrical stimulations 

delivered to the median nerve at the right wrist (2-mA intensity, resulting in a stimula-

tion slightly above the visible motor threshold; 1-Hz repetition rate; square wave pulse; 

400- s duration; total of 1000 stimulations; lasting for 20 minutes, from 149 min after 

the induction of the anaesthesia). Here again, we used a 1-Hz repetition rate to avoid 

massive amplitude adaptation to the repeated stimulation that usually appears at high 

stimulus repetition rate. This measurement on Mk-CA was performed just after comple-

tion of the tactile stimulation protocol, during the same EEG session. Except the much 
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larger number of stimulations delivered and the doubled repetition rate, the rest of the 

electrical stimulation procedure was similar to the one described in Chapters 1 and 2.  

 

Anaesthesia 

Atropine was administrated to Mk-AN and Mk-CA as premedication (Atropinum sulf®, 

0.5 mg/ml, Sintetica SA, 0.015 mg/kg, i.m.) in order to reduce bronchial secretions. For 

reminder, EEG recordings were performed under general anaesthesia induced by a facial 

mask with 6.5% sevoflurane in a mix of 50% air and 50% O2, without any other pre-

anaesthesia. Then, for the continuation of the experiment, the concentration of sevoflu-

rane was reduced and maintained between 5% and 4% (0.8 ℓ/min air; 0.8 ℓ/min O2) in 

Mk-AN, between 5.5% and 5% (0.85 ℓ/min air; 0.85 ℓ/min O2) in Mk-CA and at 4% (0.7 

ℓ/min air; 0.7 ℓ/min O2) in Mk-DI, adjusted on the basis of the cardiac pulse frequency 

and the respiratory frequency. The complete procedure from the initiation of the anaes-

thesia until the waking up of the monkey lasted for 3 hours at the most. As the monkeys 

were anaesthetised, the recordings could be fully insulated from movements, muscular 

artifacts as well as cardiovascular and autonomic responses (e.g. increase in heart rate 

and blood pressure) that typically result from the exposure to unanticipated non-

noxious tactile stimuli in conscious subjects. We were therefore able to detect very small 

changes in sensory processing with high sensitivity. Moreover, the use of anaesthesia 

ensured that the animals were exposed exclusively to purely passive touch stimulation 

(in case of fingertip stimulation).  

 

Data analysis 

Offline data analysis was performed using the Cartool software (Brunet et al., 2011): the 

EEG signals in response to both tactile and electrical stimulations were re-referenced 

offline to the average signal from all the scalp electrodes (average reference), band-pass 

filtered between 1 Hz and 80 Hz, notched at 50 Hz when necessary, and baseline cor-

rected with a pre-stimulation period of 10 ms. We applied here this selective filtering in 

order to specifically show adaptation processes on relatively low-frequency EEG signal. 

SSEPs (total average) were then obtained in each monkey by separately averaging (from 
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-10 ms to +80 ms) all the 600-850 stimuli associated with each fingertip, and all the 

1000 stimuli delivered to the median nerve in Mk-CA.  

In order to assess the presence of adaptation in processing of repeated stimuli, SSEP 

signal was then also averaged by using non-overlapping successive blocks of 50 trials. 

The total average was used to determine the electrode with the largest positive cortical 

potential. Signal from this electrode was then considered in greater detail in the succes-

sive 50-trial averages. In practical terms, the amplitude and latency of the main cortical 

component were measured in each 50-trial block. Simple linear regressions between the 

temporal position of the 50-trial blocks in the sequence and the latency, respectively 

amplitude, of the SSEPs were computed with the corresponding Pearson’s correlation 

coefficient in MATLAB® (MATLAB R2013b). 

 

Results 

Adaptation resulting from tactile stimulation of the fingertips 

As already demonstrated in Chapter 3, repeated light tactile stimulations to the volar 

pad of the thumb tip, index fingertip and middle fingertip consistently elicited clear 

brain potentials measured at the scalp in all three monkeys. More specifically, SSEPs 

were characterised by a prominent positive cortical potential recorded over the contra-

lateral hemisphere with maximal amplitude in the 3 monkeys between 28.6 ms and 31.4 

ms after thumb tip stimulation, between 26.2 ms and 30 ms after index fingertip stimu-

lation and between 32.2 ms and 33.2 ms after middle fingertip stimulation (latencies 

based on the total average of all the trials of a given stimulation site, in each animal, see 

Supplementary Figure 1 at the end of te chapter). Based on the latency, we are confi-

dent that these potentials were generated at the cortical level (Gardner et al., 1984). 

There was a large inter-individual variability in the shape of the SSEP waveform, the 

amplitude and the location of the maximal positivity at the scalp. Note for instance that 

in Mk-DI specifically, there was a component at around 25 ms fused with the larger sub-

sequent potential for the 3 fingertip potentials (Supplementary Figure 1). 

In order to assess the presence of adaptation to repeated tactile stimulations of the fin-

gertips, the trials obtained in each monkey were averaged into non-overlapping, succes-

sive blocks of 50 of them, separately for each fingertip (Figure 1A, D, Figure 2A and 
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Supplementary Figure 2). Interestingly, the presence of two distinct components in 

Mk-DI became then even more obvious: in middle fingertip-associated SSEPs for in-

stance, the earliest blocks showed a much larger first component at around 25 ms as 

compared to the 2nd component. The relative amplitude of both components inverted 

then throughout the successive 50-trial blocks, finally resulting in a larger amplitude of 

the 2nd component than the amplitude of the first component (Figure 1D and Supple-

mentary Figure 2C). Because of this special pattern, we considered both the first and 

the second cortical components for the subsequent analyses after stimulation of the 3 

fingertips in Mk-DI. 

Figures 1 and 2A-C present the detailed time course of changes in latency and ampli-

tude of the tactile cortical potential as a function of the temporal position of the 50-trial 

blocks in the sequence, in response to repeated tactile stimulations of the thumb tip, in-

dex fingertip and middle fingertip. Interestingly, one can immediately notice that there 

were substantial block-to-block variations in the cortical responses to identical stimulus 

presentations, for every fingertip stimulation, in each monkey. 

Simple linear regressions between the temporal position of the 50-trial blocks in the se-

quence and the latency, respectively the amplitude, of the cortical component were 

computed for each stimulated fingertip.  

As far as the latency of index fingertip SSEPs over time was concerned, we noticed unex-

pectedly a strongly significant positive relationship between the temporal position of 

the 50-trial blocks in the sequence and the change in latency of the cortical component 

from the first 50-trial block for all three monkeys (Figure 1B, the coefficients of correla-

tion R and the associated p-values are indicated directly in the figure). Essentially, the 

more trials were processed, meaning the later from the repeated stimulation onset, the 

longer was the latency of the tactile cortical potential in the 50-trial averages. The shift 

in latency ranged from 1.8 ms to 8 ms over the 600-800 trials analysed in each of the 

three monkeys. In addition, the relationship was highly significant as well when laten-

cies from all animals were considered together. The presence of a significant shift in la-

tency throughout the repeated stimulations to the index fingertip in all monkeys, sug-

gesting temporal adaptation, indicates that this phenomenon was highly conserved 

across all three animals, although the slope of the regression line, i.e. the first derivative 

of latency, corresponding to the rate of adaptation, was clearly steeper in Mk-DI (for 
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both components) than in Mk-AN and Mk-CA (Mk-DI>Mk-AN>Mk-CA, Table 1). Moreo-

ver, note that here both the first and second cortical components in Mk-DI exhibited 

similar shift in latency during the time course of the experiment.  

A similar pattern of latency adaptation was observed in middle fingertip SSEPs (Figure 

1E), characterised by significant positive linear regressions between the temporal posi-

tion of the 50-trial blocks in the sequence and the change in latency of the cortical com-

ponent in each monkey and in the whole population as well. Here, however, the latency 

increase was more modest, ranging only from 1.4 ms to 3 ms over the 650-850 trials an-

alysed in each of the three monkeys, meaning less abrupt regression lines than the ones 

described for index fingertip SSEPs (Table 1). Here again, although there was a signifi-

cant shift in latency in each monkey, the rate of adaptation reflected by the regression 

slope was variable (Mk-DI>Mk-AN>Mk-CA) and did not covary with the one of index fin-

ger SSEPs. 

Regarding the evolution of latency in thumb tip-associated SSEPs over time (Figure 2B), 

a significant linear increase in latencies was observed throughout the successive 50-trial 

blocks in each monkey but Mk-CA, and in the whole population as well, ranging from 3.2 

ms to 4.8 ms over the 650-750 trials analysed in Mk-AN and Mk-DI. Note however that 

the regressions, when significant, were not as significant here as the ones observed after 

stimulations of the index or middle fingertips (Table 1). Second, here again, the rate of 

adaptation was variable across animals (Mk-AN>Mk-DI). Third, the regression slopes of 

thumb SSEPs covaried neither with those of index finger SSEPs nor with those of middle 

finger SSEPs in either animal (Table 1). 

To sum up so far, we observed a conserved adaptation in latency of the cortical compo-

nent for the three fingertip stimulations, except for thumb tip SSEPs in Mk-CA, in the 

form of a linear increase in latency throughout the repeated stimulations of the individ-

ual fingertips in each monkey and in the whole population as well. However, equally im-

portantly, the patterns of latency adaptation of the three fingertip SSEPs were variable 

in a given monkey, the pattern of latency adaptation for a given fingertip SSEP was vari-

able across the monkeys, and there was no consistency in the fingertip SSEPs exhibiting 

the strongest, the 2nd strongest, or the weakest adaptation, respectively, across the ani-

mals (Table 1). 
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Regarding now the amplitude of the cortical component, we intended to avoid inducing 

a massive amplitude adaptation by delivering the stimulation at a 1-Hz repetition rate. 

In accordance with our expectation, there was no consistent feature across the animals 

for any stimulation condition (Figure 1C, F, Figure 2C and Table 1). Index fingertip 

SSEPs were characterised by a significant negative linear relationship between the tem-

poral position of the 50-trial blocks in the sequence and the change in amplitude of the 

cortical component from the first 50-trial block in Mk-CA and Mk-DI, meaning a linear 

decrease in amplitude over time. Conversely the cortical amplitudes of the index finger 

SSEPs in Mk-AN and in the whole population were unrelated to the increasing time 

course of the experiment (Figure 1C). Amplitude adaptation was even more restricted 

after stimulation to the middle fingertip (Figure 1F): while there was a significant linear 

decrease in amplitude over time for the first component in Mk-DI, the same cortical am-

plitudes in Mk-AN, Mk-CA and the one of 2nd cortical component in Mk-DI were unrelat-

ed to the increasing time course of the experiment and neither significant adaptation in 

amplitude emerged when all the data were pooled. Finally, no significant adaptation in 

amplitude was observed in any monkey or in the whole population after tactile stimula-

tion to the thumb tip (Figure 2C). Simply put, we did not observe any consistent pattern 

of amplitude adaptation of the cortical potential neither for each of the three fingertips 

across the monkeys, nor between the three stimulated fingers in a given monkey (Table 

1). 

In sum, in all three monkeys, we saw a consistent latency adaptation or shift in latency of 

the cortical SSEPs over time in response to repeated tactile stimulations of the thumb 

tip, index fingertip and middle fingertip although the rates of adaptation were not con-

sistent neither across the animals for any given fingertip nor across fingertips in any 

given monkey. Conversely, no clear pattern of amplitude adaptation of the cortical po-

tential emerged for any stimulation site.  
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Figure 1: In macaque monkeys, the cortical processing of tactile stimuli from the fingertips is 

associated with a temporal adaptation in the form of an increasing cortical latency over time.  

(A) The cortical potential after tactile stimulation of the right index fingertip was captured with 

maximal positivity from the contralateral scalp electrode indicated in red in Mk-DI. Each 
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superimposed trace was obtained by averaging a block of 50 trials. The temporal sequence of the 

successive and non-overlapping blocks is reflected by the colour gradient (first 50-trial block in 

dark blue to last 50-trial block in light blue). The arrow above the traces points at the tactile 

stimulation onset (i.e. 0 ms). (B) Correlation between the temporal position of the 50-trial blocks in 

the sequence, during tactile stimulation, and the change in latency of the cortical component 

assessed in 50-trial blocks. The latency of the first 50-trial average in ms was considered as the 

reference and the values of the subsequent averages were then expressed in the form of variations 

(Δ ms) from this initial latency. Each point represents a block of 50 trials in a given monkey. Each 

colour corresponds to a monkey (Mk-AN in red, Mk-CA in green, 1st and 2nd cortical components in 

Mk-DI in dark, respectively light blue). Significant regression lines with Pearson’s correlation 

coefficients (R) and associated p-values are indicated for each animal with the same colour code 

and for the whole population (black dotted line and black annotation). (C) Correlation between the 

temporal position of the 50-trial blocks in the sequence, during tactile stimulation, and the change 

in amplitude of the cortical component assessed in 50-trial blocks. Similarly here, the amplitude of 

the first 50-trial average in μV was considered as the reference and the values of the subsequent 

averages were then expressed in the form of variations (Δ μV) from this initial amplitude. Same 

conventions as in (B). Panels (D), (E) and (F): same as (A), (B) and (C), but for tactile stimulation of 

the right middle fingertip. Note that we used the same latency scale and range in panels (B) and 

(E), and the same amplitude scale in panels (C) and (F). 
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Figure 2 : Latency and amplitude adaptation in thumb tip SSEPs and median nerve SSEPs 

Panels (A), (B) and (C): same as (A), (B) and (C) in Figure 1 but for tactile stimulation of the right 

thumb tip. (D) The cortical potential in response to electrical stimulation of the right median nerve 

at the wrist was captured with maximal positivity from the contralateral scalp electrode indicated 

in red in Mk-CA. Each superimposed trace was obtained by averaging a block of 50 trials. The 
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temporal sequence of the successive and non-overlapping blocks is reflected by the colour gradient 

(first 50-trial block in black to last 50-trial block in light copper). The zigzag arrow above the traces 

points at the electrical stimulation onset (i.e. 0 ms). (E) Correlation between the temporal position 

of the 50-trial blocks in the sequence, during electrical stimulation, and the change in latency of 

the cortical component assessed in 50-trial blocks in Mk-CA. Coefficients of correlation were 

computed both across the first 700 trials and across all trials. Same conventions as in Figure 1B. (F) 

Correlation between the temporal position of the 50-trial blocks in the sequence during electrical 

stimulation and the change in amplitude of the cortical component assessed in 50-trial blocks in 

Mk-CA. Same conventions as in (E) and in Figure 1B. The same latency scale and range as in Figure 

1 was applied here in panels (B) and (E). Similarly, the same amplitude scale as in Figure 1 was 

applied here in panels (C) and (F). 

 

   thumb tip index  
fingertip 

middle  
fingertip 

Mk-AN 
Δ ms/trial 8.61 ** 4.3 ** 2.74 *** 
Δ μV/trial 1.18 0.44 2.27 

Mk-CA 
Δ ms/trial -1.27 2.3 *** 2.25 *** 
Δ μV/trial -0.99 -1.06 * -0.47 

Mk-DI 
(1st component) 

Δ ms/trial 6.22 ** 10.35 *** 6.01 *** 
Δ μV/trial -1.29 -1.23 ** -0.45 *** 

Mk-DI 
(2nd component) 

Δ ms/trial 4.74 ** 11.27 *** 5.87 ** 
Δ μV/trial -1.52 -1.44 ** -0.19 

 

Table 1: Slope, i.e. first derivative, of the regression lines computed between the temporal position 

of the 50-trial blocks in the sequence and the changes in latency (Δ ms/trial), respectively 

amplitude (Δ μV/trial), of the cortical potential after tactile stimulation of the right thumb tip, 

index fingertip and middle fingertip, in the 3 monkeys. Both first and second cortical components 

were considered in Mk-DI. For the sake of readability, all values were multiplied by 103. The 

significance of each regression slope is indicated: * : p <0.05, ** : p <0.01, *** : p <0.001. 
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Adaptation resulting from electrical stimulation of the median nerve at the 

wrist 

In addition to tactile stimulation of the fingertips, Mk-CA was subjected to repeated elec-

trical stimulations (n =1000) of the right median nerve at the wrist. With a stimulation 

frequency at 1 Hz, the major component of electrical SSEPs was a large positive cortical 

potential recorded with maximal amplitude over the contralateral parietal hemisphere 

at a mean latency of 23.2 ms (latency based on the total average of all trials). The same 

measurements of latency and amplitude of the cortical component in the successive 50-

trial blocks were applied here, as in tactile SSEPs. The detailed time course of changes in 

latency and amplitude of the cortical potential as a function of the temporal position of 

the 50-trial blocks in the sequence, after repeated electrical stimulations of the median 

nerve, is presented in Figure 2D-F. Here again, the plots revealed some block-to-block 

fluctuations in the cortical responses to identical electrical stimulations. 

In contrast to tactile stimulations, no consistent pattern of latency change from the first 

to the last 50-trial block was observed over the successive averages (R =0.30, p =0.203) 

(Figure 2E). Nevertheless, by considering the first 700 trials only, a significantly posi-

tive linear relationship was visible between the temporal position of the 50-trial blocks 

in the sequence and the latency change (R =0.86, p =7.7*10-5), corresponding to a 1-ms 

latency increase over the first 700 trials analysed in Mk-CA. A magnification of the graph 

shows this pattern more clearly (Supplementary Figure 3A). 

Similarly, the change in amplitude of the cortical component from the first to the last 50-

trial block was not related to the increasing number of previously processed trials (R =-

0.19, p =0.416). But we observed a significant strong decrease in the amplitude of the 

potential from the first 50-trial block in the course of the first 700 trials only, with a 

maximal decrease of 3.8 μV (R =-0.6, p =0.023) (Figure 2F). A magnification of the graph 

is presented in Supplementary Figure 3B. 

To sum up, repeated electrical stimulations of the median nerve at the wrist induced a 

latency increase and an amplitude decrease of the cortical component over time but only 

visible in the course of the first 700 trials. Conversely, the processing of additional trials 

did not follow the same pattern because the latency and amplitude changes became 

again smaller. But more importantly, note that the latency shift observed here is much 
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smaller than the one described in the processing of tactile stimulation to the fingertips. 

On the other hand, the adaptation in amplitude is much stronger in the electrical stimu-

lation processing than the one observed in the tactile stimulation processing when it 

was significant.  

 

Discussion 

Here, by using either tactile stimulation of the fingertips or electrical stimulation of the 

median nerve at the wrist in 3 intact adult macaque monkeys, we demonstrated that 

brain activity was dynamically modulated over time and that both types of repeated 

stimulations were able to induce cortical adaptation to a repeated stimulus. More specif-

ically, the major finding of this study was that adaptation to repeated peripheral stimu-

lations (about 1-Hz repetition rate) was not limited to the typical depression of brain 

potential with the increasing number of stimulations, but a latency adaptation did de-

velop over time as well. In particular, the repeated tactile stimulation paradigm elicited 

a consistent prominent latency increase of cortical activity over time although the rates 

of adaptation did not correlate neither across the animals for any given fingertip SSEP 

nor across fingertip SSEPs in any given monkey. This suggests that latency changes were 

independently regulated for each tactile stimulus location. A much more modest latency 

increase emerged by applying 700 electrical stimulations to the median nerve at the 

wrist. As intended, no consistent pattern of amplitude adaptation of tactile elicited brain 

signal over time emerged for any finger stimulation site. Conversely, we observed a 

prominent amplitude decrease in cortical activity in the course of 700 electrical stimula-

tions. Our results suggest that there were different adaptation patterns in S1 associated 

with each somatosensory processing from the upper limb. Moreover, remarkably, the 

adaptation processes described here were observed by using a low stimulus repetition 

rate as compared to most studies interested in this topic. 

 

About the use of adaptation rather than fatigue or habituation  

Following repeated peripheral stimulations, several types of experience-dependent plas-

tic modifications of the sensory response may appear in the nervous system, namely ad-
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aptation, fatigue and habituation. In our study we favoured the term adaptation over the 

other two for the following reasons: 

The adaptation can be distinguished from the fatigue in the sense that a sensory recep-

tor being adapted to a repeated unchanging stimulus is still able to answer very rapidly 

to a novel stimulus (Adrian and Zotterman, 1926) whereas a neuron showing fatigue 

cannot (Matthews, 1931). The fatigue increases the threshold of the cells by inducing 

depletion of neurotransmitters, leading to the complete abolition of neurotransmission 

(Burgess and Perl, 1973). This distinction is commonly used in the auditory system for 

instance (Eggermont, 1985). With the repetition rates used in the present study (1 Hz), 

it is highly improbable that we created a fatigue of the peripheral receptors. Rather this 

phenomenon usually occurs at high repetition rate. Moreover, after electrical stimula-

tion, we observed adaptation during the first 700 trials but this trend then completely 

disappeared in the next 300 trials, followed by a re-increase in amplitude, and a re-

decrease in latency, tending towards the values observed at the beginning of the episode 

of repeated stimulations. This clearly indicates that, at least for electrical stimulation, 

the neuronal populations were still able to respond after a large number of repeated 

stimulations. 

The adaptation can be distinguished from the habituation in the sense that the latter 

usually refers to a perceptual and behavioural phenomenon with a behavioural response 

decrement after repeated stimulations (Groves and Thompson, 1970; Rankin et al., 

2009; Thompson and Spencer, 1966) and therefore is more closely linked with learning 

and cognitive processes (Pérez-González and Malmierca, 2014). Habituation occurs with 

repeated stimuli as well but corresponds to an effect of attention (Cheung et al., 2008). 

The phenomenon of habituation is illustrated for instance by the loss of awareness of a 

ticking clock over time when we shift our attention away from the clock. If we focus back 

towards the clock, we immediately become aware again of the ticking sound. This clearly 

indicates that habituation does not result from either stimulus failure or receptor desen-

sitisation but is rather an effect of attention.  
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Mechanoreceptors involved in tactile SSEPs from the fingertips 

By dealing with tactile stimulation and sensory adaptation, a first important issue is to 

determine which mechanoreceptors were actually activated by the touch stimulus. The 

very punctate stimulation used here (single pulse of tactile stimulation lasting for 2 ms, 

<0.4-mm-indentation, square wave pulse, repetition rate jittered around 1 Hz) activated 

most probably predominantly FA-II receptors (Pacinian corpuscles) and to a lesser ex-

tent FA-I receptors (Meissner corpuscles) due to the very high frequency content of eve-

ry punctate stimulus (estimated at about 2000 Hz) (Prof. Roland Johansson, personal 

communication, April 24, 2015). Contrary to what was traditionally thought, FA-I recep-

tors respond on a much broader range of frequency (up to >1000 Hz), explaining why 

they could contribute to the tactile processing here as well, though a larger skin defor-

mation (i.e. a higher threshold) is needed for FA-I receptors than for FA-II receptors to 

be activated (Prof. Roland Johansson, personal communication, April 24, 2015).  

Another important concern is about the adaptation of the mechanoreceptors themselves 

to repeated stimulations. Here, by using an interstimulus time interval of 1000 ms ± 250 

ms and randomly delivered stimuli across the 3 fingertips, meaning that the interstimu-

lus interval for a given finger might have been actually much longer than 1000 ms ± 250 

ms, we are confident that the repeated stimulations probably did not induce any adapta-

tion at the level of the firing rate of the activated mechanoreceptors from one trial to the 

next because the interstimulus time interval was actually very long (Prof. Roland Jo-

hansson, personal communication, April 24, 2015).  

 

Inter-individual variability in tactile SSEPs from the fingertips  

As already reported in Chapter 3, tactile stimuli applied to the volar pad of the finger-

tips of non-human primates were shown to be effective in evoking cortical SSEP signals. 

But by considering the Supplementary Figures 1 and 2, one can immediately notice 

that there was a large inter-individual variability in the SSEPs (amplitude, latency, shape 

of the waveform). This was associated with inter-individual variability in the rate of la-

tency and amplitude adaptation as well (see Table 1), suggesting a subject-dependent 

pattern of adaptation. One can probably attribute this variability to a large extent to 

some inter-individual differences in intrinsic properties of the nervous system, such as 
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the density of mechanoreceptors at the fingertips and the concomitant threshold of sen-

sation (Löfvenberg and Johansson, 1984), the extent of the hand representation at the 

cortical level (Jain et al., 1998; Juliano and Whitsel, 1985; Merzenich et al., 1987; Qi and 

Kaas, 2004), the neuroanatomical organisation of the brain (Krubitzer et al., 2004; 

Krubitzer and Seelke, 2012), the orientation of current sources within the brain, the 

background activity of the brain itself, or the signal-to-noise-ratio of the signal, for in-

stance. In addition, one can expect that every monkey processed tactile inputs from the 

fingertips in a use-dependent manner, as human does, leading to large inter-individual 

variability in the SSEPs (see for instance the large variability in the individual human po-

tentials in Chapter 6, Figure 2D and E and Figure 3A and B; and in Chapter 7, Figure 

1C and Figure 2A and D). Moreover, one cannot exclude that the inter-individual varia-

bility in the scalp tactile potentials exhibited by the 3 monkeys resulted, to a lesser ex-

tent, from variability in the positioning of the EEG cap at the scalp across the monkeys, 

or from slight differences in the position of the tappers across the 3 animals, even 

though they were always carefully positioned by the same experimenter (AG) to reduce 

such bias.  

One could consider this large inter-individual variability in the data as a drawback but it 

is actually the opposite. The inconsistency in waveforms across the three animals goes 

really in favour of meaningful EEG signals reflecting a true biological process within the 

brain in response to repeated tactile stimulations, i.e. the processing of a naturalistic 

stimulus. This constitutes in fact the power of tactile SSEPs as compared to the more 

standardised and reproducible potentials and voltage topographies at the scalp obtained 

after electrical stimulation to the median nerve for instance (see e.g. Gindrat et al., 2014 

in Chapter 1). Simply put, the more variability in a signal, the more it may potentially 

reflect the influence of variable external attributes (see for instance Chapters 6 and 7), 

increasing the relevance of the brain signal.  

In spite of the large inter-individual variability in the tactile signal associated with the 

fingertips, the consistency of a strong latency shift, but not amplitude shift, over the time 

course of the tactile stimulations to the fingertips exhibited by all the animals for the 3 

stimulation sites (except Mk-CA for the thumb tip SSEPs) suggests that it is actually a 

unique and specific feature to the tactile stimulation and can be considered as the “corti-
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cal signature” of fingertip tactile stimulation (Juliano and Whitsel, 1985; Whitsel and 

Juliano, 1984).  

Note that the tactile cortical SSEPs observed here are not identical to those described in 

Chapter 3 simply because the filter settings, the artifact rejection settings and the num-

ber of trials averaged, among others, were different in both studies. The same is true for 

the median nerve cortical SSEPs described here as compared to those shown in Chap-

ters 1 and 2. 

 

Intra-individual variability in tactile SSEPs and in adaptation patterns 

across the fingers 

The repeated tactile stimulations resulted in distinct averaged SSEPs (see Supplemen-

tary Figure 1) and in distinct rates of adaptation, both in latency and amplitude (see 

Table 1), across the three fingertips in a given monkey. Interestingly, the middle finger 

cortical SSEP had a longer latency than the thumb or index finger cortical SSEPs, consist-

ently in all 3 monkeys. Moreover, the thumb tip exhibited less consistency in adaptation 

as compared to the other two fingertips. These results suggest, first, that tactile pro-

cessing and adaptation were finger-specific and, second, that tactile processing and ad-

aptation associated with each fingertip reflected complex neural processes that are not 

easy to interpret. Namely, we expect that the potentials associated with the 3 fingertips 

originate from a very close cortical region in S1.  

A first hypothesis to explain the differences in averaged SSEPs and adaptation across the 

fingertips relies on use-dependent plasticity. Namely, we expect that the variations in 

tactile processing and in sensory adaptation across the fingertips most probably reflect 

differences in sensorimotor use of the different fingers experienced by the monkeys in 

their daily life (see e.g. Jenkins et al., 1990; Jenkins and Merzenich, 1987; Nudo et al., 

1996; Recanzone et al., 1992; Wang et al., 1995), very similarly to what was observed in 

human (see e.g. Chapter 6 and 7). In particular, the thumb tip and index fingertip are 

usually more involved than the middle fingertip in fine skilled hand movements such as 

the precision grip, leading to different sensory experiences associated with each finger 

and therefore to different SSEPs. 
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Inter-finger variations in the density of mechanoreceptors at the fingertips may play a 

role as well. More specifically, we can expect that, for similar stimulated skin extents, the 

activity elicited from the thumb tip was different to the activity from the index and mid-

dle fingertips, respectively, given that the density of Pacinian corpuscles, in particular, is 

larger on the thumb tip than on the other fingertips (Paré et al., 2002). This may then 

lead to differences in the mechanoreceptor representation of the three fingers in S1. 

Note that although the stimulations were completely randomly delivered to the three 

fingertips, each finger received nearly equal number of stimulations in a given monkey, 

suggesting that meaningful differences in the amount of tactile inputs provided to each 

finger cannot be expected. But then, how differences in the finger representation in S1 

reflect in variability of sensory adaptation across the fingers is not known.  

Are there differences in the mechanisms of central integration along lemniscal and 

thalamocortical systems across the three fingers? Probably, but the present data do not 

allow to answer this question. 

Finally, we cannot completely rule out that the different averaged SSEPs and the differ-

ent rates in adaptation exhibited by the 3 fingertips in a given animal result from differ-

ences in the signal-to-noise-ratio in the SSEPs associated with each fingertip. In the same 

way, we cannot be fully sure that we positioned the tappers to the exactly same position 

across the 3 fingertips of an animal.  

Even though we are not fully confident about the origin of the differences observed in 

adaptation patterns across the fingertips, our results further confirm the uniqueness of 

the thumb among the other fingers, as already shown in macaque monkeys in Chapter 3 

and as will be presented in human in Chapter 6.  

 

Differences between adaptation after tactile versus electrical stimulation 

In this study, we compared adaptation properties of both tactile stimulation and electri-

cal stimulation because, as already reviewed in Chapters 2 and 3, both stimulation par-

adigms (i.e. naturalistic vs artificial stimulation) have different advantages and draw-

backs (for a review, see e.g. McLaughlin and Kelly, 1993). Regarding adaptation to re-

peated stimulations, we observed here that both processings were characterised by dif-

ferent patterns, suggesting that adaptation mechanisms were highly specific to the in-
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volved pathways. More specifically, tactile SSEPs were characterised by a stronger tem-

poral adaptation than electrical SSEPs. Conversely, electrical SSEPs showed a more pro-

nounced amplitude adaptation, at least in the first part of the stimulation episode. This 

suggests that the strong latency shift described here is specific to tactile stimulation. 

Discrepancies in adaptation patterns following either a repeated artificial electrical 

stimulation or a repeated naturalistic mechanical stimulation were already observed in 

human S1 (Pratt et al., 1980). 

Of prime importance here is the fact that by bypassing the sensory receptors of the skin 

(Brown, 1984; Starr et al., 1982), the electrical stimulation prevents a natural activation 

of the somatosensory system and engages different types of sensory afferent and effer-

ent fibres in abnormal patterns (McLaughlin and Kelly, 1993). The differential patterns 

of cortical adaptation as a function of the stimulation paradigm may partly result from 

differences in the afferent volleys produced in the peripheral nerve by those two types 

of stimulation because of the contributions of different neuronal fibres (Larsson and 

Prevec, 1970). Tactile stimulation to the fingertips specifically activated the rapidly 

adapting mechanoreceptor afferents, i.e. the FA-II receptors predominantly, and the FA-I 

receptors to a lesser extent. Conversely, an electrical stimulation also activates some 

other large myelinated sensory fibres with low activation threshold conveying proprio-

ception, thermal and painful information (Allison et al., 1991; Aminoff and Eisen, 1998; 

Desmedt, 1987; Legatt and Benbadis, 2014; Walsh et al., 2005; York, 1985). These dis-

crepancies in inputs are expected to contribute to the large differences observed be-

tween tactile and electrical SSEPs. More specifically, a repeated tactile stimulation acti-

vates a relatively homogeneous population of afferent fibres that project to specific and 

highly focal cortical regions with spatially restricted dynamic mechanisms because neu-

ronal networks are engaged in a more natural manner than after electrical stimulation of 

a peripheral nerve (McLaughlin and Kelly, 1993). Moreover, the unspecific activation of 

fibres by electrical stimulation is known to increase abnormal afferent interactions 

(primarily inhibition of some cutaneous afferent inputs by lateral inhibition from the 

faster muscle afferents). Conversely, mechanical stimulation was not demonstrated to 

trigger similar abnormal interactions (Burke et al., 1982; McLaughlin and Kelly, 1993; 

Schmidt, 1973; Willis and Coggeshall, 2004). This effect may influence adaptation at 

subcortical and cortical levels. 
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Surprisingly, we observed significant linear adaptation in amplitude and latency only 

over the first 700 trials of electrical stimulation. Then the pattern over the last 300 trials 

completely changed to tend again towards cortical amplitude and latency values ob-

served at the beginning of the stimulation episode. Nevertheless, even a power fit failed 

to represent all the data, both for amplitude and latency values. Therefore, we chose to 

represent here only the first significant linear relationship. Nevertheless, we cannot 

completely rule out that the electrical stimulation partly failed during the last 300 stimu-

lations, even though we were still able to observe a regular twitch of the thumb at the 

end of the episode of repeated electrical stimulations, making this hypothesis not very 

likely. Nonetheless, for reminder, these observations are based on a single monkey and 

need to be confirmed.  

 

Latency adaptation in the literature 

Most studies reporting adaptation of the cortical response to repeated stimulations 

commonly used a stimulus repetition rate that was substantially larger than the one we 

used in the present study (see the examples provided in the Introduction) and adapta-

tion was usually characterised by an amplitude decay over time. Only few studies re-

ported adaptation in the time domain as well.  

A latency shift specific to each component was observed at the level of single trial in 

BAEPs already after 5 trials (10-ms interstimulus interval) and this adaptation was 

maintained for clicks of different intensities (Ballachanda et al., 1992). The authors ex-

plained their results on the basis of the specific firing profile of the several populations 

of neurons involved in each component being adapted.  

Gandevia and Ammon (1992) performed continuous electrical stimulation of the index 

finger in human over as long as 7 days (8-10 hours a day) and reported a progressive 

increase in the latency of the potential recorded over the contralateral sensorimotor 

hand representation at the scalp when brain activity evoked by electrical stimulation of 

this specific finger was regularly recorded in the course of the 7-day stimulation period 

(total increase of about 0.8 ms-1 ms). Conversely, no change in amplitude of the cortical 

potential was observed. At the same time, changes in peripheral conduction velocity and 

saturation of cortical activity by constant afferent inputs were excluded. The latency 
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shift over the 7 days was hypothesised to reflect gradual modification in processing 

along the somatosensory pathway.  

Equally interestingly, in a study about auditory late EPs to repeated tone bursts, a reduc-

tion in amplitude accompanied by a reduction in latency in the time course of the EPs 

over time was reported (Zhang et al., 2009). The authors proposed that the decrease in 

latency over time might result from a faster recovery speed from adaptation and/or re-

fractoriness in neurons with shorter latencies as compared to those neurons firing with 

longer latencies.  

 

Hypotheses about the origin of adaptation 

Adaptation to repeated stimulations has been traditionally considered as the reduction 

of brain activity when stimuli were repeated with a high repetition rate. Although the 

underlying neural mechanisms are still not fully understood, two models have been pro-

posed to explain such diminution in amplitude of brain response (Grill-Spector et al., 

2006): (i) a fatigue model characterised by a proportionally equivalent decrease in the 

response of all neurons in the involved neuronal networks, with repeated stimulations, 

maybe by firing-rate adaptation, or reduction in synaptic efficacy (Finlayson and 

Cynader, 1995). This results in a reduction of the population activity without any change 

in the temporal domain; (ii) a sharpening model where fewer neurons –the ones that 

were initially optimally tuned to the repeated stimulation– in the involved neuronal 

networks are still responding after repeated stimulations. Conversely, the neurons ini-

tially coding for irrelevant features of the stimulus are inhibited. This results in a re-

duced number of activated neurons with the repeated stimulation. Lateral inhibition 

may contribute to some repetition-induced cortical dynamics. 

Here, we will focus primarily on tactile SSEPs because we were able to reproduce our 

results in three animals. Conversely, electrical SSEPs were obtained from a single mon-

key and these results still need to be confirmed.  

Tactile stimulation repetition did not induce parallel evolutions of latencies and ampli-

tudes of the cortical component over time. More specifically, while there was a con-

sistent and significant linear increase in the latency of cortical component over the tem-

poral position of the 50-trial blocks in the sequence, the amplitude of this potential did 
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not display consistently such significant linear relationship over time, but rather either a 

modest linearly increase or a modest linearly decrease over time, depending on the 

stimulated fingertips and on the monkeys. Thus, the amplitude and the latency of tactile 

SSEPs can be clearly considered as two separate measurements probably reflecting dif-

ferent underlying mechanisms, as previously suggested for VEPs (von Knorring et al., 

1978).  

The exact mechanism accounting for the specific shift in latency of the cortical potential 

found here is not fully understood. Actually, the shift in latency was unexpected based 

on the large body of available literature about cortical adaptation to repeated stimula-

tions. Moreover, we used a relatively low stimulus repetition rate precisely to avoid 

massive cortical adaptation. In the following sections, we will consider some of the 

mechanisms that may underlie the results described in this study. Note that they remain 

hypotheses and that they are not mutually exclusive. 

 

Side-effect of anaesthesia ? 

The first hypothesis is linked to the anaesthesia. Namely, one may argue that the pat-

terns of adaptation described here merely reflect a side-effect from the anaesthesia used 

to record EEG. We are aware that anaesthetics, and sevoflurane more specifically here, 

do have a profound impact on brain activity (see e.g. Boisseau et al., 2002; Jantti et al., 

1998; Ku et al., 2002; Rehberg et al., 1998; Rytky et al., 1999; Schwender et al., 1998; 

Vaughan et al., 2001; Young and Apfelbaum, 1995). For instance, SSEPs recorded at the 

level of EEG burst suppression with sevoflurane anaesthesia were characterised by a 

larger positive component with longer latency in patients under anaesthesia as com-

pared to the same component recorded in the same awake patients while all other com-

ponents usually present in awake patients were largely reduced during anaesthesia 

(Jantti et al., 1998; Rytky et al., 1999). 

We cannot objectively rule out a side-effect of the anaesthesia but there are several lines 

of evidence making this hypothesis unlikely. Comparing the adaptation patterns across 

the animals is not suitable because the anaesthesia could have induced in each animal a 

very specific adaptation pattern that may not be correlated between the animals, de-

pending on the individual intrinsic responsiveness to the anaesthesia. Nevertheless, it 
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would have been highly suspect if we had observed the very same adaptation in latency 

and the very same adaptation in amplitude in all monkeys, which is not the case. This 

could have indicated for instance that our data were contaminated by noise. Similarly, a 

direct comparison between tactile SSEPs and electrical SSEPs is of course not appropri-

ate here because both processings are so much different (for more information, see the 

Discussion in Chapter 3) that we could expect they can be differently affected by anaes-

thesia.  

The time interval between the induction of the anaesthesia and the actual beginning of 

the tactile stimulation was variable across the animals (64 min in Mk-AN, 77 min in Mk-

CA, 90 min in Mk-DI), corresponding to the time needed to prepare the monkey for the 

experiment (EEG cap installation, impedance minimisation, etc, see Chapter 1 and 

Chapter 2 for greater detail). Even so, when it was significant in all three animals, the 

slope of the regression lines of latency changes (Mk-DI>Mk-AN>Mk-CA for both index 

and middle finger SSEPs) did not correlate with that time interval from anaesthesia in-

duction, suggesting that the patterns of adaptation did not depend on the time interval 

from anaesthesia induction. However, one can still oppose that each monkey is expected 

to react differently to the anaesthesia, meaning that variable concentrations of sevoflu-

rane and/or variable time intervals are needed across the animals to obtain probably 

the same anaesthesia depth. 

More interestingly, our best control, at least for tactile SSEPs, lies in the direct compari-

son between tactile potentials elicited from the 3 fingertips in a given monkey. Namely, 

in case of a systemic effect induced by the anaesthesia on the general brain activity, we 

would have expected very parallel patterns of latency, respectively amplitude, adapta-

tion in terms of slope of the regression lines for all the 3 fingertip-associated SSEPs in a 

given monkey because the processes underlying the generation of these potentials are 

expected to be similar. To put it another way, the anaesthesia in a given monkey should 

have affected the potential associated with the 3 fingertips very similarly. Here, the ab-

sence of any consistent pattern of latency, respectively amplitude, adaptation across the 

three stimulation sites in each animal (see Table 1) strongly suggests that block-to-

block amplitude and latency changes were very finger-specific. Consequently, these ob-

servations are really in favour of a true biological process within the brain in response to 

repeated tactile stimulations of each fingertip. 
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In addition, in Mk-AN and Mk-CA, the concentration of delivered anaesthetic was gradu-

ally decreased in the course of the experiment on the basis of vital parameters (Δ =-1% 

in Mk-AN and Δ =-0.5% in Mk-CA in total). Nevertheless, we observed in both animals a 

significant linear increase in SSEP cortical latency over time, like in Mk-DI for which the 

whole EEG recording was performed under constant anaesthetic level. It is known from 

the literature that cortical SSEP latencies increase and cortical SSEP amplitudes are de-

pressed with increasing concentration of sevoflurane in human (Boisseau et al., 2002; 

Ku et al., 2002; Rehberg et al., 1998; Schindler et al., 1996; Schwender et al., 1998). 

Therefore, in case the anaesthesia would have strongly influenced SSEP potentials in the 

present study, we should have observed a decrease of latency going with an increase in 

amplitude over time, at least in Mk-AN and Mk-CA, but we actually observed the oppo-

site pattern regarding cortical latency while no systematic amplitude modifications were 

observed in each animal for the 3 fingers. In sum, the increasing latency shift and the in-

consistency in amplitude changes over recording time go really in favour of a true bio-

logical process in response to repeated tactile stimulations of the fingertips instead of 

anaesthesia-induced side-effects.  

Given that it would be difficult to reproduce the same experiment in awake monkeys 

(the presence of movements and muscular artifact would require to increase the num-

ber of trials in order to get a good signal-to-noise ratio, in addition to the need to re-

strain the monkeys’ arm for a long time period (at least more than 1 hour) and the im-

possibility to ensure a purely passive tactile stimulation), the ultimate proof against an-

aesthesia-induced side-effects would be provided by performing the same EEG acquisi-

tion by using another type of anaesthesia which is known to induce very different effects 

on brain activity, such as propofol (for greater detail, see e.g. Banoub et al., 2003; 

Boisseau et al., 2002). Then in case we could reproduce the same consistent latency shift 

as described here, we would be even more confident about the negligible impact of an-

aesthesia on the adaptation patterns.  

To sum up, our findings suggest that latency and amplitude adaptations were primarily a 

function of the stimulation site and not merely a function of the consciousness state 

linked to the anaesthesia. Even though there may have been some effects of the anaes-

thesia on SSEPs, still we observed some interesting different patterns of adaptation 

across the 3 fingertips in every monkey.  
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Peripheral effect ? 

Adaptation may already take place at the level of the receptor itself (see e.g. Fraser et al., 

2006; Zufall and Leinders-Zufall, 2000). In case it was true here as well, we hypothesise 

that the passive spread of the receptor potential from the nerve ending (mostly Pacinian 

corpuscles) of the primary somatosensory neuron to the first node of Ranvier may 

change over time. To elaborate, the passive electrical propagation of the receptor poten-

tial along this very short but unmyelinated dendrite segment may become slower with 

stimulus repetition, resulting in a progressive decrease in the rising slope of the recep-

tor potential. As a result, the generator potential may be created progressively later at 

the first node of Ranvier and the generation of an action potential, in case the threshold 

is reached, may be progressively delayed as well. In sum, the whole transduction may be 

progressively delayed with stimulus repetition.  

Nevertheless, we are confident that the mechanoreceptors activated by the touch stimu-

lus used in the present study (namely FA-II predominantly and FA-I to a lesser extent) 

did not themselves experience adaptation to the repeated stimuli because of the very 

long interstimulus time interval (Prof. Roland Johansson, personal communication, April 

24, 2015). Actually, we may expect to observe adaptation at the level of the mechanore-

ceptor itself by using a high stimulus repetition rate, for instance 100 Hz.  

 

Changes in the pattern of contribution of neuronal populations to the cortical com-

ponent ? 

SSEPs reflect the sum of electrical activity within several simultaneously active but ana-

tomically or physiologically separate populations of cortical neurons (Gloor, 1985; 

Kandel et al., 2013; Speckmann et al., 2011). Let a cortical potential be generated by the 

combined contribution of several distinct populations of cortical neurons, each firing at 

a very precise latency. The sum of all these activities constitutes the cortical potential 

recorded at the scalp. Regarding tactile SSEPs, we reported here a consistent shift in la-

tency while the amplitude of the cortical potential was less strongly modified. This 

means that the total number of neuronal populations involved in the generation of the 

cortical potential might have remained largely stable (some modifications are possible 

because a slight shift in amplitude was sometimes observed, though not as prominent as 
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the shift in latency) but the temporal sequence of their activation might have been modi-

fied by the repeated stimulation. We think that the following mechanisms may be re-

sponsible for these repetition-induced modifications: 

First, we propose that repeated tactile stimulations may have led to a progressive de-

layed activation of those neuronal populations that were normally responding with 

short latency, i.e. contributing to the early portion of the SSEP component generated by 

the synchronous activation of all neuronal populations involved. More specifically, neu-

ronal populations firing at short latencies might have a slower recovery speed from ad-

aptation than neuronal populations usually responding at longer latencies (i.e. contrib-

uting to the later portion of the SSEP component generated by the synchronous activa-

tion of all neuronal populations involved). Alternatively, the spiking threshold of faster-

firing neuronal populations may have changed (Fontaine et al., 2014). As a consequence, 

without having changed their activity, those neuronal populations responding at long 

latencies may now be found to be activated progressively earlier than the previously 

faster-firing neuronal populations because these latter may be now responding progres-

sively later (Zhang et al., 2009). As a result, one may observe a progressive increase in 

the SSEP component latency with repeated stimulations, without any decrease in the 

amplitude of the response because as many neuronal populations still contribute to the 

cortical potential throughout the stimulation repetition but in another temporal se-

quence.  

Alternatively, the repeated stimulation may have progressively suppressed the activa-

tion of early-firing neuronal populations and at the same time progressively recruited a 

corresponding number of later-firing neuronal populations, resulting here again in a de-

layed potential at the scalp with a quite similar amplitude. By simply completely inhibit-

ing early-firing neuronal populations, we would have observed a systematic increase in 

latency going with a systematic decrease in amplitude, reflecting merely classic repeti-

tion suppression, which is not the case for tactile stimulation adaptation described in the 

present study. 

Another process of adaptation to repeated stimulations might be a decrease in the firing 

frequency of cortical neurons in response to repeated stimulations. We do not think that 

this mechanism alone can explain the adaptation of tactile SSEPs because this phenome-

non results in a decrease in amplitude of the scalp signal in addition to an increase in the 
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latency. Nevertheless, this may help to understand the adaptation described after elec-

trical stimulation, at least in the first part, where latency increased and amplitude de-

creased over the first 700 trials.  

 

Spike-timing dependent plasticity ? 

Given the very complex nature of the EEG signal, it is difficult to interpret modification 

observed in scalp signal by going back directly to the level of single synapses. Only hy-

potheses can be proposed. The aforementioned changes in the pattern of contribution of 

neuronal populations to the cortical component may be achieved in the following way: 

Spike-timing dependent plasticity or STDP (Dan and Poo, 2006; Feldman, 2012; Shulz and 

Feldman, 2013; Sjöström and Gerstner, 2010) leading to weakening of synaptic efficacy 

by LTD may potentially explain the increase in SSEP latency with repeated tactile stimu-

lation. STDP is a special form of Hebbian learning (Hebb, 1949) based on a tight tem-

poral correlation and critical order between presynaptic and postsynaptic neuronal ac-

tivity (Bi and Poo, 1998; Debanne and Poo, 2010; Levy and Steward, 1983; Markram et 

al., 2012; Markram et al., 1997; Zhang et al., 1998). Essentially, when repeated presynap-

tic activity (resulting in EPSP) appears a few milliseconds before postsynaptic action po-

tentials, a LTP develops in this synapse because the presynaptic activity allows the post-

synaptic activity to reach the threshold for spiking. Conversely, when the presynaptic 

neuron fires repeatedly after the postsynaptic spikes, a LTD occurs in that synapse (Song 

et al., 2000). In sum, the synaptic efficacy can be bidirectionally modified depending on 

the order and the precise timing between afferent presynaptic activity (EPSP) and 

postsynaptic spiking (action potential) (Debanne and Poo, 2010). LTP results in an in-

crease in the postsynaptic peak amplitude, an increase in the integral of the postsynaptic 

response or in a reduced postsynaptic response latency. On the contrary, LTD leads to a 

reduction of the postsynaptic potential amplitude and/or an increased latency (Frégnac 

et al., 2010). This model of brain plasticity was already proven to be valid in several bio-

logical situations (for a review, see Dan and Poo, 2006; Shulz and Feldman, 2013).  

An increase in latency over time may be explained in the following way:  

Let a postsynaptic neuron be connected to N presynaptic excitatory neurons firing se-

quentially (1, 2, 3, ..., N-1, N) over a time period of several milliseconds. In case the pre-
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synaptic neurons systematically fire after the postsynaptic neurons (i.e. postsynaptic ac-

tion potential before presynaptic EPSPs), the STDP model implies that the connections 

from the N presynaptic neurons to the postsynaptic neuron will be weakened because 

synapses that repeatedly fail to participate to the post-synaptic neuronal activity will be 

depressed (Stent, 1973). With the increasing number of repetitions of the same stimu-

lus, the postsynaptic neuron will fire later and later because of the weaker inputs from 

the presynaptic neurons. As a result, we will observe the postsynaptic neuron firing with 

an increasing latency over time. To put it another way, the STDP function will weaken 

the synapses because the presynaptic neurons were activated after the postsynaptic 

neuron. With the repetition of stimulation over time, the new synaptic weights make the 

postsynaptic neuron fire later (Sjöström and Gerstner, 2010). 

 

Whatever are the underlying mechanisms involved in the achievement of the latency 

shift over time, we think that delaying the sensory processing of repeated inputs could 

induce the reduction of responsivity to consistent and repeated environmental inputs. 

The resulting temporal prioritisation may free brain resources for being more receptive 

and then amplify novel and potentially more relevant stimuli. A similar role has already 

been proposed in case of adaptation to repeated stimuli (Andrade et al., 2015; Kadohisa 

and Wilson, 2006; Tannan et al., 2006). More specifically here, experiments were per-

formed under general anaesthesia to ensure that the monkeys received exclusively 

purely passive tactile stimulation to the fingertips, meaning that the stimulation episode 

was in no way accompanied by any use of the hand. Tactile inputs that were artificially 

delivered to the fingertips were therefore completely meaningless and irrelevant for the 

monkeys in this particular situation. As a consequence, the CNS, and the brain in particu-

lar, might have delayed the efficiency of synaptic transmission and processing in re-

sponse to these irrelevant peripheral inputs from the mechanoreceptors innervating the 

fingertips (Gandevia and Ammon, 1992).  

 

Originality of the present study 

We recorded EEG with a high sampling rate, namely 5000 Hz, corresponding to a 0.2-ms 

time resolution. We would probably have missed the shift in latency revealed here by 
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recording brain activity at a lower sampling rate, such as the ones commonly used in 

clinics or in research, for instance 250 Hz (Pineda et al., 1991), 500 Hz (Andrade et al., 

2015; Herrmann et al., 2015) or 1000 Hz (Gindrat et al., 2015). Or at least we would not 

have been able to document the precise evolution of latency and amplitude changes over 

time. Actually, latency adaptation may have been unnoticed until now in most studies 

investigating adaptation to repeated stimulations simply because the sampling rate of 

the EEG acquisition devices was not high enough to highlight small latency shifts. The 

consistency of the temporal shift in tactile SSEPs among the 3 monkeys involved in this 

study clearly indicates that it is a significant process that should be carefully considered 

in case of repeated tactile stimulations, even with a low stimulus repetition rate. We 

therefore recommend using the full capacity offered by the current EEG acquisition sys-

tems by setting the sampling rate at high level in order to assess the presence of tem-

poral adaptation. This phenomenon may be of significant importance depending on the 

processes investigated.  

In addition, we took advantage of the presence of two clearly distinct peaks contributing 

to the main cortical component in Mk-DI to document adaptation both in early and in 

later tactile sensory processing. We observed actually a very similar pattern of changes 

over time for both peaks in Mk-DI.  

Finally, we provided here a direct comparison of adaptation pattern in two types of pe-

ripheral stimulation paradigm: after tactile stimulation to the fingertips and electrical 

stimulation to the median nerve, allowing to demonstrate the specificity of the strong 

adaptation in latency for tactile stimulation.  

 

Relevance of the present study 

Even though clinical diagnoses by means of SSEPs are often obtained by delivering elec-

trical stimulation to a peripheral nerve (see e.g. Lascano et al., 2009), SSEPs elicited by 

repeated tactile stimulation to the skin have proven to be relevant as well, for instance 

to localise the somatosensory cortex of the hand before a surgery in epileptic patients 

(Lascano et al., 2014) or to investigate somatosensory impairments in patients with cer-

ebral palsy (Riquelme et al., 2014). However, not all alterations in SSEPs signal are 

linked to the patients but some of them may be related to the recording conditions 
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themselves. Consequently, identifying such confounding factors, such as adaptation of 

the signal in latency and in amplitude during the repetition of a large number of stimula-

tions is crucial to try to decrease these factors and therefore to improve the yield of EPs 

for anatomical localisation or diagnosis, for instance. To put it another way, it is of prime 

importance to fully understand the characteristics of the EPs being investigated and the 

potential distractions that may affect them, in order to further use these signals and cor-

rectly interpret them. 

Moreover, tactile or touchscreen devices keep developing and are of growing interest 

nowadays (see for instance Chapter 6 and 7), with applications for instance to haptic 

displays, prosthetic devices, and teleoperation systems (see e.g. Bhattacharjee et al., 

2013; Chowriappa et al., 2013; Elayaperumal et al., 2013; Lim et al., 2014; Pacchierotti et 

al., 2014a; Pacchierotti et al., 2014b; Rinderknecht et al., 2013; Tanaka et al., 2013; Xibo 

and Jiting, 2013; Yeangjin et al., 2013). Most of these devices rely on repeated tactile 

stimuli. Consequently, a full understanding of adaptation processes is of prime im-

portance to improve their development.  

 

Prospects 

In the present study, repeated electrical stimulations to the median nerve were deliv-

ered in only one monkey (Mk-CA) during the very first EEG recording session. In addi-

tion, we restricted the fingertip tactile stimulation protocol to a single repetition rate. 

Systematic recordings of electrical SSEPs and testing additional stimulus repetition rates 

might probably improve the robustness of future experiments (see e.g. Hollins et al., 

1990; Pratt et al., 1980), but this was actually prevented here by the need to obtain a 

sufficiently large number of trials for each fingertip while keeping the overall duration of 

the experiment within three hours at most.  

As sensorimotor processing may be influenced by hand preference and hand dominance 

(see e.g. Mori et al., 2015; Patel and Mehta, 2012), we could extend the present investi-

gations to fingertips of both hands in order to assess whether a lateralisation bias in ad-

aptation does exist as well.  

A great improvement to fully address the question about the peripheral versus central 

contribution to the adaptation recorded at the scalp in response to repeated tactile 
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stimulations would be to add several bipolar recording electrodes along the stimulated 

afferent pathway, especially over the median nerve at the wrist and at the Erb’s point, to 

follow in greater detail the afferent volleys from the fingertips to the cortex. Briefly, in 

case the SSEPs recorded at the wrist level would already exhibit some features of adap-

tation, one could infer some early contribution of peripheral structures in the adaptation 

recorded at the scalp.  

Another interesting question would be to assess adaptation to repeated tactile stimula-

tions of the fingertips in human as well by using a similar stimulation protocol (but in 

awake subjects here), to investigate whether comparable patterns of adaption are re-

produced in human, especially the adaptation in the temporal domain. Such a compara-

tive analysis between human and macaque monkeys may be relevant, especially if we 

keep in mind that there are some important differences in the skin organisation and its 

innervation at the fingertips between both species. For instance, SA-II receptors (Ruffini 

endings) are present in monkeys as well, contrary to what had been suggested previous-

ly (Dong et al., 2013; Johnson, 2001; Paré et al., 2002), but they are located much more 

deeply in the skin than in human (Prof. Roland Johansson, personal communication, 

April 24, 2015). Moreover, it is known that the distal part of the mechanoreceptors is 

amply branching (i.e. 8-16 terminals/axonal fibre) in the human glabrous skin, corre-

sponding to the multiple strongly responding points observed in a given receptive field 

(Johansson, 1978). In monkeys, such branching does occur as well but it is less numer-

ous and more scattered than in human (Johansson, 1978). Finally, differences are visible 

already by eyes: for instance, the skin of the fingertips is much thicker in monkeys than 

in human, but at the same time, the pulp of the monkeys’ fingertips is more “spongy” 

than in human. Such differences in the skin anatomy may induce different patterns of 

adaptation between both species because the encoding properties of the mechanorecep-

tors strongly depend on the complex properties of the tissues between the stimulus and 

the nerve endings (Maeno et al., 1998; Srinivasan and Dandekar, 1996). 

 

Conclusion  

In sum, the present study provides new findings by showing that the adaptation to re-

peated stimulations was not only characterised by a well-known decrement in ampli-
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tude, but the temporal domain was concerned as well, as reflected by a prominent and 

consistent increasing latency shift in the course of repeated tactile stimulations. It is im-

portant to remind here that we used a relatively low stimulus repetition rate as com-

pared to those typically used in other studies describing adaptation phenomena. We 

may therefore have highlighted a unique and specific “cortical signature” of fingertip tac-

tile stimulation. Our results clearly demonstrated that latency adaptation is a significant 

process that should be carefully considered in case of repeated tactile stimulations, even 

with a low stimulus repetition rate. 

This chapter finishes off the EEG investigations in macaque monkeys performed within 

the framework of the present PhD thesis. By using high-density EEG recordings at the 

scalp, we were able to observe different types of brain plasticity operating at different 

temporal scales. The Chapters 2 and 3 supported the idea of lesion-induced plasticity 

developing within the brain over the whole post-lesion recovery period. When consider-

ing now the brain plasticity of primates in more “natural” situations, cortical somatosen-

sory representations can be reshaped, for instance when some fingers are involved in a 

specific task for several hours a day (see e.g. Jenkins et al., 1990; Jenkins and Merzenich, 

1987; Nudo et al., 1996; Recanzone et al., 1992; Wang et al., 1995). Plastic changes (en-

largement of the receptive fields) were demonstrated to occur already after 1-2 hours of 

electrical stimulation of the ulnar nerve in cats (Recanzone et al., 1990). In the present 

study, we studied adaptation as a form of plasticity working in a very short period of 

time: we highlighted that a large number of repeated successive tactile and electrical 

stimulations did not result in stable and invariant responses at the scalp over time of re-

peated stimulations, but rather that this cortical sensory processing was subjected to 

significant dynamic fluctuations within an experimental session. To go deeper into the 

different forms of brain plasticity, the Chapters 6 and 7 will exemplify the notion of use-

dependent plasticity. 
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Supplementary Figures 

Supplementary Figure 1: Average tactile SSEPs in each monkey. Tactile SSEPs ± SEM (lighter shade) 

from the contralateral scalp electrode (red dot) with maximal cortical positivity (small oblique 

arrows), obtained by averaging all trials after tactile stimulation delivered to the right thumb tip 

(A), index fingertip (B) and middle fingertip (C) in Mk-AN, Mk-CA and Mk-DI. The arrow above the 

trace points at the stimulation onset (i.e. 0 ms). The time and amplitude scales are the same for 

the 3 animals. (D) Mean latency of the cortical tactile component (in ms) resulting from the 

average of all trials for each stimulation site in each monkey. 
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Supplementary Figure 2: Successive 50-trial averages of tactile SSEPs over time in each monkey. 

The same data as in Supplementary Figure 1 were then averaged into non-overlapping successive 

blocks of 50 trials in each animal. (A) right thumb tip SSEPs, (B) index fingertip SSEPs, (C) middle 

fingertip SSEPs (C). Each superimposed trace represents the average of a block of 50 trials. The 

temporal sequence of the blocks is reflected by the colour gradient (from first 50-trial block in dark 

blue to last 50-trial block in light blue). The arrow above the traces points at the stimulation onset 

(i.e. 0 ms). Note that here the amplitude scale was adapted to every finger in each monkey. 
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Supplementary Figure 3: (A) Latency and (B) amplitude adaptation in SSEPs, after electrical 

stimulation to the right median nerve at the wrist. Same data as those presented in Figure 2E and F 

but here, the y-axis was adapted so as to better visualise the block-to-block variability. See legend 

of Figure 2 for greater detail. 
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Abstract 

A Brinkman box task was developed to assess fine manual dexterity in macaque mon-

keys during retrieval of small food pellets from horizontal and vertical wells on a board 

by using the precision grip, in the context of motor cortex lesions. The specificity and 

advantage of this test over the other ones currently used in our laboratory were the pos-

sibility to perform the task either under visual feedback or without visual feedback. 

Without visual feedback, we expected to challenge the sensorimotor control of manual 

dexterity relying mainly on tactile and proprioceptive inputs from the fingers and on 

blind exploratory motor ability. A detailed video analysis was used to precisely docu-

ment the time course of the task as well as hand movements, finger use and errors in 

pellet picking. After several weeks of training, seven adult macaque monkeys reached a 

plateau of performance. The animals were then subjected to a unilateral permanent le-

sion located predominantly in the hand representation in M1. Following the lesion, the 

contralesional manual dexterity was strongly impaired, characterised by a decrease in 

the speed of motor execution, some deficits in fine finger movements and in wrist devia-

tions as well as a worse proficiency of the animals to collect the pellets. Moreover the 

amount of these deficits was usually correlated with the extent of the lesion. As ex-

pected, we also observed that the contralesional functional recovery of performance in 

the Brinkman box task with vision was better than in the task without vision. But more 

interestingly, some subtle post-lesion impairments emerged more specifically in the task 

without vision, such as a striking prominent deficit of finger use, some somatosensory-

related deficits, as well as impairments following a cortical biopsy. Taken together, these 

results suggested, first, that the Brinkman box task was very sensitive and relevant to 

test the exploratory ability and tactile sense in blind condition in a lesional context. Sec-

ond, we further confirmed that an M1 lesion may result in somatosensory deficits or a 

disruption of M1-S1 connections in addition to pure motor impairments, emphasizing 

the role of somatosensory feedback during motor actions. 
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Introduction 

The outstanding primate hand 

By looking at a pianist performing a piece of music at full speed, or a watchmaker metic-

ulously mounting a watch, one immediately realises that the hand represents a very in-

tricate and sophisticated mechanism. Indeed the basic skeleton of the human wrist and 

hand contains a total of 27 bones (8 carpal bones, 5 metacarpal bones and 14 phalanges) 

and 29 joints, at least 123 ligaments; hand movements are controlled by about 35 mus-

cles and tendons innervated by 3 nerves (median, ulnar, and radial) that diverge then 

into innumerable smaller branches innervating the papillae of the palmar pads and dor-

sal skin (Alexander, 1993; Brorsson, 2012; Gray, 1893; Napier, 1993; Taylor and 

Schwarz, 1955). The interaction of all these muscles, tendons, bones, joints and nerves 

allows this complex apparatus to perform a huge range of movements (Brorsson, 2012) 

–from multi-finger grasping to fine and individuated movements of single fingers– and 

to assume important functions, such as the sense of touch or communication for in-

stance (Napier, 1993; Schieber and Santello, 2004). Given that “the hand is the mirror of 

the brain” (Napier, 1993, p. 25), the outstanding properties of this organ are correlated 

with extended and detailed hand and finger representations at the level of motor cortex 

(especially in M1 and PMv) (e.g. Dechent and Frahm, 2003; Dum and Strick, 1996; 

Kleinschmidt et al., 1997; Lemon, 1993; Lemon, 1997; Penfield and Rasmussen, 1950; 

Rizzolatti et al., 1988; Schieber and Hibbard, 1993; Woolsey et al., 1952) and S1 (e.g. 

Kaas et al., 1979; Krubitzer and Disbrow, 2005; Martuzzi et al., 2014; Nelson et al., 1980; 

Overduin and Servos, 2004; Penfield and Rasmussen, 1950).  

One special feature of human and Old World monkeys is their ability to perform very fi-

ne and independent finger movements (Courtine et al., 2007; Darian-Smith, 1984; 

Darian-Smith et al., 1996; Napier, 1962), exemplified by the precision grip (Napier, 

1956), namely the full opposition of the thumb and the flexor aspects of the fingers 

(usually the index finger) to pinch objects. Unlike the power grip, the precision grip is 

used when fine motor control has to be favoured as compared to power (Napier, 1962). 

These refined prehensile abilities of the hand arose in the evolution of primates (Figure 

1) with the acquisition of an independent control of the thumb and the index finger and 

with the emergence of a fully opposable thumb in Old World monkeys, meaning that it 

can rotate around the carpometacarpal joint to establish contact of its finger pad with 
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the pads of the index and middle fingers (Darian-Smith, 1984; Darian-Smith et al., 1996; 

Napier, 1962). 

Figure 1: Right hand of different 

primates, from Tupaia to modern 

human. The most striking feature of 

primates is their highly manipulative 

grasping hands (and feet). The 

grasping hands arose in primates 

living in the trees and the emergence 

of an opposable thumb allowed them 

to grasp branches. During evolution, 

claws disappeared. Most actual 

primates have instead flat fingernails 

and larger fingertip pads. The 

opposable thumbs allow primates to 

manipulate objects in order to 

carefully investigate their 

environment. More specifically, the 

human thumb is longer in relation to the other fingers than the thumb of most other primates. This 

long thumb and its ability to fully touch the other fingers give human the capability to both firmly 

grasp (by using power grip) and finely manipulate objects of many different shapes (precision grip) 

(Napier, 1962; figure from Schultz, 1969; Young, 2003).  

 

The complex biomechanical architecture of the hand makes it vulnerable to injuries, dis-

eases and dysfunctions of motor control, especially after a stroke (Nowak, 2008), leading 

to an increasing interest in understanding the mechanisms of brain plasticity following 

such an event and in finding strategies to promote functional recovery. Due to the large 

similarities in nervous system organisation between human and macaque monkeys, es-

pecially with regard to the highly accomplished hand motor control achieved by the lat-

ter (Capitanio and Emborg, 2008; Courtine et al., 2007; Lemon, 2012), and the largely 

similar hand anatomy and function in both these primate genera, macaque monkeys 

constitute a model of choice to investigate the mechanisms of brain plasticity after a le-

sion affecting the hand motor control. For instance, several studies showed that a per-
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manent focal lesion of the hand representation of M1 in monkeys resulted in a strong 

deficit in manual dexterity of the contralesional hand characterised by an initial com-

plete loss of finger movements followed by a spontaneous gradual functional recovery. 

In most cases, although some relatively independent finger movements were restored, 

allowing to perform some precision grip, the ability to perform fine fractionated finger 

movements remained permanently altered as well as the ability to perform wrist devia-

tions (e.g. Darling et al., 2014; Frost et al., 2003; Glees and Cole, 1950; Hoogewoud et al., 

2013; Liu and Rouiller, 1999; Nudo and Milliken, 1996; Passingham et al., 1983; 

Pizzimenti et al., 2007; Rouiller et al., 1998; Rouiller and Olivier, 2004; Wyss et al., 

2013). Changes in precision grip strategies were observed as well over the post-lesion 

time (Murata et al., 2008). Similarly, a unilateral section of the CST fibres controlling the 

distal upper limb muscles induced a severe impairment of ipsilesional hand motor con-

trol in macaque monkeys followed by a more or less strong recovery of hand dexterity 

(Freund et al., 2006; Freund et al., 2009; Galea and Darian-Smith, 1997; Hoogewoud et 

al., 2013; Lawrence and Kuypers, 1968; Nishimura et al., 2007; Schmidlin et al., 2004; 

Zaaimi et al., 2012). 

 

Assessment of the fine manual dexterity in non-human primates  

In the aforementioned studies and in others, more or less elaborated behavioural tests 

based on the use of the precision grip were employed to quantify fine manual dexterity 

in non-human primates.  

The first behavioural tasks for monkeys involving reward picking were designed by 

Heinrich Klüver in the 1930s, such as the “auto-multi-stimulation reaction board” task. 

This bimanual test consisted in a board “from which food [could] be obtained only by us-

ing one hand for lifting and holding a plate and the other for removing a brass square and 

the food.” (Klüver and Bucy, 1938; Klüver, 1935). 

Later, J. Brinkman and H.G.J.M. Kuypers (1972; 1973) developed a task requiring visual-

ly-guided movements of one upper limb to reach and pick up small food pellets from 

wells in split-brain monkeys (Figure 2A). A board was designed in such a way that food 

morsels were visible but not palpable before collecting them, so as to avoid tactile guid-

ance: many (the exact number was not mentioned in the original paper!) circular wells –



Chapter 5  Anne-Dominique Gindrat 

434 

each filled with a food pellet– were randomly distributed on the board, each of them be-

ing interconnected through radially-oriented grooves with 1 to 3 other wells to facilitate 

the pellet retrieval. The task was made more difficult by adding some disturbing tactile 

cues on the board. In addition, J. Brinkman and H.G.J.M. Kuypers (1972; 1973) used 

much more simple tests based on food pellet retrieval from a forceps or from the exper-

imenter’s fingers. The original board was then refined by C. Brinkman (1984) by replac-

ing the circular wells with 43 rounded rectangular wells in four different orientations 

and by removing the interconnections between the wells (Figure 2B). The size of the 

wells was designed so as to allow the macaque monkeys to insert a single finger in them 

and collect then the pellet by making a precision grip (Brinkman, 1984). This test has 

been used in our laboratory since many years in a further improved version –the modi-

fied Brinkman board task (Figure 2C) (Bashir et al., 2012; Chatagny et al., 2013; Freund 

et al., 2006; Freund et al., 2009; Hoogewoud et al., 2013; Kaeser et al., 2010; Kaeser et al., 

2013; Kaeser et al., 2014; Kermadi et al., 1997; Liu and Rouiller, 1999; Rouiller et al., 

1998; Schmidlin et al., 2011; Wyss et al., 2013). A full description of the task is provided 

in Chapter General Materials and Methods and in the Appendix 2. In brief, the animal 

has to unimanually or bimanually collect small banana pellets from 25 vertically- and 25 

horizontally-oriented wells randomly distributed on a rectangular board. This task is 

performed freely, i.e. with complete visual feedback and with neither constraint of time 

nor reduced space limiting the degrees of freedom of the arm performing the task. Since 

its introduction in our laboratory, additional tests have been then derived from the mod-

ified Brinkman board task, namely the rotating Brinkman board task and the Brinkman 

box task (Schmidlin et al., 2011). The latter will be presented in greater detail below. 

The rotating Brinkman board task consists in unimanually retrieving banana pellets 

from 32 wells organised in 4 concentric circles on a rotating board (clockwise or coun-

ter-clockwise). Asanuma and Arissian (1984) used a quite similar rotating board based 

on the original Brinkman board as well. 
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Figure 2: Brinkman board. (A) Original drawing from J. Brinkman illustrating a split-brain rhesus 

monkey, with one eye covered (left eye on the left side and right eye on the right side), collecting 

food pellets from a board. Under right eye visual guidance, the animal was easily able to perform 

precision grip with the left hand to retrieve the food pellets. On the contrary, under left eye visual 

guidance, the split-brain monkey showed deficits to use its left hand. Essentially, the animal 

showed exploratory behaviour as if it was blind (from Brinkman and Kuypers, 1972). (B) Second 

version of the Brinkman board. The macaque monkey was facing the shorter side of the board and 

had to fully extend its arm in order to collect the most distant pellets. Two picking sequences are 

drawn (solid lines: control monkey; dotted lines: monkey one week after a right SMA ablation) 

(from Brinkman, 1984). (C) Modified Brinkman board (50 wells) currently used in our laboratory. 

The board is presented with its largest side facing the macaque monkey.  

 

Another task of choice commonly used in laboratories working on non-human primate 

models to test visually-guided reaching behaviours is the so-called Klüver board task 

(Figure 3) (Brochier et al., 1999; Dancause et al., 2005; Dancause et al., 2006; Darling et 

al., 2009; Darling et al., 2010; Eisner-Janowicz et al., 2008; Friel et al., 2005; Friel and 



Chapter 5  Anne-Dominique Gindrat 

436 

Nudo, 1998; Friel et al., 2000; Frost et al., 2003; Glees, 1956; Lawrence and Kuypers, 

19681; Mason et al., 1998; McNeal et al., 2010; Murata et al., 2008; Nudo et al., 1992; 

Nudo et al., 1996; Nudo et al., 1997; Nudo et al., 2000; Passingham et al., 1983; 

Pizzimenti et al., 2007; Plautz et al., 2000; Plautz et al., 2003; Sugiyama et al., 2013; Xerri 

et al., 1998). Several adaptations were performed from the original test –the “dexterity 

board”– proposed by Cole and Glees in the 1950s (Figure 3A) (Cole, 1952; Glees, 1956). 

The more “modern” versions of the test require a board with 4 to 24 cylindrical wells of 

different diameters allowing to insert from several fingers to a single finger in order to 

unimanually collect the food pellet located in each well (Figure 3B-D).  

Figure 3: Klüver board. (A) 

Original version of the Klüver 

board for macaque monkeys, 

called at that time “dexterity 

board”, developed by Glees, 

with 2 x 3 wells of equal size 

and depth. Other models 

contained 3 x 4 similar wells 

(Glees, 1956). (B) Macaque 

monkey performing a refined 

version of the Klüver board 

task based on 3 (different 

diameters) x 8 wells, with the 

left hand, 2 months after a 

bilateral CST lesion (Lawrence 

and Kuypers, 1968)15. (C) 

Squirrel monkey performing 

the Klüver board task. The 

Nudo’s version of the board 

contains here 4 wells of 

graded diameters, needing the monkey to adapt its picking strategy to collect the food pellet 

located in each well (from the insertion of the whole hand into the largest well to the use of only 

                                                        
15 Original video sequences from Lawrence and Kuypers’ experiments are available as supplementary material 
in Lemon et al. (2012). Supplementary Video 1 in particular shows a control monkey performing the Klüver 
board task.  
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one or two fingers into the smallest well) (Nudo et al., 1992; Nudo et al., 1997). (D) Front view of 

Pizzimenti’s version of the Klüver board, with 5 wells on a rotating board. Portals allow to restrain 

the use of one hand while the other is working (Pizzimenti et al., 2007). 

In the most historical studies about experimental cortical lesion, the functional recovery 

was essentially described qualitatively (Brinkman, 1984; Brinkman and Kuypers, 1972; 

Brinkman and Kuypers, 1973; Klüver and Bucy, 1938; Lawrence and Kuypers, 1968). 

Then, analysis methods were developed to objectively quantify the fine manual dexteri-

ty. The performance in the modified Brinkman board and rotating Brinkman board tasks 

(see the aforementioned references), for instance, has been usually expressed in the 

form of a number of rewards collected in a given time period, the time needed to collect 

each reward, the wrist deviation needed to collect the rewards, the first finger used in 

the precision grip and some specific errors. In addition, the temporal sequence of re-

ward picking was investigated in some studies (Kaeser et al., 2013; Kaeser et al., 2014; 

Schmidlin et al., 2011), as already attempted by Brinkman (1984) (see Figure 2B). In 

the Klüver board task, the hand preference, the number of finger flexions per retrieval, 

the finger surface used, the different sequences of movement, the percentage of success-

ful trials, the reach duration, the accuracy, the grip aperture, the first manipulation dura-

tion, the manipulation attempts, and specific errors were generally extracted from the 

data (see the aforementioned references). 

Some additional tests were developed and used more sporadically: in addition to the 

Klüver board task, Passingham and collaborators (1983) used two behavioural tasks to 

assess the functional recovery of rhesus monkeys after a permanent lesion of the sen-

sorimotor cortex: the hand preference was assessed by using a very straightforward 

reaching and picking up task through the bars of the monkeys’ cage. A slot task was de-

scribed as well, consisting of retrieving food morsels from slots (circular central part in 

the middle of 2 grooves) in 4 different orientations (Passingham et al., 1983). Additional 

more sophisticated reaching tasks on the vertical plane were used as well in order to 

challenge the movements of the whole hand, wrist and forearm. Galea and Darian-Smith 

used a reach-and-retrieve task during which macaque monkeys had to do a precision 

grip in the vertical plane to collect a small sugar pellet held between the jaws of a clamp 

(Darian-Smith and Ciferri, 2005; Darian-Smith, 2007; Galea and Darian-Smith, 1997, see 

their magnificent Fig. 1). Manual dexterity was assessed in the form of percentage of 
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successful trials, the pattern of finger movements and the time of finger contact with the 

rewards. Japanese experimenters trained macaque monkeys to perform the so-called 

vertical slot task, consisting of reaching for small food morsels driven on a point through 

a narrow vertical slit by using the precision grip (Higo et al., 2009; Murata et al., 2008; 

Murata et al., 2015; Nishimura et al., 2007; Sasaki et al., 2004; Sugiyama et al., 2013). 

They essentially documented the performance by measuring the percentage of success-

ful trials and, in some cases, the amount of rewards collected in a given time period. A 

quite similar grasping task of collecting food morsels driven on a rod was introduced by 

Darling and collaborators (2006; 2009; 2010) but now with the set-up in horizontal po-

sition and with an elaborated system to measure forces and torques applied to retrieve 

the rewards. Much less demanding tests were used as well, requiring the monkeys to 

simply collect isolated food rewards presented in front of their home cage (Spinozzi et 

al., 2004) or based on a foraging board covered with artificial turf allowing to hidden 

some food pellets inside (Darling et al., 2014).  

A more challenging task is currently used in our laboratory in parallel with the different 

Brinkman board tasks, namely the reach and grasp drawer task (Kaeser et al., 2014; 

Schmidlin et al., 2011). The current set-up has been derived and upgraded from a previ-

ously described version (Kazennikov et al., 1994; Kazennikov et al., 1998; Kazennikov et 

al., 1999; Kermadi et al., 1997; Kermadi et al., 1998; Kermadi et al., 2000; Wannier et al., 

2002). In brief, the macaque monkey is facing an automatic drawer containing an inter-

nal hollow filled with a banana pellet. By using several sensors, the different phases of 

the reaching and grasping can be assessed when the monkey is unimanually opening the 

drawer and then collecting the food pellet still with the same hand. Different resistances 

against the drawer opening can be applied to challenge the ability of the monkey to gen-

erate load force.  

The bimanual coordination to retrieve food pellets was largely studied as well, first in 

split-brain monkeys (Mark and Sperry, 1968), then in monkeys subjected to a lesion in 

SMA for instance (Brinkman, 1981) or more recently in naive macaque monkeys in or-

der to assess their manual preference and dominance (see Chatagny et al., 2013 in 

Appendix 3). Essentially, the set-up consisted of a horizontal board perforated with 

several small cylindrical slots and the monkey had to use one finger, usually the index 

one, to push out (up or down) a food morsel located in each slot and then to collect it ei-
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ther from below or from above with the other hand. In the study by Chatagny et al. 

(2013), the monkeys were presented with a tube task (Hopkins, 1995) and a bimanual 

drawer task as well. The tube task involved a tube (sized according to the monkey’s 

hand) with a small slot at the bottom that was filled with a food morsel. The animal had 

to hold the suspended tube with one hand and reach the reward within the tube with the 

other hand. The bimanual drawer task is a more elementary version of the reach and 

grasp drawer task described above and required the monkey to open the drawer with 

one hand in order to collect the food pellet located inside by using the other hand.  

More complex delayed grasping tests based on different kinds of power and precision 

grips were developed as well (Baumann et al., 2009; Fluet et al., 2010; Overduin et al., 

2008; Schaffelhofer et al., 2015a; Schaffelhofer et al., 2015b; Vargas-Irwin et al., 2010).  

The first visually-guided reaching tasks were usually performed with the monkey free in 

its home cage, and the animal was presented with the board either through the bars of 

the cage (see Figure 3C) or directly in its home cage (Cole, 1952; Glees, 1956; Lehman, 

1978; Nudo et al., 1992). Testing conditions, such as the specific use of the tested hand 

or the distance between the animal and the board, were difficult to manage and conse-

quently not fully reproducible. Nudo and co-workers (2000) introduced therefore the 

use of a restraining jacket, but still in the home cage, to ensure that the animals –squirrel 

monkeys– were actually only working with the hand to be tested. A different way to cir-

cumvent this problem was proposed by Pizzimenti et al. (2007) by allowing only a re-

stricted access to the testing board by using Plexiglas tunnels with portals through 

which the monkeys had to introduce the hand in order to collect the reward (see Figure 

3D). Another approach has been the use of a primate chair with sliding doors, allowing 

to easily manage the hand to be tested and the monkey-board distance (Bliss-Moreau et 

al., 2013; Gisolfi et al., 1978; Schmidlin et al., 2011 in Appendix 2).  

All the tasks presented so far have been performed under full visual feedback. There are 

only few studies on non-human primates involving precision grip tasks achieved with-

out visual feedback (Kilintari et al., 2011; Nelissen and Vanduffel, 2011) and few reports 

of tasks performed both under visual control and without visual control by the same 

subjects (Darian-Smith, 2007; Hikosaka et al., 1985). Some studies used such a paradigm 

in human (Karl et al., 2013; Proteau et al., 1987; Proteau, 1992; Troise et al., 2014). This 

is astonishing if we consider the large amount of evidence about the role of vision during 
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haptic touch (see the Discussion for greater detail). Tactile discrimination tasks by palpa-

tion were designed for monkeys either only without visual feedback (Semmes and 

Porter, 1972) or both under and then without visual control (Kruger and Porter, 1958).  

 

Present study 

There is now a wealth of evidence that M1 plays a significant role in somatosensory pro-

cessing during the execution of motor actions (for a systematic review, see Asanuma, 

1981; as well as Jones, 1986). Indeed, previous studies reported somatosensory changes 

following a lesion affecting the motor cortex. For instance, an increase of activity in S1 

forelimb area was shown in macaque monkeys during the reversible inactivation of the 

M1 forelimb area (Sasaki and Gemba, 1984). In addition, after an ischemic lesion of the 

hand representation of caudal M1, squirrel monkeys were prone to sensory errors by 

performing the Klüver board task: in some trials, the animals failed to collect the food 

reward but needed then to visually inspect their empty hand to realise that they actually 

did not retrieve it. Remarkably, the authors observed a positive correlation between the 

increase in sensory errors and the deterioration of the manual dexterity, suggesting that 

functional deficit after a motor cortex lesion may be due to some extent to sensory im-

pairment or sensorimotor disconnection (Darling et al., 2014; Friel et al., 2005; Nudo et 

al., 2000). Somatosensory feedbacks to M1 are of prime importance particularly in active 

motor exploration by palpation in the absence of visual feedback (Lemon, 1981). As a 

matter of fact, as already suggested by many, the motor and somatosensory systems of 

primates should be considered more globally as a functional sensorimotor system in-

stead of two distinct entities (Jones, 1986; Kaas, 2004a; Kaas, 2004b; Kaas, 2008; Tanji 

and Wise, 1981; Uematsu et al., 1992; Wise and Tanji, 1981; Woolsey, 1964). 

These considerations motivated us to investigate in greater detail the integrity of the 

somatosensory component of the sensorimotor system in our macaque monkeys sub-

jected to a permanent cortical lesion of the hand representation in M1. To this aim, we 

developed a specific behavioural task involving the precision grip –the Brinkman box 

task– allowing to assess the role of somatosensory inputs during motor exploration by 

palpation in our monkeys before and after the M1 lesion. In particular, our hypothesis is 

that after a lesion in M1, the somatosensory component of the sensorimotor system will 

be affected in parallel with the motor control itself. We also hypothesise that the result-
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ing somatosensory impairments can be highlighted with the Brinkman box task, espe-

cially when performed in the absence of visual feedback.  

 

Materials and Methods 

Macaque monkeys 

Experiments were conducted on 7 adult macaque monkeys (Macaca fascicularis) (5 

males: Mk-AV, Mk-JA, Mk-JO, Mk-RO, Mk-VA, and 2 females: Mk-DI, Mk-GE). They ranged 

from 2.5 to 5.5 years old at initiation of behavioural training. Details about their age and 

weight ranges at the time of the experiments can be found in Table 1. All data used in 

the present study were collected before September 2010 by AFW and MK, except Mk-

DI’s data. At that time, Mk-AV, Mk-GE, Mk-JA, Mk-JO, Mk-RO and Mk-VA were housed in 

the animal facility in groups of 2 to 5 congeners, each group in a 15-m3 interior housing 

space (12 hours light/12 hours dark cycle), with no regular access to an outside facility. 

For reminder, Mk-DI lived with 4 other monkeys in a 45-m3 room (12 hours light/12 

hours dark cycle), with a regular access to an outside facility (21 m3) for a part of the day 

or night, and with a higher degree of enrichment (trees, branches, ladders, large pipes to 

hide, different toys, foraging devices, etc.). No monkey included in this study was trans-

ferred from the 15-m3 to the 45-m3 housing facility. This consideration is important here 

because an increased enrichment may largely favour manual dexterity (Lutz and Novak, 

2005). The housing conditions for each animal can be found in Table 1. The animals 

were on no account food- or water-deprived (see e.g. Kaeser et al., 2010; Schmidlin et al., 

2011). All procedures and animal care were conducted in accordance with the Guide for 

the Care and Use of Laboratory Animals (Committee for the Update of the Guide for the 

Care and Use of Laboratory Animals and National Research Council, 2011) and were ap-

proved by local (Canton of Fribourg) and federal (Swiss) veterinary authorities. The 

present experiments were covered by the official veterinary authorisations FR 166/03, 

FR 166e/05, FR 156/04, FR 157/03, FR 157e/04, FR 157e/06, FR 17/09, FR 18/10 and 

FR 23765. Experimental procedures were designed to minimise the animals’ pain and 

suffering. 
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Table 1: Detailed information about the monkeys involved in this study (orange: control untreated 

animals; blue: anti-Nogo-A antibody treated animal; green: animals involved in a protocol of adult 

neural progenitor cell therapy; see below for greater detail). 

# The cortical lesion in Mk-DI affected a restricted part of PM and a small portion of the area 

3a in addition to M1, as explained in the Chapter 2. 

§ Mk-RO was subjected to 3 successive cortical lesions because the first two did not produce 

the expected impairment of contralesional manual dexterity assessed with the modified 

Brinkman board task. Day 0 was defined as the time of the 3rd lesion. 

° The cortical lesion in Mk-AV affected more PM than M1. 

* Immediately after the lesion, Mk-JA was treated with an anti-epileptic drug, producing a 

neuroprotective effect against the cortical lesion. As a consequence, the animal recovered 

nearly completely its pre-lesion contralesional manual dexterity. A second lesion was 

therefore performed 7 months after the first one. Day 0 was defined as the time of the 2nd 

lesion. This resulted in a small volume of lesioned tissue in relation to the volume of 

ibotenic acid injected. 

 

Brinkman box task 

We assessed the integrity of the monkeys’ sensorimotor system from a behavioural 

point of view by using the Brinkman box task. This test has been specifically designed to 

challenge the motor exploration by palpation and precision grip ability without visual 

feedback in macaque monkeys by relying mostly on tactile sense and proprioceptive in-
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puts. Such fine fractionated movements of the fingers during active tactile exploration 

without visual feedback involve the activation of M1 neurons through glabrous afferent 

inputs (Lemon, 1981).  

This board was derived from the modified Brinkman board currently used for manual 

dexterity tests in our laboratory (see Chapter General Materials and Methods and 

Appendix 2 for a full description). The Brinkman box set-up consisted of a transparent 

Plexiglas® board (11.6 cm x 11.8 cm) containing 10 vertically- and 10 horizontally-

oriented rounded rectangular wells (15 mm x 7.5 mm, 6 mm deep) (Figure 4A). This 

board itself was located in a box (13.4 cm x 13.3 cm x 23 cm, 20° angle above the hori-

zontal) whose top could be opened or closed, corresponding either to a condition with 

visual feedback (called with vision condition, Figure 4B) or to a condition without visual 

feedback (called without vision condition, Figure 4C). The bottom of the box was made 

of transparent Plexiglas® and a lighting system was included on the internal side of the 

sliding top, allowing to record the task from under the box with a standard digital cam-

era (Sony Handycam DCR-SX33, 25 frames/s). For Mk-DI, an additional similar camera 

was positioned in the midline above the set-up in front of the animal’s head in order to 

visualise the complete movement of the monkey’s arm from the box to the head and vice 

versa. 

 

Figure 4: Brinkman box set-up. (A) Transparent Plexiglas® board containing 10 vertically- and 10 

horizontally-oriented wells, each filled with a banana pellet. (B) Whole set-up in the condition with 
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vision. The animal was facing the set-up from the frontal opening. Note the position of the digital 

camera under the box. (C) Whole set-up in the condition without vision. 

 

The task for the monkeys consisted of unimanually retrieving a 45-mg banana pellet 

(Bio-Serv, US and Canada, www.bio-serv.com) from each well. A fine finger motor con-

trol was required to perform the task, usually achieved by first introducing one finger 

(mostly the index finger or the thumb) into the well to establish a contact with the pellet, 

followed by the contact of a second finger (primarily the thumb or the index finger) to 

grasp the pellet with a precision grip while keeping the 3 other fingers flexed. To this 

aim, the monkeys were sat in a Plexiglas® primate chair with two sliding doors, allowing 

the animals to work with either hand individually while the other hand did not have ac-

cess to the board (Schmidlin et al., 2011). The monkeys were facing the frontal opening 

of the Brinkman box with the door of the tested hand centred in the middle of the set-up. 

The distance between the door and the set-up was about 3 cm and the height at the basis 

of the board fitted the height at the basis of the door of the primate chair. Tests were 

conducted with each hand individually with and without vision (therefore 4 conditions 

per monkey), and alternating between the first tested hand from one session to the oth-

er. According to the monkeys’ motivation and character, some animals (Mk-AV, Mk-GE, 

Mk-JA, Mk-JO, Mk-RO, Mk-VA) performed first the task without vision, followed by the 

task with vision with the first hand, and then the same with the other hand, whereas an-

other animal (Mk-DI) first executed the task with vision, followed by the task without 

vision with the first hand, and then the same with the other hand. When performed with 

vision, it was a straightforward task to learn for the monkeys because they were simply 

reaching for food. In addition, this task was actually very similar to the modified Brink-

man board task performed in parallel, except the smaller number of wells and the pres-

ence of the lateral walls of the box, limiting the degrees of freedom for the arm. Without 

vision, the task was more challenging, relying mostly on tactile and proprioceptive in-

puts from the fingers and on spatial memory. Importantly, the animals performed the 

task in a free-will basis, meaning that there was neither constraint of score level nor 

speed to achieve. To maintain a high level of motivation to complete the task, the ani-

mals were usually rewarded randomly in time during the task without vision (dried 

fruits, candies, cereal flakes), in addition to the banana pellets collected. Moreover, be-
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havioural tests were usually performed with a musical background to mask disturbing 

noise from outside. Typically, these tests were conducted from twice to five times a 

week. Short video sequences illustrating the task performed with and without vision are 

available at http://www.unifr.ch/neuro/rouiller/research/BB.php. In addition to the 

Brinkman box task, the monkeys performed also the modified Brinkman board task (see 

Chapter 2), the rotating Brinkman board task and the reach and grasp drawer task but 

the results of these tests are not presented here (for greater detail, see Schmidlin et al., 

2011 in Appendix 2). Data were usually collected over an extended pre-lesion period 

but the present report focuses only on the pre-lesion period once the task had been ac-

quired in the form of a stable level of performance, and does not consider the learning 

period. Note that the present analyses were based on already existing video sequences 

for all the monkeys except Mk-DI. 

 

Data analysis 

Video sequences of the Brinkman box task performed in each of the 4 conditions 

(with/without vision with each hand individually), recorded from under the box, were 

analysed frame by frame (25 frames/s) with the software Kinovea 

(http://www.kinovea.org/). All video sequences were analysed by the same experi-

menter to avoid introducing a bias in the interpretation of the videos. However, the ex-

perimenter was neither blind to the lesioned/non-lesioned hand nor to the pres-

ence/absence of treatment given to the monkeys at the time of the analysis (retrospec-

tive study). Data were saved in Excel files and then further processed by using a custom-

ised MATLAB® script (MATLAB R2013b). A summary of the analysed parameters is pro-

vided in Figure 5. 

 

Figure 5 (next page): Summary of the data analysis. The time course of successful retrieval of two 

successive pellets in the Brinkman box task without vision is exemplified, with the relevant time 

points, time intervals and collected parameters. The inset at the bottom right shows some 

different kinds of errors observed. The analysis was exactly the same for data obtained from the 

Brinkman box task with vision. 
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Four event time markers ( , for the nth pellet) were picked out for each visited well (un-

less otherwise mentioned), allowing then further analyses: 

: Hand entrance in the box (only for the first well): origin time point  

: First finger contact with the well: time point at first contact between the fin-

ger used to detect the well and the well 

: Precision grip finger in the well: time point at first contact between the finger 

used then in precision grip and the pellet. Often and in particular in the task 

without vision, the monkeys detected a well with a given finger and then 

brought another finger (usually the index finger or the thumb) to retrieve 

the pellet with a precision grip. Therefore, we differentiated the event First 

finger contact with the well  from the event precision grip finger in the 

well .  

: Precision grip out of the well: time point at fingers going out of the well with 

the pellet  

 

Several time intervals were then derived from these events:  

a) Detection time of first well:  -  

b) Detection time of first pellet:  - , i.e. time needed to perform the first pre-

cision grip  

c) Contact time with wells (for the first 10 wells): considered separately for the 

vertical and horizontal wells,  -   

d) Contact time with pellets (for the first 10 pellets): considered separately for 

the vertical and horizontal pellets,  -  

e) Precision grip shaping time (for the first 5 wells):  - , i.e. time to conform 

a precision grip 

f) Time interval between 2 wells (for the first 5 intervals between 2 wells):  

-  

g) Time interval between 2 pellets (for the first 5 intervals between 2 pellets): 

 -  

h) Time to successfully retrieve the first 6 pellets:  -   
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Moreover, we were interested in the following parameters and measurements: 

i) Well contact finger: (D1-D5) at We quantified for each well being detect-

ed which was the first finger used to detect this given well, and divided the 

total score of each finger by the total number of wells visited to express the 

use of each finger as a percentage of the total finger use (% of well finger 

use). 

j) First precision grip finger (D1-D5) at We quantified for each pellet being 

collected using a precision grip which was the first finger in contact with 

this given pellet, and divided the total score of each finger by the number of 

pellets retrieved to express the use of each finger as a percentage of the to-

tal finger use (% of first finger use). 

k) Well orientation (horizontal, vertical). We quantified the number of vertical, 

respectively horizontal, wells visited (i.e. leading to the pellet being collect-

ed or jumped), separately for the thumb and the index finger used to re-

trieve the pellet.  

l) Orientation of wrist (radial deviation, ulnar deviation, neutral position) at 

the end of the precision grip ( ).  

The motor performance at the wrist level was quantified by using the per-

centage of wrist orientation. Both ulnar and radial deviations were especial-

ly needed to retrieve pellets from horizontal wells (see e.g. Chatagny et al., 

2013; Hoogewoud et al., 2013) whereas collecting pellets from the vertical 

wells could be performed less challengingly with the wrist in a neutral posi-

tion. 

m) Percentage of effective contacts in 30 s established with each finger in the 

first 30 s of the task, defined as the number of pellets successfully retrieved 

in the first 30 s divided by the number of contacts established with pellets 

in the first 30 s, for each individual finger 

n) Percentage of pellets successfully retrieved at the end of the task 

o) Percentage of pellets retrieved with the thumb/index finger in verti-

cal/horizontal wells 

p) Temporal sequence of pellet retrieval, reflecting the motor habits of the an-

imal, as previously reported (Kaeser et al., 2013; Kaeser et al., 2014). We 
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defined a gradient of wells from the left to the right side of the board and 

another one from the top to the bottom of the board. 

 

Additionally, several errors were noticed, divided into 3 types: 

1) Sensorimotor deficit:  

 Pellet jumped out of the well, allowing to calculate the percentage of pel-

lets successfully retrieved.  

 somatosensory-related error, defined as a precision grip and hand back to 

the mouth without pellet 

2) Lack of motivation:  

 Pellet retrieved with the non-tested hand, allowing to calculate the per-

centage of pellets successfully retrieved. 

3) Combination of sensorimotor deficit and lack of motivation:  

 Missed pellet, allowing to calculate the percentage of pellets successfully 

retrieved.  

We considered only the first five/ten time intervals (c, d and e), the first five intervals 

between 2 successive trials (f and g) and focused on the time to successfully retrieve on-

ly the first 6 pellets (h) as well as the effective contacts in the first 30 s (m) because we 

assumed that the retrieval of the first pellets was the most representative of the ability 

of the monkey to perform the task. Namely, the values from all wells/pellets were col-

lected but then we realised that the performance often decreased after retrieving some 

pellets in parallel with an increase in the variability of the data because this task was 

highly demanding for the animal, especially when performed without visual feedback. 

Moreover, depending on the monkey, we observed some drop in motivation in the time 

course of the task, especially in post-lesion sessions, motivating us therefore to focus on 

the first pellets only. Similar observations were already reported in the modified Brink-

man board task as well (Kaeser, 2010). 

For the parameters under investigation here, we defined then a pre-lesion plateau of 

performance and a post-lesion plateau of performance (same dates for each parameter, 

based on visual appreciation, with the goal to find the time period being the most stable 

across the different parameters under consideration). Median plateaux were computed 
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here for numerical variables (e.g. time intervals) to be consistent with the use of Mann-

Whitney test, except for mean plateaux for the precision grip shaping time where very 

small values often close to or equal to 0 were obtained. Therefore, the median of such 

values would often have resulted to 0, which is not convenient for the following analyses 

such as the computation of the percentage of recovery, entailing to divide one median 

value by another median value. For categorical variables (e.g. finger use, wrist orienta-

tion, …), plateaux represented the proportions (*100) of the given parameters among all 

observations. The percentage of functional recovery was defined for appropriate pa-

rameters as (post-lesion plateau/pre-lesion plateau)*100 when a higher plateau value 

means a better performance and as 1/(post-lesion plateau/pre-lesion plateau)*100 

when a lower plateau value represents a better performance. The plateaux were com-

pared with a Mann-Whitney test, or a z-test for comparing proportions, as the case may 

be. We chose to perform Mann-Whitney tests even in some cases when a t-test was pos-

sible, in order to be fully consistent across the data. Moreover, in case of small sample 

size, such as the data sample considered in each plateau, Mann-Whitney tests are known 

to perform better than t-tests (Fay and Proschan, 2010; Ludbrook and Dudley, 1998). 

Statistical analyses were performed with SigmaPlot 12.5. Simple linear regressions and 

Pearson’s correlation coefficients R (p < 0.05) were computed in MATLAB.  

We chose to express several parameters in the form of percentage instead of absolute 

number/score to avoid the bias that results from the duration of the task and conse-

quently from the number of pellets that may be collected. This makes sense especially 

immediately after the lesion or when the task was performed without vision both before 

and after the lesion: the experimenter sometimes decided to interrupt the task before 

the board was completely empty when the monkey was simply not able to perform the 

task or obviously did not want to continue it, reducing therefore the maximal number of 

pellets to be collected. 

 

Lesion 

When the monkeys reached a stable behavioural plateau in manual dexterity tests, they 

were subjected to a permanent cortical lesion, performed unilaterally in the hand repre-

sentation of M1 by infusion of ibotenic acid. The lesion protocol for Mk-DI is presented 

in the Chapter General Materials and Methods. The procedure for the other 6 mon-
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keys differed from Mk-DI’s one in the sense that the lesion was performed in each mon-

key based on a previously established individualised ICMS mapping (Sessle and 

Wiesendanger, 1982). The ICMS and lesion procedures were described in detail else-

where (Kaeser et al., 2010; Liu and Rouiller, 1999; Schmidlin et al., 2005; Wyss et al., 

2013). Briefly, a chronic recording chamber was implanted over the left sensorimotor 

cortex in order to perform the ICMS mapping of the hand representation in left M1. Once 

all the pre-lesion behavioural and electrophysiological data were collected, a unilateral 

permanent lesion of the M1 hand area on the left hemisphere was performed by multi-

ple microinfusions of ibotenic acid (10 μg/μl in phosphate-buffered saline, 0.1 M, pH 7.2, 

either Fluka 99% or Sigma 95%) using a Hamilton microsyringe (10 μl) driven by a mi-

cromanipulator. Injections were performed at the sites along ICMS electrode penetra-

tions where hand movements had been previously elicited at low stimulation threshold. 

Thus ibotenic acid was injected (1 μl or 1.5 μl per site depth over a period of 2 min, and 

making a pause of 3-5 min between each injection) at 1, 2 or 3 different depths along an 

individual ICMS penetration. The aim was to cover the whole hand representation of M1. 

A total volume of ibotenic acid ranging from 13 μl to 38 μl was injected in each monkey 

(see Table 1 for further detail). 

The Brinkman box task was carried out similarly before and after the lesion, with and 

without vision. 

 

Treatments 

After the lesion, Mk-DI, Mk-GE and Mk-RO did not receive any treatment (control un-

treated monkeys). Mk-VA was treated with anti-Nogo-A antibody (for greater detail, see 

Hamadjida et al., 2012; Kaeser et al., 2010; Wyss et al., 2013). Mk-AV, Mk-JA and Mk-JO 

were involved in an adult neural progenitor cell therapy protocol (for further detail, see 

Brunet et al., 2005; Kaeser et al., 2011). To this end, a cortical biopsy in the right dorso-

lateral prefrontal cortex (dlPFC) was performed several weeks before the lesion and the 

cells were put in culture to be subsequently reimplanted after the lesion. Mk-JO and Mk-

JA were subjected to cell therapy whereas Mk-AV was transplanted with culture medium 

only and was therefore classified as a control untreated monkey with regard to the 

treatment (but note that Mk-AV did have a dlPFC biopsy) (Table 1). For more detail 

about the whole procedure, please consult Brunet et al. (2005) and Kaeser et al. (2011). 
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Histology 

At the end of the experiments (behavioural tests, electrophysiological investigations, cell 

reimplantations or anti-Nogo-A treatment, and tracer injections), the animals were sac-

rificed according to a similar protocol as the one described for Mk-DI in Chapter Gen-

eral Materials and Methods and already reported for these animals (Kaeser et al., 

2010). The brains were cut in the frontal plane (50-μm thickness) into 5 to 8 series of 

sections and two series were prepared for Nissl staining and SMI-32 staining, respec-

tively.  

As described in the Chapter 2, histological analyses and reconstructions of the extent 

and location of the lesions in the frontal plane were then performed with Neurolucida 

based on the Cavalieri method by using consecutive series of Nissl-stained sections and 

SMI-32-stained sections (see Wyss et al., 2013), allowing three-dimensional mapping 

and volume quantifications of the cortical lesioned areas. The extent and location of the 

lesions were transposed onto a lateral view of the cortical surface of the lesioned hemi-

sphere (Figure 6). 

 

Results 

We present here only the most relevant data. The complete collection of graphs for each 

analysed parameter, for each monkey, in the four conditions of the task, is provided in 

Supplementary Figures 1 and 2 at the end of the chapter. 

 

Extent of the lesions 

The extent of the lesion was assessed in each animal by using histological sections (ei-

ther Nissl-stained sections or SMI-32-stained sections). These data were already availa-

ble for all monkeys (Hamadjida et al., 2012; Hoogewoud et al., 2013; Kaeser et al., 2011; 

Rouiller et al., 1993; Wyss et al., 2013) except Mk-DI (see Chapter 2 for more detail 

about the lesion in Mk-DI). The total gray matter lesion volumes ranged from 14 mm3 in 

Mk-RO to 68.4 mm3 in Mk-DI. A representation on the extent of the lesion projected on 

the surface of the cortex is shown for each animal in Figure 6. For reminder, see the im-

portant details about the lesions in Table 1 above. 
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Figure 6: Projection of the gray matter 

lesioned area on a lateral view of the brains, 

based on consecutive frontal histological 

sections (Nissl and SMI-32 stainings). The 

animals are grouped according to the post-

lesion treatment (see above). 

 

 

 

Post-lesion deficits 

After several weeks of training (note that the data from the learning period were not 

included in the present report; but see Kaeser et al., 2014), the seven monkeys per-

formed the Brinkman box task smoothly and reached a pre-lesion plateau of perfor-

mance with each hand and in both with vision and without vision conditions, illustrated 

e.g. by the percentage of pellets successfully retrieved, the temporal sequence of pellet 

picking, the contact time with the pellets, the orientation of the wrist or the precision grip 

shaping time. See the complete collection of graphs for all animals in the four conditions 

of the task in Supplementary Figures 1 and 2.  

As expected, the cortical lesion of the M1 hand representation induced several deficits in 

each animal, especially with the contralesional, right hand. See e.g. the detailed data for 

Mk-DI already presented in the Chapter 3. Immediately after the lesion, the monkeys 

were completely unable to perform the Brinkman box task because of hand paraly-

sis/paresis going with a complete loss of fine finger control for one to several days, de-

pending on the animal (see e.g. graphs for Mk-DI with missing data or data at 0 for sev-

eral days after the lesion), followed then by a period of slow, progressive functional re-

covery, though remaining largely incomplete. In the Brinkman box task without vision 

with the contralesional, right hand, the lesion usually resulted in a decreased speed of 

motor execution, in altered movements of the wrist, in a modified use of the fingers, in 

lower abilities of motor exploration by palpation and in a lower proficiency in pellets 

retrieval due to a larger amount of errors. Furthermore, the deficits visible in the task 

without vision were clearly more prominent than in the task with visual feedback. In 
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addition, there was a very large inter-individual variability in the different behavioural 

parameters of the task without visual control, affected at various degrees, possibly due 

to the variable extent and precise location of the lesions across individuals. Conversely, 

the effect of the lesion on the ipsilesional, left hand on both conditions was usually only 

transitory (Supplementary Figure 3). 

These different aspects will be developed in the following sections.  

 

Impact of the lesion on contralesional manual dexterity without vision 

By considering the post-lesion time course of the different behavioural parameters of 

the task without vision in each monkey (Supplementary Figure 1), one already notices 

at a glance a very large variability, first, intra-individual in the form of some parameters 

being much more sensitive to the lesion than others, and second, inter-individual with a 

given parameter affected at various degrees across the monkeys, possibly due to the var-

iable extent and location of the lesion across individuals. We were therefore interested 

to investigate whether there were some general trends in the effect of the lesion on the 

dexterity of the contralesional hand in the task without vision at the whole population 

level. To this end, simple regression analyses with Pearson’s correlation coefficients 

were computed between the post-lesion recovery of the different parameters studied 

and the volume of the cortical lesion estimated by using histological sections (either 

Nissl-stained sections or SMI-32-stained sections) in the 7 animals included in this 

study. The percentage of recovery was determined based on the pre- and post-lesion 

plateaux (see Materials and methods for greater detail). Some significant correlations 

appeared (Figure 7). 

The M1 lesion induced a decrease in the speed of motor execution (combining the ability 

to perform blind motor exploration by palpation as well as the travelling time between 

the box and the mouth and the reverse) at the population level, as exemplified by a sig-

nificant negative correlation between the volume of the lesion and the post-lesion re-

covery of the time interval between 2 pellets (R =-0.77, p =0.044) (Figure 7A). In brief, 

the larger the cortical lesion, the longer the post-lesion time intervals between 2 succes-

sive pellets as compared to the pre-lesion time intervals. Once the wells were detected 

by the well contact finger, the time needed to conform a precision grip –the precision grip 
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shaping time– increased as well, as illustrated by a significant negative correlation be-

tween the volume of the lesion and the post-lesion recovery of the precision grip shaping 

time (R =-0.79, p =0.036) (Figure 7B): monkeys with a larger lesion spent significantly 

more time to initiate a precision grip once a well had been detected. Consequently, the 

time spent in wells increased and the post-lesion recovery of the contact time with wells 

was negatively correlated with the volume of lesion, both in vertical (R =-0.8, p =0.03) 

(Figure 7C) and horizontal (R =-0.85, p =0.016) (Figure 7D) wells. In the same way, the 

precision grip per se was altered as well, reflected by a significant negative correlation 

between the volume of the lesion and the post-lesion recovery of the contact time with 

pellets, both for vertical (R =-0.77, p =0.045) (Figure 7E) and for horizontal pellets (R =-

0.91, p =0.004) (Figure 7F). To put it another way, the more extended the lesion, the 

worse was the functional recovery and the much longer time was spent in the wells to 

adjust the fine finger movements to collect pellets.  

We observed a significant positive correlation between the volume of the lesion and the 

post-lesion occurrence of neutral deviations of the contralesional wrist (R =0.88, p 

=0.008) (Figure 7G), in parallel with a non-significant negative trend between the vol-

ume of the lesion and the recovery of the ability to perform ulnar deviations with the 

contralesional wrist (R =-0.67, p =0.1) (Figure 7H). The correlation between the volume 

of the lesion and the ability to perform radial deviation is not highly relevant at the pop-

ulation level because this wrist position was already very infrequent before the lesion in 

some animals (resulting in a plateau at 0, see for instance Mk-AV, Mk-DI, and Mk-RO). 

This result means that monkeys with a larger lesion were more impaired to move the 

contralesional wrist in a challenging position, such as in the direction of ulnar deviation 

and favoured more a neutral wrist position after the lesion. 

Moreover, we observed a significant negative correlation between the volume of the le-

sion and the post-lesion recovery of the ability to visit horizontal wells (well orientation) 

(R =-0.82, p =0.024) (Figure 7I), going with a significant positive correlation between 

the volume of the lesion and the post-lesion recovery in the ability to visit vertical wells 

(R =0.78, p =0.04) (Figure 7J). Taken together, both these correlations indicate that the 

more extended the lesion was, the more the animals favoured the less challenging verti-

cal wells to the detriment of the horizontal ones, because these latter usually required a 
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deviation of the wrist in addition to the precision grip, confirming here again that the 

larger the lesion, the more the animals were impaired to perform wrist deviations. 

Finally, there was a positive correlation between the volume of the cortical lesion and 

the recovery of the ability to use the index finger to detect the wells (R =0.76, p =0.049) 

(Figure 7K) to the detriment of the use of the thumb, although the correlation between 

the volume of the lesion and this latter parameter was above the significance threshold 

(R =-0.69, p =0.084) (Figure 7L). To put it another way, after the cortical lesion, mon-

keys with a larger lesion relied more on their contralesional index finger to detect the 

wells, to the detriment of the thumb as the use of the latter usually required an addition-

al wrist deviation, this behaviour being more impaired in animals with a larger lesion, as 

already mentioned. Note that for nearly all parameters presented here, the animal with 

the smallest lesion extent (Mk-RO, 14 mm3) usually recovered almost completely or 

even showed an improved post-lesion performance as compared to the pre-lesion one.  

Basically, when the animals were considered at the whole population level, more promi-

nent deficits of the contralesional hand were observed after a larger cortical lesion, in 

the Brinkman box task performed without vision.  
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Figure 7 (previous page): Impact of the cortical lesion on the fine manual dexterity of the 

contralesional, right hand in the Brinkman box task without vision in all monkeys, in the form of 

linear regressions (black lines) between the volume of the lesion (mm3) and the post-lesion 

recovery of (A) the time interval between 2 successive pellets, (B) the precison grip shaping time, 

(C) the contact time with vertical wells, (D) the contact time with horizontal wells, (E) the contact 

time with vertical pellets, (F) the contact time with horizontal pellets, (G) the occurrence of neutral 

deviations of the wrist, (H) the ability to perform ulnar deviations of the wrist, (I) the ability to visit 

horizontal wells, (J) the ability to visit vertical wells, (K) the ability to use the index finger to detect 

the wells, and (L) the ability to use the thumb to detect the wells. Each point depicts an individual 

monkey and the colour indicates the post-lesion treatment as in Table 1 and Figure 5 (orange: 

control untreated animals; blue: anti-Nogo-A antibody treated animal; green: animals involved in a 

protocol of adult neural progenitor cell therapy). For points located below the 100-% line 

(horizontal dotted line), post-lesion level<pre-lesion level, and conversely for points located above 

the 100-% line, post-lesion level>pre-lesion level. The Pearson’s correlation coefficient and the p-

value of each regression line are indicated at the top-right corner of the corresponding graph. Non 

significant regression lines were not displayed. 

 

Impact of the lesion on contralesional manual dexterity with vision 

Similar correlations between the volume of the lesion and the post-lesion recovery as-

sessed with the different parameters were evaluated now in the Brinkman box task with 

vision with the contralesional hand. Some comparable results were obtained. Essential-

ly, we observed here again that the speed of motor execution was slower in animals sub-

jected to a larger cortical lesion, demonstrated by significant negative correlations be-

tween the volume of the lesion on the one hand and the post-lesion recovery of the time 

to successfully retrieve the first 6 pellets (R =-0.9 p =0.005) (Figure 8A), the post-lesion 

recovery of the time interval between 2 pellets (R =-0.91, p =0.005) (Figure 8B), (both 

reflecting here the ability to perform motor exploration assisted by visual control as well 

as the travelling time between the box and the mouth and the reverse), and the post-

lesion recovery of the time interval between 2 wells (R =-0.92, p =0.003) (Figure 8C) (re-

flecting the travelling time between the box and the mouth and the reverse), respective-

ly, on the other hand.  
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The impairment to perform wrist deviation was visible here as well, with a significant 

positive correlation between the volume of the lesion and the post-lesion occurrence of 

neutral deviations of the contralesional wrist (R =0.8, p =0.03) (Figure 8D), in parallel 

with a significant general decrease in the ability to perform ulnar deviations (R =-0.87, p 

=0.011) (Figure 8E). 

What appeared in this condition as well is the direct link between the extent of the le-

sion and the proficiency of the animals to collect the pellets, exemplified by a negative 

correlation between the volume of the lesion and, first, the post-lesion recovery of the 

percentage of effective contacts in 30 s with the index finger (R =-0.82, p =0.024) (Figure 

8F) and, second, the success rate, namely the post-lesion recovery of the percentage of 

pellets successfully retrieved (R =-0.95, p =0.001) (Figure 8G).  

Similarly, as in the task without vision, the animals with small lesion extent (Mk-RO, Mk-

VA and Mk-JA) usually recovered almost completely or even showed an improved post-

lesion performance as compared to the pre-lesion one. 

Figure 8: Impact of the cortical lesion on the fine manual dexterity of the contralesional, right hand 

in the Brinkman box task with vision in all monkeys, in the form of linear regressions between the 

volume of the lesion (mm3) and the post-lesion recovery of (A) the time to successfully retrieve the 

first 6 pellets, (B) the time interval between 2 successive pellets, (C) the time interval between 2 

successive wells, (D) the occurrence of neutral deviations of the wrist, (E) the ability to perform 

ulnar deviations of the wrist, (F) the percentage of effective contacts established in the first 30 s 

with the index finger, and (G) the percentage of pellets successfully retrieved. Same conventions as 

in Figure 7.  



Chapter 5  Anne-Dominique Gindrat 

459 

In short, when the monkeys performed the Brinkman box task with the contralesional 

hand with vision, comparable kinds of deficits correlated with the extent of the lesion 

were observed as in the task without vision, by considering the whole population of 

monkeys.  

A similar analysis was performed based on data from the ipsilesional, left hand, both in 

the task with and without vision. The results are proposed in Supplementary Figure 3.  

 

Impact of visual feedback on contralesional functional recovery from the 

lesion 

Whereas comparable kinds of contralesional impairments were observed in both tasks 

with and without vision, what about their relative extent? Was the post-lesion functional 

recovery in one condition better than in the other? Moreover, were the levels of func-

tional recovery in both conditions linked?  

To address these questions, we examined the relationship between the levels of post-

lesion recovery of the different parameters studied when the task was performed with-

out vision versus with vision with the contralesional, right hand. First we considered the 

7 animals as a single population. Interestingly, some significant positive linear relation-

ships emerged between the percentage of recovery without vision and the percentage of 

recovery with vision, for instance regarding the speed of motor execution assessed with 

the time interval between 2 wells (R =0.82, p =0.024) (Figure 9A) as well as between 2 

pellets (R =0.88, p =0.01) (Figure 9B), the fine manipulation of the pellets assessed with 

the contact time with vertical pellets (R =0.86, p =0.013) (Figure 9C), and finally the pro-

ficiency of motor exploration assessed with the percentage of effective contacts in 30 s 

with the index finger (R =0.82, p =0.025) (Figure 9D). Moreover, as expected, we ob-

served that the post-lesion contralesional recovery was usually better when the mon-

keys performed the Brinkman box task with vision than without vision, corresponding 

to the majority of points in these graphs located on the left to the identity line. As intui-

tively expected, it means that the task performed without vision was more challenging 

than with vision. Note that there is here no strict link between the recovery in both con-

ditions and lesion size (the latter is indicated by the size of the symbols in Figure 9A-D). 
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Equally interestingly, a discrepancy of performance in both conditions of the task could 

be even extreme at the single-monkey level: in Mk-DI for instance, we observed a strong 

opposite pattern in the evolution of the finger use (here the first finger in contact with a 

pellet in a precision grip) over post-lesion time according to the task: whereas there was 

a partial normalisation of thumb and index finger use when the task was performed with 

vision in the recovery period after the lesion (Figure 9E), the use of the thumb further 

decreased over post-lesion time and never recovered in the task without vision, in fa-

vour of the index finger (Figure 9F). This was already discussed in the Chapter 3.  

To sum up, we observed a linear relationship between the functional recovery of manual 

dexterity in both tasks and, as expected, the functional recovery in the Brinkman box 

task performed with vision was usually more prominent than when performed without 

vision, both at the population level and at the individual level. 

Figure 9: Impact of the visual feedback on the post-lesion functional recovery of the contralesional 

hand. Correlation between the percentage of post-lesion recovery without vision (x-axis) and the 

percentage of post-lesion recovery with vision (y-axis) at the whole population level, regarding (A) 

the time interval between 2 wells, and (B) between 2 pellets, (C) the contact time with vertical 

pellets, and (D) the percentage of effective contacts in 30 s with the index finger. The diameter of 

the points indicates the lesion extent (large diameter: large lesion volume and conversely). Same 

conventions as in Figure 7. For points located on the left to the unitary line (dotted line), recovery 

with vision>recovery without vision. (E-F) Opposite post-lesion evolution of the use of the first 

precision grip fingers according to the task, in Mk-DI. Time course of the % of first finger use in the 

task with vision (E) and without vision (F). The finger colour code is given on the right.  
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Somatosensory-related errors in contralesional manual dexterity without 

vision 

By reading so far, one may conclude that the cortical lesions resulted globally in compa-

rable contralesional deficits in both with vision and without vision conditions of the 

task, although the deficits were more prominent in the latter than in the former condi-

tion. But that would be simplistic. In addition to the striking differential post-lesion defi-

cits in finger use according to the task observed in Mk-DI (see above), some subtle post-

lesion somatosensory-related deficits of the contralesional hand dexterity emerged 

when the task was performed without vision.  

After the motor cortex lesion, in addition to the expected deterioration of manual dex-

terity with the contralesional, right hand, several animals exhibited a very special behav-

iour in the Brinkman box task without vision: in some trials they did a precision grip but 

failed to grasp the pellet, withdrew then the hand from the well and from the box, 

brought the hand to or near the mouth, and supinated the hand to visually inspect the 

empty palm and only at that time realised that they actually did not retrieve any pellet 

(Figure 10). This erroneous behaviour –referred to as somatosensory-related errors–

was especially present in Mk-VA in the first 50 days after the lesion and, but to a lesser 

extent, in Mk-GE, Mk-AV, Mk-JA and MK-JO as well (Figure 11A-E). Conversely, this mis-

behaviour was much more infrequently observed (but not completely absent) before the 

lesion, as well as in the other 3 conditions of the task (see Supplementary Figure 1) as 

compared to the task performed without vision with the right hand, suggesting that 

these errors were linked to the lesion itself. Mk-DI also showed very few occurrences of 

somatosensory-related errors, but they were not specific to the right hand in the task 

without vision. Interestingly Mk-AV already made this kind of somatosensory-related 

errors transiently after the cortical biopsy performed in the ipsilateral dlPFC when the 

right hand performed the task without vision. The animal completely recovered to a 

normal behaviour but exhibited again this misbehaviour transiently immediately after 

the lesion. These errors seem to be linked neither to the volume of the lesion nor to a 

lesion spread into the postcentral gyrus in addition to M1, given that the most promi-

nent misbehaviour was observed in Mk-VA having a small lesion volume (20 mm3), fol-

lowed then by Mk-GE, and then by Mk-AV, and the latter did not exhibit any spread of 

the lesion in S1. Conversely, Mk-DI exhibited a large lesion extending into a small por-
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tion of the area 3a, but showed this misbehaviour only very infrequently and not specifi-

cally with the contralesional hand.  

 

Figure 10 (next 2 pages): Sequence of frames captured at 80-ms intervals, simultaneously from the 

digital camera positioned in front of the animal (left part of the composite picture) and from the 

other camera located under the board (right part of the composite picture). This sequence 

illustrates a typical somatosensory-related error observed in several animals in the Brinkman box 

task without vision with the contralesional, right hand. Here the data were obtained from Mk-DI. 

This animal actually did not make this misbehaviour very often but was selected here for 

illustrative purpose given that the quality of the video sequence was much better than for the 

other animals. The monkey initiated a precision grip by contacting a pellet in a vertical well with 

the index finger (see 240-ms frame), moved the thumb closer to the pellet to make the precision 

grip (see 800-ms frame) but the pellet then jumped from the pinched fingers to the next horizontal 

well located just more in the midline (see 1040-ms frame). The animal withdraw then its hand from 

the box, brought it towards the mouth (from 1360-ms frame) and had to visually inspect its empty 

hand to realise that the pellet had not been collected (from 1680-ms frame). The red arrows on the 

pictures point the precise aforementioned events. 
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Figure 11: Time course of occurrence of the somatosensory-related errors exhibited by five 

monkeys (A to E) in the Brinkman box task without vision performed with the contralesional, right 

hand. The cortical lesion was performed at day 0 (x-axis). The time at biopsy and the time at 

cell/sham reimplantation for Mk-AV, Mk-JA and Mk-JO are indicated by red and black dashed lines, 

respectively.  

In short, we demonstrated here that the post-lesion contralesional deficits in manual 

dexterity were also characterised by very subtle somatosensory-related impairments 

most probably linked to the absence of visual feedback because these misbehaviours 

were mostly observed in the Brinkman box task without vision.  

 

Relationship between the contra- and the ipsilesional hand functional re-

covery 

By considering the conflicting literature about the presence (see e.g. Kaeser et al., 2010) 

or absence (see e.g. Pandian and Arya, 2013) of relationship between the motor perfor-

mance of the affected and non-affected body sides, we investigated here whether there 

was a link between the amount of post-lesion functional recovery exhibited by both 

hands. To this aim, we calculated Pearson’s correlation coefficients between the level of 

functional recovery of the right hand and the level of recovery of the left hand in the 

Brinkman box task without vision, among the seven animals considered, for each stud-
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ied parameter. We focused here only on the task without vision because it showed the 

most pronounced post-lesion effects. 

For convenience, we speak here about post-lesion recovery of the ipsilesional hand as 

well, in the same way as for the contralesional hand, to express the post-lesion perfor-

mance as a percentage of the pre-lesion performance even though the latter may be 

higher than the pre-lesion one.  

Surprisingly, a single statistically significant correlation emerged between the levels of 

recovery of both hands among all the parameters investigated in our study, and con-

cerned the use of the wrist in a neutral deviation: the recovery of the right hand was sig-

nificantly negatively linked with the performance of the left hand (R =-0.83, p = 0.021) 

(Figure 12A). To put it another way, the monkeys that massively increased the use of 

the less challenging neutral wrist position with the right hand after the lesion were 

those that did not increase the use of the neural position with the ipsilesional, left wrist, 

meaning that they conversely favoured radial and/or ulnar deviations with the intact 

wrist. On the contrary, the animals that did not change the use of the neutral wrist posi-

tion with the right hand increased this behaviour with the ipsilesional, left wrist. 

Even though the very small number of significant correlations observed between the re-

covery of both hands in the task without vision, there was, as expected, a general trend 

towards a better post-lesion/pre-lesion performance with the ipsilesional hand as com-

pared to the contralesional hand, depicted on the graphs by the points on the left side of 

the identity line. This was exemplified by the time interval between 2 pellets (Figure 

12B), the time to successfully retrieve the first 6 pellets (Figure 12C), the contact time 

with the horizontal wells (Figure 12D), the contact time with the vertical (Figure 12E) 

and horizontal pellets (Figure 12F) and the percentage of pellets successfully retrieved 

(Figure 12G). For the other parameters under investigation, we did not observe any 

clear tendency. Moreover, in these graphs, no clear trend appeared regarding the ratio of 

recovery and the extent of the lesion. 

In sum, the functional recovery of the non-affected upper limb was usually higher than 

the one of the affected upper limb when the whole population of animals was consid-

ered.  
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Figure 12: Correlation between the contralesional (right, RH) and the ipsilesional (left, LH) 

functional recoveries in the Brinkman box task without vision, regarding (A) the occurrence of 

neutral deviations of the wrist, (B) the time interval between 2 pellets, (C) the time to successfully 

retrieve the first 6 pellets, (D) the contact time with horizontal wells, (E) the contact time with 

vertical pellets, (F) the contact time with horizontal pellets, and (G) the percentage of pellets 

successfully retrieved. For points located to the left of the 100-% line (dotted line), LH recovery>RH 

recovery, and conversely for points located to the right of the 100-% line, RH recovery>LH 

recovery. The diameter of the points indicates the lesion extent (large diameter: large lesion 

volume and conversely). Same conventions as in Figure 7. Note that the % range is different on 

both axes.  

 

Strategy of prehension 

It is well established in the literature that primates, facing prehension tasks under visual 

control involving many objects presented simultaneously, develop strategies with in-

creasing practice in order to be efficient in object retrieval (Brinkman, 1984; Kaeser et 

al., 2013; Kaeser et al., 2014; Schmidlin et al., 2011). In practical terms, in the modified 

Brinkman board task for instance, control monkeys usually tended to repeat the same 

temporal sequence of object prehension, session after session, either from the left (re-

spectively right) to the right (respectively left) side of the board, or from the middle to 

the extremities (Kaeser et al., 2013; Kaeser et al., 2014; Schmidlin et al., 2011). A left-

right strategy was expected in this task given the rectangular shape of the board. These 

previous observations motivated us to investigate the temporal sequence of pellet pick-
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ing in the Brinkman box task as well. More specifically, we were interested to assess, 

first, whether the monkeys would develop a strategy of prehension in the Brinkman box 

task, both with vision and without vision and, second, in case it was present before the 

lesion, whether the lesion would impact on the acquired strategy.  

Some monkeys in this study showed a clear strategy in their sequence of pellet picking 

when the task was performed with vision with either hand before the lesion, in the form 

of a picking sequence starting usually at the bottom and finishing at the top of the board 

(down-to-up preference: Mk-JA, Mk-JO (Figure 13A, B), Mk-RO, all three with both 

hands; Mk-DI with left hand only). The complete collection of graphs displaying the pre-

hension strategies for each monkey is provided in Supplementary Figure 2. Mk-AV 

used a down-to-up strategy with right hand and an opposite up-to-down strategy with 

the left hand. Although the left-to-right extent of the board in the Brinkman box was 

much smaller than in the modified Brinkman board (11.6 cm vs 22 cm), some animals 

also developed a left-right strategy (Mk-AV, Mk-DI (Figure 13C), Mk-JA) which was 

sometimes superimposed on the up-down one.  

The M1 lesion resulted in transiently more chaotic strategies (see e.g. Mk-JO, right hand 

in Figure 13B) and some monkeys usually favoured then the most accessible pellets 

with the contralesional hand (see e.g. Mk-DI, Mk-JO, Mk-VA in Supplementary Figure 

2), resulting in an altered temporal sequence of pellet picking after the lesion. On the 

other hand, as expected, the picking strategy developed with the ipsilesional, left hand 

was maintained after the lesion, except in Mk-VA: interestingly, while Mk-VA did not 

present any clear prehension strategy with the left hand before the lesion, the monkey 

progressively developed a strategy that evolved during the post-lesion period (from an 

up-to-down preference to a down-to-up preference) (Figure 13D).  

On the other hand, no clear strategy was observed when the task was performed with-

out vision (Supplementary Figure 2), suggesting that the blind task was usually per-

formed based on tactile exploration rather than on previously learned picking sequences 

involving spatial memory.  
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In short, the majority of monkeys adopted strategies to collect pellets in a quite fixed 

temporal sequence when the task was performed with visual feedback whereas the task 

without vision relied much more on motor exploration by palpation than on such ac-

quired strategies.  

 

Figure 13: Colour-coded sequences of pellet picking in the Brinkman box task with vision. The x-

axis represents the time in sessions: each column corresponds to one behavioural session and each 

collected pellet is a circle whose colour indicates its position in the temporal sequence of picking. 

The first collected pellets are the bluemost and the last collected pellets are the redmost. The left-

right, respectively up-down, gradient is expressed on the y-axis. (A) Down-to-up strategy in Mk-JO 

with the left hand. (B) Down-to-up strategy in Mk-JO with the right hand. (C) Left-to-right strategy 

in Mk-DI. (D) Development and evolution of a post-lesion prehension strategy on the up-down axis 

in Mk-VA. Thick vertical black line: day at lesion; dashed vertical red line: day at dlPFC biopsy (see 
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the section below Impact of a prefrontal cortical biopsy on manual dexterity); dashed vertical black 

line: day at cell reimplantation (see below).  

 

Impact of a prefrontal (dlPFC) cortical biopsy on manual dexterity 

A previous study showed that a large cortical biopsy performed in the dlPFC in M. fascic-

ularis induced profound modifications in the temporal sequence used to retrieve food 

pellets from the modified Brinkman board (Kaeser et al., 2013). For instance, in this 

task, Mk-AV usually scanned the board from the left side to the right side with the right 

hand (ipsilesional to the biopsy) before the right dlPFC biopsy. After the biopsy (44 

mm3), the animal changed completely its motor habits, scanning then the board from the 

right side to the left side (see their figure 4B, right hand). This change in motor strategy 

was nevertheless transitory and the pre-biopsy behaviour was recovered after about 20 

days post-biopsy (Figure 14A). Conversely, the lesion did not induce any further change 

in strategy. The right dlPFC biopsy had an even more severe effect on the left hand be-

cause the post-biopsy alteration in motor strategy was maintained on the long-term and 

never recovered to the normal pre-biopsy state (Kaeser, 2010; Kaeser et al., 2013). 

This very special post-biopsy alteration highlighted with the modified Brinkman board 

task motivated us to investigate in greater detail the temporal sequence of pellet picking 

in the monkeys subjected to a dlPFC biopsy given that they performed both tasks in par-

allel. Data related to the effect of the biopsy were obtained from Mk-AV and Mk-JO. For 

Mk-JA, the biopsy was performed a long time before the 2nd lesion considered here and 

therefore the pre-biopsy data were not included in the present study. Details about the 

histology of the biopsy were previously reported in Kaeser et al. (2013). Briefly, some 

portions of both areas 9 and 46 in dlPFC had been removed during the biopsy, corre-

sponding to a 44-mm3 volume in Mk-AV and a 20.3-mm3 volume in Mk-JO.  

The most interesting results were obtained in Mk-AV. This animal used the same pre-

biopsy strategy (i.e. scanning from the left to the right side of the board) to retrieve the 

pellets with the right hand (ipsilateral to the biopsy) both in the Brinkman box task with 

vision and in the modified Brinkman board task (Figure 14A and B), as we may have 

expected given both tasks are very similar. What is more, after the dlPFC biopsy, the 

monkey also changed its motor strategy in the same way in both tasks, i.e. usually scan-
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ning both boards from the right to the left side. But, interestingly, in the Brinkman box 

task, this altered motor strategy never returned then to the pre-biopsy state. The subse-

quent cortical lesion did not induce further modification in strategy and the biopsy effect 

was maintained during all the post-lesion sessions (Figure 14B). Conversely, for re-

minder, the alteration in motor strategy observed after the biopsy in the modified 

Brinkman board task was only transitory (about 20 days) (Figure 14A). But still the 

subsequent cortical lesion did not alter the motor strategy in both tasks.  

 

Figure 14 (next page): Impact of the dlPFC biopsy in Mk-AV. (A) Colour-coded sequences of pellet 

picking in the modified Brinkman board task with the right hand (modified from Kaeser, 2010; and 

Kaeser et al., 2013). (B) Colour-coded sequences of pellet picking in the Brinkman box task with 

vision with the right hand. Same conventions as in Figure 13. (C) Time course of the time to 

successfully retrieve the first 6 pellets in the Brinkman box task without vision with the right hand. 

Plateaux were compared with Mann-Whitney tests. When data were partly or completely missing, 

primarily after the lesion, a red star was indicated at the highest value for the corresponding date. 
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Regarding Mk-AV’s left hand (contralesional to the biopsy), the monkey usually scanned 

the modified Brinkman board from the middle of the board to both right and left sides. 

Conversely, the animal adopted a systematic right-to-left strategy in the Brinkman box 

task with vision (Supplementary Figure 2). Then the biopsy effect was not consistent 

in both tasks either. Whereas Mk-AV used a different post-biopsy strategy to retrieve the 

pellets in the modified Brinkman board task (pre-biopsy: from the middle to the extrem-

ities vs post-biopsy: from the right side to the left side), no change in temporal sequence 

of pellet picking was observed in the Brinkman box task with vision (usually scanning 

from the right to the left side) (Supplementary Figure 2). 

Kaeser et al. (2013) demonstrated that the dlPFC biopsy had a very specific impact on 

the motor strategy and did not affect the motor performance itself, whether the fine 
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manual dexterity or the speed of movement execution. We tested this statement here for 

the Brinkman box task without vision and observed that the biopsy did actually impair 

the motor performance itself as well, in addition to the pure motor strategy. More specif-

ically, the cortical biopsy induced for instance a significant increase in the time needed 

to successfully collect the first 6 pellets –a measure of the speed of movement execu-

tion– (pre-biopsy median: 10.46 s vs post-biopsy median: 16.62 s, p =0.001, Mann-

Whitney test) with the right hand in the task without vision (Figure 14C). Here again, 

the subsequent cortical lesion had no long-term impact on this parameter because the 

post-biopsy alteration was further maintained in the post-lesion plateau (post-biopsy 

median: 16.62 s vs post-lesion median: 12.4 s, p =0.118, Mann-Whitney test). Further-

more, as already mentioned above, Mk-AV exhibited a slight increase in the occurrence 

of somatosensory-related errors after the biopsy, but this change in behaviour was not 

specific to the biopsy given that a similar transitory increase was observed after the sub-

sequent cortical lesion as well (Figure 11A). 

To conclude, we confirmed here with an additional task that the dlPFC biopsy induced 

modifications in the picking strategy of small objects. In addition, we suggested some 

deficits in the speed of motor execution in the absence of visual feedback.  

 

Discussion 

Here we presented a behavioural task involving the use of the precision grip either un-

der or without visual feedback in macaque monkeys, before and after a focal permanent 

motor cortex lesion of the hand representation. Following the lesion, we observed 

strong impairments of manual dexterity, especially when the task was performed with 

the contralesional hand, in the form of a decrease in the speed of motor execution, some 

deficits in fine finger movements and in wrist deviations as well as a worse proficiency 

of the animals to collect the pellets, the amount of these deficits being usually correlated 

with the extent of the lesion. In addition, as expected, the contralesional functional re-

covery of performance in the Brinkman box task with vision was better than in the task 

without vision. But more interestingly, some subtle post-lesion impairments emerged 

more specifically in the task without vision, such as a striking prominent deficit of finger 

use, somatosensory-related deficits, as well as impairments following a cortical biopsy, 
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demonstrating the relevance to test manual dexterity in blind condition as well after a 

cortical lesion.  

 

Relevance of our analysis method to assess manual dexterity in non-human 

primates  

We presented here a detailed analysis of fine manual dexterity in macaque monkeys 

subjected to a motor cortex lesion based on a large range of behavioural parameters. A 

first strength of our study rests on the use of a “manual” analysis of behavioural data. We 

decided to rely on such kind of analysis instead of a more automatised one because we 

think that post-lesion deficits in particular are so variable and complex that it is impos-

sible to analyse them automatically without making errors. Even though time consum-

ing, only a detailed visual assessment by human eye (i.e. frame by frame) of the video 

sequences allows to precisely quantify the post-lesion deficits and to detect very subtle 

impairments such as the somatosensory-related errors observed here.  

Another strength of the present study is the large range of behavioural parameters as-

sessed. Some previous studies reported nearly full post-lesion recovery of manual dex-

terity, for instance after CST lesion in non-human primates (Nishimura et al., 2009; 

Nishimura and Isa, 2009; Nishimura et al., 2007). Nevertheless, they based their conclu-

sions on a single endpoint measurement in a behavioural task, namely the success ratio 

of precision grip. We demonstrated here that a cortical lesion resulted in a large range of 

deficits and by considering carefully the detailed results in each animal (Supplemen-

tary Figure 1), one can notice different levels of functional recovery according to the 

considered parameters. To put it another way, restricting the behavioural analysis to a 

single motor behavioural parameter is misleading because each measurement has its 

own limits and can on no account capture all the impairments, then probably resulting 

in underestimations of the impacts of lesions. The importance of a detailed assessment 

of behaviour, based for instance of kinematic analysis of movements, was already re-

ported in rodents (McKenna and Whishaw, 1999; Whishaw et al., 1991; Whishaw et al., 

1998). For example, even though rats completely recovered the pre-lesion success rate 

in pellet reaching in a few days after a unilateral lesion of the dorsal column, a very de-

tailed video analysis of behavioural tasks revealed that the rotation of the affected upper 
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forelimb remained permanently altered, indicating a compensatory change in strategy 

(McKenna and Whishaw, 1999). In the same way, similar alterations in pronation and 

supination of forelimb during a reaching task were observed in rats subjected to a motor 

cortex lesion, by using a detailed video analysis (Whishaw et al., 1991). Lawrence and 

Kuypers themselves admitted that motor impairments in rhesus monkeys following a 

CST lesion could be greater than what they described because the behavioural tasks 

used to assess functional recovery could be not specific enough and animals were in fact 

able to use compensatory strategies (Kuypers, 1974), underestimating the dramatic ef-

fects of the lesion. As a matter of fact the best approach to assess the effects of a lesion 

on behaviour is to combine different tasks (see e.g. Schmidlin et al., 2011 in Appendix 

2), each of them challenging a particular component of the behaviour and allowing 

therefore to highlight very specific deficits. In sum, detailed behavioural analyses in ad-

dition to outcome measurements are essential to exhaustively describe the behavioural 

effects of a cortical lesion. 

Furthermore, the significant relationships highlighted between the extent of the lesion 

and the behavioural recovery in the different conditions of the task, even though our 

monkey sample was small and heterogeneous (3 treatment groups), indicate that the 

Brinkman box task documents objectively and reproducibly the functional impairments 

of non-human primates following a cortical damage. 

Finally, the relevance of the parameters we selected for our analysis was already 

demonstrated in previous studies. The precision grip shaping time for instance seems to 

correspond to the “well time” assessed by Frost et al. (2003) and which was shown to be 

significantly increased for the contralesional hand in squirrel monkeys performing the 

Klüver board task after an ischemic lesion of the hand representation in M1. The contact 

time with pellets, corresponding to the “total manipulation time” in Pizzimenti et al. 

(2007) specifically reflects the true grasping abilities by quantifying the time of manipu-

lation of the pellet by the fingers before collecting it. This measure has already been suc-

cessfully used in our laboratory and was shown to be reliable and meaningful to capture 

post-lesion deficits following a spinal cord lesion (Freund et al., 2009) or a motor cortex 

lesion (Hoogewoud et al., 2013; Kaeser et al., 2011) and to characterise hand preference 

and hand dominance (see Chatagny et al., 2013 in Appendix 3) in our macaque mon-

keys. The proficiency of the animal to collect food pellets in the modified Brinkman 
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board task is currently measured by using the score in 30 s, a readout reflecting the 

combination of the pellet manipulation, arm reaching, arm withdrawal, and transport of 

the pellet to the mouth. Similarly to the contact time, this measure has been already 

proven to be relevant to document post-lesion deficits (see e.g. Kaeser et al., 2011) and 

was shown to covary elegantly with lesion extent (Freund et al., 2009; Kaeser et al., 

2010; Wyss et al., 2013). Here, we had to express the performance in the form of a per-

centage rather than a raw score given that the task was usually arbitrarily stopped by 

the experimenter before the animal completely emptied the board, especially in the con-

dition without visual feedback. Nevertheless, the percentage of pellets successfully re-

trieved is very similar to the score in 30 s to capture the monkeys’ manual dexterity. 

What is more, in addition to already existing ones, we introduced some new parameters 

that appeared to be highly relevant in the blind task in particular, such as the distinction 

between the well contact finger and the first precision grip finger (for reminder, see e.g. 

Figure 9F).  

 

Relevance of a blind task 

One may argue that the task without visual feedback relies much more on spatial 

memory than on true motor exploration by palpation, which would completely challenge 

the relevance of our task to highlight somatosensory impairments after an M1 lesion. 

Nevertheless the present data allow to rule out this possibility. Namely, the absence of 

any motor strategy of pellet picking in all seven monkeys in the Brinkman box task 

without vision with either hand, whereas usually present in the task with visual feed-

back, strongly suggests that the monkeys did not acquire any precise strategy of pellet 

picking involving spatial memory during the training sessions. This observation indi-

cates on the contrary that the animals usually performed the task primarily based on 

tactile exploration. 

When behavioural tasks are performed under full visual control, as it is the case in most 

studies in non-human primates so far, active touch is involved, meaning that motor and 

sensory contributions are confounded. As mentioned in the Introduction, there are sur-

prisingly very few reports about behavioural tasks assessing the precision grip both 

with and without visual control in the same subjects. The present results demonstrate 

the relevance to combine both visual conditions in a behavioural test of manual dexteri-
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ty for monkeys involved in a lesion protocol, in order to test the somatosensory perfor-

mance after a motor cortex lesion. Without the blind task, we would not have been able 

to highlight some very subtle adverse effects of the lesion such as the aforementioned 

sensorimotor-related errors, the impairment of finger use specific to this condition or an 

additional effect of the dlPFC biopsy. This indicates that the task without vision is very 

sensitive to reveal subtle sensorimotor deficits that emerge neither in tasks with full 

visual control nor in the general behaviour of the monkeys, such as the feeding, the 

grooming, or the interactions with the provided enrichment.  

In sum, the Brinkman box task coupled with a detailed analysis method can be used to 

quantitatively assess fine manipulation abilities and document the time course of recov-

ery following an insult in the nervous system by combining two complementary condi-

tions of visual feedback. 

 

Somatosensory-related errors 

At a first glance, the misbehaviour illustrated in Figure 10, where the monkeys had to 

visually inspect their empty hand to realise that no pellet was collected actually, seems 

to be very similar to the sensory errors previously reported by Nudo and collaborators 

(Friel et al., 2005; Nudo et al., 2000) in squirrel monkeys after a lesion affecting specifi-

cally the caudal part of M1. The authors suggested a link with tactile agnosia as observed 

in human after a lesion in parietal lobe. However, a striking difference is that we ob-

served this error especially when the Brinkman box task was performed without vision 

whereas the monkeys of Nudo’s studies exhibited this sensory error when they collected 

rewards under full visual control from a Klüver board. There is unfortunately no men-

tion about the behaviour of these monkeys in blind condition. 

This behaviour suggests a somatosensory-related deficit. Namely, while a pure lesion of 

S1 in monkeys resulted in some transient motor impairments, strong tactile deficits 

were produced: Kruger and Porter (1958) reported that after a complete ablation of the 

postcentral gyrus, rhesus monkeys were able to open a box, reach for the food morsel 

contained inside but then closed the hand without the reward and brought the empty 

hand to the mouth. Others reported that tactile deficits resulting from a lesion of the 

hand representation of S1 in monkeys were partially compensated when visual input 
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was provided (Cole and Glees, 1954). More precise descriptions after a pure lesion of S1 

hand representation mentioned that the animals were visually inspecting their hands 

after food picking to confirm that they actually collected the food morsel before eating it 

(Pavlides et al., 1993; Xerri et al., 1998). Conversely, this kind of behaviour was never 

observed in monkeys after unilateral or bilateral ablation of the precentral gyrus (see 

e.g. Kruger and Porter, 1958; Semmes and Porter, 1972) before Nudo’s studies (Darling 

et al., 2014; Friel et al., 2005; Nudo et al., 2000), suggesting a somatosensory-related def-

icit. 

Interestingly, the somatosensory-related errors described here are reminiscent of defi-

cits of integrative sensitivity associated with an astereognosis reported in some human 

patients following a lesion in parietal cortex (Prof. Jean-Marie Annoni, personal commu-

nication, April 17, 2015). These latter observations are not incompatible with our data 

given the strong interconnectivity between the frontal and parietal areas. Moreover, 

comparable deficits of object recognition by touch were reproduced by locally anaesthe-

tising the fingertips of human subjects who were then asked to perform object manipu-

lation in the absence of visual feedback, such as picking up small objects from a dish 

(Johansson, talk given at the Institue of Neuroinformatics, University and ETH Zürich, 

April 24, 2015). The resulting astereognosis demonstrated the critical role of tactile in-

puts from the fingertips for object manipulation. 

Nevertheless, one could argue that these deficits are not due to any somatosensory im-

pairment but result merely from the absence of visual feedback as observed for instance 

in young male patients with Duchenne muscular dystrophy (Troise et al., 2014). In fact 

these deficits together with the completely reverse pattern of finger use according to the 

task observed in Mk-DI should be considered with the electrophysiological evidence 

from Chapter 3, strongly suggesting that tactile perception may be altered after a domi-

nant motor cortical lesion and therefore further confirm the key role of M1 in soma-

tosensory processing during the execution of a motor task (Lemon, 1981). M1 cannot be 

considered as a purely motor structure. Although its primary function is obviously mo-

tor, M1 processes cutaneous, muscle and joint afferents as well, due to its strong connec-

tions with the somatosensory cortex and the direct connections with the periphery 

through the thalamus (Asanuma, 1959; Tanji and Wise, 1981; Wannier et al., 1991). 
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Consequently, deficits after a motor cortex lesion should be considered as sensorimotor 

deficits as well rather than purely motor deficits. 

The nearly complete absence of these errors under visual control suggests that monkeys 

were usually able to compensate, at least partly, the tactile impairment when vision was 

involved. There is a wealth of evidence that providing visual feedback can help tactile 

perception (Cardini et al., 2012; Guest and Spence, 2003; Johnson et al., 2006; Kennett et 

al., 2001; Schaefer et al., 2006; Serino et al., 2007; Serino et al., 2009; Taylor-Clarke et al., 

2004; Yatani et al., 2012), proprioception (Ghez et al., 1995; Gordon et al., 1995; Hepp-

Reymond et al., 2009; Rothwell et al., 1982) and object manipulation (Jenmalm et al., 

2000) in human. For the sense of touch specifically, Haggard called this process “visual 

enhancement of touch” (Cardini et al., 2012; Haggard et al., 2003; Kennett et al., 2001; 

Rothwell et al., 1982). This phenomenon is well exemplified in mirror therapy: long-

term improvement in tactile perception was observed in patients watching the mirror 

image of their unaffected limb in a mirror during tactile training (Moseley and Wiech, 

2009). Conversely, removing visual feedback further deteriorated tactile performance 

after deafferentation (Rothwell et al., 1982). This strongly suggests that processings in 

the different sensory modalities influence each other, resulting in multisensory rather 

than purely unisensory perceptions. This is reminiscent of both M1 and S1 working to-

gether in the form of the functional sensorimotor cortex rather than two completely 

separated entities (Jones, 1986; Kaas, 2004a; Kaas, 2004b; Kaas, 2008; Tanji and Wise, 

1981; Uematsu et al., 1992; Wise and Tanji, 1981). 

 

Correlation between lesion extent and manual dexterity  

As one may have intuitively expected, the level of functional recovery with the contrale-

sional hand was inversely correlated with the extent of the lesion, as already observed in 

rodents (Freret et al., 2006; Goldstein and Davis, 1990; Rogers et al., 1997; Whishaw et 

al., 1991) and in stroke human patients (Alexander et al., 2010; Lövblad et al., 1997) for 

instance. In addition, our observations further confirm what had been reported in previ-

ous studies in our laboratory. For instance, Wyss et al. (2013) already investigated the 

functional contralesional recovery of some macaque monkeys (both control and anti-

Nogo-A treated animals) included in our study by using at that time the modified Brink-

man board task and they demonstrated that the level of recovery, assessed with the 
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number of pellets collected in the first 30 s of the task, was significantly negatively cor-

related with the volume of the lesion when all individuals were considered together, 

meaning very similar results as we observed in the Brinkman box task. They were even 

further able to show the beneficial effect of anti-Nogo-A treatment because more ani-

mals were included in each group as compared to our study.  

Of course, highlighting a significant linear relationship between the extent of lesion in a 

given structure and behavioural deficits helps to interpret the role of that lesioned tissue 

in the impairments. Nevertheless, the presence of such a correlation does not mean the 

absence of involvement of other structures. Reciprocally, the absence of such a correla-

tion would not necessarily mean the absence of involvement of that structure in generat-

ing the behaviour under consideration. Indeed, the scenario may be much more complex 

than a simple single and direct relationship between one or some brain structures and 

behavioural outcomes. Behavioural performances may be determined in fact by the in-

tegrity of a more complex brain network influenced itself by others cerebral structures. 

Then, a lesion damaging some components of this network (but sparing the influencing 

cerebral structures) or affecting some of the influencing cerebral structures (sparing the 

brain network) might result in behavioural impairments even if the influencing cerebral 

structures, respectively the brain network, which are known to be involved in producing 

the behaviour under consideration, are intact. To put it another way, functional impair-

ments may be observed even if one of the structures normally controlling these func-

tions remains intact. Then, by refining the correlations analyses, other factors probably 

contributing to the functional deficits as well may emerge. For instance, it was demon-

strated that motor impairments in chronic stroke patients were significantly correlated 

with the level of atrophy in spared cortical tissue as well in addition to the extent of the 

lesion itself (Gauthier et al., 2011). 

Moreover, some other measurements than the volume of the lesion itself may better cor-

relate with the functional impairment: Pineiro et al. (2000) demonstrated for instance 

that functional deficits in stroke patients were significantly linearly correlated with “the 

maximum proportional cross-sectional area of the corticospinal mask occupied by stroke”. 

On the other hand, they showed a cubic rather than linear relationship between the ex-

tent of the lesion and the functional deficits. 
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Remarks on the effects of the treatments 

The seven monkeys of this study were divided into 3 treatment groups, namely four con-

trol animals, one animal treated post-lesion with anti-Nogo-A antibody and the last two 

treated post-lesion with autologous adult neural progenitor cells. We could therefore 

ideally expect to observe differences in the behaviour of the 3 groups of animals. Never-

theless, the very small sample size did not allow to perform statistical analysis in order 

to compare groups. Therefore we decided to group all the animals together for the cor-

relation analyses. But we did not observe any trend in the 3 groups of animals, for in-

stance in the form of treated animals forming a separate cluster of points distinct from 

another cluster containing the control animals in some of our regression plots. Never-

theless, the absence of any clear effect of the treatment here does not mean that the dif-

ferent treatments were inefficient. Previous reports already demonstrated the beneficial 

effects of anti-Nogo-A-antibody treatment (Schwab, 2010) in rodents subjected to spinal 

cord injury (Bandtlow et al., 1990; Bareyre et al., 2002; Bregman et al., 1995; Brösamle 

et al., 2000; Buchli et al., 2007; Buchli and Schwab, 2005; Fouad et al., 2001; Liebscher et 

al., 2005; Markus et al., 2005; Merkler et al., 2001; Raineteau et al., 1999; Raineteau et 

al., 2002; Schnell and Schwab, 1990; Schwab, 1996; Schwab, 1998; Schwab, 2002; 

Schwab, 2004; Schwab and Bartholdi, 1996; Thallmair et al., 1998; von Meyenburg et al., 

1998), or to cortical lesion (Buchli and Schwab, 2005; Cheatwood et al., 2008; Emerick et 

al., 2003; Emerick and Kartje, 2004; Gillani et al., 2010; Lindau et al., 2014; Markus et al., 

2005; Papadopoulos et al., 2002; Seymour et al., 2005; Tsai et al., 2011; Tsai et al., 2007; 

Wahl et al., 2014). Then similar beneficial effects were observed in studies extended to 

non-human primates subjected to spinal cord injury (Fouad et al., 2004; Freund et al., 

2006; Freund et al., 2007; Freund et al., 2009) or, more recently, following motor cortex 

lesion (Hamadjida et al., 2012; Wyss et al., 2013) (see Chapter 8 for further detail). In 

parallel, monkeys treated with adult neural progenitor cell therapy showed an improved 

functional recovery as compared to control animals as well (Kaeser et al., 2011). All 

these studies were based on a larger sample of monkeys while we were here limited by 

the very restricted number of animals performing the Brinkman box task. 
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Comparison between contra- and ipsilesional manual dexterity 

Here we demonstrated that the contralateral performance usually decreased with in-

creasing lesion extent. We also suggested that monkeys with a large lesion allotted less 

resource after the lesion than before the lesion to perform not very challenging behav-

iour (visiting vertical wells, neutral wrist position) with their intact hand in favour of 

more challenging motor control (visiting horizontal wells, ulnar wrist deviation) (for 

reminder, see Supplementary Figure 3). This indicates that ipsilesional motor control 

was usually not altered by a large lesion but quite the contrary.  

A study in the laboratory (Kaeser et al., 2010) previously demonstrated a remarkably 

strong significant correlation between the post-lesion performance of the contra- and 

ipsilesional hands in the modified Brinkman board task, here again by grouping to-

gether animals from different treatment groups (control monkeys, anti-Nogo-A treated 

monkeys and monkeys treated with autologous adult neural progenitor cell therapy), 

some of them being involved in our study as well. They focused in particular on the long-

term post-lesion performance (i.e. 100-300 days after the lesion), corresponding usually 

to the post-lesion periods considered in our study as well. The major difference with our 

results in the Brinkman box task lies in that they observed that the better the recovery 

with the contralesional hand, the better the long-term performance with the ipsilesional 

hand as well. Equally interesting, those animals with a good contralesional functional 

recovery showed an enhanced ipsilesional performance as compared to the pre-lesion 

one as well. Conversely, animals exhibiting a bad contralesional recovery also had a de-

crease in performance of the ipsilesional upper limb after the lesion. They interpreted 

this latter result as an increase of activity in the ipsilesional hemisphere (PM, SMA, CMA) 

in animals with bad recovery, which may putatively result in a long-lasting increase in 

callosal inhibition onto the intact hemisphere. Thus, the intact hemisphere being more 

inhibited, then the performance of the ipsilesional forelimb decreases. Moreover, to ex-

plain the increase of ipsilesional performance in animals with good recovery, the au-

thors did not exclude a subcortical mechanism, for instance through the rubro- or reticu-

lospinal pathways that may induce facilitation of the intact hemisphere on the ipsile-

sional hand. 

How can we conciliate both studies, showing inconsistent results regarding the relation-

ship between the contralesional recovery and the ipsilesional performance? The Brink-
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man box task is unquestionably more challenging and more demanding than the modi-

fied Brinkman board task. Even with visual feedback, the presence of the lateral sides of 

the box somewhat limits movements of the upper limb. We suggest therefore that the 

link between recovery levels of both hands depends on the complexity of the task. Simp-

ly put, in case of a very demanding task (e.g. Brinkman box task), the monkeys with a 

large lesion, meaning large contralesional deficits, seem not to be able to allocate re-

sources on both body sides but favour the existing best hand to perform difficult tasks. 

Conversely, animals with a small lesion recover quite well with the contralesional hand 

and do not need to improve their ipsilesional motor control. Then when the task is more 

straightforward (e.g. modified Brinkman board task), monkeys try to improve behaviour 

with both affected and intact upper limbs: the better the recovery with the contralesion-

al hand, the better the performance with the ipsilesional hand as well. In case of a good 

contralesional functional recovery, this can even result in an enhanced ipsilesional per-

formance as compared to the pre-lesion one as well. Conversely, animals with a bad con-

tralesional recovery do not improve their ipsilesional motor control after the lesion.  

 

Effect of a prefrontal cortical biopsy on ipsilesional manual dexterity  

The permanent change in motor habit highlighted here for Mk-AV’s right hand in the 

Brinkman box task with vision is in accordance with the previous study by Kaeser et al. 

(2013) that reported similar alterations in the temporal sequence of pellet picking both 

in the modified Brinkman board task and in the rotating Brinkman board task, in 

two monkeys (MK-AV and Mk-JO). Therefore, our results further confirm that the dlPFC 

is important for the representation of motor habits in motor tasks involving sequential 

manipulations of many objects, and more specifically in a free-will task as well. Namely, 

the role of dlPFC in strategy was originally demonstrated in conditional tasks involving 

visuo-spatial working memory (Constantinidis et al., 2001; Constantinidis and Procyk, 

2004; Curtis and D'Esposito, 2004; D'Esposito et al., 2000; Funahashi et al., 1989; 

Goldman and Rosvold, 1970; Postle et al., 2000; Qi et al., 2010; Tanji and Hoshi, 2008) 

(for an elaborated discussion about the implication of these results, please consult 

directly Kaeser et al., 2013).  

Moreover in Kaeser’s study (2013), the effect of the biopsy was shown to be more prom-

inent in the modified Brinkman board task (the strategy with both hands was affected), 
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involving 50 pellets, than in the rotating Brinkman board task (the strategy in sole coun-

terclockwise rotation was dramatically altered, but motor strategy from both hands was 

still affected), involving only 32 pellets, and these effects were more visible in Mk-AV, 

the monkey with the largest biopsy. Here with the Brinkman box task involving only 20 

pellets, we observed a rather local but still permanent effect, limited to the right, ipsilat-

eral (to the biopsy) hand of Mk-AV. Conversely, we did not observe any change in motor 

strategy in Mk-JO that had a smaller biopsy than Mk-AV. Taken both studies together, 

this suggests that the behavioural impact of the dlPFC biopsy depended on both the ex-

tent of the biopsy and the complexity of the task (here in the form of the number of ob-

jects involved in the task).  

A new finding with our task as compared with Kaeser’s study (2013) is that the biopsy 

impact was not limited to pure motor strategy changes but the motor performance itself 

was affected as well, in the form of a decrease in motor execution speed. This was exem-

plified by a significant increase in the time needed to collect the first 6 pellets after the 

biopsy and this alteration was further maintained and remained unchanged over the en-

tire post-lesion plateau period. Remarkably, this deficit was observed only when the 

task was performed without vision. Nevertheless, we are aware that a more rigorous 

analysis is required to fully conclude on the effects of the dlPFC biopsy on motor per-

formance. For instance, we should investigate the same parameters affected by the biop-

sy in a larger sample of animals. Moreover, we should also include more specifically an-

imals that had a control surgery such as the implantation of a recording chamber (e.g. by 

extending data analysis in Mk-VA and Mk-JA to the time before the implantation of the 

chronic recording chamber), what was rigorously performed in Kaeser’s study. This way 

of processing aimed at distinguishing the effect of the biopsy itself from the side-effects 

induced by the surgery such as the craniotomy, the anaesthesia and the medication that 

went with (Kaeser et al., 2013). As things stand, more analyses on additional monkeys 

are required. But still, given the large inter-individual variability in the way the animals 

react after a surgery according to our experience and as visible in Kaeser’s study (Kaeser 

et al., 2013), an inter-individual comparison may be risky. Conversely, we believe that 

the best control remains the same animal itself by comparing the effect of a surgery 

alone with the effect of the surgery followed by the biopsy. This strategy of intra-

individual comparison was used to address the effect of a craniotomy on EEG signals 

recorded at the scalp in one of our monkey (see Gindrat et al., 2014 in Chapter 1). In a 
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few words, with the available data, we cannot confirm nor invalidate the real effects of 

the dlPFC biopsy on motor performance, but still data may suggest that the biopsy does 

not affect the sole motor strategy but the speed of motor execution may be altered as 

well. Interesting behavioural data from four other monkeys subjected to a similar dlPFC 

biopsy in our laboratory may be available in the next future. 

 

Post-lesion deficits 

The severe post-lesion deficits in contralesional manual dexterity described here are in 

accordance with previous reports of motor cortex lesions of the hand representation in 

non-human primates performed in our laboratory (Hoogewoud et al., 2013; Kaeser et al., 

2011; Liu and Rouiller, 1999; Rouiller et al., 1998; Wyss et al., 2013), and in other groups 

(Darling et al., 2014; Frost et al., 2003; Glees and Cole, 1950; Nudo and Milliken, 1996; 

Pizzimenti et al., 2007; Plautz et al., 2003). The only exception is the somatosensory-

related deficits, previously reported only by Nudo and collaborators (Darling et al., 

2014; Friel et al., 2005; Nudo et al., 2000). Following an initial complete loss of fine fin-

ger movements, some gradual but incomplete functional recovery was observed, reflect-

ing a general trend towards lower contralesional manual skills as compared to the ipsi-

lesional hand.  

The large inter-individual variability in the different behavioural parameters affected at 

distinct degrees by the lesion, in particular in the task without visual feedback, may 

probably result from the variable extent and location of the cortical lesion across mon-

keys. This variability may also reflect a wide range of restitution and/or substitution 

strategies underlying the functional recovery. Moreover, we should not forget that the 

age, sex and simply motivation to perform the task could impact on the performance as 

well.  

The neural mechanisms underlying this functional recovery are still not fully known but 

the recruitment of adjacent and remote areas (such as PM or SMA) in the same hemi-

sphere or in the intact hemisphere highly depends on the extent of the lesion (Dancause 

et al., 2005; Dancause, 2006; Dancause and Nudo, 2011; Eisner-Janowicz et al., 2008; 

Frost et al., 2003; Liu and Rouiller, 1999; McNeal et al., 2010; Murata et al., 2015; Nudo, 

1999; Nudo, 2006a; Nudo, 2006b; Nudo, 2007; Nudo, 2013; Nudo, 2006c; Rouiller et al., 
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1998; Rouiller and Olivier, 2004). For greater detail and some hypotheses, please con-

sult Chapter 2 and Chapter 3.  

 

Further remarks 

We should keep in mind that our study presents some limitations: first, this study is 

based on 7 animals only from 3 different treatment groups. Obviously we would need to 

extend the sample of monkeys to better evaluate the effects of the treatment on manual 

dexterity assessed here with the Brinkman box task after a lesion of the M1 hand repre-

sentation. Second, there were some inter-individual variations in the protocol, e.g. the 

time extent of the post-lesion period and differences in lesions (size, location). Neverthe-

less, such confounding factors correspond to the actual situation in clinics and therefore 

should not be considered as a true drawback in our data if we are interested to put them 

back into a clinical context.  

The present data, especially the very specific errors and impairments highlighted in the 

task without visual feedback, strongly suggest that tactile perception may be altered af-

ter a motor cortical lesion. Therefore, we could refine the general battery of behavioural 

tasks currently used in our laboratory by adding, for instance, tests of tactile percep-

tions, both active and passive.  

 

Conclusion 

Here we confirmed at the behavioural level the results obtained in the previous chapters 

by using EEG (Chapters 2 and 3). The present data strongly suggest, first, that an M1 

lesion may result in a somatosensory deficit or a disruption of M1-S1 connections in ad-

dition to pure motor impairments. Therefore, deficits in fine motor control after M1 le-

sions may be actually partly attributed to an impaired somatosensory processing within 

M1 itself and/or decreased inputs from S1 or from the thalamus to M1. Second, these 

somatosensory-related impairments can be highlighted by using specific tasks. In the 

present case, the Brinkman box task was shown to be very sensitive and relevant to 

quantify the exploratory ability and tactile sense in a lesional context. It enabled to de-

tect subtle impairments and highlighted the importance of somatosensory feedback, es-
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pecially in the task performed without visual control. In conclusion, we advise to com-

bine behavioural tasks with and without visual feedback to exhaustively document the 

effects of a motor cortex lesion and thus to avoid underestimating them. 
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Supplementary Data 

Supplementary Figure 1 (next 35 pages): Collections of graphs illustrating the time course of all the 

parameters considered in the present analysis (see Figure 5) for each monkey (A to G), each hand, 

in the task without vision and in the task with vision. Graphs are arranged in such a way that one 

line represents the same parameter in the four conditions for a given animal. The x-axis represents 

the time in days from the lesion: each point or series of vertically aligned points corresponds to 

one behavioural session. Thick vertical black line: day at lesion; dashed vertical red line: time at 

dlPFC biopsy (Mk-AV, Mk-JO); dashed vertical black line: time at cell/sham reimplantation (Mk-AV, 

Mk-JA, Mk-JO); dotted vertical blue line: previous lesions (Mk-RO). The key regarding each graph is 

shown on the right. For parameters expressed in s, the scale has been voluntarily fixed to be the 

same in the four conditions in a given monkey. Pre- and post-lesion (and post-biopsy, when 

applicable) plateaux were computed and are indicated in the same colour as the corresponding 

data (see the section Data analysis for further detail). When data were partly or completely 

missing, primarily after the lesion, a red star was indicated at the highest value for the 

corresponding date. Note that the drop in performance observed in Mk-GE from day -134 with the 

ipsilesional left hand is due to an accidental finger amputation, resulting in a transient alteration of 

manual dexterity.  

 

(A) Mk-AV (p. 504 to 508): sham cell therapy 

(B) Mk-DI (p. 509 to 513): no treatment 

(C) Mk-GE (p. 514 to 518): no treatment 

(D) Mk-JA (p. 519 to 523): cell therapy 

(E) Mk-JO (p. 524 to 528): cell therapy 

(F) Mk-RO (p. 529 to 533): no treatment 

(G) Mk-VA (p. 534 to 538): anti-Nogo-A antibody 
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Supplementary Figure 2 (next 7 pages): Colour-coded sequences of pellet picking for each monkey 

(A to G), each hand, in the task without vision and in the task with vision. The x-axis represents the 

time in sessions: each column corresponds to one behavioural session and each collected pellet is a 

circle whose colour indicates its position in the temporal sequence of picking. The first collected 

pellets are the bluemost and the last collected pellets are the redmost. The temporal sequence of 

pellet picking was analysed according to a left-right gradient (left column) and an up-down 

gradient (right column), expressed on the y-axis. Thick vertical black line: day at lesion; dashed 

vertical red line: time at dlPFC biopsy (Mk-AV, Mk-JO); dashed vertical black line: time at cell/sham 

reimplantation (Mk-AV, Mk-JA, Mk-JO); dotted vertical blue line: previous lesions (Mk-RO).  

 

(A) Mk-AV (p. 540): sham cell therapy 

(B) Mk-DI (p. 541): no treatment 

(C) Mk-GE (p. 542): no treatment 

(D) Mk-JA (p. 543): cell therapy 

(E) Mk-JO (p. 544): cell therapy 

(F) Mk-RO (p. 545): no treatment 

(G) Mk-VA (p. 546): anti-Nogo-A antibody 
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  Mk-GE: right hand, without vision, Up-down

pre-lesion sessions                                            post-lesion sessions
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  Mk-JA: right hand, without vision, Left-right

pre-lesion sessions                                            post-lesion sessions
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  Mk-JO: right hand, without vision, Up-down

pre-lesion sessions                                            post-lesion sessions

 u
p 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 d
ow

n 

Mk-JO: right hand, without vision, Left-right

pre-lesion sessions                                            post-lesion sessions

 le
ft 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 ri
gh

t 

Mk-JO: right hand, with vision, Left-right

pre-lesion sessions                                            post-lesion sessions

 le
ft 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 ri
gh

t 

Mk-JO: right hand, with vision, Up-down

pre-lesion sessions                                            post-lesion sessions

 u
p 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 d
ow

n 

Mk-JO: left hand, without vision, Left-right

pre-lesion sessions                                            post-lesion sessions

 le
ft 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 ri
gh

t 

Mk-JO: left hand, without vision, Up-down

pre-lesion sessions                                            post-lesion sessions

 u
p 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 d
ow

n 

Mk-JO: left hand, with vision, Left-right

pre-lesion sessions                                            post-lesion sessions

 le
ft 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 ri
gh

t 

Mk-JO: left hand, with vision, Up-down

pre-lesion sessions                                            post-lesion sessions

 u
p 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 d
ow

n 

E 

picking sequence 



Chapter 5  Anne-Dominique Gindrat 

545 
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Impact of the lesion on ipsilesional manual dexterity  

Already a quick inspection of the graphs of the individual behavioural parameters in 

each monkey (Supplementary Figures 1 and 2) shows that the effects of the lesion on 

the ipsilesional, left hand in both conditions were usually much less prominent and only 

transient as compared to the contralesional hand. Nevertheless, there are many reports 

that a brain lesion may influence the motor control of the ipsilesional body side as well, 

inducing either an improvement (Kaeser et al., 2010; Luke et al., 2004; Nakayma et al., 

1994; Olsen, 1989; Pohl and Winstein, 1999) or an impairment of motor function 

(Bashir et al., 2012; Desrosiers et al., 1996; Hermsdörfer et al., 1999a; Hermsdörfer et 

al., 1999b; Higgins et al., 2005; Pandian and Arya, 2013; Pizzimenti et al., 2007; Vaughan 

and Costa, 1962).  

Based on these observations, we computed correlations between the volume of the le-

sion and the post-lesion recovery assessed with the different parameters for the ipsile-

sional, left hand, similarly to what we did for the contralesional, right hand. As expected, 

the impact of the cortical lesion was much less obvious on the ipsilesional manual dex-

terity than on the contralesional one.  

When the task was performed without vision, the only very clear correlations that 

emerged from the data were linked to the orientation of visited wells. Essentially, we 

observed that animals with a large lesion visited less often vertical wells (R =-0.91, p 

=0.005) (Supplementary Figure 3A) in favour of horizontal wells (R =0.91, p =0.004) 

(Supplementary Figure 3B) with their ipsilesional hand after the lesion. Conversely, 

the less extended the lesion was, the more often the animals visited the vertical wells to 

the detriment of the horizontal ones. Another interesting negative correlation was ob-

served between the volume of the lesion and the post-lesion/pre-lesion occurrence of 

the neutral position of the wrist (R =-0.8, p =0.032) (Supplementary Figure 3C): the less 

extended the lesion was, the more often the monkeys relied on their ipsilesional wrist in 

neutral position after the lesion as compared to before the lesion. Conversely, the two 

monkeys with the largest lesions favoured less often the use of the wrist in neutral posi-

tion after the lesion. 

In the task with vision, a single correlation appeared, namely between the volume of the 

lesion and the post-lesion/pre-lesion performance of the index finger to detect the wells 

during exploration. Briefly, the larger the lesion, the more often the animals interacted 
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with their ipsilesional index finger to detect the wells after the lesion as compared to be-

fore the lesion (R =0.88, p =0.01). Conversely, monkeys with a small lesion relied less on 

their left index finger to detect the wells after the lesion (Supplementary Figure 3D). 

Simply put, we suggest that monkeys with a large lesion allotted less resource after the 

lesion than before the lesion to perform not very challenging behaviours (visiting verti-

cal wells, neutral wrist position) with their intact hand in favour of more challenging 

motor control (visiting horizontal wells, ulnar wrist deviation although this latter corre-

lation was not significant (R =0.71, p =0.076)). Conversely, animals with a small lesion 

used more often after the lesion than before the lesion their intact hand to perform ef-

fortless behaviours. Nevertheless, the effects of the lesion on ipsilesional behaviour were 

much less prominent than those observed on the contralesional hand.  

Supplementary Figure 3: Impact of the cortical lesion on the fine manual dexterity of the 

ipsilesional, left hand in the Brinkman box task without vision (A-C) and with vision (D) in all 

animals, in the form of linear regressions between the volume of the lesion (mm3) and the post-

lesion/pre-lesion (A) ability to visit vertical wells, (B) ability to visit horizontal wells, (C) occurrence 

of neutral deviations of the wrist, (D) ability to use the index finger to detect the wells. Same 

conventions as in Figure 7.  
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Summary

Cortical activity allotted to the tactile receptors on fingertips
conforms to skilful use of the hand [1–3]. For instance, in

string instrument players, the somatosensory cortical activ-
ity in response to touch on the little fingertip is larger than

that in control subjects [1]. Such plasticity of the fingertip
sensory representation is not limited to extraordinary skills

and occurs in monkeys trained to repetitively grasp and
release a handle as well [4]. Touchscreen phones also

require repetitive finger movements, but whether and how
the cortex conforms to this is unknown. By using electroen-

cephalography (EEG), wemeasured the cortical potentials in
response tomechanical touch on the thumb, index, andmid-

dle fingertips of touchscreen phone users and nonusers

(owning only old-technology mobile phones). Although the
thumb interacted predominantly with the screen, the poten-

tials associated with the three fingertips were enhanced in
touchscreen users compared to nonusers. Within the

touchscreen users, the cortical potentials from the thumb
and index fingertips were directly proportional to the inten-

sity of use quantified with built-in battery logs. Remarkably,
the thumb tip was sensitive to the day-to-day fluctuations in

phone use: the shorter the time elapsed from an episode of
intense phone use, the larger the cortical potential associ-

ated with it. Our results suggest that repetitive movements
on the smooth touchscreen reshaped sensory processing

from the hand and that the thumb representation was up-
dated daily depending on its use. We propose that cortical

sensory processing in the contemporary brain is continu-
ously shaped by the use of personal digital technology.

Results

Cortical Fingertip Representations in Touchscreen Phone

Users Differ from Those Found in Nonusers
We analyzed 37 right-handed volunteers, 26 of whom used
touchscreen phones and 11 of whom used old-technology
mobile phones. Questionnaires provided few key insights
into how the more modern phones were used. First,
touchscreen users primarily used their right thumb on the

screen as opposed to other fingers (Figure 1A), and none of
them used a stylus. The thumb preference was expected given
that hand-held phones were designed as such [5]. Second, in
agreement with a US national survey on smartphone use,
80% of the touchscreen users in our study mainly used their
phone for receiving and sending text messages or e-mails,
as opposed to passively listening to music, watching videos,
or making calls [6]. Finally, according to the self-reports,
touchscreen users spent noticeably more time with their
phones than did the nonusers (Figure 1B).
We investigated whether the somatosensory cortical electri-

cal activity evoked from the fingertips differed between
touchscreen phone users and nonusers. Sixty-two surface
electrodes distributed over the entire scalp were used to
detect cortical potentials evoked by touch on the thumb, in-
dex, and middle fingertips of the right hand. Each tactile stim-
ulus consisted of a light mechanical contact that lasted for
2 ms, and event-related potentials (ERPs) were based on
1,250 stimulations on each fingertip. For all three fingertips
tested both in touchscreen users and nonusers, the touch re-
sulted in a dipole field around the contralateral (to stimulation)
somatosensory cortex with signal onset at 32 ms and peak at
55 ms (on grand mean traces). The positive ERPs were de-
tected in the contralateral parietal electrodes, and the negative
signals were detected more medially in the contra- and ipsilat-
eral frontal electrodes (Figures 1C–1H). Based on the latency
and signal topology, we could assert that these signals origi-
nated from the primary somatosensory cortex [7–9]. We
analyzed the signal differences between the touchscreen
users and nonusers across all time points (50 ms prestimula-
tion to 120ms poststimulation) and for each electrode by using
two-sample t tests corrected for multiple comparisons using
2D spatiotemporal clustering [10]. Interestingly, for all of the
tested fingertips, the amplitude of the positive ERP was larger
in touchscreen users compared to nonusers (Figures 1C–1H).
Temporally, the positive signals differed between 39 and 68ms
for the thumbtip, between 38 and 60 ms for the index fingertip,
and between 48 and 66ms for the middle fingertip (Figures 1C,
1E, and 1G). Spatially, the statistical maps revealed that the
differences were clustered on the contralateral parietal scalp
for all the three fingertips (Figures 1D, 1F, and 1H). However,
the spatial extent of these differences was the smallest for
the middle finger (Figure 1H).
In short, touchscreen users relied mostly on their thumb to

interact with the screen, but the cortical potentials associated
with the first three fingertips were enhanced in comparison to
nonusers. However, the spatiotemporal impact of phone use
was the least prominent for the middle fingertip.

The Amount of Touchscreen Phone Use Influences

Cortical Activity
The increased cortical activity in touchscreen users compared
to nonusers could be due to a more intense usage of the hand,
in the sense that the former group used the right thumb more
than the latter group did. Alternatively, it could be due to
the development of touchscreen-specific motor routines or
‘‘skills’’ as the movements associated with push buttons (in
nonusers, who used only old-technology mobile phones)
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versus taps or swipes on a smooth screen (in touchscreen
phone users) were distinct.

To evaluate whether the cortical alterations scaled corre-
sponding to touchscreen use, we identified three different
attributes related to phone use: first, the self-reported age
at which volunteers started using their touchscreen phone
(‘‘age of inception,’’ Figure 2A). This attribute was inspired by
previous reports on elite musicians and athletes in which the
somatosensory representation of the corresponding body
part was linked to the age at which practice began [1, 11].
Second, we quantified the history of phone use over a 10-day
period by using built-in battery logs. Essentially, as the battery
was drained with each phone use, the logs provided a proxy
measure of finger-touchscreen interactions with a 10min reso-
lution, and the datawere smoothed using a 50minmovingwin-
dow [12]. The area under this curve was divided by the length
of the recordingperiod toderive the ‘‘phoneuseper hour’’’ (Fig-
ure 2B). Third, using the same smoothed battery signals, we

Figure 1. Tactile Event-Related Potentials in

Touchscreen Phone Users and Nonusers

(A) Our study sample consisted of touchscreen

phone users (red) and users of old-technology

phones without touchscreens (blue), and most

of the touchscreen users relied on their right

thumb to interact with the screen (dark red).

(B) Box plot showing self-reported time spent

using their mobile phone by touchscreen phone

users and nonusers. Plot description: box, 25th

and 75th percentile; whiskers, 10th and 90th

percentile. Outliers are represented by black

dots. *p < 0.05, Wilcoxon rank-sum test.

(C) Group means of the ERPs 6 SEM (lighter

shade) from the electrode with maximal positivity

(red dot) in response to the right thumb tip stim-

ulation in touchscreen users and nonusers. The

gray area depicts significant differences between

both groups—p < 0.05 and T > 1. The small arrow

above the traces points at the stimulation onset

(i.e., 0 ms).

(D) The corresponding scalp maps of the ERPs at

55 ms comparing the touchscreen users and

nonusers. The multiple comparison corrected T

value map revealed the electrodes with signifi-

cant differences at 55 ms.

(E and F) Same as (C) and (D) but for right index

fingertip.

(G and H) Same as (C) and (D) but for right middle

fingertip.

estimated the time elapsed from a
period of intense use—defined as the
peak of battery drain—to the time of
electroencephalogram (EEG) measure-
ment (‘‘duration from peak,’’ Figure 2C;
see also FigureS1 for scatter-plotmatrix
using the three variables). Based on
preliminary simple linear regression be-
tween this measure and brain activity,
we used the natural log of hours elapsed
from the peak. Multiple regression anal-
ysis was conducted using these three
phone use variables (Z0 normalized) for
all time points (50 ms prestimulation
to 120 ms poststimulation) and across
all electrodes, resulting in event-related
coefficients (ERCs) for each variable

[10]. The regression statistics were corrected for multiple
comparisons using 2D spatiotemporal clustering.
For the thumb tip, at the electrodewith maximummean pos-

itive ERP (grand mean of touchscreen user group), the corre-
sponding ‘‘phone use per hour’’ ERC was also positive, and
this linear relationship was significant between 33 and 44 ms
and 53 and 61 ms (Figure 2D). Essentially, the higher the
amount of phone use in the preceding 10 days, the larger the
signal at the rising edge, peak, and falling edge of the positive
ERP. At the electrode with the maximum mean negative ERP
amplitude, the ‘‘duration from peak’’ ERC was significantly
positive between 56 and 68 ms (Figure 2E). In other words,
the longer the time elapsed from a period of intense use, the
lesser the signal at the falling edge of the negative ERP. Scalp
maps of the ERCs and the corresponding statistics captured
the widespread impact of phone use (Figures 2F–2I). Overall,
according to the R2 value of the linear model, up to 60%
of the interindividual variation in cortical activity could be
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explained by the chosen variables (Figure 2F). Focusing on
individual ERC scalp maps, for the ‘‘phone use per hour,’’ the
electrodes that detected positive ERP showed positive
ERCs, and the negative ERP electrodes showed negative
ERCs (Figure 2H). The pattern was distinct for ‘‘duration from
peak’’—here, only the negative ERP electrodes were related
to the variable and the relationship was reversed, i.e., the
negative ERP electrodes showed positive ERCs (Figure 2I).
Although the spatiotemporal pattern of ‘‘age of inception’’
ERCs appeared to be converse to the ‘‘phone use per hour’’
ERCs, no significant relationship was found between this var-
iable and brain activity (Figure 2G).

For the index fingertip, the linear relationships at the
maximum positive and negative ERP electrodes were more
restricted than for the thumb tip (Figures 3A and 3B). Essen-
tially, a significant relationship was found between the ‘‘phone
use per hour’’ variable and ERP, but only for themaximumpos-
itive electrode between 32 and 43ms. Simply put, themore the

Figure 2. Interindividual Variations in Thumb

ERPs Were Related to Touchscreen Phone

Battery Logs

(A–C) To investigate how touchscreen use

shaped cortical sensory processing, we identi-

fied three independent variables for multiregres-

sion analysis. We determined from the self-

reports the age at which volunteers began using

touchscreen phones (‘‘age of inception,’’ A).

From the battery logs, we extracted the area un-

der the curve to determine how much the phone

was used in a 10-day period (‘‘phone use per

hour,’’ B) and the ‘‘duration from peak’’ of use to

EEG measurement expressed as natural log of

hours (C). All the variables were Z0 normalized.

(D and E) The regression analysis of the right

thumb tip ERPs resulted in a time series of b

values or event-related coefficients (ERCs), and

the b values at the positive peak ERP electrode

(red dot; D) and the negative peak ERP electrode

(red dot; E) are shown. Twenty-four individual

positive and negative ERP traces are plotted

with thin gray lines, and thick black lines depict

the corresponding means. The areas in the

dotted line boxes depict significant b values

and are color coded according to the variable.

The small arrow above the traces points at the

stimulation onset (i.e., 0 ms).

(F) Scalp maps of the mean ERPs and the corre-

sponding goodness-of-fit estimate of the full

regression model (R2) at three consecutive time

points poststimulation.

(G–I) Scalp maps of the estimated b values and

the corresponding F statistics for the three vari-

ables. Note that both ‘‘phone use per hour’’ and

‘‘duration from peak’’ variables were significantly

related to the ERPs across several electrodes.

See also Figures S1 and S2.

phone was used over the 10 days pre-
ceding the EEG recording, the larger
the signal on the rising edge of the pos-
itive ERP. According to the scalp maps,
the positive ERP electrodes showed
positive ERCs (Figure 3E). The rest of
the variables did not show any signifi-
cant relationship to brain activity (Fig-
ures 3D and 3F). Nevertheless, up to
54% of the variations were explained

by the linearmodel (Figure 3C). For themiddle fingertip, no sig-
nificant ERCs were found, although the linear model explained
up to 55% of the variation (see Figure S2).
In sum, the cortical potentials associated with the thumb

and index fingertips reflected the touchscreen phone use his-
tory recorded by using the 10-day battery logs. The cortical
activity evoked by touch to the thumb tip was directly propor-
tional to the amount of phone use over the past 10 days and
inversely proportional to the time elapsed from a period of
intense use. The potential evoked by touch to the index
fingertip was also related to the amount of use, albeit to a
lesser extent and not related to the latter variable.

Interfingertip Inhibitory Interactions Are Not Eroded by the

Touchscreen Phone Use
When neighboring fingertips are simultaneously stimulated,
the magnitude of the ERP is smaller than the arithmetic sum
of signals from the corresponding individual stimulations

Cortical Plasticity with Touchscreen Phone Use
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[13, 14]. This difference is theoretically explained by cortical
lateral inhibitory interactions between the neighboring fingers.
The increased cortical activity associated with individual fin-
gertips in touchscreen users may have come at the cost of
such inhibitory interactions. Essentially, unmasking the inhibi-
tion between the neighboring fingertips may have contributed
to the larger potentials in touchscreen users [4, 15]. To address
this issue, we measured the difference between the predicted
and real ERPs in response to simultaneous stimulation of the
thumb and index fingertips (Figure 4A). Touchscreen users
were compared to nonusers using two-sample t tests across
all electrodes and time points (50 ms prestimulation to
120 ms poststimulation) and were corrected for multiple com-
parisons using 2D spatiotemporal clustering. Interestingly,
the proxy measure of inhibition was significantly enhanced
in touchscreen users compared to the nonusers between 40
and 57 ms (Figures 4B and 4C).

Therefore, the increased cortical signals in touchscreen
phone users were not associated with a loss of intracortical
inhibitory activity.

Discussion

Plasticity of cortical tactile processing has been of intense
interest, but how it is applied through our daily lives remains

Figure 3. The ‘‘Phone Use per Hour’’ Variable

Was Related to the Index Finger ERPs

The same variables as illustrated in Figure 2 for

the thumb ERPs were used for regression anal-

ysis to model the index finger ERPs.

(A) At the positive peak ERP electrode, the area in

the dotted line box depicts the significant b

values or ERCs (‘‘phone use per hour’’).

(B) No significant relations were found at the

negative peak ERP electrode.

(C) Scalp map of the mean ERPs and the corre-

sponding goodness-of-fit estimate of the full

regression model (R2).

(D–F) Scalp maps of individual b values and the

corresponding F statistics. Note that only ‘‘phone

use per hour’’ was significantly linked to the index

finger ERPs.

The same conventions are used as in Figure 2.

See also Figures S1 and S2.

poorly understood. Here, we found
that the common use of touchscreen
phones was associated with cortical
reorganization. Touchscreen users
showed larger amplitude of cortical po-
tentials in response to tactile stimula-
tion of the fingertips compared to
nonusers. Furthermore, the amplitude
was directly proportional to the
recent phone use history quantified
using battery logs built into the
touchscreen phones. Intriguingly, tran-
sient cortical plasticity was induced
within the monitoring period such
that the thumb cortical potential was
larger when volunteers’ brain activity
was measured soon after an episode
of intense phone use than when
measured later.

The scalp recordings revealed positive and negative fields in
response to fingertip stimulations, and yet the effects of
touchscreen use were not always symmetric on either side of
the putative dipole projection. First, for all fingertips, the
positive ERP, but not the negative ERP, was significantly
enhanced in touchscreen users compared to nonusers. Sec-
ond, only the negative thumb tip ERP, not the positive one,
was linked to the duration from the peak of use. It is important
to note that the signal magnitudes were also asymmetric, i.e.,
the magnitude of the negative potential was 60% of the posi-
tive signal. Three factors were previously raised to explain
this positive-negative magnitude asymmetry [16]. First, the
volume conduction of the currents may be asymmetrically
distorted due to the variations in the skull and head tissue.
Nevertheless, this can be eliminated as an explanation of the
touchscreen use-associated asymmetry, as these physical
factors were unlikely to be systematically modified by phone
use. Similarly, the curvature of the cortical surface could be
eliminated as an explanation. The final and themost promising
candidate is linked to the notion that EEG signals reflect a
‘‘spatial average’’ of several current dipoles [17, 18]. In theory,
the scalp signals reflect a combination of tangential and radial
dipoles. The former ones generate both positive and negative
fields on the scalp, and the latter ones introduce a positive or
negative component depending on their orientation. Indeed,
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according to a combined EEG and magnetoencephalography
(MEG) study, the primary somatosensory cortex (area 3b)
generates both tangential and radial dipoles in response to
electrical stimulation of the fingers [19]. Speculatively, the
asymmetries described in our study may reflect touchscreen
use-dependent alterations of the tangential as opposed to
the radial sources. However, the exact neuronal origin of
such a tangential source remains beyond the scope of our
speculations, and isolating it would require a more improved
theoretical understanding of how individual neurons in the so-
matosensory cortex contribute to the EEG signal at the scalp.

At first glance, the increased cortical activity in touchscreen
phone users compared to nonusers appears to be similar to
what occurs in string instrument players [1]. But a more
detailed examination reveals two notable differences. First,
the age at which musical practice began was strongly and lin-
early related to the cortical activity evoked from the little finger.
However, this link between the age of inception and the
cortical activity was not significant for touchscreen users.
Furthermore, a daily diary of musical practice was maintained
for a week, analogous to the 10-day battery logs used here.
Whereas the musicians did not show any linear relationship
to the recent activity, the touchscreen users did. Perhaps mu-
sicians enjoyed a more stable sensory representation than
touchscreen users, shaped by disciplined practice through
the early years. Notably, the minimum age of inception for
musical practice was 5 years old, whereas for the touchscreen
use it was 15 years old.

Based on the 10-day battery log versus brain activity corre-
lations alone, it was not clear whether cortical processing was
shaped by phone use over the past 10 days. Essentially, did
the 10-day log reflect use over the past 10 days only, or was
this log representative of use over a much longer period?
For instance, the phone use levels may have remained stable
over months and gradually shaped the cortical processing,
but due to the stable usage the cortical signals may have still
correlated well with the recent log. Based on previous studies,
it appears that touchscreen use is at best ‘‘partially stable’’ [20,
21]. Among university students (studied here), several factors
and their interactionsmay have contributed to unstable usage:
as touchscreen phones are used toward educational activities,

Figure 4. Sensory Integration from Thumb and

Index Fingertips in Touchscreen Users and

Nonusers

(A) An example measure from one volunteer

depicting ‘‘inhibitory’’ interactions between the

thumb and index fingertips. Note that the pre-

dicted (linear sum) signal magnitude (in gray) is

larger than the real response evoked by simulta-

neous stimulations (in black).

(B) The difference between the predicted and

real response magnitudes was enhanced in

touchscreen phone users compared to nonusers.

(C) Scalp maps of voltage differences between

the predicted and real response magnitudes in

both groups and the corresponding T value map.

usage may have increased when ap-
proaching semester deadlines [21].
Intuitively, the usage levels varied with
semester breaks as well. Intriguingly,
moving from high school (where phones
were generally disallowed) to university
was also expected to alter how phones

were used. Therefore, the 10-day log may have reflected
past use on the scale of a few weeks but not years. Neverthe-
less, within the 10-day period of our study, phone use was
uneven in each individual. Interestingly, cortical activity was
significantly related to the day-to-day fluctuations, and this
strongly suggested that the cortex was reshaped within this
10-day period. Essentially, volunteers who peaked their use
a few days prior to the brain measurement had a larger thumb
cortical potential than volunteers who had a longer gap be-
tween the peak of use and the brain measurement. Interest-
ingly, previous laboratory experiments showed that 30 min of
repeating simple taps with the thumb transiently reinforced
motor cortical outputs [22]. Taken together, we speculate
that both somatosensory and motor cortices conform to tem-
porary increases in motor behavior by temporary reallocation
of neuronal resources.
Although the rapidly transient cortical alterations were

limited to the thumb, the cortical potentials from all the
first three fingertips were enhanced in touchscreen users
compared to nonusers. This suggests that the longer-term
cortical alterations were not restricted to the skin surface
most frequently used on the touchscreen (i.e., thumb
fingertip). Kinematically, the index and middle fingers were
involved in gripping and stabilizing the phone as the thumb
hovered to touch the screen (data not shown) [23]. Therefore,
the tactile receptors of the index and middle fingers tips were
also activated during the phone use. Additionally, a less intui-
tive source of activations during phone use may have come
from the tactile receptors on the hand, which are activated
during grasping actions even without direct contact [24, 25].
Therefore, repetitive contact-based and contact-free coacti-
vations of several receptors across the hand surface may
have driven ‘‘hebbian-like’’ plasticity to increase the cortical
potentials associated with all the fingertips [4, 26, 27]. How-
ever, this form of widespread plasticity was not triggered by
the very short-term fluctuations in use, restricting the rapidly
transient cortical alterations to the thumb tip only.
The mechanisms underlying cortical reorganization in

touchscreen users remain unclear. The potential explanations
are as follows: first, use-dependent increase in cortical
activity has been previously associated with a recession of
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intracortical inhibition [15, 28], but this was not found here with
simultaneous stimulation of thumb and index fingertips. Still,
as only the fingertips were tested, this mechanism cannot be
entirely ruled out by our data. Second, touchscreen phone
use may have strengthened the synapses in the somatosen-
sory cortex, resulting in larger cortical potentials. This idea is
supported by experiments involving brief periods of low-inten-
sity direct-current stimulation of the cerebral cortex—which
strengthens cortical synapses and increases the amplitude
of somatosensory cortical potentials [29–32]. Third, the
cortical alterations may be accompanied with subcortical
alterations in touchscreen users. After amputation or spinal
cord injury, nonhuman primates showed profound cortical
changes, which were partly explained by the plasticity of the
brainstem and thalamic circuits [33, 34]. Finally, we cannot
entirely rule out peripheral modifications such as a decrease
in threshold of the mechanical receptors driven by phone
use, but such a use-dependent alteration of peripheral struc-
tures remains unreported in the neuroscientific literature.
Furthermore, extensive research on experienced blind Braille
readers provides strong evidence for central, but not periph-
eral, changes in people subjected to repeated tactile contacts
with a fingertip [35, 36]. Nevertheless, according to dermato-
logical research, ‘‘friction-induced dermatoses’’ may be
observed in computer and mouse users, but only in case of
severe usage (4–10 hr of daily use for 5–10 years), putatively
resulting in the reduction of tactile inputs due to a build-up
of extra layer of tissue over the damaged skin [37, 38]. Still,
we cautiously speculate that a combination of central
changes, rather than changes in the periphery, is more likely
to be the underlying cause of the altered cortical potentials
linked to touchscreen use.

In conclusion, touchscreen phone use reorganized the rep-
resentation of the fingertips in the somatosensory cortex.
The focus on regular touchscreen phone users complements
the series of investigations already performed in elite athletes
andmusicians. Essentially, our study provided direct empirical
insights into the operation of brain plasticity through our
regular day-to-day activities, and this would not have been
possible by studying expert groups or highly trained monkeys
in a laboratory. Moreover, we unlocked a new method to non-
intrusively quantify daily hand use by using battery logs, and
this could be used to calibrate somatosensory potentials in
basic and clinical neurophysiology. The consequences of the
observed alterations may have been adaptive in the sense
that they contributed to the development of useful associa-
tions between touch and phone activities. However, it is as
likely that the plasticity wasmaladaptive. For instance, cortical
plasticity in string instrument players is associated with dysto-
nia [15, 39]. Furthermore, plasticity of the somatosensory cor-
tex is associated with the development of chronic pain [40].
Worryingly, there is some evidence linking excessive phone
use with motor dysfunctions and pain [41, 42]. More research
is still needed to unravel the consequences of the altered sen-
sory processing linked to the use of touchscreen devices.

Experimental Procedures

Volunteers

This study was conducted on 38 healthy right-handed mobile phone users

between 19 and 34 years old (median: 22.9; 18 males and 20 females).

Among them, 27 were touchscreen smartphone users (median: 22.9; 12

males and 15 females) and 11 were old-technology mobile phone users

(median: 23.2; six males and five females). The volunteers, all university stu-

dents, were recruited via mass e-mails and lecture hall announcements. By

using self-reports, we eliminated hand injuries, history of neurological disor-

ders, andmedications thatmight have affected the nervous system.We also

confirmed the volunteers’ handedness using a questionnaire [43]. All volun-

teers were compensated for their participation with gift cards or course

credits. One person (female touchscreen phone user) chose to drop out of

the study by missing the brain measurement and was eliminated from all

analyses. In this study, we considered a smartphone, as opposed to an

old-technology mobile phone, to be any mobile phone with a fast processor

and full front panel touchscreen, such as iPhone and Samsung Galaxy.

Informed consent was obtained from all participants, and the Canton of

Vaud approved the experimental procedures in accordance with the Swiss

federal law on human experimentation.

Mobile Phone Use Survey and Battery Logs

All volunteers were probed on mobile phone use behavior via a question-

naire. This was used to extract the number of years the volunteers owned

a touchscreen smartphone (i.e., leading to the age of inception) and/or an

old-technology phone, to document the mobile phone model, to list any

other personal digital technology owned, to estimate the time spent on

the phone, and to specify the mode of interaction (stylus, voice, or touch).

The questionnaire also included a list of 18 hand/finger postures on a

touchscreen smartphone, and touchscreen phone users were instructed

to rank them from the most-favored to the least-favored posture. Similarly,

mobile phone activities were also ranked from a list of 11 actions that

included text messaging and phone calls. Furthermore, the typing actions

and grip style of all volunteers were also documentedwith a 480 fps camera.

We focused on battery logs from touchscreen phones to quantify use in a

nonintrusivemannerprior to thebrain activitymeasurementsover aperiodof

10 days. In one user, the data were available for 30 days due to rescheduling

of a missed brain measurement session. However, such quantifications

could not be performed with the old-technology (nontouchscreen) phones

due to the lack of easy access to the battery sensors. All the touchscreen

phones included in this study used similar batteries, with manufacturer’s

specifications on the battery life ranging from 6–8 hr of talk time on 3G, 10–

14 hr of talk time on 2G, 4–7 hr of web use over 3G, and 7–10 hr of web use

over Wi-Fi. The percentage of battery power was registered every 10 min

when the phone was in use with the DataWiz app (Princeton EDGE Lab).

The change in state of the battery over timewas quantified using differences

between consecutive samples (MATLAB R2011b). The negative differential

indicated battery drain, and the positive differential indicated gain such as

in charging of the phone. Because we were only interested in phone use,

all positive values were set to 0, and remaining absolute values were used

for further analysis. The datawere smoothed using a 50minmovingwindow.

The area under the differentials divided by the entire recording period (in hr)

and the natural log of the time interval from the differential peak (from the

entire recording period) to the time of brain measurement were extracted

usingMATLAB. The appmalfunctioned in two volunteers due to users’ error

and the corresponding data were eliminated from further analysis.

Tactile Stimulations and EEG

The thumb, index, and middle fingertips of the right hand were randomly

stimulated using solenoid tappers (Heijo Research Electronics), which could

be precisely computer controlled in time via a stimulation box using a home-

made script running on MATLAB. The tappers applied a 2-ms-long circular

suprathreshold touch stimulus with an interstimulus interval of 750 6

250 ms and made a 12.5 mm2 contact with the fingertips. Stimulations

were randomly delivered either individually to the three fingertips or simul-

taneously to the thumb and index fingertips. In order to cover the noise

made by the tappers, we made a background white noise audible via

headphones.

The EEG data were acquired from 62 electrodes mounted on an elastic

cap (EasyCap) and distributed equidistantly to cover the entire scalp. Two

additional electrodes were used for electro-oculogram (EOG) to monitor

eye movements. The electrode locations were digitized in a 3D nasion-ear

coordinate frame (ANT Neuro and Xensor software) for a representative

volunteer. The EEG signals were recorded against the vertex and amplified

with an alternating-current-coupled amplifier (BrainAmp, Brain Products).

The data were sampled at 1,000 Hz, digitized using a 16 bit A/D converter,

and rereferenced offline to the average signal from all the scalp electrodes

(EEGLAB, an open source MATLAB toolbox [44]). The data were further

analyzed with EEGLAB to band-pass filter between 1 and 80 Hz. All epochs

that exceeded the 670 mV threshold were eliminated to reject eye blinks

from the analysis. Furthermore, trials containing statistically ‘‘abnormal’’

amplitudes were defined and eliminated using the kurtosis and joint
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probabilities of the recordings (the threshold was set at 5 SD), and finally,

eye movement artifacts and facial movement artifacts were rejected using

independent component analysis (EEGLAB). ERPs for each stimulus loca-

tion were obtained by averaging of 1,250 corresponding stimulations. Brain

activity at each time point (250 ms to 120 ms; 0 ms = stimulus onset; 250

to 0 ms = baseline) from each electrode and for each stimulus location

was analyzed with a linear modeling approach. The two-sample t tests

and multiple linear regressions (and the corresponding F tests) were cor-

rected for multiple comparisons using 2D spatiotemporal clustering based

on 1,000 bootstraps. All of the statistical and clustering analyses were con-

ducted with LIMO EEG (MATLAB toolbox, using EEGLAB), and these tests

are described here in detail [10].

Supplemental Information

Supplemental Information includes two figures and can be found with this

article online at http://dx.doi.org/10.1016/j.cub.2014.11.026.
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Supplementary Figures  

Figure S1, Related to Figure 2 and 3: Scatter plot matrix of the 3 independent varia-

bles described in Fig 2A-C (with histograms) used towards regression analysis, and 

shown here prior to Z' normalization. Note the absence of correlations between the 

pairs of independent variables, and the corresponding R2 values mentioned for each 

plot.  
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Figure S2, Related to Figures 2 and 3: Smartphone use and the middle finger ERPs. The 

same three variables used for thumb and index finger ERP analysis were also used to 

model the middle finger ERPs. No significant individual ß values or ERCs were detected 

at the peak positive (A) or peak negative (B) ERP electrodes. (C) Scalp map of mean 

ERPs and the corresponding goodness-of-fit estimate of the full regression model (R2). 

(D-F) Scalp maps of the ERCs and the corresponding F-statistics revealed no significant 

relationships. The same conventions are used as in Fig. 2.   
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Appendix: Survey 

 
 

How do you use your mobile phone? 
 

 
Dear participant, 

Thank you for your contribution. Your data will be used confidentially and for scientific purposes only. 

 
 

1. General profile 
 

Sex:        □ Male       □ Female 

 

What is your professional activity? .......................................................................................................................................  

Since when? ..........................................................................................................................................................................  

 

You are:  □ Left-hander  □ Right-hander  □ Ambidextrous 

 

Do you practise a specific art requiring a particular or intensive use of the fingers (e.g. piano)? ........................................  

If yes, what kind? ..................................................................................................................................................................  

Since when? .....................................................................  How often (hours per week)? .....................................................  

 

Have you ever severely injured your hands, your fingers? ...................................................................................................  

If yes, when and are you still impaired? ................................................................................................................................  

 

Do you have any neurological dysfunction? .........................................................................................................................  

 
 

2. Information about your mobile phone  
 
Do you own a mobile phone? ........................................... If yes, what type of mobile phone do you currently use? 

Brand (e.g. iPhone, Samsung, …): ...................................  Model (e.g. 4S, galaxy 3S): ........................................................  

 

How long (in years) have /did you owned a standard mobile phone? ............................. a smartphone? ..............................  
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3. If you are a smartphone user, how often do you use your phone in the following ways? Rank the sit-
uations from the most frequent (assign number 1) to the most rare (assign number 18).  
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4. Do you use any of these devices? If yes, with which hand usually? 
 

Track pad on the notebook/PC  □ No  □ Yes,  □ with the right hand □ with the left hand 
Mouse    □ No  □ Yes,  □ with the right hand □ with the left hand 
Wii    □ No  □ Yes,  □ with the right hand □ with the left hand 
Gamepad/joystick  □ No  □ Yes,  □ with the right hand □ with the left hand 
Tablet/ Touchscreen PC  □ No  □ Yes,  □ with the right hand □ with the left hand 
 
 

5. Do you use a stylus on your phone? 
 

□ never □ rarely □ often □ always 

 
 
 
 
 
Date.................................................................................. Signature .....................................................................................  
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La plasticité cérébrale au quotidien
L’architecture de base de notre cerveau 
n’est pas complètement figée mais peut 
évoluer dans le temps, par exemple au 
cours du développement du système 
nerveux ou, chez l’adulte, pendant les 
phases d’apprentissage, en fonction 
du degré d’utilisation des différentes 
parties du corps. On appelle « plasticité 
cérébrale par l’usage » la capacité qu’a 
le cerveau à augmenter sélectivement 
le traitement de l’information associée 
à une partie du corps en réponse à 
une plus grande utilisation de celle-ci 
[1-3]. Jusqu’à présent, la plasticité 
cérébrale par l’usage a été mise en 
évidence dans des situations extrêmes, 
que ce soit chez des patients ayant 
perdu une partie du corps après un 
traumatisme (lésion de la moelle épi-
nière, amputation, membre immobilisé) 
[4, 5], ou chez des sujets montrant des 
habiletés extraordinaires nécessitant 
une utilisation particulièrement inten-
sive d’une partie du corps, comme les 
sportifs d’élite [6], les aveugles lisant 
le Braille [7] et les musiciens [8]. Chez 
les joueurs d’instruments à cordes [8] 
par exemple, la représentation corticale 
de la main gauche, occupée à raccourcir 
la longueur des cordes de l’instrument 
(ce qui requiert donc une grande dex-
térité manuelle et une forte stimulation 
sensorielle), était non seulement plus 
étendue que celle de la main droite, qui 
manie si besoin l’archet, mais égale-
ment plus étendue que celle de la main 

gauche chez des sujets 
contrôles. Ces exemples 
de plasticité cérébrale 
chez des sujets hors du 
commun conduisent alors à se deman-
der si ce phénomène intervient aussi 
dans notre vie quotidienne. Les tech-
nologies digitales personnelles telles 
que les téléphones portables avec écran 
tactile ou smartphones, constituent des 
« supports » de choix pour répondre 
à cette question. Non seulement ces 
petits appareils occupent une place 
prépondérante dans nos vies, mais ils 
permettent également d’utiliser leur 
propre technologie pour en suivre l’uti-
lisation faite par leur propriétaire.
L’électroencéphalographie (EEG) offre 
la possibilité d’étudier de manière non 
invasive, et avec une grande résolution 
temporelle, l’activité électrique géné-
rée par le cortex cérébral. L’étude rela-
tée ici [9] a porté sur l’enregistrement 
de l’activité corticale par EEG de sur-
face (62 électrodes sur le cuir chevelu) 
en réponse à des stimulations tactiles 
très focales (d’une durée de 2 ms, pro-
voquant une légère déformation de la 
peau) appliquées sur la phalange distale 
du pouce, de l’index et du majeur droits 
chez 37 sujets droitiers : 26 possédaient 
un smartphone et 11 un téléphone por-
table d’ancienne génération, sans écran 
tactile. Des potentiels évoqués soma-
tosensoriels (PES) ont été obtenus par 
le moyennage de 1 250 stimulations par 
doigt stimulé.

Les technologies digitales personnelles 
façonnent le traitement de 
l’information tactile par le cerveau
À notre plus grande surprise, alors que 
les utilisateurs de smartphones inter-
agissaient avec l’écran tactile de leur 
appareil essentiellement par le pouce, 
l’amplitude de l’activité corticale en 
réponse aux stimulations tactiles des 
extrémités des trois doigts testés s’est 
avérée statistiquement plus grande chez 
les utilisateurs de smartphones que chez 
les utilisateurs de téléphones portables 
d’ancienne génération (Figure 1A). Cette 
différence s’observait spatialement au 
niveau des électrodes contralatérales 
pariétales pour les trois sites de sti-
mulation, bien que plus faible suite à 
la stimulation du majeur (Figure 1B-C). 
Grâce à des stimulations tactiles simul-
tanées des extrémités du pouce et de 
l’index, nous avons aussi démontré que 
l’augmentation de l’activité cérébrale 
chez les utilisateurs de smartphones 
ne s’était pas produite aux dépens des 
interactions inhibitrices [10] entre les 
doigts, phénomène qui permet d’aug-
menter la capacité de discrimination 
tactile.
Restait alors à expliquer l’activité cor-
ticale des adeptes du smartphone. Pour 
ce faire, des analyses de régressions 
multiples ont été réalisées entre l’acti-
vité cérébrale moyenne de la popula-
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tion d’utilisateurs de smartphones d’une 
part, et trois variables liées à l’utili-
sation de ces appareils d’autre part, 
à savoir l’âge du début de la pratique 
(inspiré par les résultats obtenus chez 
les joueurs d’instruments à cordes [8]), 
l’usage par heure et la durée comprise 
entre le pic d’utilisation du téléphone 
et l’acquisition EEG (Figure 2). Ces deux 
derniers paramètres ont été dérivés 
directement de l’historique de l’utilisa-
tion de la batterie du smartphone pen-

dant les 10 jours précédant l’acquisition 
EEG (évolution de la décharge de la bat-
terie au cours du temps suivie au moyen 
d’une application).
Nous avons alors pu montrer que chez les 
utilisateurs de smartphones, l’activité 
corticale résultant de la stimulation tac-
tile du pouce et celle liée à la stimulation 
tactile de l’index étaient directement pro-
portionnelles à l’intensité de l’utilisation 
du téléphone (usage par heure). Deuxième 
fait marquant, la réponse à la stimulation 

tactile du pouce était sensible aux fluc-
tuations quotidiennes de l’utilisation du 
smartphone : en effet, plus l’intervalle 
de temps compris entre l’épisode d’utili-
sation la plus intense du téléphone et la 
mesure de l’activité cérébrale en réponse 
à la stimulation du pouce était court, plus 
l’activité corticale associée était grande. 
Étant donné les grandes fluctuations de 
l’utilisation des smartphones au cours du 
temps en fonction de notre besoin, l’his-
torique de l’utilisation de ces appareils 

Figure 1. Modification du trai-
tement de l’information tac-
tile des doigts par l’usage de 
smartphones. A. Tracés moyen-
nés (traits foncés) des poten-
tiels évoqués somatosensoriels 
(PES) (référence moyenne) ± 
erreur type (zones plus claires) 
au niveau de chaque groupe de 
sujets, mesurés sur l’électrode 
(point rouge) montrant le plus 
grand PES positif en réponse 
à la stimulation tactile de la 
phalange distale du pouce droit 
(haut), de l’index droit (milieu) 
et du majeur droit (bas) chez 
les utilisateurs de smartphones 
(rouge) et chez les utilisateurs 
de téléphones portables sans 
écran tactile (bleu). Le rectangle 
gris correspond aux latences 
pour lesquelles il existe une dif-
férence statistiquement signi-
ficative entre les deux groupes 
de sujets (p < 0,05 et T > 1, test 
t à deux échantillons corrigé 
ensuite pour les comparaisons 
multiples par un clustering spa-
tiotemporel en 2D basé sur 1 000 
bootstraps). Le début de la sti-
mulation (0 ms) est indiqué par 
une flèche pointant en direction 
des tracés. B. Cartes correspon-
dantes de la distribution du vol-
tage mesuré sur le cuir chevelu 

55 ms après la stimulation chez les utilisateurs de téléphones portables sans écran tactile et chez les utilisateurs de smartphones. C. Cartes des 
valeurs T (p < 0,05, corrigées ensuite pour les comparaisons multiples par un clustering spatiotemporel en 2D basé sur 1 000 bootstraps) indiquant 
la distribution des électrodes mesurant un signal significativement différent entre les deux groupes de sujets 55 ms après la stimulation (figure 
et légende reproduites de [9] - © 2015, avec la permission d’Elsevier).
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basé sur les 10 jours précédant la mesure 
de l’activité cérébrale reflète l’utilisation 
à court terme seulement. Malgré cela, la 
relation linéaire entre l’activité corticale 

et les fluctuations journalières de l’uti-
lisation des smartphones suggère qu’un 
remodelage du cortex a déjà pu se pro-
duire pendant cette courte période.

L’augmentation de l’activité corticale 
chez les utilisateurs de smartphones 
diffère de celle démontrée précédem-
ment chez les joueurs d’instruments à 
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Figure 2. Relation entre les variations interindividuelles de l’activité corticale et l’utilisation des smartphones. A. Des analyses de régressions 
multiples ont été réalisées pour chaque site de stimulation entre les potentiels évoqués somatosensoriels (PES) (haut) et trois variables indé-
pendantes (normalisées Z’) liées à l’utilisation des smartphones : l’âge du début de la pratique, l’usage par heure (aire sous la courbe) et la 
durée depuis le pic d’utilisation (ln(h)). Des coefficients de corrélation  (bas) au cours du temps ont ainsi été obtenus pour chaque variable aux 
deux électrodes (point rouge) montrant le plus grand PES positif, respectivement négatif, en réponse à la stimulation tactile de chacun des trois 
doigts, mais seules les corrélations statistiquement significatives sont représentées ici. Les PES obtenus chez chaque utilisateur de smartphones 
(référence moyenne) sont représentés par les traits gris et la moyenne obtenue à l’intérieur de ce groupe est illustrée par le trait noir épais (haut). 
Le début de la stimulation (0 ms) est indiqué par une flèche pointant en direction des tracés. Les rectangles de couleur délimités par les traits 
pointillés correspondent aux latences auxquelles il existe une corrélation statistiquement significative (coefficients de corrélation  significatifs, 
p < 0,05, régressions corrigées ensuite pour les comparaisons multiples par un clustering spatiotemporel en 2D basé sur 1000 bootstraps) entre 
les PES et la variable correspondante (bas). std : écart-type. B. Cartes correspondantes de la distribution du voltage mesuré sur le cuir chevelu 
40 ms, 50 ms et 60 ms après la stimulation. C. Estimation de la validité de l’ajustement correspondant pour le modèle de régression global (R2) 
aux trois mêmes latences que B. D. Cartes de la distribution sur le cuir chevelu des coefficients de corrélation aux trois mêmes latences que B. 
E. Cartes de la distribution sur le cuir chevelu des valeurs F statistiquement significatives aux trois mêmes latences que B. L’usage par heure s’est 
avéré significativement corrélé aux PES suite à la stimulation tactile du pouce et de l’index sur certaines électrodes, alors que la durée depuis le 
pic d’utilisation s’est montrée significativement corrélée aux PES suite à la stimulation tactile du pouce sur certaines électrodes (figure et légende 
reproduites de [9], © 2015, avec la permission d’Elsevier).
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cordes [8]. Chez ces derniers, il existait 
une relation linéaire entre l’âge auquel 
les sujets avaient débuté la pratique 
de leur instrument et l’activité céré-
brale, phénomène que nous n’avons pas 
observé chez les utilisateurs de smart-
phones. En revanche, nous avons pu 
mettre en évidence une relation linéaire 
entre l’utilisation récente (du smart-
phone) et l’activité corticale, lien qui 
n’existait pas chez les musiciens. Le 
fait que ces derniers aient entamé la 
pratique de leur instrument beaucoup 
plus précocement que les utilisateurs de 
smartphones l’emploi de leur téléphone, 
laisse à penser que ces musiciens dispo-
saient d’une représentation sensorielle 
corticale beaucoup plus stable que celle 
des utilisateurs de smartphones.
Ces résultats suggèrent que les mouve-
ments répétitifs opérés sur des écrans 
tactiles lisses réorganisent le traitement 
de l’information sensorielle à partir de 
la main, avec des ajustements quoti-
diens de la représentation corticale de 
l’extrémité des doigts selon l’intensité de 
l’utilisation du smartphone.

Conclusion
Loin de nous l’idée de faire sensation 
en nous prononçant sur un quelconque 
impact positif ou négatif de l’utilisation 
des smartphones sur notre vie quoti-

dienne ! L’originalité de notre travail 
repose tout d’abord sur le désir d’étu-
dier la plasticité cérébrale chez M. et 
Mme Tout-le-monde, mais également 
sur la formidable opportunité offerte par 
les smartphones d’utiliser leur propre 
technologie pour en quantifier l’usage. Il 
nous reste néanmoins encore beaucoup 
de facettes à explorer pour interpréter 
nos résultats plus en détail et les appli-
quer. Toutefois, il ressort de cette étude 
que l’utilisation de smartphones n’est 
pas anodine pour le cerveau, et qu’il faut 
rester attentif en cas d’utilisation très 
intensive. Notre approche pourrait per-
mettre de disposer d’un outil adapté pour 
suivre, voire prévenir, des changements 
en cours (maladaptation) conduisant à 
un état pathologique (par exemple dys-
fonctions motrices ou douleur chronique 
neurogène). Cela nécessiterait alors 
d’étendre nos investigations à des sujets 
présentant des signes d’addiction. ‡
Smartphone use shapes cortical tactile 
sensory processing from the fingertips
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Abstract  

How experience-dependent brain plasticity is implemented in daily behavior is not 

known. We focused on smartphone behavior, which is characterized by bursts of 

touchscreen activity that last for a few seconds to minutes per episode but add up to 

hours of use per day. We used built-in touchscreen ON/OFF sensors to monitor this ac-

tivity and relate the past experiences to cortical somatosensory evoked potentials in-

duced from the fingertips. Our findings suggest that lower cortical somatosensory cir-

cuits are shaped at the level of individual behavioral episodes whereas higher circuits 

are shaped by both the aggregated durations and the unusually long episodes.  

 

Introduction 

The adult somatosensory cortex is remarkably plastic and reflects the history of sensory 

experiences (Pascual-Leone et al., 2005). This is vividly demonstrated by clinical neu-

roimaging of amputees or after spinal cord injury where the cortical body map is reor-

ganized, resulting in phantom sensations (Brugger, 2008; Flor et al., 1995; Flor et al., 

2006; Moore et al., 2000). Importantly, the specific pattern of cortical alterations corre-

sponds to the type of experience and this has been well documented by using soma-

tosensory evoked potentials (SEPs) in response to stimulation of the hand. For instance, 

after an arm is experimentally restrained for 12 hours, the magnitude of the cortical sig-

nal evoked from the corresponding body part decreases (Huber et al., 2006) whereas, on 

the contrary, the intense practice in expert string musicians increases the signal associ-

ated with the fingers engaged on the instrument (Elbert et al., 1995). However, much of 

our daily behavior occurs as spontaneous bursts of activity that are distinct from the 

long-lasting behavioral alterations induced by an injury or by the disciplined long dura-

tions of practice in athletes or musicians.  

A significant part of our daily activities occurs on the digital network and touchscreen 

smartphone use is characterized by bursts of activity scattered throughout the day. Re-

cently, by using a coarse but non-intrusive measure of phone use –in the form of built-in 

battery logs– we found that the SEPs induced by tactile stimuli delivered to the thumb 

and index fingertips were strongly related to phone use over the previous 10 days 

(Gindrat et al., 2015). In the present report we further leveraged the digital logs to quan-
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titatively address how the duration of tactile interactions shapes cortical sensory pro-

cessing. We recorded touchscreen smartphone use with built-in ON/OFF sensors for a 

period of 10-24 days and addressed whether the SEPs associated with the digit tips’ tac-

tile stimulation were related to the duration of individual episodes of phone use, the to-

tal duration spent on the phone per day or the presence of unusually long episodes of 

phone use.  

 

Materials and Methods 

Volunteers and touchscreen behavioral log 

Thirty healthy right-handed touchscreen smartphone (Android operating system) users 

were recruited from the general public (10 females, age range 21 – 35 years, median 25 

years). A custom written app (ACCAPP v1.0, available on Google Play) was used to con-

tinuously track the touchscreen on and off states with millisecond precision, from the 

time of installation to the EEG recording, corresponding to a period of 10 – 24 days (me-

dian 18 days). The touchscreen settings were standardized to switch off the screen upon 

15 seconds of inactivity. The data were processed using MATLAB (MATLAB R2011b) to 

extract the mean touchscreen use duration per episode, the sum of all touchscreen use 

durations normalized to the number of days of recording and the kurtosis (indicator of 

exceptionally long episodes). Note that 2 volunteers were eliminated due to a malfunc-

tion of the app and 2 others for excessive muscular artifacts during the EEG. Two addi-

tional volunteers were eliminated from the middle finger analysis due to a malfunction 

of the tapper. The ethical committees of Cantons of Zurich and Vaud approved all the ex-

perimental procedures. 

 

Touchscreen-finger interaction survey 

Volunteers rank ordered a pictorial survey consisting of 18 images in accordance with 

their most preferred way of interacting with the touchscreen: 1 most preferred and 18 

least preferred. The pictures were presented in random order on a single sheet. The im-

ages consisted of the following finger use postures on a touchscreen. The following ab-

breviations indicate – digits on touchscreen – 1 (thumb) to 5 (little finger), and – hand – 
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L (left) and R (right)): L1, R1, LR1 (touchscreen oriented in portrait), L2, R2, LR2, L3, R3, 

LR3, L4, R4, LR4, L5, R5, LR5, R2 (L hand-held), L2 (R hand-held), and LR1 (touchscreen 

oriented in landscape). 

 

Somatosensory evoked potentials and multiple regression analysis 

For EEG experiments tactile stimulations were delivered using computer-controlled so-

lenoid tappers attached to the thumb, index and middle fingertips of the right hand (Hei-

jo Research Electronics, UK). Each stimulus lasted for 2 ms and the digits were individu-

ally stimulated in a randomized order (inter-stimulus interval: from 750 to 1250 ms). 

Each digit tip was stimulated 1250 times while the volunteers watched a movie in a re-

laxed posture. The EEG signals were recorded by using 62 electrodes embedded in an 

equidistant cap (EASYCAP GmbH, Germany). The signals were amplified and digitized at 

1 kHz (BrainAmp, Brain Products GmbH, Germany). Offline processing using EEGLAB 

(Delorme and Makeig, 2004) (open source MATLAB toolbox) involved band-pass filter-

ing of the data between 1 to 45 Hz, baseline correction using 200 ms of pre-stimulation 

data, eye and muscle artifact rejection based on independent component analysis.  

Multiple regression analysis was performed by using general linear modeling (LIMO-

EEG, MATLAB toolbox, using EEGLAB) to link the phone use parameters and EEG signals 

across all 62 scalp electrodes and time points between 5 and 250 ms post-stimulation 

(Pernet et al., 2011). The regression analysis was corrected for multiple comparisons by 

using two-dimensional spatiotemporal clustering and 1000 bootstrapped samples 

(Pernet et al., 2011). 

 

Results 

According to the pictorial survey that ranked digit use, the right thumb interacted pre-

dominantly with the smartphone touchscreen, followed by the right index finger, 

whereas the middle finger was virtually never reported as a preferred finger; median 

ranks were 1 and 4 for the right thumb and index finger respectively on a scale of 1 to 18 

where 1 was the most preferred posture. Interestingly, the touchscreen ON-OFF logs re-

vealed a highly dynamic behavior characterized by bursts of activity spread through the 
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entire recording period (Figure 1A, B). We extracted three parameters to describe this 

behavior (Figure 1B): (1) the mean duration of a touchscreen use episode expressed in 

minutes per episode. (2) the sum of all the durations expressed in total number of 

minutes per day. (3) the Kurtosis of the distribution expressed in natural log units to 

normalize the population data. This measure is extremely sensitive to outliers, i.e. the 

presence of episodes of unusually long durations (Naik, 1989). According to paired line-

ar regressions, these three parameters were at best only poorly linked to each other (all 

R2 values were less than 0.17). 

Repeated tactile stimulations of the thumb or index or middle fingertips resulted each in 

distinct positive peaks and a negative valley on the population mean SEP signal at peak 

latencies of 55 (+ve peak), 110 (+ve), 160 (-ve) and 200 (+ve) ms over the contralateral 

somatosensory area. These latencies, comparable to previously reported values for simi-

lar tactile stimulations, were longer than SEP components resulting from electrical stim-

ulation of the median nerve (Allison et al., 1992; Gindrat et al., 2015; Hämäläinen et al., 

1990; Wood et al., 1988). Notably, for all the digit tips the inter-individual variability 

was higher in the late as opposed to the early SEP components.   

We examined the statistical relationships between the phone use parameters and the 

SEP components by assessing the event related coefficients (ERCs) based on multiple 

regression analysis across all time points and electrodes. Interestingly, the pattern of 

ERCs varied according to the digits stimulated and latency of the SEP components. For 

the thumb (Figure 1C-E), the early cortical amplitude at 55 ms was exclusively related 

to the mean duration of touchscreen use. Essentially, the higher the mean duration per 

episode, the larger was the SEP signal amplitude at 55 ms. A more complex pattern of 

relationships was visible in the late components between 100 to 200 ms. Here, surpris-

ingly, Kurtosis was directly proportional to the signal magnitude at 160 ms. Further-

more, the sum of the touchscreen use durations was directly proportional to the signal 

magnitude at 120 ms (falling edge of the 110 ms component on the grand mean signal 

described above), inversely proportional to the magnitude at 160 ms and again directly 

proportional at 200 ms. For the index finger (Figure 2A-C), a similar albeit less pro-

nounced pattern of results was observed. In particular, significant correlations for the 

late SEP components were detected only from the 160 ms signal onwards. For the mid-

dle finger (Figure 2D-F), the results were even more different from those described for 
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the thumb in the sense that the early SEP components were not at all related to phone 

use while the late ones past 160 ms were related to all three variables.  

Figure 1 (next page): Imprint of touchscreen phone use durations on somatosensory evoked 

potentials (SEPs) associated with the thumb tip. (A) Smartphone ON-OFF logs from a subject who 

was tracked for 18 days. (B) Distribution of the touchscreen use episodes from the same subject. 

Dashed red line: mean duration/episode. (C) SEPs recorded from an electrode over the 

contralateral somatosensory area in individual volunteers (gray traces) and population mean 

potential (black trace) in response to thumb tip tactile stimulation. The lower plot depicts the 

corresponding event-related coefficients (ERCs, β) and significant coefficients are shaded. Note 

that the positive SEP component at 55 ms revealed a positive coefficient exclusively for the mean 

duration per episode variable (in red) and note the surprising relationship of the negative 

component around 160 ms with Kurtosis (in blue), a highly sensitive measure of extraordinarily 

long episodes in the touchscreen history. Small arrow: stimulation onset (i.e., 0 ms). (D) Scalp maps 

of the grand average signal and the corresponding R2 values for the regression model when using 

all the variables (full model). (E) Scalp maps of the ERCs (β) and the corresponding F-statistics for 

the individual phone use variables. 
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Figure 2 (previous page): Imprint of phone use durations on cortical processing from the index and 

middle fingertips. (A-C) Same conventions as in Figure 1 C-E except that SEPs were obtained from 

the index fingertip. (D-E) Same conventions as in Figure 1 C-E except that SEPs were obtained from 

the middle fingertip. 

 

Discussion 

Much of the daily behavior occurs as bursts of activity and our results show that distinct 

cortical sensory circuits are shaped to reflect the duration of individual behavioral epi-

sodes and their accumulated duration. Early cortical SEP components from the thumb or 

index fingertips were strongly related to the duration of individual touchscreen use epi-

sodes and the longer latency components were related to the sum of all the durations. 

Surprisingly, the late SEPs were also related to the presence of unusually long episodes 

(Kurtosis) of touchscreen use.  

The time varying imprint of the touchscreen use parameters on the cortical SEP compo-

nents may be partly due to the hierarchical nature of cortical somatosensory processing. 

First, it is well established that the early SEP components with a latency of around 50 ms 

originate in the primary somatosensory cortex and the later potentials between 100 - 

200 ms originate from a more widespread network including the secondary somatosen-

sory cortex (Allison et al., 1992; Hämäläinen et al., 1990; Hari and Forss, 1999; Wood et 

al., 1988). Second, according to non-human primate experiments the neuronal receptive 

fields lower in the sensory hierarchy represent individual digits as opposed to higher 

neurons that represent multiple fingertips (Fitzgerald et al., 2006). This may explain as 

to why the early SEP components were specifically related to touchscreen use for the 

digits that interacted on the screen (thumb and index finger), and why the later compo-

nents were related to touchscreen use for all the three digits even though the middle 

finger was rarely ever engaged on the screen. Finally, the secondary somatosensory pro-

cessors are implicated in sophisticated comparisons of consecutive inputs and such in-

formation processing may underlie plastic mechanisms that track the presence of unu-

sually long durations (Chen et al., 2008; Romo et al., 2002). Interestingly, by using vibra-

tory stimulations, a negative signal at 140 ms (N140) –which is comparable to the signal 

at 160 ms reported here– has been associated with the detection of deviant somatosen-

sory inputs from an experimental stimuli train (Kekoni et al., 1997). It is tempting to 
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speculate that the sensory circuits that operate to detect such unusual stimuli overlap 

with the circuits engaged in the plasticity driven by unusually long touchscreen use epi-

sodes.  

In conclusion, touchscreen use in conjunction with SEP measurements from the finger-

tips offered a quantitative view on experience-dependent cortical sensory processing in 

daily behavior. The knowledge of the behavioral parameters that imprint on the sensory 

processors is crucial for the search of mechanisms that enable successful day-to-day be-

havior. Non-intrusive personal digital histories can be related to neurological measure-

ments and we believe that such an approach offers a fresh opportunity for personalizing 

neurology.  
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CHAPTER 8 

May one conceive research in Neuroscience without 

animal models ?  

 

This chapter is the written and refined version of a public conference held by A-D Gin-

drat at the Société Jurassienne d’Émulation in Porrentruy on the 14th May 2014.  
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Introduction 

Strictly speaking, this chapter is not part of my PhD thesis project. Nevertheless, by 

working nowadays with macaque monkeys, we inevitably must face some increasingly 

incessant ethical issues concerning animal experimentation from the general population 

as well as from the friend and family circles. Are we allowed to inflict constraints on an 

animal in order to gain knowledge that will enable to cure human diseases and to im-

prove our daily life? How do we justify the use of animals’ life to safe ours? I propose 

here to consider this ethical dilemma from the other side by reformulating these ques-

tions as follows: May one conceive biomedical research, especially in Neuroscience, with-

out animal models ? 

To my mind, favouring educational initiatives, for instance by concretely illustrating 

some achievements obtained in Neuroscience thanks to animal models, is the easiest 

and best way to argue against preconceived ideas about the use of laboratory animals 

and to make the general population aware of their crucial role for biomedical research 

and, as a consequence, for our health and our life. To this end, I will illustrate here the 

invaluable contribution of animal models to biomedical research, with a special empha-

sis on Neuroscience, by means of three examples, namely (i) the development of neuro-

prosthetics, (ii) the development of therapies based on anti-Nogo-A antibody to promote 

the CNS regeneration, and (iii) the development of therapies to relieve the symptoms of 

Parkinson’s disease. 

 

Our brain, this fascinating organ 

Human has always been fascinated by the brain. One evidence of this statement is the 

discovery of a stone age cranium (about 5100 BC) in a burial site in Alsace (France) 

showing two clear marks of trepanations (Figure 1) (Alt et al., 1997). Interestingly, both 

holes had more or less healed (the anterior hole closed completely whereas the posteri-

or one only partially), indicating unequivocally that this “surgery” was performed intra 

vitam, on living people, and was on no account a post mortem ritual. This example consti-

tutes the oldest known indication of a healing brain “surgery” on living subjects.  
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Figure 1: Oldest proof of skull “surgery” discovered 

in Ensisheim (Alsace, France). (a) Lateral view of 

the cranium. The position of both anterior (A) and 

posterior (P) trepanations is indicated by the 

arrows. (b) 3D reconstruction of the cranium by 

computed-tomography, seen from above 

(modified from Alt et al., 1997). 

 

This pronounced interest in the brain led to the development of Neuroscience as an in-

terdisciplinary field of science focused on understanding the development, the organisa-

tion and the functioning of the nervous system “from genes to cognition, from molecules 

to mind” (Kandel and Squire, 2000). The ultimate aims of Neuroscience are to under-

stand the biological mechanisms of mental activity and to develop potential treatments 

to cure diseases and disorders affecting the nervous system (Albright et al., 2000). Now-

adays, Neuroscience encompasses several disciplines, each of them focused on a specific 

level of organisation of the nervous system (Albright et al., 2000; Bear et al., 2007): 

• Neuroanatomy : study of the nervous system organisation 

• Electrophysiology : study of the electrical phenomena taking place in the nervous 

system 

• Molecular neurobiology : study of the functioning of the nervous system at the 

molecular level  

• Cellular neurobiology : study of the functioning of the nervous system at the cellu-

lar level  

• Systems Neuroscience : study of the functioning of the various sensory and motor 

systems  

• Behavioural Neuroscience : study of the bases of integrated behaviours, such as 

memory, dreams, emotions, addiction, gender-specific behaviours, etc.  

• Cognitive Neuroscience : study of the neural mechanisms underlying high-level 

mental activity, such as self-awareness, cognition, language, etc.  

A P

A

P
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• Neurology and psychiatry : study of the diseases affecting the nervous system 

such as depression, schizophrenia, Alzheimer’s disease, Parkinson’s disease, ma-

nia, multiple sclerosis, etc., and the conditions resulting from a lesion of the nerv-

ous system, such as stroke, spinal cord lesion, etc. 

• Neuropsychiatry: study of the localisation of the biological source of mental func-

tions.  

 

The brain is a highly complex, if not the most complex, and fascinating organ. Several 

lines of evidence illustrate this assertion. If one considers the adult human brain in par-

ticular: 

• The brain has 86.1 x 109 ± 8.1 x 109 neurons and 84.6 x 109 ± 9.8 x 109 glial cells 

(Azevedo et al., 2009; Herculano-Houzel, 2009), all of them contained in a volume 

as small as 1.32-1.51 dm3 (Luders et al., 2002).  

• There are about 0.15 x 1015 (quadrillion) synapses between neurons in the neo-

cortex (Pakkenberg et al., 2003).  

• The sulci on the cortex allow to obtain a cortical area equal to 2000-2500 cm2, 

corresponding to an A2 paper sheet (Griffin, 1994).  

• The cumulated length of the myelinated nerve fibres is about 180’000 km 

(Pakkenberg et al., 2003), corresponding roughly to 4.5 times the Earth perime-

ter!  

• The brain represents about 2% of the body weight but it consumes on average 

15% of the cardiac output, 20% of total body oxygen, and 25% of total body glu-

cose (Herculano-Houzel, 2011; Magistretti et al., 1995; Raichle and Gusnard, 

2002).  
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Ethical dilemma16 

Nowadays, many facets of the nervous system and the brain in particular remain still 

largely unknown and the research in Neuroscience is interested to unravel the mecha-

nisms of this complex machinery at all its levels of organisation. Of prime importance is 

to understand the mechanisms of the pathologies affecting the nervous system in order 

to prevent, cure or relieve them. Nevertheless, from an ethical point of view, some ex-

periments on human subjects would be completely unacceptable. Animal models play 

then a critical role at this stage. Some crucial contributions of animal experimentation to 

biomedical research will be reviewed in the next paragraphs. 

Experiments on laboratory animals imply a serious ethical dilemma because we assume 

that animals, vertebrates in particular, are able to suffer and feel pain. This critical issue 

–“Can they suffer ?”– was first raised by the British philosopher Jeremy Bentham (1748-

1832) (Bentham, 1789). Are we allowed to inflict constraints on an animal in order to 

gain knowledge that will enable to cure human diseases and to improve our daily life? 

How do we justify the use of animals’ life to safe ours? The way we solve this problem, 

i.e. our position with regard to animal experimentation, depends actually on the moral 

value we attribute to animals. Some people admit a moral value for human only. At the 

other extreme, others think that everything in the world has the same moral value, hu-

man being at the same level as a sand grain for instance. In between, some others con-

sider that human has a similar moral value as the one of other primates, but larger than 

the one of the other living beings. In fact, many different scenarios are possible between 

both extreme points of view. The most important thing is to position itself according to 

its own conscience. If we consider that human has the highest moral value, then we take 

the liberty of using animals to simply live or to improve our quality of life, such as the 

use of production animals for food, working animals (guide dogs, police dogs and horses, 

beasts of burden), animals for clothing (wool, fur, leather), pets, leisure animals (in zoo, 

in circus, for sport) and by the same logic laboratory animals for research. Nevertheless, 

in this latter case, we must carry out a constant balancing of interests between, on the 

one hand, the benefits for human in terms of scientific knowledge that should result 

from the experiment and, on the other hand, the discomfort and pains inflicted on the 

                                                        
16 For a more complete discussion of ethical issues of research on laboratory animals, see The ethics of research 
involving animals (Nuffield Council on Bioethics, 2005) and Hurst and Mauron (2012). 
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animals. To put it another way, an experiment expected to induce some pains to the an-

imals has to be justified by the benefits obtained in return for human. 

 

Application fields of research based on animal models 

Studies on animal models were and continue to be of prime importance in several fields. 

First, several basic principles of neuroanatomy and neurophysiology remain still misun-

derstood (see e.g. Albright et al., 2000; Cui et al., 2015; Glanzman, 2012; Kandel and 

Squire, 2000; Lemon, 2012) and may be unraveled only by performing experiments on 

animals. To put it another may, animal models may lead to meaningful progress in scien-

tific research and improve the state of the art in Neuroscience, in particular. One could 

argue that basic research is sterile, completely disconnected from reality and is only for 

the beauty of science. In actual fact, basic research and applied research are intimately 

linked and benefit from each other, and only their joint contribution leads to progress in 

medicine. Today’s basic research shall benefit to tomorrow’s applied research: 

“All ignorance is bad and all knowledge good. We were born into this world a long time 

ago. In the beginning, we knew nothing of the forces surrounding us. But for all these mil-

lions of years the human brain has been chipping away at that ignorance, storing up hard-

earned wisdom. This is the greatest adventure of mankind: to find something that was nev-

er known before, or understood. Each new piece of knowledge does not need to have a spe-

cific or functional use, at least not at the moment. It is sufficient triumph that we have 

learned something and proved it by documentation, that had formerly been part of the 

darkness.” (Stone, 1971) 

Moreover, note that the freedom of scientific research is a fundamental right explicitly 

guaranteed by the Swiss Constitution (Title 2, Chapter 1, Article 20), the European Union 

legislation (Recital 17 and Article 8 of the revised EU Council Directive on the protection 

of animals used for scientific purposes -2010/63/EU; see Chapter 2 on animal research), 

and the United Nation Human Rights (International Covenant on Economic, Social and 

Cultural Rights, 1966, Article 15, Paragraph 3). 

Second, the pathophysiology of many human diseases remains elusive and experiments 

on animals may enable to improve our understanding of them and ultimately make 
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some key progress in human medicine and treatments (translational medicine) (see e.g. 

Baumer et al., 2014; Charalambous et al., 2015; Cui et al., 2015; Hamani and Temel, 

2012). Successfully treating and completely recovering from some diseases that were 

fatal in the past is today obvious for us. Nevertheless, without animal models, it would 

not have been possible to develop vaccines against diphtheria (Behring, 1913; 

Wadsworth et al., 1932) or poliomyelitis (Enders et al., 1949; Enders et al., 1954; 

Landsteiner and Popper, 1909) for instance, to develop blood transfusion (Crile, 1907), 

to discover insulin (Banting, 1925; Macleod, 1925) and other treatments (Szkudelski 

and Szkudelska, 2015) against diabetes, to discover antibiotics (for reviews, see Fantin 

and Carbon, 1992; Fleming, 1929; Marra, 2012; White, 2012; Zak and O'Reilly, 1991), to 

develop dialysis for kidney failure (Abel et al., 1914), to discover the Rhesus factor sys-

tem (Landsteiner and Wiener, 1941), to develop treatments to cure cardiac diseases 

(Hasenfuss, 1998; Houser et al., 2012), to increase understanding of prion diseases 

(Gajdusek, 1976), to develop some treatments against various cancers (see e.g. Merchant 

et al., 2002) and leukaemia (see e.g. le Coutre et al., 1999), or to develop therapies 

against AIDS (see e.g. Hessell and Haigwood, 2015; Ruprecht et al., 1986). Equally im-

portant, surgical procedures were and continue to be developed through the use of ani-

mal models, such as the development of cardiac surgery (Bigelow et al., 1950; Carrel, 

1912; Starr and Edwards, 1961), tissue and organ graft (Moore, 1964). More specific ex-

amples of progress in Neuroscience research established by experimenting on animals 

will be given below. For a detailed survey about medical advances accomplished by us-

ing animal experiments, see http://www.animalresearch.info/en/medical-advances/. 

Third, while non-invasive imaging tools, among others for the human brain, are widely 

used nowadays and have already led to improve our understanding of the pathophysiol-

ogy of many neurological disorders, we still poorly understand for example how the 

electrical activity at the level of single neurons within the brain does contribute to the 

haemodynamic response captured by fMRI (Kayser and Logothetis, 2013; Logothetis, 

2008; Logothetis and Wandell, 2004) or to the electrical (in particular, the origins and 

mechanisms of far-field SSEPs are still under debate) and magnetic fields recorded in 

scalp EEG, respectively MEG. Some essential invasive and detailed neurophysiological 

studies at the micro- and mesoscopic levels on animal models with a brain anatomy and 

physiology close to human’s ones are therefore of prime importance to improve our 

knowledge about the fundamental principles of functioning of these diagnostic tools 
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used in human medicine, in order to correctly interpret the data they provide and to cal-

ibrate these imaging methods appropriately (Lemon, 2012; Lopes da Silva, 2013). 

Fourth, in Switzerland, the development of a new drug is a long-term process lasting for 

many years before the new active principle is officially authorised to be available on the 

market (Figure 2). Among the requirements is the ethical and legal obligation (accord-

ing to the Ordonnance de l’Institut suisse des produits thérapeutiques du 9 novembre 2001 

sur les exigences relatives à l’autorisation de mise sur le marché des médicaments (Ordon-

nance sur les exigences relatives aux médicaments, OEMéd)) to test the new drug firstly on 

laboratory animals to ensure that the subsequent tests on human will be safer. These 

studies have to be performed, at least partially, on animals anatomically or physiologi-

cally close to human, such as pigs or non-human primates. To elaborate, investigations 

using animal models include pharmacological and pharmacokinetics tests, tolerance es-

say and teratological assessment on animal fetus, teratological assessment on animal 

reproduction and tolerance over the short term and the long term. This means that eve-

ry officially authorised pharmaceutical is linked to tests beforehand carried out on ani-

mals.  

Figure 2: In Switzerland, the 

development of new phamaceuticals 

requires 4 successive steps: research, 

pre-clinical phase, clinical phase and 

launching, the whole process lasting 

for many years. For further detail, 

see the link below (from 

http://www.interpharma.ch/fr/faits-

et-statistiques/2830-la-longue-

naissance-dun-medicament). 

 

Finally, veterinary medicine and animals themselves do benefit from advances in bio-

medical research. Indeed, medical research carried out by using animal models has al-

ready led directly to veterinary treatments, in addition to those addressed to human. 

Good illustrations of this are vaccines for feline leukaemia (Lewis et al., 1988; Mastro et 
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al., 1986; Olsen et al., 1987) and canine distemper (for a review, see Appel, 1999). More-

over, animal experiments led to the discovery of new veterinary medicines and vaccines 

that allow to reduce the risk of some diseases and improve the health status of produc-

tion animals (Sang and Blecha, 2014) and endangered species (Chang et al., 2007; 

Turnbull et al., 2004).  

 

Animal models involved in biomedical research 

Biomedical research resorts to different animal models, from invertebrates such as dro-

sophila or nematodes to non-human primates through zebrafish, chickens, rabbits, fer-

rets, hamsters, guinea pigs, sheep, pigs, rodents, cats and dogs. This list is non-

exhaustive. In any case, the principle of subsidiarity has to be applied, meaning that an 

experiment has always to be performed using an animal model classified at the lowest 

rank from an evolutionary point of view. Simply put, if a hypothesis can be tested using a 

mouse, there is no need to test it with a non-human primate. Basic research often uses 

primitive organisms to unravel some fundamental principles. Examples include the first 

intracellular electrophysiological recordings of animal neurons performed on squid gi-

ant axons (Cole and Curtis, 1941; Curtis and Cole, 1938) that enabled to characterise the 

properties of action potentials (Curtis and Cole, 1942; Hodgkin and Huxley, 1939), or the 

famous discovery of the basic principles of learning and memory by using Aplysia (Bailey 

et al., 1996; Bailey and Kandel, 2008; Hawkins et al., 2006; see e.g. Kandel et al., 1986). 

Nevertheless, the more one focuses on a question such as the refinement of a protocol, 

the more evolutionarily high-ranking animals are used. For instance, the closer to mar-

keting new developed pharmaceuticals are, the more the tests are performed on animals 

metabolically close to human.  

 

The situation in Switzerland 

In Switzerland, the total number of animals involved in research has strongly decreased 

in the last 30 years, going from 1’992’794 in 1983 to 606’434 in 2012 (Figure 3A), 

namely a decrease of 70%. This strong decline can be explained with the 3R principles 

explained below. The small increase in the number of laboratory animals observed from 
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2000 comes from the development of biomedical research involving in particular trans-

genic models. Moreover, some new diseases appeared recently, such as bovine spongi-

form encephalopathy (end 1990s), AIDS, Avian influenza (from 2004), all of them re-

quiring to develop new treatments. 

Animal experiments involve primarily mice and rats. Conversely, non-human primates 

(red line at the top of each bar in Figure 3B) constitute a nearly negligible amount com-

pared with the total number of animals (from 0.04% in 2010 to 0.13% in 2000). Most 

experiments are classified with a severity degree of 0 (i.e. no constraint) or 1 (mild con-

straints) (Figure 3C). For comparison, statistics from Great Britain are available in Sup-

plementary Figure 1. 

 

 

Figure 3: Number of animals used for research in Switzerland. (A) Total number of animals 

involved, from 1983 to 2012. The value for each year is indicated in the corresponding bar. Data 

from http://tv-statistik.ch/fr/statistique-simples/index.php. (B) Number of animals involved from 

1997 to 2012, according to the species. Non-human primates are displayed in red at the top of each 

bar and the number is given in red. (C) Number of animals involved from 1997 to 2012, according 

to the severity degree (SG, from SG 0 to SG 3). See the text below for greater detail. B and C from 

A B 

C D
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http://tv-statistik.ch/fr/statistiques-dynamiques/index.php. Note that in A, B and C, in case a 

laboratory animal is used for several years, it appears each year in the statistics. This is the case in 

particular for non-human primates that are usually involved in protocols lasting for several years. 

(D) For comparision, the number of production animals is given, according to species/group of 

species, from 2003 to 2012. Data from 

http://www.bfs.admin.ch/bfs/portal/fr/index/themen/07/03/blank/data/01/03.html. Note that 

the y-axis scale was adapted for each graph.  

One immediately relativises these numbers by comparing them to the total number of 

production animals in Switzerland from 2003 to 2012 (Figure 3D). One notices then 

obviously that we breed overwhelmingly more animals to further eat them than the total 

number of animals involved in research. Even though this very small proportion of ani-

mals used for research in Switzerland, it did not prevent demonstrations, threats and 

attacks towards researchers from happening, from organisations against animal exper-

imentation. For instance, in 2009, activists set fire to Daniel Vasella’s holiday chalet 

(chief executive of the pharmaceutical company Novartis) and desecrated his mother’s 

grave as well.  

The Swiss legislation is one of the strictest in the world regarding animal experimenta-

tion, governed by the Federal law about animal welfare (Loi fédérale sur la protection 

animale (LPA 2012)) and the Edict about animal welfare (Ordonnance sur la protection 

des animaux (OPAn 2008)). This legislation deals with authorisation granting and check-

ing animal experiments. From the 1st July 1981, corresponding to the first Edict about 

animal welfare coming into force, most of animal experiments need an authorisation to 

be performed. Swiss people clearly voted several times against banning or considerably 

restricting animal experimentation (70.5% rejection of federal citizen's initiative "for 

the abolition of vivisection" in 1985; 56.4% rejection of federal citizen's initiative "for a 

gradual but drastic reduction in animal experiments (An end to animal experimenta-

tion!)" in 1992; 72.2% rejection of federal people's prerogative “to abolish experimenta-

tion on animals” in 1993; 70.5% rejection of federal citizen's initiative “against the cruel-

ty of animals and for better legal protection of animals (Initiative for instituting a lawyer 

for animal protection)” in 201017). From 1992, animals are not considered to be things 

anymore and the Swiss constitution enshrined that the dignity of creatures should be re-

                                                        
17 From http://www.bk.admin.ch/themen/pore/vi/index.html?lang=fr 
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spected, at least in the German version of the Swiss Constitution while this was translat-

ed into integrity of living beings in the French version (language discrepancy, if not a re-

gional cultural disparity…). 

To perform a study involving animal experimentation in Switzerland, several conditions 

have to be fulfilled: first, the project needs financing, either from the Swiss National Sci-

ence Foundation (SNSF), or from a private institution or other. To this aim, the quality, 

the originality and the methodology of the project had to be beforehand acknowledged. 

Second, a veterinary authorisation by the Cantonal Veterinary Office is mandatory (valid 

for 3 years at the most) (see Supplementary Figure 2). Researchers have to demon-

strate that the benefits for society exceed the constraints inflicted on the animals during 

experiments (constant balancing of interests). Actually the Swiss Federal Veterinary Of-

fice has classified animal experiments according to 4 severity degrees, according to the 

constraints which the animals are subject to18 (see Figure 3C). In addition, there have to 

be members from animal welfare organisations in the commissions assessing the re-

search projects involving animal experimentation. If needed, the Federal Veterinary Of-

fice can then appeal against the authorisation by the Cantonal Veterinary Office. Moreo-

ver, all researchers who carry out or supervise animal experiments have to receive ap-

propriate training course. (DFE Ordinance 455.109.1), in the form of an introductory 

course in laboratory animal science (module 1; section 2: article 23). For those planning 

and supervising animal experiments, an additional course is required (module 2; section 

3: article 27). 

The 3R Research Foundation Switzerland is an institution jointly set up in 1987 by depu-

ties of Swiss Parliament working on animal experiment, by the Interpharma (Associa-

tion of Swiss pharmaceutical industries performing research : Actelion Ltd, Merck Sero-

no International SA, Novartis Pharma SA, F. Hoffmann-La Roche SA, Bayer (Suisse) SA, 

Cilag SA and Vifor SA) and by the animal welfare organisation Fund for Research without 

animal experiment (Fonds pour une Recherche sans expérimentation animale), now called 

Animalfree Research. Its goal is to favour the implementation of the 3R principle (Re-

place, Reduce, Refine) in research. Experiments on animals are allowed only if there is no 

alternative method (Replace), such as in vitro or computer modelling approaches. More-

over, the number of animals used has to be reduced to a minimum (Reduce). Finally, an-

                                                        
18 For more information, see http://www.blv.admin.ch/themen/tierschutz/00777/03579/index.html?lang=fr. 
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imal experiments have to be designed in such a way to limit as much as possible the con-

straints inflicted on the animals (Refine), for instance by providing enough enrichment 

in the animal facility (Buchanan-Smith, 2011; Lutz and Novak, 2005) and by using ap-

propriate dosages of anaesthetics and painkillers when needed (Coleman et al., 2012; 

Committee for the Update of the Guide for the Care and Use of Laboratory Animals and 

National Research Council, 2011; Murphy et al., 2012). It is important to mention that 

working in accordance with the 3R principles is in researchers’ interest because experi-

ments involving laboratory animals are very expensive. Moreover refined methodolo-

gies allowing to increase animal welfare are crucial because many results would be 

completely altered and therefore irrelevant if they were obtained on animals under 

stress. 

 

The non-human primate as model of choice in Neuroscience19 

In vitro strategies (see e.g. Puschmann et al., 2013) and substitution models (see e.g. 

Gerstner et al., 2012; Huang et al., 2012; Pamies et al., 2014) can prove very powerful to 

solve some Neuroscience issues. Nevertheless, resorting to animal models, such as ro-

dents or non-human primates, may be required in other situations (Editorial Nature 

Medicine vol.19 (10), 2013; Lemon and Griffiths, 2005). 

Experiments conducted on rodents have led among others to better understand the 

mechanisms of memory (Crystal and Alford, 2014; Halstead et al., 1967; Martin and 

Clark, 2007; Rosenzweig and Leiman, 1968) and those of drug addiction (Hopf and 

Lesscher, 2014; Quintero, 2013; Schuster and Thompson, 1969). Furthermore, rats have 

proved to be relevant models for some human diseases, such as in X fragile syndrome 

research (see e.g. Berry-Kravis et al., 2012; Henderson et al., 2012; Rotschafer and 

Razak, 2013). 

                                                        
19 This issue is presented in detail in the Weatherall report (Weatherall et al., 2006). This key document in the 
field of biomedical research examined the scientific basis for the use of non-human primates in research, based 
on an exhaustive overview of scientific literature (376 bibliographic references!). Briefly, the Weatherall report 
concluded that the non-human primate is an irreplaceable model, at least for the foreseeable future, for bio-
medical research in infectious communicable diseases, neuroscience (pp. 59-83), reproductive biology, devel-
opmental biology, aging and for drug development, among others. The recommendations expressed in this 
report still apply in 2015, in particular if we consider the recent Ebola epidemic and the urge need to develop a 
vaccine against this devastating virus. 
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Nevertheless, there are major structural and functional differences between the rodent 

and the human nervous systems (size, complexity, neuroanatomy, neurophysiology, be-

haviour, inflammatory and immunological responses), meaning that in some situations 

the relevance of rodent models is limited and transposition of scientific results obtained 

in rodents to human is impossible, or at least risky (see e.g. Baker, 2013; Courtine et al., 

2007; Lemon and Griffiths, 2003; Manger et al., 2008). It is then required to use animal 

models biologically closer to human, such as non-human primates (Courtine et al., 2007; 

Garbarini, 2010; Lemon and Griffiths, 2005). In Lemon’s words, “species that are more 

closely related to humans will have more similar phenotypes to ours” (Lemon and Griffiths, 

2003). Research involving non-human primates follows of course the highly-demanding 

ethical standards established in the 3R principle, meaning that these animals are used as 

models only when replacing them with lower-ranking animals is not possible. Typically, 

non-human primates remain a model of choice for research in Neuroscience. The main 

reasons are listed in the following paragraphs, with a special emphasis on hand motor 

control.  

First, non-human primates and human are biologically and genetically very close given 

that they diverged from a common ancestor only about 65 million years ago (Figure 4). 

In particular, human and Old World monkeys such as macaques split from their common 

ancestor only 25 million years ago and the macaque (Macaca mulatta) genome is 93% 

similar to human’s genome (Rhesus Macaque Genome Sequencing and Analysis 

Consortium et al., 2007). The consequence is that experiments on non-human primates 

are largely contested. Non-human primates used in biomedical research are both New 

World monkeys and Old World monkeys but experiments involving great apes are not 

allowed (Carlsson et al., 2004; Torres et al., 2010; Weatherall et al., 2006). Among Old 

World monkeys, macaques are most frequently used, especially rhesus macaques 

(Macaca mulatta), cynomologus or long-tailed macaques (Macaca fascicularis) and 

stumptailed macaques (Macaca arctoides). Regarding New World monkeys, common 

marmosets (Callithrix jacchus), squirrel monkeys (Saimiri spp.), capuchins (Cebus spp.), 

and tamarins (Saguinus spp.) are usually involved in scientific research. 
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Figure 4: Evolutionary tree of primates showing, among others, the close phylogenetic relationship 

between macaque monkeys and human. The speciation from prosimians to human happened in 65 

million years. To elaborate, there were only prosimans 65 million years ago. The prosimans split 

further into two groups (today's prosimians and today's simians (anthropoids)) through evolution 

and natural selection. The simians then split into New World monkeys (35 million years ago) and 

Old World monkeys (25 million years ago). This last split is characterised by the disapperance of 

tails in the Hominoidea superfamily (modern apes and human), unlike the cercopithecidea 

superfamily (modern monkeys). The hominoidea superfamily evolved then into lesser apes (18 

millon years ago), orang-utans (12 million years ago), gorillas (7-8 million years ago), chimpanzees 

(6-7 million years ago) and finally the direct ancestors of modern human (6-7 million years ago) 

(from Larsen and Repcheck, 2010). 

The close evolutionary relationship between non-human primates and human is reflect-

ed in many neuroanatomical and neurophysiological similarities between both groups, 

such as the anatomical (see e.g. Evrard et al., 2012; Evrard et al., 2014; Öngür and Price, 

2000) and functional (see e.g. Wager and Yarkoni, 2012) brain organisation, the fine mo-

tor control of the hand (Courtine et al., 2007; Lemon, 2008), cognitive capabilities (see 

e.g. Reinhart et al., 2012) and the great social complexity (Capitanio and Emborg, 2008).  

Among primates, the human brain has by far the largest amount of neurons and the 

most complex sulcus organisation (see Figure 5 bottom right). Nevertheless, the organi-

sation of the macaque’s brain is close (see Figure 5 bottom left) in terms of structures 

and cortical areas. 
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Figure 5: Lateral view of the brain of some rodents (brains pointing to the right), insectivores (in 

blue due to illumination conditions) and primates (brains pointing to the left), classified according 

to the increasing number of neurons in millions (in red, M: million). The brain weight is indicated in 

yellow (from Herculano-Houzel, 2009). 

Regarding the motor cortex, both macaques and human share a common organisation 

into homologous (M1, PM, SMA, CMA) and somatotopically arranged motor cortical are-

as. Briefly, the homunculus found in human is homologous to the so-called simiusculus 

found in monkeys (Penfield and Boldrey, 1937; Penfield and Jasper, 1954; Penfield and 

Rasmussen, 1950; Woolsey et al., 1952), with the foot and leg control areas medial and 

the arm, face, mouth, and mastication control areas progressively more lateral. Last but 

not least, the motor representation of the face and fingers is much larger than the one of 

the other body parts in both species (Figure 6) (Penfield and Boldrey, 1937; Penfield 
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and Jasper, 1954; Penfield and Rasmussen, 1950; Schieber, 2001; Woolsey et al., 1952). 

See the General Introduction for greater detail. 

 

Figure 6 : Comparison of the somatotopic organisation of motor cortical areas in macaque monkey 

and in human. (A) Lateral view of the left hemisphere and medial aspect of the right hemisphere of 

a macaque monkey’s brain. Motor areas are highlighted in green. The Brodmann’s cytoarchitecture 

of the sensorimotor cortex is given. (B) Same as (A) but for a human’s brain. (C) Representation of 

the macaque monkey’s motor simiusculus on a lateral view and medial aspect of the left 

hemisphere. (D) Representation of the human’s motor homunculus on a frontal section of M1 

(from Kandel et al., 2000).  

Equally important, the organisation of the descending spinal motor pathways control-

ling voluntary movements are homologous in non-human primates such as macaque 

monkeys and human (Lemon and Griffiths, 2005). In particular, both groups share simi-

lar CST and CM tract pathways, allowing the outstanding fine manual dexterity that 

A 

B 

C 

D 
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characterises the sole primates (Figure 7). To elaborate, rodents and cats have no direct 

connections between CST neurons and the cervical motoneurons controlling distal fore-

limb muscles, but interneurons are involved to transmit inputs from the motor cortex to 

the motoneurons. This is linked with a poor manual dexterity. Conversely, some non-

human primates and human exhibit a higher manual dexterity, allowing performing re-

fined and individuated finger movements. This is correlated with the considerable de-

velopment of the neocortex at the origin of the CST and the development of the CST it-

self, containing direct connections between motor areas and motoneurons –the CM 

pathway (Courtine et al., 2007; Lemon, 2008; Lemon and Griffiths, 2005; Nakajima et al., 

2000). Equally relevant regarding the hand motor control, both Old World monkeys and 

human share a common skeletomotor apparatus of the hand (Lemon, 2008; Napier, 

1962; Napier, 1993). 

 

 

Figure 7: The acquisition of fine motor control abilities in the evolution of primates is correlated 

with the development of the CST. The first row depicts the manual dexterity as the ability to 

perform the precision grip using the thumb and the index finger. The amplitude of CM EPSPs is 

increasing with the development of the direct CM pathway in primates (middle row). The last row 

shows transversal spinal cord sections and the location of CST neurons (in gray), mostly located in 

the dorsal horn in rodents, while primarily in the lateral horn and to a lesser extent in the ventral 

horn in primates. Note the presence of ipsilateral CST fibres (10%-20%) in primates exclusively, 

which were proved to be of clinical relevance in case of unilateral section of the spinal cord. 

Moreover, rodents lack the direct CM pathway that characterises the sole primates. Rather, CST 

inputs from the motor cortex are conveyed through interneurons in the rodent spinal cord. Equally 
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relevant, the emergence and the development of CM fibres in the evolution of primates are linked 

with an increase in the number, diameter and conduction speed of the CST fibres (from Lemon, 

2008). 

In addition, non-human primates such as macaque monkeys have cognitive abilities al-

lowing to teach them to perform quite sophisticated sensorimotor tasks, for instance in-

volving a fine motor control of the fingers (see e.g. Chapter 5 and Appendix 2). 

For an extended review about the use of non-human primate models in research on the 

motor system, see Lemon (2012). 

The visual system constitutes another example of the highly conserved neuroanatomical 

and neurophysiological organisation between non-human primates and human. More 

specifically, the primate visual cortex is largely more developed and more complex than 

the rodent one (Figure 8). Therefore, non-human primates represent prime models to 

study the organisation and functioning of the human visual system (see e.g. Baker, 2013; 

Mitchell and Leopold, 2015; Orban et al., 2004; Solomon and Rosa, 2014).  

 

 

Figure 8: Comparison of the visual cortex of the mouse and the macaque. Both rodent and primate 

visual cortices have the same neuronal subtypes, in about similar proportions and organisation. 

Nevertheless, they largely differ in size: mice have less visual cortical areas and a smaller 

proportion of neurons involved in vision than primates and consequently mice have a much more 

blurred vision than primates (from Baker, 2013). 
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Contributions of non-human primates to biomedical progress in 

Neuroscience  

A large body of key knowledge currently available in Neuroscience was gained thanks to 

experiments performed on animal models. The critical contribution of these animals to 

the field of Neuroscience is further illustrated by considering Nobel Prize laureates and 

their research field: from 1904 to 2014, 39 discoveries related to Neuroscience were 

rewarded with Nobel Prize and 36 of them involved experiments on animal models20. 

Non-human primates in particular led to significant advances in Neuroscience (for a 

short review, see Pennisi, 2007), among others the synthesis of poliomyelitis vaccines 

(Enders et al., 1980; Enders et al., 1949; Enders et al., 1954; Landsteiner and Popper, 

1909, Nobel Prize in Physiology or Medicine 1954), a better understanding of some 

mechanisms of visual information processing (Hubel and Wiesel, 1968; Hubel and 

Wiesel, 1998, Nobel Prize in Physiology or Medicine 1981), insights into some 

mechanisms of brain plasticity in adult cerebral cortex (Allard et al., 1991; Jenkins et al., 

1990; Kaas et al., 1983; Merzenich et al., 1983; Merzenich et al., 1984; Nudo et al., 1996; 

Recanzone et al., 1992; Wall et al., 1986), the discovery of the functional specialisation of 

brain hemispheres (Sperry, 1982, Nobel Prize in Physiology or Medicine 1981), deeper 

knowledge about the mechanisms of reward signalling by midbrain dopaminergic 

neurons (Schultz et al., 1993; Schultz et al., 1997), the development of technologies such 

as neuroprosthetics (see below), the discovery of molecules promoting the regeneration 

of neural fibres after a lesion (see below), the development of treatments against 

degenerating diseases such as Parkinson’s disease (see below), or the development of 

medical imaging techniques such as MRI (Nobel Prize in Physiology or Medicine 2003) 

and Diffusion Tensor Imaging (Filler, 2009).  

Three examples of the invaluable contribution of animal models to Neuroscience, with a 

special emphasis on non-human primates, will be developed in greater detail in the 

following paragraphs. 

 

                                                        
20Combined information from http://fbresearch.wsol.net/nobelprize/, 
http://www.nobelprize.org/nobel_prizes/medicine/fields.html, 
http://www.aphb.uwa.edu.au/courses/honours/Neuroscience/history#1900s, and 
http://www.dls.ym.edu.tw/chudler/nobel.html. 
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Neuroprosthetics 

Neural prostheses or neuroprosthetics are artificial extentions of the body directly 

controlled by re-routeing brain signals from the subject, in order to replace or restore 

some neural deficiencies (Leuthardt et al., 2014; Nicolelis, 2001). There are two types of 

neuroprosthetic devices: (i) output neural interfaces, converting brain activity to control 

artificial devices performing external actions, such as brain-computer interfaces or 

brain-machine interfaces to restore the function of a lost limb in amputees or paralysed 

patients (Collinger et al., 2013; Hochberg et al., 2006; Hochberg et al., 2012; Ifft et al., 

2013; Nicolelis, 2003; O'Doherty et al., 2011; Velliste et al., 2008; Wodlinger et al., 2015; 

Wolpaw et al., 1991); (ii) input neural interfaces, collecting information from the 

environment and converting it into perceptions, such as retinal and epiretinal implants 

to restore impaired vision (Chow et al., 2004; da Cruz et al., 2013; Ghezzi et al., 2013; 

Mandel et al., 2013; Saunders et al., 2014; Stingl et al., 2013), or cochlear implants to 

restore impaired audition (Brand et al., 2014; Clark, 2015; Gantz et al., 2006; Kim et al., 

2012; Mudry and Mills, 2013).  

Regarding more specifically brain-machine interfaces, one of the ultimate ambitions of 

developing such neuroprosthetic devices has always been to restore some voluntary 

motor control by using neural interface, for instance in paralysed patients. To this end, 

Velliste et al. (2008) developed a rhesus monkey model able to control a robotic arm 

allowing to grasp rewards. They implanted intracortical microelectrode arrays (64-100 

microelectrodes per hemisphere) in M1 that derived and decoded monkeys’ brain 

activity in order to control in all three dimensions and in real time a mechanised arm 

with a gripper at its extremity, during a self-feeding task. This was the first successful 

demonstration of an embodied neuroprosthetic device allowing a multi-degree-of-

freedom control to physically interact with his “owner”. Some short movies illustrating 

this technological advance are provided by the authors at 

http://www.nature.com/nature/journal/v453/n7198/suppinfo/nature06996.html. 

Hochberg et al. (2006; 2012) were then able to transpose this technical achievement to 

long-standing tetraplegic human patients to restore in them some mobility and some 

independence. To elaborate, a neural interface containing a 96-microelectrode array 

was implanted in a small, local neuronal population of M1 to record and then process 

spiking activity directly into signals allowing to control in all three dimensions and in 
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real time an articulated dexterous robotic arm. Most outstanding, the patients were able 

to reach and grasp objects such as a bottle already after a very short period of 

familiarisation with the device (less than 15 minutes). Short movie sequences 

illustrating this achievement are provided by the authors at 

http://www.nature.com/nature/journal/v485/n7398/full/nature11076.html. Such 

technological approach was later successfully used in a tetraplegic patient to control an 

anthropomorphic prosthetic limb freely and in the three dimensions. Remarkably, the 

patient was able to perform dexterous and coordinated reach and grasp movements 

(Collinger et al., 2013). Very recently, the motor control of the hand of these 

anthropomorphic prosthetic devices was even refined by extracting additional brain 

signals, allowing patients to achieve movements with no less than 10 degrees of freedom 

(Wodlinger et al., 2015). 

Controlling a prosthetic arm by using neural interfaces in human would never have been 

possible without more than 40 years of collaborative research in several various fields, 

primarily using non-human primates (Collinger et al., 2014; Jackson, 2012), beginning 

with the study of neuronal mechanisms underlying the arm motor control (Donoghue et 

al., 1998; Evarts, 1974; Evarts, 1964; Georgopoulos et al., 1982; Georgopoulos, 1987; 

Humphrey et al., 1970; Sanes and Donoghue, 1993), followed by the development and 

implementation of microelectrodes allowing to properly derive brain activity (Jones et 

al., 1992; Maynard et al., 1997; Nordhausen et al., 1994), then the development of neural 

interfaces to decode neural activity in rhesus monkey (Serruya et al., 2002; Taylor et al., 

2002; Vargas-Irwin et al., 2010; Velliste et al., 2008; Wessberg et al., 2000) and 

eventually the transposition of brain-controlled dexterous robotic hands to human 

tetraplegic patients (Collinger et al., 2013; Hochberg et al., 2006; Hochberg et al., 2012; 

Wang et al., 2013) (Figure 9). 
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Figure 9: Key steps of research, primarily conducted on non-human primates, that led to the 

successful development of dexterous prosthetic arms for human patients, controlled through a 

neural interface: advances in decoding brain activity that controls arm movements (blue), 

development of microelectrodes (orange), development of neural interfaces for monkeys (green), 

application of the prosthetic arm technology to human patients (purple) (from Jackson, 2012). 

 

The successful story of anti-Nogo-A: examples of CNS lesions 

Partly due to the increase in lifespan, diseases and lesions of the nervous system, such as 

stroke (Figure 10), keep affecting a growing proportion of people and often result in 

severe after-effects and impairments, inducing significant and increasing costs for the 

healthcare system as well (Annoni et al., 2006; Mühl and Vuadens, 2011; Schwab and 

Buchli, 2012). Therefore, there is a urgent need for finding therapeutic approaches 

allowing to “repair” lesioned tissues and several of them have already been identified 

(Filli and Schwab, 2012; Hulsebosch, 2002; Maier and Schwab, 2006; Rossignol et al., 

2007; Wahl and Schwab, 2014). Here we will focus in particular on animal models for 

spinal cord lesion and stroke.  
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Figure 10: Number of patients (rate for 100’000 people) having been hospitalised due to a stroke in 

2002-2004 and 2010-2012, in Switzerland, separately for males (left panel) and females (right 

panel). Data from the Swiss Health Survey 2014, available at 

http://www.bfs.admin.ch/bfs/portal/fr/index/themen/14/01/new/nip_detail.html?gnpID=2014-

371. 

It has been already observed from a long time that the CNS and the PNS have differential 

regeneration properties (Benfey and Aguayo, 1982; David and Aguayo, 1981; Ramon y 

Cajal, 1928; Schwab and Thoenen, 1985). In adult but not in embryo (Chen et al., 1995), 

a section of a CNS fibre results in a strong inhibition of spontaneous regeneration of the 

lesioned fibre, contrary to a lesion of a PNS fibre. As a result, a lesion affecting the adult 

spinal cord (for a review, see Schwab and Bartholdi, 1996) or the brain usually leads to 

dramatic consequences.  

The development of a therapy based on the so-called anti-Nogo-A antibodies, first for 

spinal cord injured human patients and potentially later for patients with brain cortical 

lesions as well, results from the close collaboration between different research groups 

working on rodents, on monkeys and on human. An overview of the key steps is given in 

the following paragraphs. 

Interesting observations were performed in late 1980s on in vitro neuronal cultures in 

the laboratory of Prof. Martin Schwab in Zürich. To elaborate, cell adhesion, neurite 

growth and fibroblast spreading of rodent nerve cells were strongly prevented when 

these cells were cultured with differenciated oligodendrocytes (i.e CNS myelin) from 

rats or chicks. In particular two membrane-bound proteins (35kd and 250kd, the latter 

is now called Nogo-A) in myelin extract were responsible for creating this strongly 

nonpermissive and hostile substrate. Conversely, myelin from rodent PNS nerves had 
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permissive properties for rat nerve cells (Bandtlow et al., 1990; Caroni and Schwab, 

1988b; Schwab and Caroni, 1988). In case the CNS myelin substrate or directly a 

substrate made of oligodendrocytes were added with monoclonal antibodies IN-1 (later 

called anti-Nogo-A) or IN-2 raised against both myelin-associated proteins with 

inhibitory substrate properties, then nerve fibres were able to grow (Bandtlow et al., 

1990; Caroni and Schwab, 1988a; Schwab and Caroni, 2008; Spillmann et al., 1997), 

meaning that both antibodies IN-1 or IN-2 made the substrate permissive. The authors 

therefore concluded that the nonpermissive substrate properties of CNS white matter 

were achieved in vivo by myelin, more specifically by both myelin-associated proteins 

(Cadelli and Schwab, 1991; Caroni and Schwab, 1988a; for a review, see Filbin, 2003; 

Savio and Schwab, 1989). The gene coding for one of the potent inhibitors (IN-1 antigen) 

of neurite growth was cloned and called Nogo-A (Chen et al., 2000; for a review, see 

Goldberg and Barres, 2000).  

The in vivo function of Nogo-A protein during the normal development of CNS was 

studied in newborn rats by suppressing its production or inhibiting its action. In this 

way, it was concluded that immediately after birth, nerve fibres were growing towards 

their targets, in the absence of myelin (Pernet et al., 2008; Schwegler et al., 1995; Vanek 

et al., 1998), but then, as soon as myelin formation began, oligodendrocytes started 

producing the inhibitory molecule Nogo-A that has both boundary and guidance 

functions that restrict sprouting (Schwegler et al., 1995) and channel, regulate and 

finally block the axonal growth, resulting in a restricted axonal growth and in the 

stabilisation of connections in adult CNS (Cadelli and Schwab, 1991; Schwab, 1996; 

Schwab and Schnell, 1991) (Figure 11A). Moreover, Nogo-A was demonstrated to be 

involved, among others, in synaptic plasticity and regulation of learning of skilled 

movements in the motor cortex (Zemmar et al., 2014). In sum, Nogo-A is a 

developmental neurite growth regulatory factor that strongly regulates plastic 

reorganisation and thus stabilises connectivity in adult CNS (Petrinovic et al., 2010; for 

reviews, see Schmandke et al., 2014; Schwab, 2010; and Schwab and Strittmatter, 2014).  

Based on these observations, the antibody IN-1 in particular, later called anti-Nogo-A, 

was proposed to be a potential new substance that may favour the regeneration on CNS 

lesioned nerve fibres and thus promote plasticity. Simply put, the anti-Nogo-A strategy 

consists in neutralising the myelin-associated neurite growth inhibitory protein Nogo-A 
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present around lesions located in adult CNS, by using the antibody anti-Nogo-A, raised 

against Nogo-A. In this way, axonal outgrowth is favoured and the regeneration of nerve 

fibres is promoted (Figure 11B) (for reviews, see Gonzenbach and Schwab, 2008; and 

Grandpré and Strittmatter, 2001).  

Figure 11: (A) The axonal outgrowth in developing CNS is regulated by the Nogo-A molecule. 

Without myelin, axonal fibres grow. During myelination, oligodendrocytes produce Nogo-A 

proteins that act then by channeling the growth of the fibres towards target cells, preventing 

further outgrowth and thus stabilising connections. Myelinated fibres are represented by thick 

black lines. (B) The regeneration of lesioned nerve fibres in adult CNS is prevented by Nogo-A. The 

anti-Nogo-A strategy consists then in neutralising Nogo-A molecules by using monoclonal antibody 

anti-Nogo-A. As a result, the lesioned axon can then grow towards its target and regenerate 

(modified from a figure generously provided by Prof. Eric M. Rouiller). 

The anti-Nogo-A strategy was first tested on rodents after spinal cord transection. More 

specifically, studies on adult rats subjected to a CST transection demonstrated that anti-

Nogo-A antibody considerably favoured the regeneration of lesioned spinal cord fibres 

over long distance (up to 7-11 mm beyond the lesion), such that prominent sprouting of 

fibres was observed rostral to the lesion and some regenerated fibres circumvent or 

even crossed the lesion through spared tissue bridges towards the caudal spinal cord 

and then grew down the spinal cord over several mm (Figure 12B). Conversely, there 

was no fibre regeneration over long distance in control rats (Figure 12A) (Bareyre et al., 

2002; Bregman et al., 1995; Brösamle et al., 2000; Buchli and Schwab, 2005; Fouad et al., 
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2001; Liebscher et al., 2005; Raineteau et al., 1999; Raineteau et al., 2002; Schnell and 

Schwab, 1990; Schwab, 1996; Schwab, 1998; Schwab, 2002; Schwab, 2004; Schwab and 

Bartholdi, 1996; Thallmair et al., 1998; von Meyenburg et al., 1998). In addition, anti-

Nogo-A-treated rats, but not control rats, showed substantial sensorimotor functional 

recovery, demonstrated by using several tests, such as the swim test (Figure 12C) 

(Bregman et al., 1995; Buchli et al., 2007; Buchli and Schwab, 2005; Fouad et al., 2001; 

Liebscher et al., 2005; Maier et al., 2009; Merkler et al., 2001; Schwab, 2004; Thallmair et 

al., 1998; von Meyenburg et al., 1998). Importantly, these studies dismissed the presence 

of side-effects such as pain or spasticity that may have indicated some abberant 

reorganisation after the lesion (Merkler et al., 2001). 

 

Figure 12: The anti-Nogo-A antibody promotes the regeneration of lesioned fibres in the spinal 

cord and the functional recovery in adult rodents and macaque monkeys. (A) Camera lucida 

reconstruction of consecutive parasagittal spinal cord sections at the lower thoracic level of a 

control rat subjected to a unilateral CST lesion (red arrow, dorsolateral hemisection at T8 level). (B) 

Same as (A) but in a rat treated with anti-Nogo-A antibody (here a recombinant, humanized IN-1 

antibody fragment). Axonal fibres were labelled with BDA marker (A and B from Brösamle et al., 

2000). (C) Behavioural evaluation of motor functional recovery by using the swim test performed 

regularly after spinal cord lesion (red arrow) in control antibody treated rats (white) and in anti-
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Nogo-A-treated rats (gray and black: 2 forms of the antibody were tested here, each one directed 

against a defined region of Nogo-A), * p <0.01; ** p <0.001 (from Buchli et al., 2007; Liebscher et 

al., 2005). (D) Camera lucida reconstruction of consecutive parasagittal spinal cord sections at the 

cervical level of a control macaque monkey subjected to a unilateral CST lesion (red arrow, 

dorsolateral hemisection at C7-C8 border, lesion extent and location shown in the small inset on 

the right). (E) Same as (D) but in a macaque monkey treated with anti-Nogo-A antibody after the 

lesion. Axonal fibres were labelled with BDA marker (D and E from Freund et al., 2007). Motor 

functional recovery regularly evaluated by using the modified Brinkman board task in (F) the 

control monkey and in (G) the anti-Nogo-A-treated monkey, before and after the lesion (red arrow, 

lesion extent represented in the small inset on the right). The score corresponds to the total 

number of pellets collected in the first 30 s of the task with the ipsilesional hand (F and G from 

Freund et al., 2006).  

Even though the very promising results obtained on the rodent model, it would have 

been inconceivable to transpose the anti-Nogo-A therapy directly to spinal cord injured 

human patients because, as already mentioned above, the anatomical and functional 

organisation of the nervous system, and in particular here of the spinal cord, is largely 

different between rodents and human. To meet current legislation, the safety and 

effectiveness of the anti-Nogo-A strategy were consequently assessed on a non-human 

primate model. To this end, 13 adult macaque monkeys were subjected to a cervical 

hemitransection of the CST. Anti-Nogo-A antibody treated monkeys (n =7) showed 

substantially more sprouting of CST axons both rostal (Freund et al., 2007) and caudal 

(Freund et al., 2006) to the lesion compared with the control antibody treated monkeys 

(n =6) (Figure 12D, E). The enhanced nerve fibre regeneration was usually associated 

with a faster and larger functional recovery of ipsilesional manual dexterity in the 

modified Brinkman board task in anti-Nogo-A antibody treated monkeys compared with 

the lower spontaneous functional recovery observed in most control animals (Figure 

12F, G). In brief, the functional recovery as a function of the extent of CST lesion was 

better in anti-Nogo-A antibody treated monkeys than in control monkeys (Freund et al., 

2006; Freund et al., 2009). Studies performed on other non-human primates confirmed 

these results (Fouad et al., 2004). The absence of chronic pain in anti-Nogo-A antibody 

treated animals was confirmed in monkeys as well (Freund et al., 2006). 

Taken together, data from both rodent and macaque monkey models clearly indicated 

the effectiveness of anti-Nogo-A therapy in relieving of spinal cord injury in those 
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species. These encouraging results thus paved the way for clinical trials in human 

patients. Phase I clinical trials, corresponding to assessement of antibody 

pharmacokinetics, safety, tolerance and appropriate dose, were successfully carried out 

from 2006 on paraplegic and tetraplegic human patients (Zorner and Schwab, 2010). 

Phase II clinical trials are expected to begin in an immediate future. 

The cerebral cortex represents an additional level of complexity in both structure and 

function as compared to the spinal cord, meaning that results from spinal cord injury 

models cannot be directly transposed to cerebral cortex injuries. As a consequence, 

rodent models of focal cortical lesions were developed to test the potential of the anti-

Nogo-A strategy in such kinds of lesions. More specifically, rats were subjected to a focal 

lesion in the sensorimotor cortex, resulting in a strong motor deficit of contralesional 

forelimb. In those rats that were subsequently treated with the anti-Nogo-A antibody, 

but not in control animals, an enhanced neuronal plasticity was observed, in the form of 

a strong regeneration of nerve fibres and enlarged synaptic modifications (Figure 13A). 

In addition, anti-Nogo-A antibody treated rodents showed a significantly better and 

long-lasting functional recovery after the lesion as compared to control rats (Figure 

13B, C) (Buchli and Schwab, 2005; Cheatwood et al., 2008; Emerick et al., 2003; Emerick 

and Kartje, 2004; Gillani et al., 2010; Lindau et al., 2014; Markus et al., 2005; 

Papadopoulos et al., 2002; Seymour et al., 2005; Tsai et al., 2011; Tsai et al., 2007; Wahl 

et al., 2014). 

Similar studies are currently ongoing in our laboratory on a macaque monkey model of 

cortical lesion. Briefly, several macaque monkeys were subjected to a restricted, 

permanent and unilateral cortical lesion of the hand representation in M1 (see Chapter 

General Materials and Methods and Chapter 5 for further detail). Preliminary results 

indicate that the functional recovery of the contralesional manual dexterity is enhanced 

in anti-Nogo-A antibody treated monkeys compared with control animals with a similar 

lesion extent (Figure 13D) (Hamadjida et al., 2012; Wyss et al., 2013). Moreover, in 

order to fulfil the refine principle advocated by the 3R, we have developed and then 

largely used the non-invasive method of scalp EEG recordings presented in Chapters 1 

to 4 to document in greater detail the post-lesion reorganisation, in addition to 

information obtained with behavioural tests. 
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Figure 13: Anti-Nogo-A antibody promotes the regeneration of lesioned fibres in the cortex and 

functional recovery in rodents and in macaque monkeys. (A) Photomicrographs showing 

corticorubral fibres crossing (small black arrows) the midline (dotted line) more densely in stroke 

rats subsequently treated with anti-Nodo-A antibody (right) than in control animals (left). Axonal 

fibres were labelled with BDA marker. (B) Selected pictures showing a rat performing the “skilled 

forelimb reaching task”. This test was used to behaviourally assess functional recovery and 

consisted in retrieving a small food pellet by introducing the forelimb through a slit. (C) Success 

score ± SEM in the skilled forelimb reaching task for the contralesional forelimb before and after 

stroke (red arrow) in rats with stroke only (white circles), in rats with stroke and subsequent 

control-antibody treatment (gray squares) and in rats with stroke and subsequent anti-Nogo-A 

antibody treatment (black triangles). Treatment, when present, began 9 days after the lesion and 

was delivered for 2 weeks. All 3 groups of rats had severe functional deficits immediately after the 

lesion. But then, after treatment, there was a significant strong functional recovery in this task only 

in those rats that were treated with anti-Nogo-A antibody, * p <0.05, ** p <0.01, *** p <0.001. (A, 

B and C from Tsai et al., 2011). (D) Functional recovery of contralesional manual dexterity in the 

modified Brinkman board task as a function of cortical lesion extent. The percentage of recovery 

was expressed as (post-lesion score in 30 s in horizontal wells/pre-lesion score in 30 s in horizontal 

wells)*100, both in 5 control monkeys (white circles) and in 3 anti-Nogo-A antibody treated 

monkeys (black circles). There was no significant correlation between the lesion extent and the 
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functional recovery but for a comparable lesion extent, anti-Nogo-A-treated monkeys usually 

recovered better than control monkeys (from Wyss et al., 2013).  

The anti-Nogo-A story is by far still not at its end. In the same way as the development of 

neuroprosthetics exemplified above, it illustrates the very long-term processes that are 

required in the development of new treatments and the crucial information that are 

collected at every step by working on several animal models, before transposition to 

human.  

 

Parkinson’s disease 

Parkinson’s disease is a chronical and progressive neurodegenerative disease beginning 

on average at about 60 years old and characterised among others by hypokinesia, 

bradykinesia, rigidity, resting tremor, gait impairment, postural changes, postural 

instability (Figure 14) and various other non-motor symptoms, such as automomic 

dysfunctions, sleep-wake disorders, sensory disorders and neuropsychiatric disorders 

(Apetauerova, 2012; Wolters et al., 2014). 

 

Figure 14: Major clinical manifestations of Parkinson’s disease (from Apetauerova, 2012). 
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A 

B 

Research on animal models enabled to understand several pathophysiological 

mechanisms of the disease and led to the treatments currently used in the clinics (L-

Dopa, deep brain stimulation, stem cells) to improve the patients’ quality of life. One of 

the Nobel prize laureates in Medicine-Physiology in 2000, Arvid Carlsson, demonstrated 

in 1959 already, by experimenting on rabbits and mice, that Parkinson’s disease might 

result from dopamine depletion (Carlsson, 1960; Carlsson, 2001) (Figure 15): he 

administrated animals with reserpine, a molecule mimicking very faithfully the symp-

toms of Parkinson’s disease also in animals. As a results, the animals showed 

impairments close to the ones observed in parkinsonian patients. By injecting then these 

animals with L-Dopa, a precursor of dopamine, a dramatic reversal of the symptoms was 

induced, indicating that reserpine was actually depleting dopamine. These first 

experiments allowed to establish the critical role of dopamine in Parkinson’s disease.  

Figure 15: Rabbits treated with reserpine, inducing 

similar symptoms as observed in parkinsonian patients, 

before (A) and (B) after treatment with L-Dopa 

(Carlsson, 1960; Carlsson, 2001). 

 

 

 

 

Later on, other studies were performed on brains of pigeons and allowed to 

demonstrate that dopamine was accumulated in basal ganglia homologous to the 

mammalian corpus striatum, some structures being involved among others in motor 

control (Juorio and Vogt, 1967; Karle et al., 1996; Reiner et al., 1998) (Figure 16). Taken 

these results together, it was therefore concluded that basal ganglia in parkinsonian 

people degenerate, inducing a depletion of dopamine in the nervous system and leading 

to an imbalance in the activity between the basal ganglia. Treatment of Parkinson’s 

disease with L-Dopa was therefore established to restore the dopamine concentration in 

the brain (see e.g. Barbeau, 1981; Birkmayer and Hornykiewicz, 1962; Birkmayer and 

Hornykiewicz, 1964). This therapy is effective during the first years of the disease 

(Poewe et al., 2010). Nevertheless, many parkinsonian patients become progressively 
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resistant to L-Dopa, meaning that the drug becomes less and less effective and induces 

strong side-effects a few years after therapy onset (Poewe et al., 2010; Tarsy, 2012). 

Figure 16: Dopamine immunolabelling on transverse sections of (A) the right telencephalic 

hemisphere of a pigeon through mid-basal ganglia, (B) the right half of midbrain at the level of the 

substantia nigra. Abbreviations: E, ectostriatum; HV, hyperstriatum ventrale; INP, intrapeduncular 

nucleus; LS, lateral striatum; MS, medial striatum; N, neostriatum; NST, nucleus of the stria 

terminalis; PALL, pallidum. Dopamine is strongly accumulated in basal ganglia (from Reiner et al., 

1998).  

To go deeper in investigating the role of basal ganglia in Parkinson’s disease, non-human 

primate models of parkinsonism were developed by injecting them with the neurotoxin 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (Blume, 1983; Burns et al., 1983; 

Kolata, 1983; Langston et al., 1983b; Miller and DeLong, 1987). This protocol was based 

on the discovery by accident of strong parkinsonian symptoms induced on drug addicts 

that used illicit drugs contaminated with MPTP, and on a chemist daily exposed to MPTP 

(Blume, 1983; Langston et al., 1983a; Langston et al., 1983b; Langston, 1983). In these 

subjects, MPTP was suggested to selectively destruct dopaminergic neurons in the 

substantia nigra pars compacta (Langston et al., 1983a), which was confirmed in MPTP 

monkeys (Burns et al., 1983; Langston et al., 1983b). Later on, it was observed that the 

subthalamic nucleus and the globus pallidus internus became overactive in MPTP rhesus 

monkeys (Bergman et al., 1994; Miller and DeLong, 1987). Consequently, based first on 

the principle that stimulating these overactive brain structures could decrease their 

overactivity, restore the balance of activity between basal ganglia and attenuate 

symptoms of Parkinson's disease (Wichmann et al., 1994) and, second, in order to 

circumvent the resistance to L-Dopa that may develop in the course of the therapy, 

another approach to treat Parkinson’s disease was then developed, namely the deep 

brain stimulation or DBS (for a review, see Mehanna and Lai, 2013). 

A B 



Chapter 8  Anne-Dominique Gindrat 

612 

Before applying DBS directly to human, this technique was developed first in rats 

(Benazzouz et al., 2000; Spieles-Engemann et al., 2010) and then in monkeys (Benazzouz 

et al., 1993; Hashimoto et al., 2003; Johnson et al., 2009; Meissner et al., 2005). From the 

first report in 1993, but actually already performed in 1987 (see e.g. Benabid et al., 

1993), many pharmacologically resistant parkinsonian patients have been treated using 

high-frequency DBS (Anderson et al., 2005; Ashkan et al., 2004; Deuschl et al., 2006; 

Fleury et al., 2013; Follett et al., 2010; Huys et al., 2014; Krack et al., 1997; Mehanna and 

Lai, 2013; Odekerken et al., 2013; Odekerken et al., 2015; Okun et al., 2009; Ramdhani et 

al., 2015; Rothlind et al., 2007; Weaver et al., 2009; Weaver et al., 2012). To this aim, 

electrodes are chronically implanted into the basal ganglia, usually either the 

subthalamic nucleus or the globus pallidus internus. These electrodes are then 

connected via cables to small power generators implanted under the skin. They send 

then high-frequency electrical discharges that inhibit the abnormal neuronal activities of 

these strucures, immediately relieving some symptoms of Parkinson’s disease, such as 

resting tremor. The main advantage of DBS is that it is reversible and may be adjusted 

according to the patients’ needs. Some movie sequences illustrating the striking 

effectiveness of DBS are available for instance at 

http://www.medtronicdbs.com/parkinsons/about/introduction-to-dbs-

therapy/index.htm. 

Nowadays, L-Dopa remains one of the gold standards of oral treatment of Parkinson’s 

disease (Connolly and Lang, 2014; Poewe et al., 2010). Then, DBS is one prime 

alternative for those patients having developed resistance reactions to L-Dopa. 

Nevertheless, both L-Dopa supplementation and DBS act on the symptoms of the disease 

but do not address the underlying cause itself, i.e the degeneration of dopaminergic cells 

within the brain. Until now, there is still no cure for Parkinson's disease. However 

ongoing research is carried out aiming at directly replacing degenerated cells by using 

cell therapy (for a review, see e.g. Wakeman et al., 2011), for instance with fetal neural 

stem cells or autologous cells (this topic in particular is under ongoing investigation in 

the laboratory of Prof. Eric Rouiller). Preliminary studies have been performed on 

rodents (Andereggen et al., 2009; Thompson and Parish, 2013) and on monkeys 

(Bjugstad et al., 2005; Bjugstad et al., 2008; Bloch et al., 2014; Gonzalez et al., 2015; 

Redmond et al., 2007; Redmond et al., 2013; Wakeman et al., 2014a; Wakeman et al., 

2014b), and very promising trials have been recently carried out on human, suggesting 
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that a treatment based on grafted cells may be possible in human as well. In particular, 

two parkinsonian patients had intrastriatal grafts of human fetal ventral mesencephalic 

tissue, rich in dopaminergic neuroblasts (Kefalopoulou et al., 2014). They were then 

clinically assessed regularly for 15 and 18 years, respectively. Both of them clearly im-

proved their motor performance during the years following the graft (Figure 17A) and 

were able to live completely free of L-Dopa. This was correlated with the recovery of do-

paminergic innervation in the striatum (Figure 17B). To be continued carefully! 

 

Figure 17: Long-term assessment of the effects of intrastriatal grafts of dopaminergic fetal cells in 

two parkinsonian patients. (A) Motor performance evaluated with the Unified Parkinson’s Disease 

Rating Scale (UPDRS motor scale). Severe symptoms are indicated by high values whereas the 

complete absence of symptom corresponds to 0. Both patients clearly showed a progressive 

decrease in parkinsonian symptoms after the fetal cell grafts (day 0). (B) 6-L-Fluorodopa F 18 PET-

scan showing the location of the dopaminergic cells (in red) within the brain before (left) and after 

(right) the fetal cell graft in both patients. In both cases, the number of dopaminergic cells 

increased after the graft, indicating that the graft did successfully restore the dopaminergic 

innervation that had been lost during the evolution of the disease (from Kefalopoulou et al., 2014). 

 

Concluding remarks 

Going back to the main question of this chapter, namely May one conceive biomedical 

research, especially in Neuroscience, without animal models ?, it emerges among others 

from the different examples presented above that animal models played and continue to 

play an invaluable role in biomedical research, and more specifically here in 

Neuroscience. As a consequence, the answer is a strong no, at least at the moment. 

A B 
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Indeed with the increasing incidence of pathologies and damages affecting the nervous 

system, resorting to animal models with a physiology and a phenotype closely related to 

human ones, such as non-human primates, is at the moment of prime importance for 

biomedical research in Neuroscience. However, one must bear in mind that non-human 

primate models represent only a very small percentage of laboratory animals in 

Switzerland.  

Nevertheless, one can actually expect that the growing strong opposition to animal 

experimentation on the one hand, and the highly expensive costs resulting from using 

laboratory animals for experimental research on the other hand, will further motivate 

the development of effective alternative solutions. Therefore, if we think ahead what 

may happen in the much longer term, say 15-20 years, maybe one day one will be in a 

position to do with much less animal experimentation. Nevertheless, I think we will 

never be able to simulate the real complexity of a living being, even with the best in vitro 

model (such as the "brain-on-a-chip", Pamies et al., 2014), because an organism is 

largely much more than just the sum of all its isolated components. This is especially 

true for the brain, that is by far the most complex organ of our boby (Koch and Laurent, 

1999). In Watson’s words: “The brain is the last and grandest biological frontier, the most 

complex thing we have yet discovered in our universe. It contains hundreds of billions of 

cells interlinked through trillions of connections. The brain boggles the mind.” (Watson, 

J.D., Foreword, p iii, in Ackerman, 1992). 

It is important to keep in mind the consequences that might result from a complete 

abolition on animal experimentation in Switzerland. They may be actually highly 

prejudicial in several respects. First of all, several entire research areas may move 

abroad. Certainly the number of laboratory animals involved in experimental research 

would drastically decrease in Switzerland but, most probably, at the expense of animal 

experiments carried out abroad according to less restricting legal and ethical standards. 

For reminder, Switzerland has one of the strictest legislation in the world about animal 

experimentation by attaching much importance to animal welfare, whether regarding 

housing and care of laboratory animals or regarding experimental constraints. Second, 

transfering whole sectors of Swiss biomedical research abroad may result in a fall of 

competitiveness of all Swiss Universities, Federal Institutes of Technology and 

pharmaceutical industries, which may be highly deleterious for the high level of 
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scientific excellence achieved in Swizerland. Third, this may lead to a very hypocritical 

and absurd situation where most people would be against animal experimentation but 

even so, in case they would become seriously sick or disabled, they would not be ready 

to give up benefit from innovative medical treatments developed abroad by using 

laboratory animals. We must actually assume our choice of wanting to always have a 

cutting edge medicine by accepting all what it involves. In case we cannot for some 

ethical reasons, therefore we must do without medicine benefits as well. Everyone 

should position himself/herself in all conscience regarding animal experimentation, but 

should then remain fully consistent as well regarding the fact of benefiting or not from 

medical treatments. 

The most important is therefore to favour educational initiatives to inform the public 

clearly and with full transparency about what is carried out in the laboratories using 

animal models.  

By way of conclusion, I have always had a profound respect and a deep gratitude for 

animals and in particular for the macaque monkeys I was daily in charge of and working 

with. Nevertheless I acknowledge the unvaluable contribution of laboratory animals to 

get a better understanding about biological processes and develop effective medical 

treatments. Therefore I accept the use of animals in research in spite of the obvious 

constraints to them, provided experiments are carried out rigorously and properly in 

accordance with current legislation and ethical standards.  
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Supplementary Figures 

Supplementary Figure 1 (below and next page): Total number of animals used for different 

purposes, among them research, in Great Britain (from Nuffield Council on Bioethics, 2005). 
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Supplementary Figure 2: Licensing process to perform animal experimentation (example from the 

Canton of Zürich). To perform an animal experiment, an application for license has to be 

submitted, containing an extensive description of the experimental aims, of the methodologies to 

be used and of the balancing of interests (i.e. constraints for the animal versus anticipated benefits 

in the form of acquired knowledge for human) to demonstrate the indispensability of the 

experiment. For experiments inducing contraints for the animals, a long procedure of application 

review by the Cantonal Commission for Animal Experiments takes place, resulting in Cantonal 

Commission recommendations. If the application is in accordance with current legislation and 

ethical standards, the license for the experiment is approved. The Federal Veterinary Office 

supervises the process and can oppose the Cantonal Commission decision (from Sigg, 2011 and 

http://www.tierschutz.uzh.ch/bewilligungen/tierversuche_en.html#2). 
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Summary of the main results 

At the end of the present thesis, it is time to sum up our main results. The first corner-

stone of our work is the description of a methodological approach allowing to investi-

gate brain activity in anaesthetised macaque monkeys by using whole-scalp EEG record-

ing of SSEPs. We achieved the development of non-invasive EEG recordings with intra-

and inter-individual reproducible signals. To this aim, we based on state-of-the-art elec-

trical neuroimaging tools already established in human (Michel et al., 2001; Michel et al., 

2004) and in rodents (Mégevand et al., 2008). The main advantages of an EEG approach 

over other brain imaging techniques are its submillisecond temporal resolution, its non-

invasiveness, its sampling from the whole scalp and not from a restricted zone, its user-

friendly nature, and not insignificantly its low cost. Furthermore, contrary to brain imag-

ing tools such as fMRI or PET, EEG offers a direct, real-time monitoring of neuronal ac-

tivity at the scalp, not a correlate of it, by non-invasively directly detecting the electrical 

activity of the neurons within the brain. Obviously, our goal was not to replace these al-

ready well-established brain imaging tools but rather to provide an additional and com-

plementary approach to decipher the spatiotemporal dynamics of brain activity in non-

human primates. 

Based on this first achievement, we demonstrated then that a craniotomy performed in 

the context of a cortical lesion did not induce major distortions in the EEG signal meas-

ured at the scalp. This represented a prerequisite towards validating our EEG methodol-

ogy for long-term investigations of large-scale neuronal networks in macaque monkeys 

and their reorganisation after lesions requiring a craniotomy. From then on, we were 

able to confidently use this EEG technique to investigate the effects of a cortical lesion on 

brain activity and the mechanisms involved in subsequent cortical reorganisation.  

Our second key result was obtained by regularly performing EEG measurements of 

SSEPs in response to electrical stimulation to the median nerve, before and after a lesion 

located predominantly in the motor cortex, in one monkey, in order to test the integrity 

of the somatosensory processing. Until now, most studies in the laboratory have focused 

on the post-lesion reorganisation taking place in the motor system itself, after an M1 le-

sion (Hamadjida et al., 2012; Liu and Rouiller, 1999; Rouiller et al., 1998; Rouiller and 

Olivier, 2004; Wyss et al., 2013). Conversely, relatively little attention has been given to 

the reorganisation of the somatosensory system after an M1 lesion. Essentially, we 



General Discussion  Anne-Dominique Gindrat 

645 

found here that the lesion induced extensive alterations in somatosensory processing as 

well, confirming that M1 is important for somatosensory processing. More specifically, 

experiments revealed that plastic modifications of neural circuits were not restricted to 

the sensorimotor cortical level, but surprisingly affected the subcortical level as well. 

Thus we provided additional information about the post-lesion compensatory mecha-

nisms of subcortical structures interacting with the cortex, pointing to another facet of 

lesion-induced plasticity. 

Our third important result was obtained by implementing EEG recording of SSEPs elicit-

ed by a more naturalistic, tactile stimulation to the fingertips, in order to overcome some 

major drawbacks inherent to peripheral electrical stimulations, which are actually very 

artificial and experimental. Indeed, we cannot infer detail about the processing of every 

day encountered sensory inputs based on the processing of artificial stimuli. Basically, 

we observed that a dominant M1 lesion induced drastic alterations in tactile sensory 

processing from the fingertips, especially from the thumb tip, although the lesion affect-

ed the entire hand representation in M1, and these cortical modifications were associat-

ed with differential alterations and recovery of the use of the different fingers in a preci-

sion grip task. By focusing more deeply on behaviour, in particular by using a task per-

formed without visual control, we were able to confirm that a dominant motor cortex 

lesion induced somatosensory-related behavioural deficits in other monkeys as well.  

In sum, by studying brain activity and behaviour on monkeys subjected to a dominant 

motor cortex lesion, we confirmed that lesion-induced plasticity developed within the 

somatosensory system representations over the post-lesion recovery period in adult 

macaque monkeys in the sense that sustained changes in motor output and sensorimo-

tor connectivity induced by a motor cortex lesion were sufficient to deeply reorganise 

the somatosensory processing, in addition to the control of fine manual dexterity itself. 

Last but not least, our results further demonstrated that the motor cortex is definitely 

not a purely motor structure but, on the contrary, M1 is also important for somatosenso-

ry processing in primates (see below for further detail). 

Our fourth main finding arose from studying in detail the effects of a repeated peripheral 

stimulation on somatosensory processing in intact monkeys. Such an investigation is an 

important concern for all EEG studies dealing with repeated stimulations. By using a 1-

Hz stimulation repetition rate, which is actually low as compared to many other studies 
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using repeated stimulations, we were able to observe that cortical adaptation is not lim-

ited to the well-known reduction in amplitude of cortical activity over time, but surpris-

ingly we demonstrated here that the latency of EEG signal was adapting over time, spe-

cifically after a repeated tactile stimulation to each of the fingertips. Simply put, a slowly 

repeated sensory input could rapidly impact on the timing of tactile sensory processing 

in the brain. We may therefore have stressed a unique and specific “cortical signature” of 

fingertip tactile stimulations that may enable the brain to prioritise novel stimuli by de-

laying the sensory processing of repeated and thus meaningless inputs. This study 

opened thus a new window on rapid plastic modifications operating at the soma-

tosensory cortical level. Our results clearly demonstrated that latency adaptation is a 

significant process that should be carefully considered in case of repeated tactile stimu-

lation, even at a low stimulus repetition rate. It is indeed of prime importance to fully 

understand the characteristics of the EPs being investigated and the potential distrac-

tions that may affect them, in order to further use these signals and correctly interpret 

them.  

Last but not least, we obtained fresh and significant insights into use-dependent plas-

ticity by moving from EEG investigations on macaque monkeys to EEG investigations on 

human. While most studies on use-dependent plasticity have usually focused on expert 

people so far, implying consequently the intense practice of a particular skill, we decided 

to investigate how this phenomenon operates in daily, unconstrained conditions. More 

specifically, we examined the plasticity of the sensorimotor cortex in relation to the use 

of touchscreen smartphones by taking advantage of the own technology of these devises 

to store built-in battery logs, providing a direct measure of our activity on them. In this 

way, we were able to demonstrate that the repetitive interactions on a smooth 

touchscreen led to deep reshaping of tactile sensory processing from the fingers. Re-

markably, we demonstrated that use-dependent plasticity can operate very rapidly by 

daily updating cortical representations (here the thumb more specifically), depending 

on the use of the corresponding body part. In a second study, we investigated in greater 

detail how the statistics of the behavioural episodes experienced on the touchscreen are 

imprinted through the different stages of sensory processing in the cerebral cortex. In 

short, we observed that different temporal aspects of touchscreen experiences and re-

lated hand actions are strongly imprinted at distinct stages of tactile sensory processing 

in the brain experiencing new technologies throughout the daily live. Thus, our studies 
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on smartphone users complement the wealth of observations about use-dependent plas-

ticity already performed on extremely skilled people such as Braille readers, profession-

al musicians or athletes, for instance, by showing that the normal daily use of personal 

digital technology was able to continuously update the cortical sensory processing in 

our brain and thus that use-dependent plasticity does operate in ordinary, uncon-

strained conditions as well. In other words, past sensory experiences of daily life signifi-

cantly shape the adult cerebral cortex as well. Equally important, our results suggest 

that touchscreen smartphone users may represent an interesting, easily accessible 

population for further investigations on how daily experiences shape cortical sensory 

processing in adults. Indeed, considerable work remains to be done to fully understand 

the mechanisms of use-dependent plasticity in these subjects, particularly in terms of 

the impacts of these plastic modifications on behaviour, i.e. is such cortical plasticity 

adaptive or maladaptive? This question is highly relevant if we consider the increasing 

popular use of touchscreen devices, especially in young children. Nevertheless we can-

not answer it based on the present data. More knowledge about this meaningful topic 

could be obtained by extending our investigations to subjects that became pathologically 

dependent on their smartphone, for instance. Furthermore, it would be interesting as 

well to measure EEG over the long term on very new adult smartphone users to resolve 

the neural correlate of the acquisition of a new dexterous behaviour in adults, in particu-

lar about the time course for plastic changes to develop and then stabilise, and to inves-

tigate whether the acquisition of such a new practice in adults requires different mecha-

nism from the maintenance of an already acquired behaviour observed in regular 

smartphone users. Another line of research would be to include older smartphone users 

as well because they seem to rely on different finger behaviour to interact on the 

touchscreen as compared to the young population investigated here (i.e. median age: 

22.9 years old). Consequently, is their EEG cortical signature different from the one de-

scribed here? 

 

Potential limitations of our studies and perspectives 

Due to unexpected events with two other monkeys, the lesion study presented here (i.e. 

post-lesion EEG mapping of SSEPs after electrical stimulation to the median nerve in 

Chapter 2 and after tactile stimulations to the fingertips in Chapter 3) was based on a 
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single monkey and we acknowledge that we did not succeed in inducing a pure M1 le-

sion. As a consequence, our results should be considered as a case report and still need 

to be verified by reproducing the same experiments on additional animals. Thus, it is dif-

ficult to propose any direct implications of our results but we have rather opened up the 

way for further investigations by describing some interesting observations. In other 

words, we should not consider the present studies as being some purely fundamental 

research but they are rather located in a continuum between fundamental research and 

applied research. 

The very specific post-lesion EEG signature to each stimulus type needs to be confirmed 

in a larger sample of animals, at least with two other monkeys subjected to a lesion of 

the hand representation in M1. In case our results are verified on other animals, the pre-

sent data may become much more relevant. Indeed, this means that we would have high-

lighted a conserved complex reorganisation process taking place both at subcortical and 

cortical levels in the primate sensorimotor cortex after a focal M1 lesion. In such a case, 

the precise nature of the subcortical potential and the mechanisms leading to this altera-

tions would need to be refined, for instance by using non-invasive simultaneous EEG-

fMRI recordings, or invasive investigations such as simultaneous recordings of intraco-

rical brain activity with scalp EEG (see below for greater detail).  

Nevertheless, our results are already interesting because further investigations on other 

monkeys will be inevitably associated with inter-individual variability in lesion location 

and size. Consequently, we think that comparing the brain activity before and after the 

lesion in the same animal remains the best control. Such inter-individual variability in 

lesion location and size should nevertheless not be considered as a real drawback be-

cause it actually mimics the large inter-individual variability in brain damages observed 

in the clinics as well, such as among stroke patients.  

Even though our investigations were mostly focused on one animal, we tried to docu-

ment at best the effects of a cortical lesion on somatosensory processing by investigating 

different facets of somatosensory processing in this animal, in order to fulfil the reduce 

principle advocated by the 3R. Thus we introduced the naturalistic, tactile stimulation to 

the fingertips as a complement to the already well established but artificial electrical 

stimulation to the median nerve at the wrist. In this way, we were able to get additional 

insight into lesion-induced plasticity taking place in the somatosensory processing by 
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demonstrating, for instance, that the processing from the thumb was much more sensi-

tive to the lesion than the processing from the index and middle fingers.  

A very relevant improvement to EEG measurements of SSEPs on monkeys would be to 

add several bipolar recording electrodes along the stimulated afferent pathway, espe-

cially over the median nerve at the wrist and at the Erb’s point, to follow in greater detail 

the afferent volleys from the stimulation site to the cortex. Thus we may better under-

stand the mechanisms of somatosensory processing taking place already at the periph-

ery and more specifically about the adaptation to repeated peripheral stimulations. 

Briefly, in case the SSEPs recorded at the wrist level would already exhibit some features 

of adaptation, one could infer some early contribution of peripheral structures in the ad-

aptation recorded at the scalp.  

The EEG investigations described here were performed on anaesthetised monkeys for 

several reasons: first, the preparation of the monkeys in terms of EEG cap installation 

would have been obviously less convenient and more time-consuming to achieve the 

same very low electrode impedances on awake and moving monkeys as we succeeded in 

anaesthetised monkeys, especially as the minimisation of electrode impedance may be a 

disagreeable step for the animals. Second, EEG recordings under general anaesthesia en-

sured highly controlled conditions (e.g. decreased muscular and movement artifacts, as 

well as reduced cardiovascular and autonomic responses such as increase in heart rate 

and blood pressure that typically result from the exposure to unanticipated non-noxious 

stimuli in conscious subjects), allowing to increase the sensitivity to detect at the scalp 

small changes in brain signals between different conditions. Third, regarding the finger 

tactile stimulation protocol in particular, we were interested to obtain purely passive 

tactile stimulation in our macaque monkeys. Due to the low signal-to-noise ratio of such 

tactile SSEPs, this stimulation paradigm requires a high number of stimulations to be av-

eraged (Krarup and Trojaborg, 1994; Starr et al., 1982; York, 1985) and recordings 

should be insulated from movements and muscular artifacts as much as possible in or-

der to obtain a reliable signal at the scalp. Additionally, the monkey’s hand needs to be 

fully inactive to be purely passively touched. These requirements could be suited with 

ease by performing EEG recordings on monkeys under anaesthesia. We acknowledge 

that the requirement for anaesthesia and the use of passive stimulations are far from 

natural conditions and therefore somewhat limits the relevance of the EEG signal ob-
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tained here as an approach to document the natural sensorimotor integration from the 

hand in monkeys, even though this was actually not the aim of this thesis. 

A major improvement would be to transpose our EEG methodological approach on 

awake monkeys to investigate whether the complex somatosensory processing of pe-

ripheral electrical and tactile stimuli before and after the lesion is achieved similarly un-

der more natural conditions. It would nevertheless imply to solve some technical issues, 

such as restraining the monkey’s head and immobilising the stimulated limb. Moreover, 

powerful artifact rejections methods should be used and naturally quiet animals should 

be favoured in such experiments in order to minimise muscular artifacts. The animal 

should be for instance regularly provided with liquid rewards in order to maintain it co-

operative while avoiding massive muscular artifacts from the jaw. A trade-off should be 

found between the optimal duration of the recording leading to enough data on the one 

hand, and the time extent during which the animal stays cooperative, on the other hand. 

Actually, EEG recordings from the scalp in awake monkeys were already reported (Gil-

da-Costa et al., 2013) and promising EEG acquisitions of audio-visual EPs on awake ma-

caque monkeys are currently under development in our laboratory and may provide a 

first step towards the development of EEG recording of SSEPs in awake monkeys.  

The next and actually ultimate step towards understanding the impact of a cortical le-

sion on the real sensorimotor integration of somatosensory stimuli under natural condi-

tions could be achieved by chronically implanting multielectrode arrays (Nicolelis et al., 

2003) over the sensorimotor cortex on monkeys to record brain activity in freely mov-

ing animals. Such outstanding technology is under development from several years in 

the context of brain-machine interfaces (for reminder, see the section Neuroprosthetics 

in Chapter 8). Very promising results have been reported recently using wireless elec-

trode implants in macaque monkeys, allowing to record large-scale brain activity from 

up to 1800 neurons, simultaneously with the extracellular activity of about 500 cortical 

neurons, for 5 years (Schwarz et al., 2014).  

Regarding behavioural investigations, a key message of the present thesis is the rele-

vance to test manual dexterity successively with visual feedback and without visual 

feedback to exhaustively document the sensorimotor deficits resulting from of a motor 

cortex lesion and thus to avoid underestimating them. More specifically, a better under-

standing of the link between cortical reorganisation assessed by EEG and functional re-
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covery may be obtained by systematically using such tasks in monkeys involved in a mo-

tor system lesion protocol.  

 

Plasticity as the driving force of brain activity 

Taken all these results together, EEG measurements provided a unique window into the 

brain to investigate one of its most fascinating properties and at the same time one of 

the most significant in terms of repercussions, namely brain plasticity, the first main 

theme of the present thesis. By highlighting 3 distinct forms of brain plastic modifica-

tions in adult primates, i.e. lesion-induced plasticity, rapid cortical plastic modifications 

in response to repeated stimulations, and use-dependent plasticity, we realise even 

more how much the brain activity cannot be dissociated from the concept of brain plas-

ticity, as already proposed since the first outstanding observations by Merzenich in 1983 

(Kaas et al., 1983; Merzenich et al., 1983a; Merzenich et al., 1983b). In other words, 

brain plasticity is a driving force of brain activity.  

 

EEG as an imaging tool 

The second main theme of the present thesis was EEG.  

The brain is a large terra incognita. Until recently, investigations about the brain func-

tioning were limited due to the lack of appropriate technology to investigate this organ. 

The localisation of some brain functions was then based on clinical observations of some 

patients with specific deficits and the subsequent post mortem analysis of their brain 

(such as the famous observations on Phineas Gage or those on Broca’s aphasic patients). 

Remember Figure 1 in the Chapter General Introduction, showing that in 1988, there 

were still large fields of Neuroscience that were under-investigated simply because no 

available method existed at that time. But the recent huge development of brain imaging 

technologies led to impressive progresses in deciphering the brain activity at the macro-

scopic scale and even in the electrophysiology of individual neurons. We are now able to 

really view the brain in action using fMRI or PET, for instance. Nevertheless, we still do 

not fully understand some mechanisms underlying the perception of stimulus or the 

production of behaviour because they rely on the real-time interactions of large popula-
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tions of neurons from different locations within the brain. Such submillisecond process-

es escape the low temporal resolution of fMRI, for example. Conversely, they can be re-

solved by the outstanding temporal resolution of EEG, one of the most commonly used 

tools for investigating brain activity, at least in human, for both clinical applications and 

neurophysiological research. Here in particular, we demonstrated how powerful EEG is 

in unravelling some submillisecond processes such as the adaptation patterns resulting 

from the repetition of a large number of stimulations. Actually, the strength of EEG re-

sides in its huge temporal resolution.  

On the other hand, the complex nature of the EEG signal (Buzsáki et al., 2012) is far from 

full understanding and still constitutes a major limitation in the interpretation of scalp 

EEG signals. For instance, we still do not know exactly how the spatiotemporal organisa-

tion of individual neuronal populations in the cortex contributes to the EEG signal at the 

scalp, and the volume-conduction of EEG signal towards the scalp remains elusive. The 

precise configuration of neural generators within the brain cannot be simply resolved 

based on EEG signal measured at the scalp because the inverse solution problem is far 

more complex. It is especially true for monkeys where no routine protocol already exist-

ed, as it is the case in human EEG. In Chapter 1, we presented preliminary steps of in-

verse solution applied to median nerve SSEPs, and obviously this electrical neuroimag-

ing approach will need additional improvements in order to use it in monkeys as effi-

ciently as it is currently used in human.  

Moreover, as a consequence of the volume-conduction properties of the brain, the elec-

trical activity from the neuronal populations is blurred on its way towards the scalp and 

thus the spatial resolution of EEG is reduced as compared to fMRI, for instance. This 

problem is partially overcome by using a high density of electrodes at the scalp, as pre-

sented in our thesis.  

We identified at least three other possible ways to substantially improve the interpreta-

bility of EEG signal, first in monkeys and then potentially translated to human. First, a 

significant and promising advance in brain imaging has been performed by combining 

the high temporal resolution of high-density EEG recordings with the high spatial reso-

lution of fMRI into simultaneous EEG-fMRI recordings. This multimodal approach has 

already led to promising results in human subjects (Jorge et al., 2014) since we are now 

able to efficiently remove the MRI-associated artifacts in EEG signal (Iannotti et al., 
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2015; Jorge et al., 2015). An example is the non-invasive localisation of epileptic foci that 

may help to increase knowledge about epileptic networks in human patients (for 

reviews, see Pittau et al., 2014a; and Pittau et al., 2014b). One can expect that such com-

binations of different non-invasive imaging tools, each of them offering specific ad-

vantages, for instance in terms of spatial resolution or temporal resolution, will rapidly 

lead to other important discoveries by providing unique information about the spatio-

temporal dynamics of brain functions. In particular, it would represent a great im-

provement to acquire simultaneous EEG-fMRI signals in our macaque monkeys to gain 

fresh insights into the precise location of SSEPs generators and to decipher the complex 

mechanisms of their post-lesion reorganisation. Technically, customised MRI-

compatible EEG caps are already available for monkeys, meaning that such combined 

EEG-fMRI acquisitions should be possible in the near future.  

Second, by using transient inactivations of some brain regions, either chemically in-

duced by performing microinfusion of the GABA agonist muscimol, or magnetically in-

duced by using TMS, or optogenetically induced, we may acquire significant knowledge 

about the contribution of the different cortical areas to the EEG signal captured at the 

scalp.  

Third, we expect that the complex nature of EEG signal will be better understood by 

simultaneously recording the EEG signal at the scalp and invasively the intracranial ac-

tivity at the level of the generators. This multimodal technical approach has been al-

ready used successfully in rodents (see e.g. Mahon et al., 2001) and is currently under 

development in monkeys and represents actually the only way to localise the EEG gen-

erators without ambiguity. Promising results were already obtained by performing sim-

ultaneous surface EEG measurements along with intracortical recordings of local field 

potentials (LFPs) in the primary visual cortex of behaving macaque monkeys (Musall et 

al., 2014; Whittingstall and Logothetis, 2009). Briefly, these authors demonstrated, 

among others, that the neural synchrony alone was sufficient to modulate the EEG signal 

at the scalp, independently from the changes in amplitude of local neural activity, 

providing significant understanding about how the activity of neuronal populations con-

tributes to the EEG measured at the scalp, at least in the visual cortex.  

Evidently, even though the latest generations of EEG approaches allow for the recording 

and localisation of neural activity with an increasing spatial resolution, additional inves-
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tigations in this field need to be performed, primarily by resorting to invasive recordings 

on animals, especially on monkeys, in order to fully understand how the EEG signal is 

generated and therefore to better apprehend its significance. From then on, we will be in 

a position to use EEG as a true brain imaging method, as proposed by Michel and Murray 

(2012), both in monkeys and in human, at the same level as other non-invasive neu-

roimaging techniques such as fMRI, in particular by combining EEG and fMRI acquisi-

tions. However, note in passing that the mechanisms of generation of the BOLD signal 

captured by fMRI still remain largely elusive as well (Kayser and Logothetis, 2013; 

Logothetis, 2008; Logothetis and Wandell, 2004). 

Taken all together, we can fully appreciate how investigations on animals and on mon-

keys in particular, are of prime importance to unravel the complex mechanisms of brain 

activity, and to understand the relevance of the signal obtained with the different availa-

ble brain imaging methods.  

 

Importance to comprehend the sensorimotor system as a whole 

A third important message of this thesis is that the motor system is not only involved in 

executing movements and the processing of somatosensory information does not culmi-

nate and finish in S1. Rather, there is a large body of evidence that both somatosensory 

and motor cortices are integrated into a more global and more complex functional sen-

sorimotor cortex involved in motor control. The sensorimotor integration (of tactile and 

proprioceptive inputs) underlies motor behaviour. Indeed, sensory inputs to M1 may be 

involved in the sequencing of voluntary movements by facilitating and/or setting up the 

excitability level of corticofugal neurons in M1 by positive feedback, both before and 

during voluntary movements (Lemon, 1981; Liepert et al., 2003; Murray and Keller, 

2011) and may be particularly important for the learning of motor skills (Lemon, 1981; 

Pavlides et al., 1993). Tactile exploration (Darian-Smith, 2007) and real-time adjust-

ments during object manipulation (Gardner et al., 2007; Monzée et al., 2003; Wannier et 

al., 1991) with the fingers and the hand in particular were shown to strongly depend on 

a continuous afferent positive feedback of peripheral inputs to M1 (Lemon, 1981). 

In the present thesis, we had the opportunity to investigate different aspects of the func-

tioning of the sensorimotor system both in macaque monkeys and in human. Note that 
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we focused on the motor component only on monkeys, by using the modified Brinkman 

board task and the Brinkman box task. Conversely, the somatosensory processing was 

investigated deeply in both species by using EEG.  

In case our lesion results are confirmed on additional monkeys, they may have relevant 

implications in the field of neurorehabilitation addressed to patients presenting a brain 

insult, for instance. Briefly, by showing that a motor cortex lesion was accompanied by 

modifications in somatosensory processing as well, our results may suggest that motor 

recovery is tightly linked with somatosensory recovery and therefore promoting soma-

tosensory recovery may help towards motor recovery as well. More specifically, neu-

rorehabilitation strategies should be oriented towards intense somatosensory rehabili-

tation as well in parallel with the recovery of motor functions themselves, as already ini-

tiated in some studies (see e.g. Byl et al., 2003; Laible et al., 2012; Sawaki et al., 2006). 

 

Uniqueness of the thumb 

Interestingly, investigations on both monkeys and human revealed that the sensorimo-

tor processing associated with the thumb was distinct from the processing associated 

with the index or middle fingers. For reminder, we observed in monkeys that the sen-

sorimotor processing from the thumb tip and the motor behaviour of this finger were 

more affected by a lesion of the M1 hand representation than the other fingers (see 

Chapter 3). Moreover, the pattern of cortical adaptation to repeated stimulations was 

less consistent for the thumb tip as compared to the other fingertips (see Chapter 4). 

Then, in human smartphone users, we demonstrated that the tactile cortical potentials 

associated with the thumb specifically reflected the daily variability in smartphone use 

(see Chapters 6). Our findings confirm the uniqueness of the primate thumb. It is most 

probably linked to the fully opposable nature of this finger that emerged in Old World 

monkeys during the primate evolution and that assisted them in fine motor skills such as 

grasping, manipulating and handling objects more efficiently than the other primates 

lacking in it (Darian-Smith, 1984; Darian-Smith et al., 1996; Napier, 1962). Please, see 

the discussion of Chapter 3 for a more elaborated review about the sensorimotor con-

trol of the thumb. 
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Conclusion 

By way of conclusion, brain imaging such as EEG measurement is a rapidly evolving field 

in Neuroscience that has allowed to demonstrate one of the most exciting findings of 

contemporary Neuroscience, namely that the adult primate brain is not hard-wired. 

Conversely, brain imaging techniques have enabled to visualise plastic cortical modifica-

tions taking place within the brain, demonstrating that brain activity in adult primates 

cannot be dissociated from the concept of brain plasticity. Brain plasticity is an intrinsic 

property of the nervous system, operating in our normal daily life. Our brain is continu-

ously remodeled during life according to learning and our sensory experiences. In addi-

tion, brain plasticity is involved in triggering functional recovery after a cortical lesion. 

By investigating on animals, we are in a position to better comprehend mechanisms that 

remain elusive in human, such as the post-lesion reorganisation of brain activity and the 

nature of signal detected with the different brain imaging methods. We hope that the re-

sults presented here will open up the way for further investigations that may eventually 

contribute to a better understanding of the normal and post-injury brain activity in hu-

man.  
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In addition to the work and published papers presented in the previous chapters, I was 

included as a co-author in 4 others studies as well during my stay in the laboratory of 

Professor Eric Rouiller. The corresponding papers are proposed in the Appendixes 1 to 

4.  

 

Appendix 1 

Follow-up of cortical activity and structure after lesion with laser speckle imaging and 

magnetic resonance imaging in nonhuman primates 

Peuser J*, Belhaj-Saif A*, Hamadjida A, Schmidlin E, Gindrat AD, Volker AC, Zakharov P, 

Hoogewoud HM, Rouiller EM, Scheffold F (2011). Journal of Biomedical Optics 16(9):096011-

1-096011-11. DOI:10.1117/1.3625287 

 

I participated as a Master student in this study investigating the time course of cortical 

reorganisation following a permanent M1 lesion in two macaque monkeys by combining 

laser speckle imaging and MRI. 
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Abstract. The nonhuman primate model is suitable to study mechanisms of functional recovery following lesion of
the cerebral cortex (motor cortex), on which therapeutic strategies can be tested. To interpret behavioral data (time
course and extent of functional recovery), it is crucial to monitor the properties of the experimental cortical lesion,
induced by infusion of the excitotoxin ibotenic acid. In two adult macaque monkeys, ibotenic acid infusions
produced a restricted, permanent lesion of the motor cortex. In one monkey, the lesion was monitored over
3.5 weeks, combining laser speckle imaging (LSI) as metabolic readout (cerebral blood flow) and anatomical
assessment with magnetic resonance imaging (T2-weighted MRI). The cerebral blood flow, measured online
during subsequent injections of the ibotenic acid in the motor cortex, exhibited a dramatic increase, still present
after one week, in parallel to a MRI hypersignal. After 3.5 weeks, the cerebral blood flow was strongly reduced
(below reference level) and the hypersignal disappeared from the MRI scan, although the lesion was permanent
as histologically assessed post-mortem. The MRI data were similar in the second monkey. Our experiments
suggest that LSI and MRI, although they reflect different features, vary in parallel during a few weeks following an
excitotoxic cortical lesion. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3625287]

Keywords: monkey; motor cortex; ibotenic acid; cerebral blood flow; excitotoxic lesion.
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1 Introduction
The spontaneous capacity of the brain to functionally recover
from a lesion is limited, as it is the case after stroke, for instance.
A crucial step toward feasible, safe, and efficient clinical appli-
cation of a therapeutic strategy requires basic investigations and
proofs of principle in animal models. The nonhuman primate
model is often mandatory to address safety issues and scientific
concerns, especially to take into consideration exquisite neural
functions present only in primates,1, 2 such as manual dexterity.3

The nonhuman primate model of the macaque monkey was ex-
tensively used in our laboratory to assess the extent and mecha-
nisms of spontaneous recovery from spinal cord or motor cortex
lesion and to test strategies aimed at enhancing recovery.4–12

The nonhuman primate model is suitable to study the con-
sequences of a lesion of the motor cortex, produced by var-
ious interventions (surgical lesion, block of a cerebral artery,
chemical lesion),11–17 and to establish possible mechanisms of
recovery.4, 14 The interpretation of the behavioral data is strongly
dependent on the properties of the lesion, such as its extent (vol-
ume) and its precise location. Furthermore, the dynamics of the
lesion procedure is also likely to influence the magnitude of

∗Equal first authorship.
†Equal senior authorship.

Address all correspondence to: Eric Rouiller, University of Fribourg, Medicine,
Musee 5 - Fribourg, Fribourg 1700 Switzerland. Tel: 41 26 300 86 09; Fax: 41 26
300 96 75; E-mail: Eric.Rouiller@unifr.ch.

the deficit and the extent of recovery. In our nonhuman primate
model of motor cortex lesion,4, 11, 12 the hand representation in
the primary motor cortex (M1) was first delineated with intra-
cortical microstimulation and then damaged by infusion of the
excitotoxic ibotenic acid at the most excitable sites, leading to
a permanent damage of the corresponding brain area. The pre-
cise time course of the devastating effect of ibotenic acid on
the cortical tissue is not known, as well as the follow-up of the
appearance of the cortical lesion site produced by ibotenic acid
infusion in M1 on magnetic resonance imaging (MRI) scans dur-
ing the weeks post-lesion. To fill this gap, we have implemented
in parallel a functional readout [a measure of cerebral blood flow
based on laser speckle imaging (LSI) technique] and a structural
readout (MRI scan) at consecutive time points post-lesion.

The LSI method18, 19 is relatively low-cost and easy to im-
plement, and it was broadly used in biomedical studies on small
animals over the last decade.20–30 The main field of applica-
tion consisted of creating maps of capillary and perfusion blood
flow in tissue. A number of improvements with regard to sig-
nal processing and quantitative data analysis have been reported
in the literature.31–36 The LSI technique can be applied to the
exposed cerebral cortex or, in some cases, to the intact (sur-
gically thinned) skull,33, 36 albeit at reduced performance. Ap-
plications for larger animals or humans are impractical due to
the limited coherent penetration of light into the skull, although
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Fig. 1 (a) Setup of the LSI experiment, schematized over a standard lateral view of the left hemisphere of the macaque monkey. CS
= central sulcus; AS = arcuate sulcus; PS = principal sulcus. (b) Time integrated image of the cortical surface, taken with the CCD camera. A
vertically oriented blood vessel on the right follows the central sulcus, whereas another blood vessel of large diameter is horizontally oriented over
the pre-central gyrus. The image was taken when the needle of an Hamilton syringue was inserted into the motor cortex, rostral to the central sulcus,
to perform one of the six penetrations along which ibotenic acid was infused.

intraoperative use of LSI as a monitoring tool in neurosurgery
has been reported.37

Despite the importance and widespread use of the LSI tech-
nique in neurosciences using rodents, a successful application
in nonhuman primates is still missing, to our knowledge. The
present study thus uses LSI to monitor, in nonhuman primate
and over several weeks, the variation of cerebral blood flow of a
cortical territory subjected to a permanent lesion induced by in-
fusion of ibotenic acid and, in parallel, the changes of structural
properties of the same territory assessed with MRI. A more spe-
cific goal was to measure, with LSI, changes of cerebral blood
flow during surgery in real time when ibotenic acid was infused
in the cerebral cortex to generate a permanent excitotoxic lesion.
A further goal was to refine the LSI technique in order to im-
prove the quality of the image by introducing a sliding window
processing scheme, as well as to reduce the interference due to
movements related to heart beat.

2 Materials and Methods
2.1 Lesion of the Motor Cortex
LSI and MRI data were collected in parallel from an adult
macaque monkey (a male macaca fascicularis: Mk-JH), 7 years
old and weighting 7 kg at the time of the cortical lesion. Ad-
ditional MRI data were obtained from a second male macaque
monkey (Mk-BI; 5 years old, 5 kg body weight). All procedures
were conducted in accordance to the Guide for Care and Use
of Laboratory Animals (ISBN 0–309-05377–3; 1996) and ap-
proved by local veterinary authorities. As previously reported,11

the monkeys were housed in our animal facilities in rooms of
12 m3, in which usually two to four monkeys were free to move
and to interact among each other. (A new Swiss regulation was
introduced in September 2010 requesting a volume of 45 m3 at
least to be given to a group of up to five macaque monkeys.) The
monkeys had free access to water and were not food deprived.

To perform the lesion of M1 in both monkeys (Mk-JH and
Mk-BI) and, subsequently, to measure cerebral blood flow with

LSI in Mk-JH, the animals were subjected to the following
surgical procedures. The monkeys were first tranquilized with
ketamine (Ketalar R©; Parke-Davis, 5 mg/kg, intramuscularly);
atropine was injected (0.05 mg/kg, intramuscularly) in order to
reduce bronchial secretions. Before surgery, the animals were
treated with the analgesic Carprofen (Rimadyl R©, 4 mg/kg, sub-
cutaneously) and the antibiotic Albipen R© (Ampiciline 10%,
30 mg/kg, subcutaneously). Subsequently, Mk-JH and Mk-BI
were anaesthetized with intravenous perfusion of 1% propo-
fol (Fresenius R©) mixed with a 5% glucose solution (1 volume
of propofol and 2 volumes of glucose solution); ketamine was
added to the perfusion solution (65 mg/100 ml). To prevent
edema, Methylprednisolone (Solu-medrol, Pfizer R©) was added
to the propofol/glucose solution (1 mg/ml). The level of anes-
thesia was kept at an optimal level with a perfusion rate of the
propofol/glucose mixture of 0.1 ml/min/kg. All surgeries were
performed under sterile conditions. Heart rate, respiration rate,
expired CO2, arterial O2 saturation, and rectal temperature were
monitored throughout the surgery. After surgery, the monkey
received Carprofen (pills of Rimadyl R© mixed with food) daily
and Albipen R© (subcutaneously; same dose as above) every two
days during one to two weeks.

A squared osseous sector of about 30 × 30 mm was opened
above the central sulcus, centered at a medio-lateral coordinate
(15 mm from midline) corresponding to the expected position
of the hand area in M1. The dura-mater was incised and re-
clined in order to expose the central sulcus as well as the pre-
central and postcentral gyri. In monkey Mk-JH, ibotenic acid
(Sigma 95%) was injected at six sites in the precentral gyrus,
at a position roughly corresponding to the hand area based on
its coordinate and the shape of the central sulcus at this lo-
cation. The extent of the cortical territory, in which ibotenic
acid was injected in Mk-JH, corresponded to the area of cor-
tex captured by the charge-coupled device (CCD) camera for
LSI measurements (Fig. 1). Acquisitions of cerebral blood flow
with LSI (see below) were performed before and then after
each individual injection of ibotenic acid. A volume of 3 μl of
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Fig. 2 (a) Standard (temporal) LSI scheme. (b) High resolution LSI introducing a sliding window in space.

ibotenic acid solution (10 μg/μl in phosphate-buffered saline)
was injected at each site by using a Hamilton microsyringe, po-
sitioned at 2 mm below the pial surface (Fig. 1). The total vol-
ume of ibotenic acid injected in Mk-JH was 18 μl, an amount
representative of volumes injected in monkeys used for behav-
ioral studies.4, 11, 12 In Mk-BI, from which only MRI data were
derived, ibotenic acid was injected at 29 sites defined based on
intracortical microstimulation,11 at which a volume of 1 μl was
infused (total amount 29 μl). The volume of ibotenic acid in-
jected was larger in Mk-BI, because this animal was involved
in the behavioral protocol,12 requesting a lesion affecting the
entire hand representation in M1. In contrast, Mk-JH was ex-
clusively involved in the present LSI protocol and, therefore,
the lesion was adapted to the cortical territory covered by the
CCD camera rather than covering the entire hand representation
in M1. In addition, in Mk-JH the infusion sites were somewhat
more distant than in Mk-BI, and therefore, the volume injected
at each infusion site in Mk-JH was larger. At the end of this
experimental session aimed at lesioning the motor cortex, the
dura mater was put back in place and sutured. The craniotomy
was not closed. The muscle and skin were then sutured.

2.2 Laser Speckle Imaging
2.2.1 Data acquisition and image processing

For each subsequent LSI recording session conducted in Mk-JH
only (at 1 and 3.5 weeks post-lesion, also under anesthesia as
described above for the initial session), the skin was incised, the
muscles reclined, and the dura was reopened as described above.
For such a time interval between sessions, there were no adhe-
sions between the dura and the blood vessels. A selected part
of the surface of the cerebral cortex was homogeneously illumi-
nated with a 785 nm single frequency laser (Toptica R©, Munich,
Germany), feeding a single mode fiber attached to a collimating
lens (Schaefter + Kirchhoff R©, Hamburg, Germany; Fig. 1).
The whole illuminating device and the CCD camera have been
positioned using a stereotaxic frame. The total laser power in-
cident on the brain cortex was about 3 mW distributed over an
area of several cm2, thus preventing any physiological effects or
superficial heating of cortical tissue. The diffuse reflected light
was monitored in the image plane in the crossed polarization
channel with a CCD camera (PCO Pixelfly, 640 × 480 pixels,
12 bit, exposure time 12 ms). A region of 10 mm by 7.5 mm
of the cortex was imaged onto the 1/2′′ CCD chip at 0.64×
magnification.

Individual measurements of 15 s duration at 50 frames per
second (total 750 frames) have been streamed at full resolution
to the hard disk using the Streampix 3 software package (NorPix
Inc. R©, Montreal, Quebec, Canada). The local speckle contrast
K was computed from a b × b square of pixels and typically
40 successive frames,24, 32, 38 setting the actual time resolution
of the experiment to 0.8 s. The image quality was further im-
proved by implementation of a sliding window average (Figs. 2
and 3), where essentially all camera pixels are replaced by a
metapixel (value K). Only a few pixels at the image border need
to be excluded from the final image due to the lack of sufficient
neighbors. For a raw image with 640 × 480 pixels, and typically
b = 5, this procedure provides a speckle image with a nominal
resolution of 636 × 476 pixels (Fig. 3). The Labview R© and
Matlab R© source codes are available free of charge from the
authors (with no support) at http://physics.unifr.ch/en/page/54/.

2.2.2 Heartbeat filter

During the experiment the recorded image sequences exhib-
ited a small periodic movement of the cerebral cortex due to the
heartbeat/blood pressure variation of the animal. This movement
leads to a measurable change in contrast (roughly + / − 10%)
and in turn slightly blurs the image, when averaging over a se-
quence of images. To minimize this effect, we have implemented
a software filter that allowed us to select images at a certain ref-
erence point in the heart beat cycle (Fig. 4). As expected, we
found that the contrast time course essentially follows the heart
beat with a frequency of approximately 80 beats per minute. A
high pass filter was applied to select only the frames of the se-
quence with an average region of interest (ROI) contrast higher
than a specified threshold. All other frames were discarded for
the processing of the laser speckle image, thus roughly reducing
the number of analyzed raw images by a factor of four to five.
As can be seen in Fig. 4, this procedure allows us to reduce the
systematic error due to heartbeat from more than 10 to about 3%.

Residual movements of the skull were observed leading to
minute shifts in x-/y-directions during a long time recording
sequence. It was not straightforward to compensate these move-
ments within our measurement scheme. The presence of these
small drifts thus imposes a limit to the total recording time, and
therefore, the statistical accuracy of the measurements, in order
to avoid blurring effects. Here, we have chosen the image acqui-
sition time such that the influence of these drifts is negligible.
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Fig. 3 Typical LSI in our experiment is constructed from 40 individual frames (resolution 640 × 480 pixels) and a spatial average of 5 × 5 camera
pixels is performed at each point resolution in a final image with a nominal resolution of 636 × 476 pixels. Laser speckle images of the cerebral motor
cortex calculated with different parameter settings: spatial averaging box size is set to 52 pixels for (a), (b), and (c); for (d) it is 22 pixels. (a) No time
average, single frame, standard resolution scheme. (b) Time averaging over 40 frames, standard resolution scheme. (c) Time averaging over 40 frames,
high resolution scheme (sliding window). (d) Time averaging over 250 frames, high resolution scheme (sliding window). The number of raw pixels
used for the calculation of one LSI metapixels is 1000 for (b), (c), and (d) (example: box size * frames = 52 pixels * 40 frames = 1000 pixels). Axes
labeling: x-y display the camera pixel at 0.64 magnification. The speckle contrast is color coded as shown by the color bar on the right of each LSI.

2.3 Magnetic Resonance Imaging Acquisition
The MRI data were acquired in Mk-JH and Mk-BI using a
1.5 Tesla Siemens C© Symphony magnetic resonance scanner. To
allow direct comparison of the extent of the cortical lesion at
regular time points after the lesion, the anesthetized animal was
placed in a decubitus ventral position with his head stabilized
into a nonferromagnetic fixation frame with ear, mouth, and
eye bars. MRI was performed under heavy sedation induced
with subcutaneous injections of ketamine (Graeub R© 10 mg/kg)
associated with medetomidine (Graeub R© 1 mg/kg). At the end
of the acquisition, the anesthesia was reversed with Atipamezol
(Pfizer R©, 0.25 mg/kg). The acquisition parameters of the MRI
data were the following: total of 19 images, slice thickness 2 mm,

2 TSE (TR 4500 ms and TE 129 ms), field of view 107 mm
× 140 mm.

2.4 Necropsy and Histology
At the end of the experiment, the monkeys were sacrificed5, 7 for
histological analysis of the lesion. Mk-JH was sacrificed a few
days after the last LSI session, whereas Mk-BI was sacrificed
several months post-lesion as it was involved in a study of func-
tional recovery.12 The monkeys were sacrificed under deep anes-
thesia [initiated first with an i.m. ketamine injection followed by
an i.p. lethal dose of sodium pentobarbital (90 mg/kg)] by tran-
scardiac perfusion with 0.9% saline (400 ml) continued with fix-
ative (three liters of four paraformaldehyde in 0.1 M phosphate
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Fig. 4 (a) Heart beat signal computed from the average contrast in a ROI of 100 × 100 pixels from successive individual frames. The data were
normalized and baseline corrected. The green line shows the minimum threshold, all other frames below that line will not be used to calculate a
high resolution contrast image. (b) LSIs of the cerebral motor cortex calculated from 52 pixels and 40 successive frames. The ROI analyzed for the
heartbeat correction is indicated by the black square.

buffer, pH = 7.6) and solutions (two liters each) of the same
fixative containing increasing concentrations of sucrose (10, 20,
and 30%). The brain was removed, dissected, and stored in a
sucrose solution (30%) for 1.5 to 2 weeks. Frozen sections of the
brain were then cut in the frontal plane at a thickness of 50 μm.
Eight series of sections were collected with a cryotome (HM560,
MICROM R©, Switzerland). Among these series, one was Nissl-
stained and one was immunocytochemically treated (SMI-32
antibody against a non-phosphorylated neurofilament epitope),
as previously reported.7, 39 Furthermore, additional series were
processed for other markers, such as Neuronal Nuclei [(NeuN)
neuronal marker] and glial fibrillary acidic protein [(GFAP) glial
marker], following previously described protocols.40

3 Results
3.1 Injections of Ibotenic Acid
In the first LSI recording session conducted in Mk-JH, LSI
acquisition was immediately made after incision of the dura in
order to establish the cerebral blood flow level corresponding to
the reference state under stable propofol anesthesia. Then, this
first session comprised the procedure of ibotenic acid infusion
in the motor cortex in order to produce a permanent cortical
lesion, comparable to lesions made in the course of previous
studies in our laboratory.4, 11, 12 Six penetrations with the needle
of a Hamilton syringe were performed (Fig. 5), in the part of
cerebral cortex rostral to the central sulcus, corresponding to M1.

3.2 Speckle Contrast Imaging (Laser Speckle
Imaging)

The LSI in the reference state exhibited a high contrast
[Figs. 6(a) and 7], corresponding to a moderate blood flow.
As expected, the infusion of ibotenic acid at the first site of

injection (Fig. 5) produced an immediate decrease of contrast,
in line with an increase of cerebral blood flow (Fig. 7). Note,
however, that the contrast slightly increased in the few minutes
following the infusion of ibotenic acid at one site, as shown by
the three LSI data points taken at 1.5 min intervals following
the first post-infusion LSI acquisition. The same time course of
contrast change was observed at all six injection sites during
the few minutes following the actual infusion [Fig. 7(a)]. The
next infusion at sites #2 and #3 produced a further decrease of
contrast (increase of blood flow) [Fig. 7(a)]. As of the fourth
injection site, the contrast reached a stable lowest level (maxi-
mal blood flow), although the small rebound of contrast was still

Fig. 5 (a) Lateral view of the left hemisphere of Mk-JH, showing the
cortical territory (circle) in which a lesion of the motor cortex was
performed with infusion of ibotenic acid along six penetrations in the
pre-central gyrus. The ROI is presumably located in the zone corre-
sponding to the hand area. (b) CCD image (slightly tilted to the left) of
the cortical surface in the pre-central gyrus, with location on the corti-
cal surface of the six syringe penetrations (one to six). Same orientation
as in the right panel of Fig. 1.
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Fig. 6 LSI [(a),(b),(c),(d)] and MRI [(e),(f),(g),(h)] are compared in Mk-JH within a time frame of 3.5 weeks; (a), (e) reference before the injections; (b),
(f) LSI taken 60 min post-lesion, MRI at one day post-lesion; (c), (g) LSI and MRI at one week post-lesion (one day apart from each other); (d), (h) LSI
and MRI 3.5 weeks post-lesion (one day apart from each other). The highlighted area in the LSI figures shows the ROI wherein the average contrast
was calculated for the quantitative data shown in Fig. 7. Calculation parameters for the LSI: 250 frames out of 750, HBC filter, sliding box, box = 52

pixels. The left and right MRI images on the same horizontal panel are taken at two rostro-caudal levels, distant by 2 mm, intercepting the ROI in
the motor cortex.

present in the few minutes following each individual injection
[Fig. 7(a)]. LSI was acquired during 25 more minutes after in-
jection at the last site (site #6), taken at roughly 5 min intervals:
there was a slow increase of contrast, finally reaching a stable
level after about 75 min, situated in between those observed af-
ter the second and third injections of ibotenic acid. This contrast
level at plateau is illustrated for the ROI in Fig. 6(b), showing
that it was clearly diminished as compared to the reference state
[Fig. 6(a)].

At that step, the dura was sutured (together with muscles
and skin), the anesthesia was discontinued and the monkey was
returned to the animal room. LSI was reacquired one week later
and the contrast level was comparable to that observed about
one hour after lesion [Figs. 6(c) and 7(b)]. The next LSI data
point was acquired 3.5 weeks post-lesion, showing a dramatic
increase of contrast, reaching a value higher than the initial
reference value [Figs. 6(d) and 7(b)]. These data are indicative
of a substantial decrease of blood flow at 3.5 weeks post-lesion,
in line with the notion that ibotenic acid infusion produces a
permanent lesion of the cortical tissue.

3.3 Comparison of Laser Speckle Imaging, Magnetic
Resonance Imaging and Histology

LSI and MRI were not acquired the very same day as the two fa-
cilities are located at distant sites. The first MRI image [Fig. 6(e)]

was taken two days before the first LSI recording acquisition
[Fig. 6(a)], both representing the reference state pre-lesion. The
second MRI image was acquired one day after the first LSI ses-
sion during which the ibotenic acid was infused at six sites. The
zone of infusion corresponds to a marked hypersignal [red circle
in Fig. 6(f)] present in the pre-central gyrus. The hypersignal in
the MRI was found to be maintained in the same area [red circle
in Fig. 6(g)] one week later, in parallel to the decrease of con-
trast in the LSI [Figs. 6(c) and 7(b)], associated to an increase of
cerebral blood flow. The last MRI image was taken 3.5 weeks
post-lesion [Fig. 6(h)], showing a complete disappearance of
the hypersignal, in parallel to the dramatic decrease of cerebral
blood flow at the same time point, reflected by the increase of
LSI contrast [Figs. 6(d) and 7(b)]. The LSI and MRI signals in
the ROI follow a parallel time course, at least for the four time
points considered in the present study (reference, briefly after
lesion, one week post-lesion, and 3.5 days post-lesion). The le-
sion generated by ibotenic acid infusion in the motor cortex is
visible with both LSI and MRI only during a few days (at least
one week). Later on, after 3.5 weeks, the signals in both LSI and
MRI returned in the direction of the reference appearance pre-
lesion [compare Figs. 6(a) and 6(d) for LSI; Figs. 6(e) and 6(h)
for MRI], although the LSI signal had a higher contrast, cor-
responding to a decrease of cerebral blood flow. Evidence for
the presence of a permanent cortical lesion was provided by the
histology post-mortem for Mk-JH (Fig. 8). As shown in SMI-32
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Fig. 7 Time course of maximum, minimum, and average ROI contrast
on (a) the day of ibotenic acid injection in Mk-JH as well as (b) at
two further distant time points. In (a), the data points related to the six
infusions of ibotenic acid were acquired after offset of the injection (the
needle was removed from the tissue). In (b), the data point at reference
and at one hour post-lesion corresponds to the data point at reference
and at 100 min in the upper panel (errors bars were estimated from the
time course of the measurements). The data at one and 3.5 weeks were
derived from six and five independent measurements, respectively.

stained material (Fig. 8), the infusion of ibotenic acid produced
a clear disruption of the cortical layers in the lesion site (delin-
eated with the dashed line) without SMI-32 labeled pyramidal
cells, whereas in the intact tissue adjacent to the lesion territory
the cortical layers III and V are clearly visible by the presence
of pyramidal neurons stained with SMI-32 (panels A1 and A2
in Fig. 8 at higher magnification). The appearance of the lesion
is similar to that previously shown in monkeys subjected to such
lesion and involved in our functional recovery protocols.11 The
focal cortical lesion does not generate a cavity in the gray matter
but, as seen on Nissl staining, it corresponds to a homogeneous
territory with loss of neuronal cell bodies in all cortical layers
(Fig. 8, panels B1 and B2; comparable to a previous descrip-
tion in the rat: see Fig. 1 in Leroux et al.41). Furthermore, the
lesioned territory seen with the above two markers (SMI-32 and
Nissl) matches the zone corresponding to an interruption of the

Fig. 8 Histological assessment of the permanent lesion in the motor
cortex in Mk-JH, on a frontal section of the motor cortex. Panel A is a
low magnification of the lesion area, as seen with the marker SMI-32. In
the top row, the panels A1 and A2 are higher magnification of the lateral
and medial edges of the lesion territory, respectively, also in SMI-32
material. The damaged territory corresponds to an interruption of the
layers III and V pyramidal neurons stained with SMI-32. In the middle,
panel B is a low magnification in Nissl material of the lesion area.
The panels B1 and B2 in the bottom row show at higher magnification
the edges of the lesion with Nissl staining. In all panels, the dashed
line delimits the lesion territory. The open arrow in panel B1 points
to large Nissl stained neurons in layer V in an intact territory located
slightly more lateral than the lesion. The inset in the middle at the
right is a low magnification view of the lesion (white arrow), as seen
in a combined NeuN (red) and GFAP (green) stained material. The
corresponding lesion area is shown for GFAP labeling alone (in green),
next to the white arrow. CS = central sulcus.

neuronal marker NeuN and, in contrast, an increase of the glial
marker GFAP (Fig. 8, middle inset). The MRI data obtained in
Mk-BI (not shown) exhibit a similar time course of the hyper-
signal associated to the ibotenic acid lesion in M1, as illustrated
for Mk-JH in Fig. 6.

3.4 Comparison of the Lesion Size Assessed with
Magnetic Resonance Imaging, or Post-mortem
on Histological Sections or with Laser Speckle
Imaging

Based on consecutive histological sections as the one illustrated
in Fig. 8 and using an ad-hoc function of the Neurolucida soft-
ware (based on the Cavalieri method) as previously described,11

the volume of the histological permanent lesion affecting the
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gray matter was estimated to be 18.8 mm3 in Mk-JH (after
sacrifice, one month post-lesion). For comparison, the volume
of the lesion as reflected by the hypersignal in the MRI scan
(computed with the software OsiriX R©) was 436 mm3 at one
day post-lesion, 405 mm3 after one week, and 341 mm3 after
two weeks. After 3.5 weeks, the lesion was no longer visible
on the MRI scan [Fig. 6(h)]. In the second monkey (Mk-BI),
the volume of the lesion assessed based on the hypersignal on
the MRI scan was 262 mm3 one day post-lesion, 146 mm3 one
week after lesion, 135 mm3 two weeks after lesion, and 97 mm3

three weeks after the lesion, whereas, 10 months post-lesion, the
volume of the permanent lesion was estimated at 20.1 mm3 on
SMI-32 stained histological material.

As expected, mostly due to edema in the days following
the cortical lesion, the volume of the lesion derived from the
MRI scans is clearly larger than the final volume histologically
determined, by a factor of about 10 to 20. The difference may
also comprise a deviation between the two methods to measure
the volume of the lesion: although the infusion was aimed to
the gray matter, some spread to the white matter is likely, which
may be detected on the MRI scans, whereas the histological
assessment was limited to the gray matter.

Finally, for comparison, the volume of the lesion was tenta-
tively calculated from the LSI data at the time point at which a
territory with reduced blood flow was observed, corresponding
to the lesion. Based on an estimation of the surface of the corti-
cal territory with reduced cerebral blood flow as seen after 3.5
weeks in Mk-JH [Fig. 6(d)] and considering an average cortical
thickness of 2 mm, the volume of the cortical lesion as derived
from LSI data is estimated to be around 58 mm3. Again, this fig-
ure is larger than the actual volume of the lesion histologically
determined, but only by a factor of two to three in the compari-
son between LSI after 3.5 weeks and histology after four weeks.
As the LSI approach does not permit an assessment of the cor-
tical thickness in which cerebral blood flow is modified, one
may compare in Mk-JH the extent of cortical surface exhibiting
an increase of cerebral blood flow detected with LSI during the
excitotoxic phase (immediately after infusion of ibotenic acid
and one week later) with the cortical surface of the hypersignal
observed from MRI one day and one week post-lesion. The cor-
tical surface of the MRI hypersignal was 78.3 mm2 at one day
and 71.7 mm2 at one week post-lesion, whereas the zone of in-
creased blood flow corresponded to a cortical surface estimated
at 22 mm2, both on the day of ibotenic acid infusion and one
week later.

4 Discussion
The present study, based on a parallel assessment of a cortical
lesion using LSI and MRI in nonhuman primates, provides ev-
idence that LSI and MRI are tools suitable to monitor the time
course of a cortical lesion, for subsequent correlation with the
behavioral recovery curve, at least in the present experimental
conditions (monkey, ibotenic acid cortical lesion). Although the
time course of LSI and MRI signals change in parallel in a time
window of a few weeks post-lesion, there is no evidence for
a direct relation between LSI and MRI signals, as the former
measures cerebral blood flow whereas the latter reflects mostly
edema (see below) and tissue infarct – degeneration. The real
time LSI data during the surgery show that, when ibotenic acid

is infused in the cerebral cortex at multiple adjacent sites in a
bit less than an hour, there is an immediate increase of cerebral
blood flow, which is still present after one week (Fig. 7). As
far as the extent of the cortical lesion is concerned, the present
study provides estimates of the ratio between the sizes of the
lesion derived from LSI data and from MRI data during the few
weeks following the damage, as well as with the size of the
corresponding permanent lesion histologically assessed.

Moreover, the LSI and MRI data may contribute to a better
understanding of mechanisms underlying functional recovery
after cerebral cortex lesion, such as collateral blood or reper-
fusion after ischemic stroke.28, 30 The LSI method may also be
suitable to assess whether cortical areas adjacent to the lesion
change their activity, as they may contribute to the recovery,
as shown in a rat model of M1 lesion.26 The improvements of
the LSI analysis method [heart beat compensation (HBC) filter,
high resolution and low noise LSI] have successfully been ap-
plied to the present data set, revealing detailed and additional
information on cerebral blood flow that are not visible in the
MRI. The LSI adapted technique permitted here to monitor on-
line the cerebral blood flow while ibotenic acid was infused in
the cerebral cortex of macaque monkey to produce a permanent
lesion. At the onset of ibotenic acid infusion, the cerebral blood
flow dramatically increased almost immediately, followed by a
slight reversal during the next five minutes (Fig. 7).

Follow-up studies are available in human subjects after
stroke, during time windows ranging from 12 h,42 one month,43

and up to four months.44 MRI is a standard tool used in the clin-
ical evaluation of acute stroke, mainly based on the weighted-
diffusion imaging setting, offering the best sensitivity to assess
acute ischemic lesions for instance.45, 46 In the present study, the
T2-weighted imaging setting was chosen as it provides better
sensitivity and resolution to detect a chronic cortical lesion and,
therefore, is better suited to conduct a longitudinal study over
several weeks. Nevertheless, the T2 setting allowed detection of
the ibotenic acid lesion in Mk-JH and in Mk-BI already rela-
tively early, about 24 h post-lesion. This observation contrasts
with previous T2 data in humans after stroke, exhibiting no hy-
persignal either immediately post-infarct or after 24 h.43 This
discrepancy may be explained by the different type of lesion,
stroke in humans, and ibotenic acid in the macaque monkeys
Mk-JH and Mk-BI. More consistent is the situation observed
after about a week, with a hypersignal detected with T2 in both
humans43 and monkeys Mk-JH and Mk-BI (present study). Af-
ter three to four weeks, there was again a discrepancy, as the
T2 hypersignal was present in human subjects43 but no longer
in Mk-JH and Mk-BI. In human subjects after stroke, a T2 hy-
persignal was still present after four months.44 However, the
latter authors reported that the volume of the infarct lesion in
humans significantly diminished in the chronic phase, possibly
due to lesion consolidation-related changes. In Mk-JH and Mk-
BI, similar changes may have happened, but even more rapidly
in the present case of a much smaller ibotenic acid lesion, corre-
sponding to a total disappearance of the lesion after 3.5 weeks in
MRI. In macaque monkeys, in contrast to the present study, an
ibotenic acid lesion in the hippocampus remained visible about
4 years later,47 but the lesion was performed at the neonatal stage
(12 to 16 days after birth), whereas in Mk-JH and Mk-BI the
lesion took place at the adult stage, thus possibly accounting for
this discrepancy (at least in part). After lesion of the hippocam-
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pal formation in adult macaques with ibotenic acid infusion,48 a
prominent hypersignal was found in T2-weighted images after
one week post-lesion (as is the case in the present study), but
the hypersignal then weakened at two weeks post-lesion, before
it gradually disappeared. The optimal time for post-lesion scan
was thus identified as less than two weeks.48

The time course of the neurotoxic lesion observed here in
the nonhuman primate is generally consistent with that reported
from MRI data for the same type of lesion in the rat, either
in the cerebral cortex49 or in the striatum,50, 51 namely a hy-
persignal during a few days, followed then by a progressive
decrease after one to two weeks. From the time course of the
cortical lesion in the rat derived from MRI,49 it was concluded
that functional and behavioral investigations should be initiated
about two weeks after the neurotoxic lesion to avoid transient
confounding factors.

As far as cortical lesion produced by ibotenic acid injection
in monkeys is concerned,4, 11, 12, 16, 52–54 the present parallel LSI
and MRI study extends previous information in the time di-
mension. As a result of ibotenic acid infusion, the excitotoxic
increase of activity, as reflected by an increase of cerebral blood
flow visualized with LSI, does not last only a few hours but it
is still present after at least a week. The clinical consequence of
the ibotenic acid infusion in M1 in monkeys has a very rapid
time course as the flaccid paralysis of the contralateral hand
occurs already 10 to 15 min after the infusion of ibotenic acid.4

Based on the parallel time course of both LSI and MRI, the
present data suggest that the MRI hypersignal is possibly asso-
ciated, at least in part, to the excitotoxic activity of the ibotenic
acid injections. After 3.5 weeks, the excitotoxic activity has
disappeared in both LSI and MRI. The disappearance of the
hypersignal in T2-weighted images could be correlated with
the decrease of the cytotoxic edema, as previously reported in
the rat.49 This observation would then be in line with the time
course reported after ibotenic acid injection in the hippocampal
formation,48 as well as with excitotoxic lesion in rats.49–51 It
remains to be determined at which precise time point (between
one and 3.5 weeks) the excitotoxic activity disappears, to turn
into a cortical region with diminished cerebral blood flow, as
compared to the pre-lesion reference level. However, as previ-
ously claimed based on ibotenic acid lesion in the hippocampus
of monkeys, the edema associated to the lesion may, to a large
extent, contribute to the hypersignal in the MRI imaging dur-
ing a few weeks post-lesion.48 Interestingly, the same authors
found that T2-weighted imaging obtained after one to two weeks
post-lesion was an accurate predictor of the extent of the lesion
determined a year later from post-mortem histology. In a study
on macaque monkeys subjected to ibotenic acid lesion of the
cortical areas MT (middle temporal) and MST (medial supe-
rior temporal),54 the hypersignal in T2-weighted MRI imaging
associated to the lesion remained visible after several months.
However, the lesions were much larger than the present lesions
in M1, as the total amount of ibotenic acid injected in MT and
MST were about five to eight times bigger.

LSI was previously used in rats (ministroke models) to mon-
itor the changes of cerebral flow at the surface of the cerebral
cortex during and after blood vessels occlusion,25–29 as well as
the reperfusion after reversal of vascular ligation.28 In these stud-
ies, the blood flow was measured with LSI during minutes and
hours after the lesion, and up to 24 h in the reperfusion model.28

Besides the very different type of lesion, ibotenic acid initially
provoking (for at least a week) an increase of cerebral blood flow
reflecting over-excitation, whereas vessels’ occlusion generates
a dramatic decrease of perfusion, the present study provides
LSI measurements at much more distant time points from the
lesion (one and 3.5 weeks). The permanent lesional property,
characterized by a reduced cerebral blood flow, is established
only between one and 3.5 weeks after infusion of ibotenic acid.

Due to limitations, mainly for ethical reasons, on the use
of nonhuman primates in biomedical research, the present pi-
lot experiment aimed at applying LSI on macaque monkeys
was restricted to a single animal (acute experiment lasting
about one month). As a consequence, no statistical data on LSI
measurements could be provided. Based on the present pilot
LSI data, the next step may be to develop a LSI chronic record-
ing site from the cortical surface (below a transparent artificial
dura, as previously reported55–58), including the lesion site (for
instance M1) as well as adjacent cortical areas possibly con-
tributing to the functional recovery (e.g., the premotor cortex).
This approach may replace the monitoring of the cortical lesion
based on MRI, in case the latter facility is not accessible for
nonhuman primates, with the restriction however that LSI is in-
vasive (chronic recording chamber). As LSI and MRI provides
parallel data with respect to the time course of changes of the
cortical lesion, if available, MRI may be preferred as it is non-
invasive. Moreover, the present study gives an approximation
on how much the size of the cortical lesion assessed by MRI
during the few weeks post-lesion overestimates the lesion extent
observable post-mortem on histological sections.

5 Conclusion
Using in-parallel morphological (MRI) and functional imaging
(LSI) methods in a macaque monkey, the present study shows
that a restricted excitotoxic lesion of the motor cortex in non-
human primate leads to a marked hypersignal in parallel to a
dramatic increase in blood flow, at least up to a week post-
lesion. Traces of the lesion were still detectable using LSI after
several weeks (about three to four weeks) in the form of a di-
minished cerebral blood flow as compared to pre-lesion, a time
point at which the MRI signal had already returned to baseline.
The presence of the lesion on a stable and long-term basis was
corroborated by the histological post-mortem analysis.

Acknowledgments
The authors wish to thank the technical assistance of Dr. J. F.
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technician). We are grateful to Professor Bruno Weber and
Dr. Fabrizio Croccolo for important discussions and help. This
research was supported by the Swiss National Science Founda-
tion [Grant Nos. 310000–110005 and 31003A-132465 to EMR,
the National Centre of Competence in Research (NCCR) on
“Neural plasticity and repair” (EMR), No. 2000020 – 126772
and 200020-117762 to FS].

Journal of Biomedical Optics September 2011 � Vol. 16(9)096011-9 671



Peuser et al.: Follow-up of cortical activity and structure after lesion with laser speckle imaging...

References
1. G. Courtine, M. B. Bunge, J. W. Fawcett, R. G. Grossman, J. H. Kaas,

R. Lemon, I. Maier, J. Martin, R. J. Nudo, A. Ramon-Cueto, E. M.
Rouiller, L. Schnell, T. Wannier, M. E. Schwab, and V. R. Edgerton,
“Can experiments in nonhuman primates expedite the translation of
treatments for spinal cord injury in humans?,” Nat. Med. 13, 561–566
(2007).

2. J. P. Capitanio and M. E. Emborg, “Contributions of non-human pri-
mates to neuroscience research,” Lancet 371, 1126–1135 (2008).

3. R. N. Lemon, “Descending pathways in motor control,” Annu. Rev.
Neurosci. 31, 195–218 (2008).

4. Y. Liu and E. M. Rouiller, “Mechanisms of recovery of dexterity fol-
lowing unilateral lesion of the sensorimotor cortex in adult monkeys,”
Exp. Brain Res. 128, 149–159 (1999).

5. E. Schmidlin, T. Wannier, J. Bloch, and E. M. Rouiller, “Progres-
sive plastic changes in the hand representation of the primary motor
cortex parallel incomplete recovery from a unilateral section of the cor-
ticospinal tract at cervical level in monkeys,” Brain Res. 1017, 172–183
(2004).

6. E. Schmidlin, T. Wannier, J. Bloch, A. Belhaj-Saif, A. Wyss, and
E. M. Rouiller, “Reduction of the hand representation in the ipsilateral
primary motor cortex following unilateral section of the corticospinal
tract at cervical level in monkeys,” BMC Neurosci. 6, 56 (2005).

7. T. Wannier, E. Schmidlin, J. Bloch, and E. M. Rouiller, “A unilateral
section of the corticospinal tract at cervical level in primates does not
lead to measurable cell loss in motor cortex,” J. Neurotrauma 22, 703–
717 (2005).

8. P. Freund, E. Schmidlin, T. Wannier, J. Bloch, A. Mir, M. E. Schwab, and
E. M. Rouiller, “Nogo-A-specific antibody treatment enhances sprout-
ing and functional recovery after cervical lesion in adult primates,” Nat.
Med. 12, 790–792 (2006).

9. P. Freund, T. Wannier, E. Schmidlin, J. Bloch, A. Mir, M. E. Schwab, and
E. M. Rouiller, “Anti-Nogo-A antibody treatment enhances sprouting
of corticospinal axons rostral to a unilateral cervical spinal cord lesion
in adult macaque monkey,” J. Comp. Neurol. 502, 644–659 (2007).

10. P. Freund, E. Schmidlin, T. Wannier, J. Bloch, A. Mir, M. E. Schwab, and
E. M. Rouiller, “Anti-Nogo-A antibody treatment promotes recovery
of manual dexterity after unilateral cervical lesion in adult primates–
re-examination and extension of behavioral data,” Eur. J. Neurosci. 29,
983–996 (2009).

11. M. Kaeser, A. F. Wyss, S. Bashir, A. Hamadjida, Y. Liu, J. Bloch,
J. F. Brunet, A. Belhaj-Saif, and E. M. Rouiller, “Effects of unilateral
motor cortex lesion on ipsilesional hand’s reach and grasp performance
in monkeys: relationship with recovery in the contralesional hand,” J.
Neurophysiol. 103, 1630–1645 (2010).

12. M. Kaeser, J. F. Brunet, A. F. Wyss, A. Belhaj-Saif, Y. Liu, A. Hamad-
jida, E. M. Rouiller, and J. Bloch, “Autologous adult cortical cell trans-
plantation enhances functional recovery following unilateral lesion of
motor cortex in primates: a pilot study,” Neurosurg. 68, 1405–1417
(2011).

13. S. B. Frost, S. Barbay, K. M. Friel, E. J. Plautz, and R. J. Nudo,
“Reorganization of remote cortical regions after ischemic brain injury: a
potential substrate for stroke recovery,” J. Neurophysiol. 89, 3205–3214
(2003).

14. N. Dancause, S. Barbay, S. B. Frost, E. J. Plautz, D. F. Chen, E. V.
Zoubina, A. M. Stowe, and R. J. Nudo, “Extensive cortical rewiring
after brain injury,” J. Neurosci. 25, 10167–10179 (2005).

15. N. Dancause, S. Barbay, S. B. Frost, E. V. Zoubina, E. J. Plautz,
J. D. Mahnken, and R. J. Nudo, “Effects of small ischemic lesions in
the primary motor cortex on neurophysiological organization in ventral
premotor cortex,” J. Neurophysiol. 96, 3506–3511 (2006).

16. Y. Murata, N. Higo, T. Oishi, A. Yamashita, K. Matsuda, M. Hayashi,
and S. Yamane, “Effects of motor training on the recovery of manual
dexterity after primary motor cortex lesion in macaque monkeys,” J.
Neurophysiol. 99, 773–786 (2008).

17. D. G. Darling, M. A. Pizzimenti, D. L. Rotella, C. R. Peterson, S. M.
Hynes, J. Ge, K. Solon, D. W. McNeal, K. S. Stilwell-Morecraft, and
R. J. Morecraft, “Volumetric effects of motor cortex injury on recovery
of dexterous movements,” Exp. Neurol. 220, 90–108 (2009).

18. A. F. Fercher and J. D. Briers, “Flow visualization by means of single
exposure speckle photography,” Opt. Commun. 37, 326–330 (1981).

19. J. D. Briers, “Laser Doppler, speckle and related techniques for blood
perfusion mapping and imaging,” Physiol, Meas 22(4), R35–R66
(2001).

20. A. K. Dunn, A. Devor, H. Bolay, M. L. Andermann, M. A. Moskowitz,
A. M. Dale, and D. A. Boas, “Simultaneous imaging of total cerebral
hemoglobin concentration, oxygenation, and blood flow during func-
tional activation,” Opt. Lett. 28, 28–30 (2003).

21. A. K. Dunn, H. Bolay, M. A. Moskowitz, and D. A. Boas, “Dynamic
imaging of cerebral blood flow using laser speckle,” J. Cereb. Blood
Flow Metab. 21,195–201 (2001).

22. C. Ayata, A. K. Dunn, Y. Gursoy-Ozdemir, Z. Huang, D. A. Boas,
and M. A. Moskowitz, “Laser speckle flowmetry for the study of cere-
brovascular physiology in normal and ischemic mouse cortex,” J Cereb.
Blood Flow Metab. 24, 744–755 (2004).

23. T. Durduran, M. G. Burnett, G. Yum, C. Zhoum, D. Furuyam, A. G.
Yodh, J. A. Detrem, and J. H. Greenbergm, “Spatiotemporal quan-
tification of cerebral blood flow during functional activation in rat
somatosensory cortex using laser-speckle flowmetry,” J. Cereb. Blood
Flow Metab. 24, 518–525 (2004).

24. B. Weber, C. Burger, M. T. Wyss, G. K. von Schulthess, F. Scheffold, and
A. Buck, “Optical imaging of the spatiotemporal dynamics of cerebral
blood flow and oxidative metabolism in the rat barrel cortex,” Eur. J.
Neurosci. 20, 2664–2670 (2004).

25. J. S. Paul, A. R. Luft, E. Yew, and F. S. Sheu, “Imaging the development
of an ischemic core following photochemically induced cortical infarc-
tion in rats using laser speckle contrast analysis (LASCA),” Neuroimage
29, 38–45 (2006).

26. J. S. Paul, S. Fwu-Shan, and A. R. Luft, “Early adaptation in somatosen-
sory cortex after focal ischemic injury to motor cortex,” Exp. Brain Res.
168, 178–185 (2006).

27. Z. Wang, P. Li, W. Luo, S. Chen, and Q. Luo, “Peri-infarct temporal
changes in intrinsic optical signal during spreading depression in focal
ischemic rat cortex,” Neurosci. Lett. 424, 133–138 (2007).

28. W. Luo, Z. Wang, P. Li, S. Zeng, and Q. Luo, “A modified mini-stroke
model with region-directed reperfusion in rat cortex,” J. Cereb. Blood
Flow Metab. 28, 973–983 (2008).

29. J. Luckl, C. Thou, T. Durduran, A. G. Yodh, and J. H. Greenberg,
“Characterization of periinfarct flow transients with laser speckle and
doppler after middle cerebral artery occlusion in the rat,” J. Neurosci.
Res. 87, 1219–1229 (2009).

30. G. A. Armitage, K. G. Todd, A. Shuaib, and I. R. Winship, “Laser
speckle contrast imaging of collateral blood flow during acute ischemic
stroke,” J. Cereb. Blood Flow Metab. 30, 1432–1436 (2010).

31. W. J. Tom, A. Ponticorvo, and A. K. Dunn, “Efficient processing of laser
speckle contrast images,” IEEE Trans. Med. Imaging 27, 1728–1738
(2008).

32. P. Zakharov, A. Völker, A. Buck, B. Weber, and F. Scheffold, “Quan-
titative modeling of laser speckle imaging,” Opt. Lett. 31, 3465–3467
(2006).

33. P. Zakharov, A. C. Völker, M. T. Wyss, F. Haiss, N. Calcinaghi, C.
Zunzunegui, A. Buck, F. Scheffold, and B. Weber, “Dynamic laser
speckle imaging of cerebral blood flow,“ Opt. Express 17, 13904–13917
(2009).

34. A. C. Völker, P. Zakharov, B. Weber, A. Buck, and F. Scheffold, “Laser
speckle imaging with an active noise reduction scheme,” Opt. Express
13, 9782–9787 (2005).

35. A. B. Parthasarathy, W. J. Tom, A. Gopal, Zhang, and A. K. Dunn,
“Robust flow measurement with multi-exposure speckle imaging,” Opt.
Express 16, 1975–1989 (2008).

36. P. C. Li, S. Ni, L. Zhang, S. Zeng, and Q. Luo, “Imaging cerebral blood
flow through the intact rat skull with temporal laser speckle imaging,”
Opt. Lett. 31, 1824–1826 (2006).

37. N. Hecht, J. Woitzik, J. P. Dreier, and P. Vajkoczy, “Intraoperative
monitoring of cerebral blood flow by laser speckle contrast analysis,”
Neurosurg. Focus 27(4), E11 (2009).

38. H. Cheng, Q. Luo, S. Zeng, S. Chen, J. Cen, and H. Gong, “Modified
laser speckle imaging method with improved spatial resolution,” J.
Biomed. Opt. 8, 559–564 (2003).

39. M. L. Beaud, E. Schmidlin, T. Wannier, P. Freund, J. Bloch, A. Mir, M.
E. Schwab, and E. M. Rouiller, “Anti-Nogo-A antibody treatment does
not prevent cell body shrinkage in the motor cortex in adult monkeys
subjected to unilateral cervical cord lesion,” BMC Neurosci. 9, 5 (2008).

Journal of Biomedical Optics September 2011 � Vol. 16(9)096011-10 672



Peuser et al.: Follow-up of cortical activity and structure after lesion with laser speckle imaging...

40. J. Bloch, M. Kaeser, Y. Sadeghi, E. M. Rouiller, D. E. Redmond Jr., and
J. F. Brunet, “Doublecortin-positive cells in the adult primate cerebral
cortex and possible role in brain plasticity and development,” J. Comp.
Neurol. 519, 775–789 (2011).

41. P. Leroux, C. Hennebert, J. Cateau, N. Legros, O. Hennebert,
V. Laudenbach, and S. Marret, “Neuroprotective effects vary across
nonsteroidal anti-inflammatory drugs in a mouse model of de-
veloping excitotoxic brain injury,” Neuroscience 167, 716–723
(2010).

42. Y. Ozsunar, P. E. Grant, T. A. G. M. Huisman, P. W. Schaefer, O. Wu,
A. G. Sorensen, W. J. Koroshetz, and R. G. Gonzalez, “Evolution of
water diffusion and anisotropy in hyperacute stroke: significant correla-
tion between fractional anisotropy and T2,” AJNR Am. J. Neuroradiol.
25, 699–705 (2004).

43. M. Thurnher, “Brain Ischemia – Imaging in acute stroke,” The Radiol-
ogy Assistant, www.radiologyassistant.nl/en/483910a4b6f14 (2008).

44. A. Ritzl, S. Meisel, H. J. Wittsack, G. R. Fink, M. Stiebler,
U. Mödder, and R. J. Seitz, “Development of brain infarct volume
as assessed by magnetic resonance imaging (MRI): follow-up of
diffusion-weighted MRI lesions,” J. Magn. Reson. Imaging 20, 201–207
(2004).

45. J. L. Sunshine, R. W. Tarr, C. F. Lanzieri, D. M. D. Landis, W.
R. Selman, and J. S. Lewin, “ Hyperacute stroke: ultrafast MR
imaging to triage patients prior therapy,” Radiology 212, 325–332
(1999).

46. A. E. Baird and S. Warach, “Magnetic resonance imaging of acute
stroke,” J. Cereb. Blood Flow. Metab. 18, 583–609 (1998).

47. P. Lavenex, P. Banta Lavenex, and D. G. Amaral, “Spatial relational
learning persists following neonatal hippocampal lesions in macaque
monkeys,” Nat. Neurosci. 10, 234–239 (2007).

48. L. Malkova, C. K. Lex, M. Mishkin, and R. C. Saunders, “MRI-based
evaluation of locus and extent of neurotoxic lesions in monkeys,”
Hippocampus 11, 361–370 (2001).

49. N. Ben-Horin, S. Hazvi, P. Bendel, and R. Schul, “The ontogeny of a
neurotoxic lesion in rat brain revealed by combined MRI and histology,”
Brain Res. 718, 97–104 (1996).

50. J. John, V. Govindaraju, P. Raghunathan, and V. M. Kumar, “Magnetic
resonance imaging of temporal changes of neurotoxic lesion in the rat,”
Brain Res. Bull. 40, 273–277 (1996).

51. N. Shemesh, O. Sadan, E. Melamed, D. Offen, and Y. Cohen, “Longitu-
dinal MRI and MRSI characterization of the quinolinic acid rat model
for excitotoxicity: peculiar apparent diffusion coefficients and recovery
of N-acetyl aspartate levels,” NMR Biomed. 23, 196–206 (2010).

52. W. T. Newsome, R. H. Wurtz, M. R. Dürsteler, and A. Mikami, “Deficits
in visual motion processing following ibotenic acid lesions of the middle
temporal visual area of the macaque monkey,” J. Neurosci. 5, 825–840
(1985).

53. W. H. Merigan, T. A. Nealey, and J. H. Maunsell, “Visual effects of
lesions of cortical area V2 in macaques,” J. Neurosci. 13, 3180–3191
(1993).

54. K. Rudolf and T. Pasternak, “Transient and permanent deficits in motion
perception after lesions of cortical areas MT and MST in the macaque
monkey,” Cereb. Cortex 9, 90–100 (1999).

55. E. Shtoyerman, A. Arieli, H. Slovin, I. Vanzetta, and A. Grinvald,
“Long-term optical imaging and spectroscopy reveal mechanisms un-
derlying the intrinsic signal and stability of cortical maps in V1 of
behaving monkeys,” J. Neurosci. 20, 8111–8121 (2000).

56. A. Arieli, A. Grinvald, and H. Slovin, “Dural substitute for long-term
imaging of cortical activity in behaving monkeys and its clinical impli-
cations,” J. Neurosci. Methods 114,119–133 (2002).

57. L. M. Chen, B. Heider, G. V. Williams, F. L. Healy, B. M. Ramsden, and
A. W. Roe, “A chamber and artificial dura method for long-term optical
imaging in the monkey,” J. Neurosci. Methods 113, 41–49 (2002).

58. B. Heider, G. Jando, and R. M. Siegel, “Functional architecture of
retinotopy in visual association cortex of behaving monkeys,” Cereb.
Cortex 15, 460–478 (2005).

Journal of Biomedical Optics September 2011 � Vol. 16(9)096011-11 673



 



Appendixes  Anne-Dominique Gindrat 

674 

Appendix 2 

Behavioral assessment of manual dexterity in non-human primates 

Schmidlin E*, Kaeser M*, Gindrat AD, Savidan J, Chatagny P, Badoud S, Hamadjida A, Beaud 

ML, Wannier T, Belhaj-Saif A, Rouiller EM (2011). Journal of Visualized Experiments (57) 

e3258. DOI: 10.3791/3258 

 

In this paper we gave a comprehensive description of the different behavioural tasks 

currently used in the laboratory to assess fine manual dexterity in macaque monkeys.  
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Appendix 3 

Distinction between hand dominance and hand preference in primates: a behavioral inves-

tigation of manual dexterity in nonhuman primates (macaques) and human subjects 

Chatagny P*, Badoud S*, Kaeser M, Gindrat AD, Savidan J, Fregosi M, Moret V, Roulin C, 

Schmidlin E, Rouiller EM (2013). Brain and Behavior 3:575-595, DOI: 10.1002/brb3 

 

Several behavioural tasks were used here in our macaque monkeys as well as in humans 

to distinguish hand dominance and hand preference, either notion being commonly 

misunderstood and wrongly substituted for the other. 
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Abstract

Background: The present study aimed to determine and confront hand prefer-

ence (hand chosen in priority to perform a manual dexterity task) and hand dom-

inance (hand with best motor performance) in eight macaques (Macaca

fascicularis) and in 20 human subjects (10 left-handers and 10 right-handers).

Methods: Four manual dexterity tests have been executed by the monkeys, over

several weeks during learning and stable performance phases (in controlled body

position): the modified Brinkman board, the reach and grasp drawer, the tube

and the bimanual board tasks. Three behavioral tests, adapted versions from the

monkeys tasks (modified Brinkman board, tube and bimanual board tasks), as

well as a handedness questionnaire, have been conducted in human subjects.

Results: In monkeys, there was a large disparity across individuals and motor

tasks. For hand dominance, two monkeys were rather right lateralized, three mon-

keys rather left lateralized, whereas in three monkeys, the different parameters

measured were not consistent. For hand preference, none of the eight monkeys

exhibited a homogeneous lateralization across the four motor tasks. Macaca fasci-

cularis do not exhibit a clear hand preference. Furthermore, hand preference often

changed with task repetition, both during training and plateau phases. For human

subjects, the hand preference mostly followed the self-assessment of lateralization

by the subjects and the questionnaire (in the latter, right-handers were more later-

alized than left-handers), except a few discrepancies based on the tube task. There

was no hand dominance in seven right-handers (the other three performed better

with the right hand) and in four left-handers. Five left-handers showed left-hand

dominance, whereas surprisingly, one left-hander performed better with the right

hand. In the modified Brinkman board task, females performed better than males,

right-handers better than left-handers. Conclusions: The present study argues for

a distinction between hand preference and hand dominance, especially in maca-

que monkeys.

Introduction

How is handedness defined? Commonly, handedness

means hand preference. For most people, the preferred

hand is the hand which is most efficient to perform specific

manual dexterity tasks (e.g., writing, manipulating objects

or tools, etc.). In the present study, in line with a previously

proposed concept (e.g., Hopkins et al. 1992; Triggs et al.

2000), we propose to emphasize the distinction between

two hand attributes: hand preference and hand dominance.

The hand of preference is defined as the hand with

which subjects prefer to work on a specific task, instinc-

tively and without concern whether this hand is actually

the most efficient one. In bimanual tasks for instance

(e.g., tapping a nail with a hammer, knitting, eating with

a fork, and a knife, etc.), the preferred hand is the hand

which executes the most complex action or the manipula-

tive role, whereas the nonpreferred hand acts mainly as

postural support. In the above mentioned bimanual tasks,

they need to be learned, whereas other bimanual tasks are

ª 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. This is an open access article under the terms of

the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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more instinctive and they are also observed in nonhuman

primates (e.g., peeling a fruit, cracking a nut with a stone,

etc.). In contrast to hand preference, hand dominance

refers to the hand which shows the best efficiency to per-

form a particular unimanual action (Serrien et al. 2006),

thus reflecting an intermanual difference of motor perfor-

mance. The general aim of the present study was to assess

separately hand preference and hand dominance in eight

adult long-tailed macaque monkeys (Macaca fascicularis)

and in 20 young adult human subjects.

Population-level right-handedness (preference for the

right hand) was considered for a long time as a feature

of human being (Raymond et al. 1996). During the last

20 years, several studies demonstrated that handedness

for specific manual tasks is also present in nonhuman

primates, from prosimians to great apes (e.g., Masataka

1989; Ward et al. 1990, 1993; Fagot and Vauclair 1991;

Spinozzi et al. 1998; Lacreuse et al. 1999; Hopkins et al.

2011). Whereas 90% of humans are right-handed (Coren

and Porac 1977; Raymond and Pontier 2004), the per-

centage and the direction of the lateralization vary

among the nonhuman primates (see e.g., Papademetriou

et al. 2005; mainly for reaching tasks). Concerning the

great apes, a recent study by Hopkins et al. (2011)

showed population right-handedness, except for Orangu-

tans, which tend to use preferentially the left hand.

These results are consistent with other studies (Lacreuse

et al. 1999; Wesley et al. 2001; Hopkins et al. 2002,

2003, 2004, 2005; Sherwood et al. 2007). Baboons were

also found to be right-handed at population level (Fagot

and Vauclair 1988; Vauclair et al. 2005). However, some

divergent observations were reported (Pouydebat et al.

2010), concluding to the difficulty to establish a stable

handedness among Gorillas, based on different behavioral

tasks. In Old World monkeys, handedness seems to be

less consistent among the family (Westergaard et al.

1997, 2001a,b), as it appears to depend on the species,

especially in Macaques. Although some macaques, such

as Macaca mulatta, exhibited population-level left-hand-

edness when they performed a specific task (also Macaca

fuscata, see Murata et al. 2008), other species like

M. fascicularis did not exhibit any manual bias at the

population-level for the same tasks (tube task, reaching

to food morsel; Westergaard et al. 1997, 2001a,b; see also

Lehman 1980b). The above data for M. mulatta are not

consistent with previous observations derived from food

reaching tests (Lehman 1978a), which showed roughly

equal numbers of right- and left-handed individuals.

Furthermore, the latter author and others reported that

handedness was accentuated with monkeys’ age, as well

as with task repetition (e.g., Lehman 1978a,b, 1980a,b;

Westergaard and Suomi 1996; Westergaard and Lussier

1999; Zhao et al. 2012). Similarly, Hopkins (2004) found

a less prominent handedness among Old and New

World monkeys in comparison to the great apes. It is,

however, interesting to highlight that, for some investiga-

tors (e.g., Lehman 1980a, 1989; Hopkins et al. 1989;

Fagot and Vauclair 1991; Uomini 2009), these disparate

results may depend on the task used to determine hand-

edness (see also Spinozzi et al. 1998, 2007). Indeed, these

authors showed that the complexity of the task plays an

important role. A high-level manual activity involves,

most of the time, a manual bias at the population-level,

whereas a simple and low-level task does not. A typical

example of high-level manual performance is the preci-

sion grip (opposition of thumb and usually index finger

to grasp an object), requiring the cooperation of several

muscles of hand and arm, tendons, ligaments, and the

stabilization of the upper limb to ensure a better effec-

tiveness (e.g., Lemon 1993, 2008; Porter and Lemon

1993). Bimanual tasks are considered as high-level ones,

involving a coordination of different limbs and move-

ments. As demonstrated in squirrel monkeys, hand pref-

erence is correlated to an asymmetry in functional

topography of motor cortex between the two hemi-

spheres, with a greater distal forelimb representation in

the dominant hemisphere, opposite the preferred hand

(Nudo et al. 1992). Asymmetries in the primary motor

cortex related to handedness was reported in great apes

(Hopkins and Pilcher 2001; Hopkins et al. 2002,

2010; Hopkins and Cantalupo 2004; Dadda et al. 2006;

Sherwood et al. 2007) and in humans (e.g., Dassonville

et al. 1997).

Hand preference and hand dominance were each deter-

mined based on three adapted manual tasks, which

belong to high-level manual activities, for both human

subjects and monkeys (M. fascicularis). Two tests are

bimanual coordinated tasks: the bimanual Brinkman

board task (Mark and Sperry 1968) and the tube task

(Hopkins 1995), whereas the third test is the modified

Brinkman board task (original test: Brinkman and

Kuypers 1973; see also Brinkman 1984), performed either

unimanually or with both hands at the same time. Mon-

keys had to perform an additional task, the reach and

grasp drawer task, whereas humans had to answer a

handedness questionnaire, which allowed us to confirm

the self-assessment of each subject and, then, to compare

the self-assessment with the results derived from the man-

ual dexterity tests. More specifically, the aim of the study

was to test the hypothesis that, in M. fascicularis, hand

preference is variable across tasks and individuals, the

dominant hand does not systematically correspond to the

preferred hand, whereas human subjects exhibit more sys-

tematic lateralization (hand preference) and the preferred

hand generally corresponds to the most dexterous hand

(dominant hand).
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Material and Methods

Nonhuman primate subjects

The experiments were conducted on eight adult female

monkeys (M. fascicularis), aged between 6 and 7 years old

at the beginning of the tests (weight: 3–3.9 kg) and housed

in 45 m3 rooms with four other animals. The monkeys

were neither food nor water deprived (see e.g., Kaeser et al.

2010; Schmidlin et al. 2011). None of the animals had exe-

cuted the different manual dexterity tasks before, so they

were totally na€ıve. The experimental protocol has been

approved by the local ethical committee on animal experi-

mentation and it was in accordance with the Guidelines for

the Care and Use of Laboratory Animals (ISBN 0-309-

05377-3; 1996), as well as authorized by local (Canton of

Fribourg) and federal (Swiss) veterinary authorities. The

present experiments were covered by the official authoriza-

tion numbers FR 192/07E, FR 206/08, FR 17/09, FR 18/10,

FR 22010. The experimental procedures were designed to

minimize pain and suffering for the animals. In the part of

the present study on monkeys, the protocol was restricted

to behavioral assessment, without any surgical or pharma-

cological intervention. The macaque monkeys originate

initially from an officially recognized breeding center in

China and were imported via a quarantine center in Eur-

ope (Harlan, Milano, Italy), where they stayed during a few

months within a large group of a couple of dozen animals

from the same origin. After arrival in our animal facility,

the animals were habituated during 1–2 months to the

new environment, before starting the habituation proce-

dure (2–3 months duration) aimed at transferring the

monkey on a free-will basis to the primate chair (see Sch-

midlin et al. 2011). The present behavioral experiments

were then initiated when the monkeys were comfortable

with the primate chair.

During each behavioral test, the monkey sat in a pri-

mate chair (see Schmidlin et al. 2011), made of Plexiglas�

(Transparent PVC, Notz Plastik AG, Biel, Switzerland),

with an adjustable opening on top allowing free head

movements although the monkey is restrained. The pri-

mate chair also comprises two independent sliding doors

at the front, allowing execution of manual dexterity tasks

with both hands, separately or simultaneously (Schmidlin

et al. 2011). Each experimental session was recorded with

one to three digital video cameras, depending on the task

(drawer, tube, and bimanual board tasks with one cam-

era; modified Brinkman board task with three cameras;

Schmidlin et al. 2011). The duration of a typical daily

behavioral session was about 60 min and the experiments

were conducted with background music to cover possible

disturbing, external noise. At the end of the session, the

animals received their daily ration of food, composed of

cereals, fruits, and vegetables, in addition to the rewards

(food pellets) received during the tests.

Human subjects

The human subjects were 20 persons (students) aged

between 18 and 30 years old. The human experiments

were conducted in the context of practical courses for

students at the University of Fribourg and the subjects

gave their full consent to the experimental protocol. They

agreed that the data may be used anonymously for the

present study. The human subjects first declared them-

selves either as left- or as right-handers and it corre-

sponded to the hand they used to write. Based on this

initial self-declaration, there were ten left-handers (six

men and four women) and ten right-handers (four men

and six women). The size of each of these two groups

(n = 10) was chosen as to approximately match the group

size of monkeys (n = 8). Given the human population

bias for right-hand preference (about 90%), self-declared

left-handers were deliberately recruited, thanks to a large

pool of students available on the campus. It is expected

that the self-declared left-handers are less lateralized than

the self-declared right-handers.

Each human subject was enrolled in a single behavioral

session (lasting about 60–90 min) and he/she executed

three manual dexterity tasks, before responding to the

handedness questionnaire at the end of the session. The

set-ups for the three manual dexterity tasks were posi-

tioned on a table and the behavioral session was recorded

with a digital video camera. The subjects began with the

modified Brinkman board task, followed by the bimanual

board task, and finally, the tube task. Before the begin-

ning of the tests, the subjects sat on a chair in the middle

and in front of the experimental table. They had to adjust

the height of the chair to feel comfortable.

Behavioral tasks

The assessment of handedness was based on a palette of

behavioral manual dexterity tasks, in which macaque

monkeys (n = 8) and human subjects (n = 20) were

enrolled. For both monkeys and human subjects, typical

video sequences illustrating the various behavioral tasks

described below can be visualized on the following website:

http://www.unifr.ch/neuro/rouiller/research/PM/pm1.html.

Modified Brinkman board task

The modified Brinkman board and its different adapted

versions from the original test of Brinkman and Kuypers

(1973) were used routinely for behavioral and motor

control studies in macaques (Brinkman 1984; Rouiller
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et al. 1998; Liu and Rouiller 1999; Freund et al. 2009;

Kaeser et al. 2010, 2011, 2013; Schmidlin et al. 2011).

The modified Brinkman board for monkeys (Fig. 1A, left

panel) is made of a rectangular board of Perspex� with

50 rounded rectangular slots: 25 slots are oriented hori-

zontally and 25 vertically. Each slot measures 6 mm deep,

14 mm long, and 7 mm wide. The board itself measures

22 cm length, 12 cm wide, and 1.2 cm thick. At the

beginning of the test, each slot is filled with a banana or

sugar flavored pellet (diameter 4 mm). The size of slots

permits the monkeys to grasp the pellets only by perform-

ing the precision grip, generally using the thumb and the

index finger (or rarely another finger, with a flexion of

the distal phalanx). Retrieval from the horizontal slots is

more difficult than from the vertical ones, because it

involves also a rotation of the wrist, either a radial devia-

tion or an ulnar deviation, depending on the position of

the corresponding slot on the board (Freund et al. 2009).

The board was positioned in front of the monkey with

40° of inclination from horizontal. During each daily ses-

sion, the animal has used firstly both hands, then each

individual hand successively by alternating daily the hand

used first. The daily protocol for this task thus comprises

three consecutive tests, with retrieval of 50 pellets in each,

lasting overall about 10 min, including the time interval

to refill the modified Brinkman board with pellets in

between the three tests. With respect to the board, the

monkey was placed in a middle position (when perform-

ing the task with both hand simultaneously), or slightly

at the left, or at the right, when using only the right or

the left hand, respectively, in such a manner that the

hand performing the task is aligned to the set-up. Video

sequences illustrating this task can be visualized on the

website: http://www.unifr.ch/neuro/rouiller/research/PM/

pm1.html (video sequences 1–3) or in a recent visualized

experimental report (Schmidlin et al. 2011).

The Brinkman board model, adapted for human subjects

(Fig. 1A, right panel), is made of a wooden board of 58 cm

long and 28.5 cm wide and it comprises 50 rounded rect-

angular slots of 4.3 cm long, 2.2 cm wide, and 1.8 cm deep

(25 oriented vertically and 25 oriented horizontally). It is

tilted with a 30-degree angle from horizontal. Before the

beginning of a session, each slot is filled with a bolt (exter-

nal diameter: 1.8 cm, internal diameter: 1 cm). The bolts

replace the food pellets used for the same tests on monkeys.

The slots were designed in a manner that subjects have to

use the precision grip to retrieve the bolts, and their spatial

arrangement is identical to that of the modified Brinkman

(A)

(B)

(C)

(D)

Figure 1. Pictures illustrate the experimental set-ups used in the different behavioral tasks for monkeys and for human subjects. In panel (A), the

modified Brinkman board used for monkeys is shown on the left, with each slots filled with a banana pellet, whereas its version adapted for

human subjects is shown on the right with each slot filled with a bolt. See text for dimensions of the board and slots. Panel (B) shows the

bimanual Brinkman board used for monkeys (on the left) and for humans (on the right). Similarly, in panel (C), the tube used for monkeys is

shown on the left and the version adapted for humans on the right. See text for dimensions of the boards, slots, and tubes. In panel (D), the

bimanual reach and grasp drawer set-up (used for monkeys only) is shown in a front view (left picture) and from top (right picture). In the top

view, the slot in the drawer is clearly visible (with one white pellet inside), as well as the spring at the back of the drawer, imposing to hold the

drawer open with one hand while grasping the pellet with the other hand.
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board used for monkeys. In a single behavioral session, the

human subjects had to execute the grasping of the 50 bolts

as fast as possible, taking one bolt at a time, and putting it

into a plastic box located in front of the board in a middle

position. The human subjects were not allowed to throw

the bolt into the box. These rules contributed normalizing

the test. The subjects performed the task 20 times, using

alternatively 10 times the right hand and 10 times the left

hand (right, left, right, etc.). The experimenter determined

with which hand the subject had to begin (see http://www.

unifr.ch/neuro/rouiller/research/PM/pm1.html [video sequences

4–5]).

Bimanual Brinkman board task

This task was adapted from the bimanual coordinated

task of Mark and Sperry (1968). Our bimanual board is

made of transparent acrylic glass (PMMA or Plexiglas�);

Fig. 1B). The model for monkeys (Fig. 1B, left panel)

measures 15.8 cm long, 13.1 cm large, and has a thickness

of 2 cm. It comprises nine holes. Each hole has an upper

diameter of 9.5 mm and a lower diameter of 7 mm and

contains a sticky reward, like sultana or a little piece of

apple. The board is fixed with an inclination of 20–30°
from horizontal. The primate chair was placed in the

front of the board and the two sliding doors were opened

to allow access with both hands simultaneously. The

monkeys had to retrieve the reward using both hands at

the same time and following one or the other of two pos-

sible strategies (see below: analysis of data). One daily ses-

sion included three to five repetitions of the whole board,

with retrieval of each reward. Each hole represented an

individual trial (see http://www.unifr.ch/neuro/rouiller/

research/PM/pm1.html [video sequence 6]).

The model of the bimanual board adapted for human

subjects (Fig. 1B, right panel) is a transparent acrylic glass

board of 16 cm long, 13 cm wide, 2 cm thick, and com-

prising nine holes (diameter of 2.2 cm). The board is

fixed with 30° of inclination from horizontal. Before the

test started, each hole was filled with a pellet in modeling

clay. Using both hands, the human subjects had to take

only one pellet at a time and to put it into a plastic box

placed in the front of the board. In one session, the sub-

ject had to empty the board 20 times. Each hole repre-

sented an individual trial (see http://www.unifr.ch/neuro/

rouiller/research/PM/pm1.html [video sequence 7]).

The tube task

This bimanual task was inspired by the tube task of

Hopkins (1995), used to determine handedness in

Chimpanzees and later in Old World monkeys (Zhao

et al. 2012). Our tube, in transparent acrylic glass (PPMA

or Plexiglas�), was adapted to macaques with the follow-

ing dimensions: the handle measures 4 cm long and 2 cm

diameter, the tube itself is 9 cm long from the outside and

7 cm deep from the inside, with an external diameter of

6 cm and an internal diameter of 5 cm. At the bottom of

the tube, there is a slot of 0.5 cm in diameter and 0.7 cm

deep (Fig. 1C; left panel). The slot was filled with a sticky

reward like sultana or little pieces of apple. The tube was

attached to a rope by the handle and hung, in such a way

that it was placed in front of the primate chair, aligned

with the central bar between the sliding doors. The basis

of the tube was positioned at the level as the basis of the

sliding doors. The test was performed with the two sliding

doors open and the animal had to hold the suspended

tube with one hand while reaching the reward in the tube

with the other hand and bring it to the mouth. A daily

session comprised 10–20 trials (see http://www.unifr.ch/

neuro/rouiller/research/PM/pm1.html [video sequence 8]).

The model of the tube adapted for human subjects is

also made of acrylic glass tube (PPMA or Plexiglas�) with

the following dimensions (Fig. 1C, right panel): the tube

itself measures 14.7 cm long, 12.8 cm deep, with an

external diameter of 12 cm and an internal diameter of

11 cm. The handle is 9.5 cm long and has a diameter of

3 cm. The slot positioned at the bottom of the tube is

2.2 cm in diameter and 0.9 cm deep. The reward was a

candy (Yupi strawberry kiss or Yupi MarshMallow). A sec-

ond tube was available for human subjects with smaller

hands: the dimensions are the same, except the external

diameter of 9 cm and the internal diameter of 8 cm. The

tube was positioned vertically on the table, with the han-

dle upwards. Starting with the hands placed on the table

on each side of the tube, the human subjects had to col-

lect the reward from the tube using both hands. They had

the possibility to eat the reward or to give it to the exper-

imenter. Then, the human subjects had to put the tube

back on the table at its initial location. The task was per-

formed 20 times to complete the session. One trial was

achieved when the human subjects grabbed the tube with

one hand while, simultaneously, they took the reward

with the other hand (see http://www.unifr.ch/neuro/rouil-

ler/research/PM/pm1.html [video sequence 9]).

Reach and grasp drawer task

This bimanual task was used for the monkeys only and it

is a simplified version of the set-up previously described

(Kazennikov et al. 1994; Kermadi et al. 1998, 2000;

Schmidlin et al. 2011). The primate chair was placed in

front of the drawer with both sliding doors opened, so that

the monkey used both hands. Because of a spring mecha-

nism, once open, the drawer had to be maintained with

one hand to avoid that it closed back, while the monkey
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used the other hand to grasp the pellet, which was initially

placed in a slot dig inside the drawer. The dimensions of

the object are indicated on the Figure 1D. During one ses-

sion, the animal executed about five to 15 trials. One trial

was achieved when the monkey opened the drawer with

one hand, kept it open, and grasped the pellet with the

other hand (see http://www.unifr.ch/neuro/rouiller/

research/PM/pm1.html [video sequence 10]).

Handedness questionnaire

At the end of the manual dexterity tasks, the human sub-

jects were asked to answer a handedness questionnaire,

elaborated by MacManus (2009). It was chosen because it

fills several pertinent criteria to assess handedness in

human subjects (Oldfield 1971). The questions dealt with

actions of daily life such as: with which hand do you

write, do you hold a potato while you are peeling it, do

you throw a ball, etc.

Analysis of data

The data of the behavioral tasks were analyzed manually

from the recorded video sequences. The software Virtual-

DubMpeg2� (Developper Avery Lee, free software, www.

virtualdub.org) allowed visualizing the video sequences

frame by frame, corresponding to a time resolution of

40 msec (acquisition at 25 frames per second). The data

were processed first in Excel� worksheets, before they were

transferred to Sigmastat�/Sigmaplot� (Systat Software Inc.,

www.sigmaplot.com) and SPSS� (SPSS Inc., Chicago, IL)

allowing more elaborated graphic representation and sta-

tistical analysis.

The hand dominance was determined based on a single

task, the modified Brinkman board task performed with

one hand imposed at a time. Two types of data were ana-

lyzed for the monkeys (Schmidlin et al. 2011). (i) The

score, defined as the number of pellets correctly retrieved

during the first 30 sec; (ii) The contact time (CT),

defined as the time interval between the first contact of a

finger (most often the index finger) with the pellet and

the moment when the fingers left the slot with the

reward. The CT is a pertinent parameter in addition to

the score, as the latter can sometimes be biased. Indeed,

the animal may be disturbed by external noises, or may

exhibit a lack of motivation or concentration. In such

cases, the monkey may interrupt the test, leading to a dis-

tortion of the score. Moreover, the CT truly measures the

actual manipulation of the pellets with the fingers. The

CT was measured for the first five horizontal and the first

five vertical slots in the 20 last daily sessions at plateau,

whereas the score was calculated for every daily session.

The onset of the plateau was defined, when the learning

curve tended to saturate (as estimated by visual inspec-

tion), as the first value in the nearly flat curve of the

score that was not exceeded by one of the five following

score values. For human subjects, the analysis of hand

dominance was based mainly on the score in 30 sec,

although the CT was also established for comparison in a

sample of subjects.

The hand preference for monkeys was determined

based on four tests: the modified Brinkman board task,

when the animal was free to use both hands simulta-

neously, the reach and grasp drawer task, the tube task,

and the bimanual Brinkman board task. For human sub-

jects, two tests were considered, the tube task and the

bimanual Brinkman board task, as well as the question-

naire indicating their self-assessed hand preference. For

the tube task, the preferred hand was defined as the hand

used to grasp the reward into the tube, playing the

manipulative role, whereas the other hand, holding the

tube, played the postural role. The preferred hand (left

hand or right hand) was determined for each tube task

trial performed by the subject (humans and monkeys), in

order to calculate the handedness index (HI) (see below).

For the bimanual board task, the subjects (humans and

monkeys) used two different strategies to retrieve the

reward. In the first one, the hand above the board pushed

the reward while the other hand collected it below the

board. In the second one, the hand positioned below

the board pushed up the reward using one finger (usually

the index finger) and the other hand grasped it above the

board, performing the precision grip. In the first strategy

(adopted in more than 98% of trials in five out of eight

monkeys), the preferred hand is the one pushing the

reward. Indeed its role is manipulative, whereas the role

of the other hand is postural. For the second strategy, the

preferred hand is the one retrieving the reward, as its

action is more manipulative and more challenging (preci-

sion grip), as compared to the role of the other hand

(one finger used). Additionally, the board has an inclina-

tion, making this movement still more difficult. This sec-

ond strategy was used in about half of the trials in one

monkey (Mk-MI) and it was predominant in two other

monkeys (Mk-CA and Mk-AN; 68% and 98%, respec-

tively). For the reach and grasp drawer task (in monkeys

only), the preferred hand is the hand grasping the reward

(manipulative role) while the other hand, the postural

one, holds the drawer.

For these three tasks (bimanual Brinkman board task,

reach and grasp drawer task, tube task), we computed the

HI (Westergaard et al. 1997; Spinozzi et al. 1998; Hopkins

et al. 2004; Schmitt et al. 2008), defined as follows: the

number of trials the right hand (R) was used as preferred

hand minus the number of times the left hand (L) was used

as preferred hand, divided by the total number of trials:
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HI ¼ ðR – LÞ=ðR+LÞ

Consequently, a negative HI reflects a left bias whereas

a positive HI reflects a right bias. The HI (lateralization)

ranges between +1 (strongly right-handed) and �1

(strongly left-handed).

For the modified Brinkman board task, we measured

the score in 30 sec when the animal was free to use both

hands, and counted the number of pellets grasped with

each hand. The hand with the highest score is considered

as the preferred hand.

For the questionnaire, we calculated a handedness score

by using the criteria of MacManus (2009):

“Laterality scores (laterality indices):

Score all the items as �1 = Always left, �0.5 = Usually left,

0 = Either, +0.5 = Usually right and +1 = Always right. For

items 4 (dish), 6 (jar), and 9 (potato) a strong right-hander

would answer left. These three items should therefore be

reverse scored by changing the sign on the values given previ-

ously (i.e., +1 = Always left, etc.). Having done this, then one

can obtain the overall laterality score, an average of all 11

items.”

The score was then transformed into percentage

(�100% indicating strongly left-handed and +100%,

strongly right-handed).

The statistical analysis was conducted as follows. For

the tube task, the reach and grasp drawer task, and the

bimanual Brinkman board task, we used a binomial test

(SPSS�; see Fig. 7). For the scores of the modified Brink-

man board task, we used either the paired t-test or the

Wilcoxon signed-rank test (Sigmastat�). Finally, for the

CT derived from the modified Brinkman board task,

we used either the unpaired t-test or the Mann–Whitney

U test (Sigmastat�).

In order to limit the duration of the behavioral session

with human subjects to a reasonable extent, the modified

Brinkman board task using both hands simultaneously, as

well as the reach and grasp drawer task, were not per-

formed with human subjects. These tests, aimed in the

monkeys to determine their preferred hand, were consid-

ered redundant for human subjects with the handedness

questionnaire.

Results

Hand dominance: unimanual modified
Brinkman board task

Monkeys

For monkeys, the hand dominance was determined based

on the total score in 30 sec (sum of vertical and horizon-

tal slots in all behavioral sessions) and the CT (measured

for the first five horizontal and the first five vertical slots)

in the 20 last recorded sessions of the modified Brinkman

board task, at plateau. The performance of one hand was

compared to the performance of the other hand, mea-

sured in the two consecutive unimanual tests carried out

on the same day. The dominant hand is the hand exhibit-

ing a higher score, respectively, a shorter CT, than the

opposite hand. For this specific analysis of hand domi-

nance, only the score at plateau was taken into consider-

ation (see Fig. 2A). A typical example of the score data is

illustrated for one monkey (Mk-AT: left and right hand

for total, vertical and horizontal slots) in Figure 2A, with

a vertical dashed line separating the plateau phase from

the preceding learning phase.

The top panel of Figure 2B represents the distribution

of the scores for the left and the right hands for each

monkey at plateau, in the form of box and whiskers plots.

In Mk-DI, immediately after the end of the learning

phase, there was a transient period with a decrease in the

number of grasped pellets (most likely due to a tempo-

rary drop of motivation), corresponding to a first plateau.

Later, the level of score corresponding to the end of the

learning phase reappeared, corresponding to a second pla-

teau, which was considered for the data of the top panel

in Figure 2B. Overall, three monkeys exhibited a signifi-

cant difference of manual dexterity reflected by the score

between the hands, namely Mk-AN, Mk-CA, and

Mk-MA. The first one performed better with the left hand

(P = 0.036), whereas Mk-CA and Mk-MA were more

dexterous with the right hand (P = 0.002 and P < 0.001,

respectively). Mk-AT, Mk-DI, Mk-LO, Mk-MI, and

Mk-TH did not show any significant difference of manual

dexterity between hands at plateau, as far as the total

score is concerned.

The CT data are plotted in the two bottom panels of

Figure 2B. As the combination of movements required to

grasp pellets were different for the two slot orientations,

the CT was plotted separately for the vertical slots (mid-

dle panel in Fig. 2B) and for the horizontal slots (bottom

panel in Fig. 2B). Overall, and as expected, the CTs for

the vertical slots tended to be shorter (less challenging

task) than the CTs for the horizontal slots. It is important

to recall that the shorter the CTs, the better the perfor-

mance. For the vertical slots, the CTs were significantly

shorter for the left hand in Mk-AN and Mk-DI

(P = 0.002 and P = 0.005, respectively), whereas they

were significantly shorter for the right hand in Mk-CA

and Mk-LO (P < 0.001 for both). For the other monkeys

(Mk-AT, Mk-MA, Mk-MI, and Mk-TH), there was no

significant difference of CTs between the two hands for

the vertical slots. Considering the horizontal slots, the

CTs were significantly different between the two hands

for seven out of the eight monkeys, as only Mk-AN
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exhibited comparable CTs for the left and the right hand.

In four monkeys (Mk-AT, Mk-CA, Mk-DI, and Mk-MA),

the CTs were shorter for the right hand, whereas the CTs

were shorter for the left hand in three monkeys (Mk-LO,

Mk-MI, and Mk-TH). Considering both the vertical and

the horizontal slots, note that in two monkeys (Mk-DI

and Mk-LO) exhibiting a significant difference of CTs

between the two hands for both slot orientations, surpris-

ingly the hand with the shortest CTs was not the same

for the vertical and the horizontal slots.

Human subjects

The hand dominance was determined for the human sub-

jects by comparing the total score (sum of vertical and

horizontal slots visited in 30 sec) between each hand in

the unimanual modified Brinkman board task. Graphs

derived from one self-assessed right-hander (AG) and one

self-assessed left-hander (AH) are shown in Figure 3A,

with the total score for each hand in the ten consecutive

trials. Generally, there was a training effect along the ses-

sions, as most subjects increased their performance (total

score) after a few trials. In two human subjects, the learn-

ing effect was rapid (plateau reached after two trials) but

of limited extent (small increase of score). In the other

human subjects, the learning phase was longer, 4–6 trials

in most cases. The gain in total score was for most sub-

jects in the order of 10 additional bolts collected in

30 sec at plateau as compared to the score observed for

the first trial, although overall the gain in total score ran-

ged from about 5–15 additional bolts collected in 30 sec.

Moreover, most subjects developed strategies (motor hab-

its) to increase their performance: for instance, they began

to grasp bolts from the vertical slots and then bolts from

the horizontal ones, or they began each trial on one side

and systematically scanned the board to the other extrem-

ity. Additionally, in this sample of 20 human subjects, the

right-handers performed significantly better than the left-

handers (P < 0.001; Mann–Whitney test) and women

exhibited higher total scores than men (P = 0.009;

Mann–Whitney test).

The hand dominance was determined by comparing

the total scores between the left hand and the right hand

in each subject (Fig. 3B). Generally, the total score ranged

between 15 and 40. Out of the twenty subjects, only nine

showed a significant hand dominance. In the left-handed

subjects (ID initials in blue in Fig. 3B; n = 10), five peo-

ple exhibited a significant left-hand dominance: AB, AH,

AP, MF, and VC (P = 0.038, P = 0.002, P < 0.001,

P = 0.045, and P < 0.001, respectively), whereas one self-

declared left-hander surprisingly showed a significant

right-hand dominance (SB with P = 0.015). In the other

four left-handers, there was no significant hand domi-

nance. In the population of right-handed subjects (ID ini-

tials in red in Fig. 3B; n = 10), three of them showed a

right-hand dominance (AG, JG, and MS, with P = 0.025,

P = 0.004, and P = 0.005, respectively), whereas there was

no significant hand dominance in the other seven self-

declared right-handed subjects.

The CT was assessed in the human subjects as well, sepa-

rately for the vertical and horizontal slots and illustrated in

Figure 4 for four representative subjects. The subjects AP

and MS were representative of lateralized humans, self-

declared as left-hander and right-hander, respectively, and

showed a dominance of the corresponding hand (left in AP

and right in MS), with statistically shorter CTs as compared

to the opposite hand. The CTs of two other subjects are dis-

played in Figure 4, one fast subject (AG) and one slow sub-

ject (MB), as exhibited in Figure 3B by their high and low

scores, respectively. The fast subject (AG), declared as

right-hander, also exhibited shorter CTs with the corre-

sponding hand (the difference with the opposite hand was

statistically significant only for the vertical slots). In con-

trast, the slow subject (MB), declared as left-hander, exhib-

ited comparable CTs for both hands. As compared to

monkeys (Fig. 2B), the human CT data (Fig. 4) reflect a

somewhat shorter time interval needed to successfully grasp

the object from the slots, especially for the horizontal slots.

This species difference may be explained by the object

properties, as the bolt with its angular contour and surface

with a hole in it is easier to grasp than the round shape of

the pellets presented to the monkeys.

Figure 2. Hand dominance analysis for monkeys. An example of scores (Mk-AT) for the left and the right hand when the use of the hand was

imposed in the modified Brinkman board task is shown in panel (A). Along the abscissa, the values refer to the consecutive daily session numbers,

incremented by one for each individual session, irrespective of the actual date of the session. The regular interval between two consecutive

sessions is thus not representative of the number of actual days separating the two sessions. In panel (B), three graphs in the form of box and

whiskers plots represent for each monkey the distribution of the total scores (sum of horizontal and vertical slots) at the plateau (top graph), the

distribution of contact times (CT, in seconds) for the vertical slots (middle graph) and for the horizontal slots (bottom graph), for the left hand

(blue) and the right hand (red). These data concern the results when the use of one hand was imposed in the unimanual modified Brinkman

board task. The statistical comparisons between the two hands in each daily session were performed using the paired t-test (normality test

passed) or the nonparametric Wilcoxon rank signed test (normality test failed) for the score data (paired for the left hand and the right hand in a

given daily session). In contrast, the CT data (five values per daily session for each slot orientation) are not paired and therefore the statistical

comparisons between the two hands were performed using the unpaired t-test (normality test passed) or the nonparametric Mann–Whitney test

(normality test failed) on the CT values pooled from 20 daily sessions.
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Hand preference

Monkeys

As reminder, the hand preference in monkeys was deter-

mined based on the results of the modified Brinkman

board, when the use of the two hands was free, as well as

on the results of three other specific tasks: the bimanual

board, the tube, and the drawer tasks.

For the modified Brinkman board task (executed with

both hands simultaneously), we made a distinction

among the scores according to different phases, each

characterized by distinct patterns of manual use. Indeed,

the monkeys evolved in their manner to execute the task

and in the choice of one hand to the detriment of the

other along the daily sessions. There were mainly three

different behavioral profiles exhibited by the animals

(Fig. 5). In the first profile (for instance Mk-AN in

Fig. 5A), the monkey used nearly always the same hand

in phase I, whereas in phase II (to the right of the vertical

dashed line), both hands were used more or less at the

same frequency. In the second profile (for instance

Mk-LO in Fig. 5B), one of the hands was less used than

the other hand along all daily sessions. However, two

phases were distinguished, phase I corresponding to a

minimal use of one hand followed, in phase II, by an

increased contribution of the less used hand. The third

profile (for instance Mk-MA, Fig. 5C) is the opposite to

the first one: both hands were used more or less at the

same frequency during phase I, whereas one hand was

then less used than the other hand during phase II.

After determining the different phases corresponding to

different profiles (manual patterns), we compared the

score for the right hand with the one for the left hand,

separately in the vertical (Fig. 6A) and in the horizontal

slots (Fig. 6B), in each phase in each monkey. In the ver-

tical slots in phase I, four monkeys exhibited a significant

preference to use one hand over the other (left-hand pref-

erence in Mk-AN and Mk-TH; right-hand preference in

Mk-DI and Mk-LO), whereas the other four monkeys did

not show any significant hand preference (Mk-AT,

Mk-CA, Mk-MA, and Mk-MI). In phase II, most of the

scores for the vertical slots did not exhibit a significant

(A)

(B)

Figure 3. Hand dominance analysis for

human subjects (women in italic), derived

from the unimanual modified Brinkman

board task. Examples of the total score

(sum of the number of horizontal and

vertical slots visited in 30 sec) for a left-

handed subject (AH) and a right-handed

subject (AG) are shown in panel (A). In

panel (B), the box and whiskers plots

represent the distribution of the total

scores observed for the left hand (blue)

and the right hand (red), for each human

subject tested (n = 20, indicated by their ID

initials). The ID initials of the subjects are in

blue versus red, when the subjects

presented themselves as left-hander versus

right-hander, respectively. The ID initials of

males and females are shown with normal

and italic type, respectively. The statistical

comparisons of total score between the

two hands in each of the 10 trials were

performed using the paired t-test

(normality test passed) or the

nonparametric Wilcoxon rank signed test

(normality test failed). In each subject, a

yellow line connects the median values of

the left and the right hands, in order to

emphasize the intermanual comparison.
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difference between both hands, except for Mk-LO and

Mk-MA, with a significant preference for their right hand.

In the horizontal slots (Fig. 6B), in phase I, all monkeys

but Mk-MA showed a significant hand preference. Four

monkeys (Mk-AN, Mk-AT, Mk-MI, and Mk-TH) used

preferably their left hand, whereas three monkeys

(Mk-CA, Mk-DI, and Mk-LO) used more often their

right hand. In phase II, five out of eight monkeys showed

a preference for one hand over the other, with a left-hand

preference in Mk-AT and Mk-MI, whereas Mk-CA,

Mk-LO, and Mk-MA exhibited a right-hand preference.

Overall, there were clearly more significant hand

preferences observed for the horizontal slots than for the

vertical slots (Fig. 6).

The HI, derived from the three other tasks performed

by the monkeys (the bimanual board task (Fig. 1B), the

tube task (Fig. 1C), and the drawer task (Fig. 1D), were

plotted on the same bar graph (Fig. 7A, rightmost part of

the graph, separated from human subjects by a vertical

black line). In most cases, these three tasks were lateral-

ized (large positive or negative HI). Mk-TH was the only

monkey to exhibit a coherent hand preference for all

three tasks, with a systematically positive HI, correspond-

ing to a significant right-hand preference (P < 0.05; bino-

mial test). In the other seven animals, there was an

absence of systematic consistency across tasks.

Three monkeys (Mk-AN, Mk-CA, and Mk-DI) exhib-

ited a preference for the right hand in the bimanual

board and the tube tasks (positive HI) and a preference

for the left hand in the drawer task (negative HI). These

HI values were statistically significant (meaning lateral-

ized; binomial test P < 0.05), except in Mk-CA for the

tube task (Fig. 7A).

Mk-LO and Mk-MI shared a comparable general pat-

tern of HI distribution among the three tasks (Fig. 7A),

namely a clearly positive HI (>0.5) for the bimanual board

and the drawer tasks, whereas the HI was strongly negative

for the tube task (Fig. 7A). In these two animals, all HI

values were statistically significant (lateralized; P < 0.05).

The last three monkeys had each a unique general pat-

tern of HI distribution among the three tasks. Mk-AT

exhibited a significant preference for the right hand in the

bimanual board task (P < 0.05), whereas a significant

left-hand preference was present for the tube and the

drawer tasks (P < 0.05). In Mk-MA, there was a signifi-

cant left hand preference for the first two tasks

(P < 0.05), whereas for the drawer task the right hand

was preferred (P < 0.05).

Human subjects

Two tasks, namely the tube and the bimanual Brinkman

board tasks, as well as the handedness questionnaire were

used to assess the hand preference in human subjects. The

observed HI values obtained for the bimanual board and

for the tube tasks were plotted on the same graph for all

subjects (Fig. 7A, left and middle parts of the graph, sepa-

rated from the rightmost part concerning monkeys by the

solid vertical black line). Most human subjects exhibited a

HI near to �1 or 1. The P-value for each test and for each

subject was statistically significant (P < 0.05; binomial

test), except for the tube task in the subject FL (P > 0.05).

The results for both tasks (Fig. 7A) showed that most

self-declared left-handers indeed used their left hand as the

preferred hand (HI negative), and similarly most self-

Figure 4. Hand dominance analysis for human subjects, derived from

CTs obtained in the unimanual modified Brinkman board task, for

four representative human subjects (see text), when the use of one

hand was imposed. Both graphs, in the form of box and whiskers

plots, represent the distribution of CTs in seconds, for the vertical

slots (top graph) and for the horizontal slots (bottom graph), and

separately for the left hand (blue) and the right hand (red). The CT

data (five values per daily session for each slot orientation) are not

paired and the statistical comparisons between the two hands were

performed using the unpaired t-test (normality test passed) or the

nonparametric Mann–Whitney test (normality test failed) on the CT

values pooled from the 10 sessions. Same ID initial code as in

Figure 3.
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(A)

(B)

(C)

Figure 5. Hand preference in monkeys: distinction between different phases in the modified Brinkman board task, when the use of both hands

was free. Different behaviors appear among monkeys. In panel (A), the scores for the vertical and horizontal slots for Mk-AN are shown. The

vertical dotted line separates two phases: phase I in which the right hand (in red) was hardly ever used and phase II during which both hands

were used more or less at the same frequency (see the corresponding statistical tests in Fig. 6). In panel (B), scores for vertical and horizontal slots

for Mk-LO are shown. The vertical dotted line also separates two phases, but the distinction is here less marked. In phase I, the left hand was

hardly ever used, whereas it was used more in phase II. However, the right hand seems to be more used in the two phases than the left one (see

statistical tests in Fig. 6). In panel (C), scores for vertical and horizontal slots for Mk-MA are shown. The vertical dotted line separates two phases

as well: phase I in which both hands were used more or less at the same frequency, and phase II, in which conversely the left hand was less used

than the right hand (statistical tests in Fig. 6). As emphasis was put on the comparison between the two hands in each condition, the ordinate

maximal values were variable among conditions.
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declared right-handers indeed used their right hand as the

preferred hand (HI positive). Only three left-handers

exhibited a preference for the right hand in the tube task

(subjects AP, CC, and MB). One of these three left-handed

subjects (CC) furthermore showed a preference for the

right hand in the bimanual board task. In the population of

self-declared right-handers (Fig. 7A), four of them (sub-

jects AC, GS, JG, and NF) showed a preference for their left

hand in the tube task, whereas another right-handed sub-

ject (MS) exhibited a preference for the left hand in the

bimanual board task. Statistical comparisons (t-test or

Mann–Whitney) between the groups of right-handers ver-

sus left-handers for the tube task (blue bars in Fig. 7A) did

not reveal any significant difference (P > 0.05) for both the

real HI values and the absolute HI values. On the other

hand, for the bimanual board task (gray bars in Fig. 7A),

there was a significant difference for the real HI values

between the right-handers and the left-handers (P = 0.002),

but not for the absolute HI values (P = 0.33), indicating

that the degree of lateralization is comparable in both

groups.

The scores derived from the handedness questionnaire

was calculated and transformed into percentages (Fig. 7B).

The overall questionnaire scores for the self-announced

right-handers (ID initials in red in Fig. 7B) were clearly

positive, ranging between 53.85% and 100%. The question-

naire scores derived from the self-announced left-handers

(ID initials in blue in Fig. 7B) were mostly negative, ranging

between �30.77% and �73.08%. The exception was the

subject AB, who surprisingly showed a positive question-

naire score (26.92%). The absolute values of laterality score

were significantly larger in the right-handers than in the

left-handers (P = 0.007), confirming the well-established

notion that right-handers are more lateralized.

An overview of all results is available in Table 1, sepa-

rately for the monkeys (Part A) and for the human subjects

(Part B). Generally, it can be concluded that comparable

numbers of left- and right-handed occurrences appeared

(A) (B)

Figure 6. Hand preference statistical analysis for monkeys, applied to the modified Brinkman board task data, with free use of the two hands

simultaneously, as illustrated in Figure 5, and represented by box and whiskers plots. Scores for vertical slots for phases I and II are shown for all

monkeys in panel (A) and scores for the horizontal slots for phases I and II are displayed in panel (B).
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among monkeys, concerning both the hand dominance

and the hand preference (Table 1, Part A). However, there

was no general consistency in hand dominance or in hand

preference in monkeys, neither between individuals nor

within each individual. On the contrary, as far as human

subjects are concerned, the hand preferences revealed by

the two manual tests and the questionnaire were largely

coherent with the self-assessment by the subject (Table 1,

Part B), although the tube task revealed a few more discrep-

ancies. There were less systematic occurrences of hand

dominance (assessed with the unimanual modified Brink-

man board task; Table 1, Part B) although, when present, it

was consistent with the lateralization of the hand preference

(except in the subject SB). We also observed that hand

dominance was somewhat more frequent in left-handers

than in right-handers.

Discussion

At least to the best of our knowledge, the present study

introduced several new aspects of handedness assessment

in primates, with emphasis on manual dexterity (use of

precision grip). First of all, the data support the concept

of separation of two hand attributes, namely the hand

dominance and the hand preference. In monkeys, these

two attributes were not systematically consistent, and in

(A)

(B)

Figure 7. Hand preference analysis for monkeys and human subjects. In panel (A), the bar graph displays the handedness index (HI) for the

bimanual Brinkman board and the tube tasks in human subjects and for the bimanual Brinkman board, the tube and the reach and grasp drawer

tasks in monkeys. The solid vertical black line separates human subjects (left) from monkeys (right) and the vertical dotted line separates the

human subjects who presented themselves as left-handers (left) from the subjects who presented themselves as right-handers (right). For each

task and for each subject, the stars indicate a P ≤ 0.05 obtained in a binomial statistical test (ns = not significant, P > 0.05), above or below each

corresponding bar graph. In panel (B), the bar graph represents the overall laterality score from the handedness questionnaire in percentage for

each human subject. The ID initials of the subjects are in blue versus red for the self-announced left-handers versus right-handers, respectively.

See text for statistical analysis. For human subjects, same ID initial code as in Figure 3 (women in italic).
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human subjects the hand preference was not systemati-

cally accompanied by consistent hand dominance, at least

for the modified Brinkman board task (Table 1). This

may be different for more challenging manual dexterity

tasks. Second, the present study is original in comparing

nonhuman primates and human subjects with respect to

their handedness, based on a set of comparable manual

dexterity tasks performed by macaque monkeys and

human subjects (see also Lacreuse and Fragaszy 1997; for

a comparison between capuchin monkeys and humans).

In particular, the modified Brinkman board task widely

and classically used in monkeys (e.g., Brinkman and

Kuypers 1973; Brinkman 1984; Liu and Rouiller 1999;

Kaeser et al. 2010, 2011, 2013; Schmidlin et al. 2011) was

tested in human subjects for the first time. Third, the

manual performance in nonhuman primates was con-

ducted here in well-defined conditions, such as reproduc-

ible posture and position of the animal with respect to

the behavioral set-up, thanks to the use of the primate

chair placed in the same position from one daily session

to the next (in contrast to observations in the wild or in

the detention cage). The primate chair offers also the

possibility to test separately the left hand from the right

hand, as needed to assess hand dominance for instance.

Finally, in monkeys, the assessment of manual perfor-

mance was not restricted to a single or very few time

points, but it was monitored in daily sessions over several

weeks or months.

Overall, the results confirmed our hypothesis that hand

preference in M. fascicularis is variable across manual

tasks and individuals (Table 1). Furthermore, the hand

preference in monkeys did not systematically correspond

to the hand dominance in the modified Brinkman board

task (four out of eight monkeys: see Table 1). In contrast,

human subjects are more lateralized and the correspon-

dence between hand preference and hand dominance was

systematic in the vast majority of cases (one exception

out of 20 subjects: see Table 1).

As expected, our results related to hand preference

show that left-handers are not a mirror image of right-

handers, at least based on the questionnaire (Fig. 7B).

Right-handers are clearly more lateralized, as laterality

scores (absolute values) were significantly larger in right-

handers than in left-handers. In monkeys, based on the

three tasks they performed (Fig. 7A), only one animal

exhibited a consistent lateralization (Mk-TH: right-han-

der), whereas in the others, the preferred hand was largely

task dependent.

The part of the present study focused on human sub-

jects, in spite of a relatively limited sample of subjects

(n = 20, comprising 10 men and 10 women distributed

in 10 right-handers and 10 left-handers based on their

self-assessment) revealed some interesting differences.

First, the questionnaire data showed that left-handers are

less lateralized than right-handers (Fig. 7B), as previously

reported (see e.g., Kastner-Koller et al. 2007) and in line

with our hypothesis (see Introduction and Methods).

However, this lateralization difference between self-

declared left- and right-handers reflected by the question-

naire was not found for the two bimanual tasks tested

here: as shown in Table 1, there was a comparable num-

ber of hand preference deviations in each group (four

right hand deviations in the left-handers and five left

hand deviations in the right-handers). Second, in the con-

text of hand dominance assessment based on the modi-

fied Brinkman board task, right-handers performed

significantly better than left-handers, in the 10 trials con-

ducted for each subject during the unique behavioral ses-

sion. Whether this difference would be maintained along

multiple sessions conducted at subsequent days remains

an open question. Third, women performed significantly

better than men in the modified Brinkman board task, as

reflected by a higher total score. This result is in line with

the previously reported notion that females perform

better than males in tasks requiring high levels of

manual dexterity (Kimura 2000). The gender difference

was opposite in a computer-pointing task (Rohr 2006),

with motor times shorter in men, favoring speed, than

women, highlighting accuracy.

In the present study, fairly comparable results were

obtained for human subjects and monkeys, as far as the

hand dominance is concerned. Indeed, 62% of monkeys

and 55% of human subjects did not show any statistically

significant hand dominance, as assessed by the score

derived from the modified Brinkman board task. Con-

cerning the CTs, the results are more difficult to interpret

in monkeys. The CTs were fully coherent with the score

in one case only (Mk-CA), whereas for the other mon-

keys, there was no, or less, consistency (Table 1). As

reminder, the CT is a parameter additional to the score,

which eliminates possible biases in the score, due to inat-

tention and/or lack of motivation of the monkey. In other

words, it does not take into account the time interval

between two slot manipulations. Moreover, we had taken

into consideration only the last 20 sessions at plateau, to

focus on the supposedly most stable daily behavioral ses-

sions. It may, however, be interesting to consider the CT

in more sessions in the plateau phase for a stricter com-

parison with the score for the very same sessions,

although, in previous studies (e.g., Kaeser et al. 2010,

2011), the CTs were largely stable during the entire pla-

teau phase. The discrepancy between score and CTs is

likely to be due to other parameters, such as diverted

attention in between the grasping of two consecutive pel-

lets. It may also originate from the different motor habits

reflected by the temporal sequence followed by the animal
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to visit the slots (e.g., the monkey scans the board sys-

tematically from one side to the other or from the middle

and then to the sides; see Kaeser et al. 2013). Moreover,

at a given time point, the animal may change prehension

strategy (e.g., collect two pellets at a time). As long as the

new strategy is not fully mastered, the hand dominance

may vary, although the CTs remain short. In human sub-

jects, as for the score data, the CT data showed that the

hand dominance is generally consistent with the hand

preference.

The present study offers the opportunity to compare

the hand dominance and the hand preference for both

human subjects and nonhuman primates. As reminder,

the human subjects exhibiting hand dominance showed,

most of the time, the same laterality for hand preference.

This was not the case for the monkeys, where the laterali-

ty of the hand dominance did not systematically corre-

spond to the one of the hand preference (Table 1). The

same conclusion was met in a study conducted on four

female M. fuscata Japanese monkeys (Kinoshita 1998).

Concerning the hand preference, the results in human

subjects are very consistent with their self-assessment.

Indeed, for most subjects, the preferred hand revealed by

the different tasks corresponded to the hand they used to

write, except for the tube task, where the results were

more disparate (Table 1). The tube task thus appears less

appropriate than the bimanual Brinkman board task and

the questionnaire to determine the hand preference in

human subjects. This raises then the question whether

this task is adequate to assess hand preference in mon-

keys. The results related to hand preference in monkeys

were highly disparate. Only two animals showed similar

results (Mk-DI and Mk-AN) and, for each monkey, there

was no systematic hand preference among all the tasks

performed. Considering the questionable suitability of the

tube task in human subjects (see above), it was tried to

eliminate the tube test from the monkey data: omitting

the tube task data did not modify substantially the results,

except for Mk-LO, which was a right-hander for each task

except the tube one. Two conclusions maybe drawn from

these results: either the tasks used here are not fully

appropriate to determine the hand preference in mon-

keys, or the M. fascicularis monkeys do not show a stable

and systematic hand preference for the present panel of

tasks. In human subjects, the bimanual Brinkman board

appears to be an adequate test, but is it also the case for

the nonhuman primates? This question highlights the

limits of our experiment. On the one hand, we compare

for the first time handedness in human subjects and in

nonhuman primates for the same tasks directly but, on

the other hand, these manual tasks may not be equally

relevant in both species. The complexity and the repre-

sentation of the different tasks may well be different for

nonhuman primates and for human subjects. A difference

is already present at the level of training. Clearly, human

subjects reached more rapidly plateau values than mon-

keys, especially for the modified Brinkman board task.

Human subjects are obviously more often engaged in

bimanual coordination tasks in their everyday life than

monkeys, a difference which may bias the comparison

between the two groups performing the same manual

tasks. At onset time of behavioral testing, the human sub-

jects were already strongly lateralized, whereas this was

most likely not the case in the nonhuman subjects. In the

monkeys, the present data demonstrate that hand prefer-

ence is more prominently revealed by a more challenging

task (horizontal slots) than an easier task (vertical slots in

the modified Brinkman board task, executed with both

hands simultaneously; see Table 1). In the comparison

between monkeys and humans, it has to be emphasized

that reinforcement is not of the same nature (food in

monkeys, a bolt in human) and therefore the motiva-

tional context is different. Furthermore, human subjects

were asked to perform the task as rapidly as possible,

whereas there was no such time constraint in monkeys.

However, as the task represented the first access to food

on that day, the monkeys were motivated and therefore

they were fast too.

As compared to previous studies available in the litera-

ture, several aspects deserve further comments. As already

mentioned above, few of the previous studies clearly dis-

tinguished hand dominance from hand preference, espe-

cially in nonhuman primates. Consequently, in previous

studies conducted in monkeys with the aim to investigate

the effect of different lesions of the central nervous system

on the manual dexterity, it is often mentioned that a uni-

lateral lesion was performed on the contralateral side with

respect to the “dominant” hand. From the present study,

such statement remains unclear as it is not obvious to

distinguish whether the hand was more proficient (better

motor performance reflecting hand dominance as defined

here) or selected in priority (preferred hand) by the

animal to perform a specific manual dexterity task. The

difficulty is even increased when considering the data

presented in Figure 5, demonstrating that the hand

preference may vary with time along the daily behavioral

sessions.

Focusing on hand preference (as defined in the present

report), several studies showed similar results to ours,

confirming an individual-level hand preference associated

to different tasks (Old World Monkey in Westergaard

et al. 2001a,b and Chapelain et al. 2006; Prosimians in

Leliveld et al. 2008 and Hanbury et al. 2010). For Chape-

lain et al. (2006), this individual preference is an evidence

of endogenous laterality, but to explain the differences

between the animals, they propose an influence of differ-
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ent factors dependent on the task specificity. Hopkins

(2006) reached similar conclusions in great apes. Linked

to this observation, several studies suggested dependence

between handedness and task complexity (Lehman 1989;

Fagot and Vauclair 1991; Hopkins 1995; Hopkins and

Rabinowitz 1997; Spinozzi et al. 1998; Hopkins and

Cantalupo 2005). Indeed, the more complex the task, the

more prominent the hand preference. This is in line with

the larger occurrences of hand preference observed here

in the horizontal slots of the modified Brinkman board

task, as compared to the less challenging vertical slots

(Table 1). Overall, in our study, all tasks in which the

monkeys were engaged may be considered as complex, so

it explains why, for most of them, we found an individual

manual laterality (hand preference; see Table 1). More-

over, previous studies emphasized the significance of the

body position in relation to the task in order to deter-

mine the manual laterality (Hopkins and Cantalupo 2005;

Meunier et al. 2011). In our study, the position of the

animal was highly reproducible and this parameter thus

did not influence our results.

Unlike to the first aforementioned studies, Hopkins

et al. (2002), Westergaard et al. (1997), and Wesley et al.

(2001) found a population-level handedness in macaques

and chimpanzees, but the methods used to assess hand

preference were a bit different. Indeed, Hopkins et al.

(2002) and Westergaard et al. (1997) tested the hand

preference using a lower number of tasks.

Concerning the different results obtained from human

subjects and monkeys, several explanations appear perti-

nent. Sociability plays an important role for the handed-

ness (Hopkins 2006). Indeed, pedagogical or cultural

pressures can influence the hand preference in humans,

which is not considered to be the case in nonhuman pri-

mates. The postural origin theory of handedness offers a

possible explanation for the monkey data (MacNeilage

et al. 1987). Indeed, several studies showed a right-hand

preference for more terrestrial species, whereas a left-hand

preference was found for more arboreal animals (Masa-

taka 1989; Singer and Schwibbe 1999; Hopkins et al.

2011; Meguerditchian et al. 2012; Zhao et al. 2012). In

our case, our animal model, the M. fascicularis, is consid-

ered to be both arboreal and terrestrial (Fooden 2006;

South Asian Primate C.A.M.P. Report, 2003; http://www.

zooreach.org/downloads/ZOO_CAMP_PHVA_reports/2003

%20Primate%20Report.pdf). Our results in M. fascicularis

monkeys, showing a right- or left-hand preference

depending on the tasks, is thus in line with the postural

origin theory, in the sense that our animals did not show

a clear right- or left-handedness, but an intermediate and

variable position, consistent with the mixed arboreal and

terrestrial status of M. fascicularis. These data are consis-

tent with hand preference observations derived from

simple food reaching task, also in cynomolgus (M. fascicu-

laris) monkeys (Lehman 1980b). In a longitudinal study

(from birth to weaning) conducted on a large number of

monkeys (M. fascicularis), and based also on a task using

a slot board but emphasizing more the attribute of hand

dominance than hand preference (Brinkman and Smith-

son 2007), it was found that the infant monkeys showed

a “dominant” hand at individual level (but bimodal dis-

tribution at population level). Their hand “dominance”

was the same as that of their mother and, moreover, their

pattern of grip movement resembled their mothers’, sug-

gesting imitation (Brinkman and Smithson 2007). In line

with Hopkins (2004), the present data in M. fascicularis

show that, as far as hand preference is concerned, they

considerably diverge from human subjects (highly lateral-

ized), whereas apes can be placed in between the two

groups, with intermediate hand preference characteristics.

This wide range of behavioral lateralization is consistent

with its multifactorial origin (see e.g., Rogers 2009;

Schaafsma et al. 2009; Uomini 2009; Forrester et al. 2013).
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Appendix 4 

Variability of manual dexterity performance in non-human primates (Macaca fascicularis) 

Kaeser M*, Chatagny P*, Gindrat AD, Savidan J, Badoud S, Fregosi M, Moret V, Roulin C, 

Schmidlin E, Rouiller EM (2014). International Journal of Comparative Psychology 27(2):295-
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In the context of large inter-individual variability in fine manual dexterity in control ma-

caque monkeys, we proposed here a detailed analysis of hand motor performance in the 

modified Brinkman board task and in the reach and grasp drawer task, both during the 

learning phase and the plateau phase, with the aim to find some predictors of the stable 

motor performance at plateau already during the learning phase. 
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Variability of manual dexterity performance in non-human primates 
(Macaca fascicularis) 

Mélanie Kaeser*, Pauline Chatagny*, Anne-Dominique Gindrat, Julie Savidan, Simon Badoud, 
Michela Fregosi, Véronique Moret, Christine Roulin, Eric Schmidlin# and Eric M. Rouiller# 
Domain of Physiology, Department of Medicine and Fribourg Center for Cognition, University of 

Fribourg, Chemin du Musée 5, CH-1700 Fribourg, Switzerland. 

The goal of this study was to quantify the inter-individual and intra-individual variability of manual (digits) skill in adult macaque 
monkeys, over a motor learning phase and, later on, when motor skills were consolidated.  The hypothesis is that several attributes of 
the stable manual dexterity performance can be predicted from learning characteristics.  The behavioral data were collected from 20 
adult Macaca fascicularis, derived from their dominant hand, defined as the hand exhibiting a better performance than the other.  Two 
manual dexterity tasks were tested: (i) the “modified Brinkman board” task, consisting in the retrieval of food pellets placed in 50 slots 
in a board, using the precision grip (opposition of the thumb and index finger); (ii) the “reach and grasp drawer” task, in which the grip 
force and the load force were continuously monitored while the monkey opened a drawer against a resistance, before grasping a pellet 
inside the drawer.  The hypothesis was verified for the performance of manual dexterity after consolidation, correlated with the initial 
score before learning.  Motor habit, reflected by the temporal order of sequential movements executed in the modified Brinkman board 
task, was established very early during the learning phase.  As mostly expected, motor learning led to an optimization of manual 
dexterity parameters, such as score, contact time, as well as a decrease in intra-individual variability.  Overall, the data demonstrate the 
substantial inter-individual variability of manual dexterity in non-human primates, to be considered for further pre-clinical applications 
based on this animal model. 

In the common language, some people are described as clumsy whereas others have recognized talents 
to practice challenging motor tasks with great manual (digits) dexterity, such as musicians, top sports 
performers, as well as in some professional activities requiring high degree of precision in motor control (e.g.,  
handmade watchmakers).  Such inter-individual variability of motor skill is accompanied by some degree of 
intra-individual variability as the manual dexterity of a human being is subjected to variations from one day to 
the next, as well as to improvement resulting from motor practice.  Manual dexterity corresponds to the skill to 
control independently and precisely each finger. From an evolutionary point of view, exquisite manual 
dexterity is largely considered as a prerogative of primates, as other mammalian orders do not exhibit such a 
high degree of manual dexterity, in spite of some recent findings providing evidence in favor of some manual 
skill in rodents for instance (see e.g., Sacrey, Alaverdashvili, & Whishaw, 2009; Whishaw, Whishaw, & 
Gorny, 2008; Whishaw, Travis, Koppe, Sacrey, Gholamrezaei, & Gorny, 2010; but see also Klein, Sacrey, 
Whishaw, & Dunnett, 2012).  The specialty of primates for manual dexterity is based on the specific 
anatomical organization of the primate motor system, comprising the direct cortico-spinal projection called the 
cortico-motoneuronal (CM) system (see Lawrence & Hopkins, 1976; Lawrence, Porter, & Redman, 1985; 
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Lemon, 2008). The progressive evolution of the CM system across mammalian species is correlated with an 
increasing manual skill (see e.g., Courtine et al., 2007). Consequently, the non-human primates represent a 
unique animal model to study mechanisms involved in manual dexterity, which are also applicable to human 
subjects.  For instance, monkeys have been used extensively to investigate experimentally the consequences on 
manual dexterity of various types of lesions affecting the motor system (e.g., Bashir et al., 2012; Beaud et al., 
2008; Beaud et al., 2012; Bihel et al., 2010; Brinkman, 1984; Brinkman & Kuypers, 1973; Dancause & Nudo, 
2011; Dancause et al., 2005; Dancause et al., 2006; Darling  et al., 2009; Darling et al., 2010; Darling et al., 
2011; Darling et al., 2013; Eisner-Janowicz et al., 2008; Friel & Nudo, 1998; Friel, Heddings & Nudo, 2000; 
Frost, Barbay, Friel, Plautz & Nudo, 2003; Galea & Darian-Smith 1997; Glees & Cole, 1950; Hoogewoud  et 
al., 2013; Kaeser et al., 2010; Kaeser et al., 2013; Liu & Rouiller 1999; Marshall et al., 2003; McNeal et al., 
2010; Murata et al., 2008; Nishimura et al., 2007; Nudo & Milliken, 1996; Nudo, Wise, SiFuentes, & Milliken, 
1996; Ogden & Franz, 1917; Passingham, Perry, & Wilkinson, 1983; Pizzimenti et al., 2007; Roitberg et al., 
2003; Rouiller et al., 1998; Sasaki & Gemba, 1984; Schmidlin, Wannier, Bloch, & Rouiller, 2004; Schmidlin 
et al., 2005; Schmidlin et al., 2011; Travis, 1955; Wannier, Schmidlin, Bloch, & Rouiller, 2005) and, in some 
cases, also to test the potential of various treatments after such lesions (e.g., Freund et al., 2006; Freund et al., 
2007; Freund et al., 2009; Hamadjida et al., 2012; Kaeser et al., 2011; Plautz et al., 2003; Sugiyama et al., 
2013; Wyss et al., 2013). 
 

Numerous studies shed light on the anatomical, physiological and developmental aspects underlying 
manual dexterity in monkeys (e.g., Alstermark et al., 2011, Alstermark & Isa, 2002, 2012; Armand, Edgley, 
Lemon, & Olivier, 1994; Armand, Olivier, Edgley, & Lemon, 1997; Borra, Belmalih, Gerbella, Rozzi, & 
Luppino, 2010; Bortoff & Strick, 1993; Darian-Smith, Galea, & Darian-Smith, 1996; Darian-Smith et al., 
1996; Darian-Smith, Burman, & Darian-Smith, 1999; Flament, Hall, & Lemon, 1992; Galea & Darian-Smith, 
1994, 1995; Iwaniuk, Pellis, & Whishaw, 1999; Kinoshita et al., 2012; Lacroix et al., 2004; Lemon, Johansson, 
& Westling, 1996; Lemon, 1999; Maier et al., 2002; Manoel & Connolly, 1995; Ogihara & Oishi, 2012; 
Olivier, Edgley, Armand, & Lemon, 1997; Padberg et al., 2007; Rathelot & Strick, 2009; Rouiller, Moret, 
Tanné, & Boussaoud, 1996; Sasaki et al., 2004).  Furthermore, various aspects linked with manual dexterity 
were studied, such as manual coordination and strategies, handedness and tool use, as well as phylogenetic 
characteristics (e.g., Chalmeau, Visalberghi, & Gallo, 1997; Chatagny et al., 2013; Christel & Billard, 2002; 
Costello & Fragaszy, 1988; Falk, Pyne, Helmkamp, & DeRousseau, 1988; Fragaszy & Adams-Curtis, 1997; 
Gash et al., 1999; Fragaszy, 1998; Iwaniuk & Whishaw, 1999, 2000; King, 1986; King & Landau, 1993; 
Lacreuse & Fragaszy, 1999; Leca, Gunst, & Huffman, 2011; Lemon & Griffiths, 2005; Lindshield & 
Rodrigues, 2009; Nahallage & Huffman, 2007; Pouydebat, Laurin, Gorce, & Bels, 2008; Pouydebat, Gorce, 
Coppens, & Bels, 2009; Pouydebat, Reghem, Borel, & Gorce, 2011; Van Schaik, Deaner, & Merrill, 1999; 
Spinozzi, Castorina, & Truppa, 1998; Spinozzi, Truppa, & Lagana, 2004; Spinozzi, Lagana, & Truppa, 2007; 
Wiesendanger, 1999; Zhao, Hopkins, & Li, 2012). 

 
In the present study, our goal was to use two complementary manual dexterity tasks, namely the 

modified Brinkman board task and the reach and grasp drawer task, to quantify the inter-individual variability 
of manual skill in adult macaque monkeys, as well as the intra-individual variations along a motor learning 
phase and, later on, during motor skills consolidation.  More specifically, our main hypothesis is that manual 
dexterity performance and variability in the modified Brinkman board task, when acquired, can be predicted 
from the duration of the learning phase, and/or from the learning slope and/or from the initial score before any 
training took place.  For the two tasks, it is also expected that the learning phase contributes: (i) to significantly 
reduce the intra-individual variability of manual skills, when a plateau of performance is reached; (ii) to 
optimize several attributes of manual dexterity, underlying the better motor performance reached at plateau.  
Nevertheless, in line with the principle of motor equivalence (see Lashley, 1930), the same motor goals with 
comparable levels of performance can be achieved using highly different motor strategies, as reflected by a 
wide inter-individual variability in manual skill parameters exhibited by adult macaque monkeys. 
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Method 
 
Subjects 
 

The behavioral experiments were conducted on 20 adult macaque monkeys (see Table 1 for individual parameters related to sex, 
weight, age, etc).  Detailed information about the detention conditions of the monkeys, the veterinary authorizations, reward procedures 
and inclusion of the monkeys in previous studies can be found in the supplementary Methods and Results.  As illustrated previously in 
the form of a video sequence (Schmidlin et al., 2011), the first experimental step (lasting 1-3 months) was to habituate the monkeys to 
be transferred into a primate chair, without direct manipulation of the animals by the experimenters, a procedure reducing the stress on 
the animals and the risks for the experimenters.  Placed in the primate chair, the monkeys were weighed, and then transferred to the 
behavioral set-up in the laboratory.  

 
Procedure 

 
On each behavioral session (3-5 days a week), the monkeys systematically performed the modified Brinkman board task 

(derived from the initial task of Brinkman & Kuypers, 1973; Brinkman, 1984), representing the basic manual dexterity task on which 
the present data are based.  In addition, shifting from one session to the next, the monkeys performed additional tasks (rotating 
Brinkman board task; Brinkman box task; reach and grasp drawer task; as illustrated in Schmidlin et al., 2011).  In the present report, 
only the reach and grasp drawer task is considered as an additional behavioral test to the modified Brinkman board task and in a 
subgroup of the monkeys only as this quantitative test was introduced fairly recently. 

 
Taking advantage of two separate windows in front of the primate chair, each hand was tested separately and the first hand 

tested was alternated at each session.  Typically, a daily behavioral session lasted about one hour, to test separately each hand.  All 
behavioral tests were videotaped for off-line analysis.  The present report is however restricted to data derived from the dominant 
hand, defined as the hand exhibiting the highest score in the modified Brinkman board task at plateau, to be distinguished from the 
preferred hand defined as the hand preferably chosen to perform a task when the monkey had the choice to use one or the other hand, 
irrespective of the performance (see Chatagny et al., 2013). 

 
 
Materials and Measures 
 

The modified Brinkman board task requires the precision grip (opposition of thumb and index finger) to grasp food pellets from 
50 slots dug in a perspex board (see Schmidlin et al., 2011), placed in front of the monkey (see also Figure 5D).  The 50 slots are 
divided into 25 vertically oriented slots and 25 horizontally oriented slots, randomly distributed on the board.  Banana flavor 45 mg 
pellets were used (Bio-Serv, US and Canada: www.bio-serv.com). 
 

As previously reported (Schmidlin et al., 2011), the following 4 parameters were analyzed in the modified Brinkman board task: 
i) the score (number of food pellets retrieved during the first 30 seconds); ii) the contact time (CT = duration in seconds of contact 
between the fingers and the food pellets in the slot), determined for the first 5 vertical slots and the first 5 horizontal slots; iii) the 
temporal sequence followed by the monkey’s hand to visit the 50 slots of the board; iv) the types of movements and strategies used 
to retrieve the pellets from the slots, as well as the quantification of errors of grasping. 

 
The reach and grasp drawer task also measures the ability to unimanually catch a food pellet in a well, but this action is 

preceded by the opening of a drawer, requiring to counteract a variable resistance opposing the pulling.  The test thus allows 
quantifying via sensors the force applied to hold the knob of the drawer in between the thumb and the index finger (grip force), as well 
as the load force (applied to pull the drawer).  Moreover, several other sensors allow quantifying distinct consecutive phases of the task 
(Figure 6A; Schmidlin et al., 2011).  In the reach and grasp drawer task, emphasis was put on aspects not covered by the modified 
Brinkman board task, namely the ability of the monkey to generate different levels of force to counteract the resistances opposing the 
opening of the drawer (load force), while precisely controlling the grip force between the thumb and index finger to prevent the loss of 
contact with the drawer knob (see Schmidlin et al., 2011).  The following parameters were specifically analyzed in the reach and grasp 
drawer task: i) the maximal grip force; ii) the maximal load force; iii) the duration of the grip force application; iv) the duration of 
the load force application.  The load force is believed to be initiated only when the grip force has reached a sufficient level to prevent 
sliding of the fingers on the knob due to the resistance opposing the opening of the drawer.  Further details about the behavioral set-ups 
were described earlier (Schmidlin et al., 2011). 

 
The behavioral data were represented graphically and analyzed statistically using the Sigmaplot 12.0 software package 

(www.sigmaplot.com).  Accordingly, group comparisons were based on parametric tests (paired or unpaired t-tests) when the normality 
criteria were satisfied or, if not, on non-parametric tests (Wilcoxon rank-sum test or Mann-Whitney U test).  Relationships between two 
behavioral parameters were assessed based on the Pearson correlation test. 
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Results 

 

 

Modified Brinkman Board Task 
 

The modified Brinkman board task is largely intuitive in the sense that an experimentaly-naïve 
monkey placed in front of the board rapidly starts to grasp flavored food pellets, thus representing a fairly 
natural motor task.  However, as a result of practice, the performance measured by the number of pellets 
retrieved in 30 seconds (score) increased from one session to the next, during the learning phase (Figure 1 and 
Supplementary Figure 1).  The use of the precision grip to perform the task is also naturally adopted by all 
monkeys, although there may be subtle variations in the prehension pattern itself (see below).  Furthermore, as 
there is no time constraint imposed to visit the 50 slots, the monkeys perform the task at their own pace 
depending on their motivation, a task thus assimilated to a voluntary behavior.  In absence of strong constraints 
imposing a learning schedule and a level of performance on the monkeys, there is the possibility to assess the 
inter-individual variability related to manual skill, both during the learning phase and the plateau phase.  The 
data will be first, and mainly, described based on the total score. 

 
Learning phase: Total score.  The learning phase of the modified Brinkman board task appeared quite 

variable from one animal to the next.  A unique case is Mk-RO (Figure 1), exhibiting more a substantial 
decrease in variability along the 146 days of practice than a true increase in performance (modest regression 
line slope; see also Table 1).  Another particular case is Mk-MO (Figure 1), with an impressive score from 
beginning, maintained during more than 100 days, before a moderate enhancement of score taking place at day 
110, considered as the end of the learning phase.  The regression line with a slightly negative slope is 
meaningless (Table 1), reflecting the absence of progressive improvement of score during the first 110 days. 

 
All other monkeys exhibited a progressive increase in score, although the slope and the duration of the 

corresponding learning period were highly variable across animals (see Figure 1 and Supplementary Figure  1; 
Table 1).  Four monkeys were characterized by a very steep learning slope (Figure 2 panel A; Table 1): Mk-
AT (see also Figure 1), Mk-DI (see also Supplementary Figure 1), Mk-WI and Mk-CE.  In the rest of the 
monkeys, the learning slope ranged from low to medium values (Figure 2 panel A), as illustrated for instance 
by Mk-JO (Figure 1; Table 1). 
 

Another parameter of interest in relation to the learning phase is the intercept of the learning regression 
line with the y-axis (score), yielding an estimate of the initial performance at the onset of the training.  As 
shown in Figure 2 (panel B: filled circles), the intercept values are quite variable from one monkey to the next, 
without however forming separate clusters.  In Figure 1, three monkeys illustrate a low initial value (Mk-AN), 
a medium initial score (Mk-JA) and a high initial value (Mk-MO), respectively. 

 
Highly variable also was the duration of the learning phase (Figure 2 panel C).  With the exception of 

Mk-RO (as discussed above), the end of the learning phase was defined using the following criterion (as 
already used in a recent study on hand dominance/preference: Chatagny et al., 2013): when the progressive 
increase in score approached a plateau perceived by visual inspection, as observed in most monkeys, the first 
score value considered as the onset of the plateau is the score which is not exceeded by another value among 
the five next score values.  Consequently, the end of the learning phase, indicated by the vertical dashed line in
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Table 1 
List of monkeys and relevant parameters for the modified Brinkman board task 
 

 Sex+ Weight* Age* 
Learning 

phase 
(days)& 

Plateau 
(days)& 

First 
score 

value& ç 

Median 
plateau 
value& 

Mean 
plateau 
value& 

SD 
plateau 
value& 

Slope 
learning 
phase& 

Score 
plateau# 

Comparison 
H vs V slots 

Median 
contact 
time at 
plateau 
V slots 

Median 
contact 
time at 
plateau 
H slots 

Mean 
errors 

(learning; 
plateau) 

Mk-AN f 1,b 3.2 6 151 44 8.894 22 21.889 1.987 0.0795 H>V 0.32 0.48 5; 0 (c) 
Mk-AT f 1,b 3.4 7 32 129 18.266 30 29.507 3.521 0.418 V>H  (W) 0.16 0.26 4.5; 1.2 (c) 
Mk-CA f 1,b 3.7 7 210 30 12.177 28 26.875 4.303 0.0598 V>H  (t) 0.2 0.36 3.8; 2.1 (e) 
Mk-LO f 1,b 3 7 97 92 12.302 22 21.528 2.408 0.0827 V>H  (t) 0.32 0.8 2.3; 0.4 (c) 
Mk-MA f 1,b 3.2 7 89 133 17.416 33 33.179 2.984 0.176 V>H  (t) 0.24 0.2 16; 0.7 (c) 
Mk-MI f 1,b 3.1 7 86 85 19.846 26 25.465 3.397 0.0611 V>H  (t) 0.2 0.36 9.8; 1.4 (c) 
Mk-TH f 1,b 3.9 6 101 26 16.77 31.5 30.938 4.389 0.15 V>H  (t) 0.2 0.32 7; 0.5 (c) 
Mk-DI f 1,b 3.4 7 41 109 20.516 31 31.154 3.294 0.410 H>V  (W) 0.2 0.2 4.8; 1 (c) 
Mk-EN m 3,a 4.2 5 213 216 27.816 33 32.78 2.339 0.0095 V>H  (W) 0.2 0.32 2; 0.4 (c) 
Mk-AV m 2,b 3.2 3 31 120 20.132 31 30.35 2.854 0.198 H>V 0.24 0.44 0; 0 (d) 
Mk-JO m 2,b 3.2 3 63 34 24.52 34.5 34.25 2.817 0.121 V>H  (W) 0.16 0.28 1; 0.7 (d) 
Mk-JA m 2,b 2.5 3 163 60 22.75 28 28.2 2.783 0.0199 V>H  (t) 0.333 0.867 0; 0.7 (d) 
Mk-WI m 2,b 2.7 3.5 16 234 30.116 35 34.95 3.306 0.409 V>H  (W) 0.24 0.32 3.8; 0.2 (c) 
Mk-VA m 2,a 3.4 3.5 64 404 24.12 26.5 26.875 4.463 0.0937 V>H  (W) 0.333 0.6 2.3; 0 (c) 
Mk-BI m 2,a 3.7 4.5 163 142 29.567 34.5 33.817 3.362 0.0336 V>H  (W) 0.18 0.32 0.7; 0.3 (d) 
Mk-MO m 2,a 4 4.5 110 114 33.318 35 34.424 2.681 -0.00370 V>H  (t) 0.133 0.267 1; 0.5 (c) 
Mk-GE f 2,a 3.5 5 70 447 17.751 21 20.955 4.817 0.0516 V>H  (t) 0.34 0.56 1.9; 0.1 (c) 
Mk-RO m 2,a 3.7 3 146 181 23.651 28 27.667 2.087 0.0288 V>H  (W) 0.44 0.52 6.1; 0.9 (c) 
Mk-CE m 2,a 3.5 4 21 77 21.75 25.5 23.5 4.468 0.274 V>H  (t) 0.667 0.8 0.8; 0.9 (d) 
Mk-DG m 3,a 5.2 4 107 64 20.58 31 31.68 4.13 0.119 V>H  (t) 0.23 0.32 2.3; 1.8 (e) 
Notes. + f = female; m = male. The following number (1, 2 or 3) indicates the housing conditions: 1 = 45 m3 housing facility; 2 = 15 m3 facility; 3 = transfer from 15 m3 to 45 m3 (data 
acquired however after transfer). The following letter (a, b) indicates whether the animal has been subjected to preliminary habituation to the behavioral set-up (a) or not (b), before data 
collection. 
* at beginning of training (age rounded 0.5). 
& established for total score in the modified Brinkman board task (all monkeys). 
ç intercept of regression line with y-axis in score plot. 
# Bold characters are for statistically significant differences between H (horizontal slots) and V (vertical slots): paired t-test (t) or Wilcoxon (W) test; see also text for learning phase. 
In the rightmost column, c, d and e correspond to three different error profiles (see text).
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Figure 1 and Supplementary Figure 1, precedes the first score value defined as the onset of the plateau. Mk-
AV is representative of a very quick learning (Supplementary Figure 1), with a plateau reached after only 31 
days. At the other extremity, Mk-EN exhibited a very long learning phase, with a weak slope, completed after 
213 days (Supplementary Figure 1). An average duration of learning phase is illustrated by Mk-MA 
(Supplementary Figure 1), with a plateau reached after about 3 months. 

 
The difference between the average score at plateau and the initial score before training yields an 

estimate of the score enhancement obtained during the learning phase.  This value is represented for the total 
score by crosses in Figure 2 (panel B).  As one might have expected, there is a trend towards a larger 
improvement of score during the learning phase in the monkeys with a low initial score as compared to those 
with a higher initial score characterized by a limited score progression.  The two (interdependent to some 
extent) parameters of initial score and score improvement during learning appear to present a difference with 
respect to sex.  As shown in Figure 2 panel B, the nine females (identified by “f” the x-axis) exhibit lower 
initial values than most males.  The average initial score was 15.99 pellets in 30 seconds in females (SD = 
3.95) whereas, in males, it was 25.3 pellets in 30 seconds (SD = 4.3).  This difference between females and 
males is statistically significant (p < 0.001; unpaired t-test).  Consequently, females exhibited a larger margin 
of score progression during learning (average 10.84 pellets in 30 seconds; SD = 4.23) than males (average 5.47 
pellets in 30 seconds; SD = 3.42); this difference related to sex is also statistically significant (p = 0.006; 
unpaired t-test).  The other two parameters related to learning (learning slope and duration of training) did not 
differ between the sex groups (Figure 2 panels A and C). 
 

Plateau phase: Total score.  As illustrated in Figure 1 and Supplementary Figure 1, the plateau phase 
starts after the vertical dashed line.  The average and median score values reached at plateau were also variable 
among monkeys, ranging from 21 to 35 pellets (Figure 2 panels E and F; Table 1).  A relevant parameter at 
plateau is the intra-individual variability from one daily session to the next, estimated by the standard deviation 
(SD) of the score values during the entire plateau phase (Table 1).  The SD was highly variable across monkeys 
(Figure 2 panel D), ranging from 1.99 to 4.82.  A “typical” monkey is represented by Mk-AN (Figure 1), 
whereas a monkey exhibiting an atypical performance at plateau is illustrated by Mk-MI (Supplementary  
Figure 1). 

 
To assess whether the performance reached at plateau (score and variability) depends on learning 

properties, such as the duration of the learning phase, the slope of the learning regression line or the initial 
score before training, the average score at plateau and its SD were plotted for the 20 monkeys as a function of 
the corresponding learning parameters (Supplementary Figure 2).  There was correlation neither between the 
learning duration (in days) and the average score at plateau, nor between the learning duration and the SD of 
the score at plateau (top two panels in Supplementary Figure 2).  The same absence of correlations was found 
during the first five learning sessions. Similarly, the speed of learning, estimated by the slope of the learning 
regression line, was not correlated with the manual performance at plateau (score or SD; bottom two panels in 
Supplementary Figure 2).  In contrast, the initial score before training was to some extent a predictor of the 
score at plateau, as there was a statistically significant correlation between these two parameters (top right 
panel in Figure 3; Pearson correlation test).  On the other hand, there was no correlation between the initial 
score before training and the variability (SD) of the score at plateau (middle right panel in Supplementary 
Figure 2). 

 
Both the inter-individual and intra-individual variations of the total score can be better visualized when 

displayed in the form of box and whisker plots (Figure 3 top left panel).  Some animals exhibited a fairly small 
variability of their total score at plateau, from one daily session to the next (Mk-AN, Mk-CA, Mk-LO, Mk-JO 
and Mk-RO).  In these monkeys, the distance between the 25 and 75 percentiles was equal to or smaller than 
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3.6 pellets.  At the other extreme, some monkeys were characterized by a large variability across daily sessions 
(Mk-GE and Mk-WI), with a distance between the 25 and 75 percentiles equal to or larger than 10 pellets. 

 

  
Figure 1. Plots showing the score obtained by 6 monkeys (Mk-RO, Mk-AT, Mk-JO, Mk-AN, Mk-MO, MK-JA) in the modified 
Brinkman board task for the dominant hand (RH=right hand; LH=left hand). Yellow triangles represent the total score, whereas the 
separate scores in vertical and horizontal slots are displayed by blue diamonds and purple squares, respectively. The time in days from 
the first day of testing is represented on the x-axis. For instance, in absence of test during the weekend, there is a delta of 3 days 
between tests conducted on Friday and then on next Monday. The vertical dashed lines represent the end of the learning phase and 
consequently the onset of the plateau phase (see text). A learning regression line on the total score is displayed for each animal (see 
text). The regression lines for Mk-RO and Mk-MO are represented with dashed lines as they are special cases (see text). 
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Figure 2. Plots showing relevant parameters for motor performance by all monkeys during the learning phase and the plateau phase of 
the modified Brinkman board task. The data concern the total score. The ID name of the monkeys appears below each bottom graphs. 
The 9 females monkeys are identified by “f” below the ID names. The other 11 monkeys are males. In panel B, crosses represent the 
progress of score obtained during the learning phase: it is the average score at plateau minus the initial score (also expressed as a 
number of pellets in 30 seconds; see text). 

 
 
Score in vertical and horizontal slots. Pellet retrieval from the horizontal slots is more challenging than 

from the vertical ones (see Chatagny et al., 2013; Freund et al., 2009; Hoogewoud et al., 2013; Schmidlin et 
al., 2011), as the precision grip is usually accompanied by a deviation of the wrist/arm, not necessary for the 
vertical slots, corresponding either to an ulnar deviation or a radial deviation (see below, Variable Patterns of 
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Food Pellet Grasping).  Below, the data are presented first at plateau, where they are more stable, and then, for 
comparison, during the learning phase. 

 
At plateau, the scores were in most cases lower in the horizontal slots than in the vertical slots (Figure 1 

and Supplementary Figure 1; Table 1): this difference was statistically significant in 17 monkeys (p < 0.001 in 
15 monkeys; p = 0.016 in Mk-CE and p = 0.011 in Mk-TH; see Table 1).  In contrast, in three monkeys, the 
horizontal scores  were higher  than the  vertical scores,  but the difference was  not statistically  significant    
(p > 0.05) in two monkeys (Mk-AN, see Figure  1; Mk-AV, see Supplementary Figure 1).  In the third monkey 
(Mk-DI), the horizontal score was significantly higher than the vertical score (p < 0.001; see Supplementary 
Figure 1 and Table 1).  At the plateau phase, there was no statistically significant difference between females 
and males in the median score for the vertical and horizontal slots taken separately, as well as for the 
variability of both of them (Figure 3). 

 
The variability of the scores at plateau taken separately for the horizontal and the vertical slots can be 

visualized when the scores are displayed in the form of box and whisker plots (Figure 3 bottom two panels).  In 
this way, the 20 monkeys can be distributed in three subgroups.  First, in eight monkeys the variability of 
scores at plateau was comparable for both slot orientations.  Second, the variability of scores at plateau was 
lower in the vertical slots in six monkeys.  Third, it was the other way around in six monkeys with a lower 
variability in the horizontal slots. 

 
In the learning phase, there was a positive correlation between vertical and horizontal mean scores     

(r = 0.79), indicating that the learning performance for one slot orientation is consistent with that for the other 
orientation.  Nevertheless, no significant correlation appeared neither between vertical and horizontal SDs, nor 
between mean and SD for both slots orientations.  However, differences between the scores observed in the 
vertical slots and in the horizontal slots at plateau were already visible during the learning phase (see all 
monkeys illustrated in Figure 1 and Supplementary Figure 1, except Mk-AT).  In the three monkeys (Mk-AN, 
Mk-AV and Mk-DI) with a higher score in the horizontal slots at plateau, this difference was already present 
during the learning phase.  However, it was only a trend as the differences were not statistically significant (p 
> 0.05, paired t-test or Wilcoxon rank-sum test).  In the 17 monkeys exhibiting higher scores in the vertical 
slots at plateau, this difference was already present and statistically significant in 13 of them during the 
learning phase (p < 0.05, paired t-test or Wilcoxon rank-sum test test); it was only a trend in two monkeys 
(Mk-CE and Mk-EN; p > 0.05, paired t-test or Wilcoxon rank-sum test); there was a statistically non-
significant trend towards a better score in the horizontal slots during learning in Mk-GE (p > 0.05, paired t-
test); surprisingly, in Mk-AT, there were statistically better scores in the horizontal slots during the learning 
phase (p = 0.023, Wilcoxon rank-sum test), whereas this was the opposite at plateau (Figure 1). 

 
Contact time (CT).  The score data of the modified Brinkman board task described above involve motor 

components that are not purely part of the precision grip itself, such as the time of transport of the arm first 
towards and then away from the board.  The contact time (CT) represents the time interval used by the 
monkey’s hand to retrieve the pellets from the slots (see Method).  As the precision grip movement is different 
with respect to slot orientation, the CT was measured separately in the horizontal and in the vertical slots in all 
20 monkeys during the plateau phase (Figure 4; same plateau phase as defined for the score data).  As 
expected, in the vast majority of monkeys (n = 18), the median CT at plateau was shorter in the vertical slots 
than in the horizontal slots (Table 1).  The median CT was equal in both slot orientations in Mk-DI (0.2 
second), and it was shorter in the horizontal slots in Mk-MA (Table 1).  At plateau, the median CTs ranged 
from 0.13 sec to 0.67 sec across the 20 monkeys in the vertical slots and from 0.20 sec to 0.87 sec in the 
horizontal slots (see Table 1 and left panels of Figures 4A and B).  The variability of the CTs at plateau (Figure  
4) was greater for the horizontal slots in all monkeys.  Three monkeys (Mk-CE, Mk-JA and Mk-RO) exhibited 
consistent highly variable CTs at plateau in both horizontal and vertical slots (Figure  4). 
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Figure 3. Scores obtained by all monkeys at plateau phase in the modified Brinkman board task, represented in the form of box and 
whisker plots. The horizontal line in the boxes represents the median value. The top and bottom of the boxes are for the 75 and 25 
percentiles, respectively. The top and bottom of the whiskers represent the 90 and 10 percentiles, respectively. Black dots are for 
individual values above and below the 90 and 10 percentiles. The top left graph displays the total score, whereas the scores in the 
horizontal and vertical slots are shown in the bottom left and bottom right graphs, respectively. The ID names of females are shown in 
italics. The plot on the top right shows the statistically significant correlation between the average total score at plateau and the initial 
score before training, with the regression line. The corresponding coefficient of correlation (R) is given at the bottom right of the plot, 
followed by the p value (Pearson correlation test). 

 
The CTs established at plateau were compared with those at the onset of the learning phase.  The CT was 

assessed during the first four daily behavioral sessions (right panel in Figures 4A and B, for the horizontal and 
vertical slots, respectively), based on previous evidence that individual differences and intra-individual 
variations are greatest during the first four practice trials during motor learning (e.g., Carron & Leavitt, 1968; 
Marteniuk, 1974).  The median CT values at onset of learning are clearly longer than those measured at plateau 
(Figure 4), reflecting a decrease in CT during the learning phase, corresponding to an enhancement of 
precision grip performance.  An in-depth comparison of CTs at plateau with those at onset of learning is 
presented in the supplementary Methods and Results, together with supplementary Figure 3.  Moreover, how 
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the CTs progressively decrease during the first four days of learning is also reported in the supplementary 
Methods and Results. 
 

Temporal sequence of grasping (motor habit).  As the modified Brinkman board task is a voluntary 
motor task, there was no constraint on the monkey on how to perform the task, for instance in which temporal 
order to visit the 50 slots.  However, as previously reported (Kaeser et al., 2013; Schmidlin et al., 2011), most 
monkeys did not visit the 50 slots randomly at plateau, but they generally adopted a preferential temporal 
sequence, for instance starting to empty the slots at one extremity of the board (right side for instance) and then 
scanning the board progressively and systematically towards the opposite extremity (left side in this example), 
as illustrated by the bottom inset in Figure 5A. 

 
Such preferential temporal sequence, generally maintained at plateau from one daily session to the next, 

was considered as a motor habit and was found to be affected by a unilateral lesion of the dorsolateral 
prefrontal cortex (Kaeser et al., 2013; as assessed in five monkeys).  In the present study, these data were 
extended by investigating variability of motor habit across 20 monkeys and by assessing whether the motor 
habit was already introduced at the beginning of the learning phase. 

 
Overall, the comparison of the temporal sequence at the beginning of the learning phase with that at 

plateau yielded a distribution of the monkeys into four profiles (Figure 5 panels A and B). Profile 1, illustrated 
by Mk-AV, is characterized by variable temporal sequences to visit the 50 slots across daily sessions, without 
significant difference between the learning phase and the plateau phase. Several monkeys (n = 10 including 
Mk-AV) exhibited a similar sequence pattern (Mk-AT, Mk-BI, Mk-EN, Mk-GE, Mk-LO, Mk-MA, Mk-MI, 
Mk-RO, Mk-TH).  Profile 2, illustrated by Mk-MO, is shared by three monkeys (Mk-AN, Mk-CE, Mk-MO) 
also exhibiting variable daily temporal sequences to visit the 50 slots but, in addition to a daily variability, the 
general pattern during the learning phase appears different from the one adopted during the plateau phase.  
Profile 3 includes four monkeys (Mk-JA, Mk-JO, Mk-VA, Mk-WI), and is characterized by a systematic 
temporal sequence to visit the 50 slots, present already during the learning phase and maintained during the 
plateau phase (illustrated by Mk-JA in Figure 5A).  Finally, Profile 4 comprises three monkeys (Mk-CA, Mk-
DG, Mk-DI), in which there was also a systematic daily temporal sequence to visit the 50 slots, but the 
sequence was significantly different during the learning phase from the one during the plateau phase 
(illustrated by Mk-DG in Figure 5A).  The four profiles of motor habit are illustrated quantitatively in Figure 
5B, where the positions of the 50 slots were given increasing numbers going from the left extremity of the 
Brinkman board to the right.  Then, these numbers were subtracted from the temporal order (first slot visited, 
second, third, etc), cumulating their absolute values yielded a low cumulative value for a systematic scan from 
left to right; on the contrary, a systematic scan from right to left yielded a high cumulative value. 

 
In the above four profiles of temporal sequences to visit the 50 slots, Profiles 1 and 3 exhibited 

comparable patterns at both learning phase and plateau phase, corresponding quantitatively to an absence of 
statistically significant difference between the two phases (ns in Figure 5B for Mk-AV and Mk-VA for 
instance).  In contrast, the other two profiles (2 and 4) exhibited statistically significant differences in patterns 
of temporal sequences between the learning phase and the plateau phase (Figure 5B, stars, Mk-MO and Mk-
DG for instance; see legend for a description of the statistical tests used). 

 
Variable patterns of food pellet grasping.  Although the monkeys generally used the standard 

precision grip (opposition of thumb and index finger) to grasp the food pellets in the modified Brinkman board 
task, there was some subtle variability in the precise pattern of grasping.  For instance, already at the beginning 
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Figure 4. Contact times measured at plateau phase and at the onset of the learning phase for all monkeys in the modified Brinkman 
board task, in the horizontal (panel A) and vertical (panel B) slots, represented in the form of box and whiskers plots. The ID names of 
females are shown in italics. Same conventions as in Figure 3. 

 
 
of practice, Mk-EN did not grasp a single food pellet with the left hand at a time to bring it to the mouth, as 
seen in the other monkeys, but grasped a first pellet, stored it in the palm of the hand, and then grasped a 
second pellet, before transporting both of them together to the mouth (see video sequence at 
http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  Conversely, single pellets were transported to the mouth 
with the right hand at the beginning of the learning phase.  After about 10 months of practice, Mk-EN adopted 
frequently the strategy to collect two pellets at the same time with the left hand (Figure 5C).  At the same time 
point, this strategy was also present for the right hand, but less systematically than for the left hand.  Later, 
after two years of practice, Mk-EN systematically exhibited the prehension of two pellets at the same time with 
the left hand, extending it even to the grasping of three pellets together on a few trials 
(http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  This strategy to collect two pellets at the same time was 
also observed in few other monkeys, but more occasionally, for instance in Mk-JO and Mk-WI (Figure 5C) 
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during the plateau phase only, and in Mk-AV and Mk-JA, both during the learning phase and the plateau 
phase.  

 
The standard grasping from the vertical slots (one single pellet after the other) was highly stereotyped 

among the monkeys with the use of the standard precision grip (opposition of thumb and index finger).  The 
temporal sequence of movement was such that the monkeys first established contact between the index finger 
and the pellet, moved the pellet toward the bottom extremity of the vertical slot and finally put the thumb in 
contact with the pellet to perform the retrieval itself from the slot. 

 
The pattern of grasping was more variable for the horizontal slots.  The first contact might be performed 

with the index finger first (as for the vertical slots) but also sometimes with the thumb first (see a few 
examples in Mk-EN at http://www.unifr.ch/neuro/rouiller/ijcp/fr0.html).  Seven monkeys used the strategy to 
contact the pellet only with index finger first (Mk-BI, Mk-CA, Mk-GE, Mk-JO, Mk-LO, Mk-MO, Mk-VA).  
Episodic first contacts with the thumb were observed in six monkeys (Mk-AV, Mk-CE, Mk-EN, Mk-JA, Mk-
MI, Mk-WI).  Finally, first contacts with the thumb were frequent in seven monkeys, amounting to about 30% 
of trials in Mk-DG, Mk-RO and Mk-TH; in the other four monkeys, first contact established with the thumb 
were as frequent (Mk-AN) or even more frequent (Mk-AT, Mk-DI, Mk-MA) than with the index finger.  In 
two of these seven monkeys with frequent first contacts with the thumb, this behavior appeared only at the 
plateau phase (Mk-MA, Mk-TH), whereas for the other five monkeys it was present already during the 
learning phase, with increasing frequency of occurrence over time. 

 
To retrieve pellets from the horizontal slots, in part depending on their position on the Brinkman board, 

the monkeys performed the precision grip with the wrist/arm either in a radial deviation posture or in an ulnar 
deviation posture (Figure 5D; nomenclature derived from Hoffman and Strick, 1986).  In 11 monkeys, the 
ulnar deviation was highly predominant (Mk-AN, Mk-AT, Mk-BI, Mk-GE, Mk-LO, Mk-MA, Mk-MI, Mk-
MO, Mk-RO, Mk-TH, Mk-WI; see Figure 5E for Mk-LO).  In one of them, the wrist/arm in radial deviation 
posture occurred only during the learning phase (Mk-MA), whereas in Mk-MI and Mk-RO the radial deviation 
posture was observed only at the plateau phase.  In the other nine monkeys, ulnar and radial deviation postures 
of the wrist/arm were mixed with usually fewer radial deviations (ranging mostly from 20 to 40%) than ulnar 
deviations in eight of them (Mk-AV, Mk-CA, Mk-DG, Mk-DI, Mk-EN, Mk-JA, Mk-JO, Mk-VA; Figure 5E 
for Mk-JA and Mk-DG), whereas radial deviations were as frequent as ulnar deviations in Mk-CE.  Overall, in 
the nine monkeys using a mix of radial and ulnar deviation postures, this behavior was in most cases already 
present during the learning phase (Figure 5E). 

 
Errors of food pellet grasping. In the modified Brinkman board task, the monkeys made episodic errors in 
the form of unsuccessful trials, for instance when the pellet was ejected from the slot instead of being grasped, 
or when the pellet was dropped before transport to the mouth.  Three profiles were identified among the 20 
monkeys.  The first profile (in 13 monkeys; see (c) in the rightmost column of Table 1) is defined by a 
progressive decrease in the number of errors from one day to the next during the few days at onset of learning 
followed by a further decrease at plateau, as expected.  The second profile was observed in five monkeys (see 
(d) in Table 1), with a surprising constant and low number of errors both at onset of the learning phase and at 
plateau. The third profile included two monkeys (see (e) in Table 1), in which the errors occurred randomly 
(low to moderate number of errors), irrespective of the phase (onset of learning or plateau).  As shown in Table 
1, the mean number of errors at the onset of the learning phase ranged across monkeys from 0 to 16 and at 
plateau from 0 to 2.  There was no correlation between the mean number of errors at onset of learning and the 
mean number of errors at plateau. 
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Figure 5. Panel A: Temporal sequence used by the monkeys to visit the 50 slots in the modified Brinkman board task. The picking 
sequence is shown by a color scale in the bottom inset, in which the first-visited slots are represented in blue, whereas the last visited 
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ones are represented in red (board scanning from right (blue slots) to left (red slots) in this example). In the top and 
middle displays, the temporal sequence was established for 4 monkeys, each representative of a behavioral profile (see 
text), both during the beginning of the learning phase (negative session numbers) and the plateau phase (positive session 
numbers). The x-axis displays the time in daily sessions, irrespective of the time interval (in days) between two 
consecutive sessions (different from the time scale in Figures 1 and Supplementary Figure 1). Each vertical column 
corresponds to a daily session of the modified Brinkman board task. Along each column, dots at the bottom are for slots 
located at the left extremity of the board, whereas dots at the top are for slots at the right extremity. RH=Right hand; 
LH=Left hand. Panel B: Quantitative assessment of the temporal sequence used to visit the 50 slots in the modified 
Brinkman board task for four monkeys, representative of the four profiles reported in the text. An index of systematic 
motor sequence (habit) was computed, indicating the extent of deviation from a systematic sequence starting from the left 
extremity of the board and terminating at its right extremity (corresponding to a low value for this precise sequence), and 
plotted in the y-axis as a function of behavioral daily sessions. The mirror sequence (systematic right to left scan) yields a 
high value. A small variability from one daily behavioral session to the next, indicating a reproducible motor sequence, 
reflects motor habit. The temporal sequence is shown qualitatively for the same monkeys Mk-AV, Mk-MO and Mk-DG 
in panel A. See text for detailed description of the results. The index of motor sequence was compared between the 
learning phase and the plateau phase with the non-parametric Mann-Whitney U test. The result of the statistical 
comparison is indicated at the top right of each graph: ns = statistically non-significant difference (p > 0.05); ** is for       
p ≤ 0.01; *** is for p ≤ 0.001. Panel C: Percentage of grasping patterns (at the beginning of learning and at plateau) in 
which two pellets were retrieved at the same time instead of a single one, in the modified Brinkman board task. In other 
words, the monkey grasped two pellets before transport to the mouth. In the other trials, the monkey retrieved a single 
pellet and brought it to the mouth. For this analysis, the vertical and horizontal slots were cumulated. Panel D: Usually, to 
retrieve pellets from the horizontal slots and depending on their position in the modified Brinkman board, the monkeys 
used a precision grip movement associated with a complementary wrist/arm movement. As illustrated for a right hand, on 
the left part of the Brinkman board, there was a trend to perform a radial deviation of the wrist/arm (top picture) whereas, 
on the right part of the Brinkman board, the trend was in favour of an ulnar deviation (bottom picture). Panel E: The 
distribution of wrist/arm radial deviation and ulnar deviation postures for pellet retrieval from the horizontal slots is 
illustrated for three monkeys over consecutive daily sessions, at the beginning of the learning phase and at plateau. For 
each daily session, the black bar and the gray one indicate the percentage of ulnar deviations and radial deviations, 
respectively. The sum of the radial and ulnar deviations is 100% in each daily session. Mk-LO is representative of 11 
monkeys exhibiting a clear prevalence of ulnar deviations, during both the learning phase and the plateau phase. Mk-JA 
and Mk-DG also preferred ulnar deviations, but to a lesser extent. 
 
 

Based on multiple correlation analyses (not shown), it turned out that the mean number of errors both at 
onset of the learning phase and at plateau was correlated with none of the following parameters: learning 
duration, slope of learning regression line, initial score value at onset of learning, median score value at 
plateau, SD of score at plateau, difference between the initial score at learning onset, or average score at 
plateau.  Nevertheless, there was a positive correlation between the gain of score performance during practice 
and the mean number of errors at onset of learning (p = 0.029): monkeys with larger mean numbers of errors at 
onset of learning exhibited a larger gain of performance provided by the learning phase. 
 
 
Reach and Grasp Drawer Task 
 

Typical traces of grip force and load force recorded during a single trial of the reach and grasp drawer 
task are illustrated in Figure 6A, in parallel to the displacement of the drawer and discrete events, such as touch 
knob, open onset, full open and picking.  Four monkeys were included in the analysis of the drawer task (Mk-
LO, Mk-TH, Mk-DI and Mk-AT).  Based on five daily sessions recorded both at the beginning of the learning 
phase and at plateau, the maximal grip force was measured for five correct trials at each resistance tested (R1 = 
0 Newton, R2 = 1.25 N, R3 = 2.75 N, R4 = 5N) and plotted in the form of box and whisker plots (Figure 6C).  
Two of the monkeys (Mk-DI and Mk-TH) exhibited a systematic and statistically significant increase in the 
maximal grip force applied on the drawer knob when the task was performed at plateau as compared to the 
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learning phase (Mann-Whitney U test).  A comparable result was obtained in Mk-LO for the lowest two 
resistances, whereas there was no statistically significant difference between the learning and plateau phases at 
higher resistances (R3 and R4).  A reverse behavior was found in Mk-AT, exhibiting in contrast a lower 
maximal grip force at plateau than during the learning phase at R1, R2 and R3, although the difference was 
statistically significant at R2 only (Figure 6C).  At R4, Mk-AT used a statistically higher maximal grip force at 
plateau than during the learning phase, as Mk-TH. 

 
The maximal load force was measured from the same trials, as shown in Figure 7A, and no difference 

between the learning and plateau phases appeared in Mk-AT and Mk-TH with the exception in the latter of the 
resistance R2, at which the maximal load force was significantly higher at plateau. Mk-DI used a lower 
maximal load force at plateau as compared to the learning phase (Figure 7A), but the difference was 
statistically significant only at the resistances R2 and R3. Mk-LO presented a more variable behavior, with a 
higher maximal load force at plateau at R1 and R2, but statistically significant at R1 only and a lower maximal 
load force at plateau as compared to the learning phase at R3 and R4, but statistically significant at R4 only.  
As illustrated for Mk-AT and for Mk-LO (Figure 7B), in the four monkeys enrolled in the reach and grasp 
drawer task the transition from the learning phase to the plateau phase was accompanied by a statistically 
significant decrease in both the grip force duration and the load force duration (Figure 7B), except at the 
highest level of resistance (R4).  In Mk-TH, at resistance R4 as well, both durations were also statistically 
shorter at plateau than at the beginning of the learning phase. 

 
The difference in grip force (solid lines in Figure 6B left column) and in load force (solid lines in Figure  

6B right column) between the beginning of the learning phase and the end of the plateau phase is illustrated in 
Mk-DI, together with their variability (dashed lines representing plus and minus SDs).  These data are 
representative of the observation (Figure 6C) that grip force was usually stronger at plateau phase than at the 
beginning of the learning phase, except in Mk-AT.  However, variability was clearly larger at the onset of the 
learning phase than at the end of the plateau.  Duration of grip application was shorter at plateau phase (as seen 
in Figure 7B).  There was less difference between the two phases in the amplitude of the load force (Figure 6B 
right column), as compared to the grip force.  However, load force duration was shorter and less variable at the 
end of the plateau than at onset of the learning phase, as shown in Figure 7B (right panel). 
 

 
Discussion 

 
 

Survey of the Main Results 
 

Our main hypothesis that acquired manual (digits) dexterity performance and variability can be predicted 
from the duration of the learning phase, from the learning slope and from the initial score before any training 
was not verified for the most part, based on the modified Brinkman board data.  Indeed, both performance and 
variability of manual dexterity, precision grip in the present case, were not related to the duration of training 
and to the slope of the learning regression line (Supplementary Figure  2).  Only the performance of manual 
dexterity at plateau was correlated with the initial score before learning, the higher the initial score before 
training, the better the score at plateau (Figure 3, top right panel).  On the other hand, the initial score of 
manual dexterity before learning was a poor predictor of intra-individual variability at plateau (Supplementary 
Figure 2). 

 
As mostly expected, motor learning led to an optimization of manual dexterity parameters in the 

modified Brinkman board task, such as score, CT, as well as a substantial decrease in intra-individual 
variability, especially for the CT (Figures 1, 4 and Supplementary Figures 1, 3), in line with current theories 
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(see e.g., Marteniuk 1974).  The present study also demonstrates the considerable inter-individual variations in 
precision grip skills, reflected across monkeys both by wide ranges of motor parameters (score, CT, learning 
properties) and disparate qualitative characteristics of grasping patterns (e.g., grip type, hand posture, strategy, 
motor habit).  Such large inter-individual variability is in line with the theory of motor equivalence claiming 
that a given motor goal can be achieved via multiple strategies.  In relation to motor habit, reflected by the 
temporal order in which sequential movements were executed in the modified Brinkman board task, the data 
(Figure 5A and B) support the notion that motor habit is established very early during the learning phase in 
most animals.  These data suggest that macaque monkeys, as most human subjects would do, adopt motor 
habits early, reflecting the capability to organize motor sequences following a strategy perceived as optimal, as 
opposed to a random scan of the board augmenting the probability of neglecting a slot and requiring more 
attention to detect yet unvisited slots.  The early emergence of a preferential prehension sequence is present 
also in children (3-5 years old), as observed in the Pegboard with 12 pegs test (Kakebeeke, Caflisch, Chaouch, 
Rousson, Largo & Jenni, 2013; T. Kakebeeke, personal communication).  In adult human subjects performing 
the modified Brinkman board task, a preferential prehension sequence is most often already present at first trial 
and then maintained over 10 repetitions of the test (data derived from Chatagny et al., 2013). 
 

In the reach and grasp drawer task, the expectation that the monkeys would use exaggerated maximal 
grip and load forces to make sure to open the drawer during learning phase, then reduced at plateau to just 
exceed the minimal forces required, representing an energy conservation and behavioral optimization, was not 
verified, at least in three out of four monkeys tested (Figures 6 and 7: Mk-LO, Mk-TH and Mk-AT).  This 
principle of optimization was observed only in one monkey (Mk-DI), for the load force but not for the grip 
force.  On the other hand, the duration of application of both the grip force and load force was reduced at 
plateau as compared to the learning phase (Figure 7), as expected. 

 
 

Methodological Considerations and Limitations 
 

In the present study, emphasis was put on an individual analysis of 20 adult macaques. This individual 
(differential) strategy was prompted by the notion that “averaging data over participants (the experimental 
approach) can mask the actual individual participant and trial functions of change, as well as it can also 
produce learning curves that are not representative of any single individual in the group” (Adi-Japha, Karni, 
Parnes, Loewenschuss & Vakil, 2008; Newell, Liu & Mayer-Kress, 2001; Schmidt & Lee, 2011: Chapter 9).  
These concerns emitted in relation to the learning curves apply also most likely to the motor performance at 
plateau.  Indeed the data shown in all Figures of the present study emphasize the considerable inter-individual 
variability of manual dexterity performance across our population of 20 macaque monkeys, although they were 
housed for many years in groups in the same environment and performed the same motor tasks in well 
controlled and reproducible laboratory conditions. 

 
Our study presents weaknesses in the data gathering due to variations in the experimental protocol, 

inherent to this type of non-human primate study and its related constraints.  First, as expected for a study 
conducted over a long period of time (15 years), several conditions changed from one animal to the next. One 
example is the size of the housing facility and its degree of enrichment (Table 1), adapted over the years 
according to changes in the legislation dealing with the protection of animals involved in scientific research.  A 
second confounding factor is the supervision of the monkeys by different experimenters: a given experimenter 
is devoted to the very same monkeys every day and therefore cannot supervise more than two monkeys daily.   
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Figure 6. Panel A: Typical traces of the load force, grip force and drawer displacement as a function of time (from top to bottom) when 
a monkey executed a trial in the reach and grasp drawer task. The time occurrence of four discrete events is shown below (vertical tics). 
A schematic representation of the drawer set-up is shown on the top, with the four increasing resistances opposing the opening of the 
drawer (R1 to R4). The vertical dashed lines with numbers correspond to: onset of grip force (1), offset of grip force (2), maximal grip 
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force (3), onset of load force (4), offset of load force (5) and maximal load force (6). An artifact in the load force trace occurred when 
the drawer was blocked at its maximal opening. Panel B: Average traces (over 5 trials) and their variability (+/- 1 SD) in Newtons (N) 
for the grip force (left column) and load force (right column), recorded in Mk-DI. In each column, the two colors distinguish traces 
obtained at the beginning of the learning phase and at the end of the plateau phase. The traces are shown for three levels of resistances 
(R1, R2, R3; see panel A). For each curve, the variability is represented by the envelope in dashed lines. Panel C: Box and whisker 
plots (same conventions as in Fig. 3) of the maximal grip force recorded during the learning phase (L) and during the plateau phase (P), 
in the four monkeys involved in the reach and grasp drawer task, as a function of 4 increasing resistance levels opposing the opening of 
the drawer (R1, R2, R3, R4). The results of the statistical comparison between “L” and “P” are given with the corresponding p value or 
n.s when statistically non-significant (p > 0.05). Note that Mk-DI performed the task at resistance level R4 only during the plateau 
phase, after learning. 
 
Moreover, the duration of the entire experiment on a given monkey may last up to two to three years and may 
consequently be conducted by several successive experimenters.  Equally important, each experimenter 
develops his/her own approach to train each animal, depending also on the personal traits of the latter. In 
particular, some monkeys required a longer preliminary habituation phase than others before being actively 
involved in the experiment, before collecting the behavioral data for subsequent analysis (Table 1).  Over the 
years, the monkeys originated from different sources, such as our own breeding colony (before 2010) or from 
different authorized suppliers (China, Mauritius Island, Vietnam), via various quarantine European centers.  In 
spite of these multiple parameters influencing our monkey data, which cannot be strictly controlled over a 15 
year period, it remains that they have most likely less impact than the even more numerous confounding 
factors associated with human studies, such as genetic variability, socio-cultural background, education, 
economical status, motivation, professional occupation, hobbies and so on. 

 
The vast majority of lesion studies dealing with manual dexterity in non-human primates (see introduction) 
provide behavioral data restricted to two time points, namely before a lesion of the motor system (after 
reaching a plateau of performance) and after the lesion.  In these studies, the data related to the learning phase 
of the motor tasks were rarely, if not at all, reported.  The originality of the present study was to compare the 
manual  dexterity  properties of  adult macaque  monkeys  at their  plateau  (before subsequent lesion)  with 
those derived earlier from the acquisition of manual performance for two motor tasks, in the same animals. 
Furthermore, as the behavioral sessions took place three to five days a week, it was possible to precisely follow 
progressive changes in each monkey in order to assess intra-individual and inter-individual variability over a 
very long time frame.  As the motor tests took place in the laboratory with the monkeys sitting in a primate 
chair, confounding factors such as the position of the monkeys with respect to the set-up and the separate use 
of each hand were well controlled. 
 
 
Initial Score Before Training 
 

The statistically significant correlation between the initial score before training and the score reached in 
the modified Brinkman board task at plateau (Figure  3, top right panel) suggests that there is a limited margin 
of progression during learning, meaning a ceiling effect.  When the initial score was high (above 25 pellets; in 
four monkeys, see Table 1), the increase in score during the learning phase was modest (1-5 pellets at most; 
Figure 2B: crosses), corresponding to the ceiling effect, with a maximal score in the most dexterous monkeys 
ranging from about 30 to 35 pellets in 30 seconds.  A few other monkeys (n = 5), in spite of a lower initial 
score before training (ranging from 18 to 24 pellets), also exhibited a limited gain of score during the learning 
phase (below 6 pellets; Figure 2B: crosses).  Overall, 10 monkeys improved relatively modestly during the 
learning phase. In the other 10 monkeys, the margin of score progression during learning was more prominent 
(ranging from 9 to 16; Figure 2B: crosses).  The latter monkeys were predominantly females (7 out of 10). In 
comparison with human subjects performing the modified Brinkman board task in 10 consecutive sessions on  
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Figure 7. Panel A: Box and whisker plots (same conventions as in Fig. 3) of the maximal load force during the learning 
phase (L) and during the plateau phase (P), in the same four monkeys as in Figure 6. Same conventions as in Figure 6. 
Panel B: Grip force duration and load force duration measured in 2 animals during the learning phase (L) and the plateau 
phase (P), as a function of the resistance levels opposing the opening of the drawer (R1, R2, R3, R4). Same conventions 
as in Figure 6. 
 
the same day, the training effect was less prominent than in monkeys (Chatagny et al., 2013), suggesting that 
humans started closer to the ceiling of performance. 
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The statistically significant lower scores in females than males (Figure 2B) is consistent with the lack of 

a few habituating sessions before collecting data in females, as opposed to the majority of males (Table 1).  
Moreover, other confounding factors might have played a role in this sex difference as well (e.g., size of 
housing facility, degree of enrichment; see Table 1).   However, later on, when females were more familiar 
with the new environment and the tasks, their score increased more than in males so that the two groups 
exhibited largely overlapping mean or median scores at plateau (Figure 2, panels E and F).  The absence of sex 
difference for the score at plateau in the macaque monkeys enrolled in the present study contrasts with the 
significantly better performance observed in women than in men in a human adapted version of the modified 
Brinkman board task (Chatagny et al., 2013). 
 
 
Application to Lesion Studies 
 

The large inter-individual variability of the average score at plateau (Table 1) may be considered as an 
inconvenience in comparing two groups of monkeys subjected to a lesion, one group receiving a treatment and 
the other not.  Nevertheless, this drawback is actually attenuated because, in such studies and in contrast to 
clinical trials (see e.g., Kaeser et al., 2010), the most relevant comparison is made within the same monkey, 
between the pre-lesion score and the post-lesion score at plateau after functional recovery (usually incomplete; 
see e.g., Freund et al., 2009; Hamadjida et al., 2012).  Thus, the comparison between two groups of animals is 
based on the percentage of functional recovery individually determined for each animal (see e.g., Freund et al., 
2009; Hamadjida et al., 2012; Hoogewoud et al., 2013; Kaeser et al., 2010, 2011), which is less affected by 
inter-individual variability than group comparisons in clinical trials. 
 
 
Learning Curves 
 

As reviewed by Newell and collaborators (2001), the forms of the learning curves, defined as “plots of 
the outcome performance as a function of practice”, can be highly variable: “learning curves of almost every 
conceivable shape can and have been found”, corresponding to various mathematical functions, such as 
exponential, power law, S-shaped, hyperbolic, accelerating functions, etc.  In the present case, one would have 
intuitively expected an exponential rise of performance (score) to a maximum (ceiling; see Schmidt & Lee, 
2011: Chapter 10, their Figure 10.8).  As illustrated in Figure 1 and Supplementary Figure 1 however, the 
majority of monkeys (n = 16 out of 20) exhibited a progression of performance during the learning phase that 
was rather better approximated by a regression line than by an exponential function.  The exceptions are Mk-
RO (Figure 1), Mk-DI, Mk-LO (Supplementary Figure 1) and Mk-TH (not shown).  This linear learning 
progression observed here may be specific to the modified Brinkman board task, as well as to each monkey, in 
line with the proposition that the “learning rate is individual and task dependent” (Newell et al., 2001). In the 
same line, unlike recent studies in humans (e.g., Rosenblatt, Hurt, Latash, & Grabiner, 2014 in locomotor 
tasks; Wu et al., 2014 in arm movements tasks) demonstrating that a greater variability at the beginning of 
practice allows a faster learning rate, no such correlation was found in our monkeys performing unconditioned 
voluntary tasks requiring fine manual dexterity. Individual differences in motor skill learning are likely to be 
related to variations in the function and structure of specific brain regions, such as prefrontal, premotor and 
parietal cortices, as well as basal ganglia and cerebellum (Tomassini et al., 2011). 

 
An important parameter here is the time scale when attempting to characterize the change in behavior 

resulting from motor learning (Newell et al., 2001).  In most cases, especially in human subjects, the time 
range of observation of the learning phase was narrow (an hour to a single day most often; e.g., Chatagny et 
al., 2013).  Longitudinal studies, though conducted in relation to infant motor development, are relatively rare 
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and therefore the present study is original thanks to the long time period of observation during the learning 
phase (over weeks to months).  Short daily sessions, during such a long time scale, may explain the very 
progressive and regular improvement of performance with practice observed in the majority of monkeys.  In 
the present learning data on macaque monkeys, the learning phase may appear rather long for a relatively 
natural motor task, such as the precision grip performed in the modified Brinkman board task, at least in some 
individuals (Table 1).  This underlies the fact that precision grip is an exquisite motor function subjected to 
very fine and progressive adjustments with practice.  For instance, it was reported that the even more 
sophisticated skill in rolling cigars may still improve after many years (up to seven) of practice (Crossman, 
1959). 
 
 
Comparison with Previous Studies 
 

Comparing the present behavioral data with the literature is limited to some extent, as the manual 
dexterity performance and variability strongly depends on the animal/primate species, on practice schedule 
(Stelmach, 1968), on expertise level (Schorer, Baker, Fath, & Jaitner, 2007), as well as on the type of task.  
Individual differences are indeed strongly task specific, corresponding to the theory of specificity (see e.g., 
Marteniuk, 1974).  Even close species such as Macaca fascicularis and Macaca mulatta have different hand 
size (e.g., finger length), larger for the latter, corresponding consequently to different manual dexterity abilities 
(see e.g., Darling et al., 2013 for more details).  A direct comparison of the present macaque data with rodent 
data (mainly rats) remains questionable, due to the strong difference between the pincer grasp (or precision 
grip) in primates and the arpeggio/power grasp in rodents (Klein et al., 2012).  In the context of motor 
specificity, a strong influence is exerted by the size and shape of the object to be manipulated, as well as by the 
size of the well containing the object, when applicable.   In a human study focused on precision grasps (Wong 
& Whishaw, 2004), it was shown that there was a high degree of variability of grasping pattern within and 
between subjects, like in our group of monkeys.  Wong and Whishaw (2004) reported up to seven grasp types 
in human subjects, involving the thumb and various combinations of other digits, depending on the size of the 
bead being held.  The proper precision grip (opposition of thumb and index finger only) was highly 
predominant when grasping the smallest beads, whereas the involvement of other fingers increased when 
progressively larger beads were grasped.  In the present study on monkeys, only the proper precision grip was 
observed (opposition of thumb and index finger) because the food pellet was small compared to the finger size.  
Wong and Whishaw (2004) reported also in human subjects a large variability of first contact strategy with an 
object, depending on which and how the first finger contacted the object.  This observation is in line with the 
large inter-individual variability observed here for the monkeys in the first digit used to contact the pellet in the 
horizontal slots (see results paragraph Variable Patterns of Food Pellet Grasping).  The large inter- and intra-
individual variability of grasping patterns observed in our monkeys and in humans (Wong & Whishaw, 2004) 
is consistent with the exquisitely complex somatotopic organization in mosaics of the primary motor cortex in 
primates (e.g., Schieber, 2001) as well as with complex movements synergies elicited in primates by 
microstimulation of the primary motor cortex (Graziano, Taylor, & Moore, 2002). 

 
In two studies conducted on Macaca fascicularis (Brinkman, 1984) and Macaca mulatta (Brinkman & 

Kyupers, 1973), using a very comparable task (the original Brinkman board task), the data were mostly 
reported in a qualitative manner (movement pattern), preventing a direct comparison with the present 
quantitative data.  The same limitation applies to other macaque studies using different manual tasks (e.g., 
Glees & Cole, 1950; Ogden & Franz, 1917; Passingham et al., 1983).  In several studies on non-human 
primates (as listed in the introduction) involving a lesion of the motor system followed by functional recovery, 
the pre-lesion behavioral data were often limited to very few baseline data points, if not a single one, thus 
strongly limiting the comparison with the present progressive training phase over weeks, followed then by a 
long period of performance stabilization at plateau. 
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An exception is the study by Pizzimenti et al. (2007) conducted on Macaca mulatta and using a 

somewhat different behavioral apparatus, modified from the often used dexterity Klüver board.  Although 
different from our modified Brinkman board, the wells A and B in the dexterity board used by Pizzimenti et al.  
(2007) had a size comparable to our slots.  The manual dexterity was assessed quantitatively in three monkeys, 
using the so-called performance ratio, defined as the average score divided by the SD of the score, derived 
from five pre-lesion sessions (plateau).  For the preferred hand, the performance ratios ranged from 2.5 to 3.0 
in well A and from 3.5 to 8 in well B, the latter being the least difficult.  Taking our data from the modified 
Brinkman board at plateau (Table 1) and computing similarly the performance ratio, values ranging from 4.4 to 
14.0 (average = 9.3) among the 20 monkeys were obtained, thus corresponding to a generally better manual 
dexterity performance in our monkeys.  However, such direct comparison may be biased due to important 
differences, such as species, manual task, duration of the considered plateau phase, scoring, as well as the time 
interval between the sessions (1-2 weeks in Pizzimenti et al., 2007 versus 1-3 days in our study).  Furthermore, 
the monkeys of Pizzimenti et al. (2007) worked from their home cage (in a primate chair here). 

 
As far as the reach and grasp drawer task is concerned, slightly different versions of the original set-up 

(Kazennikov et al., 1994) were used along the years (Kazennikov et al., 1998; Kazennikov et al., 1999; 
Kermadi, Liu, Tempini, & Rouiller, 1997; Kermadi, Liu, Tempini, Calciati, & Rouiller, 1998; Kermadi, Liu, & 
Rouiller, 2000), with special emphasis put on the issue of inter-limb coordination.  In the current report, the 
reach and grasp drawer task was used in its unimanual version only, with focus on the assessment of the grip 
and load forces, a situation more closely related to studies on human subjects performing the reach and grasp 
drawer task (e.g., Grichting, Hediger, Kaluzny, & Wiesendanger, 2000; Serrien & Wiesendanger, 1999; 
Serrien, Kaluzny, Wicki & Wiesendanger, 1999).  Interestingly, as compared to intact human subjects, 
cerebellar patients overestimated the proactive grip force requested to pull the drawer (Serrien & 
Wiesendanger, 1999).  It can thus be expected that the reach and grasp drawer task will also be pertinent in 
macaque monkeys to evaluate deficits related to various motor dysfunctions (e.g., Parkinson disease, cortical 
lesion, spinal cord lesion) and to follow the time course and extent of functional recovery.  In particular, it will 
be interesting to compare the properties of the initial learning phase of a motor task with those of the re-
learning phase of the same task in the same animals following a lesion, in absence (spontaneous recovery) or 
presence of a specific treatment (induced recovery). 
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Supplementary Methods 

 
  Twenty adult macaque monkeys were included in the present study (see Table 1 for individual 
parameters related to sex, weight, age, etc). Before September 2010, the monkeys were kept in the animal 
facility in groups of 2 to 5 animals, each group in an interior housing space of 15 m3 at most, without regular 
access to an outside facility. In September 2010, new guidelines were introduced in the Swiss legislation. From 
this time point, animals have been housed in 45 m3 rooms, still in groups of 2-5 animals. In addition, the 
monkeys have access to an outside facility for a part of the day or night (ranging from 13.6 m3 to 23 m3). The 
housing conditions for each animal are indicated in Table 1. Only a couple of monkeys were transferred in 
2010 from the 15 m3 to the 45 m3 housing facility. The degree of enrichment of the housing facilities, 
consisting in trees, ropes, cylinders to hide, different toys, etc, was higher in the 45 m3 housing facility than in 
the previously used 15 m3 housing facility. 
  
  Experimental procedures, limited in the current report to behavioral investigations, and animal care, 
were previously described in detail (e.g. Kaeser et al., 2010, 2011; Bashir et al., 2012; Hamadjida et al., 2012; 
Hoogewoud et al., 2013), and were conducted in accordance to the Guide for the Care and Use of Laboratory 
Animals (ISBN 978-0-309-15400-0; 2011). The experiments were approved first by the local (cantonal) ethical 
committee (surveying animal experimentation and evaluating research proposals). The experiments were 
finally authorized by the cantonal (Fribourg) and federal (Swiss) veterinary officers. The present experiments 
were covered by the following authorizations: FR 24/95/1; FR 40/96, FR 166/03, FR 166/05, FR 166E/08, FR 
157e/04, FR 156/04, FR 156/06, FR 157e/06; FR 156/08, FR 185-08, FR 192/07e, FR 185/08, FR 206/08, FR 
18/10, FR 17-09, FR 22010. 
 
  The monkeys had always free access to water and were not food deprived. The behavioral tests 
represented the first daily access to food (pellets), complemented by fruits, vegetables and cereals following 
the behavioral session and during the rest of the day (no food was given during the night). The body weight of 
the monkeys was monitored on each working day. In case of a loss of 10% or more of the body weight, the 
behavioral experiments were to be interrupted, a condition never met in the course of the present experiments. 
Due to individual behavioral differences when the monkeys were confronted to the behavioral set-up for the 
first time, some animals were first habituated to the modified Brinkman board task (5-15 blank sessions) 
whereas, for other monkeys, the collection of the data started immediately on the first session (Table 1). 
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One monkey (Mk-CE) was involved in studies performed from 1996 to 1998, whereas others were engaged in 
later studies (between 2000 and 2006: Mk-AV, Mk-BI, Mk-GE, Mk-JA, Mk-JO, Mk-MO, Mk-RO, Mk-VA, 
Mk-WI). These monkeys appeared in previous reports of the laboratory, focused on functional recovery from 
spinal cord or motor cortex lesion (e.g. Bashir et al., 2012; Hamadjida et al., 2012; Hoogewoud et al., 2013; 
Kaeser et al., 2010, 2011, 2013; Schmidlin et al., 2011). Finally, the rest of the monkeys (n=10; see Table 1) 
are involved in ongoing studies. In all monkeys, the ultimate goal is to train them to perform a palette of 
manual dexterity tasks (Schmidlin et al., 2011), before the occurrence of an experimental lesion affecting the 
motor system. In the present report, only the phase preceding the lesion is considered, comprising a learning 
phase, followed by a stable pre-lesion plateau of performance. 
 

 
Supplementary Results 

 
To better compare CTs at plateau with CTs at onset of learning phase, correlation plots were 

established (suppl. Fig. 3). Considering the median CTs (suppl. Fig. 3, panel A), separately for the horizontal 
and vertical slots, the data point are located on the right of the identity lines for most monkeys, meaning that 
CTs were indeed longer at onset of the learning phase than later at plateau. The median CTs observed at onset 
of the learning phase were predictors of the median CTs at plateau, but only to a limited extent (coefficients of 
correlation not statistically significant: p=0.085 and 0.073, respectively). The comparison of CTs’ variability at 
plateau and at onset of the learning phase was achieved by correlating the respective distance between the 25 
and 75 percentiles of the box and whisker plots (suppl. Fig. 3, panel B). The variability of CTs was larger in 
most cases at the beginning of the learning phase than at plateau, but the CT’s variability at onset of learning 
was a poor predictor of CT’s variability at plateau. 

 
Human subjects exhibited a very rapid learning curve for the modified Brinkman board, reaching a 

plateau after 4-5 sessions in a series of 10, though performed all the same day (Chatagny et al., 2013). Do 
monkeys also improve their performance very early during the training phase, in the form of a rapid decrease 
in CTs’ variability? To address this question, the CTs of the 20 monkeys in the first four days of the learning 
phase were pooled: there was no decrease in variability of CTs from the first day of learning to the fourth day, 
for both slot orientations. However, as pooling data over monkeys may produce a learning curve not 
representative of any single individual monkey (Newell et al., 2001; Adi-Japha et al., 2008), the variability of 
CTs during the first four days of learning was assessed individually in the 20 monkeys. In 13 monkeys, in line 
with the pooled trend, there was no clear decrease in CTs’ variability during the first four days of learning, for 
both vertical and horizontal slots. In contrast, 4 monkeys exhibited a progressive decrease in CT’s variability 
for both slot orientations during the first four days of learning already (Mk-DG, Mk-LO, Mk-MA, and Mk-
TH). Three monkeys showed the same progressive decrease in CTs’ variability, but only for the horizontal 
slots (Mk-AT and Mk-DI), respectively only for the vertical slots (Mk-EN). These 7 monkeys with a decrease 
in CTs’ variability early during the learning phase did not systematically exhibit short learning durations or 
steep slope of learning (Table 1), except for Mk-DI and MK-TH. Overall, the learning appeared slower and 
more progressive in the majority of monkeys, as compared to human subjects. However, this difference may be 
in part related to different experimental designs: humans practiced the test 10 times on the same day whereas, 
in monkeys, it was restricted to one session a day. 
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Supplementary Figure 1. Plots showing the score obtained by 6 monkeys (Mk-AV, Mk-MA, Mk-EN, 
Mk-MI, Mk-LO, Mk-DI) in the modified Brinkman board task for the dominant hand. Same 
conventions as in Figure 1.
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Supplementary Figure 2.  Correlation plots between parameters representative of the learning phase 
and parameters representative of the plateau phase for the modified Brinkman board task (see text). 
The corresponding coefficients of correlation (R) are given at the bottom right of each graph, 
followed by the p value in case of statistical significance or “n.s.” if the coefficient of correlation is 
not statistically significant (Pearson correlation test). The regression line is shown for each graph. 
Note that, for completeness of data illustration, the middle left panel is the same as that shown in 
Figure 3 (top right panel). 
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Supplementary Figure 3. Panel A: The median contact times (CTs) measured at plateau (y-axis) were 
correlated for each of the 20 monkeys with those established at the onset of the learning phase (x-
axis), separately for the horizontal (left column) and the vertical (right column) slots. In each plot, the 
regression line is represented by the dashed line and the identity line by the solid line. The 
corresponding coefficients of correlation (R=) and p values are indicated at the top left of each plot. 
Panel B: The variability of CTs at plateau (y-axis) was correlated with the one at the beginning of 
learning phase (x-axis). Same conventions as in panel A. 
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