Department of medicine

University of Fribourg (Switzerland)

Functional and structural neuroimaging in
Parkinson’s disease and assessment of the
therapeutic potential of autologous neural cells
ecosystem (ANCE) transplantation in a MPTP non-
human primate model:

a multidisciplinary study.

THESIS
presented to the Faculty of Science of the University of Fribourg
(Switzerland) in consideration for the award of the academic grade
of
Doctor Rerum Naturalium

By

Simon Badoud
From Fribourg (CH)

Thesis No: XXX
2015



Simon Badoud PhD. Thesis UNIFR - UNIGE



Accepted by the Faculty of Science of the University of Fribourg (Switzerland)
upon the recommendation of Professor Eric Rouiller, Professor Pierre
Burkhard, Professor Jean-Marie Annoni, Professor Alain Kaelin and Professor
Francois Karch.

Fribourg,
Thesis supervisors: Dean :
Prof. Eric Rouiller Prof. Fritz Muller

Prof. Pierre Burkhard



Simon Badoud PhD. Thesis UNIFR - UNIGE



“The health of the eye seems to demand a
horizon. We are never tired, so long as we can

see far enough.”

R. W. Emerson



Acknowledgments

First of all, | would like to express all my gratitude to Professor Eric Rouiller
and Professor Pierre Burkhard to have offered me the opportunity to conduct
my thesis in their research units. By their precious advices and availability,
they provided me the appropriate support to pass over the difficulties of such
project and allowed be to build myself on good basis. Thank you very much.

On the same way, | would like to thank Professor Sven Haller, who co-
supervised my work at the University hospitals of Geneva. By his great
expertise and patience, he allowed me to get better on a scientific point of

view.

| also would like to thank Jéréme Cottet and Simon Borgognon for their
contributions on this project. By their enthusiasm to pickup this ambitious
challenge they were of always of great support in the good and bad moments.
But over their scientific contributions, | would like to thank them for their
invaluable friendship and kindness. | wish them all the best for their future

career that, | am sure, will be full of success.

| address a special thank to Véronique Moret who was of a precious help
during all phases of my PhD thesis, the best as the worse, and actually since

my bachelor work in the lab. Thank you for all.

Without the help of Dr. Jean-Francois Brunet, Dr. Jocelyn Bloch and all their
staff, who provided us the ANCE and their priceless expertise, this project
would have been stopped prematurely. Thank you very much for the fabulous

opportunity you offered us.

Professor Nathalie Ginovard provided me a great support regarding the PET
acquisition and post-processing of the data of the NHP part of this thesis. |
would like to express to her my gratitude for her availability and her advices.



| also would like to emphasize that this project would not have been possible
without the closed collaboration of several institutes and persons:

- Dr. Cristian Antonescu, Bernard Gex, Didier Maillard and all the staff of
the nuclear medicine unit at the Hopital cantonal de Fribourg (HFr).

- Prof. Henri-Marcel Hoogewoud and Eric Dafflon at the unit of radiology
at the Hopital cantonal de Fribourg (HFr).

- André Gaillard and Bernard Aebischer at the University of Fribourg who
provided us the technical support necessary to conduct such a project.

- Laurent Bossy and Jacques Maillard, the animal housekeepers of the
department of medicine at the University of fribourg who have done an
amazing job.

- Dr. Emmanuel Procyk and Dr. Charly Wilson from the Inserm in Lyon
who shared with us their great experience and expertise.

- Christiane Marti and Christine Roulin have provided their great
expertise regarding the histological part of this study.

Thank you all for your help on this project and your availability.

Along this scientific journey, several colleagues and friends were of particular
help. Among them, Nicolas Fasel, Florian Lanz and Adjia Hamadjida have
enriched me by their humanity and scientific skill.

| also wanted to thank Dr. Eric Schmidlin, Dr. Gérard Loquet, Dr. Mélanie
Kaeser, Laura Carrara, Pauline Chatagny, Michela Fregosi Anne-Dominique
Gindra and Julie Savidan for their greeting, their advices and their kindness.

Professor Jean-Marie Annoni, Professor Alain Kaelin and Professor Frangois
Karch, who were member of the jury on this thesis. Thank you for your

corrections and advices.



| would like to express all my gratitude to my family, especially my father,
Francois and my mother, Marinette for their indefectible support along all
these years. They offered the best education possible and transmitted me
their priceless culture and knowledge. There is no word to express

thankfulness.

Finally, I would like to address a patrticular thank to Olivia, who was always

there for me when | needed, in the good and more difficult moments.



Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative
disorder after Alzheimer’s disease. It affects 1 to 2% of the population above
the age of 65 and generates very important burdens for the society with
dramatic consequences for families. Indeed, the costs have been evaluated to
not less than 25 billions dollars per year, just for the USA.

Firstly described by the famous English physician Dr. James Parkinson in his
“assay on the shacking palsy” in 1817, this pathology that progressively
affects the motor system has been extensively studied, both in clinical and
preclinical frames. However, despite of the important resources engaged,
there are still important lacunas in the understanding of its pathophysiology.
Consequently, even if some symptomatic treatments are available, none of

them are able to stop its progression.

The present thesis is based on a multidisciplinary approach that aims at
tackling this important challenge from two different angles: clinical and pre-

clinical.

On one hand, we took advantage of an impressive neuroimaging database
including almost 1000 patients scanned at the University hospitals of Geneva
to performed advanced imaging analyses. Yet, in contrary to most of the
published studies that compares PD patients to healthy controls, we attempt
to investigate the potential differences between PD and atypical Parkinsonian
syndromes. Additionally, we conducted single patients classifications in order
to assess the potential of computer-aided diagnosis for future clinical
applications.

Globally, our results reveal that specific patterns of degeneration are
associated to different forms of parkinsonisms. Moreover, the classifier was
able to discriminate at individual level PD cases from the atypical syndromes
above chance level. The accuracy reached up to 97% using diffusion tensor
imaging (DTI) data.



On the other hand, we decided to assess the therapeutic potential of
autologous neural cells ecosystem (ANCE) transplantation in a MPTP non-
human primate model of PD. After extensive behavioral training, four
macaque monkeys (Macaca fascicularis) were subjected to a systemic MPTP
lesion that especially impacted the integrity of the dopaminergic system.
During this phase, a small cortical biopsy of the dorsolateral prefrontal cortex
was performed. The tissues were directly sent to the University hospital of
Lausanne to be put into specific culture conditions before being re-implanted
in the host’'s striatum about eight weeks after the lesion. Out of the four
animals, two exhibited mild parkinsonian symptoms while the two others much
severely affected. About six months after cells implantations, all animals were
exhibited a significant improvement of the motor functions at different levels.
Moreover, this functional recovery came along with an increase of the *°F-
DOPA striatal uptake according to positron emission tomography (PET)

analyses.

Taken together, the present thesis brings new information regarding PD’s
pathophysiology and opens new perspectives in terms of alternative
therapeutic and diagnostic strategies, even if there is still a long way ahead of
us in order to achieve the clinical translation necessary to improve patients’

quality of life.
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Résumé

La maladie de Parkinson représente la maladie neuro-dégénérative la plus
fréquente apres celle d’Alzheimer. Elle touche 1 a 2% des personnes au-dela
de 65 ans, avec des conséquences dramatiques pour leur famille aussi. Les
co(ts pour la société sont également extrémement lourds ; ils atteignent pres

de 25 milliards de dollars rien que pour les Etats-Unis d’Amérique.

Aprés la premiére description faite par le célebre médecin anglais, le Dr
James Parkinson dans son «assay on the shaking pals », cette pathologie qui
affecte progressivement le systeme moteur, a été largement étudiée tant sur
le plan clinique qu’au travers de modéles animaux. Cependant, malgré
'abondance des moyens engagés, d’'importantes lacunes demeurent quant a
la compréhension de cette pathophysiologie. Par conséquent, méme si un
certain nombre de traitements est aujourd’hui disponible, ceux-ci ne sont que

symptomatiques et n'arrétent en aucun cas la progression de la maladie.

Fondée sur une approche multidisciplinaire, la présente these a pour but de
saisir cette problématique sous deux angles différents, a savoir, d'un point de

vue clinique et d’'un point de vue préclinique.

D’une part, en nous appuyant sur une importante base de données de neuro-
imagerie de pres de mille patients scannés aux Hopitaux universitaires de
Geneve (HUG), nous avons procédé a des analyses poussées. Nous
distancant de la plupart des études publiées a ce jour, qui avaient pour
paradigme de comparer des patients parkinsoniens a des personnes saines,
nous avons fait le choix d'investiguer les possibles différences entre la
maladie de Parkinson, d’'un c6té, et, de 'autre, des syndromes parkinsoniens
dits atypiques. Aprés quoi, nous avons évalué le potentiel de la classification
automatique de patients individuels en utilisant diverses sources de données.
Les résultats obtenus ont révélé que les différentes formes de syndromes
parkinsoniens sont liées a des paternes de dégénération spécifiques. Par

ailleurs, la classification assistée pas ordinateur a permis de discriminer des
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patients de maniere individuelle, au-dessus du seuil de hasard, avec une
précision atteignant 97%, en faisant appel notamment a des données DTI
(diffusion tensor imaging).

D’autre part, nous avons conduit une étude visant a évaluer le potentiel
thérapeutique de la transplantation de ANCE (autologous neural cells
ecosystem) dans un modele parkinsonien de primate non-humain, le singe
macaque (Macaca fascicularis). Aprés un entrainement comportemental
intensif, quatre singes ont subi une lésion de leur systeme dopaminergique
par injection systémique de MPTP. Durant cette phase, une petite biopsie de
leur cortex préfrontal dorsolatéral a été effectuée. Le tissu cortical ainsi
obtenu a aussitbét été envoyé au Centre hospitalier universitaire vaudois
(CHUV) pour étre placé dans des conditions de culture spécifique avant d’étre
réimplanté, environ huit mois aprés la lésion, dans les striatums de I'animal.
Des quatre sujets ayant subi l'intervention, deux ont présenté des symptdomes
parkinsoniens légers, tandis que deux autres ont été plus séverement
affectés. Six mois environ aprés la transplantation cellulaire, les quatre singes
ont, en revanche, manifesté une amélioration significative de leurs
performances motrices mais a des degrés variables. Toutes étaient
cependant accompagnées d’'une augmentation de I'activité dopaminergique
au niveau du striatum, comme mesuré par la **F-DOAP PET.

D’'une maniére générale, la présente these apporte des informations
nouvelles sur la maladie de Parkinson. Elle ouvre ainsi de réelles
perspectives en termes de stratégie thérapeutique alternative et de
diagnostic, méme si le chemin vers une application clinique tendant a

améliorer la qualité de vie des patients reste encore long.
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Since its characterization in 1817 by Dr. James Parkinson in his “essay of the
shaking palsy”, Parkinson’s disease (PD) has generated an enormous amount
of questions and has tackled the intellect of thousands of clinicians and
researchers around the world. Since 1940, the number of publications
mentioning the term “Parkinson’s disease” almost reached 60’000 according
to PubMed and this number increases following an exponential manner.
However, and despite the large number of laboratories working on this
pathology, there are still important lacunas regarding the comprehension of its
ethology and pathophysiology that need to be filled in. Consequently, even if
consequent improvements have been made, over the last two decades, in
terms of PD patient’'s management, the treatments currently available remain

symptomatic and no actual cure has been proposed so far.

According to the literature, an important factor that directly impacts the
prevalence in PD is the age. It is estimated that 1-2% of the population over
the age of 65 years old are affected by this pathology and that this number
goes up to 5% in people older than 85 (Alves et al., 2008a). Four our aging
societies it is so of primary interest to invest in research, in order to find
concrete solutions to this public health issue. According to “The Parkinson’s
disease foundation©, the annual costs generated by PD, including direct and
indirect burdens, are reaching 25 billions dollars just for the United States.

Over the last decades, the increasing role of neuroimaging in the clinical
routine has offered new possibilities for researchers to tackle some specific
problematic from a new angle. This also highlighted new perspectives for PD

patient’s management.

In parallel to that, researchers from all around the world have extensively dug
the therapeutic potential of cellular transplantation for neurodegenerative
disorders. In this ways, investigations on fetal tissues and human embryonic
stem cells have provided a proof of feasibility for future clinical applications. A
step from those two popular approaches, some scientists have put in light,
with animal experimentation, the potential of autologous cells transplantation
to correct parkinsonian symptoms (Arias-Carrion and Yuan, 2009; Bloch et al.,
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2014; Madhavan and T. J. Collier, 2010). Yet, several important issues still
need to be fixed in order to move from the lab to the patients’ bed.

By tackling different aspects of PD’s research, from clinical neuroimaging to
preclinical assessment of an autologous cell based therapy, this thesis will,
hopefully, contribute to a better understanding of this highly detrimental
pathology that affects thousand of peoples worldwide with dramatic

consequences for their families, and for the society.
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1.1 - Motor system

In a general manner, the motor system refers to the different structures
involved in the preparation and generation of a movement (voluntary or
involuntary). It includes several cortical structures such as the primary motor
area (M1), the premotor area (PM), the supplementary motor area (SMA) and
the cingulate motor area (CMA). Behind those structures more involved in the
planning and execution of the motor action, we can find subcortical structures
that play crucial roles in the modulation of the motor information. Among
them, the basal ganglia are playing key roles in the adjustment of the action
through a number of cortico-basal loops. The organization of the motor
system is both parallel and hierarchic with structures like the cerebral cortex
and the brainstem that have direct access to the spinal cord and others, like
the basal ganglia, that play more an indirect role in the generation of the

motor behavior (figure 1).

Figure 1. Schematic representation of the motor system’s general
organization and its mains structures. (E.M. Rouiller's lecture)
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1.1.1 - Motor cortices

During many years, the motor cortex was anatomically described as a quite
simple and homogeneous entity located on the caudal part of prefrontal cortex
referring to Brodmann’'s area 4 and more laterally to area 6. Since then,
numerous studies have pointed out a much more complex subdivision
scheme based on both cytoarchitectonic and functional criteria. Those
important gains of knowledge are largely due to the investigations conducted
on nonhuman primates. They have built new basis for the understanding of

the human motor system.

Primary motor cortex (M1 or F1)

In the generation of a behavior, the primary motor cortex (M1) plays certainly
a central role and more particularly in the execution of the motor commands
(Penfield and Boldrey, 1937). Classically defined as Brodmann’s area 4 (F1 in
macaque monkey (Luppino and Rizzolatti, 2000)), it receives inputs from the
other motor areas such as PM, SMA and CMA, but also from the thalamus
and some parietal areas. It is histologically characterized by the absence of
cortical layer IV and by the presence of large pyramidal neuron in layer V
called Betz cells (Geyer et al., 1996). During the 50’s, Penfield performed a
number of experiments on humans and macaque monkeys using electrical
stimulation. He was able to generate a functional map of the brain in which,
each location on M1 was corresponding to a functionally related part of the
body (figure 2) (Penfield and Boldrey, 1937; Penfield and Rasmussen, 1950).
Those data gave birth to the famous Homunculus. This somatotopic
representation has evolved with much variable representations of the body
including overlaps of functional territories (Sanes et al., 1995; Schieber,
2001).
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Figure 2. Representation of the motor homunculus on a frontal
slice of the primary motor cortex according to Penfield and
Rasmussen 1950. 11

Functionally, the primary motor cortex has a direct access to the spinal cord. It
actually encompass about 30% to 50% of the corticospinal neurons (Murray
and Coulter, 1981) and so, is largely implicated in the control of the fine motor
actions. Several studies have clearly shown that permanent or transient
lesions of M1 led to massive motor deficit both in humans and nonhuman
primates (Hoogewoud et al., 2013; Kaeser et al., 2011; Lemon, 1999; Liu and
Rouiller, 1999; Rouiller et al., 1998; Wyss et al., 2013).

Secondary motor areas

If M1, as mentioned above, is playing an important role in the execution of the
motor action, the secondary motor cortices are more involved in the planning

and the preparation of the voluntary movements.

PM is located on the frontal lobe, anteriorly to M1 (Brodmann’s area 6; F2, F4,
F5, F7 in monkeys) (Luppino and Rizzolatti, 2000). It receives and process
inputs from several cortical structures including sensory areas and the

prefrontal cortex. It is tightly interconnected to M1 and plays an important role
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in the preparation of complex movements. PM can be separated into two main
parts: the dorsal one (PMd) and the ventral one (PMv). Clinical reports
including patients with lesions segregated to the dorsal area have pointed out
the role of PMd in the temporal coordination of the movements and in the
control of proximal muscles controlling the limbs (Fink et al., 1997; H. J.
Freund, 1985; H. J. Freund and Hummelsheim, 1985). In contrary, some
experiments based on functional neuroimaging acquisitions have pointed out
an implication of PMv in the generation of sequences of digit movements.
Similarly to M1, PM contains a number of corticospinal neurons (mostly
localized in PMd) and is also organized in a somatotopic manner, but less
strict than M1.

Similarly to PM, SMA works like a computer processor that receives inputs
form different brain regions, integrates them and generates outputs that are
then sent to different areas and in particular to M1. SMA is lying dorsally to
PM and anteriorly to M1 (figure 3) (Brodmann’s area 6; F6, F3 in monkeys)
(Luppino and Rizzolatti, 2000). It could be subdivided into two regions: “SMA
proper” and “pre-SMA” (Roland and Zilles, 1996). Functional imaging
experiments conducted on professional piano players have shown that the
first one is specially activated when a motor sequence is performed and that
the second one is more activated when a new motor sequence has to be
learned. The implication of SMA in the coordination of bimanual tasks has
also been underlined in several papers both in humans and monkeys (C.
Brinkman, 1981; Kazennikov et al., 1999; 1998; Kermadi et al., 2000; 1998;
1997; Sadato et al., 1997; Serrien et al., 2002; Viallet et al., 1992). Moreover,
Luppino and Rizzoletti have described a role of SMA in the execution of the
motor functions through corticospinal projections (Luppino and Rizzolatti,
2000; Maier et al., 2002; Rouiller et al., 1996).
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Finally, the cingulate motor area (Brodmann’s areas, mainly 23, 24), which is
tightly interconnected with SMA, PM and M1 seams to play an important role
in the selection of the motor sequence or its annulation in case of conflicting
orders. According to Picard and colleagues, the activation of the different
parts of the cingulate motor cortex will depend on the complexity of the task
that will be executed (Picard and STRICK, 1996). The cingulate motor area
also receives strong limbic information and so, plays a role in the integration
of emotional inputs. To terminate, the presence of corticospinal neurons in the

cingulate motor area provides it a direct access to the spinal cord.

Figure 3. Anatomical representation of the motor cortical areas and distribution of the corticospinal (CS)
neurons in the macaque monkey (E.M. Rouiller’s lecture).
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1.1.2 - Corticospinal system

If the cortical structures described in the previous sections are extensively
involved in the generation of behaviors in different species by their implication
in the integration of multimodal information, in the planning and in the
execution of the motor action, they still need to relay those commands to the
effectors (muscles) through descending pathways. One of the most important
of them is the corticospinal tract (CST) that provides a direct access to the
spinal motoneurons, either directly or indirectly via interneurons.

At the beginning of the 20™ century, Sir Charles Sherrington put ahead the
concept of “the final common pathway of the motor system” which was
referring to the alpha-motoneurons and its effectors (muscles).

The CST originates form the different cortical areas implicated in the
generation of voluntary movements. About 30 to 50% of the CS neurons are
located in M1 whereas the rest are distributed among SMA, PM, CMA and the
somatosensory area (figure 3) (Murray and Coulter, 1981; Toyoshima and
Sakai, 1982). On their way to reach the spinal cord, the axons of the CST will
pass through the internal capsule, through the cerebral peduncle in the
midbrain and the pyramid. At the level of the medulla, 90% of the fibers will
decussate (pyramidal decussation) to end on the dorsolateral part of the
spinal cord. Those projections are called “the lateral corticospinal tract” and
are innervating interneurons or motoneurons that are responsible for the
contraction of distal muscles (figure 4). The remaining 10% will not cross the
midline at this level and will project on the ipsilateral side of the body or will
innervate the contralateral side at a lower level (Kuypers, 1981). This last
group of axons is named “the medial corticospinal tract” and plays a role in
the control of proximal and axial muscles.

Even if the contribution of the CST to the motor control is now clearly
established, the multiplicity of its origins has also raised the idea of its
implication in multiple functions, like in the proprioceptive control of the

movement.
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Figure 4. Representation of the descending lateral corticospinal track (in green) (Bear et al.2007).
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1.1.3 - Cortico-motoneuronal pathway

The cortico-motoneuronal pathway (CM) is composed by a subpopulation of
the CST that is ending directly on the a-motoneurons and so, is forming a
direct (mono-synaptic) connection with the motor cortex (J. Brinkman and
Kuypers, 1973; Kuypers, 1962; Lemon, 2004; Muir and Lemon, 1983).
Kuypers et al. investigated the relationship between the CM and the capacity
to generate “relatively independent finger movements” (RIFM) (Kuypers,
1962). Several data coming from inter-species investigations have shown a
good correlation between the index of dexterity of each species and the
number of CM projections (figure 5). In fact, the opposition of the thumb and
the index finger, also referred to as the precision grip, which is a particularity
of primates (including human), is anatomically supported by the CM
projections (Muir and Lemon, 1983). Numerous lesion studies conducted on
non-human primates have brought strong evidences of this particular link
between CM and fine manual dexterity (P. Freund et al., 2009; Hepp-
Reymond et al., 1974; Lawrence and Kuypers, 1968; Lemon, 1999; Lemon et
al., 1995; Wannier et al., 2005)

Figure 5. Relationship between the level of manual dexterity and the development of the corticospinal
track in different species (Courtine et al., 2007).
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1.2 - The basal ganglia

The first anatomical description of the basal ganglia was given by the famous
anatomist of the 16™ century, Andreas Vesalius. However, it is only one
century later that the English physician Tomas Willis gave the name “corpus
striatum” to one of its major components (Parent, 2012). Since then,
numerous anatomists and researchers have given their contributions to
improve the understanding of this complex group of subcortical structures
(figure 6). Nowadays, it is clearly established that the basal ganglia are key
players in the modulation of sensorimotor information and of cognitivo-
emotional processes (DelLong et al., 1984; DeLong and Wichmann, 2007). In
a very general manner, the role of the basal ganglia is to integrate information
coming from multiple sources, to integrate them and, in fine, to generate an
appropriate context dependent behavior. They could be considered as a
computer that will receive inputs, process them, and send the outputs to other
systems. In this sense, the striatum is considered as the major input structure
of the basal ganglia even if other nuclei, like the globus pallidus externus
(GPe) and the subthalamic nucleus (STN) are also receiving projections from
cortical and thalamic structures. The output structures of the basal ganglia are
mainly constituted by the globus pallidus internous (GPi) and by the pars
reticulata of the substantia nigra. Those outputs could be segregated into two
categories. On one hand, the ascending outputs that project on the frontal
lobe, particularly to the premotor area and on the ventral thalamic nucleus will
be implicated in the processes previously mentioned. On the other hand the
descending outputs sends projections to the mesencephalon and will play a

key role in the control of the posture and balance.
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Figure 6. Histological preparation revealing the acetylcholinesterase enzyme, presenting the different
structures of the basal ganglia. N.b. the thalamus has been indicated for informative purpose. Figure
adapted from Lanciego 2012.

1.2.1 - Basal ganglia—thalamocortical circuits

Functionally, the basal ganglia work trough a number of parallel loops that are
regrouped according to their functional and structural characteristics. During
the 60’s and 70’s, several papers came out showing that interactions between
cortical structures, basal ganglia and the thalamus play a role in the
modulation of different brain functions including the sensorimotor system,
cognitive processes or the limbic system. Heimer and Wilson were the first to
postulate that those loops were organized in a parallel manner (Heimer and
Wilson, 1975). However, the current theory, that is including a total of five

loops, was published only ten years later (figure 7) (Alexander et al., 1986).
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The five loops proposed by Alexander and colleagues are the following:

The motor loop, which is dealing with the control of voluntary motor
behavior.

The oculomotor loop, dealing with the eyes’ saccades.

The dorsolateral prefrontal loop, also called cognitive loop.

The lateral orbitofrontal loop, which is implicated in social
behavior.

The anterior cingulate loop, also known as limbic or emotional

loop.

Figure 7. Schematic representation of the five cortico-baso-thalamo-cortical loops and the different
structures implicated. For the nomenclature see Alexander et al. 1986.

The different circuits described above are organized in a topographic and

somatotopic manner where, for instance, the sensorimotor projection are

always projecting the dorsolateral part of the basal ganglia whereas the

projections coming from the cognitive associated cortical areas are always

targeting the medial part of the basal ganglia. Similarly, the outputs of the

processed information coming out from the SNpr and the GPi are sent to

different sub-nucleus of the thalamus according to their groups.
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1.2.2 - Anatomy and functional connectivity of the basal

ganglia

The striatum

The striatum is composed by the putamen, the caudate nucleus and the
nucleus accumbens. The putamen and the caudate nucleus are two very
close structures separated by the internal capsule and are located on both
sides of the lateral ventricles, whereas the nucleus accumbens is localized
just below the junction between the putamen and caudate nucleus.

The cytoarchitecture of the striatum is mainly composed by medium-sized
spiny neurons (MSN). They form not less than 95% of the striatal cells and
use GABA as neurotransmitter. MSN are principally projection neurons that
can be separated into two main strains regarding the neuropeptides
expressed. The enkephalin producing neurons are expressing dopaminergic
receptors D2 while D1 receptors can be found in neurons containing
substance P or dymorphin (Gerfen, 1992a; 1992b; SMITH and BOLAM, 1990;
Wichmann and DelLong, 2007). The remaining 5% are constituted by groups
of interneurons (Wichmann and DeLong, 2007).

As previously mentioned, the striatum is considered as the main entrance
structure of the basal ganglia and receives afferent inputs from almost all
brain regions. This information is organized in a topographic manner (figure
8). The dorsolateral part of the putamen as well as, in a limited way, the
lateral part of the caudate nucleus are receiving projections form the motor
cortical areas and form the somatosensory cortex (Flaherty and Graybiel,
1993; Jones et al., 1977; Malach and Graybiel, 1986; Nakano et al., 2000;
Nambu, 2011). It is moreover innervated by the centromedian nucleus of the
thalamus. This part of the striatum is commonly referred as the “sensorimotor
striatal area”.
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The so-called “associative striatal area” is composed by the largest part the
head of the caudate nucleus and by the ventromedial part of the putamen.
This region is largely innervated by the prefrontal cortex, the parietal lobe as

well as by the parafascicular nucleus of the thalamus.

Finally, the third region is formed principally by the accumbens nucleus but
also by the most ventral part of the head of the caudate nucleus. It receives
important inputs form the parahippocampal formation and from the CAl
region of the hippocampus. Those connections are completed by strong
amygdaloidal and thalamic inputs (midline thalamic nuclei). This structure is

also known as the “limbic striatal area”.

Similarly to striatal inputs, the outputs are organized according to a
topographic pattern. In this way, the sensorimotor area projects to the
dorsolateral part of the globus pallidus externus and internus, as well as to the
ventrolateral area of the SNpr. The associative striatum projections target the
medial part of GPi / GPe and the intermediate portion of the SNpr. To
terminate, the limbic striatum sends its outputs to the ventral part of the
pallidum and to the dorsomedial SNpr.
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Figure 8. Representation of the topographic organization of the basal ganglia. A) The sensorimotor
striatal area. B) The associative striatal area. C) The limbic striatal area. (Krack et al. 2010)

Regarding the striatofugal projections, they can be split into two distinct
entities. On one hand, the direct pathway is composed by MSN expressing D1
receptors, building a monosynaptic bridge between the striatum and the GPi
and the SNpr. On another hand, the so-called indirect pathway is firstly
sending projections to the GPe and then to the STN, before reaching the GPi
and the SNpr. The neurons constituting the indirect pathway express D2

receptors and contain enkephalin as neuropeptide.
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Dopaminergic & Nigrostriatal system

The contribution of the dopaminergic projections coming mainly from the

SNpc and from the ventral tegmental area (VTA) is of high importance in the

Figure 9. Schematic representation of the direct and
indirect pathways. In red, the inhibitory projections. In
blue, the excitatory projections (Smith 2012).

modulation of the striatal outputs.
The SNpc neurons (A9) principally
project to the dorsal portion of the
striatum while the VTA
dopaminergic cells (A10) innervate
the limbic striatum, as well as the
prefrontal cortex (Haber, 2014). At
synaptic level, Freund et al. have
shown that the dopaminergic
projections make contacts with the
MSN at the neck of their dendritic
spines. The strategic position
occupied by those synapses
confers them an optimal role in the

modulation of the output signals

and so in the regulation of the information. The previously mentioned direct

and indirect pathways are directly modulated by the dopaminergic projections

coming from the SNpc. The dopamine release at striatal level will have two

opposite effects depending on the nature of the receptors. On one side, the

direct projections (receptor D1) activity will be stimulated by the dopaminergic

inputs whereas, on the other side, the dopamine release will inhibit the

indirect pathway (receptor D2). In a general way, the SNpc precisely balances

those two antagonist pathways and, ultimately, modulate the global outputs of

the GPi and SNpr.

Regarding its inputs, the SNpc is innervated by the orbitofrontal cortex, the
prefrontal cortex and the SNpr (Celada et al., 1999; Comoli et al., 2003).
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Globus pallidus

As previously mentioned, the globus pallidus can be subdivided into two
segments: the GPe and the GPi. The cytoarchitecture of those two parts is
very similar with the presence of large neurons that are forming the vast
majority of their cellular composition. The dendrites of those neurons are
forming disk-like structures that are oriented perpendicularly to the striatal
projections (Percheron et al., 1984). Those projections are organized in a
topographic manner in which the neurons expressing D2 receptors project on
the GPe while the striatopallidal projections expressing D1 receptors project
on the GPi. The outputs of the GPe are mainly directed to the STN and, to a
lesser extent, to the GPi. The GPi outputs project towards the thalamus and
the mesencephalon (DeLong et al., 1985).

Subthalamic nucleus

Located just beside the pedunculus, the STN has the shape and the size of
the rice bean. This tiny structure plays, however, a major role in the control of
the basal ganglia’s outputs. By its central implication on the indirect pathway,
it modulates to a large extend the outputs of the GPi and of the SNpr through
glutamatergic projections (Temel et al., 2005). Since the last three decades,
and the discovery, by Benabid and colleagues, of the therapeutic potential of
the deep brain stimulation (DBS), the organization of this small nucleus has
become of high interest (Limousin et al.,, 1995). The appearance in some
parkinsonian patients treated by DBS of psychiatric side effects raised the
guestion of a topographic organization in the STN. Several animal studies,
and more particularly on nonhuman primates, have put in light the hypothesis
of a tripartite subdivision. According to this theory, the dorsal area would be
involved in motor aspect, the medial portion in more cognitive function and the
most ventral part would deal with limbic inputs (DeLong and Coyle, 1979;
Haynes and Haber, 2013). However, even if this anatomical segregation
seems to be relevant, some controversies remain regarding potential

functional overlaps.
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1.3 - Parkinson’s disease

According to a paper, published in 2006 by Zhang and colleagues, based on
old Chinese medical archives, the features of PD were already reported in
texts dating back to the 5™ century BC (Zhang et al., 2006). However it is only
at the beginning of the 19™ century that the English physician Dr. James
Parkinson gave the first formal characterization of the disease. In his “assay
on the shaking palsy” published in 1817, he gave a rough description of six
patients, including three persons he actually saw in the streets of London
(Parkinson, 1817). The general loss of muscular power, involuntary tremors
and a propensity to bend the trunk forwards were some of the major
characteristics reported in this publication. James Parkinson was actually
talking about “paralysis agitans”, referring the akinetic state of his patients,
which was contrasting with the tremulous movements of their hands.

This first description of the pathology was then largely refined by the famous
French neurologist, Jean-Martin Charcot, almost 50 years later. Charcot
proposed the name “Parkinson’s disease” instead of the wrongly used terms
of “paralysis agitans” or “shaking palsy” as all patients did not suffer from
resting tremors. Since then, many researchers and clinicians gave their
contribution to the understanding of this complex pathology and tried to
elaborate a cure.

PD is nowadays considered as a multisystemic synucleinopathy,
characterized by an abnormal protein aggregation and a progressive
depletion of the dopaminergic neurons in the SNpc (Davie, 2008). The clinical
presentation of the pathology is pretty complex. It includes the cardinal
symptoms of PD that are bradykinesia, tremors and muscular rigidity but,
also, a large panel of non-motor symptoms: cognitive impairments (attention
deficits, dementia, etc.), psychiatric disorders (anxiety, depression, etc...) and
many others, including sleep problems and sexual dysfunctions.

Even if science has made important advances during the last 30 years on the
understanding of its pathogenesis and pathophysiology, thanks to animal
experimentation, PD remains, so far, an incurable disease affecting
thousands of patients worldwide with dramatic consequences for their

families.
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1.3.1 - Epidemiology

PD is known to be the second
most common neurodegenerative
disorder after Alzheimer’s
disease (AD) and the most
common movement disorder
together with essential tremors
(ET). A study has reported a
worldwide incidence of 13.4
cases in a population of 100’000
(Vvan Den Eeden et al.,, 2003).
However, this incidence rate
varies greatly depending on the

geographlcal distribution of the Figure 10. lllustration of a PD patient by William

i i o~ Richard G , 1886.
population, on its ethnicity and on " o0 COWErs

the sex of the populations (Alves et al., 2008a; Odekerken et al., 2013). Some
epidemiological studies have, for example, reported an incidence rate of 9 to
19 cases in a population of 100’000 people in Western Europe while the rate
reaches only 1.9/100'000 in China (1 year, age corrected). Van den Eeden
and colleagues (2003) have also underlined the importance of the ethnic
parameter on PD incidence rate. According to their work, black people would
have twice less chance to develop the disease (9.9/100°000) as compared to
Hispanic people (16.6/100°000) (Van Den Eeden et al., 2003). In the same
paper, they also described the sexual asymmetry of PD with an incidence rate
of 19/100°000 in males, compared to 9.9/100°000 in females.

In a general manner, PD prevalence is strongly correlated to the age of the
population. In people older than 65 years of age, its prevalence is about 1-2%
while in people older than 85 it can reach up to 5% (Alves et al., 2008b).
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1.3.2 - Etiology

The large majority of the PD cases are defined as idiopathic, due to their
largely unknown etiology, while only about 10% of the cases are familial forms
consequent to genetic mutations. During the last four decades, several
chemical compounds and genetic factors have been put in light as being
potentially implicated in the development of PD. Even if an interaction
between environmental and genetic factors in the pathogenesis of idiopathic
PD is nowadays largely accepted, no direct causality has been formally
identified (A. H. V. Schapira, 2009).

The environmental theory arguing that external factors are implicated in the
onset of PD is based on several observations in which the exposure to some
chemicals led to the development of parkinsonian symptoms. In this sense,
one of the most important reports was published during the 80’s by Langston
and colleagues. This paper was reporting the case of four young drug abusers
that have suddenly developed severe parkinsonian symptoms following MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) intake (Langston et al., 1983).
This discovery was a breakthrough in the understanding of PD
pathophysiology. The analogy between MPTP and some chemicals, generally
used in agriculture, like Paraguat or Rotenone, taken together with a higher
incidence of PD in rural areas, was pushing in the direction of an
environmental influence (Richardson et al., 2009; Semchuk et al., 1992;
Shastry, 2001; Tanner et al., 1990; Tanner, 1992). This was later confirmed
by animal experimentations (Betarbet et al., 2000; Corrigan et al., 1998). In
contrary, some behaviors like smoking tobacco or drinking coffee significantly
reduce the risk of developing the disease (Ascherio et al., 2001; Baron, 1986;
Palacios et al., 2012).

In 1997, the publication by Polymeropulos and colleagues of a paper reporting
the cases of some Greek families affected by PD opened the window to a
whole new area of research regarding the understanding of PD pathogenesis
(Polymeropoulos et al., 1997). They were actually able to identify an
autosomal dominant mutation on the SNCA gene coding for the alpha-
synuclein protein which is largely present in Lewy bodies (Polymeropoulos et
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al., 1997; Polymeropoulos, 1998; Spillantini et al., 1997). The importance of
this gene in the devolvement of the inherited forms of PD was confirmed one
year later by Kriger and colleagues (Krtger et al., 1998). Since then, a dozen
of genes have been shown to be implicated in the development of PD (A. H.
V. Schapira, 2009).

In order to discriminate the implication of the genetic versus the environmental
factors, studies on monozygotic twins have been conducted. However, even if
a good concordance have been put in light for early onset of the disease
(before 50 years old), the lack of correlation for later onset, as it is the case in
sporadic PD, goes against a strong implication of genetic factors in the
development of the idiopathic form of PD. Nevertheless, genetic
polymorphism on some loci are, nowadays, considered as risk factors (Farrer
et al., 2001; Tanner et al., 1999).

1.3.3 - Pathogenesis and pathophysiology

The progressive depletion of the dopaminergic neurons in the SNpc and the
neuronal inclusions of proteins aggregates called Lewy bodies are the two
hallmarks of PD (Dauer, 2003). During the last decades, two main
approaches have tried to provide an explanation to this neurodegenerative
process. On one hand, the misfolding and aggregation of alpha-synuclein
proteins, together with their deficient degradation by proteasomes may
explain the formation of the alpha-synuclein inclusions. On the other hand,
mitochondrial dysfunctions and formation of reactive oxygen species (ROS)
are also pointed out as important players in PD pathogenesis (figure 11).

The role of mitochondrial dysfunction in the neurodegenerative processes
implicated in PD was emphasized following the discovery of the MPTP during
the 80’s (Langston et al., 1983; A. Schapira et al., 1990; 1989). The 1-methyl-
4-phenylpyridinium (MPP+), which is the MPTP metabolite, is known to
interfere with the complex | of the mitochondria, which plays a key role in the
electrons transport chain (KINDT et al., 1987; NICKLAS et al., 1987). The
inhibition of the complex | leads to two phenomena: 1) the augmentation of
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the ROS production 2) the decrease of ATP production. The ROS would then
play a role in the proteins misfolding and the decrease of energy production
would ultimately lead to cell death. More recently, genetic approaches have
stressed out the implication of several genes, including parkin and PINK1 in
mitochondrial dysfunction (Kamp et al., 2010). In this way, parkin and PINK1
mutations have been shown to be present in some patients affected by the
familial form of PD (Kitada et al., 1998; Valente et al., 2004). The fact that
dopaminergic neurons in the SNpc are particularly vulnerable to ROS, due to
neuromelanin, has also to be taken into account in the depletion process
(Hirsch et al., 1988).

The Lewy bodies were already described in 1912 as one of the major
characteristic of PD (Forster and Lewy, 1912). They are resulting of the
aggregation of a wide range of different proteins including alpha-synuclein,
neuro-filaments and ubiquitin (Spillantini et al., 1997). In a general manner,
one talks about Lewy pathology in references to the diverse neuronal
inclusions that are alpha—synuclein immunoreactive. Even if the reasons why
those protein aggregates in such a pathological manner remain largely
unknown, several hypotheses have been brought in front of the scene.

The discovery of the previously mentioned parkin gene has highlighted its
implication in the ubiquitin-proteasomal system (UPS) and so, in the Lewy
body formation (Kitada et al., 1998; Wakabayashi et al., 2007). The UPS
plays a central role in the elimination of the misfolded or damaged proteins
(Ciehanover et al., 1978). Consequently, a diminished UPS activity could lead
to protein aggregation and, in fine, to Lewy body formation as it has been
shown in PD patient (McNaught et al., 2001). In MPTP monkeys, a decrease
of the proteasomal activity of the UPS has also been described.
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Beside those processes, inflammatory reactions have also been described as
a possible important piece of the puzzle. It has been shown that there is a
correlation between microglia activation and the progression of the disease
(Halliday and Stevens, 2011). A possible role of microglia in the degradation
of extracellular alpha-synuclein has also been emphasized (Halliday and
Stevens, 2011). In this way, post-mortem studies have shown an over
activation of microglia around the substentia nigra in PD patients and that the
cytokines were particularly elevated (Hirsch and Hunot, 2000; P. L. McGeer
and E. G. McGeer, 2008). This up-regulation of inflammatory processes can

trigger cell apoptosis (Hirsch and Hunot, 2000).

Figure 11 lllustration of the different mechanisms that may be implicated in neurodegeneration
according to Dauer 2003.

42



The processes described above are thought to be at the origin of the slow
degeneration seen in PD. According to Braak and colleagues the progression
of the pathology is fairly predictable and follows a defined pattern (H. Braak et
al., 2003b). In their work published in Neurobiology of aging in 2003, they
performed autopsies and immunological analysis on the brains of 168
patients, looking for alpha-synuclein inclusions, like LB or Lewy neuritis. They
were able to differentiate six stages in the pathology progression (figure 12)
(H. Braak et al., 2003a). In the early stages of the disease development,
alpha-synuclein inclusions are principally restricted to the autonomous parts
of the brain (medulla oblongata) but it then extends to almost all regions,
finishing by the neocortex. It is important to keep in mind that the Lewy
pathology starts long before the onset of the clinical signs and that there is
important inter-individual variability regarding the time course of its
progression. This has been confirmed by positron emission tomography (PET)
studies and it is commonly admitted that when motor symptoms appear
almost 50 to 60% of the striatal dopaminergic projections are already depleted
(Blesa et al., 2012; Morrish et al., 1995). Braak stage one and two are, in this
way, considered as pre-symptomatic even if some modifications of the
autonomous and sensory functions could be seen as early signs of PD
(Wolters and H. Braak, 2006). Stages three and four correspond to the spread
out of the pathology to the dopaminergic system (SN and VTA) and so, to the
motor onset. While at stage five and six, it will reach higher brain areas
resulting in cognitive deficits. Yet, PD pathology does not only affect the
dopaminergic system but equally impacts on cholinergic, noradrenergic and
serotonergic systems (figure 12) (H. Braak and E. Braak, 2000).
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Nevertheless, the correlation between the presence of LBs in the SNpc
described by Braak and the motor symptoms is not remarkable. Indeed, the
depletion of the dopaminergic neurons in the SNpc shows a much better
correlation with the unified Parkinson's disease rating scale (UPDRS) which
reflects the motor and non-motor impairments in PD patients (Greffard et al.,
2006).

Figure 12. Description of the Braak’s stages. (Doty, 2012)
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1.3.4 - Basal ganglia and Parkinson’s disease

As exposed in a preceding chapter, the basal ganglia are playing a critical role
in the modulation of the motor behaviors. In PD, the slow degeneration of
nigro-striatal projections will have a dual impact on the direct and indirect
striatofugal projections. In normal conditions, the direct pathway, which
expresses D1 receptors on its surface, will send GABAergic projections to the
SNpr and to the GPi. Those inhibitory afferences on the GPi and SNpr will
reduce the inhibition of those nuclei on the thalamus and so, ultimately,
facilitate the movements. In contrary, the indirect projections that are
expressing D2 receptors and will have an inhibitory effect on the generation of
the movement through their GABAergic projections to the STN and the GPe.
The STN, which sends glutamatergic efferences to the SNpr/GPi, will so be
inhibited, and so, the global outputs reduced (DeLong and Wichmann, 2007,
Wichmann and DelLong, 1996).

In PD, the diminution of the dopamine will, on one side, reduce its excitatory
effect on the direct pathway by its action on D1 receptors and, on another
side, reduce its inhibitory action on the indirect pathway through D2 receptors
(Gerfen, 1995; 1992a; Obeso et al., 2009). This process will finally leads to a
hypokinetic behavior. Metaphorically, the dopaminergic depletion will press on
the break and release the accelerator pedal (figure 13).

Figure 13. Schematic representation of the impact of dopaminergic depletion on the basal ganglia
(Smith et a. 2012).
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This phenomenon is associated with an abnormal synchronization of the
different structures. It was hypothesized that this oscillatory activity was
implicated, among other things, in the tremulous component of PD (Hammond
et al., 2007; Rodriguez et al., 1998). This theory is supported by the fact that
high frequency deep brain stimulation (DBS) of the STN will reduce both, the
tremors and the rate of synchronization of the basal ganglia (A.-L. Benabid et
al., 2009; Hammond et al., 2007).

As exposed in the previous chapters, the basal ganglia are not only implicated
in the regulation of motor behaviors but also in cognitive and emotional
processes through parallel loops. Such a dramatic change as the
degeneration of the dopaminergic inputs will have important consequences on
almost all associated functions. However, the mechanisms implicated are still

largely unknown (Bartels and Leenders, 2009).
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1.3.5 - Treatments

Pharmacological

Nowadays, several drugs are available for the treatment of PD patients. As
the major symptoms in PD are resulting of a lack of dopaminergic inputs on
the striatum, the main approach was to apply dopamine replacement
strategies in order to restore normal motor functions.
Those treatments could be split into two main categories:

- The dopaminergic agents, which encompass the L-DOPA and the

dopaminergic agonist.
- The non-dopaminergic agents.

Due to the different modes of action of those treatments, they are offering
large possibilities of combinations and the possibility to adapt the therapeutic
strategies in order to fit at best to each patient’s characteristics. However, it is
important to keep in mind that none of the mentioned treatments are stopping
the progression of the pathology but that they are rather palliating the

symptoms.

Levodopa remains certainly the gold standard for the early treatment of PD.
This dopamine replacement treatment was discovered already in the middle
of the 20™ century by Alvin Carlsson following animal experiments for which
he was awarded by the Nobel price (Carlsson et al., 1957). The idea was
quite simple: to replace the lack of dopamine by administrating a
pharmacological substitute. As dopamine itself is not able to cross the blood-
brain barrier, a precursor is administered. After entering the brain, the
levodopa penetrates the dopaminergic neurons and is then converted into
dopamine by the dopa-decarboxylase (DDC) enzyme. It is in general co-
administrated with carbidopa, a decarboxylase inhibitor that will prevent
systemic degradation of the L-DOPA and increase its bioavailability and
concentration into the brain. Unfortunately, following a long period of
efficiency called “honeymoon phase”, the therapeutic window becomes
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narrower and the patients have to face the so called On/Off periods that
correspond to good response to the treatment (On) and to an ineffective
period (Off) (Davie, 2008). In addition, the “On” periods are frequently
accompanied by disabling side effects called dyskinesia (Schrag and Quinn,
2000).

Contrary to the levodopa, the dopa-agonists will act directly on the dopamine
receptors. Different classes of dopa-agonists will bind on different types of
dopamine receptors. Compared to levodopa, the dopa-agonists have a longer
half-life and are less potent to induce dyskinesia. Yet, dopa-agonists are less
effective to correct the motor impairments of PD and have been shown to
induce behavioral side effects like compulsive shopping or hypersexuality
(Rascol et al., 2000).

Several other pharmacological agents are also used for their indirect impact
on the dopaminergic function. For example, catechol-o-methyl transferase
(COMT) inhibitors and the monoamine oxidase type B (MAO-B) inhibitors are
down regulating the degradation of the dopamine in order to provide it a
longer half-life whereas amantadine plays role in the control of the dyskinesia

through its interactions with glutamatergic neurons.
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Surgical approaches

Already during the 50’s patients with severe parkinsonism were subjected to
undergo surgical interventions. At the time, they consisted mainly in the
ablation of the contralateral thalamus. Later on, and with the advances of the
knowledge concerning the basal ganglia, the surgeons focused their
intervention on the ablation of the pallidus (pallidotomy). This technic led to an
improvement of the motor symptoms but had as inconvenient to be
irreversible with possible dramatic consequences.

The discovery of the DBS and its applications by Benabid and colleagues in
1987 was a game changer in the therapeutic scope of PD. This technic
consists in introducing thin electrodes into the basal ganglia and to stimulate
at high frequency specific nuclei in order to inhibit them (figure 14). A
generator is remotely placed on the clavicle and will allow fine-tuning of the
electric stimulation. During the last 30 years, extensive clinical trials have
been conducted and different possible targets tested including the thalamic
nucleus ventralis intermedius (VIM), the GPi and the STN (A. Benabid, 2003;
A.-L. Benabid et al., 2009; BENABID et al., 1987). Nowadays, the two most
common targets for PD treatment are the STN and the GPi. Both are showing
comparable improvement of the motor symptoms but with slightly different
side-effects and indications (Follett et al., 2010; Odekerken et al., 2013; Stern
et al., 2013; Williams and Okun, 2013). Up-to-date, more than 100°000 PD
patients have been implanted with important improvement of their quality of

life.

Figure 14. Radiographies of a PD patients implanted with DBS electrodes. (A.-L. Benabid et al., 2009)
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On a physiological point of view, the stimulation at high frequency (=100Hz) of
the STN/GPi inhibits their outputs and so re-equilibrate the balance between
the direct and the indirect pathways of the basal ganglia. This will, ultimately,
reduce the activity of the GABAergic outputs of the basal ganglia on the
thalamus and, consequently, corrects the motor impairments (akinesia,
rigidity, tremors) (Wichmann and DeLong, 2011). However, other mechanisms
such has the evoked stimulation of the spared dopaminergic neurons have
been recently pointed out as being potentially implicated in the motor recovery
(Da Cunha et al., 2015; Molinuevo et al., 2000).

Despite the obvious positive impact of this technique on the management of
PD patients, the DBS has some limitations. Firstly, the conditions for a patient
to be elective for surgery are quite restrictive in order to maximize the
beneficelrisk ratio. Secondly, possible psychiatric side effects can arise
following the implantation, such as compulsive disorder, increased risk of
suicide, etc (A.-L. Benabid et al., 2009). Finally, it is important to remember
that DBS is a symptomatic treatment that will not stop the progression of the

pathology.
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Future perspectives for PD treatments

Beside the classical treatments briefly described in the previous paragraphs,
important researches were conducted during the last 30 years on the
development of cell therapies for PD. This elegant concept consists in
replacing the loss of dopaminergic neurons by selected cells in order to
restore the motor functions.

Since the 80’s, scientists have been focused on three main and distinct
approaches based on different cell sources: 1) fetal mid brain tissues, 2)
embryonic stem cells, 3) autologous cells (figure 15).

However, even if important progresses haven been made regarding the
understanding of cell engraftment mechanisms, several issues are still to be

solved before considering large-scale therapeutic applications.

Figure 15. Different cell sources with therapeutic potential for PD treatment. (Morizane et al., 2008)
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Fetal tissues

The fetal ventral mesencephalic tissues were the first cell source to catch
scientific interest for PD treatment. After extensive animal testing on different
models, the Swedish ethical committee gave an authorization for the first
clinical trial (Bjorklund et al., 1988; Brundin and Bjorklund, 1987; Isacson et
al., 1987). The same year, Brundin and colleagues achieved the first fetal
tissues transplantation in PD patients (Brundin et al., 1987). Since then, more
than 400 patients have been transplanted. However, the different clinical trials
conducted gave contrasted results. On one hand, several studies were
reporting consequent improvement of the motor symptoms including rigidity
and resting tremors. Those results were supported by PET studies in which
authors were able to show a significant increase in F-DOPA capitation
following tissues transplantations (Brundin et al., 2000; Freed et al., 1992;
Hauser et al.,, 1999; Kefalopoulou et al., 2014). On the other hand, two
double-blind placebo controlled studies published by Freed et al. and Olanow
and colleagues, were much more contrasted regarding the corrective effect of
the grafted cells on the motor symptoms (Freed et al., 2001; Olanow et al.,
2003).

Freed and colleagues were able to demonstrate a significant improvement of
the motor score in patients younger than 60 years old. Yet, this was not the
case in older patients (as it is in general the case in idiopathic PD) (Freed et
al., 2001). Similarly, Olanow and colleagues failed to show any significant
improvement of the motor score despite a significant augmentation of the *2F-
DOPA PET signal (Freed et al.,, 2001; Olanow et al., 2003). Those
observations revealed the importance of the placebo effect in cell therapies
(Freeman et al., 1999; Goetz et al., 2008). This phenomenon, which plays
certainly a role in the motor improvement, was already described by Charcot
at the end of the 19" century (Charcot, 1897). Moreover, some engrafted
patients developed graft induced dyskinesia that were persistent even after
withdraw of L-DOPA medication (off-medication dyskinesia) (Olanow et al.,
2003).
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In a general manner the above-mentioned studies have provided important
information regarding cellular transplantation and more specially regarding a
number of limitations raised by such approaches. Firstly, the important
amount of fetal tissues needed for each patient (1 to 8 donors for one striatum
engraftment) led to important ethical controversies. Secondly, the permanent
needs of immunosuppressive drugs in order to maintain a minimal survival
rate, which is directly linked to the efficacy of the grafts (Freed et al., 2001,
Olanow et al., 2003). Thirdly, the possible appearance of permanent graft
induced side effects. Finally, the patients selection seems to be the key to
hope a positive graft outcome (Freed et al.,, 2001; 2004; Morizane et al.,
2008).

Embryonic stem cells & induced pluripotent stem cells

The limitations coming together with the use of fetal tissues opened the doors
to alternative cell sources that were extensively investigated since then. In this
way, the embryonic pluripotent stem cells (ESC) were very early seen as
having a great potential for the treatment of neurodegenerative disorders like
PD (Lindvall, 1999). Under good conditions, ESCs exhibit two major
phenotypes: 1) they are able of unlimited self-renewal; 2) they have the
capacity to differentiate into almost all kind of tissues (Keller, 1995). This self-
renewal capacity provides to ESCs a large advantage compared to fetal cells
by solving the problematic of tissue availability and the pluripotent
characteristic of those cells makes them the perfect candidate to undergo
dopaminergic differentiation.

In 2000, Lee et al. and Kawasaki and colleagues published two seminal
papers exposing the results of the first mouse ESC derived dopaminergic
neurons transplantations. Two different techniques were used to achieve
dopaminergic inductions. On one hand, Lee and colleagues decided to
differentiate the ESC by exposing them to different molecules including
growth factors and, on another hand, Kawasaki's team stimulated the
differentiation through contact with selected mouse stromal feeder cells
(Kawasaki et al., 2000; S. Lee et al., 2000). Those studies paved the way for
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many other studies that showed variable behavioral results (for review (Hall et
al., 2007)). In 2005, an important step was achieved with the first
transplantation in a symptomatic monkey MPTP model. The results showed a
significant improvement of the motor signs supported by functional
neuroimaging data (Takagi et al., 2005). However, the switch from animal
ESC to human ESC necessary to consider future clinical translation raised
new questions and problems. In fact, the first studies using human ESC for
dopaminergic induction were quite contrasted in terms of efficacy and rose the
problematic of uncontrolled cellular proliferation potentially leading to tumor
formation. This major safety issue was consequent to the fact that some ESC
escaped the differentiation process and kept their primary characteristics
including high proliferation rate (Brederlau et al., 2006; A. S. Lee et al., 2009).
Another important limitation of the methods used was linked to the
differentiation protocols themselves. The in-vitro differentiation processes
were actually very dependent of animal products such as the use of feeder
cells to support the development of neural progenitors (Ben-Hur et al., 2004;
Roy et al., 2006). Such protocols were, in the state, not compatible with
potential clinical use.

More recently, some researchers were able to replicate more accurately the
natural development of human ESC into midbrain dopaminergic neurons (Doi
et al., 2014; Kriks et al., 2011; Nakagawa et al., 2014). The cells obtained
were exhibiting large similarities with “natural” dopaminergic cells and were
successfully implanted in rats and monkey models with efficient behavioral
corrective effects. Moreover, histological analysis revealed tumor-free grafts
(Kriks et al., 2011). In 2014, Grealish et al. published a comparative study
between human ESC and fetal tissues transplantation (Grealish et al., 2014).
This study reported similar results between both treatments in rats and brings
arguments in front of the stage for clinical translation. Nevertheless, the

ethical issues remain present.

With the discovery by Yamanaka and colleagues of the possible direct
conversion of fibroblasts into pluripotent stem cells, a new range of possibility
was offered to researchers (Takahashi and Yamanaka, 2006). Induced

pluripotent stem cells (iPSC) are generated by overexpression of four genes
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in somatic cells (Oct3/4, Sox2, Kilf4, c-Myc). IPSC exhibit similar
characteristics as ESC including self-renewal capacity and pluripotency. A
recent paper published in Cell Stem Cell has reported efficient and safe iPSC
transplantation in MPTP treated monkeys (Hallett et al., 2015). Yet those
positive results concerned only one animal out of three and have so to be
considered carefully. One of the advantages of iPSC, versus ESC, is that they
could be generated from the patient cells and thus avoids complicated
immunotherapies. Moreover, and for the same reason, the ethical issues
around ESC become obsolete.

Autologous neural cell ecosystem (ANCE)

Beside of the main research streams described in the previous chapter,
several groups have been tackling the adult neural precursor cells approach
(Brunet et al., 2005; Johansson et al., 1999; Uchida et al., 2000). Several
papers have put in light the presence of neural stem cells in particular parts of
the brain, including the dentate gyrus and the subventricular zone (Astradsson
et al., 2008; Johansson et al., 1999; Morizane et al., 2008). It has been
emphasized that the subventricular zone plays a role in brain repair and that
the number of progenitor cells increased following brain injuries such as

stroke or during Huntington’s disease (Curtis et al., 2007).

In 2002, Brunet and colleagues published a new method allowing generating
long-term primocultures from human cortical tissues. Following a period of
incubation in preselected fetal calf serum (pFCS) the cells started to express
progenitor and neuroectodermal makers like nestin, neurofilament, vimentin or
glial fibril associated protein (GFAP). Similar results were then obtained from
non-human primate (Macaca fascicularis) cortical biopsies (Brunet et al.,
2005). This last experiment on monkeys additionally allowed assessing the in
vivo behavior and survival of those cells. Following an excitotoxic cortical
lesion of M1, cells obtained from previous cortical biopsies were implanted
into the lesion’s sties and at its periphery. One month post-implantation, the
monkeys were sacrificed and histological analyses were conducted. The
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implanted cells expressed nestin, the neuronal marker MAP2 and presented
neuron-like morphologies (Brunet et al., 2005). Moreover, very little gliosis
was observed suggesting poor immunological and inflammatory reaction.
Further investigation revealed the presence of doulbecortin-postitive cells
(DCX+) in in vitro cell cultures (Bloch et al., 2011). DCX is a microtubule-
associated protein that is present in migrating neuroblast and that has been
pointed out to play a role in neurogenesis (Brown et al., 2003; Francis et al.,
1999; Matsuo et al., 1998). In adult, DCX+ cells have been shown to be
particularly present in the areas of neurogenesis including the hippocampus
and the subventricular zone (Brown et al. 2003). Bloch and colleagues were
able to reveal the presence of DCX+ cells in the cortex of two monkey species
and human in contrast to rodent brain that were DCX-. It has been
emphasized that those cells cannot be considered as stem cells but that they
could encompass a neural progenitor potential (Bloch et al., 2011). In vitro
cultures have stressed out the fact that DCX+ cells were undergoing
asymmetrical divisions generating one dividing cell expressing DCX and
GFAP, and one quiescent progenitor expressing only DCX. This way of
division confers them a low proliferation rate and so those cells are less prone
to generate tumors (Bloch et al., 2011). However, DCX+ cells alone are not
able to survive. They need the close support of astrocytes, which are building
a kind of niche necessary to sustain DCX+ cells development. This
association is referred as adult neural cell ecosystems (ANCE).

In a therapeutic perspective, ANCE have been implanted in asymptomatic
MPTP St. Kitts green monkeys. In this study ANCE were unilaterally
implanted in four monkeys systemically intoxicated with MPTP. Four months
post-implantation, the histological analysis revealed a surprisingly high
survival with only 50% of cellular death and important migratory potential
(Brunet et al., 2009). Compared to control MPTP monkeys, the reimplanted
ANCE had a significantly higher rate of TH+ cell both in the striatum and in
the SNpc. It was postulated that ANCE are producing neurotrophic and
neuroprotective factors. This was supported by the detection of GDNF and
BDNF in the culture medium and by immunodetection of a significantly higher
level of GDNF around the implantation sites (Brunet et al., 2009).
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More recently, a study on a symptomatic MPTP monkey model was published
(Bloch et al., 2014). In this study, that was including seven St. Kitts green
monkeys, the monkey’s behaviors were assessed by blind experimenters over
all the experimental process. Following the MPTP lesions, all animals were
exhibiting marked to severe parkinsonian symptoms. Five out of the seven
monkeys were then implanted with the cells obtained from previous cortical
biopsies cultured in vitro for seven weeks according to previously published
protocols (Brunet et al., 2003; 2002), one received killed cells and the last one
did not received any engraftment. Six months post-implantation, the monkeys
were sacrificed for histological purposes. All the ANCE implanted animals,
except one, exhibited a statistically significant reduction of the symptoms
while the two others (shame and killed graft) did not show any improvement.
The monkey that received the treatment but did not respond was engrafted
with twice more cells than the others, which may indicate a therapeutic limit in
terms of cell quantity. Histological readout revealed a survival rate of about
30% and a significantly higher TH+ cells in all transplanted animals as
compared to the non-implanted or shame implanted animals (Bloch et al.,
2014).

Taken together, the studies reported above gave promising support for future
clinical applications. The ANCE exhibits clear advantages in comparison with
fetal tissues and ESCs: 1) Their high survival rate, 2) the poor inflammatory
reaction and the absence of immunorejection 3) their high migration capacity
4) the low risk of tumor formation (Bloch et al., 2014; 2011; Brunet et al.,
2009; 2005).

Moreover, the implantation of ANCE has been shown to be followed by
behavioral recovery in non-human primate model of PD (Bloch et al., 2014).
One major limitation remains, however, the lack of information regarding the

fate of those cells and the mode of action underling functional recovery.
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1.4 - Non-human primate MPTP model

The accidental discovery during the 80's of the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) provoked a little revolution in the field of PD
research by providing a whole new insight on its pathophysiology (Kopin and
Markey, 1988; Langston et al., 1983). By its proximity to the human pathology,
non-human primate (NHP) MPTP models are still considered as the gold
standard for physiological investigation or for preclinical evaluation of new
treatments (Emborg, 2007; Forno et al., 1993; Imbert et al., 2000). Systemic
injections of MPTP gradually destroy the dopaminergic neurons and
consequently provoke the appearance of parkinsonian motor symptoms,
including bradykinesia, rigidity, akinesia, postural instability and tremors.
Parkinsonian monkeys also exhibit a number of non-motor symptoms such as
cognitive impairments and sleep disturbances (Blesa et al., 2010; Schneider
and Kovelowski, 1990).

Similarly to PD, the dopaminergic depletion in NHP MPTP model follows the
same global pattern with more prominent cell loss in ventral and lateral
segments of the SNpc, as compared to VTA (Varastet et al., 1994). This
seems to be due to a particular susceptibility of the neuromelanin containing
neurons (Herrero et al., 1993).

Concretely, electrophysiological experiments allowed to underline the role of
the STN hyper activation in the appearance of motor symptoms and to build
strong basis for therapeutic strategies, like high frequency DBS that is now
validated for clinical use (Bergman et al.,, 1990; Limousin et al., 1995).
Moreover, MPTP treated monkeys are Levodopa responsive and develop, on
the long term, dyskinesia, offering a suitable model for researchers and
clinicians.

The model has, despite of that, some limitations. Firstly, unlike in PD,
histological readouts did not reveal the presence of Lewy body-like structures,
although some neuronal inclusion can be found (Forno et al., 1993).
Secondly, the impact of the toxin on other monoaminergic systems seams to
differ from the human pathology (Forno et al., 1993; Pifl et al., 1991). Finally,
the large inter-individual variability of responses to the treatment remains an

important limitation in terms of reproducibility (T. Collier et al., 2003).
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On a molecular point of view, the MPTP, which is a highly lipophilic molecule,

easily and quickly passes the blood brain barrier (Markey et al., 1984). As

Figure 16. lllustration of the conversion of MPTP into
MPP+ at cellular level. (Dauer, 2003)

MPTP itself is not toxic, it needs
to be converted into 1-methyl-4-
phenylpyridinium (MPP+) by
monoamine oxidase B (MOAB)
(figure 16). This enzyme is
present only in glial cells and
serotoninergic neurons. MPP+ is
then be transported inside the
dopaminergic neurons by
dopamine transporters (DAT)
(Mayer et al., 1986). Once
inside the neuron, the MPP+
enters the mitochondria and
interferes with the complex 1
that plays an important role in
the respiratory chain  (A.
Schapira et al., 1989). Although

the exact mechanisms inducing

cellular death remain unclear, the decrease of ATP production and the

augmentation of the ROS production by the intoxicated mitochondria are both

placed in the dock.

In summary, the MPTP NHP model remains, so far, a crucial source of

information and an important step towards clinical trials for new treatments
(Barraud et al., 2009; T. Collier et al., 2003; Porras et al., 2012; Wichmann
and DelLong, 2003). Moreover, the proximity of NHP neuroanatomy and

especially of its motor system to the human one allows fine monitoring of the

animal behavior as well as to assess the potential side-effects of treatments

(Courtine et al., 2007).
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1.5 - Neuroimaging and PD

Although over the last 30 years neuroimaging techniques have underwent
extensive improvements, their roles in the clinical management of PD patients
remain secondary. The important costs of those techniques and the difficulties
to interpret their results certainly represent important limitations to the
generalization of their use in clinical routine (Brooks, 2010; Politis, 2014).
However, when analyzed by trained specialists, those imaging techniques can
represent a major asset in terms of differential diagnosis and can avoid extra
burdens for patients and extra costs to the health system (Bajaj et al., 2013;
Politis, 2014). In terms of research, the information provided by structural and
functional imaging techniques are worthwhile for clinical and basic
investigations by offering an insight into pathophysiological processes as well
as a follow-up possibility for the development of new therapeutic strategies.
Historically, the in vivo investigation of the dopaminergic system was the first
to tackle scientists’ interest in regards with PD.

18F_.DOPA is a radiotracer resulting of the fluorination of L-DOPA. Once
injected into the vascular system, *®F-DOPA will rapidly cross the blood-brain
barrier where it will be converted into ‘®F-fluorodopamine by the dopa-
decarboxylase at dopaminergic neurons’ terminals. The ®F-DOPA tracer was
already used during the 80’s for research purposes. The images obtained with
PET scan setup allowed the first in vivo observations of the striatal
dopaminergic activity in human (Garnett et al., 1983). Those observations
were followed by a large number of investigations on human and animal
models of PD (Blesa et al., 2010; Guttman et al., 1988; Morrish et al., 1996;
Thobois et al., 2001). Moreover, ®F-DOPA PET was very early seen as an
important tool for the assessment of the functional impact of cell
transplantation therapeutic strategies (Brundin et al.,, 2000; Doudet et al.,
2004; Lindvall et al., 1990; 1989; Olanow et al., 1996; Politis, 2010).

On a clinical point of view, ®F-DOPA PET data offers an objective way to
assess the state of the dopaminergic system (Brooks and Pavese, 2011).
Those measures can be wuseful to discriminate patients with
neurodegenerative disorders from those without and as well as a follow-up

tool of the disease progression. However, the differential diagnosis between
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idiopathic PD and atypical forms of parkinsonism remains very limited due to
visually similar patterns of degenerations, although some subtle differences
have been underlined (Darcourt et al., 2014).

More recently, **I-ioflupane SPECT has been introduced and validated for
clinical used in PD (Booij et al., 1997b). *l-ioflupane is a radiotracer
composed by a cocaine analog molecule labeled by iodine isotope 123 (*#I).
This radiotracer has a high affinity with the presynaptic dopamine transporters
(DAT). As the striatal DAT density has been highlighted to be inversely
correlated with parkinsonian symptoms, *#l-ioflupane SPECT has been seen
as a potent tool for monitoring PD progression (Baldwin et al., 1995; Booij et
al., 1997b; 1997a; Kaufman and Madras, 1991). Similarly to ®F-DOPA PET,
123 joflupane SPECT is useful in clinic for differentiating degenerative cases
of PD from pathologies that did not affect the dopaminergic system. Despite of
that, the distinction between the atypical forms of parkinsonism is still not
reliable (Bajaj et al., 2013; Brooks, 2012; Djang et al., 2012; Gaig et al., 2006;
Kagi et al., 2009; Marek et al., 2000; Marshall and Grosset, 2003; Pirker et al.,
2000a).

In a general manner, literature did not underline any differences between PET
and SPECT techniques in terms of diagnosis accuracy (Burn et al., 1994;
Politis, 2014). Nevertheless, compared to **F-DOPA PET, '*I-ioflupane
SPECT is more advantageous in term of costs and more convenient to use
because of the longer half-life of its isotope. Moreover, in contrary to *°F-
DOPA PET, '#l-ioflupane SPECT acquisitions are much less prone to be
influenced by dopaminergic substitutive drugs (Ahlskog et al., 1999; Innis et
al., 1999).

If the functional imaging techniques described above play an important role in
research and in the clinical management of PD patient, structural imaging
data are also of primary interest. Magnetic resonance imaging (MRI) allows
the acquisition of structural data that provide a direct insight into the patient’s
neuroanatomy. In PD, MRI is in general used to exclude secondary causes of
parkinsonism like the presence of tumor, of micro-bleeding (vascular
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parkinsonism), of abnormal pressure hydrocephalus, etc. (Brooks, 2010). It is
conventionally accepted that classical MRI sequences (T1, T2) performed on
3 Tesla scanners are not able to reveal significant modification in PD that
would be appropriate for clinical use (Brooks, 2010). Despite of that, many
researchers investigated the potential of newly introduced MRI sequences.
For instance, the use diffusion tensor imaging (DTI) which assesses diffusion
of water into the brain, has revealed some interesting modifications within the
SNpc related to PD (Prodoehl et al., 2013). Susceptibility weighted imaging
(SW1), which is able to reveal iron deposition, has recently been used by
Schwartz and colleagues who have pointed out the disappearance of a
“’swallow tail” pattern in the midbrain in PD patients (Haacke et al., 2004;
Schwarz et al., 2014).

Besides of diagnostic purposes, MRI techniques play a crucial role in the
preparation of surgical interventions. For example, the DBS requires an
extreme precision in the selection of the targets that will be stimulated in order

to optimize the benefice-risk ratio (A.-L. Benabid et al., 2009).

In summary, there are many different radiotracers and MRI sequences that
are used for particular purposes in specific pathologies. However, none of
them are currently able to discriminate accurately the different forms of
parkinsonism. In the future, the combination of different neuroimaging
modalities will certainly be a key feature to sustain more accuracy in

differential diagnosis (Haller et al., 2014).
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1.6 - Context and objectives

This Ph.D. thesis was originally part of a large consortium composed by
seven research teams each highly specialized in a particular and
complementary domain. The project, called “Prometheus” (Sinergia project of
Swiss National Science Foundation), aimed at developing a new therapeutic
strategy based on human embryonic stem cells, from cellular basis towards
clinical application. The close interactions between the partners, coming from
cell biology, animal experimentation, neurology, neurosurgery, ethics, safety
and immunology, was supposed to result in a synergic effect leading to
human application within an extremely short timeframe of four years.
However, despite keen interest, the consortium failed at providing human
stem cells fulfilling the safety and efficacy criteria required for preclinical
testing on monkeys and, de facto, for clinical trial purposes.

Along general lines, different batches of stem cells were produced according
to different differentiation protocols. Those cells were then implanted into the
striatum of NOD/SCID mice that are deprived of immune system. The first
batches of cells, after implantation, generated massive teratoma, certainly due
to the poor level of differentiation of the ESC. With a better selection of the
cells, the group of Prof. Krause at Geneva University was able to produce
cells with lower proliferation rate and that were better characterized.
Nonetheless, neuroepithelial tumors and strong astrocytic reactions were
observed in subsequent histological analyses. Under those conditions, the
transfer to the non-human primate model was totally excluded for ethical
reasons. Additionally, the implantation of human cells into the brain of non-
human primates also raised the problematic of the immune response.
Although the immunosuppression of the monkeys was theoretically possible
using cyclosporine or tacrolimus, however at massive doses, the impact of
those heavy treatments on the fates of the implanted cells remained
uncertain, without mentioning possible secondary effects on the monkeys.
Meanwhile, at the University of Fribourg, four monkeys (Macaca fascicularis)
were trained to perform motor tasks in order to evaluate their motor ability in
the context of this Sinergia project. After three years of daily training, the

monkeys that reached a so-called “plateau of performance” were ready for
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MPTP lesions and cell engraftments. Despite the lack of results concerning
the stem cells production, they were maintained during several months in
case of a significant improvement regarding the safety and efficacy standards.
Unfortunately, for different reasons, the results of cell implantations conducted
at University of Geneva on rodents were not convincing enough to go for a

translation on the non-human primates in Fribourg.

In this particular context, in order to reallocate the tremendous preparatory
work that was conducted on the four macaque monkeys, it was decided to
reorient the project by considering an alternative source of cells to re-implant
after MPTP treatment. Taking advantage of a former collaboration between
Prof. Rouiller's group and the University Hospital of Lausanne (CHUV), with
Dr. Jean-Francois Brunet and Dr. Jocelyn Bloch, on autologous adult
progenitor cells transplantation as therapeutic strategy tested on a primate
model of stroke (Bloch et al., 2011; Brunet et al., 2005; Kaeser et al., 2011),
we decided to adopt the same therapeutic strategy, but on MPTP monkeys in
the present case.

As mentioned in the chapter regarding cellular treatment of PD, Dr. Jean-
Francois Brunet and Dr. Jocelyn Bloch published several articles providing
promising results regarding ANCE transplantation in a MPTP non-human
primate model of PD (Bloch et al., 2014; Brunet et al., 2009). They were able
to show a significant improvement of the motor function in transplanted
monkeys as compared to control animals; in addition, there was an
impressive survival rate of the engrafted cell. However, in the perspective of
future clinical trials, several questions still needed to be answered and this
was the goal of the present Ph.D. thesis work.

To summarize, at some point Prof. Rouiller's team had four monkeys ready
for MPTP lesion and for an experimental cell transplantation protocol whereas
the team at the CHUV aimed at testing new hypotheses regarding their ANCE
approach on a similar model of PD. Moreover, due to the autologous nature of
the cells to be transplanted, this new protocol would solve two major issues
raised by hESC based therapies: 1) the safety obstacle linked to the high risk

64



of uncontrolled cell proliferation. 2) The problematic of the immune rejection
and the impact of immunosuppressive drugs on the cell development.

In the context of these mutual interests between the colleagues at the CHUV
and our team in Fribourg, mid 2013, the decision was taken to go for the
autologous cells transplantation strategy and to adapt our protocol to the new
steps required. As specified above, Bloch and colleagues (2014) already
provided some evidences of the efficacy of ANCE transplantation by
comparing treated animals with controls. As the present study included only a
limited number of animals (four monkeys), the strategy was rather to assess
them on an individual basis and to monitor them with quantitative and
gualitative follow-up tools. In other words, each monkey was his own control.
A major and original emphasis of the present thesis lies in a specific bias to
evaluate quantitatively distal motor function (manual dexterity), a motor
attribute which was relatively poorly covered in previous MPTP monkey
studies. This thesis was fully integrated in all aspects of this project from
behavioral assessment of the animals to neuroimaging and histological
readouts. The specific goals of the present Ph.D. thesis were as follows:

1) To generate quantitative behavioral data regarding the impact of
the cortical biopsies on the motor function, with emphasis on

manual dexterity.

2) To provide a refined assessment of the motor control in a MPTP
non-human primate model engrafted with ANCE.

3) To provide quantitative data regarding the impact of the ANCE on
the dopaminergic system, in vivo, using ®F-DOPA PET

technology.

4) To provide data regarding the fate of the transplanted cells and

their impacts on the host’s striatum trough histological analysis.
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Beside of this preclinical study, a former collaboration with Prof. Pierre
Burkhard, from the department of neurology at the University Hospital of
Geneva (HUG) and Prof. Sven Haller from the service of neuro-diagnostic and
neuro-interventional DISIM, HUG, awaken in me a great interest for clinical
neurosciences and neuroimaging. Several chapters of the present thesis

derive from these collaborations.

Between 2003 and 2013, almost 1000 patients have undergone *?*|-ioflupane
SPECT scans for clinical purposes at the HUG. Individually, those scans
provided important information for patients’ differential diagnosis but their
value for research purposes remained very limited. Nevertheless, taken

together those data represent a goldmine for the clinical researchers.

Regarding the neuroimaging part of this thesis conducted at the HUG, the

main objectives are listed below.

1) To generate a neuroimaging database for clinical research
purposes based on a pool of almost 1000 patients that have

undergone *#|-ioflupane SPECT scans.

2) To take advantage of this database in order to produce new
information regarding the pathophysiology of different

parkinsonian pathologies.

3) To investigate the potential of computer assisted differential
diagnostic tools for future clinical applications.

In a general manner, the opportunity was given to me to conduct both projects
in parallel (human and NHP) that are representing, in my view, the two faces
of the same coin. On one hand, the clinical investigation would provide me a
direct and concrete insight on PD related issues and, on the other hand, the
preclinical part of this thesis on NHP would allow me to tackle those issues
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form a different perspective. Ultimately, the idea was to generate a synergic
effect and to potentially build new bridges between basic and clinical research

in order to take a step forwards towards an improvement of PD patient’s
quality of life.
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2 - Materials and Methods
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This chapter aims at providing a broad overview of the different techniques
used to generate the results of the present thesis. Some specific procedures
will nevertheless be described in full details in the corresponding
chapter/article of the results part.

2.1 - Clinical neuroimaging

2.1.1 - Patients and diagnosis

All the procedures performed in the frame of this study were approved by the
local ethical committee. A total of 970 patients were consecutively scanned
following a '*l-ioflupane SPECT protocol, over a period extending from
October 2003 to September 2013. The diagnoses were set by an experienced
movement disorders specialist following extensive neurological assessments
and confirmed by follow-up (at least one year). The PD diagnosis was settled
according to the UK Parkinson’s disease society brain bank criteria that
encompass mandatorily the presence of bradykinesia combined with, at least,
one of the following signs: postural instability, 4-6 Hz tremor at rest or rigidity.
A clear and sustained response to levodopa was, among others, considered
as a supportive feature.

Atypical forms of parkinsonism that encompass multiple system atrophy
(MSA), corticobasal degeneration (CBD) and parasupranuclear palsy (PSP),
were diagnosed according to established criteria.

12| joflupane SPECT neuroimaging data were mostly used to exclude
pathologies that do not affect the dopaminergic system as, for example,
essential tremors, psychogenic parkinsonism or drug-induce parkinsonism.
MRI based structural imaging data were used by a trained neuroradiologist to
exclude patients with brain micro bleeding or with anatomical abnormalities

such as hydrocephalus.
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2.1.2 - Images acquisitions

2.1.2.1 - **3|-joflupane SPECT

Patients were all scanned with the same triple-head gamma camera (Toshiba
Medical Systems, Tokyo, Japan) with fan-beam, low-energy, high-resolution
collimator. The scans were performed four hours after intravenous injection of
about 185 MBq of 123l-ioflupane, following sodium perchlorate or Lugol
solution intake for thyroid’s protection purposes. The acquisition was done
with a 128x128 matrix, by frames of 6° over 360°. Images were corrected for

photon attenuation and scatter.
2.1.2.2 - MRI

MRI acquisitions were conducted as part of the clinical routine over a period
of ten years. For this reason variable MRI sequences were collected
depending on patients’ specific characteristics. However, all patients had a
minimum of a T2, fluid attenuation inversion recovery (FLAIR) and diffusion
tensor imaging (DTI) or diffusion weighted imaging (DWI) to assess
anatomical brain integrity. MR system (Magnetom Trio, Siemens, Erlangen
Germany) 3.0 Tesla was used to obtain the data.

2.1.3 - Image post-processing

All DICOM (Digital Imaging and Communications in Medicine) images were
firstly converted into nifty format using dcm2nii software (NITRC®© 2010) to be
subsequently analyzed with FSL (FMRIB Software Library version 5.0
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). = The procedures specific to each
investigation are described in details the corresponding chapters (3.1.1- 4).

2.1.4 - Statistical analysis

Statistical analyses were performed with GraphPad Prism (version 6.0,
www.graphpad.com), Matlab and FSL.
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2.2 - Preclinical assessment of ANCE transplantation

in NHP (non-human primate) MPTP model

All experimental procedures performed during this study were covered by the
veterinary authorisation n° FR 22010, issued by the veterinary office of the
canton of Fribourg.

2.2.1 - Experimental protocol

In a global manner, the present study could be split into three main phases:
the pre-lesion phase, the post-lesion phase and the post-implantation phase.
The pre-lesion phase ranged from spring 2010 to summer 2014 and
encompasses the training of the animals to the different motor tasks. The
post-lesion phase consisted in the behavioural follow-up of the monkeys,
during a period of eight weeks, to assess the impact of the MPTP lesion on
their motor performances. Finally the post-implantation phase, that covered a
period of six months, was dedicated to the monitoring of the monkeys in order
to assess any potential effect of the treatment. As the treatment tested is
based on in vitro culture of cortical tissues, two biopsies were obtained for
each animal (one during the pre-lesion phase and one during the MPTP
protocol).

Within each period the state of the dopaminergic system was assessed by
18F_.DOPA PET scans. Moreover, structural MRI images were acquired to
determine the location of the biopsies and to identify the stereotaxic
coordinates needed for the transplantation surgeries. At the end of the
protocol, the monkeys were sacrificed for histological purposes. The time

course of the experiment can be found in figure 17.
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2.2.2 - Animals

Four young adult female macaque monkeys (Macaca fascicularis) weighing
between 3 and 5 kg and aged form 6 to 10 years old were included in the
present investigation. They were kept in captivity in an animal house facility at
the University of Fribourg fulfilling all guidelines enforced by the Swiss
legislation. The 45m?® room that had a direct access to an outdoor aviary, was
enriched for the wellbeing of the monkeys. Moreover the animals had free
access to water. They were fed on a daily basis, at once at the end of each
experimental session. The food rations were composed by pellets specially
adapted to their needs and by fresh vegetables and fruits. Additionally, the
health statute of each monkey was closely monitored by different measures
including weight follow-up, global state and social behaviour assessments.

2.2.3 - Behavioural assessments

As mentioned above, the monkeys’ behaviors were continuously monitored
during all phases of this study on a daily basis. The data were collected with
the help of the VigiePrimate software and of two specific motor tasks: the
modified Brinkmann board task and the reach and grasp drawer task.
Following several years of training, the monkeys reached a so-called “plateau
of performance”. This plateau corresponds to a stable level of performance
that can then be used as a reference to assess the impact of the MPTP lesion
and to monitor a possible effect consecutive to cells transplantation. This
particular method allowed performing intra-individual comparisons. In other
word, each monkey was her own control (comparisons across the three

phases mentioned above).

2.2.3.1 - Spontaneous activity

The spontaneous motor activity of each monkey was recorded individually
with the help of the VigiePrimate® system developed by ViewPoint® behavior
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technology (Lyon, France). The animal’s activity was measured daily, during a
period of 30minutesat the beginning of each experimental session. The
detailed protocol is described in chapter 3.2.2.

2.2.3.2 - Motor tasks

As mentioned above, the fours monkeys were extensively trained to perform
two motor tasks. The modified Brinkmann board task was scheduled daily
while the reach and grasp drawer task was performed two to three times a
week (working days).

The full procedure regarding animals’ handling is detailed in annex 3.

2.2.3.2.1 - Modified Brinkman board task

Composed by 50 slots (25 horizontal and 25 vertical), the modified Brinkman
board allows to quantify the fine manual dexterity by forcing the animal to use
the precision grip (opposition of the thumb and index finger) in order to
retrieve food rewards consisting of banana pellets. The modified Brinkman
board task has been described in detail in previous reports from our
laboratory (e.g. Rouiller et al., 1998; Liu and Rouiller, 1999; Schmidlin et al.,
2011; Kaeser et al., 2013). Video analyses of the daily sessions allowed then
to generate behavioral scores reflecting manual dexterity, as well as
identifying behavioral strategies’ patterns. The full procedure is described in
chapter 3

2.2.3.2.2 - Reach and grasp drawer task

The reach and grasp drawer task consists in a setup composed by a drawer
and multiple sensors. In this task, the monkey has to grasp the knob of the
drawer and to pull it against variable resistances (from ON to 2.75N) and to

retrieve a banana pellet inside a circular hole. This method allowed, for
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example, determining the temporal sequence of a movement that involved

proximal and distal muscles. The detailed protocol is presented in chapter 1.
2.2.4 - MRI acquisitions

Structural MRI images were acquired at the service of radiology of the
Fribourg’'s state hospital (HFr) on 3.0 Tesla GE Medical system (Discovery
MR750). The monkeys were placed into the setup in pronation position with
the head in a knee antenna (C-GE-HDx TR Knee PA, G-CoilType=8). The
acquisition’s parameters of the 3DT1 sequence were the following: 0.7mm
isotropic voxel; TE=3.0/TR=7.2; 256x256 acquisition matrix. For the wellbeing
of the animals and to avoid any movements' artifacts, they were fully
anesthetized according to a specific protocol specially adapted to their
physiology. The anesthesia induction was performed at the animal facility by
intramuscular injection (i.m) of a mixture of midazolam (0.1mg/kg) and
ketamine (10mg/kg). A continuous intravenous (i.v.) perfusion (3.75 mg/kg/h)
of a mixed solution of propofol 1%, ringer-lactate and ketamine (ringer-lactate
20ml, ketamine 1.25ml, propofol 20ml) was used to maintain the anesthesia
during the whole procedure. Additionally, the animal’'s heart rate was closely
monitored by electrocardiogram (ECG) and the anesthetics perfusion adapted
to individual reactions. They also received oxygen supply to optimized blood
saturation (3.0l/min).

At the end of each MRI session, the animals were surveyed during a period of
about 4 hours to track anesthesia related complications.

2.2.5 - PET acquisition

The PET data acquisitions were performed at the Hfr on the four animals at
during main phase of the project (figure 17). The protocol consisted in a 1.5
hours dynamic acquisition (28 frames) following the i.v. injection of *F-DOPA
(= 125 MBQ). The detailed PET acquisition procedure can be found in chapter
3.2.2.
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2.2.6 - MPTP lesions

Due to the highly toxic nature of MPTP, the protocol of lesion was conducted
in accordance with the American national institutes of health (NIH)
recommendations and based on a technical review (Przedborski et al., 2001).
The present protocol was adapted after Mounayar and colleagues’ publication
(Mounayar et al., 2007). It consisted in series of daily i.m. MPTP (0.5mg/kg;
MPTP-HCI; Sigma-Aldrich Co., dissolved in saline solution) injections,
separated by break periods (table 1). To avoid extra burdens for the animals
and to ensure experimenters’ safety, the monkeys were mechanically
restrained in a specially adapted cage to perform the injections. The total
amount of MPTP injected varied from 6.25mg/kg to 7.75mg/kg. During the
whole procedure, the animal were closely monitored by trained experimenters
and the level of the lesions were assessed using the Schneider MPTP rating
scale (Schneider et al., 1995). During the last week, and according to the
symptoms exhibited by each individual monkey, the decision was taken to
adapt or not the amount of MPTP injected (table 1).

Dosage mg/kg

Days Mk-MI Mk-MY Mk-LY Mk-LL
1 0.5 0.5 0.5 0.5
2 0.5 0.5 0.5 0.5
3 0.5 0.5 0.5 0.5
4 0.5 0.5 0.5 0.5
Break 0 0 0 0
10 0.5 0.5 0.5 0.5
11 0.5 0.5 0.5 0.5
12 0.5 0.5 0.5 0.5
13 0.5 0.5 0.5 0.5
Break 0 0 0 0
17 0.5 0.5 0.5 0.5
18 0.5 0.5 0.5 0.5
Break 0 0 0 0
30 0.5 0.5 0.25 0.25
32 0.5 0.25 0.25 0.25
34 0.5 0.25 0.25 0.25
36 0.75 0.25 0.25 0.25
37 0.5 0 0.25 0.25
Total 7.75 6.25 6.25 6.25

Table 1. MPTP injections' schedule and dosage per animal.
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2.2.7 - Cortical biopsies

Two cortical biopsies were obtained from each monkey’s dorsolateral
prefrontal cortex (dIPFC). The aim of the first biopsy, which was performed
nine months prior to the MPTP lesion, was to assess their impact on the
motor tasks of interest (modified Brinkman board and drawer task) and to
refine the cell culture procedure conducted at the CHUV. The second
(relevant one) biopsy was performed during the MPTP phase to be closer to
the clinical reality and to provide the material needed for the cell cultures and
generate the ANCE which will be subsequently re-implanted in the MPTP

monkeys.

The surgeries were performed under deep anesthesia and sterile conditions.
The monkeys were firstly sedated by i.v. injection of a cocktail of Dormicum
and Ketamine, (Ketasol 0.1mg/kg; 10mg/kg), completed with methadone
(0.2mg/kg). The premedication was composed by dexamethasone (0.3ml/kg;
Dexadreson, diluted in NaCl solution 1:1; intramuscular (i.m.)) to avoid
cerebral edema, antibiotics (8.75mg/kg, Synulox, subcutaneous (s.c.)),
Caprofen (4mg/kg; Rymadyl, s.c.) for analgesic purposes and atropine
(0.05mg/kg, i.m.). During all the surgical procedure the anesthesia was
maintained by continuous i.v. perfusion (3.75 mg/kg/h) of a mixed solution of
propofol 1%, ringer-lactate and ketamine (ringer-lactate 40ml, ketamine
1.25ml, propofol 20ml), similarly to the MRI protocol described previously. The
head of the monkey was placed in a surgical stereotaxic frame to keep it
stable during the surgical intervention. Before opening the skin, lidocaine
(10mg/ml, Rapidocain) was injected subcutaneously as local anesthetic. The
next step consisted in performing a little craniotomy (about 1cm?) and,
subsequently, in creating an opening in the dura mater. During this step the
monkey received an additional opioid analgesic through the perfusion
(6.0pg/kg/h diluted in NaCl solution 1:1; Fentanyl). A small piece of cortex
was then withdrawn from the dIPFC of each animal (about 7 to 16mm?) and
immediately placed in a sterile medium and sent to the CHUV to be put in
culture conditions. The piece of skull was put back in place and fixed with
histological glue. Finally, the wound was sutured and disinfected.
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During the procedure, the monkeys were monitored by ECG, blood saturation
device and internal temperature probe. Moreover an electric blanket was used
to avoid hypothermia and the animals received oxygen supply.

Postop. medication consisted in antibiotic and anti-inflammatory drugs
administered twice a day for ten days per os (12.5mg/kg, Clavubactin; 10mg,
Rimadyl).

2.2.8 - Cell cultures

Once the biopsies performed, the cortical samples were immediately sent to
the CHUV (centre de production cellulaire, CHUV, Epalinges) to put into
culture conditions. The detailed culture procedure can be seen in (Bloch et
al., 2014; Brunet et al., 2003; 2005). In contrary to the mentioned studies the
present culture protocol was conducted according to the GMP (good
manufacture practice) standards in a Swissmedic accredited facility. Prior to
implantations, the cells were labeled with PKH67 (MINI67; Sigma-Aldrich), a
fluorescent dye that irreversibly by to the cells’ membrane. This step would
allow to track the cells at histological analyses.
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2.2.9 - Cells transplantation

The first step was to determine the precise sites for the cells implantation and
to extract the exact stereotaxic coordinates. This was achieved using the
individual MRI structural images (3DT1 sequence) previously obtained and
with the support of the Osirix® software. Each coordinate was then cross-
checked with the Paxinos anatomical brain atlas of the macaque (Paxinos et
al., 1999). The surgical and anesthesia protocols were the same as presented
in the preceding chapter except that two windows were made on the skull
instead of one, as the implantations of the ANCE were conducted bilaterally.
The implantation of the cells was made with a Hamilton syringe (100pl, 229)
placed on a nano-injector (Stoelting®) fixed on the stereotaxic frame. Two
sites in the putamen (one rostral and one caudal) and one site in the caudate
nucleus were implanted bilaterally with 10ul of cell suspension at a flow rate
of 2ul/min. After each injection, the needle was slowly withdrawn in order to
avoid a suction effect that would have impacted on the position of the grafts.
The number of cells transplanted per site varied from 250'000 to 400’000
(table 2).

Postoperative care was the same as described in the chapter concerning the

biopsy protocol.

Animal Cells per spot  Total cells (6 spots)
MK-LL 401’000 2'406'000
MKk-MI 276’000 1'656’000
MKk-LY 258’000 1'548'000
Mk-MY 351’000 2'106'000

Table 2. Approximation of the number of cells impanted per spot for the different animals.
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2.2.10 - Euthanasia and histology

In order to get histological data, the animals were sacrificed about six months
after the ANCE engraftments. For this purpose, the animals were firstly
sedated by i.m. injection of ketamine (10mg/kg) before being gradually ECG)
injected with a deadly dose of sodium pento-barbital (60mg/kg, i.v.). When the
monkeys were deeply anesthetized (as indicated by a significant drop of heart
rate monitored with ECG) and did not respond anymore to external stimuli, the
thoracic cage was opened and the transcardiac perfusion was initiated with
400ml, 0.9% NacCl. In order to block blood coagulation, 1ml of heparin was
preventively injected into the left ventricle. The following solutions were
successively perfused in order to fix and preserve brain tissues: 3L of 4%
paraformaldehyde in 0.1M phosphate buffer (pH 7.6) and 3 times 2L of
sucrose solutions of increasing concentrations (10%, 20%, 30%). The brains
were then extracted and dissected before being placed for about ten days in a
30% sucrose solution. Two brains were firstly frozen with dry ice and the two
other brains were directly cut into ten series of 50um thick sections using a
cryostat (HM560, MICROM, Volketswil, Switzerland). The series were then
placed in a cryoprotective buffer (50mM phosphate buffer, 25% glycerol, 35%
ethylene glycol) at -20°C. The detailed histological procedures are presented
in chapter 3.2.2 and in annex 2.
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3 - Results
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3.1 — Clinical neuroimaging
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Chapter 3.1.1

Individual Detection of Patients with
Parkinson Disease using Support
Vector Machine Analysis of Diffusion
Tensor Imaging Data: Initial Results
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Individual Detection of Patients with Parkinson
Disease using Support Vector Machine Analysis

ORIGINAL . R ) .
researcH | Of Diffusion Tensor Imaging Data: Initial Results
S. Haller BACKGROUND AND PURPOSE: Brain MR imaging is routinely performed in the work-up of suspected
S. Badoud PD, yet its role is essentially limited to the exclusion of other pathologies. We performed a pattern-
D. Nguyen recognition analysis based on DTl data to detect subjects with PD at the individual level.
V. Garibotto MATERIALS AND METHODS: We included 40 consecutive patients with Parkinsonism suggestive of PD
K.O. Lovblad who had DTl at 3T, brain ">3| ioflupane SPECT (DaTSCAN), and extensive neurologic testing including

follow-up (17 PD: age range, 67.8 * 6.7 years; 9 women; 23 Other: consisting of atypical forms of
Parkinsonism; age range, 67.2 *= 9.7 years; 7 women). Data analysis included group-level TBSS and
individual-level SVM classification.

P.R Burkhard

RESULTS: At the group level, patients with PD versus Other had spatially consistent increase in FA and
decrease in RD and MD in a bilateral network, predominantly in the right frontal white matter. At the
individual level, SVM correctly classified patients with PD at the individual level with accuracies up to
97%.

CONCLUSIONS: Support vector machine—based pattern recognition of DTI data provides highly accu-
rate detection of patients with PD among those with suspected PD at an individual level, which is
potentially clinically applicable. Because most suspected subjects with PD undergo brain MR imaging,

already existing MR imaging data may be reused; this practice is very cost-efficient.

ABBREVIATIONS: FA = fractional anisotropy; '*3| = iodine 123; LD = longitudinal diffusivity; MD =
mean diffusivity; MSA = multisystem atrophy; PD = Parkinson disease; PSP = progressive
supranuclear palsy; RD = radial diffusivity; SVM = support vector machine; TBSS = tract-based
spatial statistics; VBM = voxel-based morphometry

D is the most common degenerative movement disorder

in the general population, named after the English doctor
James Parkinson, who published its first detailed description
in 1817. Brain MR imaging is routinely performed in the di-
agnostic work-up, yet its role is essentially limited to the ex-
clusion of other pathologies such as normal-pressure hydro-
cephalus or chronic subdural hematoma, among others. One
of the rare reported alterations visible on conventional MR
imaging is narrowing or disappearance of the pars compacta
of the substantia nigra on T2-weighted imaging,’ yet this sign
has low sensitivity and specificity and does not contribute to
the diagnosis of PD, in particular at an early stage.

On the basis of the assumption that PD is associated with
systematic changes in brain MR imaging, which are too subtle
to be detected by visual analysis, we analyzed brain MR imag-
ing of subjects with suspected PD by using an advanced com-
puter-based method aiming to contribute to the diagnosis of
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PD at an individual level. There are 2 fundamental approaches
of advanced MR imaging data analysis. The first and more
frequently implemented type of group-level studies typically
compares =1 group of patients with healthy controls with the
aim of detecting disease-related structural alterations, for ex-
ample.””® Although fascinating from a research perspective,
the disadvantage of these group-level studies is that the results
cannot be applied to the diagnosis of individual patients in
clinical neuroradiology. The second type of analysis aims to
detect or classify individual patients. Because the composition
of the included subjects may bias the classification accuracy,
the study groups should ideally consist of unselected and con-
secutive patients with suspicion of a given disease (see “Dis-
cussion”). The individual classification is potentially clinically ap-
plicable. The disadvantage is the difficulty or even impossibility of
interpreting the results from a neuropathologic perspective.

To achieve a potentially clinically applicable individual di-
agnosis, we performed a study of the second type, implement-
ing a pattern-recognition approach. This pattern recognition
can be illustrated in short in the example of face recognition.
Individual faces are not detected on the basis of single features
such as the tip of the nose, ears, eyes, and so forth, but by the
combination of multiple features— even though each individ-
ual feature may be not significantly different between groups.
In the present study, the entire brain is included in the pattern-
recognition analysis to obtain 1 individual predictive value per
subject. More technically, classification analyses can be ex-
plained best for a simple example of only 2 features, which can
be represented by an x-y plot. If one assumes that all subjects of
group A are in the upper left part and all subjects of group B are
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in the lower right part of the plot, the 2 groups can be discrim-
inated by an oblique ascending line. Of all possible lines to
discriminate between groups, the SVM identifies the line that
best discriminates between groups. For a more detailed discus-
sion, see a recent review of SVM classification in neurodegen-
erative diseases by Haller et al.®

Because the most relevant clinical question is not the dis-
crimination of PD versus healthy controls but the detection of
idiopathic PD versus other atypical forms of Parkinsonism
including MSA and PSP, we included 40 consecutive subjects
with suspected PD rather than healthy control subjects. Inclu-
sion criteria were brain '*’I ioflupane SPECT (DaTSCAN; GE
Healthcare, Buckinghamshire, United Kingdom) as a refer-
ence and extensive neurologic testing, including long-term
follow-up. We analyzed DTI data because a number of recent
investigations in various neurodegenerative disorders®’'>
demonstrated that white matter DTI TBSS'? analysis is more
sensitive than gray matter VBM.'* A recent study implement-
ing an equivalent approach successfully discriminated be-
tween stable versus progressive mild cognitive impairment in
the domain of dementia.'?

We show that the data analysis chain of TBSS preprocessing
of DTI data followed by SVM classification provides a highly
accurate individual detection of PD in consecutive subjects
with Parkinsonism, despite the absence of visually detectable
brain MR imaging differences.

Materials and Methods

Subjects

This retrospective study was approved by the local ethics committee.
We included all consecutive patients in our institution between 2006
and 2011 with suspected PD who met the following criteria: 1) DTI at
3T without motion artifacts, 2) brain '*I ioflupane SPECT
(DaTSCAN) as a reference, 3) extensive neurologic testing including
follow-up, and 4) the absence of morphologic findings on brain MR
imaging. All patients were evaluated by an experienced movement
disorders specialist.

MR Imaging

MR imaging was performed on a 3T clinical routine whole-body
scanner (Magnetom Trio; Siemens, Erlangen, Germany). We used a
standard DTI sequence: 30 diffusion directions, b=1000 s/mm? iso-
tropically distributed on a sphere, 1 reference b=0 s/mm” image with
no diffusion-weighting, 128 X 128 X 64 matrix, 2 X 2 X 2 mm voxel
size, TE = 92 ms, TR = 9000 ms, 1 average. Additional sequences
(axial spin-echo T1-weighted or gradient-echo 3D T1-weighted, axial
spin-echo T2-weighted, coronal FLAIR, axial gradient-echo T2*)
were acquired and analyzed to exclude brain pathology, such as isch-
emic stroke, subdural hematomas, or space-occupying lesions by an
experienced radiologist during clinical work-up. In particular, white
matter lesions were analyzed according to the score of Fazekas et al.'®

Image Processing

Preprocessing of the DTI data was performed by using the standard
procedure of TBSS, as described in detail before,'*'” in the FSL soft-
ware package (http://www.fmrib.ox.ac.uk/fsl/).'® In principle, TBSS
projects all subjects’ FA data onto a mean FA tract skeleton by using
nonlinear registration. The tract skeleton is the basis for voxelwise
cross-subject statistics and reduces potential misregistrations as the
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source for false-positive or -negative analysis results. The other DTI-
derived parameters, LD (also known as axial diffusivity, the first
eigenvalue), RD (the average of second and third eigenvalues), and
MD (the average of all 3 eigenvalues), were analyzed in the same way
by using spatial transformation parameters that were estimated in the
initial FA analysis.

Statistical Analysis

Analysis of Demographic and Clinical Data. The statistical anal-
yses of the demographic and clinical data were performed in Graph-
Pad Prism, Version 5 (GraphPad software, www.graphpad.com). Age
was analyzed by using parametric 2-sample 2-tailed ¢ tests, while sex
and Fazekas score were analyzed by using the nonparametric 2-sam-
ple 2-tailed Mann-Whitney U tests.

Group-Level TBSS Analysis. Voxelwise statistical analyses were
corrected for multiple comparisons implementing threshold-free
cluster enhancement, considering fully corrected P values < .05 as
significant.'® Age and sex were used as nonexplanatory coregressors.
We used Johns Hopkins University DTI-based white matter atlases,
which are distributed in the FSL package, for anatomic labeling of the
suprathreshold voxels.

Individual-Level SVM Analysis. The individual SVM classifica-
tion analysis is identical to that in a previous study.'”> The TBSS pre-
processed DTI FA data were converted into a Waikato Environment
for Knowledge Analysis—compatible data format. The individual clas-
sification was analyzed in the freely available Waikato Environment
for Knowledge Analysis software package (http://www.cs.waikato.
ac.nz/ml/weka, Version 3.6.1). The analysis included 2 steps. In a first
step, we performed a RELIEFF?° feature selection (http://
rss.acs.unt.edu/Rdoc/library/dprep/html/relief.html). The rationale be-
hind this step is that not all voxels discriminate between groups. Both
the inclusion of nondiscriminative voxels and the exclusion of dis-
criminative voxels reduce the classification accuracy. We selected the
top 100, 250, 500, 750, and 1000 features implementing 10-fold cross-
validation. The second step consisted of the “actual” classification
analyses by using the SVM algorithm sequential minimal optimiza-
tion?! (distributed in the Waikato Environment for Knowledge Anal-
ysis package) with a radial basis function kernel.?” There are 2 param-
eters while using radial basis function kernels: C and +y. 7y represents
the width of the radial basis function, and C represents the error/
trade-off parameter that adjusts the importance of the separation er-
ror in the creation of the separation surface. On the basis of our
previous experience, y was iteratively explored from 0.01 to 0.09 with
an increment of 0.01, while C was fixed to 1.00. We performed 10
repetitions of a 10-fold cross-validation technique.

Results

Clinical Data

The final sample included 17 PD subjects (age range, 67.8 =
6.7 years; 9 women) and 23 Other subjects (age range, 67.2 =
9.7 years; 7 women). Age, sex, and Fazekas score did not differ
significantly between the 2 groups (Table 1). For the PD
group, a diagnosis of PD was made in the presence of typical,
asymmetric, and levodopa-responsive Parkinsonism meeting
the UK Parkinson’s Disease Society Brain Bank criteria, in-
cluding at least 2 supportive criteria such as slow progression
or peak-dose dyskinesia. PD was moderately advanced (mean
Hoehn and Yahr stage®*: 2.4 + 0.6), and none of these patients
had atypical features, even after at least 2.5 years of follow-up



Table 1: Demographic and clinical characteristics®

Variables PD Other Statistics
Age (yr) 67.8 = 6.7 67.2+97 NS
Sex (f/m) 9/8 7/16 NS
Fazekas score 1.0 0.1 12+05 NS
Hoehn and Yahr stage 24+06

Disease duration (yr) 6.3 =31 28+19

Note.—NS indicates nonsignificant (P > .05).
@ Essential demographic and clinical characteristics of the 2 study groups, PD and Other.
Data are presented as mean = SD.

(mean follow-up duration, 6.3 * 3.1 years). In addition, all
had an asymmetrical decrease of '*’T ioflupane uptake in the
posterior aspect of 1 or both putamina on the DaTSCAN. The
Other group was more heterogeneous, reflecting the preva-
lence of common PD-mimicking conditions in the daily activ-
ity of a movement disorders clinic. All of these patients exhib-
ited Parkinsonism, defined as the presence of bradykinesia
associated with resting tremor or rigidity. It included pathol-
ogies as varied as MSA (n = 5), PSP (n = 1), dementia with
Lewy bodies (n = 2), vascular Parkinsonism (n = 3), fronto-
temporal dementia with Parkinsonism (n = 1), drug-induced
Parkinsonism (n = 2), atypical tremor (n = 2), traumatic
brain injury (n = 1), and psychogenic Parkinsonism (n = 1).
Diagnoses were established according to widely accepted clin-
ical criteria, whenever available, including those by Gilman et
al for MSA,** by Litvan et al for PSP,*® by McKeith et al for
dementia with Lewy bodies,*® and by Roman et al for vascular
dementia.”” In 5 cases, a firm clinical diagnosis could not be
established at last assessment and these patients were labeled
as having unspecified Parkinsonism.

TBSS Group Differences
The PD group compared with the Other group had a signifi-
cantincrease in FA and a corresponding significant decrease in
RD and MD, in particular in the right frontal white matter (Fig
1 and On-line Table). The level of significance of FA was
slightly lower compared with RD and MD. LD had spatially
overlapping changes, which were just below threshold (not
illustrated).

The inverse comparisons yielded no suprathreshold
clusters.

SVM Individual Classification Analysis

SVM analysis of FA provided a correct classification between
PD versus Other with accuracies of up to 97.50 = 7.54%. The
spatial distribution of the most discriminative voxels (fea-
tures) overlapped substantially with the results of the group-
level TBSS analysis as illustrated in Fig 1 and Table 2.

Discussion

Despite the absence of visually evident alterations in brain MR
imaging, computer-based SVM analysis of DTI data provides
highly accurate individual detection of patients with PD and is
potentially applicable in clinical neuroradiology. Brain MR
imaging is routinely performed in the work-up of Parkinson-
ism, notably to exclude concomitant diseases. Available MR
imaging data are reused by using advanced data analysis, mak-
ing this a very cost-effective method, which is not intended to
replace but to complement existing methods to obtain an early
and specific diagnosis of PD.

Group-Level TBSS Analysis
The first part of the analysis was a group-level analysis of white
matter changes in subjects with suspected PD.

Most previous advanced MR neuroimaging studies in the
domain of PD compared subjects with PD with healthy con-
trols, with the objective of identifying disease-related altera-
tions in brain morphometry. For example, one of the rare DTI
studies in PD demonstrated a lower FA in the substantia nigra
in PD compared with healthy controls, which inversely corre-
lated with the clinical severity of PD.” Two studies used man-
ually defined ROIs in the substantia nigra showing diminished
FA in PD versus healthy controls.>*® Another study used mul-
tiple ROIs in 10 patients with PD without dementia and 10
healthy controls, showing decrease in FA and increase in MD
in the genu of the corpus callosum and in the superior longi-
tudinal fasciculus.” Yet other studies found differences in DTI
FA in patients with PD with olfactory impairment,* patients
with PD and depression,*® or between patients with PD and
familial essential tremor® or corticobasal syndrome.’’ An-
other recent study assessed different MR imaging parameters
including R2*-, R2-, and R1-mapping, magnetization trans-
fer,and DT1in 31 patients with various forms of Parkinsonism
and found that manually defined ROIs of DTT are most useful
for identifying PSP, yet less useful for PD.>> Most interesting, a
recent study assessed white matter in 36 subjects with PD and
23 controls on the basis of another technique, notably magne-
tization transfer imaging.” PD-related changes in WM were
more sensitive than gray matter volume or attenuation de-
rived from T1-weighted images.

All of these studies have in common that they included very
selected control groups.

In contrast to these studies, the aim of the present investi-
gation was to use DTT as a marker to detect individual patients
with PD in a group of subjects with suspected PD. We, there-
fore, deliberately included consecutive nonselected patients
with various forms of Parkinsonism. We observed, in our sam-
ple, alterations in FA, a measure of axonal integrity,”* as well as
RD and MD in a bilateral right-dominant frontal network.
The observed increase in FA in our study is in agreement in
principle with the observed increase in FA in de novo patients
with PD versus healthy controls in a recent combined T1-
weighted and DTI study,® while another study in 12 subjects
with nondemented PD and 13 controls demonstrated a de-
crease in FA bilaterally in the frontal lobes.® Differences in
disease duration, severity, and characteristics might explain
this discrepancy. Moreover, the increase in FA in PD versus
Other subjects in our study is probably due to a decrease in FA
in the Other group, rather than due to an increase in FA in the
PD group. Due to the heterogeneous constitution of our con-
trol group, the results of our group-level comparison should
be interpreted with caution and are presented mainly to visu-
alize the presence of detectable DTT changes between subjects
with PD versus Other, as a basis for the later individual-level
pattern-recognition analysis.

Individual-Level SVM Classification Analysis

To obtain individual discrimination of subjects with PD, we
adopted a complex methodology including a chain of TBSS
preprocessing of DTI FA data, feature selection of the most
discriminative voxels, and subsequent SVM classification.'>*>
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Fig 1. TBSS analysis in PD. Patients with idiopathic PD versus Other had a spatially consistent increase in FA (red) and a decrease in RD (green) and MD (blue) in a bilateral network
predominantly in the right frontal white matter. The spatially consistent difference in LD was just below threshold (not illustrated). The inverse comparison yielded no suprathreshold clusters.
The most discriminative voxels (features) identified by using the RELIEFF feature-selection algorithm, which are the basis for the individual level SVM analysis, are illustrated for comparison
in pink. Note the good overlap despite the fundamentally different methodology. Axial and sagittal sections are at the indicated position in Montreal Neurological Institute standard space
coordinates (radiologic convention with the right hemisphere on the left-hand side). Gray indicates mean FA value; yellow, average skeleton. FA, RD, and MD clusters are TFCE corrected

for multiple comparisons at P < .05. Suprathreshold voxels are enlarged by using TBSS fill (part of FSL) for illustrative purposes.

Table 2: Individual SVM classification of PD based on DTI FA TBSS

17 PD, 23 Other: Chance Rate of Classification Accuracy, 57.5% (23/
40)°

No. of

Features Accuracy TP Rate FP Rate TN Rate  FN Rate
100 97.50(7.54) 0.94(0.19) 0.00(0.00) 1.00(0.00) 0.06(0.19)
250 95.50(10.29) 0.90(0.25) 0.00(0.00) 1.00(0.00) 0.11(0.25)
500 96.25(9.65)  0.91(0.24) 0.00(0.00) 1.00(0.00) 0.09(0.24)
750 97.25(7.86)  0.94(0.20) 0.00(0.00) 1.00(0.00) 0.07(0.20)
1000 96.25(9.65)  0.92(0.23) 0.00(0.00) 1.00(0.00) 0.09(0.23)

Note:—TP indicates true-positive; FP, false-positive; TN, true-negative; FN, false-negative.
@ Accuracy, TP, FP, TN, and FN rates for individual classifications using an SVM classifier
with the indicated number of selected features for the individual classification of PD versus
Other. Note that the accuracy is calculated as the average accuracy of 10 repetitions using
10-fold cross-validation (average and SD).

The classification accuracy of approximately 97% across the
10 repetitions of the 10-fold cross-validation implies that on
average, only 1 subject was incorrectly classified.

Note that SVM” analyses for individual classification are
fundamentally different from the group-level voxelwise anal-
yses discussed above. Such voxelwise analyses are univariate
tests, which separately analyze each included voxel between 2
(or more) groups. Given the multiple tests, in our dataset of
approximately 150,000 voxels, it is necessary to implement, as
a second step, a correction for multiple comparisons. In con-
trast, individual-level SVM analyses are multivariate tools that
originate from a field called “machine learning” or multivoxel
pattern analysis, a branch of artificial intelligence. The aim is
to identify patterns that allow the discrimination of individual
subjects. There is only 1 resulting parameter per subject;
hence, there is no need for corrections for multiple compari-
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sons. For a more detailed discussion of SVM classifiers, see a
recent review by Haller et al.®

There are only a few previous applications of SVM classifi-
cation in the domain of PD. Most of these studies applied SVM
classifiers to behavioral data of gait analysis,” fine-motor
force tracking,”” and analysis of wearable accelerometer sen-
sors®® or joint movement,* and even the recorded voice.*’

The only previous SVM application to MR imaging data in
the domain of PD analyzed VBM-preprocessed gray matter in
21 patients with PD, 11 with progressive multisystem atrophy
and 10 with PSP, and 22 healthy controls.*! The best classifi-
cation accuracy up to 96.8% was obtained for PSP versus PD,
while the accuracy was 71.9% for MSA versus PD. However,
patients with PD could not be discriminated from controls.
These classification accuracies are consistent with the clinical
neuroradiologic experience because PSP has the most pro-
nounced visible alterations in brain MR imaging with atrophy
of the mesencephalon referred to as the “penguin” or “hum-
mingbird” sign,** while changes in progressive multisystem
atrophy are already less pronounced and, as discussed above,
PD-associated changes are very subtle.

Neuroradiologic research has been dominated for decades
by group studies. The patient groups for such studies should
ideally be preselected to have homogeneous and matched
groups with typical disease. This is fundamentally different for
individual-level classification studies because the preselection
of cases might systematically confound the performance of a
classifier in a typical clinical setting consisting of unselected
and consecutive cases. The preselection of an “artificially” ho-
mogeneous atypical Parkinsonism group would train the clas-



sifier to detect regions that best discriminate idiopathic PD
versus the group of preselected atypical Parkinsonism, yet
these regions are not necessarily those that best discriminate
between idiopathic PD versus unselected and consecutive pa-
tients with suspected PD in a clinical setting. Note the preva-
lence of these diseases is very different. According to Medscape
(http://emedicine.medscape.com), the prevalence in the United
States of, for example, progressive multisystem atrophy is
1.9-4.9 cases per 100,000 population (http://emedicine.
medscape.com/article/1154583-overview#a0199), yet around
120 (range, 18-328) in PD (http://emedicine.medscape.com/
article/1154583-overview).

With respect to a potential clinical application of a classi-
fier, the study populations should ideally match the prevalence
of the diseases: A very high accuracy of detection of a very rare
disease may overestimate, while the incorrect classification of
arare disease may underestimate, the classification accuracy in
“real-world” data. Moreover, preselection of patients typically
results in the inclusion of “classic” cases, which may have
stronger disease-related alterations, while “real-world” data
may contain fewer “classic” cases. In other words, the prese-
lection of patients with specific diseases might represent a sys-
tematic confound with respect to the performance of a classi-
fier in “real-world” data, and we consequently included
consecutive unselected patients from our institution.

Most previous applications of the SVM classification to
brain MR imaging data were performed on gray matter VBM
data in the domain of Alzheimer disease*’ and mild cognitive
impairment,***® with classification accuracies between 75%
and 85%. One recent investigation also assessed DTI data in
the domain of mild cognitive impairment with accuracies over
95%,'? implementing equivalent methodology to that used in
the current investigation. This suggests that DTT might be a
very sensitive brain MR imaging parameter. Consistent with
this observation, several recent group-level investigations in
various neurodegenerative disorders demonstrated that white
matter DTT TBSS analysis is more sensitive than gray matter
VBM.**!? This does not necessarily imply that WM pathol-
ogy is more pronounced at a histopathologic level; it might
simply be a methodologic difference in data acquisition and
preprocessing sensitivity favoring white matter DTI TBSS over
gray matter T1-weighted-based VBM. Note that FA is a di-
rectly assessed absolute parameter between 0 and 1. In con-
trast, VBM is based on relative 3D T1-weighted values. VBM
consequently requires preprocessing that segments the brain
into different compartments to provide an indirect probabi-
listic gray matter probability per voxel. Additionally, at least
the major tracts of the white matter skeleton (TBSS) are gen-
erally more linear and have less interindividual variation com-
pared with the much more complex superficial gyral and sulcal
folding pattern (VBM), which might imply a different quality
of the spatial normalization of the data.

Limitations

The major limitation of the present investigation is the rela-
tively small number of cases, which may affect the results of the
SVM analysis, and we propose the current investigation as
preliminary data. In fact, the very high accuracy rates of indi-
vidual classification exceeded our expectations. Both training
and testing were performed on the same dataset. A simple split

of the data into 2 halves, by using one-half for training and the
other half for testing is problematic in small sample sizes such
as in the current study because this decreases the number of
instances to train the classifier, and the classification accuracy
might depend on the division of cases. The reported values
were obtained by a well-established 10-fold cross-validation in
which 9 parts were used for training and the remaining part
was used for testing the classifier. This procedure was repeated
10 times, so that each dataset was used once for testing. This
approach increases the sample size for the training of the clas-
sifier and at the same time reduces variation of the classifica-
tion results due to division of cases.

Even though this cross-validation approach is a standard
method in the field of machine learning/multivoxel pattern
analysis and appropriate for the number of subjects involved
in our study, the present results are too optimistic, related to
some degree of overfitting of the data. Future validation of the
present findings is warranted in a larger and independent sam-
ple, which ideally should be acquired on different MR scan-
ners. The consecutive and unselected composition of the
Other group is another limitation, yet the rationale behind this
selection is discussed in detail above. Additionally, the nonlin-
ear (radial basis function-kernel) SVM does not provide an
easy-to-interpret weight vector to identify the most discrimi-
native brain areas. Another limitation is the retrospective na-
ture of the present study.

Conclusions

We propose the current study as the initial results that show
the feasibility of performing SVM individual classification of
DTI data in PD, which may merit future prospective and larger
scale follow-up studies.
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Abstract

Objectives To diagnose Parkinson disease (PD) at the indi-
vidual level using pattern recognition of brain susceptibility-
weighted imaging (SWI).

Methods We analysed brain SWI in 36 consecutive patients
with Parkinsonism suggestive of PD who had (1) SWIat3 T,
(2) brain '*I-ioflupane SPECT and (3) extensive neurological
testing including follow-up (16 PD, 67.4+6.2 years, 11 fe-
male; 20 OTHER, a heterogeneous group of atypical
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Parkinsonism syndromes 65.2+12.5 years, 6 female). Analy-

sis included group-level comparison of SWI values and

individual-level support vector machine (SVM) analysis.

Results At the group level, simple visual analysis yielded no

differences between groups. However, the group-level anal-

yses demonstrated increased SWI in the bilateral thalamus

and left substantia nigra in PD patients versus other Parkin-

sonism. The inverse comparison yielded no supra-threshold

clusters. At the individual level, SVM correctly classified

PD patients with an accuracy above 86 %.

Conclusions SVM pattern recognition of SWI data provides

accurate discrimination of PD among patients with various

forms of Parkinsonism at an individual level, despite the

absence of visually detectable alterations. This pilot study

warrants further confirmation in a larger cohort of PD patients

and with different MR machines and MR parameters.

Key Points

* Magnetic resonance imaging data offers new insights into
Parkinson’s disease

 Visual susceptibility-weighted imaging (SWI) analysis
could not discriminate idiopathic from atypical PD

* However, support vector machine (SVM) analysis provided
highly accurate detection of idiopathic PD

* SVM analysis may contribute to the clinical diagnosis of
individual PD patients

* Such information can be readily obtained from routine MR
data

Keywords Parkinson disease - SWI - Brain iron deposition -
SVM - Early diagnosis

Abbreviations

AD Alzheimer disease

DaTScan 123I-ioflupane SPECT

DN dentate nucleus (of the cerebellum)
DTI diffusion tensor imaging
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FA fractional anisotropy

GM grey matter

MCI mild cognitive impairment

MRI magnetic resonance imaging

MSA-P  Parkinson variant of multiple system atrophy

PD Parkinson disease

PSP progressive supranuclear palsy
RBF radial basis function

RN red nucleus

ROI region of interest

SMO sequential minimal optimisation
SN substantia nigra

SPECT single-photon emission computed tomography
SVM support vector machine

SWI susceptibility-weighted imaging

TBSS tract-based spatial statistics

TFCE threshold free cluster enhancement

VBM voxel-based morphometry

WM white matter

Introduction

Brain iron deposition has attracted increasing attention in
neurodegeneration, occurring during normal aging [1] but
being more marked in various neurodegenerative disorders
[2], in particular in mild cognitive impairment (MCI) and
Alzheimer disease (AD) [3-5]. Brain iron deposition has
been proposed to play a key role in the pathogenesis of
Parkinson disease (PD) [6, 7].

In the current investigation, we assessed recently introduced
susceptibility-weighted imaging (SWI) [8] in PD. Brain MRI is
routinely performed in the diagnostic work-up of suspected
PD, mainly to exclude other confounding abnormalities. An
uncommon alteration visible on conventional MRI involves
narrowing or disappearance of the pars compacta of the sub-
stantia nigra (SN) on T2 weighted-imaging [9], yet this sign
has low sensitivity and specificity, and contributes marginally
to the diagnosis of PD, in particular at an early stage.

Based on the assumption that PD is associated with
systematic brain SWI alteration, which is too subtle to be
detected by visual analysis, we used an advanced computer-
based analysis. It is important to distinguish PD from other
degenerative or secondary forms of Parkinsonism, in view
of'its long disease duration, its relatively good prognosis and
its remarkable response not only to dopaminergic agents but
also to deep brain stimulation, providing relief of motor
disability. This discrimination may sometimes be challeng-
ing based on clinical assessment alone, in particular in early
stages of the disease [10]. In order to achieve a potentially
clinically applicable diagnosis at the individual level, we
implemented a pattern recognition approach, which can be
illustrated by the example of face recognition. Individual

faces are not detected based on single features such as the tip
of the nose, ears or eyes, but by a combination of multiple
features, even though each individual feature may not be
significantly different between groups (review [11]). As the
most relevant clinical question is not the discrimination of
PD versus healthy controls, but the diagnosis of PD versus
other forms of Parkinsonism, we included 36 consecutive
community-dwelling subjects with suspected PD. Inclusion
criteria were brain '**I-ioflupane SPECT (‘DaTScan’) and
extensive neurological testing including long-term follow-
up as reference standard.

In particular, we addressed the question whether support
vector machine (SVM) [12] pattern recognition of SWI data
may contribute to the diagnosis of PD at an individual level.

Methods
Subjects

This retrospective study was approved by the local ethics
committee. We included all consecutive patients seen in our
institution between 2006 and 2010 with various forms of
Parkinsonism who met the following criteria: (1) SWlat3 T
during clinical workup, (2) brain '*’I-ioflupane SPECT
(‘DaTScan’) as reference standard, (3) extensive neurological
testing including clinical follow-up of at least 1 year and (4)
absence of evident morphological findings on brain MRI.

The final sample included 16 PD patients (PD, 67.4+
6.2 years, 9 female) and 20 patients with another form of
Parkinsonism (OTHER, 65.2+12.5 years, 8 female). Age,
sex and Fazekas score did not differ significantly between
the two groups.

For the PD group, a diagnosis of PD was made in the
presence of typical, asymmetrical and levodopa-responsive
Parkinsonism meeting the UK Parkinson’s Disease Society
Brain Bank criteria, including at least two supportive criteria
such as slow progression or peak-dose dyskinesia. PD was
moderately advanced (mean Hoehn & Yahr stage [13]: 2.3+
0.6), and none of these patients had atypical features, even
after at least 1 year of follow-up (mean follow-up duration:
6.4+3.3 years). In addition, all had an asymmetrical de-
crease of 'I-ioflupane uptake in the posterior aspect of
one or both putamen on SPECT. The OTHER group was
more heterogeneous, reflecting the prevalence of common
PD-mimicking conditions in the daily activity of a move-
ment disorders clinic. All of these patients exhibited Parkin-
sonism defined as the presence of bradykinesia associated
with resting tremor or rigidity. It included pathologies as
varied as multiple system atrophy (MSA, n=4), progressive
supranuclear palsy (PSP, n=1), dementia with Lewy body
(n=2), vascular Parkinsonism (n=1), atypical tremors (n=5)
and psychogenic Parkinsonism (z=2). In five cases, a firm
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clinical diagnosis could not be established at last assess-
ment, and these patients were labeled as having mixed
Parkinsonism.

MR Imaging

MR imaging was performed using a conventional clinical
3.0-T MR system (Magnetom Trio, Siemens, Erlangen,
Germany). We used a standard SWI sequence [8]: field of
view 352x448, 72 slices, voxel size 0.5x0.5%1.2 mm, echo
time TE 20 ms, repetition time TR 34 ms and 1 average.
Additional sequences (T1w, T2w, FLAIR) were acquired and
analysed to exclude major brain abnormalities. White matter
lesions were analysed according to the Fazekas score [14].

Statistical analysis

Age, ROI volume and ROI mean signal intensity were ana-
lysed in parametric unpaired t-tests, and gender and visual
rating of SWI in non-parametric unpaired Mann-Whitney
tests. P-values<0.05 were considered significant.

Visual Analyses

The presence of microbleeds was visually analysed because of
the near-random distribution. A visual rating scale (0-3) anal-
ysis [15] was applied to the SN, red nucleus (RN), dentate
nucleus (DN) of the cerebellum and putamen. The DN was
not covered in the investigated SWI volume in six subjects.

Voxel-wise analyses

The voxel-wise analyses were performed as in [5]. Pre-
processing of the SWI data was done in the FSL software
package [16]. All individual images were linearly trans-
ferred into Montreal Neurological Institute (MNI) standard
space using FLIRT (part of FSL). Since SWI images are
relative data, we performed intensity normalisation by nor-
malising each individual image with respect to the average
signal of the ventricular system [5].

Group-level analyses

Voxel-wise statistical analysis was performed in RANDOM-
ISE, part of FSL, corrected for multiple comparisons imple-
menting threshold-free cluster enhancement (TFCE)
considering fully corrected P-values<0.05 as significant [17].
Age and gender were used as non-explanatory co-regressors.
The linear spatial normalisation alignment of the infra-
tentorial structures was less accurate than for the supraten-
torial regions. In combination with the small volumes of the
SN and RN, these structures were additionally manually
segmented and analysed with respect to volume and mean
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signal intensity. This manual segmentation was performed
on the spatially normalised data, which already compensate
for differences in global brain volume.

Individual-level SVM analysis

The individual SVM classification analysis is identical to
previous studies [5, 18] and analysed in the freely available
WEKA software package (http://www.cs.waikato.ac.nz/ml/
weka, Version 3.6.1). In a first step, we performed a “Relief”
[19] feature selection because not all voxels discriminate
between groups. Both the inclusion of non-discriminative
voxels and the exclusion of discriminative voxels reduce the
classification accuracy. We selected the top 100, 250, 500, 750
and 1,000 features, implementing ten-fold cross validation.
The second step consisted of the SVM classification sequen-
tial minimal optimisation (SMO) [20] with a radial basis
function (RBF) kernel [21]. There are two fundamental
parameters. GAMMA represents the width of the radial basis
function, and C represents the error/trade-off parameter that
adjusts the importance of the separation error in the creation of
the separation surface. Based on our previous experience of
similar analyses in the domain of mild cognitive impairment,
which showed best results for C=1 [5, 18], GAMMA was
iteratively explored from 0.01 to 0.09, with an increment of
0.01, while C was fixed to 1.00. We performed ten repetitions
of a ten-fold cross validation technique.

Results
Visual analysis

Only one patient (of the PD group) had one microbleed. Due
to the small number of microbleeds, no additional statistical
analyses were performed.

There was no significant difference in the visual rating
scale [15] between groups (Fig. 1).

Group-level analyses

PD versus OTHER patients had increased SWI values in the
bilateral, right-dominant thalamus (Fig. 2, Table 1). The
inverse comparison yielded no supra-threshold clusters.
The additional ROI analysis in SN and RN yielded no
significant difference in volume between groups, yet signif-
icantly (P<0.05) increased signal intensity in PD versus
OTHER in the left SN (Fig. 3).

Individual-level SVM analysis

SVM analysis of SWI provided a correct classification of
PD versus OTHER with an accuracy of up to 86.92+
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Fig. 1 Visual rating of SWI in PD. In accordance with a previous
investigation [15], the SWI in substantia nigra (SN), red nucleus (RN)
and dentate nucleus (DN) of the cerebellum and putamen was visually
assessed and graded from 0-3. There was no significant difference in
this visual rating score between PD versus OTHER. Average visual
rating score separated into left and right for PD (dark grey) and
OTHER (light grey). Error bars indicate standard deviation

16.59 % (Table 2). The spatial distribution of the most
discriminative voxels (features) overlapped substantially
with the results of the group-level analysis in particular in
thalamus bilaterally, while additional discriminative voxels

were identified in bilateral head of caudate nucleus (Fig. 2).

Discussion

Computer-based SVM analysis of brain SWI data provided
an accurate individual detection of PD patients despite the
absence of visually detectable differences. Given the exten-
sive use of brain MRI during routine clinical workup of
Parkinsonism and the operator-independent and almost au-
tomatic post-processing of the data, this analysis features
casy applicability and significant benefit at the bedside. The
method is not intended to replace but to complement exist-
ing tests, ideally as combined multi-modal assessment in-
cluding other imaging parameters such as 3DT1 and DTI as
well as laboratory, neurological testing, nuclear medicine,
etc., to further improve accuracy and robustness of an indi-
vidual diagnosis of PD.

Visual analysis of SWI images in PD

In the investigated sample, only one microbleed was pres-
ent. The presence of microbleeds thus does not represent a
clinically useful parameter for the discrimination PD versus
other forms of Parkinsonism.

Fig. 2 Voxel-wise SWI analysis in PD. PD patients versus OTHER
had increased signal intensity in bilateral, right-dominant thalamus
(red). The inverse comparison yielded no supra-threshold clusters.
The most discriminative voxels (features) identified using the RELIEF
feature selection algorithm, which are the basis for the individual-level
SVM analysis, are illustrated for comparison in blue. Note the good
overlap despite the fundamentally different methodology. Compared to
the group-level voxel-wise analysis, the RELIEF additionally identi-
fied bilateral head of caudate nucleus as discriminative regions. These
regions also displayed a trend in the group-level analysis, which did
not reach multiple comparisons corrected significance. Axial slices at
the indicated position in MNI (Montreal Neurological Institute) stan-
dard space coordinates (radiological convention with right hemisphere
on left hand side). Grey: Mean SWI value. Threshold-free cluster
enhancement (TFCE) corrected for multiple comparisons at P<0.05.
Supra-threshold voxels were enlarged using TBSS fill (part of FSL) for
illustrative purposes

The previously proposed semi-quantitative visual rating
scale in PD [15] found no significant difference between
groups. The original study included 11 patients with PD, 12
with PSP, 12 with the Parkinson variant of MSA (MSA-P)
and 11 healthy controls. The RN discriminated PSP from
PD and MSA-P. The putamen differentiated PSP from PD.
The rating score could however not differentiate MSA-P and
PD. In conclusion, the score proposed in this study appeared
best suited to detect PSP, while the visual rating was not
sufficient to discriminate PD from the other forms of Par-
kinsonism. Our results are in agreement with these findings.

Group-level analysis of SWI

The voxel-wise analysis of the SWI images yielded signifi-
cantly increased SWI values in PD patients versus other
Parkinsonism in bilateral, right-dominant thalamus. The addi-
tionally performed ROI analysis, which was performed be-
cause of the inaccuracy of automatic spatial normalisation in
the infratentorial region in relation to the small size of SN and
RN, demonstrated a significant increase of the physiological
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Table 1 Lists all significant voxels in SWI signal intensity between PD and OTHERS. Significant TFCE corrected differences were observed for PD
versus OTHERS in bilateral thalamus, while the inverse comparison of OTHER versus PD yielded no supra-threshold clusters

Cluster Voxels Z-MAX Z-MAX X Z-MAX' Y Z-MAX Z Z-COG X Z-COGY Z-COG Z Side Anatomic
index (mm) (mm) (mm) (mm) (mm) (mm) location
PD > OTHER

1 1705 0.997 9 -21 -1 14.6 -21 5.16 right thalamus
2 194 0.988 -11 -29 -12 -26 5.81 left thalamus
3 14 0.964 -16 -32 -16.1 -29.8 7.5 left thalamus
OTHER > PD

No supra-threshold voxels

Cluster index = number of cluster, voxels = number of supra-threshold voxels in cluster, Z-MAX = maximum Z value (or 1 - p-value) within each
cluster, Z-MAX X,Y,Z = location of maximum p-value per cluster in MNI standard space (X, Y, Z) and Z-COG X,Y,Z = centre of gravity of the

cluster in MNI standard space (X, Y, Z), side and anatomic location

low SWI signal in the left SN in PD patients, and a clear yet
non-significant trend in the contralateral SN. This observation
is in agreement with previous studies [15]. This asymmetry
might be related to Parkinsonism being clinically more prom-
inent on the right in the majority of PD patients (12 right
versus 4 left dominant parkinsonism).

Only few previous studies used SWI to assess brain iron
deposition in PD. The visual analysis study of SWIat 1.5 T
discussed above showed brain iron in the putamen, SN, RN
and DN in PD patients (and healthy controls) compared to
MSA-P and PSP patients [15]. Another SWI study at 1.5 T
in 16 PD, 8 MSA-P patients and 44 age-matched healthy
controls used manually defined ROIs. MSA-P patients had
higher iron deposition in the putamen and thalamus [22].
Both investigations are in principle agreement with our
results.

SWI-derived phase shift values were analysed using a
ROI approach in 40 patients with PD without dementia and
26 controls [23]. The SN was the only region that differed

Volume
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1000 ‘ ‘
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400
0

left RN right RN left SN right SN
®PD " OTHER

Fig. 3 ROI analysis of red nucleus and substantia nigra. The region of

interest analysis of red nucleus (RN) and substantia nigra (SN) yielded
no significant difference in volume between groups (A). Concerning
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between PD and controls. Huang et al. evaluated SWlat3 T
in 30 PD patients and 19 controls in a manual ROI analysis
[24]. The mean phase values of both the SN and globus
pallidum differed significantly between the PD group versus
normal controls. Three studies focussed more on methodo-
logical aspects. A study in 51 patients with symptoms of PD
compared several pulse sequences at 3 T to assess brain
iron concentrations [25]. SWI contrast correlated well
with brain iron concentration. One study assessed SWI-
derived phase radians in 42 PD patients and 30 control
subjects at 1.5 T, and demonstrated lower phase radians
of the SN, caudate nucleus and RN in PD patients [26].
Finally, SWI-derived phase shift was assessed at 3 T in
12 PD patients and 5 controls [27]. Most of these
studies provide group-level results; application of these
findings in daily clinical neuroradiology is therefore
limited.

The group-level comparisons in the current investigation
should be interpreted with caution because of the composition

Signal intensity
1000
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Y
850 ‘
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700

left RN right RN left SN* right SN
EPD " OTHER

signal intensity, there was a uniform tendency of increased signal
intensity in PD (dark grey) versus OTHER (light grey), which was
significant (P<0.05) in left SN
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Table 2 Individual SVM classification of PD based on SWI

SVM classification

16 PD, 20 OTHER-NULL classification accuracy 55.6 % (20/36)

No. of features Accuracy TP rate FP rate TN rate FN rate
100 86.92(16.59) 0.87(0.28) 0.14(0.23) 0.87(0.23) 0.13(0.28)
250 82.83(18.38) 0.87(0.28) 0.21(0.28) 0.79(0.28) 0.13(0.28)
500 83.42(18.18) 0.87(0.28) 0.20(0.27) 0.80(0.27) 0.13(0.28)
750 81.58(18.44) 0.83(0.31) 0.20(0.26) 0.81(0.26) 0.18(0.31)
1000 82.25(18.98) 0.81(0.32) 0.17(0.26) 0.83(0.26) 0.19(0.32)

Accuracy, true positive (TP), false positive (FP), true negative (TN) and false negative (FN) rates for individual classifications using a SVM
classifier using the indicated number of selected features for the individual classification of PD versus OTHER. Note that the accuracy is calculated
as average accuracy of ten repetitions using ten-fold cross validation (average and standard deviation)

of the control group. The focus of the current investigation
was the individual diagnosis of PD subjects. The clinically
relevant analysis was thus oriented towards detection of PD in
a group of individuals with a variety of PD-like conditions.
The inclusion of healthy controls would have been irrelevant
in this context. Even a classifier that perfectly discriminates
between confirmed PD and healthy controls does not neces-
sarily discriminate between PD and other forms of Parkinson-
ism. Indeed, the group composition of the control group may
influence the performance of a classifier depending on the
prevalence of each condition. For example, the frequency of
PD (69.6 % of Parkinsonian syndromes) is approximately 22
times higher than the prevalence of MSA (3.2 %) [28]. This
means that a “dummy” or null classifier that simply always
gives the diagnosis of PD would obtain 95 % accuracy for the
correct diagnosis of PD versus MSA in a community-dwelling
sample. The pre-selection of patients with specific diseases
might represent a systematic confound with respect to the
performance of a classifier in the clinical setting, and we
consequently included consecutive, unselected patients from
our institution. Moreover, the presence of a '**I-ioflupane
SPECT was an inclusion criterion in this study, but this is
not available in healthy controls because of radiation
exposure. The apparent disadvantage of using unselected
consecutive patients is that it is difficult to interpret
group-level results. We present these group-level results
mainly to visualise detectable SWI changes between PD
versus OTHER as the basis for the individual-level
pattern recognition analysis.

Individual-level SVM classification analysis

In order to obtain an individual discrimination of PD sub-
jects, we adopted a complex methodology including a spa-
tial and intensity normalisation of SWI data, feature
selection of the most discriminative voxels, and subsequent
SVM classification [5, 18]. The best classification accuracy
was about 86 %.

The already-discussed manual ROI analysis study by
Huang et al. evaluated SWI at 3 T in 30 PD patients and
19 age-matched normal controls [24]. The best diagnostic
accuracy for the detection of PD was 59.2 % (29/49), which
is actually close to the null classification accuracy. The other
study by Wang et al. [22] analysed SWI phase shift in
manually defined ROIs in 16 PD, 8 MSA-P and 44
age-matched healthy controls. The putamen provided
the best differentiation of MSA-P versus PD with an
area under the curve of 0.92, which translates into a
sensitivity of approximately 90 % and a specificity of
approximately 82 %. The approach of voxel-wise data
preprocessing followed by SVM classification described
in this study is operator independent and nearly auto-
matic, and yielded higher classification accuracy com-
pared to these manual ROI investigations. Moreover, as
discussed above, the pre-selection of specific diagnoses
such as MSA-P, which do not mirror the prevalence of
these conditions in a community-dwelling sample, may
systematically confound the results of such classification
analyses with respect to potential clinical applications in
prospective, unselected cases.

It is noteworthy that SVM [12] analyses for individual
classification are fundamentally different from the group-
level ROI or voxel-wise analyses discussed above. Such
voxel-wise analyses are univariate tests, which separately
analyse each included ROI or voxel between two (or more)
groups. Given the multiple tests for voxel-wise analyses, it
is necessary to implement a correction for multiple compar-
isons as a second step. By comparison, individual-level
SVM analyses are multivariate tools that originate from a
field called “machine learning” or multi-voxel pattern anal-
ysis (MVPA), a branch of artificial intelligence. The aim is
to identify patterns that allow for the discrimination of
individual subjects. There is only one resulting parameter
per subject; hence, there is no need for corrections for
multiple comparisons (review [11]). There are only a few
previous applications of SVM classification in the domain
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of PD. The majority of these studies applied SVM classifiers
to behavioral data of gait analysis [29], fine motor force
tracking [30], analysis of wearable accelerometer sensors
[31] or joint movement [32], and even voice recording
[33]. The only previous SVM application to MRI data in
the domain of PD analysed VBM pre-processed grey matter
in 21 PD, 11 MSA-P and 10 PSP, and 22 healthy controls
[34]. The best classification accuracy up to 96.8 % was
obtained for PSP versus PD, while the accuracy was
71.9 % for MSA versus PD. PD could not be discriminated
from controls. These classification accuracies are consistent
with the clinical neuroradiological experience that PSP has
the most pronounced visible alterations in brain MRI with
selected atrophy of the mesencephalon, referred to as the
“king penguin” or “hummingbird” sign [35], while changes
in MSA-P are more subtle and PD-associated changes are
almost always absent. Concerning analyses of white matter
derived from diffusion tensor imaging (DTI) data, there are
currently no SVM investigations in the domain of PD.
However, a previous stepwise logistic regression analysis
study discriminated PD versus PSP based on apparent dif-
fusion coefficient (ADC) values in ROIs in the basal gan-
glia, notably the putamina, with a sensitivity of 90 % and a
positive predictive value of 100 %, while this region did not
discriminate between PSP and MSA-P [36]. Another related
study demonstrated that ADC discriminates between MSA-
P versus PD and controls, yet not between PD and controls
[37]. Assessment of SWI may be a complimentary parame-
ter with respect to the discussed VBM grey matter and DTI
white matter data. Ideally, a classification analysis should
integrate multiple imaging contrasts e.g., Tlw VBM, DTI
and SWI, preferably in combination with other parameters
such as gait analysis, laboratory tests, neuropsychology, etc.,
with the intention to further increase the accuracy and ro-
bustness of individual diagnosis. It is however not trivial to
optimise such multimodal classification analyses, which is a
domain of current research. The SVM analysis can be per-
formed on standard computer hardware within minutes us-
ing free software, which is thus eventually potentially
applicable in a clinical routine setting.

Limitations

The major limitation of this investigation is the relatively
small sample size. The high accuracy rates of individual
classification exceeded our expectations. These values were
obtained by a well-established ten-fold cross validation
where nine parts are used for training and the remaining
part is used for testing the classifier. Even though this cross-
validation approach is an appropriate method and for the
number of subjects involved in our study, the present results
seem too optimistic, probably related to some degree of
overfitting of the data. Moreover, we first performed a
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feature selection. The rationale behind this approach is that
not all voxels discriminate between groups and the inclusion
of non-discriminative voxels will decrease classification
performance. Also, the number of voxels without feature
selection clearly exceeds the number of subjects. This pro-
cessing chain of feature selection followed by SVM classifi-
cation was successfully applied in a few recent investigations
[5, 18, 38], but it might still contribute to some degree of
overfitting of the data. We present our data as a pilot study
showing the feasibility of this methodology in the domain of
Parkinson disease. Additional validation in larger independent
data sets, which should be ideally acquired on different MR
systems, field strengths and MR parameters, which might
influence the image contrast [39], is warranted to confirm
the present findings.

Most previous research-oriented SWI studies used phase
images [40]. These phase images are not used for clinical
diagnosis and are infrequently stored on image servers. We
analysed SWI images taking into account that these SWI
images correspond to relative values and that iron deposi-
tion is not the only origin for lower SWI values. Other
origins of decreased SWI values include haemorrhage, cal-
cifications, post-operative debris and deposition of other
metals. We normalised the SWI images with respect to the
water signal in the cerebrospinal fluid, inferring a constant
SWI value in water [5]. A recent study compared several
pulse sequences at 3-T MRI implementing a similar ap-
proach showed that SWI correlates well with brain iron
content [25]. Although this approach is less direct than the
analysis of the phase images, it allows for a wider applica-
tion of the presented analysis strategy.
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Abstract

Purpose To assess correlations between the degree of dopa-
minergic depletion measured using single-photon emission
computed tomography (SPECT) and different clinical param-
eters of disease progression in Parkinson’s disease (PD).
Methods This retrospective study included 970 consecutive
patients undergoing '**I-ioflupane SPECT scans in our insti-
tution between 2003 and 2013, from which we selected a
study population of 411 patients according to their clinical
diagnosis: 301 patients with PD (69.4+11.0 years, of age,
163 men) and 110 patients with nondegenerative conditions
included as controls (72.7+8.0 years of age, 55 men). Com-
prehensive and operator-independent data analysis included
spatial normalization into standard space, estimation of the

Keypoints * Disease stage and disease duration have different
spatiotemporal patterns of dopaminergic depletion in PD.

« 'ZLoflupane uptake in the striatum decreases exponentially with
disease stages.

« Disease stage correlates particularly with uptake in the head of the
caudate nucleus with ipsilateral predominance.

123 joflupane uptake in the striatum decreases linearly with disease
duration.

* Disease duration correlates particularly with uptake in the anterior
putamen with contralateral predominance.

* The operator-independent spatial normalization of '*I-ioflupane
SPECT scans provides a reference database for research and clinical stud-
ies based on a large sample of 411 patients.
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mean uptake values in the striatum (caudate nucleus + puta-
men) and voxel-wise correlation between SPECT signal inten-
sity and disease stage as well as disease duration in order to
investigate the spatiotemporal pattern of the dopaminergic
nigrostriatal degeneration. To compensate for potential inter-
actions between disease stage and disease duration, one pa-
rameter was used as nonexplanatory coregressor for the other.
Results Increasing disease stage was associated with an expo-
nential decrease in '**I-ioflupane uptake (R’=0.1501)
particularly in the head of the ipsilateral caudate nucleus
(»<0.0001), whereas increasing disease duration was associ-
ated with a linear decrease in '**I-ioflupane uptake
(<0.0001; R°=0.1532) particularly in the contralateral ante-
rior putamen (»p<0.0001).
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Conclusion We observed two distinct spatiotemporal patterns
of posterior to anterior dopaminergic depletion associated
with disease stage and disease duration in patients with PD.
The developed operator-independent reference database of
411 '"I-ioflupane SPECT scans can be used for clinical and
research applications.

Keywords Parkinson’s disease - '*’I-ioflupane SPECT -
Voxel-wise analysis - Disease duration - Disease stage

Introduction

Over the last two decades, '*’I-ioflupane SPECT has
become a routinely used tool for the diagnosis of
Parkinson’s disease (PD). It has proved particularly use-
ful in distinguishing PD and other degenerative forms of
parkinsonism from nondegenerative movement disorders
such as essential tremor, dystonia, drug-induced parkin-
sonism and many others [1-6]. It may also serve as a
powerful instrument for the in vivo clinical investigation
of the pathophysiological mechanisms underlying this
neurodegenerative disorder. The technique involves a ra-
dioactive ligand ('*’I-ioflupane) of the presynaptic dopa-
mine transporter (DAT), which has been shown to reflect
degeneration of the dopaminergic nigrostriatal pathway
in PD [3, 7, 8]. More recently, several investigations
have assessed a potential link between '*’I-ioflupane
SPECT data and progression of PD, and have shown a
negative correlation between striatal '**I-ioflupane up-
take and disease stage [3, 7, 9—11]. However, most of
these studies included a relatively limited number of pa-
tients (16 PD vs. 10 controls [7], 41 PD [9], 32 PD wvs.
24 controls [10], 19 PD [11], 103 PD [3]) and analysed
manually defined regions of interest (ROI).

Our present study included a unique cohort of 301 PD and
110 control patients identified from among 970 consecutive
patients scanned using the same SPECT apparatus and follow-
ing the same acquisition protocol in our institution between
2003 and 2013. We conducted an operator-independent voxel-
wise analysis in order to evaluate the correlation between
striatal uptake of '*I-ioflupane and disease duration and dis-
ease stage in patients with PD at a high spatial resolution.

Materials and methods

Participants

The local ethics committee approved this retrospective study,
which included 970 patients who had consecutively under-

gone a brain '**I-ioflupane SPECT scan in our institution be-
tween October 2003 and September 2013. From this cohort,
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we identified 411 patients who met the following criteria: (1) a
visually assessed brain '*I-ioflupane SPECT scan, (2) exten-
sive neurological testing and follow-up, (3) a well-established
diagnosis of PD (patient group) or a neurological disorder
known to spare the nigrostriatal dopaminergic system (control
group), and (4) the absence of structural abnormalities on
brain MR

In the PD group, the diagnosis was established by a
trained movement disorders specialist following the UK
Parkinson’s Disease Society Brain Bank criteria. Criteria
included the presence of bradykinesia associated with at
least one of the following three criteria: 4—6 Hz resting
tremor, rigidity or postural instability. Supportive fea-
tures included, among others, unilateral onset, progres-
sive course, an excellent and sustained response to levo-
dopa or typical levodopa-induced dyskinesia. Of note,
patients exhibiting atypical features suggesting another
form of degenerative parkinsonism, such as multiple sys-
tem atrophy, progressive supranuclear palsy or
corticobasal degeneration, or secondary parkinsonism
such as vascular parkinsonism or normal pressure hydro-
cephalus were all excluded. Importantly, while '*’I-
ioflupane SPECT data were not used to establish a spe-
cific diagnosis of PD, an abnormal scan was required to
confirm degenerative parkinsonism. Accordingly, in the
PD group,'**I-ioflupane SPECT typically showed an
asymmetrical reduction in striatal uptake more marked
in the putamen than in the caudate nucleus. PD patients
were staged according to the Hoehn and Yahr (H&Y)
classification, from mild and unilateral (stage 1) to ad-
vanced and bilateral disease stages (stages 4 and 5) [12].
The control group included patients who had had a '** I-
ioflupane SPECT scan to assess an unusual tremor, un-
clear parkinsonism or other movement disorder of uncer-
tain origin, and whose scan turned out to be normal. This
control group therefore included patients with essential
tremor, drug-induced parkinsonism, psychogenic parkin-
sonism and various conditions known to be associated
with an unaltered nigrostriatal pathway.

Demographic and clinical data

The control group comprised 110 patients (age 72.7+
8.0 years, 55 men). The patient group comprised 301
PD patients stratified as follows: H&Y stage 1 (43 pa-
tients), H&Y stage 2 (142 patients), H&Y stage 3 (83
patients), H&Y stage 4 (19 patients) and H&Y stage 5
(13 patients; Table 1). As expected, there were signifi-
cant differences between adjacent groups regarding age
except between group H&Y stage 3 and 4 (p=0.471) and
between H&Y stage 4 and 5 (p=0.965). Statistical anal-
ysis did not reveal any significant differences among the
groups in terms of gender.
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Table 1 Demographic and clinical characteristics

Control  Hoehn and Yahr stage

group

1 2 3 4 5
Sex (m/f) 55/55 18/25 (n.s. vs. control) 85/58 (n.s. vs. stage 1) 42/41 (n.s. vs. stage 2)  9/10 (n.s. vs. stage 3) 9/4 (n.s. vs. stage 4)
Age (years) 72.7+8.0 62.3+11.3 67.8+10.9 73.5+£8.9 75.2+10.2 75+9.5
(p<0.01 vs. control) (p<0.05 vs. stage 1) (»<0.001 vs. stage 2) (n.s. vs. stage 3) (n.s. vs. stage 4)

Disease duration — 2.1+23 3.8+5.0 5.1+4.4 53+4.7 7.1+£6.0

(years)

n.s. not significant

SPECT image acquisition

After blocking thyroid uptake with either Lugol solution
or sodium perchlorate, about 185 MBq of '**I-FP-CIT
was administered intravenously. SPECT images were ac-
quired 4 h after injection on a triple-head gamma camera
(Toshiba Medical Systems, Tokyo, Japan) and fan-beam,
low-energy, high-resolution collimators. Images were ac-
quired in steps of 6° over 360° and a 128 x 128 matrix.
Patients were positioned using a head holder to minimize
head motion. Images were corrected for scatter using a
triple-energy window method and for photon attenuation
using a 0.15/cm uniform coefficient. Dopaminergic
agents were not discontinued. All images were recon-
structed using Toshiba GMS software version 5 with
the same reconstruction algorithms and parameters. More
details have been provided by Garibotto et al. [13].

MR image acquisition

MR imaging was performed over a period of 10 years as
part of routine clinical work-up. This explains the vari-
able MR protocol, but all patients had at least T2 imag-
ing, fluid attenuation inversion recovery imaging and
diffusion-weighted imaging or diffusion tensor imaging
to rule out structural brain lesions. Moreover, white mat-
ter lesions were assessed according to the Fazekas scale
[14]. A group of 103 patients had an additional high-
resolution Magnetization Prepared Rapid Gradient Echo
(MPRAGE) 3D T1 brain magnetic resonance scan as part
of clinical routine using a 3.0-T MR system (Magnetom
Trio; Siemens, Erlangen Germany) with the following
parameters 256 X256 matrix, 176 sections, 1x1x1 mm,
TE=2.3 ms, TR=2.300 ms.

Statistical analysis

Statistical analyses were performed with GraphPad
Prism (version 6.0, www.graphpad.com) and FSL

(FMRIB Software Library, version 5.0, http://fsl.fmrib.
ox.ac.uk/fsl/fslwiki).

Image postprocessing

In a first step, we created a '*’I-ioflupane-specific template
based on 103 patients who had both a '*I-ioflupane SPECT
and a 3D T1 MPRAGE MRI scan. Each individual brain '*I-
ioflupane scan was linearly registered to the same patient 3D
T1 datausing FLIRT (FMRIB’s linear image registration tool,
part of FSL) [15, 16] and 6° of motion. Additionally, the 3D
T1 data from individual patients were nonlinearly registered to
the Montreal neurological institute (MNI) standard space by
running FNIRT (part of FSL). This nonlinear transformation
matrix was then applied to the individual '**I-ioflupane scans.
Finally, a '**I-ioflupane-specific template was generated by
merging and averaging all '*’I-ioflupane images (using
fslmerge and fslmeants, parts of FSL). In summary, this pro-
cedure created a nonlinear spatial normalization of the '**I-
ioflupane scan into standard space using the information from
the 3D T1 high-resolution MRI imaging in individual patients.
Similar procedures have been used successfully in previous
investigations [17, 18].

In a second step, all individual '**I-ioflupane SPECT scans
were spatially normalized to this '*I-ioflupane SPECT tem-
plate. In addition to the spatial normalization, the '*’I-
ioflupane SPECT scans were also intensity normalized by
subtracting the average signal in the occipital region as refer-
ence region to each individual '**I-ioflupane data by using
fslmaths (part of FSL). The resulting images were then divid-
ed by the average signal of the occipital region as described by
Garibotto et al. [13]. The occipital region mask was manually
created using fslview (part of FSL) on the
MNI152 T1 2mm_brain template.

To take into account the asymmetrical nature of PD,
using fslswapdim we flipped images in patients with pre-
dominantly left-sided clinical symptoms to have the clin-
ical predominance of the disease on the same side, so
that the right side of the images corresponded to the
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clinically less affected body side and the left side to the
more affected body side in all subjects including con-
trols. This was done after spatial normalization.

Analysis of mean '*I-ioflupane uptake

The mean '*’I-ioflupane uptake values were calculated
using a mask of the striatum. This striatal mask was
created using the Harvard Oxford subcortical atlas (in-
cluded in FSL) by combining the regions of the left and
right putamen and caudate nucleus using fslmaths. The
patients were grouped according to disease stage (de-
fined as the H&Y stage at the time of image acquisition)
and disease duration according to the time elapsed be-
tween the appearance of the first PD symptom and image
acquisition and as described below (Table 2). The mean
'23L-ioflupane uptakes in the striatal mask were calculat-
ed for each group as well as for controls using fsimeants.
Linear and nonlinear regression was applied to the mean
values (exponential one-decay linear regression). Note
that the control values were not taken into account by
the software for the operations described above.

Voxel-wise analysis of '*’I-ioflupane uptake

Voxel-wise analysis was performed by permutation test-
ing (n=5,000) using the randomise function (part of
FSL) and Threshold-Free Cluster Enhancement (TFCE)
error considering multiple comparison corrected p values
<0.05 corrected as significant [19]. The analysis was run
for both disease stage according to the H&Y stage and
disease duration in years since the first identified PD
symptom, investigating positive and negative linear cor-
relations. Note that for the correlation with disease dura-
tion, disease stage was used as a nonexplanatory
coregressor to compensate for a potentially confounding
effect of disease duration. The analysis was done simi-
larly for disease stage. Moreover, age and gender were
used as coregressors to compensate for potential effects
of age and gender. To assess the laterality of these re-
sults, we compared the voxel values in the striatum be-
tween the ipsilateral (right) side and the contralateral

(left) side for disease stage and disease duration using
unpaired ¢ tests. In order not to bias the results, the sta-
tistical analysis did not include the control group.

Results
Analysis of mean '*I-ioflupane uptake

Evolution of the average '*’I-ioflupane uptake showed a
posterior to anterior progression of the dopaminergic de-
pletion in the striatum, particularly the putamen, related
to disease stage (Fig. 1, top) and duration (Fig. 1, bot-
tom), but with two distinct patterns. We found an expo-
nential decrease in '**I-ioflupane uptakes with progres-
sive disease stage (R°=0.1509). Conversely, the '**I-
ioflupane uptakes decreased linearly with progressive
disease duration (p<0.0001; R°=0.1532).

Voxel-wise analysis of '>I-ioflupane uptake

The voxel-wise analysis revealed two different spatiotemporal
patterns of '*I-ioflupane uptake with increasing disease du-
ration and disease stage. Increasing disease duration correlated
with decreased uptake particularly in the anterior part of the
putamen with a contralateral predominance (p<0.0001). Con-
versely, increasing disease stage was correlated with de-
creased '*I-ioflupane uptake particularly in the head of the
caudate nucleus with an ipsilateral predominance (p<0.0001).
The voxel-wise analyses of disease duration and disease stage
were performed using the other parameter as coregressor in
order to exclude potentially confounding interactions between
these two factors (Fig. 2).

Discussion

We developed an operator-independent database of '*I-
ioflupane scans for research and clinical studies based on a
large sample of 301 consecutive PD patients and 110 controls
who underwent extensive neurological evaluation and follow-
up. Using this reference database, we demonstrated two

Table 2 Patient grouping
Disease duration

Disease stage

Duration (years) Group No. of patients H&Y stage Group No. of patients
0-1 1 99 1 1 43
1.25-2 2 61 2 2 143
2.5-5 3 62 3 3 83
6-9 4 42 4 4 19
>10 5 37 5 5 13
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Fig. 1 Mean '*L-ioflupane uptake as a function of increasing Hoehn and
Yahr disease stage (fop) and increasing disease duration (bottom)
superimposed on the Montreal Neurological Institute (MNI) standard
space (T1 2-mm brain transverse section, z=4). Top The normalized in-
tensities range from 1 (low intensity, red) to 3 (high intensity. yellow).

distinct spatiotemporal patterns of dopaminergic depletion in
PD. Overall, both disease duration and disease stage were
associated with progressive dopaminergic depletion in the stri-
atum, particularly the putamen, with a posterior to anterior
gradient, in accordance with the findings of many previous
studies. Interestingly, we found that increasing disease stage
was associated with an exponential dopaminergic depletion
particularly in the ipsilateral head of the caudate nucleus,
while increasing disease duration was associated with linear

Fig. 2 Correlations
corresponding to Hoehn and Yahr
stage (red) and disease duration
(blue) superimposed on the
Montreal Neurological Institute
(MNI) standard space (T1 2-mm
brain transverse section, z=4, and
coronal section, y=12)

123 Joflupane uptake decreases exponentially (R*=0.1501) with increas-
ing Hoehn and Yahr stage. Botfom The normalized intensities range from
1 (dark blue) to 3 (light blue). '**I-loflupane uptake decreases linearly
with disease duration (p<0.0001, R>=0.1532; group 1 short disease du-
ration, group 5 long disease duration)

dopaminergic depletion particularly in the contralateral ante-
rior putamen.

Disease stage
During the past two decades, several molecular imaging stud-
ies have assessed the link between progression of PD and

degeneration of the nigrostriatal dopaminergic system [3, 7,
9-11]. Most have observed a correlation between disease
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stage and deterioration of the signal obtained by in vivo neu-
roimaging assessment of the dopaminergic system either with
"¥F_-Dopa PET or with SPECT [3, 9, 10, 20-22], yet a few
studies have failed to confirm this correlation [23, 24]. Over-
all, in our study, we definitely observed a clear posterior to
anterior progression of dopaminergic depletion with increas-
ing disease stage, in agreement with the findings of previous
investigations [3, 25, 26]. Interestingly, Benamer et al.
assessed 41 PD patients with Hoehn and Yahr stages I to IV
and found a linear decrease in mean striatal uptake with in-
creasing disease stage based on a ROI approach in a cross-
sectional design [9]. Our results, obtained in a much larger
cohort of 301 PD patients and an operator-independent vox-
el-wise analysis, in contrast demonstrated an exponential de-
crease in striatal uptake. This difference might be related to
different scales for rating disease stage. Indeed, while
Benamer et al. [9] used the Unified Parkinson’s Disease Rat-
ing Score (UPDRS), we used the H&Y staging system, which
is far less sensitive to the effects of levodopa and other
antiparkinsonian medications.

The exponential decrease in striatal uptake with progres-
sive disease stage indicates a faster dopaminergic depletion in
early than in more advanced disease stages, following a steady
percentage of neuronal loss or a variable absolute value of
loss, more marked in the early phase of the condition. It is
noteworthy that the few neuropathological investigations that
have addressed this issue have indicated that the neuronal loss
occurring in the PD substantia nigra pars compacta seems to
follow a nonlinear exponential profile, as in our study, where-
by neuronal loss within the nigrostriatal system is massive
during the first few years after disease initiation and far less
pronounced afterwards [27, 28]. The large variability in the
data presented in Fig. 1b, d reflects the substantial interindi-
vidual variability of PD, as discussed by Benamer et al. [9].

In the majority of the investigations discussed above
ROI analysis was used, and this, because of poor spatial
resolution, may have biased the results. As a novel find-
ing, the operator-independent voxel-wise analysis applied
in this large cohort was able to show that uptake in the
head of the caudate nucleus appears to be correlated with
disease stage. This unexpected yet robust finding suggests
that the anterior striatum is also the site of an intense and
active degenerative process that takes place in more ad-
vanced stages of the disease, whereas the posterior stria-
tum sustains massive neurodegeneration earlier in the dis-
ease course, as supported by the nonlinear decrease in the
reduction of '*’I-ioflupane uptake. In addition, at later
stages, there might be a floor effect whereby ligand up-
take is so low that a further reduction may no longer be
captured. This finding is clinically meaningful as the cau-
date nucleus is essentially involved in the associative loop
of the basal ganglia circuitry, and may well play an im-
portant role in late cognitive features of PD, including
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executive dysfunction that is found in the vast majority
of patients, apathy, memory loss, cognitive decline and,
eventually, overt dementia.

Disease duration

In contrast to disease stage, few previous studies have inves-
tigated the correlation between striatal uptake and disease du-
ration. Overall, increasing disease duration was again associ-
ated with a posterior to anterior decrease in striatal '*’I-
ioflupane striatal uptake. In a longitudinal ROI-based study
in 32 PD patients and 24 controls, Marek et al. found a linear
decrease in striatal '?*I-B-CIT uptake [10]. Our operator-
independent analysis reproduced this linear decrease in dopa-
minergic depletion in PD patients with increasing disease du-
ration. As an additional finding, voxel-wise correlation anal-
ysis showed that the anterior part of the putamen was progres-
sively impaired with increasing disease duration, which, as
discussed in the previous section, can also be interpreted as
a later step in the nigrostriatal degenerative process, whereby
as structures become more affected with disease progression
following a caudorostral gradient, the precommissural stria-
tum undergoes rapid and severe degeneration later than the
postcommissural striatum where the degenerative process
has already slowed down.

Laterality

While it is commonly accepted that there is a good correlation
between the body side more affected by parkinsonism and a
more marked contralateral decrease in striatal uptake, some
previous investigations have shown partially conflicting re-
sults regarding the laterality of the dopaminergic depletion
[4,7,9, 11]. In the current study, we disentangled the interac-
tion of disease stage and duration. We were able to demon-
strate that increasing disease stage was correlated with a pre-
dominantly ipsilateral dopaminergic depletion particularly in
the head of the caudate nucleus, while increasing disease du-
ration was correlated with predominantly contralateral dopa-
minergic depletion particularly in the anterior putamen. This
complex interaction between disease stage and duration,
which was not compensated for in the investigations discussed
above, might explain the partially conflicting results among
the previous studies.

Strengths and limitations

The major strength of this study is the large sample size 0f 301
consecutive PD patients and 110 controls who were all
scanned in the same institution using the same protocol and
machine. Moreover, all postprocessing steps were operator-
independent, resulting in a reference database for clinical
and research applications. In order to compensate for
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potentially confounding effects between disease duration and
disease stage, we used the other parameter as a nonexplanato-
ry coregressor, i.e. analysing duration and controlling for
stage, and vice versa. Additionally, we used gender and age
as additional coregressor to compensate for the well-known
dopaminergic depletion linked to ageing [22, 24, 29, 30].

We used the H&Y scale [12] to assess disease stage.
This scale was established in 1967 in a very large cohort
of PD patients who were followed over 15 years at a
time when no effective treatment for PD was available.
Thus, the H&Y scale reflects the natural course of PD
independently of any therapeutic intervention. This five-
stage scale is easy to use and is therefore considered by
many movement disorder experts a robust scale to follow
disease progression, especially in later stages of the con-
dition. On the other hand, the UPDRS [31] was devel-
oped as a comprehensive instrument for the evaluation of
impairment and disability at a certain time point so that
outcomes among different clinical trials or any therapeu-
tic interventions could be directly compared. The
UPDRS is highly sensitive to dopaminergic treatments
and levodopa-responsive symptoms are particularly
weighted. Consequently, as the vast majority of our pa-
tients were chronically treated with antiparkinsonian
medications, and because an off-medication UPDRS
score was not available at the time of the scan, we de-
cided to rely on the H&Y staging system as a measure of
disease progression as it better reflects the long-term
stage of the disease and is less influenced by current
medication. It is noteworthy, however, that there is as
yet no ideal, validated and medication-insensitive clini-
cal scale specifically dedicated to the measurement of
disease progression in PD.

A limitation of the current investigation was its retrospec-
tive nature and the fact that patients were included from a
clinical setting with a nonstandardized clinical work-up. The
variable exposure to symptomatic medication in this clinical
study might have been another potential bias. However, sev-
eral studies have shown that standard antiparkinsonian treat-
ment does not significantly affect the data obtained by '*’I-
ioflupane SPECT [32-34]. A previous multicentre study
assessed 139 healthy controls [35] and another related study
from the same multicentre database assessed 122 healthy con-
trols focusing notably on ageing and gender differences [36].
In contrast to these studies, our database includes controls
and patients, and provides a voxel-wise rather than a region-
based analysis.

Finally, we believe that the findings of this study
may be clinically useful and may help clarify some
problematic situations at the bedside, for example dis-
crepancies between the patient’s perception of symptoms
and the SPECT data, development of PD-related cogni-
tive decline versus cognitive symptoms as side effects

of medication or even perhaps distinguishing between
the various degenerative forms of parkinsonism.
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Abstract (246 words)

Background

123|_joflupane single photon emission tomography (SPECT) is a very sensitive
and established imaging tool to detect alterations in the dopaminergic system
in Parkinson’s disease (PD) and atypical parkinsonian syndromes (APS), yet
the discrimination between PD and APS is limited based on visual inspection
or simple region of interest analyses. We applied advanced image analysis
techniques to discriminate PD versus APS.

Materials and Methods

This study includes 392 consecutive patients: 306 PD, 24 multiple system
atrophy (MSA), 32 progressive supranuclear palsy (PSP) and 30 corticobasal
degeneration (CBD) patients undergoing *?*l-ioflupane SPECT. Data analysis
included voxel-wise univariate statistical parametric mapping and multivariate
pattern recognition using linear discriminant classifiers. Classification analysis
was performed only within the striatum, only outside the striatum and using

the entire brain.

Results

MSA and PSP had less dopaminergic metabolism in bilateral head of caudate
nucleus as compared to PD and CBD, yet there was no difference between
MSA and PSP. CBD had higher dopaminergic metabolism in bilateral
putamen as compared to PD, MSA and PSP. Classification was significantly
above chance level for PD 45% (chance 30%), PSP 60% (chance 40%) and
CBD 47% (chance 34%) but not for for MSA. PSP had the highest
classification accuracy. Striatal and extra-striatal regions contain
classification information, yet the combination of both regions does not

significantly improve classification accuracy.

Discussion

PD, MSA, PSP and CBD have distinct patterns of dopaminergic depletion on
123|_flupane SPECT and can be discriminated based on multi-vector pattern
recognition with the exception of MSA.
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APS
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MSA
MVPA
PD
PSP
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atypical parkinsonian syndromes
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multiple system atrophy
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progressive supranuclear palsy
region of interest

single photon emission tomography

support vector machines
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Introduction

Parkinson’s Disease (PD) is the second most common neurodegenerative
disorder after Alzheimer’s Disease (AD) and has a prevalence ranging from 1-
2% in the population above 65 years of age (Alves et al., 2008; Tanner and
Goldman, 1996). In addition, several less common degenerative parkinsonian
syndromes exist, named atypical parkinsonian syndromes (APS)including
multiple system atrophy (MSA), progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD). While clinical discrimination between these
diseases can be done with high accuracy of about 90% by an experimented
movement disorders specialist at later stages (Hughes et al., 2002; Italian
Neurological Society et al., 2003), clinical symptoms may be overlapping
notably in early stages of the diseases, impeding the differential diagnosis
between PD and APS. This discrimination is however important with respect
to both treatment and prognosis. While PD patients typically respond well to
dopamine-based medication and have a slower progression, APS typically

respond less to treatment and have a worse outcome.

Neuroimaging may complement the clinical assessment. ***I-FP-CIT single
photon emission tomography (SPECT) is the most established clinical
imaging tool to assess the integrity of the dopaminergic system (Briicke et al.,
1997; Laruelle et al., 1994; Tissingh et al., 1997). This technique has a high
sensitivity to detect PD versus controls even in early stages of the disease,
however the pattern of alterations of the dopaminergic system are very similar
between PD and APS (Benamer et al.,, 2000; Briucke et al., 1997; Italian
Neurological Society et al., 2003; K&gi et al., 2010; Sixel-Déring et al., 2011).
Consequently, simple visual or region of interest (ROI) analyses do not allow
to differentiate PD patients from APS (Brooks, 2012; K&gi et al., 2010; Klaffke
et al., 2006; Kupsch et al., 2013; Marek et al., 2000; Pirker et al., 2000a).

The current investigation is based on the assumption that systematic but

subtle differences in *?*|-ioflupane SPECT exist between PD and APS, which

can be detected using advanced data analysis techniques. Accordingly,
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previous investigations applying support vector machines (SVM), a type of
Multi Voxel Pattern Analysis (MVPA), successfully discriminated PD from APS
patients based on MRI diffusion tensor imaging (DTI) (Haller et al., 2012), MRI
susceptibility weighted imaging (SWI) (Haller et al., 2013) and gait analysis
(Tahir and Manap, 2012). This SVM classification technique was also applied
to '#l-ioflupane SPECT data to discriminate 95 PD versus 94 controls
(Segovia et al., 2012) and to discriminate 56 PD versus 34 non-PD (essential
tremor and drug-induced parkinsonism) patients (Palumbo et al., 2014). A

comparison between PD and APS was not performed.

The present study includes a large cohort of 392 consecutive patients with a
clinical diagnosis of PD, MSA, PSP and CBD scanned on the same machine,
in the same center and with similar image acquisition and processing protocol,
over a period of 10 years. We performed univariate statistical parametric
mapping and multivariate pattern recognition classification analyses to test the
hypothesis that PD and APS have distinct patterns of dopaminergic depletion
on *2|-FP-CIT SPECT, which allows a clinically useful discrimination between

groups.

Materials and methods

Participants

The present retrospective study was approved by the local ethical committee
and includes 970 consecutive patients undergoing '#l-ioflupane SPECT
scanning in our institution between October 2003 and September 2013. Out of
this cohort, 392 participants met our inclusion criteria: 1) **I-ioflupane SPECT
of good image quality, 2) extensive neurological assessment and 3) follow-up
and 4) absent morphological findings on structural images based on magnetic
resonance imaging (MRI). UK Parkinson’s disease society brain bank criteria
were used for PD (Hughes et al., 1992). The presence of bradykinesia
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associated with one of the following criteria: rest tremor (4-6Hz), postural
instability or rigidity was necessary. Among others, a very good and sustained
response to Levodopa with or without appearance of typical Levodopa-
induced dyskinesia, unilateral onset and progressive course were considered
as supportive characteristics. This assessment was achieved by an
experienced movement disorder specialist.

Regarding APS, we used the second consensus statement for the diagnosis
of MSA (Gilman et al., 2008), the National Institute of Neurological Disorders
Society (NINDS) clinical research criteria for PSP (Litvan et al., 1996) and the
criteria for the diagnosis of CBD proposed by Boeve and colleagues (Boeve et
al., 2003).

It is important to keep in mind that the *#*l-ioflupane SPECT was not used to
confirm a specific diagnosis but to exclude non-neurodegenerative

parkinsonisms (eg. Drug-induced parkinsonism).

The final sample included 306 PD (age 69.42+11, disease duration 2.4+09,
164 males) 24 MSA (age 64.58+10.03, disease duration 3.2+3.1, 13 males),
32 PSP (age 72.94+8.26, disease duration 1.9+1.2, 21 males) and 30 CBD
(age 73.93+7.09, disease duration 2.4+1.8, 16 males). According to the
ANOVA multiple comparison test, there was no significant difference between
groups concerning the sex ratio. The ANOVA test revealed significant
differences between groups in terms of age (p=0.019) and disease duration
(p=0.007) (see table 1).

Table 1: Demaographic and clinical characteristics

Atypicals Stat.
PD MSA PSP CBD
Sexe (m/f) 164/142 13/11 21/11 16/14 n.s
Age (yr) 69.4+11 64.6+10 72.9+8.3 73.9¢7.1
Disease duration (yr) 2.4+0.9 3.2+3.1 1.9+1.2 2.4+1.8 *

Table 1 summarized the essential demographic data of the patient groups
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SPECT image acquisition

Sodium perchlorate or Lugol solution were preventively administered to the
patients in order to block thyroid uptake. Then, the patients were scanned on
a triple-head gamma-camera (Toshiba Medical Systems, Tokyo, Japan) with
fan-beam, low-energy, high-resolution collimators, 4 hours after intravenous
injection of about 184 MBq of **I-FP-CIT. The images acquisitions were
performed in frames of 6 degrees over 360 degrees with a matrix of 128 x
128. A head holder was used to prevent movement’s artifacts. The correction
for scatters was performed with a triple-energy window method. A 0.15/cm
uniform coefficient was applied for photon attenuation. The more detailed
procedure can be found in (Garibotto et al., 2013).

MR image acquisition

Variable MRI protocols were performed following clinical routine procedure
due to the fact that they were acquired over a period of 10 years. However a
minimum of a T2, fluid attenuation inversion recovery (FLAIR) and diffusion
weighted imaging (DWI) or diffusion tensor imaging (DTI) were available in all
participants to exclude structural brain lesions. In addition, the integrity of
white matter was checked regarding to the Fazekas score (Fazekas et al.,
1987).

103 patients had in addition a high-resolution Magnetization Prepared Rapid
Gradient Echo (MPRAGE) 3DT1brain scan performed on 3.0 tesla MR system
(Magnetom Trio, Siemens, Erlangen Germany) as part of clinical routine
protocol (256x256 matrix, 176 sections, 1x1x1 mm3, TE=2.3ms,
TR=2300ms.).This subsample was used to build a ***l-ioflupane SPECT
template in Montreal Neurological Institute (MNI) standard space as described
earlier (Garcia-Gomez et al., 2013; Kas et al., 2007)
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Statistical analyses

FSL (FMRIB Software Library version 5.0 http://fsl.fmrib.ox.ac.uk/fsl/fslwiki),
Graphpad Prim (version 6.0, www.graphpad.com), and Matlab (version
R2014a) were used for statistical analyses and classification.

Image post-processing

The initial step was to generate a ?*|-loflupane specific template using a
group of patients having both a normal '#I-loflupane scan and a high-
resolution 3DT1 MPRAGE MRI. The SPECT images were linearly registered
to the MRI images of each patient by running the FLIRT function in FSL
(FMRIB’s linear image registration tool, part of FSL) with 6 degrees of
freedom (Jenkinson et al., 2002; Jenkinson and Smith, 2001). Then, the
structural data were normalized by non-linearly registration to the Montreal
Neurological Institute (MNI) standard space using the FNIRT function (part of
FSL). This matrix was then applied to the functional data of each individual
patient. The last step of the template creation was to merge all the normalized
SPECT images by running fslmerge and fslmeants (parts of FSL). Similar
approached have been used in (Garcia-Gémez et al., 2013; Kas et al., 2007).
The spatial normalization of all individual '#I-loflupane data was then
achieved using the FLIRT function and the '*I-loflupane SPECT specific
template described above as reference. Moreover, the intensity was
normalized at the individual level with respect to the occipital region.

Due to the asymmetrical degeneration of the nigrostriatal pathways in PD and
APS, we decided to flip all patients presenting predominant clinical symptoms
on the left side of the body.
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Voxel-wise statistical analysis

The voxel-wise statistical analysis was done using the randomize function of
FSL by permutation testing (n=5000) and Threshold-Free Cluster
enhancement (TFCE) error multiple comparisons correction at p < 0.05
considered as significant (Smith and Nichols, 2009). Age and gender were
used as non-explanatory co-regressors to eliminate potential bias linked to
age or gender. The analyses described in this paragraph were performed
inside a striatal mask including the putamen and the caudate nuclei. The

mask was created using the Harvard subcortical atlas included in FSL.

Classification analysis

We applied a robust ensemble classifier as implemented in the Matlab
Statistics Toolbox by using linear discriminant classifiers as weak learners on
random subspace projections. The total number of learners was set to 1’500
and the prior probabilities of the patient labels were assumed uniformly
distributed to compensate for the unequal number of subjects in each
category. To reduce the dimensionality and exploit spatial correlation - the
total number of voxels was 4’916 in the striatum mask and 253’454 in the
whole-brain mask (without striatum) - we applied the singular value
decomposition to the data of each patient group (within the cross-validation
fold) and retained 20 and 30 components that corresponded to 94% and 99%
of the explained variance for the striatum and whole-brain mask, respectively.
All training subjects were then projected onto the principal components of
each group, which led to a total number of features of 80 and 120 for
classification based on the striatum and whole-brain mask, respectively. The
classification accuracy was evaluated using leave-one-subject-out cross-
validation with strict separation of training and test data. Chance level was at
25%. We established the 5% confidence interval on the chance level by using
the same algorithms on the same data but with random labels.
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Results

Voxel-wise group-level statistical analysis

APS versus PD

The voxel-wise analysis revealed a significantly lower *#I-loflupane uptake in
all APS versus PD in the head of caudate nucleus (p<0.002). The inverse
comparison showed a cluster located on the ipsilateral putamen with
increased *?*|-loflupane in APS versus PD (p<0.05).

Concerning the subtypes of APS, MSA and PSP exhibit a significantly lower
123|_|oflupane uptake in the head of the caudate nucleus (p<0.002). The
inverse comparison led to no significant results.

CBD versus PD revealed increased '#I-loflupane uptake in the bilateral
putamen, while the inverse comparison revealed no significant differences

(see figure 1).

Figure 1 illustrates the comparison between aII APS confounded, only MSA, only PSP and only CBD
versus PD. APS versus PD had decreased %I loflupane uptake in bilateral head of caudate nucleus ¥et
increased *#lI-loflupane uptake in ipsilateral putamen. MSA and PSP versus PD had decreased
loflupane uptake in bilateral head of caudate nucleus CBD versus PD had increased **I- Ioqupane
uptake in bilateral head of caudate nucleus.* IIoqupane uptake maps superimposed on axial T1
weighted MRI in Montreal Neurological Institute (MNI) standard space with the clinically dominant
symptomatic side on the right hemisphere. Threshold-Free Cluster enhancement (TFCE) error multiple
comparisons correction at p < 0.05
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APS versus APS

The comparison within the group of APS, i.e. MSA versus PSP versus CBD
revealed significantly lower *?*|-loflupane uptake in MSA and PSP compared
to CDB in bilateral putamen and the posterior part of the head of the caudate
nucleus, with the head of the caudate nucleus more affected in PSP (see
figure 2). The inverse comparison did not yield any supra-threshold clusters.

The comparison between MSA versus PSP revealed no supra-threshold

clusters.

Figure 2. MSA and PSP versus CBD had decreased ***|-loflupane uptake in bilateral putamen and head

of caudate nucleus. The inverse comparison between CBD versus MSA or PSP as well as the
comparison between MSA versus PSP revealed no supra-threshold clusters. lllustration equivalent to
figure 1.
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Classification analysis

Classification of all patients groups was significantly above chance level
except for MSA. PSP had the highest classification accuracy.

Voxels in the striatum mask was most informative for the classification;
however, the use of the whole-brain mask without the striatum was still
informative, although with slightly reduced accuracies. The whole-brain mask
with striatum did not improve accuracies, which might indicate that information
was redundant inside and outside the striatum mask, but not complementary.

The accuracies for prediction of the patient label are illustrated in Table 2.

Table 2:

Atypicals

PD MSA PSP CBD

Striatum only  45% (30%)  25% (41%) 60% (40%) 47% (34%)
Extra-striatum  35% (30%)  25% (41%) 53% (40%)  47% (34%)
Whole-brain  42% (30%)  29% (41%) 60% (40%)  47% (34%)

Table 2. Classification results in terms of cross-validation accuracy and 5% confidence interval by
chance (between parentheses). Classification was significant for all groups except MSA.
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Discussion

The current investigation assessed the detailed spatial distribution of
dopaminergic depletion based on #l-ioflupane SPECT in a sample of 392
consecutive patients with PD and APS using advanced and operator-
independent data analysis. We were able to demonstrate distinct patterns of
dopaminergic depletion for PD, MSA, PSP and CBD and that these diseases
can be discriminated at the individual level based on multi-vector pattern
recognition with the exception of MSA.

PD versus APS

Our results show that the atypical forms of parkinsonism, notably MSA, PSP
and CBD, affect the dopaminergic **I-ioflupane uptake notably in the striatum
in a topographic distinct way, which is different from PD. MSA and PSP have
significantly lower '?l-loflupane uptake in bilateral head of the caudate
nucleus as compared to PD. In contrast, CBD has increased #I-loflupane
uptake indicating less pronounced dopaminergic depletion in the bilateral
putamen as compared to PD.

As we demonstrate that the various subtypes of APS have distinct patterns of
dopaminergic depletion, the analysis of all APS confounded versus PD should
be interpreted with care. The direct comparison between PD and all APS
taken together is thus confounded by the differences in the spatial pattern of
dopaminergic depletion in MSA, PSP and CBD and consequently potentially
confounded by the group size composition.

Specific patterns of dopaminergic depletion in
APS

The MSA group had significantly stronger dopaminergic depletion in the
bilateral head of caudate nucleus as compared to PD. This result is consistent
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with a previous [123I]B-CIT SPECT study in 8 MSA versus 11 PD patients,
demonstrating a significant decrease of SPECT signal in the head of the
caudate nucleus and anterior part of the putamen in MSA group (Nocker et
al., 2012). Moreover, and in line with the current results, several previous
investigations reported decreased #|-loflupane uptake in MSA as compared
to PD (Pirker et al., 2000a; Scherfler et al., 2005; Varrone et al., 2001).
However, at variance with our study, the results presented by Pirker et al.
were obtained by calculating values in hand drawn ROI that could introduce
important variability in the data(Pirker et al., 2000a). Similarly, Varrone and
colleagues did not perform spatial normalization before setting their ROI
template. This method did also risk to introduce a bias in measures(Varrone
et al., 2001). Finally, Scherfler and colleagues, chosen to conduct voxel-wise
analysis using statistical parametric mapping software (SPM) on the same line
with our protocol(Scherfler et al., 2005). Nevertheless, they achieved spatial
normalization through an indirect method consisting in transferring the
[1231]B-CIT SPECT images to a ®F-DOPA PET template whereas we
decided to create a study specific functional template for the exact modality
needed(***I-flupane SPECT).

The asymmetrical pattern that can be seen on figure 1 (PD vs. MSA),
showing a more significant decrease on the contralateral side, can be related
to the fact that the contra/ipsilateral signal asymmetry is supposed to be more
pronounced in PD than in MSA(Varrone et al., 2001).

Concerning PSP, the dopaminergic depletion is also more pronounced in the
head of the caudate nucleus as compared to PD. This pattern is similar to
MSA discussed above

Previous investigations demonstrated that PSP is characterized by a more
uniform reduction of the striatal dopaminergic uptake in the caudate nucleus
and putamen and by low left/right asymmetry (Antonini et al., 2003; Brooks,
2010). Globally, the dopaminergic striatal functions seem to be more severely
affected in PSP than in PD (Brooks et al., 1990). In agreement with our
results, a previous [123I]3-CIT SPECT study in 14 PSP patients and 17 PD
patients demonstrates a significantly lower signal in the caudate nuclei in the
PSP group (Seppi et al., 2006).
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Concerning CBD, there is increased *?*|-loflupane uptake representing less
dopaminergic depletion in bilateral putamen as compared to PD. These
results indicate that CBD affects the dopaminergic system less severely in the
putamen and are consistent with the observation that the dopaminergic
system is less severely affected in CBD as compared PD (Pirker et al.,
2000a).

MSA versus PSP versus CBD

MSA and PSP exhibit significantly stronger dopaminergic depletion in the
bilateral head of caudate nucleus and putamen as compared to CBD. These
results are not in line with the study published by Pirker and colleagues
suggesting no significant difference between CBD, PSP and MSA in terms of
dopaminergic denervation(Pirker et al., 2000b). However, the authors
conducted an analysis comparing the average striatal activities and included
only four CBD patients.

Classification

All patient groups were classified above chance level except for MSA. Notably
PSP had the best classification accuracy. Two previous investigations by
Palumbo et al. and by Segovia et al. assessed classification performance of
PD versus controls (Palumbo et al., 2014; Segovia et al., 2012). Note that the
classification accuracies of 73.9% and 94.7%, respectively, exceed the
classification accuracy of the current investigation due to the fact hat the
discrimination of a disease with clear dopaminergic depletion versus a control
group is evidently much easier than the classification of several diseases
which significantly affect the dopaminergic system. Even if some subtle
differences in ***I-loflupane uptake between PD and APS were previously

reported, there is a general agreement that these differences are subtle and
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consequently the visual inspection of #I-loflupane uptake maps does not
allow for an accurate diagnosis (Brooks, 2012; Kagi et al., 2010; Klaffke et al.,
2006; Kupsch et al., 2013; Marek et al., 2000; Pirker et al.,, 2000a). The
presented operator-independent classification analysis of the complex pattern
of dopaminergic depletion, which provided above-chance classification
accuracy is therefore an added value for clinical diagnosis of individual
patients.

Striatal versus extra-striatal signal

The *#3I-loflupane uptake is most pronounced in the striatal system (Booij et
al., 1997a; 1997b). Consequently, most previous investigations have focused
on this region of the brain. Based on the assumption that PD and APS might
also affect the *?*l-loflupane uptake outside the striatum, we performed the
classification analysis three times, once only within the striatum, once in the
remaining brain outside the striatum, and once using the entire brain. The
striatum was most informative for the classification. Nevertheless, above-
chance classification was possible even when considering only the regions
outside the striatum. This indicates that PD and APS also affect extra-striatal
brain regions. The observation that the classification accuracy was lower
outside the striatum as compared to within the striatum is consistent with the
known dopaminergic distribution and depletion notably of the striatum. In
addition, the whole-brain analysis did not improve accuracies, which might
indicate that information was redundant inside and outside the striatum, but
not complementary. While previous studies suggested that the striatum was
the only region to provide relevant information regarding the state of the nigro-
striatal (Booij et al., 1997b; Catafau and Tolosa, 2004; Gaig et al., 2006;
Seibyl et al., 2013), our results indicate that extra-striatal regions also convey
relevant information. For example, one recent investigation indicates that
extra-striatal *I-loflupane modification can be observed in the context of
addiction (Leroy et al., 2012).
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Strength and limitation

The large cohort used for this study (392 patients) represents its major asset.
Additionally, all patients were scanned consecutively on the same machine
using the same protocol of acquisition. In order to avoid operator-linked
variability, all post-processing procedures were conducted in an operator-
independent manner including the creation of a study specific template. Sex
and age data were used as non-explanatory co-regressors in order to
compensate their well-known impact on the nigrostriatal pathway (Lavalaye et
al., 2000; van Dyck et al., 2002).

The retrospective nature of this study is an important limitation. Even if the
sequences of acquisition were always the same, the operational procedure
applied to clinical routine in not standardized. Moreover, an impact of anti-
parkinsonian medications on the images cannot be totally excluded even if
several studies haven't showed significant consequences regarding *?3l-
ioflupane SPECT acquisition (Ahlskog et al., 1999; Innis et al., 1999; Laruelle
et al., 1993).

Conclusions

PD, MSA, PSP and CBD have distinct patterns of dopaminergic depletion on
123|_flupane SPECT. Advanced and operator-independent multi-vector pattern
recognition analysis allows for the individual classification of all groups with
the exception of MSA. Future methodological developments might further
improve classification accuracy, taking into account also complimentary
information e.g. derived from MRI which is performed in most cases, to further

improve classification accuracy and robustness.
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Chapter 3.2.1

Effects of dorsolateral prefrontal cortex
lesion on motor habit and performance
assessed with manual grasping and
control of force behavioral tasks in
macagque monkeys.
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Introduction

During the last decades the dorsolateral prefrontal cortex (dIPFC) has been
extensively studied, revealing its role in the integration of multiple cognitive
attributes in the context of working memory, as well as its implication in risk
related decision making (e.g. (Barber et al., 2013; Goldmanrakic et al., 1987,
Owen et al., 1998; Petrides, 1994; Petrides & Pandya, 1999; Watanabe &
Sakagami, 2007; Ye et al., 2015). Several investigations conducted on non-
human primates also emphasized an implication of dIPFC in the execution of
spatiotemporal motor sequences, as well as in grip force’s control (Barone &
Jospeh, 1989; Berdyyeva & Olson, 2010; Ninokura et al., 2004; Shima et al.,
2007). However, while its role in motor learning is well established, dIPFC’s
activation seems to progressively vanish when a motor task becomes more
and more “automatic”, possibly reflecting delegation of responsibility to “lower”
brain structures (Halsband & Lange, 2006).

More recently, Kaeser and colleagues reported original data underlying the
role of dIPFC in motor habit representation (Kaeser et al., 2013). In this study,
the authors performed cortical biopsies in dIPFC on two macaque monkeys
(Macaca fascicularis) and assessed their impact on sequential motor behavior
(habit). More specifically, the “modified Brinkman board” task was used to
guantify “free-will” spatiotemporal retrieval of pellets, performed with precision
grip movements executed unimanually (Brinkman & Kuypers, 1973; Kaeser et
al., 2013; Liu & Rouiller, 1999; Schmidlin et al., 2011). In comparison to
control monkeys, dIPFC (area 46) lesioned animals exhibited a significant
impact on the spatiotemporal sequences (order to visit the wells), whereas the
motor performance per se (score) remained unaffected (Kaeser et al., 2013).
Moreover, there was a first indication of a relationship between the size of the
dIPFC biopsies and the extent of motor habit changes, as a small biopsy
impacted less on motor sequences than a larger biopsy (Kaeser et al., 2013).
Nevertheless, due to their limited number of cases (n=2), clearly more data
are required to support this hypothesis, both in terms of number of cases as
well as variability in precise location of dIPFC lesions.
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Additionally, functional magnetic resonance imaging (fMRI) investigations
conducted on human subjects also emphasized a role of dIPFC in the
execution of motor tasks requiring some control (prediction) of the grip force
to be exerted (Neely et al., 2013; Wasson et al., 2010).

The present report corresponds to the initial step of a broader study aiming at
testing a novel therapeutic strategy based on autologous adult neural cell
ecosystem (ANCE) transplantation (e.g. (Bloch et al., 2014; Brunet et al.,
2005; Kaeser et al.,, 2011)) in a non-human primate 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s disease. In this
context, unilateral biopsies in dIPFC were performed in four intact adult
female macaque monkeys (several months before MPTP treatment) in order
to provide the cellular material needed to produce the ANCE. The monkeys
were previously trained to perform quantitative motor (manual dexterity) tasks,
including the “modified Brinkman board” task and the “reach and grasp
drawer” task (see Kaeser et al., 2014; Schmidlin et al., 2011). The aim of the
present study was thus to extent preliminary data on the role of the prefrontal
cortex (PFC) in motor habit and test the hypothesis that dIPFC indeed
contributes to predict the grip force required when a precise level of force to

be generated is known beforehand.

Material and methods

Subjects

For the present study, the data were collected from a group of four adult
females macaque monkeys (Macaca fascicularis) weighting from 3.0 kg to 5.0
kg (Mk-MY, Mk-LY, Mk-MI, and Mk-LL) and aged between 4 and 8 years old
at the beginning of the behavioral training. They were housed in a 45m?® room,
in which they were free to move and interact with each other. In addition, the

room was equipped with different enrichment features (including an external
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room) and free access to water (see www.unifr.ch/spccr/about/housing). Each
monkey worked every day with an experimenter on one or two different
behavioral tasks. Before being transferred to the behavioral laboratory each
animal was first transferred in a free-will manner into a primate chair and was
weighted in order to monitor its health condition. In addition, the appetite, the
social behavior and the fur state were controlled daily during the entire
experiment. After performing the behavioral tests, the monkey received its
daily ration of food composed of cereal croquettes, vegetables and fruits. All
surgical and behavioral procedures were approved by the local ethical
committee in accordance to the guidelines for the Care and Use of Laboratory
Animals and approved by local (Canton of Fribourg) and federal (Swiss)

veterinary authorities (authorization number FR 22010).

Behavioural tasks

Manual dexterity assessment was based first on the “modified-Brinkman
board” task (adapted from the original task of Brinkman & Kuypers, 1973),
which consisted of pellets retrieval from 25 horizontal and 25 vertical wells,
randomly distributed in a Plexiglas plate, each containing a banana-flavored
food pellet (Rouiller et al., 1998; Schmidlin et al., 2011). The size and the
shape of the wells forced the monkey to use the precision grip (opposition of
the thumb and the index finger) to successfully retrieve the food pellets. The
task was performed for each hand separately, three days a week. The
number of pellets correctly retrieved within the first 30 seconds corresponded
to the score, reflecting the motor performance (in Mk-MY, Mk-LY and Mk-MI).
The motor performance in Mk-LL was assessed in a different manner. Indeed,
Mk-LL adopted a mix of two behaviors, either grasping one pellet after the
other as expected or by sometimes retrieving several pellets in a row to store
them into the hand palm before bringing all of them to the mouth (as
illustrated in Kaeser et al., 2014). Due to such random variation, MK-LL motor
performance was thus calculated by summing the total number of single
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pellets correctly retrieved and the multiple pellets correctly retrieved during the
entire task, corresponding to the “total score”.

In addition, the motor strategy (habit) was assessed based on the temporal
picking sequence (order to visit the 50 wells one after the other). However, the
motor strategy given by the sequential order to visit the slots remains a
gualitative assessment of the motor habit. In order to quantify the motor habit
data, the same statistical approach as used by Kaeser et al. (2013) was
applied. Each well received a spatial position number according to the left-
right axis (left corresponded to small number and right to great number). The
spatial position of each well was subtracted from the temporal sequence. The
absolute values of the 50 differences were summed up giving an index of
systematic motor sequence. This index permitted to assess whether the
monkey repeated the same sequence along the daily sessions or not. For
instance, a great variability in this index reflects changes in the picking
sequence from one daily session to the next, whereas a small variability
reflects stable picking sequence along the consecutive daily sessions. Note
that the motor strategy of Mk-LL could not be assessed as the monkey did not
perform the “modified Brinkman board” task following the standard individual
pellet grasping procedure (see above).

The second motor task was the “reach and grasp drawer” task, used to
guantify the production of controlled grip and load forces, as well as their time
course (see Kaeser et al.,, 2013; Schmidlin et al., 2011). This task was
designed so that the monkey had to pull open a drawer against different
resistances, using one hand at the time (as derived from previous versions:
(Kazennikov et al., 1999; 1994; Kermadi et al., 1997; Kermadi et al., 1998).
The “reach and grasp drawer” task required holding firmly the drawer knob
between the thumb and index finger (grip force), as well as exerting a force to
pull the drawer (load force), which were both monitored. One standard
session consisted of ten consecutive trials at each different resistance (RO =0
Newton, R3 = 1.25 Newton and R5 = 2.75 Newton), performed with each
hand. Each session started with the smallest resistance (RO) corresponding to
almost no resistance. Once ten correct trials were performed at RO, the
monkey received an extra reward (a piece of almond) and the resistance was

then raised to R3. After ten correct trials at R3, again extra-rewarded, the
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resistance was increased to R5. Once the three resistances have been
performed with one hand, the same paradigm was followed for the other
hand. Two different parameters were analyzed in the present report. The first
one was the maximal grip force developed in each trial. The second one
was the maximal load force, also measured in each trial. The first trial at
each resistance was removed from the analysis, as it represents an outlier
(unknown resistance at the onset of a new series of trials). The four monkeys
performed this task two to three times a week.

One of the monkeys (Mk-MI) performed the drawer task correctly with the left
hand only (due to an injury of the right hand). Indeed, Mk-MI did not use a
precision grip movement to hold the drawer’s knob with its right hand, but
used an alternative strategy (single finger push on the upper side of the knob),
preventing any measurement of grip force. Despite of this, Mk-MI performed
the “modified Brinkman board” task correctly with both hands.

Surgical procedure (cortical biopsy)

Before surgery, each animal was first lightly sedated under ketamine
(Ketasol®, 10mg/kg), midazolam (Dormicum®, 0.1mg/kg) and methadone
(0.2mg/kg), and prepared for the surgery. Additionally, each animal received
an intramuscular dose of methadone (Methadon®; Streuli; 0.2 mg/kg) and
were treated with analgesic Carprofen (Rymadil®; Pfizer; 4 mg/kg;
subcutaneously), atropine (atropine; 0.05 mg/kg; intramuscularly) in order to
reduce bronchial secretions, antibiotics (Synulox®; Pfizer; 8.75 mg/kg;
subcutaneously) and dexamethasone (Dexadreson®; Intervet; 0.3 ml/kg;
diluated 1:1 in saline; intramuscularly). Once the animal was in the surgery
room, it was put under intravenous (femoral vein) perfusion with 1 % propofol
(Frescenius®) diluted with ringer lactate solution and 125 mg of ketamine
hydrochloride (20ml of propofol for 40ml of Ringer lactate and 1.25ml of
ketamine), to ensure deep anesthesia. The infusion rate was modulated to
maintain an optimal level of anesthesia. During the entire surgical procedure,

the level of anesthesia and physiological state was controlled through the
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arterial oxygen saturation, heart rate (ECG), ventilation (rate and expired CO,)
and body temperature. The animal was then placed in a stereotaxic
framework to fix its head with ear bars for the surgery. To reduce possible
pain resulting from the fixation points, ear bars were coated with a local
analgesic cream (Lidohex®). Local injections of lidocaine (Rapidocain®) were
used to anesthetize the incision site. After the incision, the muscle tissue was
pushed on the side to expose the skull, allowing craniotomy above dIPFC. In
three monkeys the skull opening was made on the left side (Mk-LY, Mk-MI
and Mk-LL) whereas it was on the right side in Mk-MY. After bone removal,
the dura mater was incised and a piece of dIPFC cortical tissue was removed
and directly placed into storage medium. The injured blood vessel were
cauterized, the bone flap put back in place and fixed with histological glue
(Histoacryl®). The muscle tissue and the skin were sutured. After the surgery,
each animal was surveyed until its total awakening. It was considered as
stable when the monkey started to eat and drink again. A posology composed
of Caprofen (Rymadil®, " pill twice a day) and antibiotics (Clavubactin®, 1 pill
twice a day) was followed during ten days.

Magnetic resonance imaging (MRI)

MRI was used to determine the precise position of the biopsies while the
monkeys were still alive, before engaged in the MPTP subsequent protocol.
Each animal was first lightly sedated with ketamine (Ketasol®, 10mg/kg) and
midazolam (Dormicum®, 0.1mg/kg). After being transported to the MRI facility
(radiology, Hospital of Fribourg, Switzerland), each monkey was anesthetized
via an intravenous perfusion of 1 % propofol (Frescenius®) diluted with ringer
lactate solution and 125 mg of ketamine hydrochloride (20ml of propofol for
20ml ringer lactate and 1.25ml of ketamine). The infusion rate was adjusted to
ensure an optimal level of anesthesia (ECG and O, saturation were
continuously monitored). In addition, gloves filled with hot water were placed
around monkey’s body to maintain its body temperature. The monkey was
placed in the magnet in a prone position with a flow of oxygen (3I/min) in front
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of the nose. Data were acquired on a GE 3T magnet using 3D transverse T1
weighted acquisition protocol. The parameters were as follows: field of view:
256 * 256, TR: 7.248, TE: 3.032 and FS: 3. Images were then rotated
because of the prone position of the animal (FSLview V3.2.0). After the proper
rotation, brains were extracted from the skull and represented in a three
dimensional view before being schematized. The positions of each biopsy and
their volumes were estimated based on the MRI images. Note that histological
verification of the biopsy could not take place, as a second dIPFC biopsy took
place in the vicinity of the first one when the MPTP treatment was ongoing. It
was therefore not possible to distinguish the two biopsies and only the first
one is relevant for the present behavioral study, before MPTP treatment.

Results

Location and size of the biopsies

Based on MRI, as explained in the methods, the extent and position of the
cortical biopsies were identified and reconstructed. Transposed to the surface
of the corresponding brains, the biopsies are illustrated in Figure 1, for Mk-
MY, Mk-LY, Mk-MI and Mk-LL. The biopsy size was 7 mm?, 14 mm?, 16mm?®
and 7 mm?, respectively. In Mk-MY, the biopsy is located at the most rostral
part of dIPFC, about 5 mm from the midline, most likely overlapping the
transition zone between Brodmann’s cortical area 9 and area 10. Also about 5
mm lateral with respect to the midline, but somewhat more caudal, the biopsy
in Mk-LY appears to be located in the rostral part of area 9. The lesion in Mk-
Ml is located in a zone of dIPFC comparable to that of Mk-LY, though
somewhat more lateral. In the fourth monkey (Mk-LL), the biopsy is located
clearly more caudally, slightly anterior to the genu of the arcuate sulcus and at
a medio-lateral level consistent with a location in the premotor dorsal rostral
area (PMd-r, area F7), close to the more medial pre-supplementary motor
area (SMA, area F6). In other words, Mk-LL should be treated here as an
outlier, considering that its biopsy did not involve dIPFC. The four monkeys
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included in the present study differ from the two animals subjected to dIPFC
lesion in Kaeser et al. (2013), as in the latter study the two biopsies were
located in area 46.

Modified Brinkman board task

The data derived from the score, given by the number of pellets retrieved in
30 seconds, showed that the monkeys exhibited a largely stable manual
dexterity performance before dIPFC biopsy, as illustrated for Mk-MY in Figure
2A. The score data for all 4 monkeys and the two hands are shown in the
supplementary Figure 1, together with the results of statistical analyses.
Similarly, the data obtained from the temporal picking sequence analysis
show that the monkeys followed a largely reproducible strategy (motor habit)
to empty the board before the biopsy, in other words the temporal sequence
to visit the 50 wells, along the left-right axis (Fig. 2B, illustrated for Mk-MY;
see supplementary Figures 2 for a comprehensive presentation of the motor
sequence data). Interestingly, neither the score nor the temporal sequences
to visit the wells were affected by the dIPFC or PMd-r biopsy, as illustrated for
MKk-MY in Figure 2A and B. Indeed, statistical analyses (see Kaeser et al.,
2013) comparing pre versus post-biopsy scores and temporal sequences did
not show any statistically significant difference (p>0.05). These conclusions
apply for both the ipsilesional and contralesional arms in the four monkeys,
with however the exceptions of the contralesional hand in Mk-MY and the
contralesional hand in Mk-LY for the score (Suppl. Fig. 1A). In addition, the
index of systematic motor sequence for the contralesional hand of Mk-MI
showed a significant modification related to the biopsy (Suppl. Fig. 3F). At that
step, we can conclude that the dIPFC biopsies, with the characteristics as
performed in the present study (size and/or precise location), did not
systematically impact on performance and motor habit in the “modified
Brinkman board” task, in contrast to larger and differently located biopsies
(area 46) performed earlier (Kaeser et al., 2013).
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Reach and grasp drawer task

The results obtained from the reach and grasp drawer task were separated
into the three resistances opposing drawer opening, namely RO, R3 and R5
(Fig. 3). For each resistance the data were split into pre-biopsy and post-
biopsy periods. Each box and whisker plot encompassed all correct trials for
the corresponding period. For each hand, the pre- and post-biopsy periods
were represented next to each other in order to facilitate direct comparison.
The quantitative data show that the resistance had an impact on the maximal
grip force and the maximal load force during both the pre-biopsy and the post-
biopsy periods. Indeed, and as expected, both maximal forces increased in
parallel with the resistances, the higher the resistance the higher the force
required to grasp the knob or to pull the drawer.

When comparing pre-biopsy versus post-biopsy periods (grey versus next
black box), a statistically significant decrease of maximal grip force was
observed post-biopsy for both hands in the two animals subjected to dIPFC
biopsy in areas 9/10 (Mk-MY and Mk-LY), with the exception of the right
(contralesional) hand of Mk-LY at resistance RO (Fig. 3A and C). Mk-MI,
subjected to dIPFC biopsy in the same rostro-caudal position than Mk-LY but
somewhat more lateral (area 9), exhibited a statistically significant increase of
the maximal grip force at all 3 resistances (data available for ipsilesional hand
only, as explained earlier) (Fig. 3 E). In Mk-LL subjected to PMd-r biopsy, in
some contrast with the other 2 monkeys, the maximal grip force varied less
systematically post-biopsy, as a decrease was limited to the left (ipsilesional)
hand at resistances R3 and R5 (Fig. 3G).

As far as the maximal load force is concerned, the subjects were
differentially affected (Fig. 3B, D, F and H). In Mk-MY (Fig. 3B), the maximal
load force was not at all affected by the dIPFC biopsy whereas, in Mk-LY, the
dIPFC biopsy impacted on the maximal load force exerted by the right
(contralesional) hand at all resistances (Fig. 3D), the left (ipsilesional) hand
being not influenced. In Mk-Ml, following dIPFC biopsy, there was a decrease
of the load force at resistances R3 and R5 (Fig. 3F) for the ipsilesional hand.

In Mk-LL (PMd-r lesion), a decrease of the maximal load force was observed
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for the left (ipsilesional) hand at all resistance and for the right (contralesional)
hand at R5 only (Fig. 3H).

To sum up, following a kind of rostro-caudal biopsy gradient, Mk-MY with the
most rostral biopsy exhibited post-biopsy a decrease of the maximal grip force
at all resistances and for both hands (Fig. 3A), without effect on the maximal
load force. In MK-LY, subjected to a somewhat more caudal (and bigger)
lesion in area 9, the maximal grip force was also affected (decrease) by the
biopsy on both hands (with one exception however, Fig. 3C), whereas some
effect on the maximal load force amplitude appeared, but limited to the
contralesional hand (Fig. 3D). In Mk-MI (ipsilesional hand only), the biopsy
impacted on the maximal grip force at all the resistances, though in the form
of an increase, as well as on the load force (but decrease) at R3 and R5.
Finally, in Mk-LL subjected to a lesion caudal to dIPFC, namely in PMd-r, the
effects appeared more lateralized, with the ipsilesional hand more affected
(both maximal load and grip forces) than the contralesional hand (only the

maximal load force at R5; Fig. 3H).

Discussion

In a general manner, the present study led to four main conclusions with
respect to the role of the dIPFC in motor control:

1) Lesions resulting from small biopsies in dIPFC and/or when located in
areas 9/10 did not affect either the motor habit (spatiotemporal
sequential strategies) or the motor performance (score) of manual
dexterity in the “modified Brinkman board” task. The same conclusion
holds true for a lesion located in PMd-r (area F7).

2) In sharp contrast, as revealed by the “reach and grasp drawer” task,
significant modifications in the control of the maximal grip force were
observed as a result of a lesion in areas 9/10, whereas the maximal
load force was also affected, but to a lesser extent and only as a

consequence of a more caudal lesion in area 9.
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3) A lesion more caudal to dIPFC, in PMd-r (area F7), led to more
lateralized hand (predominantly ipsilesional) and less systematic
changes for both maximal grip and load forces.

4) Although limited to four cases, a rostro-caudal gradient of biopsy
location appears to dictate the specific effects of the lesions (Fig. 4).

The above conclusion 1 valid for areas 9/10 and PMd-r is coherent with
previous lesions in dIPFC targeted to area 46 (Kaeser et al., 2013) as far as
the absence of effect on performance (score in the “modified Brinkman board”
task) is concerned. On the other hand, a biopsy of 44 mm?® in area 46 led to a
massive change of motor habit whereas a medium size biopsy of 20 mm?®
induced a moderate change of motor habit (Kaeser et al., 2013). This is in
contrast with the present area 9/10 (7 mm®, 14 mm® and 16mm?) or PMd-c (7
mm?) lesions, which did not (or very little) impact on the “modified Brinkman
board” data (neither score nor motor habit). At that step, it cannot be
distinguished whether these differences related to the “modified Brinkman
board” task between the present study and the study of Kaeser et al. (2013) is
due to a difference in lesion size or to the location of the lesion, or to both.

In the context of cell therapy strategies, in particular regarding the ANCE
approach, Kaeser et al. (2013) recommended to not exceed a dIPFC biopsy
of 10 mm? in order to limit deleterious effects on the motor habit and motor
performance, as reflected by the “modified Brinkman board” task. The present
results suggest that this upper limit of 10 mm? may easily be raised up to 16
mm?® without significant impact on motor habit and performance. This
observation has clinical implication, implying a reduced concern to apply the
ANCE strategy to patients (stroke or Parkinson’s disease), as the present
macaque monkey experiments suggest that unwanted motor consequences
are unlikely, at least as far as motor habit and motor performance are
concerned in the context of a sequential grasping a small objects, which does
not require the development of significant force levels. Indeed, in the case of
strokes or edema, surgical procedure is often required. The removed cortical
material during this kind of surgery could be sorted and cryopreserved for
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possible subsequent ANCE production and treatment in case of poor
functional recovery (see: Brunet et al., 2002; Brunet et al., 2003).
Unfortunately, due to the absence of significant spatiotemporal patterns’
modification or motor habit (Fig. 2), it was not possible to assess a potential
hemispheric lateralization of such motor representations as suggested in
some papers (Baker et al., 1996; Kaeser et al., 2013; McCarthy et al., 1996;
Reuter-Lorenz et al., 2000).

In contrast to the study of Kaeser et al. (2013), limited to the “modified and
rotating Brinkman board” tasks (thus focused on grasping of small objects),
the originality of the present study was to extend the consequences of dIPFC
lesion to a substantially different motor control, involving the precise
development of two forces, namely grip force and load force. The above
conclusions 2, 3 and 4 are consistent with the notion that dIPFC is involved in
the precise control of predicted force, though more for the grip force than the
load force. Indeed, as the trials on the “reach and grasp drawer” task are
grouped according to the resistance level, after the first trial in each group of
resistances (excluded from the analysis), the monkey knew the level of force
required for each resistance and therefore could predict how much force was
required in the subsequent trials. The observed decrease of maximal grip
force amplitude post-biopsy suggests that, after dIPFC or PMd-r lesion (to a
lesser extent for the latter), there is a decrease in the margin of security to
successfully grasp the drawer’s knob with enough force to prevent the fingers
from slipping away from the knob. This phenomenon may favor an economy
of energy, beneficial in case of brain lesion, but at the cost to increase the risk
of incorrect (unsuccessful) trials. Note however the case of Mk-MI (ipsilesional
hand only) which also showed an impact of the biopsy on the maximal grip
force, but in the other direction (increase post-biopsy), suggesting a possible
loss in grip force control (to maximize effort as in the other monkeys). This
divergent result in Mk-MI may be due the position of the biopsy (more lateral
than in Mk-LY), and/or a different recovery strategy from the lesion, and/or the
asymmetry between both hands in the execution of the “reach and grasp

drawer” task (as mentioned earlier).
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The present data in the macaque monkey (except for Mk-MI) related to the
prediction of grip force is well in line with previous fMRI data reported for
human subjects. Indeed, the role of pre-frontal cortices (such as dIPFC), the
cingulate motor area (CMA) as well as the ventral pre-motor area (PMv) have
been widely reported to play a role in the control of grip force control in fMRI
studies on human subjects (Ehrsson et al., 2001; Kuhtz et al., 2001; Rowe et
al., 2000). Furthermore, Vaillancourt and colleagues reported that the dIPFC
and the anterior cingulate cortex (ACC) exhibited an increase of blood-
oxygen-level dependent (BOLD) signal when the task consisted of selecting
the force amplitude (Vaillancourt et al., 2007). In addition, Wasson et al.
(2010) demonstrated an activation of dIPFC, pre-SMA and PMv in a task
based on predictable grip force amplitude. In addition to cortical regions, the
ventral thalamus, the cerebellum and the anterior nuclei of the basal ganglia
were activated suggesting a network encompassing all these regions to
successfully execute grip force that require prediction. Moreover, Neely et al.
(2013) emphasized the role of the dIPFC in the production of dynamic grip
force as well as static grip force with a more pronounced effect for the latter.
In our study, the behavioral paradigm seems to be closer to the dynamic grip
force reported by Neely et al., 2013. However, in both cases the dIPFC is
involved in the grip force production. Taken together, our data are consistent
with previous reports on human subjects and strengthen the role of the dIPFC
in the control (prediction) of the grip force and its role in working memory
(Pochon et al., 2001).

The case of monkey MK-LL, subjected to biopsy located not in the aimed
dIPFC but in the adjacent PMd-r, illustrates that functional properties do not
vary abruptly from one cortical area to the next, but rather exhibit a
progressive transition. Indeed the effect on maximal grip force was less
present and less prominent than after lesion of area 9/10 (Fig. 3).
Reciprocally, the effect on the maximal load force was somewhat more
affected by the biopsy in PMd-r than in dIPFC (Fig. 3). This observation
related to load force control for PMd-r is consistent with previously reported
roles of PMd in the control of proximal forelimb muscles (Fink et al., 1997,
Freund, 1985; Freund & Hummelsheim, 1985).
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To summarize, the present study provides new and complementary functional
data regarding the role of dIPFC in motor habit representations and manual
dexterity performances that support and extend the data and conclusions
recently published by Kaeser and colleagues (Kaeser et al., 2013). Moreover,
due to its integrative conception, the “reach and grasp drawer” task developed
by our laboratory allowed us to track subtle behavioral modifications in terms
of grip and load forces’ control and their prediction. These data offer new
interpretations related to lesions’ size and their precise location (e.g. area 46
versus areas 9/10) in dIPFC, as well as on the spatial functional organization
of dIPFC along the rostro-caudal extent, with spread to the adjacent PMd-r
area. However, due to the limited number of animal included in the present
investigation, the interpretation of the data remains limited. Further
investigations on a larger pool of monkeys are required to consolidate our
hypotheses and conclusions at that step. Furthermore, the present data argue
for the pertinence of the ANCE approach as cell therapy to treat brain lesion
or neurodegeneration, based on biopsies targeted to dIPFC, although the size
of the biopsy needs to be reduced as much as possible, to also avoid effects
on the prediction and control of grip force levels.
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Fig. 1. On schematic representations of the brain of the four monkeys, the dLPFC biopsies’ location and
extent are represented by a red spot. Each biopsy’s volume and position was estimated from MRI
images using the software FSLView v3.2.0. The panel (A) represents the lateral (left) and the top view
(right) of Mk-MY’s brain with the biopsy in red (volume = 7mm?®). The panel (B) represents the lateral
(left) and the top view (right) of Mk-LY’s brain with the biopsy in red (volume = 14mm3). The panel (C)
represents the lateral (left) and the top view (right) of Mk-MI's brain with the biopsy in red (volume =
16mm3). The panel (D) represents the lateral (left) and the top view (right) of Mk-LL's brain with the
biopsy in red (volume = 7mm?®).

Legends: (A,B,C,D) lateral view of the brain: S=superior (medial), I=inferior (lateral), R=rostral,
C=caudal; top view of the brain: R=rostral, C=caudal, L=left, R=right.
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Fig. 2. Results derived from the “modified Brinkman board” task for the ipsilesional hand (right) in Mk-
MY. The panel (A) represents the score that corresponds to the number of pellets retrieved during the
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first 30 seconds. The X axis corresponds to the behavioral sessions (note that the time is represented
as “sessions from biopsy“ because in the pre-biopsy phase one session per week during 4 months was
analyzed as the monkeys were considered to be on a plateau of motor performance, whereas during the
post-biopsy phase, all sessions were analyzed. This is also true for the picking sequence and the “reach
and grasp drawer” task data). The Y axis corresponds to the numbers of pellets (horizontal and vertical
slots) retrieved during the first 30 seconds (total score in 30’). The red line corresponds to the day at
which the cortical biopsy took place. The two black horizontal lines indicate superior and inferior limits,
defined as mean pre-biopsy value plus 2 standard deviations (SDs) and mean pre-lesion value minus 2
SDs, respectively). The panel (B) represents the picking sequence along the left-right axis of the board.
The X axis represents the daily behavioral sessions, so that one column corresponds to one individual
session. The Y axis represents the 50 wells of the board, ordered according to the left-right axis. The
colors correspond to the temporal picking sequence. The first pellet retrieved is represented in dark blue
and the last one in dark red. The entire sequence in thus represented in a color gradient fashion,
ranging from the darkest blue (first pellet retrieved) to the darkest red (last pellet retrieved). The session
0 corresponds to the time point of the cortical biopsy. The panel (C) is a schematic representation of an
individual “modified Brinkman board” session. In this example, the subject began to pick up the pellets
from the left extremity of the board (blue dots) to progressively move towards the right extremity (red
symbols). The panel (D) represents the quantitative assessment of motor sequence in the “modified
Brinkman board” task. The black dots represent the index of systemic motor sequence. The X axis
corresponds to the behavioral daily sessions starting at the time of the biopsy (0 in the abscissa).
Negative days are pre-biopsy and positive days are post-biopsy. The Y axis represents the extent of
deviation from an “ideal” systematic motor sequence starting from the left of the board and finishing at
the right side of the board. In other words, a picking sequence going from left to right gives a low score
whereas a picking sequence going from right to left gives a high score. The indexes were compared
pre- versus post-biopsy, based on the non-parametric Mann and Whitney test (MW) or the parametric
unpaired Student t-test). The results for each statistical comparison is indicated on the bottom right of
each graph: n.s. = non-significant difference (p>0.05). Comprehensive data for the “modified Brinkman
board” task are shown in the supplementary figures 1-3.
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Fig. 3. The box and whiskers graphs show the quantitative assessments in the “reach and grasp
drawer” task, separately for the 3 resistances namely RO, R3 and R5. For each resistance, the left hand
(LH) and the right hand (RH) are represented. Box plots are composed of all correct trials before (pre-,
represented in grey) and after (post-, represented in black) the cortical biopsies. The total number of
correct trials composing each box and whiskers is indicated under it (n=). Statistical analyses
(parametric Student unpaired t-test/Mann-Whitney test) compare maximal grip and load forces between
pre-biopsy and post-biopsy sessions, for each resistance and for each hand. Statistically significant
differences are indicated: * is for p<0.05, ** for p<0.01, *** for p<0.001, «n.s.» meaning statistically non-
significant (p>0.05). The panels (A and B) show the maximal grip force and maximal load force for Mk-
MY, in which the right hand is the ipsilesional hand. The panels (C and D) show the maximal grip force
and maximal load force for Mk-LY, in which the right hand is the contralesional hand. The panels (E and
F) show the maximal grip force and maximal load force for Mk-MI, in which the left hand is the
ipsilesional hand. For Mk-MI only the left hand was analyzed (not able to perform precision grip with the
right hand). The panels (G and H) show the maximal grip force and maximal load force for Mk-LL, in
which the right hand is the contralesional hand.
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Fig. 4. Schematic representation of the rostro-caudal gradient of impact of unilateral lesions of the
dIPFC (areas 10 and 9) or PMd-r on the control — prediction of grip and load forces and the lateralization
of the effects on the load force, measured with the “reach and grasp drawer” task. The red to blue
gradient represents the impact extent of the lesion according to the rostro-caudal position of the biopsy
in dIPFC — PMd-r: in red, a strong impact and in blue a poor or absence of impact. In addition, the white
to black gradient represents the lateralization of the effects on the load force according to the rostro-
caudal position of the biopsy: in white, poor or no lateralized effect and in black stronger lateralized
effect.
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Supplementary Figure 1. Same conventions as in Fig. 2A. The scores were compared pre- versus
post-biopsy, based on the parametric Student unpaired t-test, except for panel (D). The results for each
statistical comparison is indicated on the bottom right of each graph: n.s. = non-significant difference
(p>0.05); * is for p<0.05; ** is for p<0.01; *** is for P<0.001.
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Supplementary Figure 2. Same conventions as in Fig. 2B Note that for Mk-LL the strategy analyses
could not be performed due to its special task execution (see methods).
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Supplementary Figure 3. Same conventions as in Fig. 2D Note that for Mk-LL the strategy analyses
could not be performed due to its special task execution. The indexes were compared pre- versus post-
biopsy, based on the non-parametric Mann and Whitney test or the parametric Student unpaired t-test.
The results for each statistical comparison is indicated on the bottom right of each graph: n.s. = non-
significant difference (p>0.05); * is for p<0.05; ** is for p<0.01; *** is for P<0.001.
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Chapter 3.2.2

Adult neural progenitor cells
autotransplantation in a non-human
primate model of Parkinson’s disease: a
pre-clinical study.
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Introduction

Over the last decades, dozens of pre-clinical studies have been conducted in
the field of PD. Their aims? To investigate the therapeutic potential of cellular
transplantations in animal models exhibiting PD-like symptoms and to assess
their limitations in terms of both safety and efficacy. In this highly specialized
domain, the MPTP non-human primate models are still, nowadays,
considered as gold standards to tackle the points mentioned above (M. E.
Emborg, 2007). As exposed in chapter 1.4, this model reproduces most of the
motor disabilities that progressively appear in PD patients (Forno et al., 1993).
The evolutionary proximity between the monkeys and the human beings,
especially in regards with their motor system, allows to investigate, in a
reliable manner, the potential corrective effect of a treatment and its possible
side-effects, in a way that would not be possible in other species like rodents
(J. P. Capitanio and M. E. Emborg, 2008; Courtine et al., 2007; Porras et al.,
2012; Potts et al., 2013). However, as no model is perfect, the MPTP monkey
models encompass several limitations that are mainly linked to the variability
of the lesion’s responses and to ethical controversies (J. Capitanio and M.
Emborg, 2008; Potts et al., 2013).

Among the most common tools used by researchers to address the impact of
the MPTP lesions and the potential effects of a treatment in non-human
primate (NHP), the “clinical rating scales” have always occupied a special
place (Imbert et al., 2000). Those scales that allow to rate different items
(mainly motor aspects) in a semi-quantitative manner, have been used in
almost all transplantation studies conducted in NHP (Bloch et al., 2014; M. E.
Emborg et al., 2008; 2013; Hallett et al., 2015; Kordower et al., 2000; Kriks et
al., 2011; Redmond et al.,, 2013). However, their important differences in
terms of sensitivity, combined with the relatively subjective assessment of
their different items make inter-studies comparisons difficult to achieve (Imbert
et al., 2000).
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Since the end of the 90’s, Prof. E.M. Rouiller's lab acquired an extensive
expertise in the assessment of manual dexterity in macaque monkeys. By
training the animals to performed motor tasks including, among others, the
modified Brinkman board and a reach and grasp drawer task, they were able
to finely monitor the effects of spinal and cortical lesions on different motor
parameters (Freund et al., 2009; Hoogewoud et al., 2013; Kaeser et al., 2011;
Y. Liu and Rouiller, 1999; Rouiller et al., 1998; Schmidlin et al., 2011; Wyss et
al., 2013). In those studies, a therapeutic agent was administered and a

functional recovery measured.

The literature has extensively described the impact of the nigro-striatal
denervation on motor functions, including rigidity, bradykinesia and akinesia,
in both human pathology and NHP MPTP models (Blesa et al., 2010; Davie,
2008; Forno et al.,, 1993; Gerlach et al., 1991; Hoehn and Yahr, 1967;
Olanow, 1999; Porras et al., 2012). Moreover, several investigations were
conducted on the impact of PD on different arm movement's parameters
including proximal and distal muscles control (Fellows and Noth, 2004;
Fellows et al., 1998; Weiss et al., 2009). Fellows and colleagues described,
among other things, an increase of the timing when lifting object using the
precision grip (Fellows et al., 1998).

In humans, the pegboards are widely used by clinicians and therapists to
assess manual dexterity deficits and/or to promote functional adaptations
(Earhart et al., 2011; STERNE, 1969). This test consists in filing a board
composed of small holes with cylindrical objects called pegs, as fast as
possible. In the context of PD, it has been demonstrated that the degree of
dopaminergic depletion correlates very well with the scores obtained in the
pegboard task (Sage et al., 2012; Vingerhoets et al., 1996). According to
Bohnen and colleagues, this manual dexterity test could even be considered
as a good biomarker of nigro-striatal denervation’s level (Bohnen et al., 2007).
In NHP models of PD, several items of the existing rating scales are referring
to manual dexterity impairments as for example the ability to manipulate food
(Schneider et al., 1995). However, and as previously mentioned, the
interpretation of those scales is not exhaustive, the data hardly reproducible.
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In the present study, we decided to take advantage of the in-house expertise
in matter of motor control to evaluate the influence on manual dexterity of
ANCE transplantation in four MPTP intoxicated macaque monkeys (ANCE
approach is introduced in chapter 1.3.5.3.3). In this sense, the modified
brinkman board task and the reach and grasp drawer task would allow to
obtain new quantitative data during the three main phases of the protocol.

As the gold standard regarding the behavioral assessment of NHP MPTP
models remains the clinical scales, we assessed in parallel the animal's
health state using the Schneider scale (Schneider et al., 1995). Additionally,
the spontaneous activity of each monkey was also closely monitored using
the VigiePrimate software developed by Viewpoint behavioral technology

(Lyon, France).

To complete those behavioral tests, the state of the dopaminergic system was
evaluated at each important step by *F-DOPA PET that has been broadly
used in PD related investigations (Blesa et al., 2010; Garnett et al., 1983;
Kortekaas et al., 2013; Melega et al., 1996; Olanow et al., 2003b)

Finally, histological analysis would provide crucial information regarding the

fate of the transplanted cells and, in fine, would allow to raise some
hypotheses with respect to their mode of action.
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Materials and methods

PET scans

PET acquisitions

The PET acquisitions were conducted at the service of nuclear medicine at

Figure 1. Monkey placed in the stereotaxic
frame inside the scanner.

the HFr (Hopital fribourgeois). The
animals were positioned in the PET
setup in pronation position with the head
placed in a custom made Plexiglas®
stereotaxic fame (figure 1). The PET
acquisitions were performed on a Philips
Ingenuity TF scanner according to the
following protocol: dynamic, 4x30sec;
3x60sec; 2x120sec, 7x180sec;
12x300sec, 128 slices per frame. The
BF_.DOPA was administered i.v. at the

very start of the data collection (about

125MBq; Radiopharmazie, Klinik fir nuklearmedizin, Zirich CH). In order to

maximize the bioavailability of the F-DOPA and to augment its brain

concentration, the animal received 50mg of carbidopa (a DDC inhibitor) per

0s, one hour before the scan. Prior to the functional acquisitions, anatomical

references were obtained by computer tomography scanner (CT scan)

subsequent analysis.

During the whole procedure, the monkeys were anesthetized according to the

same protocol as for MRI procedures, as described in chapter 2.2.4.
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Data post-processing and analysis

The different steps of the post processing and analysis protocols were
conducted on Pmod software (v3.605). The first one consisted in converting
and flipping the original images from DICOM to NIFI format. The CT images
were then co-registered (rigid matching) on the previously acquired structural
T1l-weighted images and the transformation matrix saved. The next step
consisted in applying each individual transformation matrix to the PET
dynamic images. The aim of this procedure was to align the functional images
on the anatomical data for each monkey. Regions of interest (ROIs) were then
manually defined on the basis of individual anatomical images and adjusted
on functional images in order to compensate small miss-registration errors.
ROIs were placed on left/right striatum and left/right caudate nuclei. The
occipital cortex, known for its poor dopaminergic innervation, was used as
reference area. The average values of each ROI were then calculated by the
software and the mean signal of each structure of interest calculated with
excel software. The “kinetic” function of Pmod was then used to obtain the
influx constant (Ki) by applying the Patlak algorithm on our data using the
occipital values as references (PATLAK et al., 1983). The different
percentages were generated on excel (Microsoft office 2011) and the figure
on GraphPad Prism 6.

PET images were finally generated by averaging the frames 10 to 28 and
dividing the values by the mean signal of the occipital region for intensity
normalization purposes. At the end, the scale was arbitrarily set between 0
and 1.7 for all images.
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Behavioral assessment

Schneider MPTP scale

All four monkey’s behaviors were closely monitored using the Schneider scale
(Schneider et al., 1995). This scale encompasses eight items rated from O
(absent) to 3 (severe) that allow to assess the evolution of the symptoms
(upper limb movement, lower limb movement, ability to manipulate food,
range of arm movement, bradykinesia / akinesia, hyperkinesia, tremor and
dystonia). Each individual subject was followed by a single experimenter that
was previously used to work with this particular animal. The behavioral
evaluation was performed on a regular basis in the animal housing facility by
periods of about 20 min. The scores were then reported in an excel file and
the total scores obtained by summation of the different elements of the scale.

Spontaneous movements’ activity

The spontaneous movements’ activity was recorded on a daily basis for each
monkey individually. Prior to each behavioral session, the monkeys were
placed in a smaller cage (52.5 cm x 115 cm x 82 cm) located in a separated
room for a period of 40 minutes. This period was composed of a first
habituation phase of 10 minutes, followed by a 30minutesrecording session.
The spontaneous movements’ activity was filmed by a camera placed in front
of the cage and the data processed in real time by the VigiePrimate software
(ViewPoint® behavior technology, Lyon, France). This software allowed
estimating the amount of movements generated by the animal trough the
changes of gray levels (256 gray levels) for each pixel in a defined region of
interest. The number of changes per second was then categorized into three
classes of spontaneous activity according to different thresholds that were
specifically set to meet our needs: freezing (< 500), middle (>500, < 2000)
and burst (> 2000) activities. The data were finally exported in a excel file for

each session.
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For this thesis the time spent by the animals within each of the above
mentioned categories during each experimental phases were statistically
compared with GraphPad Prism (version 6.0)
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The modified Brinkman board task

Modified by Rouiller and colleagues (1998) from the initial version of Brinkman
and Kuypers (1973), the modified Brinkman board task is composed by 50
slots (15mm x 8mm x 6mm), 25 oriented vertically and 25 horizontally (figure
2) (Brinkman and Kuypers, 1973; Rouiller et al., 1998; Schmidlin et al., 2011).
In this task, the monkey has to retrieve small banana pellets from the slots,
firstly with both hands free and, in a second step unimanually, with the left or
the right hand independently. By its conception, the modified Brinkman board
task obliges the animal to use the precision grip (opposition of the thumb and
index finger) to obtain the rewards (Schmidlin et al., 2011).

During each behavioral session, the motor performances of the monkeys
were recorded with a video camera filming at 50 frames/sec. Those videos
were then subsequently analyzed by an experimenter using the Dartfish
software (v. 7.0) in order to quantify the motor performances for each
experimental phase. In the present report, the following information was
considered: the score in 30 seconds, the contact time and the strategy

(temporal sequence to visit the 50 pellets).

- The score in 30 second correspond to the number of pellets correctly
retrieved during half a minute (30 seconds). The scores were
established separately for the vertical and the horizontal slots. A total
score value was derived from the sum of the vertical score and the
horizontal score. In Mk-LL, the score was not limited to the first 30
seconds, but representing the overall number of slots visited

independently of the time.

- The contact time refers to the time difference between the time point
when the animal entered its finger inside the slot and the time point
when the fingers were completely out of the slot (with the pellet). They
were calculated for the first five vertical and the first five horizontal slots
visited.
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- To obtain the strategies’ information, each slot was numerated from 1
to 50. The temporal sequences of prehension were then associated to
each slot for each session. Finally, the data were processed in Matlab
to obtain a graphical representation of the strategies’ evolution over the
different experimental phases. The quantitative comparisons between
the different experimental phases were conducted as described in
chapter 3.2.1

N.B. Due to a particular behavior, the total score was used to assess the
performances of Mk-LL. Moreover, because of an injury to its left hand, the
data of Mk-MI were obtained for its right hand only.

Figure 2. Modified Brinkman board filled with the pellets (rewards).

The reach and grasp drawer task

The reach and grasp drawer task used in this study was adapted from the
bimanual setups originally designed by Kazennikov and colleagues and
Kermadi and colleagues (Kazennikov et al., 1999; 1994; Kermadi et al., 1998;
1997). In the present version of the task, the monkeys work one hand at a
time. Multiple sensors allowed to record, in real time, different information
related to the timing of the different trial phases, to the force applied by the
animal to grasp the knob and to pull the drawer (figure 3) (Schmidlin et al.,
2011).
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When performing the task, the animal has to open the drawer against three
different resistances (RO=0N, R3=1.25N, R5=2.75N) to get a reward (banana
pellet), placed inside the drawer. For each resistance the monkey had to
execute ten correct trials before moving to the next one. Bad (erroneous)
trials’ marker was manually added to the raw data file by the experimenter by
pressing a button. The raw data were then processed following the protocol

presented in annex 1.

For this thesis, the trial duration parameter, which corresponds to the time
interval between the start-open event and the pick-out event, was considered
as the most relevant and the most informative in regards to MPTP effects on
the motor system. The analyses were conducted separately for both hands
except in Mk-MI for the previously mentioned reason (injury to the left hand).
Statistical analyses were conducted using GraphPad Prism to assess intra-
individual variation during the three experimental phases.

Figure 3. Schematic representation of the drawer setup with the three resitances indicated in the purple
square.
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Histology

In the present thesis, three series out of the ten series of histological sections

were used for histological analyses.

The first series of each animal was used for anatomical observation and
stained according to a Nissl protocol that is detailed in annex 2.

A second series for the observation of PKH67 positive cell was direct set on
microscope slides. Yet, due to important autofluorescence, the slides were
treated in a second step with Sudan black (Sudan Black B, Fluka 86015). The

protocol can be found in annex 2.

Finally, immunohistological analyses were performed in order to assess the
state of the nigrostriatal system using anti-Tyrosine Hydroxylase (TH)
antibodies as primary antibody (AB152, anti-TH polyclonal antibody, Millipore,
LOT 2552365) and Alexa Fluor 488 as secondary antbody (Alexa Fluor 488,
goat anti-rabbit IgG, Molecular prob; LOT 1670152). Full protocol can be

found in annex 2.
Observations and photographic acquisitions were performed using a

conventional light and fluorescence microscope Olympus BX40 (camera, mbf
bioscien, Q imaging, colour 12 bit) and Neurolucida sfoftware (version 11.0).
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Statistics

All statistical analyses were performed on GraphPad Prims (version 6.0). The
normality of the data distributions was firstly checked with the D'Agostino-
Pearson omnibus test. A p-value superior or equal to 0.05 was required to
consider the distribution as normal. Then the Student’s t or the Mann-Whitney
U tests were used to compare the different groups (intra-individual: pre-lesion,
post-lesion, post-implantation). P-value <0.05 were considered as statistically
significant. The “levels of significance” were indicated on the box plots by
stars “*”. One star “*” p-value = 0.01 to 0.05, two stars “**” p-value = 0.001 to
0.01, three stars “***” p-value = 0.0001 to 0.001 and four stars “****” p-value =
<0.0001. “n.s.” refers to non-statistically significant results (p=0.05).

The PET striatal Ki values along the three experimental phases (i.e. Pre-
lesion, post-lesion and post-implantation) were compared with a linear
random slope and intercept model (Ime, package nime in “R”, version 3.2.1).
The experimental phases were considered as the fixed effects and the x
identities (monkeys) as the random effects. Significant threshold was set at
p=0.05.
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Results

Positron Emission Tomography (PET)

During the pre-lesion phase, all four monkeys exhibited similar Ki values,
ranging from 0.00736 to 0.00858 respectively for Mk-LY and Mk-MI (table 1).
About seven weeks after the last toxin injection (MPTP), the second PET
acquisitions were performed. The data showed that three out of four monkeys
experienced dramatic dopaminergic depletion reflected by a very important
decrease of the PET values of about 80% compared to normal values (figure
5). Surprisingly, the Ki values of Mk-LY were much less affected with a fall of
only 17% with respect to the pre-lesion phase (figure 4 and 5, table 1). As it
can be seen in figure 4, the lesion impacted the striatum in a relatively global
manner with minimal left/right asymmetry. Additionally, the figure 4 reveals
that the head of the caudate nuclei and the most anterior part of the putamen
seems to be slightly less affected by the dopaminergic depletion than the

posterior part of the putamen.

About six months after ANCE implantations, a new batch of *F-DOPA PET
scans was performed in all monkeys. The analysis of the data revealed a
clear augmentation of the PET signal in all four animals (figure 5, table 1).
Nevertheless, even if those augmentations in terms of Ki were relatively
modest, they varied by a factor of two from one animal to another. For
instance, Mk-MI showed a recovery of the striatal uptake of only 10.82%
whereas Mk-MY exhibited an augmentation of Ki values of 21.37%, following
ANCE transplantation (figure 5).

Globally, statistical analyses revealed significant differences between the

three experimental phases regarding the striatal Ki values (p<0.05; linear

random slope and intercept model) (figure 6).
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Figure 4. Transverse slice of the four monkeys’ head cut at striatal level at the three main experimental
phases (pre-lesion, post-lesion, post-treatment). The values were normalized by dividing each individual
scan by their mean occipital signal. Black color corresponds to an absence of signal and red to the
strongest signal. L=left, R=right. N.B.: The figure representing the results of MK-LL post-implantation
exhibits an important artifact of its left side due to postoperative inflammatory process.
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Caudate
Putamen
Striatum
% of pre-lesion

Caudate
Putamen
Striatum
% of pre-lesion

Caudate
Putamen
Striatum
% of pre-lesion

Caudate
Putamen
Striatum
% of pre-lesion

Influx constant (Ki) - MK-LL

Pre-lesion Post-lesion Post-implantation

L R L R L R

0.00735 0.00805 0.00093 0.00138 0.00106 0.00194
0.00840 0.00769 0.00120 0.00147 0.00236 0.00347
0.00787 0.00125 0.00221

15.82 28.03

Influx constant (Ki) - Mk-LY

Pre-lesion Post-lesion Post-implantation

L R L R L R

0.00600 0.00646 0.00550 0.00442 0.00712 0.00675
0.00856 0.00840 0.00710 0.00740 0.00785 0.00786
0.00736 0.00611 0.00739

83.00 100.53

Influx constant (Ki) - Mk-MI

Pre-lesion Post-lesion Post-implantation

L R L R L R

0.00831 0.00836 0.00160 0.00179 0.00274 0.00196
0.00949 0.00815 0.00163 0.00210 0.00278 0.00336
0.00858 0.00178 0.00271

20.75 31.57

Influx constant (Ki) - Mk-MY

Pre-lesion Post-lesion Post-implantation

L R L R L R

0.00718 0.00836 0.00156 0.00142 0.00275 0.00343
0.00861 0.00862 0.00198 0.00111 0.00346 0.00343
0.00819 0.00152 0.00327

18.52 39.89

Table 1. Table summarizing the Ki values obtained from the analysis of the 18F-DOPA PET data with
Patlak algorithm in Pmod software. The values presented in red are corresponding to the percentage of
pre-lesion Ki values for the striatum. L=left, R=right, Caudate= caudate nucleus.
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Figure 5. Graphic representing the evolution of the Ki values across the consecutive experimental
phases in percentage of the pre-lesion values. The numbers in green correspond to the differences
between the post-lesion and the post-implantation phases.

Figure 6. Graphic representing the individual striatal Ki values at each experimental phase. Statistical
results are displayed by stars “*” (linear random slope and intercept model).
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Schneider MPTP scale

Globally, all animals were affected differently by the MPTP lesions. Two out of
the four monkeys spontaneously recovered almost completely few days after
the end on the injection’s protocol (Mk-LL, Mk-LY) (figure 7). The two other
animals were more severely affected with symptoms that remained relatively
high until the implantation to the cells (Mk-MI, Mk-MY). Those monkeys
progressively recovered their motor functions after ANCE implantations.
Nevertheless, Mk-MI, which was the most affected, recovered only partially
with a total score of two that remained stable until sacrifice.

In a general manner, there was very important day-to-day variability in terms

of symptom’s severity.

Figure 7. Figure representing the evolution of the total Schneider score per session. The 0 (X axis)
corresponds to the time of the cells implantation (red vertical bar). The time periods are indicated below
the X axis (in gray).
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Spontaneous movement activity

In a general manner, all four monkeys exhibited significant modifications of
their spontaneous movement activity patterns following the MPTP lesions with
p-values ranging from 0.001 to <0.0001. In more details, there was a
significant augmentation of the freezing activity in all four animals post-lesion
(p<0.001) (figure 8). However, if those modifications were extreme for Mk-Ml
and Mk-MY (figure 8, C and D), the increases of the freezing activity were
more moderate for Mk-LL and even more for Mk-LY (figure 8, A and B). The
behavioral modifications induced by the MPTP injections were opposite
regarding the middle and burst activity ranges, with significant decreases of
the time spent into those two categorizes (p-values = 0.001 to <0.0001)
(figure 8). As for the freezing activity, Mk-LL and Mk-LY were affected less
than Mk-MI and Mk-MY (figure 8, A and B).

The comparisons between the post-lesional states and the post-implantation
periods (April until sacrifice) exhibited a normalization of all three activity’s
categories, with a statistically significant decrease of the freezing duration and
a statistically significant increase of the middle and burst activity durations
(p<0.05). However, the analyses comparing the pre-lesion and the post-
implantation phases were statistically significant for all monkeys as well,
indicating that the recovery post-implantation was incomplete (p<0.05), except
for the middle activity time in Mk-LY (p=0.404)(figure 8).
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Figure 8. Box and whiskers representation of the spontaneous movement activity durations (in
seconds). The lower and upper limits of the boxes correspond respectively to the 25th percentile and
75th percentile while the lower and upper limits of the whiskers are showing the 10th and 90th
percentiles. The median value (50th percentile) is represented by a bar in the middle of the box. The
points outside of the whiskers are showing the “extreme values”. The black boxes correspond to the
pre-lesion phase (June 2014 to September 2014), the red boxes correspond to the post-lesion phase
(October 2014 to December 2014) and the green boxes to the post-implantation phase (April 2015 to
sacrifice). The statistical values are indicated by “stars” and “n.s.”. One star “*” p-value = 0.01 to 0.05,
tow stars “**” p-value = 0.001 to 0.01, three stars “***” p-value = 0.0001 to 0.001 and four stars “****" p-
value = <0.0001. “n.s.” refers to non-statistically significant results (p=0.05).
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Modified Brinkman board task

Scores in 30 seconds

In a general manner, the performance of the animals at the modified
Brinkman board task was significantly affected by the MPTP lesions with a
decrease of the score in 30 seconds (total score for Mk-LL) in three out of the
four monkeys for both hands (figure 10). Among these 3 monkeys affected by
the MPTP lesion both Mk-MI and Mk-MY exhibited a statistically significant
improvement of performance from the post-lesion phase to the post-
implantation phase (figure 10, C and D).

Globally, Mk-LY was not significantly affected regarding the scores in 30
seconds (p=0.05) (figure 10, A). Moreover, the cells’ transplantation did not
trigger any significant modification of motor performances as reflected by
score (p=0.05) (figure 10, A). On a qualitative point of view, during the pre-
lesion phase, Mk-LY exhibited a relatively large variability of its motor
performance for its left and right hands. Surprisingly, this variability was
slightly reduced during the post-implantation phase (figure 9, A and B).

Due to a particular behavior, the total scores of Mk-LL for its right and left
hands were considered as the most relevant. Over the whole experiment, Mk-
LL was extremely variable at performing the modified Brinkman board task.
This variability can be qualitatively assessed for both hands on figure 9 F. The
scores obtained with the right and left hands were significantly affected by the
MPTP lesion with an average reduction of respectively 14.6% and 11.3% with
respect to the pre-lesion values (p<0.05) (figure 10, B). Yet, when comparing
the post-lesion and post-implantation phases, the statistical analyses did not
show any significant modification of the total scores (left and right hands),
(p=0.05) (figure 10, B).

Globally, during the pre-lesion phase, Mk-MY exhibited very stable
performances regarding its scores in 30 seconds with relatively little variability
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(figure 9, C and D). The qualitative assessment of the post-lesion phase
revealed a progressive, but limited, normalization of the motor performances
(figure 9,C and D). Following ANCE implantation, a progressive augmentation
of the scores can be seen until reaching a plateau. Quantitative analyses
revealed a statistically significant reduction of the scores in 30 seconds for
both hands during the post-lesion phase, with respectively 62.3% (right hand)
and 70.7% (left hand) of the average pre-lesion values (p<0.0001) (figure 10,
C). The post-implantation data (April to sacrifice) were statistically significantly
higher than the post-lesion data (p<0.0001), reaching 95% of the reference
values (pre-lesion) for the left hand and 94.5% for the right hand (figure 10,
C). Nevertheless, the post-implantation scores were still significantly lower

than the pre-lesion values (p<0.05) (figure 10, C).

Mk-MI was the most affected animal in terms of motor performances. During
the pre-lesion phase, it showed a very large variability in terms of score.
Following the MPTP injections, Mk-MI almost completely lost its ability to
perform the modified Brinkman board task. About six weeks post-implantation,
Mk-MI recovered the ability to execute the task and exhibited a progressive
improvement of its fine manual dexterity score (figure 9, E). However, this
recovery remained incomplete until the end of the experiment. The statistical
comparison between the three experimental phases confirmed the qualitative
observations with a dramatic decrease of the score following the lesion
(p<0.0001, 13.8% of the pre-lesional data), followed by a significant
improvement of the motor performance (p=0.003) with an average score at
46.6% of the reference values (figure 10, D).

The qualitative assessment of the vertical and horizontal scores taken

separately did not reveal obvious modifications regarding the slot's
orientations’ preferences (figure 9).
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Figure 9. Representation of the scores obtained along modified Brinkman board task daily sessions. The X axis is split into
three sectors representing the sessions in the three experimental phases (pre-lesion, post-lesion, post-implantation). Spaces
between the three axes correspond to period of inactivity. Below the session’s axis (in black), the approximate time course of
each period is indicated in days (gray bars). The red bars represent the beginning of the MPTP treatments and the green bars
correspond to the time point of the cellular (ANCE) implantations.
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Figure 10. Box and whiskers representation of the scores in 30 seconds, cumulating the vertical and
horizontal slots. In Mk-LL, the score was not limited to the first 30 seconds, but representing the overall
number of slots visited independently of the time. The lower and upper limits of the boxes correspond
respectively to the 25th percentile and 75th percentile while the lower and upper limits of the whiskers
show the 10th and 90th percentiles. The median value (50th percentile) is represented by a bar in the
middle of the box. The points outside of the whiskers are showing the “extreme values”. The black
boxes correspond to the pre-lesion phases (June 2014 to September 2014), the red boxes correspond
to the post-lesion phase (October 2014 to December 2014) and the green boxes to the post-
implantation phase (April 2015 to sacrifices). The statistical values are indicated by “stars” and “n.s.”.
One star “*” p-value = 0.01 to 0.05, tow stars “**” p-value = 0.001 to 0.01, three stars “***" p-value =
0.0001 to 0.001 and four stars “****" p-value = <0.0001. “n.s.” refers to non-significant results (p=0.05).
The percentages are representing the evolution of the average scores compared to the pre-lesional
state.
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Contact times

In a general way, the contact time (CT), referring to the time spent by the
monkeys’ hand inside the slots using the precision grip, was significantly
affected by the MPTP lesion. Two out of the four animals were affected
bilaterally while in the two other monkeys the lesion impacted only some

parameters.

The CT in Mk-LY and Mk-LL remained globally unaffected by the MPTP lesion
with non-significant differences between the pre-lesion and post-lesion
phases (figure 11, A, B, C and D). However, two exceptions can be seen in
figure 11 A and D. Actually, Mk-LY showed a significant increase of its CT for
its left hand, though restricted to the vertical slots (p<0.0001), whereas MKk-LL
exhibited a significant increase of CT following the MPTP lesion for its right
hand (horizontal slots only).

Mk-MY showed significant increases of its CT in the post-lesion phase for
both hands, regardless of the slots’ orientation (p<0.0001) (figure 11, E and
F). Following the implantation of the cells, all parameters came back to the
pre-lesion state with statistically non-significant differences between pre-
lesion scores and post-implantation scores (p>0.05) (figure 11, E and F).

Concerning Mk-MI, there were not enough trials performed correctly to
measure the contact times during the post-lesion phase as the monkey was
almost not able to perform the task anymore (figure 11, G). Despite of that, it
regained this capacity few weeks after ANCE implantation. This recovery was
only limited, with CT significantly higher in the post-implantation phase than in
the pre-lesion phase (p<0.0001).
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Figure 11. Box and whiskers representation of the
contact times (CT) in seconds. The lower and upper
limits of the boxes correspond respectively to the 25th
percentile and 75th percentile while the lower and
upper limits of the whiskers show the 10th and 90th
percentiles. The median value (50th percentile) is
represented by a bar in the middle of the box. The
points outside of the whiskers show the “extreme
values”. The black boxes correspond to the pre-lesion
phases (June 2014 to September 2014), the red
boxes correspond to the post-lesion phase (October
2014 to December 2014) and the green boxes to the
post-implantation phase (April 2015 to sacrifices).
Each graph presents separately the values for the
horizontal and vertical slots. The statistical values are
indicated by “stars” and “n.s.”. One star “*" p-value =
0.01 to 0.05, tow stars “**" p-value = 0.001 to 0.01,
three stars “***” p-value = 0.0001 to 0.001 and four
stars “****" p-value = <0.0001. “n.s.” refers to non-
significant results (p=0.05).
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Strategies

All three monkeys analyzed for the picking temporal sequences exhibited a
relatively good regularity regarding their motor strategies during the pre-lesion
phase. Qualitative assessment revealed some subtle modifications following
the lesion protocol and a normalization of the picking sequences during the
post-implantation phase (figure 12).

The picking sequences used by Mk-LY remained very stable over the whole
experiment for its right hand, starting on the right of the board and
progressively moving to the left side without evident perturbation, neither after
the lesion nor after cells’ implantation (figure 12, B). The invert strategy was
used when performing the task with its left hand, with a transient modification
of the picking sequence following the MPTP injections (figure 12, A).
Nevertheless, the quantitative analyses revealed that, although subtle, those
modifications of the left/right strategies are significant (figure 13, A and B).

Concerning Mk-MY, similar strategies were used regardless of the hand. The
animal started generally the task by grasping pellets located in the middle of
the modified Brinkman board with a tendency to continue on the left side to
finally end on the right side of the board (figure 12, C and D). During the first
sessions of the post-lesion phase, the spatio-temporal sequences were
slightly disturbed but came back to the normal state during the post-
implantation phase (figure 12, C and D). Those observations were confirmed
for the left hand by the quantitative analysis but the strategy for the right hand
between pre-lesion phase and post-implantation phase remained significantly
different (figure 13, C and D).

As previously mentioned Mk-MI was only able to perform the task with its right
hand due to an injury to its left hand. This monkey exhibited a relatively
different strategy than the two others by starting at different locations of the
board before completing the “gaps” in-between. Nevertheless, it seems that,
even if the first slots visited were spread on the board, the animal started
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always with the same group of slots as indicated by the blue pearl lines that
are very regular (figure 12, E). As Mk-MI almost completely lost its capacity to
execute the task after the MPTP lesions, very few data are available during
the post-lesion phase. The gaps in the “pearl necklace” are indicating slots
that were not visited by the monkey. During the post-lesion phase, Mk-MI
progressively regained its motor capacities and, during the last sessions
before sacrifice, the pearl necklaces were again complete (figure 12, E).

Due to the very few data available during the post-lesion phase, it was not
possible to statistical quantify the impact of the MPTP lesion of the motor
sequence for this animal. However, pre-lesion and post-implantation data
were significantly different (figure 13, E).
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Figure 12. Representation of the spatio-temporal picking sequences by daily sessions. The Y axis represents the
positions of the slots on the board (0= extreme left, 50= extreme right). The X axis represents the analyzed daily
sessions from the MPTP lesion (0= lesion). Bellow the X axis, the approximate time course is indicated in days (gray).
The vertical red bars indicate the MPTP lesions and the green lines indicate the time point of the ANCE implantations.
The color scales indicate the temporal picking sequence (deep blue = first pellet picked out, dark red = last pellet picked

out).
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Figure 13. Figure representing the quantitative data of the left/right motor sequences. The Y axis
represent the deviation from the left to right habit. The X axis represents the analyzed daily sessions
from the MPTP lesion (0= lesion). The vertical red bars indicate the MPTP lesions and the green lines
indicate the time point of the ANCE implantations. The statistical values are indicated by “stars” and
“n.s.”. One star “*” p-value = 0.01 to 0.05, tow stars “**” p-value = 0.001 to 0.01, three stars “***” p-value
=0.0001 to 0.001 and four stars “****" p-value = <0.0001. “n.s.” refers to non-significant results (p=0.05).
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Reach and grasp drawer task

Trial durations

The trial durations, which correspond to the time differences between the time
point when the monkey start to open the drawer and the time point when the
pellet was correctly picked-out of the drawer’s slot, were relatively similar for
all monkeys during the pre-lesion phase. Following the MPTP injections, the
modifications of the trial durations values were relatively different from one
animal to the next (figure 14). In the same way, post-implantation data were

quite variable.

In a general manner, Mk-LY exhibited a statistically significant modification of
its trial durations values for both hands with an augmentation of the values
during post-lesion phases at resistance R3, right hand (p<0.0001) and at R5
both hands (p<0.001) (figure 14, A and B). RO values were significantly
decreased for the left hand and remained unaffected for the right hand (figure
14, A and B). The post-lesion / post-implantation comparisons showed a
significant decrease for the trial durations at all three resistances for the left
hand (p<0.0001) but was limited to R5 for the right hand (p<0.05) (figure 14, A
and B).

At one exception, Mk-LL did not exhibit any significant changes of its trial
durations consecutive to the MPTP injections (figure 14, C and D).
Nevertheless, the implantation of the cells was followed by a significant
decrease of the trial duration’s values for the left hand (at all resistances)
while the right hand did not exhibit any significant modifications in terms of
durations (figure 14, C and D).
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The post-lesion values of Mk-MY were all significantly higher than the pre-
lesion ones (p<0.001). About three months post-implantation, the trial
durations were significantly reduced compared to the post-lesion phase for
both hands, at all resistances (p<0.0001) (figure 14, E and F). Moreover, post-
implantation values did not significantly differed from the normal (pre-lesion)
values (left hand; at R5, right hand; at R3 and at R5). At RO, R3 (left hand)
and RO (right hand), the trial duration’s values were even smaller than during

the pre-lesion phase (figure 14, E and F).

Concerning Mk-MI, this monkey was not able to perform the reach and grasp
drawer task after the MPTP lesion. Consequently, no data were available for
the post-lesion phase. At about six weeks post-implantation, this animal
started again to execute the task. However, the post-implantation values were
still significantly higher than the reference values (pre-lesion) (figure 14, G).
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Figure 14. Box and whiskers representation of the trial
durations in seconds. The lower and upper limits of the
boxes correspond respectively to the 25th percentile and
75th percentile while the lower and upper limits of the
whiskers show the 10th and 90th percentiles. The median
value (50th percentile) is represented by a bar in the
middle of the box. The points outside of the whiskers show
the “extreme values”. The black boxes correspond to the
pre-lesion phases (June 2014 to September 2014), the red
boxes correspond to the post-lesion phase (October 2014
to December 2014) and the green boxes to the post-
implantation phase (April 2015 to sacrifices). Each graph
presents separately the values for the three resistances
(RO, R3, R5). The statistical values are indicated by “stars”
and “n.s.”. One star “*" p-value = 0.01 to 0.05, tow stars
“**" p-value = 0.001 to 0.01, three stars “***” p-value =
0.0001 to 0.001 and four stars “****' p-value = <0.0001.
“n.s.” refers to non-significant results (p=0.05).
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Histology

Regarding the Nissl staining, we were able to detect at low magnification
(10x) the tracts consequent to the stereotactic implantations of the cells. In
Mk-MI the needle tracts were clearly visible and located in the targeted
structures as aimed based on MRI stereotaxic coordinates (1 caudate
nucleus, 1 anterior putamen, 1 posterior putamen; bilaterally) (figure 15, A, D
and G). Most of the penetration tracts exhibited a slightly darker coloration.
Moreover the general assessment of the brain’s structures did not reveal any
evident structural aberration. The observation of the other three subjects
provided very similar results (data not shown).

The qualitative examination with the fluorescence microscope allowed to
detect the implanted cells that were stained with PKH67 dye prior to their
injection into the striatum. Similarly to what was observed in Mk-LL, Mk-MY
and Mk-LY, Mk-MI exhibited the presence of numerous PKH67 positive cells.
Those cells were mainly located around the injection tracts but were also
visible at more remote areas (figure 15, B, E, and H). Unfortunately, and for
technical reasons it was not possible, at the time, to perform stereotaxic
counting and, consequently, to estimate the survival rate of the transplanted
cells.

Finally, the TH immunohistochemistry analysis provided qualitative
information regarding the quantity of dopaminergic fibers and neurons
remaining in the substantia nigra. Mk-MI, which was severely affected with a
very important decrease of its dopaminergic activity on the PET, exhibited few
spread TH+ fibers in the SN (figure 15, C). Similar results were visible in Mk-
MY and Mk-LL. The observation of Mk-LY’s SN revealed a more abundant TH
immunoreactivity with an important number of TH+ cells (figure 15, F). Finally

the figure 15 | shows the SN of a control animal.
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Figure 15. Summary of the histological results for Mk-MI (the first two columns) and Mk-MI, Mk-LY and a control monkey
(last column). The left column corresponds to the Nissl coloration. The injection tracts are indicated by the red arrows.
A= caudate nucleus, D= putamen (anterior part), G= putamen (posterior part). The middle column corresponds the
PHK67 labeled cells (in green). Pictures B and H were both taken on the injection site located in the putamen at two
different magnifications (10x and 20x). Picture E was taken in the putamen but remotely from the injection tracks. The
right column displays the results of the TH immunoreaction in the substantia nigra. C= Mk-MI, F= Mk-LY, I= control
monkey. The scales are indicated by the white rectangles on the bottom right of the images and correspond to 50um.
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Discussion

In the context of therapeutic approaches for neurodegenerative disorders,
cells transplantations are seen as a promising tool for the development of the
next generation of treatments (Morizane and Li, 2008). Over the last decades,
many laboratories have intensively dig this paradigm and brought crucial
information regarding these novel methods. As mentioned in the introduction,
the main cell sources used for the investigations of cell therapies in PD are
the hESC and the fetal tissues. However, even if promising results have been
published, pre-clinical and clinical investigations have raised some important
issues and have shown some limitations linked to immunological reactions,
limited donors’ availability and to ethical controversies. Moreover, double-blind
controlled clinical trials failed to support fetal tissues efficacy to restore motor
function in PD patients (Freed et al., 2001; Olanow et al., 2003a). In this
situation, autologous cell where seen as intrinsically solving those problems
(Arias-Carrién and Yuan, 2009).

In the present study we assessed the impact of ANCE implantation in a NHP
MPTP model. This novel approach was developed by Brunet and colleagues
and has been shown to promote functional recovery in MPTP treated
monkeys (Bloch et al., 2014; J.-F. Brunet et al., 2002; J. F. Brunet et al.,
2005). Nevertheless, in addition to the classical behavioral assessment, we
used different tools allowing to measure quantitatively different parameters of
the behavior and in particular of the manual dexterity (Schmidlin et al., 2011).
Moreover, the integrity of the dopaminergic system was closely monitored
with **F-DOPA PET during the principal phases of the study.

In a general manner, all four monkeys were differently affected by the MPTP
lesions. Two of them almost completely recovered few days after the last
MPTP injection while the two other exhibited more severe and stable
symptoms. Yet, by their sensitivity, the methods used to quantify the
spontaneous activity of the animals (VigiePrimate) and their manual dexterity
(reach and grasp drawer task and modified Brinkman board task (MBB)) were

able to detect subtle modifications, even in apparently asymptomatic
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monkeys. Six months following the stereotaxic injections of the ANCE, almost
all analyzed parameters were significantly improved with animals exhibiting
partial to complete functional recovery.

Moreover, the different data recorded along this study revealed new
information regarding the impact of a nigro-striatal lesion on the motor system
of NHP and more particularly on the control of the manual dexterity.

Pre-lesion versus post-lesion phases

PET, Schneider MPTP scale and spontaneous

activity.

The '®F-DOPA PET scan has been extensively used in animal models
investigation but also in clinical frame as a diagnostic tool (Blesa et al., 2010;
Calne et al., 1985; Doudet et al., 1992; Garnett et al., 1983; Guttman et al.,
1988; Snow et al., 1993).

Our pre-lesion data showed relatively similar uptake values in the four
animals, with Ki raging from 0.0073 to 0.0085 (Mk-LY, Mk-MI). Those
guantitative results are in line with the data available in the literature where Ki
values range between 0.007 and 0.011 (Blesa et al., 2010; 2012; Doudet et
al., 1989; Melega et al., 1996; 1991).

Seven weeks after the end of the MPTP protocol, a second PET scan was
performed in order to assess, in vivo, the impact of the lesion in each animal.
Those post-lesion scans revealed that the striatal *F-DOPA uptakes were
clearly diminished in all four monkeys. However, those data also underline
important inter-individual discrepancies regarding the impact of the toxin on
their dopaminergic systems. Out of the four subjects, three exhibited dramatic
striatal Ki decreases (minus =80%) compared to pre-lesion states (Mk-LL, Mk-
MI, Mk-MY), while the last one was less affected with a decrease limited to
about 17% of its reference value (Mk-LY). Despite important variations and
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limited data, statistical analysis revealed that the pre-lesion versus post-lesion
differences are statistically related to the MPTP lesions (p=0.0002).

It is interesting to notice the particular pattern of degeneration, where the
posterior parts of the putamen seemed to be more affected than the anterior
part and the caudate nucleus. Those observations are in line with what is
known from the human pathology and from some human MPTP intoxication
cases (Marek et al., 2001; Snow et al., 2000). Blesa and colleagues have

shown similar patterns in MPTP monkeys (Blesa et al., 2012; 2010).

Behaviorally, the symptoms of each animal were closely followed during the
different experimental phases with the Schneider MPTP scale (Schneider et
al., 1995). Globally, two groups of two animal presented very distinct
symptomatic evolutions. On one hand, Mk-LL and Mk-LY exhibited very early
quite marked symptoms including bradykinesia and tremors. Those motor
impairments were present until the end of the MPTP protocol but rapidly and
almost completely vanished few days after the last injection. On the other
hand, Mk-MY and Mk-MI were more severely affected by the toxin with
symptoms that were sustained during the whole post-lesion phase. The
symptoms of Mk-MI, which were clearly the most severe, remained prominent
during the whole post-lesion phase. Interestingly, this animal was the last to
show deterioration of its motor capacity and actually required additional
injections of MPTP.

Regarding the spontaneous activity, the data were collected using the
VigiePrimate system developed by ViewPoint technology (Lyon, France). This
system offers a reliable and standardized method to assess the global activity
of the monkeys and was used in several publications (Chassain et al., 2001;
N. Liu et al., 2009; Mounayar et al., 2007b; Worbe et al., 2009). Similarly to
the results of the Schneider MPTP scale, the spontaneous activities of the
four monkeys were significantly impacted by the lesions in all animals but in
two different ways, with an increase of the freezing activity and a decrease of
the middle and burst activity. Mk-LL and Mk-LY were moderately affected
while Mk-MI and Mk-MY were dramatically altered. Yet, regarding Mk-LL and
Mk-LY, although the modification of spontaneous activity was not evident
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when observing the animals freely behaving, the VigiePrimate system allowed
revealing some subtle but statistically significant changes.

Globally, those different data are pointing out that the MPTP protocol that we
adapted from Mounayar and Colleagues, generated parkinsonian behaviors in
in all four monkeys according to the methods that are commonly used to
assess the global behaviors in similar models (Bloch et al., 2014; Chassain et
al., 2001; M. E. Emborg et al., 2008; N. Liu et al., 2009; Mounayar et al.,
2007b; Ren et al., 2013; Schneider and Kovelowski, 1990). Moreover, those
behavioral results were supported by in vivo data regarding the integrity of the
dopaminergic system obtained with 18F-DOPA PET scans.

Lesion variability and compensatory mechanisms

Yet, the data presented above have raised an important point that has to be
addressed. Despite of identical intoxication protocols, there was important
inter-individual variability in terms of MPTP susceptibilities. This point has
extensively been discussed in the literature and has been stressed out to
constitute one major limitation of the NHP MPTP model (Collier et al., 2003;
EIDELBERG et al., 1986; Mounayar et al., 2007a; Potts et al., 2013). Porras
and colleagues suggested that the age of the monkeys as well as genetic
variations can constitute an important source of variations of the MPTP model
(Porras et al., 2012). Those two elements could explain why the two younger
animals (Mk-LY, MK-LL) that were also close genetically (same father) did
recover in few days while the two other monkeys remained more severely
affected (Mk-MI, Mk-MY).

The mechanisms underlying spontaneous recovery in NHP, even if
fascinating, are still largely unknown. Yet several hypotheses do exist. Song
and Haber (2000) and later Mounayar and colleagues (2007) suggested that a
sprouting of the dopaminergic fibers spared by the degenerative process

would compensate the lack of dopaminergic inputs (Mounayar et al., 2007b;
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Song and Haber, 2000). This sprouting phenomenon is believed to originate
from both sensory-motor and associative territories of the striatum (Mounayar
et al., 2007b). Moreover, Song and Haber emphasized a possible reactivation
of some dopaminergic neurons that would have been down-regulated during
the MPTP treatment (Song and Haber, 2000). Another hypothesis associates
an increase of non-dopaminergic neurotransmitters such as serotonin as
suggested by Boulet et al. (Boulet et al., 2008). A new NHP model developed
by Beaudoin and colleagues in which they sequentially performed a
dopaminergic lesion (using MPTP) and a lesion of the serotoninergic neurons
(using MDMA), allowed to underline the role of the serotoninergic system in
the muscular rigidity as well as its implication in the appearance of levodopa
induced dyskinesia (Beaudoin-Gobert et al., 2015).

Among others, those elements are suspected to play a compensatory role
during the preclinical phase of PD (Song and Haber, 2000; Zigmond et al.,
1984).

In the present study, the profile exhibited by Mk-LL, with a Schneider score
close to 0 at the end of the post lesion phase and only 15.8% of ®F-DOPA
striatal uptake compared to its pre-lesional state, would go in the direction of a
non-dopaminergic compensation (Boulet et al., 2008). In contrast, Mk-LY
showing initially relatively marked parkinsonian symptoms and then
spontaneously recovered with striatal Ki values decreased by only 17% would
rather support the dopaminergic theory. However, the huge difference
between those two animals seems to be hardly explainable exclusively by the
sprouting of spared fibers. Potts and colleagues pointed out some form of
resistance to the MPTP in some monkeys that could possibly fit to the profile
of Mk-LY (Potts et al.,, 2013). Several molecular mechanisms have been
suspected to be implicated in the resistance processes against MPTP induced
dopaminergic depletion, including an overexpression of VMAT2 (vesicular
monoamine transporter 2) or SOD1 (superoxide dismutasel) that would play
a role in ROS protection (Y. Liu et al., 1992; Przedborski et al., 1992).

In their paper, Mounayar and colleagues (2007) showed that an acute
injection protocol, such as the one used in the present study, would generate
more pronounced and stable symptoms (Mounayar et al., 2007b). Moreover,
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they advice to inject an extra-acute dose to stabilize or reveal the motor
deficits if needed. We followed their recommendation for Mk-MI that was the
last to express parkinsonian symptoms by injecting an extra 0.75 mg/kg
amount of MPTP. Unfortunately, Mk-LL and Mk-LY that were showing marked
and stable parkinsonism at the end of the MPTP protocol, recovered after the
end of the quarantine when the facility was not equipped for MPTP treatment

anymore.
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PET / behaviour correlation

The cardinal symptoms of PD have early been associated to the depletion of
the dopaminergic neurons in the SNpc and consequently to a decrease of the
dopamine in the striatum (Forno, 1982; Hornykiewicz, 1982). Several papers
have also underlined, both in human and NHP MPTP model, that a
destruction of 60% to 80% of the nigro-striatal projection was necessary
before the progressive appearance of the motor signs (Agid, 1991; Fearnley
and Lees, 1991; 1990; Tabbal et al., 2012). With the development of the
neuroimaging techniques such as #l-ioflupane SPECT or **F-DOPA PET, it
was possible to assess, in vivo, the state of the dopaminergic system at
different stages of the disease (Garnett et al., 1983; Tissingh et al., 1997).
Globally there is a good correlation between the motor deficits and the
PET/SPECT signal in PD (Benamer et al., 2000; Djaldetti et al., 2009; Marek
et al, 2001; Tissingh et al., 1997). Several groups reported similar
conclusions in regards with the NHP PD models (Blesa et al., 2012; 2010;
Doudet et al., 1998; Kortekaas et al., 2013).

Our results seem to show a poor correlation between the Schneider score and
the striatal uptake values (figure 16). Actually, if the results of Mk-LY, Mk-MI
and Mk-MY could more or less fit the literature, the case of Mk-LL appears
more problematic. At the time of the second scan, Mk-LL exhibited a very low
Schneider score, due to an almost complete spontaneous recovery, while its
striatal Ki was very low. However, Blesa et al (2010, 2012), as well as other
authors, reported strong inter-individual variability in terms of striatal uptakes
(Blesa et al., 2012; 2010; Doudet et al., 1998; Kortekaas et al., 2013). The
same is true concerning the human pathology (Marek et al., 2000; Tissingh et
al., 1997). Taken together with the very limited number of animals included in
this study, this strong variability could explain the lack of correlation between
those two parameters. Additionally, an experimenter (rater) bias must be
considered, as the assessment of the Schneider score remains a relatively

subjective measurement.
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Figure 16. Representation of the score and PET values for each animal. The Y axis gives the average
striatal Ki values and the X axis gives the total Schneider score at the time of the second ®c_.DOPA PET

scan.

Modified Brinkman Board task and reach and

grasp drawer task

One current manifestation of PD is a decrease of hand dexterity. Actually, if
the patient’s ability to control their proximal muscles (arms) remains relatively
speared, their capacity to perform fine movements with their fingers get more
and more deteriorated with the disease progression (Agostino et al., 1998;
Castiello and Bennett, 1997; Jackson et al., 2000; Jankovic, 1987; Knopp et
al., 1970; Whishaw et al., 2002). It has been hypothesized that this motor
manifestation would be linked to the fact that the pallidal outputs are
projecting on the ventrolateral thalamus that itself innervates selectively the
hand representation of M1 (Holsapple and Preston, 1991; Nambu et al.,
1988). In the movement disorder society unified Parkinson's disease rating
scale (MDS-UPDRS), which is the most frequently used scale to assess the
state of PD patients, several items are directly or indirectly linked to manual

dexterity. This includes dailylife task such as eating, dressing, handwriting or
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more standadized assessments of the hands’ movemements (Martinez-Martin
et al., 1994).

In addition to this semi-quantitative methods, some tasks allow to assess
more specifically the forelimbs’ deficits and more particulartiy the hands’
impairements. The Pegboard, which consists in a board with holes and small
cylindric objects (pegs), has been widely used in clinics and for reasearch
purposes in different pathologies including PD (Sage et al., 2012; Vingerhoets
et al., 1996). In this task, the patents have to insert the pegs in the holes as
fast as possible. Vingerhoets and colleagues have shown that the pegboard
score correlated the best with the nigrostriatal depletion and considered this
task as a good biomarker of the PD evolution (Vingerhoets et al., 1996; 1997).
This quantitative measure is closely linked to the bradykinesia of the patients
which is one of the cardinal symptoms of PD (Hietanen et al., 1987).

Similarly to the UPDRS scale, several MPTP scales in NHP rate items
dependent on the ability of the monkeys to use their hands, such as grooming
or manipulating food (Imbert et al., 2000; Schneider et al., 1995). However
very few studies have investigated the modification of manual dexterity
consequent to a lesion of the dopaminergic system in animal models of PD
(Annett et al., 1994; Ellis et al., 1992). In a paper, Whishaw and colleagues
claimed that the hand control deficits seen in PD patients are similar to those
expressed by rat or monkey models (Whishaw et al., 2002).

The modified Brinkman board task and the reach and grasp drawer task are
both providing quantitative information regarding the manual dexterity of the
subjects (Y. Liu and Rouiller, 1999; Rouiller et al., 1998; Schmidlin et al.,
2011).

The MBB task has been used and validated in several studies that were,
among others, investigating the impact of therapeutic strategies on spinal and
cortical lesions in NHP (Freund et al., 2009; Kaeser et al., 2011; Y. Liu and
Rouiller, 1999; Rouiller et al., 1998). By its construction, the task is very close
to the pegboard task used in clinics. Both force the subjects to perform fine
hand movements. In the two cases, the subject has to generate an “transport

movement”, mostly involving proximal muscles, and a “grasp movement” that
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requires fine control of the distal muscles (Jeannerod, 1984; Jeannerod et al.,
1995).

At the exception of Mk-LY, in all monkeys the MBB score in 30 seconds (total
score for Mk-LL) were significantly reduced after the MPTP lesions with post-
lesional score ranging from 85.4% to 13.8% of the pre-lesion values. Similarly
to what is known in PD patients, the deficits in the MBB score were more
pronounced in animals with a higher Schneider score.

Regarding the contact time that corresponds the “grasp phase” in the MBB,
significant increases were observed in the two most affected monkeys (Mk-MI
and Mk-MY) but globally not in the two others. Due to a quite total incapacity
of Mk-MI to execute the task, not enough data were available to perform
statistical analyses.

Taken together, those two parameters provide precious information. In a
general manner, the MBB task’s results show that following the MPTP lesions,
the monkeys are slower to execute the task. Those results are relatively in
line with some studies conducted on human subjects showing that the reach
and grasp movements are generally slower in PD patients compared to
controls, suggesting that this would be due to global bradykinesia and rigidity
(Bohnen et al., 2007; Hietanen et al., 1987; Sage et al., 2012; Vingerhoets et
al., 1996; 1997).

Our data also suggest that the control of the proximal muscles controlling the
arms were globally more affected, with three out of four monkeys affected,
than the ability to perform the precision grip, i.e. to retrieve the pellet inside
the slots with an increase of the CT visible in the two most affected animals
only. Those results are in contradiction with the conclusions of Whishaw et al.
and Agostino and colleagues (Agostino et al., 1998; Whishaw et al., 2002).
Yet, those differences could possibly be linked to the differences between the
tasks, the shape and the weight of the objects to grasp. A refinement of our
video analysis, more focused on the “quality” of the finger movements, may

possibly lead to different conclusions.
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Qualitatively, the general patterns of the movements were relatively
unchanged (based on visual observations) in the same way than previously
reported in PD (Castiello et al., 1999; 2000; Tresilian et al., 1997).

Regarding the motor strategies in the MBB (temporal sequence to visit the
slots), quantitative analyses of the left to right motor sequences revealed that
all analyzed animals were significantly affected by the MPTP protocol. Two
different hypotheses could explain those changes in terms of strategy. On one
side, the motor disability consequent the lesion of the nigro-striatal projections
could force the animal to adapt its behavioral strategy in order to achieve its
goal (adaptive strategy). On the other side, a modification of the motor
sequences could be explained by the fact that the basal ganglia are
interconnected to the supplementary motor area (SMA) that has been shown
to play an important role in the generation of motor sequences in both NHP
and humans (Berdyyeva and Olson, 2010; Clower and Alexander, 1998;
Goldberg, 1985; Kennerley et al., 2004; Mushiake et al., 1990). Moreover,
Kaeser and colleagues (2013) argued that the dorsolateral prefrontal cortex
(dIPFC) was implicated in motor habits’ representations (Kaeser et al., 2013)
and a recent functional instigation using PET and conducted by Tian et al
(2015) revealed a reduced dopaminergic activity in the dIPFC of MPTP
treated monkeys that is supposed to be due to the destruction of some
dopaminergic neurons in the ventral tegmental area (VTA) (Tian et al., 2015).
Thus, it is possible that the dopaminergic depletion in our model could impact
on the motor habits of our monkeys directly or indirectly.

Presently, the observation in Mk-LY that the performance at the MBB was not
altered by the lesion but exhibited a significant modification of its strategy
seems to fit better with the “cognitive hypothesis”, as the modification of the
strategy could not be explained by an impairment of the motor function.
Regarding the two more affected animals, both hypotheses are potentially
plausible but further investigation appears necessary to discriminate the
different factors implicated.
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In contrary to the MBB task, the execution of the reach and grasp drawer task
required the animal to perform always the same movement in order to reach
the target (drawer’s knob), to generate a certain amount of force to open the
drawer and get the reward and allow to finely quantify a specific motor action
(Schmidlin et al., 2011) This task also demands the involvement of relatively
more different groups of muscles than the MBB.

Similarly to the MBB task’s results, Mk-MI and Mk-MY, which exhibited the
more severe parkinsonian symptoms, were also the more seriously impaired
in term of trial durations. In Mk-MY, the time to execute the task was
significantly increased in the post-lesion phase for both hands at all
resistances, while Mk-MI was once again almost completely unable to perform
the task after the MPTP injections due to a severe akinetic state and to
important tremors. Surprisingly, Mk-LL that was significantly affected for the
other task (MBB) was not impacted in the reach and grasp drawer task. The
reverse is true for Mk-LY, but to a lesser extent than for Mk-MY and MKk-MI.

In the literature, an analogous task during which the patient has to grasp a
knob and to lift it was used to assess the grip parameters in PD patients
(Fellows and Noth, 2004). Fellows and colleagues reported a prolonged time
to lift the charge in PD patients compared to age matched controls (Fellows et

al., 1998). They claimed that this was certainly associated with bradykinesia.

The observation that Mk-LL was affected in the MBB but not in the reach and
grasp drawer task looks paradoxical. One aspect that could explain this
dichotomy is linked to the fact that the movements necessary to perform the
two tasks are very different. On one hand, the score of the MBB
encompasses the transport movement from the board to the mouth and
involves the biceps and supinator muscles while, on the other hand, the
movement to execute the drawer task is linear and involve more the triceps
and pronator muscles (during the recorded phase). Fellow and colleagues
(1998) reported that PD was associated with a deterioration of the supinatory
and pronatory movements (Fellows et al., 1998). They moreover suggested
that those impairments of the motor function were analogue to those seen in
rodents and NHP models of PD. As its is now known that the MPTP lesions
are quite variable, it is possible to hypothesize that subtle variability in the
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destruction of the nigro-striatal projections could lead to different deficits that
could de facto be revealed by different motor tasks.

Post-implantation versus pre-lesion phase

Globally, the data of the post-implantation phase were significantly improved
as compared to post-lesion data. However, while all four monkeys exhibited
functional recovery, there were important inter-individual disparities depending
on the nature of the data obtained.

PET, Schneider MPTP scale and spontaneous

activity.

About six months after the implantation of the ANCE, a third and final °F-
DOPA PET scan was performed for each animal in order to assess the
evolution of the dopaminergic function.

Our data revealed an increase of the striatal Ki values in the four monkeys
ranging from 10.8% to 21.4% (Mk-MI and Mk-MY) with respect to the data
obtained before the stereotaxic surgery. This increase was statistically
significant (p<0.0001; linear random slope and intercept model) but remained
significantly different from the pre-lesion values (p=0.007).

Several papers published over the past years have assessed the evolution of
the dopaminergic function in NHP MPTP models after the end of the MPTP
intoxications (Y. Liu et al., 2013; Melega et al., 1996; Schneider et al., 1995).
None of them described an increase of the striatal uptake after the last MPTP
injection. Melega and colleagues (1996) conducted a longitudinal study in
which they performed several **F-DOPA PET scans at different time-points
(Melega et al.,, 1996). Their results showed either stable striatal Ki or a
progressive decrease of the '®F-DOPA uptake over a period of one year.
Vezoli and colleagues showed a transient increase of the dopaminergic
transporter (DAT) striatal density, using functional neuroimaging tool
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([*'C]PE2l), during the pre-motor stage (Vezoli et al., 2014). However, this
phenomenon emphasized as an early compensatory mechanism rapidly
vanished with the appearance of the symptoms and so could be excluded in

our monkeys.

On a behavioral point of view, the longitudinal follow-up of the Schneider
MPTP score displayed two different patterns. As mentioned previously, Mk-LY
and Mk-LL that were considered as recovered monkeys, exhibited very light
symptoms with a total score of 1 at the time of the ANCE implantation. Few
weeks after surgery, those two animals came back to a normal state with a
total score of 0. Mk-MI and Mk-MY that were more severely affected before
the cellular implantation (total score 5 to 14), progressively recovered after the
implantation. Mk-MY, that was affected less than MK-MI, fully recovered
within four weeks, while Mk-MI started to regain about two months after cells
implantation. About eleven weeks after the implantation, Mk-MI showed a

stable score of 2, while light bradykinesia and tremors lasted until its sacrifice.

As already criticized, the use of clinical scales in non-human primates could
be a relatively subjective measurement, particularly when the number of
observations is quite limited. Moreover, the fact that the experimenters were
unblinded could introduce an important bias in the data. For those reasons,
the use of the video monitoring software to evaluate the spontaneous activity
of each animal represents an objective and unbiased methods to acquire
guantitative data. This method was already used in previous studies and
correlated with the clinical score (N. Liu et al., 2009; Mounayar et al., 2007b).

As formerly exposed, Mk-LL and Mk-LY were moderately impacted in terms of
spontaneous activity while Mk-MI and Mk-MY were extremely akinetic during
the recording sessions. The data obtained from the last three months of the
post-implantation phase, just before the sacrifice, were significantly improved
in all four subjects. Interestingly during the later part of the post-lesion phase,
Mk-MY, Mk-LL and Mk-LY were considered as totally recovered with a
Schneider score of 0, while the recovery in terms of spontaneous activity was
only partial (at the exception of Mk-LY middle activity range). This disparity
could be partially explained by a greater sensitivity of the VigiePrimate system
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to detect the behavioral changes even if our results are not in line with the
data presented by Liu and colleagues showing a good clinical score and
spontaneous activity correlation (N. Liu et al., 2009).

However, the different behaviors that can be detected visually in those two
environmental conditions, even in Mk-MI, must trigger some more
explanations. One of them could be linked to the environment itself. On one
hand, the Schneider scores were rated in the monkeys’ housing facility (45
cubic meters) in which they had social interactions and access to a rich
environment. On the other hand, for the recording of the spontaneous activity,
the animals were placed for 30 minutes in a smaller cage in a separated room
with no social contact or external stimulus.

In a paper published by Curra et al. (1997), the authors suggested that the PD
patients were more impaired in the “internally” generated actions than when
the actions were triggered by external stimuli (Curra et al., 1997). Even if our
paradigm is relatively far from the one of Curra and colleagues, we could
hypothesize that the enriched social and environmental composition of the
homeroom is more prone to stimulate a motor activity than a limited and poor

environment such as in the recording cage.

MBB task and reach and grasp drawer task

Regarding the post-implantation data obtained with the MBB task, Mk-LY that
was not significantly affect for this task and Mk-LL that showed significant but
limited impairment after the MPTP lesion, both exhibited non-significant
modifications of their scores and CT during the post-implantation phase. On
the contrary, Mk-MI and Mk-MY (the most affected) exhibited a significant but
incomplete functional recovery for this task.

Concerning the reach and grasp drawer task, Mk-MY showed significant
improvement of its trial duration during the last part of the post-implantation
phase. Some data were even statistically equal or better than the normal
values. Mk-MI that was unable to perform the task after the MPTP injections
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regained this capacity few weeks after ANCE transplantation. This recovery
was nevertheless partial with significantly slower performances compared to
the pre-lesion state. Mk-LL and Mk-LY both showed significant diminution of
their trial durations compared to pre-lesion data but this effect was generally
limited to their left hand. This means that during the post-implantation phase,
those two subjects were even better than before the MPTP lesions. Those
unexpected results are difficult to explain. Nevertheless, several hypotheses
can be proposed. Firstly, a variability of the performance cannot totally be
excluded. Actually, during some periods the monkeys could be very focused
on the tasks while, during another period, they could be very forgetful.
Secondly, the fact that the left hand shows significant modifications, while the
right one did not, could be linked to the lateralization of the monkeys as
discussed in annex 5. Finally, it is not totally impossible that the ANCE

implantation could be responsible of these particular behavioral modifications.

Histological analyses

Globally, the histological analyses revealed several important information that
is crucial for the validity of this study.

First of all, the observation at low magnification (10x) of the Nissl stained
slices confirmed that the implantations of the ANCE were indeed performed in
the targeted anatomical structures (one in the caudate nucleus and two in the
putamen (anterior and posterior), bilaterally) in all four animals. The
penetration tracts exhibited a slightly darker coloration certainly due to some
micro bleeding at the time of the surgeries.

Secondly, the general assessment of the anatomy did not reveal any evident
anatomical aberration suggesting an absence of tumor formation, as it was
the case in previous investigations on ANCE transplantation (Bloch et al.,
2014; Brunet et al.,, 2009; Kaeser et al., 2011). This problematic that
represents one of the major limitation to the use of hESC for clinical
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application has been intensively debated in the literature (Brederlau et al.,
2006; Hwang et al., 2010; Morizane et al., 2008; Politis and Lindvall, 2012).

Thirdly, the qualitative assessment of the brain slices with the fluorescence
microscope underline the presence of multiple PKH67 labeled cells. They
were located around the implantation tracts but also in more remote parts of
the striatum. As the quantification of the cells has not been performed so far, it
is not yet possible to evaluate the survival rate of the transplanted cells.

In several studies the survival rate of the implanted cells was very low and so,
it was an important point to consider for hoping a therapeutically effect
(Brundin and Bjorklund, 1987; Brundin et al., 2000; Hagell and Brundin,
2001). In contrast, the transplantation of ANCE in an MPTP models similar to
ours showed an impressive survival rate reaching up to 50% at four months

post-implantations (Brunet et al., 2009).

Finally, TH positive fibers were present in a much reduced extent in the SNpc
of the MPTP treated monkeys than in a control animal. These qualitative
observations seem to confirm the PET data but further quantitation are now

required tow perform any correlation.
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Place of ANCE implantations in the functional

and behavioural recovery

In 2014, Bloch and colleagues published a similar study in which they
implanted ANCE produced according to the exact same protocol as ours in as
similar NHP MPTP model (Bloch et al., 2014). They were able to show a
significant motor improvement in four out of five treated monkeys while the
control subjects (no cells or killed cells) remained parkinsonian. For this
reason, the present investigation did not aim at providing a proof of efficacy of
ANCE transplantation but more to bring complementary information.

In a general manner, the post-implantation results discussed above exhibited
significant improvement in comparison to the post-lesion phase. Yet, in the
absence of control due to the very limited number of animal included in this
study, it is not possible to definitively conclude to a therapeutic effect of the
ANCE implantation. Nevertheless, there are some indications that the
compensatory mechanisms described in the literature cannot be considered

as the unique contributors responsible for this functional recovery.

As the generation of stable motor symptoms is mandatory for the assessment
of the efficacy of a new treatment, several laboratories have tackle this
important question (Mounayar et al., 2007b; Smith et al., 1993; Soderstrom et
al., 2006; Taylor et al., 1997). Taylor and colleagues (1997) reported that the
most severely affected monkeys exhibited stable symptoms that lasted for
months (Taylor et al., 1997). Soderstrom et al. (2006) estimated that stable
motor symptoms were possible with a striatal dopaminergic depletion of at
least 80% (Soderstrom et al., 2006).

In our case, it is evident that Mk-LL and Mk-LY underwent functional recovery,
certainly due to some compensatory mechanisms (see (Emborg, 2007)).
However, Mk-MY and Mk-MI were both more severely affected by the MPTP
intoxication with a decrease of at least 80% of the ®F-DOPA striatal uptake.
Actually, without our intervention, Mk-MI would have succumbed to the lesion
due to an almost complete incapacity to feed itself. Those evidences are
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supporting that the recovery of Mk-MI and MKk-MY is unlikely due to

spontaneous compensatory mechanisms only.

In addition to the behavioral elements exposed above, the results of the PET
scans provide some important clues supporting that the ANCE implantation
has had an effect on the striatal dopaminergic function and consequently on
the behavior. As discussed in the previous chapter, the MPTP lesions trigger
stable dopaminergic deficits assessable with functional neuroimaging
techniques that are lasting over time (Y. Liu et al., 2013; Melega et al., 1996).
This permanent diminution of dopaminergic function has also been described
in recovered monkeys (Schneider et al., 1995). Yet, the cellular mechanisms
sustaining this behavioral and functional recovery are still largely unknown

and need to be further investigated.

In their papers, Brunet et al. (2009) and Bloch et al. (2014) stressed out the
fact that the neural progenitors transplanted did not generate dopaminergic
neurons as only very few cells were co-labeled PKH67 and TH (Bloch et al.,
2014; J.-F. Brunet et al., 2009). They emphasized that glial derived
neurotrophic factor (GDNF) and brain derived neurotrophic factor (BDNF),
which were both present in in vitro culture and at histological analyses, could
be responsible of those recoveries (Bloch et al., 2014; J.-F. Brunet et al.,
20009).

The potential of GDNF as a treatment for PD has been extensively
investigated over the last decades (Choi-Lundberg et al., 1997; Gash et al.,
1996; Gill et al., 2003; Kordower et al., 2000; Lang et al., 2006; Patel et al.,
2005; Patel and Gill, 2007; Ren et al., 2013; Slevin et al., 2005). Several
papers reported both a neuroprotective and a restorative effect in PD animal
model (Ren et al.,, 2013; Sinclair et al., 1996; Tomac et al., 1995). On a
behavioral point of view, GDNF delivery was accompanied with a significant
improvement (or preservation) of the parkinsonian symptoms in both NHP
MPTP models and rodent models (M. E. Emborg et al., 2008; Gash et al.,
1996; Georgievska et al., 2002; Kordower et al., 2000; Redmond et al., 2009;
Ren et al., 2013; Tomac et al., 1995).

229



Those promising preclinical studies opened the way to the first clinical trials in
PD patients (Gill et al., 2003; Patel et al., 2005; Slevin et al., 2005). However,
if those open-label trials were showing significant improvement of the motor
symptoms, a randomized controlled clinical trial conducted by Lang and
colleagues reported more limited improvements and underlined the
importance of the placebo effect as already discussed in the introduction
(Lang et al., 2006). BDNF has also be put in light as a neurotrophic factor
stimulating the dopaminergic growth (Beck et al., 1993; Hyman et al., 1991).

In our case, although the presence of GDNF and/or BDNF has not been yet
checked on our monkeys, the results published by Brunet et al. (2009) with
the same protocol of cell development let us presume that our grafts may also
produce such factors. Consequently, based on the elements presented
above, we can reasonably support that ANCE transplantations most likely
played a role in the functional recovery exhibited by our monkeys.
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Strengths and limitations

The extensive behavioral follow-up of the animal together with the longitudinal
use of in vivo functional neuroimaging represent certainly one of the major
asset of the present study. From its conception, it was built around the idea to
combine the classical approaches (clinical scale and spontaneous activity
recording) with two manual dexterity tasks (MBB and reach and grasp drawer
task) already validated in other models of lesions of the motor system
(Schmidlin et al., 2011). Those methods allowed to track fine behavioral
modifications during the whole experimental procedure from the pre-lesion
state until the sacrifice. Additionally to the use of *F-DOPA PET scans to
assess the state of the dopaminergic system in each animal at specific time
points, MRI technology was used to precisely target the structures of interest
(caudate nuclei and putamen) in order to plan and adapt the stereotaxic
surgery to each subject’'s anatomy. Moreover, the protocols of culture of the
ANCE used for the implantation were conducted in strict accordance to good
manufacture practices (GMP) in a Swissmedic accredited facility. The GMP
implementation is a crucial and necessary step to move towards future clinical

applications.

One of the major limitations of this study is linked to the very small number of
animals. Taken together with the intrinsic behavioral variability of the NHP
(see annex 4) and the inter-individual variations in terms of MPTP sensitivity,
no direct statistical comparison between subjects could be performed. The
second limitation of the present investigation is associated to the absence of
control subject in the same conditions. However, as mentioned above, control
subjects were involved in a recent largely comparable ANCE experiment
conducted on MPTP monkeys (Bloch et al., 2014). Yet, and for the same
reasons as mentioned above, a cohort limited to only four monkeys can not
allow to generate relevant group to group statistical comparisons. Actually, a
much larger number of animals would be required to achieve such
comparison that would not be feasible in terms of infrastructure and would be

ethically questionable. This problematic was already tackled in several articles
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from our laboratory (Freund et al., 2009; Kaeser et al., 2011). Nevertheless,
and as mentioned in the introduction, the proof of efficacy of the ANCE
transplantation was already made (Bloch et al., 2014) and therefore we aimed
more at refining the knowledge regarding the impact of the implanted cells on
the motor system than at providing statistical evidences of efficacy.
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General considerations

As exposed previously, PD is an age-linked pathology affecting 1 to 2% of the
population over 65 years old and up to 5 % above 85 (Alves et al., 2008a).
The socio-economical costs that can be attributed to this neurodegenerative
disorder are massive. In our aging societies, the necessity of bringing new
solutions for PD management has become a public health issue. By tackling
this problematic from two different angles, this thesis brought new relevant
information regarding the understanding of PD’s pathophysiological
processes, the feasibility of computer-aided diagnosis (CAD) and opened new
perspective in terms of cell-based therapies.

4.1 - Clinical aspects

4.1.1 -Pathophysiological data

Regarding the clinical aspects presented in the chapter 3.1, the creation of a
neuroimaging database build around an exceptional pool of almost 1000
patients, allowed to conduct robust analyses that would not have been
possible with small populations.

The group-level comparisons performed on MRI data including diffusion
tensor imaging (DTI) and susceptibility weighted imaging (SWI) revealed new
pathophysiological clues regarding the neurodegeneration of PD (chap. 3.1.1
and 3.1.2).

Yet, the originality of our approach was that, in contrary to most of the studies
published at the time that were comparing PD patients with healthy controls,
we decided to investigate the potential differences between PD and atypical
forms of parkinsonism (Chan et al., 2007; Gattellaro et al., 2009; Karagulle
Kendi et al., 2008). Despite of different paradigms, our results obtained on
DTI data were globally in line with the observations of Kendi and colleagues
(2008) showing an alteration of the white matter in the frontal lobe (Karagulle
Kendi et al., 2008).
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Similarly, the SWI investigation gave new information regarding the role of
iron deposition into the brain during the neurodegenerative process, as
suggested in the literature (Aquino et al., 2009; Thomas and Jankovic, 2004).

In a second time, we decided to conduct voxel-wise analyses on brain
functional data. One of the inclusion criteria in our database was the
availability of *?*|-ioflupane SPECT images that are frequently performed to
assess the integrity of the dopaminergic system in the clinical frame in order
to exclude non-degenerative conditions of parkinsonisms like drug induced or
vascular parkinsonism (Bajaj et al., 2013; K&gi et al., 2010; Sixel-Déring et al.,
2011). This time, and in contrast to the SWI and DTI sequences, the important
number of patients having a 123l-ioflupane SPECT furnished enough data to
conduct spatial statistical analyses between the different forms of atypical
parkinsonisms (multiple systems atrophy (MSA), parasupranuclear palsy
(PSP) and cortico-basal degeneration (CBD)). Our results have underlined
spatial differences in terms of striatal 123l-ioflupane SPECT signals, which
were specific to each pathology. This suggests disparities regarding the
dopaminergic depletion patterns (chapter 3.1.4).

Several investigations have tackled this problem and have emphasized that
atypical parkinsonian syndromes (APS) were slightly different from PD
regarding the dopaminergic activity (Brooks et al., 1990; Nocker et al., 2012;
Pirker et al., 2000b; Seppi et al., 2006; Varrone et al., 2001). Yet, most of
those studies included relatively limited number of patients and operator-
dependent procedure while our results were built on a much larger number of

cases in a very standardized manner.

Regarding the PD pathology itself, we were able to bring new information in
front of the scene with respect to the spatiotemporal dopaminergic
degeneration (chapter 3.1.3). Actually our data suggest a discrepancy in
terms of nigro-striatal depletion between the stages of the disease and the
duration of the disease. In fact, the duration seems to be associated with a
linear decrease of the striatal uptake while the stage looks to be more linked
to an exponential pattern. Moreover, using those two information as co-

regressors for each other, the voxel-wise analysis showed different spatial
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statistical clusters that correlates more specifically with the duration or with
the stage.

Globally, those results were in line with the literature, showing a negative-
correlation between the advancement of the pathology and the diminution of
the dopaminergic striatal activity (Benamer et al., 2000; Briicke et al., 1997;
Djaldetti et al., 2009; Marek et al., 2001; Tissingh et al., 1997). Nevertheless,
those studies did not investigate the spatiotemporal evolution of the pathology
and in contrary to our research, used manually defined regions of interest
(ROI) for the quantification of the signal with the risk to induce a bias in the
data.

4.1.2 - Clinical relevance

If the results summarized above are certainly of primary interest in regards
with pathophysiological investigations and bring new insight in the processes
underling the symptoms exerted by the patients affected by those disorders,
they are unfortunately of little significance regarding their utility in the clinical
frame. For those reasons, we decided to take advantage of the exact same
database to perform individual patient classification using machine learning
interface, in our case, support vector machine (SVM) and similar algorithm
(Noble, 2006). Briefly, the SVM approach aims at finding the line that
discriminates the best between two or more populations based on data of
different nature (Haller et al.,, 2011; Noble, 2006). The classification is
generally conducted in two steps: the first one consists in training the
classifier with some data (e.g. length of the hairs for males and females) and,
in a second step, to ask the classifier to assign the label male or female to a

new data set (is it a male or a female?).

Relatively recently, several papers came out in which the authors used SVM
technics to discriminate patients with neurological disorders from healthy
controls based on brain structural or functional data (Haller et al., 2011; 2009;
Kloppel et al., 2008; Magnin et al., 2009; Plant et al., 2010). Yet very few
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studies investigated the potential of SVM in PD (Focke et al., 2011; Palumbo
et al., 2014).

As the most clinically relevant question was not to discriminate PD patients
from healthy controls, we decided to conduct our investigations using on one
hand a group of PD patients and on another hand a group of patients affected
by other forms of parkinsonisms including degenerative pathologies notably
MSA, PSP and CBD.

Using the newly introduced susceptibility weighted imaging sequence that is
sensitive to iron concentration, the classifier was able to discriminate PD
cases from the others with an accuracy for 86% (chapter 3.1.2). In a study
published in 2010, Huang and colleagues used SWI for diagnostic purpose in
PD but were able to reach a limited accuracy of 59.2% (Huang et al., 2010).
Based on tract-based spatial statistics (TBSS) data, we were even able to
reach an accuracy of 97% (chapter 3.1.1).

Those results suggest that both sequences are providing relevant information
for the distinction between those pathological conditions. Moreover, the
differences in terms of accuracy indicate a higher sensitivity of DTI compared
to SWI sequence.

As mentioned previously, the 123l-ioflupane SPECT are frequently used as a
diagnostic tool in PD for the exclusion of non-degenerative pathologies. Yet,
based on visual inspection only, it is not possible to set a diagnosis (Kagi et
al., 2009). Based on the presumption that different patterns of dopaminergic
degeneration occur in PD and atypical parkinsonian syndromes (APS) but that
those modifications are discrete and de facto hardly visible at individual level,
we chose to perform automated individual classification on our data (chapter
3.1.4). The results revealed that, at the exception of MSA, all groups were
correctly classified above chance level (up to 60% for PSP). They also
emphasized that extra-striatal signals are also provide relevant information.
Yet the relatively limited seize of APS groups taken together with relatively
important inter-individual variability in terms of 123l-ioflupane SPECT signal
should be considered as an important limitation to the interpretation of those

results.
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In the future developments in neuroimaging and the probable decrease of the
associated costs, | personally think that CAD will play an increasing role in the
management of neurological disorders. Even if the aim is certainly not to
replace the conventional clinical approaches, this technology could offer to
small health structures the possibility to reorient patients with suspected
pathologies to bigger structures that have access to specialists and so, to
decrease the risk of misdiagnosis and inappropriate treatments related to
important side-effects and consequences. Such techniques would also
potentially allow to setup diagnosis at early stage of the pathology, when the
symptoms could be misleading or even during the preclinical phase and so,
help to provide the best therapeutic strategy to the patients.

This futuristic perspective would require the creation of large neuroimaging
databases necessary to train efficiently the algorithm. To achieve this aim, the
issues regarding the standardization of the acquisition (different protocols,
different scanners, etc.) would need to be solved. In this sense, we conducted
our investigations in an operator-free manner, decreasing the risk to introduce

a human bhias in the results.

Finally, and as suggested by Haller and colleagues, the combination of multi-
modal sequences could certainly help to refine the computer-aided diagnosis
even if further investigations and improvements are still required (Haller et al.,
2014).
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4.2 - Pre-clinical evaluation of ANCE transplantation in
a MPTP NHP model of PD

The pre-clinical part of the present thesis that aimed at assessing the
therapeutic potential of ANCE transplantation in a NHP model of PD, revealed
a significant improvement of the motor functions following ANCE
transplantation in all four MPTP monkeys (chapter 3.2.2). This recovery was
especially eloquent in the two most affected animals. Globally, all specimens
have seen their spontaneous activity significantly corrected while the
improvements in terms of manual dexterity differed from one subject to
another. These behavioral recoveries were accompanied with a significant
increase of the 1®F-DOPA striatal uptakes.

Histological investigations underlined an important number of PKH67 positive
cells suggesting a high survival rate after transplantation as already shown by
Brunet and colleagues (Bloch et al., 2014; Brunet et al., 2009). Moreover, no
evident structural aberration was visible on the Nissl stained slices at six
months post implantations. This poor carcinogenicity emphasize the good
safety profile of those cells as claimed in previews publications (Bloch et al.,
2014; Brunet et al., 2009; 2005; Kaeser et al., 2011).

Yet, if this study provides important clues indicating a positive effect of ANCE
transplantation on the behavior and dopaminergic function (see chapter
3.2.2), the very limited number of animals and the absence of control prohibits
to formally conclude to a causal link between functional recovery and cell
implantation.

However, as repeated all along this thesis, the proof of efficacy of ANCE
transplantation was already brought by Bloch and colleagues in a former
publication and our goal was thus more to refine the knowledge regarding
their behavioral and functional impacts using quantitative tools such as the
MBB, the reach and grasp drawer task and the PET scan (Bloch et al., 2014).

In the landscape of cellular therapies for PD, autologous cell transplantations

overcome important issues raised by the use of alternative cell sources, such
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as fetal tissues and hESC. Indeed, by their nature, the problematic linked to
immunological rejections as well as to ethical concerns are de facto solved.
The ANCE approach as also for advantage, in contrary to the iPSC ones, to
exhibit a low proliferation profile (Bloch et al., 2011; Brunet et al., 2009).
Consequently, ANCE transplantations are much less prone to from tumors,
which is recognized as one of the major concerns seen for iPSC / hPSC
based therapies for translation to clinical trials (Bjorklund and Kordower, 2013;
de Munter et al., 2014; A. S. Lee et al., 2009; Morizane and Li, 2008; Politis
and Lindvall, 2012).

Now, one limitation of our paradigm resides in the fact that the development of
the ANCE requires to perform a small cortical biopsy. Even if withdrawn from
a region considered as “none-eloquent” by the neurosurgeons, this biopsy
could potentially have consequences. However, and as suggested by the
results presented in chapter 3.2.1, the biopsies below a certain critical size
seems to have very limited behavioral consequences in regards with the
dramatic disabilities associated with PD. Nevertheless, the possibility to
cryopreserve cortical tissues as described by Brunet et al. (2003) open new
possibilities (Brunet et al., 2003). We can easily imagine the creation of a
brain tissues biobank that would preserve cortical tissues obtained during, for

example, traumatic or epilepsy surgeries for future therapeutic applications.

In addition to the therapeutic aspects summarized above, the results
presented in chapter 3.2.2 bring new information on front of the scene with
respect to the impact of dopaminergic lesions on the control of manual
dexterity in NHP MPTP model. Actually, if those aspects were extensively
investigated in PD patients, very few studies have tackled this problematic in
macaque monkey that are considered as the gold standards for PD research
(Castiello and Bennett, 1997; Fellows et al., 1998; Vingerhoets et al., 1996;
Whishaw et al., 2002).
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4.3 - Inter-species translation

One of the objectives of this thesis that was built around clinical and pre-
clinical aspects, was to underline new potential links between the NHP MPTP
model and the human pathology especially in terms of neuroimaging.
Unfortunately, due to the very important variability in terms of the lesion, it
was very difficult to achieve this goal. Yet, this variability itself can be
considered as a similarity. In fact, our results in macaque monkeys showed
that for the same clinical score, two animals could express very large
discrepancies in terms of striatal uptakes (chapter 3.2.2). On the same way
one PD patient can have severe parkinsonian symptoms with *?*|-loflupane
SPECT values that could be the same in a “normal” subject (chap 3.1.3).

The posterio-anterior evolution of the nigro-striatal depletion that was
underlined in chapter 3.1.3 was also suggested by the results presented in
monkeys in chapter 3.2.2, even if no conclusion can be made on the basis of
this simple observation.

Over these “intra-thesis” points, the aspects regarding the impact of a
dopaminergic lesion on the manual dexterity are making echo to this
important clinical aspect of PD. The results related to the MBB and to the
reach and grasp drawer task provide complementary information to an
already well-established model and those tools offer new possibilities to
investigate fine manual dexterity dysfunctions in PD, even if the inclusion of

more animals would be required to refine the present data.
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4.4 - Conclusion and perspectives

By tackling clinical and pre-clinical aspects that are, to my sense, representing
two necessary and complementary approaches, the present thesis allowed to
generate new data relevant for the understanding of PD’s pathophysiology.

On one hand, we were able to support, in an original manner, that existing
neuroimaging data that are largely underexploited, can provide relevant
information specific to a certain pathology. Following a pragmatic approach,
we succeeded to differentiate various forms of parkinsonism using classifier
algorithms. Taken together, those results represent an additional proof a
feasibility regarding the application of computer-aided diagnosis in the clinical

frame.

On another hand, the pre-clinical assessment of ANCE transplantation in a
NHP MPTP model consolidate the arguments in favor of a future clinical
application published by Brunet and colleagues and Bloch and colleagues
(Bloch et al., 2014; Brunet et al., 2009). Indeed, our study reveals that a
functional recovery occurred few weeks after cell implantations in all four
treated monkeys. Yet, the limited number of animal and the absence of
control still represent an important limitation that has to be overcome.

In conclusion, even if the way to the patients’ beds is still long, the different
elements presented in this thesis contribute to bring concrete solutions
necessary for the improvement of PD patients’ management. Based on this
evidences, further investigations are now required in order to fulfill the safety
and efficacy requirements necessary for future potential clinical applications.
Hopefully, the present results will bring some fuel the global effort to
overcome this major public health challenge.
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Annex 1

(Drawer’s data post-processing)
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Protocole d’utilisation de Spike dans I’analyse des données de la
tache du tiroir

1. «Purifier» les essais («purifier» les «start open» pour la «load force» et
les «knob touch» pour la «grip force»)
1.1. Créer des copies des canaux «start open» et «knob touch»

1.1.1. Ouvrir un fichier
1.1.2. Analysis -> Memory Buffer -> Create Channel Copy -> 3 start op (Event+) -> OK

1.1.3. Analysis -> Memory Buffer -> Create Channel Copy -> 2 knob tou (Event+) -> OK

1.2. Eliminer les «bad trials» et les «kknob touch» en surplus

«Bad trial» : - essai considéré comme «bad trial» par I’expérimentateur (en cas de doute, vérifier
avec la vidéo)



- absence de réponse pour «drawer displacement» alors qu’il y a une réponse pour la
«grip force» et la «load force»

N
N

7 /
7 /

- plusieurs réponses trés proches pour la «grip force» et la «load force», alors qu’une
seule réponse pour «drawer displacement» est présente

f

f
7 7

«Knob touch» en surplus : -dans le cas de «bad trials» (trait vertical absent dans «m1 start op»)
-> éliminer tous les «knob touch» correspondants aux «bad trials»

N\
77



- dans le cas de «bons» essais (trait vertical présent dans «m1 start
op») -> éliminer les «knob touch» en surplus (ceux qui se trouvent
apres le premier «knob touch» du «bon» essai)

7 7

But : Avoir une session «pure» : -absence de trait dans le canal «m1 start op» et dans le canal
«m2 knob tou» pour chaque «bad trial»
-présence d’un trait dans le canal «m1 start op» et d’un trait
dans le canal «m2 knob tou» pour chaque «bon» essai

7 .

f

1.2.1. Créer deux curseurs verticaux (1 et 2)

1.2.2. Analysis -> Memory Buffer -> Delete Items -> m1 start op... -> Delete all from Start to End ->
Cursor(1) -> Cursor(2)

Garder la fenétre ouverte



1.2.3. Eliminer les essais considérés comme «bad trials» par I'expérimentateur

Parcourir la session (sans trop agrandir les essais) et délimiter avec les deux curseurs verticaux les
traits présents dans les nouveaux canaux crées («m1 start op» et «m2 knob tou»), correspondants au
«bad trial» -> Delete (le trait dans «m1 start op» va disparaitre)

O



-> changer le «Buffer» en m2 knob tou... -> Delete (les traits dans «m2 knob tou» vont disparaitre)

Garder la fenétre ouverte et presser la touche Delete («Buffer» m1 start op... puis m2 knob tou...)
apres avoir délimité le prochain «bad trial» par les curseurs 1 et 2 et ainsi de suite

1.2.4. Eliminer les autres «bad trials» et les «knob touch» en surplus

Revenir au début de la session et agrandir les essais, parcourir la session en suivant la procédure
pour les cas suivants :

- Absence de réponse pour «drawer displacement» alors qu’il y a une réponse pour la «grip force» et
la «load force» -> éliminer tous les traits correspondants a I'essai dans les nouveaux canaux

O



Délimiter avec les deux curseurs verticaux tous les traits correspondants a I'essai dans les nouveaux
canaux -> Delete -> changer le «Buffer» -> Delete

- Plusieurs réponses trés proches pour la «grip force» et la «load force», alors qu’une seule réponse
pour «drawer displacement» est présente -> éliminer tous les traits correspondants aux «bad trials»

dans les nouveaux canaux

O

Délimiter avec les deux curseurs verticaux tous les traits correspondants aux «bad trials» dans les
nouveaux canaux -> Delete -> changer le «Buffer» -> Delete

O O

Dans ce cas, le trait du «knob touch» ne correspond pas au bon essai (celui juste en dessous de la
réponse pour «drawer displacement») -> délimiter avec les deux curseurs verticaux tous les traits
dans les nouveaux canaux -> Delete -> changer le «Buffer» -> Delete



-«Knob touch» en surplus

7 7

Délimiter les «knob touch» en surplus (aprées le premier «knob touch» de I'essai) avec les curseurs
verticaux (dans le cas d’un «bad trial», délimiter tous les «knob touch» de I'essai) -> m2 knob tou...
-> Delete

Ne pas fermer le fichier, sinon toutes les modifications seront perdu

1.3. Sauvegarder les modifications apportées au fichier

Dans le cas d’un fichier contenant les quatre résistances

1.3.1. Presser la touche >< (en bas a gauche de I’écran) jusqu’a avoir une vue d’ensemble sur la
session avec les différentes résistances, délimitées en général par des espaces

1.3.2. Délimiter RO avec deux curseurs verticaux

-> File -> Export As -> File name ... -> Save as type Data file (*.smr) -> Save -> All Channels -> Cursor (1)
to Cursor (2) -> Add-> Export



Méme procédure pour les autres résistances (R3, R5, R7) pour la main gauche (L)

Méme procédure pour le fichier de la main droite (R) apreés purification (1.3.1.-1.3.2.)



Pour un fichier Diane121026 L 0 3 5 7.smr nous obtenons quatre fichiers «purifiés» :
Diane121026 L 0.smr
Diane121026 L 3.smr
Diane121026 L 5.smr
Dianel121026 L 7.smr
Pour un fichier Diane121026 R 0 3 5 7.smr nous obtenons quatre fichiers «purifiés» :
Dianel121026 R 0.smr
Dianel121026 R 3.smr
Diane121026 R 5.smr
Dianel121026 R 7.smr

Dans le cas d’un fichier contenant une résistance
File -> Export As -> Renommer le fichier -> Save -> All Channels -> 0.0 to Max Time() -> Add -> Export

1.4. Utiliser les fichiers «purifiés» pour les prochaines analyses

2. Créer un document Excel pour pouvoir récolter des données

Un exemple :



3. Récolter les données pour pouvoir définir la hauteur des pics et la valeur
moyenne de la «baseline»

3.1. Ouvrir un fichier («purifié»)

3.1.1. Analysis -> New Result View -> Waveform Average ->

¥ Y

€
< ¥

1 t

3.2. Situation d’'une «baseline» «stable»

3.2.1. Placer deux curseurs verticaux (délimiter la «baseline» la plus stable avant la réponse) et un
curseur horizontal (sur le maximum du pic de la «load force»)

N
'\TQ

3.2.2. La valeur max du pic pour la «load force» est de 0.809 dans cet exemple, la reporter dans le

tableau Excel
3.2.3. Pour avoir la valeur moyenne de la «baseline» pour la «load force» ->

10



@ =

-> Copier-coller la valeur en bleu dans le tableau Excel

3.2.4. Analysis -> New Result View —> Waveform Average ->

N N
LY

N N

3.2.5. Placer deux curseurs verticaux (délimiter la «baseline» la plus stable avant la réponse) et un
curseur horizontal (sur le maximum du pic de la «grip force»)

4O

3.2.6. La valeur max du pic pour la «grip force» est de 1.157 dans cet exemple, la reporter dans le
tableau Excel

11



3.2.7. Pour avoir la valeur moyenne de la «baseline» pour la «grip force» ->

)

Copier-coller la valeur en bleu dans le tableau Excel

3.3. Situation d’une «baseline» «instable»

Exemples :

3.3.1. Placer le curseur horizontal sur le max du pic de la «load force» et la reporter dans le tableau
Excel

12



3.3.2. Analysis -> New Result View —> Waveform Average ->

N N
LY

N N

3.3.3. Placer le curseur horizontal sur le max du pic de la «grip force» et la reporter dans le tableau
Excel

4 O

3.3.4. Pour avoir la valeur moyenne de la «baseline» pour la «load force» et la «grip force» ->
Windows -> Choisir le fichier d’origine (sans «Average») ->

13



-> Placer un curseur horizontal sur la «baseline» de la «load force» puis agrandir pour voir la valeur
(méme démarche pour la «grip force») ->

-> Reporter les valeurs dans le tableau Excel

14



4. Calculs pour trouver la valeur du seuil de la «baseline»

Exemple :

[CRE- R BT R TR R

R ENEEE RN EEEEEE EEEEEE
= 2 0k o B w Rk o b e N e B wiR|l~ o

B Cc D E F G H I ] K L M N o P Q
Max pic
Load Grip

L R L R
3 5 7 0 3 5 7] 0 3 5 7] 0 3 5 7
11.07.2013 ( -0.555 0.121 1.021 1.852 -0.491] 0.132 0.826 1.6374] 1.483 1.839 2.429 2.498] 1.532 2.331 2.598 2.99]]
27.06.2013 729 1.312 2.21 2.983 0.4801 114 1.983 2.877] 1.481 2.038 2.476 3.124 1.576 2458 2.814 3.078)
14.06.2013 0.5 0.963 1.72 2.632 0.364 0.743 1.49 2.725] 1.801 2.027 2.468 2.78] 1.852 2.594 2.963 3.028)
29.05.2013 0.6217 1.211 1.934 2.994 0.714 1.1 1.795 2.745] 1.498 2.166 2.719 2.505] 1.865 2.271 2.591 2.932
20.05.2013 0.6325 1.205 2.007 2.869 0.4645 1.065 1.807 2.305] 1.344 2.331 2.641 2.737 1.333 2.219 2.505 3.017
10.05.2013 1.035 1.616 2419 3.075 0.609 103 2.109 2.975 1.654 1.832 2.279 2.336 1.843 2.51 2.865 2.9
17.04.2013 1.002 1.824 2.596 3.35 0.641 1.097 1.993 2.849] 1.369 1.516 1.889 2.179] 1.824 2.561 2.865 3.38]
04.04.2013 0.78 1.442 2.117 2.936) 0.546 1.346 2.032 2.738] 1.556 1.838 2.239 2.598] 1.781 2.098 2.571 3.328)
20.03.2013 0.738 1.320 2.167 3.094 0.535 1.263 2.059 2.882] 0.9852 1373 2.015 2.24) 1.459 2.367 2.834 3.212
12.03.2013 0.811 1.386 2.24 3.1 0.977 1.574 2.227 2.277] 1.159 1.712 2.213 2.196 1.747 2.292 2.573 2.555

Mean baseline
Load Grip

L R L R
— 3 3 7 0 3 3 7] 0 3 35 7] 0 3 35 7
11.0?.201& —1.456443?)—1.4545254 -1.453687| -1.444073 -1.4515 -1.4451| -1.43609| -1.430256] 0.155493| 0.154762( 0.1534895( 0.151334 0.148| 0.147412| 0.146533| 0.141931
27.06.2013 -0.12747| -0.1261463| -0.11789| -0.116271| -0.127564| -0.123773| -0.126575| -0.123583| 0.038671| 0.038975| 0.039865| 0.04056] 0.041982( 0.04165| 0.040147| 0.039132|
14.06.2013] -0.2711718| -0.270141( -0.266438| -0.261885| -0.245806| -0.257892( -0.265034| -0.268831] 0.091332| 0.088105| 0.08583( 0.082934] 0.072462| 0.082926| 0.088428( 0.090843|
29.05.2013| -0.0800417| -0.0867723| -0.090273| -0.092865| -0.096246 -0.0949| -0.097263| -0.09903] 0.040256| 0.04635( 0.049835( 0.050023] 0.047623 0.0477| 0.043042| 0.048391
20.05.2013| -0.1216463| -0.1316275( -0.131831 -0.1524] -0.1191| -0.139775| -0.133665| -0.131322] 0.019173| 0.029438| 0.031981 0.033] 0.0304| 0.029351| 0.03031| 0.028514
10.05.2013 -0.1275517| -0.1249139( -0.124855| -0.117752| -0.115094| -0.122332( -0.1265999| -0.127729| 0.051185| 0.051154| 0.050762| 0.050092] 0.038305| 0.047766( 0.051183( 0.051435]
17.04.2013] -0.0427509 -0.039( -0.03277| -0.030099] -0.054532| -0.050037| -0.046199( -0.045299] 0.027428 0.029| 0.027123| 0.027464] 0.02534| 0.025919 0.02734| 0.027624
04.04.2013] -0.0642147| -0.0542308| -0.052424| -0.045397] -0.097354| -0.082958| -0.067794| -0.070213] 0.009671| 0.009638| 0.010727| 0.010332| 0.004961| 0.006723| 0.007692| 0.010602|
20.03.2013| -0.0482464| -0.0490023| -0.050506| -0.042803| -0.031414| -0.034076( -0.040721( -0.045113] -0.00769| -0.009083| -0.008747| -0.008389] -0.017351| -0.01254| -0.010801| -0.009514
12.03.2013| 0.0142226| 0.0159719( 0.0201272| 0.0374631] 0.0314612| 0.0360644( 0.028004( 0.0285746] 0.013519] 0.016074| 0.016244| 0.02592] 0.016529| 0.016304| 0.018547| 0.018517

4.1. Calculer la différence entre «Max pic» et «kMean baseline» (-> hauteur du pic
par rapport a la «baseline»)

31
32

A B

o e

Load

34
35
36
37
38
39
40
41
42

43
44
45
46

Grip

L

R

L

R

— 3

3

7|

0

3

3

7|

0 3

3

7| 0

3 3

7]

11.07.2014]

0.9014437]) 1.5756254

2.4746860|

3.2960727

0.9605

L5771

2.2620901

3.0676559

1.327507] 1.684238]

2.275505| 2.346616] 1.384

2.183588] 2.451467|

2.849069

27.06.2013

T Um56a7| 14381463

2.327839

3.0992714

0.6076638|

1.263773

2.1095753

3.0005835

1.442329] 1.993025

2.43p135| 3.08344] 1.534018

2.41635] 2.773853

3.038808|

14.06.2013

0.7711718| 1.233141

1.986438|

2.893885]

0.6098056|

1.0008922

1.7550344|

2.9938307

1.709668] 1.938835

2.38211] 2.697066| 1.779538|

2.511074] 2.874572]

2.937157|

29.05.2013

0.7017417| 1.2977723

2024273

3.0863643

0.8102456|

1.1943

1.8922635

2.84403

1457744 2.11965

2.669161) 2.854972] 1.817377

2223

3] 2.542358

2.883609

20.05.2013

0.7541463

1.3366275

2.1388309

3.0214

0.584]

1.2047748

1.9406652]

2.4363224

1.324827] 2.301562

2.609019 2.704] 1.3026]

2.189649) 247469

2988086

10.05.2013

1.1625517| 1.7409139

2.5438543

3.1927517

0.7240938|

1.152332

2.2359995

3.102729])

1.602815] 1.780846]

2.228238| 2.285908] 1.804695

2.462234] 2.813817|

2.848565

17.04.2013

1.0447509

1.863

2.6287702

3.3800991

0.6955316|

1.1470375

2.039199

2.894239

1.341572) 1.487]

1.861877] 2.15153p] 1.79866

2.535081) 2.83716|

3.352376|

04.04.2013

0.8442147| 1.4962308

2.1694243

2.9853971

0.6433535

1.4283579

2.0997942|

2.8082134

1.546329] 1.828362

2.228273] 2.587668] 1.776039

2.091277] 2.563308

3.317398|

20.03.2013

0.7862464( 1.3750023

2.2175065

3.1368025

0.5664139

1.2970755

2.0997213

2.9311129

0.99289] 1.382089

2.023747] 2.248389] 1.47635]]

2.37954] 2.844801

3.221514

12.03.2013

0.7967774| 1.3700281

2.2198728|

3.0625369

0.9455388|

1.5379356

2198996

2.2484254

1.145481) 1.695926

2.196756) 2.17008] 1.730471]

2.275696|) 2.554453

2.536483

Pour la B37 : =B5-B21
Pour la B38 : =B6-B22
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4.2. Calculer la moyenne des hauteurs des pics de toutes les sessions pour chaque
résistance (load L/R, grip L/R), puis calculer le 10% des moyennes obtenues

A B C

31
32

S e

34 Load
35 L R L R
36 o 3 3 7] 0 3 3 7| 0 3 3 7| 0 3 3 7
37 11.07.2013] 0.5014437] 1.5756254| 2.4746866| 3.2960727] 0.9605 1.5771] 2.2620901) 3.0676559| 1.327507] 1.684238] 2.275505| 2.346016| 1.384| 2.183588] 2.451467] 2.834506%
38  27.06.2013 0.85647| 1.4381463 2.32789| 3.0992714| 0.6076638| 1.263773| 2.1095753] 3.0005835] 1.442329| 1.999025| 2.436135| 3.08344] 1.534018] 2.41635| 2.773853] 3.038868
39 14.06.2013) 0.7711718] 1.233141] 1.986438| 2.8938851| 0.6098056| 1.0008522| 1.7550344] 2.9938307] 1.709668| 1.938895| 2.38211| 2.697066] 1.779538] 2.511074| 2.874572| 2.937157
40 25.05.2013| 0.7017417| 1.2977723| 2.024273| 3.0868648] 0.8102456 1.15459| 1.8922635) 2.84403| 1.457744] 2.11965| 2.669161] 2.854972| 1.817377] 2.2233| 2.542958] 2.883609
41 20.05.2013| 0.7541463| 1.3366275| 2.1388309 3.0214] 0.584| 1.2047748| 1.8406652| 2.4363224| 1.324827] 2.301562| 2.609019 2.704] 1.3026] 2.189645] 2.47465| 2.988086|
42 10.05.2013] 1.1625517| 1.7409139| 2.5438549| 3.1927517| 0.7240938| 1.152332| 2.2359955] 3.1027291] 1.602815| 1.780846| 2.228238| 2.285908| 1.804695| 2.462234] 2.813817] 2.848565
43 17.04.2013| 1.0447509] 1.863| 2.6287702| 3.3800991| 0.6955316| 1.1470375| 2.039199] 2.894299] 1.341572] 1.487| 1.861877] 2.151536| 1.79866] 2.535081) 2.83716| 3.352376
44 04.04.2013| 0.8442147| 1.4962308| 2.1694243| 2.9853971| 0.6433535| 1.4289579| 2.0997942| 2.8082134| 1.546329] 1.828362) 2.228273| 2.587068| 1.776039| 2.091277] 2.563308| 3.317398
45 20.03.2013| 0.7862464| 1.3750023] 2.2175065| 3.1368025| 0.5664139| 1.2970755| 2.0997213| 2.9311123| 0.99289] 1.382089] 2.023747| 2.248389] 1.476351| 2.37954] 2.844801| 3.221514
46 12.03.2013] 0.7967774] 1.3700281| 2.2198728| 3.0625369| 0.9455388| 1.5379356| 2.198996] 2.2484254] 1.145481| 1.695926] 2.196756] 2.17008] 1.730471) 2.275696] 2.554453] 2.536483
a7
48
4.3. Calculer la valeur du seuil : additionner le 10% de la moyenne des hauteurs
des pics a la valeur de la «kMean baseline»

B Cc E F G H I J K L M N o P Q
43
50
51 Seuil (Mean baseline+(10% (Max Mean baseline)))
52 Load Grip
33 L R L R
54 0 3 5 7 0 3 5 7 0 3 5 7 0 3 5 7]
55 11.07.2013] -1.3702486| -1.3073605 -1.2263711| -1.1325219| -1.3800285] -1.3170522] -1.2297567| -1.1465835] 0.2544051) 0.3369382 0.3826033] 0.4026805 0.3120375| 0.3800899| 0.4138440| 0.4416626
56 27.06.2013| -0.0412748| 0.0211186| 0.1094255| 0.1952754|-0.0560923| 0.0042748| 0.0797581| 0.1596886| 0.1775827] 0.2211507| 0.2689734] 0.2918572| 0.2060195| 0.2743281] 0.3074577| 0.3388635
57 14.06.2013| -0.1849767] -0.1228761| -0.0391226| 0.0496657] -0.1743341) -0.1298444 -0.0587010| 0.0144413] 0.2302432] 0.2702808| 0.3149984| 0.3342306 0.2364990f 0.3156036) 0.3557389| 0.3905747
58  29.05.2013| 0.0061534] 0.0604926| 0.1370424] 0.2186861|-0.0247741| 0.0331478| 0.1090699] 0.1842421| 0.1791676] 0.2285261| 0.2789476] 0.3013250{ 0.2116604| 0.2803779] 0.3153532| 0.3481219
59  20.05.2013| -0.0354512] 0.0156374| 0.0954846| 0.1591508]-0.0476285|-0.0117270] 0.0726681| 0.1519496] 0.1580851] 0.2116136| 0.2610895| 0.2842967] 0.1944375| 0.2620285] 0.2976204) 0.3286454
60  10.05.2013] -0.0413566| 0.0223510| 0.1024606| 0.1937951]-0.0436224] 0.0057158| 0.0793339| 0.1555429] 0.1500962] 0.2333295| 0.2798699] 0.3013850| 0.2023428| 0.2804443] 0.3184940] 0.3511666
61 17.04.2013| 0.0434443| 0.1082649| 0.1945453| 0.2814517| 0.0169398| 0.0780103| 0.1601344| 0.2379730) 0.1663397] 0.2111759| 0.2562311 0.2787603| 0.1893772| 0.2585973] 0.2951511] 0.3273552
62 04.04.2013| 0.0215804] 0.0930341] 0.1748912| 0.2621537|-0.0258821] 0.0450899| 0.1385392| 0.2130586| 0.1485823] 0.1918135| 0.2398356| 0.2616285| 0.1685986| 0.2354008] 0.2750029] 0.3103331
63  20.03.2013| 0.0379487| 0.0982626| 0.1768090| 0.2687483| 0.0400576] 0.0939722| 0.1656120| 0.2341591)0.1312213]0.1730866| 0.2203614) 0.2429082] 0.1466865) 0.2201375] 0.2565102| 0.2502173
64 12.03.2013| 0.1004178| 0.1632368| 0.2474426| 0.3450139] 0.1029327] 0.1641122| 0.2343374| 0.3118466) 0.1524305] 0.1982497| 0.2453523] 0.2772168| 0.1805663] 0.2489817] 0.2858578| 0.3182485

Pour la B55 : =B21+B48
Pour la B56 : =B22+B48
Pour la C55 : =C21+C48

5. Créer un script

Ce script unique sera utilisé pour tous les fichiers «purifiés» a analyser

5.1. Ouvrir un fichier «purifié»

5.1.1. Script -> Turn recording On -> placer le 1*' curseur horizontal (HC 1) en dessus de la baseline de

la «grip force» -> placer le 2

éme

force» -> ajouter 9 curseurs verticaux

16

curseur horizontal (HC 2) en dessus de la «baseline» de la «load



5.2. Définir les curseurs

Les valeurs entourées pour les curseurs 3, 5, 6, 8 ne sont pas fixes, elles peuvent varier d’un sujet a
|"autre -> redéfinir ces valeurs si au point 6.2.4., les curseurs ne se placent pas aux bons endroits :
examiner la durée des réponses pour la «load/grip force» (intervalle de temps entre le début et la fin
de la réponse) lors de I'analyse des «Waveform Averages» au point 4.

-> Cursor -> Active Modes ->

17



-> Script -> Turn Recording Off ->

-> Save

6. Appliquer les valeurs de seuil dans Spike
6.1. Ouvrir un fichier («purifié»)

6.1.1. Script -> Run Script -> Load and run... -> Choisir le script crée dans 5. -> Open -> Minimize ->

18



6.1.2. Placer le curseur horizontal existant (HC 1) en dessus de la «baseline» de la «grip force»
6.1.3. Placer un nouvel curseur horizontal (HC 2) en dessus de la «baseline» de la «load force»

6.1.4. Clic droit sur le curseur horizontal de la «grip force»-> HCursor 1 -> Set position... -> Copier la
valeur du seuil calculé (depuis le tableau Excel) et la coller dans Cursor Position -> OK

6.1.5. Clic droit sur le curseur horizontal de la «load force» -> HCursor 2 -> Set position... -> Copier la
valeur du seuil calculé (depuis le tableau Excel) et la coller dans Cursor Position -> OK

6.2. Agrandir le premier essai

6.2.1. Si nécessaire, clic droit sur 9 -> Channel 9 -> Optimise Y range (méme chose pour «channel 10»)
6.2.2. Si un trait est présent dans «12 start op» et dans «13 knob tou», les réponses peuvent étre
analysées (dans le cas contraire, c’est un «bad trial», il faut passer a la réponse suivante et ainsi de
suite)

6.2.3. Cursor -> Fetch -> Cursor 0 -> Placer le curseur 0 juste avant le trait du «knob touch»

6.2.4. S’assurer que tous les curseurs sont présent et qu’ils sont positionnés aux bons endroits (dans
le cas contraire, considérer I'essai comme un «bad trial», passer a I'essai suivant)
6.2.5. Prélever les valeurs des curseurs dans le tableau Excel

19



-> Copier -> Coller dans Excel-> Sélectionner la cellule comme indiqué ->

-> Copier le deuxieme tableau

20



-> Coller dans Excel

-> Vérifier que les numéros des curseurs sont alignés pour les deux tableaux (-> utile pour les
prochaines analyses)

6.3. Passer aux essais suivants et répéter les étapes 6.2.1.-6.2.5.

6.4. Sauver le fichier Excel

Un minimum de 5 «bons» essais par résistance est souhaitable
Garder un intervalle régulier entre les sessions analysées (analyser 1 session par semaine par ex.)

21
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Violet de Crésyl (juin 2009)

Solutions :  Violet de Crésyl 0.5%

- 1000 ml H,O dist.
- 5.444 Na acétate (tri-hydrate de Merck)
- 5 g violet de Crésyl (Merck)

Meélanger 2 heures => 2 jours
Ajouter 9.606 ml acide acétique (100%)
Filtrer 3 4 5 fois

Alcool-acide
Alcool 80% 1000 ml
Acide acétique conc. 20 ml

Technique: Dégraissage préalable comme suit :
Chloroforme-alcool 100 (1/1) 1h.
Alcool 100 2x 3 min.
Alcool 95 3 min.

Sécher a ’étuve 4 37 °C puis :

- alcool 70 2 min.

- alcool 50 1 min.

- H,O dist. 30 sec.

- V.C. 2 =>7 min. a 40°C
- H,O dist. 2-3x total 1 min.30 sec.
- alcool 70 1 => 3 min.

- alcool-acide env. 1=>6 min.

- alcool 95 1 min.

- alcool 100 2x total 1 min.

- butanol 5=>45 min.

- xylol 2x 5 min.

Monter avec Eukit



Coloration Noir de Soudan (Sudan Black B) — Protocole J.-F Brunet

Coloration :

1) PBS 1x —ringage 30 secondes
2) Noir de Soudan B 1 % 5 minutes
3) Alcool 70 % - ringage 2 minutes
4) PBS 1x — ringage 30 secondes

5) Monter la lame (Glemoun, Vectashield, a tester). Fluoromount aqueous Mounting Sigma F4680

Préparation :
1 % Noir de Soudan B a diluer dans I'alcool 70%

(1 g dans 100 ml d’éthanol 70 %)

Mettre une nuit sous agitation. Filtrer ?

Refaire régulierement cette solution (toutes les semaines)

Eventuellement de 0.1 a 10 %, dépend des structures autofluorescentes a masquer
Attention solution trés colorante.

Référence :
Sudan Balck B, Fluka 86015
Environ 90 CHF la boite

Phosphate Buffer 0.2M

NaH2PO4 10.48 g
Na2HPO4 (x12 H,0) 57.68¢g
Distilled water 1800 ml
Adjust pHto 7.4

Add distilled water until 2000 ml
PBS 1x:

NacCl 9g

PB 0.2M 50 ml

Add distilled water until 1000 ml



DAY 1

- Ringages: Phosphate Buffer (50RPM) -
- Ringages: PBS 1x 1x rapide +2x 10’

Sous agitation circulaire 50 RPM

- Blocage sites non spé : PBS-BSA 0.25% + Triton 0.3% + NGS 5% 1h-RT

Sous agitation circulaire 50 RPM
1.5ml/puit précisement

- Anticorps primaire : Voir plan des coupes !!!

1. Polyclonal Rabbit anti-TH (ref : Millipore, Polyclonal antibody, AB152)

Dilution 1/500 et 1/1000 (1.5ml/puit précisement)
Dans PBS-BSA 0.25% + Triton 0.3%

Incubation
Durant la nuit a 4°C, sous agitation circulaire a 50 RPM et a I'abri de la lumiere (alu)

- Neutralisation Ac secondaire : avec 1 coupe de Morly (coupe de singe) un lobe suffit !

I un par anticorps secondaire !!

Goat anti rabbit Alexa 488 (IgG(H+L)), A11034, 8148 =>1/300

Goat anti mouse Alexa fluor 594 (IgG(y1), A21125, 753763 =>1/300
Dans PBS 1x

Incubation

Durant la nuit a 4°C Sous agitation circulaire 50 RPM et a I’abri de la lumiéere (alu)



- Ringages: PBS 1x 1x rapide + 2x 10’
- NNG: 1:1000

Neurotrace Nissl Green (NNG) (ref. Molecular Probes N21480-lot 1218003)

- Anticorps secondaire (dans moérly): Voir plan des coupes !!!

Goat anti rabbit Alexa 488 (IgG(H+L)), A11034, 8148 =>1/300
Goat anti mouse Alexa fluor 594 (IgG(y1), A21125, 753763 =>1/300

1.5ml/puit précisement

Dans PBS 1x

Incubation
1h a RT, sous agitation circulaire 50RPM

- Ringages: PBS 1x 3x5’

Sous agitation circulaire 50RPM

%k >k >k >k >k >k ok ok ok %k 3k 3k 3k %k 3k %k %k %k %k %k %k %k >k >k >k >k >k %k 3k 3k 3k 5% %k %k %k *k *k *k %k *k *k %k %k

- Montage et séchage:

Milieu de montage aqueux (ref : Sigma F.4680 (25mL)_lot :060M1527)
Montage dans Petri dish (100ml dist. H,O + 100ml PBS)
Attendre 1 a 2h avant de coller lamelle

Conservé au Frigo
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The corticospinal (CS) tract is the anatomical support of the exquisite motor ability to skillfully manipulate small objects, a prerogative mainly

of primates1. In case of lesion affecting the CS projection system at its origin (lesion of motor cortical areas) or along its trajectory (cervical

cord lesion), there is a dramatic loss of manual dexterity (hand paralysis), as seen in some tetraplegic or hemiplegic patients. Although there

is some spontaneous functional recovery after such lesion, it remains very limited in the adult. Various therapeutic strategies are presently
proposed (e.g. cell therapy, neutralization of inhibitory axonal growth molecules, application of growth factors, etc), which are mostly developed in
rodents. However, before clinical application, it is often recommended to test the feasibility, efficacy, and security of the treatment in non-human
primates. This is especially true when the goal is to restore manual dexterity after a lesion of the central nervous system, as the organization of
the motor system of rodents is different from that of primates1'2. Macaque monkeys are illustrated here as a suitable behavioral model to quantify
manual dexterity in primates, to reflect the deficits resulting from lesion of the motor cortex or cervical cord for instance, measure the extent of
spontaneous functional recovery and, when a treatment is applied, evaluate how much it can enhance the functional recovery.

The behavioral assessment of manual dexterity is based on four distinct, complementary, reach and grasp manual tasks (use of precision grip to
grasp pellets), requiring an initial training of adult macaque monkeys. The preparation of the animals is demonstrated, as well as the positioning
with respect to the behavioral set-up. The performance of a typical monkey is illustrated for each task. The collection and analysis of relevant
parameters reflecting precise hand manipulation, as well as the control of force, are explained and demonstrated with representative results.
These data are placed then in a broader context, showing how the behavioral data can be exploited to investigate the impact of a spinal cord
lesion or of a lesion of the motor cortex and to what extent a treatment may enhance the spontaneous functional recovery, by comparing different
groups of monkeys (treated versus sham treated for instance). Advantages and limitations of the behavioral tests are discussed. The present
behavioral approach is in line with previous reports emphasizing the pertinence of the non-human primate model in the context of nervous
system diseases®>.

Video Link

The video component of this article can be found at http://www.jove.com/video/3258/

Protocol

The overall scheme of the experiment is depicted in Figure 1.

1. Animal preparation and transfer to the behavioral laboratory

1. In the laboratory, prepare the behavioral set-up: fill the wells of the different test boards (tests 1 to 3 below) with the pellets, which serve as
reward during the behavioral tests.

2. Transfer the monkey from the group housing room into a transfer cage. The monkey is trained to enter a tunnel giving access to the primate
chair, with subsequent positioning of the head. The monkey's weight is measured, before transfer in the primate chair to the laboratory.

2. Test 1: Modified Brinkman board

1. This test, modified and adapted from previous reports4’5, is the basic behavioral task of reference, to be conducted on every behavioral
session. Initiate the video recording with the digital camera above the set-up (possibility also to place 2 additional cameras, one on each side
of the board) and place the monkey in front of the Brinkman board.

2. Open for instance the right window on the primate chair to give access to the right hand. Using the right hand, the monkey retrieves the food
pellets from the 50 slots (25 vertical and 25 horizontal).

3. After completion of the test, close the right window and refill the board with pellets.

Copyright © 2011 Creative Commons Attribution-NonCommercial License November 2011 | 57 | e3258 | Page 1 of 11
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4. Open the left window and repeat the test for the left hand.

5. Reward the animal at the end of the test with a few dried raisins or an almond, a procedure to be repeated at the end of each test to maintain
the motivation during the whole daily session.

Additional information: Three digital video cameras are used to record the sequence for off-line processing, placed one above the board and
one on each side of the board (to precisely assess the position of the fingers while performing the grasping). Within the same daily session, the
monkey can perform another task (either task 2, and/or task 3 and/or task 4; to be distributed among the different days of the week). For the test
1, if the monkey started with the right hand on day 1, start with the left hand on day 2 and so on.

6. Optional: While the test performed above with one or the other hand separately allows comparing the performance of the left hand to the right
hand (to identify the "dominant hand"), it is also possible at an early stage of the training to let the monkey perform the task with both hands
simultaneously. If one hand is used more often than the other to grasp pellets, then it may be considered as the "preferred hand".

3. Test 2: Brinkman box (with and without visual control)

1. The Brinkman box comprises 20 wells (10 vertical and 10 horizontal). As compared to test 1, the monkey has to control the hand in a limited
space, with reduced degrees of freedom to perform the precision grip movement. Fill the board with pellets and close the upper facet of the
box, in order to conduct first the test in absence of visual control (relying on tactile exploration).

2. Place the monkey in front of the Brinkman box. Open the left window of the primate chair to test the left hand in absence of visual control. The
monkey tries to retrieve the 20 pellets, while the sequence is recorded from a digital camera placed below the box.

3. Close the left window of the primate chair. Refill the board with pellets. Open the right window of the primate chair. The monkey repeats the
test with the right hand in absence of visual control. Close the right window of the primate chair.

To test the ability to grasp pellets in the Brinkman box under visual control,open the top facet of the box.

Refill the box with pellets and the monkey performs the test using the right hand.

Close the right window of the primate chair. Refill the box with pellets.

Open the left window of the primate chair. The monkey performs the test using the left hand.Repeat step 2.5.

Noos

4. Test 3: Rotating Brinkman board

1. This test is comparable to the Brinkman board task (test 1), except that the board is rotating, forcing the monkey to anticipate the
displacement of the board in one (clockwise) or the other (counter-clockwise) direction. Fill the board with pellets. The sequence is recorded
with a digital camera placed above the set-up (possibility also to place 2 additional cameras, one on each side).

2. Open the right window of the primate chair. The monkey retrieves the pellets from the 32 wells, distributed on four concentric rows, while the
board is turning clockwise.

3. Close the right window. Refill the board with pellets.
4. Open the left window of the primate chair. The monkey performs the test as in 4.2 with the left hand.
5. Repeat points 4.2 to 4.4, while the board is turning counterclockwise (one hand after the other). Repeat step 2.5.

5. Test 4: Reach and grasp drawer task

1. To combine prehension ability with the capacity to generate force, this test (derived from previous version36'11) was designed so that the
monkey has to open a drawer by exerting first a grip force on the knob of the drawer, followed by a load force to open the drawer, giving
access to a pellet placed inside the drawer. The pellet is retrieved with the same hand while the drawer remains open, again using the
precision grip. A digital camera is placed on top of the drawer, to record the trials for off-line control of the data (e.g. detection of erroneous
trials).

2. Open the right window of the primate chair. The monkey performs 10 trials at each of the 5 different levels of resistance, using the right hand
(to have at least 5 correct trials for each resistance level).

3. Repeat the test (50 trials) with the left hand. Repeat step 2.5.

Additional information: On the next behavioral daily session, alternate the hand with which the animal did the test first on the previous session.

6. End of behavioral session

1. After completion of the tests foreseen on that day, feed and reward the monkey with food in addition to the pellets received during the tests.
Typically, the monkey receives cereals and fruits.

2. The monkey is returned to the group housing room with the mates.

The precise temporal sequence of the various tests performed is written on the protocol form.

7. Representative Results

The four behavioral tests illustrated above (Figure 1) have been used extensively in our laboratory in the context of studies aimed at
investigating the functional recovery from lesion of the cervical spinal cord (Figure 2A) or of the motor cortex (Figure 2B), in absence or in
presence of a treatment applied to enhance the spontaneous recovery12'19.

For test 1 (modified Brinkman board), the analysis is focused on two parameters (Figures 3 and 4A): i) the score, given by the number of
pellets retrieved by the monkey in the first 30 seconds, counted separately for the vertical slots and the horizontal slots (by replaying off-line the
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recorded video sequence); i) the contact time (CT), defined as the time (duration) of contact between the fingers and the pellet (see also Figure
6, bottom series of pictures). It is the time interval between the insertion of the first finger (usually the index finger) into the slot to touch the pellet
and the onset of retrieval of the pellet out of the well. The time interval is measured by replayineg frame by frame the video sequence. The CT is
measured for the first five vertical slots and the first five horizontal slots aimed by the monkey1 8 The graphs of the score illustrate the initial
training phase, the pre-lesion plateau, the dramatic drop of score (usually to zero) immediately after the lesion, the progressive (spontaneous)
functional recovery towards the post-lesion plateau. The functional recovery is expressed in % by the ratio of the median post-lesion score at
plateau divided by the median pre-lesion score (plateau) 100 (Figures 3 and 4A). For the CT, as an increase reflects a deficit, the functional
recovery expressed in % is the ratio of the median pre-lesion CT (plateau) divided by the median post-lesion CT at plateau 100. The effect of
treatments post-lesion, demonstrated based on the test 1, are illustrated in detail in previous reports from this Iaboratory14'15'17. A further analysis
may address the issue of the strategy, namely the temporal sequence of slots visited by the monkey (Figure 4B).

For test 2 (Brinkman box), although the score can also be established as in test 1, a more meaningful parameter is the "total time", defined as the
time interval between the picking of the pellet in the first slot and the picking of the pellet in the last (20”’) slot (Figure 5). A functional recovery
can be computed and expressed in %. It is calculated using the median total time pre-lesion (plateau after training phase) divided by the median
total time post-lesion at plateau 100.

For test 3 (rotating Brinkman board), although the score can also be established as above (test 1), a sensitive parameter is the contact time (CT,
defined as above in test 1), measured for the first ten slots (Figure 6).

For test 4 (.reach and grasp drawer task), the set-up comprises several detectors, recording discrete events such as trial initiation (the hand
interrupts a light beam placed in front of the panel), hand touching the knob, onset of drawer pulling, end of drawer opening, hand entering the
slot (pick-in time), hand withdrawal from the slot (pick-out time). Force transducers on the knob allow measuring the grip force (exerted by the
thumb and index finger pressing on the knob) and the load force (exerted to pull the drawer, to counteract different levels of resistance imposed
on the drawer opening). The different levels of resistance opposing the opening of the drawer were obtained by changing the intensity of current
applied to a rotative electromagnetic motor attached to the back of the drawer. The set-up is designed to apply a resistive force in parallel to the
orientation of the opening of the drawer. Detailed scheme of the drawer set-up is available on request to the corresponding author. All these data
are collected with the interface and software Spike 2 and displayed as illustrated in Figure 7.

As previously reported14'15, these tasks represent the behavioral basis to investigate whether the spontaneous recovery from a lesion of the

cervical cord may be enhanced with a specific treatment aimed at promoting axonal regeneration (Figure 8).

The retrieval score and the contact time parameters reflect different components of the manual dexterity: the first one includes the entire
motor sequence (reaching, grasping, withdrawal of the hand, transport of the pellet to the mouth), whereas the second one is focused on the
grasping phase only. These two parameters are particularly accurate and complementary for the modified and the rotating Brinkman board
tasks. Whereas the score represents largely redundant information in these two tasks, the contact time in contrast provides more task-specific
information due to the variability of the slots' positions in the rotating Brinkman board task, as compared to their static position in the modified
Brinkman board task. The Brinkman box task differs from the two above mentioned tasks, as the degrees of freedom of movements with the
hand are limited by the closed space. As a consequence, the positions of the different slots on the board within the Brinkman box play an
important role in terms of difficulty to perform the manual prehension, due to the exiguity of the box. For instance, the grasping with the hand
from the slots located on the right side of the box interferes with right lateral wall.

Consequently, the assessment of retrieval score limited to 30 seconds as in the modified Brinkman board would be biased depending on the
position of the slots actually visited by the monkey during this restricted time period, generating a substantial variability from one session to
another. For this reason, it is more appropriate to involve all slots (n=20) and therefore the parameter total time was chosen. In the modified
Brinkman board, the total time was not considered, as the monkey may in some case loose motivation (for instance post-lesion) due to the large
number of slots to be performed (n=50). Along the same line, the analysis of the contact time would implicate to take all the slots of the Brinkman
box into consideration (whereas only the first five slots in the modified Brinkman board were considered as the position of the selected slots

has little, if no impact on this parameter). Therefore, for the Brinkman box, we recommend in a first approach to determine the total time, as it
was observed to be a highly pertinent and informational parameter, at least in our studies with monkeys subjected to a motor cortex lesion (no
data available for spinal cord lesioned monkeys). Nevertheless, the contact time may be considered for the Brinkman box, but in a second step
including all twenty slots, separately however for the horizontal and vertical slots (not shown).
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Figure 1. Overall scheme of the experiment. The animal is transferred from the animal facility into the primate chair, transported then to the
behavioral laboratory. On each daily session, the monkey performs the test 1. On alternate days, the monkey then performs test 2, and/or test 3,
and/or test 4. Some monkeys (especially motivated) may perform all tests on the same daily session. Food pellets (used as reward) were made
of dried banana or glucose powder that is compressed in a round shape of about 4 mm in diameter. In all our behavioral tests, we use dustless
precision pellets (45 mg) provided by BioServ, One 8th street, Suite One, Frenchtown, NJ 08825, USA.

The dimension of the modified Brinkman board is 240mm long and 140 mm wide, whereas the dimension of the slots is 15 mm long, 8 mm wide
and 6 mm deep. The diameter of the board in the rotative Brinkman board is 114 mm.
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Figure 2. Representative (surgical) lesion of the cervical cord (panel A; modified from15) and (chemical) lesion of the motor cortex (panel B;
modified from16), derived from corresponding histological sections, processed for SMI-32 staining. The maximal extent of the cervical cord lesion
has been reconstructed from consecutive sagittal sections of the spinal cord (panel A), whereas the extent and position of the motor cortex lesion
has been reconstructed from consecutive frontal sections of the brain and re-positioned on a lateral view of the corresponding brain hemisphere
(red spot in panel B). The cervical cord lesion resulted from a transection with a surgery blade at the level C7-C8, resulting in a sub-hemisection
interrupting unilaterally the main CS tract component in the dorsolateral funiculus, above the motoneurons controlling hand muscles'*'®?°. The
permanent cortical lesion was produced bgl infusion of ibotenic acid13’16’17, at sites covering the hand representation previously established using
intracortical microstimulation (ICMS, see' ’21’22). The cortical lesion territory appears as an abrupt interruption of the SMI-32 staining of neurons
in layers Il and V in the rostral bank of the central sulcus (area delineated with the dashed line in panel B).

Figure 3. Representative data derived from the modified Brinkman board task (test 1) performed by a monkey subjected to a lesion of the spinal
cord (as illustrated in Figure 2A). The graph shows the score (ordinate), separately for the vertical slots (blue symbols) and the horizontal slots
(red symbols). The yellow symbols are for the sum of vertical and horizontal scores on a given daily session. In the abscissa, the time is for the
consecutive days of the behavioral sessions. The vertical dashed redline (day 0) is the day at which the lesion was performed. Three different
periods are highlighted: the first one (black dashed line) corresponds to the training period, the second one (blue dashed line) to the plateau of
performance before the lesion, and the third one (green dashed line) to the plateau of recovered performance. Data modified from'®.
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Figure 4A. Same as in Figure 3 (test 1), but in a monkey subjected to a lesion of the motor cortex (as illustrated in Figure 2B). The graphs show
the score (panel A; same conventions as in Figure 3) and the contact time (CT; panel B) data. In the abscissa, the time is for the consecutive
days of the behavioral sessions. The vertical dashed redline (day 0) is the day at which the lesion was performed. In panel B, each dot
corresponds to the time of contact between the finger and the pellet in one slot (5 trials per orientation for each session; the grey bar represents
the median value). Note that for the trials in WhICh the animal could not perform the task (immediately after the lesion), the CT appears as a
saturated value at 5 seconds. Data modified from'®

Figure 4B. Analysis of strategy adopted in the modified Brinkman board task performed with the contralesional hand, before lesion of the motor
cortex (Pre), during the recovery phase (Recovery) and post-lesion at plateau (Post). The color of each slot indicates the sequential order of the
slots visited by the monkey in one session (the first slot visited is depicted by the darkest blue and the last slot visited by the darkest red). Note
that pre-lesion, the monkey started on the left side of the board and scanned systematically towards right. During the recovery, the sequential
order was changed. At plateau post-lesion, the strategy adopted pre-lesion re-appeared (systematic scan from left to right).

Figure 5. Representative data derived from the Brinkman box (test 2), for a monkey performing the task under visual control. The ordinate is
the total time needed to empty the 20 wells along the daily sessions (abscissa), conducted before and after a lesion of the motor cortex (vertical
dashed line). The dimensions of the accessible volume within the box are 1360 cm® (120mm 110mm’ 103mm). Note an initial phase of training,
characterized by a larger variability of the total time from one session to the next. Inmediately after the cortical lesion, the monkey was not able
to perform the task (data points saturated at 200 seconds). The p value is statistically significant for the difference between the median total time
pre-lesion (middle of the horizontal gray rectangle at the left) and the median total time post-lesion in the last sessions (middle of the horlzontal
gray rectangle at the right). The percentage of functional recovery is 89.6% whereas the volume of the motor cortex lesion was 41.8 mm®. Data
modified from

Copyright © 2011 Creative Commons Attribution-NonCommercial License November 2011 | 57 | e3258 | Page 6 of 11


http://www.jove.com
http://www.jove.com
http://www.jove.com

Journal of Visualized Experiments www.jove.com

Figure 6. Representative results (top two graphs) derived from the rotative Brinkman board task (test 3), with illustration of the contact time
measured pre-lesion and post-lesion, with the same conventions as in Figure 4A (panel B), for a monkey subjected to a lesion of the motor
cortex (data modified from”). The top graph is for a clockwise ("CI") rotation of the board, whereas the bottom graph is for a counterclockwise
("C-CI") rotation of the board. The two vertical gray arrows indicate that the contact time was infinitely long in few sessions immediately after the
lesion, as the monkey was unable to perform the task with the contralesional hand. The series of pictures at the bottom of the figure illustrate the
method to measure the contact time (valid for both the modified Brinkman board and the rotating Brinkman board). The leftmost picture shows
the hand approaching the slot containing the pellet (100 ms before contact between the index finger and the pellet). The next frame on the right
corresponds to the time point of contact (0 ms). Then the contact time is defined as the time interval (in ms) running until reaching the frame
(rightmost one) corresponding to the time point at which the pellet is taken out of the slot. The contact time here is 240 ms.
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Figure 7. Representative data derived from a session performed by one monkey on the reach and grasp drawer task (test 4).

Panel A: Raw data corresponding to three parameters acquired online during a single trial: load force in red, grip force in blue and displacement
of the drawer in green. Several markers were also acquired during the task: picking time corresponds to the time of the reward grasping, full
open to the full opening of the drawer and knob touch (tch) to the time point when the animal first touches the knob. For the analysis, seven
cursors were placed at critical time points in the unfolding task (e.g. 3 gray cursors on the bottom three horizontal lines): 1) time locked to the
touch of the knob by the animal; 2) onset of grip force; 3) maximal grip force; 4) onset of load force; 5) maximal load force; 6) time locked when
the drawer is fully open; 7) time locked to the picking time.

Panel B: Representation of the quantitative results for two parameters recorded during the task: the grip force (force used to grasp the knob
between the index finger and the thumb) and the load force (force used to open the drawer) in two diagrams: the maximal value (left graph) and
the slope value (from the onset to the max.; right graph).

Four out of the five different relative levels of resistance have been illustrated here: RO (0 Newton), R3 (1.4 N), R5 (2.75 N) to R7 (5 N). The
knob of the drawer has a triangular and flat shape. The base of the triangle attached to the drawer measures 20mm and the top (15 mm from
the base) consists in a circular contour of 7 mm of diameter. The drawer itself has the following dimensions: length=50 mm; width=27 mm and
height= 45mm.
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Figure 8. Reminder (modified from15) of the use of the behavioral test 1 to investigate the possible effect of a treatment (anti-Nogo-A antibody)
on the functional recovery from cervical cord lesion. For both scores and contact time, as well as for both slot orientations, the group of control
antibody treated monkeys (blue symbols; n=6) recovers manual dexterity less well than the group of anti-Nogo-A antibody treated monkeys (red
symbols; n=7), especially for large volumes of lesion. The 2 groups differ significantly with p=0.035 (panel A), p=0.022 (panel B), p=0.035 (panel
C) and p=0.008 (panel D).

Although the present behavioral tasks have been considered so far in our laboratory in the context of studies related to lesion of the cervical cord
or to lesion of the motor cortex with the aim to test various treatments (see14'15'17 and http://www.unifr.ch/neuro/rouiller >select "research" in the
top bar menu, then > "motor system" > "recovery after lesion"), they may also have a broader application, as manual dexterity is also an aspect
to consider in other pathologies, such as Parkinson disease (MPTP monkeys) or in case of sensory de-afferentation affecting proprioception and/
or the sense of touch (especially the test 2 in absence of visual control).

The behavioral tests proposed here are suitable to investigate the motor control of distal movements of the forelimb, as involved in manual
dexterity. The specificity of the tests is demonstrated by the absence of deficit (except for a couple of days) in case of a lesion which does

not impair relevant components of the control system: indeed, in case of a lesion placed more caudal than the motoneurons controlling hand
muscles, there was no deficit. The pertinence of the test 1 can be appreciated by comparing on video sequences taken at two time points of the
post-lesion recovery curve, which differ by an enhancement of functional recovery of 25%, possibly in relation to a cell therapy treatment”.

In spite of some initial, relatively short training phase at beginning (lasting generally 2-3 months), the behavioral tests proposed here are
relatively "natural" and straightforward, as compared to complex (e.g. conditional) tasks for which the training of the monkey may take nearly
a year or more. The positive reinforcement is based on solid food, which is less sensitive on the ethical point of view than water deprivation,
usually used in more complex tasks?. There is no need to deprive the monkeys from food to obtain stable and consistent results. The pellets
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received during the tasks represent the first access to the food on the day of the behavioral session (assuming that the monkey does not eat
during the preceding night; however additional food may be given until the end of the afternoon of the preceding day). It is crucial that each
monkey performs the behavioral session at the same time of the day, as well as respecting the same sequential order between the different
monkeys forming a group in the housing room. As the monkeys are sensitive to external disturbing events, the behavioral tasks should be
conducted in presence of background music, masking potential disturbing noise coming from neighboring rooms or laboratories. It is crucial that
during the whole duration of the experiment (from initial training up to the last daily experimental session, a period of several months if not years),
a given monkey is placed daily under the supervision of the same experimenter.

The present behavioral tests, used since several years in our laboratory to quantify manual dexterity, are to some extent comparable to other
tests of manual dexterity recently reported in the literature®*2®. There is however a crucial need to standardize tests across different laboratories
(for better comparison), which is a tentative goal of the present report. On demand, the detailed properties of the set-ups illustrated here for
tests 1-4 can be provided by the corresponding author, in order to replicate them. Beyond the issue of regenerative medicine (recovery from
lesion of spinal cord or cerebral cortex), the present palette of tests may be suitable to address in normal non-human primates developmental
issues (e.g. time course of motor development of dexterous movements), to investigate lateralization aspects (hand preference/dominance) and
to decipher evolutionary questions by comparing the motor abilities of different species of primates, including human subjects. Note however
that the dimensions of the apparatuses should be adapted according to the digits' size (thickness and length) of the primate species, as it may
influence the task performance. In the present study, the tests were conducted on macaca fascicularis monkeys, ranging from 2.5 to 8 years

old and weighing between 2.5 and 8 kg. The length of the index finger (used first to manipulate the pellets) ranges from 32 to 35 mm, whereas
the circumference of the distal phalanx (tip) of the index finger was between 22 and 25 mm in the monkeys included in our studies. As tested in
previous experiments, the same grasping tests are suitable for macaca mulatta as well.

All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (1996) and approved by local (Swiss)
veterinary authorities. All experimental procedures on the monkeys, as well as the detention conditions in the animal facility, were described in
detail in recent reports from our laboratory: see references 12-18.
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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 macague 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.

297



Results

Modified Brinkman Board Task

The modified Brinkman board task is largely intuitive in the sense that an experimentaly-naive
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

Median

Median

Learning First Median Mean SD Slope Score # contact  contact Mean

. . Plateau . plateau . . errors
Sex+ Weight Age phase & score platcau  plateau plateau learning - time at time at N
% (days) &¢ & & & & Comparison (learning;

(days) value value value value phase platcau  plateau
H vs V slots plateau)
Vslots  Hslots
MKk-AN 1b 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 £l 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 £l 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 £l 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  f1P 3.2 7 89 133 17.416 33 33.179 2.984 0.176 V>H (t) 0.24 0.2 16; 0.7 ()
Mk-MI £l 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 £l 3.9 6 101 26 16.77 315 30.938 4.389 0.15 V>H (t) 0.2 0.32 7,0.5(c)

Mk-DI fLo 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 32 4.2 5 213 216 27.816 33 32.78 2.339 0.0095 V>H (W) 0.2 0.32 2,04 (c)

Mk-AV m 2P 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 2P 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 2P 25 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 2P 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)

MKk-VA m 22 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 22 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? 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£28 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 22 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 22 3.5 4 21 77 21.75 255 235 4.468 0.274 V>H (t) 0.667 0.8 0.8; 0.9 (d)
Mk-DG m 2 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 (*, % or ®) indicates the housing conditions: 1 = 45 m* housing facility; 2 = 15 m? facility; 3 = transfer from 15 m® to 45 m® (data
acquired however after transfer). The following letter ¢, ) 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).
¢ 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, ¢, 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-W1), 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 MKk-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 MKk-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-Bl, Mk-EN, Mk-GE, Mk-LO, Mk-MA, Mk-MlI,
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-Bl, 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, MKk-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 MKk-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 MKk-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, MKk-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 (MKk-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 macagque 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

312



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 MKk-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 Kliver 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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Introduction

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.

The hand of preference is defined as the hand with
which subjects prefer to work on a specific task, instinc-

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.

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

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. This is an open access article under the terms of 1
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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
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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).

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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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 m®> 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 naive. 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

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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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,
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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/
pml.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

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.

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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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
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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. 1GC; 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
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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 = (R-L)/(R+L)

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 ¢-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
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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
MKk-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 =10.002 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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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.

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).
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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.
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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
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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.

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
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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.

difference between both hands, except for Mk-LO and
MKk-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, MKk-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

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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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-
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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 | in which the right hand (in red) was hardly ever used and phase Il 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 |, the left hand was
hardly ever used, whereas it was used more in phase Il. 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 | in which both hands were used more or less at the same frequency, and phase I, 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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(A)
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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 | and Il are shown for all
monkeys in panel (A) and scores for the horizontal slots for phases | and Il are displayed in panel (B).

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, ]G, 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

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

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
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(B)
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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).

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
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(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

© 2013 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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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.
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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,
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

right-handers performed

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
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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
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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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