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Abstract

Objective: Previous evidence was provided that parkinsonian monkeys exhibited significant though incomplete
behavioral recovery following a cell therapy consisting of auto-transplantation of adult neural progenitor cells. The
aim of the present study was to assess for the first time in this parkinsonian non-human primate model the striatal
dopaminergic function, in parallel to further behavioral assessment. In other words, is the behavioral recovery
associated to a reversal of dopaminergic function despite the auto-transplanted cells are not dopaminergic.

Methods: Striatal dopaminergic function and motor behavior (spontaneous motion activities) were monitored in
adult parkinsonian macaques in relation to autologous neural cell ecosystem (ANCE) transplantation. In four MPTP
intoxicated macaques, adult progenitor cells derived from cortical biopsies were re-implanted in the same animal
after a phase of spontaneous functional recovery. The function of the striatal dopaminergic system was assessed
using 18F-DOPA positron tomography imaging and the motor function was quantified.

Results: Two parkinsonian animals exhibited severe motor symptoms, which were moderate and transient
in two other monkeys. 18F-DOPA striatal uptake decreased by 80% in three animals, consistent with losses of
dopaminergic neurons in substantia nigra and reduced striatal density of dopaminergic projections. Six months
after autologous transplantation, all animals improved their motor functions. This functional recovery was largely
consistent with positron emission tomography results showing some recovery of 18F-DOPA striatal uptake toward
baseline value following transplantation.

Conclusion: The present data confirm that symptoms are variable across individual parkinsonian monkeys
and that autologous neural cell ecosystem transplantation indeed attenuates parkinsonian motor symptoms. Yet
the present study provides for the first time evidence in favor of an increase in the striatal dopaminergic activity that
correlates with motor recovery in this novel therapeutic approach, although the implanted cells are not dopaminergic.

Keywords: F-DOPA PET scan; MPTP; Macaque monkeys; Cell
therapy; Motor behaviour; TH-immunocytochemistry

Introduction

Parkinson’s disease (PD) is characterized by dopaminergic neuron
loss in the substantia nigra (SN) pars compacta. The cardinal symptoms
appear after 60 to 70% of neuronal loss within the SN and consist of
akinesia/bradykinesia, rigidity and tremor at rest [1-6]. The correlation
between the motor symptoms (specially bradykinesia) and a decrease
of the dopaminergic striatal activity has been shown in PD patients
by using positron emission tomography (PET) scans with [18F]-L-
dihydroxyphenylalanine (18F-DOPA) [7]. Furthermore, in the non-
human primate (NHP) 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced model of PD, 18F-DOPA PET scan measure of
presynaptic dopaminergic integrity is broadly used and gives valuable
clues about the nigrostriatal state after MPTP intoxication [8,9]. Both
in PD patients and NHP MPTP model, a low number of dopaminergic
neurons in the SN is associated with a decrease in 18F-DOPA PET
uptake in striatum [10,11].

Although widely studied since several decades, the biological
mechanisms underlying PD’s etiology remain largely unknown, making
the development of efficient therapies a challenge. In spite of positive

outcomes of deep brain stimulation and/or levodopa therapies, the
progression of the pathology is neither stopped nor reversed [12-16].

The last two decades have seen the emergence of new hope based
on promising results of cell therapies. This new approach represents
an attractive alternative to conventional treatment and consists in the
replacement of the depleted dopaminergic neurons using different cell
sources [17]. Yet, although crucial steps have been achieved regarding the
understanding of cell engraftment mechanisms, several issues remain to
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be solved before considering large-scale therapeutic applications. The
large amount of donor fetal tissues, immunosuppressive drugs and graft-
induced side-effects are some of the limitations associated with the use of
fetal midbrain tissues [18,19]. Moreover, embryonic stem cell engraftment
raises the issue of tumor formation due to uncontrolled cellular
proliferation and ethical controversies [20,21]. Recently, the induced
pluripotent stem cell approach showed positive outcomes in NHP MPTP
model but these positive results still need to be confirmed [22].

At the margin of those mainstream cell therapy approaches, Brunet
et al. have developed an innovative method allowing the generation
of long-term primocultures from human cortical tissues [23]. Similar
results were then obtained from NHP cortical biopsies [24]. Further
investigation revealed the presence of doublecortin-positive cells
in in-vitro cell cultures [25]. Those cells need close interaction with
astrocytes, building a niche necessary to their development. This
association is referred as autologous neural cell ecosystems (ANCE). In
a therapeutic perspective, ANCE have been implanted in symptomatic
NHP MPTP model [26]. All the ANCE implanted animals, except one,
exhibited a statistically significant reduction of PD symptoms, while the
two other groups of monkeys (sham-grafted and killed-cell grafted) did
not show any improvement. Interestingly, the implanted ANCE cells
did not become tyrosine-hydroxylase (TH) positive cells. The positive
behavioral effect of ANCE transplantation is thus most likely due to the
release of neurotrophic factors [26,27].

As outlined in Table 1, the present study is the logical continuation
and extent of two previous reports on the ANCE approach applied to
MPTP monkeys [26,27]. Brunet et al. [27] and Bloch et al. [26] included

Monkey species n= Control monkeys #
Study 1 * St-Kitt Green monkey 8 Yes
Study 2 ** St-Kitt Green monkey 9 Yes
No

Present study Macaca fascicularis 4

Not repeated

TH-immuno: Cell counts in

ANCE cells migration

S. nigra
Study 1* Yes: contralateral hemisphere, corpus Yes
callosum
Study 2** Not reported Yes
Present study Not repeated& Yes

* Brunet et al. [27]: asymptomatic monkeys (low dose MPTP treatment)
** Bloch et al. [26]: PD symptoms (higher MPTP doses)

in their ANCE studies control animals and the fate of the implanted
cells was reported. Due to strict ethical guidelines restricting drastically
the use of NHPs, controls were not repeated in the present study (Table
1). Furthermore, investigations on the fate of the implanted cells were
not repeated either (Table 1). The aim of the present study was rather to
focus on an original issue, by investigating nigro-striatal dopaminergic
function with 18F-DOPA PET scans in four adult macaque monkeys
subjected to MPTP lesion and ANCE transplantation. Moreover,
in order to extend the behavioral dimension as compared to earlier
reports [26,27], the four MPTP monkeys subjected to ANCE of the
present study were enrolled in an assessment of spontaneous motion
activities, using an image analyzer system performing an objective
evaluation of the motor symptoms [28]. As emphasized above (ethical
restrictions) and capitalizing on the already demonstrated efficacy of
ANCE transplantation in a symptomatic PD monkey model including
control animals ([26]; Table 1), all four macaques involved in the
present study were subjected to a systemic MPTP lesion followed by
ANCE transplantation.

Methodology

General survey of the experimental protocol

Globally, the present study comprised three main periods (Figure 1):
the pre-lesion phase, the post-MPTP lesion phase and the ANCE post-
transplantation phase. The pre-lesion phase spanned from spring 2010
to summer 2014 and encompassed training of the animals to different
motor tasks (mainly manual dexterity, not reported in this present
manuscript). The post-MPTP lesion phase consisted in the behavioral
Quantitative behavior

PD symptoms ANCE survival (%)

50.4 (+- 14.6)

No (at 4 months) No
271 (+-6.7) Yes: Parkinsonian score (29
Yes
(at 6 months) parameters)
Yes Not repeated & Yes: Schneider scale and spontaneous

motion activity

Striatal dopaminergic function

GDNF-immuno assessed with PET (18F-DOPA)
Yes: increase in ANCE monkeys No
No No
Not repeated & Yes

# In study 1: Two intact controls, two MPTP controls without ANCE; In study 2: MPTP monkeys (n=2) who received no cell graft or killed-cell grafts.

& in the present study, possibly due to the advanced age of the animals, the histological tissue exhibited strong auto-fluorescence, preventing identification of the PKH67
re-implanted cells and therefore to repeat previous histological analyses (survival, migration, etc.)

Table 1: Overall survey of the long-term ANCE project on MPTP monkeys (3 consecutive studies).
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Figure 1: The time line illustrates the experimental protocol schedule. During the pre-lesion phase a first biopsy was performed in order to assess its potential impact on
the behavioral tasks and to develop the good manufacturing practice (GMP) protocol [29]. The second biopsy, which provided the cellular material finally transplanted,
was performed during the MPTP phase, thus better reflecting the clinical conditions of Parkinson’s disease.
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follow-up of the animals, during a period of eight weeks, to assess the
impact of the MPTP lesion. Finally, the ANCE post-transplantation
phase, that covered a period of six months, was dedicated to the
monitoring of the animals in order to assess any potential effect of the
treatment. As the treatment tested here is based on in vitro culture
of cortical tissues [23,24,26,27], two biopsies were obtained for each
animal (one during the pre-lesion phase [29] and one during the MPTP
protocol).

Within each experimental period, the function of the dopaminergic
system was assessed by 18F-DOPA PET scans. Moreover, structural
magnetic resonance imaging (MRI) data were acquired to identify the
stereotaxic coordinates targeted in the transplantation surgeries. At
the end of the protocol, the animals were euthanized for histological
purposes (Figure 1). Data were transferred into Microsoft Excel files
for compilation and analysis; the graphical representations and the
statistical analysis were performed in MATLAB (R2015b).

Animals

Four female adult macaques (Macaca fascicularis) ranging from
6 to 10 years old and weighing between 3 and 5 kg at the beginning
of the pre-lesion phase, were involved in this study. All four animals
were housed in the animal facility of the University of Fribourg in
an enriched indoor room of 45 m* (for a group of 2-5 monkeys, as
requested by the Swiss law on animal protection), with supplementary
access to an outdoor space. Animals could interact with each other and
were free to move (http://www.unifr.ch/spccr/about/housing). They
had free-access to water and were not-food deprived. Their identities
were Mk-LL, Mk-LY, Mk-MY and Mk-MI. The entire experiment
protocol was in accordance with the law on animal protection and
accepted by the Federal and local veterinary authorities (authorization
numbers 2012_01E_FR and 2012_01-FR).

Schneider MPTP scale

All four animals’ behaviors were closely monitored using the
Schneider scale [30]. This scale encompasses eight items rated from
0 (absent) to 3 (severe) that allow assessing the time-course of motor
symptoms (upper limb movement, lower limb movement, ability to
manipulate food, range of arm movement, bradykinesia/akinesia,
hyperkinesia, tremor and dystonia). The behavioral evaluation was
performed on a regular basis by the same experimenter in the animal
housing facility by periods of about 20 min.

Spontaneous motion activity

Every day, animals were individually placed in a cage (52.5 cm
x 115 cm x 82 cm) during 40 min. The first 10 min were aimed to
habituate monkeys to the environment. During the next 30 min,
spontaneous motion activity was assessed, corresponding to free
will locomotor and other motor activities (free behaving), using the
VigiePrimate’ image analyzer system (View Point, Lyon, France).
Different thresholds defined freezing, middle and burst activities
(middle activity threshold at 500 and burst activity threshold at 2000
pixels change per seconds). Moreover, the system allowed tracking
the traveled distance by following the center of mass of the animals.
Statistical analyses (Wilcoxon rank sum test) compared each of the
three experimental phases (pre-lesion, post-MPTP lesion and/or post-
transplantation) in each animal. Data included in the pre-lesion phase
were collected starting 6 months before the MPTP lesion protocol. The
post-MPTP lesion phase encompassed only the data collected during
the month (30 days) preceding ANCE transplantation. Data for the
post-transplantation phase were collected during a period of 3 months

before euthanasia. Differences in spontaneous motion activity were
considered as statistically significant when the p-value was smaller than
0.05 (p <0.05).

PET image acquisitions

PET scans with 18F-DOPA (Radiopharmazie, Klinik fiir
Nuklearmedizin, Ziirich, Switzerland) were conducted for each animal
during each experimental phase. Animals received one hour before
the 18F-DOPA injection, 50 mg per os of Carbidopa (Pharmacie
internationale Golaz, Lausanne, Switzerland). The detailed anesthetic
protocol during the acquisition as well as the structural magnetic
resonance imaging protocol has been reported in our previous
behavioral article related to the first biopsy [29]. Animals, in pronation
position, were introduced into the scanner (Philips Ingenuity TF).
First, a computer tomography (CT) acquisition was performed. Then,
18F-DOPA (about 125 MBq) was injected intravenously. Immediately
after the injection, the PET data were acquired for 90 min in 28 frames
of increasing duration from 30 s to 5 min.

18F-DOPA PET scans post-processing

Analysis of 18F-DOPA scans was done using the dedicated software
PMOD V3.605 (PMOD Technologies Ltd., Ziirich, Switzerland). First,
native images were converted from DICOM format to NIfTT format.
For the purpose of co-registration, summation PET images were
generated over the 10-90-minutes of dynamic data and co-registered,
using the CT scan, onto the T1-weighted MRI images using a six-
rigid-body algorithm. The resulting transformation matrix was then
applied to the PET dynamic images. Regions of interest (ROIs) for the
left/right putamen, left/right caudate nuclei, and occipital cortex were
then manually outlined on the MRI images and transferred onto the
corresponding co-registered PET images. ROIs were manually adjusted
on functional images in order to compensate for small miss-registration
errors. Bilateral ROIs were pooled to obtain the average radioactivity
concentration in the ROI. Regional radioactivity was determined for
each frame, corrected for decay and plotted versus time to obtain times
activity curves (TACs).

The influx rate constant, Ki (min"'), for 18F-DOPA uptake in
caudate and putamen was calculated (Table 2) using the Patlak
multiple-time graphical analysis and the occipital cortex, a region with
poor dopaminergic innervation [31,32], as reference region to estimate
free and non-specific binding of the radiotracer in the brain [33]. For
each animal, voxel-wise parametric maps of Ki were also generated
using the Patlak approach and the occipital cortex as reference region
as implemented in PMOD V3.605.

MPTP lesion

The present lesion protocol was adapted according to Mounayar
et al. [34]. It consisted in series of daily intramuscular MPTP (Sigma-
Aldrich Co; 0.5 mg/kg, dissolved in saline solution) injections,
separated by break periods. The total amount of MPTP injected varied
from 6.25 mg/kg (Mk-LY, Mk-LL and Mk-MY) to 7.75 mg/kg (Mk-

Mk-LY Mk-LL Mk-MY Mk-MI
Pre-lesion 0.00735 0.00787 0.00819 0.00857
Post-lesion 0.00610 0.00124 0.00151 0.00178
Post- transplantation 0.00739 0.00220 0.00326 0.00270

The table sums up the "®F-DOPA PET scan striatal influx constant (Ki) values for all
animals during each experimental phase

Table 2: 8F-DOPA PET scan influx constant (Ki).
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MI). During the last week, and according to the symptoms exhibited
by each individual animal, the decision was taken to adjust or not the
amount of MPTP injected.

Cortical biopsies

Two cortical biopsies were obtained from each animal’s dorsolateral
prefrontal cortex. The aim of the first biopsy, which was performed nine
months prior to the MPTP lesion, was to assess its possible impact on
the motor task performance and to refine the cell culture procedure
for production under GMP (good manufacturing practices) rules
in module Isocell Pro 1.8 (Euroclone) conducted at the CHUV (cell
production center (CPC), CHUYV, Epalinges, Switzerland) [29]. The
second biopsy was performed during the MPTP phase to be closer
to the clinical situation. These new GMP productions generated the
ANCE, which had to be subsequently re-implanted in the MPTP-
treated animals. All surgical procedures for biopsy are available in
details in our previous study [29]. The cortical biopsies, limited in
volume and spatially restricted to the prefrontal cortex, did not have
significant impact on motor performance itself (scores) in the various
behavioral tasks used in the laboratory, as previously reported [29,35].

Cell cultures and preparation for transplantation

Once the biopsies performed, the cortical samples were immediately
processed to be put into culture conditions, as previously reported
[24,26,27,36,37]. However, as a further development with respect to our
previous studies, the present culture protocol was conducted according
to 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
binds to the cell membrane.

Cell transplantation

For each animal, two implantations sites in the putamen and one in
caudate nucleus per hemisphere (six total implantation sites per animal)
were determined based on T1-weighted MRI scan at post-MPTP lesion
phase, and then compared with the Paxinos atlas of the macaque brain
[38]. Transplantation surgeries followed the same surgical procedures
as described in our previous study [29]. However, craniotomy was
performed bilaterally in order to have access to stereotaxic coordinates
of implantation sites. Implantation sites were reached vertically with
a Hamilton microsyringe (100 pl, 22 G). Once the site was reached, a
total volume of 10 pl culture medium (corresponding to approximately
3007000 cells) was automatically injected (2 ul/min during 5 min for
each site) using a nano-injector (Stoelting, Wood Dale, IL, USA). 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.
Once the six sites were implanted, the bone flap was put back in place;
the muscles and skin were sutured as previously described [29].

Euthanasia

Animals were euthanized about six months after ANCE
transplantation. For this purpose, the animals were first sedated with
ketamine (10 mg/kg, i.m.) and then injected with a lethal dose of sodium
pento-barbital (Esconarkon’; Streuli; 60 mg/kg; i.v.). Once the animals
were deeply anesthetized, a trans-cardiac perfusion was initiated with
400 ml, 0.9% NaCl. The following solutions were successively perfused
in order to fix and preserve brain tissues: 3 I of 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (pH 7.6) and 3 times 2 1 of sucrose
solutions of increasing concentrations (10%, 20%, 30%). Brains were
then extracted and dissected before being placed for about ten days

in a 30% sucrose solution. The brains were cut into ten series of 50
pum thick sections using a cryostat (HM560, MICROM, Volketswil,
Switzerland). The series were then placed in a cryoprotective buffer (50
mM phosphate buffer, 25% glycerol, 35% ethylene glycol) at -20°C.

Histology

Staining of the TH-positive cells in the substantia nigra was done
following a standard immunohistochemistry protocol. Histological
sections were protected from light and incubated overnight, at room
temperature, with the anti-TH antibodies (AB152, Merck-Millipore,
1:1000) in PBS, triton 0.3% and BSA (bovine serum albumin) 0.25%.
In parallel, the second antibody conjugated to horseradish peroxidase
(HRP) (AB97155, Abcam, 1:400) was incubated (overnight, 4°C) in
PBS with a half monkey brain slice (not belonging to the present study)
in order to remove the unspecifically bound antibodies. Incubation of
the second antibody was done for 2 hours in PBS at room temperature.
The revelation step consisted in incubating the brain sections with
3,3’-diaminobenzidine (DAB, D-5905, Sigma-Aldrich) in PBS with
concentrated H,0O, during 30 min. Finally, the brain sections were
mounted on microscopic slide and covered with quick-hardening
mounting medium (Eukitt, 3989, Sigma-Aldrich).

The same immunohistochemical protocol was applied for
visualizing the fluorescence density of TH-labeled axonal terminals in
striatum. However, the second antibody used was conjugated with an
infrared dye (611-145-122, Bioconcept, 1:500) and the step with DAB
was omitted.

TH-positive cells charting analysis and photographic acquisitions
were performed using a conventional light microscope Olympus BX40
(camera, MBF bioscience, Q imaging, color 12 bit) and the Neurolucida
software (version 11.0). The total number of TH-positive neurons was
reported for each brain section (a total of 8 brain sections per animals
covering the entire substantia nigra). Photographic acquisitions of
the infrared fluorescence density were performed using the Odyssey
software (LI-COR bioscience, version 1.2, 2003). Subsequently, the
fluorescence density was analyzed for each brain section (6 sections
in total covering the entire striatum) with the Fiji software (Image],
version 2.0.0). A circle region was delineated in the striatum and in
a reference region in the cerebral cortex. The fluorescence intensity
density (IntDen) given by the software was reported. The final striatal
fluorescence density value was obtained for each brain section by
dividing the IntDen of the striatum with the reference cortical IntDen.
Differences were considered as statistically significant (Wilcoxon rank
sum test) when the p-value was smaller than 0.05 (p < 0.05). Note that
three additional macaque monkeys (Mk-EN, Mk-GI and Mk-SA; not
subjected to MPTP intoxication and derived from previous studies)
were used as control animals (healthy control) in the histological
procedures and for comparison of the TH-immunostaining with the 4
MPTP monkeys.

Conventional histological analysis was performed with the same
light microscope on a series of Nissl stained sections of the brain to
check the location of the ANCE transplantation sites (one in caudate
nucleus and two in the putamen in each hemisphere). Similarly, another
series of sections was analyzed for fluorescence in order to detect the
presence and spatial distribution of the transplanted cells labeled with
the fluorescent vital marker PKH67.

Statistical Analyses

For statistical analysis of 18F-DOPA data, a global statistical
approach (random intercept linear mixed-effects model) was
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performed. The Ki were considered as the response variable, the
experimental phases as the fixed effects, whereas the identities of the
animal as random effects (Table 3). The behavioral and histological data
were analyzed using the non-parametric Wilcoxon test (Table 4).

Results
Schneider MPTP scale

All four MPTP animals progressively exhibited parkinsonian motor
symptoms during the course of the MPTP injection protocol (Figure 2).
In Mk-LY and Mk-LL, the motor symptoms emerged at the middle of
the MPTP protocol and then slowly and progressively decreased starting
two weeks after the last MPTP injection, reaching a plateau of modest
Schneider score of 1-2. In Mk-MY, parkinsonian motor symptoms
progressively appeared during the MPTP lesion protocol and remained
stably elevated during several months after the last MPTP injection,
before decreasing also to a modest score. Mk-MI showed nearly no
motor symptoms during the MPTP protocol itself; however, few days
after the last MPTP injection, severe motor symptoms exponentially
emerged, remaining stable and deleterious for several months (Movie 1;
Figure 2). In the three monkeys with a modest Schneider score several
months post-MPTP lesion, the ANCE transplantation was followed
within a few weeks by a final decrease of the Schneider score to zero,
reflecting a normal motor function. In the monkey with severe motor
symptoms (Mk-MI), the Schneider scale remained high (score 8-12) as
long as a few weeks after ANCE transplantation, before a significant and
quick decrease took place, stabilizing at low level (score of 2; Figure 2).
In all monkeys, the Schneider score exhibited a fairly large day-to-day
variability in terms of qualitative symptoms severity.

Value Std. error DF t-value p-value
Intercept 0.007999 0.000837 9 9.553 5.2249e-06
Lesion -0.005337 | 0.000980 9 -5.445 0.000408
Transplantation -0.004105 | 0.000980 9 -4.187 0.002348

The table sums up the results of the random intercept linear mixed-effects model.
The Ki values were considered as the response variables, the identities of the
animals as random effects, whereas the experimental phases (pre-lesion, post-
lesion and post-transplantation) as fixed effects

Table 3: Random intercept linear mixed-effects model.

Mk-LY Mk-LL | Mk-MY = Mk-MI
Pre-lesion vs. Post-lesion 4.34e-05 1.10e-09 | 2.27 e-10 | 2.27 e-10
Pre-lesion vs. Post-transplantation | 0.019085 | 7.67 e-12 | 6.70 e-14 | 1.08 e-13
Post-lesion vs. Post-transplantation | 0.255116 | 0.022249 | 1.20 e-07 | 5.31 e-08
p-values of the traveled distance (Figure 3B)

Mk-LY Mk-LL | Mk-MY | Mk-MI
0.000216 1.32e-09 2.27 e-10 1.52e-09
Pre-lesion vs. Post-transplantation | 0.052509 3.92e-13 1.78 e-13  9.62 e-13
Post-lesion vs. Post-transplantation  0.128982  0.028879 | 6.52 e-07 2.55 e-07
p-values of the striatal fluorescence activity (Figure 4B)

Pre-lesion vs. Post-lesion

ENvs. Gl 0.1320

EN vs. LY | 0.0022
ENvs. LL| 0.0022
EN vs. MY| 0.0022 Glvs MY | 0.0022

EN vs. M| 0.0022 | Gl vs MI | 0.0022

Glvs LY 0.0152 LYvsLL 0.0411 LLvs MY 0.2403
Glvs LL | 0.0043 LY vs MY 0.0260 LLvs Ml 0.4848
LY vs Ml 0.0087 MY vs Ml 0.0931

The table sums up the different p-values obtained with the Wilcoxon rank sum test
for the time spent in freezing activity (Figure 3A), the traveled distance (Figure
3B) and the striatal fluorescence activity (Figure 4B). In the bottom panel, each
monkeys’ ID is given by the last 2 letters only (e.g. LY instead of Mk-LY)

Table 4: p-values of the time spent in freezing activity (Figure 3A).

20 mete.

16 A

post-lesion phase

12 4

total Schneider score

-10 0

-20 20
+179 days

sessions from ANCE transplantations

Figure 2: The graph plots a semi-quantitative assessment of the motor
symptoms during and after the MPTP lesion protocol and after the ANCE
transplantation, using the Schneider rating scale [30]. The higher the score,
the worse were the parkinsonian symptoms. Along the abscissa, time
corresponding to daily sessions in which the rating scale was established. The
extremities of the abscissa correspond to time points of -73 and 179 days with
respect to ANCE transplantation (day 0).

The specific case of Mk-MI with severe motor symptoms after the
MPTP treatment is of particular interest (Movie 1). As compared to
the normal behavior, 4 days after the last MPTP injection, there was
strong postural instability, bradykinesia, tremor and low speed motion
in the detention room, although the animal could still feed by herself.
The same symptoms persisted three weeks later. In sharp contrast, three
months after ANCE transplantation, Mk-MI surprisingly recovered
most motor functions, regaining nearly normal motor control ability
(Movie 1).

Spontaneous motion activity

All four animals exhibited significant changes of their spontaneous
motion activity patterns following MPTP lesioning. There was a
significant increase of the freezing activity in all four animals post-
MPTP lesion (p < 0.001; see Table 4 for for exact p-values), though
more dramatic in Mk-MY and Mk-MI than in Mk-LY and Mk-LL
(Figure 3A). After the ANCE transplantation, the freezing activity
was reversed to some extent in all monkeys, although the decrease
was not statistically significant in Mk-LY, which however displayed
the least increase of freezing activity post-MPTP lesion. In the other
three monkeys (Figure 3A), the reversal of freezing activity after ANCE
transplantation was statistically significant as compared to the post-
MPTP lesion period (Table 4). Spontaneous motion activity as observed
in the three phases is illustrated for Mk-MI in (Movie 2), illustrating the
dramatic loss of free motion as a result of MPTP intoxication (nearly
100% of freezing activity), followed by limited, though significant, re-
appearance of middle motion activity. Consistent data were observed
when considering another free motion parameter, namely the distance
travelled by the monkey during the 30 minutes of the session (Figure
3B). The traveled distance decreased after MPTP lesion and then re-
augmented after ANCE transplantation; again, there was a statistically
significant effect observed after ANCE transplantation as compared to
the post-MPTP lesion phase in the same 3 out of 4 monkeys (Table 4).

The same two behavioral parameters, freezing activity and
traveled distance, were plotted as a function of time during the entire
experimental protocol in the two monkeys exhibiting the most severe
symptoms (Figures 3C and 3D): Mk-MI and Mk-MY). In both animals,
the MPTP intoxication produced a dramatic increase of time spent in
freezing activity and decrease of travelled distance. Interestingly, these
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Figure 3: On top, the Box and whisker plots show the spontaneous motion activities of the four animals. (A) The time spent in freezing activity (when the animal was
almost not moving) of the animals during a recording session of 30 min. All four animals exhibited an increase of the time spent in freezing activity after the MPTP
lesion followed by decreases after the ANCE transplantation. (B) The travelled distance (in meters) during the recording session of 30 min. The percentages on top of
each plots for each animal is the extent of recovery, calculated by comparing the median values post-MPTP lesion and post-ANCE transplantation (% of change of the
post-lesion median value). The Wilcoxon rank sum test was applied for the statistical test. Statistically differences are indicated with: * for p < 0.05, ** for p < 0.01, ***
for p <0.001. “ns” is for statistically non-significant (p>0.05). See Table 4 for exact p-values.
On bottom (panels C and D), the same two behavioral parameters (freezing activity and travelled distance) are plotted as a function of time during the entire protocol,
represented along the abscissa by the individual behavioral sessions (one data point for each daily session). Day 0 along the abscissa corresponds to the onset of
MPTP intoxication, which lasted about 6 weeks (red rectangles). Negative session numbers corresponds to the pre-lesion period and positive ones to the post-lesion/
post-transplantation period. The data are illustrated for the 2 monkeys in which the MPTP intoxication generated the most severe symptoms (Mk-MY and Mk-MI: see
panels A and B).The color code is the same as in panels A and B in order to distinguish the pre-lesion, post-lesion and the post-transplantation time windows during
which the behavioral data were collected and represented in the form of box plots in panels A and B.

two motor parameters remained largely stable during the whole post-
lesion period before transplantation (about 2.5 months), indicating
that there is no substantial spontaneous recovery. Following the ANCE
transplantation (brown vertical lines in Figures 3C and 3D), there was
a progressive reversal of the freezing activity and travelled distance,
corresponding to the onset of a functional recovery, most likely related
to the ANCE therapy. If one would have prolonged the period of post-
transplantation observation, it is likely that the function recovery would
continue with more decrease of time spent in freezing activity and
increase of travelled distance. The extent of recovery observed here up
to 120 days post-MPTP intoxication is already statistically significant as
shown in panels A and B of Figure 3.

18F-DOPA PET imaging

During the pre-lesion phase, all four animals exhibited comparable
Ki values, ranging from 0.00735 to 0.00857 for Mk-LY and Mk-MI,
respectively (Table 2). About seven weeks after the last MPTP injection,

a second PET acquisition was performed in each animal. Three out
of four monkeys exhibited a dramatic decrease of the striatal uptake
of 18F-DOPA, corresponding to about 80% loss as compared to pre-
lesion values (Table 2 and Figure 4A). In Mk-LY, the decrease of the
striatal uptake of 18F-DOPA was less prominent (-17%). The lesion
impacted the striatum in a relatively global manner with minimal left/
right asymmetry (data not shown). About six months after ANCE
transplantation, as derived from a third PET acquisition, there was an
unexpected re-increase of the PET signal in all four animals (Table 2
and Figure 4A), ranging from 11 to 21% across the 4 monkeys. Globally,
statistical analyses revealed significant differences between the three
experimental phases regarding the striatal Ki values (p<0.01; random
intercept linear mixed-effects model) (Table 3).

Histology

As shown in Figure 4B, the striatal fluorescence density of TH-labeled
axonal terminal fields was strong (ranging from 2 to 3.5) in two healthy
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pre-lesion Ki value. After the MPTP lesion, all four animals showed a dramatic decrease of the striatal uptake of the 18F-DOPA (>80%) except Mk-LY (-17%). Those
decreases were followed by uptake increases in all animals after ANCE transplantation. The bottom panel shows parametric maps of 18F-DOPA Ki in a horizontal
plane for the 3 experimental phases in each animal. The colors represent the level of the 18F-DOPA uptake rate. The red color corresponds to a strong uptake rate,
whereas the blue color to a weak uptake rate. (B) The striatal fluorescence density of the TH-labeled axonal terminals was strong in the 2 control, non-lesioned animals
(Mk-EN and Mk-Gl), whereas the 3 animals (Mk-LL, Mk-MY and Mk-MI) with a 80% loss of 18F-DOPA uptake exhibited much less fluorescent activity. In Mk-LY, the
TH fluorescent density was intermediate. The Wilcoxon rank sum test was applied for the statistical test. Statistically differences are indicated with: * for p < 0.05, ** for
p <0.01, *** for p < 0.001. “ns” is for statistically non-significant (p>0.05). See Table 4 for exact p-values. The bottom panel exhibits a histological section of a healthy
animal (Mk-EN) with a strong striatal TH fluorescent density (white arrows) and a MPTP animal (Mk-MY) with almost no TH fluorescence density (white arrows). (C)
The average number of TH-positive neurons in the substantia nigra was 4016.5 in the 2 healthy of animals (Mk-EN and Mk-SA). Mk-LY showed about 40% less number
of TH-positive neurons, whereas in the 3 other animals (Mk-LL, Mk-MY and Mk-MI), a decrease of about 70% of TH-positive neurons was observed. The right panel

shows few examples of TH positive neurons in the substantia nigra in Mk-EN (white arrows). Scale bar=100 pm.

animals (control monkeys Mk-EN and MKk-GI), whereas the 3 MPTP-
treated animals (Mk-LL, Mk-MY and Mk-MI), who showed about
80% loss of 18F-DOPA uptake, also exhibited much less fluorescent TH
activity, a decrease which was statistically significant as compared to the 2
control animals (p<0.01). In MKk-LY, the striatal TH fluorescence density
was intermediate, but still significantly lower than in control animals
(p<0.05). Mk-LY showed a higher striatal TH fluorescence density than the
other 3 MPTP-treated animals (p<0.05) (Figure 4B and Table 4 for exact
p-values). Finally, the average number of charted TH-positive neurons in
the substantia nigra was 4016.5 in 2 control animals (Mk-EN and Mk-SA).
MKk-LY showed about 40% less TH-positive neurons in the substantia nigra

whereas, in the other 3 MPTP animals (Mk-LL, Mk-MY and Mk-MI), the
decrease was even larger (about 70%; Figures 4C and 4D).

The observation at low magnification (12.5x) of Nissl stained
sections of the striatum confirmed that the ANCE transplantations
were indeed placed in the targeted caudate and putamen nuclei in all
4 monkeys. Moreover, confirming previous ANCE transplantation
trials in monkeys [26,27,37], there was no histological sign of tumor
formation or teratoma. Finally, multiple PKH67 labeled cells were
detected, exhibiting the same morphology as previously reported
[26,27,37]. As expected, they were located around the implantation
tracts but also at more remote zones of the striatum.
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Discussion

Evidence that ANCE transplantation can significantly enhance
functional recovery from parkinsonian motor deficits in MPTP-
lesioned non-human primates (St.-Kitts monkeys) has been provided in
earlier reports [26,27]. For this reason (as also outlined in Table 1), and
due to logistic, legal and ethical limitations in the number of monkeys
that can be enrolled in experiments in Switzerland, the present study
did not include control animals, namely monkeys subjected to MPTP
intoxication without ANCE transplantation (or sham transplantation).
The goal here was instead to extend those previous reports [26,27]
to an original longitudinal monitoring of the dopaminergic function
with 18F-DOPA PET in parallel to the ANCE transplantation protocol
conducted in the 4 monkeys enrolled in the present study. In addition,
extensive behavioral data have been collected in these 4 monkeys,
focused here on a clinical scoring of motor symptoms [30] and on
spontaneous motion activity [28], for correlation with 18F-DOPA PET
data (manual dexterity behavioral data will be reported elsewhere).

To summarize and interpret the PET data, the pre-lesion scans
showed comparable striatal 18F-DOPA uptake values in the four
monkeys, with Ki values ranging from 0.0073 (Mk-LY) to 0.0085 (Mk-
MI), in line with previous reports (range 0.007 to 0.011 [9,11,39-41]).
As expected, the post-MPTP lesion scans revealed clearly diminished
striatal 18F-DOPA uptakes in all four animals, as well as large inter-
individual variability (Table 2 and Figure 4A: three monkeys showed a
decrease of about 80% whereas the fourth monkey exhibited a decrease
of 17% only). Surprisingly, and this is an original observation to our
knowledge, the post ANCE transplantation PET scan data in all four
monkeys showed a re-increase of the striatal Ki values, ranging from
11% to 21% as compared to the post-MPTP lesion scan. This increase
was statistically significant (p<0.01; Table 3), although the transplanted
ANCE neural progenitor cells did not generate dopaminergic neurons,
as it was observed that only very few transplanted cells were co-labelled
with PKH67 (vital marker of the implanted cells) and TH in a similar
MPTP model [26,27]. Several studies have assessed the evolution of the
dopaminergic function in MPTP non-human primate models following
offset of the MPTP intoxications [30,40,42]. None of them reported
such a re-increase of striatal 18F-DOPA uptake after the last MPTP
injection. In particular, Melega et al. conducted a longitudinal study of
18F-DOPA PET uptake at different time-points [40] and reported either
stable striatal Ki or progressive decrease of the 18F-DOPA uptake over
a period of one year post-MPTP intoxication. In absence of production
of new dopaminergic neurons derived from the implanted ANCE cells,
the significant re-increase of striatal 18F-DOPA uptake may be due
to an indirect effect of the transplant, possibly via growth factors (see
below), promoting sprouting of the nigrostriatal axons which survived
the MPTP intoxication [34,43]. One may speculate that such sprouting
of residual dopaminergic projection contributes to functional recovery,
in cooperation with non-dopaminergic compensatory mechanisms
[44,45]. The observation in monkey Mk-LY of a modest decrease of
striatal 18F-DOPA uptake post-MPTP lesion (17%) may possibly be
interpreted as a resistance to MPTP [46], at least to some extent.

On a behavioral point of view, all four animals were differently
affected by the MPTP lesion (Figure 2; based on the semi-quantitative
Schneider score), confirming the large inter-individual variability
previously reported in the literature and representing an obvious
limitation of the non-human primate MPTP model [34,46-48]. Such
observed inter-individual variability places the present experimental
model within the standards in the field (animal PD models). Mk-
LY and Mk-LL almost fully recovered few days after the last MPTP

injection while the two others (Mk-MY and Mk-MI) exhibited more
severe and stable motor symptoms. Yet, more quantitative and objective
assessments, for instance based on the high sensitivity of the video
analyzer system used to quantify the spontaneous motion activity of
the animals (VigiePrimate’), enabled to detect more subtle but still
significant changes induced by the MPTP lesion [28,34,49,50], even in
apparently asymptomatic monkeys such as Mk-LY and Mk-LL (Figure
3): in all four animals, there was a clear increase of the time spent in the
freezing state and a decrease of the average travelled distance. The two
monkeys with modest motor symptoms, as assessed with the Schneider
score (Mk-LY and MKk-LL), exhibited quite a different decrease of
striatal 18F-DOPA uptake, 17% and 84%, respectively. However,
this high inter-individual difference, which was not reflected by the
Schneider score, was consistent with the magnitude of increase of time
spent in freezing state, which was more prominent in Mk-LL than in
Mk-LY (Figure 3). Furthermore, spontaneous motion activity data in
MKk-LL were not dramatically different from the other monkeys (Mk-
MY and Mk-MI: Figure 3), which is consistent with the observation
that all three monkeys exhibited a comparable striatal 18F-DOPA
uptake drop following MPTP lesioning (Figure 4A). Although it
has been reported that stable motor deficits occur in case of striatal
dopaminergic depletion of at least 80% [51], a more reliable correlation
between motor symptoms and dopaminergic depletion may require
the acquisition of a vast palette of motor parameters in order to assess
distinct motor attributes, which may be affected differently by graded
dopaminergic depletions. The discrepancy observed in the present
study between clinical score and spontaneous motion activity data
appears in contradiction with a previous report [49] comparing these
2 parameters.

The small number of animals used (n=4) in order to meet ethical
guidelines related to the use of non-human primates is a clear limitation
of the present study. However, as illustrated in (Figures 3C and 3D),
the focus here is more on an intra-individual comparison rather than
a comparison with a control group. In other words, in the present
study we compared in each individual monkey the post-MPTP phase
exhibiting after one month a stable behavioral deficit, which is then
partially reversed following the ANCE transplantation, thus providing
evidence in favor of a positive impact of the cellular therapy. A further
limitation is the variability of the MPTP model, as only one monkey
(Mk-MI) exhibited post-lesion motor symptoms representing an
optimal compromise between a behavioral state not too deleterious
(e.g. self-feeding preserved) but still sufficiently diminished and stable
in order to test the impact of ANCE transplantation-based therapy. To
our knowledge, there is no report in the literature of such outstanding
functional recovery as shown by Mk-MI (Movie 1), which could be
attributed exclusively to spontaneous mechanisms. The evolution of
the motor status of Mk-MI throughout the experiment, as illustrated
in Movie 1, thus represents a strong additional case supporting the
beneficial effect of ANCE transplantation, and confirming previous
observations based on a larger group of monkeys [26,27]. The ANCE
therapeutic approach has been shown, in the non-human primate as
well, to be also promising in order to enhance the recovery from motor
cortex lesion [37], leading to possible clinical applications in case of
stroke for instance.

The transplantation of ANCE in a MPTP model comparable to
ours previously showed an impressive cell survival rate reaching up
to 50% at four months post-transplantation [26,27], contrasting with
several embryonic and fetal transplantation studies reporting low
cellular survival rates following transplantation [52-54]. Such large
survival rate of ANCE may promote enough release of growth factors,
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like GDNF and BDNE which are known to be both present in in-
vitro culture and in histological analyses, then possibly and indirectly
being responsible for the enhanced behavioral recovery [26,27]. Taken
together, the results of the present study support the hypothesis that the
ANCE indirectly promotes neuroprotective and sprouting effects on
the remaining dopaminergic system, as previously reported by Brunet
and colleagues [27].

Over the last two decades, the potential of cell therapies as
treatments for PD has been extensively investigated [55-61] with often
disappointing results and limitations. By bypassing some ethical and
immunological barriers, several studies reported both a neuroprotective
and a restorative effect in PD animal model [61-63]. On a behavioral
point of view, GDNF delivery was accompanied with a significant
improvement of the parkinsonian symptoms in monkey MPTP models
[55,57,61,64,65]. Importantly, for the first time, the protocols of ANCE
production and culture were conducted in the present study under
strict good manufacture practices (GMP) in a Swiss medic accredited
facility. The GMP implementation represents a crucial and necessary
step to move toward future clinical applications.

Conclusion

Using 18F-DOPA PET scan imaging the present research provides
original evidence that the striatal dopaminergic activity can be
recovered to a significant extent following autologous transplantation of
adult neural progenitor cells, although the latter are not dopaminergic.
On the clinical point of view, the final goal is to improve the
neurological deficits, irrespective of whether there is a direct recovery
of the dopaminergic system, via dopaminergic cells transplantation,
or indirectly via another mechanism (other cell types promoting
neurotrophic factors). The present PET data parallel significant
functional motor recovery (assessed with spontaneous motion activity
and Schneider scale). The presently observed improvement of motor
symptoms confirms previously reported proof of principle for such
autologous cell therapy [26] in MPTP-intoxicated monkeys.
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Movie 1: Four time periods illustrating qualitatively the general motor behavior.
The first time window shows how intact monkeys behave in the detention room,
exhibiting normal motor patterns. The next three sequences illustrate the specific
motor behavior of Mk-MI at three time points: i) 4 days post-MPTP lesion; ii) 3
weeks post-MPTP lesion; iii) three months post-ANCE transplantation.

The video sequence is available at:

http://www.unifr.ch/neuro/rouiller/research/own-projects/motor/parkinson/
mptp

Movie 2: The video sequence illustrates the test of spontaneous motion
activity and typical data obtained for Mk-MI.

The video sequence is available at:

http://www.unifr.ch/neuro/rouiller/research/own-projects/motor/parkinson/
mptp
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