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Abstract. Parkinson’s disease (PD) is a neurodegenerative disease that is primarily characterized by degeneration of dopamin-
ergic (DA) neurons in the substantia nigra (SN) and a loss of their fibre projections in the striatum. We utilized the neonatal
porcine choroid plexus (CP), an organ that secretes cerebrospinal fluid containing various types of neurotrophic and neuroprotec-
tive factors, to ameliorate the Parkinsonian symptoms in MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-treated rhesus
monkeys without requiring immunosuppression. We demonstrate that transplanted encapsulated CP clusters (eCPs) significantly
improved neurological functions in MPTP-treated monkeys during the course of six months after transplantation (p <0.001)
when compared with monkeys implanted with empty capsules or subjected to sham surgery. The improvement in neurological
scores was accompanied by a corresponding improvement in apomorphine-induced circling behaviour (p <0.001) as well as
increased tyrosine hydroxylase (TH) staining in the striatum. Our results suggest that eCPs are a promising cell therapeutic agent
to treat Parkinson’s disease.
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INTRODUCTION

The Choroid plexus (CP) produces cerebrospinal
fluid containing several essential factors that main-
tain homeostasis of the brain and protect it from toxic
insults [1-5]. We have previously shown by gene
expression array analysis that the porcine CP expresses
genes encoding a variety of growth factors and neu-
rotrophins as well as proteins with anti-oxidant and
chaperone activities [6]. Further analyses of the neona-
tal porcine CP clusters in culture have revealed that
many neurotrophins and chaperone proteins are indeed
secreted by these cells at physiological levels [6].

We have investigated whether implants of CP cells
may be used to ameliorate various neurological dis-
eases in animal models. To protect the CP cells from
the xenogenic response of the host immune system, we
encapsulate porcine CP clusters (eCPs) in an alginate
microcapsule to provide an immunobarrier [6—10]. In
a rat stroke model using a one-hour middle cerebral
artery occlusion/reperfusion, we demonstrated that an
immediate post-lesion placement of porcine eCPs sig-
nificantly reduced motor asymmetry and neurological
impairment as well as striatal infarction volume [7]. We
have also shown that neonatal porcine eCPs were able
to reduce striatal lesion in both rat and monkey models
of Huntington’s Disease [8, 9]. Finally, in a rat model
of PD generated by unilateral injection of 6-hydroxy-
dopamine, eCPs transplanted at four weeks after
introducing the lesion improved the amphetamine-
induced circling behaviour and increased tyrosine
hydroxylase staining in the striatum [10]. Collec-
tively, we have demonstrated that neonatal porcine
eCPs provide therapeutic levels of neuroprotective
and neurorestorative effects to elicit significant neuro-
logic improvement in various animal models of brain
diseases.

In the current study, we investigate whether eCPs
from neonatal pigs can protect dopaminergic (DA) neu-
rons and their fibres from degeneration or promote
their regeneration in a non-human primate model of
PD. DA neurons in the substantia nigra (SN), whose
loss is particularly pronounced in SN compacta (SNc)
of PD patients, normally project to the striatum that
includes the putamen, caudate nucleus and nucleus
accumbens [11, 12]. The striatum, which also receives
inputs from other areas of the brain, is divided into three
anatomic and functional territories that are confirmed
in behavioural studies: the sensorimotor (SM) territory
which receives inputs from sensory and motor cor-
tex, associative (Assoc) territory which receives input
mainly from the prefrontal cortex, and limbic (Lim)

territory which receives inputs from the limbic nuclei
amygdala [11, 12]. In both PD and neurotoxin MPTP
-treated animals, the striatal dopaminergic input is pro-
foundly affected in the sensorimotor territory followed
by the associative territory while that in the limbic
territory is mostly resistant to degeneration [13—18].
In both conditions, post-mortem analysis revealed a
severe dopamine depletion in the putamen while the
caudate was relatively spared [17, 18].

We report that only the animals that were treated
with porcine eCPs in our study exhibited a significant
neurological score improvement by 39.2% (p <0.001)
while those in the Control and Sham groups did not.
In parallel, while all monkeys exhibited apomorphine-
stimulated asymmetrical turns, only the eCP-treated
group showed a significant 60.6% reduction in the
number of turns following implant surgery (p <0.001).
Post-mortem examination of the TH-stained fibre den-
sity in both the associative and sensorimotor territories
of the striatum suggested that one of the means by
which neonatal porcine CPs improve neurological
functions in the non-human primate model of PD
involves restoring TH-positive fibre networks in the
striatum.

MATERIALS AND METHODS

Encapsulated chroid plexus preparation from
neonatal pigs

All animal work performed at LCT was approved
by the Animal Ethics Committee under the direc-
tion of the National Animal Ethics Advisory Council
of New Zealand. Neonatal Auckland Island Pigs
were bred and the tissues harvested by trained staff
at Living Cell Technologies (LCT) Inc (Auckland,
NZ) using protocols approved by the LCT Animal
Ethics Committee under the Guidelines of the National
Animal Ethics Advisory Council of New Zealand.
Neonatal porcine choroid plexus cells were surgically
removed from new born (6-15 days old) Auckland
Island strain piglets under aseptic conditions. The
CP clusters were prepared and maintained in culture
for seven days after which they were encapsulated
within alginate-polyornithine capsules (600-660pm
in diameter) as described previously [6—-10]. The
bioactivity of CPs and eCPs were confirmed by mea-
suring their secretion of VEGF and BDNF into media
using respective ELISA Kkits according to the suppli-
ers instructions (Quantikine, MN USA; Promega, WI,
USA) as described previously [6].
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Rhesus monkeys

Fifteen male rhesus monkeys (Macaca mulatta), of
average age of 8 years and of average body weight
(8.5 kg), were used in the experiment (See Suppl. Mate-
rial S1). Monkeys were individually housed in stainless
steel, slat floor cages. Study rooms were maintained
on a 12-hour light/dark cycle, within a temperature
range of 18°C to 28°C, and a relative humidity range
of 30 to 70%. Kennel King Professional Lab-Primates
Feed (Foshan Taierfu Pets Feed Company Ltd) was
provided daily in amounts appropriate for the size and
age of the animals. This diet was also supplemented
with fruits or vegetables 2-3 times weekly. Water was
provided ad libitum by an automatic watering system.
Animals were observed daily by veterinary staff expe-
rienced with the normal care, handling and behaviour
of primates. The experiment was approved by Animal
Ethics Committee of Central-South University, Chang-
sha, China.

MPTP lesion induction

Rhesus monkeys were infused with MPTP via the
right internal carotid artery to produce a lesion in the
nigrostriatal pathway following an established proto-
col at Central-South University, Changsha, China [19]
and by others [20, 21]. A catheter was inserted into
the proximal end of the right internal carotid artery
through a small incision in the skin under the guid-
ance of angiography. MPTP was infused through the
catheter ata dose of 1.5 mg/kg (dissolved in 50 m138°C
saline immediately before use) at a rate of 2 ml/min.
Routine hemostasis and suturing methods were used
after the MPTP infusion. Animals were closely mon-
itored for recovery and returned to their cages after
they were fully awake. After four weeks of measur-
ing behavioural scores using a rating scale used by
Takagi et al. [22], two spontaneously recovered ani-
mals were excluded from the study and all fifteen
remaining animals verified to have stable lesions, as
demonstrated by displaying steady neurological score
deficits and asymmetric turning movements following
apomorphine challenge, were included in further study.

Implantation surgery

The caudate nucleus of the striatum was chosen as
an implantation site because it is readily identified
from cross-section images under Computed Tomog-
raphy (CT) transaxial scanning (Somatom Balance,

Siemens, Germany) due to its position near the ventri-
cle. Between week eight and week twelve after MPTP
treatment, the caudate nucleus of the monkeys was
implanted with 40 capsules containing choroid plexus
cells (Treated, n=06) or with empty capsules (Con-
trol, n=6). In sham operated monkeys (Sham, n=3),
catheters were introduced into the MPTP-lesioned
brains but no capsules were implanted. Monkeys were
anesthetized with ketamine (10 mg/kg). When fully
anesthetized, the heads were fixed in a primate stereo-
taxic frame. The 3D coordinates of the implantation
site were calculated based on the CT images. Imme-
diately above the caudate nucleus on the right side
of the skull two holes (6 mm apart) were drilled at
precise stereotactic co-ordinates and the dura was
punctured under the guidance of CT. Two catheters,
each loaded with 20 capsules, were inserted into the
caudate nucleus via the drilled holes, guided by a Com-
puted Axial Tomography (CAT) scan. Capsules were
implanted into the caudate nucleus after confirmation
that the tip of catheter was in the correct position
according to the CT scan.

Neurological scores assessment

The neurological scoring system used by Takagi
et al. [22] was used throughout the study (Table 1).
Two independent observers blinded to the treatment
options assessed the animals. A behavioral assess-
ment was made before MPTP administration in order
to exclude any animals with spontaneous PD symp-
toms that may have been caused by ageing or other
causes. Neurological scores were determined 4 weeks
postlesion (baseline) and at2, 4, 8, 12, 16 and 24 weeks
post-implantation.

Asymmetric rotation

There was no indication that nigrostriatal capsule
implants in monkey brains caused any obvious discom-
fort or unusual behaviour at rest. PD Monkeys were
challenged with apomorphine (0.2 mg/kg, i.m.) at 4
weeks post lesion (baseline) and 2, 4, 8, 12, 16 and 24
weeks post capsule implant or sham surgery to elicit
apomorphine-induced circling (AIC) behaviour [23].
The AIC score at 4 weeks post-lesion was used to con-
firm that animals had achieved the required minimum
response of 7 turns per minute as the standard of an ade-
quate lesion. Asymmetric rotations were recorded for
one hour by video camera, the recordings blind-coded
and the turning responses evaluated by two indepen-
dent trained observers at a later date. Some of the
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evaluations were randomly chosen for auditing by two
other trained staff.

Necropsy

At 24 weeks post-implantation, monkeys were
deeply anesthetized with sodium Pentobarbital
(60 mg/kg i.m.) and Ketamine (10 mg/kg i.m.), and
perfused transcardially with 0.9% saline (500 ml or
more, until the draining fluid ran clear of blood). They
were then infused with the fixative (4% paraformalde-
hyde in 0.1 M phosphate buffered saline) at pH 7.2
(approximately 2.5 liters) via a catheter placed in the
aorta. The brains were then removed and immersed
in the fixative overnight at 4°C. After rinsing with
PBS, the brains were placed in 15% sucrose/PBS for
up to 5 days and then transferred to 30% sucrose/PBS
solution and left at 4°C until they had fully absorbed
the sucrose solution and sunk to the bottom of the
containers.

Tissue preparation

All tissue preparation was performed by an indepen-
dent contractor, Dr. Jian Guan at the Liggins Institute,
University of Auckland, New Zealand. Sequential
coronal frozen sections (50 wm) were cut on a sliding
microtome (MICROM, HM450, MICROM interna-
tional). Every 8th of these sequential sections was
collected and pooled (e.g. sections 1, 9, 17, 25 and
so on). The pools were numbered as pool 1 to pool 8.

Immunohistological staining and neuronal
counting

All immunohistochemical procedures were per-
formed according to well-established standardized
methods by an independent contractor, Dr. Jian Guan
at the Liggins Institute, University of Auckland,

Table 1
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New Zealand. Briefly, sections were incubated with
primary rabbit anti-human-TH (tyrosine hydroxylase)
antibody (Protos Biotech Corporation, 1:1000) at 4°C
for 48 hours. After washing the primary antibody
with PBS three times, sections were incubated with
biotinylated goat anti-rabbit antibody (1:200, Sigma)
at 4°C overnight. After another round of washing
with PBS, ExtrAvidin (Sigma, 1:200) was applied
for 3 hours at room temperature, and then 0.05%
3,3-diaminobenzidine (DAB, InVitrogen) was added
to visualize antibody-antigen complexes. Following
labeling, the sections were mounted on glass slides
and cover-slipped. For histological staining to assess
potential tissue damage and cellular reaction, the
sections were mounted on slides and stained with
thionine (Baff Global) for 4 minutes. The stained
sections were dehydrated, dried and cover-slipped.

Quantification of TH immunoreactive fibers in the
striatum

Photographic images of TH staining were taken
from both sides of the putamen (1x) in all sections
using a camera connected to Nikon800 microscope.
The average density of TH staining and the background
staining were photographed and the staining density
was measured using ImageJ software (http://image;j.
nih.gov/ij/). The staining density of TH was deter-
mined by subtracting the background staining. Both the
total number of TH positive neurons and the number
of TH neurons with dendrites and nuclei were counted
manually for both sides of all sections analyzed.

Post mortem histopathology analysis

Hematoxylin and Eosin staining was performed on
a 1-in-24 series of sections through the entire brain
and evaluated by a Board Certified Veterinary Patholo-
gist (Gribbles Veterinary New Zealand). Brain sections

Neurological score rating

Symptoms Normal Mildly abnormal Abnormal/moderate Severely abnormal
0 1 2 3

Posture Normal Mildly abnormal Abnormal Grossly abnormal

Balance Normal Impaired Frequent falling No movement

Tremor Absent Mild/not always Moderate Severe

Alertness Normal Reduced Absent

Motility at rest Normal Mild bradykinesia Bradykinesia Akinesia

Walking Normal Mildly reduced Reduced No walking

Motility, reaction to external stimuli Normal Mildly reduced Reduced Absent

Eyes Normal Reduced blinking Eyes closed

Head-checking movement Present Reduced Absent

Based on Takagi Y et al. (2005), Ref. 22.
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were also examined with thionine staining (see above).
The neuropathology report indicates that only mini-
mal or mild cellular reaction in brain tissue was seen
in the three monkeys in the Sham group, one in the
CP Treated group and one in the empty capsule group
(data not shown).

Microbiological analysis for potential pig virus
transmission

Post-mortem tissue samples (lung, spleen, liver,
blood plasma and sera) were taken from two monkeys
from the eCP Treated group and 2 monkeys from the
Control/Sham group. DNA was isolated as described
previously [24]. Total RNA was isolated from 25 mg
of liver, lung and spleen tissue and 200 wL of
plasma using the Nucleospin® RNA II Kit (Macherey-
Nagel, Germany) according to the manufacturer’s
instructions. Each sample was spiked with 160 ng of
bacteriophage MS2 RNA (Roche Applied Systems,
New Zealand) immediately prior to isolation. Total
RNA was converted to cDNA using the Transcriptor
High Fidelity cDNA Synthesis Kit and Random Hex-
amer Primers (Roche Applied Systems, NZ) according
to the manufacturer’s instructions. Real-time PCR for
porcine endogenous retrovirus (PERV) was performed
[24]. This multiplex assay is used to detect sequences
from PERYV pol, cytochrome oxidase subunit IT (COII)
and lambda bacteriophage in a single reaction. COII
is included in order to detect microchimerism. PERV
infection is only confirmed if it is detected in the
absence of COIIL. Lambda is included as an internal
control to confirm successful DNA extraction and to
elucidate the effects of PCR inhibition if present.

Statistics

Behavioral responses and TH staining results were
compared between groups by two-way ANOVA using
Prism 5 (Graphpad Software Inc) with Bonferroni
adjustment for multiple comparisons.

RESULTS

Characterization of Encapsulated Porcine Chroid
Plexus Cells (ePCs)

The specialized cells in the choroid plexus are modi-
fied ependymal cells with epithelial cell characteristics.
This single layer of cuboidal epithelial cells are sup-
ported by a layer of basal lamina underneath which is
an extensive vascular bed containing fenestrated capil-

laries, stromal cells, fibroblasts, immune cells as well
as extensive neuronal fibres. These epithelial cells are
connected to each other by tight junctions that effec-
tively create a blood-cerebrospinal fluid (CSF) barrier.
The apical surface of the epithelium contains many villi
that generate active movement of fluid and secreted
factors. The primary function of the CP is to produce
CSF, a process that can occur at a rate of 500 mls/day in
humans along with many bioactive components includ-
ing growth factors, neurotrophins, anti-oxidants, and
protein chaperons [1-5].

CP clusters used in our experiments are prepared by
an enzymatic and mechanical digestion of harvested
neonatal porcine choroid plexus followed by several
washing steps to produce clusters of an average size of
70 pm in diameter. Immunohistological analysis using
an antibody to tight junction protein ZO-1 reveals that
greater than 99% of the CP clusters contained ZO-1-
positive epithelial cells (Fig. 1A). A flow cytometric
analysis of single cell preparation indicates that our CP
preparation consists of greater than 80% ZO-1 positive
epithelial cells at the time of encapsulation (Fig. 1B).
The remaining population includes vascular endothe-
lial cells (SMA+) and fibroblasts (Vimentin+), but
there were no neurons (NeuF-) or astrocytes (GFAP-)
(datanotshown). Encapsulation with alginate is carried
out as previously described [6—10], and eCPs are visu-
ally inspected and the CP viability is confirmed using
Calcein-AM prior to transplantation (Fig. 1C, D).

Establishment of PD model using MPTP

DA lesions were induced in Rhesus monkeys
(Macaca mulatta) by a well-established method using
MPTP, a precursor of the nigrostriatal mitochondrial
poison MPP+, which has long been recognized for
its ability to degenerate DA neurons in the SN and
induce Parkinsonian symptoms in humans and non-
human primates [15, 16, 19-23, 25-31]. A schematic
representation of our experimental design is illustrated
in Fig. 2A. Male Rhesus monkeys of average age of
8 years and of average body weight (8.5kg) were
used in the experiment (see Suppl. Material S1 for
age and weight of each animal). Prior to administer-
ing MPTP, the monkeys were assessed for pre-lesion
behavioural analysis and deemed to be normal in all
neurological categories used in our analysis (Table 1).
To induce acute intoxication, 1.5 mg/kg of MPTP
was infused into internal carotid artery at a rate of
2 ml/minute with the guidance of angiography. The
dose of MPTP was chosen based on other non-primate
studies using direct injection of the drug into carotid
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Fig. 1. The purity and viability of neonatal pig choroid plexus cell clusters. The purity of clusters was assessed by the presence of tight junction
ZO-1 positive cells at day 7 in culture. (A) Free clusters of CP stained for tight junction with anti-ZO-1 antibody (in green); (B) Analysis
by flowcytometry with anti-ZO-1 antibody indicating that approximately 80% of cells express ZO-1 at the time of encapsulation. An isotype
secondary antibody control separates to the left as ZO-1-negative; (C) Encapsulated CP clusters under bright field microscope (average diameter
of each capsule is about 600 wm); (D) Viability of clusters at the time of transplantation as assessed by Calcein-AM with minimal Ethidium

Bromide staining.

artery to induce acute and stable DA lesion of the
nigrostriatal pathway [19-21]. Within four (4) weeks
after the MPTP administration, all of the monkeys
displayed neurological impairment in the following
categories: alertness, head-checking movement, eye
movement, posture, balance, motility at rest, reaction
to external stimuli, walking, and tremor. To deter-
mine the extent of damage specific to DA neurons, we
employed an apomorphine challenge which has been
used to elicit circling behaviour when an imbalance
in dopamine activities between the two hemispheres
of the brain is exacerbated by MPTP treatment [23].
While the circling behaviour itself is not directly rel-
evant to PD and each animal’s response varies, the
changes in the circling score in the same animal in
a longitudinal study can be used as readout for either
improvement or further deterioration of the DA neural
pathway. Circling of more than 7 asymmetrical turns
per minute upon apomorphine challenge was consid-
ered to be a sign of adequate lesion. The monkeys
were observed for an additional four weeks (total of

8 weeks post-MPTP treatment) to rule out any sponta-
neous recovery that is known to occur in MPTP-treated
monkeys over this period post-MPTP treatment [16,
28-30]. We observed spontaneous neurological recov-
ery in two monkeys, and they were excluded from
further study. The monkeys with stable lesions were
randomized into three groups: i) Sham group (S, n=3);
i) empty capsule-only implanted Control group (Con-
trol, n=6); and neonatal porcine eCP Treated group
(Treated, n=06) (Fig. 3A, Pre-Tx). The grouping was
done to minimize the difference in the number of turns
per hour at baseline between the 3 groups (Treated
group 913 £ SE 171; Control group 624 + 145; and
Sham group 838 366 turns per hour) (Fig. 4A,
Pre-Tx).

Improvement in neurological scores in monkeys
that received neonatal porcine eCP implants

Between 8 to 12 weeks after the administration of
MPTP, surgeries were performed to place sham surgery
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Post-Tx behavioral analysis

Fig. 2. (A) A schematic diagram of the study design; (B) Illustration of the implant site on the striatum; transplant (Tx), caudate nucleus (c),

putamen (p) (brain image from Brainmaps.org).

(Sham or S, n=3), empty capsule implants (Control
or C, n=6) or eCPs implants (Treated or T, n = 6) into
the right caudate nucleus using CT imaging (Fig. 2B).
Each animal in the Control and Treated groups were
implanted with 40 empty capsules and capsules con-
taining approximately 2 x 10* CP cells, respectively.
Using a behavioural rating scale by Takagi et al. [22]
(Table 1), the neurological scores were measured at
2,4, 8, 12, 16 and 24 weeks following the surgical
procedure by observers blind to the types of treat-
ment received by each animal. While the neurological
scores changed little in the Sham and Control groups,
a clear improvement was evident within four weeks
after implantation in all Treated animals that received
neonatal porcine eCP implants (Fig. 3). Among the

animals in the Treated group, two patterns of response
emerged. Four animals, T1, T2, T3, and T4, con-
tinued to show improvements in neurological scores
for the entire 24 weeks, resulting in approximately
48%, 70%, 47%, and 31% improvements at 24 weeks,
respectively (Fig. 3A, B, D). However, two remaining
animals, TS5 and T6, showed improvements in neuro-
logical scores for the first 12 and 8 weeks, respectively,
but regressed during the remaining months, resulting in
approximately 22.7% total improvement at 24 weeks
(See Suppl. Material S2). Thus, the ranking order of
the monkeys that displayed most improvements in
neurological scores was: T2>T1>T3>T4>T5=T6
(Fig. 3A, B, D). At 24 weeks, the average improve-
ment in neurological scores in the T group (39.2%)
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Fig.3. (A)Individual combined neurological score assessment at 4 weeks after MPTP-induced lesion (inred) and at 24 weeks after transplantation
(Tx) (in blue); sham (S), empty capsule control (C) and eCP treated (T); (B) Individual combined neurological score improvement achieved
between 4 week post-lesion and 24 week post-Tx; (C) A chronological representation of the average combined neurological scores of each
group; (D) A chronological representation of combined neurological scores of individual monkeys; (E) The average group neurological score

improvement in each symptom category.

was significantly different from that of C (4.9%) or S
(10.9%) groups (p <0.001) (Fig. 3C).

We next examined which of the neurological cat-
egories were most affected by implantation of eCPs.
When we compared the average group improvements
within each category, the degree of improvement
was not equal in all categories. Compared to con-
trols, the Treated group showed statistically significant

recovery (p<0.05) in posture, balance, tremor, and
alertness (Fig. 3E). Amongst the neurological scores
that improved both motility at rest and the walking
score were not statistically significant. eCP treatment
did not result in any measurable recovery in motil-
ity (reaction to external stimuli), eye movements, and
head checking movements compared to the control
groups.
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Table 2

Scores reflecting neurological function

% Reduction of group total score after 24 weeks

CP capsules N=6

Empty capsules N=6

Sham N=3

Posture

Balance

Tremor

Alertness

Walking

Motility, at rest

Motility, to external stimuli
Eyes

Head checking movement

50.0
429
412
63.6
375
25.0
214
27.3
454

0
0
0
9.1
20.0
7.8
153
0
20.0

0
[16.6]*
0
0
12.5
0
333
16.6
42.9

The difference in the total scores at week O baseline and 24 weeks after capsule or sham implant for each
group is expressed as % reduction to reflect improvement in function. *[% increase].
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Fig.4. (A) Apomorphine-induced circling (AIC) score assessment at pre-Tx (in red) and at 24 weeks after transplantation (in blue); (B) Individual
AIC score improvement achieved between pre-Tx and 24 weeks post-Tx; (C) A chronological representation of the average combined AIC
scores of each group; (D) A chronological representation of combined neurological scores of individual monkeys.

Improvement in circling scores after apomorphine
challenge

When observed without apomorphine stimulation,
the monkeys implanted with eCPs were more alert,
displayed better posture and balance, and had fewer
tremors compared to those measures of the Sham
and Control groups. The apomorphine-induced cir-
cling (AIC) score was recorded at pre-implantation
stage and at 2, 4, 8, 12, 16, and 24 weeks after the

implant surgeries by observers blind to the treatment
received by each monkey. As shown in Fig. 4A and
4D, a large variation in the AIC score was observed
at pre-implantation stage of MPTP-treated monkeys,
a phenomenon also reported by others [23]. Despite
such individual variations, each monkey in the Sham
and Control groups displayed consistently similar AIC
scores during the entire 24 weeks, indicating that the
AIC score reflects a stable state of deficits in the DA
pathway (Fig. 4C, D). As was the case in the neurolog-
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ical study, we observed a significant improvement in
AIC scores only in the Treated group. T2, T3, and T4
made significant and continuous improvements in AIC
score for the entire 24 weeks. T'1, which showed contin-
uous improvement in the neurological score, however,
displayed a stabilized AIC score around eight weeks
post-surgery. In a manner parallel to the neurological
study, T5 and T6 showed significant improvements in
AIC scores until week 8 and week 4, respectively. How-
ever, they regressed during the remaining period until
week 24, but still achieved overall improvement in AIC
scores at the end of 24 weeks. At 24 weeks after the
implantation, the reduction in AIC score was 60.6%,
19.2% and 16.4% for the Treated, Control and Sham
groups respectively (p <0.001). Interestingly, the time
course of AIC recovery appears to be predictive of the
pattern of neurological recovery (see Suppl. Material
S2). Such correlation between neurological score and
AIC improvements, not only in the degree, but also
in the trend over time, strongly supports the ability of
eCPs to restore neurological function in a non-human
primate model of Parkinson’s Disease.

Immunohistological examination of TH+ neurons
in the post-mortem brains

To determine the extent of MPTP-induced damage
to the nigrostriatal region of the monkey brains, we
first measured the number of tyrosine hydroxylase-
immunoreactive (TH+) DA neurons in in the substantia
nigra (SN) of each monkey at the completion of
the experiment. Eight 50 pm thick representative sec-
tions from the nigrostriatal region of each brain were
collected and stained for TH. The total number of
TH+ neurons from each set is shown in Fig. 5 (The
brain of T1 was severely damaged during transport and
processing, and the SN could not be seen in the brain
section of S1, and therefore we had to exclude any neu-
ronal counts collected during histological analysis of
these animals). Quantitative assessment of the num-
ber of TH+ neurons in the SN in each group twenty
four (24) weeks after surgical implants showed that
there was a significantly high (» <0.05) number of
TH+ neurons in the SN of the Treated group compared
to those of the Control and Sham groups (Fig. 5B).

When analysing individual monkeys, however, a
direct correlation could not be made between the total
number of TH+ neurons in the SN and the neurolog-
ical score improvements. All of the animals in the T
group had relatively higher numbers of TH+ neurons
compared to the sham group. T2 and T3, which dis-
played best improvement in neurological scores along

with T1, had the highest number of TH+ neurons in the
SN. Interestingly, T2 and T3 had more TH+ neurons
on both sides of the brain compared to other ani-
mals, suggesting a bilateral rescue effect. Surprisingly,
two animals in the C group, C2 and C3, had a
large number of TH+neurons compared to the rest
of the control animals. C3 had a relatively high num-
ber of TH+ neurons on the left side while C2 had a
large number of TH+ neurons on the right side of the
brain. Despite the presence of a substantial number
of TH+ neurons in the SN, however, neither C2 nor C3
displayed any discernible improvement in neurological
or AIC scores, indicating that neuronal numbers alone
could not account for the neurological improvement
observed in our study.

In summary, although there was some correlation
with the number of TH+ neurons and improvements in
the neurological score (e.g., T2, which had the most
neurological improvement had the most number of
TH+ neurons), we could not find a direct correlation
between these neuronal counts alone and neurological
improvements in all animals. Based on these results, we
believe that increase in neuronal number is necessary,
but not sufficient to affect behavioural recovery.

TH staining intensity and DA neuronal innervation
in the striatum

Because the high TH+ neuronal count in the con-
trol C2 did not correlate with an expected behavioural
recovery, we performed additional comparative anal-
ysis of sections from C2 and T3 that had comparable
number of SN neurons. In an effort to find histological
evidence to explain this discrepancy, we investigated
the extent of DA innervation into the SM territory of
the striatum by staining the midbrain sections of C2
and T3 with antibodies to TH (Fig. 6A, B). The TH
staining density of sections from T3 was four times
higher than that from C2 (Fig. 6C). Higher magnifi-
cation image analysis revealed that many TH+ striatal
fibres were associated with the striatum in T3, but not
in C2 (Fig. 7A).

In addition to finding higher TH+ staining density
in the SM territory, the associative territory of the pre-
commissural region was analysed. The study revealed
a striking difference between the T3 and C2; a dense
network of TH+ fibres was present in the right striatum
of T3 but not in C2 (Fig. 7B). A dense fibre network in
the implanted striatum was found only in the Treated
group in a ranking order that matches the neurologi-
cal outcome i.e., most dense in T2, T3 and less so in
T4 but not in the striatum of T5 and T6 both of which
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neuronal counts (in black) could not be used for neuronal count assessment; (B) The average number of tyrosine hydroxylase-ir (TH+) neurons

per group (p <0.05).

displayed regression in neurological scores and AIC
scores. These observations suggest that the improve-
ment of neurological function in the Treated group may
be mediated by the ability of eCPs to restore TH+ fibres
in the striatum.

Analysis of the post-mortem tissues

We have previously reported retrieval of implanted
eCP capsules from our rat study to show that CP cells
were viable for at least six months in vivo [6]. Recovery
and characterization of these capsules of approximate
diameter of 600—660 pm in a total injection volume of
20 1 24 weeks after implantation required destruction
of the brain tissues in these earlier studies, a pro-
cess we could not afford to perform in the current
primate study. The frozen monkey brains were sec-

tioned in 50 wm thickness on a sliding microtome and
washed multiple times during the process. An inde-
pendent pathology report from the Gribbles Veterinary
Group confirms that there were no clear catheter tracks
found in any sections stained with thionine or haema-
toxylin and eosin staining, and our search to find any
intact CP clusters within the rest of tissue sections was
unsuccessful. The alginate capsules were damaged by
histological processing but artefactual remnants were
visible in the striatum of four monkeys adjacent to the
internal capsule.

To assess host response to eCP implantation, we
performed immunohisotochemical analysis using anti-
bodies to the astrocytic protein Glial Fibrillary Acidic
Protein (GFAP) and to isolectin B4 (IB4), a commonly
used microglial marker in the brain [32]. Examina-
tion of the brain sections stained with GFAP and IB4



X.-M. Luo et al. / Recovery of Neurological Functions in Non-Human Primate Model of Parkinson’s Disease 287

Treated (T3) Control (C2)

A »
Sensorimotor
(Striatum)
B
Substantia
Nigra .
A
7 |
C m T3
u C2
TH density of putamen and caudate nuclues
40
35
()]}
£ 30
£
g5
£ 20
; 15
2 10
[0
O 5 A
o

PU CA

Fig. 6. TH staining of the striatum and SN. The TH staining in the
sensorimotor (SM) territory of the striatum is strong in the treated
monkey with good neurological improvement (T3) but not in a con-
trol monkey without neurological improvement (C2). The SN of both
animals had comparable number of neurons.

indicate that no evidence of increased astrogliosis or
microgliosis is found in the Treated compared to the
Sham group (see Suppl. Material S3). As expected,
staining of ramified microglia was detected in S3 out-
side the striatum, but no IB4 stained microglia was
visible in the striatum of all three groups. Antibody to
IB4 is known to stain blood vessels which we were able
to detect in all sections. With no demonstrable discrete
cell inflammatory response, there is a possibility that
the tissue reactions to the surgical intervention and the
capsule implantation had been reabsorbed during the
six month interval between implantation and necropsy.
The pathology report confirms that there was no evi-

dence of inflammation or edema of the brain tissues of
these monkeys.

DISCUSSION

Two different therapeutic approaches can be taken
to address the neuronal and striatal deficits in the PD
brain: i) supplying exogenous cells to replace degen-
erated DA; or ii) protecting striatal degeneration of
DA fibres using targeted introduction of vehicles that
secrete neural protective factors. We have taken the
second approach of neuroprotection using eCP clus-
ters to develop therapies for PD. Our approach is based
on the demonstrated ability of eCPs to prevent neural
degeneration and to restore neural functions [6—10].

The MPTP-treatment is well-established and the
most relevant method to generate PD symptoms in
monkeys, including resting tremor, a symptom that
is difficult to generate in other animal models [31].
Howeyver, this method has some limitations: individual
animal response to MPTP is quite variable and spon-
taneous recovery has been known to occur frequently
within 3 to 5 weeks after MPTP treatment [28-30].
Indeed, two of the monkeys in our study recovered
spontaneously within 4 weeks of the administration of
MPTP and were excluded from further study. All of the
remaining monkeys displayed a stable lesion until eight
weeks after MPTP treatment at which time the eCP
implantation studies were initiated. It is noteworthy
that all of the monkeys in both control groups displayed
stable neurological deficits and AIC scores throughout
the entire duration of this study (>6 months).

Significant improvements in neurological and AIC
scores were only observed in animals that received
eCP implantation. While regression in these scores
was observed in two animals starting 4-8 weeks
post-transplantation, the other four animals (T1-T4)
continued to show improvements for the entire duration
of the study which lasted 24 weeks. In a longitudinal
study, the AIC score appears to be predictive of neu-
rological state of the animal: the change in AIC score
preceded the changes in neurological scores by about
two weeks. However, the two scores did not match
identically, suggesting that improvement in other neu-
ral pathways may be reflected in the neurological score
improvements.

In animals implanted with eCPs, a statistically
significant improvement was observed in posture, bal-
ance, tremor, and alertness all of which are important
aspects of PD treatment. Although the improvement
in walking by the Treated group in our study was not
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statistically significant, it is one of the symptoms that
improved in the Treated animals overall (37.5%) and in
T2 in particular (66%). It is also the case that walking
score measurement in humans, such as the timed ‘up
& go’ test as well as Gait analysis by Movement Disor-
der Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS), involves walking a specific distance
(10 meters) under instruction, whereas in animals, only
spontaneous walking is measured [33].

The cellular basis of behavioural improvement was
investigated by post-mortem analysis of DA neurons
of SN. Even though MPTP was injected into the right

carotid artery to favour unilateral lesion, the majority
of the Sham and Control groups had a small number of
TH+ DA neurons on both sides of the brain, indicating
that the MPTP treatment had bilateral effects in the
majority of these monkeys. We believe that the bilateral
lesion may have resulted from a relatively high dose of
MPTP used in our study (1.5 mg/kg) [19] in addition
to the fact that the ligation of external carotid artery
[20, 21] was not performed in the current study.

The total number of DA neurons in the SN did
not strictly correlate with the behavioural improve-
ment, although the monkeys with the most behavioural
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improvements (e.g., T2 and T3) had in general more
TH+ neurons on both sides of the brain compared to
those that displayed moderate improvements (i.e., T4,
T5 and T6). We were surprised to find that the two
animals that received only empty capsules, C2 and
C3, had a relatively large number of TH+ neurons
in their respective SN, but displayed no significant
improvement in either the behavioural or AIC scores.
We investigated possible reasons for this discrepancy
and found that they had little, if any, TH+ neural fibres
in their SM and associative territories of the striatum.
A deficit in motor function accompanied by striatal
depletion of DA terminals without nigral cell loss has
been observed in a MPTP-treated animal model of PD
by Willis and Donnan [34]. Because C2 and C3 did
not display any improvement in their neurological or
AIC scores, it is unlikely that these neurons represent
spontaneously recovered functional DA neurons. We
concluded from these results that i) a significant num-
ber of TH+ neurons in the substantia nigra is necessary,
but not sufficient on its own to result in behavioural
recovery; and ii) the extent of striatal fibre density is
the key determinant in the behavioural outcome.

Several possible striatal dopaminergic compensa-
tion mechanisms have been proposed to explain the
striatal recovery without increasing the number of DA
neurons: i) enhanced dopamine secretion by remaining
fibres [35-37]; ii) increase in the extracellular level of
DA or decrease in DA uptake [37—-41]; iii) sprouting of
collateral fibres from the remaining fibre terminals in
the limbic territory of the striatum or nearby pallidum
[42, 43]; iv) increased sensitivity to dopamine by the
striatal neurons [44]; v) de novo production of DA by
neurons intrinsic to the striatum [34, 45, 46]. The data
presented here suggest that implanted porcine eCPs
promote more TH+ fibres in the associative region of
the pre-commissural striatum and increased produc-
tion of TH in the lesioned non-human primate striatum
(Fig. 7).

In summary, we have demonstrated that implant-
ing eCPs, known to secrete many neuroprotective and
neurorestorative factors, into the affected site of the
primate model of PD has resulted in improvements
in neurological behaviours along with the restoration
of striatal neural fibre networks. This result is consis-
tent with our previous work demonstrating that porcine
eCPs display neurorestorative function in various ani-
mal models of neurodegenerative diseases. Remark-
ably, such lasting therapeutic effects in monkey brains
were observed with only 40 capsules containing eCPs.
Taken together, our study support the potential utility
of porcine eCPs in treatment of Parkinson’s Disease.
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