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Abstract

Background Parkinson’s disease (PD), the second most common neurodegenerative disease in the world, is
characterized by the death or impairment of dopaminergic neurons (DAn) in the substantia nigra pars compacta

and dopamine depletion in the striatum. Currently, there is no cure for PD, and treatments only help to reduce the
symptoms of the disease, and do not repair or replace the DAn damaged or lost in PD. Cell replacement therapy (CRT)
seeks to relieve both pathological and symptomatic PD manifestations and has been shown to have beneficial effects
in experimental PD models as well as in PD patients, but an apt cell line to be used in the treatment of PD has yet to
be established. The purpose of this study was to examine the effects of the transplantation of hVM1 clone 32 cells, a
bankable line of human neural stem cells (hNSCs), in a PD mouse model at four months post-transplant.

Methods Adult (five month-old) C57BL/6JRccHsd male mice were injected with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine and subsequently transplanted with hVM1 clone 32 cells, or buffer, in the left striatum. Four
months post-transplant, behavioral effects were explored using the open field and paw print tests, and histological
analyses were performed.

Results Transplantation of hVM1 clone 32 cells rescued dopaminergic nigrostriatal populations in adult Parkinsonian
mice. Motor and neurological deterioration were observed in buffer-treated mice, the latter of which had a tendency
to improve in hNSC-transplanted mice. Detection of mast cell migration to the superficial cervical lymph nodes in
cell-transplanted mice denoted a peripheral effect. Transplantation of hNSCs also rescued neuroblast neurogenesis
in the subgranular zone, which was correlated with dopaminergic recovery and is indicative of local recovery
mechanisms.

Conclusions In this proof-of-concept study, the transplantation of hVM1 clone 32 cells provided neuroprotection
in adult Parkinsonian mice by restoring the dopaminergic nigrostriatal pathway and hippocampal neurogenesis,
demonstrating the efficacy of cell replacement therapy as a treatment for PD.
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Background

Parkinson’s disease (PD) is the second most common
neurodegenerative disease in the world and the most
common movement disorder for which there is pres-
ently no cure. Furthermore, the majority of PD cases are
termed idiopathic or sporadic, thus having no known
cause. Parkinson’s disease is characterized by the death
or impairment of dopaminergic neurons (DAn) in the
substantia nigra pars compacta (SNpc) and the deple-
tion of dopamine (DA) in the striatum (Str). The loss of
DAn in the SNpc leads to the decrease of DA in the Str as
DAn project to the Str. It is this pathology that causes the
motor symptoms, such as tremors, rigidity, bradykinesia,
and postural instability, that are observed in PD patients
[1-4].

In addition to the reduction of tyrosine hydroxylase
(TH) expression in the SNpc and Str, as well as the pres-
ence of Lewy bodies in the brain, the loss of neurotrophic
factors (NTFs) is another hallmark of PD. In the SNpc
of PD patients, levels of glial cell-derived neurotrophic
factor (GDNF) and brain-derived neurotrophic factor
(BDNF) are decreased [5-7]. Moreover, GDNF specifi-
cally increases the survival, proliferation, differentiation,
and migration of DAn, and increases the expression of
DAn-associated genes, while BDNF promotes neurite
outgrowth in DAn and regulates hippocampal neurons,
thus being important for synaptic plasticity, learning, and
memory [5, 8—12]. Besides GDNF and BDNEF, other fac-
tors, namely fractalkine (FKN), stem cell factor (SCF),
vascular endothelial factor A (VEGF-A), and vascular
endothelial factor C (VEGF-C), have also been shown to
play a protective role for DAn in basal and experimental
PD conditions [13-22].

Although there is a plethora of treatments available
for PD such as DA restoring medications, none of them
are effective in the long-term and they only treat the
symptoms of the disease, failing to address the underly-
ing issue that is the loss of DAn, as they do not replace or
repair the DAn lost or damaged, respectively, in PD [2,
7, 23]. Therefore, with other current treatments not ful-
filling all requirements to improve the patient’s life, the
goal of PD treatment becomes cell replacement. In recent
years, cell replacement therapy (CRT) has come to the
forefront of science with its potential to treat diseases
such as PD, using various cell sources such as human
induced pluripotent stem cells, human mesenchymal
stem cells and human neural stem cells (hNSCs). Sev-
eral clinical trials have demonstrated promising results,
where PD patients showed motor improvement for
many years post-transplant and post-mortem, surviving
TH+grafted cells were found in the patients” brain. As
well, there are currently multiple ongoing clinical trials
assessing CRT in PD patients [23-28]. With all of this
potential, there are some concerns with CRT that need
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to be addressed such as ethical issues behind the acqui-
sition of tissue needed for some cell types, immunosup-
pression of treated patients, graft-induced dyskinesias,
patient heterogeneity in that not every patient is respon-
sive to CRT, and the standardization of methods of cell
transplantation including amount of cells transplanted as
well as location of grafts 7, 23, 26].

One hNSC line that has so far only been used in experi-
mental PD models is the hVM1 clone 32 cell line. These
fetal-derived hNSCs demonstrate true A9 DAn charac-
teristics upon differentiation in vitro and induce behav-
ioral improvement upon transplantation in Parkinsonian
rats and middle-aged Parkinsonian mice [29, 30]. The lat-
ter study showed that the dopaminergic cells and fibers in
the nigrostriatal pathway were not significantly restored
by hNSC transplant in older animals, consistent with the
reduced endogenous capacity of recovery in aging. Thus,
it is pertinent to test the outcome and effectivity of CRT
using the hVM1 clone 32 cells in adult Parkinsonian mice
which retain a greater ability to trigger recovery and plas-
ticity mechanisms compared to older animals. Therefore,
in this study, hVM1 clone 32 cells were transplanted in
a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
PD mouse model in order to see if the transplanted
hNSCs could replace and take over the functions of the
lost or impaired DAn by integrating in the host environ-
ment, thus rescuing nigrostriatal innervation, improving
motor deficits, and exerting neurotrophic effects.

Methods

Ethics statement

All animal work and use of hNSCs were approved by and
adhered to the guidelines of the Universidad Auténoma
de Madrid (CEI 62-1077-A079; 06/03/2015) and the
Comunidad de Madrid (PROEX149/15; 29/05/2015)
Research Ethics Committees, both with project title
“Desarrollo hacia la clinica del trasplante de células tron-
cales neurales humanas para la enfermedad de Parkin-
son”. Details about the human fetal origin of the hVM1
clone 32 cells used in this study, including consent and
donors, can be found in previous articles describing these
cells [29, 31]. Animal procedures were performed at
the Animal Facility of the Centro de Biologia Molecular
Severo Ochoa. All animal experiments complied with the
ARRIVE guidelines and were carried out in accordance
with the EU Directive 2010/63/EU for animal experi-
ments guidelines. All efforts were made to minimize ani-
mal suffering and to reduce the number of animals used
by monitoring weight as well as signs of pain and distress.

Cell culture

The cells used in this study were hVM1 clone 32, with
details previously described [29, 31]. Briefly, it is a clone
isolated based on increased TH generation from the
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stable, v-myc-immortalized hVM1 cell line. The hVvM1
cells were generated from dissociated tissue of the ventral
mesencephalon of a 10 week-old aborted human fetus.
The hVM1 clone 32 cell line is a unique biological mate-
rial developed by the laboratory in 2009 and was authen-
ticated by STR profile analysis [29, 31].

Cells were routinely cultured on plastic plates treated
with 10 pg/ml polylysine (Sigma-Aldrich P1274) in pro-
liferation medium. The proliferation medium composi-
tion was as follows: The base was Dulbecco’s modified
Eagle’s medium/F-12, GlutaMAX supplement medium
(Gibco 31331028), 1% AlbuMAX (Gibco 11020021),
50 mM HEPES (Gibco 15630106), and 0.6% D-glucose
(Merck 104074). To this, 1X N2 supplement (Gibco
17502048), 1X homemade non-essential amino acids
(composed of L-alanine, L-asparagine, L-aspartic acid,
L-glutamic acid, and L-proline, all with a final concentra-
tion of 0.4 mM), 100 U/ml penicillin, 0.1 mg/ml strepto-
mycin, 20 ng/ml human recombinant fibroblast growth
factor 2 (R&D systems 233-FB), and 20 ng/ml human
recombinant epidermal growth factor (R&D systems
236-EG), were added. Cells were grown at 37 °C, in a 95%
humidity, 5% CO,, and 5% O, atmosphere. For differen-
tiation experiments, multiwell plates were treated with
30 pg/ml polylysine overnight, and then incubated with
laminin (Sigma-Aldrich L2020) at 5 pg/ml for 5 h, before
seeding cells into wells. Cells were seeded at 20,000 cells/
cm?, in proliferation medium. Twenty-four hours later,
this medium was replaced with differentiation medium,
which is the same one used for proliferation experiments,
but the growth factors are replaced with 2 ng/ml human
recombinant GDNF (Peprotech 450-10) and 1 mM
dibutyryl cAMP (Sigma-Aldrich D0627) [32]. One day
later, the differentiation medium was fully changed, and
after this, two thirds of the differentiation medium was
changed every two days. Differentiated cell samples were
collected after seven days of differentiation. Equivalent
multiwell plates with proliferation medium were seeded
in parallel and these samples were collected at three days
post-seeding.

Animal procedures

Male C57BL/6JRccHsd mice (Envigo, Netherlands) were
used in this study. Animals were five months old with an
average weight of 34.1 g at the beginning of the experi-
ment, and all mice were housed in a temperature- and
humidity-controlled room on a 12-hour light/dark cycle
and fed ad libitum with standard food and water. Ani-
mals were randomly separated into one of three experi-
mental groups: Control, MPTP +buffer, and MPTP +cell.
Animals arrived from the supplier in groups of three
or four mice, and these cages were randomly assigned
to one of the three experimental groups. Potential con-
founders were minimized using randomization, and
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consistency in as many factors as possible (i.e. age, sex,
genotype, handling) of all mice. Control mice were
injected i.p. with 0.9% saline once every two hours, with a
total of three injections, at 10 ul/g. Using the same injec-
tion protocol, PD was induced in other mice by injecting
MPTP (Sigma-Aldrich M0896) i.p. at 15 mg/kg. The dose
of 15 mg/kg was chosen in order to have less nigrostriatal
damage before the transplant thus mimicking an inter-
mediate stage of PD, since it has been shown that when
MPTP is administered at 18 mg/kg or 20 mg/kg once
every two hours, with a total of four injections, there is
a great loss of TH+fibers and cells in the Str and SNpc,
respectively [33]. During pilot studies, a very high per-
centage of mice died after the fourth injection and there-
fore, it was decided that only three injections would be
made. Mortality rate was 9% following MPTP injections.
One week later, mice injected with MPTP underwent ste-
reotaxic surgery to receive an intracerebral injection in
the left Str (Coordinates from Bregma: Anteroposterior
0.25 mm, Mediolateral 2.75 mm, Dorsoventral 3 mm)
of either 1.5 ul transplantation medium (MPTP+buf-
fer group) or 100,000 mycoplasm-free, undifferentiated
hVM1 clone 32 cells in passage 26 in 1.5 pl transplanta-
tion medium (MPTP+cell group). The timepoint of one
week was used because it has been reported that after
one week, the loss of DAn in the SNpc is stable [33]. The
transplantation medium was composed of the following:
49% Leibovitz’s L-15 Medium (ThermoFisher Scientific
11415064), 49% filtered 0.6% Glucose (Merck 104074)
in 1X PBS, and 2% B-27 Serum-Free Supplement (Gibco
17504044). The transplantation medium is different than
the proliferation medium and contains Leibovitz’s L-15
Medium so that the hVM1 clone 32 cells are nourished
while transitioning from in vitro to in vivo in an unstable
environment in terms of temperature as well as O, and
CO, levels, and to make sure that these hNSCs are not
dividing which could cause tumor growth upon trans-
plantation into the mouse brain.

For surgery, animals were anesthetized with a mixture
of ketamine (Merial) at 80 mg/kg and xylazine (Calier)
at 10 mg/kg injected i.p. When animals were confirmed
to be asleep via toe pinching, surgery began. After posi-
tioning the animal’s head in the frame of the stereotaxic
apparatus, the animal s skull was revealed and a 23-gauge
needle with 0.635 mm outer diameter was used to make
a hole in the skull. Through this hole, a 22- gauge nee-
dle (Hamilton Company; 22 gauge, Small Hub RN NDL,
length 0.75 in, point style 4 cut at an angle of 10-12°)
held in the attached syringe (Hamilton Company; 10 pl,
Model 701 RN, 26s gauge, 51 mm, point style 2) was low-
ered into the brain to inject either the transplantation
medium or hNSCs in the left Str. The speed of injection
was 1 pl/min, and the needle was left in for 2 min after
injecting cells before its slow removal. The antibiotic
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oxytetracycline (0.2 mg/ml; Terramycin®, Zoetis) was
delivered ad libitum in the drinking water of MPTP-
treated animals starting the day of surgery for a total
period of one week as a preventative measure. In order
to avoid graft rejection, two days before the transplants
and for the first week post-transplant, all animals were
given an i.p. injection of cyclosporine A (CSA; Novartis)
at 10 mg/kg once daily. For the remainder of the experi-
ment, all animals were treated with daily weekday i.p.
injections of CSA at 10 mg/kg, and twice a week, CSA
was included in the drinking water, prepared with the
following components: 0.25 g/L CSA and sweetener. All
animals survived both buffer and hNSC transplant sur-
geries, and showed no symptoms of distress, infection, or
pain. Mice were sacrificed at either one or four months
post-transplant.

Behavioral tests

In order to detect neurological and motor alterations,
animals were subjected to the open field test (OFT) and
paw print test (PPT) [34, 35]. Animals received three
training sessions prior to taking basal measurements for
all behavioral tests. All OFTs were performed in the same
room, with the same lighting, and at the same time.

OFT

Animals were placed in a 40 cm x 40 cm x 30 cm (L x
W x H) four-walled cubic box and their movements were
filmed for 10 min. Time spent in the center (20 cm x
20 cm central area), distance travelled, time spent groom-
ing (mouse licks or scratches itself while stationary), time
spent rearing (mouse stands on hind legs), urination
(number of puddles or streaks of urine), and defecation
(number of fecal boli), were measured using the ANY-
maze behavioral tracking software (Stoelting Europe).

PPT

The animals’ paws were painted (forelimbs in green and
hindlimbs in orange) and the mice then walked on a
40 cm x 12 cm white piece of paper. Contralateral (CL)
and ipsilateral (IL) stride length (the distance between
two same-sided forelimbs or two same-sided hindlimbs),
and CL-IL and IL-CL stride width (the distance between
two opposite-sided forelimbs or two opposite-sided
hindlimbs), were measured.

Immunohistochemistry

The animals were euthanized by CO, inhalation by
gradual air displacement in a euthanasia chamber with
compressed CO,. Post-mortem transcardial perfusion
was carried out with saline buffer and fixation was done
using cold 4% paraformaldehyde. After 12-hour post-
fixing with 4% paraformaldehyde, the tissue was dehy-
drated in 30% sucrose until the tissue sank. Free-floating
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15 pm-thick coronal sections of the brain were sliced
using a freezing microtome.

Brain sections were washed and then blocked in 3-5%
serum in 1X PBS/0.3% TritonX-100 and incubated with
primary antibody in 1% serum in 1X PBS/0.3% Tri-
tonX-100 at 4°C overnight. The following primary anti-
bodies were used: TH (1:400; Pel-Freez P40101-150),
glial fibrillary acidic protein (GFAP) (1:1000; DAKO
7Z0334), ionized calcium-binding adapter molecule 1
(Ibal) (1:1000; Wako 019-19741), nestin (NES) (1:300;
Novus Biologicals NB100-1604), Ki-67 (1:100; Ther-
moFisher Scientific RM-9106-S1), doublecortin (DCX)
(1:300; Santa Cruz sc-8066), STEM121 (1:500; Takara
Bio Y40410), BDNF (1:400; Abcam ab108319), and FKN
(1:200; Abcam ab25088). Sections stained with TH and
DCX were incubated with a mix of 1% of 30% hydrogen
peroxide, 3% methanol, and 6% 1X PBS for 15 min, before
blocking, and DCX sections were incubated with 1% SDS
in 1X PBS for 5 min prior to the latter step. Sections in
BDNF and FKN immunostainings were incubated with
citrate buffer (pH 6.0; 10mM citric acid; Santa Cruz
sc-214745) for 30 min and washed prior to blocking.

The next day, TH- and DCX-stained sections were
incubated with appropriate biotinylated secondary anti-
bodies (Biotinylated Goat Anti-Rabbit IgG Antibody
(1:500; Vector Laboratories BA-1000) and Biotinylated
Horse Anti-Goat IgG Antibody (1:200; Vector Labora-
tories BA-9500)), washed, incubated in ABC solution
(VECTASTAIN Elite ABC HRP Kit, Vector Laborato-
ries PK-6100), washed, and developed with the Vector
VIP Peroxidase (HRP) Substrate kit (Vector Laboratories
SK-4600). Samples were then mounted onto glass slides
(Menzel-Gléser), air-dried, dehydrated with xylene,
and coverslipped with distyrene, plasticiser, and xylene
mounting medium.

After primary antibody incubation, fluorescent immu-
nohistochemistry samples were washed and incubated
with adequate secondary antibodies and 4',6-diamid-
ino-2-phenylindole (1:1000; Santa Cruz sc-3598), in 1%
serum in 1X PBS/0.3% TritonX-100 at RT for 2 h. The
following secondary antibodies were used: Goat anti-
Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 546 (1:400, 1:500, or 1:1000; Invi-
trogen A-11035), Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(1:1000; Invitrogen A-11034), Alexa Fluor 488 AffiniPure
Donkey Anti-Chicken IgY (IgG) (H+L) (1:500; Jackson
ImmunoResearch 703-545-155), and Goat anti-Mouse
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488 (1:1000; Invitrogen A-11029). All fluo-
rescent immunostaining samples were washed, mounted
onto glass slides (Menzel-Gléser), air-dried, and cov-
erslipped with homemade Mowiol mounting medium,
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composed of 10% MOWIOL 4-88 Reagent (Merck
475904).

Toluidine histology

Ten pm-thick sections of superficial cervical lymph
nodes (LNs) were sliced onto glass slides (Menzel-Gléser)
using a cryostat, while free-floating brain sections were
mounted onto glass slides (Menzel-Glédser) prior to
staining. Slides containing brain and LN samples were
stained with acidic toluidine blue working solution. The
working solution was prepared as follows: 5 ml toluidine
blue stock solution (1% toluidine blue O (Sigma-Aldrich
T3260) in 70% ethanol), and 45 ml 1% NaCl (Merck Mil-
lipore 7647-14-5) in dH,O (pH 2.27). After, slides were
dehydrated with ethanol, cleared in xylene, and cover-
slipped with distyrene, plasticiser, and xylene mounting
medium.

Luminex assay

Proliferation and differentiation conditioned media
(CM) were collected from their respective plates and
centrifuged at 2500 rpm at RT for 10 min. Supernatant
was collected and stored at -80°C for further analysis.
Proliferation and differentiation CM, along with 20/20+
(proliferation) and Lotharius (differentiation) media,
were analyzed with the Luminex Human Magnetic Assay
custom-made plate (Bio-techne R&D Systems) for the
following analytes: BDNF, FKN, GDNEF, SCF, VEGEF-A,
and VEGF-C. These analytes were chosen based on PD
pathogenesis and treatment literature. Observed con-
centration (pg/ml) of two replicates of each sample were
measured using the Bio-Rad Bio-Plex 100 system.

Microscopy

Images of TH, toluidine, and DCX stainings, as well as
representative brightfield images, were obtained with an
Axioskop 2 Plus microscope (Zeiss), DMC6200 camera
(Leica), and LAS software (Leica), using the 2.5X, 5X, and
10X objectives. Nestin and Fig. 7 images were obtained
with a DM IRB microscope (Leica), DC100 camera
(Leica), and LAS software (Leica), using the 20X and 40X
objectives. If necessary, images of all of the aforemen-
tioned stainings were then automatically merged using
Adobe Photoshop CS5 Extended. All GFAP and Ibal
images were obtained with the Tile Scan of an Axiovert
200 microscope (Zeiss), pco.edge camera (PCO), and
MetaMorph software (Molecular Devices), using the 20X
objective. Images of striatal BDNF and FKN immunos-
tainings as well as all representative fluorescent images,
except for those in Fig. 7, were obtained with a LSM800
confocal microscope (Zeiss) with two GaAsP detectors
and ZEN Blue software (Zeiss), using the 10X, 20X, and
40X objectives. For each staining of a specific region, all
image parameters (i.e. exposure time, gamma, resolution,
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pin hole) were the same for all images of all samples.
Investigators were blinded to group assignment during
image acquisition.

Histological quantifications

Anteroposterior coordinate ranges from Bregma for the
quantified sections were 0.98 to 0.38 mm for the rostral
Str and subventricular zone (SVZ), -0.46 to -0.82 mm
for the caudal Str, -2.80 to -3.64 mm for the SNpc, and
—1.46 to -2.06 mm for the subgranular zone (SGZ) [36].
For TH, GFAP, Ibal, and DCX (SGZ), immunostainings,
region of interest was drawn, threshold was set to be the
same for all animals for each immunohistochemistry, and
area fraction was measured. For TH immunostainings,
the area fraction in the Str was made up of fibers and
that of the SNpc was made up of cells and their prolonga-
tions. After taking photos of LNs, area was measured and
number of mast cells (MCs) was counted manually. For
DCX and NES quantifications in the SVZ, after setting
threshold, immunopositive area was measured. For Ibal
cell morphological analysis, cell soma size and roundness
were quantified as described in Davis et al. [37]. Image]/
Fiji was used to do all quantifications except that of Ki-67.
The number of Ki-67+cells in the SVZ was counted by
an unbiased observer with a DM IRB microscope (Leica)
using the 20X objective. Two-five sections, including
both IL and CL sides, of each animal from every experi-
mental group were quantified, and all three experimental
groups were tested at once in order to allow for compari-
son. Investigators were blinded to group assignment dur-
ing histological quantifications.

Statistical analysis

A total of 18 mice were used for the animal experiments
and stainings analyzed at one month post-transplant.
Two replicas of the animal experiments and stainings
analyzed at four months post-transplant were performed,
with a total of 30 animals used in the first replica and 27
animals used in the second replica. Similar tendencies
were observed in both replicas. The results and statis-
tics from four months post-transplant presented in this
article are from the second replica, except for time spent
in center in the OFT, LN size, and DCX expression in
the SVZ, which are based on combined quantifications
from the two replicas. A minimum of four animals per
experimental group were used in all one- and four-month
post-transplant replicas. No sample size calculation was
performed; sample sizes were chosen based on previous
in vivo experiments done in the laboratory to allow for
statistical power and to comply with the 3Rs (Replace-
ment, Reduction, and Refinement) by reducing the num-
ber of animals used. For the Luminex assay, a minimum
of three proliferation and seven differentiation CM sam-
ples, from at least three independent experiments, were
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analyzed. Exact n used for each experiment is indicated
in the figure legends. For each quantification performed,
measurements were taken from distinct samples, thus n
expresses the total number of biological replicates. All
figures were made and all statistical analyses were done
using GraphPad Prism 7. Graph columns represent mean
values, with individual data points shown with circles,
while error bars indicate standard error of the mean. In
Fig. 6¢c, the graphs illustrate the linear regression line
with XY paired data points shown with circles. For com-
parisons between more than two groups, one-way analy-
ses of variance (ANOVAs) followed by Tukey’s multiple
comparisons post-hoc test were performed in order to
compare the mean of each column with the mean of
every other column. To show linear correlation in Fig. 6c,
the Pearson correlation coefficient (r) was calculated
with a two-tailed P value. For comparisons between two
groups, as in the case of the Luminex assay in Fig. 8a,
two-tailed unpaired t-tests were performed. Some data
were excluded for various reasons. Among them, outli-
ers, mice stopping in the middle of the paper in the PPT,
striatal slices with glial scar around the needle mark, and
damaged or ripped tissue. These criteria were not estab-
lished a priori. For all statistical tests, a P value of less
than 0.05 was considered statistically significant. Investi-
gators were aware of group allocation during allocation
and conduct of experiment, but blinded to group alloca-
tion during outcome assessment and data analysis.

Results

Nigrostriatal pathway degeneration and recuperation

A cohort of mice from the three experimental groups
was sacrificed one month post-transplant in order to
analyze TH immunoreactivity in the nigrostriatal path-
way to verify that the experimental model and trans-
plantation were working short-term. Mouse brains were
analyzed for TH immunoreactivity in the Str and SNpc,
the two main regions affected in PD. In the rostral Str,
the level of the Str closer to the site of the transplant,
there was an 88% decrease in TH+area in buffer-trans-
planted animals compared to controls (P<0.0001 for IL
and P<0.0001 for CL). Mice transplanted with hNSCs
showed a 76% increase in TH+fibers compared to those
treated with buffer (P=0.0019 for IL and P=0.0176 for
CL). Controls had 50% more striatal TH expression than
hNSC-treated animals (P=0.0009 for IL and P=0.0004
for CL) (Fig. 1a left). In the SNpc, TH immunoreactiv-
ity in buffer-treated mice decreased by 68% compared to
control animals (P<0.0001 for IL and P<0.0001 for CL).
Compared to buffer-treated mice, there was an increase
in nigral TH expression upon hNSC transplantation, 57%
on the IL side and 40% on the CL side, attaining signifi-
cance on only the IL side (P=0.0063). Similar to the ros-
tral Str, controls had an increased TH+area in the SNpc
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compared to hNSC-transplanted mice, 26% on the IL
side and 48% on the CL side, although this was significant
on only the latter side (P=0.0002) (Fig. 1a right).

For the main experiment, the endpoint of four months
post-transplant was chosen in order to explore the effects
of the transplant more long-term to see if the nigros-
triatal improvements continued past one month post-
transplant. Also, it has been reported that CSA, used to
immunosuppress the mice in order to avoid graft rejec-
tion, can cause damage to the mice’s health long-term
and can only be administered for a maximum of 18-20
weeks, or 4.5-5 months [38, 39]. Four months post-trans-
plant, analysis of TH+fibers was done at two different
levels of the Str, namely the rostral Str, closer to the site
of transplant, and the caudal Str, further from the site of
transplant. In the rostral Str, there was a 66% decrease
in TH+fiber density in buffer-transplanted mice com-
pared to control animals (P<0.0001 for IL and P=0.0002
for CL), which was alleviated by hNSC transplant as
the TH+area increased by 55% (P=0.0026 for IL and
P=0.0056 for CL) (Fig. 1b). The same pattern occurred
in the caudal Str, with a decrease of approximately 47%
in TH+fiber density in buffer-treated mice compared to
controls (P=0.0001 for IL and P=0.0002 for CL), while
mice transplanted with hVM1 clone 32 cells had an
increased TH+area of around 43% compared to buffer-
treated animals (P=0.0002 for IL and P=0.0002 for CL)
(Fig. 1c). In the SNpc, there was a 74% decrease in the
TH+immunoreactivity in buffer-treated mice compared
to control animals (P<0.0001 for IL and P=0.0002 for
CL), and hNSC-treated mice showed a recuperation of
58% in TH+area in the SNpc compared to buffer-treated
mice (P=0.0159 for IL and P=0.0211 for CL). Controls
had more nigral TH expression than hNSC-treated mice,
with an increase of 43% on the IL side and 29% on the
CL side; this reached significance only on the IL side
(P=0.0063) (Fig. 1d). Thus, it can be stated that the trans-
plant of hVM1 clone 32 cells significantly prevented the
damage to the nigrostriatal pathway in MPTP-treated
mice four months post-transplant.

When comparing TH expression in the rostral Str
between one and four months post-transplant (Fig. 1a left
vs. Figure 1b), there was a 20% and 23% increase in the
TH+area percentages in the buffer-treated and hNSC-
transplanted groups, respectively. In the SNpc, there
was a marginal difference (less than 1%) in the TH+area
percentages of each MPTP-treated experimental group
at one and four months post-transplant (Fig. 1a right vs.
Figure 1d). Therefore, this indicates that there was negli-
gible spontaneous dopaminergic sprouting in the rostral
Str and none in the SNpc, and that hNSC transplantation
maintained nigrostriatal TH expression between one and
four months post-transplant.
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§
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Fig. 1 Nigrostriatal pathway degeneration and protection. a left One month post-transplant, striatal TH+fibers were decreased in buffer-treated
mice compared to controls (****P<0.0001 for IL and **** P<0.0001 for CL). Transplantation of hNSCs alleviated this decrease (##P=0.0019 for IL and
#P=0.0176 for CL). Controls had more TH expression than hNSC-treated animals (***P=0.0009 for IL and ***P=0.0004 for CL). Control n=5, MPTP + buf-
fer n=6, MPTP +cell n=7. a right One month post-transplant, TH+area was decreased in the SNpc in buffer-treated animals compared to control mice
(****P<0.0001 for IL and ****P<0.0001 for CL). Cell-transplanted animals had increased nigral TH immunoreactivity compared to those that received
buffer, reaching significance on the IL side (##P=0.0063). Control mice had increased TH expression compared to hNSC-transplanted animals; this was sig-
nificant on only the CL side (***P=0.0002). Control n=6, MPTP + buffer n=5, MPTP + cell n=5. b Four months post-transplant, in the rostral Str, TH+area
decreased in buffer-treated animals compared to controls (****P<0.0001 for IL and ***P=0.0002 for CL) while TH expression was increased in hNSC-
transplanted mice compared to those that received buffer (##P=0.0026 for IL and ##P=0.0056 for CL). Control n=3, MPTP + buffer n=5, MPTP +cell n=5.
c Likewise, caudal striatal TH immunostaining declined in buffer-transplanted animals compared to control mice (***P=0.0001 for IL and ***P=0.0002
for CL), and was recovered in hNSC-treated animals (###P=0.0002 for IL and ###P=0.0002 for CL). Control n=3, MPTP + buffer n=5, MPTP+cell n=5.d
In the SNpc, TH+area % was lower in buffer-treated mice compared to control animals (****P < 0.0001 for IL and ***P=0.0002 for CL). Mice transplanted
with hNSCs had increased nigral TH expression compared to animals treated with buffer (#P=0.0159 for IL and #P=0.0211 for CL). Control animals had
more TH immunostaining in the SNpc compared to hNSC-treated mice, but this was statistically significant on only the IL side (**P=0.0063). Control
n=3, MPTP+buffer =5, MPTP +cell n=4. a-d One-way ANOVA followed by Tukey’s post-hoc test. * = compared to same brain hemisphere of Control,
# = compared to same brain hemisphere of MPTP + buffer. Scale bars b-d =200 um. IL=ipsilateral, CL=contralateral, ANSC=human neural stem cell,
Str=striatum, SNpc = substantia nigra pars compacta
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Activity and gait alterations

Several behavioral aspects were measured to examine the
effects of MPTP and hNSC transplant four months post-
transplant. In the OFT, there were no significant differ-
ences among the three experimental groups in terms of
distance travelled, time spent grooming, time spent rear-
ing, urination, and defecation (data not shown). In addi-
tion, buffer-treated mice spent almost 51% more time
in the center compared to controls, indicating hyperac-
tivity (P=0.0383). Although not statistically significant,
this increased time spent in the center had a tendency
to decrease by 35% in hNSC-treated mice (Fig. 2a). The
PPT was employed to study differences in gait between
the three groups of animals. Stride length tended to be an
average of 10% shorter in all MPTP-treated animals, only
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attaining statistical significance in the case of the fore-
limb of those transplanted with hNSCs (P=0.0373 for CL
and P=0.0207 for IL) (Fig. 2b). All MPTP-treated mice
tended to have a shorter forelimb stride width of approxi-
mately 10% compared to controls, but this was only sta-
tistically significant on the IL-CL side (P=0.0415 for
MPTP+buffer vs. Control and P=0.0195 for MPTP +cell
vs. Control). Hindlimb stride width was similar in all
three experimental groups (Fig. 2c).

Inflammatory reaction in the nigrostriatal pathway and
lymph nodes

The inflammatory reaction in the brain was studied in
the two main regions of interest, namely the rostral Str
and SNpc, in order to see if there were differences in
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Fig. 2 Behavioral studies demonstrated changes in activity and gait. a Four months post-transplant, buffer-treated mice spent more time in the center
of the OFT box compared to controls (*P=0.0383), while hNSC-transplanted mice tended to spend less time in the center compared to those that re-
ceived buffer. Control n=15, MPTP + buffer n=12, MPTP +cell n=13. b Forelimb and hindlimb stride length tended to decrease in all MPTP-treated mice
compared to control animals; this reached statistical significance only in the case of the forelimbs of hNSC-transplanted mice (*P=0.0373 for CL and
*P=0.0207 for IL). Control n =6, MPTP + buffer n=4, MPTP + cell n=4. c Forelimb stride width tended to be shorter in mice intoxicated with MPTP, attaining
statistical significance on one side (*P=0.0415 for MPTP + buffer vs. Control and *P=0.0195 for MPTP + cell vs. Control), while hindlimb stride width was
unchanged among the three experimental groups. Control n=6, MPTP + buffer n=4, MPTP + cell n=4. a-c One-way ANOVA followed by Tukey’s post-hoc
test. * = compared to Control, ns=not significant. IL =ipsilateral, CL = contralateral, ANSC=human neural stem cell, OFT =open field test
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glial populations between the experimental groups four
months post-transplant. In the rostral Str, control and
buffer-treated animals had a similar amount of GFAP
immunostaining, marking astrocytes. The rostral Str
IL to the side of the transplant in animals grafted with
hVMI1 clone 32 cells had a larger GFAP+area compared
to control (P<0.0001) and buffer-treated (P<0.0001)
mice, and had almost twice as much astroglial immuno-
reactivity than the rostral Str CL to the side of transplant
of hNSC-treated animals (P=0.0088). Moreover, the ros-
tral Str CL to the side of the transplant of hNSC-treated
mice tended to have two-four times more GFAP immu-
nostaining than control and buffer-transplanted animals,
which reached statistical significance when compared
to the CL rostral Str of these two experimental groups
(P=0.0102 vs. MPTP +buffer and P=0.0170 vs. Control)
(Fig. 3a). In the SNpc, GFAP+area was similar across
all experimental groups (data not shown). Inflammation
was further studied in the SNpc, by marking microg-
lia via Ibal immunostaining. There was a clear trend in
that all MPTP-treated mice showed an average of almost
four times more nigral Ibal immunoreactivity compared
to controls, attaining statistical significance in the case
of the IL side in buffer-treated animals (P=0.0345) and
the CL side in cell-transplanted mice (P=0.0123). Mor-
phological analysis revealed the Ibal+microglia in the
SNpc of all experimental groups to have small and round
cell bodies with ramifications, which is typical of resting
microglia (Fig. 3b).

Data on inflammation in the central nervous system
(CNS) showed that there was a distinct pattern of astro-
glial and microglial activation in hNSC-treated mice. In
addition to this, immunosuppression with CSA inhib-
its the adaptive immune response [40], thus allowing to
see what happens to the innate immune system. There-
fore, it was decided that the focus would be MCs, innate
immune cells located in the CNS and LNs, recently
shown to be connected to the CNS [41-44]. Four
months post-transplant, analysis of the superficial cervi-
cal LNs showed a trend in that all MPTP-treated mice
had larger LNs compared to control animals (P=0.0561)
(Fig. 4a). Moreover, MC density quantification revealed
that hNSC-transplanted mice displayed a tendency of
increased MC density compared to both buffer-treated
and control animals, which was statistically significant
when controls and hNSC-transplanted mice were com-
pared (P=0.0127). Stem cell-treated animals had almost
double the MC density compared to buffer-treated mice
which in turn had more than twice the MC density of
that of controls (Fig. 4b). In the CNS, there was no quan-
tifiable amount of MCs in either the Str or SNpc (data
not shown).
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Changes in neurogenesis in the SVZ and SGZ
Neurogenesis was studied in the SVZ and SGZ in order
to explore the notion of how the transplant affected
each stage of neurogenesis four months post-transplant.
Immunostaining was done for NES and Ki-67, neural
stem cell (NSC) markers, and DCX, a marker for imma-
ture neurons. In the SVZ, there were no differences in
the amount of NES immunostaining nor the number
of Ki-67+cells between the three experimental groups
(Fig. 5a). By contrast, there was a strong tendency for all
MPTP-treated mice to have 22-44% less DCX expression
compared to controls, reaching statistical significance
when the CL SVZ of control mice was compared to both
SVZs of buffer-treated (P=0.0126 for IL and P=0.0203
for CL) and the IL SVZ of cell-transplanted (P=0.0197)
animals (Fig. 5b).

In the SGZ, there was either no expression or no quan-
tifiable amount of either NES or Ki-67. These immu-
nostainings were done using a 10 week-old naive mouse
brain as a control, which clearly marked NES+and
Ki-67+NSCs in this hippocampal region. Another
marker for NSCs, GFAP, showed similar expression in all
three experimental groups (data not shown). Neuroblasts
exhibited a completely different pattern in this hippo-
campal region. Control animals showed variation in DCX
expression in the SGZ, and there was a tendency for DCX
immunostaining to decrease by approximately 71% in
buffer-treated animals, although only statistically signifi-
cant when comparing the CL SGZ of buffer-transplanted
mice to the IL SGZ of controls (P=0.0402). Transplanta-
tion with hVM1 clone 32 cells alleviated this decline as
hNSC-transplanted mice showed increased DCX +area,
which attained statistical significance when compared to
the CL SGZ of buffer-treated animals (P=0.0427 for IL
and P=0.0468 for CL). Moreover, there were no differ-
ences in DCX expression between the control and hNSC-
grafted groups (Fig. 6a). Additionally, Ibal+populations,
which had small and round soma across all experimen-
tal groups, tended to decrease in the SGZ by almost 50%
in hNSC-transplanted animals compared to control and
buffer-treated mice. This reached statistical significance
when the IL SGZ of cell-treated and control mice were
compared (P=0.0282) (Fig. 6b). It is interesting to note
that the most significant improvements upon transplan-
tation were the restoration of TH+fibers and cells in the
Str and SNpc, respectively, and the rescue of immature
neurons in the SGZ. Therefore, the Pearson correlation
coefficient (r) between these groups was calculated. The r
value correlating TH+area percentage in the rostral and
caudal Str, with DCX+area percentage in the SGZ was
0.935 (P<0.0001) (Fig. 6c left), and the correlation coef-
ficient correlating TH +area percentage in the SNpc with
DCX +area percentage in the SGZ was 0.891 (P=0.0173)
(Fig. 6c right). Although the correlation was stronger
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Fig. 3 Inflammatory reaction of astrocytes and microglia in the nigrostriatal pathway. a Four months post-transplant, rostral striatal GFAP +area was
similar in control and buffer-treated animals, and tended to be higher on the CL side to the transplant in hNSC-transplanted mice, although this was only
statistically significant when compared to the CL rostral Str of buffer-treated (#P=0.0102) and control (*P=0.0170) animals. Expression of GFAP in the IL
rostral Strin hNSC-treated mice was increased compared to the rostral Str of all control (****P<0.0001) and buffer-treated (####P < 0.0001) animals, and
to a lesser extent compared to the CL rostral Str of those that received cells (**P=0.0088). Control n=3, MPTP + buffer n=5, MPTP+cell n=5. b In the
SNpc, IbaT expression tended to be higher in all MPTP-treated mice compared to controls, reaching statistical significance in the case of the IL rostral Str
of those treated with buffer (*P=0.0345 vs. Control IL) and the CL rostral Str of hNSC-transplanted animals (*P=0.0123 vs. Control IL and *P=0.0194 vs.
Control CL). These Iba1+ microglia were small, round and ramified, and soma size and roundness were not altered across all experimental groups. Control
n=3, MPTP + buffer n=5, MPTP +cell n=5. a, b One-way ANOVA followed by Tukey’s post-hoc test. * = compared to same brain hemisphere of Control,
# = compared to same brain hemisphere of MPTP + buffer. Scale bar a=50 pm and scale bars b=50 um (left images) and 10 um (right zoom images).
IL=ipsilateral, CL=contralateral, \NSC=human neural stem cell, Str=striatum, SNpc = substantia nigra pars compacta

between DCX expression in the SGZ to TH expression in  Survival, differentiation, and maturation, of engrafted cells
the Str rather than the SNpc, both correlation coefficients A few surviving hVM1 clone 32 hNSCs were detected in
were very high and emphasize the important relation-  the Str of some, but not all, animals, four months post-
ship between the nigrostriatal pathway and hippocampal  grafting (Fig. 7). Some cells were found at the transplanta-
neurogenesis. tion site (Fig. 7a, b) whereas others were located in other

parts of the Str (Fig. 7c, d). No hNSCs were detected in

the SNpc or hippocampus (Hip) of transplanted animals.
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MPTP+buffer
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Fig. 4 Characterization of superficial cervical LN size and MC density. a Four months post-transplant, animals intoxicated with MPTP tended to have
larger LNs compared to control mice (P=0.0561). Control n=3, MPTP +buffer n=7, MPTP+cell n=9. b Mast cell density in the LNs tended to be in-
creased in hNSC-transplanted animals, but only in a statistically significant manner when compared to controls (*P=0.0127). Control n=3, MPTP + buffer
n=5, MPTP+cell n=5.*% = compared to Control. a, b One-way ANOVA followed by Tukey’s post-hoc test. Scale bar a=200 um and scale bar b=25 pum.

LN =Ilymph node, MC=mast cell, ANSC=human neural stem cell

Therefore, this indicates that there was little to no graft
survival. Although transplanted cells did not label for
GFADP, they were in close contact with the host’s astro-
cytes (Fig. 7e-g).

Cell-secreted factors in vitro and their expression in vivo

Because the transplanted cells did not survive, how the
cells succeeded in exerting beneficial effects such as
nigrostriatal pathway recovery and increased hippocam-
pal neurogenesis remained unexplained. The literature
says that cell survival is low in experimental PD and clini-
cal trials, but human cells are usually found. In this case
they were not, and because it has been elucidated that
most cells die within the first week of transplantation
[26, 45, 46], hVM1 clone 32 cells were differentiated in
vitro for seven days and the CM was collected. The CM
of the hNSCs in proliferation and differentiation con-
ditions were analyzed to see if the cells were secreting
any factors that may be beneficial to Parkinsonian mice
upon transplantation. There was no GDNF detected in
either basal proliferation medium (20/20+) or prolifera-
tion CM, and increased in a non-significant manner in
differentiation CM compared to the latter. This NTF is a

difficult analyte to study under differentiation conditions
because although basal levels of differentiation media
(Lotharius) components are subtracted from CM levels,
GDNF is added to the media during the medium change
several times throughout the hNSC differentiation pro-
tocol. Furthermore, concentrations of BDNF, FKN, SCF,
VEGEF-A, and VEGF-C, were all increased in differentia-
tion compared to proliferation CM (P=0.0002 for BDNF,
P<0.0001 for FKN, P=0.0092 for SCF, P=0.0355 for
VEGEF-A, and P=0.0002 for VEGF-C) (Fig. 8a).

To make the connection between in vitro and in vivo
results, striatal expression of two factors, BDNF and
FKN, were measured via immunofluorescence four
months post-transplant. These two factors were chosen
because they had the lowest (BDNF) and highest (FKN)
concentrations, and the most significant difference in
concentration between proliferation and differentiation
conditions in vitro. As well, out of all the other factors
analyzed, BDNF and FKN have the highest expression
in the mouse Str in vivo. The antibodies used recognized
both human and mouse proteins. In the rostral Str, the
BDNF +area had a tendency to increase by 51% in hNSC-
transplanted mice compared to animals treated with
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Fig. 5 Changes in NSC and neuroblast populations in the SVZ. a Four months post-transplant, NES+area stained (green; top) and the number of
Ki-67 + cells (red; bottom), were similar across all experimental groups. Control n=3, MPTP + buffer n=5, MPTP +cell n=5. ns=not significant. b Expres-
sion of DCX tended to decrease in all MPTP-treated mice compared to controls; this decline was statistically significant when the CL SVZ of the control
group was compared to both SVZs of buffer-treated (*P=0.0126 for IL and *P=0.0203 for CL) and the IL SVZ of cell-transplanted (*P=0.0197) animals.
Control n=7, MPTP +buffer n=9, MPTP +cell n=9.* = compared to same brain hemisphere of Control. a, b One-way ANOVA followed by Tukey’s post-
hoc test. Scale bars=25 um. IL=ipsilateral, CL=contralateral, NSC=neural stem cell, SVZ=subventricular zone

buffer (Fig. 8b). Meanwhile, FKN expression in the rostral
Str was similar in all control and MPTP-intoxicated mice
(Fig. 8c).

Discussion

Our data show that four months post-transplant, hNSC-
transplanted animals exhibited a recovery of TH+fibers
at both levels of the Str studied, and of TH+cells in the
SNpc, with the former being more considerable. One
month post-transplant, TH expression was also increased

in the rostral Str and SNpc. In addition, we were able
to see that the MPTP experimental model was working
and that minimal spontaneous dopaminergic sprout-
ing occurred in the rostral Str, but not in the SNpc. This
spontaneous recovery in the Str has been shown to occur
between ten days to five months post-MPTP administra-
tion depending on the publication. However, these stud-
ies were done in mice between the ages of eight and ten
weeks when the compensatory mechanisms are still fully
functioning, and spontaneous dopaminergic sprouting
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Fig. 6 Increased neurogenesis and reduced inflammation in the SGZ. a Four months post-transplant, controls had varying expression levels of DCX in
the SGZ while buffer-treated animals tended to have lower expression, which reached statistical significance when the CL SGZ of buffer-transplanted
and the IL SGZ of control mice were compared (*P=0.0402). DCX+area % was increased in hNSC-transplanted mice compared to those that received
buffer; this attained statistical significance when compared to the CL SGZ of buffer-treated animals (*P=0.0427 for IL and #P=0.0468 for CL). Control n=3,
MPTP +buffer n=5, MPTP +cell n=5. b In the SGZ, mice transplanted with hNSCs tended to have lower IbaT +area compared to both control and buffer-
treated animals, although only statistically significant when the IL SGZ of cell-treated and control mice were compared (*P=0.0282). These Iba + microg-
lia had small and round soma in all animals. Control n=3, MPTP + buffer n=5, MPTP +cell n=5. a, b One-way ANOVA followed by Tukey’s post-hoc test. *
= compared to same brain hemisphere of Control, # = compared to same brain hemisphere of MPTP + buffer. Scale bar a=50 um and scale bar b=25 um.
c The correlation between DCX expression in the SGZ and TH expression in the Str (left) and SNpc (right) was 0.935 (P<0.0001) and 0.891 (P=0.0173),
respectively. Pearson correlation coefficient (r); Number of Str XY pairs=12, Number of SNpc XY pairs=6. IL=ipsilateral, CL = contralateral, \NSC=human
neural stem cell, SGZ =subgranular zone, Str=striatum, SNpc = substantia nigra pars compacta
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Fig. 7 Survival, differentiation, and maturation, of transplanted hVM1 clone 32 cells. Transplanted cells were stained with STEM121 (green), which marks
human-specific cytoplasm. Mouse and human astrocytes were marked with GFAP (red), and nuclei with DAPI (blue). a Surviving transplanted hNSCs and
astrocytes at the transplantation site in the Str four months post-transplant. b Zoom image of a. ¢, d Transplanted hNSCs and astrocytes in other parts of
the Str. e-g Close-up images of transplanted cells with arrow in E indicating apoptotic-like nucleus. Scale bars a, c-g=50 um and scale bar b=100 um.

hNSC=human neural stem cell, Str=striatum

was not observed in older (eight month-old) mice. Fur-
thermore, although some studies found no spontaneous
dopaminergic recovery in the SNpc in either the younger
or older MPTP-treated mice [47-50] as is the case of
this study, there are two reports of spontaneous nigral
dopaminergic neurogenesis in mice treated with MPTP
[51, 52]. Therefore, although some spontaneous dopami-
nergic sprouting did occur in the rostral Str, it occurred
practically equally in both buffer- and cell-treated mice
and therefore this does not take away from the fact that
the transplantation of hNSCs provides striatal dopami-
nergic neuroprotection as shown by TH expression.

In this study, hyperactivity, as measured by time spent
in the center in the OFT, was observed in MPTP-treated
mice, and tended to be improved with hNSC transplant.
Furthermore, parameters measuring anxiety were not
affected by MPTP treatment or hNSC transplant. Deple-
tion of DA in the prefrontal cortex has been shown to
increase hyperactivity and decrease anxiety, and this
hyperactivity is due to disinhibition and attention defi-
cit [53]. Hyperactivity could be explained by increased
norepinephrine (NE) levels in the Str [54]. Further-
more, attention deficit and impulsivity occur in some PD
patients [55-57].

With one parameter changed among the exploratory
and anxiety behaviors, and gait marginally affected, our
findings reveal that nigrostriatal TH expression levels did
not coincide with behavioral changes. The neurotoxin
MPTP shows varying behavioral effects in mice, with
solid, consistent, long-lasting deficits yet to be shown [53,

54, 58—60]. Other publications have also demonstrated
that MPTP-treated mice can show behavioral recovery
or no difference in behavior compared to controls from
four days to two months post-injection while maintain-
ing a significantly damaged nigrostriatal system [52, 54,
61, 62]. Additionally, alterations in NE levels and DA
metabolite ratios were possibly responsible for the dis-
connect between the nigrostriatal pathway and behav-
ioral symptoms. It has been reported that NE plays a
compensatory role in MPTP-treated mouse behavior,
but its levels vary depending on the report. In one study,
NE levels increased after striatal DA depletion, and there
were no behavioral deficits [54], while in another, NE
depletion in Str in a MPTP model led to no changes in
distance moved or number of rears, and less grooming
[63]. Likewise, damage to the NE system occurs in PD
patients [54]. A more defined compensatory mechanism
that occurs in experimental PD models as well as in PD
patients is the increase in DA metabolite ratios 3,4-Dihy-
droxyphenylacetic acid/DA and Homovanillic acid/DA in
the Str, which indicate DA turnover. This compensation
leads to a lack of behavioral deficits [53, 54, 63].
Although using MPTP to model PD led to minimal
spontaneous dopaminergic sprouting in the rostral Str,
and unsynchronized nigrostriatal TH expression and
behavioral symptoms, MPTP still remains one of the
best models available to mimic human PD pathology
[64]. Another way to induce PD is chronic MPTP treat-
ment; however, this is complicated due to the intrinsic
difficulty of working with MPTP, a neurotoxin harmful
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to humans as well. Moreover, the administration of
6-hydroxydopamine (6-OHDA) remains safer but does
not provide whole-body DA degeneration. Pre-clinical
studies like this one done in rodents are needed to test
hNSC transplantation [38, 65]. In the present study, the
best approach was using this MPTP protocol, but like any
other, it had its pitfalls. More importantly though, differ-
ences were observed between both MPTP-treated groups
in several key aspects involved in PD pathology thus
allowing for the differentiation of the outcome with and
without cell therapy.

Astrocytes and microglia play a pivotal role in neuroin-
flammation, a main feature of PD, although it remains to
be understood whether the CNS inflammatory response
is the cause or effect of PD [66]. Our results show that
hNSC transplant increased astroglial populations in the
rostral Str and that MPTP intoxication led to increased
microglial presence in the SNpc, showing the distinct
reaction of these two inflammatory molecules. It has
been reported that when the acute MPTP protocol was
implemented in male mice, astroglial and microglial pop-
ulations in Str were the same as in controls but these glial
populations were increased in SNpc compared to con-
trols, more than two months post-MPTP treatment [61].
Other experimental CRT studies found no changes in
GFAP expression in the Str or SNpc among cell-treated
and vehicle-treated Parkinsonian animals [67, 68], which
is in contrast to the findings presented.

In this study, MPTP-treated mice tended to have larger
LNs compared to controls four months post-trans-
plant. This peripheral inflammation has not been vastly
explored in PD, but it was found that alpha-synuclein
drains from the CNS to the LNs in MPTP-treated mice
[69] and deep cervical LNs significantly increase in size
in an A53T-overexpressing transgenic mouse model [70].
Mice transplanted with hNSCs tended to have increased
MC density in the superficial cervical LNs compared to
the other experimental groups. This demonstrates that
the transplant had an influence on non-CNS structures
and processes, re-emphasizing the connection between
the CNS and LNs [39-42]. As well, it shows that MCs
are affected by hNSC transplantation, although, per our
results, MCs did not appear to be contributing to inflam-
mation in the CNS as they were practically not present.
Mast cell populations have not been analyzed before in
CRT studies within the PD field. However, MC migration
has been shown to be required for immunosuppression
[71] and it has been demonstrated both in vitro and in
vivo that MCs, activated by glia maturation factor, release
factors that promote neurodegeneration, neuroinflam-
mation, and behavioral deficits, in PD [72, 73].

Inflammation is known to play a capricious role in
PD and other chronic neurodegenerative disorders like
Alzheimer’s disease. While increased neurogenesis can
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be triggered by a brain insult, exacerbated microglial
activation is linked to impaired basal and insult-induced
hippocampal neurogenesis [74]. Our data in the SVZ
indicate that NES and Ki-67 expression showed no
change while DCX+area was decreased upon MPTP
intoxication in the SVZ. In one publication, 6-OHDA-
lesioned adult female mice were transplanted with
hNSCs, and SVZ changes were analyzed; the transplant
restored DA receptor D1, DA transporter, NeuN, and
TH, in the SVZ, which had decreased expression upon
6-OHDA lesion. Expression of Ki-67 was unchanged in
control, buffer-treated, and cell-treated groups, consis-
tent with our findings. Although SVZ neurogenesis was
partially rescued and there were behavioral improve-
ments in hNSC-transplanted mice, striatal TH expres-
sion was recovered over time in 6-OHDA-lesioned mice
and the significant decrease in TH+cells in the SN was
not alleviated by transplant [68]. In another study using
6-OHDA-lesioned rats, hNSCs induced behavioral
and nigrostriatal TH expression recovery along with
increased neurogenesis as shown via DCX immunostain-
ing in the SVZ compared to buffer-treated animals [21].
It is also important to consider that increased SVZ neu-
rogenesis has been observed in several PD models where
damage to the nigrostriatal pathway on its own generates
this increase in neural progenitor cells so this may also
affect neurogenesis result interpretation [75-77].

In the SGZ, we found practically no NES+or
Ki-67+NSC populations, and GFAP expression was simi-
lar in all experimental groups. At the time of sacrifice, the
animals used in this study were nine months old, an age
when neurogenesis has been shown to be decreased in
the neurogenic niches, especially the SGZ. Therefore, it
is not surprising that some proliferating cell populations
were shown to be practically null in the SGZ because
although it has been shown that hippocampal neurogen-
esis is not completely eradicated in older rodents, mon-
keys, and even humans, it is indeed drastically reduced
[78-81].

The neuroblast population, as shown by DCX immu-
nostaining, decreased in buffer-treated animals and was
alleviated by hVM1 clone 32 cell transplant. Hence, the
transplant was capable of restoring hippocampal neuro-
genesis, suggesting that local recovery mechanisms were
set in motion. In addition, we found a high correlation
between TH expression in the Str and SNpc, and DCX
expression in the SGZ, thus supporting the reported con-
nection between DA and hippocampal neurogenesis [82,
83]. Although it has been described that neuroinflam-
mation depletes neurogenesis, increased levels of astro-
cytes in the rostral Str and increased levels of microglia
in the SNpc did not negatively affect neurogenesis in this
study [74, 85-87]. Our analysis of hippocampal inflam-
mation demonstrates that microglial populations had a
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tendency to decrease in hNSC-treated mice, suggesting
that lower microglia reaction could have contributed to
increased neurogenesis. While the increase in microglia
in the SNpc of MPTP-treated animals and the decrease
in microglia in the SGZ of hNSC-transplanted mice may
seem contradictory, it has been shown that microglia
have differential phenotypes, reactivity, and expression
levels depending on the brain region [88—90]. In Doorn
et al., similar to the present study, Ibal+microglia were
increased in the SNpc of PD patients compared to con-
trols, but these microglia had the same level of expres-
sion in the Hip of both groups. Nonetheless, in both
the SNpc and Hip, controls had more ramified microg-
lia with a small rounded cell body, associated with so-
called “resting”, surveying microglia, while PD patients
had more microglia with few or no ramifications and an
amoeboid cell body, which is typical of reactive or acti-
vated microglia [88]. In another publication, the amount
of Ibal+microglia was unchanged in the SNpc, Hip, and
prefrontal cortex, among control and PD patients, except
for the amygdala which showed increased microglial
populations in PD patients. However, besides the SNpc,
the regions were quantified by counting human leukocyte
antigen DR immunoreactive amoeboid-shaped microglia
only [89]. The protein Ibal is expressed in all microglia
and is therefore a general marker for all microglia, both
resting and reactive [90, 91]. From our morphologi-
cal analysis, Ibal+microglia in the SNpc and SGZ were
small, round and ramified, indicating that they are in a
surveying, resting state [37].

Interestingly, the IL and CL sides were affected equally
in all three experimental groups which is reflected in the
behavioral results as paw print patterns are the same for
both sides. There was one exception: expression of GFAP
in hNSC-transplanted mice, where the IL rostral Str had
almost twice as much GFAP +area than its CL equivalent.
The astrocytes did not react to the MPTP, but only to the
hNSC transplant, most notably at the exact transplanta-
tion site. Although the mice were administered CSA,
there was a clear augmentation of astrocytes in response
to the cell transplant, which could explain cell death.

Although future experiments are needed to include
and compare samples from control mice one week post-
MPTP treatment and control mice given sham surgery,
these groups were not included in this study in order to
decrease the number of animals used and increase over-
all feasibility of the animal experiments, and because our
main interest was to compare Parkinsonian mice receiv-
ing cell and vehicle transplant.

Various experimental CRT studies in Parkinsonian
rodents using hNSCs of fetal brain origin have shown
TH expression recovery in the Str and SNpc, while fewer
have explored or found behavioral improvement and
SVZ neurogenesis increase, compared to buffer-treated
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animals. Moreover, several publications have reported
graft survival months after transplant, which did not
occur in this report [21, 67].

Since we found an irrelevant number of surviving
transplanted cells in the Str, the majority of them must
have either migrated or died. However, there were also
no hVM1 clone 32 cells in other brain regions such as the
SNpc and Hip. Therefore, although the initial goal was to
see if the transplanted hVM1 clone 32 cells could replace
and take over the functions of the lost or impaired DAn
to improve symptoms in adult Parkinsonian mice, since
the transplanted cells died, these hNSCs in this specific
model actually generated neuroprotection rather than
cell replacement.

Cell survival is a persistent problem in CRT; even in
the most successful clinical trials in PD patients to date,
there is low graft survival. Around 95% of transplanted
cells die in experimental PD animals and PD patients
shortly after transplantation [26, 45, 46]. In this particu-
lar study, nor the CSA dose nor the CSA injection proto-
col was the cause of transplanted cell death because the
equivalent protocol was used in Parkinsonian rats, and
the cells survived two months post-grafting [29]. Sev-
eral articles have demonstrated that cells transplanted
in the brain of rodents can survive even without immu-
nosuppression, although to a much lesser extent than in
animals receiving CSA, and that graft survival is identi-
cal in experiments implementing non-daily injections of
CSA or removal of CSA immunosuppression after three
weeks compared to those using more severe or longer
immunosuppression protocols, respectively [39, 65, 92].
Moreover, hVM1 clone 32 cell survival was negligible
four months post-transplant in middle-aged Parkinso-
nian mice [30]. When comparing graft survival in mouse
and rat, the time of transplantation could be very impor-
tant because in Ramos-Moreno et al., rats were trans-
planted five weeks after 6-OHDA lesion [29] while mice
in this study were transplanted one week after MPTP
lesion. This four-week difference could be critical in
terms of DAn death, pro-inflammatory cytokine release,
mitochondrial dysfunction, apoptosis, and autophagy
processes occurring after neurotoxin injection, which
after five weeks are probably more stabilized than after
one week. In addition, there is evidence of very low or
complete lack of cell survival of CNS transplants in mice
compared to rats [65].

Stem cells can act directly or indirectly by either inte-
grating into the brain or by releasing factors like NTFs,
thus leading to improvement upon transplantation
[93]. Therefore, the more plausible explanation in this
study is that the transplanted cells died, and that before
dying, these cells released factors BDNF, FKN, GDNE,
SCE, VEGF-A, and VEGEF-C, leading to the beneficial
effects of increased nigrostriatal TH immunostaining
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and hippocampal neurogenesis in hNSC-transplanted
mice. Because the factors were more abundant in the
Str, the transplantation site, than the SNpc, the nigros-
triatal pathway recovery was better in the Str. All of
the aforementioned NTFs have all been shown to pro-
tect DAn in control conditions and experimental PD
models in vitro and in vivo [13-22, 94]. Specifically,
in MPTP-treated monkeys, BDNF infusion prevented
SNpc DAn loss [95]. Also, physical exercise is beneficial
in PD patients at all stages of the disease, providing con-
trol of motor symptoms and an improved quality of life;
the basis of this improvement is that physical exercise
increases BDNF levels in PD animals and patients [96].
In one study, expression of TH in the Str and SNpc, and
motor symptoms, were exacerbated when BDNF recep-
tors were blocked in the Str of 6-OHDA-lesioned rats
[97]. Furthermore, continuous intrastriatal infusion of
FKN in Parkinsonian rats led to rescued TH expression
and decreased microglial activation in the Str and SNpc
[16], and treatment with soluble FKN improved motor
deficits, increased TH+expression in Str, and rescued
NeuN+and TH+cell populations in the SNpc of MPTP-
treated mice [14]. The NTFs BDNF, GDNEF, and VEGE,
promote neurogenesis [85, 86, 98], while FKN represses
microglia [14, 16, 99]. Neurotrophic factors, CM, and
the encapsulation of cells that are genetically modified to
secrete GDNF, have been shown to be beneficial in exper-
imental PD models, thus strengthening the argument for
the influence of cell-secreted factors [22, 28, 100—-102].
In this study, rostral striatal FKN expression was similar
in all experimental groups. However, BDNF immunos-
taining differences were observed in the rostral Str, with
hNSC-transplanted mice tending to have more BDNF
expression compared to buffer-treated animals, thus par-
alleling the same pattern observed in striatal and nigral
TH expression. This suggests that the BDNF secreted by
the hVM1 clone 32 cells aided in the beneficial effects
observed in hNSC-transplanted mice. In addition to the
BDNEF secreted by the hNSCs, a greater number of astro-
cytes in the rostral Str of cell-transplanted mice may have
contributed to elevated striatal BDNF levels as astrocytes
produce and secrete BDNF [103, 104]. Moreover, there
is a positive feedback loop involving BDNF in that when
BDNF interacts with its receptor TrkB, BDNF expression
is increased [105, 106]. Therefore, it is possible that the
BDNF released from the transplanted hNSCs generated
a continuous increase in BDNF which in turn led to the
neuroprotective effects seen in the cell-transplanted Par-
kinsonian mice.

Age is a determining factor in the outcome of CRT in
both animal models of PD and human PD patients. It
has been shown that CRT has more clinically beneficial
outcomes in younger patients with less advanced PD
[26, 28]. When middle-aged Parkinsonian mice were
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transplanted with hVM1 clone 32 cells, there was mini-
mal restoration of dopaminergic cell populations in the
Str and SNpc [30], while in adult Parkinsonian mice
treated with these hNSCs, the nigrostriatal pathway
was protected. The response of adult and middle-aged
brains to CRT is different, with the younger CNS more
capable of activating recovery mechanisms as we see in
the present study. The distinct results of CRT in adult
and middle-aged mice shows the importance of taking
into consideration the age of recipient when choosing
candidates for CRT as a treatment and when assessing
clinical trial results. Although there are limitations on
the use of hVML1 clone 32 cells due to their fetal origin, v-
myc immortalization and lack of survival in experimental
PD mice, which renders them unusable in clinical trials,
these hNSCs support the fact that CRT is a plausible and
effective treatment for PD.

Conclusions

In summary, there has yet to be a more complete report
of the effects of hNSCs derived from fetal brain. In this
comprehensive study, the transplantation of hVM1 clone
32 cells in a bilateral PD mouse model led to the rescue
of nigrostriatal TH+populations and the restoration of
hippocampal neurogenesis in adult Parkinsonian mice
through a neuroprotective effect plausibly involving the
factors secreted by the hVM1 clone 32 cells. Further
research is warranted, but these results support the long-
lasting beneficial effects of hNSC transplantation for the
treatment of PD.
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