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Abstract

Spinocerebellar ataxia (SCA) is a progressive neurodegenerative disease that affects the cerebellum and spinal cord. Among
the 40 types of SCA, SCA type 3 (SCA3), also referred to as Machado—Joseph disease, is the most common. In the present
study, we investigated the therapeutic effects of intracranial transplantation of human olfactory ensheathing cells (hOECs) in
the ATXN3-84Q mouse model of SCA3. Motor function begins to decline in ATXN3-84Q transgenic mice at approximately
I3 weeks of age. ATXN3-84Q mice that received intracranial hOEC transplantation into the dorsal raphe nucleus of the brain
exhibited significant improvements in motor function, as measured by the rotarod performance test and footprint pattern
analysis. In addition, intracranial hOEC transplantation alleviated cerebellar inflammation, prohibited Purkinje cells from dying,
and enhanced the neuroplasticity of cerebellar Purkinje cells. The protein levels of tryptophan hydroxylase 2, the rate-limiting
enzyme for serotonin synthesis in the cerebellum, and ryanodine receptor (RYR) increased in mice that received intracranial
hOEC transplantation. Because both serotonin and RYR can enhance Purkinje cell maturation, these effects may account for
the therapeutic benefits mediated by intracranial hOEC transplantation in SCA3 mice. These results indicate that intracranial
hOEC transplantation has potential value as a novel strategy for treating SCA3.
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Introduction

Spinocerebellar ataxia (SCA) is an autosomal dominant,
progressive neurodegenerative disease that typically
affects the cerebellum and spinal cord." Among the
40 different types of SCA (SCA1-40), SCA type 3
(SCA3), also referred to as Machado—Joseph disease
(MIJD), is the most common. SCA3 represents approxi-
mately 20% of 50% of SCA cases worldwide.?

SCA3 is caused by a mutation in the gene encoding the
ataxin 3 (ATXN3) protein. The mutation is characterized by
the amplification of CAG trinucleotide repeats,®* and it
results in the translation of a mutant ATXN3 protein with
a large polyglutamine tract comprising up to 55 glutamine
residues. The neurotoxic mutant protein promotes neuronal
dysfunction and degeneration in specific regions of the
brain.'® Patients with SCA3 present with severe neuropa-
thy characterized by the loss of neurons in the cerebellar
Purkinje cell layer and deep nuclei.” In addition, protein
aggregates in neurons of both affected and unaffected brain
areas are observed.®'° Although promising therapeutic
results with gene silencing, autophagy activation, and pro-
teolysis inhibition have been reported,'''* there is still no
effective treatment option available for patients with SCA3.

Purkinje cells are GABAergic neurons found in the
Purkinje cell layer and located in the cerebellum. The Pur-
kinje cells are repetitively firing cells whose firing frequency
changes during directed movement.'® Previous studies have
reported that decreased Purkinje cell number and intrinsic
firing rate in SCA3 led to motor function disorder.”'*'¢!7 1t
has also been reported that in an SCA3 animal model, den-
dritic development and metabotropic glutamate receptor sig-
naling in Purkinje cells were disrupted.'® Therefore,
dysfunction of Purkinje cells causes the motor function dis-
order, which is a factor for SCA3 pathogenesis. Furthermore,
in order to determine the number of Purkinje cells in the
SCA3 mouse model, the expression levels of calbindin,
which was reported to be a reliable Purkinje cell marker,'*°
and cresyl violet staining, a staining process for recognizing
the Purkinje cells in the cerebellum,?! were used.

Investigations into the potential use of stem cells, includ-
ing human mesenchymal stem cells (h"MSCs)** and neural
stem cells (NSCs),'” for the treatment of SCA have been
reported. A previous study demonstrated that intravenous
hMSC transplantation improved rotarod performance,
delayed the onset of motor function deterioration, and inhib-
ited cerebellar Purkinje cell death in a transgenic mouse
model of SCA2. These neuroprotective effects might have
been mediated by an increase in the secretion of neuro-
trophic factors or by direct contact with host cells. However,
intracranial hMSC transplantation into the dorsal surface of
the medulla failed to reproduce these effects. Compared with
intravenous hMSC transplantation, intracranial hMSC trans-
plantation rescued fewer Purkinje cells and did not improve
motor function. The discrepancy between the 2 approaches is
likely to be a result of differences in the injection site

because hMSCs injected into the dorsal surface of the
medulla have to migrate a longer distance to reach the
affected brain regions compared with cells directly injected
into the cerebellum.?* Another group reported that cerebel-
lar NSCs transplanted into the cerebellum of adult mice
with MJD were able to differentiate into neurons, astro-
cytes, and oligodendrocytes, indicating that cerebellar
NSCs have therapeutic potential for the treatment of SCA3.
The significant reduction in neuroinflammation and
increase in the secretion of trophic factors in this context
indicate that undifferentiated NSCs may also provide neu-
roprotective effects.!’

Human olfactory ensheathing cells (hOECs) are specia-
lized glial cells restricted to various regions of the primary
olfactory system, including the olfactory mucosa, olfactory
nerve, and the outer nerve layer of the olfactory bulb.>**
The developmental study has shown that both olfactory
ensheathing cells (OECs) and Schwann cells are from neural
crest, providing an explanation as to why these 2 cell types
share similar properties and characteristics.?® Previous stud-
ies demonstrated that 2 types of cells, including Schwann
cell-like olfactory nerve glial cells and astrocyte-like olfac-
tory nerve glial cells, were identified in the olfactory tis-
sue.”®% It has also been reported that p757/S100™ OECs
played a Schwann-like role in the olfactory epithelium.?’
These studies demonstrated that the glial cells expressing
Schwann cell markers (p75/S100) in the olfactory tissue are
the OECs. hOECs used in the current study were derived
from the human nasal polyp (hNP), belonging to the olfac-
tory epithelium, following a previously published separa-
tion procedure.*® A purity of more than 95% hOECs was
obtained, which was similar to the previous report.>’
hOECs guide growing olfactory axons from neurons in the
nasal cavity olfactory mucosa to the olfactory bulb where
they form synapses.>! The ability of hOECs to guide axonal
outgrowth and promote neural differentiation®* indicates
that hOEC transplantation into sites of neuronal injury is
a potential therapeutic approach for repairing neurons in
patients with spinal cord injury and for treating neurode-
generative diseases such as Parkinson’s disease.**~*

Therefore, we sought to determine the therapeutic poten-
tial of hOECs in the treatment of the neurodegenerative
disease SCA3. To this end, we investigated the effects of
intracranial hOEC transplantation into the dorsal raphe
nucleus (DRN) in a mouse model of SCA3.

Materials and Methods
Experimental Procedure

The aim of this study was to explore the feasibility of using
hOEC:s as a therapeutic strategy for the neuronal degenera-
tive disease, SCA3. Cells were transplanted into the DRN of
SCA3 modeled mice at 13 weeks of age, followed by weekly
behavior analysis until mice were 24 weeks old. Animals
were then sacrificed for further histological analysis and
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molecular biology analysis. Three groups of the animals were
evaluated, including an hOEC transplanted group, a vehicle
group, and a wild-type (WT) group as a normal control.

Animals

SCA3/MIJD transgenic mice on a C57BL/6 background
were purchased from the Jackson Laboratory (ME, USA).
The mice were bred in NAR Labs (Taipei, Taiwan) and
relocated to the animal facilities in National Dong Hwa
University (Hualien, Taiwan) when they reached 4 to 5
weeks of age. WT C57BL/6 mice were purchased from
Biolasco (Taipei, Taiwan). All of the animal experiments
were approved by the Institutional Animal Care and Use
Committee (IACUC) of National Dong Hwa University and
were conducted in accordance with the animal experiment
guidelines of National Dong Hwa University. At 13 weeks
of age, SCA3 mice were randomly divided into the hOEC
transplantation group or the vehicle group (n = 6 for each
group). Age-matched, nontransgenic, WT C57BL/6 mice
were used as WT controls (n = 6).

hOEC Culture and Characterization

hOECs were generated from human nasal polyps (hNP) sam-
ples as previously described.*® Then they were characterized
by immunofluorescent staining using S100B- and p75 nerve
growth factor receptor- (Abcam, Cambridge, UK) specific
antibodies. Immunocytochemical staining of the hOECs was
performed using different antibodies: p75 (Abcam) and S100
(Abcam). Cells were plated on a poly-L-lysine-coated cham-
bered glass slide and allowed to grow at 37 °C in 5% CO, for 24
h. Cells were than stained with p75 or S100. A fluorescence
microscope was used to observe the expression of p75 and
S100. The isolation of hOECs from human samples and the
usage of hOECs for studying the therapeutic effect on neuro-
degenerative diseases were approved by the institutional
review board (IRB) of China Medical University and Hospital,
Taiwan (IRB: CMHU104-REC2-129). The cells were seeded
at a density of 3 x 10° cells/mL in Dulbecco’s modified
Eagle’s medium/F12 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (100 U/mL),
and they were maintained in a 5% CO, environment at 37 °C.
To prepare the hOECs for cell transplantation, cells that
reached 80% confluence were detached from the T-flask
using trypsin and resuspended in phosphate-buffered saline
(PBS) at a concentration of 1 x 10° cells/pL.

Intracranial hOEC Transplantation

SCA3 transgenic mice underwent intracranial hOEC (passage
8-11, not immortalized) transplantation at 13 weeks of age.
The mice were anesthetized with 4% chlorhydrate (10 uL/g)
and placed in a stereotaxic apparatus. The cranium was
exposed by creating a sagittal incision in the skin, and a small
burr hole was carefully made at 0 mm lateral and 5 mm caudal

to the bregma. Then the tip of a 27-G Hamilton syringe
(Hamilton, Reno, NV, USA) was inserted 2 to 3 mm through
the dura into the meninges over the superior colliculus (into the
caudal part of the DRN). hOECs (1 x 10° cells), suspended in
10 pL of PBS, were slowly injected at a rate of 10 pL/min.

Behavioral Assessments

The rotarod performance tests and footprint pattern analysis
were conducted 1 week prior to the transplantation surgery,
and the recorded measurements were used as baseline val-
ues. After the transplantation procedure, the tests were con-
ducted every 7 days for 11 weeks. The study design is
illustrated in Fig. 1A.

Rotarod performance test. The motor coordination of the mice
was evaluated using a rotarod apparatus (IITC, BioLASCO,
Taipei, Taiwan) under continuous acceleration (5-min trials
at 4 to 40 rpm), and the time until the mouse fell (latency)
was recorded.

Footprint pattern analysis. The footprint pattern test was used
to analyze gait. For recording the stride length, the forelimbs
and hind limbs of the mice were stained with different colors
of nontoxic paint. Then, the mice walked along a 100 x 10
cm white sheet of paper. To evaluate gait uniformity, the
distance between the center of the hind limb footprint and
the center of preceding forelimb footprint was recorded over
a sequence of 5 consecutive steps. The first and last foot-
prints of the run were excluded from the analysis.

Histology and Cresyl Violet Staining

All mice were sacrificed at 24 weeks of age. Whole brain tissues
from the mice were fixed in 3.7% formaldehyde overnight and
subsequently embedded in paraffin. Sections (4 pm) were pre-
pared and mounted onto microscope slides. After the sections
were rehydrated and deparaffinized, they were stained with 0.5%
crystal violet for 2 min. Then the slides were rinsed with water,
counterstained with eosin Y, and mounted. The number of Pur-
kinje cells was counted from 10 randomly chosen fields of the
Purkinje layer in the cerebellar tissue sections using a microscope
(Olympus IX71, Tokyo, Japan).

For the immunohistology analysis, cerebellar tissue sec-
tions (5 um) were prepared as previously described. Anti-
bodies including human-specific antimitochondrial (Merck
Millipore, MA, USA) and anti—tumor necrosis factor o
(TNF-o) antibodies were used. After the primary antibody
application, a N-Histofine immunohistochemistry kit was
utilized for recognizing the antigen-positive area, which
appeared brown under the microscope.

Western Blot Analysis

Cerebellar tissues were incubated on ice in protein extraction
buffer supplemented with protease inhibitors (iNTRON
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Fig. I. Study flowchart and motor activity evaluation in wild-type mice and spinocerebellar ataxia type 3 (SCA3) transgenic mice. (A) Study
design with transplantation and behavior analysis schedule. (B, D) Average of latency to fall (in seconds) was used to assess the rotarod
performance of human olfactory ensheathing cell (hOEC)-transplanted SCA3 transgenic mice (hOEC group), wild-type C57BL/6 mice (wild-
type group), and SCA3 transgenic mice injected with phosphate-buffered saline (PBS; vehicle group). (C, E) In footprint pattern analysis, the
stride length (in centimeters) was measured to monitor the motor activities in the SCA3-hOEC group, wild-type group, and vehicle group.

*P < 0.1, ¥P < 0.05, ¥*P < 0.01.

Biotechnology, Kyungki-Do, Korea). Then the protein sam-
ples were centrifuged and the supernatant was stored at
—80 °C. The denatured proteins were separated using 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and the separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Merck Milli-
pore). The membranes were incubated with specific antibo-
dies against TNF-qa, interleukin 1p (IL-1B), postsynaptic
density protein 95 (PSD-95), tryptophan hydroxylase 2
(TPH2), calbindin, and B-actin. All of the antibodies were
purchased from Abcam. The immunoreactive bands were
detected using horseradish peroxidase (HRP)—conjugated

secondary antibodies (Merck Millipore) and enhanced che-
miluminescence (ECL) reagents (Merck Millipore). The
immunoreactive bands were analyzed using a luminescent
image analyzer (Fujifilm LAS 3000, Tokyo, Japan).

Dot Blot Analysis

Dot blot analysis is a technique used to investigate the levels
of high-molecular-weight proteins.®> Briefly, the protein
samples were spotted on a PVDF membrane (Merck Milli-
pore) and incubated for 1.5 h. Then ryanodine receptor
(RYR) levels in the samples on the membrane were detected
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using a specific antibody against RYR (Abcam). The immu-
noreactive bands were detected using HRP-conjugated sec-
ondary antibodies (Merck Millipore) and ECL reagents
(Merck Millipore). The immunoreactive bands were ana-
lyzed using a luminescent image analyzer (Fujifilm LAS
3000).

Statistical Analysis

Comparisons of different groups were analyzed using the
Student ¢ test (2 tailed, 2 sample). Values of P < 0.1 (*),
P <0.05 (**%), and P < 0.01 (***) were labeled.

Results
SCA3 Mice Exhibited Severe Defects in Motor Function

The SCA3 transgenic mice used in this study carried a trans-
gene (ATXN3-84Q) that simulates the progression of SCA3
in humans.**?” As expected, SCA3 mice exhibited progres-
sive declines in motor function. Motor function was evalu-
ated using the rotarod performance test and footprint pattern
analysis. Severe defects in motor function in SCA3 mice
were first observed at approximately 13 weeks of age. The
average length of time it took the 13-week-old mice in the
SCA3 group to fall off the rotarod (latency) decreased com-
pared with age-matched mice in the WT group (111.00 +
19.07 s compared with 145 s, respectively; Fig. 1B). In addi-
tion, stride length in the SCA3 group (5.8-7.5 cm) signifi-
cantly decreased compared with the WT group (7.5-9.6 cm;
Fig. 1C). These findings confirmed that the ATXN3-84Q
transgene induced motor function defects and symptoms
characteristic of SCA3.

hOEC Transplantation Rescued Defects in Motor
Function in SCA3 Mice

hOECs were generated from hNP samples as previously
described.*® Immunofluorescent staining of S1008 and p75
was performed to characterize the obtained hOECs. It was
found that more than 95% of the cells were S100 and p75
positive (Fig. 2), which was similar to previous reports.>*8

To evaluate the therapeutic potential of hOECs in SCA3
mice, 1 x 10° cells were injected into the DRN brain regions
of 13-week-old SCA3 mice. All the mice that underwent the
procedure regained consciousness and resumed normal
activities within 1 h after the surgery. No mice died as a
result of the transplantation procedure. The defects in motor
function observed in 13-week-old SCA3 mice exhibited
signs of recovery 2 weeks after hOEC transplantation (week
15), and this effect was not observed in vehicle control SCA3
mice. At week 15, the average latency on the rotarod perfor-
mance test was 119.95 + 11.96 s in the hOEC transplanta-
tion group compared with 105.28 + 16.36 s in the vehicle
group (Fig. 1B). The average latency in the WT group was
greater than 145 s. From weeks 15 through 24, the average
latency in the hOEC transplantation group was 130 to 150 s,

Fig. 2. Characterization of human olfactory ensheathing cells
(hOECs). Immunofluorescent staining for characterizing hOECs
using S100B and p75 markers. (A and B) p75 staining of hOECs:
(A) nuclear staining of hOECs and (B) p75 staining. (C and D) S100f3
staining of hOECs: (C) nuclear staining of hOECs and (D) S1003
staining. Scale bar: 200 pm.

whereas the average latency in the vehicle group was 95 to
125 s. The difference in latency between the transplantation
group and the vehicle group was statistically significant.

To further evaluate motor function, we analyzed stride
length and balance using footprint analysis. The average
stride length in the hOEC transplantation group was similar
to the WT group (range: 7.5-9.6 cm), and the average stride
length in both groups was significantly greater compared
with the vehicle group (range: 5.8-7.5 cm; P < 0.1 at week
15 and P < 0.01 at weeks 16-24; Fig. 1C). Together, these
results indicate that hOEC cell transplantation improved
motor function in SCA3 mice.

hOEC Transplantation Inhibited the Expression
of Inflammation Markers in the Cerebellum

Neuronal inflammation is a key contributor to cell damage
in neurodegenerative diseases.>” It has been reported that in
SCA, astrocytes and glial cells were activated in the early
stage of the disease, which would further release various
inflammatory factors such as TNF-o and IL-1f. The
inflammatory factors were reported to be neurotoxic in
various instances.*® To explore the mechanism by which
the transplanted hOECs improved motor function in SCA3
mice, we evaluated markers of inflammation in the cere-
bellum at week 24 using Western blot analysis. TNF-o and
IL-1p levels increased in the vehicle group compared with
those in the WT group, whereas TNF-a and IL-1p levels in
the hOEC transplantation group were similar to those in the
WT group (Fig. 3A). Further immunohistochemical studies
of TNF-a also showed an increase in positive cells for the
inflammatory marker in the sham group. However, the
hOEC-treated group showed relatively very less positive
cells for TNF-a (Fig. 4D-F).
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Fig. 3. Western blotting and dot blotting analysis of mouse cerebellum. The expression levels of anti-inflammation marker (tumor necrosis
factor o [TNF-o] and interleukin | [IL-1B]) and Purkinje cell generation associated marker (calbindin, postsynaptic density protein 95 [PSD-
95], tryptophan hydroxylase 2 [TPH2], and ryanodine receptor [RYR]) in the wild-type group, human olfactory ensheathing cell (hOEC)-
transplanted group, and sham group at 24 weeks were evaluated by (A) Western blotting and (B) dot blot analysis.

hOEC Transplantation Rescued Purkinje Cell Loss in
the Cerebellum

Purkinje cell degeneration is a key contributor to the onset of
SCA3 disease. The number of cerebellar Purkinje cells in the
WT, hOEC transplantation, and vehicle groups at week 24
was evaluated using cresyl violet staining and calbindin, a
known marker of Purkinje cells, immunohistochemistry (IHC)
staining. Consistent with previous reports, the number of Pur-
kinje cells in the cerebellum constitutes a compact and inte-
grated layer on the surface (Fig. 5A, E). In SCA3 transgenic
mice, due to cell shrinkage and death, the Purkinje cell layer
became fragmented (Fig. 5C, H).”'*!” After hOEC transplan-
tation, the number of Purkinje cells in SCA3 transgenic mice
was increased and the Purkinje cell layer became compact
again (Fig. 5B, F, G). These findings indicate that intracranial
hOEC transplantation rescued the loss of Purkinje cells result-
ing from the onset of SCA3. To confirm this hypothesis, we
evaluated calbindin levels using Western blot analysis. Con-
sistent with the observed increase in the number of Purkinje
cells, calbindin levels increased in the hOEC transplantation
group compared with the vehicle group (Fig. 3A).

The connection between cerebellum and parallel neuron
fibres is formed during the maturation of Purkinje cells.*'
PSD-95 is a membrane-associated guanylate kinase scaf-
folding protein that localizes to neural postsynaptic densi-
ties, and the PSD-95 expression level is directly associated
with neuroplasticity, implying the maturation of Purkinje
cells.*” Western blot analysis revealed that PSD-95 protein
levels in the cerebellum increased in the cell transplantation

group compared with the vehicle group (Fig. 3A). These
findings suggest that intracranial hOEC transplantation
enhanced neuronal complexity and neuroplasticity in the
cerebellum of SCA3 mice.

hOEC Transplantation Upregulated Serotonin Levels
and RYR Levels in the Cerebellum

Serotonin plays a key role in the regulation of cerebellar devel-
opment** as it can control Purkinje cell maturation and the
elimination of climbing fibers.***> Western blot analysis
revealed that levels of TPH2, the rate-limiting enzyme for ser-
otonin synthesis, were upregulated in the cerebellum of mice in
the hOEC transplantation group, and this effect was not
observed in the vehicle group (Fig. 3A). In addition, immuno-
histochemistry staining of human mitochondria revealed that
the transplanted hOECs were present in the cerebellum of mice
in the hOEC transplantation group (Fig. 4A-C). Previous studies
have demonstrated that RYR plays an important role in Purkinje
cell maturation.*****” Dot blot analysis revealed that RYR lev-
els were also upregulated in the hOEC transplantation group
(Fig. 3B). Together, these findings indicate that the upregulation
of serotonin and RYR contributed to the observed improve-
ments in motor function in the hOEC transplantation group.
In summary, these data indicate that improvements in
motor function in SCA3 mice that underwent hOEC trans-
plantation were mediated by the inhibition of Purkinje cell
degeneration, the upregulation of serotonin levels, and the
upregulation of RYR-induced Purkinje cell maturation.
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Fig. 4. Inmunohistochemistry staining of human mitochondria on human olfactory ensheathing cell (hOEC)-transplanted group (A-C) and
tumor necrosis factor o (TNF-o) on wild-type, vehicle, and hOEC-transplanted group (D-F) in mouse cerebellum. The human mitochondrial
positive cells, as indicated by the arrow, were found in (A, B) Purkinje cell layer and (C) granular layer of mouse cerebellar. The TNF-o
immunohistochemistry for the tissue samples in the (D) wild-type, (E) vehicle, and (F) hOEC group (Scale bar: 200 um in D, E, and F).
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Fig. 5. Recognizing Purkinje cells in the cerebellum. The Purkinje cells in the cerebellum were stained by crystal violet in (A) wild-type, (B)
human olfactory ensheathing cell (hOEC)-transplanted, and (C) vehicle-treated groups. The number of Purkinje cells were quantified (D).
The Purkinje cells in the cerebellum were recognized by their marker calbindin using immunohistochemistry (IHC) staining in (E) wild-type,
(F and G) hOEC-transplanted, and (H) vehicle-treated groups. Scale bar: 100 pm. Arrows indicate the Purkinje cells.

Discussion demonstrated that hOEC transplantation provided improve-

. . . . . ments in motor function in a mouse model of SCA3. SCA3

SCA3 is a neurodegenerative disease with no effective ) o . .

treatment option ilable. In the present stud mice exhibited defects in motor function at 13 weeks of age,
catment options avatiable. ¢ present study, we indicating that Purkinje cells in the cerebellum were
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degenerated. The transplanted hOECs rescued the observed
defects in motor function by maintaining the number of
Purkinje cells in the cerebellum and restoring their functio-
n.It is speculated that the decreased levels of TNF-o and
IL-1PB (Fig. 3A) was a sign of improvement in the microen-
vironment of the mouse cerebellum. This improvement
might protect the Purkinje cells from degeneration. On the
other hand, it has been reported that increased TPH2 and
RYR #4647 were associated with the maturation of Purkinje
cells, thus indicating that the factors might have aided in the
maturation of many progenitor or immature cells. We further
observed that the number of Purkinje cells increased post-
transplantation with hOECs (Fig. 5), and the cell number was
even higher than that in the WT mice, which suggested that
some of the cells were newly proliferated. Human mitochon-
drial immune-positive cells were not observed in the Pur-
kinje cell layer after hOEC transplantation, indicating that
these newly proliferated Purkinje cells were from SCA3
transgenic mice themselves.

We propose 3 potential mechanisms to account for the
hOEC-mediated improvement in motor behavior in the
SCA3 mouse model. Firstly, the decrease in inflammation
markers indicated that hOECs inhibited inflammation,
thereby improving the microenvironment in the cerebellum.
This hypothesis is further supported by previous studies
which demonstrated that transplanted hOECs modulate the
immune response.*®*’ The observed changes in the micro-
environment might promote Purkinje cell survival, thereby
rescuing the defects in motor function.

Secondly, hOECs promoted Purkinje cell differentiation
and maturation. A previous report demonstrated that cocul-
tured NSCs and hOECs strongly induced NSC differentia-
tion and promoted the formation of markedly long neural
processes.>> Other studies have reported that hOEC trans-
plantation into spinal cord injury sites facilitates neural
regeneration by promoting neurite outgrowth.’®>! Further-
more, RYR, which plays an important role in Purkinje cell
differentiation and maturation,*****” was upregulated in
SCA3 mice that underwent hOEC transplantation. It has
been reported that in the cerebellum, RYRI1 and RYR2
were expressed in Purkinje cells, while the RYR2 was
expressed in granule cells. Either downregulation of RYR1
expression in Purkinje cells or downregulation of RYR2
expression in granule cells led to the interruption of Pur-
kinje cell branching, suggesting that both RYR1 and RYR2
played important roles in promoting the dendritic differen-
tiation of Purkinje cells.*” The antibody utilized in this
study is specific for both types of RYRs. Although it was
not clearly defined which subtypes of RYRs were regulated
by the transplantation of hOECs, the upregulated RYR
expression in the cerebellum suggested the improvement
in Purkinje cell differentiation and maturation (Fig. 3).
Based on these data, we speculate that the transplanted
hOECs triggered neural differentiation in cerebellar stem
cells, thereby maintaining the number of Purkinje cells and
restoring their function.

Thirdly, our results showed that hOECs regulated the
expression levels of TPH2, implying increased levels of ser-
otonin. Previous studies demonstrated that hOEC transplan-
tation increases the serotonergic fibers in the central nervous
system of an SCI model.”*>® Serotonergic fibers are the
third largest population of afferent fibers extending into the
cerebellum, after mossy fibers and climbing fibers.* These
serotonergic fibers form a dense network in the granular
layer and are found around the somata of Purkinje cells and
in the overlying molecular layer that contains the dendrites
of Purkinje cells.*’ It has been reported that serotonin influ-
ences the physiological maturation of Purkinje cells.**-*>°
Although the number of serotonergic fibers was not directly
analyzed, the expression level of TPH2, the rate-limiting
enzyme of serotonin synthesis, was measured. We showed
that an increased TPH2 level was detected after hOEC trans-
plantation (Fig. 3), which might be correlated with the
increased Purkinje cells in the cerebellum (Fig. 5). These
results indicate that the serotonin may play a key role in the
therapeutic effect of hOECs. On the other hand, it is specu-
lated that this inhibitory signal from serotonin might also
play a role in rescuing the overactivated Purkinje cells in
the SCA3 mouse model. Previous reports indicated that
increased intrinsic excitability was found in the Purkinje
cells of the SCA3 mouse model. This overexcitation results
in the blockage of depolarization and the loss of the ability to
sustain spontaneous repetitive firing, which may cause the
degeneration of Purkinje cells.'® Further studies will be con-
ducted to understand how hOECs affect serotonin in rescu-
ing the SCA3 disease model. The site of cell transplantation
might also be a key factor associated with the success of
hOEC transplantation in the treatment of SCA3. Intracranial
transplantation of hMSCs into the dorsal surface of the
medulla failed to provide neuroprotective effects in a mouse
model of SCA2, potentially because the distance between
the injection site and the cerebellum was too long.?? In con-
trast, NSC transplantation into the cerebellum of SCA3 mice
improved motor coordination and neuropathological defects
by inducing the upregulation of neurotrophic factors and the
downregulation of proinflammatory factors.'” In this study,
hOECs were intracranially transplanted into the DRN, a site
that is close to the cerebellum. The transplanted cells were
observed in the Purkinje cell layer and the granular layer of
the cerebellum, indicating that they had migrated to the
intended location. Furthermore, the DRN is the site of the
largest serotonergic nucleus in the brain, and TPH2 levels
were upregulated in the cerebellum of SCA3 mice that
underwent hOEC transplantation. As previously mentioned,
serotonin plays an important role in cerebellar develop-
ment,” Purkinje cell maturation,**** and the inhibition of
Purkinje cell excitation. hOEC-induced increases in seroto-
nergic fibers have been observed at sites of spinal cord
injury.’’® In the present study, improvements in motor
function were observed in SCA3 mice that underwent hOEC
transplantation into the DRN, and these effects were not
observed in the vehicle control group that received
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intracranial injections of PBS into the DRN. These results
suggest that the DRN might be a suitable site for hOEC
transplantation in the treatment of SCA3.

We also observed an increase in RYR levels in the cere-
bellum in SCA3 mice that underwent hOEC transplantation,
indicating that the transplanted cells promoted Purkinje cell
maturation. These effects might have been mediated by the
activity of serotonergic fibers in the DRN. In summary,
intracranial hOEC transplantation into the DRN represents
an alternative delivery strategy for the treatment of SCA.
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