Mesenchymal stem cells attenuate peripheral neuronal degeneration in

spinocerebellar ataxia type 1 knockin mice

Tokue Mieda!, Nana Suto?, Akira lizuka?, Serina Matsuura?, Haku lizuka®, Kenji
Takagishit, Kazuhiro Nakamura? and Hirokazu Hirai® "

Department of 'Orthopedic Surgery and 2Neurophysiology & Neural Repair, Gunma
University Graduate School of Medicine, 3-39-22, Showa-machi, Maebashi, Gunma,
371-8511 Japan

“To whom correspondence should be addressed.

Hirokazu Hirai, Phone: 81-27-220-7930, Fax: 81-27-220-7936

E-mail: hirai@ gunma-u.ac.jp

Keywords: MSC, SCA1, spinal motor neuron, myelin, axon

Abbreviations: ADL, Activity of Daily Living Scale; ANOVA, analyses of variance;
ATXN-1, ataxin-1; BBS, Berg Balance Scale; CNS, central nervous system; ICARS,
Cooperative Ataxia Rating Scale; MBP, myelin basic protein; MSCs, mesenchymal
stem cells; PCs, Purkinje cells; PNS, peripheral nervous system; SCA1, spinocerebellar

ataxia type 1; Tg, transgenic; UCMSCs, umbilical cord MSCs; WT, wild-type.



Abstract

Spinocerebellar ataxia type 1 (SCAL) is a devastating neurodegenerative disorder in
which an abnormally expanded polyglutamine tract is inserted into causative ataxin-1
proteins. We have previously shown that SCA1-knockin (SCAL-KI) mice over 6 months
of age exhibit a degeneration of motor neuron axons and their encasing myelin sheaths,
as reported in SCAL patients. Here, we studied whether axon degeneration precedes
myelin degeneration, or vice versa, in SCA1-KI mice. We then attempted to mitigate
motor neuron degeneration by intrathecally administering MSCs. Temporal examination
of the diameters of motor neuron axons and their myelin sheaths revealed a decrease in
diameter of the axon, but not of the myelin sheaths, in SCA1-KI mice as early as 1
month of age, which suggests the secondary degeneration of the myelin sheaths. We
injected MSCs into the intrathecal space of SCA1-KI mice at 1 month of age, which
resulted in a significant suppression of degeneration of both motor neuron axons and
myelin sheaths, even 6 months following the MSC injection. Thus, MSCs effectively
suppressed peripheral nervous system degeneration in SCAL1-KI mice. It has not yet
been clarified how clinically administered MSCs exhibit significant therapeutic effects
in patients with SCA1. The morphological evidence presented in this current mouse
study might explain the mechanisms that underlie the therapeutic effects of MSCs that

are observed in patients with SCAL.



Significance statement

Currently, there are no effective treatments for patients with SCA1. We have previously
shown that SCAl-knockin (SCAL-KI) mice exhibit a degeneration of motor neuron
axons and myelin sheaths in the spinal cord, as reported in patients with SCAL. In the
current study, we challenged motor neuron degeneration by intrathecally administering
mesenchymal stem cells (MSCs). A single intrathecal injection of MSCs into
non-symptomatic SCAL1-KI mice at 1 month of age ameliorated the progressive
degeneration of both axons and myelin in the spinal cord, even 6 months following the
MSC injection. These results suggest the utility of MSCs in the treatment of the

peripheral neuronal pathology that is observed in patients with SCA1.



Introduction
Ataxia is caused by the degeneration of neurons in various brain regions, including the
brainstem, cerebellum, and spinocerebellar tracts, as well as their afferent and efferent
connections (reviewed in (Orr 2012)). Among over 50 different types of inherited
ataxias (Manto 2005; Taroni and DiDonato 2004), spinocerebellar ataxia type 1 (SCA1)
is caused by the ataxin-1 protein (ATXN1) that contains an abnormally expanded
polyglutamine (Matilla-Duenas et al. 2008). SCAl is characterized by the
neurodegeneration of a broad range of the central nervous system (CNS) (Robitaille et
al. 1995), including the cerebral cortex, basal ganglia, brainstem and cerebellum. The
signs and symptoms of SCAL include cerebellar ataxia and other neurological signs,
such as pyramidal signs, ophthalmoplegia and cognitive impairment (Harding 1983).
Mesenchymal stem cells (MSCs) are present in the umbilical cord blood, bone marrow
and adipose tissue (Baddoo et al. 2003; Gimble and Guilak 2003; Lee et al. 2004) and
function as multipotent progenitor cells. MSCs can differentiate into mesenchymal
lineage cells, such as osteoblasts, adipocytes and chondrocytes, and into other cell
lineages, such as glial cells and hepatocytes (Lagasse et al. 2000; Pittenger et al. 1999;
Woodbury et al. 2002). In addition to the direct differentiation of MSCs, trophic factors
that are released from MSCs may act on neurons through bone marrow-derived
hepatocyte growth factor (HGF), fibroblast growth factor-2 (FGF-2), insulin-like
growth factor-1 (IGF-1) and vascular endothelial growth factor (VEGF). These factors
have been previously detected in MSC-conditioned medium (Olson et al. 2012). Their
potential clinical applications in the treatment of neurodegenerative disorders (Mazzini
et al. 2010) and stroke (Chen et al. 2003; Li et al. 2005) have also been studied.

We previously demonstrated that intrathecally injected KUMZ10 cells, which is a bone



marrow-derived MSC cell line, markedly ameliorated the degeneration of cerebellar
neurons (Matsuura et al. 2014), particularly cerebellar Purkinje cells (PCs), in
SCAIl-transgenic (SCAL1-Tg) mice that expressed an ATXN1 sequence with an 82 CAG
repeat expansion (Burright et al. 1995; Clark et al. 1997). The cerebella of the untreated
SCA1-Tg mice developed ectopically located PC somata that formed a multi-PC layer
alignment and a thinner molecular layer. Following the intrathecal injection of MSCs,
the treated SCA1-Tg mice exhibited a single layer of PCs and a thicker molecular layer
(Matsuura et al. 2014). In addition, the SCA1-Tg mice exhibited a significant
preservation of the PC dendrites following MSC treatment. The MSC-treated mice also
improved their motor coordination performance to a level that was nearly
indistinguishable from the wild type (WT) mice (Matsuura et al. 2014).

Patients with SCAL1 also exhibit degeneration of the peripheral nervous system (PNS).
Eleven autopsied cases of SCA1-type olivopontocerebellar atrophy displayed a neuronal
cell loss of the motor neurons in both the lumbo-sacral cord and the thin anterior spinal
roots (Robitaille et al. 1995). Similarly, Kllver-Barrera staining of the cervical spinal
cord from a patient with SCAL-type olivopontocerebellar atrophy demonstrated a
marked loss of myelin in multiple areas (Robitaille et al. 1995).

Given the mitigation of CNS pathology in SCA1-Tg mice, we were motivated to
determine the effect of MSCs on their PNS pathology. The SCA1-knockin (SCA1-Kl)
mouse (Watase et al. 2002) is a suitable experimental animal because it reliably
replicates the PNS pathology that is observed in patients with SCAL. For example, some
spinal motor neurons of the SCAL1-KI mice at 6 months of age have polyglutamine
aggregates in their nuclei as well as thinner axons whose myelin sheaths are of irregular

sizes in the ventral root (Takechi et al. 2013). This indicates that both spinal motor



neurons and the myelin that covers their axons are degenerated in old SCA1-KI mice.
Theoretically, primary demyelination could result in secondary axonal injury (the
outside-in model); in turn, primary axonopathy might induce secondary demyelination
(the inside-out model) (Tsunoda and Fujinami 2002). It has not yet been determined
which structure experiences degeneration earlier in SCA1-KI mice. In this investigation,
axon degeneration, but not myelin degeneration, was shown to occur as early as 1
month of age in SCAL1-KI mice. Furthermore, it was shown that the intrathecal injection
of MSCs during the non-symptomatic stage (1 month old) mitigated the subsequent

degeneration of both neurons and myelin in the PNS.

Materials and Methods

Mice

WT and SCA1-KI C57BL/6 mice (kindly provided by Dr. Mizusawa at Tokyo Medical
and Dental University) were used for all experiments. Animal care and treatments were
performed according to the NIH guidelines and were approved by the Animal Resource
Committees of Gunma University. All efforts were made to minimize suffering and to
reduce the number of animals that were used in the experiments. Some mice received

intrathecal injections of MSCs at 5 weeks of age.

Histology

Mice were transcardially perfused with 4% paraformaldehyde in a solution of 0.1 M
phosphate buffer, pH 7.4. The entire vertebra and the enclosed spinal cord were
post-fixed in the same fixative solution overnight at 4°C. After decalcification, a

transverse lumbar vertebral block that was 2 mm in thickness (L5) was dissected.



Sections of 5 um in thickness were prepared from paraffin blocks using a microtome.
After deparaffinization and treatment with graded alcohol, the sections were processed
for HE staining or immunofluorescence staining with anti-B-tubulin (Sigma, St. Louis,
MO, T4026, AB_477577), anti-myelin basic protein (MBP) (Santa Cruz Biotechnology,
CA, SC-13914, AB_648798) and/or anti-GFP antibodies. Immunofluorescence staining
was performed as previously described (Nakamura et al. 2012). Briefly, the sections
were incubated with primary antibodies overnight at 4°C. The sections were
subsequently treated with Alexa Fluor 488- and Cy3-conjugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA). The fluorescent signals were observed
using a confocal microscope (LSM5, Carl Zeiss, Oberkochen, Germany).

To quantify the size of the axons, the diameter of the short axis of the transverse
myelinated axons was measured from the B-tubulin staining images. For myelin
quantification, the diameter of the short axis of the myelin inner circle was measured
from the MBP staining images. We measured the diameters of axons and myelin using

Image J software.

Culture of MSCs

KUM10, a mesenchymal stem cell line that was generated from C57/BL6 mouse bone
marrow, was purchased from the RIKEN BioResource Center. The cells were cultured
in M061101 medium that contained 10% FBS and antibiotics (GP BioSciences,

Yokohama, Japan) and were maintained in 5% CO; at 37°C unless otherwise specified.

Verification of MSC penetration into the spinal cord

SCA1-KI mice were heavily anesthetized with ketamine hydrochloride (100 mg/kg) and



xylazine hydrochloride (10 mg/kg) before being placed in a stereotaxic apparatus.
GFP-labeled MSCs were suspended in 10 ul of DMEM that contained 15% FBS, 2 mM
L-glutamine, 1 mM pyruvic acid, non-essential amino acid, 2-mercaptoethanol and
antibiotics and were then injected into the subarachnoid space at the level of the lumber
spinal cord using a syringe.

We first verified that the MSCs were properly loaded in the subarachnoid space by HE
staining and immunostaining of the spinal cord sections immediately following the
injection of MSCs (1 x 10° cells). Then, 1 h or 3 days after MSC administration (1.5 x
10° cells), paraffin sections of the spinal cord were prepared, and the presence of

GFP-labeled MSCs was examined.

Intrathecal injection of MSCs

The heavily anesthetized mice were fixed on the stereotaxic apparatus. The suboccipital
skin between the occipital bone and the cervical spine was incised and the meninges that
covered the medulla oblongata were exposed. A 30-G disposable needle (BD, Franklin
Lakes, NJ) was inserted into the subarachnoid space. After the evacuation of
approximately 15 pl of cerebrospinal fluid, a suspension of 3 x 10 MSCs in 10 pl of

the culture medium was injected over the course of 1 min using a Hamilton syringe.

Statistical analysis

The values that were obtained are expressed as the mean * the S.E.M. Statistical
analyses of the differences between the groups were performed with one-way analyses
of variance (ANOVAs) followed by a Tukey’s post hoc test or Wilcoxon test. P values

less than 0.05 were considered statistically significant.



Results

MSCs loaded into the subarachnoid space approach to axons in the root

In our previous study, MSCs were shown to successfully attenuate the cerebellar
pathology that was identified in SCA1-Tg mice (Matsuura et al. 2014) in which we
demonstrated the entry of intrathecally administered MSCs into the cerebellum.
Similarly, we anticipated that intrathecally injected MSCs would localize adjacent to
spinal neurons to benefit the spinal neurons of SCA1-KI mice. To examine the
localization of intrathecally injected MSCs, we injected GFP-labeled MSCs into the
subarachnoid space at the level of the lumber spinal cord and traced them.

We first checked immediately after injection if the MSCs were properly loaded into the
subarachnoid space. HE staining of the section revealed the penetration of dura and
arachnoid mater by the needle and entry of MSCs into the subarachnoid space through
the perforated dura and arachnoid mater (Fig. 1A, B). The cells proved MSCs because
the cells have GFP signals (Fig. 1C). One hour after MSC administration, GFP-labeled
MSCs were found in the region that was adjacent to MBP-positive myelinated axons in
the root (Fig. 1D, E). The same results were observed in the section three days after
MSC injection: GFP-labeled MSCs were identified in the region that was close to axons
in the ventral root (Fig. 1F, G). The localization of MSCs in the region adjacent to axons
potentially enables the transfer of unidentified trophic factors from MSCs to spinal
axons. The factors might then be able to act focally in the axons and myelin or might be

transported to the soma.

Axonal degeneration precedes myelin degeneration in spinal motor neurons in



young SCA1-KI mice

Previously, we demonstrated the degeneration of both motor neuron axons and myelin
sheaths in old SCA1-KI mice (Takechi et al. 2013). Here, we sought to determine which
structure initially degenerates and when the degeneration occurs.

At 7 months of age, both the axon and myelin diameters were significantly shorter in
the SCA1-KI mice (1.89 £+ 0.07 and 2.16 = 0.07 pm, axon and myelin, respectively)
compared with the WT mice (3.62 + 0.08 and 3.97 = 0.10 um, axon and myelin,
respectively) (Wilcoxon, p < 0.001 each) (Fig. 2A-C). Because 7 months of age allowed
for sufficient time to exhibit the degeneration of both axons and myelin, we performed
the same quantification using 3-month-old mice. However, the sizes of both the axon
and myelin were still significantly smaller in the SCA1-KI mice (2.34 £ 0.08 and 2.49 +
0.09 um, axon and myelin, respectively) than in the WT mice (3.40 + 0.08 and 3.32 +
0.09 um, axon and myelin, respectively) (Wilcoxon, p < 0.001 each) (Fig. 2D-F). Then,
we examined 1-month-old mice. Remarkably, a subtle but significantly smaller axon
size was identified in the SCA1-KI mice (1.78 £ 0.04 um) compared with the WT mice
(2.12 £ 0.04 um) (Wilcoxon, p < 0.001), whereas the diameter of the inner circle of
myelin was nearly identical between the genotypes (2.34 £ 0.04 and 2.42 £ 0.06 um,
WT and SCA1-KI, respectively) (Wilcoxon, p = 0.434) (Fig. 2G-I). These results
suggest that the axon degeneration begins as early as 1 month of age, when SCA1-KI
mice are still non-symptomatic. Then, the preceding axon degeneration likely causes the

secondary degeneration of the myelin sheath between 1 and 3 months of age.

MSCs attenuate the degeneration of both axons and myelin of spinal motor

neurons in SCA1-KI mice.
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Because earlier treatment may yield more beneficial outcomes, we administered
KUM10 MSCs into the SCA1-KI mice at 5 weeks of age when subtle axonal, but not
myelin, degeneration was occurring. We applied a single intrathecal injection of 3 x 103
MSCs into the mice and examined whether the MSCs suppressed the progressive
degeneration of both spinal motor neuron axons and myelin at 7 months of age.

Double immunolabeling of the ventral root of the lumber spinal cord from the WT,
untreated SCA1-KI and MSCs-treated SCAL1-KI mice was performed using
anti-p-tubulin and anti-MBP antibodies. Again, the untreated SCA1-KI mice exhibited
smaller axon and myelin sizes (1.89 + 0.07 and 2.16 + 0.07 um, axon and myelin,
respectively) than did the WT mice (3.62 £ 0.08 and 3.97 £ 0.10 um, axon and myelin,
respectively) (ANOVA followed by a Tukey’s post hoc test, p < 0.001 each) (Fig. 3A-C).
In contrast, the MSC-treated SCA1-KI mice exhibited larger axon and myelin sizes
(2.89 + 0.08 and 2.88 + 0.84 um, axon and myelin, respectively) compared with the
untreated SCAL1-KI mice (1.89 + 0.07 and 2.16 £ 0.07 um, axon and myelin,
respectively) (ANOVA followed by a Tukey’s post hoc test, p < 0.001 each) (Fig. 3A-C).
Thus, MSCs that were administered during the non-symptomatic stage significantly
ameliorated the progressive degeneration of both axons and myelin in the peripheral

nervous system in SCA1-KI mice.

Discussion

In the present study, we demonstrated that an intrathecal injection of only 3 x 10® MSCs
during the non-symptomatic stage mitigated the degeneration of PNS neurons even 6
months following the MSC injection. The decreases in the diameters of motor neuronal

axons and the myelin sheaths in SCA1-KI mice were significantly suppressed by MSC
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treatment (Fig. 3). In our previous study, the same administration protocol of MSCs
attenuated the cerebellar neuronal pathology and consequently resulted in a significantly
improved rotarod performance in SCAL1-Tg mice (Matsuura et al. 2014). Although it is
still preliminary, a similar behavioral improvement following MSC injection was also
observed in SCA1-KI mice (data not shown). Thus, MSCs exert therapeutic effects on
the pathologies of both CNS and PNS neurons and presumably on the behavior of
SCA1-model mice.

We have already reported the degeneration of myelin that covers the motor neuron
axons in SCA1-KI mice (Takechi et al. 2013), as observed in patients with SCALl
(Robitaille et al. 1995). Nevertheless, it remains elusive whether the myelin
degeneration was a primary event or a lesion secondary to axonal degeneration. To
clarify this, we examined the temporal change of the diameters of motor neuron axons
and myelin sheaths in SCAL1-KI mice. Eventually, we found that the axonal
degeneration occurred earlier (i.e., as early as one month old) than did the myelin
degeneration, which suggests an inside-out model in which primary axonopathy induces
secondary demyelination (Tsunoda and Fujinami 2002). Consistent with this idea, we
identified polyglutamine aggregates in some nuclei of spinal motor neurons (Takechi et
al. 2013), but not in Schwann cells (data not shown).

To the best of our knowledge, only two studies have reported the efficacy and safety of
MSCs in SCA patients. In one study from 2011, umbilical cord-derived MSCs
(UCMSCs) were used for SCA patients (Dongmei et al. 2011). The International
Cooperative Ataxia Rating Scale (ICARS) and the Activity of Daily Living Scale
(ADL) scores reflecting the motor function and quality of daily life were significantly

improved 1 month following the use of MSCs in treatment.
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In a 2013 study that administered UCMSCs to SCA patients, 16 genomically
diagnosed SCA patients, including 5 cases of SCAL, 4 cases of SCA2 and 7 cases of
SCAS3, received infusions of UCMSCs (Jin et al. 2013). According to the ICARS, the
patients experienced an amelioration of neural dysfunction, which was significant at the
3rd and 6th months (Jin et al. 2013). Collectively, it appears that UCMSCs improve the
movement ability and quality of daily life for at least several months without inducing
serious side effects.

There is no consensus regarding the optimal dose of stem cells or the optimal route of
administration during treatment. Our dose of MSCs for mice in the previous (Matsuura
et al. 2014) and the current study is approximately 10-100 times lower than the dose
used in human studies. Thus, lower doses might be sufficient to obtain therapeutic
effects in SCA patients.

The mechanisms by which MSCs relieve the degeneration of neurons in the PNS do
not appear to rely on the direct differentiation of MSCs into neurons and/or glia because
the number of engrafted MSCs in this study was only 3 x 10°. Instead, trophic factors
that are released from MSCs may act on neurons as HGF and its primary receptor, cMet,
have been found to be critical for bone marrow-derived MSC-mediated recovery in a
mouse model of multiple sclerosis, neural cell development and remyelination (Bai et al.
2012). Here, we showed the localization of MSCs in close proximity to the axons in the
spinal root, thus suggesting a potential interaction of trophic factors, which are released
from MSCs, with the degenerating motor neurons. Reina et al. demonstrated the
presence of natural perforations throughout the surface of the lumbar pia mater in
humans, which could facilitate the diffusion of substances to the spinal cord following

subarachnoid administration (Reina et al. 1998). Given that similar perforations also
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exist in the mouse pia mater, they could serve as routes for MSC-derived therapeutic
factors to enter the spinal cord. We are currently working on a project to study the
therapeutic efficacy of MSC-conditioned media in SCA1-model mice, which will
answer the question of whether factors that are released from MSCs underlie the

beneficial influence observed in the PNS of SCA1-KI mice.
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Figure Legends

Figure 1. Approach of GFP-labeled MSCs to neuronal axons in spinal roots.

GFP-labeled MSCs were injected into the subarachnoid space at the level of the lumber
spinal cord. (A) A low magnification HE staining image of a spinal section immediately
after the injection. (B) A magnified image of the region surrounded by a white square in
(A). (C) An immunofluorescence image of the same region in (B) for MBP (red) and
GFP (green). Dotted lines indicate the dura and arachnoid mater. (D-G) Spinal sections
that were double immunostained for MBP (red) and GFP (green) at 1 hour (D, E) or 3
days (F, G) after the injection. The regions surrounded by white squares in (D) and (F)
are magnified in (E) and (G), respectively. Scale bars, 100 um in (A), (B), (C), (D), (F)

and 20 um in (E), (G).

Figure 2. Axonal degeneration precedes myelin degeneration in spinal motor
neurons of SCA1-KI mice.

Double immunofluorescence staining of the ventral root of the lumber spinal cord from
the WT (A, D, G) and SCA1-KI (B, E, H) mice at 7 months of age (7M) (A, B), 3
months of age (3M) (D, E) and 1 month of age (1M) (G, H) with anti-B-tubulin and
anti-MBP antibodies. The diameters of B-tubulin-labeled axons and inner diameters of
MBP-stained myelin sheaths were quantified and compared between the WT and
SCA1-KI mice at ages of 7 months (n = 40 and 60 in 4 and 6 sections from 2 WT and 3
KI mice, respectively) (C), 3 months (n = 60 and 40 in 6 and 4 sections from 3 WT and
2 K1 mice, respectively) (F) and 1 month (n = 120 and 120 in 12 and 12 sections from 3

WT and 3 KI mice, respectively) (I). Scale bar, 10 um. ***p < 0.001.
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Figure 3. MSCs attenuate the degeneration of both axons and myelin of spinal
motor neurons in SCA1-KI mice.

(A) The ventral root of the lumber spinal cord from 7-month-old WT, untreated
SCA1L-KI (naive) and MSC-treated SCA1-KI (MSCs) mice. The images were double
immunolabeled for B-tubulin (left, green) and MBP (middle, red) and then merged
(right). (B, C) The diameters of axons (B) and myelin sheaths (C) were quantified in the
WT (n = 40 axon and myelin pairs in 4 sections from 2 mice), untreated SCA1-KI
(naive) (n = 60 axon and myelin pairs in 6 sections from 3 mice) and MSC-treated
SCA1-KI (MSCs) (n = 60 axon and myelin pairs in 6 sections from 3 mice) mice. Scale

bar, 20 um. ***p < 0.001.

19






SCA1-KI Axon Myelin

-tubulin MBP
Merged Btubulln MBP Merged C G ) (*** )
* Kk
4 T 4 ¢
£
3 Y=
w3 S 3t
C ~~
w—2 r 2 -
: g
21y E51 1
= =
£
0 0
F WT  SCALKI WT  SCA-1KI
4 - * %k % 4 - sk
e |
e | ™ s .|
w3 r o3
S S
< Q3 )
£2 §cot
S D
o T g
21 .
@©
g
0 0
| WT  SCALKI WT  SCA1KI
4 4
B
33 L * %k ks 3 |
5 |—] EE
é 0)3 —F
w2 §co
o S'g
] =
° 1 E5s
@©
g
0 0

WT SCA1-KI WT SCA1-KI



SCAL-KI
(naive)

SCA1-KI
(MSCs)

B-tubulin

[&)]

Diameter of axons (um)

Axon (B-tubulin)

* %k % * %k %
WT SCA1-KI SCA1-KI+MSCs
Myelin (MBP)
k k% %k k%

Inner diameter of myelin (um)
w

H

H

H

WT SCA1-KI SCA1-KI+MSCs



