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Fig. 9. Visual scanning parameters in serial search tasks. A: number of saccades, B: duration of fixation, C: amplitude of saccades, D: coefficient of
variation (CV) of saccade amplitude, E: number of repeated fixations, F: instability ratio of fixation. The bars show the values of mean and standard error.
Grey bars are for SCA patients and white bars for normal subjects. The number of saccades per second and duration of fixation in SCA patients were
identical to those in normal subjects for both 4- and 48-item tasks. Amplitude of saccades was smaller in SCA patients than in normal subjects for both 4-
and 48-item tasks, although these differences were not statistically significant. CV of saccade amplitude was larger in SCA patients than in normal subjects
only in the 4-item task. Number of repeated fixations and instability ratio of fixation were larger in SCA patients than in normal subjects for both 4- and 48-
item tasks.

doi: 10.1371/journal.pone.0116181.9009

F;=5.450, p=0.026). Similar re-fixations would also occur when the subjects were
processing the distractors (see the analysis of oculomotor trajectory, Figs. 6 and
7). Of course, it must be noted that it is technically difficult to differentiate
between ‘meaningful’ and ‘meaningless’ re-fixations.

As noted above, impaired gaze fixations, interrupted by slow drifts of gaze
preceded by saccades, can also impair visual processing of items. The instability
ratio of fixation, i.e. the proportion of time occupied by such impaired fixation,
was significantly larger in SCA patients than in normal subjects (Fig. 9F),
implying unstable ocular fixation in SCA patients (tests of within-subjects effects:
number of items X subject-group interaction, F;=0.912, p=0.346; tests of
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between-subjects effects: Fy=11. 524, p=0.002). The ratio did not change with the
number of items in either group (test of within-subject effect: number of items,
F,=2.218, p=0.146).

To assess how saccadic dysmetria affected the spatial separation of the gaze
from the target, the landing positions of the gaze was counted by setting the
region of interest (a target Landolt figure) (Fig. 6). Postulating a range of central
vision of 2° of radius (=R) around the direction of the gaze, we counted the
number of fixations which landed near each target within a certain distance
during the visual search. In the 48-item task, the number of fixations made within
a distance of R around the target (captured with central vision) was larger in SCA
patients than in normal subjects (3.2+1.1 vs. 2.6+ 0.8, respectively; p=0.070).
Within a distance of 1.5R, the number was 5.7 + 2.6 for SCA patients and 3.8 +1.2
for normal subjects (p=0.010). In the 4-item task, the number of fixations made
within a distance of R was 1.8 +0.7 in SCA patients and 2.0+ 0.6 in normal
subjects (p=0.368), and within a distance of 2R, the number was 3.3+ 1.3 in SCA
patients and 2.8 4 0.6 in normal subjects (p=0.155), with no significant difference
between groups. Within the distance of 3R, however, the number was 4.2 + 1.7 in
SCA patients and 3.040.6 in normal subjects (p=0.011). Thus, for both the 4-
and 48-item tasks, the number of fixations around the target became larger for
SCA patients as the distance from the target grew larger.

Discussion

Our study suggests that the impairment of top-down visual processing in SCA
patients mainly results from: 1) saccadic dysmetria resulting in larger separation
of the landing locations of the gaze from the target, 2) re-fixation of the target
(and possibly of distractors), and 3) impaired fixation due to slow drifts of gaze
associated with nystagmus.

Top-down visual scanning is markedly impaired in SCA

In this study, we compared the ability of SCA patients and normal subjects to
perform top-down and bottom-up visual searches. Importantly, SCA patients
needed a markedly longer search time than normal subjects in the serial search
task. In contrast, SCA patients and normal subjects showed almost the same
search times in the pop-out search task. Meanwhile, the response times in both
the direction and color discrimination tasks were comparable between SCA
patients and normal subjects. This reflects the fact that simple visual processing
remains intact in SCA patients, due to the absence of eye movements. These
findings suggest that SCA patients have problems searching for a target serially
using a top-down attentional process, whereas scanning with bottom-up
attentional process is not affected.

These results are consistent with a previous study in which search behavior was
slower and less efficient in patients with cerebellar infarcts, especially for tasks
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requiring serial processing [37]. However, this is the first study to show the
impairment of top-down visual scanning in patients with cerebellar dysfunction
using saliency maps. We also analyzed what caused this impairment of search in
SCA patients by monitoring eye tracking during the performance of visual search
tasks.

SCA patients must perform more saccades to detect a target with
low saliency

Serial search time was longer in SCA patients than in normal subjects, suggesting
that SCA patients have to make more saccades to detect a target due to the
impairment of top-down visual processing. We explored the reason for the longer
search time in SCA patients. The lack of difference in mean fixation duration
between SCA patients and normal subjects excluded the possibility that SCA
patients were not fixating long enough to extract sufficient information during
each fixation. If anything, the mean duration of fixation tended to be longer in the
SCA patients. Furthermore, in both the direction and color discrimination tasks,
which test simple cognitive visual processing without eye movement, the
discrimination times were comparable between SCA patients and normal subjects,
suggesting that SCA patients retain the ability to judge the characteristic features
of a Landolt figure. Therefore, the possibility of impaired simple visual processing
in the absence of eye movements is less likely. The search time difference between
SCA patients and normal subjects was much more prominent in the serial than in
the pop-out task. These findings suggest that having to make more saccades
during the course of visual search is strongly associated with the longer search
time in SCA patients. This poses the question: Why do SCA patients make more
saccades than normal subjects?

Mechanisms of impaired visual processing suggested by gaze
trajectories

Analyses of gaze trajectories during the serial visual search task suggests that
making saccades itself prevented SCA patients from recognizing the visual items
(target and distractors) efficiently, and they had to make more saccades to “‘see
them better”. The most impressive result of the eye-tracking studies was that SCA
patients frequently looked directly (within central vision) or relatively close to the
items (target or distractors) outside central vision but within 5 degree of items,
but still went past and away from them, and later returned to the items. What this
suggests is that SCA patients could not somehow process the visual information of
the items properly when they had to make eye movements, so that they needed a
lot of repeated fixations to better perceive the items. These re-fixations are of
special note because they indicate that SCA patients may be unable to properly
process and interpret what they are seeing “on the first try”.

Analyses of gaze trajectories showed that saccadic dysmetria resulted in
scattering of gaze fixations around the target, with larger spatial separation from
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the latter, hampering accurate visual perception of the target from distractors. In
addition, during gaze fixation, the visual processing of items was substantially
impaired by saccade drifts due to the slow phase of nystagmus or saccade
dysmetria. This was often followed by corrective saccades or saccades representing
the quick phase of nystagmus. Even when the gaze approached the target with
central or parafoveal vision, saccadic dysmetria and impaired fixation disrupted
the processing of items.

Impairment of serial search relative to pop-out search and the
contribution of eye movements

Recently, it has been proposed that the cerebellum contributes to cognitive
functions, including attention [1, 6, 50]. While spatial shifts of visual attention are
strongly associated with saccades (overt attention), attentional shift can also be
made without eye movements (covert attention). Previous papers, using tasks that
separately addressed overt and covert attention, consistently report that disturbed
overt but normal covert shifts of attention in cerebellar lesions [34, 35, 50].
Therefore, the findings of our study agree with these papers, in that the serial
search task requiring sequential (top-down) visual processing of items and gaze
movement was affected in SCA patients, whereas the pop-out (bottom-up) search
task was not.

Importantly, we also found that gaze movements during visual search provide a
relatively good explanation for how the visual impairment occurred. By
contrasting the serial and pop-out tasks, we clearly showed how the spatial shifts
of attention that occur along with the gaze movements may impair the detection a
target. We also showed how saccadic dysmetria (predominantly saccadic
hypometria), re-fixations and nystagmus play important roles in the abnormal
top-down visual scanning in SCA patients, resulting in imprecise eye movements,
which hamper precise visual processing of central vision.

It must be acknowledged that the analysis of gaze trajectory does not provide a
definite explanation of how impaired oculomotor control relates to the
impairment of top down visual processing as demonstrated by prolonged search
time. Top down visual processing may consist of three components: 1) a strategic
component that determines how the subjects deploy their attention over a
presented display to process the items visually, 2) an oculomotor component that
determines how the subjects plan or program their oculomotor movements based
on #1, and 3) a cognitive component that processed the visual information
received during fixation. These parts are probably not independent of one
another. That is to say, how accurately the gaze captures the presented items and
how precisely the visual information taken in during fixation would in turn affect
the strategic part, i.e., how the subjects plan subsequent eye movements. The
presence of re-fixations suggests that even when the eye movements are made
accurately enough to capture the items with central vision, the gaze can return to
it, which suggests a deficit in the strategic component or the cognitive component
of top-down visual processing. On the other hand, saccadic dysmetria and
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impaired fixation are believed to represent a deficit in the oculomotor
component, which also affects cognitive processing by hampering the incoming
visual information [19].

We must be careful, however, that it is not possible to conclude, based on the
present results, whether the impairments of top-down visual scanning are only
due to deficits in eye movements control or are the consequence of a specific
problem in top down mechanisms. To solve this problem, we would need visual
search tasks that requires top down mechanisms to be performed, only with
attentional shifts but without eye movements [51].

Conclusions

Using saliency maps, we showed that top-down visual scanning is impaired but
bottom-up visual scanning remains intact in hereditary pure cerebellar ataxia
patients. Saccadic dysmetria, re-fixations, and nystagmus may play important
roles in the impairment of top-down visual scanning in these disorders,
hampering precise visual processing.
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Abstract Spinocercbellar ataxia type 1 (SCAl) is a
progressive neurodegenerative disorder caused by the
expansion of a polyglutamine tract in the ataxin-1 pro-
tein. To date, no fundamental treatments for SCA1 have
been elucidated. However, some studies have shown
that mesenchymal stem cells (MSCs) are partially effec-
tive in other genetic mouse models of cerebellar ataxia.
In this study, we tested the efficacy of the intrathecal
injection of MSCs in the treatment of SCAIl in trans-
genic (SCA1-Tg) mice. We found that intrathecal injec-
tion of only 3x10° MSCs greatly mitigated the cerebel-
lar neuronal disorganization observed in SCA] transgen-
ic mice (SCAI1-Tg mice). Although the Purkinje cells
(PCs) of 24-weck-old nontreated SCA1-Tg mice
displayed a multilayer arrangement, SCAI-Tg mice at
a similar age injected with MSCs displayed monolayer
PCs. Furthermore, intrathecal injection of MSCs sup-
pressed the atrophy of PC dendrites in SCA1-Tg mice.
Finally, behavioral tests demonstrated that MSCs nor-
malized deficits in motor coordination in SCA1-Tg
mice. Future studies should be performed to develop
optimal protocols for intrathecal transplantation of
MSCs in SCA1 model primates with the aim of devel-
oping applications for SCA1 patients.
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Introduction

Spinocerebellar ataxia type 1 (SCA1) is an autosomal-
dominant disorder caused by the expansion of a CAG trinu-
cleotide repeat in the coding region of the Scal gene (which
encodes the ataxin-1 protein (ATXNT1)) [1] and is character-
ized by neurodegeneration in the central nervous system
(CNS) and the peripheral nervous system (PNS) [2]. The
discase begins with cerebellar ataxia and is often associated
with other neurological signs such as pyramidal signs,
ophthalmoplegia, and cognitive impairment [3]. To date, there
is no effective approach for reversing the symptoms of SCA1
patients.

SCA1 model animals are good tools for the exploration of
therapeutic strategies for SCAI, such as gene therapy and
stem cell therapy. SCA1-Tg mice that express a transgene
containing the ATXNI sequence with an 82 CAG repeat
expansion in cerebellar Purkinje cells (PCs) have been gener-
ated [4, 5]. In a study utilizing gene therapy to treat CNS
pathology, intracerebellar injection of recombinant adeno-
associated virus vectors expressing short hairpin RNAs for
ataxin-1 reduced the characteristic ATXN1 inclusions in PCs,
restored cerebellar morphology, and profoundly improved
motor coordination in SCA1-Tg mice [6]. The above work
was based on the idea that the level of the polyglutamine-
expanded protein is one of the factors that contributes to
disease severity. This idea has been further confirmed in
another study showing that an attenuation of cytotoxicity
was mediated by microRNA-mediated decreases in the
polyglutamine-expanded ATXNI [7].

Regarding stem cell therapy for SCAI1, the injection of
neural precursor cells (NPCs) derived from the subventricular
zone into the cerebellar white matter of SCA1-Tg mice pro-
motes the recovery of motor behavior and morphological
improvement of PCs [8]. Similar to NPCs, mesenchymal stem
cells (MSCs) have been studied for their potential clinical use
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in the treatment of neurodegenerative disorders [9]. MSCs are
defined as multipotent progenitor cells that can differentiate
into mesenchymal lineage cells, such as osteoblasts, adipo-
cytes, and chondrocytes, and into other cell lineages, such as
glial cells and hepatocytes [10-12]. MSCs can easily be
isolated from multiple sources that include umbilical cord
blood, bone marrow, adipose tissue, and dental pulp
[13-16]. However, the therapeutic potential of MSCs has
not been studied in SCA1 model animals; however, MSCs
have been tested in mouse models of other types of cerebellar
ataxia. A previous study using the SCA2 mouse model dem-
onstrated that the injection of MSCs into the cerebellar cortex
ameliorates motor function deterioration by rescuing cerebel-
lar PCs [17]. Similarly, intracerebellar transplantation of bone
marrow-derived MSCs into the cerebellum improves the mo-
tor function of Lurcher mice, which are characterized by a
spontaneous frameshift mutation in the 62 glutamate receptor
gene [18].

In this study, we investigated the utility of MSCs in the
treatment of SCA1 with SCA1-Tg mice. We chose intrathecal
injection as the administration route because this route re-
quires a minimally invasive procedure that is readily applica-
ble to patients.

Materials and Methods
Mice

SCA1-Tg mice (BOS line) on the FVB background [4] were
kindly provided by Dr. Harry T. Omr of the University of
Minnesota, Minneapolis, MN, USA. SCA1-Tg mice and
wild-type (WT) mice with the same genetic background were
used for the experiments. The experimental protocol was
approved by the Institutional Committee of Gunma Universi-
ty. All efforts were made to minimize suffering and reduce the
number of animals used. Mice were given intrathecal injec-
tions of MSCs at 5 weeks old. Five-week-old SCA1-Tg mice
showed no signs of ataxia; however, the mice at this age could
not improve their performance after repetitive rotarod training
without a preexisting defect in rotarod performance [4, 5].
Morphologically, only subtle changes in the dendritic staining
of PCs were observed in the mice at 6 weeks old. Then, the
mice develop signs of neurological abnormality, as assessed
by home cage behavior from at least 12 weeks of age [4, 5]. In
parallel with the behavioral abnormality, disorganization of
the PC layer and shrinkage of the dendritic arborizations begin
at 13 weeks of age [4, 5]. Therefore, rotarod tests were
performed at 10, 11, 12, 13, 14, 15, and 20 weeks of age
(ie.,5,6,7,8,9, 10, and 15 weeks after MSC transplantation)
to test the therapeutic effect of MSCs. Finally, the mice were
subjected to morphological analyses at 21-23 weeks of age.

GRD Q) springer

Culture of MSCs

KUMI10, a mesenchymal stem cell line generated from C57/
B6 mouse bone marrow, was purchased from the RIKEN
BioResource Center. The cells were cultured in M061101
medium containing 10 % fetal bovine serum and antibiotics
(GP BioSciences, Yokohama, Japan) and maintained in 5 %
CO, at 37 °C.

Labeling of MSCs with GFP

Lentiviral vectors expressing GFP under the control of the
cytomegalovirus promoter were produced and titrated as de-
scribed previously [19]. Two microliters of lentiviral vectors
at a titer of 1.7x10" transduction unit/ml were added to
exponentially growing MSCs in 6-cm dishes (approximately
20 % density). The MSCs were further cultivated for 3 days
before grafting into mouse brains.

Injection of MSCs into the Meninges Covering
the Cerebellum

Mice were deeply anesthetized with ketamine hydrochloride
(100 mg/kg) and xylazine hydrochloride (20 mg/kg) and were
placed in a stereotaxic apparatus; MSCs were injected as
previously described [20]. Briefly, a sagittal incision in the
skin was made to expose the cranium. A small burr hole was
carefully made at 0 mm lateral and 5 mm caudal to bregma,
and the tip of a Hamilton syringe (Hamilton, Reno, NV, USA)
was inserted through the dura into the meninges over the
superior colliculus. The Hamilton syringe was attached to a
micropump holder (UltramicroPump 1I; World Precision In-
struments (WPI), Sarasota, FL, USA) that was operated by a
microprocessor-based controller (Micro4; WPI). GFP-labeled
MSCs (6% 10° cells) suspended in 10 pl of the culture medium
were injected at a rate of 300 nl/min.

Verification of the Penetration of MSCs into the Cerebellar
Cortex

To verify that MSCs were properly loaded into the meningeal
space and were not erroneously released under the meninges,
the skull was removed 1 h after the injection while leaving the
arachnoid and pia maters attached to the brain. The presence
of GFP-labeled MSCs was confirmed using a fluorescent
stereoscopic microscope (VB7010; KEYENCE, Osaka, Ja-
pan). Subsequently, the arachnoid and pia maters were re-
moved, and the absence of MSCs was confirmed.

Three days after administration, parasagittal brain
slices (50 pum in thickness) were prepared using a
microslicer (VT100s; Leica, Wetzlar, Germany), and
the presence of GFP-labeled MSCs inside the cerebellar
tissue was determined.
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Intrathecal Injection of MSCs

Deeply anesthetized mice were fixed on the stereotaxic appa-
ratus. The suboccipital skin between the occipital bone and the
cervical spine was incised, and the meninges covering the
medulla oblongata were exposed. A 30-g disposable needle
(BD, Franklin Lakes, NJ, USA) was inserted into the sub-
arachnoid space. After evacuation of approximately 15 pl of
cerebrospinal fluid, 3% 10° MSCs suspended in 10 pl of the
culture medium were injected over | min using a Hamilton
syringe.

Whole Cell Patch Clamp for Biocytin Infusion

Parasagittal cerebellar slices (200 pm in thickness) were pre-
pared, and whole cell patch clamp was performed as previ-
ously described [19]. Briefly, mice were deeply anesthetized
by inhalation of isoflurane (3 %) and euthanized by decapita-
tion. The whole brain was quickly dissected out and immersed
for several minutes in an ice-cold solution containing 234 mM
sucrose, 26 mM NaHCO;, 2.5 mM KCl, 1.25 mM NaH, POy,
11 mM glucose, 10 mM MgSO,, and 0.5 mM CaCl, (pH 7.4
when bubbled with 95 % O, and 5 % CO,). Parasagittal slices
of the cerebellar vermis were obtained using a microslicer
(ZEROI; Dosaka-EM, Kyoto, Japan). The slices were main-
tained in an extracellular solution containing 125 mM NaCl,
2.5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 1.25 mM
NaH,POy4, 26 mM NaHCO;, 10 mM D-glucose, and
0.1 mM picrotoxin. This solution was bubbled continuously
with a mixture of 95 % O, and 5 % CO; at room temperature
for at least 45 min before initiation of the experiments. For
visualization of PC morphology, 0.5 % biocytin (Sigma-
Aldrich, St. Louis, MO, USA) diluted in intracellular solution
containing 130 mM K-gluconate, 4 mM KCl, 20 mM HEPES,
I mM MgCl,, 4 mM MgATP, 1 mM NaGTP, and 0.4 mM
EGTA was passively infused through a patch pipette into
whole cell-clamped PCs. The slices were subsequently fixed
with 4 % paraformaldehyde. Following overnight fixation at
4 °C, the slices were rinsed in 0.1 M phosphate-buffered saline
(PBS, pH 7.4; three times, 5 min each) and treated with PBS
containing a streptavidin-Alexa 594 conjugate. After a 2-h
incubation at room temperature, the slices were mounted and
coverslipped with Fluomount/Plus (Diagonostic Biosystems,
Pleasanton, CA, USA).

Quantitative Analyses of the Dendritic Areas and Spine
Densities of Spines in Biocytin-Infused PCs

The slices treated with biocytin and a streptavidin-Alexa 594
conjugate and were analyzed using a confocal laser-scanning
microscope (LSM 5 PASCAL, Carl Zeiss, Oberkochen,
Germany). Cerebellar slices were scanned at 1-pum intervals in
Z-stack mode to project the entire dendritic tree onto a planar

image, which was scaled according to intensity from 0 to 255
arbitrary units (AU), with 0 as the minimum intensity and 255
as the maximum. Binary images of biocytin-infused PCs were
obtained by thresholding the projected images (i.¢., the areas
brighter than 100 of the 255 AU were considered to be
dendrites). The dendritic area was calculated using the IP
Lab imaging software (Scanalytics, Inc., Fairfax, VA, USA).
For quantitation of PC spines, 35 regions of PC dendrites
(totaling 350 pum in length) were randomly selected and the
number of spines originating from a 10-pm length of the
dendritic shaft was determined.

Immunohistochemistry

Parasagittal brain sections (50 pm in thickness) were incubat-
ed with mouse monoclonal anticalbindin D-28 K (calbindin)
(Swant, Marly, Switzerland) antibody overnight at 4 °C. Then
the sections were incubated with Alexa Fluor 488-conjugated
anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) for 2 h at
room temperature. The sections were washed three times with
0.1 M PBS, pH 7.4, for 5 min after each step. The slices were
mounted using Fluomount/Plus (Diagnostic Biosystems,
Pleasanton, CA, USA) and were analyzed using a confocal
laser-scanning microscope (LSM 5 PASCAL).

Rotarod Tests

The motor coordination of the mice was assessed using a
rotarod test with accelerating (5-min trials at 4-40 rpm) and
constant speed (2-min trials at 20 rpm) protocols. The test was
performed at 5, 6, 7, 8, 9, 10, and 15 weeks after MSC
transplantation (i.e., 10, 11, 12, 13, 14, 15, and 20 weeks of
age). The Rota-Rod treadmill (Muromachi kikai, Tokyo,
Japan) consists of a gridded plastic rod (3 cm in diameter,
10 c¢m in length) flanked by two large round plates (57 cm in
diameter). Mice were first tested using the accelerating proto-
col. After all mice had been placed on the rod that was rotating
at a constant speed (4 rpm), the rod began continuously accel-
erating from 4 to 40 rpm over 300 s. After a 30-min interval,
the mice were tested using a constant speed protocol. In each
session, the mice were subjected to four rotarod trials. Mice
that were able to stay on until the cutoff time were removed
from the rotarod, and the maximum time was recorded. Be-
tween ftrials, the mice rested for 5 min. The times the mice
spent on the rod were automatically measured, and the time
averaged across four trials was used for statistical analysis.

Statistical Analysis

The values obtained are expressed as means+SEM. Statistical
analyses of the differences between the groups were per-
formed with one-way analyses of variance (ANOVAS) follow-
ed by Tukey’s post hoc test using the R software statistical
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package (www.r-project.org) or the Origin software. p values
less than 0.05 were taken as statistically significant.

Results
MSCs Loaded into the Meninges Enter the Brain

Because it is extremely difficult to trace MSCs a long time
after the intrathecal injection of only 3,000 MSCs, we applied
the following indirect method to prove the entering of
intrathecallly injected MSCs into the brain. Intrathecally
injected MSCs should enter the brain via the subarachnoid
space. We tested whether KUM10, a bone marrow-derived
MSC cell line, injected into the meninges could pass through
the pia mater and enter the brain tissue. To do this, we injected
KUMI10 cells into the meninges above the superior colliculus
just rostral to the cerebellum in WT mice and determined
whether the cells could be detected in the cerebellar cortex.

One hour after loading KUM10 cells into the meninges, the
skull was removed, leaving the arachnoid and pia maters
attached to the brain surface. We observed GFP-labeled MSCs
on the arachnoid and pia maters (Fig. la, b). However, the
cells were not detected after removal of the arachnoid/pia
maters from the brain (Fig. 1c, d). These results clearly indi-
cate that MSCs were actually loaded onto the arachnoid/pia
maters and were not released under the meninges.

Three days after administration, we examined the distribu-
tions of GFP-labeled KUM10 cells in the brain. GFP-labeled
MSCs were essentially confined to the cerebellum. In the
cerebellum, GFP signals were detected in lobules 3, 4, 5, and
6 and in the spaces between the folia (Fig. e, ). Thus, KUM10
cells injected in the subarachnoid space entered the cerebellum.

Before removal

After removal

Fig. 1 MSCs loaded into the meninges enter the brain. GFP-labeled
MSCs were stereotaxically injected into the meninges covering the supe-
rior colliculus. One hour after the injection, the brains were macroscop-
ically (a, ¢) and fluorescently (b, d) observed before (a, b) and after (c,
d) removal of the arachnoid/pia maters (a—d). Note that GFP-labeled
MSCs were detected only before removal (arrow), indicating that the
MSCs were actually loaded into the meninges not under the pia mater.
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MSCs Rescued the Neuronal Organization of Mutant PCs

Five-week-old B05 SCA1-Tg performed as well as control
WT mice on the rotating rod during the four trials on the first
day [5]. However, during the subsequent 3 days of trials, the
performances of BOS mice were significantly worse than those
of control wild-type animals [5]. This observation indicates
that the transgenic mice did not have a pre-existing defect in
performance on the rotating rod at 5 weeks old. Rather, these
mice could not improve their performance after repetitive
training. Consistently, the transgenic animals showed no clear
signs of ataxia at this age, as shown by the lack of abnormal-
ities in home cage behaviors and gait patterns [4, 5]. Further-
more, there were only subtle changes in the dendritic staining
of the PCs of the BO5 mice at 6 weeks of age [5]. Taken
together, the ataxia of BO5 mice does not become clear before
5 weeks of age, although cellular functional and/or metabolic
impairments may already exist at this stage. Because we
sought to start treatment during the presymptomatic stage,
we intrathecally injected KUM10 MSC cells into SCA1-Tg
mice at 5 weeks of age. We applied a single intrathecal
injection of 3x10°> MSCs into the mice. This dosage (1x10°
cells/kg body weight of mice) is similar to that of a recent
paper in which patients with multiple sclerosis received a
single intrathecal injection (29.5x 10° cells corresponding to
approximately 5% 10° cells/kg body weight) [21].

We determined the effect of MSCs on the neuronal archi-
tecture of the cerebellum and, in particular, the PCs because
the ATXNI1 protein with abnormally expanded polyglutamine
is specifically expressed in the PCs of the SCA1-Tg mice used
in this study. The cerebella of the SCA1-Tg mice at 21—
23 weeks of age had ectopically located PC cell bodies that
resulted in multilayer PC soma as evidenced by calbindin

3 days later

Whether the MSCs in the meninges entered the brain tissue through the
pia mater was examined via GFP signals in the sagittal sections of the
MSC-injected mouse brains 3 days after the injection (e). GFP-positive
MSCs in the cerebellum were found in lobule 3 (3Cb), lobule 4 and 5
(4&5Cb), and lobule 6 (6Cb) in magnified images (f). The dotted
line indicates the area of the cerebellum. Scale bars 300 pum (e)
and 200 um (f)
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immunostaining (Fig. 2a, b). Consistent with previous studies
that have shown noticeable atrophy of the molecular layer in
15-week-old SCA1-Tg mice [5], calbindin staining also re-
vealed a thin molecular layer in untreated SCA1-Tg mice
(Fig. 2a, b). Notably, treated SCA1-Tg mice displayed a single
layer of PC soma without ectopically located cell bodies and a
molecular layer that was thicker than that of the untreated
SCA1-Tg mice (Fig. 2a, b).

The thin molecular layer of the untreated SCA1-Tg mice is
often associated with atrophy of PC dendrites. Indeed, when
we injected biocytin into the PC soma to label individual PCs,
most of the dendrites of the PCs of the untreated SCAL-Tg
mice were shorter and less branched than those of the WT
mice (Fig. 2¢). This observation was confirmed by quantita-
tive analysis of the areas occupied by each PC (Fig. 2d). PCs
from WT mice had areas of 180+12 um® (n=11 cells),
whereas PCs from untreated SCA1-Tg mice had areas of only
43+7 pm? (n=9 cells; ANOVA, p<0.001). After treatment

SCA1-Tg

SCA1-Tg + MSCs

Fig. 2 Intrathecal injection of MSCs improved the morphology of the
cerebellum of SCA1-Tg mice at 21-23 weeks old. Lower (a) and higher
(b) magnifications of confocal images of calbindin-immunostained cer-
ebellar slices from non-injected SCA1-Tg and MSC-injected SCA1-Tg
mice (a) and WT mice (b). Dendritic morphologies of individual PCs of
WT (n=11 cells), non-injected SCA1-Tg (n=9 cells), and MSC-injected
SCAI-Tg mice (n=13 cells) (¢, d). ¢ Representative images of biocytin-
injected PCs are shown. d The total dendritic area of the PCs was

SCA1-Tg + MSCs

with MSCs, the SCA1-Tg mice exhibited a significant pres-
ervation of dendrites. MSC-injected SCA1-Tg mice had den-
dritic areas that were 2.5 times larger (105+11, n=13 cells)
than those of untreated SCA1-Tg mice (ANOVA, p <0.001;
Fig. 2d). Due to the smaller dendrites of the SCA1-Tg mice,
we employed more detailed morphological analysis. The den-
dritic spines originating from the dendritic shafts worked as
postsynapses. We quantified the density of the PC spines by
counting the numbers of spines that originated from
randomly-selected PC dendritic shafts 10 pm in length in
the biocytin-infused PCs of the WTs, untreated SCA1-Tg
and treated SCA1-Tg mice (7 =35 regions each). The number
of spines in the untreated SCA1-Tg mice (27.2:+0.5) was
significantly less than that of the WT mice (36.1+0.6;
ANOVA followed by Tukey’s post hoc test, p <0.001). Nota-
bly, injection of MSCs significantly increased the number of
spines in the SCA1-Tg mice (32.1:£0.9; ANOVA followed by
Tukey’s post hoc test, p <0.001; Fig. 2e, f).
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Number of spines

calculated using the IP Lab imaging software. The spine densities of
individual PCs from the WT, non-injected SCA1-Tg and MSC-injected
SCA1-Tg mice (n=35 regions each) (e, f). ¢ Representative images of
spines in biocytin-injected PCs are shown. f The total numbers of spines
originating from the 10 pm long dendritic shafts of the biocytin-injected
PCs were counted. The results are displayed as means+=SEMs. ANOVA
followed by Tukey’s post hoc test, ***p <0.001. Scale bars 100 um (b),
50 um (¢), and 2 um (e)

Q Springer (SRC

270



328

Cerebellum (2014) 13:323-330

Transplantation of MSCs Improved the Motor Phenotype
of the SCA1-Tg Mice

Given the morphological preservation induced by MSC trans-
plantation, we tested whether behavioral recovery would also
be observed in treated SCA1-Tg mice. Motor coordination
was repeatedly tested with the rotarod test from 5 weeks after
the MSC transplant (10 weeks of age). In the accelerating
protocol (Fig. 3a), the MSC-treated mice steadily improved
their performance from 11 to 20 weeks of age. At 20 weeks of
age, the MSC-injected group performed significantly better
than the control SCA1-Tg group; the untreated SCA1-Tg
mice stayed on the rod for ~120 s, whereas the MSCs-
injected SCA1-Tg mice stayed on the rod for more than
200 s. The difference between WT, SCA1-Tg, and MSCs-
injected SCA1-Tg mice was significant at 20 weeks of age
(ANOVA, F=17.1; p=0.005). Tukey’s post hoc tests revealed

a Accelerating (40 rpm/300 s)
8007 T WT control T
250 T (n=7) *%

SCA1-Tg+MSCs
(n=6)

SCA1-Tg
(n=10)

Letency to fall (s)
@
<

504
10 15 20
Weeks of age
b Constant (20 rpm)
140 * SCA1-Tg+MSCs g o
3 120 * (=9
ES 100 1 WT control
2 80 =7
>
e 60 SCA1-Tg
% 40 (n=10)
~ 20
10 15 20

Weeks of age

Fig. 3 Intrathecal injection of MSCs improved the motor behavior of
SCAI1-Tg mice. The motor coordination of the mice was tested with a
rotating rod. Mice underwent eight trials per day on the accelerating (4—
40 rpm) (a) and subsequent constant (20 rpm) (b) rotarod (four trials
each) at 10, 11, 12, 13, 14, 15, and 20 weeks of age (i.e., 5, 6,7, 8,9, 10,
and 15 weeks after MSC transplantation) (a, b). The rotarod perfor-
mances of non-injected SCA1-Tg mice (SCA1-Tg control; n=10, two
male and eight female mice) were compared with those of the MSC-
injected SCA1-Tg mice (SCA1-Tg+MSCs; n=6, one male and five
female mice) and non-injected WT mice (WT control; n=7, two male
and five female mice). MSC-injected SCA1-Tg mice significantly im-
proved their rotarod performances compared to the non-injected SCA1-
Tg mice, which were not significantly different from the WT mice. The
results are displayed as means+=SEMs. ANOVA followed by Tukey’s
post hoc test; *p <0.05 and **p <0.01 for MSC-injected SCA1-Tg mice
vs. non-injected SCA1-Tg mice, +p<0.05 for WT mice vs. SCA1-Tg
non-injected mice
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significant differences between the non-injected SCA1-Tg
and the MSCs-injected SCA1-Tg mice at 20 weeks of age
(p=0.009). In the constant speed protocol (Fig. 3b), signifi-
cant differences were observed between the WT, SCA1-Tg,
and MSCs-injected SCA1-Tg mice at 13, 14, and 20 weeks of
age (ANOVA, F=5.0; p=0.02, F=7.4; p=0.004 and F =7.8;
p=0.003, respectively). Tukey’s post hoc tests revealed sig-
nificant differences between the non-injected and the MSC-
injected SCA1-Tg mice at 13 (p=0.048), 14 (p=0.011), and
20 weeks (p =0.007) of age.

Importantly, the rotarod performances of the MSC-injected
SCA1-Tg mice were not different from those of the WT mice
at any of the tested weeks in either protocol (ANOVAs
followed by Tukey’s post hoc test, p=1.00, 0.90, 0.96, 0.53,
0.82, 0.24, and 0.87 in the accelerating protocol and p =0.86,
0.96, 0.94, 1.00, 0.98, 1.00, and 0.91 in the constant speed
protocol at 10, 11, 12, 13, 14,15, and 20 weeks old, respec-
tively) (Fig. 3a, b) suggesting that MSC grafting completely
suppressed the progression of motor disturbances.

In a different set of experiments, we examined the influ-
ence of anesthesia, sham operations, and the injection of
medium without MSCs using WT and B05 mice and con-
firmed that those treatments did not improve rotarod perfor-
mance (data not shown).

Discussion

In the current study, we demonstrated that KUM10 MSCs
injected into the subarachnoid space pass through the under-
lying pia mater, migrate into the cerebellar cortex, and exert
therapeutic effects on SCA1 pathology. In past studies of
MSC transplantation into mouse models of other types of
cerebellar ataxia, authors have injected at least 10°~10° cells
[17, 18]. In our study, we injected only 3x10°> MSCs into
SCA1 model mice and observed clear motor and morpholog-
ical improvements; these findings indicate that this small
number of MSCs was highly effective. We observed improve-
ment in rotarod performance that was sustained until 15 weeks
after the injection of MSCs. Future studies with longer obser-
vation times will determine whether a decay in this effect
occurs.

In a previous study of stem cell therapy for SCA1 [8],
NPCs derived from the subventricular zone were injected into
three sites (1x10° cells at each site) of the cerebellar white
matter, and motor skills were evaluated in the same SCA1-Tg
mice that were used in this study (the BO5 line of
SCA1-Tg) with a nearly identical accelerating rotarod pro-
tocol (4-40 rpm, four trials per day). Therefore, the compar-
ison of these previous studies with our own provides valuable
information regarding the optimal conditions for stem cell
therapy for SCAIL. The transplant of NPCs promotes the
functional recovery and morphological improvement of PCs
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at 24 weeks of age [8]. Although NPC grafting was effective
for aged SCA1-Tg mice at approximately 24 weeks of age
when significant PC loss had occurred, such treatment was not
effective for the younger SCA1-Tg mice that were given the
transplantation at 5 or 13 weeks. These observations suggest
that NPCs specifically migrate toward substantially
degencrated PCs (24 weeks old) and exert their therapeutic
effects. Because we reasoned that it might be better to initiate
stem cell therapy before any significant degeneration and loss
of PCs occurred, we intrathecally injected MSCs at 5 weeks of
age and observed a complete suppression of progressive mo-
tor deficits. Thus, MSCs, but not NPCs, may have the poten-
tial to target to less-degenerated PCs.

Human MSCs are known to secrete a variety of growth
factors that have both paracrine and autocrine activities in the
damaged brain [22]. MSCs target injured areas and release
trophic factors that can suppress local inflammation, enhance
angiogenesis, reduce free radical levels, inhibit fibrosis and
apoptosis, and stimulate the recruitment, retention, prolifera-
tion, and differentiation of tissue-residing stem cells [23].
Although we have not yet identified the factor (or factors) that
is secreted from MSCs to restore PC development, this factor
is likely a neuron-specific trophic factor. Interestingly, a pre-
vious study suggested that few MSCs isolated from bone
marrow fuse with the PCs of Lurcher ataxic mice [18], and
most of these MSCs were located adjacent to the PC layer and
expressed brain-derived neurotrophic factor, neurotrophin-3,
or glial cell-derived neurotrophic factor; all of these neuro-
trophic factors are implicated in PC survival [18]. Thus, an
attractive scenario is that intrathecally administered MSCs
migrate toward degenerated PCs, make contact with PCs
and directly provide neurotrophic factors to PCs to rescue
them from degeneration. Although we wanted to prove this,
we found that it was extremely difficult to identify the intra-
thecally injected 3,000 MSCs several months after the injec-
tion. Instead, in our preliminary experiment, we directly
injected GFP-labeled MSCs into the cerebellar cortex, and
found GFP-positive MSCs in close proximity to PC somas,
suggesting trophic influence of the MSCs on adjacent PCs.
Further study will prove how the MSCs rescue degenerating
PCs of SCA1-Tg mice.

MSCs represent a promising tool in cell therapy and are
currently being tested in Food and Drug Administration-
approved phases I-11I clinical trials for many disorders [24].
The cases of nervous system diseases that have received
intrathecal injections of MSCs are accumulating. MSC thera-
py can improve/stabilize the course of progressive multiple
sclerosis in the first year after injection with no serious adverse
effects [21]. A recent paper reported that umbilical cord MSC
injections into patients with spinal cord injuries were effective
in 13 of 22 patients [25]. In most patients for whom treatment
was effective, motor functions, sensory functions, or both
were improved and bowel and bladder control abilities were

improved, However, minor populations experienced headache
(one case) or lower back pain (one case) during the intrathecal
injection, and no treatment-related adverse events occurred
during a follow-up periods that ranged from 3 months to
3 years [25]. Thus, MSCs are a potential treatment for SCAT
patients. However, the optimal number of intrathecally
injected MSCs that maximizes therapeutic benefits and min-
imizes adverse reactions remains to be determined.

Conclusion

SCA1-Tg mice fail to improve their rotarod performance after
repetitive training at 5 weeks of age and PC abnormalities,
such as disorganization of the PC layer and shrinkage of the
dendritic arborizations, beginning at 13 weeks of age. Intra-
thecal injection of only 3% 10 MSCs in 5-week-old SCA1-Tg
mice significantly suppressed the disorganization of the PC
layer and the atrophy of dendritic arborization at 5 months of
age and resulted in a maintenance of motor ability that was
similar to that of wild-type mice as evidenced by behavioral
analysis.
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ARTICLE

Distinct transduction profiles in the CNS via three injection
routes of AAV9 and the application to generation of a

neurodegenerative mouse model

Fathul Huda'?, Ayumu Konno', Yasunori Matsuzaki', Hanna Goenawan'?, Koichi Miyake? Takashi Shimada® and Hirokazu Hirai'

Using single-stranded adeno-associated virus serotype 9 (ssAAV9) vectors containing the neuron-specific synapsin-l promoter, we
examined whether different administration routes (direct cerebellar cortical (DC), intrathecal (IT) and intravenous (IV) injections)
could elicit specific transduction profiles in the CNS. The DC injection route robustly and exclusively transduced the whole cerebel-
lum, whereas the IT injection route primarily transduced the cerebellar lobules 9 and 10 close to the injection site and the spinal
cord. An IV injection in neonatal mice weakly and homogenously transduced broad CNS areas. In the cerebellar cortex, the DC

and IT injection routes transduced all neuron types, whereas the IV injection route primarily transduced Purkinje cells. To verify the
usefulness of this method, we generated a mouse model of spinocerebellar ataxia type 1 (SCAT). Mice that received a DC injection
of the ssAAV9 vector expressing mutant ATXN1, a protein responsible for SCAT, showed the intranuclear aggregation of mutant
ATXN1 in Purkinje cells, significant atrophy of the Purkinje cell dendrites and progressive motor deficits, which are characteristics of
SCA1.Thus, ssAAV9-mediated transduction areas, levels, and cell types change depending on the route of injection. Moreover, this
approach can be used for the generation of different mouse models of CNS/neurodegenerative diseases.

Molecular Therapy — Methods & Clinical Development (2014) 1, 14032; doi:10.1038/mtm.2014.32; published online 6 August 2014

INTRODUCTION
The cerebellum plays a crucial role in motor coordination, and
impairment of the cerebellum results in cerebellar ataxia. The cer-
ebellar cortex is subdivided into three layers: the molecular layer,
the Purkinje cell (PC) layer and the granule cell layer. There are five
principal morphologically and functionally distinct types of neu-
rons in the cerebellar cortex: PCs, granule celis and three types of
interneurons comprising stellate cells, basket cells and Golgi cells.
Granule cells receive inputs from brain stem areas, such as the pon-
tine and vestibular nuclei, and send axons, called parallel fibers,
to the PCs. The three types of interneurons modulate excitatory
transmission from granule cells to PCs in an inhibitory fashion. In
addition to these five types of neurons, the cerebellar cortex has a
large number of radial glia. These glia are a specific type of astrocyte
called Bergmann glia, whose soma are localized in the PC layer and
extend processes radially into the molecular layer. PCs receive one
more excitatory input from neurons in the inferior olivary nucleus
through the climbing fibers. PCs project out from the cortex and
make inhibitory synapses onto neurons in the deep cerebellar
nuclei (DCN).

PCs are highly susceptible to persistent adverse environmen-
tal exposure, vascular disorders and certain genetic defects.'

Hereditary spinocerebellar ataxia (SCA) is one representative dis-
ease that causes the degeneration of PCs. Hereditary SCA is currently
classified into more than 30 types based on the genetic mutation.?
PCs are primarily affected in certain types of SCAs, such as SCA6,
SCA7, SCA14, and SCA31, whereas more diverse regions, including
the cerebellar nuclei, brainstem and spinal cord, are impaired in
other types of SCAs, such as SCA1, SCA2, and SCA3.

Gene therapy is a promising therapeutic approach that has the
potential to cure these diseases. Many preclinical studies using
mouse models of SCA in combination with lentiviral** or adeno-
associated virus (AAV)"8 vectors expressing therapeutic genes have
been conducted. The aims of the studies were to decrease the levels
of toxic mutant protein by enhancing degradation pathways®*'° or
suppressing translation via the expression of shRNAs® or miRNAs"
directed at the mRNA of the mutant genes. In some studies, these
interventions led to the amelioration of the disease phenotype in
the mouse model of the disease.®® However, as the mouse cerebel-
lum is far smaller than that of humans, one challenge that must be
met before proceeding to clinical trials is the expansion of the trans-
duced areas of the cerebellum for PC-specific SCA types and broad
transduction beyond the cerebellum to the brainstem and the spi-
nal cord for SCA types that diffusely affect the CNS.
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AAV vectors have a smaller particle size than lentiviral vectors
and diffuse more extensively throughout brain tissue.'>™ In this
study, we used single-stranded AAV (ssAAV) vectors because they
have an advantage of approximately double the transgene capac-
ity over self-complementary AAV (scAAV) vectors (5kb versus 2.5
kbp).™ Using ssAAV serotype 9 (ssAAV9) vectors, we examined
three different injection routes of viral administration (directly into
the cerebellar cortex, intrathecally into the cisterna magna (located
immediately caudal to the cerebellum) and intravenously through
the superficial temporal vein close to the eye), and then assessed
the extent of transduction in the CNS and the types of cells trans-
duced in the cerebellar cortex. Based on the results obtained from
the three different routes of viral administration, we generated a
SCA mouse model using a ssAAV9 vector expressing mutant ATXN1
(~5kb), a protein responsible for SCA1, and evaluated the utility of
this approach for the generation of mouse models of neurodegen-
erative diseases in terms of the behavioral phenotype and neuro-
nal degeneration.

RESULTS

Distinct CNS expression profiles are dependent on the viral
administration route

The ssAAV9 vectors expressing green fluorescent protein (GFP)
were used to deliver a transgene into neurons in the brain. We
used the enhanced neuron-specific synapsin | promoter with the
minimal CMV promoter at the 3" end as a promoter for transgene
expression (Figure 1a), which was recently developed in our labo-
ratory. Woodchuck hepatitis virus posttranscriptional regulatory
element (WPRE) was placed in the main AAV plasmid downstream

of the GFP gene, which helped to enhance the stabilization of the
mRNA and eventually increased the expression levels of the trans-
gene.” The ssAAV9 vectors were injected into the cerebellar cor-
tex (direct cortical (DC) injection), the intrathecal space (IT injec-
tion) or the superficial temporal vein (IV injection) as illustrated
in Figure 1b—d. We used 4-week-old mice for DC and IT injections
and postnatal day 1 (P1) pups for IV injection because the trans-
duction efficiency in the brain after IV injection decreases rapidly
as mice mature.'?

The mice were euthanized 2 weeks after DC or IT injection and
4 weeks after IV injection. Initially, the overall native GFP expres-
sion in the whole brains and spinal cords was examined under a
fluorescent stereoscopic microscope, followed by the observa-
tion of the parasagittal sections of the brain. In the DC injected
mice, we observed extremely high levels of GFP primarily in the
cerebellum, whereas we observed almost no GFP fluorescence
in the cerebrum, brainstem or spinal cord (Figure 2a-c). After
IT injection into the cisterna magna, modest levels of GFP fluo-
rescence were detected throughout the brain with exceedingly
bright fluorescence in the spinal cord and lobules 9 and 10 of
the cerebellum close to the viral injection site (Figure 2d-f). This
result may have occurred because the ssAAV9 vectors infused
into the cisterna magna and initially infected lobules 9-10, and
then most remaining viral particles were pushed downward
along the spinal cord by the cerebrospinal fluid draining from
the 4th ventricle, which resulted in the efficient transduction
of the spinal cord and sciatic nerves (Figure 2e). By contrast, IV
injection caused weak and diffuse expression of GFP throughout
the CNS, but with a relatively robust expression in the spinal cord
and the sciatic nerves (Figure 2g-i).
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Figure1 The ssAAV9 construct and a diagram showing the injection points. (a) Single-stranded adeno-associated virus serotype-9 (ssAAV9) DNA
construct with its specific inverted terminal repeat (ITR) ends. We produced ssAAV9 vectors expressing the GFP under the control of the synapsin |
promoter (Syn1) with the minimal CMV promoter at the 3" end. Woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) was placed
downstream of the GFP gene. (b) Positions of the ssAAV9 vector injections relative to the mouse head. ssAAV9 vectors were injected directly into the
cerebellar cortex (direct cortical (DC) injection), intrathecally into the cisterna magna (intrathecal (IT) injection) or into the superficial temporal vein
(intravenous (IV) injection). (c) Illustration of a sagittal section of the cerebellum and brainstem showing the positions of the DC and IT injections. For
DC injections, ssAAV9 vectors were injected into lobule 6. For IT injections, the vectors were administered into the cisterna magna. (d) The injection
point for the IV route through the superficial temporal vein, which runs adjacent to the mouse eye. DCN, deep cerebellar nuclei; 10, inferior olivary
nucleus; PN, pontine nuclei; VN, vestibular nuclei.

Molecular Therapy — Methods & Clinical Development (2014) 14032 © 2014 The American Society of Gene & Cell Therapy

275



Broad GFP expression in the cerebellum after DC and IV, but not IT,
injections

To examine the transduction profiles in the cerebellum, we made
sagittal and transverse sections of the cerebellum and immu-
nostained these sections for GFP and Nissl substance, a neuronal
marker. The immunolabeled sections from mice that received DC or
IV injections showed extensive transduction of the cerebellum that
involved the entire vermal lobules (Figure 3a,g) and bilateral hemi-
spheres (Figure 3b,h). We observed much higher GFP expression lev-
elsin the cerebella transduced by a DCinjection than in those trans-
duced by an IV injection (Figure 3a,b versus Figure 3e,(f). The GFP
expression resulting from a DC injection was centered on lobules
4-6 adjacent to the viral injection site (Figure 3a), while the highest
expression levels produced by an IV injection were observed in lob-
ule 10 (Figure 3e,qg); this latter result most likely occurred because
lobule 10 is immediately adjacent to the choroid plexus in which
the cerebrospinal fluid containing the ssAAV9 particles is produced.
By contrast, GFP expression produced by an IT injection was strong,
but primarily confined to lobules 9 and 10 in the sagittal section
(Figure 3c), which partly forms the ceil of the cisterna magna, i.e., the
subarachnoidal cavity into which the ssAAV9 vectors were injected.
On the transverse section, GFP was inhomogeneously and sparsely
expressed in the vermis and bilateral hemispheres by the IT injec-
tions (Figure 3d).

We quantitatively assessed the relative expression levels achieved
by the three injection routes by measuring the GFP fluorescence
intensity on the sagittal sections of the cerebellum (Figure 3i). The
sagittal section was separated into four regions, including lobules
1-3, lobules 4-5, lobules 6-8, and lobules 9-10, as illustrated in
Figure 3j. Overall, the DC injection route caused intense GFP expres-
sion throughout the entire lobules, whereas the IT and IV injection
routes resulted in significantly weaker GFP expression in the whole
lobules except lobules 9-10.

Efficient transduction of neuronal cells in the cortex and nuclei of
the cerebellum

We next examined the cerebellar cell types transduced by the
three different routes of viral administration. PCs, the sole output
neurons from the cerebellar cortex, have large somata with well-
differentiated dendrites and play critical roles in the processing of

DC injection
Bright field

Bright field

IT injection
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motor coordination. To examine the transduction of PCs, the cer-
ebellar sections were double immunostained for GFP and Nissl
substance or calbindin D-28K (calbindin), a PC marker. We observed
that all three routes of vector administration produced an efficient
transduction of PCs (Figure 4a,e,i, thick arrows), and this finding was
confirmed by immunolabeling PCs with anti-calbindin antibody
(Figure 4b,fj, thick arrows).

The DCN are located in the white matter of the cerebellum and
are the main relay from the cerebellar cortex. Neurons in the DCN
receive inhibitory inputs from PCs and excitatory inputs from the
brainstem nuclei through mossy and climbing fibers. We exam-
ined the transduction of neurons in the DCN in transverse sections
immunostained for Nissl substance and GFP. We observed robust
GFP expression in the large projection neurons (Figure 4¢,d,g,h k1,
arrows), but not the interneurons (Figure 4c,d,g,h k|, asterisks), in
the DCN after all three routes of viral administration.

We quantitatively assessed the transduction efficiency of PCs by
measuring the ratio of GFP-positive PCs to whole PCs in each lobu-
lar group (Figure 4m). The DC and IV injection routes transduced
~60-80% of PCs in the three lobular groups comprising the lobules
4-10, whereas the IT injection route transduced ~10% of PCs in
most lobules (lobules 1-8) except one lobular group (lobules 9-10),
which was adjacent to the IT injection site and attained a similar
transduction efficiency (~60%) as the DC injection route. In sum-
mary, the analysis of the sagittal sections of the cerebellum revealed
that 52%, 23%, and 62% of the PCs were transduced by the DG, [T,
and IV injection routes, respectively.

Next, we studied in further detail the transduced cell types in the
cerebellar cortex by double immunolabeling sections for GFP and
parvalbumin, which is a marker for inhibitory neurons, $100, which
is a marker for astrocytes, or NeuN, which is a marker for granule
cells. Immunolabeling for parvalbumin showed that numerous stel-
late and basket cells expressed GFP in the slices infected by the DC
and IT injection routes (Figure 5a,d, arrows) but not by the IV injec-
tion route (Figure 5g, arrows). No GFP expression was observed in
Bergmann glia, which were immunostained for S100, in the slices
infected by any of the administration routes (Figure 5b,eh). In
the granule cell layer, numerous granule cells, which were immu-
nostained for NeuN, were transduced by the DC and IT injection
routes (Figure 5¢,f) but not by the IV injection route (Figure 5i). In
any administration routes, GFP-expressing cells with relatively large

1V injection
GFP Bright field GFP

Figure2 GFP expression profiles in the CNS resulting from the three different routes of administration of the ssAAV9 vector. Four-week-old mice
received DC or IT injections of ssAAV9 vectors, while P1 mice received IV injections. The mice were sacrificed 2 weeks (DC and IT injections) or 4 weeks (IV
injection) after the virus injection. Native GFP-fluorescent and bright field images of the brains and spinal cords are presented. (a-c) Mice that received
DCinjections. (d—-f) Mice that received IT injections. (g-i) Mice that received IV injections. In each set of images, the upper, middle and lower images
show the whole brains, spinal cords, and sagittal sections of the brain, respectively. The spinal cords are indicated by open arrowheads.
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Figure3 GFP expression profiles in the cerebellum resulting from the three different routes of administration of ssAAV9 vectors. (a,b) DC injection. (c,d)
IT injection. (e-h) IV injection. Fluorescent images in the left and right rows are the sagittal and transverse sections of the cerebella, respectively, and
were immunolabeled for GFP (green) and Nissl substance or calbindin (red). Images from (a) to (f) were acquired with same confocal laser strength, while
images (g) and (h) were obtained with an enhanced laser intensity to make the transduction areas clearly visible. Note the wide-ranging transduction of
the cerebellum that resulted from the DC and IV injections. Sagittal sections from mice that received IT injections showed high levels of GFP expression
that were restricted to specific lobules (lobules 9 and 10). (i,j) Comparison of GFP expression levels through the three injection routes. Cerebellar lobules
on a sagittal section of the cerebellar vermis were grouped into four parts, including lobules 1-3, 4-5, 6-8, and 9-10 as illustrated in (j). Each lobular group
was traced, and the fluorescence intensity (arbitrary unit; A. U.) in each lobular group was measured using three slices from three mice in each group.
Asterisks indicate statistically significant differences determined by one-way analysis of variance followed by Tukey’s post hoc test, **P < 0.01, ***P < 0.001.

somata and several processes were observed in the granule cell
layer (indicated by asterisks in Figure 5¢,i). Based on the morphol-
ogy, these cells are considered to be Golgi cells.'s-'®

Transduction of neurons in the brainstem nuclei connected to the
cerebellum

Neurons in the pontine (Figure 6a,d,g) and vestibular nuclei
(Figure 6b,e,h) send mossy fibers to the cerebellar cortex, while neu-
rons in the inferior olivary nucleus located in the medulla oblongata
(Figure 6¢,fi) send climbing fibers to the DCN and PCs. Thus, we
examined the transduction of neurons in these brainstem nuclei.
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Sections were immunolabeled for GFP and Nissl substance. The
expression of GFP was observed in neurons in the pontine nuclei of
slices transduced by any injection routes (Figure 6a,d,g). However,
neurons in the vestibular nuclei and inferior olivary nucleus were
selectively transduced by the IV injection route (Figure 6b,c.e,fh,i,
arrows).

Generation of a SCAT mouse model by DCinjection of ssAAV9
vectors expressing mutant ATXN1

To prove the utility of the present method for the production of
SCA animal models, we used the DC injection route because the DC

© 2014 The American Society of Gene & Cell Therapy
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Figure4 Neuron-specific transduction in the cerebellar cortex and deep nuclei resulting from all three routes of viral administration. Sagittal (left
images) and transverse (middle and right images) sections of the cerebellum immunostained for GFP and Nissl substance (left and right images) or
calbindin D-28K (calbindin) (middle images). (a-d) Sections from the mice that received DC injections. (e-h) Sections from the mice that received IT
injections. (i-1) Sections from the mice that received IV injections. Arrowheads show interneurons, which were transduced only by DC and IT injections.
Thick and thin arrows indicate transduced PCs and projection neurons in the DCN, respectively. Interneurons in the DCN, which are labeled by asterisks,
were not transduced by any of the three administration routes. (m) Quantitative analysis of transduction efficacy of PCs by three injection routes. Graph
shows the % ratio of the transduced PCs to all PCs were determined in four cerebellar groups as shown in Figure 3j. Each value was obtained from three
slices/mouse using three mice in each viral injection group. Scale bars, 50 pm, except for panels (d,h,I) which are 20 um. Asterisks indicate statistically
significant differences determined by one-way analysis of variance followed by Tukey's post hoc test, **P < 0.01.

injection of ssAAV9 vectors elicited efficient and robust transgene
expression throughout the whole cerebellum (Figures 3i and 4m).
Four-week-old C57BL/6 mice that showed approximately similar
rotarod performances received a DC injection of ssAAV9 vectors
expressing GFP or human influenza hemagglutinin (HA)-tagged
ATXN1 with an abnormally expanded (141 repeats) polyglutamine
stretch under the control of the enhanced synapsin | promoter
(sSAAVI-SynTminCMV-GFP-WPRE  or  ssAAV9-Syn1minCMV-HA-
ATXN1(Q141)-WPRE). Sham-operated mice received a DC injection
of a similar volume (10 pl) of phosphate-buffered saline (PBS). Three

© 2014 The American Society of Gene & Cell Therapy

mouse groups (six mice each), ie., a PBS-injected group, a GFP-
expressing group and a mutant ATXN1-expressing group, showed
no statistically significant difference in rotarod performance until 4
weeks after the injection. However, the mutant ATXN1-expressing,
but not the GFP-expressing, mice showed a significantly poorer
performance than the control PBS-injected mice from 5 weeks after
the injection (Figure 7a,b). The impaired performance of ATXN1-
expressing mice became more evident thereafter and continued
during the observation period (at least, up to 11 weeks after the
injection). The weight of the mice did not change significantly
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