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Multiple system atrophy (MSA) is an adult-onset neurodegenerative disorder clinically characterized by auto-
nomic failure in addition to various combinations of symptoms of parkinsonism, cerebellar ataxia, and pyramidal
dysfunction. Despite extensive research, the mechanisms underlying the progression of MSA remain unknown.
Animal models of human diseases that recapitulate their clinical, biochemical and pathological features are
indispensable for increasing our understanding of their underlying molecular mechanisms, which allows pre-
clinical studies to be advanced. Because the onset of MSA occurs in middle age, an animal model that first
manifests abnormal protein aggregates in adulthood would be most appropriate. We therefore used the Cre-loxP
system to express inducible a-synuclein (Syn), a major component of the pathological hallmark of MSA, to
generate a mouse model of MSA. Beginning in adulthood, these MSA model mice express excessive levels of Syn
in oligodendrocytes, resulting in abnormal Syn accumulation and modifications similar to those observed in
human MSA pathology. Additionally, MSA model mice exhibit some clinical features of MSA, including de-
creased motor activity. These findings suggest that this new mouse model of MSA represents a useful tool for

analyzing the pathophysiological alterations that underlie the progression of this disease.

1. Introduction

Multiple system atrophy (MSA) is an adult-onset neurodegenerative
disorder characterized by various degrees of symptoms of parkin-
sonism, cerebellar ataxia, and autonomic failure. Additionally, re-
spiratory insufficiency and sudden death are clinical features observed
in some MSA patients (Gilman et al., 2008). MSA was previously ca-
tegorized into three diseases: striatonigral degeneration, olivoponto-
cerebellar atrophy (OPCA) and Shy-Drager syndrome. Once patholo-
gical studies revealed that glial cytoplasmic inclusions (GCIs) were
present in oligodendrocytes in all three of these diseases (Nakazato
et al., 1990; Papp et al., 1989), patients with MSA were classified using
a simplified system as either MSA-C (cerebellar ataxia) or MSA-P
(parkinsonism) according to the relative predominance of clinical and
pathological abnormalities (Gilman et al., 1999). Subsequent evidence
has since demonstrated that a-synuclein (Syn) is a major component of
both GCIs and Lewy bodies observed in Lewy body diseases, such as
Parkinson's disease (PD) and dementia with Lewy bodies (DLB)
((Spillantini et al., 1998; Spillantini et al., 1997; Tu et al.,, 1998;
Wakabayashi et al., 1997). These diseases are collectively referred to as

a-synucleinopathies.

Based on these findings, several MSA models, in particular geneti-
cally modified MSA mouse models, have generated numerous me-
chanistic studies that have provided substantial contributions to what is
currently known about MSA (Bassil et al., 2017; Kahle et al., 2002;
Mandel et al., 2017; Shults et al., 2005; Yazawa et al., 2005). Relevant
transgenic (Tg) and virus-based mouse models manifest MSA patholo-
gies, such as GClIs, phosphorylated Syn deposits and abnormally ag-
gregated Syn (Bassil et al., 2017; Mandel et al., 2017; Stefanova and
Wenning, 2015). These MSA mouse models can also be analyzed to
determine their biochemical properties, including Syn insolubility and
oligomerization, which is observed in MSA patients. However, to in-
duce the expression of Syn in MSA Tg mice, promoter activity is sus-
tained during developmental stage. Therefore, Syn overexpression can
cause latent developmental disturbance or compensatory effect within
cells and tissues of these MSA mouse models. Furthermore, given that
MSA is an adult-onset disease, it would be most ideal for Syn expression
to increase in adulthood in model animals. To this end, we used the Cre-
loxP system to create a new MSA model mouse. This technique enabled
Syn expression to be induced in oligodendrocytes beginning in
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adulthood so that we could examine its effects on glial and neuronal
degeneration.

We first generated mice harboring the first exon and the first intron
of the chicken [3-actin gene and a promoter (CAG promoter), followed
by a loxP-flanked (flox) stop cassette-controlled Syn gene. After these
mice were successfully generated, they were mated with mice in which
Cre/estrogen receptor (ER) was specifically expressed under the pro-
teolipid protein (plp) promoter in oligodendrocytes. When tamoxifen
was injected, we confirmed that these MSA model mice exhibited nu-
merous Syn inclusions in their oligodendrocytes in a manner resem-
bling that of GCIs in human MSA patients. Further studies showed that
these Syn inclusions were phosphorylated and resistant to proteinase K
(PK) treatment. Importantly, these pathological findings preceded the
manifestation of significant clinical abnormalities, including decreased
motor activity.

2. Materials and methods
2.1. Generation of Syn knock-in mice, Syn-flox/flox

To generate a mouse model of MSA, we first generated Syn-flox
mice that permitted the conditional induction of Syn protein. We cloned
the Syn cDNA into a Rosa26 chicken B-actin (CAG) promoter-targeting
vector for Cre/ER-mediated expression. According to previously de-
scribed procedures (Soriano, 1999), a 5-kilobase (kb) fragment of
Rosa26 was used to make the targeting constructs. This vector con-
tained the following components: CAG - loxP- stop codons - three SV40
poly(A) sequences - loxP — the Syn gene - woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) - bGH poly(A) - AttB -
PGK promoter — FRT - Neomycin gene - PGK poly(A) - AttP (Fig. 1a. Ai3
vector, Addgene, Cambridge, MA) (Madisen et al., 2012). The final
targeting vectors contained 5’ (1.1 kb) and 3’ homology (4.3 kb) arms as
well as a PGK-DTA cassette for negative selection. The WPRE was used
to enhance mRNA transcript stability (Gradinaru et al., 2008). The
targeting vectors were linearized and transfected into the 129/B6 F1
hybrid embryonic stem (ES) cell line G4 using an Amaxa electroporator.
G418-resistant ES clones were screened by using Southern blot analysis
to probe Avrll-digested DNA with a 1.1-kb genomic fragment located
immediately upstream of the 5’ arm. Positive ES cell clones were in-
jected into C57BL/6 J blastocysts to obtain chimeric mice according to
standard procedures. ES cell transfections and blastocyst injections
were both performed by TransGenic Inc. (Kobe, Japan). Chimeric mice
were bred with C57BL/6J mice to achieve germline transmission.
Germline transmission was confirmed by polymerase chain reaction
(PCR) genotyping with the following primers: rosa F2731: 5’-CGA TGC
TGG AAG GAT TGG AAC TAT GC-3’, and CAG R1: 5-GAA ACA AGC
CGT CAT TAA AC-3'. Fragments 4.3 kbp in size were amplified from
Syn-flox mice. All animals were kept in temperature- and humidity-
controlled rooms on a 12h:12h light:dark cycle in which the lights
were on from 7:00 a.m. to 7:00 p.m. The mice were housed at 3-5 mice
per cage with food and water provided ad libitum. All animal experi-
ments in this study were performed in accordance with the Guidelines
for Animal Experimentation and approved by the Animal Research
Committee of Hirosaki University (approval number: M15044).

2.2. MSA model mice

The resulting Syn-flox mice were crossed with plp-Cre/ER mice,
which are inducible Tg mice in which Cre is under the control of the
human plp promoter and ER (Doerflinger et al., 2003). Breeding cages
were maintained by mating Syn-flox/flox and Syn-flox/flox:plp-Cre/ER
mice. Genotyping was done by PCR using primer sets binding to the Syn
gene (syn-F12: 5’-CTG CAA CTC CAG TCT TTC-3, syn-R11: 5’-CTG CAA
CTC CAG TCT TTC-3’ and syn-R12: 5-CTG CAA CTC CAG TCT TTC-3).
Fragments of 300 bp or 350 bp were amplified from Syn-flox mice or
wild-type mice, respectively. Additionally, genotyping was done by
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PCR using primer sets binding to the Cre gene (CreERT-F1: 5- GCG GTC
TGG CAG TAA AAA CTA TC -3/, CreERT-R1: 5- CTA GGC CAC AGA
ATT GAA AGA TCT -3’ and CreERT-R2: 5’- GTA GGT GGA AAT TCT
AGC ATC ATC C -3%). Fragments of 150 bp or 300 bp were amplified
from plp-Cre/ER or wild-type mice, respectively. To excise the loxP
sites via Cre recombination, adult mice (20 weeks old) were adminis-
tered tamoxifen (100 mg/kg, intraperitoneally) once per day for five
days. Tamoxifen (Sigma-Aldrich, Saint Louis, MO) was dissolved in corn
oil at a final concentration of 10 mg/ml using a pestle and stored for up
to 5days at 4 °C in the dark. All control groups consisted of tamoxifen-
injected control littermates.

2.3. Histopathological analyses

Mice were transcardially perfused with phosphate-buffered saline
(PBS). The brain and spinal cord were removed, and the left hemisphere
was frozen at —80 °C for subsequent biochemical analyses. The right
hemisphere was fixed in 4% paraformaldehyde for 48 h. After the tis-
sues were dehydrated through a graded series of ethanol solutions, they
were embedded in paraffin, cut into 4-um-thick sections and stained
with hematoxylin and eosin or underwent Kliiver-Barrera (KB) staining.

Tissue sections were heated in an autoclave for 15min in 10 mM
citrate buffer (pH6.0) for antigen retrieval. Some sections were then
incubated with PK (Gibco BRL, Gaithersburg, MD; 50 ug/ml) in PK
buffer (10 mM Tris-HCl, pH 7.8; 100 mM NaCl, 0.1% and Nonidet-P40)
at 37 °C for 5min to detect PK-resistant Syn. The sections were then
subjected to immunohistochemical staining using the avidin-biotin-
peroxidase complex method. Diaminobenzidine (DAB) was used as the
chromogen. The sections were counterstained with hematoxylin. To
detect phosphorylated Syn in neuronal cells, DAB and alkaline phos-
phatase substrate Kit III (Vector, Burlingame, CA) were used as the
chromogens.

Double-immunofluorescence staining was performed to detect the
coexpression of phosphorylated Syn and either glial fibrillary acidic
protein (GFAP; IBL, Gunma, Japan; 1:1000) or myelin basic protein
(MBP; LSBio, Seattle, WA; 1:250). Deparaffinized sections were blocked
in goat and horse sera and then incubated overnight at 4 °C in a mixture
of polyclonal anti-GFAP or -MBP and monoclonal anti-phosphorylated
Syn (1:2000) antibodies. After the sections were washed 3 times for
5 min each with PBS, they were incubated for 1 h with Alexa Fluor 488-
and 594-conjugated secondary antibodies (Invitrogen). After they were
rinsed in PBS, the sections were mounted with ProLong Gold Antifade
Reagent containing 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen)
and examined using a confocal microscope (EZ-Ci, Nikon, Tokyo,
Japan). Adobe Photoshop CS5 software (Adobe systems, San Jose, CA)
was used for image processing. Electron microscopy analysis and in-
formation on the antibodies we used are described in the supplemental
materials and methods section.

2.4. Biochemical analyses

Southern blot analysis, PCR, sample preparation and Western blot
analysis are described in the supplemental Materials and methods
section.

2.5. Behavioral analyses

Several kinds of behavioral analyses are described in the supple-
mental Materials and methods section.

2.6. Quantitative and statistical analysis

The percentage of cell numbers were quantified from three Tg or
control mice at indicated postnatal days. (Two slides from each mice).
Digital images were captured with a microscope (BX 63, Olympus,
Tokyo, Japan) with a digital camera (DP80, Olympus). For cell
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Fig. 1. Generation of Syn-flox and Syn-plp mice. (A) Schematic diagram of the gene targeting cassette inserted into the Rosa26 locus. To generate GAG-Syn-flox
transgenic (Tg) mice harboring a transgene containing loxP-stop-loxP-Syn under the CAG promoter, the gene targeting cassette was linearized and inserted into ES
cells. (B) G418 antibiotic-resistant ES clones were screened by Southern blot analysis using Avrll-digested genomic DNA with the probes indicated in A. (C) PCR was
used to genotype the mice. (D) Strategy for generating MSA model mice. To generate mice that expressed Syn specifically in oligodendrocytes, CAG-Syn-flox/flox
mice were mated with plp-Cre/ER mice. To activate Cre-mediated recombination in oligodendrocytes, tamoxifen (100 mg/kg, i.p.) was injected for 5 consecutive
days. (E) Protein was extracted from mice after Syn induction. Western blot analysis performed using human-specific antibodies against Syn confirmed that Syn was
robustly expressed in mice harboring both the Cre and Syn genes (1, 5, 6, 9, 10, and 11 in number) but not in those with either Cre or Syn. (F) The body weights of
MSA model (black circle) and control (white circle) mice are shown (mean +/— SD, n = 10 per group). The mice exhibited no apparent abnormalities in feeding
behavior, sexual behavior and body weight. (G) Kaplan-Meier tests indicating the survival rates in MSA model and control mice.

counting, three to five areas were randomly selected according to a
predesigned zig-zag pattern and we counted the number of cells that
stained positively for NeuN (mouse anti-NeuN Antibody, clone A60,
Millipore, Bedford, MA) as neuron. The counting frame width (X) and
height (Y) was 0.25mm producing a counting frame area (XY) of
0.0625 mm?. For neuron in the cerebellar granule layer, KB stain was
also used for cell counting, because it sometimes was hard to distin-
guish each neuron. Similarly, we counted the number of cells

expressing GFAP, or Ibal (Wako, Osaka, Japan; 1:500) as astrocytes or
microglia, respectively. Cell number were normalized by that in means
of control samples, and indicated as mean + SD. The control value was
defined as 1.0. Statistical significance was evaluated using one-way
ANOVA with Bonferroni's post hoc test for 3 or more groups and
Student's t-test for two groups. For motor performance tests, repeated
ANOVA was used.

A semiquantitative analysis of protein levels was performed using
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Fig. 2. Confirmation of MSA model mice. (A, B) Immunohistochemical study showing that Cre expression was observed only in the Syn-plp mice (MSA model mice)
treated with tamoxifen (24-week-old mice). An antibody against both mouse and human Syn reacted equally with tissues obtained from control and MSA model mice,
whereas an antibody specific to human Syn immunostained glial cells only in the brainstem (A) and corpus callosum (B) in MSA model mice. (C) Double im-
munofluorescence performed using antibodies against Syn and either GFAP or MBP. In MSA model mice, there was significant overlap in Syn and MBP expression in

the white matter.

ImageJ software provided by the National Institutes of Health (NIH).
All data were shown as the mean * standard deviation (SD). Chi-
square analysis was performed to determine the survival rate. A prob-
ability value of < 0.05 (p < .05) was considered to indicate sig-
nificance.

3. Results
3.1. Generation of a new MSA mouse model

We generated MSA model mice in two steps. Initially, we generated
a gene-targeting line of Syn-loxP mice in which the CAG - promoter -
loxP - STOP - loxP - Syn gene cassette was knocked into the ROSA26
locus (Fig. 1A). Rosa26 is a ubiquitously expressed locus into which an
exogenous strong promoter can be inserted to drive higher expression
of a target gene (Muzumdar et al., 2007; Soriano, 1999; Zong et al.,
2005). We identified several ES cells positive for the neo probe and the
5’ and 3’ probes according to southern blotting analysis (Fig. 1B, Sup-
plementary Fig. 1) and PCR (Fig. 1C). We inserted the positive ES cells
into C57BL/6J blastocysts to obtain chimeric mice and successfully
generated Syn-flox mice via germ-line transmission. These mice were
then mated with plp-Cre/ER mice (Fig. 1D), in which Cre/ER is speci-
fically expressed in oligodendrocytes under the control of the plp pro-
moter (Doerflinger et al., 2003).

Alternatively, to confirm Cre-recombinase activity in the plp-Cre/
ER mice, we generated plp-Cre/ER:flox-LacZ mice by mating plp-Cre/
ER mice with RNZ mice (Kobayashi et al., 2013). Consistent with pre-
vious findings (Doerflinger et al., 2003), [(-galactosidase staining
showed that LacZ was readily detected in glial cells only after tamoxifen
was injected (Supplementary Fig. 2), indicating that the plp-Cre/ER
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mice were suitable for our purposes.

After we mated Syn-flox mice with plp-Cre/ER mice, the mice were
born at the expected normal Mendelian ratios (Syn-plp mice) and were
visually indistinguishable from control mice. To induce Cre re-
combinase activity, tamoxifen was administered to adult Syn-plp mice
(20-weeks old). Western blot analyses performed using a specific anti-
body against human Syn showed that Syn was clearly induced in the
brains of the Syn-plp mice (Fig. 1E), whereas no positive staining was
observed in the controls (Syn-flox/flox with or without tamoxifen and
Syn-plp without tamoxifen). The Syn-plp mice treated with tamoxifen
are hereafter called ‘MSA model mice’. There was no significant dif-
ference in body weight between the MSA and control mice after ta-
moxifen induction (Fig. 1F). We noticed that after Syn induction, the
rate of sudden death was relatively higher in male MSA model mice
than in male controls (Fig. 1G). When mice with sudden death were
excluded, life span did not differ between the remaining MSA model
mice and the controls until 2 years after induction.

3.2. Syn inclusions are mainly aggregated in oligodendrocytes

Immunostaining using an antibody against human Syn indicated
that at 1 week after Syn induction, the MSA model mice expressed
human Syn predominantly in glial cells (Fig. 2A, B). To determine
whether Syn expression was localized in oligodendrocytes or astrocytes,
sections were reacted with antibodies against phosphorylated Syn and
MBP or GFAP, respectively. Double immunofluorescent staining de-
monstrated that human Syn expression was found in MBP-labeled glial
cells, indicating that Syn-positive signals were oligodendrocyte specific
(Fig. 2C). Immunoelectron microscopy revealed that human Syn-posi-
tive immunoproducts were detected on the membranes of intranuclear
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Fig. 3. Syn expression gradually spread
throughout the central nervous system,
mainly in the white matter of MSA model
mice. (A) Schematic distribution of human
Syn deposits. Human Syn aggregated in the
brainstem and cerebellum of MSA model
mice at 1, 8 and 50 weeks after Syn induc-
tion. Red labeling indicates Syn aggregates.
(B) Syn expression was examined by im-
munoblotting, and the results indicated that
at 8, 20, and 50 weeks after Syn induction,
human Syn was robustly expressed in MSA
model mice but not in controls. (C)
Quantitative data for the experiments
shown in B. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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vesicular structures in the nuclei of oligodendrocytes located in the
corpus callosum of the MSA model mice (Supplementary Fig. 3C, F) but
not the Cre-LacZ mice (Supplementary Fig. 3A, D) or the Syn-flox mice
(Supplementary Fig. 3B, E). To further demonstrate that Syn expression
expanded with age, we analyzed the distribution of human Syn in the
brains of MSA model mice at 1, 8, and 50 weeks after Syn induction and
found that Syn expression gradually spread throughout the central
nervous system, mainly in the white matter (Fig. 3A). Syn was also
expressed in oligodendrocytes in the gray and white matter of the spinal
cords of MSA model mice (Supplementary Fig. 4). Syn expression levels
gradually increased by approximately 1.5-fold in MSA model mice
treated for a longer period after induction than in those treated for a
shorter period (Fig. 3B, C).

In MSA patients, Syn expression in oligodendrocytes is abnormally
modified by phosphorylation and becomes resistant to PK treatment.
Our immunohistochemical studies revealed that human Syn was clearly
phosphorylated at S129, similar to that observed in MSA pathology,
although the 4D6 antibody reacted equally with Syn in the control and
MSA model mice (Fig. 4A-F). Furthermore, PK-resistant Syn appeared in
the white matter of MSA model mice for longer periods after Syn in-
duction (Fig. 4G, H). Glial inclusions in oligodendrocytes of MSA model
mice were also immunostained with the 5G4 antibody, which is re-
ported to bind specifically to the Syn oligomer and disease-associated
Syn (Kovacs et al., 2014; Kovacs et al., 2012) (Fig. 41, J).

3.3. MSA model mice exhibit lower levels of spontaneous activity

We performed several behavioral analyses to examine the effects of
Syn induction on behavioral phenotypes. There was no significant dif-
ference in performance in an open field test at 4 weeks after Syn in-
duction, whereas at 20 and 50 weeks after induction, significant
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deterioration was observed in the MSA group, which had a shorter
moving distance (Fig. 5A). In rotarod tests, there were significant def-
icits in motor coordination and balance in the MSA model mice at
longer time points after Syn induction (Fig. 5B and Supplementary
movie). We initially assumed that the lower motor activity was attri-
butable to a depressive-like phenotype. To investigate this possibility,
we performed a forced swimming test, and the results indicated that
there was no difference in immobility between the MSA model mice and
controls (Fig. 5C). Thus, the lower activity observed in the rotarod tests
may not be due to a depressive-like phenotype in the MSA model mice.
No muscle abnormalities were detected in the MSA model mice upon
gross and histological examinations of the upper and lower extremities
(Supplementary Fig. 5). Accordingly, there was no difference in grip
handling performance between the MSA model and control mice
(Fig. 5D).

3.4. Neuronal pathology progresses in the early stage after Syn induction

We could not find neuronal loss in the anterior horn and certain
regions corresponding to human MSA lesions: the cerebellum, brain-
stem, substantia nigra and striatum (Figs. 6A and B, Supplementary
Figs. 6 and 7). Nevertheless, we found that in MSA model mice 1 week
after Syn induction, Syn was deposited in the perinuclear area in certain
neurons and especially in neurons located in the brainstem and pu-
tamen, where MAP1B-positive cells contained phosphorylated Syn
(Fig. 6D). several reports showed that perinuclear Syn inclusions were
found in the central nervous system of MSA patients during the pre-
clinical stage (Fig. 6C) (Fujishiro et al., 2008; Kon et al., 2013;
Parkkinen et al., 2007; Rodriguez-Diehl et al., 2012). Furthermore,
GFAP-positive or Ibal-positive signals were more intense in MSA model
mice examined at later time points after Syn induction (Fig. 6E, F and
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Fig. 4. MSA model mice exhibit pathological abnormality of Syn. (A, B) Inmunohistochemical staining of tissue sections of cerebral white matter obtained from mice
after tamoxifen induction. (A, B) There was no difference in the 4D6 antibody staining pattern between the 24-week-old control and MSA model mice. (C, D) The
LB509 antibody reacted with GCIs in the 24-week-old MSA model but not control mice. (E, F) Phosphorylated Syn was observed in the 24-week-old MSA model mice.
(G, H) PK-resistant Syn appeared in the 70-week-old MSA model mice. (I) Immunohistochemical staining of tissue sections of cerebral white matter obtained from
MSA patients and 40-week-old MSA model mice after tamoxifen induction. An antibody against oligomeric Syn (5G4) reacted with GCIs in patient with MSA (left).
The 5G4 antibody recognized glial inclusions in MSA model mice (right). (J) Quantitative data for oligomeric Syn expression of MSA model mice with age.

Supplementary Fig. 8). Ubiquitin accumulation is one of the hallmarks
of neurodegenerative disorders. Unexpectedly, we found that ubiquitin-
positive staining was localized not only in glial cells but also in neurons
(Fig. 6G). Ubiquitin-positive structures were positively labeled with a
K48- or K63-lined ubiquitin antibody (Supplementary Fig. 9), sug-
gesting that proteostasis and cellular signaling were gradually disrupted
in these neurons.

3.5. Phosphorylated Syn is detected in higher-density fractions

We previously demonstrated that abnormal Syn was detected in
higher-density fractions of DLB (Tanji et al., 2010). Like abnormal Syn
extracted in DLB, a filter-trap assay showed that an antibody against
phosphorylated Syn recognized lysates in higher-density fractions in
MSA tissues (arrowhead in Fig. 7A, B) but not in controls. Similarly,
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lysates in the higher-density fractions of MSA model mice were also
labeled by an antibody for phosphorylated Syn (Fig. 7C, D). It was
previously reported that Syn becomes an insoluble protein in MSA
patients (Tu et al., 1998). Sequential biochemical fractionation de-
monstrated that the LB509 antibody recognized proteins in Triton X-
100-insoluble (III) and -soluble fractions (I and II) in the MSA model
mice (Fig. 7E, F, and G). Collectively, these results indicate that the Syn
protein is abnormally modified in MSA model mice, in which some of
the properties of MSA patients are replicated.

4. Discussion

MSA is an adult-onset synucleinopathy that is currently incurable.
Preclinical animal models of MSA are needed for studies aimed at
identifying the mechanisms underlying and medications to prevent and
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Fig. 5. MSA model mice exhibit lower motor performance and activity. (A) Open field tests revealed that MSA model mice displayed repressed motor activity as
indicated by moving distance and velocity. (B) Twenty- or fifty-week-old mice successfully performed the rotarod task and achieved a stable level of performance
within 3 days of beginning training when tested at a constant speed of 4 rpm. Repeated two way ANOVA shows that a significant effect of genotype and age in rotarod
test in fifty-week-old MSA model mice (effect of genotype F; 35 = 5.903, p = .0112, effect of age F, 3, = 13.949, p = .0013, interaction, F, 3, = 11.886,
p = .0073,). Post hoc Bonferroni correction indicates decrease of sustained time in MSA model mice at 52- and 53- weeks of age compared with control.* p < .05, **
p < .01,versus age-matched control; # p < .05, ## p < .01, for all groups. There were no difference between twenty-week-old MSA model and control mice. (C)
Forced swimming tests showed that there was no significant difference in immobile time between the MSA model and control mice. (D) Grip handling tests indicated
that there was no difference in grip power between the MSA model and control mice. Error bars show the standard deviations. Three types of controls were used for
survival and behavioral tests: Cre alone, Syn alone, and Syn-flox/flox without tamoxifen injection.

treat this disease. To this end, we generated two lines of genetically
modified mice: Syn-loxP and Syn-plp mice. In particular, the latter can
be used as an MSA model after tamoxifen injection, which initiates Cre
recombinase activity. Because MSA is an adult-onset disease, we aimed
to examine the effects of Syn expression on MSA pathophysiology in
adult or later stages. As expected, we observed robust expression of Syn,
which exhibited several abnormal modifications, in the MSA model
mice. We used the Cre-LoxP method to temporally control Syn ex-
pression in oligodendrocytes, and tamoxifen was used to induce Cre
nuclear translocation (Feil et al., 1996). The Plp promoter was utilized
to express Cre specifically in oligodendrocytes, in which it induced the
deletion of stop codons located upstream of the Syn cDNA, resulting in
robust Syn expression. Although a substantial number of papers have
supported the safety of tamoxifen, it does cause some damage to the
body. Therefore, in this study, for all MSA-control comparisons, the
control mice were also injected with tamoxifen. We unexpectedly found
that after Syn induction, approximately 30% of the male MSA model
mice exhibited sudden death, and this rate was much higher than that
observed in the tamoxifen-treated controls.

Sudden death is one of the causes of death in human MSA patients
(Gilman et al., 2008). However, we think that the cause of sudden death
in MSA model mice is different from that in MSA patients. In most MSA
patients, sudden death tends to happen during the advanced stage
(Gilman et al., 2008), whereas it happened just a few days after ta-
moxifen injection in MSA model mice. Furthermore, a large-scale
survey of MSA patients in several clinical studies indicated that there
was no difference in the rate of sudden death between male and female
MSA patients (Wenning et al., 2013; Zhang et al., 2018). Although we
have no clear answer why sudden death occurred predominantly at the
early stage in MSA model mice, we hypothesize that a tamoxifen-in-
duced surge in Syn expression may contribute to the disturbance of
neurotransmitter release, resulting in the sudden death observed in
MSA model mice, because Syn is a presynaptic protein that regulates
neurotransmitter release (Kalia and Lang, 2015). Further studies will be
needed to clarify the mechanism of sudden death observed in MSA
model mice.

Importantly, no obvious symptoms were observed in the MSA model
mice during the early period following induction (< 4 weeks after Syn
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Fig. 6. Pathological changes in the early phase in MSA model mice. (A) Quantitative analysis showing that any neuronal loss was found in the anterior horn of spinal
cord of MSA model mice. (B) Quantitative analysis showing that any neuronal loss was found in the brainstem, cerebellum, striatum and substantia nigra of MSA
model mice. (C) Perinuclear Syn was observed in neurons and GCI-containing oligodendrocytes in incipient MSA patients. Abnormal Syn was observed in the
perinuclear area of neurons located in the putamen and brainstem of 21-week-old MSA model mice after Syn induction (1 week after Syn induction). (D) Double
immunostaining with a neuronal marker, (microtubule-associated protein 1B; MAP1B) and phosphorylated Syn shows that P-Syn-positive structure are located in
MAP1B-labeled cells. (E) The inflammatory response substantially accelerated with age. (F) Quantitative data for GFAP-positive structures in MSA model mice. (G)
Ubiquitin-positive staining was observed in glial and neuronal cells of MSA model mice (24 weeks old). Bars = 10 um (C, E, G) and 5 pm (D).
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induction). However, pathological and biochemical studies clearly de-
monstrated that numerous GCI and neuronal cytoplasmic and nuclear
inclusions were present during this period. Considering that several
groups have also reported the occurrence of perinuclear Syn accumu-
lation in neurons in incipient MSA patients (Fujishiro et al., 2008; Kon
et al., 2013), it is worth noting that abnormal Syn was observed in the

neuronal perinuclear area of certain regions, such as the putamen and
brainstem, of MSA model mice at short durations (< 4 weeks) after Syn
induction. This finding raises two possibilities: that neuronal Syn is
ectopically expressed in neuronal cells or transferred from oligoden-
drocytes. Since several papers reported that PLP gene expresses in the
neurons of the medulla, olfactory bulb and cerebellum of mice during
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relative early postnatal days (< 14days, Bongarzone et al., 1999;
Michalski et al., 2011; Miller et al.,2008), we should carefully raise the
latter possibility with more pathological and biochemical data in the
future. Collectively, these data indicate that our MSA model mice can
offer the possibility to clarify the molecular mechanisms underlying the
preclinical stages of this disease.

At longer time points after Syn induction, the MSA model mice
exhibited some clinical features of MSA, including decreased motor
activity. Sucrose gradient analysis showed that the density of Syn was
higher in the MSA model mice, similar to that found in tissues obtained
from MSA patients. Furthermore, Syn was extracted from the Triton X-
100-insoluble fraction in MSA model mice. In agreement with these
biochemical findings, we also found that PK-resistant Syn appeared in
the MSA model mice at longer time points after Syn induction.
Phosphorylated and oligomeric Syn were also evident in the MSA model
mice. Moreover, immunostaining for astrocytes and microglia revealed
that the inflammatory response as sustained in MSA model mice ex-
amined at longer time points after Syn induction. Additionally, ubi-
quitin immunohistochemistry showed that ubiquitin had clearly accu-
mulated not only in the GCIs but also in some neuronal cytoplasmic and
nuclear inclusions of the MSA model mice. Interestingly, we found no
abnormal Syn deposits in the neurons exhibiting ubiquitin accumula-
tion. Ubiquitin functions as a tag for protein degradation and a mod-
ulator of cell signaling. Immunostaining showed that some neurons
without Syn deposits were both K48-linked and K63-linked ubiquitin-
immunopositive. Given that ubiquitin accumulation is a common
hallmark of neurodegenerative diseases, these data suggest that pro-
teostasis was gradually disrupted in these neurons.

We cannot find any pathological evidence showing neuronal loss in
any regions. However, KB staining showed relatively weaker myelin
staining in the white matter of spinal cord of MSA model mice than that
in controls. Taken together with findings that abnormal ubiquitin de-
posited in some neurons, axonal flow and/or neural dysfunction may
occur in MSA model mice. Thus, we hypothesize that gradual dis-
turbances in physiological neuronal and glial activities contributed to
the lower levels of motor activity observed in the MSA model mice.

In conclusion, we generated Tg mice in which human Syn expres-
sion was induced in adulthood and confirmed that human Syn was
expressed in oligodendrocytes in certain regions of the mouse brain.
The MSA model mice replicate some pathological, biochemical and
clinical features of MSA patients, indicating that Syn accumulation in
oligodendrocytes results in neuronal dysfunction and may be associated
with the mechanisms underlying MSA. Earlier treatment is important
for slowing MSA. Our MSA model offers a unique approach to advan-
cing our understanding of the mechanisms underlying the initial disease
progression and developing novel therapeutics for MSA.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.03.020.
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(A) Filter-trap assay showing that a higher density of Syn was
phosphorylated in MSA patients. DLB was used as a positive control for
phosphorylated Syn. Coomassie blue staining indicating that almost
equal amounts of protein were applied in the DLB, control and MSA
samples. Arrowhead indicates phosphoryalted Syn in a MSA patient. (B)
Quantitative analysis of the data shown in A. Compared with the con-
trols, the MSA samples contained relatively higher levels of phos-
phorylated Syn levels, especially in higher-density fractions. (C)
Phosphorylated Syn was also extracted from fractions with higher
densities in MSA model mice (36 weeks old). (D) Quantitative analysis
of the data shown in C. The relative levels of phosphorylated Syn were
measured. (E) Sequential fractionation revealed phosphorylated Syn in
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Triton X-100-soluble fractions of tissues obtained from 36-week-old
MSA model mice. Actin was used as a loading control. The methods
used to prepare the samples obtained from fractions I, II, III, IV, and V
are described in detail in the Materials and methods section. (F) The
value of the control mice (lane I) was defined as 1-fold when de-
termining the immunoreactive densities of phosphorylated Syn. (G)
Quantitative analysis of the data shown in E regarding human Syn. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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