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Multiple system atrophy (MSA) is a progressive neu-
rodegenerative disorder characterized by parkinson-
ism unresponsive to dopaminergic therapy, cerebel-
lar ataxia, and dysautonomia. Neuropathology shows
a characteristic neuronal multisystem degeneration
that is associated with widespread oligodendroglial
�-synuclein (�-SYN) inclusions. Presently no animal
model completely replicates the specific neuropathol-
ogy of MSA. Here we investigated the behavioral and
pathological features resulting from oligodendroglial
�-SYN overexpression in transgenic mice exposed to
mitochondrial inhibition by 3-nitropropionic acid. In
transgenic mice 3-nitropropionic acid induced or aug-
mented motor deficits that were associated with MSA-
like pathology including striatonigral degeneration
and olivopontocerebellar atrophy. Widespread astro-
gliosis and microglial activation were also observed in
the presence of �-SYN in oligodendrocytes. Our re-
sults indicate that combined mitochondrial inhibition
and overexpression of oligodendroglial �-SYN gener-
ates a novel model of MSA that may be useful for
evaluating both pathogenesis and treatment strate-
gies. (Am J Pathol 2005, 166:869–876)

Multiple system atrophy (MSA) is a sporadic neurode-
generative disorder that presents with levodopa-resistant
parkinsonism, cerebellar ataxia, and dysautonomia in any

combination.1,2 Neuropathologically there is multisystem
neuronal loss affecting striatum and substantia nigra pars
compacta (striatonigral degeneration, SND), cerebellum,
pons, inferior olives (olivopontocerebellar atrophy), and the
intermediolateral column of the spinal cord.3 Microglial ac-
tivation,4 astrogliosis,5 and demyelination6 appear to be
associated with the degeneration process. (Oligodendro)
glial cytoplasmic inclusions (GCIs) represent the neuro-
pathological hallmark lesion of MSA.7 The importance of
GCIs for the pathogenesis of MSA is generally acknowl-
edged, however, the relation of GCI formation to glial and
neuronal cell death remains unclear. The discovery of
�-synuclein (�-SYN) as the major component of GCIs8–10

expanded the molecular understanding of MSA pathology.
Reactive oxygen species derived from dysfunctional mito-
chondria in the presence of environmental toxins may con-
tribute to the pathogenesis of MSA.11,12 Indeed, oxidative
damage of �-SYN was detected in GCIs.13

MSA carries a serious prognosis because of rapid
progression of motor disabilities.2 In addition, effective
therapy for MSA patients is lacking. Therefore, there is a
strong need for experimental models as preclinical test
beds for novel treatment strategies in MSA. We have
developed several animal models of SND, the neuro-
pathological substrate of MSA-associated parkinsonism,
based on neurotoxic lesions of striatum and substantia
nigra pars compacta (SNc) by either direct unilateral
delivery in rats14–19 or systemic exposure in mice and
primates.20–23 Distinct behavioral and morphological ab-
normalities have been characterized in these models.
However, oligodendroglial �-SYN pathology was not
present in any of them. Thus, transgenic (Tg) mouse
models were generated in which human �-SYN was spe-
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cifically expressed in oligodendrocytes.24 In Tg mice
overexpressing human wild-type �-SYN under control of
the proteolipid protein (PLP) promotor, both GCI-like ag-
gregates and biochemical markers of MSA were ob-
served, including detergent insolubility25–27 and phos-
phorylation at serine-12928 of the transgenic �-SYN. In
the present work we aimed to establish whether oligo-
dendroglial �-SYN overexpression in (PLP)-�-SYN
mice24 combined with mitochondrial inhibition by 3-nitro-
propionic acid (3-NP)22 replicates the combined glial and
neuronal pathology of MSA.

Materials and Methods

Animals and Treatment

The generation and characterization of the (PLP)-�-SYN
mice was previously described.24 The following in vivo
protocols were approved by the Federal Ministry of Sci-
ence and Transport of Austria. In the present study we
used a total of 41 homozygous (PLP)-�-SYN mice (Tg)
and 38 C57BL/6 mice (control) older than 10 months of
age. Animals were maintained in a temperature-con-
trolled room under 12-hour light/dark cycle with free ac-
cess to food and water. Mice of each genotype (Tg or
control) were subgrouped into saline-treated, low-dose
3-NP, and high-dose 3-NP groups. The 3-NP intraperito-
neal treatment was done according to the following
scheme22: low-dose 3-NP: 4 � 10 mg/kg, 4 � 20 mg/kg,
4 � 40 mg/kg, 3 � 50 mg/kg, total dose 430 mg/kg;
high-dose 3-NP: 8 � 40 mg/kg, 3 � 80 mg/kg, total dose
560 mg/kg. 3-NP was dissolved in saline and pH 7.4 was
adjusted with 1 mol/L NaOH. The concentration was cal-
culated to keep the injected volume (�250 �l) stable.
Intraperitoneal injections were done every 12 hours dur-
ing the intoxication period.

Behavioral Tests

Standardized Motor Behavioral Scale for Assessment
of the Severity of 3-NP-Induced Motor Disability in Mice

We used a previously described rating scale22 for
evaluation of hindlimb clasping, general locomotor activ-
ity, hindlimb dystonia, truncal dystonia, and postural
challenge response (0, normal; 1, slightly disturbed; and
2, markedly disabled). The rating was performed every
12 hours before the injection during the intoxication pe-
riod and every day during the period after intoxication.
The total score for each session was determined.

Pole Test

The pole test22,29 was performed at baseline and on
day 13 after the beginning of intoxication. Each mouse
was habituated to the test the day before. A wooden
vertical pole with rough surface, 1 cm wide and 50 cm
high was applied. The mouse was placed with the head
up at the top of the pole and the time for turning down-
wards (Tturn) as well as the total time for climbing down

the pole until the mouse reached the floor with the four
paws (Ttotal) was taken in five trials. The best performance
of all of the five trials was kept for the statistical analy-
sis.22 If a mouse was unable to perform the test, a default
value of 120 seconds was taken into account.

Open Field Activity

To test the locomotor activity of the mice we applied
the Flex Field Activity System (San Diego Instruments,
San Diego, CA), which allows monitoring and real-time
counting of horizontal and vertical locomotor activity by
544 photo-beam channels. Mice were placed in the cen-
ter of the open field (40.5 � 40.5 � 36.5 cm) and tested
for a 15-minute period always at the same time of the day
(5:00 p.m.). The tests were performed in a dark room that
was completely isolated from external noises and light
during the test period. The sum of counts in the horizontal
and vertical plane at baseline and on day 13 after the first
injection was further analyzed.

Stride Length

The stride length22 of the forelimbs and hindlimbs of
the mice was measured at baseline and before sacrific-
ing them after a habituation to the test for 3 days before
its performance. The limbs of each animal were wetted
with a nontoxic food color and the mouse was let to run on
a strip of paper (42 cm long, 4.5 cm wide) down a bright
corridor toward a dark goal box. After three runs, the
stride length of the forelimbs and the hindlimbs on each
side was measured, excluding the beginning (7 cm) and
the end (7 cm) of the run. The mean stride length for each
forelimbs and hindlimbs was determined.

Tissue Processing

Animals were perfused under thiopental anesthesia (day
15 after the first 3-NP injection) with 5 ml of phosphate-
buffered saline followed by 20 ml of 4% paraformalde-
hyde (pH 7.4). Brains were quickly removed, postfixed in
the same fixative for 1 hour at 4°C, and then kept in 25%
sucrose solution until they sank. Brains were slowly fro-
zen with 2-methylbutan and kept at �80°C until process-
ing. Four series of two adjacent 20-�m sections (directly
mounted on slides) and six series of 50-�m free-floating
sections throughout the whole brain were cut on a freez-
ing microtome (Leica, Nussloch, Germany) and either
dried or kept in assorter buffer at 4°C, respectively. The
series on slides were used for standard cresyl violet and
Klüver-Barrera stainings and the free-floating sections
were used for immunohistochemical stainings. A group of
mice was decapitated under thiopental anesthesia,
brains were quickly removed, fixed in 4% formaldehyde
in phosphate-buffered saline, and embedded in paraffin.
Sections (4 �m) were stained with hematoxylin and eosin,
Gallyas silver, Campbell-Switzer silver, thioflavin S, and
Luxol fast blue-periodic acid-Schiff. The proteinase K-
digested paraffin-embedded tissue blot was performed
as described previously.30
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Immunocytochemistry

The following antibodies were used in this study: monoclo-
nal anti-DARPP-32 (1:20000; generous gift from Prof. H.
Hemmings, New York Presbyterian Hospital, NY), monoclo-
nal anti-TH (1:500; Sigma, St. Louis, MO), monoclonal anti-
calbindin D28k (1:1000, Sigma), monoclonal anti-GFAP (1:
100; Roche, Vienna, Austria), monoclonal anti-CNP (1:100,
Sigma), monoclonal anti-CD68 (1:100, MCA 1957; Serotec,
Oxford, UK), monoclonal anti-human-�-synuclein (1:10,
15G731), monoclonal anti-MBP (1:100, mAb 381; Chemi-
con, Temecula, CA), monoclonal anti-MOG (1:100, 8.18-
C532), monoclonal anti-ubiquitin (1:300, mAb 1510; Chemi-
con). Secondary antibodies were biotinylated goat anti-
mouse IgG or goat anti-rat IgG (Vector, Burlingame, CA).

Image Analysis

All morphometric analyses were done by a blinded ob-
server on Olympus BX60 microscope (Olympus, Ham-
burg, Germany) supplied with computerized image anal-
ysis system (Sony 3CCD video camera, Image Pro Plus
software; Media Cybernetics, Silver Spring, MD, and
Neurolucida software, MicroBrightField, Inc., Colchester,
VT). Stereological methods33 were used to count neurons
in the striatum, substantia nigra pars compacta, locus
ceruleus, pontine nuclei, deep cerebellar nuclei, and in-
ferior olive. The entire cerebellar hemisphere was out-
lined on serial sections to determine cerebellar volume.
Purkinje cells were counted in a region outlined to include
only the Purkinje cell layer.34 The density per mm2 of
2�3�-cyclic nucleotide 3�-phosphodiesterase (CNP)-pos-
itive oligodendrocytes in the striatum was determined.
The optical density of the dopaminergic terminals in the
striatum was measured in serial sections and a mean
density score was determined for each mouse.

Statistics

Behavioral data were analyzed with Kruskal-Wallis non-
parametric analysis and posthoc Dunn’s test. After con-
firming normality of distribution, the histological morpho-
metric data were subjected to two-way analysis of
variance to compare control and Tg mice after intoxica-
tion with different doses of 3-NP. Posthoc Bonferroni test
was applied where appropriate. P � 0.05 was used to
determine statistical significance.

Results

Locomotor Dysfunction

Both (PLP)-�-SYN and C57BL/6 control mice developed
progressive motor disability after treatment with 3-NP in a
dose-dependent manner as established by the Bordeaux
motor behavioral scale for assessment of the severity of
3-NP-induced motor disorders in mice.22 In the low-dose
treatment group only 43% of the control mice developed
motor disability evaluated by this scale, whereas all of the
Tg mice in the low-dose group (100%) showed signs of

motor impairment. In low-dose 3-NP-treated mice the
mean motor behavioral score was significantly greater in
Tg compared to control mice at day 15 (Figure 1a). In
contrast, motor disability increased in both high-dose
3-NP-treated Tg and control mice reaching a maximum
on the last test day (day 15) before sacrifice (Figure 1a).
Comparison of overall motor disability scores in Tg and
control mice revealed dose dependence (Figure 1b).
Forty-six percent of the high-dose 3-NP-treated Tg mice
died before the end of the test period, whereas none of
the control mice died after the high-dose intoxication. The
3-NP dose-dependent motor impairment was confirmed
by open field activity (Figure 1, c and d), pole (Figure 1,
e and f) and stride length tests (Figure 1, g and h). The
general locomotor activity in an open field arena de-

Figure 1. Behavioral motor impairment. a: Mean daily motor impairment
scores increased substantially after day 8 in control and Tg mice receiving
high-dose 3-NP. In contrast, low-dose 3-NP induced significant behavioral
impairment in Tg, but not in control mice at day 15. b: Significant dose-
dependent effect of 3-NP treatment on the total motor impairment score was
observed (total for 15 days). c: Open-field horizontal activity was signifi-
cantly impaired both by low- and high-dose 3-NP without dose dependency.
d: However, when analyzing rearing as one of the open-field activity mea-
sures 3-NP showed a clear dose-response effect that was more marked in Tg
mice exposed to low-dose 3-NP. Tturn (e) and Ttotal (f) of the pole test
showed similar results suggesting a combined overall genotype and 3-NP
effect. Forelimb (g) and hindlimb (h) stride length decreases confirmed 3-NP
and overall genotype effects. Further, even without treatment a significantly
shorter hindlimb stride length was observed in Tg mice. Significant changes
are indicated as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001 for 3-NP
treatment effects within the control or Tg group; °, P � 0.05; °°, P � 0.01 for
comparisons of control and Tg mice. For all tests, n � 6 per group. Flex field
activity test and pole test were performed on day 13. Stride length measure-
ments were performed on day 14.
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creased because of 3-NP intoxication both in the horizon-
tal and vertical plane (Figure 1, c and d). Further, the
rearing scores (vertical movements) were significantly
more reduced in Tg than in control mice receiving low-
dose 3-NP (Figure 1d).

The time that mice needed to turn their head and body
down (Tturn) and to descend along a pole (Ttotal) signifi-
cantly increased with escalating dose levels of 3-NP (Fig-
ure 1, e and f). Additionally, Tturn and Ttotal were signifi-
cantly longer in 3-NP-treated Tg compared to control
mice indicating a more severe motor deficit with distur-
bance of balance and coordination. Exposure to 3-NP
induced a dose-dependent shortening of the stride
length in both control and Tg mice (Figure 1, g and h). In
addition, hindlimb stride length was significantly reduced
in untreated Tg compared to control mice (Figure 1h).

Neuropathology

Striatonigral Neuronal Pathology

Striatal neuronal cell loss was induced by treatment
with 3-NP in both control and Tg mice as shown by cresyl
violet staining and DARPP-32 immunohistochemistry.
Neuronal loss was most prominent in the dorsolateral
striatum with well-circumscribed symmetrical striatal le-
sions in mice treated with high-dose 3-NP (Figure 2, a
and b). DARPP-32� neurons in the striatum were lost
dose dependently after 3-NP intoxication (Figure 2c). In
addition, Tg mice showed greater striatal neuronal loss
than control mice after low-dose 3-NP exposure. Neuro-
nal loss was accompanied by striatal shrinkage as mea-
sured by decrease in striatal volume (Figure 2d). Again,
striatal volume loss was greater in Tg compared to con-
trol mice receiving low-dose 3-NP. In addition to the loss
of DARPP-32� neurons in the striatum, 3-NP intoxication
also caused a dose- and genotype-dependent loss of
dopaminergic innervation of the striatum, as evidenced
by reduced TH immunoreactivity (Figure 2e). A signifi-
cant reduction of TH-immunoreactive neurons was ob-
served in the SNc of Tg mice at baseline (Figure 2f),
suggesting that the presence of �-SYN in oligodendro-
cytes alone induced dopaminergic neuron loss. 3-NP
exposure exacerbated dopaminergic cell loss in both Tg
and control mice (Figure 2, g and h) in a dose- and
genotype-dependent manner (Figure 2f).

Cerebellar, Pontine, and Inferior Olive Neuronal
Pathology

In the low-dose and high-dose 3-NP regimens there was
no consistent effect of the toxin on cerebellar neurons in
control mice. In contrast, Tg mice showed dose-dependent
3-NP-induced cerebellar Purkinje cell loss as measured by
cresyl violet staining (Figure 3, a and b) and calbindin D28K
immunohistochemistry (data not shown). 3-NP treatment
induced dose-dependent loss of the cerebellar volume in
Tg mice that was not observed in control mice (Figure 3b).
The deep cerebellar nuclei of neither control nor Tg mice
were affected by 3-NP intoxication (Figure 3b).

Analysis of the neuronal loss in the pons demonstrated
TH� neuron loss in the locus ceruleus (LC) already at
baseline in Tg mice (Figure 3, c and d). After 3-NP
intoxication, TH� cell loss was evident in both control and
Tg mice, and this was more marked in Tg than in control
mice (Figure 3, c and d). Furthermore, neuronal loss in
the pontine nuclei and in the inferior olivary nucleus on
3-NP treatment was observed in Tg but not in control
mice (Figure 3d).

Astrogliosis

There was no apparent difference between the GFAP
staining pattern in untreated control and Tg mice. As a
result of the 3-NP intoxication we observed astroglial
activation in the striatum of both control and Tg mice
forming a scar around the lesion in the dorsolateral stri-
atum (data not shown). In SN the astroglial activation was
more prominent in Tg than in control mice treated with
3-NP (Figure 4). Further, 3-NP induced astroglial activa-
tion in cerebellum, pons, and inferior olives was only seen
in Tg but not in control mice (Figure 4).

Figure 2. Striatonigral neuropathology. a and b: DARPP-32 immunohisto-
chemistry of striatum in a control saline-treated mouse and in a Tg mouse
after treatment with high-dose 3-NP. Arrows point to the lesion in the
dorsolateral striatum. Insets represent higher magnification of the striatum.
In Tg � 3NP mice the center of the lesion is deprived of cells and the
periphery of the lesion shows a few remaining degenerating cell bodies. c:
Neuronal cell counts in the striatum revealed dose-dependent loss of DARPP-
32-labeled neurons in C57BL/6 (control) and Tg mice that was more pro-
nounced in the latter when exposed to low-dose 3-NP. d: Analysis of striatal
volume showed a similar 3-NP and genotype effect. e: The density of TH
immunoreactivity in the striatum of control and Tg mice was significantly
decreased after 3-NP intoxication. There was also a significant overall group
effect of Tg versus control mice (P � 0.01). f: There was a reduction of
TH-positive neurons in SNc in untreated Tg versus control mice. After 3-NP
administration neuronal loss in SNc increased dose dependently with greater
loss in Tg mice receiving low-dose 3-NP. g and h: Photomicrographs show-
ing TH-immunopositive dopaminergic neurons in SNc of control (saline-
treated) and 3-NP-treated Tg mice. Significant changes are indicated as
follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001 for 3-NP treatment effects
within the control or Tg group; °, P � 0.05; °°, P � 0.01; °°°, P � 0.001 for
comparisons of control and Tg mice. Scale bars: 1 mm (a); 50 �m (insets in
a, b); 100 �m (g, h).
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Microglial Activation

Prominent microglial activation was observed in the stri-
atum, SNc, and in the white matter throughout the brain of
the untreated Tg but not the control mice (Figure 5).
Intoxication with 3-NP increased microglial activation in
the striatum and substantia nigra of Tg mice and to a
lesser degree also induced microglial activation in these
areas in control mice (data not shown). In addition the
activation of microglia in the white matter of the Tg mice
was markedly intensified by 3-NP, whereas in control
mice it was absent or just single CD68-positive cells were
seen (Figure 5). CD68-positive cells were observed also
in the cerebellar cortex and deep cerebellar nuclei, the
pontine nuclei, and the inferior olive of 3-NP-treated Tg
mice but not in control mice (data not shown).

Oligodendroglial Pathology

Oligodendrocytes of Tg mice showed human �-SYN-
positive profiles (Figure 6, a and b), as previously de-

scribed.24 Morphometric analysis of the density of oligo-
dendrocytes revealed a significant cell loss because of
high-dose, but not low-dose, 3-NP intoxication (Figure
6c). No widespread specific positive inclusions were de-
tectable with ubiquitin antibodies (data not shown). Ar-
gyrophilic thioflavin S-positive or proteinase K-resistant
�-SYN was not detected in oligodendrocytes of Tg mice
(data not shown). Luxol-fast blue staining as well as MOG
and MBP immunohistochemistry did not reveal significant
loss of myelin in Tg mice compared to control mice (data
not shown).

Discussion

We here characterize a novel MSA mouse model result-
ing from oligodendroglial �-SYN overexpression in trans-
genic mice exposed to mitochondrial inhibition by 3-NP.
Neither oligodendroglial �-SYN overexpression nor 3-NP
intoxication alone was sufficient to induce the full spec-

Figure 3. Cerebellar, pontine, and olivary neuropathology. a: Cresyl violet
staining demonstrated Purkinje cell loss in 3-NP-treated Tg but not in control
mice. b: Morphometric analysis confirmed significant loss of Purkinje cells
and of cerebellar volume in Tg mice treated with high-dose 3-NP. In contrast,
deep cerebellar nuclei were preserved. c: Representative photomicrographs
of TH-immunopositive neurons in locus ceruleus (LC) in control and Tg
mice, without or with 3-NP treatment. d: Morphometric analysis showed
neuronal loss of LC in untreated Tg compared to control mice. 3-NP induced
dose-dependent cell loss in both control and Tg mice, with a significant
difference between both groups. Cell counts revealed loss of neurons in the
pontine nuclei and inferior olivary complex of Tg but not control mice
exposed to low- and high-dose 3-NP. Significant changes are indicated as
follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001 for 3-NP treatment effects
within the control or Tg group; °, P � 0.05; °°, P � 0.01; °°°, P � 0.001 for
comparisons of control and Tg mice. Scale bar, 100 �m (c).

Figure 4. Astrogliosis. GFAP immunohistochemistry demonstrating wide-
spread astrogliosis in Tg mice after 3-NP intoxication including substantia
nigra (SN), cerebellum, pontine nuclei (PN), and inferior olive (IO). In
contrast, 3-NP-treated control C57BL/6 mice show weak astroglial activation
in SN but not in the other brain structures presented. Scale bars: 50 �m (SN,
cerebellum, PN); 0.2 mm (IO).
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trum of MSA-like neuropathology. As previously reported,
3-NP induced selective neuronal cell loss with astroglio-
sis in the striatum and loss of dopaminergic neurons in
SNc of control mice.22,35 Although significant suppres-
sion of succinate dehydrogenase in cerebellum and
many other brain regions is known to result from systemic
3-NP,36 no cell loss has ever been reported outside of the
striatonigral system. In the present study, our observa-
tions in control mice intoxicated with 3-NP confirm the
selective loss of neurons in striatum, and SNc with spar-
ing of the cerebellum, pontine nuclei, and inferior olive,
although for the first time we were able to show 3-NP-

induced neuronal loss in LC of C57BL/6 mice older than
10 months of age. 3-NP alone although widely used to
model Huntington’s disease37 or SND,22,35 is not able to
replicate olivopontocerebellar atrophy pathology that is
typically associated with MSA.

Ectopic oligodendroglial expression of �-SYN in Tg
mice has been shown to replicate the oligodendroglial
pathology of MSA. In the first report of these mice GCI-
like profiles and serine-129 phosphorylated insoluble
�-SYN were demonstrated.24 These markers character-
ize oligodendrocytes of MSA patients.28 However, Tg
mice of up to 10 months of age did not show motor
disturbances on the rotarod. Our present study applied
additional locomotor tests to extend the behavioral char-
acterization of these mice. We observed a subtle but
significant shortening of the stride length of Tg mice but
no other changes in their motor activity. This behavioral
change was associated with a 23% TH� cell loss in SNc
that may not have been detected by the other motor tests
because of threshold effects.38 Further, we detected TH�

cell loss in the LC of untreated Tg mice. Similar to SNc,
LC is composed of monoamine-containing neurons that
appear to be particularly sensitive to ectopic �-SYN ex-
pression in oligodendrocytes. Abnormal microglial acti-
vation may have also contributed to neuronal loss in
untreated Tg mice, but it cannot readily explain the se-
lective loss of monoaminergic neurons in these animals.

In contrast to the limited effects of isolated 3-NP expo-
sure or oligodendroglial overexpression of �-SYN in mice
both strategies combined resulted in MSA-like features
including complex locomotor impairment and neuro-
pathological changes such as SND, olivopontocerebellar
neuronal loss, astrogliosis, and microglial activation,
along with the GCI-like pathology.24 The severe motor
impairment phenotype included stiffness and flexion of
the trunk, hindlimb dystonia, prominent poverty of spon-
taneous movements, reduction of stride length, and poor
balance and coordination. Although similar signs were
observed also in control mice treated with 3-NP, perfor-
mance of the 3-NP-treated Tg mice was significantly
worse, consistent with increased vulnerability to oxidative
stress when combined with oligodendroglial �-SYN over-
expression. Unfortunately, the present study had to be
terminated on day 15 because of the severe morbidity of
the high-dose 3-NP-treated mice. However, between
days 14 and 15 we observed a significant difference in
the motor behavior of control and Tg mice in the low-dose
3-NP group, suggesting that long-term studies need to
be performed to confirm and follow the motor deteriora-
tion. The behavioral observations were further supported
by the neuropathological findings. Interestingly, oligo-
dendroglial overexpression of �-SYN exacerbated 3-NP-
induced SND and it mediated 3-NP-induced olivoponto-
cerebellar pathology that was absent in control mice. This
observation suggests that in the presence of �-SYN-
overexpressing oligodendrocytes, systemic 3-NP-in-
duced oxidative stress results in a MSA-like neuropatho-
logical lesion pattern. Importantly, environmental factors
leading to oxidative stress have been associated with the
aetiopathogenesis of MSA by several investigators.12,39

The origin of the neuronal protein �-SYN in MSA oligo-

Figure 5. Microglial activation. CD68 immunohistochemistry demonstrated
microglial activation in several brain regions. Untreated Tg mice showed diffuse
microglial infiltration in white matter tracts [capsula interna (delineated by ar-
rows), cerebellum] that was not observed in untreated control mice. In Tg mice,
intoxication with 3-NP augmented microglial activation in the sites mentioned
above but remained absent in control mice. Scale bars, 0.2 mm.

Figure 6. Oligodendroglial pathology. a: Immunohistochemistry for �-SYN
with 15G7 antibody, demonstrating the density of �-SYN-positive profiles in
oligodendrocytes in the striatum of a Tg mouse. b: Immunohistochemistry
for �-SYN with 15G7 antibody, demonstrating a single oligodendrocyte of a
Tg mouse with a typical polar accumulation of �-SYN reminiscent of a GCI
(arrow). c: Semiquantitative analysis of the density of oligodendrocytes in
the striatum of control C57BL/6 and Tg mice showed loss of oligodendro-
cytes in response to 3-NP intoxication regardless of the mouse genotype.
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dendrocytes remains uncertain.11 �-SYN released from
dying neurons may be taken up by oligodendroglial cells;
alternatively, oligodendroglial �-SYN may be overex-
pressed as a result of noxious stimuli. Increased �-SYN
mRNA levels in GCI-positive oligodendrocytes have re-
cently been reported in brains of patients with the cere-
bellar, but not the parkinson presentation of MSA.40

Serine-129 phosphorylated insoluble �-SYN is present in
the oligodendrocytes of Tg mice24 similar to the human
disease. Argyrophilia and proteinase resistance of the
�-SYN filamentous inclusions are other features typically
seen in human GCIs derived from end-stage MSA.26

These features were absent in our study, however, the
short survival time may have limited further development
of GCI-like inclusions. The lack of widespread specific
positive inclusions detectable with ubiquitin antibodies
argues against a role of ubiquitination of �-SYN in this
mouse model at the stage studied. This finding corre-
sponds to neuropathological data suggesting that ubiq-
uitination of �-SYN is not required for inclusion formation
and might be a late secondary phenomenon.41 We ob-
served oligodendroglial cell loss in both control and Tg
mice after treatment with 3-NP. It has been previously
shown that 3-NP induces calpain-mediated neuronal and
oligodendroglial cytoskeletal break down.42,43 More de-
tailed studies are needed to address whether �-SYN
overexpression alters the pattern of oligodendroglial cell
death in Tg mice with features of apoptosis similar to the
human disease.44 Microglial activation, again reminis-
cent of the human pathology,4 was pronounced in 3-NP-
treated Tg mice. Whether �-SYN oligodendroglial pathol-
ogy itself or chronically activated microglia or both drive
the selective neuronal degeneration process in MSA re-
mains to be studied further in the Tg mouse model that
reproduces both features. Further, demyelination is ob-
served in the end-stage MSA brain tissue,5 but we could
not prove the same in the Tg mice. The lack of demyeli-
nation in the present study (like several other features
discussed above) could have contributed to the short
survival time that did not let the scattered oligodendro-
glial pathology and microgliosis to induce marked myelin
pathology. It cannot be excluded that all of the effects
documented for 3-NP in (PLP)-�-SYN mice are caused by
a subtly impaired functional oligodendrocyte-neurite con-
tact,6 which is still permissive for myelination. Alterna-
tively, myelin pathology in the Tg mice might have been
undetectable at the chosen stage with the stains used in
previous studies of human MSA.6

In conclusion, the present study describes the first
animal model of MSA that reproduces both the specific
neuronal and glial pathology of the disorder with a cor-
responding motor phenotype. Our data demonstrate that
oligodendroglial �-SYN overexpression is critical for the
increased susceptibility to oxidative stress. Further, this
model could be applied to study the pathogenic mech-
anisms and pathways of selective neurodegeneration
underlying MSA, as well as serve as an invaluable test bed
for future therapeutic strategies including restoration of
levodopa response and neuroprotection at different stages
of the disease progression.
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