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Multiple system atrophy (MSA) is a progressive, neurodegenerative disease characterized by parkinsonism, ataxia, autonomic dysfunc-
tion, and accumulation of �-synuclein (�-syn) in oligodendrocytes. To better understand the mechanisms of neurodegeneration and the
role of �-syn accumulation in oligodendrocytes in the pathogenesis of MSA, we generated transgenic mouse lines expressing human (h)
�-syn under the control of the murine myelin basic protein promoter. Transgenic mice expressing high levels of h�-syn displayed severe
neurological alterations and died prematurely at 6 months of age. Furthermore, mice developed progressive accumulation of h�-syn-
immunoreactive inclusions in oligodendrocytes along the axonal tracts in the brainstem, basal ganglia, cerebellum, corpus callosum, and
neocortex. The inclusions also reacted with antibodies against phospho-serine (129) h�-syn and ubiquitin, and h�-syn was found in the
detergent-insoluble fraction. In high-expresser lines, the white matter tracts displayed intense astrogliosis, myelin pallor, and decreased
neurofilament immunostaining. Accumulation of h�-syn in oligodendrocytes also leads to prominent neurodegenerative changes in the
neocortex with decreased dendritic density and to loss of dopaminergic fibers in the basal ganglia. The oligodendrocytic inclusions were
composed of fibrils and accompanied by mitochondrial alterations and disruption of the myelin lamina in the axons. Together, these
studies support the contention that accumulation of �-syn in oligodendrocytes promotes neurodegeneration and recapitulates several of
the key functional and neuropathological features of MSA.
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Introduction
�-Synuclein (�-syn), a 140 amino acid synaptic molecule, was
identified originally in human brain as the precursor of the
nonamyloid �-protein component of Alzheimer’s disease (AD)
amyloid (Ueda et al., 1993; Trojanowski et al., 1998; Hashimoto
and Masliah, 1999; Iwai, 2000), which might be involved in the
pathogenesis of diverse neurodegenerative disorders with par-
kinsonism. �-syn is capable of self-aggregating to form both po-
tentially neurotoxic oligomers and fibrillar polymers with
amyloid-like characteristics (Hashimoto et al., 1998; Lansbury,
1999). In Lewy body disease, a common cause of dementia and
parkinsonism in the elderly, neuronal accumulation of �-syn has

been proposed to be involved, because this molecule is the most
abundant component of Lewy bodies (Spillantini et al., 1997;
Wakabayashi et al., 1997; Takeda et al., 1998), and mutations in
the �-syn gene (A30P, A53T, and E46K) and �-syn gene multi-
plication, which are associated with rare familial forms of parkin-
sonism (Polymeropoulos et al., 1997; Kruger et al., 1998; Single-
ton et al., 2003; Zarranz et al., 2004), and expression in transgenic
(tg) mice (Masliah et al., 2000; van der Putten et al., 2000; Giasson
et al., 2002; Lee et al., 2002) and Drosophila (Feany and Bender,
2000) mimic several aspects of this disorder.

�-syn might also be involved in the pathogenesis of other
neurodegenerative disorders including AD (Ueda et al., 1993;
Masliah et al., 1996), neurodegeneration with brain iron accumu-
lation type 1 (Galvin et al., 2000), and multiple system atrophy
(MSA) (Spillantini et al., 1998; Wakabayashi et al., 1998a). MSA
is a sporadic, progressive neurological disorder characterized by
parkinsonism, cerebellar dysfunction, autonomic impairment and
pyramidal signs (Graham and Oppenheimer, 1969; Gilman et al.,
1999; Shults and Gilman, 2003), and �-syn-immunoreactive glial
cytoplasmic inclusions (GCIs) in oligodendrocytes (Lantos and
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Papp, 1994; Lantos, 1998; Wakabayashi et al., 1998a; Dickson et al.,
1999; Gai et al., 1999; Duda et al., 2000; Dickson, 2001; Goedert,
2001) in several brain regions (Wenning and Jellinger, 2005). These
inclusions are accompanied by neuronal loss, astrogliosis, and de-
myelination (Probst-Cousin et al., 1998; Wenning and Jellinger,
2005).

The factors triggering progressive �-syn accumulation in oli-
godendrocytes and neurons in patients with MSA are not well
understood. It is also unclear how accumulation of �-syn in oli-
godendrocytes leads to cellular dysfunction and neurodegenera-
tion (Trojanowski et al., 1998; Goldberg and Lansbury, 2000).
Recent studies have begun to address this issue by generating tg
mice that express �-syn under the regulatory control of oligoden-
droglial promoters such as the proteolipid promoter (PLP)
(Kahle et al., 2002) and 2�,3�-cyclic nucleotide 3�-phospho-
diesterase (CNP) promoter (Yazawa et al., 2005). These models
have reported accumulation of �-syn in oligodendrocytes with
demyelination and degeneration, especially in the spinal cord.
However, the effects of h�-syn accumulation in neurodegenera-
tion in other cortical and subcortical brain regions deserve fur-
ther consideration, because patients with MSA also develop be-
havioral alterations that suggest frontal lobe involvement
(Robbins et al., 1992), including attention deficits (Robbins et al.,
1992; Meco et al., 1996). To this end, we generated new lines of tg
mice overexpressing h�-syn under the control of the myelin basic
protein (MBP) promoter. By 6 months of age, these mice devel-
oped abundant h�-syn-immunoreactive inclusions in oligoden-
drocytes in the neocortex, basal ganglia, cerebellum, and brain-
stem, accompanied by myelin and neuronal damage and motor
deficits, supporting a more general role of �-syn accumulation in
the pathogenesis of MSA.

Materials and Methods
Generation of MBP h�-syn tg mice. For the present study, we generated tg
mice expressing h�-syn under the murine MBP promoter (kindly pro-
vided by Dr. de la Torre with permission from Dr. Lazzarini). This pro-
moter was used because it has been shown previously to specifically target
oligodendrocytes (Gow et al., 1992), the primary cell population affected
in MSA. The wild-type (wt) h�-syn cDNA fragment (nucleotides 53–
475; GenBank accession number L08850) was generated by reverse
transcriptase-PCR from human brain mRNA, ligated into pCRII (In-
vitrogen, La Jolla, CA), and sequenced for accuracy. The h�-syn cDNA
fragments were released from the pCRII vector and ligated with the 5�
upstream region of the MBP cassette; the splice and the polyadenylation
signals were supplied by portions of the PLP gene (exon 6, intron 6, exon
7). The purified construct was microinjected into one-cell embryos
(C57BL/6 � DBA/2 F1) according to standard procedures, and the
highest-expresser lines from each of these mouse groups obtained were
selected for subsequent analysis. Genomic DNA was extracted from tail
biopsies and analyzed by PCR amplification (Rockenstein et al., 1995;
Masliah et al., 2000). For all experiments, heterozygous h�-syn tg mice
were crossed with wt (DBA) mice to generate tg and nontransgenic
(nontg) littermates.

Behavioral analysis. In the rotarod test (San Diego Instruments, San
Diego, CA), mice were blind-coded and tested for 2 d, as described pre-
viously (Masliah et al., 2001b). On the first day, mice were trained for five
trials at the following speeds: first at 10 rpm, second at 20 rpm, and third
through fifth at 40 rpm. On the second day, mice were tested for seven
trials at 40 rpm each. Mice were placed individually on the cylinder, and
the speed of rotation increased from 0 to 40 rpm over a period of 240 s.
The length of time mice remained on the rod (fall latency) was recorded
and used as a measure of motor function. The non-tg and tg animals were
also evaluated in the pole test because this assay has been used previously to
assess basal ganglia-related movement disorders in mice (Ogawa et al., 1985,
1987; Matsuura et al., 1997; Sedelis et al., 2001; Fernagut et al., 2003). It has
been shown that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-

treated mice display slower times in both parameters compared with con-
trols, and the impairments can be reversed by L-3,4-dihydroxyphenylalanine
(Ogawa et al., 1985, 1987; Matsuura et al., 1997). Briefly, as described previ-
ously (Fleming et al., 2004), animals (4 months of age) were placed head
upwards on top of a vertical wooden pole 50 cm long (diameter, 1 cm). The
base of the pole was placed in the home cage. When placed on the pole,
animals orient themselves downward and descend the length of the pole
back into their home cage. Groups of MBP h�-syn tg mice (from all four
lines; n � 8 per line) and nontg littermates (n � 8; proportionately distrib-
uted across the lines) received 2 d of training that consisted of five trials for
each session. On the test day, animals received five trials, and time to orient
downward and total time to descend were measured. The best performance
over the five trials was used for both nontg and MBP h�-syn tg mice. To
further investigate the time course of the motoric deficits in the mice, an
additional set of MBP h�-syn transgenic mice from line 1 were tested in the
pole test at 3, 6, and 12 months of age (n � 6 per age group).

Tissue processing and preparation. For analysis of the various lines gen-
erated, mice were killed following National Institutes of Health guide-
lines for the humane treatment of animals. After transcardiac saline per-
fusion under anesthesia with chloral hydrate, brains were removed and
divided sagitally. For RNA and protein analysis (Masliah et al., 2000), the
right hemibrain was snap-frozen in cooled isopentane and stored at
�70°C. The left hemibrain was immersion-fixed in 4% paraformalde-
hyde at 4°C for 72 h and serially sectioned sagitally at 40 �m with the
Vibratome 2000 (Leica, Deerfield, IL) for neuropathological and immu-
nocytochemical analysis and electron microscopy (Masliah et al., 2000).
For comparisons of the morphological characteristics and patterns of
immunoreactivity, vibratome sections from the frontal cortex and basal
ganglia of an autopsy case from a patient confirmed to have MSA were
used (58-year-old male). Additional paraformaldehyde-fixed hemi-
brains, spinal cord, muscle, nerves, and dorsal root ganglia were paraffin-
embedded and sectioned serially at 7 �m for neuropathological and in
situ hybridization (ISH).

RNA analysis. Levels of h�-syn expression were analyzed by RNase
protection assay (RPA) and ISH, as described previously (Masliah et al.,
2000; Rockenstein et al., 2002). Briefly, for RPA, total RNA was isolated
from snap-frozen tissues using the Tri reagent (Molecular Research Cen-
ter, Cincinnati, OH) and added to 32P-labeled antisense riboprobes, and
for ISH, h-, and m�-syn, 35S-labeled sense and antisense riboprobes were
used essentially as described previously (Toggas et al., 1994). For ISH,
paraffin sections were treated with proteinase K, incubated in prehybrid-
ization solution, and hybridized with riboprobes at 60°C. For colocaliza-
tion studies, sections were immunolabeled with an antibody against the
oligodendroglial marker galactocerebroside (GC; 1:50; Chemicon, Te-
mecula, CA) or with an antibody against h�-syn (72-10; 1:1000)
(Masliah et al., 2000). Sections were exposed to film and developed 3–14
d later. These sections were then dipped in Kodak (Rochester, NY)
NTB-2 emulsion and developed 10 d later. The following 32P-labeled
antisense riboprobes were used to identify specific mRNAs [protected
nucleotides (GenBank accession number)]: h�-syn [nucleotides 210 –
475 (L08850)]; m�-syn [nucleotides 235– 459 (S69965)]; and murine
actin [nucleotides 488 –565 (X03672)]. RNase was then inactivated with
proteinase K/N-laurylsarkosine and precipitated with 4 M guanidine
thiocyanate/0.5% N-laurylsarkosine and isopropanol. Samples were sep-
arated on 5% acrylamide/8 M urea Tris borate-EDTA gels. Dried gels were
exposed to Biomax film (Kodak), and signals were quantitated with a
PhosphorImager SF (Molecular Dynamics, Sunnyvale, CA) using the
ImageQuant software and expressed as integrated pixel intensities over
defined volumes. Final values were expressed as ratios of specific signal
background/actin signal background to correct for differences in RNA
content/loading across samples.

Western blot analysis. Levels of h�-syn immunoreactivity were ana-
lyzed in cytosolic and particulate fractions of brain homogenates, as de-
scribed previously (Masliah et al., 2000). Twenty micrograms of cytosolic
fraction per mouse were loaded onto 10% Bis-Tris (Invitrogen) SDS-
PAGE gels, transferred onto Immobilon membranes, incubated with a
rabbit polyclonal anti-h�-syn antibody (72-10; 1:1000) (Masliah et al.,
2000) followed by an anti-rabbit secondary antibody, reacted with ECL,
and developed on a VersaDoc gel imaging machine (Bio-Rad, Hercules,
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CA). Further analysis of h�-syn accumulation in the detergent-insoluble
fractions was performed as described previously (Kahle et al., 2001,
2002). Briefly, hemibrains from each line were sonicated in TBS� (plus
protease inhibitor mixture; Sigma, St. Louis, MO). The brains from each
line were pooled and centrifuged for 5 min at 1000 � g, and the resulting
supernatants were ultracentrifuged for 1 h at 130,000 � g. The superna-
tants from this step represented the TBS-soluble fractions. Pellets were
then rinsed twice with TBS� and extracted with 500 �l of 5% SDS in
TBS� and ultracentrifuged for 30 min at 130,000 � g, and the pellets
were re-extracted twice, collecting the detergent-soluble supernatants
(SDS-soluble fraction). The detergent-insoluble pellets were squashed in
100 �l of 8 M urea/5% SDS in TBS� and incubated for 10 min at room
temperature. Eighty microliters of the resulting suspension were mixed
with 20 �l of trichloroacetic acid and allowed to precipitate overnight at
4°C, and precipitates were collected in protein gel-loading buffer con-
taining 5.3 M urea. For TBS-soluble and SDS-soluble fractions, 15 �g of
protein was loaded for each lane. For urea extract, all protein precipitates
in each sample were loaded. Immunoblots were probed with the LB509
antibody (mouse monoclonal; 1:1000; Zymed Laboratories, San Fran-
cisco, CA) against h�-syn. Anti-�-actin (Sigma) was used to confirm
equal loading.

Immunocytochemical and neuropathological analysis of MBP h�-syn tg
mice. Analysis was performed in serially sectioned, free-floating, blind-
coded vibratome sections from tg and nontg mice, as described previ-
ously (Masliah et al., 2000) and in sections from the brains (basal ganglia)
of human MSA cases for comparison of neuropathological features. For
neuropathological analysis, sections were stained with hematoxylin/eo-
sin, cresyl violet, and luxol fast blue (LFB). Additional sections were immu-
nostained with antibodies against h�-syn (72-10; mouse monoclonal; 1:500)
(Masliah et al., 2000) or LB509 (1:1000; Zymed) or phospho-serine129 h�-
syn (1:250) (Fujiwara et al., 2002), ubiquitin (rabbit polyclonal; 1:50; Dako-

Cytomation, Carpinteria, CA), phospho-neurofilament (NF; SMI312;
mouse monoclonal; 1:1000; Sternberger Monoclonals, Baltimore, MD), and
neuronal-specific nuclear protein (NeuN; mouse monoclonal; 1:1000;
Chemicon), the astroglial marker glial fibrillary acidic protein (GFAP;
mouse monoclonal; 1:500; Chemicon), or the microglial marker ionized
calcium-binding adapter molecule-1 (Iba1; rabbit polyclonal; 1:2500; Wako
Pure Chemical Industries, Osaka, Japan). To analyze alterations in the do-
paminergic system, series of sections were immunostained with a mouse
monoclonal antibody against tyrosine hydroxylase (TH; 1:200; Chemicon).
After overnight incubation with the primary antibodies, sections were incu-
bated with biotinylated anti-rabbit or anti-mouse IgG (1:100; Vector Labo-
ratories, Burlingame, CA), avidin D–horseradish peroxidase (1:200; ABC
Elite; Vector Laboratories), and reacted with diaminobenzidine tetrahydro-
chloride (DAB) containing 0.001% H2O2. Immunostained sections were
analyzed as described previously (Hashimoto et al., 2004) with the Quanti-
met 570C microdensitometer system (Leica, Deerfield, IL) to obtain semi-
quantitative assessment of levels of immunostaining. Additional analysis of
neuronal and dendritic integrity was performed with vibratome sections
immunostained with an antibody against microtubule associated protein-2
(MAP2; 1:100; Chemicon), followed by a secondary FITC-tagged anti-
mouse IgG and analysis with the laser scanning confocal microscope
(LSCM) (Bio-Rad, Wattford, UK). Digitized images were then analyzed with
the NIH Image program 1.63 to determine the percentage of the area of the
neuropil occupied by MAP2-immunoreactive dendrites.

Double-immunocytochemical analysis was performed, as described
previously (Masliah et al., 2000), to determine the relationship between
h�-syn-immunolabeled inclusions and oligodendroglial (GC), astroglial
(GFAP), microglial (Iba1), and neuronal (NeuN) markers. Forty-
micrometer-thick vibratome sections were double-immunolabeled with
polyclonal anti-h�-syn (1:10,000), detected with the Tyramide Signal
Amplification-Direct (Red) system (1:100; DuPont NEN, Boston, MA)

Figure 1. Characterization of h�-syn expression under the MBP promoter in tg mice. A, RNase protection assay. Representative autoradiograph of h�-syn mRNA showing that levels were
highest in line 29 mice, followed by lines 1, 2, and 31. The left lane shows signals of undigested (U) radiolabeled riboprobes (identified on left); the other lanes contain the same riboprobes plus brain
RNA samples digested with RNases. Protected mRNAs are indicated on the right. B, Semiquantitative analysis of levels of h�-syn mRNA expression in tg mice; results are expressed as a ratio of
h�-syn to actin. Bars are mean � SEM. C, In situ hybridization with an antisense probe shows intense hybridization in the white matter tracts (wm), cerebellum (ce), and brainstem (bs), and to a
lesser extent in the frontal cortex (fc) of an MBP h�-syn tg mouse from line 29. D, No hybridization is observed with a sense probe in an MBP h�-syn tg mouse from line 29. E, Image analysis of the
levels of hybridization in various brain regions in an MBP h�-syn tg mouse from line 29. F, G, Higher-magnification view of the hybridization signal in glial cells in the corpus callosum, in which
h�-syn mRNA (black grains) was colocalized with the oligodendroglial marker GC (brown; F ), and h�-syn mRNA (black grains) was colocalized with h�-syn immunoreactivity (brown) in
oligodendroglial cells (G). Scale bar: (in G) 20 �m. H, Western blot analysis with the h�-syn antibody that identifies monomeric h�-syn as a single band at �14 kDa. I, Semiquantitative analysis
of levels of h�-syn immunoreactivity in tg lines; results are expressed as integrated pixel intensity. J, Immunoblot analysis of the detergent-soluble and -insoluble distribution of h�-syn. Error bars
are mean � SEM.
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and GFAP (1:500; Chemicon), Iba1 (1:100;
Wako Pure Chemical Industries), GC (1:40;
Chemicon), or NF (1:1000; Sternberger Mono-
clonals), detected with FITC-conjugated sec-
ondary antibodies (1:75; Vector Laboratories)
(Masliah et al., 2000). All sections were pro-
cessed simultaneously under the same condi-
tions, and experiments were performed twice to
assess reproducibility. Sections were imaged
with a Zeiss (Oberkochen, Germany) 63� ob-
jective (numerical aperture, 1.4) on an Axiovert
35 microscope (Zeiss) with an attached
MRC1024 LSCM system (Bio-Rad) (Masliah et
al., 2000). To confirm the specificity of primary
antibodies, control experiments were per-
formed in which sections were incubated over-
night in the absence of primary antibody (de-
leted), preimmune serum, and primary
antibody preadsorbed for 48 h with 20-fold ex-
cess of the corresponding peptide.

Electron microscopic studies. For ultrastruc-
tural analysis of MBP h�-syn tg mice, vi-
bratome sections were postfixed in 1% glutar-
aldehyde and 0.1% osmium tetroxide in 0.1 M

sodium cacodylate buffer and embedded in Ep-
oxy. Blocks were sectioned with an Ultracut E
ultramicrotome (Leica, Nussloch, Germany)
and analyzed with a Zeiss EM10 electron micro-
scope (Rockenstein et al., 2001). Further char-
acterization of the presence of h�-syn in the
glial inclusions was performed by immunoelec-
tron microscopic analysis. Briefly, as described
previously (Masliah et al., 2001a), vibratome
sections were embedded in LR-White (Electron
Microscopy Sciences, Fort Washington, PA),
followed by ultra-thin sectioning and immunolabeling with an antibody
against h�-syn and detection with a goat anti-rabbit antibody tagged
with 10 nm colloidal Aurion ImmunoGold particles (1:50; Electron Mi-
croscopy Sciences, Fort Washington, PA).

Statistical analysis. All experiments were performed blind-coded and
repeated at least once to assess reproducibility. Analyses were performed
with the StatView 5.0 program (SAS Institute, Cary, NC). Differences
among means were assessed by one-way ANOVA followed by Dunnett’s
or Tukey–Kramer post hoc tests, as indicated. The null hypothesis was
rejected at the 0.05 level.

Results
The MBP promoter induced high levels of h�-syn expression in
oligodendrocytes in cortical and subcortical regions in the brains
of MBP h�-syn tg mice

A total of four lines (1, 2, 29, and 31) of tg mice expressing
h�-syn under the MBP promoter were generated. RNA analysis
by RPA showed that line 29 was the highest expresser, followed by
lines 1, 2, and 31 (Fig. 1A,B). Consistent with the RPA results,
ISH analysis with an antisense probe showed that line 29 was the
highest expresser (Fig. 1C) followed by lines 1, 2, and 31 (data not
shown). In contrast, no hybridization was observed with an h�-
syn sense probe in MBP h�-syn tg mice from line 29 (Fig. 1D).
Similarly, very low or negligible levels of hybridization were ob-
served in nontg controls with the antisense or sense h�-syn ribo-
probes (data not shown). The highest levels of hybridization were
observed in the corpus callosum, followed by the white matter
tracts in the brainstem, spinal cord, basal ganglia, and cerebellum
(Fig. 1C,E). The lowest levels of hybridization were observed in
the hippocampus, neocortex, and cortical layers in the cerebel-
lum (Fig. 1C,E). In the various brain regions where hybridization
was detected with the antisense probe, the h�-syn message was

associated with glial cells (Fig. 1F) that coexpressed the oligoden-
droglial marker GC (Fig. 1F) and that contained h�-syn-
immunoreactive inclusions (Fig. 1G). No hybridization was ob-
served associated with neurons, astrocytes, microglia, or
ependymal cells (data not shown). Western blot analysis showed
that mice expressing the highest mRNA levels had the highest
levels of h�-syn immunoreactivity (Fig. 1H, I). Further immu-
noblot analysis of the distribution of h�-syn in the tg mice
showed that h�-syn was found both in the detergent-insoluble
and detergent-soluble fractions (Fig. 1 J), and the insoluble h�-
syn was recovered by urea extraction (Fig. 1 J). To better under-
stand the differences in regional distribution of h�-syn, immu-
nocytochemical analysis with antibodies against h�-syn was
performed. This study showed that by 4 months of age, in all four
lines, intense h�-syn immunoreactivity was present in glial but
not neuronal cells in the neocortex, basal ganglia, corpus callo-
sum, and cerebellum (Fig. 2). h�-synuclein-immunoreactive
cells were more abundant in the deeper layers of the neocortex
(Fig. 2A,B,F,G,K,L,P,Q), internal capsule, subcortical struc-
tures (Fig. 2C,H,M,R), and along white matter tracts in the cor-
pus callosum (Fig. 2D, I,N,S) and in the cerebellum (Fig.
2E, J,O,T). Immunostaining was concentrated in the glial cell
bodies and to a lesser extent in the processes, mimicking inclu-
sions (Fig. 2B,G,L,Q). Consistent with the RPA and Western
blot analysis, the most abundant inclusion-like structures were
observed in the highest-expresser line 29 (Fig. 2P–T); however,
lines 1 (Fig. 2K–O), 2 (Fig. 2F–J), and 31 (Fig. 2A–E) also showed
abundant h�-syn immunoreactivity. Furthermore, when com-
pared with sections from the basal ganglia of patients with MSA
(Fig. 3A–D), the glial cell inclusions in the tg mice (Fig. 3E–H)
were remarkably similar in that cytoplasmic aggregates displayed

Figure 2. Patterns of h�-syn immunoreactivity in the brains of MBP h�-syn tg mice. All panels are images of the specified
brain regions of vibratome sections of 4-month-old tg mice from line 31 (A–E), line 2 (F–J ), line 1 (K–O), or line 29 (P–T )
immunostained with an antibody against h�-syn, developed with DAB, and analyzed by bright-field microscopy. A, B, F, G, K, L,
P, Q, Oligodendroglial cells in the neocortex of tg mice from line 31 (A, B), line 2 (F, G), and line 1 (K, L) at low (200�; A, F, K ) and
high (400�; B, G, L) magnification (mag) show abundant h�-syn immunoreactivity. C–E, H–J, M–O, The basal ganglia (C, H,
M ), corpus callosum (D, I, N ), and cerebellum (E, J, O) of line 31, line 2, and line 1 tg mice also display abundant oligodendroglial
cells with h�-syn immunoreactivity. P, Q, Oligodendroglial cells in the neocortex of tg mice of the higher-expresser line 29 at low
(P) and high (Q) magnification show a higher density of h�-syn-immunoreactive inclusions and vacuolization and expansion of
the cytoplasm (arrow). R–T, The basal ganglia (R), corpus callosum (S), and cerebellum (T ) of line 29 tg mice also show a higher
density of h�-syn-immunoreactive oligodendroglial cells. Scale bars: (in T ) A, C–E, F, H–J, K, M–O, P, R–T, 100 �m; (in Q) B, G,
L, Q, 10 �m.
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an oval or conical shape and were intensely immunostained with
polyclonal and monoclonal antibodies against h�-syn (Fig.
3E,F) and phosphorylated h�-syn (Fig. 3G). In both MSA brains
and the brains of MBP h�-syn tg mice, these inclusions showed
mild labeling with an antibody against ubiquitin (Fig. 3D,H).
Double-labeling studies confirmed that the h�-syn-immuno-
reactive cells were of oligodendroglial origin because most of
them were colabeled with the GC antibody (Fig. 4) but were not
labeled with markers for astroglial (GFAP; data not shown), mi-
croglial (Iba1; data not shown), or neuronal (NF; data not
shown) cells.

Neurological deficits in MBP h�-syn tg mice
Under basal conditions, mice from all lines showed no develop-
mental alterations and displayed normal behavior after birth.
However, mice expressing high levels of h�-syn (line 29) bred at
a slower rate and at �2– 4 months of age developed severe neu-

rological alterations including tremors,
ataxia, and seizure activity, resulting in
premature death of all mice from this line
at 6 months of age (Fig. 5A). Mice from the
other intermediate- and lower-expresser
lines bred normally, did not develop any of
these severe neurological alterations ex-
cept mild tremors that initiated at 12
months of age, and 95% of the animals
survived for up to 18 months (Fig. 5A).
Analysis of young (4 months of age) ani-
mals in the rotarod test revealed that mice
from lines 29, 1, and 2 were significantly
impaired compared with mice from line
31 and nontg littermates (Fig. 5B). Simi-
larly, in the pole test, mice from the
higher-expresser lines (29 and 1) displayed
significant deficits compared with lower-
expresser mice (lines 2 and 31) and nontg
control littermates (Fig. 5C). To investi-
gate the time course of the deficits, a sub-
group of nontg and MBP h�-syn tg mice
from line 1 were longitudinally tested in
the pole apparatus at 3, 6, and 12 months
of age. This study showed that at 3 months
of age, only minimal deficits were de-
tected, whereas at 6 months, more signifi-
cant alterations in performing these tests
developed that were similar to those ob-
served at 12 months of age (Fig. 5D). This
is consistent with the onset of the neuro-
pathological alterations in the tg mice, in
which the highest concentration of h�-
syn-immunoreactive inclusions in oligo-
dendrocytes was observed at 6 months of
age. Similar to the basal ganglia, brain-
stem, and cerebellum (Fig. 1C,E), the spi-
nal cord displayed high levels of h�-syn
expression in the tg mice. In the peripheral
nerves and muscle, very low or no h�-syn
mRNA was detected (data not shown).
Similar to the nontg controls (Fig. 5E–H),
in the MBP h�-syn tg mice (Fig. 5I–L),
muscle fibers (Fig. 5I), neurons in the dor-
sal root ganglia (Fig. 5J), nerve roots (Fig.
5K), and motor neurons in the spinal cord

(Fig. 5L) were preserved. However, there was moderate demyeli-
nation of the pyramidal tracts in the spinal cord. Together, these
results suggest that although alterations in the pyramidal tracts
might contribute to the deficits in the MBP h�-syn tg mice, neu-
rodegenerative alterations in other brain regions might play an
important role.

High levels of h�-syn expression in oligodendrocytes in the
brains of MBP h�-syn tg mice result in neurodegeneration
and myelin alterations
To investigate the contribution of the neurodegenerative alter-
ations associated with h�-syn accumulation in oligodendrocytes
to the behavioral deficits, further immunocytochemical and neu-
ropathological analysis in the corpus callosum, dopaminergic
system, and neocortex was performed. At 4 months of age, com-
pared with nontg controls (Fig. 6A), the MBP h�-syn tg animals
displayed astrogliosis in the corpus callosum (Fig. 6B–F) and

Figure 3. Comparison of the glial cell inclusions between MSA and MBP h�-syn tg animals. Images are from the white matter
tracts in the basal ganglia of a human case with typical MSA and MBP h�-syn tg mice from line 1 (4 months of age). A, Conical and
ovoid GCIs in an MSA case were positively immunostained with a polyclonal antibody against h�-syn (72-10). B, GCIs immuno-
stained with a monoclonal antibody against h�-syn (LB509). C, GCIs immunostained with a monoclonal antibody against
phospho-serine129 h�-syn (pser129). D, GCIs immunostained with an antibody against ubiquitin. E, Conical and ovoid glial
inclusions in an MBP h�-syn tg mouse were positively immunostained with a polyclonal antibody against h�-syn (72-10). F, Glial
inclusions immunostained with a monoclonal antibody against h�-syn (LB509). G, Glial inclusions immunostained with a mono-
clonal antibody against phospho-serine129 h�-syn (pser129). H, Glial inclusions in the tg mice were mildly immunostained with
an antibody against ubiquitin. Scale bar, 20 �m.

Figure 4. Colocalization of h�-syn with oligodendrocytic markers in the brains of MBP h�-syn tg mice. All images are from
brain sections of 4-month-old tg mice from line 29 immunostained with antibodies against h�-syn and the oligodendroglial cell
marker GC and imaged with the LSCM. A–C are images from the neocortex, and D–F are from the corpus callosum. In both the
neocortex and corpus callosum, h�-syn-immunoreactive cells (red) also display galactocerebroside immunolabeling (green), as
indicated by arrows, and colocalization is indicated by the yellow in the merged images. Scale bar, 40 �m.
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other white matter tracts and to a lesser extent in the neocortex
and brainstem (data not shown). Consistent with the increased
astrogliosis in the white matter, analysis of sections stained with
LFB showed that compared with nontg controls (Fig. 6G), in
MBP h�-syn tg mice there was an attenuation of the myelin stain-
ing in the corpus callosum (Fig. 6H–L). In addition, double im-
munocytochemical analysis with antibodies against NF and h�-
syn revealed that compared with nontg controls (Fig. 6M), in
areas in the brains of tg mice where abundant h�-syn-
immunoreactive oligodendrocytes were found, there were exten-
sive axonal alterations, including decreased fiber density in the
corpus callosum and formation of irregular and enlarged axons
(Fig. 6N–R). The astroglial reaction (Fig. 6F), the loss of myelin
staining (Fig. 6L), and alterations in corpus callosum axons (Fig.
6R) were more intense in mice from higher-expresser lines (1 and
29) compared with the lower-expresser lines (31 and 2). To in-
vestigate whether increased accumulation of h�-syn in oligoden-
drocytes also resulted in neurodegeneration in the neocortex,
immunocytochemical analysis with antibodies against NF (Fig.
7A–C) and MAP2 (Fig. 7D–F) was performed. These studies
showed that in the MBP h�-syn tg mice, there was reduced com-
plexity of the axonal (Fig. 7B) and dendritic (Fig. 7E) structures
that was more severe in mice from line 29 (Fig. 7C,F). Analysis of
neurons in other brain regions, including the basal ganglia, brain-
stem, and cerebellum (areas where abundant h�-syn-
immunoreactive oligodendroglial inclusions were found),
showed simplification of the dendritic processes as well as forma-
tion of enlarged and irregular axons with increased accumulation

of NF immunoreactivity (data not shown). Consistent with the
time course and distribution of h�-syn accumulation in oligo-
dendrocytes, the neurodegenerative alterations in the white mat-
ter tracts and dendritic arbor of the neurons became more appar-
ent at 4 months of age.

To investigate potential alterations in the striatonigral system,
analysis of the levels of TH immunoreactivity in the basal ganglia
region (Fig. 7G–I) and the substantia nigra (SN) (Fig. 7J–L) was
performed in 4-month-old tg mice. These studies showed that
compared with age-matched nontg controls (Fig. 7G), mice from
lines 31, 2, and 1 display a 45% reduction in the density of TH-
immunoreactive fibers in the basal ganglia, whereas mice from
line 29 showed an approximate 55% loss (Fig. 7H, I). The levels
of immunoreactivity and density of TH neurons in the SN was
comparable between the nontg mice (Fig. 7J) and the MBP h�-
syn tg animals (Fig. 7K,L).

The expression of h�-syn in oligodendrocytes results in the
formation of fibrillar aggregates and
mitochondrial alterations
To further characterize the ultrastructural features of the oligo-
dendroglial inclusions in the MBP h�-syn tg mice, electron mi-
croscopy studies were performed in sections stained with uranyl
acetate as well as in sections labeled with an antibody against
h�-syn (Fig. 8). Ultrastructurally, the inclusions in oligodendro-
glial cells in the white matter tracts were distributed primarily in
the perinuclear region and were composed of fibrillar aggregates
surrounded by electrodense granular material (Fig. 8A). At

Figure 5. Characterization of survival and neurological deficits in MBP h�-syn tg mice. A, Survival curves for the MBP h�-syn tg mice showing that, although mice from the lower-expresser lines
(1, 2, and 31) were viable for long periods of time, mice from high-expresser line 29 died prematurely by 6 months of age. B, Motor assessment in the rotarod showed that compared with nontg mice
(n � 6), tg mice from line 31 (n � 6) had a mild impairment of motor function, whereas tg mice from lines 2 (n � 6), 1 (n � 6), and 29 (n � 6) had more significant motor deficits in this test. Mice
were tested at 4 months of age. C, Motor assessment in the pole test showed that compared with nontg mice (n � 6), tg mice from lines 31 (n � 6) and 2 (n � 6) demonstrated motor abilities
comparable with control mice, whereas tg mice from higher-expresser lines 1 (n � 6) and 29 (n � 6) displayed significant motor impairment. Mice were tested at 4 months of age. D, Motor
assessment in the pole test showed that, at 3 months of age, only mild deficits were observed; however, at 6 months of age, these deficits were accentuated and remained similar at 12 months of
age. Error bars are mean � SEM. *Significant difference compared with nontg controls ( p � 0.05; one-way ANOVA with post hoc Dunnett’s). E–L, For histological analysis, paraffin sections from
4-month-old mice were stained with hematoxylin/eosin and imaged by bright-field microscopy. E–H, Histological analysis of the hindlimb muscle (E), dorsal root ganglion (F ), spinal nerve roots
(G), and motor neurons (H ) in the thoracic segments of the spinal cord in nontg mice. I–L, No significant alterations were observed in muscle (I ), dorsal root ganglion (J ), spinal nerve roots (K ), and
motor neurons (L) in the thoracic segments of the spinal cord in MBP h�-syn tg mice. Scale bar, 20 �m.
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higher magnification, the fibrillar aggregates in the MBP h�-syn
tg mice were composed of filamentous structures ranging in di-
ameter from 9 to 11 nm that were accompanied by some electro-
dense material (Fig. 8B). Furthermore, some oligodendroglial
cells showed accumulation of granular electrodense material
without fibrils (data not shown). Immunoelectron microscopic
analysis with a secondary antibody tagged with colloidal gold
particles confirmed that the filaments in the oligodendroglial in-
clusions displayed h�-syn immunoreactivity (Fig. 8C), because
gold particles were detected primarily in association with the
filaments and to a lesser extent with the electrodense granular
material (Fig. 8C).

In addition to the filamentous and electrodense granular ag-
gregates, ultrastructural analysis showed that the mitochondria
in the oligodendrocytes of the MBP h�-syn tg mice displayed a
wide range of abnormalities including increased size and irregu-
lar shapes (Fig. 8D,E) in association with filamentous aggregates
(Fig. 8F). Some of them contained crystalline-like inclusions
(Fig. 8E), decreased crista, and accumulation of electrodense ma-
terial (data not shown). Similarly, neuronal populations in the
neocortex and cerebellum displayed evidence of mitochondrial
pathology including formation of crystalline-like inclusions (Fig.
8G), increased size (Fig. 8H), and irregular crista (Fig. 8 I).

Discussion
Two major subtypes of MSA are recognized, one with predomi-
nant parkinsonian features (MSA-P) and the other with cerebel-
lar manifestations (MSA-C). The similar distribution of the oli-
godendroglial pathology and the patterns of neurodegeneration
suggest a fundamental alteration in the functional unit between
oligodendroglia, axon, and neurons (Wenning and Jellinger,
2005). Neuropathological studies in autopsy series (Wakabayashi

et al., 1998b; Dickson et al., 1999) as well as in rare cases with early
MSA (Wakabayashi et al., 2005) suggest that the progressive ac-
cumulation of h�-syn in oligodendrocytes leads to the neurode-
generative process and myelin loss that results in the classical
clinical presentation of MSA-P and MSA-C. Consistent with this
possibility, the present study showed that overexpression of h�-
syn under the regulatory control of the MBP promoter resulted in
extensive and abnormal accumulation of this protein in oligo-
dendrocytes in areas often affected in MSA (Wenning and Jell-
inger, 2005), including the basal ganglia, cerebellum, brainstem,
and neocortex. Accumulation of h�-syn in these areas was ac-
companied by neurodegeneration, myelin loss, and performance
deficits. A similar model has been developed recently by overex-
pressing h�-syn under the regulatory control of the oligodendro-
glial CNP promoter (Yazawa et al., 2005). In this tg mouse model,
as well as in the one in which h�-syn expression is driven by the
PLP, there is extensive formation of GCIs and accumulation of
detergent insoluble, hyperphosphorylated h�-syn (Kahle et al.,
2002). In addition, in the model in which h�-syn expression is
driven by the CNP promoter, there is significant neuronal pa-
thology accompanied by the formation of dystrophic neurites,
myelin loss, and motor deficits, supporting the notion that accu-
mulation of h�-syn in oligodendrocytes plays an important role
in the degeneration of neurons in MSA (Yazawa et al., 2004,
2005). Compared with the tg models in which expression is
driven by the CNP or the PLP promoters, targeting oligodendro-
cytes with the MBP promoter appears to result in more extensive
h�-syn accumulation and severe and widespread neurodegen-
erative and neurological deficits. The severity of the neurological
deficits, the age of onset, and neuropathological alterations were
associated with the levels of expression of the transgene. Thus,

Figure 6. Neuropathological alterations in the corpus callosum of MBP h�-syn tg mice. All panels are from vibratome sections from the brains of 4-month-old mice immunostained with an
antibody against GFAP (A–F ) or the histochemical stain LFB (G–L) and imaged by bright-field microscopy or with antibodies against h�-syn and NF and imaged with the LSCM (M–R). A–E,
Immunocytochemical analysis with an antibody against GFAP shows that compared with a nontg control (A), tg mice from all four lines (B–E) displayed astrogliosis in the corpus callosum. F,
Semiquantitative analysis of levels of astrogliosis, as measured by GFAP immunoreactivity. Lines 2, 1, and 29 display more intense astrogliosis compared with nontg controls and lower-expresser line
31. G–K, Staining with LFB demonstrates that compared with a nontg control (G), in MBP h�-syn tg mice (H–K ), myelin staining of this region was reduced. L, Semiquantitative analysis of levels
of myelin staining, as measured by LFB reactivity. High-expresser lines 1 and 29 show decreased myelin staining compared with nontg controls and low-expresser lines 31 and 2. M–Q, Double
immunocytochemical analysis shows that compared with a nontg control (M ), h�-syn immunoreactivity (red) was accompanied by extensive axonal (NF; green) alterations, including decreased
neurite density and formation of irregular and enlarged axons (arrows) (N–Q). R, Semiquantitative analysis of levels of axonal integrity, as measured by NF immunoreactivity. Lines 2, 1, and 29
display more significant decreases in levels of NF immunoreactivity compared with nontg controls and low-expresser line 31. Scale bars: (in E) A–E, 50 �m; (in K ) G–K, 100 �m; (in Q) M–Q, 20 �m.
Error bars are mean � SEM. The asterisks indicate significant difference compared with nontg controls ( p � 0.05; one-way ANOVA with post hoc Dunnett’s).
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mice expressing the highest levels of h�-
syn died prematurely at �6 months of age,
with profound motor dysfunction, seizure
activity, and neurodegeneration in cortical
and subcortical areas. Furthermore,
whereas in the model in which expression
is driven by the CNP promoter, there is
more extensive degeneration of the spinal
cord motor neurons and pyramidal tracts,
in our model, there was more extensive al-
terations in the neocortex, basal ganglia,
and cerebellum. This is of interest, because
some patients with MSA present with py-
ramidal signs and motor features that are
associated with a more significant involve-
ment of the spinal cord (Tsuchiya et al.,
2000), whereas others present with more
cortical and subcortical pathology (Wen-
ning and Jellinger, 2005), suggesting that
the various models might mimic the het-
erogenous presentation of MSA. The more
widespread neurodegenerative alterations
associated with h�-syn accumulation in
oligodendrocytes in the present model in
which expression is driven by the MBP
promoter might be related to differences
in the efficiency of the promoters to ex-
press high levels of h�-syn in oligodendro-
glial cells, integration sites in the genome
of the transgene, and genetic background
of the mice. Similarly, it is also possible
that different promoters may not target all
subtypes of oligodendrocytes and may
drive �-syn overexpression only in a sub-
set of oligodendroglial cells, resulting in
varied levels of �-syn expression in differ-
ent models.

�-Synuclein is known to be a primarily
neuronal protein that is concentrated in
the presynaptic terminals (Iwai et al.,
1994), where it might play an important
role in modulating vesicle release of neu-
rotransmitters (Clayton and George, 1998;
Murphy et al., 2000). However, recent
studies have shown that other neural cells
such as oligodendrocytes might also ex-
press members of the synuclein family of
proteins (Richter-Landsberg et al., 2000;
Culvenor et al., 2002). The physiological
role of this molecule in oligodendrocytes
and other glial cells is unclear, and studies
in h�-syn-deficient mice were focused on analyzing its effects in
neurotransmission and dopaminergic plasticity (Lucking and
Brice, 2000). However, recent studies in oligodendroglial cell
lines have suggested that h�-syn might interact with members of
the integrin family that are necessary to regulate the cell adhesion
properties (Tsuboi et al., 2004, 2005). Similarly, overexpression
of h�-syn in neuronal cell lines results in reduced neurite out-
growth via decreased cell adhesion (Takenouchi et al., 2001).
Thus, increased accumulation of h�-syn in oligodendrocytes
might reduce the oligodendrocyte adhesion capabilities and dis-
rupt interactions and signaling with neighboring neurons. The
factors promoting the more extensive accumulation of h�-syn in

oligodendrocytes than in neurons in MSA are unknown. Possible
mechanisms include increased constitutive expression mediated
via specific polymorphisms or mutations. However, genetic stud-
ies have turned up negative in this respect, and no familial forms
of this disorder have been yet identified (Burn and Jaros, 2001),
thus emphasizing a potential role for environmental factors and
neurotoxins leading to mitochondrial dysfunction and oxidative
stress (Beal, 2003). In other disorders with parkinsonism, previ-
ous studies have shown that mitochondrial toxins that induce
oxidative damage, such as MPTP (Ogawa et al., 1987; Song et al.,
2004), paraquat (Manning-Bog et al., 2002), and rotenone (Be-
tarbet et al., 2000), promote accumulation of h�-syn and neuro-

Figure 7. Patterns of neurodegeneration in the neocortex and dopaminergic system of MBP h�-syn tg mice. All panels are
from the neocortex of 4-month-old mice. Sections were labeled with antibodies against h�-syn and NF or MAP2 and imaged with
the LSCM or with an antibody against TH and imaged by bright-field microscopy. A, B, NF immunoreactivity demonstrates that
compared with a nontg control (A), h�-syn immunoreactivity in oligodendrocytes (arrows) in the neocortex of tg mice (B) is
accompanied by axonal atrophy and a decrease in the density of neuritic processes, particularly in the high-expresser line 29 (B).
C, Levels of axonal integrity, as measured by NF immunoreactivity. Lines 2, 1, and 29 display more significant decreases in levels
of NF immunoreactivity compared with nontg controls and low-expresser line 31. D–E, MAP2 immunoreactivity shows that
compared with a nontg control (D), MBP h�-syn tg mice (E) had extensive damage to dendrites and decreased density of dendritic
structures in the neocortex, particularly in the higher-expresser line 29 (E). F, Confocal analysis of the percentage of the area of the
neuropil occupied by MAP2-immunoreactivite dendrites. High-expresser lines 1 and 29 demonstrate a significant decrease in
MAP2 immunoreactivity compared with nontg controls and lower-expresser lines 31 and 2. G, H, Compared with a nontg control
(G), MBP h�-syn tg mice (H ) showed decreased TH-immunoreactive fibers in the basal ganglia (BG). I, Computer-aided image
analysis of percentage of area occupied by TH-immunolabeled fibers. All tg lines demonstrate decreased levels of TH-
immunoreactive fibers. J, K, TH immunoreactivity in neurons in the SN in nontg (J ) and MBP h�-syn tg (K ) mice. L, Image analysis
of the numbers of TH-positive neurons shows no differences among the groups. sq, Square. Scale bars: (in B, E) A–E, 20 �m; (in
H ) G, H, 30 �m; (in K ) J, K, 40 �m. Error bars are mean � SEM. The asterisks indicate significant difference compared with nontg
controls ( p � 0.05; one-way ANOVA with post hoc Dunnett’s).
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nal dysfunction (Betarbet et al., 2002; Speciale, 2002). Further-
more, radical oxygen species promote h�-syn aggregation
(Hashimoto et al., 1999; Ischiropoulos and Beckman, 2003), and
oxidized forms of this molecule have been identified in oligoden-
drocytes in the brains of patients with MSA (Gomez-Tortosa et
al., 2002). Consistent with this possibility, a recent study using tg
mice systemically overexpressing the �1B-adrenergic receptor
that resembled the parkinsonian-like features of MSA showed
increased expression of �-syn and markers of oxidative stress
(Papay et al., 2002). Additionally, glial cells overexpressing h�-
syn display increased vulnerability to oxidative stress, particularly
in the presence of cytoplasmic inclusions (Stefanova et al., 2001).
In agreement with this possibility, the present study showed that
the neurodegenerative process in the MBP h�-syn tg mice was
accompanied by mitochondrial alterations. Consistent with this
possibility, recent studies have shown that oxidative stress in-
duced by treatment of �-syn tg mice with 3-nitropropionic acid,
a mitochondrial inhibitor, induced or enhanced the motor defi-
cits and degeneration of the striatal–nigral system associated with
the MSA-like pathology (Stefanova et al., 2005). Together, these
studies suggest that increased h�-syn accumulation in oligoden-
drocytes might result in mitochondrial dysfunction and oxida-
tive injury, leading to neurodegeneration. However, additional
studies are necessary to elucidate the specificity of these alter-
ations to the pathogenesis of MSA.

In conclusion, these studies support the contention that accu-

mulation of �-syn in oligodendrocytes un-
der control of the MBP promoter recapit-
ulates several of the key functional and
neuropathological features of MSA in-
cluding neurodegeneration and suggests
that this model might be suitable for sub-
sequent in vivo studies to investigate fac-
tors that might promote or prevent the
progression of this disorder.
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