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Genetic alterations in a-synuclein cause autosomal dominant familial Parkinsonism and may contribute to
sporadic Parkinson’s disease (PD). Synphilin-1 is an a-synuclein-interacting protein, with implications in
PD pathogenesis related to protein aggregation. Currently, the in vivo role of synphilin-1 in a-synuclein-
linked pathogenesis is not fully understood. Using the mouse prion protein promoter, we generated
synphilin-1 transgenic mice, which did not display PD-like phenotypes. However, synphilin-1/A53T
a-synuclein double-transgenic mice survived longer than A53T a-synuclein single-transgenic mice. There
were attenuated A53T a-synuclein-induced motor abnormalities and decreased astroglial reaction and neur-
onal degeneration in brains in double-transgenic mice. Overexpression of synphilin-1 decreased caspase-3
activation, increased beclin-1 and LC3 II expression and promoted formation of aggresome-like structures,
suggesting that synphilin-1 alters multiple cellular pathways to protect against neuronal degeneration.
These studies demonstrate that synphilin-1 can diminish the severity of a-synucleinopathy and play a
neuroprotective role against A53T a-synuclein toxicity in vivo.

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative dis-
order, characterized by the selective loss of dopaminergic
neurons and the presence of Lewy bodies. a-Synuclein is a
major protein component in Lewy bodies and Lewy neurites
of sporadic PD (1). Three different mutations in the a-synuclein
gene (A53T, A30P and E46K) cause autosomal-dominant her-
editary Parkinsonism, and the a-synuclein locus appears to be
associated with sporadic PD (2–4). Synphilin-1 is a cytoplasmic

protein that interacts with a-synuclein (5,6). Co-expression of
a-synuclein and synphilin-1 in cultured cells results in the for-
mation of Lewy-body-like inclusions (5,7,8), and synphilin-1
promotes the formation of a-synuclein containing aggresomes
under conditions of proteasome inhibition (9,10). In cells in
culture, aggresome inclusions formed by a-synuclein and
synphilin-1 are associated with cytoprotection, and they are
cleared from cells by autophagy (11). Synphilin-1 co-localizes
with a-synuclein in Lewy bodies in brains of PD patients (12).
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Synphilin-1 labels the central core of Lewy bodies, whereas
a-synuclein is generally present more peripherally. A point
mutation (R621C) in synphilin-1 has been found in some spora-
dic PD patients (13).

Genetic mouse models are powerful tools for understanding
the pathogenesis of neurodegenerative diseases including PD.
Recently, there are several reports of overexpression of wild-
type and mutant synphilin-1 (R621C) in the mouse brain (14–
16), though the phenotypes of these mice from different
groups are inconsistent. One group found that expression of
synphilin-1 does not cause any indication of neuronal degener-
ation in brain (14). The other groups found that expression of
wild-type or mutant synphilin-1 resulted in moderate aggre-
gate formation and subtle neurodegeneration in certain
regions of the brain (15,16), though the specificity of these
changes are not clear. Therefore, the in vivo role of synphilin-1
in a-synuclein pathology remains to be elucidated. Several
a-synuclein transgenic mouse models have been generated
to overexpress the wild-type or mutant protein (17). A wide
range of phenotypes has been produced using several different
constructs and different promoters. Generally, overexpression
of a-synuclein in mice results in motor dysfunction,
a-synuclein accumulation and early mortality, although
without dopaminergic neuron degeneration in substantia
nigra (18–23). There is a-synuclein aggregation, but not
necessarily in dopaminergic neurons, and not with the charac-
teristic appearance of Lewy bodies. Lee et al. (23) reported
transgenic mice overexpressing A53T a-synuclein using the
mouse prion protein promoter (mPrP), which have a dramati-
cally progressive behavioral phenotype and neurodegeneration
. In these mice, there is neuronal degeneration in the caudal
brainstem and spinal cord, although not in the substantia
nigra. The fatal behavioral phenotype likely reflects this distri-
bution. Other mouse models based on a-synuclein have less
dramatic progressive phenotypes. Thus, we employed A53T
a-synuclein mice generated by Lee et al. to study the inter-
action between synphilin-1 and a-synuclein.

In this study, we generated transgenic mice expressing
human synphilin-1 using mPrP-promoter. Synphilin-1 trans-
genic mice did not display PD-like pathology. We further gen-
erated double-transgenic mice by crossing the Synphilin-1
mice with transgenic mice in which A53T a-synuclein
expression is also driven by mPrP promoter (line G2-30,
from Lee et al.) (23). Synphilin-1/A53T a-synuclein double-
transgenic mice survived longer than A53T a-synuclein
single-transgenic mice. Expression of synphilin-1 attenuated
A53T a-synuclein-induced motor abnormalities, astroglial
reaction and neuronal degeneration and diminished the sever-
ity of a-synucleinopathy in the brain of double-transgenic
mice. Double-transgenic mice displayed fewer a-synuclein
aggregates at the preclinical stage and more aggresome-like
structures at the end stage. Correspondingly, levels of
beclin-1 and LC3 II in double-transgenic mice were higher
than A53T single-transgenic mice in the preclinical stage,
suggesting that autophagy may be involved in the clearance
of inclusions containing both synphilin-1 and synuclein,
resulting in protection against a-synuclein toxicity. These
studies are the first report showing that synphilin-1 plays a
neuroprotective role against A53T a-synuclein toxicity in
transgenic mice in vivo.

RESULTS

Synphilin-1 increased survival and attenuated
hyperactivity in double-transgenic mice

Synphilin-1 was expressed well in mouse brain homogenates
(Fig. 1A and B). Immunohistochemical analysis showed that
synphilin-1 was predominantly expressed in neurons through-
out the brain (data not shown), consistent with the
mPrP-driven gene expression pattern (24,25). The life span
of all synphilin-1 mice was the same as non-transgenic
mice. We did not find any PD-like behavioral and neurodegen-
erative pathology in synphilin-1 mice. The body weight of
synphilin-1 mice was increased (described elsewhere).

A53T single-transgenic mice displayed abnormal behavior,
earlier mortality and Parkinsonism-like pathology as described
previously (23). The abnormal behavior included hyperactivity
at 5–7 months, sustained posturing, bradykinesia, mild ataxia
and dystonia. The mice eventually developed progressive
movement dysfunction, paralysis, which rapidly progressed
to death. Double-transgenic mice survived longer than A53T
a-synuclein mice (Fig. 1C). Kaplan–Meier survival analysis
indicated that enhanced survival was statistically significant
(log-rank followed Holm–Sidak method, P , 0.05). The
ages at which 50% of double-transgenic and A53T
a-synuclein mice survived were 296+ 16.2 and 263+ 9.7
days, respectively. Double-transgenic generally displayed a
similar PD-like phenotype to A53T a-synuclein transgenic
mice. However, double-transgenic mice had delayed onset of
behavioral abnormalities. The average ages of onset for the
clinical abnormalities of A53T a-synuclein mice and double-
transgenic mice were 8.2 and 9.8 months, respectively.

There was no difference in novelty-induced locomotor
activity between synphilin-1 transgenic mice and non-
transgenic mice throughout the life by the open-field test
(Fig. 2). In contrast, the A53T a-synuclein transgenic mice
showed significantly increased horizontal and vertical activity
compared with non-transgenic mice as reported previously
(23). The double-transgenic mice did not display hyperactivity
at any time point, but had a delayed PD-like behavior pheno-
type similar to A53T transgenic mice. One month before
death, double-transgenic mice showed a gradual decrease of
locomotor activity, gradual paralysis, eventually progressing
to death.

Synphilin-1 delayed a-synucleinopathy and promoted
aggresome-like inclusion formation

At the preclinical stage (without bradykinesia, mild ataxia,
dystonia and paralysis), the abnormal accumulation of
a-synuclein in the brainstem in A53T mice was more severe
than that in double-transgenic mice (Fig. 3A–C). Recent
report shows that autophagy plays a role in the formation
and clearance of synuclein/synphilin-1 inclusions in cells in
culture (9). Beclin-1 is essential for autophagosome formation
in mammalian species (26,27). Autophagosomes fuse with
lysosomes to generate autophagolysosomes, which undergo a
maturation process by fusing with endocytic compartments
and lysosomes (26) that leads to degradation. Decreased
beclin-1 levels cause defective autophagy, but restoration of
beclin-1 induces autophagy (27). Thus, we used anti-beclin-1
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Figure 2. Synphilin-1 attenuated A53T a-synuclein-induced hyperactivity. Novelty-induced activity was measured in cohorts of six to eight mice per group at 4–7
months of age in an open-field test. Horizontal and vertical activities were automatically recorded. The data are presented as the means (beams broken)+SEM. There
was no difference in the novelty-induced activity between mice of various groups at 4 months of age. At 5 and 7 months of age, A53T mice demonstrated significantly
increased novelty-induced horizontal and vertical activities compared with mice of other groups (P , 0.001, by statistic analysis with the group by time interaction;
P , 0.05 by two-way ANOVA and post hoc Holm–Sidak test). The double-transgenic mice did not display hyperactivity throughout life.

Figure 1. Expression of synphilin-1 increased survival of A53T a-synuclein transgenic mice. (A) Western blot analysis of brain homogenates of non-transgenic
mouse (nTg), synphilin-1 transgenic mouse (A6, A4 and A7 lines), rat and human cortex, using a rabbit anti-human synphilin-1 antibody. (B) Western blot analysis
of synphilin-1 and A53T-a-synulein expression in double-transgenic mice by anti-synphilin-1 or anti-a-synuclein antibodies. (C) Survival curves for A53T
a-synuclein transgenic and double-transgenic mice. Double-transgenic mice displayed a longer life span compared with A53T a-synuclein transgenic mice by
Kaplan–Meier survival analysis (log-rank followed by Holm–Sidak method). There were 30 mice (half male and half female) of each genotype. P , 0.05.
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(a marker for autophagy activation) antibodies to perform
western blot analysis and immunostaining. We found that
beclin-1 levels were increased in brains of double-transgenic
mice compared with A53T single-transgenic mice (Fig.3C
and D).

LC3-II is a constituent of the autophagic vacuole membrane
and is another reliable marker of autophagy (28). We assessed
LC3 levels in brainstem regions of these mice at 1, 7 and 10
months of age. LC3-II levels in double- or A53T single-
transgenic mice were not altered at 1 month, a time when

there were no disease signs. However, the LC3 II levels
were significantly increased in double-transgenic mice at 7
and 10 months, compared with A53T single-transgenic mice
(Fig. 3F and G). LC3-II levels in A53T mice were also slightly
increased compared with non-transgenic control or synphilin-1
transgenic mice. We did not detect the significant change in
LC3 II levels in the cortex among all groups of mice at
various time points. These results indicate that the autophagy
pathway was more active in double-transgenic mice than in
A53T single-transgenic mice.

Figure 3. Abnormal accumulation of a-synuclein was less in double-transgenic mice at the preclinical stage. (A and B) Brain sections from mice at 7 months of
age (preclinical stage) were digested with proteinase K for 3 h and then followed by immunostaining using anti-a-synuclein antibodies. Double-transgenic mice
displayed less accumulation of abnormal a-synulcein after proteinase K digestion compared with A53T mice at 7 months of age. (A) Representative images of
anti-a-synuclein immunostaining of various experimental groups after proteinase K digestion. (B) Graph showing the quantification of a-synuclein accumulation
after proteinase K digestion in pons at 7 months of age. (C) Western blot analysis of brainstem homogenates of mice at 7 months of age (preclinical stage) using
anti-a-synuclein antibodies. Top, 2% SDS-soluble homogenates; bottom, homogenates were digested with proteinase K followed by western blot analysis using
anti-a-synuclein antibodies. (D) Western blot analysis of brain homogenates of mice at 7 months of age (preclinical stage) using anti-beclin-1 antibodies.
(E) Graph showing the quantification of (D). P , 0.05 by ANOVA. (F) Western blot analysis of brainstem homogenates (2% SDS-soluble samples) of mice
using anti-LC3 and anti-actin antibodies. (G) Graph showing the quantification of (F). ∗P , 0.05 by ANOVA versus aged-matched non-transgenic control
mice or synphilin-1 transgenic mice; #P , 0.05 by ANOVA versus aged-matched A53T single-transgenic mice.
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At end-stage disease when mice displayed severe movement
abnormalities such as paralysis, both A53T single- and double-
transgenic mice had substantial brain synucleinopathy. There
were many cytoplasmic inclusions that were positive to both
a-synuclein and synphilin-1 (Fig. 4). There were abnormal ubi-
quitin accumulation in neuronal bodies and neurities (Fig. 4B),
suggesting that the ubiquitin–proteasome system (UPS) was
severely impaired. These inclusions were resistant to proteinase
K digestion (Fig. 4D). Abnormal neuronal accumulations of

a-synuclein, synphilin-1 and ubiquitin were present within the
brainstem, deep cerebellar nuclei, reticulo-pontine nuclei and
neocortex. There was no qualitative difference in a-synuclein
immunostaining after proteinase K digestion between double-
transgenic and A53T single-transgenic mice. These pathological
features were not obvious in younger (1- to 4-month-old) double-
transgenic or A53T single-transgenic mice (data not shown).

In double-transgenic mice, many a-synuclein-containing
inclusions were large, round shape, present in the cytosol

Figure 4. Synphilin-1 promoted aggresome-like inclusion formation in double-transgenic mice at end-stage disease. (A) Sagittal mouse brain sections were sub-
jected to hematoxylin and eosin (HE) staining, immunostaining with DAB detection using anti-ubiquitin (B) and anti-synphilin-1 (C) antibodies, proteinase K
digestion followed by anti-a-synuclein staining (D), double-immunostaining using anti-a-synuclein and anti-synphilin-1 antibodies (E). (A) Eosinophilic cyto-
plasmic inclusions (arrow) in the pons in sick double-transgenic mice by HE staining. (B) Ubiquitin pathology in sick double-transgenic mice. Pathological somal
and neuritic (arrow) accumulation of ubiquitin was prominent in pons. (C) Synphilin-1 was highly expressed in neurons in pons in sick double-transgenic mice.
Arrow showing the synphilin-1-positive inclusions. (D) Brain sections from double transgenic mice over digested with proteinase for 3 h and then followed by
immunostaining using anti-a-synuclein antibodies. The representative image showing the abnormal accumlation of a-synuclein in pons in sick double-transgenic
mice (11 months). (E) Inclusions in double-transgenic mice labeled using anti-a-synuclein and anti-synphilin-1antibodies. Red, a-synuclein; green or synphilin-1
staining; DAPI staining for nuclei. (F) Aggresome-like inclusions in double-transgenic mice. Red, a-synuclein (left) or synphilin-1 (right) staining; green,
g-tublin staining; DAPI staining for nuclei. (G) Graph showing the quantification of neurons in brainstem with inclusions that were positively stained with
both anti-a-synuclein and anti-g-tublin antibodies, which resembled aggresome-like structures. P , 0.05 by Student’s t-test.
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and resembled aggresomes (Fig. 4A). Aggresomes are formed
by transporting small protein aggregates in a microtubule-
dependent manner to the centrosome, forming a big protein
aggregation organelle (29). Aggresomes are usually seen in
mammalian cells after the inhibition of the proteasome (30).
We performed double-immunostaining using anti-g-tublin
(centrosome marker indicating aggresome formation) and
anti-a-synuclein (or anti-synphilin-1) antibodies. We found
that 67% of cells with a-synuclein inclusions had positive
anti-g-tublin immunoreactivity in double-transgenic mice. In
contrast, only 31% of cells with a-synuclein inclusions in
A53T single-transgenic mice had positive anti-g-tublin immu-
noreactivity (Fig. 4F and G). There were �90% of the
a-synuclein aggregates containing synphilin-1-positive label-
ing in double-transgenic mice and �75% of synphilin-1-
positive aggregates containing g-tublin-positive labeling.
These results indicated that overexpression of synphilin-1 pro-
moted formation of aggresome-like structures in double-
transgenic mice with end-stage disease.

Synphilin-1 attenuated A53T a-synuclein-induced
neuronal degeneration

In double-transgenic mice, the most conspicuous axonal
degeneration (swellings) was observed in the brainstem
(Fig. 5A and B), spinal cord and forebrain white matter (data
not shown) at the end-stage similar to A53T transgenic mice
(23). At the 7 and 9 months of age, axonal degeneration was sig-
nificantly reduced in these regions of double-transgenic mice
compared with A53T transgenic mice. Densitometry quantifi-
cation of silver staining revealed that brainstem degeneration
in double-transgenic mice was reduced by 50% compared
with A53T mice (Fig. 5B). Axonal degeneration was incon-
spicuous in age-matched non-transgenic and synphilin-1 trans-
genic littermate controls (Fig. 5).

At the end-stage of both double-transgenic and A53T trans-
genic mice, the astroglial reaction (an indication of degener-
ation) was prominent in affected brain regions including the
dorsal midbrain, deep cerebella nuclei, spinal cord (data not
shown) and brainstem (Fig. 6), as reported previously (23).
At 9 months of age, double-transgenic mice displayed a sig-
nificant reduction of astroglial reaction in these regions. The
reactive astryocytes in the brainstem retrorubal field of double-
transgenic mice were decreased by 43% compared with A53T
transgenic mice (Fig. 6A). The average number of processes
per astrocyte was also significantly decreased in double-
transgenic mice compared with A53T a-synuclein mice
(Fig. 6B).

In A53T mice, many motor neurons showed positive stain-
ing for cleaved caspase-3 in the brainstem and spinal cord,
suggesting an increase in apoptotic pathway activation. More-
over, the number of cleaved caspase-3-positive neurons in the
brainstem of A53T mice increased as the disease progressed,
consistent with previous studies (23). In contrast, in double-
transgenic mice, fewer motor neurons stained positive for
cleaved caspase-3 with weak immunoreactivity compared
with age-matched A53T a-synuclein mice. In age-matched
non-transgenic or synphilin-1 transgenic mice, there was
almost no immunoreactivity for anti-cleaved caspase-3

(Fig. 7). These results indicated that synphilin-1 protects
against mutant a-synuclein-induced neuronal degeneration.

DISCUSSION

In this study, we found that overexpression of synphilin-1 atte-
nuated A53T a-synuclein-induced motor abnormalities and
decreased astroglial reaction and neuronal degeneration.
Moreover, overexpression of synphilin-1 increased beclin-1
and LC3-II levels, promoted formation of aggresome-like
structures and diminished the severity of a-synucleinpathy in
the brain of double-transgenic mice. Synphilin-1/A53T
a-synuclein double-transgenic mice had delayed a-synuclein
pathology and survived longer than A53T a-synuclein single-
transgenic mice. These results indicate that synphilin-1 plays a
neuroprotective role against A53T a-synuclein toxicity in
transgenic mice in vivo.

We did not find any features of Parkinsonism in synphilin-1
single-transgenic mice by examining locomotor activity, brain
pathology (neuronal degeneration and protein aggregation)
and survival. We did find that expression of synphilin-1 sig-
nificantly increased body weight (described elsewhere).
These data are consistent with recent reports showing that
there is no loss of dopamine neurons in the substantia nigra
in synphilin-1 transgenic mice (14). The other group recently
showed that expression of either wild-type or mutant R621C
synphilin-1 induced moderate aggregate formation and
subtle neurodegeneration in the mouse brain (15,16). This
may be due to overexpression of synphilin-1 locally at high
concentration via the adenoviral delivery system, or due to
the different expression patterns of synphilin-1 in the mouse
brain.

Neuronal degeneration is one key feature of Parkinsonism.
Consistent with previous reports (23), A53T single-transgenic
mice displayed neuronal degeneration determined by the fol-
lowing indices: an increase in astroglial reaction, prominent
axonal injury and activation of apoptotic pathways. In double-
transgenic mice, overexpression of synphilin-1 clearly slowed
down or protected against A53T a-synuclein-induced neur-
onal degeneration, ameliorated A53T a-synuclein-induced
motor abnormalities and increased the survival of the mice.
Previous reports have shown that synphilin-1 displays a pro-
tective function against staurosporine and 6-hydroxydopamine
toxicity by reducing the hydrolysis of procaspase-3, decreas-
ing poly (ADP-ribose) polymerase cleavage and reducing
p53 transcriptional activity and expression (31). Our results
showed that overexpression of synphilin-1 reduced caspase-3
activation in neurons in the brain of double-transgenic mice,
indicating that synphilin-1 can reduce some aspects of apopto-
tic pathway activation and ameliorate a-synuclein toxicity in
double-transgenic mice.

Protein aggregation is another hallmark of PD pathogenesis.
Synphilin-1 is one of the major constituents of Lewy bodies
(12). Moreover, synphilin-1 has been shown to interact with
a-synuclein, the main constituent of Lewy bodies, in a yeast
two-hybrid screen and in cellular model systems (5,7,8). Pre-
vious studies show that inclusion body formation provides a
defense mechanism against build up of a soluble toxic load
by channeling this load to an inert location for subsequent
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handling by autophagy (32). Inclusions are thought to rep-
resent transit stations for protein cargoes destined for degra-
dation to make their final exit from the cell. A recent live
cell imaging study suggests that the sequestration of
a-synuclein into aggresomes facilitates its clearance from
the cell (33).

Recent studies show that synphilin-1 contains an ankyrin-
like repeat domain that acts as an aggresome-targeting
signal. In contrast, formation of multiple small aggregates
requires a different segment within synphilin-1, indicating

that some aspects of aggregation and aggresome formation
determinants can be separated biochemically (10). Small
protein aggregates can be transported in a microtubule-
dependent manner to the centrosome, forming an organelle
called aggresome (29). Aggresomes can be seen in mamma-
lian cells after the inhibition of the proteasome (30,34). The
aggresome serves as a storage compartment for protein aggre-
gates and could be actively involved in their refolding and
degradation by autophagic clearance pathways (35). In our
study, there were more neurons with aggresome-like structures

Figure 5. Synphilin-1 attenuated A53T a-synuclein-induced axonal degeneration in brainstem. HE and silver staining was used to visualize axonal degeneration
in brainstem of various mice from each experimental group. (A) Representative images of various brainstems with silver staining in sagittal sections that were
matched for level. The yellow-gold color is the typical background seen with FD NeuroSilver staining. Axonal degeneration in the brainstem of age-matched
non-transgenic littermates is inconspicuous. The brainstem in A53T transgenic mice shows prominent axonal degeneration (black fibers), including axonal swel-
lings (arrow). The inside rectangle shows a typical axonal swelling by HE staining. The axonal degeneration in double-transgenic mice was dramatically
decreased compared with A53T transgenic mice. (B) Graph showing the quantification of silver degeneration in brainstem at 9 months of age. Values are
mean+SEM. ∗P , 0.05, versus non-transgenic mice; #P , 0.05, versus A53T a-synuclein mice by ANOVA.
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in double-transgenic mice than A53T single-transgenic mice at
end stage disease. These results suggest that synphilin-1 pro-
motes the formation of aggresome-like structures, consistent
with a notion that aggresome represents a protective cellular
response to toxic protein (30). In line with this idea, an in
vitro study shows that aggresomes formed by synphilin-1
and a-synuclein appear to be more prevalent in non-apoptotic
cells (11).
a-Synuclein degradation depends on the pathways of the

UPS and autophagic system (9,36,37). Autophagy appears to
be more effective in a-synuclein degradation than the protea-
somal pathways (36,38). Supporting this possibility is the
finding that the autophagy activator, rapamycin, stimulates
a-synuclein clearance (39,40). In PD and Lewy body diseases,
a-synuclein accumulation has been linked to alterations in

autophagy and lysosomal functioning (28,38,41). The autop-
hagy pathway is disrupted in patients and in animal models
that involve accumulation of a-synuclein (28,42,43). In our
study, expression of synphilin-1 increased beclin-1 and
LC3-II levels at 7 and 10 months of age in double-transgenic
mice, suggesting that synphilin-1 activation of autophagic
clearance may contribute to these synphilin-1 protective
effects. The decreased accumulation of proteinase K-resistant
a-synuclein inclusions in double-transgenic mice may reflect
the autophagic clearance of aggresome-like inclusions at a
young age. Consistent with this notion is an in vitro study
which shows that induction of autophagy promotes a signifi-
cant reduction of inclusions in cells expressing a-synuclein/
synphilin-1 under conditions of proteasome impairment (9).
We also found abnormal accumulation of ubiquitin in brains

Figure 6. Synphilin-1 reduced A53T a-synuclein-induced astroglial activation in the brainstem. Sagittal mouse brain sections from 9-month-old mice were sub-
jected to GFAP immunostaining. (A and B) Graph showing the quantification of GFAP-positive cells in the brainstem retrorubal field and facial motor nucleus at
9 months of age. Values represent mean+SEM. ∗P , 0.05, versus non-transgenic mice; #P , 0.05, versus A53T a-synuclein mice by ANOVA. (C) Repre-
sentative images of brainstem immunostaining for GFAP in sagittal sections that were matched for level.
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of both double-transgenic and A53T single-transgenic mice,
suggesting that there may be also impairment of the UPS in
these mice. This result is consistent with previous findings
that mutant a-synuclein causes inhibition of the UPS (44,45).

Nevertheless, synphilin-1-enhanced autophagic clearance of
aggregated proteins appears to be insufficient to clear all of
the intracellular accumulation ofa-synuclein. Thus, synphilin-1
only can delay a-synuclein pathology but not totally reverse
PD-like phenotypes in double-transgenic mice. We detected a
slight increase in LC-3 II levels in A53T single-transgenic
mice at 7 and 10 months, indicating that there was an alteration
in autophagy pathway by A53T a-synuclein expression alone.
This is consistent with previous reports showing that mutant

a-synuclein stimulated autophagy in an attempt to clear aberrant
a-synuclein inclusions (42). The synphilin-1-induced increase
of beclin-1 levels in double-transgenic mice may contribute to
neuronal protection by multiple mechanisms. Beclin-1 not
only increases autophagy but also binds Bcl2 to block apoptosis
(46,47). A recent report shows that lentivirus vector delivery of
beclin-1 into an a-synuclein mouse model of PD activates
autophagy and reduces accumulation of a-synuclein (43).

Taken together, the data indicate that transgenic expression
of synphilin-1 delayed A53T a-synuclein-induced neuronal
degeneration, normalized hyperactivity and increased survival
in double-transgenic mice. Synphilin-1 neuroprotection may
be related to its role in promoting aggresome formation and

Figure 7. Synphilin-1 reduced A53T a-synuclein-induced caspase-3 activation. (A and B) Graphs showing the quantification of the number of positive motor
neurons for anti-cleaved caspase-3 immunostaining in the brainstem of various mice at 7 months of age. Values are mean+SEM. ∗P , 0.05, versus non-
transgenic mice, #P , 0.05, versus A53T a-synuclein transgenic mice by ANOVA. (C) Representative images of immunostaining using anti-cleaved
caspase-3 antibodies.
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increasing autophagic clearance of abnormal a-synuclein in
double-transgenic mice. This study elucidates aspects of cellu-
lar protective responses to abnormal a-synuclein, which may
facilitate identification of therapeutic targets in PD.

MATERIALS AND METHODS

Transgenic mice

To generate synphilin-1 transgenic mice, a cDNA encoding
human synphilin-1 was cloned into the mPrP transgenic
expression vector (24). The resulting plasmid,
mPrP-human-synphilin-1, expressed well in HEK293T. After
microinjection, we obtained 20 positive founders from 120
mice. We established two lines, A6 and A4, which had high
levels of expression of synphilin-1 in the brain. Expression
of synphilin-1 in the A6 line was slightly higher than A4, so
A6 was used in the current studies. We generated synphilin-1
and a-synuclein double-transgenic mice on a hybrid C3H/B6
background. Female synphilin-1 mice were crossed with
male A53T transgenic mice. The offspring of double-
transgenic male were crossed with C3H/B6F1 female to gen-
erate all the test animals, including non-transgenic, A53T
a-synuclein, synphilin-1 and double-transgenic mice. Mice
were genotyped for the insertion of the transgene with a three-
way PCR analysis of tail DNA with the following primers:
PrP-sense, PrP-antisense and human synphilin-1 or human
a-synuclein primer as described previously (23). The mice
with different genotypes in the comparison experiments were
littermates.

Immunoblotting and antibodies

The mouse brain homogenates were prepared in TNE buffer
(10 mM Tris–HCl, pH 7.4/150 mM NaCl/5 mM EDTA) con-
taining protease inhibitors (5 mM PMSF/10 mg/ml of aproti-
nin/10 mg/ml of leupeptin/10 mg/ml of pepstatin) and
detergents (0.5% Nonidet P-40 and 1–2% SDS). Rabbit anti-
human synphilin-1 polyclonal antibody was developed as
described (5). Anti-cleaved caspase-3 and anti-Beclin-1 anti-
bodies were from Cell Signaling Technology. Anti-glial fibril-
lary acidic protein (GFAP) antibody was obtained from
DAKO. Anti-actin antibody was from Santa Cruz.
Anti-a-synuclein monoclonal antibody (directed against
amino acids 15–123 of rat a-synuclein but cross-reacting
well with human a-synuclein and mouse a-synuclein) was
from BD Biosciences (Palo Alto, CA, USA) and used for
western blot analysis. For immunohistochemical analysis, we
used an anti-human-a-synuclein antibody from Sigma.
Anti-LC3 antibody was from AXXORA LLC. Anti-g-tublin
polyclonal antibody was from Sigma, and monoclonal anti-
body was from ABR Affinity Bioreagents. For proteinase k
digestion experiments, brain homogenates were incubated
with 50 mg/ml proteinase K overnight at 558C as described
previously (48,49). The undigested material of the pellet was
resuspended in 100% formic acid and incubated at 378C for
30 min as described (50), and then the homogenate was
dried in a speed-vac. The resulting dried material was finally
resuspended in loading buffer prior to the standard western
blotting analysis as described (8).

Open-field assay

Novelty-induced activity was assessed in the open field over a
60 min period using activity chambers with infrared beams
(San Diego Instruments, Inc., San Diego, CA, USA). Horizontal
and vertical activities were automatically recorded. Mice were
monitored at ages of 4–9 months. The data are presented as
the means (beams broken)+SEM. The results were analyzed
using two-way repeated measures ANOVA with post hoc
multiple comparisons whenever appropriate.

Immunohistochemistry

For immunohistochemical analysis, mice were perfused with
PBS followed by 4% paraformaldehyde. Brains were pro-
cessed as either frozen or paraffin-embedded sections (25).
Both frozen and paraffin sections were processed for immuno-
histochemical analyses using antibodies that recognized
GFAP, cleaved-caspase 3, synphilin-1, ubiquitin, g-tublin
and a-synuclein. A cohort of four to eight mice for each
time point and each transgenic group was analyzed. For pro-
teinase K digestion, the paraffin sections were incubated
with proteinase K for 3 h at 558C and then subjected to
a-synuclein immunostaining. For the quantification of abnor-
mal accumulation of a-synuclein after proteinase K digestion
in the brainstem, entire transverse sections were digitized with
an image analysis system. The NIH imageJ software was used
to measure the optical density of anti-a-synuclein immunos-
taining in pons (six sections per mouse).

Cell counting

Profile counting was used to estimate the numbers of astro-
cytes, cleaved caspase-3-positive cells and inclusion-
containing cells in immunolabeled sections as described
(51). The regions analyzed were the brainstem retrorubral
field and facial motor nucleus. In sagittal sections that were
matched for level, the number of activated astrocytes (more
than five processes) and positive cells for anti-cleaved
caspase-3 immunostaining was counted in six non-overlapping
microscopic fields at ×400 magnification. Motor neurons
were identified by their larger size compared with astrocytes,
oligodendrocytes and microglia, which were excluded from
the caspase-3-positive neuron counts. Quantification of the
activated astrocyte in GFAP-immunostained sagittal sections
were matched for level. The number of primary and secondary
processes of GFAP-positive cells was counted in 10 non-
overlapping microscopic fields at ×400 magnification. The
average number of processes for each cell was calculated.
Group means and variances were evaluated statistically by
one-way ANOVA and a Newman–Keuls post hoc test.

Silver staining

Silver staining was used to visualize degenerating neuronal
elements in the brain. Sections were processed with the FD
NeuroSilver kit (FD Neurotechnologies, Baltimore, MD,
USA). For the quantification of degeneration in the brain
stem, entire transverse sections were digitized with an image
analysis system. The NIH imageJ software was used to
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measure the optical density of silver staining within the entire
section (six sections per mouse) as described (52). Compari-
sons among groups were analyzed with a one-way ANOVA
and a Newman–Keuls post hoc test.
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