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Accumulation of human wild-type (wt) α-synuclein 
(α-syn) induces neurodegeneration in humans and in 
experimental rodent models of Parkinson disease (PD). 
It also leads to endoplasmic reticulum (ER) stress and 
activation of the unfolded protein response (UPR). We 
overexpressed glucose regulated protein 78, also known 
as BiP (GRP78/BiP), to test the hypothesis that this ER 
chaperone modulates the UPR, blocks apoptosis, and 
promotes the survival of nigral dopamine (DA) neurons 
in a rat model of PD induced by elevated level of human 
α-syn. We determined that α-syn activates ER stress medi-
ators associated with pancreatic ER kinase-like ER kinase 
(PERK) and activating transcription factor-6 (ATF6) sig-
naling pathways as well as proaoptotic CCAAT/-enhanc-
er-binding protein homologous protein (CHOP) in nigral 
DA neurons. At the same time, overexpression of GRP78/
BiP diminished α-syn neurotoxicity by down regulating 
ER stress mediators and the level of apoptosis, promoted 
survival of nigral tyrosine hydroxylase (TH) positive cells 
and resulted in higher levels of striatal DA, while elimi-
nating amphetamine induced behavioral asymmetry. We 
also detected a complex between GRP78/BiP and α-syn 
that may contribute to prevention of the neurotoxicity 
caused by α-syn. Our data suggest that the molecular 
chaperone GRP78/BiP plays a neuroprotective role in 
α-syn-induced Parkinson-like neurodegeneration.
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Introduction
Idiopathic Parkinson disease (PD) is a progressive neurodegenera-
tive disorder characterized by a loss of dopamine (DA)-producing 
neurons in the substantia nigra pars compacta (SNc), and accom-
panied by depletion of DA level in the striatum.1,2 Age is the major 
risk factor for the development and progression of PD. Aging 
affects many cellular processes that predispose to Parkinson-like 

neurodegeneration. One such process is the sustained increase 
of α-synuclein (α-syn) protein level during aging, which in the 
absence of an efficient proteasome system, results in protein mis-
folding and accumulation.3 A robust age-related, nigra-specific 
increase in α-syn protein and a specific loss of tyrosine hydroxy-
lase (TH) positive neurons were shown in monkeys and humans.4,5 
Recombinant adeno-associated virus (rAAV)-mediated over-
expression of human wild-type (wt) α-syn in rat SNc has been 
found to induce progressive nigrostriatal degeneration with α-syn-
positive cytoplasmic and axonal inclusions, and dystrophic and 
fragmented neuritis leading to cell death in rat model of PD.6 In 
transgenic mice it has also been demonstrated that overexpression 
of wt α-syn may lead to neuropathological changes and axonal 
degeneration.5,7 In spite of intensive study, it is not clear  how 
α-syn causes neurodegeneration. Apparently, abundant α-syn 
protein is less efficiently cleared from neuronal cytosol, leading 
to its accumulation and Lewy body formation. Accumulation of 
unfolded and/or misfolded proteins in the endoplasmic reticulum 
(ER) lumen induces ER stress, which is defined as an imbalance 
between the cellular demand for ER function and ER capacity.8–10 
The ER stress response, also termed the unfolded protein response 
(UPR), serves to protect cells against the toxic build-up of un-/
misfolded proteins.11,12 The first step in the UPR is the recognition 
of unfolded proteins by the HSP70-class chaperone glucose regu-
lated protein 78, also known as BiP (GRP78/BiP). The titration of 
GRP78/BiP by unfolded proteins leads to its dissociation from, 
and activation of the three ER stress receptors: pancreatic ER 
kinase-like ER kinase (PERK), activating transcription factor-6 
(ATF6), and inositol-requiring enzyme 1 (IRE1).13 As reviewed by 
Szegezdi et al., the PERK pathway is activated first, followed rapidly 
by ATF6, while IRE1 is activated last. Phosphorylation of eukary-
otic initiation factor 2α (eIF2α), the next mediator of the PERK 
pathway, leads to the blocking of general cap- or eIF2α-dependent 
protein synthesis (adaptive stage) in an attempt to restore cellular 
homeostasis. Internal ribosomal entry site-dependant translation 
allows ATF4 to escape eIF2α translational regulation and translo-
cate to the nucleus. The ATF6 pathway, a second arm of the UPR, 
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is initiated upon dissociation of ATF6 from GRP78, followed by 
its trafficking to the Golgi and subsequent proteolytic processing. 
This activation regulates the expression of ER chaperones and 
X box-binding protein 1 (XBP1), another transcription factor. 
To achieve its active form, XBP1 must undergo mRNA splicing, 
which is carried out by IRE1. Spliced XBP1 protein (sXBP1) trans-
locates to the nucleus and controls the transcription of chaperones, 
co-chaperones and the PERK-inhibitor P58IPK. This concerted 
action aims to restore ER function by blocking further build-up 
of client proteins, enhancing the folding capacity and initiating 
degradation of protein aggregates. However, if homeostasis is not 
re-established after these steps, IRE1α signaling and then ATF6α 
signaling are attenuated, creating an imbalance in which proapop-
totic output guides the cell toward apoptosis. The transcription 
factor C/EBP homologous protein (CHOP), the downstream reg-
ulator of the UPR, whose induction strongly depends on ATF4, 
promotes apoptotic cell death. It is an important element of the 
switch from prosurvival to prodeath signaling.14 Therefore, its 
expression strongly correlates with a decision of the cell to commit 
suicide. Proapoptotic factors at this point would be attenuated by 
the relatively longer mRNA and protein half-lives of factors such 
as GRP78/BiP.15,16

Studies on postmortem brain samples have shown that immu-
noreactivity for the UPR activation markers, phosphorylated 
PERK and eIF2α (peIF2α), is detected in neuromelanin con-
taining DA neurons in the SNc of PD patients but not in control 
cases.17 In addition, phosphorylated PERK immunoreactivity is 
colocalized with increased α-syn in DA neurons.17 Recent evi-
dence showed that GRP78/BiP and peIF2α levels were elevated 
in cells overexpressing A53T-mutated α-syn,18 suggesting that a 
change in α-syn, known to induce the familial form of PD, may 
result in the activation of the UPR pathway. Although two studies 
showed that the overexpression of human wt α-syn can induce 
the activation of UPR in yeast19 and that α-syn toxicity is depen-
dent on the phosphorylation at Ser129 which induces the UPR,20 
it remains to be clarified whether α-syn accumulation within the 
ER can directly induce the UPR and the consequent proapoptotic 
changes.21 Despite the recent data demonstrating that the UPR 
is closely associated with α-syn increase and aggregation21,22 and 
that pharmacological manipulation of ER stress attenuates pro-
tein misfolding in animal models of PD,23 little remains known 
about activation of individual UPR pathways and individual ER 
stress markers associated with PD pathology. In our recent study 
of autosomal dominant retinitis pigmentosa caused by the mis-
folded protein rhodopsin, we have demonstrated an involvement 
of ER stress signaling in degeneration of neuronal photoreceptor 
cells that could be ameliorated by overexpression of GRP78/BiP 
protein. Overexpression of GRP78/BiP reprograms ER stress sig-
naling and blocks apoptosis.24 This finding raised the possibility 
that overexpression of GRP78/BiP in nigral neurons might have a 
similar protective effect.

With respect to α-syn-induced pathology, there is direct 
evidence that GRP78/BiP forms a complex with α-syn and that 
GRP78/BiP levels are increased in cell as well as animal models 
showing aggregated α-syn accumulation.21 Moreover, α-syn accu-
mulation induces ATF4 expression indicating that the activa-
tion of UPR pathways in the PD brain is associated with α-syn 

accumulation occurring in part within the ER.21 In addition, it 
has been demonstrated that aging leads to a significant decline 
in GRP78/BiP expression (up to 40%) and activity in both brain 
and hepatic tissues of old versus young rodents, and this decline 
is thought to contribute to age-related impairments in cellular 
function.25–30

In this study we investigated the involvement of ER stress sig-
naling in degeneration of nigral DA cells caused by α-syn-induced 
pathology. We demonstrated that the overexpression of GRP78/
BiP protein diminishes α-syn cytotoxicity by reprogramming 
ER stress signaling pathways and eliminating apoptosis in the 
experimental model of Parkinson-like degeneration.

Results
To study the role of α-syn overexpression in promoting ER stress, 
we injected rAAV expressing human α-syn into rat SNc. We used 
the rAAV serotype 5 capsid that allowed for α-syn overexpression 
in the SNc and the striatum of rats at 2–10 times above normal 
levels, depending on vector dosage and promoter strength. In the 
case of α-syn, injections were done in the right SNc, while the left 
was kept as a nontransduced internal control (Figure 1a). Judging 
by the pattern of staining, human wt α-syn expression level was 
approximately uniform over the SNc. Quantitative immunoblots of 
nigral tissues showed (Figure 1b) that human α-syn was expressed 
at 3.8 (±0.3%; n = 4) fold over the endogenous rat α-syn at 4 weeks 
after injection, when normalized to total protein. The  antibody 
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Figure 1 T he expression of the human wild-type (wt) α-synuclein 
(α-syn) in the substantia nigra pars compacta (SNc) in 4 weeks 
after recombinant adeno-associated virus (rAAV) injection. 
(a) Photomicrographs showing the expression of the human wt α-syn 
transgene on the injected side of rat brain. α-Syn (red) was expressed in 
the majority of the tyrosine hydroxylase (TH)-positive neurons (green) 
in SNc and also can be seen in cells of the mesenphalic tegmentum 
and in the SN pars reticulate. Bar = 0.5 mm. (b) Measurement of α-syn 
and TH expression in animals that had been injected with human wt 
α-syn at 4 weeks postinjection. Samples of nigral extracts taken from the 
uninjected left side (L) and injected right side (R) of individual animals 
(462-465) were electrophoresed on acrylamide gels. Fifty micrograms 
of tissue extract was analyzed by immunoblots using antibodies that 
recognize both human and rat α-syn, as well as TH or GAPDH antibod-
ies. The amount of TH enzyme was normalized to GAPDH and the ratio 
of the injected versus uninjected sides was calculated. The ratio of α-syn 
on the injected and uninjected sides was calculated for each animal 
using the same approach.
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that was used bound to human and rat α-syn with the same affin-
ity allowing direct comparison (Supplementary Figure S1). The 
3.8-fold increase in α-syn expression is comparable to the increase 
seen in α-syn mRNA in PD patients.4,31

Overexpression of human wt α-syn in rat SNc 
activated the UPR
We used dissected SNc tissues from rats sacrificed at 4 weeks 
after injection of rAAV α-syn or rAAV green fluorescent protein 
(GFP) in the right SNc. Tissues from the left side were used as 
internal controls, and data obtained in experimental animals are 
expressed as percentage of injected side versus uninjected side. 
We chose the 4 weeks time point based on our previous studies 
demonstrating that this point correlates with maximum expres-
sion level of rAAV mediated vectors but does not yet result in sig-
nificant neurodegeneration.32–34 As expected, unbiased estimation 
of TH-positive cells in the SNc at 4 weeks did not reveal signifi-
cant neuronal loss in animals that had been injected with α-syn as 
compared to GFP-injected rats (79.4 ± 11.9%, n = 7 versus 95.4 ± 
8.2%, n = 6; P > 0.05). We also found that in hemispheres injected 
with rAAV α-syn the level of nigral TH protein was not reduced sig-
nificantly (Figure 1b). Thus, we confirmed our previous results33,34 
that human wt α-syn does not induce significant neuronal death at 
this early time point and, therefore, we expected to be able to detect 
an elevation of the ER stress markers corresponding to a persistent 
ER stress response in the SNc. We determined that overexpression 
of human wt α-syn activated the ER stress signaling by upregulation 
of mediators of at least two pathways: ATF6 and PERK (Figure 2, 
see also Supplementary Figure S2). We found that the expression 
level of phosphorylated eIF2α (peIF2α) in α-syn-injected animals 
was elevated compared to GFP-injected rats (123 ± 3.7%, n = 4 ver-
sus 99.8 ± 4.75%, n = 4; P < 0.05). Another hallmark of the PERK 
pathway, the ATF4 protein, was upregulated in α-syn-injected SNc 
by ninefold compared to GFP-injected rats (704 ± 14.3%, n = 5 ver-
sus 74 ± 28%, n = 4; P < 0.001). The ATF6 pathway was also affected. 
Cleaved phosphorylated ATF6 (pATF6) protein was significantly 
increased in α-syn-injected SNc compared to GFP injected animals 
(242 ± 12.4%, n = 6 versus 92 ± 5.5%, n = 4; P < 0.05). Control injec-
tions with AAV GFP did not cause the activation of any of these 
markers, indicating that viral infection or the effects of surgery were 
not responsible for the elevated UPR response.

Given that both the PERK and ATF6 pathways were upreg-
ulated it was not surprising to find that the expression level of 
proapoptotic CHOP protein (Figure 2) was dramatically increased 
in brains injected with α-syn compared to GFP-injected animals 
(395 ± 63.5%, n = 6 versus 128 ± 20.2%, n = 4; P < 0.01). sXbp1, the 
hallmark of the IRE1 pathway, also showed a trend to increase in 
α-syn expressing rats compared to sXBP1 protein in GFP injected 
rats (115.0 ± 10.8% versus 99.7 ± 4.8%, both n = 4); however, the 
increase did not reach significance.

Gene delivery of GRP78/BiP reduces apoptosis caused 
by overexpression of human wt α-syn
There is growing evidence that the mechanism of α-syn neuro-
toxicity promotes cell death through apoptosis.35 We showed 
previously that increased expression of GRP78/BiP protein down-
regulates the proapoptotic CHOP/GADD153 protein and reduces 

levels of apoptosis caused by misfolded rhodopsin.24 It was, there-
fore, logical to examine the ability of GRP78/BiP protein to reduce 
apoptosis in DA cells expressing α-syn. To quantify the protective 
effect of GRP78/BiP protein on apoptosis we used a nucleosome 
release assay that measures mono- and oligonucleosomes in the 
cytoplasmic fraction of cell lysates, a hallmark of cell death via 
apoptosis. SH-SY5Y cells transfected with plasmids expressing 
human wt α-syn alone or in a combination with GRP78/BiP were 
compared with mock transfected cells. In α-syn-expressing cells, 
there was an elevation in nucleosome release by 50% (±8.98%, 
both n = 4; P < 0.05). However, cotransfection of cells with both 
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Figure 2  Immunoblot analysis of the unfolded protein response (UPR)  
markers in nigral tissue at 4 weeks after recombinant adeno-associated  
virus (rAAV) human wild-type (wt) α-synuclein (α-syn) and rAAV 
green fluorescent protein (GFP) injections. Overexpression of human 
α-syn in the substantia nigra pars compacta (SNc) at 4 weeks postin-
jection leads to a significant upregulation of peIF2α, ATF4, and pATF6 
(50 kDa) proteins. The activation of these UPR mediators results a sig-
nificant overexpression of the proapoptotic C/EBP homologous pro-
tein (CHOP) protein. Tukey’s post hoc results are indicated as *, **, 
***P  <  0.05, 0.01, and 0.001, respectively versus α-syn; n = 4–6 for 
each group.
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α-syn and GRP78/BiP protein-expressing plasmids eliminated 
this increase and reduced the signal down to that observed in 
mock transfected cells (Figure 3a). Overexpression of GRP78/BiP 
protein in SH-SY5Y cells alone did not lead to nucleosome release. 
We concluded that expression of human wt α-syn promotes apop-
tosis and an elevated level of GRP78/BiP eliminates this effect.

To determine whether the antiapoptotic effect of GRP78/BiP 
involved interaction with α-syn, we coexpressed human wt α-syn and 
a Flag-tagged BiP protein (Flag-tag was placed in front of a KDEL 
fragment as in our previous work24) in SH-SY5Y cells. Precipitation 
of human α-syn from a total protein extract of SH-SY5Y cells with 
mouse antibody against human α-syn also precipitated GRP78/BiP 
protein, which was detected with anti-Flag antibody (Figure 3b).

Simultaneous viral delivery of human wt α-syn and 
GRP78/BiP into SNc leads to increased expression of 
both proteins
Since increased expression of GRP78/BiP can suppress 
α-syn-mediated apoptosis and appears to bind to α-syn, at least 
in vitro, we launched a study to validate its therapeutic potential 

in the α-syn rat model of PD. For this purpose, we coinjected 
both rAAV BiP and rAAV α-syn simultaneously or injected a 
single virus expressing only GRP78/BiP, human wt α-syn or GFP. 
To provide evidence that there is no a competition between two 
viral vectors delivered simultaneously, we carried out prelimi-
nary experiments in which three groups of rats were injected with 
rAAV α-syn, rAAV BiP-Flag or both.

Immunostained images of sections from animals expressing 
BiP-Flag alone or both BiP-Flag and α-syn are shown in Figure 4a 
and b, respectively. Antibody specific to Flag and human α-syn 
were used to confirm expression of both exogenous proteins 
in nigral DA neurons identified by vesicle monoamine trans-
porter-2 immunostaining. Western blot analysis of nigral tissue 
samples revealed that combined injection of α-syn and BiP-Flag 
virus did not significantly change the level of expression of either 
protein compared to injection of either expression vector alone 
(Figure  4c). The expression level of α-syn in SNc injected with 
AAV α-syn + BiP was 0.87 of the level seen when α-syn alone was 
injected, and the level of BiP-Flag in mixed injections was 1.07 of 
that seen when BiP-Flag was injected alone. As expected, immu-
noblotting of pooled (n = 4) nigral protein extract revealed an 
increase of total GRP78/BiP expression up to 39% on the injected 
side compared to the uninjected side (Figure 4d).

To confirm that GRP78/BiP is a binding partner of human wt α-syn 
in vivo, we pooled protein extracts obtained from individual SNcs 
injected with both BiP-Flag and α-syn virus. Immunoprecipitation 
of pooled protein extracts from injected brains with anti-Flag anti-
body also precipitated α-syn, demonstrating that GRP78/BiP binds 
to human wt α-syn in vivo as well as in vitro (Figure 4e).

Confocal microscopy revealed mostly diffused distribution 
of human wt α-syn over the cytoplasm of nigral DA neurons in 
rats injected with both rAAV α-syn alone (Figure 5a–d) or rAAV 
α-syn + rAAV BiP-Flag (Figure 5i–h). However, α-syn in neurons 
injected with rAAV α-syn alone was more prone to accumulation. 
Immunocytochemistry with antibodies specific to Flag visualized 
localization of BiP-Flag protein to the ER of DA neurons as seen 
by calnexin staining (Figure 5e–h). However, Flag is not exclu-
sively colocalized with calnexin as seen in Figure  5g. Since the 
level of localization of both proteins is not the focus of this study 
the quantitation was not performed. Also due to the diffuse dis-
tribution of overexpressed human wt α-syn throughout the cyto-
plasm, including the ER (calnexin), confocal microscopy was of 
limited use in defining precise localization of α-syn to the ER.

Overexpression of GRP78/BiP protein led to 
reprogramming of the ER stress response in the 
rat SNc

In previous work, we showed that ectopic α-syn expres-
sion in SNc resulted in a slight loss of TH neurons at 4 weeks 
(see above) and a statistically significant loss (~50%) at 8 weeks 
postinjection.33,34 To determine whether increased expression of 
GRP78/BiP protein could alleviate this pathology, rAAV BiP virus 
that did not contain the Flag sequence was injected at the same time 
as rAAV α-syn. At 4 weeks, western blot analysis of striatal tissues 
confirmed that exogenous GRP78/BiP did not affect expression 
of exogenous human α-syn, when both rAAV α-syn and rAAV 
BiP were injected together, compared to single injection of rAAV 
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Figure 3  Human wild-type (wt) α-synuclein (α-syn) and GRP78/BiP 
cotransfection of SH-SY5Y cells. (a) GRP78/BiP overexpression protects 
SH-SY5Y cells from apoptosis induced by human wt α-syn. Apoptotic 
signal was measured in 48 hours by nucleosome release ELISA assay. 
Unpaired t-test is indicated as **P < 0.01; n = 4. (b) Overexpressed BiP 
binds to the human wt α-syn. Detection of BiP-Flag (green band) by 
anti-Flag Ab in a protein extract from SH-SY5Y coexpressing BiP-Flag 
and human wt α-syn was performed by immunoprecipitation with the 
human α-syn-specific antibody. Western blot analysis detected the band 
corresponding to 78 kDa by Odyssey Infrared System. The two additional 
mutants shown (S129A and S129D), while not related to this study, dem-
onstrate that GRP78 can interact with both the phosphorylated (S129D) 
and nonphosphorylated forms of wt α-syn. As a negative control (C) 
for the precipitation study mouse anti-green fluorescent protein (GFP) 
antibody was used instead of human wt α-syn antibody.
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α-syn (Supplementary Figure S3). We also dissected the SNc at 
this time point to analyze the main ER stress markers in protein 
extracts obtained from combined (rAAV α-syn and rAAV BiP) 
or individual injections with each gene (Figure 6). As expected, 
there was an increase of GRP78/BiP protein expression in nigral 
tissue of rats injected with rAAV BiP alone (146.9 ± 17.2, n = 3; 
P < 0.05) or rAAV BiP in combination with rAAV α-syn (150.1 ± 
13.4, n = 4; P < 0.05) (Supplementary Figure S4). We found that 
AAV-mediated overexpression of GRP78/BiP reduced the levels 
of both cleaved pATF6 and ATF4 proteins (Figure 6). Expression 
of ATF4 protein dropped 41% when GFP78/BiP virus was coin-
jected with α-syn virus (704±14% versus 415±19%, both n = 5; 
P < 0.05). The cleaved pATF6 product (pATF6 50) was reduced 
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of both BiP-Flag and human wild-type (wt) α-syn was found in SNc 
of rats injected with both viruses (bar = 25 µm). (c) Coexpression of 
BiP-Flag and human α-syn do not inhibit an expression level of each 
other. Expression level of BiP-Flag or human α-syn in a dual injection 
is equivalent to one with a single viral injection. Western blot (WB) 
visualized with an antibody specific to Flag and human α-syn. “Cont” is 
noninjected side of single rat taken as a control. (d) Nigral tissue from 
4 weeks animals was extracted and pooled (n = 4) and then immuno-
blotted with antibody to the GRP78/BiP. A loading control (tubulin) is 
also shown. Extracts from the uninjected side (L) were compared with 
the injected side (R). Expression of total GRP78/BiP protein detected 
with anti-GRP78/BiP antibody was about 39% higher in injected sides 
compared to uninjected. (e) Image of immunoblot of immunopre-
cipitated protein extract isolated from the SNc injected with a viral 
combination. Immunoprecipitation was done using anti-Flag antibody. 
The membrane from the immunoblot was treated with a specific anti-
body against human α-syn to detect the band corresponding to 19 kDa 
α-syn. As a negative control for the precipitation study mouse immu-
noglobulin was used instead of anti-Flag antibody (data not shown).
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Figure 5 C onfocal microscopy of representative cells in substantia 
nigra pars compacta (SNc) of rats at 4 weeks after injections of (a–d) 
recombinant adeno-associated virus (rAAV) α-synuclein (α-syn) 
alone, (e–h) rAAV BiP-Flag alone, or (i–l) both α-syn and BiP-Flag 
vectors. (a–d) SNc neuron expressing α-syn alone detected with anti-
body specific to human wild-type (wt) α-syn (red). The image shows 
localization of accumulating α-syn mostly along axonal and cell body 
membrane, and to lesser extend in cytosol (a). Immunocytochemical 
detection of endoplasmic reticulum (ER) marker, calnexin (green) 
(b) revealed that α-syn might accumulate partially on the ER (c). Vesicle 
monoamine transporter-2 (VMAT) immunostaining (blue) of the same 
cell confirms that colocalization was identified in nigral dopamine (DA) 
neuron (d). (e–h) Overexpression of BiP-Flag alone in SNc neuron 
detected with anti-Flag antibody (red). Immunostaining of the same cell 
for calnexin (green) (f) allowed for colocalization with the Flag antibody, 
as seen on merged image (g), primarily on ER (yellow). However, some 
dust like red staining can be also found outside of the ER suggesting 
that overexpressed BiP might escape ER recruitment. Immunostaining 
for tyrosine hydroxylase (TH) (blue) in the same cell was used as a marker 
of DA producing neuron in the SNc (h). (i–l) Nigral neuron expressing 
both human wt α-syn (red) (i) and BiP-Flag (green) (j). Note that α-syn 
immunoreactivity spreads diffusely (i) compared to overexpression of 
human α-syn alone (a). Bar = 5 µm.



© The American Society of Gene & Cell Therapy
GRP78/BiP Diminishes α-Synuclein Neurotoxicity

1332� www.moleculartherapy.org  vol. 20 no. 7 july 2012         

by 42% compared to injection with α-syn alone (242 ± 12%, n = 6 
versus 141 ± 27%, n = 5; P < 0.05). This supported the hypothesis 
that overexpression of GRP78/BiP protein could reprogram the 
ER stress response in vivo.

Could however, reducing the expression levels of the two main 
ER stress hallmarks affect the expression level of proapoptotic 
CHOP protein? To determine this we analyzed protein extracts at 4 
and 8 weeks from animals injected with α-syn alone or with a mix-
ture of α-syn and GFP78/BiP (Figure 6). At 4 weeks, expression of 
CHOP protein was reduced 42% (395 ± 53%, n = 6 to 231 ± 33%, n 
= 5; P < 0.05) when rAAV BiP was combined with rAAV α-syn. At 
8 weeks, the expression of CHOP protein was significantly down-
regulated by GRP78/BiP as well (152 ±12% versus 84 ± 9%, both n 
= 4; P < 0.001). Thus, although the level of CHOP protein induced 
by α-syn was different at the two time points, in both cases the 
level of CHOP was significantly reduced by coexpression of BiP, 
and at 8 weeks, CHOP levels were essentially normal.

Overexpression of GRP78/BiP prevented the loss of 
TH-positive neuronal cells and maintained DA level in 
the α-syn PD model
Previously, we found that there was a significant loss of striatal 
DA levels and TH-positive neurons in the SNc when α-syn was 
expressed in rat brains at 8 and 26 weeks postinjection.6,32–34 To 
investigate whether expression of GRP78/BiP would reduce the 
level of neurodegeneration, we compared the striatal DA level and 
the number of TH-positive cells in SNc after single and combined 
viral injections at 4, 8, and 16 weeks postinjection (Figure 7a–d). 
We found that the number of TH-positive cells (Figure 7a,b) was 
reduced dramatically (52%) at 8 weeks in animals injected with 
α-syn alone compared to GFP control (100.6 ± 6.7%, n = 4 versus 
48 ± 8.1%, n = 11; P < 0.01). However, overexpression of GRP78/
BiP along with α-syn prevented much of the loss of TH-positive 
cells caused by α-syn overexpression (48 ± 8.1%, n = 11 versus 
76.4 ± 6.1%, n = 10; P < 0.05). These animals exhibited only a 24% 
loss of TH-positive cells compared to GFP, which did not reach 
significance (P > 0.05). Moreover, the reduction in α-syn-induced 
loss of TH-positive neurons was maintained by GRP78/BiP at 16 
weeks (34.36 ± 13.19%, n = 5 versus 74.51 ± 4.04%, n = 6; P < 
0.05). GRP78/BiP overexpression alone did not cause a significant 
change in the number of TH-positive cells.

In parallel with counting of TH-positive cells, we also 
measured the level of DA in the striatum of injected animals 
(Figure  7c,d). Striatal DA declined at 8 weeks in rats injected 
with a single virus-expressing human α-syn compared to GFP-
injected animals (25.9 ± 11.4%, n = 6 versus 98.5±4.1%, n = 10; P 
< 0.001) and compared to a single GRP78/BiP injection (25.9 ± 
11.4% versus 89.4 ± 4.6%, n = 5; P < 0.001). Here again, overex-
pression of GRP78/BiP along with α-syn significantly attenuated 
the loss of striatal DA compared with animals injected with α-syn 
alone (71.5 ± 8.1%, n = 7 versus, 25.9 ± 11.4%; P < 0.01). As in 
a case of TH-positive cells, overexpression of GRP78/BiP alone 
did not affect DA levels in the striatum compared to control GFP 
injections (98.5 ± 4.1% versus 89.4 ± 4.5%, P > 0.05) and positive 
effect of striatal DA levels by GRP78/BiP was maintained at 16 
weeks (21.87 ± 3.26%, n = 6 versus 60.69 ± 11.25%, n = 5; P < 
0.01) (Figure 7d).

Overexpression of GRP78/BiP eliminated behavior 
deficit in the rat model of α-syn-induced PD
At 4 weeks postinjection with AAV expressing GFP, GRP78/BiP, 
α-syn, or α-syn plus GRP78/BiP we did not see a significant dif-
ference in number of amphetamine induced rotations between the 
experimental groups. However, at 8 weeks following injection we 
found that only α-syn-injected animals demonstrated a significant 
number of rotations towards (positive numbers) the injected side 
compared to α-syn+GRP78/BiP or GRP78/BiP-injected animals 
(accordingly, 240 ± 72.9, n = 8 versus −74,6 ± 52.7, n = 9 or −24.4 
± 36.3, n = 18; both P < 0.001) (Figure 7e,f). At 16 weeks α-syn-
injected animals continued to demonstrate a significant number 
of ipsilateral rotations compared to GFP, α-syn+GRP78/BiP and 
GRP78/BiP-injected animals (209.1 ± 56.6, n = 11 versus −28.0 ± 
4.7, n = 8, versus −48.1 ± 80.9, n = 8; both P < 0.05 and versus 5.7 
± 25.4, n = 16, P < 0.01) (Figure 7f). Such ipsilateral rotations were 
consistent with a functional loss of TH neurons and striatal DA 
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Figure 6 O verexpression of GRP78/BiP protein in the substantia 
nigra pars compacta (SNc) of Parkinson disease (PD) rats leads to 
reprogramming the endoplasmic reticulum (ER) stress signaling. At 
4 weeks of PD progression GRP78/BiP significantly reduced accumula-
tion of the ER stress hallmarks such as cleaved pATF6 (pATF6 50) and 
ATF4 (PERK pathway). Production of C/EBP homologous protein (CHOP) 
protein was also down regulated at 4 and 8 weeks in rat SNc injected 
with both α-synuclein (α-syn) and GRP78/BiP compared to SNc of rats 
injected with α-syn. Injection with recombinant adeno-associated virus 
(rAAV) BiP was not a statistically different from green fluorescent protein 
(GFP) injection or intact control. Tukey’s post hoc results are indicated as 
*, **, ***P < 0.05, 0.01, and 0.001, respectively versus α-syn; #P < 0.05 
versus α-syn + GRP78/BiP; n = 4–7 for each group.
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in animals injected with α-syn alone, and a reduction in pathol-
ogy when animals were coinjected with a GRP78/BiP-expressing 
virus.

Discussion
The main purpose of this study was to investigate whether the 
mechanism of α-syn neurotoxicity in nigral DA neurons is 

associated with an activation of the ER stress response, and to 
test the therapeutic potential of the antiapoptotic UPR chaperone 
GRP78/BiP for α-syn-induced PD progression. We used the rat 
model of PD in which human wt α-syn is overexpressed locally 
in the SNc. This model produces an average level of α-syn overex-
pression of 3.8-fold on the injected side of the brain (Figure 1b), 
which is similar to the increase in α-syn found in postmortem 
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Figure 7 O verexpression of GRP78/BiP protein prevents loss of tyrosine hydroxylase (TH)-positive cells and striatal dopamine (DA) level as 
well as eliminates behavior deficit. (a) Unbiased estimation of TH+ cells remaining in substantia nigra pars compacta (SNc) on the injected side 
as a percentage of the uninjected side ± SE at 8 weeks postinjection. A number of TH-positive neurons counted in α-synuclein (α-syn) injected SNc 
was dramatically reduced compared to control. However, coexpression of α-syn and GRP78/BiP proteins led to significant rescue of TH-positive cells 
preventing cell death compared to a single α-syn injection. These animals have only a 24% loss of TH-positive cells compared to green fluorescent 
protein (GFP) which was not statistically significant. GRP78/BiP overexpression alone did not reduce the number of TH-positive cells. One-way 
ANOVA analysis. Tukey post hoc results are indicated as *,**P < 0.05 and 0.01, respectively versus α-syn; n = 4–11 per group. (b) The graph shows the 
% TH+ cells remaining at different times postinjection. Two-way ANOVA statistics. Bonferroni post-tests are indicated as *, **, ***P < 0.05, 0.01, and 
0.001, respectively versus α-syn; ##P < 0.01 versus α-syn + GRP78/BiP; n = 4–11 for each group at each time point. (c) At 8 weeks, decline of DA in the 
striatum injected with a virus expressing α-syn was 75% compared to GFP-injected animals. Overexpression of GRP78/BiP protein along with α-syn 
significantly (by 46%) preserved the dopamine (DA) level of injected animals observed in a single α-syn injection. This also was a statistically reliable 
from GFP control. Overexpression of GRP78/BiP protein alone did not block the synthesis of DA in injected SNcs compared to control GFP injection. 
One-way ANOVA analysis. Tukey post hoc results are indicated as **, ***P < 0.01, and 0.001, respectively versus α-syn; #P < 0.05 versus α-syn + GRP78/
BiP; n = 5–10 per group. (d) Changes in DA levels of different experimental group at 16 weeks were similar to 8 weeks. Two-way ANOVA statistics. 
Bonferroni post-tests are indicated as *,**,***P < 0.05, 0.01 and 0.001, respectively versus α-syn; ##P < 0.01 versus α-syn + GRP78/BiP; n = 4–10 for 
each group at each time point. (e) Amphetamine induced rotation test at 8 weeks revealed a significant number of rotations toward the injected 
side (positive, ipsilateral rotation) only in α-syn-injected rats compared to GRP78/BiP and α-syn plus GRP78/BiP. Amphetamine induced rotation was 
measured for 90 minutes and the average rotation plus SE is shown. One-way ANOVA analysis. Tukey’s post hoc results are indicated as *P < 0.05 
versus α-syn; n = 9–13 per group. (f) Amphetamine rotation versus time postinjection in α-syn-injected rats compared to GFP, GRP78/BiP, and α-syn 
plus GRP78/BiP. Two-way ANOVA analysis. Bonferroni post-test is indicated as *,**P < 0.05 and 0.01 versus α-syn; n = 6–18 per group.
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PD brain tissue,31 and produces measurable neurodegeneration at 
8 weeks postinjection.

This increase in α-syn correlated with an increase in markers 
of two of the three pathways of the UPR at 4 weeks when α-syn 
expression reached maximum and significant neurodegeneration 
had not yet occurred. There was a 23% elevation of the peIf2α pro-
teins and a ninefold induction of ATF4 (PERK pathway), and a 
greater than twofold elevation for cleaved pATF6 protein (ATF6 
pathway) (Figure 2 and Supplementary Figure S2). In addition, 
the proapoptotic CHOP protein, a downstream marker of ATF6 
and PERK pathways, was dramatically increased (threefold) in 
injected SNc tissue. Elevation of this protein directly promotes 
apoptosis36 resulting in DA neuronal cell death.37 These results 
correlate with findings that were discovered in postmortem tis-
sues from PD patients, which demonstrated that the PERK-
related pathway of the UPR is activated in DA neurons bearing 
α-syn inclusions.17 Taken together these facts suggest that the UPR 
is involved in DA neuron degeneration. Furthermore, this study 
has directly implicated wt α-syn accumulation in the activation of 
the UPR in vivo resulting in proapoptotic changes. Most impor-
tantly, overexpression of GRP78/BiP or GFP did not affect UPR 
activation markers analyzed in this study. Given that the titer of 
the rAAV GFP virus was approximately five times higher than 
that of—the human α-syn virus used in this study and that rAAV 
mediated overexpression of rat wt α-syn was shown to not induce 
nigral degeneration,38 this suggests that α-syn-induced UPR acti-
vation was due specifically to the properties of human α-syn and 
not simply to a general overload of ER lumen capacity.

Previous studies in cultured cells that showed an increase 
in GRP78/BiP and peIF2α when a mutant of α-syn (A53T) was 
expressed are also consistent with our results.18 Of note, sXBP1, 
a marker of the protective arm of the UPR was not significantly 
elevated at 4 weeks (Figure  2). In addition, we did not find a 
statistically significant difference in accumulation of GRP78/
BiP protein in rAAV α-syn-injected SNc that often accompa-
nies UPR initiation. There may be several reasons for this, but 
the most likely is that at 4 weeks we did not “catch” elevation of 
GRP78/BiP, because it had already returned to a normal level. 
We note also that activation of the UPR was induced by wt α-syn 
rather than a mutant, which leaves open the possibility that a 
mechanism other than α-syn misfolding may be associated with 
activation. Overexpression of α-syn leads to accumulation of 
free-fatty acids and reactive species39,40 that are known to stimu-
late and perturb ER homeostasis resulting in general aberrant 
protein folding.41 Therefore, future experiments might address 
a correlation between overexpression of α-syn and an oxidizing 
environment of the ER (protein disulfide isomerase, Ero1p), an 
accumulation of reactive oxygen species, and free-fatty acids in 
nigral TH neurons.

Currently, a growing body of evidence suggests that GRP78/
BiP protein has a therapeutic potential by reduction of apoptosis 
in cultured cells.42–44 In our previous study of autosomal dominant 
retinitis pigmentosa transgenic rats, we demonstrated that the 
GRP78/BiP protein promotes photoreceptor cell survival in vivo 
and protects cell from apoptosis.24 It was logical, therefore, to test 
the hypothesis that GRP78/BiP protein will promote TH neuron 
survival during degeneration caused by α-syn toxicity.

We found that AAV delivery of GRP78/BiP cDNA led to only 
a 39% increase of GRP78/BiP protein level on the injected side. 
As mentioned elsewhere, one possible reason for this moderate 
elevation is the potential down regulation of endogenous BiP 
transcription in response to the exogenous gene delivered by 
AAV.45 As previously shown, the level of GRP78/BiP protein was 
not elevated >20–40% when it was induced by BiP inducer X.46 
This characteristic of BiP is unlike that of calreticulin, and other 
ER proteins, which have been shown to be overexpressed 50–100-
fold without any apparent negative feedback. Another potentially 
major explanation for the relatively moderate overexpression 
of GRP78/BiP in nigral tissue samples may be the presence of 
macro- and microglial cells, which cannot be infected by AAV5,32 
and thus dilute the average level of BiP detected in the region since 
they only express at basal levels. Despite this minor setback, we 
have found that the levels of GRP78/BiP expression attained in 
our study were sufficient to ameliorate α-syn neurotoxicity.

We found that expression of GRP78/BiP protein significantly 
reduced the α-syn-induced loss of TH-positive neurons in the SNc, 
the loss of striatal DA, and the amphetamine induced rotational 
deficit at 8 and 16 weeks postinjection. This was due at least in 
part to a direct interaction of GRP78/BiP and α-syn. Furthermore, 
overexpression of GRP78/BiP protein alone in naïve animals did 
not lead to a reduction of TH-positive cells, or a reduction in the 
level of DA, or a behavioral deficit. This suggests that overexpres-
sion of GRP78/BiP, at least in the rat SNc, is not associated with 
overt pathology. The fact that GRP78/BiP expression can attenu-
ate α-syn-induced neurodegeneration, and is not itself associated 
with toxicity, suggests that GRP78/BiP is a potential therapeutic 
target for treatment of PD.

In addition, several other proteins were implicated in 
α-syn-induced neurodegeneration. The proapoptotic CHOP pro-
tein, a downstream marker of the ATF6 and PERK pathways, was 
dramatically increased (threefold) in injected SNc tissue. Elevation 
of this protein directly promotes apoptosis36 resulting in DA neu-
ronal cell death.37 Recent studies have demonstrated that in the 
chronic MPP+ model of PD, CHOP is robustly expressed; however, 
the CHOP knockout mouse was not protected from the loss of 
neurons47 following MPP+ treatment. In our AAV PD model with 
a gradual loss of TH neurons, the dampening of CHOP protein, 
a mediator of apoptosis, seems to be beneficial. Dramatic reduc-
tion of CHOP protein in response to modulation of the ATF6 and 
ATF4 pathways at 4 weeks leads to significant protection of the 
SNc from cell death and restoration of DA levels. Therefore CHOP 
must also be re-examined as a new therapeutic target for different 
models of PD. The therapeutic impact of GRP78/BiP protein on 
CHOP overexpression at 8 weeks is lower then at 4 weeks. This 
indicates a major cell death in injected SNc at this time point. In 
general, the BiP therapeutic effect is a “proof of principle” for the 
idea that reprogramming of apoptotic circuitry in the remaining 
neurons might turn the balance toward cell survival. It also points 
to the CHOP protein as a new therapeutic target for PD.

In conclusion, we have demonstrated that α-syn induces a 
robust UPR in vivo in the α-syn rat model of PD. We have verified 
the importance of the UPR in PD pathogenesis by demonstrating 
that we could reprogram the ER stress response by overexpres-
sion of GRP78/BiP protein. Expression of GRP78/BiP prevents 
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the death of DA neuron at least in part by reducing the levels of 
ATF4, ATF6, and CHOP.

Material and Methods
rAAV vectors. All vectors have been packaged in AAV5 capsid and puri-
fied as described previously.24,32–34,38 Virus titers (vector genomes/ml) were 
determined by dot blot assay48,49 and were for human wt α-syn: 9.7 × 1012; 
GRP78/BiP: 9.1 × 1012; BiP-Flag: 4 × 1012 GFP: 4.5 × 1013.

Intracerebral injection of rAAV vectors. All surgical procedures were per-
formed using aseptic techniques and isoflurane gas anesthesia as previously 
described.32–34,38 The rats were placed in the stereotaxic frame and injected 
into the SNc (anterior posterior –5.6 mm, lateral –2.4 mm from bregma 
and dorsoventral –7.2 mm from dura), through a glass micropipette at a 
rate of 0.5 µl/minute. Animals were injected with a total of 1.5 µl for single 
gene or 3 µl for gene combination as previously described32–34,38 (see also 
Supplementary Data and Supplementary Figure S5).

Transfection of SH5-Y5 neuronal cells and immunoblot analysis of cell 
protein extracts. Transfection was performed using Lipofectamine 2000 
according to the manufacturer’s protocol. For in vitro experiments we 
used α-syn and pcDNA 3.1BiP24 plasmids to express human wt α-syn and 
human BiP/GRP78.

Nucleosome release quantification of apoptosis. We quantified DNA frag-
mentation resulting from apoptosis. DNA fragmentation occurs as a result 
of Ca2+- and Mg2+-dependent nuclease cleavage of double-stranded DNA 
that generates release of mono- and oligonucleosomes, which are complexes 
tightly associated with the core histones H2A, H2B, H3, and H4. Therefore, 
we identified nucleosome release levels by a sandwich-enzyme immunoas-
say using mouse monoclonal antibodies directed against DNA and histones 
using a Cell Death Detection ELISA kit (Roche Diagnostics, Indianapolis, 
IN) based on the manufacturer’s protocol. At 48 hours post-transfection, 
the cells were treated with lysis buffer, incubated for 30 minutes, centrifuged 
at 200g for 10 minutes, and 20 μl of the resulting cytoplasmic fraction was 
used to perform nucleosome release quantitation based on the manufac-
turer’s protocol. Data were normalized to mock-transfected cells.

Immunoprecipitation of protein extract. Immunoprecipitation was done by 
using a Catch and Release II System (Millipore, Billerica, MA), 500 μg of pro-
tein extract, and antibodies against Flag (F7425, rabbit; Sigma, St Louis, MO), 
α-syn (32-8100, mouse; Invitrogen, Camarillo, CA), GFP (ab1218, mouse; 
Abcam, Cambridge, MA). The fractions resulting from the immunoprecipi-
tation were denatured and separated on a 12% SDS polyacrylamide gel priori 
to immunoblotting. Western blots were prepared by standard methods.

Isolation and processing of tissues. Animals were deeply anesthetized by 
pentobarbital injection. Brains were removed and divided into two parts 
by a coronal blade cut at approximately −3.5 mm behind bregma. The cau-
dal part containing the SNc was fixed in the ice-cold 4% paraformalde-
hyde in 0.1 mol/l phosphate buffer, pH 7.4. The fixed part of brains were 
stored overnight at 4 °C and then transferred into 30% sucrose in 0.1 mol/l 
phosphate buffer for cryoprotection. Forty-µm thick coronal sections were 
cut on a freezing stage sliding microtome and processed for immunohis-
tochemistry. The rostral piece of brain tissue was used immediately to 
dissect the right and left striatum. Tissue samples were weighed, frozen 
separately on dry ice and kept at −80 °C until assayed. Some brains were 
used to obtain SNc tissue samples for western blot analysis. Using a Leica 
surgical microscope at magnification ×40 (ocular ×10, objective lens ×4), 
the melanin containing substantia nigral region (Supplementary Figure 
S6) was dissected from two consecutive 1 mm coronal slices. Total tissue 
weight of nigral tissue did not exceed 0.2–0.4 mg.

Immunohistochemistry. For the bright-field microscopy analysis sections 
were preincubated first with 1% H2O2–10% methanol for 15 minutes and 

then with 5% normal goat serum for 1 hour. Sections were incubated 
overnight at room temperature with anti-TH (1:2,000; MAB318, mouse; 
Millipore) or anti-α-syn (1:1,000; 61-787, mouse; BD Laboratories, Sparks, 
MD) antibodies. Incubation with biotinylated secondary anti-mouse anti-
body was followed by incubation with avidin–biotin–peroxidase complex 
(ABC; Vector Laboratories, Burlingame, CA). Reactions were visualized 
using 3,3-diaminobenzidine as a chromagen.

For confocal microscopy, sections were incubated with primary 
antibodies against human α-syn (1:1,000; 32-8100, mouse; Invitrogen), Flag 
(1:500; F7425, rabbit; Sigma), TH (1:1,000; MAB318, mouse; Millipore) 
and vesicle monoamine transporter-2 (1:400; sc-7721, goat; Santa Cruz 
Biotechnology, Santa Cruz, CA) and secondary antibodies labeled with 
DyLight 488, Cy3 and Cy5 (1:100 for all; Jackson Immunoresearch 
Laboratories, West Grove, PA). The vesicle monoamine transporter-2 
or TH antibody was chosen as the DA marker in order to avoid a cross 
–reaction with other antibodies in any given sample. The sections were 
examined using a Leica TCS SP5 confocal laser scanning microscope. 
DyLight 488 fluorescence was visualized by 488-nm excitation with 
a Kr/Ar laser, and emissions were examined with a band-pass filter for 
500–530 nm. For imaging of Cy3 fluorescence, excitation at 543 nm (He/
Ne laser) was used, whereas emission was observed at 560–580 nm. 
Cy5 fluorescence was visualized 633 nm (He/Ne laser) and observed at 
660–700 nm. Sequential scanning was used to suppress optical cross talk 
between the fluorophores in stationary-structure colocalization assays. 
All manipulations of contrast and illumination on color images as well as 
color replacement were made using Adobe PhotoShop CS software.

Unbiased stereology. The unbiased stereological estimation of the total 
number of the TH+ neurons in SNc was performed using the optical frac-
tionator method as described previously.6,32 This sampling technique is not 
affected by tissue volume changes and does not require reference volume 
determinations. Sampling of cells to be counted was performed using 
the MicroBrightfield StereoInvestigator System. The software was used 
to delineate the transduction area at 5× on 40-µm sections and generate 
counting areas of 100 × 100 µm. A counting frame was placed randomly on 
the first counting area and systematically moved through all counting areas 
until the entire delineated area was sampled. Actual counting was per-
formed using a 100× oil objective (NA 1.4). The estimate of the total num-
ber of neurons and coefficient of error due to the estimation was calculated 
according to the optical fractionator formula as previously described.6,32

Immunoblotting. Tissues were suspended in 300 μl of lysis buffer 
(50 mmol/l Tris, pH 7.5, 0.15 mol/l NaCl) containing protease inhibitor 
cocktail (0.1 mmol/l phenylmethanesulfonylfluoride, 0.5 μg/ml leupeptin, 
0.7 μg/ml pepstatin A) (Roche, Indianapolis, IN) and homogenized for 10 
seconds. Hundred microliter aliquots were added immediately to 250 μl of 
0.1 mol/l HClO4 and stored at −80 °C for subsequent DA measurements. 
The remainder of each aliquot was adjusted to a final concentration of 1% 
NP-40, 0.1% SDS, incubated on ice for 30 minutes and centrifuged for 15 
minutes at 4 °C. Lysates from each group were pooled and protein con-
centrations were determined by Bradford. 50 μg of each protein pool was 
adjusted to 2% SDS, 0.1% 2-mercaptoethanol, heated for 5 minutes at 95 °C, 
separated on Biorad precast 4–20% SDS-PAGE gradient gel and transferred 
to PVDF-LFP (Amersham, Piscataway, NJ) membranes for western blot-
ting. Mouse anti-α-syn (1:2,000; BD Transduction Laboratories, Sparks, 
MD; Zymed Laboratories, San Francisco, CA), mouse anti-GAPDH, and 
rabbit anti-TH (both 1:2,000; Millipore) were used as recommended by 
the supplier. Cy5 and Cy3-conjugated goat anti-mouse and rabbit anti-goat 
secondary antibodies were purchased from GE Bioscience (Piscataway, 
NJ). Immunoblotted α-syn was detected and quantified with a Typhoon 
scanner (Amersham) by using purified α-syn-TAP protein as a standard. 
Westerns used for TH quantitation included GAPDH for normalization. 
Detection and quantification of main URP markers was done by using 
infrared secondary antibody, Odyssey an infrared imager (Li-Cor, Lincoln, 
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NE) and Odyssey quantitative software. Fifty microgram of total protein 
was used to detect proteins. We used antibodies (all diluted 1:1,000) that 
detect the stress-induced phosphorylated proteins: anti-peIF2α (sc-101670, 
rabbit; Santa Cruz Biotechnology), anti-CHOP (sc-735, mouse; Santa 
Cruz Biotechnology), anti-ATF4 (ab50546-100, mouse; Abcam), anti-
ATF6 (ab22280-100, rabbit; Abcam), anti-ATF6 alpha (sc-22799, rab-
bit; Santa Cruz Biotechnology), ATF6β (N-17) (sc-30596, goat; Santa 
Cruz Biotechnology) and anti-GRP78/BiP (sc-32138 or sc-1050, both 
goat; Santa Cruz Biotechnology), anti-XBP1 (sc-32138, goat; Santa Cruz 
Biotechnology).

The comparative affinity test of anti-α-syn antibody to recognize human 
and rat α-syn proteins: To obtain recombinant human and rat α-syn protein, 
HEK293 cells were transfected with plasmid expressing either human α-syn or 
rat α-syn both tagged with HA and driven under control of the CBA promoter. 
Forty eight hours after transfection cells were harvested, collected, and lysed 
in RIPA buffer supplemented with protease inhibitors (Roche). Samples 
were rotated at 4 °C for at least 1 hour, vortexed several times, and centri-
fuged at 14,000 r.p.m. for 30 minutes. Supernatants were collected in fresh 
tubes and mixed with 200 µl of anti-HA antibody beads (Roche) and the 
mixtures were incubated at 4 °C over night. Immunoprecipitated samples 
were then washed three times using 1 ml/sample ice-cold RIPA buffer by 
mixing beads with RIPA buffer followed centrifugation and removal of the 
washing buffer using vacuum. Then α-syn-HA proteins were eluted in 200 µl 
of 0.1 mol/l glycine (pH 2.7). Protein concentrations were determined by 
Bradford. 2.5, 5, 10, and 20 ng of each protein was adjusted to 2% SDS, 0.1% 
2-mercaptoethanol, run on Biorad precast 4–20% SDS-PAGE gradient gel 
and transferred to PVDF-LFP (Amersham) membrane for western blotting 
with mouse anti-α-syn antibody (1:2,000; BD Transduction Laboratories, 
Zymed Laboratories) as describe above. Ponseu S staining was used to con-
firm equal loading (Supplementary Figure S1).

Stiatal DA measurements. DA samples were thawed and the equivalent of 
3 mg starting tissue was diluted into 1 ml of 0.1 N HClO4 containing dihy-
drobenzylamine as an internal control, and thoroughly homogenized. The 
sample was centrifuged and the supernatant was filtered through a 0.2-μ 
filter. DA and DOPAC levels were analyzed on a Beckman Gold System 
using a C18 Waters Symmetry column with an ESA and a Coulochem elec-
trochemical detector equipped with a 5011A analytical cell. The mobile 
phase was composed as follows: 8.2 mmol/l citric acid, 8.5 mmol/l sodium 
phosphate monobasic, 0.25 mmol/l EDTA, 0.30 mmol/l sodium octyl 
sulfate, and 7.0% acetonitrile, pH adjusted to 3.5 then filtered through a 
0.2-μm filter membrane. The flow rate was set at 1.5 ml/minutes with a 
30-μl injection volume.

Rotational behavior. Drug-induced rotational behavior was measured fol-
lowing an injection of D-amphetamine sulfate (2.5 mg/kg i.p.; Sigma) at 4, 
8, and 16 weeks after the viral injection. Rotations were measured during a 
90-minute period, and full 360° turns were counted.

Statistical analysis. Data were analyzed using one tailed unpaired 
t-test, one-way ANOVA with Tukey post-test, or two-way ANOVA with 
Bonferroni post-test using Prism 4 (GraphPad Software, La Jolla, CA). 
Data are presented as mean ± SE. Unless otherwise specified, all in-text P 
values are from two-way ANOVA.

SUPPLEMENTARY MATERIAL
Figure  S1.  The comparative affinity test of anti-α-syn antibody to 
bind recombinant human and rat α-syn-HA fusion proteins of known 
concentration.
Figure  S2.  Overexpression of human α-syn in the rat SNc leads to 
activation of the UPR and elevation of main ER stress markers such as 
ATF4 and peIF2α (the PERK pathway) and pATF6 (the ATF6 pathway) 
resulting in overproduction of proapoptotic CHOP protein compared 
to SNcs injected with GFP.

Figure  S3.  Measurement of human α syn, and TH expression in the 
striatum at 4 weeks postinjection.
Figure  S4.  The graph shows western blot analysis of GRP78/BiP pro-
tein expression in nigral tissue of rats injected with rAAV BiP alone 
(146.9 ± 17.2%, n = 3; P < 0.05) or rAAV BiP in combination with rAAV 
α-syn (150.1 ± 13.4%, n = 4; P < 0.05).
Figure  S5.  Measurement of human α syn, and TH expression in the 
striatum at 4 weeks postinjection. Four animals from each group are 
shown.
Figure  S6.  Coronal brain slice of a fresh tissue at nigral level.
Supplementary Data.
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