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Abstract

Defects in cellular quality control mechanisms are thought to contribute to Parkinson’s disease
(PD) neuropathology. Overexpressing heat shock proteins (HSP) may be a powerful therapeutic
strategy for PD as it boosts the ability of the cell to eliminate unwanted proteins. We investigated
the neuroprotective potential of HSP70, HSP40 and H-BH, a constitutively active form of heat
shock factor 1, in a rat model of PD based on adeno-associated virus (AAV) vector-mediated
overexpression of CDCrel-1, a parkin substrate known to be toxic to dopaminergic neurons. AAV
vector-mediated overexpression of H-BH and HSP70 afforded similar levels of protection against
CDCerel-1 toxicity, with ~20% improvement in survival of dopaminergic neurons compared to
controls, as assessed by tyrosine hydroxylase and HuC/D immunohistochemstry, Fluoro-Gold
retrograde tracing and preservation of spontaneous and drug-induced motor function. In contrast,
HSP40 overexpression exacerbated CDCrel-1-mediated cell death. Real time RT-PCR analysis
showed that H-BH upregulated endogenous HSP70 and HSP40 mRNA levels by 10-fold and 4-
fold over basal levels, respectively, whereas AAV vector-mediated HSP70 and HSP40 mRNA
levels were over 100-fold higher. Our results suggest that a comparatively modest upregulation of
multiple HSPs may be an effective approach for achieving signficant neuroprotection in PD.

Introduction

An impairment in cellular quality control leading to the build-up of proteins prone to
misfolding and aggregation may be the key underlying pathogenic mechanism in both
sporadic and familial forms of Parkinson’s Disease (PD) [1, 2]. The intracellular
accumulation of these proteins ultimately renders the dopamine neurons in the substantia
nigra pars compacta (SNc) selectively and progressively vulnerable to cell death. Loss of
~55-65% of dopaminergic neurons in this region and the associated dopamine deficit in the
striatum leads to the progressive development of movement abnormalities characteristic of
the disease.

A crucial player in cellular quality control is the ubiquitin-proteasome system (UPS) which
targets misfolded or mutated proteins for degradation by the 26S proteasome [3]. The
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importance of the UPS in PD is underscored by the finding that several familial forms of PD
are associated with mutations in genes that directly or indirectly influence key components
of this system including ubiquitin C-terminal hydrolase [4] and parkin, an ubiquitin E3
ligase that is involved in tagging client proteins for degradation [5].

Another group of proteins that closely interact with the UPS are the heat shock proteins
(HSPs), a family of multifunctional proteins that participate in the folding of newly
synthesized proteins, intracellular protein trafficking and cell stress responses [6, 7]. In the
mammalian brain, the predominant HSPs are HSP70 and HSP90. These function in a
multiprotein complex and are influenced by a variety of co-chaperones, such as HSP40,
CHIP and BAG-1 that determine protein fate [8-10]. HSP70 is found at low levels in the
central nervous system (CNS) under normal conditions but is upregulated in response to cell
stress [11]. The effects of increased expression of various HSP family members on protein
aggregation and neuronal survival in the context of neurological diseases including those
associated with mutated polyglutamine expansion [12, 13], amyotrophic lateral sclerosis
(ALS) [14, 15] and PD [16, 17] have been well documented, with HSP70 and HSP40 being
the most effective HSPs in promoting neuronal survival [18]. While these studies have
demonstrated neuroprotection following upregulation of individual HSPs, simultaneous
upregulation of multiple HSPs could provide an approach that may lead to an enhanced level
of protection. This could be achieved by modulating the function of heat shock factor 1
(HSF1) which is involved in the transcriptional regulation of multiple heat shock protein
genes [19]. Human HSF-1 exists as a monomer in unstressed cells. The interaction between
three hydrophobic leucine zipper repeats (LZ1-LZ3) within the HSF1 molecule plays an
important role in stabilizing the monomer and repressing trimerization [20]. Upon exposure
to cell stress, HSF1 is induced and forms homotrimers that translocate to the nucleus to bind
to the heat shock element in the promoter of HSP genes to regulate gene transcription.
Pharmacological activation of HSF1 delays disease progression in the SOD93A transgenic
model of ALS and protects against MPTP-induced toxicity in mice supporting this
therapeutic approach [15, 21]. However an alternative genetic approach could involve
expressing a mutant form of HSF1 produced by deletion of amino acids 187 to 201
encompassing the LZ2 hydrophobic domain [20, 22]. Deletion of this region allows HSF1
trimerization and constitutive gene transcription to occur in the absence of cell stress [20].

In this study, we have investigated the therapeutic potential of H-BH in a rat PD model
based on adeno-associated viral (AAV) vector-mediated overexpression of CDCrel-1 (cell
division control related-1; also called septin 5). CDCrel-1 is a parkin substrate that
accumulates in the brains of autosomal-recessive juvenile PD patients [23, 24] and AAV-
mediated overexpression of CDCrel-1 in the SNc leads to significant dopaminergic cell loss
[25] accompanied by motor impairment (manuscript submitted).

Transcriptional activity of H-BH in vitro

We firstly characterized transcriptional activity of the constitutively active HSF1 construct,
H-BH (Fig. 1a), using the reporter construct pHSE-luc. pHSE-luc consists of the firefly
luciferase (luc) gene under the control of multiple copies of the HSE consensus sequence,
the DNA binding site for HSF1. Basal levels of luciferase expression were low in human
embryonic kidney 293 (HEK293) cells transiently transfected with pHSE-luc alone, with
exposure to heat-shock leading to a 2-fold induction of luciferase expression (Fig. 1b).
HEK?293 cells transfected with a plasmid expressing wild-type HSF1 showed higher basal
levels of luciferase expression in the absence of cell stress, with exposure to heat-shock only
producing a minimal induction in expression. This result is consistent with previous reports
showing that HSF1 can be constitutively activated under certain experimental conditions
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(e.g. significant overexpression due to transfection with large quantities of DNA or
prolonged overexpression) [26]. Cells co-transfected with the H-BH and reporter constructs
showed 4-fold higher levels of luciferase activity over the maximal induced levels
achievable in HSF1-transfected cells subjected to thermal stress (p < 0.001). The
transcriptional activity of H-BH was mediated by specific binding to the HSE element of the
reporter plasmid, as luciferase expression was abolished in cells co-transfected with H-BH
and pTAL-luc, a plasmid identical to pHSE-luc but lacking the HSE sequence.

The functionality of H-BH was further confirmed by determining whether H-BH
overexpression could induce the upregulation of endogenous HSP protein levels in HEK293
cells. Indeed, HSP27 and HSP70 protein levels as detected by ELISA methods were
increased by 70 = 8% and 210 + 5% respectively. These results suggest that H-BH has high
levels of constitutive transcriptional activity and is effective in upregulating expression of
multiple endogenous HSPs.

To confirm that the LZ2 deletion did not affect the ability of a rabbit anti-HSF1 antibody to
detect H-BH transgene expression, we conducted immunocytochemistry on HEK293 cells
transfected with either the HSF1, H-BH or dYFP plasmid (Fig 1c). A robust and similar
pattern of transgene expression was detected in the HSF1 and H-BH transfected cells
compared to the control.

Expression of AAV-mediated transgenes in the SNc

We next determined whether sustained H-BH overexpression by viral vector-mediated gene
transfer would have neuroprotective efficacy in a genetic rat model of PD. We have recently
characterized a rat model of PD based on AAV-mediated gene transfer of CDCrel-1 to the
dopamine neurons in the SNc (manuscript submitted). CDCrel-1 is a putative substrate of
parkin and has been associated with autosomal recessive forms of PD [23, 24]. Consistent
with previous reports [25], we found robust expression of CDCrel-1 in dopaminergic
neurons by 2 weeks following vector infusion. By 4 weeks, progressive degenerative
changes were evident, including the formation of intracellular inclusions, swollen soma and
dystrophic neurites in CDCrel-1-overexpressing neurons. Loss of dopaminergic neurons
progressively occurs from 4 to 8 weeks to 57 + 7%, with no further reduction in neuronal
numbers for up to 20 weeks, which was associated with impaired performance in motor
function tests (manuscript submitted). As HSP70 and HSP40 overexpression has been
reported to be neuroprotective in various models of PD [16, 17, 27], we also generated
groups of animals overexpressing these individual HSPs to compare the neuroprotective
efficacy between the H-BH, HSP70 and HSP40 treatments.

AAV vectors expressing CDCrel-1, H-BH, HSP70, HSP40 along with luciferase and dYFP
reporter controls were packaged. As a prelude to our neuroprotection study, we firstly
assessed transgene expression patterns at 2 and 8 weeks following infusion of these vector
stocks into the rat SNc using immunohistochemical methods. Transgene expression typically
peaks 2—-3 weeks following vector infusion and persists for up to 1.5 years following a single
intracerebral injection in the absence of any overt toxicity or immunological response [28].
Robust neuronal expression of the transgenes was detected in the SNc as early as 2 weeks
(Figs. 2a—e) and remained stable for at least 8 weeks after vector infusion (not shown).
CDCrel-1, HSP70, HSP40, dYFP (Figs. 2a,c—e) and luciferase protein (not shown) was
expressed throughout the cell and filled the cell soma, axons, dendrites and axon terminals,
whereas H-BH, consistent with HSF-1’s role as a transcription factor, was expressed
exclusively in the nucleus as detected with an anti-HSF1 antibody (Fig. 2b). No
immunoreactivity for the respective transgenes was observed in the contralateral, uninjected
hemisphere (not shown). We next confirmed that the predominant population of transduced
cells in the SNc were dopaminergic neurons by conducting double immunohistochemical
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labeling of the respective transgenes with the dopaminergic neuron marker tyrosine
hydroxylase (TH). At 2 weeks post-vector infusion, 85 + 9.8% of TH-positive neurons in the
SNc were co-localized with transgene-expressing cells in a given section (Figs. 2f-h),
consistent with the high degree of tropism for dopaminergic neurons as previously
demonstrated for AAV vectors [29, 30].

H-BH and HSP70 protect against dopaminergic cell loss

To evaluate the neuroprotective efficacy of our treatments, AAV-CDCrel-1 vector was co-
infused simultaneously with either H-BH, HSP70, HSP40, luciferase or dYFP vectors
unilaterally into the SNc of rats. As the effectiveness of the treatments will be dependent on
expression of both transgenes in the same set of neurons, we analyzed the brains from
subgroups of animals at 2 weeks to determine the proportion of dopaminergic neurons
expressing both CDCrel-1 and the respective therapeutic or control transgenes. Double
immunohistochemical labeling was performed using antibodies to detect CDCrel-1 and H-
BH, HSP70, HSP40, luciferase or dYFP expression and we found that 74 + 2.9% of the cells
expressing CDCrel-1 co-localized with the respective transgenes at the 2 week time point
(Fig. 3; luciferase not shown).

To determine whether HSP treatment could prevent CDCrel-1-mediated neuronal
degeneration, further subgroups of rats were generated and the brains analyzed by
immunohistochemistry at 8 weeks post-vector injection. CDCrel-1 overexpression caused a
clear depletion in the number of dopamine neurons as visualized by TH-immunostaining in
the injected SNc relative to the uninjected contralateral side, but the extent of cell loss was
variable between the treatments (Figs. 4a—e). Unbiased stereological cell counts showed that
49 + 4% of the dopaminergic neurons in the CDCrel-1/reporter gene treatment groups
(luciferase and dYFP results pooled together) remained after 8 weeks (Fig. 4f). This is
consistent with the level of cell loss previously observed at this time-point following
overexpression of CDCrel-1 alone, where 57 + 7% of dopamine neurons remain at 8 weeks
(manuscript submitted). In contrast, overexpression of H-BH or HSP70 led to significant
protection against CDCrel-1-induced TH-positive cell loss, with approximately 70% of
neurons (H-BH: 71 + 6%; HSP70: 72 + 8%; ANOVA, p< 0.02) surviving the insult.
Unexpectedly, HSP40 overexpression appeared to exacerbate CDCrel-1-mediated cell death,
with only 25 + 6% cell survival (ANOVA, p < 0.02) compared to the control groups (Fig.
4f). We also confirmed this pattern and extent of cell death by conducting
immunohistochemistry against HUC/D, a neuronal marker that is highly expressed in the
SNc neurons. More HUC/D immunoreactive neurons were found in the SNc when CDCrel-1
was co-expressed with either H-BH or HSP70, compared to the control vectors (not shown).
Furthermore, H-BH and HSP70 overexpression protected against loss of striatal
dopaminergic innnervation as assessed by density measurements of TH and dopamine
transporter (DAT) immunoreactivity on striatal sections. There was a significant reduction
in striatal TH and DAT protein levels in the control and HSP40 treatment groups compared
to the H-BH and HSP70 groups (Figs. 4g,h). To confirm that the reduction of TH-positive
cell numbers in the SNc of the controls was due to actual loss of neurons as opposed to
downregulated expression of the cell markers used, a subgroup of CDCrel-1 and HSP/
reporter vector-infused rats received bilateral injections of the retrograde tracer Fluoro-Gold
into the striatum 1 week prior to euthanasia at 8 weeks. In line with the TH cell count data,
more Fluoro-Gold labelled dopaminergic neurons were observed in the CDCrel-1 group co-
expressing either H-BH (51.7 £ 1.4% of the contralateral side) or HSP70 (63 £ 8.6%) (Figs.
5a,b) compared to the controls (30.0 + 4.4%) (ANOVA p<0.05) (Figs. 5d,e) whereas there
was a trend towards fewer Fluoro-Gold-labelled cells in the CDCrel-1/HSP40 treatment
group (21.9 + 4.9%) compared to the controls (Fig. 5¢).
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Similarly, Fluoro-Jade B staining, a marker for degenerating neurons, was observed most
intensely in the SNc of the CDCrel-1/dYFP-luciferase treatment groups but was reduced
when CDCrel-1 was co-expressed with either H-BH or HSP70 (Figs. 5f,g,i,j). CDCrel-1/
HSP40-injected animals appeared to have greater numbers of Fluoro-Jade B-positive cells
that based on morphological characteristics, appeared to resemble residual cell debris, thus
potentially reflecting an accelerated cell death process (Fig. 5h).

Endogenous upregulation of HSP70 and HSP40 by H-BH overexpression

Our results suggested that H-BH and HSP70 overexpression was able to confer a similar
level of protection of dopaminergic neurons. We firstly determined at the protein level by
immunohistochemistry which endogenous HSPs were upregulated following H-BH
overexpression and found that HSP27, HSP70 and HSP40 expression were elevated but not
HSP90 or the co-chaperone CHIP, when compared to the dYFP vector-injected hemispheres
(Figs. 6a—d; HSP27 not shown). We quantified this at the mRNA level using quantitative
real-time PCR and found that overexpression of H-BH upregulated endogenous HSP70 by
ten-fold and HSP40 by two-fold over basal levels in the SN (Fig. 6e,f). In comparison,
AAV-mediated expression of HSP70 and HSP40 resulted in mRNA levels 300 and 100-fold
higher than basal level, respectively. These results suggest that a comparatively modest and
physiological upregulation of multiple HSPs (via AAV-mediated H-BH expression) is
sufficient in providing a similar neuroprotective benefit as that of strong overexpression of
HSP70 alone.

Prevention of motor function impairment in the H-BH and HSP70 treatment animals

Unilateral dopamine neuron loss and depletion of striatal dopamine levels to 50-60% of
basal levels result in impairments in contralateral limb use that can be readily assessed by
drug-induced and spontaneous behavioral tests. To determine whether HSP overexpression
could prevent impaired motor function, amphetamine-induced rotation testing and the
forepaw adjusting steps test were conducted prior to vector infusion in naive rats and at 8
weeks post-vector infusion. There was no significant difference in amphetamine-induced
rotational bias in the CDCrel-1/H-BH and CDCrel-1/HSP70 treatment groups at 8 weeks
compared to baseline levels (Fig. 7a). In contrast, the number of rotations was significantly
increased in the CDCrel-1/HSP40 (p < 0.05) and in the CDCrel-1/reporter vector-injected
animals (p < 0.01) at 8 weeks when compared to pre-surgery values, suggestive that TH-
positive nigral cell loss had exceeded a critical threshold of ~50%.

The maintenance of motor function of the H-BH and HSP70-treated animals was further
investigated by assessing spontaneous motor behaviors in the forepaw adjusting steps test.
No significant difference in baseline forepaw usage was observed prior to the vector
infusion (Fig. 7b). However by 8 weeks there was a significant impairment in contralateral
forepaw usage in the forehand direction in the animals co-injected with CDCrel-1/reporter
gene vectors (ANOVA, p< 0.001). In contrast, H-BH and HSP70-treated animals showed
no impairment in contralateral forepaw movement compared to the CDCrel-1/reporter
vector groups (ANOVA, p< 0.001; Fig. 7c). Forepaw usage was impaired to a similar level
in the HSP40 treatment group when compared to the control reporter injection group.

Discussion

We have investigated the effects of overexpressing H-BH, a constitutively active form of
HSF1, and HSP70 or HSP40 as a strategy to protect against CDCrel-1-induced toxicity in
the SNc. Our results show that H-BH and HSP70 afforded a similar degree of neuronal
protection against CDCrel-1-mediated toxicity in dopaminergic neurons and to our
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knowledge, this is the first demonstration that direct overexpression of H-BH is
neuroprotective in a PD model.

Consistent with our previous findings, AAV-mediated CDCrel-1 overexpression led to a
progressive and rapid decline in numbers of nigral dopaminergic neurons by 8 weeks post-
vector injection. CDCrel-1 is a putative substrate of parkin, which ubiquitinates and targets
CDCerel-1 for degradation through the ubiquitin-proteasome pathway [31]. The intracellular
accumulation and failure to degrade CDCrel-1 could decrease exocytosis of several
neurotransmitters, including dopamine [25], and consequently chronic inhibition of
dopamine release may cause dopamine-mediated neuronal death [32]. Furthermore,
CDCrel-1 overexpression may overload parkin activity, which may result in accumulation of
other parkin substrates leading to neurodegeneration [25, 31, 32].

Various HSPs have previously been found to show protection in several neurodegenerative
disease models [16, 27, 34, 35]. Chemical agents that increase HSF1 activity, such as
celastrol protect against MPTP-induced toxicity in mice [21] and similarly, arimoclomol is
neuroprotective in a transgenic model of ALS [15]. We have investigated an alternative
approach to increasing HSF1 activity by overexpressing H-BH, which upregulated various
HSPs, including HSP27, HSP40 and HSP70, and compared the protective effects of H-BH
against overexpressing HSP70 or HSP40 alone. Co-injection of AAV-CDCrel-1 with AAV
HSP70 led to significant protection against dopaminergic cell loss and motor deficits
compared to controls. Despite AAV-H-BH inducing significantly lower levels of HSP70
expression than that produced by AAV-HSP70, the degree of protection against CDCrel-1-
mediated cell death was similar with both H-BH and HSP70 vectors. Previous studies in
ALS cell culture models have shown that overexpression of multiple HSPs have greater
protective effect than overexpressing a single HSP [36, 37]. While specific HSPs are
protective in many neurodegenerative diseases, it is possible that H-BH-mediated induction
of multiple HSPs at lower levels may provide a similar or greater level of protection.

The neuroprotective effects of HSP70 demonstrated in our study are consistent with that
found in previous studies. Co-expression of HSP70 with wild-type or mutant human a-syn
in Drosophilamodels of PD can completely ameliorate dopaminergic cell loss [16]. AAV-
mediated overexpression of HSP70 reduced MPTP toxicity in the SN and the striatum [27].
Elevating HSP70 levels by chemical stressors, such as with geldanamycin, also protects
against MPTP toxicity in mice [38] and a-syn toxicity in Drosophila [39].

HSF1 has also been found to have some protective effects against neurodegenerative
disorders. HSF1 is the main transcription factor in the mammalian system that induces HSPs
in response to cellular stress [40, 41]. In a Drosophila a-syn model, abolishing HSF activity
decreased induction of HSP70 and geldanamycin was no longer able to protect against a-syn
toxicity [39].

Interestingly, we found that HSP40 overexpression potentiated CDCrel-1-mediated toxicity,
resulting in a greater extent of cell loss in the SNc and as a consequence, more pronounced
motor impairment when compared with the CDCrel-1/reporter gene-treated rats. This is
consistent with findings that HSP70 appears to be the predominant molecular chaperone
involved in mediating cell protection, while HSP40 overexpression alone increased the
sensitivity of cultured hamster fibroblasts to heat shock, or it had no effect on providing
protection against a truncated androgen receptor with expanded polyglutamine tract in
cultured neurons [42, 43]. Elevated levels of HSP40 could bind and trap misfolded proteins
and prevent them from binding to endogenous HSP70, which could lead to additional
toxicity [42]. Similarly, although HSP40 enhances the ATPase activity of HSP70 leading to
more stable binding to its substrates [44], high (imbalanced) ratios of HSP40/HSP70 might
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disturb the normal HSP70-HSP40 bound state as well as prevent other co-chaperones from
binding to the HSP70-HSP40 complex [42, 45]. However, HSP40 alone did provide
significant protection against toxicity produced by a truncated polyglutamine-expanded
huntingtin in a neuronal cell line [46].

In summary, our study has shown that AAV-mediated overexpression of H-BH and HSP70
lead to significant protection against CDC-rel-1-mediated toxicity and thus may be useful as
a therapeutic strategy for PD.

Materials and Methods

Plasmid construction

The human CDCrel-1 sequence was PCR amplified from an image clone (Image Clone
CDCrel-1: accession number BC025261; Invitrogen, Carlsbad, CA) with specific CDCrel-1
primers which contained C-terminal hemaglutinin (HA) tag. The HSF1 open reading frame
was PCR amplified from human brain cDNA using appropriate primers and cloned into
pBSIISK- plasmid. To make H-BH, pBSIISK- was digested with BamHI (blunted with
Mung Bean Nuclease) and Hincll then religated, as previously described in [20]. Following
sequence verification, the CDCrel-1 and H-BH PCR products were subcloned into an AAV
backbone containing the 1.1 kb CMV enhancer/chicken p-actin (CBA) promoter, the
woodchuck hepatitis virus post-transcriptional regulatory element (WPRE), and the bovine
growth hormone polyA signal flanked by AAV2 inverted terminal repeats. Human HSP70
and HSP40 (Hdj-1 isoform) cDNA (generously provided by C O’Brien) were also subcloned
into the AAV/CBA-WPRE-bGHPpA vector. Luciferase or destabilized YFP (dYFP) were
cloned into the same AAV/CBA-WPRE-bGHPpA vector backbones and were used as control
vectors.

Generation of AAV virus

High-titer AAV serotype AAV1 and chimeric AAV1/2 (virons containing a 1:1 mixture of
AAV1 and AAV?2 capsid proteins) vectors were generated for the study. AAV1 serotype
vectors were packaged by calcium phosphate transfection into HEK293 with AAV1 helper
plasmid (pNLrep, with AAV2 rep and AAV1 cap genes), the adenovirus helper plasmid
(pFA6) and either AAV/CBA-luciferase-WPRE-bGHpA or AAV/CBA-H-BH-WPRE-
bGHpA. Seventy-two hours post-transfection, cells were harvested and purified on an
iodixanol gradient, concentrated and dialyzed against 1 x PBS and sterilized through a 0.2
um filter. To generate AAV1/2 vectors HEK293 cells were transfected with the AAV1
(pH21) and AAV?2 (pNLrep) helper plasmids, pFA6 and either AAV/CBA-HSP70-WPRE-
bGHpA, AAV/CBA-HSP40-WPRE-bGHpA or AAV/CBA-dYFP-WPRE-bGHpA by
calcium phosphate transfection. Sixty hours after transfection, cells were harvested and
purified using heparin column purification [30]. Genomic titers of vectors were determined
using the Applied Biosystem 7700 real time PCR cycler (Applied Biosystems, Foster City,
CA) with primers designed to WPRE.

AAV vector administration

Male Wistar rats (250-300 g) were used and experiments were conducted in accordance
with animal ethics guidelines of the University of Auckland. Three ul of AAV1/2-CDCrel-1
(6 x 1011 genomes/ml), and 2ul of either AAV1-H-BH (2 x 1011), AAV1/2-HSP70 (2 x
1011), AAV1/2-HSP40 (4 x 1011), AAV1-luciferase (2 x 1011) or AAV1/2-dYFP (9 x 1011)
were mixed and stereotactically injected unilaterally into the SNc using the following
coordinates from bregma: anterior-posterior (AP) —=5.1 mm, medial-lateral (ML) +2.0 mm
and dorsal-ventral (DV) +8.5 mm.

Mol Ther. Author manuscript; available in PMC 2013 October 09.
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Behavioral tests

Behavioral tests were conducted prior to and at 8 weeks after surgery for all animals (n=8
for each vector at each time point). All tests were conducted by an investigator blinded to
the treatments. Stress to the animals was minimized by daily handling for 1 week prior to
testing.

Amphetamine-induced rotational testing—Amphetamine-induced rotations were
performed with an automated counting system, Rota Count v2.03 (Columbus Instruments,
Columbus, OH,). Rats were injected with amphetamine (3 mg/kg, i.p.; dexamphetamine
sulphate, PSM Healthcare, Auckland, NZ). Thirty min later, full body turns were recorded
for 60 min. Data was expressed as net ipsilateral rotations by subtracting the total number of
contralateral from the total number of ipsilateral turns.

Forepaw adjusting steps test—While the rat’s hindlimbs and one forelimb were lightly
restrained by the investigator, the rat was moved laterally through a distance of 90 cm over
10 sec in both the forehand and backhand directions, with the unrestrained forelimb
remaining in contact with the surface of the bench. The number of adjusting movements the
animal made with the paw was recorded for both paws. The test was repeated six times on
each animal and data averaged. Forehand and backhand steps were treated as separate data
sets.

Quantitative polymerase chain reaction

Real-time quantitative RT-PCR was used to measure H-BH, HSP70 and HSP40 mRNA
levels. AAV-H-BH, AAV-HSP70, AAV-HSP40 vectors were injected into the SNc (n=4 per
vector) and at 4 weeks postinjection, the SN was dissected out for RNA preparation. RNA
was isolated using the RNeasy Midi kit (Qiagen, Germantown, MD) according to the
manufacturer’s instructions. Primer design, DNase treatment, cDNA synthesis and SYBR
Green | RT-PCR were carried out as described previously [47]. In brief, all primers were
designed with PrimerExpress 1.0 software (Applied Biosystems) to maximize amplification
efficiency while minimizing non-specific amplification. 500 ng of each RNA sample was
treated with the RNase-Free DNase (Qiagen) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using random hexamers and Superscript 11 reverse
transcriptase (Invitrogen) according to manufacture’s instructions. RT-PCR amplification
was conducted with 10 ng template cDNA, 2 x SYBR Green | Master Mix buffer (Applied
Biosystem) and 3 pM forward and reverse primers. RT-PCR reactions were run on an
Applied Biosystem 7700 real time PCR cycler (Applied Biosystems), which measured gene
expression levels of H-BH, HSP70, HSP40 as well as housekeeping genes (18sRNA,
RPLPO, PPIA, GAPDH). Expression levels of the transgenes were normalized against the
most stable housekeeping genes determined by geNorm VBA (version 3.4) application
(PrimerDesign, Southampton, UK).

Immunohistochemistry

Animals were euthanized at 2 and 8 weeks after vector infusion (n=8 for each vector per
time point) and perfused transcardially with saline (0.9% (w/v) NaCl) followed by 10% (w/
v) buffered neutral formalin (Sigma, St. Louis, MO). Brains were cryoprotected in 30%
sucrose in phosphate-buffered saline before cryosectioning. Immunohistochemistry was
carried out on 40 um coronal sections as described previously [48]. Transgene expression
was assessed using the respective primary antibodies; monoclonal mouse anti-HA (1:3000;
Covance, Princeton, NJ) and monoclonal rabbit anti-HA (1:2000; Abcam, Cambridgeshire,
UK) to detect CDCrel-1 expression, rabbit anti-HSF1 (1:1000, Santa Cruz Biotechnology,
Santa Cruz, CA) to detect H-BH, mouse anti-HSP70 (1:1000, Stressgen), rabbit anti-HSP40
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(1:12000, Stressgen), rabbit anti-HSP27 (1:1000, Santa Cruz Biotechnology), rabbit anti-
luciferase (1:1000, Cortex Biochem, San Leandro, CA), and rabbit anti-GFP (1:10000;
Abcam) were also used. Anti-rabbit tyrosine hydroxylase (TH; 1:2500; Chemicon), anti-
mouse HuC/D (1:500; Molecular Probes, Eugene, OR), rat anti-DAT (1:2500, Chemicon)
immunohistochemistry was conducted to assess dopamine neuron viability. Following an
overnight incubation with primary antibodies, sections were incubated with the appropriate
biotinylated secondary antibodies (Sigma; 1:250). After the secondary antibody incubation,
sections were treated with ExtrAvidin peroxidase (Sigma; 1:250) and immunoreactivity
visualized with diaminobenzidine. Negative controls were included where sections were
treated in the same manner except that the primary antibody was omitted.

For double-labelling, representative brain sections covering the region with the most
transgene staining were selected from each treatment group. The HA antibody was
incubated concurrently with HSF1, HSP70, HSP40, luciferase antibodies or dYFP
fluorescence to examine the degree of co-localization of CDCrel-1 with the treatment
transgenes. Antibodies to the transgenes were also incubated with the TH antibody to detect
the degree of transduction of dopaminergic cells. After primary antibody incubation,
appropriate secondary fluorescent antibodies (1:250; Alexa 488 and Alexa 594, Molecular
Probes) were applied. Immunostaining was visualized using a Leica SP2 confocal
microscope (Leica Microsystems, Wetzlar, Germany) and individual counts of TH or
CDCrel-1 or HSP-positive cells and the total numbers of co-localised cells in (n=6 sections)
were quantified.

Quantification of TH-positive cell numbers in the SN

For each animal, ten sections throughout the rostral-caudal extent of the SN (every 4t 40
um section) were selected for TH immunohistochemistry and TH-immunoreactive cells
were quantified by unbiased stereological cell counting techniques using the optical
fractionator method on a Stereo Investigator system (MicroBrightField, Williston, VT). Cell
counts were performed under a 40 x objective lens by an observer blinded to the treatment
groups.

Statistical analysis

The stereological cell count data and behavioral data were analyzed by Student’s t-test and
one-way ANOVA with post-hoc Tukey and Scheffé test with significance level set at P <
0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dahna Fong for technical assistance. This work was supported by grants from the Marsden Fund to DY
and MJD, the NIH (NS44576) and an NZ HRC Sir Charles Hercus Research Fellowship to DY.

References

1. Kruger R, Eberhardt O, Riess O, Schulz JB. Parkinson's disease: one biochemical pathway to fit all
genes? Trends in Mol Med. 2002; 8:236-240. [PubMed: 12067634]

2. McNaught KSP, Olanow CW. Protein aggregation in the pathogenesis of familial and sporadic
Parkinson's disease. Neurobiol Aging. 2006; 27:530-545. [PubMed: 16207501]

3. McNaught KS, Olanow CW, Halliwell B, Isacson O, Jenner P. Failure of the ubiquitin-proteasome
system in Parkinson's disease. Nature Rev Neurosci. 2001; 2:589-594. [PubMed: 11484002]

Mol Ther. Author manuscript; available in PMC 2013 October 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jung et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 10

. Leroy E, Boyer R, Auburger G, Leube B, Ulm G, Mezey E, et al. The ubiquitin pathway in

Parkinson's disease. Nature. 1998; 395:451-452. [PubMed: 9774100]

. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, et al. Mutations in the

parkin gene cause autosomal recessive juvenile parkinsonism. Nature. 1998; 392(6676):605-608.
[PubMed: 9560156]

. Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell. 1998; 92:351-366.

[PubMed: 9476895]

. Sherman MY, Goldberg AL. Cellular defenses against unfolded proteins: a cell biologist thinks

about neurodegenerative diseases. Neuron. 2001; 29:15-32. [PubMed: 11182078]

. Luders J, Demand J, Hohfeld J. The ubiquitin-related BAG-1 provides a link between the molecular

chaperones Hsc70/Hsp70 and the proteasome. J Biol Chem. 2000; 275:4613-4617. [PubMed:
10671488]

. Ballinger CA, Connell P, Wu Y, Hu Z, Thompson LJ, Yin LY, et al. Identification of CHIP, a novel

tetratricopeptide repeat-containing protein that interacts with heat shock proteins and negatively
regulates chaperone functions. Mol Cell Biol. 1999; 19:4535-4545. [PubMed: 10330192]

. Cyr DM. Cooperation of the molecular chaperone Ydj1 with specific Hsp70 homologs to suppress
protein aggregation. FEBS Letters. 1995; 359:129-132. [PubMed: 7867784]

Franklin TB, Krueger-Naug AM, Clarke DB, Arrigo AP, Currie RW. The role of heat shock
proteins Hsp70 and Hsp27 in cellular protection of the central nervous system. Int J Hyperthermia.
2005; 21:379-392. [PubMed: 16048836]

Adachi H, Katsuno M, Minamiyama M, Sang C, Pagoulatos G, Angelidis C, et al. Heat shock
protein 70 chaperone overexpression ameliorates phenotypes of the spinal and bulbar muscular
atrophy transgenic mouse model by reducing nuclear-localized mutant androgen receptor protein. J
Neurosci. 2003; 23:2203-2211. [PubMed: 12657679]

Kazemi-Esfarjani P, Benzer S. Genetic suppression of polyglutamine toxicity in Drosophila.
Science. 2000; 287:1837-1840. [PubMed: 10710314]

Bruening W, Roy J, Giasson B, Figlewicz DA, Mushynski WE, Durham HD. Up-regulation of
protein chaperones preserves viability of cells expressing toxic Cu/Zn-superoxide dismutase
mutants associated with amyotrophic lateral sclerosis. J Neurochem. 1999; 72:693-699. [PubMed:
9930742]

Kieran D, Kalmar B, Dick JRT, Riddoch-Contreras J, Burnstock G, Greensmith L. Treatment with
arimoclomol, a coinducer of heat shock proteins, delays disease progression in ALS mice. Nat
Med. 2004; 10:402-405. [PubMed: 15034571]

Auluck PK, Chan HY, Trojanowski JQ, Lee VM, Bonini NM. Chaperone suppression of alpha-
synuclein toxicity in a Drosophila model for Parkinson's disease. Science. 2002; 295:865-868.
[PubMed: 11823645]

Klucken J, Shin Y, Masliah E, Hyman BT, McLean PJ. Hsp70 Reduces alpha-Synuclein
Aggregation and Toxicity. J Biol Chem. 2004; 279:25497-25502. [PubMed: 15044495]

Meriin AB, Sherman MY Role of molecular chaperones in neurodegenerative disorders. Int J
Hyperthermia. 2005; 21:403-419. [PubMed: 16048838]

Wau C. Heat shock transcription factors: structure and regulation. Annu Rev Cell Dev Biol. 1995;
11:441-469. [PubMed: 8689565]

Zuo J, Baler R, Dahl G, Voellmy R. Activation of the DNA-binding ability of human heat shock
transcription factor 1 may involve the transition from an intramolecular to an intermolecular triple-
stranded coiled-coil structure. Mol Cell Biol. 1994; 14:7557-7568. [PubMed: 7935471]

Cleren C, Calingasan N, Chen J, Beal MF. Celastrol protects against MPTP- and 3-nitropropionic
acid-induced neurotoxicity. J Neurochem. 2005; 94:995-1004. [PubMed: 16092942]

Zuo J, Rungger D, Voellmy R. Multiple layers of regulation of human heat shock transcription
factor 1. Mol Cell Biol. 1995; 15:4319-4330. [PubMed: 7623826]

lhara M, Tomimoto H, Kitayama H, Morioka Y, Akiguchi I, Shibasaki H, et al. Association of the
cytoskeletal GTP-binding protein Sept4/H5 with cytoplasmic inclusions found in Parkinson's
disease and other synucleinopathies. J Biol Chem. 2003; 278:24095-24102. [PubMed: 12695511]
Choi P, Snyder H, Petrucelli L, Theisler C, Chong M, Zhang Y, et al. SEPT5_v2 is a parkin-
binding protein. Brain Res Mol Brain Res. 2003; 117:179-189. [PubMed: 14559152]

Mol Ther. Author manuscript; available in PMC 2013 October 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jung et al.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11

Dong Z, Ferger B, Paterna JC, Vogel D, Furler S, Osinde M, et al. Dopamine-dependent
neurodegeneration in rats induced by viral vector-mediated overexpression of the parkin target
protein, CDCrel-1. Proc Natl Acad Sci U S A. 2003; 100:12438-12443. [PubMed: 14530399]

Flower TR, Chesnokova LS, Froelich CA, Dixon C, Witt SN. Heat shock prevents alpha-
synuclein-induced apoptosis in a yeast model of Parkinson's disease. J Mol Biol. 2005; 351:1081—
1100. [PubMed: 16051265]

Dong Z, Wolfer DP, Lipp H-P, Bueler H. Hsp70 gene transfer by adeno-associated virus inhibits
MPTP-induced nigrostriatal degeneration in the mouse model of Parkinson disease. Mol Ther.
2005; 11:80-88. [PubMed: 15585408]

Mastakov MY, Baer K, Symes CW, Leichtlein CB, Kotin RM, During MJ. Immunological aspects
of recombinant adeno-associated virus delivery to the mammalian brain. J Virol. 2002; 76:8446—
8454. [PubMed: 12134047]

Kirik D, Rosenblad C, Burger C, Lundberg C, Johansen TE, Muzyczka N, et al. Parkinson-like
neurodegeneration induced by targeted overexpression of alpha-synuclein in the nigrostriatal
system. J Neurosci. 2002; 22:2780-2791. [PubMed: 11923443]

During MJ, Young D, Baer K, Lawlor P, Klugmann M. Development and optimization of adeno-
associated virus vector transfer into the central nervous system. Methods Mol Med. 2003; 76:221—
236. [PubMed: 12526166]

Zhang Y, Gao J, Chung KK, Huang H, Dawson VL, Dawson TM. Parkin functions as an E2-
dependent ubiquitin- protein ligase and promotes the degradation of the synaptic vesicle-
associated protein, CDCrel-1. Proc Natl Acad Sci U S A. 2000; 97:13354-13359. [PubMed:
11078524]

Junn E, Mouradian MM. Apoptotic signaling in dopamine-induced cell death: the role of oxidative
stress, p38 mitogen-activated protein kinase, cytochrome ¢ and caspases. J Neurochem. 2001;
78:374-383. [PubMed: 11461973]

Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider R, et al.
Ubiquitination of a new form of alpha-synuclein by parkin from human brain: implications for
Parkinson's disease.[comment]. Science. 2001; 293:263-269. [PubMed: 11431533]

Shimura H, Miura-Shimura Y, Kosik KS. Binding of tau to heat shock protein 27 leads to
decreased concentration of hyperphosphorylated tau and enhanced cell survival. J Biol Chem.
2004; 279:17957-17962. [PubMed: 14963027]

Outeiro TF, Klucken J, Strathearn KE, Liu F, Nguyen P, Rochet JC, et al. Small heat shock
proteins protect against alpha-synuclein-induced toxicity and aggregation. Biochem Biophys Res
Commun. 2006; 351:631-638. [PubMed: 17081499]

Batulan Z, Taylor DM, Aarons RJ, Minotti S, Doroudchi MM, Nalbantoglu J, et al. Induction of
multiple heat shock proteins and neuroprotection in a primary culture model of familial
amyotrophic lateral sclerosis. Neurobiol Dis. 2006; 24:213-225. [PubMed: 16950627]

Patel YJ, Payne Smith MD, de Belleroche J, Latchman DS. Hsp27 and Hsp70 administered in
combination have a potent protective effect against FALS-associated SOD1-mutant-induced cell
death in mammalian neuronal cells. Brain Res Mol Brain Res. 2005; 134:256-274. [PubMed:
15836922]

Shen H-Y, He J-C, Wang Y, Huang Q-Y, Chen J-F. Geldanamycin induces heat shock protein 70
and protects against MPTP-induced dopaminergic neurotoxicity in mice. J Biol Chem. 2005;
280:39962-39969. [PubMed: 16210323]

Auluck PK, Meulener MC, Bonini NM. Mechanisms of Suppression of {alpha}-Synuclein
Neurotoxicity by Geldanamycin in Drosophila. J Biol Chem. 2005; 280:2873-2878. [PubMed:
15556931]

Morimoto RI. Regulation of the heat shock transcriptional response: cross talk between a family of
heat shock factors, molecular chaperones, and negative regulators. Genes Dev. 1998; 12:3788-
3796. [PubMed: 9869631]

Sarge KD, Murphy SP, Morimoto RI. Activation of heat shock gene transcription by heat shock
factor 1 involves oligomerization, acquisition of DNA-binding activity, and nuclear localization
and can occur in the absence of stress. Mol Cell Biol. 1993; 13:1392-1407. [PubMed: 8441385]

Mol Ther. Author manuscript; available in PMC 2013 October 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jung et al.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12

Michels AA, Kanon B, Konings AW, Ohtsuka K, Bensaude O, Kampinga HH. Hsp70 and Hsp40
chaperone activities in the cytoplasm and the nucleus of mammalian cells. J Biol Chem. 1997,
272:33283-33289. [PubMed: 9407119]

Kobayashi Y, Kume A, Li M, Doyu M, Hata M, Ohtsuka K, et al. Chaperones Hsp70 and Hsp40
suppress aggregate formation and apoptosis in cultured neuronal cells expressing truncated
androgen receptor protein with expanded polyglutamine tract. J Biol Chem. 2000; 275:8772-8778.
[PubMed: 10722721]

Frydman J. Folding of newly translated proteins in vivo: the role of molecular chaperones. Annu
Rev Biochem. 2001; 70:603-647. [PubMed: 11395418]

Hartl FU. Molecular chaperones in cellular protein folding. Nature. 1996; 381:571-579. [PubMed:
8637592]

Jana NR, Tanaka M, Wang G, Nukina N. Polyglutamine length-dependent interaction of Hsp40
and Hsp70 family chaperones with truncated N-terminal huntingtin: their role in suppression of
aggregation and cellular toxicity. Hum Mol Genet. 2000; 9:2009-2018. [PubMed: 10942430]
Vandesompele J, De Paepe A, Speleman F. Elimination of primer-dimer artifacts and genomic
coamplification using a two-step SYBR green | real-time RT-PCR. Anal Biochem. 2002; 303:95-
98. [PubMed: 11906156]

Young D, Lawlor PA, Leone P, Dragunow M, During MJ. Environmental enrichment inhibits
spontaneous apoptosis, prevents seizures and is neuroprotective. Nat Med. 1999; 5:448-453.
[PubMed: 10202938]

Schmued LC, Albertson C, Slikker W Jr. Fluoro-Jade: a novel fluorochrome for the sensitive and
reliable histochemical localization of neuronal degeneration. Brain Res. 1997; 751:37-46.
[PubMed: 9098566]

Mol Ther. Author manuscript; available in PMC 2013 October 09.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jung et al.

Page 13
137 203 384 409 529
a I —r— - T | hHSF1
DNA LZ1 LZ2 LZ3 CT
186 202
| - T 1 H-BH
120 A
*k%

100 A

o0}
o
1

IS
o
L

Luciferase luminescence
(000 counts/sec)
o
o
1

37°C | 42°C | 37°C | 42°C | 37°C | 42°C | 37°C
pAM +
pHSE-luc | pHSE-luc pHSE-luc | pTAL-luc

Figure 1. Transcriptional activity of HSF1 and H-BH

(a) Schematic diagram of human HSF1 (hHSF1) and H-BH created by deletion of residues
187-201 within the LZ2 region. Numbers indicate amino acid positions. DNA, DNA-
binding domain; LZ, leucine zipper repeat; CT, carboxy-terminal mammalian homology
region. (b) HEK293 cells were co-transfected with pHSE-luc in the presence of plasmids
expressing HSF1, H-BH or the parent plasmid pAM and were maintained at 37°C. Cells co-
transfected with the pTAL-luc plasmid that lacks the HSE sequence was included as a
negative control. Cells were exposed to heat shock for 1 hour at 42°C and allowed 3 hours
of recovery at 37°C prior to luciferase assay. (ANOVA, *** p<0.001). Each bar represents
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the mean + S.E.M for n = 6. (c) Immunocytochemistry using the rabbit anti-HSF1 antibody

showed specific detection of both HSF1 and H-BH transgenes in HEK-293 cells transfected
with the HSF1 and HBH plasmids compared to a control plasmid expressing dYFP.
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CDCrel-1

Figure 2. Robust transgene expression in the SNc following AAV vector-mediated gene transfer
(a—€) Robust expression of transgenes as assessed by immunohistochemistry at 2 weeks
post-vector infusion in the SNc. Inner panels: magnified images. (f-h) Double
immunohistochemical labeling of CDCrel-1 and tyrosine hydroxylase (TH). Co-localized
cells are shown in yellow. Scale bars = 250 um (a—¢); 400 pm (f-h).
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CDCrel-1 CDCrel-1 CDCrel-1

CDCrel-1

Figure 3. Double immunohistochemical labeling to show co-localization of transgenes

High number of (e) H-BH, (f) HSP70, (g) HSP40, and (h) dYFP transduced cells co-
localized with cells overexpressing (a—d) CDCrel-1 in the SNc. (i-l) Co-localization of the
transgenes are shown in yellow. Scale bar = 400 pym.
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Figure 4. H-BH and HSP70 protects TH cells against CDCrel-1 overexpression

Dopamine neuron numbers in the SN in rats co-injected with CDCrel-1 and (a) H-BH, (b)
HSP70, (c) HSP40, (d) luciferase or (e) dYFP. (f) Unbiased stereological cell counts in the
SN expressed as a percentage of TH-positive cell numbers in the ipsilateral compared to the
contralateral hemispheres. Striatal TH (g) and DAT (h) fiber density at 8 weeks expressed as
a percentage of the contralateral hemisphere. Scale bar = 250 um. ANOVA, *p=0.02, # p=
0.015 and ** p< 0.01. Each bar represents mean +/— SEM, n=8.
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Figure5. Fluoro-Gold and Fluoro-Jade B staining in the SNc

(a—€) Fluoro-Gold was injected bilaterally into the striatum of CDCrel-1/treatment vector
rats 1 week prior to euthanasia at 8 weeks to label an intact nigrostriatal pathway. (f5)
Fluoro-Jade B staining on sections from CDCrel-1/treatment vector rats to show
degenerating cells in the SNc. Scale bars = 250 pm (a—¢), 200 um (fj).
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Figure 6. AAV-mediated H-BH overexpression upregulated various endogenous HSPs

(a—d) Overexpression of H-BH upregulated endogenous (a) HSP70 and (c) HSP40 in the
SNc compared to the (b,d) dYFP vector injected hemispheres as detected by
immunohistochemistry. Normalized gPCR results showing amount of (€) HSP70 expression,
detected with HSP70 primers, or (f) HSP40 expression, detected with HSP40 primers, after
AAV vector injection at 4 week time point. Scale bar = 250 ym. ANOVA, ***p < 0.001
compared with dYFP vector injected tissue. Each bar represents mean +/— SEM, n=4.
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Figure 7. H-BH and HSP70 prevents motor impair ments

(a) Baseline (pre-surgery) amphetamine-induced rotational testing and at 8 weeks
postinjection (post-surgery) of H-BH, HSP70, HSP40 and control vectors. Paired t-test, *p =
0.041, **p=0.006. (b,c) The forepaw adjusting steps test conducted before surgery (b) and
at (c) 8 weeks postinjection. ANOVA, *p < 0.001. Each bar represents mean +/— SEM, n=8.
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