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Molecular chaperone HSP70 (HSPA1A) has therapeutic potential in conformational neurological diseases. Here
we evaluate the neuroprotective function of the chaperone in a rat model of Parkinson's disease (PD). We show
that the knock-down of HSP70 (HSPA1A) in dopaminergic neurons of the Substantia nigra causes an almost 2-
fold increase in neuronal death and multiple motor disturbances in animals. Conversely, pharmacological ac-
tivation of HSF1 transcription factor and enhanced expression of inducible HSP70 with the echinochrome de-

rivative, U-133, reverses the process of neurodegeneration, as evidenced by a increase in the number of tyrosine
hydroxylase-containing neurons, and prevents the motor disturbances that are typical of the clinical stage of the
disease. The neuroprotective effect caused by the elevation of HSP70 in nigral neurons is due to the ability of the
chaperone to prevent a-synuclein aggregation and microglia activation. Our findings support the therapeutic
relevance of HSP70 induction for the prevention and/or deceleration of PD-like neurodegeneration.

1. Introduction

Parkinson's disease (PD) is a chronic disorder characterized by
cardinal motor symptoms and a wide range of non-motor symptoms. PD
is currently incurable, and the limited available clinical interventions
merely provide symptomatic relief. About 16 million people worldwide
suffer from PD, and the incidence rate increases with age. About 1% of
PD patients succumb by the age of 65, and 5% succumb by the age of 85
(De Lau and Breteler, 2006). The increase in centenarians predicted
over the next 20-30 years will be accompanied by a 1.5-2-fold increase
in PD patients (Dorsey et al., 2007).

The pathologic features of PD include the loss of dopaminergic (DA)
neurons in the substantia nigra pars compacta (SNpc) and attendant

striatal terminals, the presence of large protein-rich neuronal inclusions
containing fibrillar a-synuclein, and an increased number of activated
microglia (Tolleson and Fang, 2013). The clinical features of PD are
bradykinesia, rigidity, tremor, gait dysfunction, and postural instability.
Motor dysfunction is associated with the loss of 60-70% of DA neurons
in the SNpc, and a decrease of up to 70-80% of the normal DA content
in the striatum in clinical stage of pathology (Riederer and Wuketich,
1976). The pre-symptomatic (preclinical) stage can last for decades
until about half of the DA neurons have died (Bezard et al., 2001).
PD exists in different familial and sporadic forms (Davie, 2008).
Only about 10% of PD cases are accounted for by the familial form,
while 90% are sporadic or idiopathic. The pathogenesis of both familial
and sporadic PD is associated with failure of the ubiquitin-proteasome
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system (UPS) to degrade misfolded and aggregated proteins within
neurons (Ciechanover and Kwon, 2015). The age-related decline in
activity of the UPS promotes the accumulation of poorly degraded
proteins within cells. The long lifespan of neurons results in the con-
tinuous accumulation of these proteins, and renders them more vul-
nerable to the formation of pathological protein aggregates. This is one
of the major reasons for the elevated frequency of sporadic PD with
increasing age (Tydlacka et al., 2008). In rare hereditary PD, mutation
of the UPS component Parkin could directly lead to pathological a-sy-
nuclein accumulation, accelerated neuronal loss, and instigate earlier
onset of the disease (Shimura et al., 2001). In addition, rare mutations
of the UCH-L1 deubiquitinating enzyme also have been shown to be
associated with familial early-onset PD (Das et al., 2006). A mutant
form of a-synuclein is the major pathogenic agent of PD (Singleton
et al., 2003).

Most cases of PD occur sporadically. Exposure to environmental
toxins is now thought to be a causative factor (Ascherio and
Schwarzschild, 2016). The proteasome inhibitors lactacystin (LC) and
epoxomicin are widely distributed in the environment. They are syn-
thesized by microorganisms (Streptomyces sp.) that infect soil and
aquatic habitats in gardens and farmlands (Kisselev and Goldberg,
2001). They have lipophilic properties and are able to penetrate the
human body with food, water, and even dust. Analysis of post-mortem
samples obtained from patients with sporadic PD indicate structural
and functional defects in the 26/20S proteasome (Bukhatwa et al.,
2010; McNaught et al., 2002). The link between proteasomal inhibition
and PD pathogenesis has been further verified by the demonstration
that dose-dependent treatment with the proteasomal inhibitor LC re-
sults in the formation of a-synuclein and ubiquitin-positive inclusions
in rat ventral mesencephalic primary neurons, followed by neurode-
generation and microglial activation (McNaught et al., 2002, 2004;
Bentea et al., 2017).

Intracellular protein homeostasis is achieved by the coordinated
action of two intricate evolutionarily ancient systems, UPS and mole-
cular chaperones, which, together, maintain protein quality control in
living cells. The molecular chaperones, the majority of which are heat
shock proteins (HSPs), guide proteins through different conformational
changes, such as de novo folding, assembly and disassembly, transport,
and targeting for degradation (Hartl et al., 2011). Malfunctions of these
systems may result in a number of neurodegenerative diseases. The first
evidence for the involvement of chaperones in PD was provided by
studies that identified chaperones as Lewy body components (Auluck
et al., 2002; Gao et al., 2015).

During the past 10 years, data have accumulated that support the
neuroprotective effect of chaperones in PD models. Expression of
HSP70 was shown to reduce the death of DA neurons in the a-synuclein
model of PD in Drosophila sp. (Auluck et al., 2002). In the MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model, elevation
of HSP70 was shown to increase dopamine and tyrosine hydroxylase
(TH) levels in the striatum (Dong et al., 2005), and to prevent dis-
turbances in mouse motor behavior (Jung et al., 2008).

The sporadic form of PD usually develops in late age (De Lau and
Breteler, 2006), concomitant with a loss of function in both the cha-
perone system and UPS (Labbadia and Morimoto, 2015). It has been
demonstrated that in PD, the expression of some chaperones is reduced
in the SNpc and within nigral neurons, reflecting a reduction in the
control of the conformation of neuronal proteins and cellular defense
mechanisms (Chu et al., 2009). This led us to hypothesize that reduced
HSP70 in SNpc neurons could be a major factor that accelerates the
pace of the neurodegenerative process in the nigrostriatal system in PD,
and that the expression of HSP70 is required for the survival of DA
neurons. The aim of this study was to develop new neuroprotective
approaches to PD therapy based on inducible HSP70.
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2. Material and methods
2.1. Vectors, HSP70 inducers, cells

Plasmids for HSP70 (HSPA1A) knock-down were purchased from
Open Biosystems (clones TRCN0000008513 — shRNA, mature antisense:
TTGATGCTCTTGTTCAGGTCG), Packaging (A8.91) and envelope
(pVSV-G) plasmids were kindly provided by Dr. L. Glushankova
(Institute of Cytology of Russian Academy of Sciences, Russia). HEK-
293 T cells were transfected using PEI (polyethylenimine) with a mix-
ture of all three plasmids. Supernatants of the cultures were harvested
and concentrated using PEG/NaCl solution. Lentiviral titers were de-
termined by estimating the number of Puromycin-resistant cell co-
lonies.

The HSP70 inducer, U-133, was previously selected from the library
of small molecule compounds of the Pacific Institute of Bioorganic
Chemistry, Russian Academy of Sciences. U-133 is an acetylated tris-O-
glucoside echinochrome, and is the main pigment in sea urchins. U-133
was found to induce profound synthesis and accumulation of HSP70 in
human U-937 promonocytes (Lazarev et al., 2011).

To evaluate the most effective concentration of U-133, we used a
reporter system based on HeLa cells bearing the luciferase gene under
the HSE heat shock promoter. Cells were kindly provided by Prof.
Morimoto (North Western University, USA).

2.2. Animals

Male Wistar rats, 7-8 weeks old, weighing 180-220 g, were used in
these experiments. The rats were housed in individual cages under
standard environmental conditions (12:12h light:dark cycle; ambient
temperature 22 + 2°C; food and water were available ad libitum).
Motor testing was conducted between 09:00 and 15:00. The experi-
ments were approved by the local animal care committee
(Identification number F18-00380) and met the requirements of the
European Communities Council Directive.

2.3. Surgery

Guide cannulas were implanted for bilateral drug infusion into the
SNpc. Rats were anaesthetized with intramuscular injection of Zoletil-
100 (50mg/kg, tiletamine hydrochloride and zolazepam; Virbac,
Carros, France) and placed into a stereotaxic apparatus. Stainless steel
guide cannulas (internal diameter 0.3 mm) were implanted into the
SNpc according to the following coordinates: 5.0 mm posterior, 2.0 mm
lateral, and 7.5 mm below the bregma (Paxinos and Watson, 1986). The
guide cannulas were secured with dental cement. After surgery, animals
were returned to their home cages and allowed to recover for 7 days.

2.4. Proteasome inhibitor treatment

The irreversible proteasome inhibitor lactacystin (LC; Enzo Life
Sciences, USA) was diluted in apyrogenic phosphate-buffered saline
(PBS) to final concentrations of 0.4 ug/ul or 4 ug/ul. Immediately be-
fore use, PBS was filtered through a sterilized syringe filter (30 mm,
PVDF, 0.22 um; JET BIOFIL®, Korea). LC was injected immediately after
dilution. The rats were lightly anaesthetized with Zoletil (30 mg/kg)
before the injection. Two successive bilateral LC microinjections into
the SNpc (0.4 or 4 ug) were performed with a 1-week interval, using a
1pl Hamilton syringe (Hamilton, Reno, NV, USA) connected to the
guide cannula. LC was injected at a volume of 1 pul and a flow rate of
0.1 ul/min. Control rats were treated similarly but received an
equivalent volume of vehicle instead of LC.

2.5. HSP70 gene down-regulation

To understand how reduction of HSP70 levels in DA neurons
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impacts degeneration, we used 5 groups of rats; animals were injected
through the guide cannulas as described above with (1) 1pl vehicle
(n = 6), (2) a lentiviral construct carrying the green fluorescent protein
(GFP) gene (n = 6), (3) lentiviral construct carrying the shHSP70 RNA
only (n = 6), (4) LC alone (n = 6), and (5) both shHSP70 RNA and LC
(n = 6). LC was first injected 2 weeks after shHSP70, and again 7 days
later (see Fig. 2A for explanation).

2.6. U-133 treatment

HSP70 inducer, U-133, was diluted in 20 pl DMSO and 0.2 ml 0.9%
NacCl prior to each administration. The rats (n = 7) were treated with U-
133 (5mg/kg, i.p.) 4h and 24h after each LC microinjection, and
7 days after the last LC microinjection. In control experiments, the ve-
hicle of U-133 DMSO was used instead of U-133 (n = 7). U-133 was also
introduced to untreated LC animals (n = 7).

2.7. Behavioral assessment of motor dysfunction of rats

Rats were videotaped and then examined 2weeks after the final
microinjections (LC or vehicle) into the SNpc, to determine the pre-
sence, severity, and progression of motor dysfunction.

2.8. Sunflower seed test

The sunflower seed test is an easy way to assess and quantify motor
dysfunction associated with fine movements of the fore-limbs, mouth,
and tongue (Gomez et al., 2006; Kane et al., 2011). Two days before the
test, rats were trained to eat sunflower seeds in their individual home
cages. On the day of the test, each rat received 35-40 sunflower seeds
after 24 h of food deprivation. The experimenter began timing when the
animal touched the first seed. The number of sunflower seeds eaten in
5 min was counted.

2.9. Suok test

The Suok test simultaneously assesses rodent motor dysfunction and
coordination disturbances (Kalueff et al., 2008). At the beginning of
each trial, the rat was placed on the end of a bar (150 cm length; 3.5 cm
width) elevated to a height of 45-50 cm above a cushioned test surface.
The home cage of the rat was placed on the opposite end of the bar.
Motor coordination and changes in the gait of the animal were assessed
while the rat was moving along the bar. The number of hind-limb
missteps during 3 trials were counted. The severity of motor disorder
was evaluated according to a modified rating scale (Mittoux et al.,
2002): coordination: 0 points, normal coordination; 0.5 points, hind-
limb misstep; 1 point, slipping from the bar with hanging; 2 points,
falling from the bar; 3 points, inability to move along the bar; gait: 0
points, normal, active gait; 1 point, wobbling gait; 2 points, un-
coordinated gait with widely spread limbs; 3 points, hind-limbs unable
to sustain walk and body weight but fore-limbs able to keep upright
position balance.

2.10. Inverted horizontal grid test

An inverted horizontal grid test was used for the assessment of
sensorimotor deficits of limbs (Smith et al., 2001; Tillerson et al., 2002).
The rat was placed on a horizontal grid (22 x 13 cm, cells 0.5 cm?)
positioned at a height of 40 cm above a cushioned test surface. The
experimenter turned the grid over and started the stopwatch. The
number of seconds of grid hanging using all four limbs was recorded.

2.11. Brain sample preparation

At the end of the experiments, after the motor tests (21 days after
the first microinjection of LC or vehicle into the SNpc), the rats were
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anaesthetized with Zoletil-100 (50 mg/kg, i.m.) and decapitated. One
half of each brain was fixed in 4% paraformaldehyde for im-
munohistochemical assays. The second half was used to dissect the
SNpc, motor cortex, and dorsal striatum, which were kept at —70 °C for
further biochemical analysis. Four h after bilateral microinjections of
LV, which expresses GFP into the SNpc, the rats were anaesthetized and
rapidly transcardially perfused with 4% paraformaldehyde in PBS. The
brain was extracted and examined by confocal microscopy for the
presence of LV, which expresses GFP. Brains from all animals used for
immunohistochemical assays were fixed in 4% paraformaldehyde and
cryoprotected in 20% sucrose before storage in isopentane at —70 °C.
Coronal sections (10 um) were prepared for morphological and im-
munohistochemical assay with a Leica CM1510S-1 cryostat (Leica
Microsystems, Nussioch, Germany). The frontal slices were collected at
the level of the SNpc (from bregma —4.80 to —5.80) according to the
atlas of Paxinos and Watson (Paxinos and Watson, 1986). Six alternate
series of sections were mounted on SuperFrost Plus slides (Menzel
GmbH, Brunswick, Germany).

2.12. Immunohistochemistry

For bright-field microscopic analysis, sections were preincubated
first with 3% H;0,-10% methanol for 20 min, and then with 3%
normal goat serum (NGS) and 0.3% Tween-20 for 1h at room tem-
perature. Sections were incubated for 48 h at room temperature with
primary antibodies against TH (1:900; rabbit, Abcam, UK), VMAT2
(1:100; Sigma-Aldrich, USA), inducible HSP70 (Clone 3C5, specific to
human, mouse, and rat HSP70, Lasunskaia et al., 2010), and Iba-1
(1:250; Abcam, UK). Incubation with biotinylated secondary antibodies
was followed by incubation with streptavidin—peroxidase (1:250;
Vector Labs., USA). Reactions were visualized using 3,3-diamino-
benzidine (Sigma-Aldrich, USA) as a chromogen. Additionally, reac-
tions lacking primary antibodies were performed to ensure the speci-
ficity of the observed staining. Immunostained sections of SNpc were
examined in a conventional microscope (Karl Zeiss, Germany) and re-
corded with a digital camera (Imager 4.1) controlled by AxioVision
(4.8) software.

For confocal microscopy, sections were preincubated in blocking
solution (2% bovine serum albumin and 2% NGS diluted in PBS with
0.1% Tween-20 (PBST) for 1 h at room temperature, and then incubated
with a primary rabbit anti-TH antibody (1:900; rabbit, Abcam, UK), and
mouse anti-HSP70 (Clone 3C5), for 24h at room temperature. After
rinsing in PBS, the sections were incubated for 2 h at room temperature
with secondary antibodies labeled with DyLight 488, DyLight 549 anti-
mouse, or anti-rabbit IgG (1:350 for all; Thermo Scientific, USA).
Double immunofluorescence staining for TH (1:300; mouse, Sigma-
Aldrich, USA) with a-synuclein (1:200; rabbit, Novus Biologicals, USA)
was also used. Reactions were visualized with anti-mouse DyLight 549
for TH and anti-rabbit DyLight 488 for a-synuclein; they were subse-
quently incubated with 4’,6-diamidino-2-phenylindole (DAPI) for 2 min
(1:1000; Sigma-Aldrich, USA). Fluorescent images were captured by a
Leica TCS SP2 confocal system (Leica, Germany). Unlabeled sections
were used to determine autofluorescence. To avoid possible cross in-
terference among the various fluorochromes, images for Alexa-555,
DyLight 488, DyLight 549, and DAPI were acquired using the sequential
image recording method.

2.13. Immunoblotting

Tissues were homogenized in lysis buffer containing a protease in-
hibitor cocktail (Sigma Aldrich, St. Louis, MO, USA). Electrophoresis
was performed in 11% polyacrylamide gel according to a standard
protocol. Protein bands were transferred onto PVDF membranes of pore
size 0.45 um (Millipore, Germany), with a TransBlot apparatus (BioRad,
USA). The membranes were stained with monoclonal anti-HSP70
(mouse, Clone 3C5), and monoclonal anti-Hdj1 antibody (mouse, Clone
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J32) and with the antibodies against GAPDH or beta-tubulin (Abcam,
UK) as loading controls, and subsequently with secondary antibodies
conjugated with peroxidase (Abcam, UK). Visualization of the bands
was performed using a chemiluminescence protocol.

2.14. Filter trap assay

SNpc lysates were incubated in the presence of 2% sodium dodecyl
sulfate (SDS) at 98 °C for 2 min, and then equal amount of protein lysate
(300 pg) from each sample was filtered through a 0.22um cellulose
acetate membrane using a 96-well TransBlot manifold (BioRad, USA).
The membrane was pre-equilibrated with washing buffer containing
10 mM Tris HCl pH8.0, 150 mM NaCl, and 0.1% SDS, and then in-
cubated in PBS containing 5% fat-free milk and 0.1% Tween-20, then
probed with the antibody against a-synuclein (rabbit, Novus
Biologicals, USA).

2.15. Image analysis

The number of TH-positive cell bodies that extended rostrocaudally
with visible nuclei in the SNpc were counted and expressed as the
average number of positive stained neurons per SNpc section.
Quantification was carried out using 8-10 sections at the same level of
the studied zones, from each animal, separated by approximately
70 um. Anatomical sites were identified using the atlas of Paxinos and
Watson (Paxinos and Watson, 1986). The analysis was performed using
the PhotoM freeware (http://www.t_lambda.chat.ru/).

In addition to quantitative analysis, semi-quantitative analysis was
used for the estimation of optical density of the TH, VMAT2, or HSP70
immunoreactivity in individual nigral cell bodies, using the PhotoM
freeware. The sections were processed under standardized conditions in
each experiment, i.e. control and experimental groups in each experi-
ment were collected, fixed, and then processed for im-
munohistochemistry, simultaneously. Maintaining this order for the
sample preparation allowed semi-quantitative analysis of protein levels
in the histological slices by measurement of optical density (Taylor and
Levenson, 2006). Five sections at the same level of the studied zones
were analyzed from each animal. On each image, the immunopositivity
of TH, VMAT2, or HSP70 associated with neurons was separated
manually from the background. The optical density, reflecting the
content of immunopositive substance, was calculated as the “grey level”
of immunoreactive SNpc neurons minus background “grey level”. Op-
tical density of the background was estimated in the same slice of brain
tissue in a non-immunoreactive field. Results were presented in relative
units of optical density per um>.

2.16. Statistics

All data were analyzed using Statistica 7.0 software (Stat Soft Inc.,
USA) and expressed as the mean =+ standard error of the mean (SEM).
Behavioral data were compared using the Mann-Whitney non-para-
metric test. For immunohistochemistry and for Western blot analysis,
one-way ANOVA and Fischer's LSD post hoc test was performed. A
statistical difference was determined by a value of p < 0.05.

3. Results

3.1. Knock-down of HSP70 (HSPA1A) in dopaminergic neurons aggravates
their degeneration and reduces compensatory mechanisms in the rat PD
model

Lactacystin (LC) is a microbial metabolite that irreversibly inhibits
the activity of proteasomes and causes the development of PD-like
pathology in animal models (Bentea et al., 2017). In this study, the
injection of 0.4 pg or 4.0 ug of LC into the SNpc led to the dose-de-
pendent death of 20-30% or 60-70% of DA neurons in the SNpc,
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Fig. 1. Target delivery of a lentivirus bearing HSP70 shRNA knocks down
HSP70 expression and leads to augmented neurodegeneration in the Substantia
nigra pars compacta (SNpc) of rats in the lactacystin (LC) model of preclinical
stage of PD. (A) Schematics of the experiment. (B) Western blot of SNpc from
rats injected with vehicle (n = 3), lentiviruses expressing GFP (n = 3), or
shHSP70 RNA (n = 3). (C) The intensity of bands from B were estimated using
TotalLab Quant software. A representative Western blot is shown. (D and F)
Brain slides from experimental groups were stained with antibodies against TH,
VMAT2, or HSP70. Six animals from each group were used for analysis.
Representative images are shown. Quantitative analysis was performed by
PhotoM freeware. (E) The number of TH-containing neurons. (G) Optical den-
sity of TH, VMAT2, or HSP70 immunoreactivity in individual nigral cells.
Optical density was estimated by PhotoM freeware. Scale bars - 50 pm.
*p < 0.05, **p < 0.01 vs. the GFP-expressing group; #p < 0.01 vs. the LC
group model of the PD-like clinical stage in rats.

respectively, thus suggesting the development of neurodegeneration
imitating preclinical or clinical stages of PD pathology.

Since HSP70 constitutes the powerful protective system acting in
DA neurons, we hypothesized that a reduction of the chaperone could
provoke progression of neurodegeneration in the LC model of PD. To
test this, we knocked down HSP70 expression in SNpc neurons using a
recombinant lentivirus (LV) that expresses sShRNA-HSP70. LV expres-
sing shRNA-HSP70 was administrated into the SNpc; 14 days later,
0.4 pg of LC was injected repeatedly every 7 days (Fig. 1A). Twenty-one
days after the first injection of LC, rats were sacrificed and brain slices
were obtained for immunohistochemical analysis with antibodies
against tyrosine hydroxylase (TH), vesicular monoamine transporter 2
(VMAT?2), and HSP70. To verify that the shRNA-HSP70 caused a de-
crease in HSP70 in the SNpc, we used immunoblotting with antibody
against inducible HSP70 (Fig. 1B).

Quantitative analysis of immunoblots of nigral tissues showed that
HSP70 was reduced by 66.7% (p < 0.01), compared to GFP and ve-
hicle controls (Fig. 1C). Targeted delivery has been confirmed in a pilot
experiment (Suppl. Fig. 1S).

The number of TH-positive neurons in the SNpc in rats injected with
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LC was reduced by 28-30% (p < 0.05) when compared to vehicle and
GFP controls (Fig. 1D and E). Such a level of neurodegeneration mimics
the preclinical stage of PD. HSP70 knock-down caused a 1.7-fold in-
crease in the death of SNpc DA neurons (p < 0.05) compared to LC
alone (Fig. 1D and E); such a level of neuronal death has been shown to
be associated with the clinical stage of PD (Bezard et al., 2001).

To evaluate the functional state of surviving SNpc neurons, we
measured the TH optical density, which reflects the activity of the DA
system, the optical density of VMAT2, which loads dopamine into sy-
naptic vesicles, and the HSP70 optical density, which reflects the neu-
roprotective potential. The reduction in TH optical density in SNpc
neurons after two LC injections was not statistically significant, whereas
knock-down of HSP70 in rats injected with LC led to a decrease in TH
by 16.5 = 1.3% (p < 0.05). The VMAT2 level in LC injected rats was
decreased by 18.0 + 2.2% compared with control GFP-expressing an-
imals, and reduced even further, by 35.2 + 0.9% (p < 0.01), after
knock-down of HSP70 (Fig. 1F and G). Interestingly, infection with
shHSP70 alone did not cause cell death in the SNpc, nor did it influence
the level of TH and VMAT2 in DA neurons. As expected, the HSP70
content in surviving neurons was reduced in knocked-down animals.
(Fig. 1F and G).

An increase in SNpc neurodegeneration and an attenuation of
compensatory mechanisms for neuronal survival were correlated with
disturbance of motor behavior in rats with down-regulated HSP70.
Using the sunflower seed test, which reflects disturbance of fine motor
functions of fore-limbs, mouth, and tongue, we found that control an-
imals were able to eat 18.5 + 1.0 seeds during 5 min, and the capacity
of the rats in the preclinical stage of PD (treated with LC alone) was
unaffected, as they consumed 15.0 = 1.5 seeds during the same time
period. The rats with down-regulated HSP70 which were treated with
LC showed a 2-fold decrease in their capacity to eat seeds (Fig. 2A).

Using the Suok test, which reflects motor dysfunction and
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Fig. 2. Knocking down HSP70 in rat Substantia nigra pars compacta (SNpc)
leads to motor disturbances in the lactacystin (LC) model of Parkinson's disease.
(A) Sunflower seed test; (B and C) Data from the Suok test; (D) Inverted hor-
izontal grid test. *p < 0.01 vs. GFP-expressing group; # p < 0.01 vs. the LC
group.
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coordination disturbance, we found that only animals with down-
regulated HSP70 demonstrated significant difficulties: the number of
hind-limb missteps was 4-fold higher compared with control GFP-ex-
pressing animals (Fig. 2B), and the severity of motor disturbance was
2.3 points higher (Fig. 2C). These parameters were not affected sig-
nificantly in animals treated with LC only (Fig. 2B and C). To evaluate
the sensorimotor deficits of limbs, we used the inverted horizontal grid
test, which measures hanging time, and found that the hanging time of
animals with down-regulated HSP70 was 1.6 + 0.2s, whereas the
hanging time of control animals and rats treated with LC was
14.2 + 2.0s and 12.2 * 2.0s, respectively (Fig. 2D). Importantly,
shRNA-mediated reduction of HSP70 content in the SNpc without
treatment with LC did not affect motor function (Fig. 2).

In conclusion, HSP70 knock-down in the SNpc significantly ac-
celerated DA neuron degeneration, which may reflect transition of the
pathology from the preclinical to the clinical stage of PD.

3.2. Increase in HSP70 and Hdj1 levels in the PD-imitating neurons
ameliorates their physiological function

The data presented in the previous section suggest that inducible
HSP70 is a key element in neurodegeneration in the LC model of PD,
and induction of its expression could counteract neurodegeneration and
provide therapeutic efficacy.

Recently, we analyzed a library of small molecules from Pacific
Institute of Bioorganic Chemistry of the Far East Branch of the Russian
Academy of Sciences consisting of groups of compounds of natural
origin, and discovered that the U-133 echinochrome derivative was
able to induce HSP70 and Hdj1 synthesis in mammalian cells (Lazarev
et al., 2011). Recently, we have shown that U-133 is able to reduce
tumor growth in mice (Yurchenko et al., 2015).

Using HelLa cells bearing a reporter plasmid that expresses luciferase
under the control of the HSE-promoter, we found that U-133 activated
HSE in a dose-dependent manner, and caused the activation of the HS
promoter at a concentration of 10 uM better than heat shock does
(Fig. 3A). U-133 did not cause any notable changes in food behavior
and body weight of experimental animals and displayed little cellular
toxicity: ICsp in 3 T3 mouse fibroblasts was 74,5 uM (Suppl. Fig. 2S).
Guided by this data, we chose the concentrations of 0.5 and 5 mg/kg,
which approximately corresponds to 1 and 10 uM, respectively. We
then estimated the ability of U-133 at these concentrations to increase
HSP70 and Hdjl in brain structures. Rats were injected with U-133
intraperitoneally, and were sacrificed 24 h later. The level of HSP70
and its co-chaperone Hdjl in the striatum and in SNpc was measured
using immunoblotting with anti-HSP70 and anti-Hdj1 antibodies. Both
HSP70 and Hdjl in the striatum and SNpc of U-133-treated animals
were elevated in a dose-dependent manner. At a maximum U-133 dose
of 5 mg/kg, the HSP70 (and Hdj1) in these structures increased 3.1- and
4-fold (3.9- and 2.4-fold), respectively. This dose was chosen for further
experiments.

To determine whether administration of the U-133 HSP70 inducer
was therapeutically efficacious, we used it in the LC model of PD imi-
tating clinical stage. Rats were injected with U-133 4 and 24 h after
each LC microinjection. A dose of 4 ug of LC was injected into the SNpc
twice, with a 7-day interval (see Fig. 4A for explanation). Additional
injection of U-133 was performed 7 days after the last LC microinjec-
tion. Twenty-one days after the first LC microinjection, behavior tests
were performed and the animals were sacrificed for further im-
munohistochemical and biochemical analyses.

Double LC microinjections led to the death of 60.7 = 1.4% of SNpc
DA neurons in the rats (Fig. 4B and C), mimicking the clinical stage of
PD. The treatment with U-133 reduced the number of dying DA neurons
2.3-fold (Fig. 4B and C). U133 did not change the amount of TH-posi-
tive neurons in the SNpc in LC untreated rats.

Microinjection of LC reduced the optical density of TH in the re-
maining neurons by 15.8 *+ 1.0%, and VMAT2 by 20.0 + 0.8%, in
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Fig. 3. Echinochrome derivative (U-133) causes dose-dependent elevation of
HSP70 in the striatum and Substantia nigra pars compacta. (A) Activation of the
HSE promoter in the luciferase reporter system in HeLa cells. U-133 was used in
the titers indicated. HS - heat shock, 43 °C, 30 min. (B) Western blot analysis of
brain structures from animals treated with U-133 at two doses (n = 3 in each
case) with the antibodies against Hsp70 and Hdj1. (C) The intensity of bands
from B were estimated with the TotalLab Quant software. Statistical sig-
nificance is indicated as * p < 0.05, **p < 0.01.

comparison to vehicle control (Fig. 4D and E). The treatment with U-
133 prevented the decrease in TH and VMAT2. HSP70 was decreased in
DA neurons in LC treated rats by 21.6 + 0.8% compared to the cha-
perone level in healthy animals. The treatment with U-133 prevented
the reduction of the chaperone level in neurons of the SNpc (Fig. 4D and
E). The treatment with U-133 led to an increase of TH content by
9 * 0.7%, and HSP70 by 55 + 1.7%, in DA neurons in the SNpc of
healthy rats (Fig. 4D and E).

We analyzed the motor behavior of experimental animals and found
that rats administered LC were significantly impacted in terms of fine
motor functions of the fore-limbs, mouth and tongue, as demonstrated
by a 1.6-fold diminished ability to eat seeds during a defined time in-
terval, compared to control rats (Fig. 4F). Further, the number of hind-
limb missteps was 7-fold higher in these rats, the severity of their motor
disturbance reached 6 points, and the time range of their hanging on
grid was reduced 1.9-fold, compared to vehicle-treated rats. Treatment
with U-133 prevented the motor malfunction induced by LC (Fig. 4G-I).

Thus, our data demonstrate that increased HSP70 content in the
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SNpc with U-133 treatment reduced the development of the neurode-
generative process, prevented TH and VMAT2 decreases in DA neurons,
and stopped the signs of motor deficiency, in the LC model of PD.

3.3. Insights into the mechanism of HSP70-mediated neuroprotection

One of the hallmarks of PD pathology is a-synuclein amyloid fibril
formation in Lewy bodies within nigral neurons (Braak et al., 2003). It
is well known that neuronal death is caused by a-synuclein oligomers
and toxic protofibrils (Roberts and Brown, 2015). Heat shock proteins
are associated with a-synuclein and other amyloidogenic proteins in
oligomeric states, and suppress fibril formation (Balchin et al., 2016).
Therefore, we tested the most plausible effect of a-synuclein aggrega-
tion in our model of PD, as well as the participation of inducible HSP70
and its co-chaperone Hdj1 in amyloid disassembly, and its impact on PD
pathophysiology. To reveal the aggregation, we stained DA neurons of
the SNpc with an anti-a-synuclein antibody in animals treated with LC,
and found that the inhibition of proteasomes, indeed, caused aggregate
formation; the aggregation was a specific feature of DA neurons and
was not observed in brains of animals treated with vehicle alone
(Fig. 5A). Formation of a-synuclein aggregates was also demonstrated
with the aid of the Filter Trap Assay (Fig. 5B). Treatment with U-133
reduced a-synuclein aggregates, as visualized by confocal microscopy
(Fig. 5A), by virtue of its ability to induce HSP70. These findings were
further confirmed with the Filter Trap Assay; U-133-mediated HSP70
accumulation led to a > 2-fold reduction in stained anti-a-synuclein
antibody, SDS insoluble material retained on the membrane (Fig. 5B
and C). Notably, a long time course of treatment was necessary to
achieve therapeutic effects, as two consistent treatments of U-133, 4
and 24 h after the first microinjection of LC, did not have a significant
influence on aggregation of a-synuclein (Fig. 5B and C, upper panels).

To understand why a prolong U-133 administration is needed to
achieve disaggregation of a-synuclein in SNpc neurons, we examined
how long the elevated levels of Hsp70 and Hdj1 remained in SNpc after
a single dose of U-133. We injected C57Black mice with 5mg/kg of U-
133 and monitored Hsp70 and Hdj1l in SNpc 1, 3, 7 and 10 days post-
injection by Western blotting (Fig. 5D,E). Contrary to highly pro-
liferating U-937 cells (Lazarev et al., 2011), the SNpc levels of both
proteins remained high during 7 days post-treatment and then slowly
decreased (Fig. 5D,E). We conclude that to reach a potent therapeutic
effect it is necessary to sustain a high level of chaperones in SNpc for an
extended amount of time.

HSP70 likely interacts directly with the aggregates (Kim et al.,
2002) to interfere with a-synuclein fibrils in neurons affected by the
proteasome inhibitor. To test this, we stained the SNpc with anti-HSP70
and anti-a-synuclein antibodies. We observed a-synuclein aggregates in
animals treated with LC; in contrast, there was an even distribution of
the protein in untreated cells (Suppl. Fig. 3S). Induction of HSP70
synthesis caused a dramatic reduction in the number of a-synuclein
aggregates, and the HSP70 colocalized with a-synuclein, particularly in
neurons of LC treated animals, suggesting its possible involvement in
the aggregate organization or disassembly (Suppl. Fig. 3S).

Another feature of PD is inflammation and microglial activation,
which contributes to the development of neurodegeneration in PD
(Béraud et al., 2013). To test microglia activation in the LC model, we
used antibodies against the microglial marker Ibal to calculate the
number of Ibal-immunopositive cells. We observed that microinjection
of LC caused a 186% increase in Ibal-positive cells in the SNpc, com-
pared to the animals treated with vehicle (Fig. S5E). Conversely, U-133
treatment decreased microgliosis, as shown by a 1.5-fold decrease in
Ibal-positive cells (Fig. 5F).

4. Discussion

In this study we demonstrated that LC microinjection into the SNpc
in various doses was able to imitate the molecular and behavioral
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Fig. 4. Treatment of PD-like animals in clinical stage
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abnormalities of PD in a rat model. The LC model recapitulated the
major pathomorphological hallmarks of PD, such as the loss of SNpc DA
neurons, a-synuclein aggregation, increased amount of activated mi-
croglia, and motor dysfunctions. At the molecular level, TH and VMAT2
were diminished (Fig. 1). The important advantage of LC model is that
two different concentration of the proteasome inhibitor give rise to
preclinical and clinical phase simulations of PD. To evaluate the ther-
apeutic potential of HSP70, we modulated its abundance in DA neurons
by down- and up-regulation.

To understand whether HSP70 may play a role in the development
of PD, we down-regulated its expression in the SNpc with specific
shRNA. Using a rat model resembling the preclinical stage of PD, we
found that HSP70 knock-down increased the vulnerability of nigral DA
neurons, and accelerated neurodegeneration (Fig. 1); neuronal death
was dramatically elevated, and compensatory mechanisms directed to
maintain dopamine levels in neurons were diminished, as indicated by
the low expression of TH and VMAT2 (Fig. 1). Animals with down-
regulated HSP70 in the SNpc displayed impaired motor coordination
and balance (Fig. 2). Loss of HSP70 function due to a mutation in the
ATP-binding domain has been reported to accelerate the pathological
phenotype in flies under a-synuclein overexpression (Auluck et al.,
2002). In another study, siRNA-mediated down-regulation of GRP78, a
close relative of HSP70, aggravated a-synuclein neurotoxicity in rat
nigral DA neurons (Salganik et al., 2015). In summary, the loss or
dysfunction of HSP70 family members appears to play an essential role

in PD pathology by augmenting the symptoms.

The neuroprotective effects of HSP70 demonstrated in our study are
consistent with results from earlier studies (Auluck et al., 2002; Jung
et al., 2008; Ahn and Jeon, 2006). Our results confirm the hypothesis
that HSP70 elevation is a promising therapeutic treatment for PD. Most
previous studies were performed using viral vectors to deliver HSP70 to
affected neurons. However, the use of viral vectors for HSP70 gene
transfection to damaged cells is not currently in practice due to the
possible side effects and associated high risk of unpredictable immune
reactions (Mingozzi and High, 2011). In the past 20 years, researchers
have searched for a drug capable of increasing HSP70 in brain neurons
(Ebrahimi-Fakhari et al., 2011). Substances extracted from a Chinese
herb and endemic Far East organisms are currently under considera-
tion.

Several compounds, including celastrol, geldanamycin, novel syn-
thetic squamosamide derivative FLZ and arimoclomol, have demon-
strated promising therapeutic effects, in vivo and in vitro, in models of
PD and other conformational pathologies (Ebrahimi-Fakhari et al.,
2011; Westerheide et al., 2004; Lazarev et al., 2017; Bao et al., 2017).
Despite their benefits, some of these drugs exhibit serious side effects.
For example, celastrol exhibits cellular toxicity; this substance had no
neuroprotective effect in both animal and cell models, while being toxic
in micromolar concentrations (Konieczny et al., 2014). Geldanamycin
was also shown to be hepatotoxic, and demonstrated extremely low
capacity to pass the blood-brain barrier (Kalmar et al., 2014). Taken
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Fig. 5. Elevation of HSP70 in the Substantia nigra
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together, these untoward side effects compelled us to pursue a search
for novel and safe inducers of HSP70. One such possible candidates is
the echinochrome derivative U-133, which was earlier shown to induce
both HSP70, and its co-chaperone HSP40 (Hdl1), synthesis in micro-
molar concentrations, and to elevate their substrate-binding activities
(Lazarev et al., 2011). This elevation was found to provide a protective
effect on human cells subjected to oxidative stress (Lazarev et al.,
2016). Importantly, the compound demonstrated its safety in experi-
ments with cell cultures (Suppl Fig.2S), and in studies with animals
(Yurchenko et al., 2015).

Using HSE-luciferase reporter assays, we found that the potential of
U-133 for HSF1 activation was comparable to that of mild heat shock
(Fig. 3A). Intraperitoneal injection of U-133 increased HSP70 in a dose-
dependent manner in the SNpc and the striatum (Fig. 3B).

To demonstrate that the HSP70 inducer, U-133, could be ther-
apeutically effective, we used a rat model that mimics the clinical stage
of PD, and showed that U-133 decreased the loss of DA neurons by 2-
fold, in comparison to untreated LC rats, protected the functional ac-
tivity of SNpc neurons, and eliminated the motor dysfunction features
characteristic of PD (Fig. 4).

Extracellular recombinant HSP70 has been widely used to increase
HSP70 in damaged neurons since it was discovered that the chaperone
is released from neurons (Tytell et al.,, 1986) and rat fibroblasts
(Hightower and Guidon Jr, 1989); both studies prompted the use of
exogenous Hsp70 in a variety of preclinical modalities. In our recent
study, recombinant HSP70 administered intranasally was shown to
penetrate the hippocampal neurons and prevent the development of
pathological features in the genetic mouse model of Alzheimer's disease
(Bobkova et al., 2014). Previously, we demonstrated that HSP70 ex-
tracted from bovine muscle penetrated into the neurons of different
brain areas, including the hippocampus, piriform cortex, and the hy-
pothalamus, and resulted in reduced severity of NMDA- and pentyle-
netetrazole-induced seizures (Fkimova et al.,, 2010). In the current
study, we showed that SNpc DA neurons also incorporate extracellular
HSP70 (Suppl Fig. 4S) and, similarly to U133, significantly diminished
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the amount of dead DA neurons (Suppl. Fig. 55 A,C), improved the
function of surviving neurons (Suppl. Fig. 5S B,D), and prevented the
development of motor dysfunction (Suppl. Fig. 5S E).

HSF1 governs the expression of > 1000 genes including many of the
chaperone family (Mendillo et al., 2012). The neuroprotective effect of
exogenous Hsp70 was similar to that of U-133 (Suppl. Fig. 5S), sug-
gesting that the contribution of Hsp70 is more important for neuro-
protection then that of other chaperones (Bobkova et al., 2014).
Downregulation of Hsp70 in C6 glioma cells via specific anti-Hsp70
(HSPA1A) shRNA abolished the Hsp70 induction during heat shock or
U-133 treatment without diminishing Hdjl (Suppl. Fig. 6S A) and
eliminated the protective effect of U-133 against LC (Suppl. Fig. 6S B).
Taken together these results argue that Hsp70 is the primary neuro-
protective effector of U-133.

Taken together, our findings support the conclusion that U-133 used
in this study as a positive regulator of HSF1 as well as exogenous Hsp70
inhibits neuronal degeneration associated with the LC model of PD.
Temporary delay of the symptoms associated with the clinical stage of
PD is now acknowledged as a long-term goal of contemporary phar-
macological treatment (Rodriguez-Nogales et al., 2016). The survival of
SNpc neurons may occur due to the activation of HSF1 and elevation of
HSP70 chaperone level. Similar therapeutic effect was shown in the 6-
OHDA PD model, as demonstrated by decreased loss of DA neurons,
maintenance of functional DA neuron activity, and by gait improve-
ment (Suppl. Fig. 7S).

Importantly, LC microinjection into the SNpc led to the formation of
a-synuclein aggregates, which were localized mainly in the nucleus
(Fig. 5A). Similar a-synuclein aggregates morphologies were observed
in post-mortem human brain of patients with PD (Raiss et al., 2016).
The nuclear a-synuclein fraction has a higher tendency to aggregate
compared to a-synuclein located in the cytoplasm (Lee et al., 2005). LC-
like substances in the environment and pesticides have long been sus-
pected to induce PD; therefore, gene-environment interactions could
potentially shape the development and onset of the disease. Treatment
with U-133 prevented and reversed the formation of a-synuclein
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aggregates, as observed by confocal microscopy (Fig. 5A) and Filter
Trap Assay (Fig. 5B and C). Further, HSP70 was found to be co-localized
with a-synuclein mostly in damaged cells (Fig. 5D). The elevation of
HSP70 in mouse a-synuclein overexpression models and human cell
culture has recently been demonstrated to reduce a-synuclein ag-
gregation (Klucken et al., 2004). Moreover, the disaggregase complex
consisting of HSP70, the class B J-protein DNAJB1, and an HSP110
family nucleotide exchange factor, provides ATP-dependent activity
that disassembles a-synuclein amyloid within minutes, via combined
fibril fragmentation and depolymerization (Gao et al., 2015; McLean
et al., 2004); our findings show similar effects of the HSP70 inducer.

An important hallmark of pathological PD is neuroinflammation
(i.e. microglia activation and lymphocyte infiltration) provoked by the
release of misfolded a-synuclein from damaged neurons (Béraud et al.,
2013). In vivo imaging and postmortem immunohistochemical studies
have established that PD is associated with an increase in the number of
different microglial phenotypes, and the presence of proinflammatory
mediators in the SNpc (Ouchi et al., 2009; Gerhard et al., 2006).

In the clinical PD stage induced by LC, we observed an elevation of
Iba-1 positive cells, suggesting an increase in the number of cells with a
microglial phenotype. Treatment with U-133 decreased the amount of
Ibal-positive cells, suggesting a reduction of microglial activation in the
SNpc and diminished neuroinflammation (Fig. 5E and F).

The results of this study demonstrate that a decline in HSP70 ex-
pression increases the vulnerability of nigral DA neurons to LC cyto-
toxicity in rats, and this might be a predisposing factor for the onset and
progression of PD. Here, we present evidence that HSP70 over-ex-
pression, via U-133 HSP70 inducer, in DA neurons of the SNpc protects
the animals from LC-induced PD-like symptoms. We show that the
treated animals display improved DA neuronal health, better locomotor
performance, and reduced motor disturbances. LC-induced dis-
turbances, like a-synuclein aggregation and microglia activation, were
greatly reversed upon HSP70 administration. Taken together, our
findings strongly support the neuroprotective potential of exogenous
HSP70 and the U-133 HSP70 inducer for the prevention and/or di-
minution of PD-like neurodegeneration. In conclusion, we have pre-
sented a robust method of protection against LC-induced PD-like
symptoms in rodents using a key molecular chaperone.

5. Conclusion

We report here the first successful treatment of Parkinson's-like
symptoms in a rodent model of the disease using a novel synthetic small
molecule activator of HSP70 synthesis. These results provide evidence
that the administration of the pro-drug may have considerable ther-
apeutic potential for the protection of neurons involved in Parkinson's
disease pathology. The novel compound may be employed for the
therapy of a number of proteotoxic diseases besides Parkinson's disease,
including Alzheimer's disease, Amyotrophic lateral sclerosis, and
others, for which no effective treatments currently exist.
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