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Resumo

HSP70 é uma das principais chaperonas moleculares envolvidas na resposta ao
estresse celular. Além de sua funcdo como chaperona, a HSP70 pode modular
respostas imunes. Quantidades insuficientes da forma induzivel da HSP70 séo
encontradas em neurdnios maduros, os tornando mais suscetiveis a alteracdes no
ambiente intra- e extracelular. Por outro lado, a administracdo de HSP70 exdgena
demonstrou ter efeitos neuroprotetores em modelos animais de doencas
relacionadas ao envelhecimento. Neste trabalho, nos investigamos os efeitos da
HSP70 exégena em modelo animal de Doenca Parkinson (PD). Apés insulto com
6-hidroxidopamina (6-OHDA - injecdo intraestriatal unilateral - 20 pg/rato), os
animais receberam 15 dias de tratamento com HSP70 recombinante por via
intranasal (2 pg/rato/dia). Nossos resultados indicam efeito neuroprotetor da HSP70
intranasal contra a denervacédo dopaminérgica induzida por 6-OHDA, uma vez que
a HSP70 exdgena reduziu a perda de neurénios dopaminérgicos e melhorou déficits
comportamentais induzidos por 6-OHDA. Além disso, a HSP70 modulou a resposta
neuroinflamatoria na substancia negra, que € uma caracteristica importante da
patogénese da PD. Especificamente o tratamento intranasal com HSP70 reduziu a
ativacdo microglial e a astrogliose induzidas por 6-OHDA, bem como reduziu a
expressao do mRNA de IL-18 nesta regido. Além disso, o tratamento com HSP70
recombinante aumentou o conteudo de HSP70 na substancia negra de ratos
induzidos por 6-OHDA. Portanto, nossos resultados indicam que este aumento do
conteudo de HSP70, apds o estresse celular, estaria envolvido na protecdo dos
neurdnios dopaminérgicos contra o insulto da 6-OHDA, através de uma modulacéo
da resposta inflamatoria.

Palavras-chave: HSP70, tratamento intranasal, 6-OHDA, denervacao
dopaminérgica, neuroinflamacéao.



Abstract

HSP70 is one of the main molecular chaperones involved in the cellular stress
response. Beside its chaperone action, HSP70 also modulates immune response.
Insufficient amounts of inducible HSP70 were observed in adult neurons, which
caused an increased susceptible to toxic insults in intra- and extracellular
environment. On the other hand, exogenous HSP70 administration has
demonstrated neuroprotective effects in models of age-related disorders. In this
study, we investigated the effects of exogenous HSP70 in an animal model of
Parkinson's Disease (PD). After the insult with 6-hydroxydopamine (6-OHDA —
unilateral intrastriatal injection — 20 ug/rat), the animals received purified
recombinant HSP70 through intranasal administration (2 pg/rat/day), during 15 days.
Our results indicated a neuroprotective effect of intranasal HSP70 against
dopaminergic denervation induced by 6-OHDA, since exogenous HSP70 reduced
the loss of dopaminergic neurons and improved behavior impairments induced by 6-
OHDA. Moreover, HSP70 modulated neuroinflammatory response in the substantia
nigra, which is an important event in PD pathogenesis. Specifically, intranasal
treatment reduced microglial activation and astrogliosis induced by 6-OHDA, as well
reduced IL-18 mRNA expression in this region. In addition, HSP70 treatment
increased the content of HSP70 in the substantia nigra of rats induced by 6-OHDA.
Therefore, our results indicate that this increase in HSP70 content, after cellular
stress, would be involved in the protection of dopaminergic neurons against the insult
of 6-OHDA, through a modulation of the inflammatory response.

Key-words: HSP70, intranasal treatment, 6-OHDA, dopaminergic denervation,
neuroinflammation.
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6-OHDA: 6-hidroxidopamina | 6-hydroxydopamine

a-syn: alfa-sinucleina | alpha-synuclein

BBB: barreira hematoencefalica | blood-brain barrier

CNS: sistema nervoso central | central nervous system
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Introducéo

1. Doencade Parkinson

A Doenca de Parkinson (PD) é uma desordem neurodegenerativa progressiva
relacionada ao envelhecimento. Esta doenca é rara abaixo dos 50 anos, mas sua
prevaléncia vai aumentando com a idade, afetando mais de 1% da populacao
mundial acima de 60 anos. De particular importancia, a prevaléncia de PD pode
chegar a mais de 3% da populacdo acima de 80 anos (Poewe et al. 2017; de Lau &
Breteler 2006). No Brasil, hd em torno de 200 mil casos de PD (Dorsey et al. 2007),
namero que tende a crescer ainda mais com o envelhecimento populacional. A PD
€ caracterizada por sintomas motores, tais como tremores, rigidez, bradicinesia,
instabilidade postural, equilibrio e coordenacéo prejudicados. Estes sintomas séo
decorrentes da morte progressiva de neurdnios dopaminérgicos (DA) na substancia
negra pars compacta (SNpc), levando a deplecao de dopamina no estriado (Dauer
& Przedborski 2003). Também sdo observados sintomas ndo-motores, 0s quais
podem aparecer anos antes do diagnodstico da doenca. Estes sintomas incluem
comprometimento cognitivo, disfuncédo autonémica, disturbios do sono, depresséo
e hiposmia (Poewe et al. 2017).

O diagnostico para a PD € clinico, por meio de uma interpretacdo dos seus
sintomas, i.e., ndo existem marcadores ou testes que facilitem este diagndstico.
Quando os sintomas motores se manifestam, ja ha uma perda neuronal de 60-80%
dos neurbnios DA (Dauer & Przedborski 2003). Os tratamentos existentes para
doenca tratam os sintomas, ndo revertendo ou desacelerando a morte neuronal.
Desta forma, nao existe uma cura para PD e os medicamentos para o seu
tratamento sdo de uso continuo e de alto custo (Dexter & Jenner 2013). No Brasil,

o Sistema Unico de Salde provém farmacos para o tratamento da PD (Ministério



da Saude 2017). Considerando o aumento da expectativa de vida e consequente
envelhecimento da populagéo, se torna cada vez maior o impacto social e financeiro
desta doencga.

Na neuropatologia da PD, além da morte dos neurbnios DA no eixo
nigroestriatal, € também observada agregacdo de a-sinucleina (a-syn) mal
empacotada, que se acumula em inclusdes intraneuronais conhecidas como Corpos
de Lewy (Goedert 2001). Estes agregados a-syn induzem ativacdo da imunidade
inata e adaptativa na PD. E sugerido que a agregacao proteica e a neuroinflamagao
participem de um ciclo de auto agravamento, uma vez que a neuroinflamacao
também promove o mal empacotamento da a-syn (Poewe et al. 2017). A
neuroinflamacéo € um evento essencial para a patogénese da PD. Neste contexto,
a ativacao sustentada da microglia parece contribuir para toxicidade aos neurdnios
DA, por meio de regulacdo positiva na expressao de citocinas pro-inflamatorias
(Wang et al. 2015).

Devido ao impacto da PD, diversos modelos animais vém sendo utilizados para
estudar novas opc¢des de tratamento para a PD, bem como para melhor entender
0S mecanismos envolvidos em sua neuropatologia (Gasparotto et al. 2017,
Tiefensee Ribeiro et al. 2019; Qin et al. 2007; Zhao et al. 2007; Bové & Perier 2012;
Klucken et al. 2004). Dentre eles, a injecao intraestriatal de 6-hidroxidopamina (6-
OHDA) tem sido amplamente utilizada como modelo de PD, uma vez que destroi
terminais catecolaminérgicos mimetizando os efeitos causados pela perda de
neurénios DA gque se projetam da SNpc para o estriado (Lima et al. 2012; Tieu
2011). Este modelo de denervacao dopaminérgica foi utilizado recentemente para
explorar o papel neuroprotetor da proteina de choque térmico de 70 kDa (HSP70).

A administracdo de HSP70 fusionada a transativador de transcri¢cdo (Tat-HSP70),



por via intraestriatal, demonstrou protecdo aos neurénios DA em animais induzidos

por 6-OHDA (Tunesi et al. 2019).

2. Proteinas de Choque Térmico (HSPs)

HSPs ou chaperonas moleculares compreendem um grupo heterogéneo, o qual
é classificado em diferentes familias com base em seu peso molecular. As
chaperonas moleculares podem ser de expressao constitutiva ou induzivel. As
HSPs de expressdo constitutiva facilitam a translacdo proteica, atuam no
enovelamento de proteinas recém-sintetizadas e na translocacgao de proteinas entre
compartimentos celulares. Ja as HSPs de expressao induzivel sdo induzidas em
condicbes de estresse celular, sendo ele quimico ou fisico. Estas chaperonas
moleculares induzidas em resposta ao estresse, séo criticas para a manutencao da
homeostase proteica. Elas atuam na prevencdo e/ou reversdo do erro de
enovelamento ou agregacdo de proteinas; na estabilizacdo de elementos do
citoesqueleto; tém efeitos anti-apoptéticos e controlam a atividade de proteinas
regulatorias (Ebrahimi-Fakhari et al. 2011).

A familia HSP70 é uma das principais chaperonas moleculares envolvidas na
resposta ao estresse celular, atuando como um componente-chave da maquinaria
de protecdo celular. Essas proteinas sdo altamente conservadas em funcédo e
estrutura, de procariontes a eucariotos (Radons 2016). HSP70 na forma constitutiva
e na forma induzivel, interagem com segmentos peptidicos hidrofébicos de
proteinas, através da ligacdo de ATP e posterior hidrélise (Witt 2010). HSP70 atua
no processo de enovelamento, auxiliando no renovelamento ou no descarte seguro
de proteinas parcialmente ou mal enoveladas (Mayer & Bukau 2005). Além disso,
HSP70 possui varias fungcbes ndo relacionadas a sua acdo como chaperona, as

quais contribuem para a protecao celular, através da interagdo com células imunes,



reducdo do estresse oxidativo e inibicdo de cascatas de morte celular apoptotica
(Dukay et al. 2019).

Células liberam HSP70 de forma ativa e seletiva para o meio extracelular. Essa
liberac@o ocorre por meio de vesiculas extracelulares, mais especificamente por
meio de balsas lipidicas e exossomos (Lyon & Milligan 2019). Em condicbes
homeostaticas, a transmissdo de HSPs entre células pode contribuir para a
manutencdo da proteostase normal. Todavia, a liberagdo de HSPs para 0 meio
extracelular é exacerbada em condicfes de estresse. HSPs extracelulares estédo
envolvidas na regulacédo da resposta imune e na liberacédo de citocinas, podendo
induzir a expressao de moléculas pro- ou anti-inflamatorias. O fator determinante
para a inducao de um perfil pré ou anti-inflamatorio parece estar relacionado com o
estado celular ao liberar HSPs para o meio extracelular e com quais receptores

estas HSPs interagem (Dukay et al. 2019).

3. HSP70e PD

A atividade da HSP70 enddgena parece ser insuficiente em varios estados
patolégicos, como em condi¢cdes de inflamacdo e degeneracdo (Radons 2016;
Calderwood & Murshid 2017; Murshid et al. 2013). No processo de envelhecimento,
h& um desequilibrio das fun¢cdes homeostaticas com predominancia do estado pro-
inflamat6rio e com aumento da carga de estresse proteotoxico (Sparkman &
Johnson 2008; Ebrahimi-Fakhari et al. 2011). Em adicdo, a expressdo e a
funcionalidade do HSP70 induzivel estdo diminuidas no envelhecimento do tecido
cerebral e em distirbios neurodegenerativos (Magrané et al. 2004). O papel
neuroprotetor da administracdo exégena de HSP70 foi demonstrado em diferentes
modelos animais de distirbios neurodegenerativos (Bobkova et al. 2014;

Gifondorwa et al. 2007; Pastukhov et al. 2014).



No que diz respeito a PD, a deplecdo da HSP70 pode exacerbar a toxicidade da
a-syn e a neurodegeneracdo (Ebrahimi-Fakhari et al. 2011). De fato, o papel
neuroprotetor da HSP70 j& havia sido demonstrado em diferentes modelos animais
de PD (Klucken et al. 2004; Li et al. 2019; Nagel et al. 2008; Tunesi et al. 2019;
Pastukhov et al. 2014). Klucken et al. demonstrou que a superexpressao da HSP70
€ protetora contra a agregacao anormal de a-syn em camundongos transgénicos
para a-syn (Klucken et al. 2004). Li et al. demonstraram um efeito protetor do HSP70
contra a neuroinflamacédo induzida por rotenona em SH-SY5Y, inibindo NF-kB e
STAT3 (Li et al. 2019). Tat-HSP70 teve um efeito protetor contra a perda de
neurénios DA nos modelos de metil-4-fenil-1,2,3,6-tetra-hidropiridina (MPTP) e 6-
OHDA (Nagel et al. 2008; Tunesi et al. 2019). Efeitos neuroprotetores da HSP70
foram observados em modelos de PD com ou sem agregacao de a-syn, indicando
envolvimento de funcdes da HSP70 que ndo necessariamente estariam
relacionadas a sua funcao de chaperona.

Apesar de seu potencial neuroprotetor, a HSP70 € muito grande para atravessar
livremente barreira hematoencefalica (BBB). Entdo, uma abordagem eficiente de
administracdo de medicamentos precisa ser adotada para explorar o potencial
terapéutico da HSP70 nos distirbios do sistema nervoso central (CNS). A
administracao intranasal foi apontada em animais e seres humanos como uma
abordagem nao invasiva eficaz para administrar medicamentos de tamanho grande
diretamente no CNS (Ying 2007). Bobkova et al. demonstraram que HSP70
marcada com fluorescéncia é detectada em varias estruturas cerebrais, trés horas
ap6s a administracdo intranasal (Bobkova et al. 2014). Além disso, trabalhos
anteriores demonstram efeito neuroprotetor para a administragdo de HSP70

intranasal em modelos animais de envelhecimento e de desordens



neurodegenerativas (Bobkova et al. 2014; Bobkova et al. 2015; Pastukhov et al.
2014). Dessa forma, neste trabalho nés hipotetizamos que o tratamento com a
HSP70 por via intranasal teria acdo neuroprotetora contra a denervagdo DA

induzida por 6-OHDA.

10



Objetivos do trabalho

Considerando: i) o papel neuroprotetor da HSP70 exdégena em modelos de
doencas neuroldgicas; ii) a baixa expressdo da forma induzivel de HSP70 em
neurdnios maduros; iii) a interacdo da HSP70 com moléculas do sistema imune; iv)
a relevancia da modulacéo pro-inflamatéria na morte neuronal e na progressao da
PD; v) a necessidade por novas terapias pra a PD, que visem reverter a morte
neuronal e ndo somente tratar os sintomas, o presente trabalho tem como objetivo
geral investigar os efeitos da administracdo intranasal de HSP70 exdgena na
denervacédo DA induzida por 6-OHDA.

Para atingir tal objetivo, iremos avaliar os efeitos da administracéo intranasal de
HSP70 exbégena:

a) na morte de neurénios DA na SNpc

b) em parametros comportamentais

¢) na modulacao da ativacdo da micréglia e dos astrécitos na SNpc

d) na expressao de citocinas pro-inflamatérias na SNpc, no soro e no liquido

cefalorraquidiano (CSF)

e) na modulacao do conteudo de HSP70 na SNpc

de ratos induzidos por 6-OHDA.
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Parte Il
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Capitulo 1
Intranasal HSP70 administration protects against dopaminergic
denervation and modulates neuroinflammatory response in 6-OHDA

rat model

A metodologia e os resultados desta dissertacdo sédo apresentados neste capitulo,
em formato de um manuscrito de artigo cientifico, o qual ser4d submetido ao

periodico “Journal of Neurochemistry”.
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Abstract

HSP70 is one of the main molecular chaperones involved in the cellular stress
response. Beside its function as chaperone, HSP70 also modulates immune
response. Insufficient amounts of inducible HSP70 were observed in adult neurons,
which caused an increased susceptible to toxic insults in intra- and extracellular
environment. In addition, exogenous HSP70 administration has demonstrated
neuroprotective effects in experimental models of age-related disorders. In this
study, we investigated the effects of exogenous HSP70 in an animal model of
Parkinson's Disease (PD). After, the insult with 6-hydroxydopamine (6-OHDA —
unilateral intrastriatal injection — 20 pg/rat), the animals received recombinant
HSP70 via intranasal (2 pg/rat/day), during 15 days. Our results indicate a
neuroprotective effect of intranasal HSP70 against dopaminergic denervation
induced by 6-OHDA. Exogenous HSP70 reduced the loss of dopaminergic neurons
and improve behavior impairments induced by 6-OHDA. Moreover, HSP70
modulated neuroinflammatory response in the substantia nigra, which is an
important factor in PD pathogenesis. Specifically, intranasal treatment reduced
microglial activation and astrogliosis induced by 6-OHDA, as well reduced IL-1[3
MRNA expression in this region. Therefore, our results indicate that HSP70
neuroprotective action in 6-OHDA model is related to modulation of inflammatory

response.

Key-words: HSP70, intranasal treatment, 6-OHDA, dopaminergic denervation,

neuroinflammation.
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1. Introduction

Heat shock proteins (HSPs) or molecular chaperones constitute a heterogenous
group classified into different families based on their molecular weight. Molecular
chaperones induced in response to cellular stress are critical for maintenance of
protein homeostasis (Hartl et al. 2011). HSP70 family is one of the main molecular
chaperones involved in the response to cellular stress, acting as a key component
of cellular protection machinery. These proteins are highly conserved in function
and structure, from prokaryotes through eukaryotes (Radons 2016). HSP70 acts on
folding process, binding to partially unfolded or misfolded proteins and either assist
their refolding or directs them to a safe disposal (Mayer & Bukau 2005). In addition,
HSP70 has several non-chaperone functions that contribute to cellular protection,
through interaction with immune cells, reduction of oxidative stress and inhibition of
apoptotic cell death cascades (Dukay et al. 2019).

The activity of endogenous HSP70 appears insufficient in several pathological
states, such as in conditions of inflammation and degeneration (Radons 2016;
Calderwood & Murshid 2017; Murshid et al. 2013). During aging, there is a
disbalance of cellular homeostasis with a predominance of pro-inflammatory state
and with an increase of proteotoxic stress load (Sparkman & Johnson 2008;
Ebrahimi-Fakhari et al. 2011). Moreover, the expression and functionality of
inducible HSP70 decline in the brain tissue with aging and in neurodegenerative
disorders (Magrané et al. 2004). The neuroprotective role of exogenous HSP70
administration has been demonstrated in several animal models of age-related
neurodegenerative disorders (Bobkova et al. 2014; Gifondorwa et al. 2007;

Pastukhov et al. 2014).
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Parkinson’'s disease (PD) is a common neurodegenerative disorder
characterized by progressive loss of dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNpc) leading to depletion of dopamine in striatum (Dauer &
Przedborski 2003). In PD is observed aggregation of misfolded a-synuclein (a-syn),
which accumulates in intraneuronal inclusions named Lewy bodies (Goedert 2001).
With respect to PD, the depletion of HSP70 could exacerbate a-syn toxicity and
neurodegeneration (Ebrahimi-Fakhari et al. 2011). The neuroprotective role for
HSP70 had already been demonstrated in different animal models of PD (Klucken
et al. 2004; Li et al. 2019; Nagel et al. 2008; Tunesi et al. 2019; Pastukhov et al.
2014). Klucken et al. demonstrated that overexpression of HSP70 is protective
against abnormal a-syn aggregation in a-syn transgenic mice (Klucken et al. 2004).
Li et al. demonstrated a protective effect of HSP70 against neuroinflammation
induced by rotenone in SH-SY5Y, inhibiting NF-kB and STAT3 (Li et al. 2019).
HSP70 displayed a protective effect against DA neuron loss in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroydopamine (6-OHDA) (Nagel et al.
2008; Tunesi et al. 2019). HSP70 neuroprotective effects were observed in PD
models with or without a-syn aggregation, indicating an involvement of non-
chaperone functions in HSP70 protective action.

Despite its neuroprotective potential, HSP70 is too large to freely cross blood-
brain barrier (BBB). An efficient approach of drug delivery needs to be adopted to
explore HSP70 therapeutically potential in central nervous system (CNS) disorders.
Intranasal administration has been demonstrated on both animals and human
subjects as effective noninvasive approach to delivery large sized drugs directly in
CNS (Ying 2007). Bobkova et al. demonstrated that fluorescently-labeled HSP70

was detected in several brain structures three hours after intranasal administration
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(Bobkova et al. 2014). Also, the neuroprotective effect of intranasal HSP70 was
previously demonstrated in animal models of aging and Alzheimer disease (Bobkova
et al. 2015; Bobkova et al. 2014).

In the present work, we demonstrated neuroprotective effects of HSP70
intranasal administration against DA denervation induced by 6-OHDA injection in the
striatum of Wistar rats. Fifteen days of HSP70 treatment (2 pg/rat/day) reduced DA
neurons loss and improved behavior impairments induced by 6-OHDA. Also,
intranasal HSP70 modulates neuroinflammatory response, thought reduction of glial
activation and mRNA expression of IL-13 in the SNpc. Therefore, HSP70 intranasal
administration shows a neuroprotective activity in the nigrostriatal axis, indicating a

potential application in PD and related disorders.

2. Methods

2.1 Ethics Statement

All experimental procedures were performed in accordance with the guidelines
of the National Institutes of Health (National Research Council Committee for the
Update of the Guide for the Care and Use of Laboratory 2011) and Behavior
recommendations for animal care. Our research protocol was approved by the
Ethical Committee for Animal Experimentation of the Universidade Federal do Rio

Grande do Sul - Brazil (CEUA-UFRGS) under the project number #35627.

2.2 Animals and experimental design

Fifty-days-old male Wistar rats were obtained from CREAL-UFRGS breeding
colony. Animals were maintained in a twelve-hour light-dark cycle in a temperature-
controlled colony room (21°C). The animals were caged in groups of four animals
with free access to water and standard commercial food (Chow Nuvilab CR-1 type;

PR, BRA). The rats were randomly distributed into four experimental groups (n = 16
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per group): Control, HSP70, 6-OHDA and 6-OHDA+HSP70. The animals were
handled for 7 days before the procedures to reduce stress caused by subsequent
manipulation. Figure 1 summarizes the experimental design applied in this study.
Each rat received an intrastriatal injection of 6-OHDA (20 pg/rat) or vehicle (saline
with ascorbic acid) (Pang et al. 2016). The animals were habituated with a saline
intranasal administration for 5 days after the surgical procedure. Then, each rat
received a daily intranasal dose of HSP70 (2 pg/rat) or saline (Bobkova et al. 2014)
for 15 days. Behavior tests were performed on the last 3 days of treatment. On the
21 day after the 6-OHDA lesion, all the animals were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg) via an intraperitoneal injection (i.p.). The
animals were euthanized by decapitation, serum was collected for ELISA assay, and
the brain was dissected for quantitative reverse transcription PCR (n = 8 per group).
The remaining rats were perfused via the vascular system for immunofluorescence

microscopy assessment (n = 8 per group).

2.3 Intrastriatal injection of 6-OHDA

6-OHDA was purchased from Sigma-Aldrich® (MO, USA) and prepared as a 10
Mg/uL solution in 0.02% ascorbic acid dissolved in sterile saline, protected from heat
and light. The animals were anesthetized with xylazine (10 mg/kg; i.p.) and ketamine
(100 mg/kg; i.p.) for surgical procedure. The anesthetized rats were immobilized on
a stereotaxic apparatus (Insight-EFF 338, SP, BRA) by securing via ear and nose
bars. The fur was shaved with a pet clipper (SKU #: 09160-210 — Wahl; IL, USA)
and 10% povidone-iodine solution was applied to sterilize the incision site. The skulls
were perforated at the appropriate location with a dental drill (3 mm). A single dose
(2 pL) of 6-OHDA or vehicle was injected into striatum at the following stereotaxic

coordinates: antero-posterior (AP): -0.2 mm from bregma; medio-lateral (ML): 2.5

19



mm from the midline; dorso-ventral (DV): - 5.0 mm from skull, according to the Rat
Brain Atlas in Stereotaxic Coordinates (Paxinos & Watson 2005), using a 10-pl
Hamilton® syringe 701SN, needle size 23s ga (Sigma-Aldrich®; MO, USA). Syringe
was inserted into the brain at a rate of 2 mm/min and the injection occurred at a rate
of 0.5 pL/min. After the injection, the syringe was left in the place for 2 min and then
removed at a rate of 2 mm/min. The incision was thoroughly cleaned with povidone-
iodine solution and closed using three sutures. Lactated Ringer’s solution (1 mL)
was injected subcutaneously to replenish electrolytes. Nebacetin® (5 mg/g neomycin
sulfate and 250 Ul/g of bacitracin zinc, Medley; RS, BRA) was applied topically on
the incision to prevent infections. The animals were placed in a controlled

temperature recovery cage (37 °C) until recovery of consciousness.

2.4 HSP70 treatment

2.4.1 Recombinant HSP70 expression and purification

Recombinant HSP70 was expressed in E. coli BL21 and transformed with HSP70
plasmid resistant to ampicillin and chloramphenicol, using IPTG. Purification of the
recombinant HSP70 was performed by affinity chromatography, followed by gel
filtration chromatography. Endotoxins were removed from the purified HSP70, which
was proven using the kit Pierce™ LAL Chromogenic Endotoxin Quantitation Kit

(88282 - Thermo Fisher Scientifc; MA, USA).

2.4.2 Intranasal administration

All intranasal administrations of purified recombinant HSP70 were unilateral and
carried out with the help of a micropipette in the ipsilateral side. Four pL of solution
volume were placed in the left nostril and were inhaled by the animal in the process
of normal breathing. All animals were habituated with intranasal administration,

receiving a daily dose of saline 0.9% via intranasal for 5 days after the surgical
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procedure, and they did not show any signs of stress during inoculation. From day 6
to day 20 the groups HSP70 and 6-OHDA+HSP70 received a daily dose of HSP70
(2 pg/rat) via intranasal, whereas the other groups received a dose of saline solution

0.9% (Bobkova et al. 2014).

2.5 Behavior tests

2.5.1 Ladder Rung Walking Test

The ladder rung walking test was performed on day 18 to analyze skilled
movements and access motor performance. The procedure was performed as
describe by Metz and Whishaw (Metz & Whishaw 2002). The apparatus used was a
horizontal ladder made of 2 transparent clear boards joining by metal rungs. A
regular pattern of rungs (1 cm apart) was used in 3 training sessions. Then, 3 test
trials were performed with an irregular pattern of rungs (1 to 3 cm apart). For each
trial the pattern of rungs changed, avoiding animals’ adaptation. All trials were video
recorded and reviewed to evaluate each limb quality of steps and the errors
percentual. Qualitative evaluation was performed for each step using a foot fault
scoring system. The system uses a 7-category scale: (0) total miss, (1) deep slip, (2)
slight slip, (3) replacement, (4) correction, (5) partial placement and (6) correct
placement. Then, the average of scores per animal was measured. The percentual

of errors was also measured, counting scores of 0, 1 and 2 as errors.

2.5.2 Open field test

Open field test (OPF) was performed on day 19 to access general locomotor
activity. The OPF apparatus consist of a square arena (50 x 50 x 50 cm) with black-
painted walls. Each animal was placed in the center of the OPF apparatus and

allowed to explore the arena during 5 min (Silva et al. 2016; Campos et al. 2013).
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The total distance travelled (m) and average speed (m/s) were determined using the

video tracking system ANY-maze (Stoelting Co.; IL, USA).

2.5.3 Apomorphine-induced rotation test

Apomorphine-induced rotation test was performed on day 20 to access the
supersensitivity in the damaged side after DA denervation caused by the unilateral
injection of 6-OHDA (Ungerstedt 1971). Apomorphine (A4393) was purchased from
Sigma-Aldrich® (MO, USA). Rats received a subcutaneously injection of
apomorphine 0.5 mg/kg (dissolved in a 0.2 mg/mL ascorbic acid in 0.9% saline
solution) and allowed to acclimated during 15 min. The animals were recorder over
a 30 min session in a circular arena and 360-degree contralateral rotations were

guantified.

2.6 Immunofluorescence

On day 21, animals were perfused via the vascular system with descending aorta
clamped. In this procedure, sterile saline was administered for 10 min followed by
more 10 min of 4% paraformaldehyde (PFA) solution in PBS pH 7.4. The brains were
carefully extracted and maintained into 4% PFA for 24 h at 4 °C, then were
transferred to 15% sucrose solution for 24 h at 4 °C followed by immersion in 30%
sucrose for additional 24 h at 4 °C. After lightly dried, brains were frozen at —20 °C.
Using a cryostat (Jung Histoslide 2000R; Leica; Heidelberg, DEU) at —20 °C, the
SNpc region was sectioned in slices of 20 um thickness on the coronal plane, which
were collected in PBS containing 0.2% Triton X-100 (PBST). To block nonspecific
binding, the sections were incubated with 3% albumin for 1 h at room temperature
(21 = 3 °C). Then, the tissue slices were incubated with primary antibodies for 48 h
at 4 °C. The details of the antibody source and dilutions are as follows: anti-TH

(1:500; sc-25269) was from Santa Cruz Biotechnology, Inc. (TX, USA); anti-lbal
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(1:500; PTR2404) was from ©FUJIFILM Wako Pure Chemical; anti-GFAP (1:500;
G6171) was from Sigma-Aldrich® (MO, USA); all of them diluted in PBST containing
3% bovine serum albumin. The tissue sections were washed four times in PBST and
then incubated with secondary antibodies for 2 h at room temperature. The details
of the antibody are as follows: anti-mouse Alexa 488, anti-mouse Alexa 555, anti-
rabbit Alexa 488 from Invitrogen (CA, USA); all of them diluted 1:500 in PBST. The
sections were washed four times in PBST. Then, the tissue slices were incubated
for 5 min with DAPI for nucleic acid staining (1:1000; D9542 - Sigma-Aldrich®; MO,
USA). The sections were washed several times in PBST transferred to gelatinized
slides, mounted with FluorSave™ (345789 - Merck Millipore; MA, USA) and covered
with coverslips. The images were obtained using a Microscopy EVOS FL Auto
Imaging System (AMAFD1000 - Thermo Fisher Scientifc; MA, USA). Quantifications
were obtained using the software ImageJ measuring the pixels of images from slices
with 20 pm thickness of each animal. The quantification of TH content was obtained
from images with 10X of magnification and the results were expressed as the ratio
of TH staining in ipsilateral side per contralateral side. Quantification of Ibal and
GFAP were obtained from SNpc region in images with 4X of magnification and the

results were expressed as percentual to control.

2.7 Quantitative Reverse Transcription PCR (RT-gPCR)

Total RNA was extracted from SN and striatum with TRIzol® reagent (Invitrogen;
CA, USA) according to manufacturer's instructions and quantified by
spectrophotometry. cDNA was synthesized with High-Capacity cDNA Reverse
Transcription® kit (Thermo Fischer Scientific, USA) using 3 ug of total RNA. RT-
gPCR reactions were performed in 7300 Real-Time PCR System (Applied

Biosystems; CA, USA) with PowerUp™ SYBR® Green Master Mix (Thermo Fisher
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Scientific, USA) following manufacturer's instructions. Results were expressed in
relation to constitutive normalization gene (ACt) and internal control group (AACt)

using the formula 2-22¢t, The primers used for amplification are available in Table 1.

2.8 Enzyme-linked immunosorbent assay (ELISA)

Interleukin-1beta (IL-1f), tumor necrosis factor alpha (TNF-a) and interleukin-6
(IL-6) were quantified by indirect enzyme-linked immunosorbent assay (ELISA).
Serum samples were normalized according to protein content (Bradford, 1976) and
incubated in an ELISA plate. After 24 h, the plates were washed three times with
PBS + 0.05% Tween 20 (PBSTw). To block nonspecific binding, the plates were
incubated with 200 pl of 2,5% albumin for 2 h at room temperature. Subsequently,
the plates were washed three times with PBSTw and were incubated with 200 ul of
primary antibodies 3 h at room temperature. Antibodies utilized in this assay were
anti-IL-1B8 (1:4000; ab9722), anti-TNF-a (1:4000; ab6671) and anti-IL-6 (1:4000;
ab6672) from Abcam (Cambridge, UK). The plates were washed three times with
PBSTw and were incubated with rabbit IgG peroxidase-linked secondary antibody
(1:4000) for 2 h. Anti-rabbit IgG peroxidase conjugated (#AP132P) was obtained
from Merck Millipore (MA, USA). After washing the plate three times with PBSTw,
100 ul of substrate solution (TMB spectrophotometric ELISA detection kit) was
added to each well and incubated for 15 min. The reaction was stopped with 50 pl
per well of 12 M sulfuric acid, and the plate was read at 450 nm in SpectraMax i3

Multi-Mode Platform® (Molecular Devices, USA).

2.9 Statistical analysis
Statistical analysis was performed with GraphPad Prism version 7.00 (GraphPad

Software Inc., San Diego, USA). Data was evaluated by one-way ANOVA followed
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by Tukey’s Multiple Comparison post-hoc test. Differences were considered

significant when p<0.05.

3. Results

3.1 Neuroprotective effect of HSP70 intranasal against 6-OHDA insult

Immunostaining of tyrosine hydroxylase (TH - DA neuron marker) was performed
to analyze the effect of HSP70 intranasal treatment in DA denervation induced by 6-
OHDA. The unilateral injection of 6-OHDA induced a loss of DA neurons in the
ipsilateral side, without a reduction of these cells in the contralateral side. The ratio
of ipsilateral to contralateral TH staining were decreased in 6-OHDA in comparation
to all other groups (Fig 2B). Also, no differences on TH staining were observed
between Control, HSP70 and 6-OHDA+HSP70 groups. As shown in Fig. 2, TH
staining was decreased in the ipsilateral side of 6-OHDA-treated group, while the
treatment with HSP70 significantly protected against loss of TH-positive cells caused
by 6-OHDA.

We also perform behavior analysis to access the effect of HSP70 treatment in
motor impairments induced by unilateral dopaminergic denervation. At the ladder
rung walking test, 6-OHDA treated animals presented a decreased index for quality
of steps (Fig. 3A) and increased errors percentage (Fig. 3B) when compared to
animals of all other groups. Treatment with HSP70 significantly improved both
parameters (Fig. 3A and B). At the OPF animals did not present significant
differences of total distance travelled (Fig. 3C) and average speed (Fig. 3D). On
apomorphine-induced rotation test, animals of 6-OHDA group performed more
contralateral rotations than animals of other groups, including the 6-OHDA+HSP70
group (Fig. 3E). Therefore, the intranasal treatment with HSP70 improved all the

behavior parameters that were impaired by 6-OHDA.
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3.2 HSP70 treatment reduces glial activation induced by 6-OHDA

Co-immunostaining of ionized calcium-binding adapter molecule 1 (Ilbal —
microglial marker) and glial fibrillary acidic protein (GFAP — astrocyte marker) was
performed to analyze the effect of HSP70 intranasal treatment in glial activation in
SNpc after 6-OHDA unilateral intrastriatal injection. As shown in Fig. 4A and B, an
increase in Ibal immunostaining was induced by 6-OHDA, and this effect was
significantly decreased to control levels by intranasal treatment with HSP70.
Moreover, the amoeboid morphology associated to Ibal staining predominantly
observed in the 6-OHDA group was replaced by a pattern of branched cell
extensions in the 6-OHDA+HSP70 group, indicating that intranasal HSP70
administration was capable to change the microglial phenotype from activated to
resting state. Also, as shown in Fig. 4A and C, 6-OHDA group typically presented
severe reactive astrogliosis with increase of GFAP staining and formation of glial
scars, and such effects were also significantly inhibited to control levels by intranasal
treatment with HSP70. Therefore, these results indicate that HSP70 intranasal

treatment reduces glial activation induced by 6-OHDA in the SNpc.

3.3 Modulation of proinflammatory cytokines by intranasal HSP70
treatment
We analyze mRNA expression of proinflammatory cytokines in the substantia
nigra through RT-gPCR analysis. Although a significant difference was not detected
between control and 6-OHDA groups, we observed that both groups receiving
intranasal HSP70 had a significant reduction in IL-18 mRNA expression compared
to 6-OHDA treated animals (Fig. 5A). While no significant differences in TNF-a
MRNA expression were found between all groups (Fig. 5B), the increase in IL-6

MRNA expression induced by 6-OHDA was not affected by HSP70 intranasal
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treatment (Fig. 5C). We also analyze the protein levels of these proinflammatory
cytokines in serum through ELISA assay, and no significative differences between
experimental groups on IL-13, TNF-a or IL-6 serum levels were found (Fig. 5D, E

and F).

4. Discussion

PD is characterized by motor symptoms, which result from progressive death of
DA neurons in SNpc, leading to dopamine depletion in the striatum (Dauer &
Przedborski 2003). Intrastriatal administration of 6-OHDA is widely used as animal
model of PD, since lead to DA denervation of nigrostriatal system. After DA
denervation, the supersensitivity of ipsilateral DA receptors lead to contralateral
rotations when animals are stimulated by dopamine agonists, such as apomorphine
(Ungerstedt 1971). In this study we demonstrated neuroprotective effect of HSP70
against DA denervation induced by 6-OHDA, since intranasal treatment reduced the
loss of TH+ neurons and apomorphine-induced contralateral rotations. Although no
alterations were observed on general locomotor activity in OPF test, it can be
concluded that treatment with HSP70 also improved motor performance, since
animals treated with HSP70 presented increased quality of steps and decreased
errors percentage compared to 6-OHDA group in ladder rung walking test.

The neuroprotective effect of HSP70 had already been demonstrated in 6-OHDA
model, where an intrastriatal cannula was used to administrated Tat-Hsp70-loaded
composites (Tunesi et al. 2019). Another study demonstrated neuroprotective action
of Tat-HSP70, which was administered intraperitoneally, in MPTP model. Tat fused
HSP70, one of the most commonly used penetrating cells peptides, was used to
facilitate the translocation of recombinant HSP70 across cell membranes and BBB

(Nagel et al. 2008). The HSP70 is too large to cross the BBB freely, in addition it has
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a short half-life. After intraperitoneal administration, it is not possible to detect HSP70
in the CNS (Lyon & Milligan 2019). And intravenously, exogenous HSP70 is
eliminated from the blood within 1 hour after its administration (Evgen'ev et al. 2018).
Thus, to explore the therapeutic potential of HSP70 in CNS disorders, it seems to be
interesting to use an efficient approach that can directly access the CNS.

Here, we used intranasal approach to administrated HSP70. Intranasal
administration is a noninvasive approach of drug delivery, which could deliver large-
size drugs directly in CNS bypassing the BBB and minimizing potential systemic side
effects (Ying 2007). HSP70 intranasal administration had already been used in a PD
model induced by repeated bilateral microinjections of lactacystinin in SNpc.
Intranasal HSP70 had reduced the loss of both DA neurons in SNpc and their
terminals in the striatum. In addition, labeled HSP70 was found into cytoplasm of DA
neurons in the SNpc of rats induced by PD model (Pastukhov et al. 2014). Bobkova
et al. also demonstrated intracellular fluorescently-labeled HSP70 in the olfactory
bulbs, neocortex, hippocampus, n.raphe dorsalis, locus coeruleus and cerebellum
after intranasal administration (Bobkova et al. 2014). Therefore, exogenous HSP70
is capable to penetrate different regions of the brain and its neuronal cells when
delivered by intranasal administration.

Differentiated adult neurons have insufficient amounts of intracellular inducible
HSP70 form, making them more susceptible to toxic changes in the intra- and
extracellular environment (Lyon & Milligan 2019). Accumulation of misfolded
proteins and unregulated inflammation contribute to the pathogenesis of age-related
neurodegenerative disorders. Beside its chaperone function, HSP70 is involved on
modulation of inflammatory response (Dukay et al. 2019). DA neurons in SNpc are

susceptible to neurotoxic effects of sustained inflammation. As resident innate
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immune cells of CNS, microglial activation is the first step of inflammatory response
(Perry & Teeling 2013; Gadani et al. 2015). Activated microglia assume an amoeboid
morphology, whereas microglia in resting stage is characterized by a branched
morphology (Nimmerjahn et al. 2005; Cho et al. 2006; Davalos et al. 2005).
Uncontrolled activated microglia release proinflammatory mediators and reactive
oxygen species, which contribute to a neurotoxic environment (Halliwel & Gutteridge
2016). SNpc has a higher content of microglia compared with other brain structures,
whereas DA neurons has lower levels of antioxidants defenses, being more
vulnerable to oxidative insults decurrent from microglial activation than most other
types of neurons (Lawson et al. 1990; Kim et al. 2000; Sun et al. 2016; Loeffler et al.
1994). Reactive astrocytes also contribute to inflammatory response against CNS
insults. Pronounced upregulation of GFAP and loss of individual astrocytes domains
were characteristics of severe reactive astrogliosis (Sofroniew & Vinters 2010;
Sofroniew 2015). In this study, we demonstrated 6-OHDA insult increasing activation
of microglia and astrocytes reactivity in SNpc, with a predominance of amoeboid
microglia and astrocyte scar formation. Animals treated with HSP70 presented less
microglial ameboid morphology and more preserved astrocytes individual domains.
Moreover, intranasal HSP70 decreased Ibal and GFAP content in these animals.
Therefore, HSP70 treatment reduced glial activation induced by 6-OHDA.

The release of proinflammatory mediators can be amplified by synergic activation
of astrocytes and microglia, enhancing neurotoxic effects to DA neurons (Wang et
al. 2015). IL-1B sustained expression in SNpc leads to pronounced DA neuron loss
(Leal et al. 2013). The induction of this cytokine could lead to loss of DA neurons,
regardless of other inflammatory events. Previous work demonstrated that chronic

induction of IL-1B expression in SNpc inducing progressive DA neuronal loss,
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locomotor deficits and glial activation, similarly to other experimental models of PD
(Ferrari et al. 2006). Here, we demonstrated that treatment with intranasal HSP70
decreased IL-13 mRNA expression in the SNpc.

On the other hand, HSP70 treatment did not reduce the increase of IL-6 mMRNA
expression induced by 6-OHDA. IL-6 is a common proinflammatory cytokine that is
involved to degeneration and regeneration of neurons in the central and peripheral
nervous system (Gruol & Nelson 1997; Gadient & Otten 1997). However, the role of
IL-6 in PD neuropathology is not well established. Some studies indicated inversed
correlation between PD severity and increased IL-6 levels in the nigrostriatal region
and in the CSF (Mogi et al. 1996; Nagatsu 2002; Blum-Degen et al. 1995; Muller et
al. 1998). On the other hand, another study suggested increased IL-6 levels as a
risk marker for mortality in PD (Dufek et al. 2015).

Other proinflammatory cytokine related to DA neuron loss is TNF-a (Yan et al.
2014). In our study no differences on TNF-a mRNA expression was found in SNpc.
TNF- a is associated with increase of BBB permeability (Tsao et al. 2001; Didier et
al. 2003), which might explain the absence of alterations in serum protein levels of
TNF-a, IL-1B and IL-6. Overall, our results indicate that HSP70 neuroprotective
action might be related with its ability to modulate glial activation and reduce IL-13

MRNA expression in the SNpc.

5. Conclusion

Intranasal administration of HSP70 shows neuroprotective actions in the rat
model of 6-OHDA-induced DA denervation. The treatment with exogenous HSP70
reduced the loss of DA neurons and improved behavior impairments induced by 6-
OHDA intrastriatal injection. Also, HSP70 has modulated neuroinflammatory

response, which is an important feature of PD pathogenesis. Intranasal treatment
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reduced microglial activation and astrogliosis, which might be leading to the
reduction observed in IL-13 mRNA expression after HSP70 administration.
Therefore, our results demonstrated a neuroprotective activity in the nigrostriatal axis
using a noninvasive delivery approach to administrated HSP70. Finally, our findings
indicate that HSP70 neuroprotective action in 6-OHDA model is related to

modulation of inflammatory response.
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9. Tables and Figures

Gene Primers
L1g 5 - ACCTGTTCTTTGAGGCTGAC
5 — AATGAGTGACACTGCCTTCC
TNF-q 5 — CAGACCCTCACACTCAGATCAT
5 — ACCACCAGTTGGTTGTCTTTG
5 - GCGATGATGCACTGTCAGAAA
IL-6 5 — TCCAGAAGACCAGAGCAGATT

Table 1: Primer sequences for RT-qPCR. Forward and reverse primers used for

amplification of cDNAs of interest.
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Figure 1: Experimental design. Wistar rats were distributed into four experimental
groups (n = 16 per group): Control, HSP70, 6-OHDA and 6-OHDA+HSP70. On day
0, the animals had sixty days old. Each rat received an intrastriatal unilateral injection
of 6-OHDA (20 pg/rat) or vehicle (saline with ascorbic acid). The animals were
habituated with a saline intranasal administration for 5 days after the surgical
procedure. Then, each rat received a daily intranasal dose of HSP70 (2 pg/rat) or
saline for 15 days. Behavior tests — ladder rung walking test, open field test,
apomorphine-induced rotation test — were performed on the last 3 days of treatment.
On day 21, half of animals were euthanized by decapitation, serum was collected for
ELISA and the brain was dissected to quantitative reverse transcription PCR (n =8
per group). The remaining rats were perfused via the vascular system for

immunofluorescence microscopy assessment (n = 8 per group).
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Figure 2: HSP70 treatment reduces 6-OHDA-induced dopaminergic
denervation in SNpc. [A] Representative immunofluorescence images of SNpc co-
immunostained for TH (green) and DAPI (blue). Images from ipsilateral sides of are
Control, HSP70, 6-OHDA and 6-OHDA+HSP70 groups are shown. Guide bars
represent 400 um. Images are representative of independent experiments from eight
animal per group. [B] The quantification of TH content was obtained using the
software ImageJ measuring the pixels of immunofluorescence images with 10X of
magnification and results were expressed as the ratio of TH staining in ipsilateral
side per contralateral side. Values represent mean + SD. One-way analysis of
variance and Tukey's Multiple Comparison post-hoc test was applied to all data. The

p values are represented as followed: *** p < 0.001, ** p < 0.01.
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Figure 3: HSP70 treatment improve behavior impairments induced by 6-OHDA.
On day 18, the ladder rung walking test was performed. Qualitative evaluation was
performed for each step using a foot fault scoring system, using a 7-category scale:
(0) total miss, (1) deep slip, (2) slight slip, (3) replacement, (4) correction, (5) partial
placement and (6) correct placement. [A] The average of scores per animal was
measured. [B] The percentual of errors was also measured, counting scores of 0, 1
and 2 as errors. On day 19, the open field test was performed. [C] The total distance
travelled (m) and [D] average speed (m/s) were determined in a five min session,
using the video tracking system ANY-maze. On day 20, apomorphine-induced
rotation test was performed and [E] 360-degree contralateral rotations were
qguantified in a 30 min session. Values represent median with interquartile range.
One-way analysis of variance and Tukey's Multiple Comparison post-hoc test was
applied to all data. The p values are represented as followed: *** p < 0.001, ** p <

0.01, *p <0.05.
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Figure 4: HSP70 treatment reduces 6-OHDA-induced glial activation in SNpc.
(A) Representative immunofluorescence images of SNpc co-immunostained for Ibal
(green), GFAP (red) and DAPI (blue). Images from ipsilateral sides of are Control,
HSP70, 6-OHDA and 6-OHDA+HSP70 groups are shown. Merge images were
obtained with 20X and 40X of magnification. Details of microglia and astrocytes
morphology are shown in separated canals. Images are representative of
independent experiments from eight animal per group. The quantification of Ibal (B)
and GFAP (C) content were obtained using the software ImageJ measuring the
pixels from SNpc region of immunofluorescence images with 4X of magnification
and results were expressed as percentual to control. Values represent mean + SD.
One-way analysis of variance and Tukey's Multiple Comparison post-hoc test was

applied to all data. The p values are represented as followed: ** p < 0.01, * p < 0.05.
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Figure 5: HSP70 treatment modulates proinflammatory cytokines induced by
6-OHDA. mRNA expression levels of [A] IL-18, [B] TNF-a and [C] IL-6 in the SNpc
were analyzed by RT-gPCR. B-actin was used as constitutive normalization gene
and results were expressed in relation to B-actin (ACt) and internal control group
(AACt) using the formula 2-22Ct, Protein levels of [D] IL-1B, [E] TNF-a and [F] IL-6 in
the serum were analyzed by ELISA. The results of protein levels were expressed in
percentual to control. Values represent mean + SD. One-way analysis of variance
and Tukey's Multiple Comparison post-hoc test was applied to all data. The p values

are represented as followed: ** p < 0.01.
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Capitulo I

Resultados adicionais

Neste capitulo sdo apresentados resultados adicionais aos incluidos no manuscrito,

sendo utilizado o mesmo desenho experimental descrito no capitulo anterior.
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1. Metodologia

O protocolo de experimentacdo animal adotado neste capitulo foi o mesmo do
descrito no Capitulo | — sec&o 2, o qual foi aprovado pelo Comiss&o de Etica no Uso
de Animais da Universidade Federal do Rio Grande do Sul, sob numero de projeto
#35627. Nesse capitulo serdo abordados resultados adicionais de comportamento,
imunofluorescéncia e ensaio de imunoabsor¢édo enzimatica (ELISA).

O teste do campo aberto foi realizado como descrito no Capitulo | — se¢do 2.5.2.
Com o auxilio do software ANY-maze (Stoelting Co.; IL, USA), foram analisados o
tempo total imovel, o tempo total movel, o tempo total de freezing, e o tempo total
na zona central, nas esquinas e nas laterais.

O preparo da amostra para a analise de imunofluorescéncia foi realizado
conforme descrito no Capitulo 1 — secéo 2.6. Fatias de 20 um de espessura no plano
coronal foram colocadas em laminas gelatinizadas. As incubacdes das fatias foram
todas realizadas em lamina. As fatias foram entdo incubadas na lamina por 1 h com
solucéo de bloqueio — 3% albumina de soro bovino. As laminas foram lavadas
cuidadosamente com PBST e entéo foram incubadas por 48 h a 4° C com anticorpo
primario: anti-HSP70 (1:50, sc1060 - Santa Cruz Biotechnology, Inc.; TX, USA).
Depois de mais uma etapa de lavagem, as laminas foram incubadas por 2 h com o
anticorpo secundario: anti-goat Alexa 555 (1:500 — cddigo; Invitrogen; CA, USA).
Mais uma etapa de lavagem foi realizada e entdo as laminas foram incubadas por
5 min com DAPI (1:1000; D9542 - Sigma-Aldrich®; MO, USA). A ultima etapa de
lavagem foi realizada e as laminas foram cobertas por laminulas. As imagens foram
obtidas utilizando um microscopio EVOS FL Auto Imaging System (AMAFD1000 -

Thermo Fisher Scientifc; MA, USA). A quantificacéo foi obtida usando o software
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ImageJ, mensurando os pixels de imagens de fatias com 20 pym com 10x de
aumento. O resultado foi expresso em percentual do controle.

Citocinas pro-inflamatoérias - interleucina -1beta (IL-18), fator de necrose tumoral
-alpha (TNF-a) e interleucina-6 (IL-6) - foram analisadas no CSF por ELISA. No dia
da eutandsia, o CSF foi coletado da cisterna magna dos animais anestesiados com
o auxilio de uma seringa. A analise por ELISA foi realizada conforme descrito no

Capitulo | — secéo 2.8.

2. Resultados

No teste do campo aberto, animais do grupo 6-OHDA obtiveram maior tempo
total freezing, em ralagéo aos animais de todos os outros grupos (Fig. 1C). Em
relacdo ao tempo imovel (Fig. 1A), ao tempo movel (Fig. 1B) e ao tempo total na
zona central, nas esquinas e nas laterais nenhuma diferenca foi observada entre os
grupos (Fig. 1D).

O contetudo de HSP70 na SNpc foi avaliado por imunofluorescéncia. Nossos
resultados demonstram que o tratamento com HSP70 recombinante aumenta o
contetdo de HSP70 na SNpc em animais que receberam o insulto com 6-OHDA
(Fig. 2). Este aumento é significativo em relagéo a todos os outros grupos (Fig. 2B).

O conteudo das citocinas pro-inflamatoérias IL-18, TNF-a e IL-6 no CSF foi
analisado por ELISA. Todavia, as leituras obtidas para todos os grupos e para as
trés diferentes citocinas foram muito baixas, podendo levar a erro de interpretacdo
(Tabela 1). Desta forma, a analise deve ser repetida com maior concentracdo de

amostra, a fim de obter um resultado confiavel.

51



3. Figuras e Tabela
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Figura 1: O tratamento com HSP70 melhora as deficiéncias comportamentais
induzidas por 6-OHDA. No dia 19, foi realizado o teste de campo aberto. [A] O
tempo total imovel (s), [B] o tempo total movel (s), [C] o tempo total freezing e [D] o
tempo total na zona central, nas laterais e nas esquinas foram determinadas em
uma sessao de cinco minutos, utilizando o software ANY-maze. Analise de variancia
unidirecional ou bidirecinonal, seguido por teste post-hoc de comparacédo multipla
de Tukey foram aplicados a todos os dados. Os valores de p sdo representados da

seguinte forma: * p <0,05.
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Figura 2: O tratamento com HSP70 exdgena aumenta conteldo proteico de
HSP70 na SNpc em ratos induzidos por 6-OHDA. (A) Imagens representativas
de imunofluorescéncia para HSP70 (vermelho) e DAPI (azul) na regido da SNpc.
Sao exibidas imagens dos lados ipsilaterais dos grupos Controle, HSP70, 6-OHDA
e 6-OHDA+HSP70. As barras-guia representam 400 pm. As imagens Ssao
representativas de experimentos independentes de oito animais por grupo. (B) A
guantificacdo do conteudo de HSP70 foi obtida utilizando o software ImageJ
medindo os pixels das imagens de imunofluorescéncia com 10X de ampliagéo e os
resultados foram expressos em percentual do controle. Os valores representam
média + DP. A analise unidirecional de variancia e o teste post-hoc de comparacgéo
multipla de Tukey foram aplicados a todos os dados. Os valores de p séo

representados da seguinte forma: *** p <0,001, ** p <0,01.
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Controle HSP70 6-OHDA 6-OHDA+HSP70
-0,0095 -0,0248 0,0500 -0,0188
-0,0318 0,0297 0,0210 -0,0201
0,0629 0,0296 0,1175 -0,0231
0,1100 -0,0213 0,0280 -0,0274
-0,0259 -0,0144 0,0533 -0,0043
-0,0266 -0,0101 -0,0164 0,3101

IL-1B -0,0328 0,0450 -0,0027 -0,0235
0,0588 -0,0104 -0,0323 -0,0082
-0,0343 0,0496 0,0034 -0,0010
-0,0060 -0,0193 -0,0253 -0,0095
-0,0306 -0,0389 -0,0091
-0,0286 -0,0272 -0,0214
-0,0216 -0,0313
0,0547 0,0149 0,0663 0,0302
0,0161 0,0528 0,0758 0,0218
0,1031 0,0786 0,1002 0,0203
0,1250 0,0230 0,1471 0,0103
0,0274 0,0322 0,1297 0,0198
0,0106 0,0637 0,0355 0,1746

TNF-a 0,0096 0,0526 0,0242 0,0184
0,0718 0,0473 0,0017 0,0324
-0,0015 0,0666 0,0487 0,0252
0,0388 0,0136 0,0078 0,053
0,0019 0,0044 0,0653
0,0102 0,0131 0,0061
0,0215 0,0005
0,0149 -0,0484 0,0072 -0,0384
-0,0374 -0,0032 0,0184 -0,0380
0,0573 0,0044 0,0343 -0,0337
0,0803 -0,0376 0,1292 -0,0483
-0,0247 -0,0141 0,0731 -0,0332
-0,0480 0,0041 -0,0223 0,0902
IL-6 -0,0449 -0,0006 -0,0269 -0,0522
0,0170 0,0056 -0,0518 -0,0480
-0,0535 0,0052 0,0100 -0,0219
-0,0124 -0,0470 -0,0579 -0,0051
-0,0521 -0,0601 -0,0028
-0,0432 -0,0501 -0,0421
-0,0212 -0,0614

Tabela 1: Citocinas pré-inflamatérias no CSF. Os niveis proteicos de IL-18, TNF-
a e IL-6 no CSF foram analisados por ELISA. Nesta tabela sao apresentadas as

absorbancias obtidas na andlise de ELISA, subtraida a absorbancia do branco.
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Discussao

A PD é caracterizada por sintomas motores, 0s quais sao decorrentes da
morte progressiva de neurdnios DA na SNpc, levando a deplecéo de dopamina no
estriado (Dauer & Przedborski 2003). Administracdo 6-OHDA € amplamente
utilizada como modelo animal da PD, uma vez que leva a denervagéo DA do sistema
nigroestriatal. A injecdo de 6-OHDA no estriado leva a degeneracéo retrégrada dos
neurénios DA da SNpc, a qual ocorre progressivamente nas primeiras semanas
apos o insulto. Diferente de quando a 6-OHDA é injetada diretamente na SNpc,
onde o insulto toxico leva a uma perda instantanea e estéatica dos neurénios DA, em
vez de gradualmente progressiva (Lee et al. 1996). Neste estudo nés utilizamos
uma injecdo instraestriatal unilateral de 6-OHDA, a fim de melhor mimetizar o
processo neurodegenerativo envolvido na PD. Quando a injecdo com 6-OHDA é
administrada unilateralmente, o dano causado por ela afeta exclusivamente o lado
gue recebeu a injecdo (lado ipsilateral), levando a destruicdo de terminais
catecolaminérgicos, sem interferir na célula pos-sinaptica e em seus respectivos
receptores DA. Desta forma, apos a denervacdo ha uma hipersensibilidade dos
receptores DA da célula pds-sinaptica no lado ipsilateral. Por conta desta
hipersensibilidade, rotacdes contralaterais sdo induzidas quando o0s animais
expostos a 6-OHDA sao estimulados por agonistas de dopamina, como a
apomorfina (Ungerstedt 1971). Neste estudo ndés demonstramos o efeito
neuroprotetor da HSP70 contra a denervacdo dopaminérgica induzida por 6-OHDA,
uma vez que o tratamento intranasal reduziu a perda de neurbnios positivos para
tirosina hidroxilase (TH+) e reduziu o numero de rotacdes contralaterais induzidas

por apomorfina.
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O teste do campo aberto foi realizado afim de analisar parametros
relacionados ao comportamento ansioso e a atividade locomotora geral nos animais
(Prut & Belzung 2003; Bové & Perier 2012). Isto porque depresséao e ansiedade sdo
sintomas comuns na PD (Fontoura et al. 2017), além dos sintomas motores
caracteristicos da doenca. E esperado que os animais prefiram as periferias do
aparato do que a zona central, sendo o aumento do tempo na zona central um
indicativo de comportamento ansioso (Prut & Belzung 2003). Nossos dados
apontaram que os animais preferiram as zonas laterais e as esquinas em relagcéo a
zona central, ndo havendo diferencas entre os grupos no tempo de permanéncia
em cada zona. O tempo total de freezing no teste do campo aberto também foi
analisado, uma vez que pode estar relacionado a um perfil ansioso do animal frente
ao estresse do teste, indicando medo e sensacéao de risco predatério (Roelofs 2017,
Blanchard & Blanchard 1988). Foi observado um aumento no tempo total de freezing
em animais induzidos por 6-OHDA, o qual foi revertido pelo tratamento com HSP70.
Ainda no teste do campo aberto, nenhuma alterac&o entre os grupos foi observada
em relacéo a distancia total percorrida, a velocidade média, ao tempo de mobilidade
e ao tempo de imobilidade. Apesar desta auséncia de alteracbes na atividade
locomotora geral no teste do campo aberto, o tratamento com HSP70 melhorou a
performance motora dos animais no teste de caminhada na escada horizontal
(ladder rung walking test). A tarefa proposta nesse teste permite a discriminacao
entre distlrbios sutis da funcdo motora, combinando a andlise qualitativa e
guantitativa da travessia na escada horizontal (Metz & Whishaw 2002). De forma
gue animais tratados com HSP70 demonstraram maior qualidade de passos e
menor percentual de erros em comparagcdo aos animais do grupo 6-OHDA,

indicando melhor permanece motora.
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O efeito neuroprotetor da HSP70, a qual foi administrada por meio de uma
canula intraestriatal para administrar compostos carregados com Tat-HSP70, ja foi
demonstrado no modelo de 6-OHDA (Tunesi et al. 2019). Em outro trabalho, a
administracdo de Tat-HSP70 foi também utilizada em modelo de MPTP, sendo
dessa vez administrada por via intraperitoneal. Os autores utilizaram a HSP70
fusionada a Tat, um dos peptideos de penetracdo celular mais comumente
utilizados, para facilitar a translocacdo da HSP70 recombinante através de
membranas celulares e da BBB (Nagel et al. 2008). A HSP70 é muito grande para
cruzar livremente a BBB, além disso ela tem meia-vida curta. Apos administracao
intraperitoneal, ndo é possivel detectar HSP70 no CNS (Lyon & Milligan 2019). E
por via intravenosa, € demonstrado que a HSP70 exdgena é eliminada do sangue
em até 1 hora apos sua administracdo (Evgen'ev et al. 2018). Dessa forma, para
explorar o potencial terapéutico da HSP70 em disturbios do CNS, parece ser
interessante utilizar uma abordagem eficiente de administragdo que consiga
acessar diretamente o CNS.

A administracdo intranasal, a qual foi utilizada neste trabalho, é uma
abordagem nao invasiva para entrega de medicamentos. Essa via de administracéo
pode entregar drogas de tamanho grande diretamente no CNS, ndo passando pela
BBB e minimizando potenciais efeitos colaterais sistémicos (Ying 2007). A
administracao intranasal de HSP70 ja foi utilizada em modelo de PD induzido por
repetidas microinjecBes bilaterais de lactacistina na SNpc. E demonstrado que a
HSP70 intranasal reduziu a perda de neurénios DA na SNpc e de seus terminais no
estriado. Além disso, HSP70 marcada foi encontrada no citoplasma de neurénios
dopaminérgicos dos ratos induzidos pelo modelo de PD, trés horas apos a

administracdo intranasal (Pastukhov et al. 2014). Outro trabalho, também
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demonstrou localizag&o intracelular da HSP70 marcada com fluorescéncia, apos
administracao intranasal, no bulbo olfatério, no neocortex, no hipocampo, no nucleo
dorsal da rafe, no locus coeruleus e no cerebelo (Bobkova et al. 2014). Portanto,
HSP70 exdgena é capaz de penetrar diferentes regibes cerebrais, bem como suas
células neuronais, quando administrada por via intranasal.

Neurbnios adultos diferenciados tém quantidades insuficientes da forma
induzivel de HSP70 intracelular, tornando-os mais suscetiveis a alteracdes tdxicas
no ambiente intra e extracelular (Lyon & Milligan 2019). O acamulo de proteinas mal
dobradas e a inflamacéo néo regulada contribuem para a patogénese de disturbios
neurodegenerativos relacionados ao envelhecimento. Além de sua funcdo como
chaperona, a HSP70 esta envolvida na modulacao da resposta inflamatoria (Dukay
et al. 2019). Os neurdnios DA da SNpc sdo suscetiveis a efeitos neurotdxicos da
inflamacdo sustentada, sendo a neuroinflamacdo um dos principais fatores
contribuintes para a patogénese da PD (Wang et al. 2015).

A ativacao microglial € o primeiro passo da resposta inflamatoéria, uma vez
gue estas sao as células imunes inatas residentes no CNS (Perry & Teeling 2013;
Gadani et al. 2015). Microglia quando ativada assume morfologia ameboide,
enquanto microglia em repouso é caracterizada por morfologia ramificada
(Nimmerjahn et al. 2005; Cho et al. 2006; Davalos et al. 2005). Ativacdo microglial
descontrolada leva a liberacdo de mediadores pro-inflamatérios e espécies reativas
de oxigénio, os quais contribuem para um ambiente neurotéxico (Halliwel &
Gutteridge 2016). A SNpc tem um contetdo aumentado de micrdglia em
comparacdo com outras estruturas cerebrais, além disso os neurdnios DA tém
defesas antioxidantes reduzidas, sendo vulneraveis aos insultos oxidativos da

ativacao microglial (Lawson et al. 1990; Kim et al. 2000; Sun et al. 2016; Loeffler et
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al. 1994). Neste trabalho, demonstramos que o insulto com 6-OHDA aumenta a
ativacao da microglia na SNpc, com predominio de morfologia microglial ameboide.
Os animais tratados com HSP70 apresentaram uma reducdo dessa ativagao
microglial, com menos microglias de morfologia ameboide e menor marcacao para
molécula adaptadora ionizada de ligacéo ao calcio 1 (Ibal).

Astrocitos reativos também contribuem para a resposta inflamatéria contra os
insultos no CNS. A reatividade astrocitaria pode ser dividida em trés categorias: (i)
astrogliose reativa leve a moderada; (ii) astrogliose reativa severa difusa; (iii)
astrogliose reativa severa com formacao de cicatriz glial compacta. A categoria 1 é
caracterizada por leve aumento na expresséo de proteina acida fibrilar glial (GFAP),
hipertrofia do corpo celular, preservagdo dos dominios individuais dos astrocitos,
pouca ou nenhuma proliferacéo celular. A categoria 2 é caracterizada pronunciado
aumento na expressao de GFAP, hipertrofia do corpo celular, alguma perda dos
dominios individuais, proliferacéo celular dispersa. Ja na categoria 3, ha formacéo
de cicatriz glial compacta. Esta, € formada quase inteiramente por novos astrocitos
advindos da proliferacdo celular. Estes astrocitos, que estdo extensivamente
sobrepostos e interlacados, formam bordas compactas que cercam e demarcam o
tecido danificado (Sofroniew & Vinters 2010; Sofroniew 2015). No nosso trabalho foi
possivel observar uma astrogliose reativa severa apos o insulto com 6-OHDA. Essa
reatividade astrocitaria foi marcada pelo aumento do conteido de GFAP e
diminuicdo dos dominios individuais dos astrécitos, com formacgbes difusas e
formacdes de cicatrizes gliais compactas. Os animais tratados com HSP70
apresentaram maior preservacao dos dominios individuais dos astrocitos, além de

conteido diminuido de GFAP. Portanto, nossos resultados indicam que o
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tratamento com HSP70 reduziu a reatividade astrocitaria, bem como a ativacdo
microglial induzida por 6-OHDA.

A liberacdo de mediadores pro-inflamatérios pode ser amplificada pela
ativacdo sinérgica de astrécitos e microglia, aumentando os efeitos neurotdxicos
para os neurdnios DA (Wang et al. 2015). A expressao sustentada de IL-13 na SNpc
leva a perda pronunciada de neurbnios DA (Leal et al. 2013). A inducédo desta
citocina pode levar a morte de neurdnios DA independentemente de outros eventos
inflamatérios. Um trabalho prévio demonstra que a inducéo crbénica da expressao
de IL-18 na SNpc induz a progressiva morte neuronal, a déficits locomotores e
também a ativacéo glial, de maneira similar a outros modelos experimentais da PD
(Ferrari et al. 2006). Aqui, demonstramos que o tratamento com HSP70 intranasal
diminui a expressdo do mRNA de IL-1p na SNpc.

Por outro lado, o tratamento com HSP70 ndo protegeu contra o aumento na
expressdo do mRNA da IL-6 induzido por 6-OHDA. A IL-6 € uma citocina pro-
inflamatoria, envolvida na degeneracdo e regeneracdo de neurbnios no sistema
nervoso central e periférico (Gruol & Nelson 1997; Gadient & Otten 1997). Alguns
estudos apontam que a concentracfes aumentadas de IL-6 na regido nigroestriatal
e no CSF estariam inversamente correlacionadas com a severidade da PD (Mogi et
al. 1996; Nagatsu 2002; Blum-Degen et al. 1995; Muller et al. 1998). Todavia, outro
estudo sugere niveis de IL-6 aumentados como marcador de risco para mortalidade
na PD (Dufek et al. 2015). Dessa forma, o papel da IL-6 na neuropatologia da PD
nédo esta bem estabelecido.

TNF-a é outra citocina pré-inflamatéria, a qual esta relacionada a
neuropatologia da PD (Yan et al. 2014). Em trabalho anterior, foi demonstrado que

nocaute para TNF-a suprime ativacao microglial sem reduzir a perda de neurénios
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DA induzida por MPTP (Zhao et al. 2007). Desta forma, TNF-a parece ndo estar
diretamente envolvida com a perda neuronal DA, mas estar atuando na modulagéo
inflamatoria relacionada a doenca. Além disto, utilizando nocaute para TNF-a
também h& uma reducado da disfuncdo da BBB em modelo de MPTP (Zhao et al.
2007). Outros estudos também associam TNF-a ao aumento da permeabilidade da
BBB (Tsao et al. 2001; Didier et al. 2003). Sendo essa citocina importante para o
processo de neuroinflamacgéo, o qual muitas vezes ocorre antes de uma disfuncéo
da BBB, como é o caso observado no modelo da 6-OHDA (Carvey et al. 2005).
Todavia, em nosso estudo, ndo foram encontradas diferencas na expressao do
MRNA do TNF-a na SNpc. E também, ndo foram detectadas alteracdes nos niveis
proteicos de TNF-a, IL-13 e IL-6 no soro.

Elevados niveis IL-13, TNF-a e IL-6 no CSF de pacientes com PD s&o bem
documentados (Mogi et al. 1996; Nagatsu & Sawada 2005). Por conta disso, neste
trabalho também avaliamos o conteddo destas citocinas pro-inflamatorias no CSF
dos animais. Todavia, utilizando a técnica de ELISA, obtivemos niveis nao
detectaveis ou muito baixos para as trés citocinas no CSF. De forma que
pretendemos repetir estas analises, utilizando maior concentracdo de amostra, afim
de obter resultados confiaveis.

Em uma analise geral, nossos resultados indicam que a acao neuroprotetora
da HSP70 pode estar relacionada a sua capacidade de modular a ativacéo glial e
reduzir a expressdo do mRNA da IL-18 na SNpc. Além disso, neste trabalho
demonstramos um aumento do conteddo de HSP70 na SNpc, em animais que
receberam o insulto com 6-OHDA e foram tratados com HSP70 exdgena. Esse
aumento de HSP70 ocorre por todo o tecido, ndo sendo especifico de meio intra-

ou extracelular. A liberacdo de HSPs para o meio extracelular € exacerbada em
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condicOes de estresse celular (Dukay et al. 2019). Isto pode estar refletindo no
aumento do contetdo de HSP70 que observamos, o qual ndo ocorre quando 0s
animais apenas recebem o tratamento intransal sem o insulto toxico da 6-OHDA.
Ademais, ndo ha alteracdo nos niveis de HSP70 quando os animais ndo recebem
tratamento apds o insulto toxico. No cérebro, 0s astrdcitos regulam positivamente a
expressdo de HSP70 intracelular e liberam HSP70 pra meio extracelular em
resposta ao estresse. Esta liberagdo de HSP70 extracelular pode servir como
suporte para 0s neurbnios, 0s quais tem quantidades insuficientes da forma
induzivel da HSP70 (Lyon & Milligan 2019). HSPs extracelulares atuam na
modulacdo da resposta inflamatoria, bem como na expresséo de citocinas (Dukay
et al. 2019). Desta forma, nossos resultados sugerem que, apoOs situacdes de
estresse, o tratamento com HSP70 recombinante induz a um aumento do contetdo
proteico de HSP70, nos meios intra e extracelular. Este aumento do conteudo de
HSP70 na SNpc estaria envolvido na protecao dos neurdnios DA contra o insulto da
6-OHDA, possivelmente por meio de uma modulacédo da resposta inflamatoria. Os
efeitos observados para o tratamento com HSP70, apds denervacédo dopaminérgica

induzida por 6-OHDA, encontram-se resumidos na Figura 3 (pag. 65).
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EFEITOS DA ADMINISTRAGAO INTRANASAL DE
HSP70 NA DENERVAGAQ DOPAMINERGICA
INDUZIDA POR 6-HIDROXIDOPAMINA

GRUPO GRUPO

6-0HDA 6-0HDA + HSPT0

animais receberam injecao intraestriatal animais receberam tratamento
unilateral de 6-OHDA intranasal com HSP70 recombinante,
apos injecao intraestrital unilateral de

6-OHDA

rotacdes induzidas por apomorfina

Resultados que indicam efeito neuroprotetor da HSP70 intrasanal contra o insulto da

6-OHDA, que possivelmente estd envolvido com modulag@o da resposta inflamatoria
e aumento do conteudo de HSP70 na substancia negra de ratos Wistar.
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Figura 3: Efeitos da administracdo intranasal de HSP70 na denervacéo
dopaminérgica induzida por 6-hidroxidopamina (6-OHDA). Nesta figura é
apresentada uma comparacédo dos resultados obtidos para os animais trados ou
ndo com HSP70, apos o insulto com 6-OHDA. Nossos resultados indicam efeito
neuroprotetor da HSP70 intranasal contra a neurotoxicidade induzida por 6-OHDA,
o qual possivelmente esta envolvido com modulacdo da resposta inflamatéria e
aumento do contetdo de HSP70. Isso porque, o tratamento com HSP70 aumentou
0 numero de neurbnios dopaminérgicos na substancia negra, bem como reduziu o
namero de rotagdes induzidas por apomorfina. Este tratamento também reduziu o
tempo de freezing e melhorou a performance motora dos animais. HSP70 modulou
a resposta neuroinflamatoéria, reduzindo ativiagdo microglial, e reatividade
astrocitaria na substancia negra. Em relacdo a expressao do mRNA de mediadores
pré-inflamatérios nesta regidao, o tratamento com HSP70 reduziu a expressao de IL-
1B e nao foi capaz de reduzir a expressdo aumentada de IL-6. Além disso, o
contetdo proteico de HSP70 na substancia negra também foi aumentado pelo
tratamento com HSP70 recombinante. Nesta figura, ndo constam resultados onde
nenhuma diferenca estatistica foi observada entre 0s quatro grupos experimentais

(Controle, HSP70, 6-OHA e 6-OHDA+HSP70).
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Conclusao

A administracdo intranasal de HSP70 demonstra ter acbes neuroprotetoras
contra denervacao DA induzida por 6-OHDA. O tratamento com HSP70 exdgena
reduziu a perda de neurbnios DA e melhorou o comprometimento do
comportamento induzidos pela injecao intraestriatal de 6-OHDA. Além disso, a
HSP70 modulou a resposta neuroinflamatéria, que é uma caracteristica importante
da patogénese da PD. Especificamente, o tratamento intranasal reduziu a ativagao
microglial e a astrogliose, o que pode estar levando a reducdo observada na
expressdo do mRNA da IL-18 na SNpc, apos a administracdo do HSP70. Aléem disso
o tratamento com HSP70 exdgena aumentou o contetdo de HSP70 na SNpc de
ratos induzidos por 6-OHDA. Portanto, nossos resultados demonstraram atividade
neuroprotetora da HSP70 no eixo nigrostriatal, utiizando uma abordagem de
administracdo nao invasiva. Por fim, nossos resultados indicam que a acgao
neuroprotetora da HSP70 no modelo 6-OHDA esté relacionada a uma modulacao
da resposta inflamatdria que possivelmente é resultante do aumento de HSP70 na

SNpc destes animais.
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Perspectivas

Uma vez que nossos resultados demonstraram um aumento do conteudo
proteico de HSP70 na SNpc em animais do grupo 6-OHDA-HSP70, surge o
guestionamento se o tratamento com HSP70 exdgena estaria aumentando a
expressdo do mRNA de genes da HSP70 em condi¢cbes de estresse. Para isto
pretendemos realizar a analise de RT-qPCR para os principais genes envolvidos na
expressao de HSP70: HSPA1 e HSPA2. Além disso, pretendemos avaliar os niveis
de HSP70 em outras estruturas cerebrais, como bulbo olfatorio, cortex, hipocampo
e estriado. A HSP70 extracelular pode induzir a expressédo de vias pro- e anti-
inflamatorias (Dukay et al. 2019). Temos como perspectiva analisar a expressao de
genes caracteristicos dos perfis de microglia (M1 e M2) e astrocitos (Al e A2)
induzidos por nosso tratamento, uma vez células gliais ativadas pode ser exercer
efeito prejudicial (tipo 1) ou protetor (tipo 2) (Liddelow et al. 2017). Além disso
pretendemos ampliar o painel de citocinas analisado, avaliando também os efeitos
do tratamento com HSP70 em citocinas anti-inflamatoérias, como IL-10 e IL-4. Em
relacdo as amostras de CSF, repetiremos as analises utilizando uma maior
concentracdo de amostra, afim de obter resultados confiaveis. Finalmente, nds
avaliaremos a expresséo de receptores envolvidos em vias inflamatérias e que
conhecidamente interagem com HSP70, como TLR2, TLR4 (Lyon & Milligan 2019)

e RAGE (Somensi et al. 2017).
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