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Resumo

A hipdxia-isquemia (HI) neonatal moderada a grave afeta 1-3 a cada 1.000 nascidos a
termo e continua sendo uma causa significativa de deficiéncia do neurodesenvolvimento
de longo prazo. A morbidade neuroldgica nos sobreviventes envolve dificuldades de
aprendizado, epilepsia e paralisia cerebral. O uso de hipotermia € a Unica terapia utilizada
na clinica, no entanto, o tratamento deve ser iniciado dentro de uma janela terapéutica de
6h apds o evento hipdxico-isquémico. Os efeitos neuroprotetores da hipotermia
terapéutica experimental iniciada em momentos distintos ap6s a HI, bem como a provavel
influéncia do dimorfismo sexual sobre tais efeitos ainda ndo foram elucidados. A eficacia
de potenciais agentes neuroprotetores tem sido testada em modelos animais. Ha razéo
para se pensar que a progesterona tem um forte potencial para o tratamento da HI
neonatal, ja que a sua utilizacdo tem se mostrado benéfica em pesquisas relacionadas a
lesdo cerebral traumatica, lesdo cerebral isquémica e outros modelos de lesdo do sistema
nervoso central em adultos. Essa Tese tem como objetivos avaliar os efeitos da
administracdo de progesterona e da hipotermia terapéutica sobre a lesédo neural, a
reatividade astrocitaria e o neurodesenvolvimento em ratos Wistar submetidos a hipdxia-
isquemia neonatal. No primeiro capitulo da Tese avaliamos o efeito da progesterona em
animais machos neonatais submetidos ao modelo de HI neonatal. Os animais foram
divididos em cinco grupos experimentais: SHAM, HI, HI+PROG-PRE (PRE),
HI+PROG-POS (POS), HI+PROG-PRE/POS (PP). Os termos PRE e POS referem-se a
administracdo de progesterona (na dose de 5 mg/kg) antes ou ap6s o procedimento de HI
neonatal. Dependendo do grupo experimental, os animais foram tratados com
progesterona imediatamente antes da isquemia e/ou 6 e 24 horas ap0s o inicio da hipoxia.
Foram analisados volume de lesdo do hemisfério e do hipocampo ipsilateral a lesao, além
de células degenerativas nas areas CAL e hilo do hipocampo, como também a expressdo
das proteinas Akt, caspase-3 e GFAP. Neste capitulo foi possivel observar neuroprotecédo
da administracdo da progesterona quando administrada 6 e 24h apdés a lesdo, reduzindo
todos as propriedades analisadas em comparacdo ao grupo HI sem tratamento. No
segundo capitulo avaliamos os efeitos da hipotermia terapéutica experimental em animais
submetidos ao modelo de HI neonatal de ambos os sexos em diferentes janelas
terapéuticas. Animais machos e fémeas foram tratados por hipotermia (32°C) por 5h, o
comeco do tratamento foi distinto para cada grupo: 2h, 4h, e 6h apds a lesdo. Apoés 7 dias
da les@o os animais foram a testes comportamentais e foram avaliados o volume de les&o
no hemisfério, hipocampo e cortex cerebral, além de células degenerativas e astrogliose
no hipocampo. Neste capitulo foi observado que os efeitos da hipotermia terapéutica
podem ser dependentes tanto do momento de inicio do tratamento como do sexo dos
animais. A HT iniciada 2h ap6s a HI causou reducdo da lesdo neural e dos tempos de
laténcia nos testes comportamentais em ratos de ambos os sexos. Também foi possivel
ver um efeito na astrogliose dependente do sexo, uma vez que apenas fémeas que
iniciaram o tratamento 2h ap6s o inicio da lesdo apresentaram reducdo dos pardmetros
morfologicos de astrogliose. No entanto, quando o tratamento tinha inicio ao final da
janela terapéutica (6h), as fémeas apresentavam aumento de células degenerativas e do
tempo de laténcia em comparacdo ao grupo submetido ao modelo, mas sem
tratamento. Os resultados na presente tese sugerem que a progesterona é um potencial
candidato para o tratamento da HI neonatal, por ter produzido melhoras mesmo quando
administrada apds 6h da lesdo; ja os efeitos da hipotermia sdo dependentes do tempo de
inicio do tratamento e do sexo dos animais.

Palavras-chave: hipdxia-isquemia neonatal (HI); progesterona; hipotermia terapéutica;
janela terapéutica, astrogliose.



Abstract

Moderate to severe neonatal hypoxia-ischemia (HI) affects 1-3 per 1,000 full-term births
and remains a significant cause of long-term neurodevelopmental deficiency.
Neurological morbidity in survivors involves learning disabilities, epilepsy and cerebral
palsy. The use of hypothermia is the only therapy used in the clinic, however, treatment
must be started within a therapeutic window of 6 hours after the hypoxic-ischemic event.
The neuroprotective effects of experimental therapeutic hypothermia initiated at different
times after 1H, as well as the likely influence of sexual dimorphism on such effects have
not yet been elucidated. The effectiveness of potential neuroprotective agents has been
tested in animal models. There is reason to think that progesterone has a strong potential
for the treatment of neonatal HI, since its use has been shown to be beneficial in research
related to traumatic brain injury, ischemic brain injury and other models of central
nervous system injury in adults . This Thesis aims to evaluate the effects of progesterone
administration and therapeutic hypothermia on neural injury, astrocytic reactivity and
neurodevelopment in Wistar rats submitted to neonatal hypoxia-ischemia. In the first
chapter of the Thesis we evaluated the effect of progesterone in neonatal male animals
submitted to the neonatal HI model. The animals were divided into five experimental
groups: SHAM, HI, HI + PROG-PRE (PRE), HI + PROG-POST (POST), HI + PROG-
PRE / POST (PP). The terms PRE and POST refer to the administration of progesterone
(at a dose of 5 mg / kg) before or after the neonatal HI procedure. Depending on the
experimental group, the animals were treated with progesterone immediately before
ischemia and / or 6 and 24 hours after the onset of hypoxia. Lesion volume of the
hemisphere and hippocampus ipsilateral to the lesion were analyzed, as well as
degenerative cells in the CAl and hilum areas of the hippocampus, as well as the
expression of the Akt, caspase-3 and GFAP proteins. In this chapter, it was possible to
observe neuroprotection of progesterone administration when administered 6 and 24h
after the injury, reducing all the properties analyzed in comparison to the HI group
without treatment. In the second chapter, we evaluated the effects of experimental
therapeutic hypothermia in animals submitted to the neonatal HI model of both sexes in
different therapeutic windows. Male and female animals were treated by hypothermia
(32°C) for 5h, the beginning of treatment was different for each group: 2h, 4h, and 6h
after the injury. After 7 days of the injury, the animals underwent behavioral tests and the
volume of injury in the hemisphere, hippocampus and cerebral cortex was evaluated, in
addition to degenerative cells and astrogliosis in the hippocampus. In this chapter it was
observed that the effects of therapeutic hypothermia can be dependent both on the time
of initiation of treatment and on the sex of the animals. HT initiated 2h after HI caused a
reduction in neural injury and latency times in behavioral tests in rats of both sexes. It
was also possible to see an effect on sex-dependent astrogliosis, since only females who
started treatment 2h after the beginning of the lesion showed a reduction in the
morphological parameters of astrogliosis. However, when treatment started at the end of
the therapeutic window (6h), females had increased degenerative cells and latency time
compared to the group submitted to the model, but without treatment. The results in the
present thesis suggest that progesterone is a potential candidate for the treatment of
neonatal HI, as it produced improvements even when administered 6 hours after the
injury; the effects of hypothermia, on the other hand, are dependent on the time the
treatment started and the sex of the animals.

Keywords: neonatal hypoxia-ischemia (HI); progesterone; therapeutic hypothermia;
therapeutic window, astrogliosis.



1. Introducéo
A encefalopatia hipdxico-isquémica neonatal, ou apenas hipdxia-isquemia (HI), é
uma das principais causas de mortalidade e morbidade em criangas (Knox et al., 2013).
A Hl ocorre em cerca de 0,2% dos recém-nascidos, sendo que 60% destes sdo prematuros.
Quando sobrevivem, 25% apresentam deficiéncias neuropsicoldgicas permanentes, como
dificuldade de aprendizado, epilepsia e paralisia cerebral (McQuillen and Ferriero, 2006).
As causas da HI, em sua maioria, ocorrem durante a gestacdo, porém podem ocorrer

também no momento e apds o nascimento (Douglas-Escobar and Weiss, 2013).

Segundo estudos clinicos, 20% dos casos de HI sdo causados por insulto
anteparto; em 35% por distlrbios maternos, como diabetes, retardo de crescimento
intrauterino e infecBes; ja 10% dos casos sdo causados por eventos pds-natais; e em 35%
dos casos a HI surge em decorréncia de problemas durante o trabalho de parto (Silveira

and Procianoy, 2015).

A compreensdo da fisiopatologia da HI neonatal é essencial para a concepgéo de
intervencdes eficazes para 0s recém-nascidos que sofrem eventos hipoxico-isquémicos
encefalicos (Vannucci and Hagberg, 2004), ja que h& poucas op¢des terapéuticas para o
tratamento da HI (Ferriero, 2004). A Unica terapia bem estabelecida atualmente para a HI
em neonatos nascidos a termo € a hipotermia terapéutica (HT). No entanto, a HT € apenas
parcialmente protetora, reduzindo a taxa combinada de morte e de deficiéncias graves aos
18 meses de vida em torno de 11% (Cho et al., 2020). Além disso, ainda se estima um
resultado adverso em 45% dos casos nos quais a hipotermia é utilizada. Devido a isso, a
eficacia de outras abordagens neuroprotetoras tém sido testada em modelos animais (Rees

etal., 2011).
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1.1 Modelo experimental de hipoxia-isquemia neonatal

Modelos experimentais tentam reproduzir as lesdes do sistema nervoso central
(SNC) encontradas em recém-nascidos humanos acometidos por HI (Johnston et al.,
2001; Rice et al., 1981). Para a padronizagédo de um melhor modelo experimental, estudos
também tém observado certas semelhancgas na maturagdo encefélica de ratos de 7 dias de
idade com bebés recém-nascidos a termo (Rice et al., 1981). Utilizando o modelo animal
de HI de Rice e Vannucci (Figura 1) é possivel observar danos encefélicos semelhantes
aos encontrados em recém-nascidos a termo acometidos por HI neonatal (Vannucci,

1990).

O modelo consiste na associacdo da oclusdo unilateral de uma das artérias
carétidas comuns com a exposicdo a uma atmosfera hipoxica (geralmente 8% de
oxigénio) para produzir dano cerebral unilateral. Os danos podem variar desde morte
neuronal, por necrose e/ou apoptose, infarto tecidual generalizado ou até uma combinacgéo
de ambos (Johnston et al., 2001; Rice et al., 1981). A lesdo ocasionada por este modelo é
normalmente restrita ao hemisfério ipsilateral a ligadura carotidea e é observada
principalmente no cortex cerebral, na substancia branca periventricular, no estriado, no
tdlamo e no hipocampo. Esses danos sdo raramente observados no hemisfério

contralateral (Vannucci and Hagberg, 2004).
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Figura 1. A figura "a" apresenta a situacdo normal, com fluxo sanguineo através
de ambas artérias carotidas comuns. Em "b", a artéria carotida comum direita esta ocluida
permanentemente. No entanto, a oclusdo ndo causa dano cerebral por si s6. Entretanto,
quando o animal é submetido & hipoxia, a combinagéo entre oclusdo da carétida e hipoxia
leva a uma redistribuicdo do fluxo sanguineo cerebral. O fluxo sanguineo no hemisfério
cerebral contralateral a oclusdo ndo sofre mudangas significativas, enquanto o cortex
parietal e frontal, bem como a substancia branca subcortical ipsilateral & oclus&o, recebem
apenas 15-20% do fluxo sanguineo. Assim, o hemisfério ipsilateral a isquemia esta sujeito
a hipoxia e isquemia, enquanto o hemisfério contralateral a ocluséo esta sujeito apenas a
hipdxia. Quando a hipoxia termina, o fluxo sanguineo é restabelecido, e 30 minutos apds
a hipoxia (c) o hemisfério ipsilateral a isquemia tem fluxo sanguineo igual em
comparacao com o hemisfério contralateral a oclusdo, ou seja, é perfundido novamente e
a isquemia é encerrada. Este fluxo sanguineo é mantido pelo menos até 24 horas apés a
hipdxia (d). Adaptado de Brekke e colaboradores (Brekke et al., 2017).
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1.2 Fisiopatologia da HI

Estudos experimentais in vivo e in vitro, e observacOes clinicas permitiram
desenvolver conhecimento sobre a fisiopatologia do evento HI; o entendimento é de que
ndo se trata de um Unico "evento™, mas de um processo evolutivo que leva a morte celular
retardada (Figura 2) (Davidson et al., 2015). Durante o periodo imediato de HI (a fase
"priméaria" da lesdo), a deterioracdo do estado energético estd associada a reducdo da
sintese de ATP, prejudicando o equilibrio idnico através da membrana celular, invertendo
as concentracdes idnicas e gerando edema cerebral (Korc et al., 1995; Prandini et al.,
2005). Em funcdo desta diminui¢do da concentracdo de ATP, ha uma dificuldade em
manter a atividade das bombas idnicas, como a bomba Na*/K*-ATPase, levando a uma
despolarizacdo da célula que causa uma massiva liberacdo de neurotransmissores,
especialmente do aminoacido excitatério glutamato (du Plessis and Johnston, 1997; E F
Sanches et al., 2013). Durante o evento hipdxico, os neurbnios pds-sindpticos que
respondem a glutamato sdo ativados pela maior entrada de calcio devido a despolarizagdo
(Delivoria-Papadopoulos and Mishra, 1998), e ocorre acimulo de neurotransmissores na
fenda sinaptica devido a falha da recaptacdo pelos astrdcitos e a liberagcdo excessiva

mediada pela despolarizacao (Davidson et al., 2015).

Embora possa haver morte neuronal durante um periodo suficientemente
prolongado de isquemia ou asfixia, muitos neurénios podem se recuperar do insulto, ao
menos parcialmente, em um periodo conhecido como "fase latente", que normalmente se
estende ao longo das primeiras 6 horas ap6s a lesédo (Cho et al., 2020). Estudos mostraram
que neonatos com evidéncias de asfixia moderada a grave apresentam recuperagdo
transitéria do metabolismo oxidativo cerebral apdés o nascimento, seguida por
deterioracdo secundaria com insuficiéncia energética cerebral entre 6 a 15 horas apés o

nascimento (Azzopardi et al., 1989).
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A gravidade da fase secundaria estd intimamente relacionada com o
neurodesenvolvimento avaliado no primeiro e no 4° anos de vida, e neonatos com
encefalopatia que ndo apresentaram recuperagdo inicial do metabolismo oxidativo
cerebral tiveram piora em seus resultados (Azzopardi et al., 1989). Um padrdo idéntico
de recuperacdo inicial do metabolismo oxidativo cerebral seguido por falha energética
("secundéria™) também é visto ap6s a HI em modelos animais de diversas espécies como
porcos, ratos e ovelhas, e esta intimamente relacionado a gravidade da lesdo neuronal
(Bennet et al., 2006; Blumberg et al., 1997; Lorek et al., 1994). O momento da falha
energética apds a HI esta estreitamente associado ao aparecimento de dano cerebral, o
que pode ser interpretado como um aumento da morte celular em andamento (Davidson

et al., 2015).

Apo6s a morte celular durante a fase secundaria, hd uma fase terciaria de reparo e
reorganizacdo. Durante este periodo, o desenvolvimento de novas células e a
“reconfiguracdo” dos circuitos neuronais sobreviventes S0 estimulados. Ao mesmo
tempo, ha evidéncias de que em alguns ambientes a apoptose fisiologica pode ser regulada
positivamente, prejudicando a maturacéo e a sobrevivéncia de novas células em longo
prazo (Cho et al., 2020; Marin-padilla, 1997). Os mecanismos precisos que contribuem
para o desenvolvimento prolongado da lesdo ndo sdo totalmente conhecidos, mas
envolvem inflamac&o croénica e alteragdes epigenéticas (Davidson et al., 2015). A reacao
inflamatdria tem inicio com a infiltracdo de leucocitos periféricos, inducdo microglial
local e astrogliose (Xiong et al., 2009). Astrocitos reativos liberam citocinas
inflamatdrias, como o fator de necrose tumoral-a (TNF-a) e a IL-6 por meio de um
mecanismo que pode resultar em acdo modulatoria sustentada em neurdnios vizinhos

(Davidson et al., 2015; Xiong et al., 2009).
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A regulacdo da proliferacdo celular e de vias apoptoticas associadas a morte
celular € uma abordagem importante para o entendimento do evento hipoxico-isquémico.
PI3K/Akt/mTOR sdo cinases ativadas por muitos estimulos celulares e regulam func¢Ges
celulares fundamentais, incluindo transcricdo, traducdo, proliferagdo, crescimento e
sobrevivéncia (Asati et al., 2016). A ativacdo da PI3K por citocinas promove a
fosforilagdo da Akt nos residuos T308 e S473 (Calautti et al., 2005). A Akt ativada
também impede a liberacdo de célcio da mitocdndria, um processo importante para a

apoptose (Asati et al., 2016).

A ativagdo da Akt estimula substratos envolvidos na sobrevivéncia celular e inibe
substratos pro-apoptoticos, como Bad e caspase-9, inibindo as vias de apoptose e
contribuindo para a sobrevivéncia celular (Cardone et al., 1998; Kim et al., 2007; Nair
and Olanow, 2008).

A maioria dos estudos sobre o envolvimento da proteina Akt na leséo isquémica
observou algum grau de alteracdo na fosforilacdo dessa enzima, nos mais variados
periodos apo6s a lesdo. Os processos de fosforilagcdo/desfosforilagdo sdo mecanismos
regulatorios que levam a ativacao/inativacao da Akt (Kitagawa et al., 2002a). Entretanto,
outra forma de inativacdo da enzima € sua clivagem pela caspase-3, que anula os efeitos
anti-apoptoticos da Akt (Francois and Grimes, 1999). A ativacdo da Akt promove
sobrevivéncia através de diferentes agdes celulares. Uma acdo que pode mediar os efeitos
neuroprotetores da Akt durante eventos hipdxicos é o aumento da captacdo de glicose

pelas células afetadas (Li et al., 2015).
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Figura 2. Mecanismos de evolucao da lesdo neural na fase primaria, fase latente,
fase secundaria e fase terciaria que contribuem para a geracdo de danos cerebrais e
incapacidade a longo prazo. Adaptado de Cho e colaboradores (Cho et al., 2020).

1.3 Astrogliose no modelo de HI neonatal

Os astrdcitos sdo o tipo celular mais abundante do SNC, com capacidade de
modular o ambiente metabdlico e i6nico dos neurdnios, além de ter fun¢bes importantes
no tecido neurovascular. Os astrécitos também possuem papel importante no
fornecimento aos neurénios de uma fonte renovavel de neurotransmissores (Gordon et

al., 2008; Mishra et al., 2016). Os astrocitos interagem com as células neurais e ndo
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neurais, incluindo neurdnios e suas sinapses, oligodendrocitos, células progenitoras de
oligodendrdcitos (OPCs), microglia, varias células perivasculares, fibroblastos
meningeos e células imunes circulantes (Sofroniew, 2020). Quando um dano ou doenca
afeta 0 SNC, sdo desencadeadas respostas multicelulares coordenadas que envolvem

células da glia, neurénios e células ndo neurais (M. V. Sofroniew, 2015).

Embora os principais efetores da inflamacéo do SNC sejam leucdcitos circulantes
derivados da medula 6ssea, hd um reconhecimento crescente de que as células intrinsecas
do SNC tém papéis essenciais no recrutamento, instrucao e retencdo destes leucocitos em
locais do SNC que sofreram insultos. Entre as células intrinsecas do SNC, as células
microgliais estéo estabelecidas como sensores precoces de dano (Prinz and Priller, 2014).
Além disso, os astrocitos podem exercer fungdes pré-inflamatdrias potentes ou funcbes
anti-inflamatorias cruciais para a neuroprotecdo, dependendo do tipo especifico de

sinalizagdo (M. V. Sofroniew, 2015).

Astrocitos em tecido saudavel expressam muitos receptores para padrdes
moleculares associados a patdgenos e padrdes moleculares associados a danos ou perigo,
que sdo conhecidos por desencadear respostas imunes inatas (Gong et al., 2020), em

particular receptores Toll-like (TLRs), incluindo o TLR4 (Gong et al., 2020).

Entretanto, além de suas fungdes no SNC saudavel (sem lesdo), os astrécitos
exibem uma resposta evolutivamente antiga a lesdo e & doenca do SNC, comumente
referida como reatividade astrocitaria, que por muito tempo foi considerada homogénea
e funcionalmente passiva (Plog and Nedergaard, 2018; Sofroniew and Vinters, 2010).
Atualmente, a literatura mostra que os astrocitos reativos podem responder a diversos
sinais moleculares que derivam de muitos tipos de células, incluindo neurénios, outras

células da glia, células estromais locais, e proteinas séricas, bem como células imunes
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transportadas pelo sangue, além de moléculas associadas a disturbios metabdlicos de

outros tecidos (Sofroniew, 2020).

Durante o processo de astrogliose, os astrocitos envolvem o tecido danificado que
contém infiltracdo de leucocitos, proliferacdo de células estromais e fibrose ap6s trauma,
isquemia, infeccdo, inflamag&o autoimune, acimulo de toxinas, vazamento da barreira

hematoencefélica (BHE) ou doenca neurodegenerativa (Sofroniew, 2020).

Além disso, durante a astrogliose ha possibilidade de liberacdo de diversas
moléculas que afetam as células proximas de todos os tipos de muitas maneiras distintas.
Ha evidéncias clinicas e experimentais acumuladas de que disfuncbes de astrdcitos e
astrogliose, seja por perda de fungdes benéficas ou ganho inadequado de efeitos
prejudiciais, ttm o potencial de contribuir para ou serem as principais causas de distarbios

do SNC, levando a nocdo de astrocitopatias (M. V Sofroniew, 2015).

Estudos com roedores ja demonstraram que os astrécitos localizados na substancia
cinzenta do hipocampo e do cortex cerebral apresentam morfologia complexa
(Nedergaard et al., 2003). Por exemplo, astrdcitos nestas regibes podem envolver
milhares de sinapses individuais (Fields et al., 2015; Halassa et al., 2009, 2007) e uma
infinidade de vasos sanguineos do parénquima (ladecola and Nedergaard, 2007), sendo
células-chave para a modulacdo da atividade sinéptica e a regulacdo do fluxo sanguineo
local, permitindo ajustar o fluxo sanguineo cerebral aos niveis de atividade neuronal
(Sheikhbahaei et al., 2018). Embora o significado funcional desses arranjos astrocitarios
complexos ndo tenha sido definitivamente estabelecido, sugere-se que a sua morfologia
esteja intimamente relacionada ao seu papel na funcdo encefalica (Nedergaard et al.,

2003; Sheikhbahaei et al., 2018).
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A proteina glial fibrilar &cida (GFAP) é um componente vital do citoesqueleto dos
astrocitos durante o desenvolvimento do encéfalo (Middeldorp and Hol, 2011). A GFAP
é essencial para o funcionamento dos astrécitos, principalmente na formacéo da barreira
hematoencefélica e na regulacdo das atividades do SNC em desenvolvimento (Tripathi et
al., 2017), além de desempenhar papel benéfico, estimulando as interagdes neurdnio-glia
e regulando a transducdo sinaptica (Albee and Michael, 2003; Middeldorp and Hol,

2011).

Por outro lado, a mudanca nos niveis de GFAP altera o funcionamento dos
astrocitos com consequéncias prejudiciais aos neurdnios circundantes (Tripathi et al.,
2017). Dessa forma, a astrogliose torna-se prejudicial, impedindo a plasticidade neural e,
portanto, o crescimento do encéfalo (Pekny and Pekna, 2015). O aumento da expressdo
de GFAP e a hipertrofia glial estdo associados a uma gama de patologias do SNC,
incluindo trauma, isquemia e neurodegeneracdo (Middeldorp and Hol, 2011). O aumento
da expressdo de GFAP também induz astrogliose, agravando distarbios neuroldgicos
inflamatorios e a lesdo cerebral (Williams et al., 2001). Portanto, a expressao de GFAP e
a morfologia astrocitaria sdo varidveis importantes para entender o funcionamento do

astrécito.

Estudos sugerem que o aumento da expressdo GFAP em modelos de leséo
aumentam a expressao da caspase-3 (Aras et al., 2012). No entanto, um estudo mostrou
que a via da Akt induzida por FABP7 é essencial para o desenvolvimento glial e facilita
a gliogénese em linhagens gliais anormais (Hegedus et al., 2007). Estudo anterior de
nosso grupo mostrou que Akt-p (Akt fosforilada) pode regular negativamente a expressao
de GFAP. Portanto, o aumento da expressdo da Akt-p poderia levar & redugdo da
expressao da caspase-3 de forma direta, além de reduzir a expressao da GFAP, podendo

levar a uma reducéo da caspase-3 de forma indireta (Fabres et al., 2020).
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1.4 Dimorfismo sexual

As diferencas do sexo em resposta a hipoxia ja foram demonstradas em recém-
nascidos prematuros humanos e em roedores nos periodos pré-natal e pés-natal (Burnsed
et al., 2015). Estudos experimentais com animais de ambos 0s sexos descreveram
diferencas no metabolismo basal e na expresséo e atividade das enzimas mitocondriais
(Brekke et al., 2017; Dukhande et al., 2009), com as fémeas apresentando maior atividade
de transporte de elétrons mitocondrial do que os machos (Weis et al., 2012). Além disso,
estudos recentes com humanos e animais adultos indicam que o sexo pode ser um
modulador da morte de células isquémicas cerebrais: ha evidéncias de que tanto a
vulnerabilidade para o dano cerebral HI quanto os mecanismos de morte celular apos a

HI diferem entre os sexos (Netto et al., 2017).

Foi recentemente demonstrado em ratos submetidos a HI neonatal que uma
translocacdo mais pronunciada do fator indutor de apoptose (AIF) ocorreu em machos,
enquanto a caspase-3 foi mais ativada em fémeas (Zhu et al., 2006). A diferenca sexual
em modelos experimentais de lesdo encefalica pode ter influéncia em mecanismos
apoptéticos dependentes de caspase: liberagdo de citocromo C da mitocdndria e
subsequente ativacdo da caspase-3, culminando em aumento da apoptose (Netto et al.,
2017). Como consequéncia, o dimorfismo sexual pode ser um fator determinante no

desenvolvimento de novos tratamentos para a Hl neonatal.

1.5 Hipotermia terapéutica
H& mais de uma década surgiram evidéncias experimentais e, posteriormente,
estudos clinicos, sugerindo que a HT pode reduzir a lesdo encefalica, e assim melhorar o

desfecho neuroldgico, em recém-nascidos, apos a HI (Silveira and Procianoy, 2015).
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Nas décadas de 1950 e 1960, Miller e Westin estudaram a base fisiologica do
papel neuroprotetor da hipotermia no tratamento da “asfixia neonatal”, primeiro em
animais neonatos e depois em recém-nascidos humanos. Eles e outros demonstraram
melhora na sobrevida, sem paralisia cerebral ou retardo mental, nos recém-nascidos
apneicos que foram resfriados rapidamente para 23°C a 32°C apds o parto, quando as
técnicas convencionais de ressuscitacdo falharam. Apesar de seus resultados, a hipotermia
n&o se tornou uma terapia aceita no cuidado neonatal, em parte porque nunca foi avaliada

por ensaios clinicos randomizados (Blackmon et al., 2006).

Ainda na década de 1960, a parada circulatéria hipotérmica (temperatura central
de 18-20°C) foi introduzida para facilitar o reparo de cardiopatias congénitas complexas
(Kirklin et al., 1961). Essa técnica permitiu o reparo precoce de alteragdes e, portanto,
menos morbidade cardiaca na primeira infancia. Logo a técnica foi amplamente adotada,
embora a duracdo da isquemia aceita para que o tratamento fosse iniciado sem ter chances
de efeito que intensificasse a lesdo no SNC n&o foi estabelecida. A heterogeneidade das
lesBes e a falta de uniformidade dos procedimentos operatorios e da duracdo da parada
circulatoria dificultaram conclusBes sobre a seguranca do tratamento com hipotermia

(Blackmon et al., 2006).

A patogénese da lesdo neural de um insulto hipoxico-isquémico foi melhor
definida e mecanismos tecnicamente aplicaveis para resfriar neonatos foram
desenvolvidos. Reducdes na temperatura do encéfalo entre 2°C e 5°C fornecem
neuroprotecdo em modelos animais recém-nascidos e adultos de isquemia cerebral (Cho
et al., 2020; Gunn et al., 1997; Sabir et al., 2012; Shankaran et al., 2005). A temperatura
alvo de 33,5°C foi selecionada com base em estudos em animais que mostraram
atenuacéo da leséo cerebral nesta temperatura sem os efeitos adversos (por exemplo, leséo

miocardica) que ocorrem em temperaturas mais baixas (Weinrauch; et al., 1992). O
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resfriamento do encéfalo tem um efeito redutor da fatores que contribuem para a lesdo
cerebral, incluindo aminoacidos excitatérios, o estado de energia cerebral, fluxo
sanguineo cerebral e metabolismo, producgdo de 6xido nitrico e apoptose (Shankaran et

al., 2005).

A protecdo parcial, e ndo total, com os atuais protocolos de hipotermia
encontrados em estudos clinicos esta em grande parte relacionada as dificuldades clinicas
envolvidas para que se possa iniciar a hipotermia dentro da janela de oportunidade ideal
ou janela terapéutica. Os protocolos clinicos atuais recomendam que, para recém-
nascidos com HI moderada a grave, a hipotermia deve ser iniciada nas primeiras 6 horas

de vida com uma temperatura entre 33-34°C, e continuada por 72h (Cho et al., 2020).

Ja estudos pré-clinicos utilizando fetos de ovelha mostraram que, quando a
hipotermia é iniciada na fase latente, em 90 minutos ou 3h apds o final da isquemia, a
morte de neurdnios e de oligodendrdcitos é reduzida e a atividade cerebral retorna aos
niveis basais encontrados em animais controle, que ndo foram submetidos a HI (Bennet
et al., 2006; Rutherford et al., 2010). No entanto, quando o tratamento é iniciado ao final
da fase latente, em torno de 5,5h ap6s a isquemia, é observada apenas uma melhora parcial
na sobrevida neuronal e na recuperacdo da atividade no eletroencefalograma (EEG), sem
melhora na sobrevida dos oligodendrocitos (Fleiss and Gressens, 2012; Vannucci et al.,
2004). Se a HT for adiada para 8,5h ap6s o fim da isquemia, o tratamento ndo mais se
associa a qualquer melhora na sobrevivéncia celular ou recuperacao da atividade do EEG
(Fleiss and Gressens, 2012). Logo, é importante ressaltar que ha evidéncias consistentes
de que a hipotermia iniciada o mais cedo possivel na fase latente melhora seus efeitos

neuroprotetores em animais submetidos a HI neonatal (Sabir et al., 2012).
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Ademais, existem poucos estudos publicados sobre o efeito da HT iniciada
tardiamente ap6s HI de gravidades diferentes, e ainda menos estudos que questionam se
a HT pode aumentar a lesdo se iniciada tardiamente (Sabir et al., 2012; Taylor et al.,
2002). Ainda, em estudos experimentais com fetos de ovelha, a extenséo da duragdo da
hipotermia para 120h foi associada a sobrevida neuronal prejudicada em algumas regides,
em comparacdo com 72h de HT. Os resultados dos estudos que utilizam HT como
tratamento para animais submetidos ao modelo de HI neonatal podem apresentar
resultados distintos por haver diferencas de espécie, idade, intensidade de lesdo e
diferenca de sexo entre os estudos realizados (Burnsed et al., 2015; Sabir et al., 2012;

Smith et al., 2015, 2016).

Os mecanismos de protecdo que fundamentam a HT sdo multifatoriais (Wassink
et al., 2018). A neuroprotecdo produzida pela hipotermia apds HI grave esta intimamente
associada a supressao de processos apoptdticos e necréticos, provavelmente por meio da
reducdo da permeabilidade mitocondrial e ativacdo reduzida de vias extrinsecas de morte
celular (Cho et al., 2020). A hipotermia também pode ter efeitos que reduzem
propriedades excitatérias no SNC, conforme mostrado pela restauracdo da expressdo
(reduzida por isquemia) do MRNA do GIuR2, a subunidade que limita o influxo de ions
de célcio por meio do receptor de 4&cido alfa-amino-3-hidroxi-5-metil-4-
isoxazolpropidnico (AMPA) e, portanto, sugerindo que a hipotermia pode ajudar a

prevenir a excitacdo excessiva (Colbourne et al., 2002).

Um mecanismo chave da protecdo da HT € a imunossupressdo. A hipotermia apds
a HI tem caracteristica de inibir a ativagdo microglial e a inducdo de citocinas pro-
inflamatdrias (Wassink et al., 2018, 2014). A hipotermia também pode suprimir a

translocacéo e a ligagdo dos principais fatores de transcri¢cdo da inflamacéo, incluindo o
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fator nuclear x-B (NF-xB), a interleucina-1p (IL-1B) e TNF-a apds isquemia transitoria

focal (Han et al., 2003).

No entanto, estudos clinicos e ensaios experimentais mostraram que a hipotermia
ndo é neuroprotetora em todos os casos de HI moderada, e também ndo mostra efeitos
benéficos em casos de HI grave (Sabir et al., 2012; Silveira and Procianoy, 2015; Wood
et al., 2016). Portanto, é necessario o desenvolvimento de novas estratégias de tratamento

baseadas na fisiopatologia do evento hipdxico-isquémico.

1.6 Progesterona

Os mecanismos moleculares que ativam a cascata de lesdo isquémica no encéfalo
adulto sdo semelhantes aos encontrados pela HI enceféalica em animais neonatos (Peterson
et al., 2015). Ambos os modelos de lesdo encefélica, adulta e neonatal, produzem edema
cerebral, infiltracdo de macrdfagos e ativacdo microglial e aumento de astrogliose, o que
pode levar a uma resposta inflamatdria exacerbada, excitotoxicidade e morte celular
(Sayeed et al., 2009). A medida que a cascata de lesdo progride, pode ocorrer
desmielinizacdo, geracdo de radicais livres e inducdo de apoptose, o que significa mais

danos e, consequentemente, morte celular (PETERSON et al., 2015).

A progesterona (PROG) pode amenizar a leséo cerebral ao afetar muitos
mecanismos diferentes para prevenir danos imediatos e de longo prazo. O conceito de
que os esteroides gonadais tém funcgdes apenas de controle reprodutivo, de que sua sintese
é realizada apenas pelas glandulas adrenais, e de que regulam apenas respostas
adaptativas e a homeostase de fluidos corporais tem mudado com o passar dos anos
(Schumacher et al., 2004). Diversos estudos mostram agdes diversas tanto da PROG,

guanto de outros esteroides como estradiol e androgénios no SNC. A influéncia desses
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esteroides pode afetar o funcionamento de neurdnios e das células gliais (Sayeed et al.,

2007; Schumacher et al., 2004; Stein, 2011).

Os esteroides ndo apresentam funcdes apenas enddcrinas, mas também exercem
acdao como neurotransmissores (Baulieu, 1998). Portanto, foi criado o termo “esteroides
neuroativos™ (Paul and Purdy, 1992) referindo-se a todos os esteroides capazes de regular
as fungdes neurais, incluindo hormonios esteroides, neuroesteroides e esteroides

sintéticos (Melcangia et al., 2008).

Como mencionado, a PROG é um neuroesteroide e pode ser sintetizada a partir
do colesterol ou a partir de precursores esteroides importados de estruturas periféricas
que sdo metabolizados “in situ” (Dubrovsky, 2006), no SNC e periférico, nas células
gliais e em neurdnios (Chen et al., 2008; Stein, 2009). A PROG é capaz de modular a
atividade neural e de regular diversas outras fungdes do organismo, como
desenvolvimento, diferenciacdo, metabolismo e reproducéo de fémeas de varias espécies

(Dubrovsky, 2006).

Sendo um esteroide, a PROG pode atravessar a membrana plasmatica e atuar em
receptores intracelulares, produzindo efeitos gendémicos de longo-prazo (minutos a horas)
como fatores de transcricédo, regulando a expresséo de genes de redes neurais para o inicio
ou para a manutencao de respostas fisioldgicas (Schumacher et al., 2004). Por outro lado,
a PROG também pode produzir efeitos ndo-gendmicos, que podem ser observados de
milissegundos até poucos segundos, ou seja, sdo muito mais rapidos do que os efeitos
classicos sobre a expressao génica (Arbo et al., 2014). Muitos desses efeitos sdo mediados
por metabdlitos da PROG, como por exemplo, a alopregnanolona. Esses efeitos incluem
a modulagdo da excitabilidade neuronal através de acfes na superficie celular e efeitos

moduladores sobre a funcdo e composicdo de alguns receptores, como por exemplo, 0s
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receptores serotoninérgicos e o receptor GABAa (Arbo et al., 2014). Este efeito da
ativagdo do receptor GABAA também é dependente da idade do animal, como explicado
por Tsuji e colaboradores (Tsuji et al., 2012). Especula-se que a leséo produzida pela
hipOxia-isquemia poderia atrasar o desenvolvimento do receptor GABAA ou afetar outros
mecanismos, além da acdo do GABA, que podem ocorrer em animais imaturos (Tsuji et

al., 2012).

Alguns autores ja demonstraram que a PROG também pode diminuir o edema
cerebral, diminuir a peroxidacao lipidica, diminuir a apoptose e anormalidades neuronais,
promover a estabilidade da BHE, além de melhorar a cognicdo ap6s danos cerebrais
(AGGARWAL et al., 2008; SARKAKI et al., 2013). A PROG também pode diminuir o
edema, a inflamacdo, a excitoxicidade do glutamato, os radicais livres e a apoptose em

lesBes de encéfalos adultos (Jiang et al., 2017; Wang et al., 2013).

O possivel mecanismo neuroprotetor da PROG ainda ndo esta completamente
esclarecido. Estudos sobre o efeito neuroprotetor da PROG tém focado principalmente
nos danos encefalicos em ratos adultos, enquanto aqueles em ratos recém-nascidos séo
raramente relatados (Wang et al., 2013). As concentracdes séricas da PROG e da
alopregnanolona, principal metabdlito da PROG, em uma gestante, tendem a aumentar
durante a gravidez, mostrando uma elevacéo em torno de 10 a 100 vezes no momento do
parto (LUISI et al., 2000). Ja foi demonstrado que a concentra¢do de alopregnanolona
encontrada no corddo umbilical é praticamente a mesma daquela encontrada no sangue
materno (Hill et al., 2000). Além disso, esses esteroides tém a caracteristica de cruzar
facilmente a BHE (Li et al., 2013). O encéfalo do rato recém-nascido também esta exposto
a altas concentragdes de PROG e alopregnanolona (Grobin et al., 2003). Estes dois
neuroesteroides sdo fornecidos pela circulagdo materna, além de serem produzidos pelo

encéfalo do feto. Por outro lado, as concentracdes de PROG e de alopregnanolona
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diminuem muito no encéfalo do neonato apds o nascimento, devido & perda do

fornecimento de sangue materno (Wang et al., 2010).

Sabe-se que a PROG ativa algumas vias de sinalizacdo envolvidas com estimulos
pré-sobrevivéncia em diferentes areas encefalicas, promovendo a fosforilacdo da Akt e a
fosforilacdo da Erk (componente da via das proteinas cinases ativadas por mitdgenos -
MAPK) (GUERRA-ARAIZA et al., 2009; KAUR et al., 2007). Essas cinases participam
das acdes da PROG envolvendo o controle da diferenciacdo e da fungdo neuronal e do
comportamento reprodutivo, além das acGes de neuroprotecdo (KAUR et al., 2007). A
PROG pode, ainda, reduzir a expressdo e a atividade da enzima caspase-3, que é
considerada a caspase efetora central e final, sendo responsavel pela maior parte da
apoptose biologica. O efeito preventivo ao dano cerebral e 0 mecanismo de a¢do da PROG

tém atraido cada vez mais a atencdo dos pesquisadores (WANG et al., 2013).

As amplas propriedades neuroprotetoras da PROG ja foram demonstradas em
varias espécies animais e em uma variedade de modelos de lesdo neurolégica (Skolnick
et al., 2014). Ha razbes para se pensar que o neuroesteroide PROG tem um forte potencial
para o tratamento da HI neonatal ja que o mesmo apresenta efeitos benéficos em pesquisas
relacionadas com lesdo cerebral traumatica, lesdo cerebral isquémica e outros modelos de
lesdo do sistema nervoso central (SNC) de adultos (KAORE et al., 2012; LUOMA;

STERN; MERMELSTEIN, 2012; STEIN, 2011).

A PROG também tem caracteristica modulatéria na astrogliose apds lesdes do
SNC (Djebaili et al., 2004; Fabres et al., 2020; Labombarda et al., 2011). A astrogliose é
um fendmeno comum em casos de lesdo do SNC, dano excitotoxico, envelhecimento,
neurodegeneracdo, neuroinflamac&o, isquemia e doengas metabdlicas (Benarroch, 2005;

Sofroniew, 2009). Astrdcitos podem ter efeitos prejudiciais ap6s lesdes do SNC, levando
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a exacerbacdo da cascata inflamatoria, liberagdo de niveis neurotdxicos de espécies
reativas de oxigénio e glutamato e ao comprometimento da fun¢do da BHE, aumentando
a formacdo de edema citotoxico (Sofroniew, 2009). Em muitas dessas condigdes, 0s
hormonios esterdides desempenham um papel anti-gliético, diminuindo a astrogliose. O
efeito anti-gliético ja foi demonstrado para muitos esterdides, incluindo estradiol,
moduladores seletivos do receptor de estrogénio, PROG, andrdgenos e glicocorticoides
(Djebaili et al., 2004; Garcia-Segura et al., 1999). Uma vez que 0s astrocitos expressam
receptores intracelulares e de membrana para a PROG (Labombarda et al., 2011,
Schumacher et al., 2004; Waters et al., 2008), especula-se que os efeitos dos esteroides
sobre os astrocitos podem ser diretos. Exemplos de efeitos da PROG administrada in vivo
sobre da fungdo dos astrdcitos incluem a inibicéo da 6xido nitrico sintase, da GFAP e de
citocinas pro-inflamatérias como TNF-a e IL-18 (Coughlan et al., 2005; Labombarda et
al., 2011; Meyer et al., 2010). Também é conhecido que uma inativacgao seletiva do fator
NF-kB astroglial, um regulador chave da inflamag&o e da cascata de lesdo secundaria, leva
a uma melhora da recuperacgdo funcional em modelos de esclerose multipla (Brambilla et
al., 2009). A este respeito, a inibicdo de NF-kB pela PROG sugere que a PROG possa agir

como um regulador da astrogliose e dos danos secundarios provocados pela Hl.

1.6 Hipotese

A HI neonatal envolve a ativacéo de diversas vias moleculares, o que dificulta a
busca por um tratamento Unico adequado. Entretanto, um dos processos centrais
associados a lesdo cerebral pos-HI € a astrogliose, a qual intensifica o0 processo
neuroinflamatdrio. A HT, tratamento usado na clinica neonatoldgica, apresenta efeitos
multifatoriais como reducdo do metabolismo e da neuroinflamacédo; porém esse método
néo é efetivo em todos os casos e deve ser iniciado em até 6 horas ap6s o inicio da les&o.

Tendo em vista essa limitacéo de janela terapéutica, novos tratamentos tém sido buscados.
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A PROG apresenta caracteristicas multifatoriais agindo em diversas vias do SNC
(inclusive como anti-inflamatorio), podendo ser uma boa candidata a agente

neuroprotetor mesmo se administrada tardiamente apos a Hl.

Com base no que foi exposto, nossa hipotese é de que a PROG iré reduzir a lesdo
encefélica em animais neonatos submetidos ao modelo de HI, mesmo sendo utilizada
apos a janela terapéutica da HT. Também prevemos que os beneficios do tratamento
hipotérmico serdo dependentes do periodo de inicio da HT, com tratamentos iniciados
mais cedo levando a um maior grau de neuroprotecdo. Ambos os tratamentos (PROG e
HT) reduzirdo a reatividade astrocitéaria causada pela HI, contribuindo para a diminuicéo
da lesdo cerebral e melhora dos pardametros comportamentais. Por outro lado, os efeitos
do resfriamento podem ser dependentes do dimorfismo sexual, com uma melhor resposta
neuroprotetora sendo observada nas fémeas (cuja morte celular é dependente de caspase-

3), devido a uma reversao ou inibicdo das vias apoptoéticas ativadas pela HI.
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2. Objetivos

2.1 Geral

Avaliar os efeitos da administracdo de PROG e da HT sobre a lesdo neural, a
reatividade astrocitaria e o comportamento em ratos Wistar submetidos a hipoxia-

isquemia neonatal.

2.1. Especificos
- Avaliar o grau de severidade da lesdo encefélica, a expressao de proteinas anti-
e pré-apoptoticas e a astrogliose no hipocampo ipsilateral a lesdo em ratos machos

submetidos a HI neonatal e tratados com PROG;

- Investigar, em ratos machos e fémeas submetidos a HI, os efeitos da TH iniciada
em diferentes intervalos po6s-HI (janela terapéutica), sobre parametros do
neurodesenvolvimento (peso corporal e reflexos de geotaxia negativa e endireitamento),
parametros morfoldgicos (volume de lesdo cerebral e porcentagem de células
hipocampais em degeneracdo) e parametros astrocitarios (imunorreatividade a GFAP e

morfologia astrocitaria);

- Avaliar os efeitos do dimorfismo sexual sobre os desfechos produzidos pela TH

iniciada em diferentes intervalos pés-HI (janela terapéutica).
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Abstract

Neonatal hypoxia—ischemia (HI) is the leading cause of mortality and morbidity in newborns, occurring in approximately
2% of live births. Neuroprotective actions of progesterone (PROG) have already been described in animal models of brain
lesions. However, PROG actions on are sull I. Here, we treated male Wistar rats exposed 1o Hl with
PROG. Five experimental groups were defined (n=6/group) according to the scheme of PROG administration (10 mg/kg):
SHAM (animals submitted to a fictitious surgery. without ischemia induction, and maintained under ia), HI (animals
undergoing HI), BEFORE (animals undergoing HI and receiving PROG immediately before HI). AFTER (animals under-
going HI and receiving PROG at 6 and 24 h after HI) and BEFORE/AFTER (animals undergoing HI and receiving PROG
immediately before and 6 and 24 h after HI). At P14 (7 days following HI). the volumes of lesion of the cerebral hemisphere
and the hippocampus ipsilateral to the cerebral ischemia were evaluated, along with p-Aky cleaved caspase-3 and GFAP
expression in the hippocampus. PROG reduces the loss of brain tissue caused by HL. Moreover, when administered after HI,
PROG was ableto i p-Akt expression and reduce both cleaved caspase-3 and GFAP expression in the hippocampus.
In summary, it was possible to observe a neuroprotective action of PROG on the brain of neonatal animals exposed to experi-
mental HL. This is the first study suggesting PROG-dependent Akt activation is able 1o regulate negatively cleaved caspase-3
and GFAP expression protecting neonatal hypoxic-ischemic brain tissue from apoptosis and reactive gliosis.

Keywords Neonatal hypoxia—ischemia - Akt - GFAP - Caspase-3 - Astrogliosis - Neuroprotection

Introduction

Neonatal hypoxia—ischemia (HI) is a condition associated
with a variety of harmful events, such as perinatal asphyxia,
intraventricular hemorrhage, stroke among others. There-
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fore. HI is a major cause of mortality and morbidity for neo-
nates (Shankaran et al. 2003). In underdeveloped countries
the rate of Hl incidents ds that of developed countries
up to ten times (Silveira and Procianoy 2015). Therapeutic
hypothermia is the only clinical treatment for newborns suf-
fering from HI. However, clinical studies and experimental
trials have shown hypothermia is not neuroprotective in all
cases of moderate HI, and also does not show beneficial
effects in cases of severe HI (Sabir et al. 2012; Silveira and
Procianoy 2015; Wood et al. 2016). Hence, it is necessary
to develop new strategies of treatment based on the patho-
physiology of the hypoxic-ischemic event.
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Here, we proposed to use the administration of the ster-
0id progesterone (PROG) as a treatment for neonatal HI. A
neuroprotective role of PROG has already been shown in
several studies of lesions in the adult central nervous system
(for review see Deutsch et al. 2013), including stroke (for
review see Guennoun et al. 2019). On the other hand. just
a few studies using PROG have been performed in animal

dels of 1 HI; still, Its are ¢ sial (Tsuji
etal. 2012; Wang et al. 2013: Li et al. 2014b, 2015: Peterson
etal. 2015; Fabres et al. 2018).

PROG regulates cell proliferation, apoptosis, excitotoxic-
ity and anti-inflammatory features during brain development
(Whitaker-azmitia et al. 2014; Atif et al. 2016). In addition,
PROG also modulates cell survival pathways by increas-
ing p-Akt expression and inhibiting caspase-3 expression
(Djebaili et al. 2004; Li et al. 2015; Stanojlovic et al. 2019).

Caspase-3 is the leading factor in the activation of the
apoptosis pathway (Djebaili et al. 2004: Li et al. 2015). After
an initial phase of pecrosis caused by HI, apoptosis is the
main pr involved in the inc of neural cells death
(Davidson et al. 2015). Afterwards. neuroinflammation plays
a role in the extension of the brain lesion with astrocytic
hypertrophy being the main component of the neuroin-
flammatory process (Li et al. 2014a: Odorcyk et al. 2017).
Astrocytes have an important role in the metabolism, glu-
tamate uptake and maintenance of the blood-brain barrier
following a HI event. However, astrocytes hyperactivation
produces harmful effects (Teo et al. 2015; Concepcion and
Zhang 2018; Burda and Sofroniew 2014). Hyperactivation
of astrocytes is associated with secretion of proinflammatory
cytokines, leading to a secondary neuronal damage (Rocha-
Ferreira and Hristova 2016; Burda and Sofroniew 2014).

In a previous study, we did not find any effect of PROG
on the expression of p pase-3 and p-Akt when animals
were evaluated just 48 h following HI. Here, we used the
same schedule of PROG administration (before HI and/or
6 h and 24 h after HI) but evaluated the animals a week
later. One-week post-injury period was chosen b it

Material and Methods
Animals

For this study we used 60 seven-day-old (P7) male Wistar
rats (n==6/group), since at this age the level of brain mate-
ration is comparable to that of full-term human neonates
(Dobbing and Sands 1979; Netto et al. 2017). Puppies
were kept together with their dams which received food
and water ad libitum. Light—dark cycle (12 h light/I12 h
dark) and temperature (22 °C £ 2 °C) were controlled. This
study was approved by the Institutional Animal Care and
Use Committee of Federal University of Rio Grande do
Sul (UFRGS, #26669) and Hospital de Clinicas de Porto
Alegre (HCPA, #14-0578).

HI procedure was performed according to the model of
Rice et al. (1981) (see Fig. | for details). Animals were
anesthetized with isoflurane (5% for induction and 3% for
maintenance), and then submitted to surgical occlusion of
the right common carotid artery. Animals were exposed to
isoflurane for no more than 10 min during surgery. After
recovering under a heat lamp. pups were left with their
mothers during 1-2 h and then placed in a hypoxic cham-
ber (8% 0,/92% N,. SL/min) for 60 min at 37°C (animal
body temperature). After hypoxic exposure, the puppies
were kept in a box under heating for approximately 30 min
and then returned to their mothers.

ntal Groups And Progesterone
Administration

PROG (Sigma) was dissolved in 22.5% cyclodextrin
(2-hydroxypropyl-f-cyclodextrin) and administered at a
dose of 10 mg/kg of body weight (at a concentration of
5 mg/ml). Animals were assigned to five experimental

encompasses brain damage due to all mechanisms of injury
(Teo et al. 2015). Notwithstanding we did not observe any
neuroprotective effect of PROG 24 h following HI (Fabres
et al. 2018), PROG neuroprotective effects had already been
demonstrated when neonatal animals submitted to HI reach
adulthood (Peterson et al. 2015).

Our hypothesis is that astrogliosis is increased after
injury, which may be related to the activation of apoptosis
pathways. In addition. administration of PROG a few hours
following HI will produce long-lasting effects reducing brain
damage when it is evaluated a week following HI insult.
Thus, the aim of the present study was to evaluate the effect
of PROG on the volume of brain lesion. astrogliosis and
cell survival and apoptosis pathways a week later neonatal
cerebral HL.

@ Springer

groups depending on the schedule of PROG and/or vehi-
cle (cyclodextrin) admini ding to our pre-
vious paper (Fabres et al. 2018) (see Fig. | for details):
SHAM, HI, HI+PROG-BEFORE (BEF), HI + PROG-
AFTER (AFT), HI + PROG-BEFORE/AFTER (BA). The
first administration of PROG was performed immedi-
ately before ischemia (to produce in P7 rats high levels
of PROG similar to the high prenatal physiological ones)
(Tsuji et al. 2012). This first administration was performed
intraperitoneally (with animals anesthetized) for quick
absorption. The next two administrations were performed
6 h and 24 h after the onset of hypoxia and were done sub-
cutaneously for slower absorption. SHAM group was used
as a control group and injected only with vehicle. SHAM
animals were submitted to a fictitious surgery (without
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PROG before ischemia; AFT animals were submitted 10 HI
receiving PROG after hypoxia: BA animals were submit-
ted 1o HI and received PROG before ischemia and after
hypoxia.
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Brain Volume Measurement

In order 1o estimate the volume of lesion of the cerebral
hemisphere and hippocampus ipsilateral to carotid occlu-
sion animals were deeply anesthetized with isoflurane at
P14 and transcardiacally perfused with cooled saline (0.9%
NaCl) followed by 4% paraformaldehyde (PFA). Brains
were dissected out, post-fixed in 4% PFA overnight and
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dehydrated using an alcoholic series. Next. brains were
embedded in paraffin and then sectioned coronally (7 pm)
using a microtome (Microm HM 340E, ThermoScien-
tific). Sections were collected on gelatin-coated slides and
stained with hematoxylin and eosin (HE).

Sections were collected as from the corpus callosum was
visualized until the disappearance of the hippocampus, cor-
responding from bregma+2.52 to—6.84 mm in adult rats,
according to Paxinos and Watson rat brain atlas (Paxinos
and Watson 2007). Twenty-five sections were collected per
animal (one every thirty sections, i.e.. one every 210um of
interval) in order 10 evaluate the whole cerebral hemisphere
volume. For analysis of hippocampal volume, fifteen sec-
tions per animal were analyzed (—2.04 to—6.12 mm). also
with an interval of 210pm in between. The images were
captured and digitalized and the area of each hemisphere and
hippocampus was measured using ImageJ software (NIH,
Bethesda, USA). The Cavalieri method was used to calculate
the volume of the structures (Arteni et al. 2010). Briefly,
the areas of the analyzed structures were summed up and
multiplied by the distance between each section. The results
were exp dasap ge of vol of lesion relative
to the volume of the contralateral hemisphere. according to
Sun et al. (Sun et al. 2015).

Cell Counting

Using the HE stained slides we were able to capture images
of the hippocampal areas of CAl and hilus of the dentate
gyrus, in order to quantify the number of degenerated and
total pyramidal cells (Fig. 2). The images were captured with

Fig.2 Representative images of HE stained sections from hippocams
pal ipsilateral to cerebral ischemia of 14day-old rats for
visualization of normal cells and dege ive cells. a rep ¥
brain section of 2 SHAM aninul not submitted to HI. Arrow is indi
cating a normal cell. b Representative brain section of an ammal from
the HI group. Arrow indicates a degenerative cell. Bar= 100 pm

Q) Springer

a microscopy (Zeiss) at magnification of x400. The average
of 70 pyramidal neurons per captured image was counted
and the mean value of five different sections was calculated
(one field for each section totalizing five images per animal).
The cells which showed shrinkage and deformity of the cell
body or karyorrhectic and pyknotic nuclei were defined as
degenerated cells (Garman 201 I: Mano et al. 2014). The
results were expressed as the percentage of degenerative
cells, i.e., the mean of the degenerative cells divided by the
mean of the total cells x 100 (%).

GFAP Immunofluorescence

Sectioned slices were washed with phosphate-buffer saline
(PBS) and cell membranes were permeabilized in 0.25%
PBS-Triton X-100. Sections were then blocked with 1%
albumin for 30 min and incubated with the anti-glial fibril-
lary acidic protein antibody (anti-GFAP. #G9269, rabbit
1gG, 1:200, Sigma-Aldrich) to identify astrocytes. This
procedure was carried out in 1% albumin in PBS-Triton
X-100 at 4 °C for 24 h. Following PBS washes, sections
were incubated with the Alexa 555 anti-rabbit secondary
antibody (1:500, A32732, Molecular Probes. Invitrogen).
Slices were mounted with mounting medium containing
DAPI (Merck. F6057) and coverslipped. In order to quan-
titatively compare GFAP immunofluorescence among
groups, we choose two hippocampal areas (CAl and hilus)
for fluorescence intensity analysis. An area of optical interest
was determined (3800 pm?) and positioned on each of five
images. A total of ten images (five for each area, i.e.. CAl
and hilus) was evaluated per animal. Images were analyzed
with the Image] software (NIH, Bethesda. USA). and the
value of the integrated density per unit of area was obtained
(Nicolza et al. 2016).

Western Blotting

After euthanasia, the hippocampus was quickly dissected out
and frozen in liquid nitrogen and stored at — 80 °C for subse-
quent homogenization. Right hippocampus (i.e_, hippocam-
pus ipsilateral to carotid occlusion) was processed apart, and
40 pg of proteins were separated by SDS-PAGE (polyacryla-
mide gel electrophoresis with sodium dodecyl sulfate) and
transferred to nitrocellulose membranes. The membranes
were incubated with primary antibodies anti-phospho-
Akt (1:250, #5¢-293125, Santa Cruz), anti-GFAP (1:1000,
#G9269, Sigma). and anti-cleaved caspase-3 (1:1000, #9661,
Cell Signaling). The results were normalized by the expres-
sion of glyceraldehyde 3-phosphate dehydrogenase (GFAP/
GAPDH). total Akt (phospho-Akt/total Akt) and p -
pase-3 (cleaved caspase-3/procaspase-3). The concentration
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used for the anti-GAPDH antibody (#MAB-374, Millipore)
was §:2000, for the total anti-Akt antibody (#5¢-5298, Santa
Cruz) was 1:250 and for the anti-procaspase-3 (#9662, Cell
Signalling) was 1:1000. The following secondary antibodies
coupled to peroxidase were used: anti-mouse IgG (1:10,000,
#AP124P. Millipore) for GAPDH and GFAP and anti-rabbit
12G (1:10,000, #AP132P, Millipore) for phospho-Akt, total
Akt, casy 3 and ¢l d caspase-3. Memb were
developed by chemiluminescence and were analyzed den-
sitometrically using the Image) software (NIH, Bethesda,
USA).

Data Analysis

All data were analyzed using a one-way analysis of vaniance
(ANOVA) followed by Bonferroni post-hoc test. The data
were expressed as mean + SEM. The significance level was
setas p<0.05.

Results
Volume of Cerebral Hemisphere and Hippocampus

Figure 3 (upper panel) shows representative images of his-
tological slices stained with HE from animals of all experi-
mental groups. Images were used to calculate the volume
of lesion of the cerebral hemisphere and hippocampus
ipsilateral to carotid occlusion of each group. An increase
in the volume of lesion of both hemisphere (Fig. 3a) and

hippocampus (Fig. 3b) ipsilateral to carotid occlusion was
seen in animals of the HI group (p <0.05). On the other
hand, the volume of lesion in the brain of animals from
groups receiving PROG was similar to the SHAM group
(p>0.05).

Cell Counting

The percentage of degenerative neuronal cells in relation 10
the total neuronal cells was analyzed in the CAl and hilus
of the hippocampus ipsilateral to carotid occlusion (Fig. 4).
A significant increase in the percentage of degenerative
cells was seen in the hippocampus of animals submitted 1o
HI as compared to SHAM animals (Fig. 4a. b, p <0.05).
Administration of PROG caused a significant decrease in
the percentage of degenerative cells compared to the animals
of the HI group (p <0.05) in both areas, CAl and hilus.
However, PROG was not able to return the number of degen-
erative cells to values similar to those of the SHAM group
(p<0.05).

GFAP Immunoreactivity and Immunocontent

GFAPi fl ence was evaluated in the CAl and
hilus of the hippocampus ipsilateral to the carotid ccclu-
sion 7 days after the hypoxic-ischemic event (Fig. 5).
Animals from groups HI and BEF showed a significant
increase in GFAP immunofluorescence in both areas (CAl

SHAM Hi BEF AFT BA
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Fig.3 Volume of lesion (%) in the b (a) and hipp iy
(b) ipsilateral to carotid occlusion. Upper panel representative images
of HE stained sections of the brain from animals of cach experimene
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tal group. Data were analyzed by ry ANOVA followed by Bone
ferroni and expressed as mean+SEM. *significant differences com-
pared to the SHAM group (p <0.05). Bar=0.5 cm
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Fig.4 Pe age of deg ¥ in the arcas of CAl
() and hilus (b) of the hippocampas ipsilateral 1o carotid occlu-
sicn. Upper panel representative images of HE stained sections of
the brain from animals of each i 1 group. Data were ana-

and hilus) relative 1o SHAM animals (Fig. 3a, b, p <0.05).
Groups AFT and BA did not present significant differences
in relation to the SHAM group (p > 0.05). These results
were corroborated when GFAP immunocontent from the
hippocampus ipsilateral to ischemia was analyzed by
Western blotting (Fig. 6).
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SHAM  HI BEF

AFT  BA

tyzed by one-way ANOVA followed by Bomferroni and expressed
as mean+=SEM. *sgnificant differences compared to the SHAM
group (p<0.05) #agnificant differences compared to the HI group
(p <0.05). Bars: main photomscrographs = 200 pm; insets = 100 pm

Expression of Survival and Apoptosis
Proteins

The ratios of p-Akt/total Akt and cleaved caspase-3/
procaspase-3 are represented in Fig. 7. The p-Aktftotal
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Fig. 5 GFAP immunofluorescence in the arcas of CAl (a) and hilus
(b) of the hippocampus ipsilateral to carotid occlusion. Upper panel
representative images of GFAP immunofiworescence staining of
the bezin from animals of cach experimental group. Data were ana«

Akt ratio in the hippocampus of HI animals did not show
significant differences in relation to the SHAM group
(Fig. 7a, p>0.05). Despite that, when PROG was admin-
istered in neonates submitted to HI, an increase in p-Akt
immunocontent was seen (Fig. Ta, p <0.05). The opposite
effect was observed when analyzing the cleaved caspase-3
content (Fig. 7b). The HI group showed higher values
of cleaved caspase-3 in relation to all the other groups
(p <0.05).

Discussion

Most studies using PROG administration in animal models
of brain injury in both adults and newborns show that this
steroid displays neuroprotective effects (Ishrat et al. 2010,
2012: Li et al. 2014b: Dong et al. 2018: Guennoun et al.

e
150
SHAM  HI
lyzed by one-way ANOVA followed by Bonferroni and expressed as

mean + SEM. *significant differences compared to the SHAM group
{p<0.05). Bar= 100 pm
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2019). However, there are also studies showing an absence
of protective effects (Fabres et al. 2018) or even harmful
effects (Murphy et al. 2002; Tsuji et al. 2010) of PROG
in neonates submitted to HI. Therefore. there is a need for
further studies in order to elucidate the mechanism of action
and the physiological effects of PROG.

Here. we have calculated the hemispheric and hippocam-
pal volumes of lesion of neonates exposed to HI whether
or not receiving PROG administration. It was possible 10
observe a reduction of the volume of brain Jesion in animals
treated with PROG as compared 1o animals that received
oaly vehicle, regardless of the time-point of hormone admin-
istration (before and/or after HI). As compared to HI groups,
animals that received PROG showed a significant reduction
in the volume of lesion, suggesting a beneficial effect of
PROG. It is worth to mention brain volume of lesion was
evaluated a week following HI. In a previous study using
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Fig.6 GFAP i in the hippocampus ipsilaseral to
carotid occlusion. Upper panel rey ve Wi blotting bands
of GFAP i in the ipsilateral hi from animal

of each experimental group. GAPDH was used as a loading control
(GFAP/GAPDH). Data were analyzed by iy ANOVA followed
by Bonferroni and expressed as mean + SEM. *significant differences
compared to the SHAM group (p <0.05)

the same experimental design presented here we evaluated
animals just 48 h following HI (Fabres et al. 2018). In that
case, we were not able to see any effect of PROG administra-
tion in reducing the brain volume of lesion. We are confident
these differences are due to the distinctions in the time-point
of analysis. It is well known HI lesion continue extending
for days or even months following the HI event (Mano et al.
2014) and PROG could act reducing this later neuroinflam-
MALOTY Process.

For example. in a study by Peterson et al. (Peterson
et al. 2015) animals submitted to HI in P7 and receiving
PROG right after injury showed a reduction in the hemi-
sphere-injured area ipsilateral to ischemia when evaluated
at 52 days of life (P52). A more recent study also showed
a decrease in the area of lesion 8 weeks after injury in
mice receiving PROG treatment for one week following
HI (Dong et al. 2018).

However. in the literature. only our previous (Fabres
et al. 2018) and current papers have evaluated the effects
of PROG using histological and biochemical analysis in a
short period after the injury. respectively 48 h and 7 days
following neonatal HI. The evaluation of the animals
following a longer period after the insult may be more
adequate to observe the effects of PROG on the brain vol-
ume. Nevertheless, in order to understand the biochemical
pathways responsible for the extension of injury it is nec-
essary to study short periods after the HI event, since cell
signaling pathways activated there could be responsible
for structural changes observed in more advanced ages.

Thus, the maintenance of brain volume observed in
PROG d Is could be related to the activation of
signaling pathways involved in cell survival (Ishrat et al.
2012). When we eval d the per ge of degenera-
tive pyramidal neurons in the areas of CAl and hilus of
the ipsilateral hippocampaus. it was possible to note Hl
animals showed a 7-8.5-fold increase in the number of
degenerative cells as compared to SHAM animals. Other-
wise, animals submitted to HI and which received PROG
{groups BEF, AFT and BA) showed a reduction about 50%
in the number of degenerative cells. This result suggests a

A SHAM H BEF AFT BA B SHAM HI BEF AFT BA
p-AKL T — — — S0, VD13 Clovmad Canpane-3 V. e — — - 1T VD2
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Fig.7 peAkt (a) and cleaved caspase3 (b) 1 in the hipe
P pus ipsil 1 to carotid occlusion. Upper panel representative
Western blotting hands of p-Akt and cleaved caspases3 i
tent in the ipsilateral hipy pas from Is of each exp

tal group. Total Akt and procaspases3 were used as loading controls

@ Springer

(p-Aktitotal Akt and cleaved caspase.dprocaspase-3). Data were ana.
Iyzed by y ANOVA followed by Bonf i and exp d as
mean + SEM. *significant differences compased to the SHAM group
(p<005)
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neuroprotective action of PROG on cell survival and cor-
roborates with our brain volume data.

Since PROG reduces the volume of brain lesion along
with reducing degeneration of we decided also
check the effects of PROG administration on astrocytes.
Some studies have shown that increases in GFAP immuno-
reactivity are related to increases in neuronal death indica-
tive of brain injury (Widestrand et al. 2007; Li et al. 2008).
In the present study, an increase in GFAP immunoreactivity
was observed in CAl and hilus of hippocampus ipsilateral to
injury in Hl and BEF groups. When PROG was administered
after injury (groups AFT and BA), GFAP immunoreactivity
was similar to the SHAM group. These same results were
obtained to the ipsilateral hippocampus when the immuno-
content of GFAP was evaluated by Western blotting.

The effects of changes in GFAP expression on neuronal
injury are controversial. Some studies show that i

different periods after its administration. Thus, in order to
improve PROG-beneficial effects is necessary to elucidate
the best therapeutic window for PROG administration.

Along with Akt activation, inhibiting caspase pathway
is the best way to block apoptosis. We showed cleaved cas-
pase-3 expression in hippocampus was raised even 7 days
following HI. This finding is similar to that of Teo and
colleagues (Teo et al. 2015) which showed an increase in
caspase-3 expression in the somat y cortex
7 days after HL.

Nevertheless. PROG administration was able to revent
this i in ¢l d caspase-3 caused by HL as shown
here. In a previous study (Fabres et al. 2018), we showed
the expression of procaspase-3 in the hippocampus ipsi and
contralateral to ischemia was similar between HI and SHAM
anmnlswhne\'alnawd-‘Shamel Thus, it is likely that
ani in 3is g later, between 48 h and

in GFAP expression are tive (Li et al. 2008).
Orherwise, i n hasakobccnmgsadeFAPexmmm may
inhibit normal restorative processes in later stages follow-
ing adult central nervous system injury (Wilhelmsson 2004,
Widestrand et al. 2007). However. a study using GFAP-
knockout mice showed no effect on the size of the lesion,
besides improved neurogenesis following HI (Jirlestedt
et al. 2010). It shows the importance of reducing GFAP-
overexpression following neonatal HI. The administration
of PROG following HI seems to have a beneficial effect on
the reduction of GFAP expression.

In the present study, the expression of p-Akt and cleaved
caspase-3 in PROG-treated animals was also evaluated
at P14. The PROG-treated groups showed an increase in
the expression of p-Akt relative to HI and SHAM groups.
Whereas, a reduction in the expression of cleaved caspase-3

7 days following HL In other wotds. it is likely the exist-
ence of distinct periods of increase in caspase-3 expression
between the onset of injury. related to the HI event itself,
and the later neuroinflammatory process which occurs along
days after HL. It is important to parsue this temporal pattern
of caspase activation in order to determine more accurately
the timing of an intervention as PROG administration.

Our tesulu suggest a relationship between astrogliosis
and i caspase-3 expression. consequently a rise in
apoptosis following HI. Tripathi et al (Tripathi et al. 2017)
also suggest p-Akt can regulate negatively GFAP expression
through FABP7-PPARY and MKP3. In the present study,
animals which showed i i p-Akt expression (b
they were treated with PROG) also showed a decrease in
GFAP expression. Thus, we have shown for the first time an
increase in p-Akt expression associated with a decrease in

could be observed in the groups receiving admini

of PROG. Altogether. these findings suggest the effects of
PROG can last for many days following injury. inhibiting the
process of apoptosis along this first week post brain injury
(Ishrat et al. 2012).

Apoptosis is one of the major processes of cell death acti-
vated after HI injury in neonates (Davidson et al. 2015).
Moreover, caspase-3 is one of the main proteins involved
in the effector phase of apoptosis (Srinivasan et al. 1998).
Inhibition of caspase-3 may be a consequence of the effects
of Akt phosphorylation (Asati et al. 2016). 'l'hus PROG-
dependent i of Akt expression may be Ived in

GFAP expression in submitted to HL.

Here, we have shown that the administration of PROG
in a dose of 10 mg/kg is effective in protect the neonatal
brain from male Wistar rats exposed 1o HI irrespective of
the moment of administration (immediately prior ischemia
or after hypoxia). All groups treated with PROG showed
increased expression of p-Akt and a decrease in cleaved
caspase-3 expression. PROG exerts a long-lasting effect
since this neuroprotection was observed 7 days after the HI
event. On the other hand. a decrease in GFAP was observed
only in animals that received PROG after HI (AFT and BA

the beneficial effects of PROG in animal models of brain
injury (Ishrat et al. 2012; Li et al. 2014b, 2015; Stanojlovié
et al. 2019). In our previous paper (Fabres et al. 2018),
PROG (when administrated immediately before ischemia)
was unable to increase p-Akt expression 48 h after HL. Li
and coworkers (Li et al. 2015) administered PROG 30 min
before ischemia and observed an increased expression of
p-Akt 24 h after HL These results show PROG can act at

ps). suggesting the timing of administration is relevant
for PROG regulation of astrogliosis (Fig. 8). It is a limitation
of the present study we have evaluated just one time-point
(P14) following PROG administration. However, it does not
exclude the fact that animals receiving PROG showed a posi-
tive outcome one week after the induction of brain injury
when compared to animals in the HI group.
In summary. the present study was the first one to
evaluate the effect of PROG on the astrogliosis in rodents
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Fig.8 Schematic diagram of the proposed mechanism for prog PROG promotes Akt phosphorylation. p-Akt inhibits activation of
ame (PROG) protection following | hypaismisch 3 as well as exp ofGFAPmdlduhnd
izmisch 3 and induces exacer- gliosis which, in turn, leads to b ip P
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Therapeutic hypothermia for the treatment of neonatal hypoxia-ischemia: sex-
dependent modulation of astrocyte reactivity
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Kielek Galvan Andrade, Ana Paula Rodrigues Martini, Eduardo Farias Sanches, Luciano
Stlrmer de Fraga, Carlos Alexandre Netto

Abstract

Therapeutic hypothermia (TH) is the standard treatment used for neonatal hypoxia-
ischemia (HI) with the time window limited to 6h post the injury event. However, the
therapeutic window to TH in animal models of HI and the influence of sexual dimorphism
has not been elucidated. Therefore, the aim of present study was to investigate the
effective time window to start TH in male and female rats submitted to neonatal HI.
Wistar rats (P7) were divided in groups: NAIVE and SHAM (control groups), HI (animals
submitted to hypoxia-ischemia) and TH (animals submitted to HI and treated with TH;
32°C for 5h). TH was started at 2h (TH-2h group), 4h (TH-4h group), or 6h (TH-6h group)
after HI. Seven days after HI animals were subjected to behavioural tests, analysis of
volume of lesion and astrogliosis. Male and female rats from the TH-2h group showed a
reduction in the volume of lesion and in the intensity of GFAP immunofluorescence.
However, TH-2h females showed a reduction of degenerative cells and in the number of
primary processes of astrocytes. Interestingly, females from the TH-6h group showed
greater volume of lesion and of degenerative hippocampal cells. These were associated
with worse performance in behavioral neurodevelopmental tests. Altogether, results
suggest TH-induced neuroprotection is time- and sex-dependent. TH started in later
periods, 6h post-event, can even worsen the HI lesion in females. These data indicate the
need of developing specific therapeutic protocols for each sex and reinforce the early
beginning of hypothermic treatment.

Key-words: neonatal hypoxia-ischemia; therapeutic hypothermia; GFAP; hippocampus,
neurodevelopment, astrocytes
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1. Introduction

Neonatal hypoxia-ischemia (HI) is one of the main causes of mortality and
morbidity in neonates (Nelson and Lynch, 2004; Shankaran et al., 2005). Most survivors
present with cerebral palsy, neurosensory deficits and cognitive impairments throughout
life (Shankaran et al., 2005). Currently, therapeutic hypothermia (TH) is established as
the standard treatment used for neonates with moderate to severe injuries caused by
neonatal HI events. TH must be started within a period of 6 hours after the hypoxic event
(therapeutic window) in order to achieve the desired neuroprotective effects (Cho et al.,
2020; Gunn et al., 1997). In humans, the recommended protocol for TH is the reduction
of the temperature of the newborn to 33-34°C for 72 hours (Davies et al., 2019). However,
at the experimental setting efficacy of most hypothermia protocols depends on the species
studied (Gunn et al., 1997; Wood et al., 2016). For example, hypothermia of 30°C lasting
120h appears to present the best neuroprotection in sheep when started 5.5h after the
hypoxic-ischemic insult (Gunn et al., 1997). In rats, however, TH protocols that use
longer periods of time and depth temperatures do not show additional neuroprotective
effects and can even intensify the brain injury (Sabir et al., 2014, 2012; Wood et al.,

2016).

TH is used in the clinic irrespective of the sex of patients (Cho et al., 2020;
Shankaran et al., 2005). However, there is growing evidence of sex dimorphism in neural
functioning, especially in animal models (Netto et al., 2017); it is then conceivable that
the neuroprotective effects of hypothermia could be influenced by sexual dimorphism. In
fact, some studies in animal models of HI has shown that the neuroprotective effects of
TH may depend on the sex of animals (Burnsed et al., 2015; Nie et al., 2016; Smith et al.,
2015, 2016; Thoresen et al., 2009) as better results in behavioural tests were seen on

females treated with hypothermia compared to males, whereas other studies found no sex-
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related differences nor in reducing the volume of injury or in behavioural tests (Fang et

al., 2013; Sabir et al., 2014, 2012; Wagner et al., 2002).

Interestingly, studies showing sex-dependent neuroprotective responses of TH
report divergent data, some with positive behavioural and morphological effects only in
males (Burnsed et al., 2015) and others reporting improvements in behavioural results in
females (Smith et al., 2015; Thoresen et al., 2009). Conversely, there are differences in
HI-induced brain damage between male and female rats (Netto et al., 2017; Sanches et
al., 2015, 2013): in females, cell death after HI is mainly dependent on caspase pathways,
whereas in males it appears to be related to pathways independent of caspase activation
(Askalan et al., 2015; Joly et al., 2004; Zhu et al., 2006). Another difference observed is
on the neuroinflammatory process, one of the main causes of progressive brain lesion
even for months after the HI event: males show higher microglia activation and peripheral

inflammatory response, as compared to females (Mirza et al., 2015; Netto et al., 2017).

Together with microglia activation and peripheral leukocyte infiltration into the
nervous tissue, reactive astrogliosis plays a fundamental role in the extension of injury
following HI. Astrocyte hyperactivity is associated with secondary neuronal damage due
to the release of proinflammatory cytokines after HI (Ahn et al., 2018). TH is able to
reduce astrogliosis (Ahn et al., 2018; Sabir et al., 2016); however, it is also not clear

whether this effect can be influenced by sex dimorphism.

Clinical studies demonstrate that the therapeutic window for hypothermia in
neonatalogy has been set to a maximum of 6 hours after the hypoxic-ischemic event
(Davies et al., 2019; Gunn et al., 1997). However, there is no such definition when it
comes to animal models of HI, with experimental hypothermia being applied during

hypoxia or until 12 hours post-event (Burnsed et al., 2015; Reinboth et al., 2016; Sabir et
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al., 2012; Smith et al., 2015). In order to better understand the mechanisms through which

TH produces its beneficial effects, an experimental time-window shall be established.

Therefore, the present study aims to elucidate the effective time window of TH in
male and female rats submitted to neonatal hypoxia-ischemia. The variables under
scrutiny are developmental (body weight, negative geotaxis and righting reflex),
morphological (brain lesion volume and degenerating cells in the hippocampus) and
structural (GFAP immunoreactivity and astrocyte morphology). The working hypothesis

is that the effects of therapeutic hypothermia can be influenced by sexual dimorphism.

2.Results

2.1 Body weight

There were no differences in the body weight among groups before the animals
underwent neonatal HI; the two-way ANOVA did not detected effect of the factors group
(F (5,180) = 0.07140, p=0.9964), and sex (F (1,180) = 0.03382, p=0.8543). However,
after reaching the age of 14 days there was a significant effect of both factors, group (F
(5, 176) = 20,56, p<0.0001) and sex (F (1, 176) = 14,65, p=0.0002), but no interaction
between them (F (5, 176) = 0,4278, p=0.8289). The animals that were submitted to HI
showed a significant reduction in the body weight as compared to the control groups

(p<0.05), except for the TH-2h group (p>0.05), in both males and females (Fig. 2).
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Figure 2. Results of body weight of male and female animals. (A) Body weight of the
male’s animals at the ages of p7 and p14, respectively. (B) Body weight of the female’s
animals at the ages of p7 and p14, respectively. Data were analyzed by two-way ANOVA
followed by Bonferroni and expressed as mean £SEM. * significant differences compared
to the NAIVE and SHAM group (p<0.05); # significant differences compared to the HI
group (p<0.05).

2.2 Volume of brain injury

Fig. 3A shows the volume of the right hemisphere brain lesion. Two-way ANOVA
showed a significant effect of the factor group (F (5,180) = 149.7, p<0.0001), with no
effect of sex (F (1,180) =1.626, p=0.2050). The HI group showed a greater volume of
injury of the hemisphere as compared to the NAIVE and SHAM groups (p<0.05). In the
males, the TH-2h group was the only one to show a reduction in the hemispheric lesion
as compared to the HI group (p <0.05). In females, a significant reduction of the volume
of the hemispheric lesion was seen in the TH-2h and TH-4h groups as compared to the
HI group (p<0.05). In addition, a larger volume of lesion in the hemisphere of males of

the group TH-2h relative to the TH-2h females’ group (p<0.05) was also observed.

Two-way ANOVA detected a significant effect of the factor group (F (5,180) =
123.9, p<0.0001) but not of the factor sex (F (1,180) = 0.5032, p=0.4796) for the volume
of lesion relative to the hippocampus (Fig. 3B). The animals of the HI group showed a
significant lesion as compared to the NAIVE and SHAM groups (p<0.05). The TH-2h
group showed a reduction in the lesion volume relative to the HI group for both sexes

(p<0.05).

Analysis of the volume of lesion of the cerebral cortex (Fig. 3C) showed a
significant effect of both factors, group (F (5,180) = 110.5, p<0.0001) and sex (F (1,180)
= 5.480, p=0.0211), as well as an interaction between the factors (F(5,108)=2.392

p=0.0423). All groups submitted to the HI bear a significant cortical lesion relative to the
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NATVE and SHAM groups (p<0.05). However, the TH-2h group showed a reduction in
the volume of lesion as compared to the HI group (p<0.05), for both sexes. It was also
observed that males of the TH-4h group showed smaller lesion in the cerebral cortex as

compared to females of the TH-4h group (p<0.05).
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Figure 3. Upper panel representative figure of the lesion volume. Percentage of volume
of lesion of the hemisphere, hippocampus and cortex cerebral ipsilateral to ischemia of
the males and females (A, B, C). Pathology score of the hemisphere, hippocampus and
cortex cerebral ipsilateral to ischemia of the male and females animals. (C, D, E). Data
were analyzed by two-way ANOVA followed by Bonferroni and expressed as mean
+SEM.* significant differences compared to the NAIVE and SHAM group (p<0.05); #
significant differences compared to the HI group (p<0.05); § significant differences
between males and females (p<0.05). Bar = 0.5 cm

2.3 Pathology score

Pathology scores of the hemisphere (Fig 3D) differed between groups. There was
a significant effect of the factors group (F (5,180) = 455.7 p<0.0001), and sex (F (1,180)
= 5.025, p=0.0270) and an interaction between the factors (F(5,108) = 2.506 p=0.0346).

The HI group showed a greater pathology score as compared to the NATVE and SHAM
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groups (p<0.05). Both males and females of the TH-2h group had reduced scores as
compared to the HI group (p<0.05), however females of the TH-2h group had a smaller

scores compared to the male of the TH-2h group (p<0.05).

The two-way ANOVA of pathology scores of the hippocampus (Fig. 3E), detected
a significant effect of the factor group (F (5,180) = 111.2, p<0.0001), with no effect of
sex (F (1,180) = 0.01549, p=0.5012). HI rats showed a significant higher pathological
score as compared to NAIVE and SHAM groups (p<0.05), and the TH-2h group showed

a lower pathological score compared to the HI group, for both sexes (p<0.05).

Two-way ANOVA of pathology score of the cerebral cortex (Fig. 3F) showed a
significant effect of both factors, group (F(5,180) = 238.8, p<0.0001) and sex (F (1,180)
=7.032, p=0.0092), as well as a significant interaction (F(5,108) = 8.369, p = 0.0220). It
was also observed that the HI group had a greater pathology score compared to NAIVE
and SHAM groups, for both sexes (p<0.05). In the males, both TH-2h and TH-4h groups
showed a reduction in the pathology score relative to the HI group (p<0.05). Among
females, only the TH-2h group reduced the score compared to the HI group (p<0.05). In
addition, females of the TH-4h group showed a higher pathology score in the cerebral

cortex compared to the males of the group TH-4h (p<0.05).
2.4 Cell Counting

The percentage of degenerative cells was analyzed in the CA1 and hilus subfields
of the hippocampus ipsilateral to ischemia (Fig. 4A). For CAl, two-way ANOVA
detected a significant effect of factors group (F (5,180) = 350.4 p<0.0001) and sex (F
(1,180) = 14.22, p=0.0003), with an interaction between them (F(5,108) = 8.369,
p<0.0001). The HI group showed a higher percentage of degenerative cells in relation to

the NAIVE and SHAM groups (p<0.05). In males, the TH-2h group showed a reduced

53



percentage of degenerative cells in the CALl area as compared to the HI group (p<0.05).
In females this reduction in the percentage of degenerative cells in CA1 was observed in
the groups TH-2h and TH-4h, as compared to the HI group (p<0.05). Moreover, females
belonging to the TH-2h and TH-4h groups showed a higher percentage of degenerative

cells in the CA1 area as compared to males (p<0.05).

When the hilus was evaluated (Fig. 4B), two-way ANOVA showed a significant
effect of the factors group (F (5,180) = 350.4 p<0.0001) and sex (F (1,180) = 14.22,
p=0.0003), with an interaction between them (F (5,108) = 6.056, p<0.0001). For both
sexes, the HI group followed the same pattern observed in the CAL area, showing an
increase in the percentage of degenerative cells as compared to the NAIVE and SHAM
groups (p<0.05). Males of the TH-2h and TH-4h groups showed a decrease in the
percentage of degenerative cells in the hilus relative to the HI group (p<0.05). Among
females, only the animals of the TH-2h group showed a reduction in the percentage of
degenerative cells in the hilus as compared to the HI group (p<0.05). However, a sex-
related difference was also observed: females of the groups HI and TH-2h showed a
reduced percentage of degenerative cells compared to the males of the same groups,
respectively (p<0.05). Besides that, females belonging to the TH-6h group showed an

increase in the percentage of degenerative cells in relation to the HI group (p<0.05).
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Figure 4. Percentage of degenerative neurons in the areas of CALl and hilus of the
hippocampus ipsilateral to ischemia of male and female animals. (A, B). Data were
analyzed by two-way ANOVA followed by Bonferroni and expressed as mean £SEM. *
significant differences compared to the NAIVE and SHAM group (p<0.05); # significant
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differences compared to the HI group (p<0.05); § significant differences between males
and females (p<0.05).

2.5 GFAP immunoreactivity and astrocytes morphology

GFAP immunoreactivity and astrocyte morphology were studied in the CAl
subfield of the hippocampus ipsilateral to the carotid occlusion (Fig. 5). Two-way
ANOVA showed a significant effect of the factors group (F (4,40) = 19.87 p<0.0001) and
sex (F (1,40) = 6.625 p=0.00139) on GFAP fluorescence intensity (Fig. 5A). Animals of
the HI group showed an increase in the GFAP fluorescence intensity compared to the
control group, for both sexes. Males from the TH-2h and TH-4h groups showed a
reduction in GFAP fluorescence relative to the HI group (p<0.05). However, only females

from the TH-2h group showed this same pattern of reduction (p<0.05).

In the analysis of the length of the astrocyte processes (Fig. 5B), two-way
ANOVA detected a significant effect of both factors, group (F (4,37) = 55.28 p<0.3598)
and sex (F (1,37) = 0.8596 p=0.3598). Animals from both sexes showed an increase in
the length of the processes in the HI group as compared to controls; however, only the
females from the TH-2h group had a reduced length of the processes as compared to the

HI group.

In addition, two-way ANOVA showed a significant effect of the factor group (F
(4,39) = 31.42, p<0.0001) but not of the factor sex (F (1,39) = 1.865, p=0.1799) for the
number of primary process from the astrocytes (Fig. 5C). The HI group of both sexes
showed the same pattern observed in previous astrocyte analyses: there was an increase
in the number of astrocyte primary processes as compared to the control group (p<0.05).
TH treatment reduced the number of processes compared to the HI group only in the TH-

2h group of females (p<0.05).
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Figure 5. Upper panel representative images of GFAP immunofluorescence staining
from each experimental group in the area CA1l. GFAP immunofluorescence, length of
process of soma and the number of primary processes of the area of CAl of the
hippocampus ipsilateral to carotid occlusion in males and females (A, B and C). Data
were analyzed by two-way ANOVA followed by Bonferroni and expressed as mean
+SEM. * significant differences compared to the control group (p<0.05); # significant
differences compared to the HI group (p<0.05). Bar = 100 um

2.6 Behavioral Assessment

The results of negative geotaxis and righting reflex tests are shown in Figure 6.
Two-way ANOVA of negative geotaxis data showed a significant effect of the factor
group (F (5,180) = 85.66 p<0.0001) but not of the factor sex (F (1,180) = 1.361,
p=0.2449); however, there was a significant interaction between the factors (F (5,108) =
5.231, p=0.0002). The HI group from both sexes showed an increase in the latency to
complete the test as compared to the NAIVE groups. In males from TH-2h and TH-4h

groups there was a decrease in the latency to complete the test relative to the HI group.
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In females, however, only the TH-2h group had reduced latency to complete the test
relative to the HI group. It was also observed an increase in the latency in the female TH-

6h group relative to the HI group (Fig. 6B).

The righting reflex analysis showed a significant effect of the factor group (F
(5,180) = 25.55 p<0.0001), but not of the factor sex (F (1,180) = 0.2714 p=0.6030); an
interaction between the factors was also found (F(5,180) = 2.637, p=0.0250). Similar to
the results of negative geotaxis, the HI group from both sexes showed an increase in the
latency to complete the test relative to the NAIVE and SHAM groups. However, only the
males from the TH-2h group reduced the latency as compared to the HI group. Moreover,
females from the TH-6h group showed an increase in the latency to complete the test

relative to the HI group (Fig. 6B), as already observed in the negative geotaxis test.
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Figure 6. Results of righting reflex and negative geotaxis to animals (p14) of male and
female animals. (A, B) Negative geotaxis and righting reflex of the males and females,
respectively. Data were analyzed by two-way ANOVA followed by Bonferroni and
expressed as mean +SEM. * significant differences compared to the NAIVE and SHAM
group (p<0.05); # significant differences compared to the HI group (p<0.05).

2.7 Data Correlation

2.7.1 Correlation between the volume of lesion and the pathology score
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Some studies use the pathological score in order to estimate the level of brain
lesion following neonatal HI (Sabir et al., 2014; Thoresen et al., 1996). In order to assess
the validity of our pathological score we tested if it was correlated with the volume of
lesion. There was a positive correlation between the pathological score and the volume
of lesion for all structures evaluated (hemisphere, hippocampus, and cerebral cortex) in

both sexes (p<0.05), (Table 1).

2.7.2 Correlation between volume of lesion, pathology score and behavioral

performance

When the latency to complete the behavioral tests was plotted against the results
of the volume of lesion or the pathology score a positive correlation was observed for all
brains structures evaluated (hemisphere, hippocampus and cerebral cortex) in both sexes

(p<0.05).

2.7.3 Correlation among the volume of lesion, pathology score and percentage of

degenerative cells and assessment of astrogliosis in hippocampus

The data of lesion volume, pathological score and percentage of degenerative cells
in the hippocampus showed a positive correlation with the level of astrogliosis (mainly
related to the length of the processes and the number of primary processes) for both sexes

(p<0.05).
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Table 1. Correlation between histological and behavioural data separated by males and females. = very weak association, § = weak association,

8 = moderate association, * = strong association, and ** = very strong association.

Males

Volume of Lesion

Behavioral Assessment

Immunofluorescence (GFAP)

Hemisphere Hippocapus Cerebral Cortex Negative Geotaxis Righting Relex Fluorescence Primary process Distance from
Intensity SOMA
Volume of Lesion r2 r2 r2 r2 r’ r’ r’ r’
Hemisphere - - - 0.48318 0.3017% - - -
Hippocapus - - - 0.3835% 0.3243% 0.3430% 0.2905% 0.53078
Cerebral Cortex - - - 0.50178 0.3110% - - -
Degenerative Cells
CA1 of Hippocampus - - - - - 0.6516* 0.8092** 0.7782*
Pathology Score
Hemisphere 0.9538** - - 0.43688 0.3334% - - -
Hippocapus - 0.9084** - 0.45058 0.2969% 0.3247% 0.3250% 0.59468
Cortex Cerebral - - 0.9066** 0.43618 0.3155% - - -
Females Volume of Lesion Behavioral Assessment Immunofluorescence (GFAP)
Hemisphere Hippocapus Cortex Cerebral Negative Geotaxis Righting Relex Fluorescence Primary process Distance from
Intensity SOMA
Volume of Lesion r2 r2 r2 r2 r r r2 r
Hemisphere - - - 0.43218 0.18827} - - -
Hippocapus - - - 0.55008 0.4158% 0.40658 0.7136* 0.6611*
Cortex Cerebral - - - 0.3514% 0.2056% - - -
Degenerative Cells
CA1 of Hippocampus - - - - - 0.6516* 0.8092** 0.7782*
Pathology Score
Hemisphere 0.9259** - - 0.42698 0.2175% - - -
Hippocapus - 0.9237** - 0.45058 0.2106% 0.58218 0.7026* 0.6726*
Cortex Cerebral - - 0.9264** 0.3103% 0.2548% - - -




3. Discussion

The best results of therapeutic hypothermia are achieved when treatment starts
immediately or at the shortest interval after the hypoxic-ischemic event (Cho et al., 2020;
Sabir et al., 2012). However, although this can be achieved in animal models, in clinical
practice it is not always possible to start HT shortly after HI, since testing for confirmation

of brain damage is necessary before hypothermia starts (Cho et al., 2020).

Here, results showed the effective time window to start experimental TH is sex-
dependent. TH initiated earlier, i.e., 2 hours after the injury reduced the extent of lesion
in the hemisphere, hippocampus, and cerebral cortex for both sexes. However, starting
hypothermia as late as 6 hours after hypoxia worsened outcomes for morphological

(percentage of degenerative cells in the hippocampus) and behavioral parameters.

Body weight is a developmental parameter which can also provide important
information about the protective effects of hypothermia. It is well known that HI can lead
to motor deficits which, in turn, lead to feeding difficulties and affect weight gain of the
animals (Fabres et al., 2018; Sanches et al., 2013). Animals from the HI group showed a
reduction in the body weight relative to the SHAM and NAIVE groups when evaluated 7
days after HI (P14). However, the TH-2h group did not show this reduction, indicating a
beneficial effect of hypothermia when started 2h after HI. Such an important
developmental parameter was not seen when hypothermia was started later (TH-4h and

TH-6h groups).

Sabir and colleagues (2012 and 2014) did not observe any difference in weight gain
between HI animals and animals of both sexes treated with hypothermia (32°C, 5h) started
immediately or 3, 4, 6 or 12h after the injury (Sabir et al., 2014, 2012). However, these
studies did not use any group of animals not submitted to neonatal HI, which makes it

difficult the comparison with present work.
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This prevention of weight loss seen in the TH-2h group may be associated with a
lower volume of brain damage and, consequently, less motor damage. Here, animals
belonging to the TH-2h group also showed a reduction in the lesion volume in every brain
structure evaluated as compared to the HI group (Fig. 3). However, when TH was started
later (TH-4h and TH-6h groups), this neuroprotective effect of TH was blunted,

suggesting TH started later may not be able to protect the brain.

There are experimental and clinical evidence showing that the closer the onset of
hypothermia is to the moment of HI, the greater will be the reduction of brain injury (Sabir
et al., 2014, 2012; Thoresen et al., 2013). Sabir et al. (2012) observed that hypothermia
started immediately or 3h after HI caused a reduction in brain injury, an effect not seen
when hypothermia was started later (at 6h and 12h following HI) (Sabir et al., 2012). Park
and colleagues (2015) also did not observe neuroprotective effects when hypothermia was

started 6 hours after the injury (Park et al., 2015), corroborating with our findings.

To strengthen the analysis of brain injury, we decided to calculate the pathological
score (Thoresen et al., 1996) of the brain structures from which the injury volume was
assessed. The correlation between the data of the pathological score and the lesion volume

showed a very strong association proving both forms of analysis can be used.

Although the analysis of brain injury volume and pathological score demonstrated a
beneficial effect of hypothermia initiated early, no sex-related differences were found for
these parameters. However, it is known that there is difference in the type of cell death
depending on the sex; in females, cell death is mainly dependent on caspase activation,
whereas in males cell death is caspase-independent. Therefore, an evaluation at the
cellular level could help to find any difference between the sexes. The hippocampus was
chosen for this analysis, since it is the most affected brain structure in the animal model

of neonatal HI (Dhikav and Anand, 2012).
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When the percentage of degenerative cells in the pyramidal layer of the CA1 and hilus
was evaluated, a sex-related difference was revealed. Animals from the HI group showed
an 8-fold increase in the percentage of degenerative cells for both sexes, which is in
accordance to our previous study using only males (Fabres et al., 2020). TH reduced the
percentage of cells in degeneration when started up to 4h after the injury, although the
most striking neuroprotection was observed in the TH-2h group. In addition, in both hilus
and CAL, the percentage of degenerative cells in females from the TH-2h group was
around 15%, while in the males of HT-2h this percentage was higher, around 30% in the
hilus and 35% in CAL. These results corroborate with data in the literature showing that
HT is able to reduce neuronal death in the CAL area of the hippocampus on the third and

seventh days after injury (Wood et al., 2016; Xiong et al., 2009).

The hilus of the dentate gyrus was chosen for being a region considered less
vulnerable to injury than the CAL1 area. It was showed that hypothermia started earlier
was able to reduce cell degeneration in the hilus; on the other hand, when started 6h after
HI, the number of degenerating cells in females was even greater than that observed in

the HI group.

Reductions in the volume of brain injury and in the percentage of degenerative cells
are important factors indicative of the efficacy of TH; however, it is well known that brain
injury caused by HI can extend for weeks to months (Davidson et al., 2015).
Neuroinflammation is one of the main causes of extension of the injury for longer periods.
It is well known that male animals submitted to neonatal HI show increased microglial
activation and upregulation of the inflammatory response (Netto et al., 2017). However,
astrocytes are also players in this process and astrogliosis is also related to

neuroinflammation (Davidson et al., 2015).
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In our study, TH started earlier (TH-2h) decreased GFAP fluorescence intensity in the
CAL area, suggesting a reduction of astrogliosis for both, males and females. However,
for a more detailed assessment of astrocyte activation, we used Sholl circles to quantify
astrocyte complexity (arbor lenght and number of processes) (Mari et al., 2019; Mestriner
et al., 2011). Sholl analyses showed females from HT-2h group had a reduction in the
number of primary processes as well as in the length of the processes as compared to the

HI group, which was not seen for males.

The morphology of astrocytes may reflect the functional significance of neuroglial
interactions (Sheikhbahaei et al., 2018). The glial scar formation triggered by neural
lesions such as those produced after hypoxic-ischemic events, when uncontrolled, may
affect neural communication and cell function (Sheikhbahaei et al., 2018; Sofroniew,
2018). Therefore, although GFAP fluorescence intensity was used to infer increased
astrocyte reactivity, females from the group TH-2h showed a smaller number of primary
processes and shorter length, indicating a more organized glial scar formation; this is

conceivably beneficial for tissue repair.

Astrocyte reactivity parameters (evaluated by GFAP immunofluorescence intensity
and Sholl circles) also showed a strong association with the percentage of degenerative
cells in CA1 (Table 1). That would be expected since astrogliosis is a phenomenon in
which astrocytes branch off and extend their processes to form a glial scar at the locations
where neurons died. A study by Reddy and colleagues (2020) also observed a correlation
between the volume of the hippocampus and the astrogliosis marker GFAP+,

corroborating the hypothesis of glial scar formation (Reddy et al., 2020).

In addition to the morphological parameters, an analysis of neurodevelopmental

parameters is also important and can provide broader data on the neuroprotective effects
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of TH. Previous studies from our group (Tassinari et al., 2020) and others (Lubics et al.,
2005) have shown HI causes an increase in the latency to complete the negative geotaxis

test, as seen here.

However, together with the neuroprotective effects of HT on morphological and
structural variables, we also observed an improvement in the behavioral response in the
test of negative geotaxis in the animals from TH-2h group of both sexes. Jatana and
colleagues (2006) showed hypothermia was not able to reduce latency in the negative
geotaxis test, 7 days after injury; however, hypothermia protocol lasted 3 hours less than
the one used here, which could explain the differences in results. By starting hypothermia
3 hours after injury and using a prolonged period of hypothermia (48h)(Jatana et al.,
2006), Ahn and colleagues (2018) observed a reduction in the latency when animals
reached 42 days of life (Ahn et al., 2018) but not in P14, P21, P28, and P35. It has already
been observed in animal models that hypothermia periods longer than 5h have no
additional neuroprotective effects (Sabir et al., 2012). Moreover, prolonged periods of
maternal separation produces negative effects on behavior (Lehmann et al., 1999), which
could explain why longer periods of hypothermia do not lead to an improvement of

behavioral outcomes.

When the righting reflex was evaluated, only males from TH-2h group showed a
reduction in the latency to complete the test as compared to the HI group. Yuan et al
(2015) also observed a tendency of hypothermia in reducing the latency to complete the
righting reflex test, as compared to the HI group; however, sex-dependent effects were
not assessed (Yuan et al., 2015). In the present study, HT was not able to improve the
female response in the righting reflex test, regardless of the period in which it was started

(2h, 4h or 6h after HI).
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The behavioral improvement observed in males and females in the negative geotaxis
test, as well as in males in the righting reflex test, may be related to the reduction in the
volume of lesion and in the percentage of degenerative cells observed. To test this
hypothesis, a correlation between behavioral results and morphological and structural
parameters was run. We found only a weak to moderate association depending on the
parameters compared (Table 1). This can be explained because the behavioral tests used
here are characterized by reflex movements and they are more related to brain areas not

evaluated in the study (Heyser, 2003; Schneider and Przewtocki, 2005).

Our study has some limitations. First, we have evaluated only one time point (P14, 7
days after the HI event) and it is well known the lesion can extend for days to months.
Therefore, further studies using animals from both sexes treated with TH and followed
for longer periods are needed, which would allow the assessment of cognitive function
using specific behavioral tests during adulthood. Second, we did not evaluate the
molecular mechanisms underlying the neuroprotective effects of TH. Understanding the
molecular basis of TH effects can allow for combined treatments for the achievement of

better neuroprotective outcomes.

4. Concluding remarks

Summarizing, it was shown that TH started earlier after the HI injury leads to a
reduction in brain damage and astrogliosis, as well as to a decrease in the latencies to
complete behavioral tests, for both sexes. However, when TH is initiated later (i.e., 6h
after HI), females showed an increase in the percentage of degenerative cells in the
hippocampus ipsilateral to the lesion. Females from TH-6h group also showed an increase
in the latency in the behavioral tests, as compared to the HI group. Furthermore, this paper
is the first one to report that the effect of TH on astrogliosis is dependent on the sex.

Therefore, we emphasize the importance of starting TH as soon as possible for both sexes.
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If there is a need for the treatment to be started later, even greater care should be given to

females, as a late start of the treatment can intensify the injury in female animals.

5. Experimental Procedure

5.1 Animals

In this study we used 192 seven-day-old Wistar rats (P7) (male and female) and
24 dams obtained from the Animal Facility of the Department of Biochemistry of the
Federal University of Rio Grande do Sul, Porto Alegre, RS. The puppies were kept in 270
x 260 x 310 mm plastic boxes together with their respective mothers (08 puppies per box
together with their respective mother). All animals were kept in a 12h/12h light/dark cycle
with controlled temperature (x 22°C) and the mothers received food and water ad libitum.
This study was approved by the Institutional Animal Care and Use Committee of the

Federal University of Rio Grande do Sul (#31442)

5.2 Neonatal hypoxia-ischemia

The neonatal HI procedure was based on the Rice-Vannuci model and in previous
studies (Fabres et al., 2020, 2018; Rice et al., 1981). In P7, under anaesthesia with
isoflurane (5% for induction and 3% for maintenance), neonates underwent surgery for
occlusion of the right common carotid artery. A longitudinal incision was made two
millimetres to the right of the trachea. The right common carotid artery was isolated and
permanently occluded using a surgical thread (silk 4.0). After surgery, the pups were left
with their mothers for 1h-2h for recovery and then placed in a hypoxia chamber (n = 6
animals per chamber) and exposed to an atmosphere of a certified mixture of 8% O and
92% N for 90 minutes at 37°C. After the hypoxic exposure, pups were removed from the
chamber and kept in a warm box, for approximately 15 minutes, and then returned to their

mothers.
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5.3 Therapeutic Hypothermia

Animals were placed in an acrylic chamber inside a temperature-controlled water
bath to receive hypothermia (18-20°C). The animals reached a body temperature of 32°C
(temperature indicated for therapeutic hypothermia in newborn animals (Wood et al.,
2016) within 20 minutes. Animals failing to reach this temperature within the initial 20
minutes were discarded from the experiment. Animals were maintained in the
hypothermic chamber for 5 uninterrupted hours. After hypothermia, the animals were
rewarmed for 30 minutes until a body temperature of 33-34°C and then returned to their

mothers (Wood et al., 2016).

For this study three different therapeutic time windows were used, i.e., three
different intervals of time to start hypothermia after HI. Hypothermia was started two
hours (TH-2h group), four hours (TH-4h) or six hours (TH-6h) after the hypoxic-ischemic
event. During the period between the end of the HI and the beginning of hypothermia, the
animals were kept in their boxes together with their mothers. For each time window (2, 4
or 6h to start hypothermia) there were three respective control groups: a NAIVE group
(animals not manipulated), a SHAM group and a HI group (animals submitted to HI but
kept in normothermia). These groups allowed us to check for differences caused by the
time animals stayed away from their mothers, for example. However, as no differences
were verified among these control groups, we grouped them into a single SHAM and a
single HI group. All experimental groups were additionally separated in males and

females. The timeline of experiments is depicted in Figure 1.
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Figure 1. Representative figure of the experimental design. The animals treated for
hypothermia were divided into groups by sex and by the time of beginning of treatment,
2, 4 or 6 hours after the end of hypoxia.

5.4 Body temperature and body weight

The measurement of the temperature of each animal during the experiments was
made by using an infrared thermometer (Incoterm, TCI 1000). In a pilot evaluation, the
accuracy of the infrared thermometer was compared to that of a rectal thermometer; a
difference lower than 0.5°C was observed between both (data not shown). Thus, we
decided to continue the experiments using only the infrared thermometer because it is a

non-invasive one (Smith et al., 2015).

Animal's body temperature was measured every 5 minutes during the first 20
minutes of hypothermia. All animals in the TH groups reached the temperature of
32+0.5°C within these first 20 minutes. After that, body temperature of animals from
groups SHAM, HI and TH was measured every 30 minutes. Temperature of the animals
of the NAIVE group (kept in their own boxes) was not measured in order to reduce
manipulation effects, as well as to reduce mother's stress. Every animal was weighed in
two moments: before the surgery for carotid occlusion (P7) and just before euthanasia

(P14).

5.5 Histological analysis

68



In order to evaluate the volume of lesion of the cerebral hemisphere, hippocampus
and cerebral cortex, animals (P14) were deeply anesthetized with isoflurane and
transcardially perfused with saline solution (0.9% NaCl) followed by 4%
paraformaldehyde (PFA). Brains were removed and submerged in a solution of 4% PFA
overnight, then dehydrated in an alcoholic series (80%, 90%, 96% and 100%) and cleared
in xylene. Afterwards, the brains were embedded in paraffin, sectioned (7 pm) using a
microtome (Microm HM 340E ThermoScientific) and stained with hematoxylin and eosin

(HE).

The following antero-posterior coordinates were used for brain analysis: +2.52
mm to -6.84 mm relative to bregma for analysis of the cerebral hemisphere; +1.70 mm to
-4.16 mm for the cerebral cortex and -2.04 mm to -6.12 mm for the hippocampus. All
coordinates were according to the Paxinos and Watson rat brain atlas (Paxinos and
Watson, 2007) and to a previous study (Fabres et al., 2020). To reduce possible errors due
to brain oedema the equation by Sun et al. (2015) was used, according previous studies

(Fabres et al., 2020; Sun et al., 2015).

The same images used to evaluate the volume of brain lesion were used to
calculate a score indicative of lesion severity (n = 10), according to (Thoresen et al.,
1996). The severity of the injury was divided into 9 levels varying from 0 (without injury)
to 4 (maximum injury), with 0.5 intervals. The classification was performed based on the
percentage of injury according to the scale: 0 (without lesion), 1 (injury equal to or less
than 10%), 2 (indicative of 20-30% of lesion), 3 (injury between 40-60%) and 4 (more
than 75% of injury). For the calculations of the pathological score of the hippocampus,
animals with lesions below or equal to 20% were classified with a score of 1; a score of

2 indicates 50% of injury, a pathological score of 3 indicates 75% of lesion; and a score
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of 4 indicates a value of 100% of injury. The evaluation criteria were based on the paper

by Thoresen et al. (Thoresen et al., 1996) with modifications.
5.6 Cell counting

For estimating the number of cells in degeneration (cells showing shrinkage and
deformity of the cell body or karyorrhectic and pyknotic nuclei) we used slides stained
with haematoxylin and eosin as described in our previous study (Fabres et al., 2020). The
subfields CA1 and hilus of the dentate gyrus of the hippocampus ipsilateral to the lesion
were evaluated. Five different sections containing the CAL1 and hilus were evaluated per
animal. The images were obtained using a microscope (Zeiss) at magnification of x 400.
The mean of the number of degenerative cells divided by the mean of the total number of

cells x 100 was used to estimate the percentage of degenerative cells in each subfield.
5.7 Immunofluorescence and morphological analysis

For immunofluorescence analysis the sections were deparaffinized using xylene
(10 minutes) and rehydrated using a decreasing alcoholic series. After that, the protocol
followed the one used in a previous study (Fabres et al., 2020). For identification of
astrocytes, the primary anti-glial fibrillary acidic protein antibody (anti-GFAP, #G9269,
rabbit 1gG, 1:200, Sigma-Aldrich) was used while the secondary antibody of choice was
Alexa 488 anti-rabbit (1:500, Molecular Probes, Invitrogen).The slides were assembled

with mounting medium containing DAPI (Merck, F6057) and coverslipped.

For the analysis of fluorescence intensity (as an indicative of astrogliosis), 5
sections per animal were used (n = 5 animals per group); the NAIVE and SHAM groups
were used as controls. All images were captured with high magnification (400 x) using a

Nikon Eclipse E-600 microscope (Japan). An area of optical interest of 3800 um? was
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defined to delimit all areas of interest and the value of the integrated density per unit of

area was obtained using the ImageJ software (NIH, Bethesda, USA).

The assessment of astrocyte morphology in the CA1 area of the hippocampus
(number of primary processes and the length of the processes relative to the soma), was
run in 3 astrocytes per section (from 5 sections per animal, totalling 15 astrocytes per
animal). The Sholl's concentric circles method was used for this analysis: concentric
circles with 2 pm of intervals were drawn around each cell analyzed using the Image-Pro

Plus software 6.0 (Mestriner et al., 2011).

5.8 Behavioural Assessment

The test of negative geotaxis was performed according to Ahn and colleagues
(2018), with minor modifications. At P14, animals were placed individually on a platform
with 35° of inclination, with heads turned towards the bottom of the platform. The latency
of the animals to rotate 180° and position themselves with their heads facing the top of
the platform was registered (Ahn et al., 2018). Each puppy was tested three times and the

average was calculated.

To test the righting reflex at P14, animals were removed from their cages and put
on a flat surface on their back. The latency necessary to straighten up with all paws on

the surface was recorded.

5.9 Data analysis

All statistical analyses were performed using GraphPad Prism 6.0. Normality test
was performed, and parametric data were analyzed by a two-way analysis of variance
(ANOVA) (factors: sex and groups) followed by Bonferroni post-hoc test. Data were

expressed as mean=SEM and the significance level were set as p<0.05.
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5 Discusséo

A HI neonatal causa falha energética aguda, devido a falta de oxigénio e de glicose
no encéfalo, seguida por normalizacdo transitdria durante a reperfusdo e por deficiéncia
de energia secundaria posterior, no periodo de 6-24 h. Embora a hipotermia, a
intervencdo terapéutica padrdo, seja eficaz em diversos casos, ela pode ter efeitos
adversos. As diretrizes clinicas recomendam que a HT seja iniciada nas primeiras 6 horas
apos o nascimento, com base nos achados de um modelo de HI fetal de ovelha
(equivalente aos bebés nascidos a termo), mostrando neuroprotecéo significativa quando
a HT foi iniciada antes de 5,5 horas ap0s a lesdo cerebral (Gunn et al., 1997). No entanto,
ainda hoje é dificil identificar de forma confiavel bebés que sofreram HI dentre os muitos
que precisam de ressuscitacdo e tém acidose metabdlica ao nascimento. Nos ensaios
clinicos atuais, o resfriamento ndo foi iniciado antes de 4 a 5,5 h ap6s o evento hipdxico-

isquémico (Cho et al., 2020).

Portanto, ha uma necessidade crucial de terapias adicionais que possam ser
utilizadas numa janela terapéutica maior do que aquela da hipotermia para atenuar os
danos ao encéfalo em desenvolvimento e diminuir a morbidade nos sobreviventes (Tang
et al., 2017). Contudo, estudos clinicos e experimentais demonstraram que a HI neonatal
ndo ¢ um evento Gnico, mas sim um “processo evolutivo” que leva a morte celular a longo
prazo, ou seja, horas a dias apés o evento inicial (Wassink et al., 2014). Logo, uma nova
intervencdo terapéutica deveria ter efeitos multifatoriais, isto €, acionar varios
mecanismos moleculares, além de reduzir a les&o encefalica e produzir melhora cognitiva
e motora. Intervengdes que estabilizam o metabolismo cerebral apos a HI também podem

ser uma alternativa (Cho et al., 2020; Davidson et al., 2015; Wassink et al., 2014).

Os hormonios sexuais sdo conhecidos por influenciar a diferenciagcdo neuronal

durante o desenvolvimento fetal. Em adultos, a PROG afeta a func¢éo neural modulando
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a transcricdo génica e a atividade celular por meio de receptores de membrana e

intracelulares abundantes no SNC (Arbo et al., 2014; Schumacher et al., 2004).

A PROG exerce uma ampla gama de acdes, dependendo do tecido-alvo. Em um
modelo animal de lesdo cerebral penetrante, a PROG diminuiu a astrogliose nas
proximidades da lesdo (Garcia-Segura et al., 1999). Evidéncias crescentes indicam que a
PROG também oferece protecdo contra outras formas de lesdo neural. Outros autores
relataram que a PROG exerce efeitos benéficos sobre a lesdo da medula espinhal,
incluindo melhora da remielinizacdo e da funcdo motora (Baulieu, 1998), além de
favorecer a cognicdo apoOs eventos distintos de dano cerebral, como lesdo cerebral
traumatica (Sarkaki et al., 2013b) e isquemia cerebral (Aggarwal et al., 2008b) em

animais adultos.

5.1 A PROG tem efeitos de longa duracdo em animais neonatais submetidos
ao modelo de HI

No primeiro capitulo testamos os possiveis efeitos neuroprotetores da PROG
administrada em 3 momentos distintos: imediatamente antes da isquemia (grupo PRE),
6h e 24h apos o final da hipoxia (grupo POS) e nos 3 momentos (grupo PP), ou seja,
imediatamente antes da isquemia, e 6 e 24h ap0s a lesdo. Os resultados mostram que a
PROG, independente do momento em que foi administrada, causa neuprotecéo, a qual foi
observada 7 dias apos a HI (P14). A PROG reduziu a lesdo no hemisfério e no hipocampo
ipsilateral a oclusdo da carotida, diminuiu a porcentagem de células degenerativas nas
areas do CAL e hilo do hipocampo, aumentou a expressao de proteina relacionada a

efeitos anti-apoptoticos e reduziu a ativacdo das vias de morte celular e a astrogliose.
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Estudos corroboram que a PROG pode ser benéfica em diversos modelos de leses
do sistema nervoso, ou seja, atua como um agente neuroprotetor (Cervantes et al., 2002;
Chen et al., 1999; Peterson et al., 2015). Um tratamento com PROG mostrou aumentar a
proliferacdo e diferenciacdo de progenitores de oligodendrocitos em células produtoras
de mielina maduras, e aumenta o fator de transcri¢do (Oligl) necessario para reparar a
desmielinizacdo induzida por leséo traumatica do SNC em animais adultos (De Nicola et
al., 2009). Peterson e colaboradores (Peterson et al., 2015) trabalharam com ratos P7 da
linhagem Sprague-Dawley, utilizando machos e fémeas submetidos aos eventos
hipdxicos-isquémicos. Em um dos grupos de animais, a PROG (8mg/kg) foi administrada
em um total de 9 injec6es, nos tempos 0 (logo apds o fim do evento hipdxico), 2 e 24
horase 2, 3, 4,5, 6 e 7 dias apds a HI. Os animais foram eutanasiados com 52 dias (P52),
para permitir uma andlise da resposta da PROG a longo prazo. Foi verificado que a PROG
reduziu a lesdo nos animais machos submetidos ao procedimento de HI. Por outro lado,
os resultados obtidos com fémeas ndo mostraram qualquer efeito neuroprotetor capaz de
reduzir a lesdo. Portanto, além da idade do animal ser um fator de extrema importancia
para a escolha do modelo e tratamento, como ja discutido, a diferenca sexual também
influencia a resposta, neste caso mostrando um efeito neuroprotetor apenas em animais
machos (Peterson et al., 2015).

No entanto, trabalho publicado por nosso grupo verificou que a utilizacdo da
PROG em animais de 7 dias submetidos ao modelo de HI, ndo causou efeitos
neuroprotetores e nem adversos quando avaliado o volume de les&o, peso corporal e vias
de sobrevivéncias e de apoptose 48h ap0s a lesdo (Fabres et al., 2018). Por outro lado,
(Tsuji et al., 2012) relataram que a PROG aumentou o dano encefalico em ratos Wistar
de 14 dias de idade submetidos ao modelo de HI, em comparagdo com animais de 7 dias

de idade. Ja animais com 21 dias de idade tratados com PROG e submetidos a HI
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apresentaram lesdo semelhante ao grupo sem a administracdo de PROG (Tsuji et al.,
2012).

Sugerimos que a diferenca nos resultados encontrados por Tsuji e colaboradores
(2012) possa ser explicada pela diferenca de idade dos animais ao serem submetidos ao
modelo de HI. Estudos ja demonstram que a PROG tem efeitos modulatérios sobre a
fungéo do receptor GABAA e que o receptor GABA pode possuir agdes excitatorias em
idades neonatais, diferente da caracteristica inibitoria encontrada em animais adultos
(Arbo et al., 2014; Ben-Ari, 2002; Ben-Ari et al., 2007). Isso se da por uma diferenca de
proporcdo entre os transportadores de cloreto presentes na membrana plasmatica
(NKCC1 e KCC2) das células neuronais, fazendo com que haja um efluxo de cloreto nos
neurdnios em resposta ao GABA que, portanto, assume um papel excitatorio (Ben-Ari et

al., 2012).

Em roedores, ja foi demonstrado que a expressao de KCC2 é minima ao
nascimento, baixa durante a primeira semana de vida e comparavel ao adulto apenas em
P14-15. J& a expressdo de NKCC1 em neurdnios corticais € mais alta durante a primeira
semana poés-natal, diminuindo em P14 para 0s niveis mais baixos, similares aos
encontrados em adultos (Dzhala and Staley, 2015; Dzhala et al., 2005). A excitabilidade
excessiva € um dos fatores que levam a morte celular no evento hipoxico-isquémico
neonatal, portanto a idade do animal, para escolha da administracdo da PROG, deve ser
avaliada em futuros experimentos.

Nesse mesmo trabalho (Tsuji et al.,, 2012), também foi verificado que a
administracdo tanto de alopregnanolona, metabolito da PROG relacionado com efeitos
rapidos, quanto de PROG a exdgena produziam os mesmos efeitos, levando a hipotese de
que a PROG poderia acentuar a lesdo (nesse caso) através de seu principal metabolito, a

alopregnanolona. A utilizagdo de uma curva utilizando doses diferentes de
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alopregnanolona (1, 3 e 10 mg/kg) constatou uma diminuicéo significativa do volume do
hemisfério ipsilateral a lesdo HI apenas nos grupos que receberam as doses de 3 mg/kg e
10 mg/kg de alopregnanolona. A dose de 1 mg/kg de alopregnanolona nédo acentuou a
lesdo produzida pela HI (Tsuji et al., 2012). Em nosso estudo utilizamos a maior dose

testada (10mg/kg) para todos os tempos de administracio (grupos PRE, POS e PP).

Assim, os resultados contraditorios, tanto benéficos como deletérios da PROG,

podem ser explicados por diferencas na dose, janela de administracéo e idade dos animais.

Em nosso estudo anterior (Fabres et al., 2018), utilizando a mesma dose de PROG
e 0S mesmos tempos de administracdo, ndo observamos efeitos protetores sobre os
parametros avaliados em animais com 7 dias (P7) submetidos a HI neonatal avaliados
48h apds a lesdo (P9). Isso levantou davidas em relacdo a PROG ter efeitos de longa
duracdo ou realmente ndo ter efeitos neuroprotetores neste modelo. Portanto, no presente
estudo, avaliamos os animais 7 dias apds a lesao, e foi possivel observar uma reducédo da
lesdo em todos os grupos, como também reducdo da expressao de caspase-3 (associadas
as vias de morte celular) e aumento da atividade da via da Akt (via de sobrevivéncia
celular). Com isso, mesmo ndo observando melhora em nossas variaveis no estudo de
2018 (Fabres et al., 2018), os resultados desta tese sugerem que os efeitos estavam
ocorrendo e que foi possivel observar o seu resultado em P14, quando foi observada

reducdo da lesdo encefalica (Fabres et al., 2020).

Estudos utilizando a PROG em outros modelos experimentais de lesdo encefalica
demonstraram que os efeitos benéficos da PROG tém relagdo com o aumento da
expressdo da Akt-p (Ishrat et al., 2012; Li et al., 2015; Stanojlovi¢ et al., 2019). A Akt-p
tem caracteristicas anti-apoptéticas por inibir vias que podem levar a clivagem e

consequente ativacdo da caspase-3 (Franke et al., 2003).
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A Akt-p promove a fosforilacdo e inativacdo da maioria de seus substratos (Franke
et al., 2003; Hanada et al., 2004), como o fator de transcri¢do “forkhead” (FKHR), a
proteina de morte associada ao Bcl-2 (Bad) e a glicogénio sintase cinase 3 (GSK3),
promovendo a sobrevivéncia celular. Bad e FKHR, sdo fatores citosolicos e sdo
normalmente fosforilados pela Akt (Zhao et al., 2005). A desfosforilacdo da Bad causa
sua translocacdo para as mitocondrias, desencadeando a liberagdo do citocromo C. O

citocromo C entdo ativa a caspase-3, levando a apoptose (Jiang and Wang, 2004).

O FKHR desfosforilado se transloca para dentro do nucleo e atua como um fator
de transcricdo, promovendo a superexpressdo do mediador de morte celular que interage
com Bcl-2 (Bim) e ligante Fas (Brunet et al., 2001; Hanada et al., 2004). Bim causa a
liberacdo do citocromo C, enquanto o ligante Fas leva a ativacdo da caspase-8 e da
caspase-3 (Graham and Chen, 2001). A Akt também regula negativamente a atividade da
GSK3p, fosforilando-a no residuo Ser9 (Bhat et al., 2000). A desfosforilacdo da GSK3
leva a sua ativagdo, que fosforila a B-catenina, um fator de transcricdo que desempenha

papéis importantes na sobrevivéncia celular (Nusse, 2003).

Dessa forma, a administracdo da PROG leva ao aumento da expressdo da Akt-p e
consequente inibigdo dos substratos FKHR, Bad ¢ GSK3p, resultando em reducdo da
expressao e ativacdo da caspase-3 (Figura 3). No entanto, esse efeito parece ser de longa
duragéo, como visto em nosso estudo, onde apenas foi possivel observar aumento da Akt-

p e, portanto, reducédo da caspase-3 clivada apos 7 dias a lesdo.
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Figura 3 — Um diagrama das vias de sobrevivéncia e apoptose moduladas pela
Akt. Figura modificada de (Zhao et al., 2005). PIP: fosfatidilinositol fosfato; PIP3:
fosfatidilinositol-3,4,5-trisfosfato, ~ PIP2:  fosfatidilinositol-4,5-bifosfato  PI3K:
fosfoinositideo 3-cinase RTK: receptor tirosina cinase; PTEN: proteina fosfatase e
homologo de tensina; P-PDK1: Proteina cinase-1-dependente de fosfoinositideo FKHR:
forkhead transcription factor GK3p: glicogénio sintase cinase-3 Cas-8: caspase-8 Cas-
3: caspase-3 Cyto C: citocromo C

Estudos com modelos de isquemia em animais adultos corroboram com nossos
achados, mostrando que a Akt promove a sobrevivéncia neuronal (Friguls et al., 2002;
Noshita et al., 2001). Além disso, a protecdo por alguns agentes em modelos de animais
transgénicos e knockout envolvem a manutencdo da atividade Akt apos acidente vascular

cerebral (Limbourg et al., 2002; Noshita et al., 2003).
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Nosso trabalho também sugere que a via da Akt pode modular a expressdo da
GFAP. Em nosso estudo, a administracdo da PROG ap0s a lesdo se mostrou eficiente em
reduzir a expressao da GFAP no hipocampo de animais neonatos. Ja foi demonstrado que
a Akt-p pode regular negativamente a expressao de GFAP através de FABP7-PPARY ¢
MKP3 (Tripathi et al., 2017). A acdo da GFAP em modelos de lesdes encefalicas é
contraditdria, porém sugere-se que 0 aumento da expressao da GFAP, consequéncia da
astrogliose, pode ter funcdo neuroprotetora no SNC em encefalos sem lesdo encefélica
(Sofroniew, 2020). No entanto, apds uma lesdo ou doenca no SNC pode ocorrer expressao
de receptores toll-like (TLRs), além de alteracbes morfoldgicas que podem levar a
aumento da neuroinflamacao e, por consequéncia, aumento na morte neuronal e extensdo

da lesdo por varios dias (Widestrand et al. 2007; L. et al. 2008).

Neste trabalho foi possivel observar que todos os grupos que receberam a
administracdo da PROG reduziram a porcentagem de células degenerativas no hipocampo
em comparacgdo ao grupo submetido ao modelo de HI que ndo recebeu a PROG. E
possivel que, se analisado em um tempo mais longo, ap6s os 14 dias, fosse possivel
observar uma reducgéo ainda mais acentuada desta degeneragdo nos grupos que receberam
a PROG ap6s a lesdo. Isso porque apenas esses grupos reduziram a expressao de GFAP.
Portanto, esse estudo sugere que a PROG, se administrada ap6s a lesdo, teria acdo
redutora da astrogliose por meio do aumento da expressao da Akt-p. Além disso, apos a
leséo, os astrocitos, como também a microglia reativa e os oligodendrocitos, podem
expressar receptores de membrana do tipo alfa para a progesterona (mPRa), indicando
que as células gliais poderiam ser um alvo para a modulacéo pela PROG nessa condigédo

(Arbo et al., 2014; Meffre et al., 2007).
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5.2 A janela terapéutica da hipotermia é a mesma para ambos 0s Sex0s?

Os protocolos atuais de HT para HI moderada a grave envolvem iniciar o
resfriamento o mais rapido possivel, dentro de 6 horas apos o nascimento, até 34,5°C
(£0,5°C) para resfriamento seletivo da cabeca ou 33,5°C (+0,5°C) para resfriamento de
corpo inteiro, com resfriamento continuo por 72 horas (Cho et al., 2020). Em estudos
experimentais ainda ndo ha um consenso sobre o protocolo de HT ideal. Os protocolos
diferenciam-se em relacdo a temperatura da hipotermia, o tempo de inicio e também
quanto a duracéo do tratamento (Burnsed et al., 2015; Gunn et al., 1997; Sabir et al., 2012;

Smith et al., 2015; Wood et al., 2020).

Em relacdo a melhor temperatura para utilizar na HT em modelos experimentais,
um estudo utilizou ratos Wistar com 7 dias submetidos ao modelo de HI neonatal e que
foram resfriados em uma média de 33,5°C, 32°C , 30°C, 26°C ou 18°C por 5 horas ap6s
a Hl, e foi observado ndo haver prote¢édo adicional com temperaturas abaixo de 33,5°C
(Wood et al., 2016). Além disso, Sabir e colaboradores (2012) observaram que ratos
Wistar com idade de P7 submetidos ao modelo de HI e tratados com HT (32°C) por 5h,
apresentavam efeitos neuroprotetores semelhantes aos observados em animais
submetidos a um periodo mais longo de tratamento, de 10h (Sabir et al., 2012). No mesmo
estudo publicado por Sabir (2012) foi observado que a HT iniciada 3h apds a lesdo ndo
foi suficiente para reduzir a lesdo encefalica, enquanto que animais que iniciaram o
tratamento apds 12h apresentaram aumento da lesdo em relag@o ao grupo submetido a HI

e ndo tratado com HT.

Modelos experimentais utilizando ratos ja mostraram que existe dimorfismo
sexual significativo associado aos mecanismos de lesdo e a ativagdo de vias de morte
celular (Burnsed et al., 2015; Netto et al., 2017; E. F. Sanches et al., 2013). No entanto,

poucos trabalhos abordam o efeito do dimorfismo sobre a eficacia da HT (Burnsed et al.,

89



2015; Sabir et al., 2012; Smith et al., 2015, 2016; Wood et al., 2020). Dentre os trabalhos
que avaliaram se o efeito da HT poderia ser dependente do sexo do animal ndo houve um
consenso, com os trabalhos apresentando resultados discordantes (Burnsed et al., 2015;
Sabir et al., 2012; Smith et al., 2015, 2016; Wood et al., 2020). Portanto, ndo se sabe se 0
sexo tem um efeito na resposta ao tratamento com HT na pratica clinica ou nos modelos
translacionais. Além disso, nenhum trabalho avaliou se o efeito da janela terapéutica da
HT poderia ser influenciado pela diferenca sexual. Em nosso segundo artigo avaliamos o

uso da HT em modelo animal de HI neonatal.

Em camundongos, a neuroprotecdo mediada pela HT (31°C por 4h) foi notavel em
machos, com neuroprotecdo em todas as regides analisadas na idade P18; esta
neuroprotecao persistiu em P30 e confirma a neuroprotecdo hipotérmica generalizada em
vez de especifica no encéfalo de camundongos (Burnsed et al., 2015). Neste mesmo
estudo de Burnsed e colaboradores (2015) foi observado que a porcentagem de lesdo em
fémeas tratadas com HT foi reduzida nas regides analisadas em P18; no entanto, quando
atingiam P30 a lesdo era semelhante ao grupo HI sem tratamento. O estudo sugeriu leséo
inicial menor e neuroprotecdo transitoria em fémeas. No mesmo estudo, a hipotermia

forneceu melhora da memoéria em machos, o que ndo ocorreu em fémeas.

Nos estudos de Smith e colaboradores (2015 e 2016), em que foi utilizado o
modelo de HI neonatal em ratos Wistar P7, a HT foi administrada durante todo o periodo
de hipoxia. Smith avaliou o efeito da HT em ambos 0s sexos e observou tendéncia de
reducdo do volume de lesdo encefalica (Smith et al., 2016) e melhora na execucdo dos

testes comportamentais em fémeas tratadas (Smith et al., 2015).

Um estudo mais recente, analisou um grande nimero de ratos Wistar machos e

fémeas submetidos ao modelo de HI neonatal e tratados com HT (32°C, iniciada
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imediatamente ap6s a hipdxia, por 5h) (Wood et al., 2020). O estudo observou melhora

no escore patoldgico utilizado para avaliar o grau da lesdo encefalica apenas em fémeas.

Esses estudos podem diferir em seus resultados por apresentarem diferencas em
suas metodologias, espécies de animais utilizads, e varidveis analisadas. No entanto,
nenhum dos trabalhos analisou tempos diferentes de inicio do tratamento por hipotermia
comparando com possiveis diferencas sexuais. Em nosso trabalho foi possivel observar
que quando a hipotermia é iniciada mais cedo, maior é a neuroprote¢cdo em ambos 0s
sexos. No entanto, quanto o inicio do tratamento € mais demorado, observam-se efeitos
neuroprotetores menos significativos ou ausentes, corroborando com os dados

encontrados por Sabir e colaboradores (2012).

Quando o tratamento tem inicio ao final do momento conhecido por janela
terapéutica da HT (6 horas apds o evento hipdxico-isquémico), os machos néo
apresentaram neuroprotecdo nas estruturas encefalicas avaliadas (hemisfério, hipocampo
e cortex cerebral ipsilateral a oclusdo da cardtida) para volume de lesdo, como também
no escore patolégico. O mesmo foi observado quando foram avaliadas as areas de CAl e
hilo e a astrogliose no hipocampo. No entanto, as fémeas que iniciaram a hipotermia apds
6h, aumentaram a porcentagem de células em degeneracdo no hilo do hipocampo
ipsilateral a lesdo, como também a laténcia para a realizacdo dos testes comportamentais

em comparacdo ao grupo submetido a HI sem tratamento.

Esses resultados demonstram que a janela terapéutica utilizada como padrdo para
a HT nos dois sexos deve ser questionada, uma vez que dentro do tempo considerado
seguro (por sugerir ndo apresentar pioras comportamentais e aumento de dano encefalico)
ocorre piora em fémeas, mesmo que em parametros diferentes do volume de leséo
encefalica. No entanto, os animais foram avaliados apenas 7 dias ap0s a lesdo, sendo

necessarias analises futuras em idade adulta.
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5.3 A hipotermia modula a astrogliose

A lesdo encefélica hipoxico-isquémica pode iniciar uma reacdo inflamatdria
estéril, com inflamacao periférica e inducdo microglial local (Hagberg et al., 2015).
Estudos em ovelhas fetais prematuras relataram que a HI regula positivamente citocinas
circulantes e induz ativacdo microglial crénica e astrogliose entre 3-21 dias ap0s o insulto
(Cho et al., 2019; van den Heuij et al., 2019). Criticamente, a microglia e os astrocitos
liberam citocinas pro-inflamatérias durante a evolucdo da lesdo neural, que podem
prejudicar a maturacdo celular e facilitam a morte de oligodendrdcitos e neurénios (Cho
et al., 2020). Assim, esses dados apoiam fortemente a inducdo secundaria ou cronica da
glia e a producdo de citocinas como mecanismos-chave na patogénese da lesdo cerebral

HI.

A hipotermia pés-insulto inibe a ativacdo microglial e a inducéo de citocinas pro-
inflamatorias. Estudos sugerem que a eficacia da hipotermia apds a HI pode ser
dependente da via especifica TLR (Cho et al., 2020). Esse receptor por muito tempo foi
relacionado apenas com as células da microglia, no entanto atualmente se sabe que ele é
expresso também pelos astrocitos (Cho et al., 2020; Sofroniew, 2020). Além disso, a
utilizacdo da HT em modelos de isquemia cerebral em ratos adultos demonstrou que a
HT poderia elevar a expressdo da proteina Akt, que através da inibi¢do da Bad, FKHR e
GSK3p pode reduzir a astrogliose (Diao et al., 2020; Fukui et al., 2006; Tripathi et al.,

2017).

No entanto, um efeito da TH sobre a astrogliose que ocorre de forma dependente
do sexo, em modelo de HI neonatal, ndo havia sido demonstrado até o presente momento.
Além disso, ja foi demonstrado que a astrogliose aumentada em um SNC saudavel tem
efeitos ndo apenas neuroprotetores mas também plasticos. Enquanto que em situacgoes

adversas, nas quais o SNC sofre alguma lesdo, a astrogliose pode levar a um aumento da
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liberacdo de sinalizadores e citocinas que podem aumentar a inflamagdo no tecido,
podendo estender a morte celular por dias ou até meses (Cho et al., 2020; Sofroniew,
2020). A morfologia dos astrocitos durante o processo de astrogliose apds uma lesdo no
SNC pode ser alterada, aumentando 0s processos primarios e suas ramificacdes,
sinalizando uma desordem e um aumento da inflamacé&o (Sheikhbahaei et al., 2018; Xiong

et al., 2009).

Nossos resultados mostram que apenas nas fémeas que iniciaram o tratamento 2h
apos a lesdo, houve reducdo no nimero de processos primarios e no comprimento das
ramificagbes dos astrécitos, demonstrando uma possivel reducdo na sinalizacdo da
inflamacdo no hipocampo ipsilateral a oclusao carotidea. Essa reducdo poderia explicar
alguns resultados da literatura que observaram que as fémeas, quando o tratamento foi
iniciado logo apos a HI, apresentaram menor lesdo encefalica (Wood et al., 2020). Como
nosso trabalho avaliou apenas uma idade, ndo foi possivel confirmar a hipotese em

animais adultos.

5.4 A PROG pode ser uma alternativa para o tratamento apds a fase latente?

A HT é o Unico tratamento utilizado na clinica atualmente, no entanto, ela tem
efeitos em apenas uma pequena parcela de pacientes (em torno de 11%), levando a
necessidade de buscas por novos tratamentos (Cho et al., 2020). A eficacia limitada da
HT deve-se em parte a uma janela terapéutica curta para o inicio do tratamento, de apenas
6h apds o insulto. Estudos ja demonstraram que a média de tempo para o inicio da TH na

clinica é de 4 a 5,5h apos o insulto (Cho et al., 2020).

Estudos experimentais que utilizem tratamentos alternativos que possam levar a
neuroprotecdo apos esse periodo de tempo sdo extremamente necessarios. Para que o

tratamento seja eficaz ele deve agir em diversas vias que estardo alteradas apds o evento
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HI. Em razao disso, os neuroesteroides foram escolhidos para serem testados em diversos
modelos de lesdo encefélica, inclusive apds o evento HI. No entanto, os resultados da
literatura sdo contraditorios em relagcdo a PROG e HI neonatal (Fabres et al., 2018;
Peterson et al., 2015; Tsuji et al., 2012). Utilizando uma dose de 10 mg/kg e a
administracdo da PROG 6h (tempo maximo da janela terapéutica para uso da HT, que
ndo produziu melhoras nos machos e piorou os desfechos em fémeas) e 24h ap6s o inicio
da lesdo, foi possivel observar neuroprotecdo com reducdo do volume de lesdo no
hemisfério e hipocampo, além de reducdo das células degenerativas nas areas
hipocampais de CAL e do hilo, além do aumento da expressdo da Akt e reducdo da
caspase-3 clivada (Fabres et al., 2020). Além de atuar sobre vias de sinalizacdo
semelhantes as vias afetadas pela hipotermia, como a via da Akt, sugere-se que, apds a
lesdo, a PROG seja capaz de se ligar a receptores presentes nos astrdcitos e assim reduzir
a astrogliose. Portanto, a PROG se mostrou uma candidata para o uso combinado com a
hipotermia, podendo ser uma alternativa para casos em que o tempo maximos da janela

terapéutica de HT seja ultrapassado.
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6 Concluséo

A presente Tese demonstra que a PROG tem efeitos neuroprotetores em modelo
experimental de HI neonatal, apresentando reducédo da lesdo encefélica e na estrutura do
hipocampo ipsilateral a oclusdo da carotida comum direita. Esse resultado se deve a um
aumento da expressdo da proteina Akt-p, a qual reduz a expresséo da caspase-3 clivada,
proteina chave para apoptose. A PROG também se mostrou eficiente em reduzir a
astrogliose, mecanismo com efeito neuroinflamatdrio em lesdes encefélicas, sugerindo
uma acao através do aumento da Akt-p e uma provavel ligacao aos receptores mPRa. O
efeito neuroprotetor apareceu mesmo quando a PROG foi administrada apés 6h da leséo
encefalica, portanto, no limite de tempo da janela terapéutica da HT. Resultados presentes
na tese também demonstram que a HT tem efeitos neuroprotetores dependentes do
dimosfismo sexual, e do tempo de inicio do tratamento, com efeitos benéficos sendo mais
evidentes se iniciada mais proxima possivel ao inicio da lesdo por HI. Também
observamos que as fémeas, quando iniciado o tratamento ao final da janela terapéutica,
tiveram piora em alguns parametros avaliados, aumento de células degenerativas e tempo

de laténcia, em comparacao aos animais sem tratamento.

Tanto a PROG quanto a HT reduziram a astrogliose causada pela HI, sendo esse
efeito da HT dependente do sexo (com reducdo mais proeminente em fémeas). Assim,
estudos futuros sobre a HT devem observar com especial cuidado o momento de inicio e
seus efeitos dependente do sexo. Além da PROG ser uma candidata em potencial para

utilizacdo juntamente com a HT para tratar HI neonatal.
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7 Perspectivas
Avaliar se os efeitos neuroprotetores da HT com janelas terapéuticas diferentes

permanecem apos a fase adulta.

Avaliar se a associacdo de HT e PROG causa maior neuroprotecdo, quando
comparado aos efeitos individuais, em animais machos e fémeas submetidos ao modelo

de HI neonatal.
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