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« ~ . 3 ~
Quando ndo podemos mais mudar uma situagdo,
somos desafiados a mudar a nés mesmos”.

Oittor Frantt,
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RESUMO

O aumento da taxa de sobrevivéncia de recém-nascidos muito prematuros
esta associado a maior incidéncia de dano cerebral e a patologias neurolégicas,
como a hipéxia-isquemia neonatal (HI). A HI afeta 2/1000 nascidos vivos e é a
principal causa de mortalidade e morbidade infantil, sendo considerada um
problema de saude publica devido a seu impacto ao longo do ciclo vital e a alta
demanda de suporte social e familiar necesséria. As alteracdes no metabolismo
energético decorrentes da Hl desencadeiam uma cascata de eventos moleculares
implicados no dano cerebral e nos déficits sensoriomotores, cognitivos e
comportamentais subsequentes. O ambiente enriquecido (AE) € uma estratégia
experimental caraterizada por oferecer um maior nimero de estimulos cognitivos,
sociais e motores, apresentando efeitos benéficos em uma variedade de doencas e
lesbes ao sistema nervoso central e tornando o cérebro mais resiliente. Entretanto,
os efeitos do AE em periodos criticos do desenvolvimento e/ou maturacao
encefalica, bem como os mecanismos bioldgicos envolvidos quando associado a Hl,
ainda ndo séo totalmente entendidos. Desse modo, esta Tese teve como objetivo
avaliar os efeitos do AE no periodo gestacional e lactacional sobre os prejuizos
induzidos pela HI, quando realizada no terceiro dia pés-natal do rato. Para isso, ratas
Wistar prenhas foram alocadas no AE ou em condi¢des padrao durante a gestacao.
ApOs o nascimento, as ninhadas foram mantidas nas mesmas condi¢des de moradia
do periodo gestacional ou realocadas em um novo ambiente durante a lactacao.
Observou-se que os animais submetidos a HI e expostos ao AE na gestacdo, na
lactacdo ou em ambos os periodos do desenvolvimento apresentaram reducao na
morte celular por apoptose na fase aguda da lesdo, melhor desempenho funcional
quando comparados ao grupo controle, assim como reducdo na expressdo de
sinaptofisina, proteina relacionada a plasticidade sinaptica, no hipometabolismo
encefédlico e na perda tecidual na idade adulta. Esses achados podem ser
decorrentes da ativacao de vias relacionadas com sobrevivéncia celular como AKT
(48h poés-lesao), bem como do aumento na expressao de fatores de crescimento,
aumento no imunoconteudo do receptor TrkB e modulagéo na resposta astrocitéria
naidade adulta. Além disso, os animais apresentaram uma resposta sexo-especifica
a estimulagédo ambiental, na qual ratos machos exibiram efeitos positivos tanto no
periodo gestacional como lactacional, enquanto ratas fémeas pareceram ser mais
beneficiadas pelo enriquecimento pds-natal precoce. Os resultados obtidos
permitem concluir que o AE tem efeitos tanto preventivos como terapéuticos ao
atenuar o grau de comprometimento neurolégico induzido pela HI neonatal. Estes
achados ressaltam a importancia de uma maior compreensao sobre os mecanismos
envolvidos nos efeitos benéficos do AE, bem como a influéncia das condi¢cbes
ambientais no prognéstico a curto e longo prazo do recém-nascido exposto a
eventos cerebrais adversos como a hipOxia isquemia.

Palavras chaves: prematuridade, hipoxia-isquemia neonatal, enriquecimento
ambiental, neurodesenvolvimento, dimorfismo sexual.
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ABSTRACT

The increasing survival rates of very preterm newborns is associated to brain
damage and several neurological conditions, such as neonatal hypoxia-ischemia (HI).
HI affects 2/1000 live births and it is the main cause of mortality and morbidity in
infants, being considered a public health problem for its great impact throughout the
life cycle and increased family and social support requirements. Changes in the
energy metabolism as consequence of HI insult trigger a cascade of molecular events
implicated in brain damage and subsequent sensorimotor, cognitive and behavioral
deficits. Environmental enrichment (EE) is an experimental strategy that aims to
promote greater cognitive, social and motor stimuli, showing beneficial effects in a
variety of central nervous system diseases and injuries, thus making brain more
resilient. However, the effects of EE during critical neurodevelopmental periods or
encephalic maturation, as well as the biological mechanisms involved when related to
HI are not yet understood. The aim of this Thesis is to evaluate the EE effects in
gestational and lactation period on the HI-induced damage, on the third postnatal day.
Thereby, pregnant Wistar rats were allocated in EE or standard conditions during
gestation. After birth, the litters were kept in the same housing condition or reallocated
to a new environment during lactation. It was observed that animals submitted to Hl
and exposed to EE on gestation, lactation and the combination of both
neurodevelopmental periods showed a reduction in cell death by apoptosis in acute
stage of the injury and had greater functional recovery when compared to control
group. In addition, EE animals showed a reduction in the expression of synaptopysin,
protein related to synaptic plasticity, in encephalic hypometabolism and in tissue loss
at adulthood. These findings can be due to activation of pathways related to cell
survival, such as AKT (48h after the insult), up-regulation of VEGF and IGF-1 levels,
as well as the increase in the immunocontent of TrkB receptor and modulation in
astrocyte reaction at adulthood. Moreover, a sex-specific response was observed, in
which male rats exhibited positive effects both at gestational and lactation period,
while females seem to be more benefited by early postnatal enrichment. Data here
presented allow the conclusion that EE has preventive and therapeutic effects
attenuating the neurological impairments caused by neonatal HI. These results
highlight the relevance of a better understanding of the mechanism responsible for
protective EE effects, as well as the environmental influences on short and long-term

prognosis of neonate suffering from brain injury such as hypoxia-ischemia.

Key words: prematurity, neonatal hypoxia-ischemia, enriched environment,

neurodevelopment, sexual dimorphism
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APRESENTACAO

Esta Tese é constituida por:

1.

Introducdo: embasamento tedrico para a compreensdo da proposta de

trabalho e das hipéteses.

Objetivos: descricdo dos objetivos geral e especificos a serem

desenvolvidos ao longo dos capitulos.

Abordagem Metodologica: descricao geral do modelo experimental e dos

métodos utilizados.

Resultados, constituido pelos capitulos 1, 2, 3, 4 e 5.

Capitulo 1, artigo publicado na revista Neuroscience: Longer hypoxia-
ischemia periods to neonatal rats causes motor impairments and
muscular changes;

Capitulo 2, artigo publicado na revista Molecular Neurobiology:
Prenatal and early postnatal environmental enrichment reduce acute
cell death and prevent neurodevelopment and memory impairments
in rats submitted to neonatal hypoxia ischemia;

Capitulo 3, artigo publicado na revista Behavioral Brain Research:
Preventive and therapeutic effects of environmental enrichment in
Wistar rats submitted to neonatal hypoxia-ischemia;

Capitulo 4, short communication publicada na revista Behavioral

Brain Research: Enriched experiences during pregnancy and
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lactation period protect against motor impairments induced by
neonatal hypoxia-ischemia

e Capitulo 5, O enriquecimento ambiental precoce reduz parcialmente
o hipometabolismo encefalico e modifica a estrutura da rede
metabdlica em ratos submetidos a hipoxia-isquemia neonatal:
Resultados parciais.

Discussao: interpretacdo dos resultados apresentados e sua

contextualizacao.

. Conclusdes e perspectivas.

Referéncias bibliograficas.
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1. INTRODUCAO



1.1 Prematuridade

O nascimento prematuro € considerado um problema de saude publica,
sendo a principal causa de mortalidade em criangas menores de cinco anos
(Blencowe et al., 2013) e de morbidade infantil (Abajobir et al., 2017). A
prematuridade é definida como o nascimento do feto humano antes de 37
semanas de gestacdo, ou antes de 259 dias apds a data do ultimo periodo
menstrual (World Health Organization, 2012). De acordo com a idade
gestacional, o American College of Obstetrician and Gynecology (ACOG)
classifica 0 recém-nascido em: prematuro extremo (< 28 semanas), muito
imaturo (entre 28 e 32 semanas), prematuro moderado (entre 32 e 37 semanas),
a termo precoce (entre 37 e 38 semanas), a termo (entre 39 e 40 semanas), a
termo tardio (entre 41-42 semanas) e pos-termo (> 43 semanas) (ACOG, 2013;

Quinn et al., 2016).

Atualmente, cerca de 15 milhdes de recém-nascidos nascem antes de 37
semanas de gestacdo no mundo, perfazendo uma taxa de 11.1% de todos os
nascimentos (Blencowe et al., 2012; Suff et al., 2018). Avancos no servi¢co de
neonatologia nas ultimas décadas tém melhorado a taxa de sobrevivéncia,
particularmente em prematuros extremos, entre as 242 e 282 semanas de
gestacao e peso inferior a 1500 gramas; porém tal sucesso traz consigo aumento
da incidéncia de sequelas neurolégicas como paralisia cerebral, epilepsia e
déficit de aprendizagem (Volpe, 2009a, 2009b; Frey and Klebanoff, 2016). Dados
da Organizacdo Mundial da Saude revelam que 60% dos nascimentos pré-termo
ocorrem na Africa e no sul da Asia, contudo, no ranking mundial de

prematuridade paises como a india, a China e os Estados Unidos ocupam os
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primeiros lugares. O Brasil ocupa a décima posi¢do, com cerca de 300 mil

nascimentos prematuros por ano (Blencowe et al., 2013).

Estima-se que nos paises em desenvolvimento 12% dos bebés nascem
antes do tempo previsto e 90% daqueles que tém prematuridade extrema
morrem em poucos dias. Entretanto, nos paises desenvolvidos essa taxa de
mortalidade cai para menos de 10% dos casos. Esta situacdo tem sido
relacionada a diferencas na qualidade da atencdo médica, no acesso aos
servicos de saude especializada e nas intervencgdes preventivas para melhorar

a qualidade de vida da gestante (World Health Organization, 2012).

O nascimento prematuro pode ser espontaneo, em 75% dos casos, ou por
causas iatrogénicas (Kramer et al., 2012). Apesar da patogénese do nascimento
pré-termo ser pouco compreendida, as evidéncias cientificas indicam a
prematuridade como uma sindrome complexa, com mdultiplas causas possiveis
(Suff et al., 2018). Entre os fatores de risco associados podemos citar: idade
materna (menor de 17 anos e maior de 40 anos), indice de massa corporal (muito
alto ou muito baixo), intervalo reduzido entre uma e outra gravidez, gravidez
multipla, infec¢cbes das vias urindrias, hipertenséao arterial, diabetes, consumo de
tabaco ou A&lcool, disfuncdo placentaria, estresse e nivel socioecondmico
desfavoravel (Goldenberg et al., 2009; Gravett et al., 2010; Muglia and Katz,

2010; Angelidou et al., 2012; Kramer et al., 2012).

A classificacao de prematuridade do ACOG considera tanto a apresentacao
clinica como os mecanismos fisiologicos desta condicao. A primeira refere-se ao

parto prematuro, espontaneo ou induzido, e a segunda subdivide o nascimento



pré-termo em causas infecciosas e/ou inflamatoérias, por vasculopatias ou

estresse (Kramer et al., 2012).

E importante salientar que as consequéncias da prematuridade tém
impacto tanto no periodo neonatal como ao longo do ciclo vital. Diferentes
estudos tém mostrado um incremento na taxa de complicacbes a curto prazo,
como hemorragia encefalica periventricular, hipoglicemia, asfixia perinatal e
dificuldade respiratoria (Escobar et al., 2006; Femitha and Bhat, 2012). Chama
atencao de que em recém-nascidos prematuros a incidéncia de eventos hipoxico
isquémicos atinge entre 12 e 14% dos casos, enquanto no recém-nascido a

termo, essa taxa se reduz a 1 e 2% dos nascimentos (Blencowe et al., 2012).

No longo prazo, a prematuridade esti associada a alteracdes no
desenvolvimento e no desempenho neuroldgico, como atraso no
desenvolvimento psicomotor, paralisia cerebral, autismo, déficit de aprendizado,
deficiéncia nas funcdes executivas, doenca pulmonar crdnica, doencas
cardiovasculares, déficit visual e auditivo, déficit de atencdo e hiperatividade,
ansiedade e depressao (Volpe, 2009b; Teune et al., 2011; Angelidou et al., 2012;
Roggero et al., 2013). Assim, é de fundamental relevancia o estudo de condi¢cdes
como a prematuridade e algumas de suas complicacbes primérias, como a
hipoxia-isquemia neonatal nessa faixa de desenvolvimento, a fim de avancar a
compreensao da lesédo cerebral, das alteragcdes funcionais associadas e da
capacidade de resiliéncia e recuperagéo dos sujeitos o que podera facilitar novas
abordagens terapéuticas, tanto no contexto experimental como clinico (O’Shea,

2002; Volpe, 2005; Lai and Yang, 2011).



1.2 Hipoxia-lsquemia Neonatal (HI)

A Hipodxia-lsquemia neonatal (HI) € uma das principais causas de 6bito e
de lesdes ao Sistema Nervoso Central (SNC) no periodo perinatal (Verklan,
2009), com incidéncia de 1,8 a 6 casos/ 1000 nascidos vivos (Shevell et al.,
2001). Disfung@es circulatorias e/ou complicagBes obstétricas como a hipdxia
materna, o descolamento prematuro da placenta e a compressao do cordao
umbilical podem interferir na troca de gases entre a placenta e o feto, levando a
um déficit no aporte de oxigénio (O2), excesso de didxido de carbono (CO2) e
uma diminuicdo do aporte sanguineo (isquemia) causando a hipoxia-isquemia

neonatal (Berger and Garnier, 1999; Back et al., 2001; Ferriero, 2004).

Complicacdes sistémicas da asfixia neonatal frequentemente incluem
alteracdes cardiovasculares, respiratérias, metabdlicas e renais, sendo, 0 SNC
o mais comprometido (Berger and Garnier, 1999). As alteracbes metabolicas
decorrentes do insulto (HI) podem levar a modificagdes bioquimicas e
fisiolégicas que se traduzem em manifestagbes clinicas secundéarias ao
comprometimento fisiol6gico ou estrutural (McKenna et al., 2015). A HI tem sido
correlacionada a 25% dos casos de deficiéncias fisicas e cognitivas em criancas
(Kurinczuk et al., 2010) e vinculada ao comprometimento das capacidades
neuroldgicas e/ou a patologias como a paralisia cerebral, a epilepsia e retardos
no desenvolvimento psicomotor e de aprendizado (Vannucci and Hagberg, 2004;
Khwaja and Volpe, 2008). As implica¢cbes das sequelas neuroldgicas associadas
a Hl séo consideradas um problema de saude publica, devido ao grande impacto
ao longo do ciclo vital e ao amplo suporte familiar e social necessario (McKenna

et al., 2015).



As caracteristicas neuropatolégicas da HI sdo complexas e variam
dependendo da idade gestacional e pdés-natal do neonato, da natureza e da
duracéo do insulto (Roelfsema et al., 2005; Yang and Lai, 2011; Bock et al.,
2014), ainda que o encéfalo do neonato tenha uma maior tolerdncia anaerdbica
guando comparado ao do adulto (Towfighi et al., 1997; Perliman, 2001; George
et al., 2004). As alteracdes no metabolismo energético cerebral tém grande
relevancia devido aos periodos de vulnerabilidade celular e tecidual em que
ocorre o0 insulto (Yang and Lai, 2011; Bock et al., 2014). No periodo
prenatal/neonatal ocorre o desenvolvimento e/ou a maturagdo de diferentes
estruturas cerebrais como o hipocampo, o sistema limbico e o neocortex (Yager
and Ashwal, 2009), havendo intensa sinaptogénese e alta taxa de diferenciacéo
de algumas células, como por exemplo, os oligodendrdcitos (Back et al., 2002;

Back, 2006).

Como apresentado na Figura 1, os achados neuropatolégicos da HI variam
de acordo com a maturidade do feto, a natureza e a extensdo da lesdo, podendo
resultar em lesdes teciduais com caracteristicas macroscoépicas diferentes como
morte seletiva neuronal, lesdo cerebral para-sagital, leucomalacia
periventricular, hemorragia intra ou periventricular e isquemia focal e/ou

multifocal (Khwaja and Volpe, 2008; Silbereis et al., 2010).
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Figura 1: llustrac@o de lesBes cerebrais que comumente afetam recém-nascidos prematuros

(A,B) e criancas nascidas a termo (C,D) [Adaptado de (Silbereis et al., 2010)].

Os mecanismos fisiopatolégicos da HI sdo divididos em trés fases: primaria,
secundéria e terciaria (Figura 2), cujas manifestagfes clinicas progridem apdés
um periodo de horas a dias, e podem expressar tanto o0 metabolismo encefalico
guanto a cascata de eventos neuroquimicos responsaveis pela lesdo cerebral

(Hassell et al., 2015).



Fase priméaria:

A falha energética primaria € caracterizada pela reducdo do fluxo
sanguineo e pela queda do suprimento de glicose e oxigénio. A reducdo das
moléculas fosforiladas de alta energia, como o ATP e a fosfocreatina, favorece
0 metabolismo anaerdbico; essa mudanca metabdlica promove o acumulo de
lactato e ions hidrogénio (H*), que progressivamente comprometem o potencial
de regulacédo vascular e favorecem a acidose do tecido (Johnston et al., 2001a,

2001b).

Estudos pré-clinicos tém mostrado que a diminuicdo de substratos
energeéticos apos a lesdo compromete a atividade da bomba Na+/K+ ATPase,
resultando no acumulo intracelular de sédio (Na*), célcio (Ca**) e 4gua (edema
toxico), seguido da despolarizacdo excessiva da membrana e liberacdo de
neurotransmissores excitatorios, especialmente glutamato (Ferriero, 2001; Back
et al.,, 2002; McLean and Ferriero, 2004). O aumento nas concentracdes de
glutamato extracelular e a ativacdo de seus receptores, principalmente do
subtipo N-metil-D-aspartato (NMDA), desencadeiam uma cascata “excitotéxico-
oxidativa” que repercute na estabilidade sinaptica, na plasticidade neuronal
dependente da atividade e na excitabilidade do hipocampo, do cortex cerebral e
de outras estruturas cerebrais (i.e. estriado e cerebelo) relacionadas com
aprendizado e a memdria, processos nos quais 0s receptores ionotrépicos de

glutamato tém uma importante participacao (Hagberg et al., 2002).

Os efeitos deletérios do aumento do Ca** livre no citosol pela ativacao
excessiva dos receptores de NMDA, despolarizacdo da membrana e liberacéo

de Ca** dos estoques intracelulares incluem alteracéo na respiracéo mitocondrial



pela ativagdo da enzima Oxido nitrico sintase neuronal, que leva a liberacdo do
radical 6xido nitrico (NO) e degradacéo de lipidios, proteinas e DNA celular pela
ativacdo de fosfolipases, proteases e nucleases, respectivamente (Hagberg et
al., 2002; Cross et al., 2010). Sinais liberados pelas mitocondrias danificadas
podem estimular a liberacdo do citocromo C ao citosol, favorecendo a ativacao
das caspases 9 e 3 (enzimas ativadas durante a HI) que d&o inicio a apoptose
neuronal (morte celular programada) desde que o fornecimento de energia
persista. A exaustdo do suprimento energético e os efeitos combinados da
acidose, da excitoxicidade, da neurotoxicidade por oxido nitrico (NO) e do
acumulo de Ca**, sdo elementos importantes que levam a necrose celular
(Hagberg et al., 2009). A intensidade da morte celular observada dependera

extensdo da lesé@o e do estagio de maturidade das células afetadas (Yang and

Lai, 2011).

Ao ser reestabelecido o fluxo sanguineo (reperfuséo), uma segunda onda
de dano celular acontece. Durante esse periodo, o oxigénio volta a estar
disponivel para as células e causa exacerbacdo na producéo de radicais livres,
como o NO, bem como reacdes inflamatorias mediadas pela liberacdo de
interleucinas e lesdo da unidade microvascular (Khwaja and Volpe, 2008).
Assim, danos a membrana celular podem agravar 0s eventos negativos através
da liberagdo aumentada de radicais livres, que s&o capazes de atuar
indiretamente na sinalizacdo redox e ativar a apoptose. AO mesmo tempo, 0s
leucdcitos podem ligar-se ao endotélio de pequenos capilares obstruindo-os e
levando a piora da isquemia, o que exacerba o dano tecidual (Berger and

Garnier, 1999).



Resposta

Fase Secundaria

A falha energética secundaria acontece entre 6 a 24 horas apos a leséo e é
caracterizada pelo inicio das convulsdes. Essa fase difere da priméria porque o
declinio nos niveis de fosfocreatina e de ATP ndo sédo acompanhados de acidose
(Lorek et al., 1994). Sua patogénese envolve edema tbxico, acumulo de

citocinas, falha mitocondrial, apoptose e niveis alterados de fatores de

crescimento e de sintese proteica (Hassell et al., 2015).

Latente Secundaria Terciaria
Insulto
_ Morte celuiar Morte celular
Multiplas vias de morte tardia
celular programada
~
Falha Mitocondrial
Reperfusdo Secundaria
4
—— 3
[’ Convulsdes Remodelamento
i Aporte de Glicose e O, Excitotoxicidade Asm)gliose
i A
l [ Inflamagéo Reparagio
‘1' Produgao de ATP [ Estresse Oxidativo
l >
[
30 min 6-12 h > 3d Meses

Figura 2: Esquema geral das caracteristicas fisiopatolégicas da resposta ao evento hipdxico-

isquémico [Adaptado de (Douglas-Escobar and Weiss, 2015)].

Fase Terciaria

A lesdo cerebral terciaria refere-se a processos patoldgicos ativos que
ocorrem por semanas, meses € anos apos o insulto hipoxico-isquémico. Os
mecanismos de dano persistente envolvem gliose, ativacdo dos receptores

inflamatorios e modificagBes epigenéticas (Hassell et al., 2015).
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A ativacdo dos astrocitos tem como objetivo preservar o tecido neuronal e
prevenir um maior dano na funcédo do SNC, pois estes regulam a concentracdo
de ions e neurotransmissores no meio extracelular, previnem a inflamacao
excessiva e apresentam um efeito neuroprotetor ao inibir a atividade da microglia
e favorecer a liberacdo de fatores neurotréficos importantes na reparagédo e
proliferagao celular (Villapol et al., 2008; Sonnewald, 2014). Entretanto, em
estagios avancados da lesdo, os astrocitos podem formar cicatrizes durante o
rearranjo celular e molecular do tecido (Sofroniew, 2009; Anderova et al., 2011).
A barreira fisica criada pela cicatriz glial pode dificultar os axénios de atingir seu
comprimento total e impedir que novos contatos axonais acontegcam, afetando o
processo normal de mielinizacdo e a comunicagdo axonio-glia (Franklin and
Ffrench-Constant, 2008). As células da micréglia estdo presentes em grande
ndmero na substancia branca periventricular em desenvolvimento (Burda and
Sofroniew, 2014) e em volta dos axénios em degeneracdo. Além disso, a
microglia é responsavel por fagocitar as células em necrose e apoptose e a sua
ativacdo excessiva pode afetar o funcionamento do tecido nervoso e parece
estar relacionada aos disturbios de longo prazo observados nos bebés

prematuros (Zhu et al., 2014).
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1.3 Metabolismo Encefalico

O metabolismo encefalico apresenta grandes variacbes durante o
desenvolvimento, apesar dos niveis circulantes de glicose se manterem sem
muitas alteracdes (Brekke et al., 2014). A taxa metabdlica na substancia cinzenta
do neonato € muito menor que a do adulto, embora possa ser maior na
substancia branca. Esta diferenca parece ser responsavel pela capacidade do
cérebro imaturo de suportar periodos prolongados de hipéxia (McKenna et al.,

2012).

Em condices fisioldgicas, a glicose é essencialmente o Unico substrato
energético para o encéfalo adulto. Em contrapartida, o consumo encefalico de
glicose em roedores neonatos € de aproximadamente 50% do encéfalo adulto,
sendo utilizadas outras fontes energéticas como os corpos cetdnicos, acetato e
lactato (Brekke et al., 2014). Estima-se que o metabolismo dos corpos cetdnicos
possa fornecer 30% da energia total em roedores durante o periodo de
amamentacao e 48% da demanda energética em ratos no DPN 16, sendo um
dos principais substratos nesse periodo, enquanto o consumo de glicose € de
apenas 12% no DPN 7 e 28% no DPN 14, quando comparado com os niveis de

ratos adultos (Vannucci et al., 1994; Brekke et al., 2014).

O consumo encefalico de glicose durante o desenvolvimento esta
diretamente relacionado com os niveis de transportadores de glicose (GLUT),
sendo este um fator limitante na taxa de utilizacdo deste substrato energético no
periodo pds-natal precoce. Entre os principais transportadores estdo o GLUT1,
presente nas ceélulas gliais e na barreira hematoencefalica (BHE) e o GLUT3

encontrado predominantemente nos neurdnios (Vannucci et al., 1994). A baixa
12



utilizacéo de glicose no periodo neonatal coincide também com baixa atividade
das enzimas da via glicolitica e do ciclo do &cido tricarboxilico (comumente

referido como ciclo de Krebs) (Brekke et al., 2014).

Durante a lactacdo o consumo de leite com alto conteudo de gordura,
assim como de corpos cetbnicos derivados dos lipideos, suprem grande parte
das necessidades energéticas do cérebro em desenvolvimento (Nehlig, 2004),
Isso pode estar relacionado com os transportadores de monocarboxilato (MCT),
como o MCT-1, o qual estd mais expresso na BHE e a nas células glias do

cérebro neonatal com relacdo a idade adulta (Vannucci and Simpson, 2003).

Como mencionado anteriormente, a HI causa uma diminuicdo no
suprimento de oxigénio e glicose ao cérebro, prejudicando o metabolismo
oxidativo mitocondrial e os niveis de energia na célula. Alteracdes agudas no
metabolismo energético e sua desregulacdo prolongada durante o periodo
neonatal podem aumentar a vulnerabilidade encefdlica e comprometer a
maturacdo e o desenvolvimento de processos essenciais no SNC, tendo em
consideracao que o aumento do consumo de glicose durante o periodo pés-natal
esta correlacionado com a aquisicdo de competéncias neurologicas ao nivel
funcional. Assim, modificagcbes no metabolismo encefédlico podem ser os
responsaveis pelos diferentes graus de incapacidade apdés a leséo (Nehlig, 2004;

McKenna et al., 2015).

No modelo experimental de HI neonatal (vide abaixo) os niveis de glicose
apos o insulto séo inicialmente mais baixos no hemisfério ipsilateral a oclusao da
carotida, porém estes valores aumentam acima dos niveis basais em ambos

hemisférios na primeira hora apos a Hl, assim 30 minutos apds a lesdo ha um
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aumento de 26% nos niveis de glicose no hemisfério ipsilateral e de 44% no
contralateral, indicando uma reperfusao rapida e possivelmente um aumento na
captacdo de glicose como mecanismo compensatorio (Brekke et al., 2014). Além
disso, os niveis de transportadores de glicose sdo afetados pela HI, com
aumento da expressdo do GLUT1 tanto no hemisfério ipsi como contralateral a
lesdo, com niveis ainda mais elevados 24 horas apds a HI no hemisfério
ipsilateral. A expressao de GLUT3 (transportador neuronal) apresenta um
aumento nas regides perilesionais, mas € reduzida rapidamente nas areas mais
afetadas como o cortex e o hipocampo (Morken et al., 2014). Esses achados
experimentais estdo em concordancia com dados reportados em infantes a
termo acometidos pela HI, os quais tem mostrado uma correlacdo inversa entre
a severidade da lesdo e o metabolismo de glicose (Thorngren-jerneck et al.,
2001). E importante salientar que embora o fluxo sanguineo cerebral ndo esteja
reduzido no hemisfério contralateral neste modelo, a exposi¢cdo dos animais a
condicdes hipdxicas poderia explicar varias alteragcbes no metabolismo
encefélico no hemisfério contralateral nas primeiras 48 horas ap6s Hl. Isso torna
ainda mais interessante o estudo do metabolismo da glicose no cérebro em
desenvolvimento e as possiveis associacbfes com 0s prejuizos induzidos por

lesbes neonatais (Brekke et al., 2017).

A técnica de microtomografia por emissao de pdésitrons (ULPET) com o
radiofarmaco 18F-fluordesoxiglicose (18F-FDG) tem sido amplamente utilizada
para investigar o metabolismo cerebral em pacientes com alteracdes do SNC; e
recentemente seu uso foi estendido a animais de pequeno porte. Essa
metodologia € analoga aquela disponivel clinicamente, facilitando assim a

translacédo dos resultados experimentais (Zanirati et al., 2018).
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1.4 Modelo Experimental da Hipdxia-lsquemia

A hipodxia-isquemia € uma condicao patoldégica complexa, que envolve
diversos mecanismos fisiopatoldgicos, tornando relevante o uso de modelos
experimentais para a compreensdo dos diversos eventos moleculares e
celulares pos-leséo e para a avaliagdo de novas estratégias preventivas e/ou
terapéuticas. Com esse intuito, ratos e camundongos sSd80 0S animais mais

comumente utilizados (Yager, 2004; Rumajogee et al., 2016).

O modelo experimental de hipdxia-isquemia desenvolvido por Levine em
1960 e posteriormente modificado por Rice e colaboradores (1981) tem sido
utilizado com sucesso no intuito de reproduzir o insulto hipdxico-isquémico
neonatal ocorrido em humanos (Figura 3). O modelo consiste na inducédo da
isquemia, gerada pela oclusdo unilateral de uma das artérias cardtidas comuns
(cardtida direita, utilizada na presente Tese), seguida pela exposi¢cdo a uma
atmosfera hipoxica dentro de uma camara (kitasato), a qual fornece 8% de Oz e
92 % de N2, com fluxo de 5 L/min, simulando a combinacdo de hipoxemia e
isquemia encontrada em neonatos humanos ap6s um quadro de asfixia (Levine,
1960; Rice et al., 1981). Este modelo é vantajoso por apresentar alta
reprodutibilidade, baixo custo e baixa mortalidade, além de produzir dano em
90% dos animais e permitir a recuperacao do fluxo sanguineo mesmo com a

oclusao da artéria carotida (Vannucci. and Vannucci., 2005; Weis et al., 2011).
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Figura 3: Desenho esquemético do modelo de HI Rice-Vannuci. Fonte do autor.

O modelo de HI foi descrito por Rice-Vannucci em animais no sétimo dia
pés-natal (DPN 7), quando o desenvolvimento encefélico do rato é semelhante
ao do recém-nascido a termo. Essa idade é caraterizada por um pico de
crescimento encefalico e gliogénese; aumento da densidade axonal e dendritica;
maior maturacdo de oligodendrdcitos; e a consolidacdo do sistema imunitario,
sendo equivalentes aos processos encontrados em humanos entre a 362 e 402
semana de gestacdo (Semple et al., 2013). Uma variante desse modelo
caracteriza-se por realizar a HI no terceiro dia pés-natal (DPN 3), com o intuito
de entender os efeitos da lesdo em recém-nascidos prematuros, uma vez que
nesta idade os ratos exibem maturacéo encefalica semelhante aquela observada
em humanos com 24-28 semanas de gestacdo (Sizonenko et al., 2003, 2005;
Van De Looij et al.,, 2011). Apesar da diferenca de idade, ambos protocolos
causam déficits funcionais e lesdes no hemisfério ipsilateral a artéria carétida
ocluida em regides como o coértex cerebral e o hipocampo, sendo o hemisfério
contralateral muito pouco, ou mesmo nada, afetado morfologicamente (Pereira
et al., 2007; Arteni et al., 2010). A HI no DPN 3 causa ventriculomegalia e lesiona
preferencialmente areas mielinizadas e corticais, como o corpo caloso e o cortex

parietal, devido a vulnerabilidade na maturacdo-dependente da linhagem
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progenitora de oligodendrdcitos (pré-OLS) carateristica desse periodo de
desenvolvimento (Cai and Rhodes, 2001; Sizonenko et al., 2003; Stadlin et al.,
2003), o que confirma a sua semelhanca com o padréo de lesdo observado em
humanos prematuros ap6s um evento hipéxico-isquémico. Os oligodendroécitos
(OLS) sdo ceélulas responsaveis pela mielinizagdo do SNC, pelo
desenvolvimento trofico axonal, pela sobrevivéncia e pelo funcionamento neural.
Por isso, a sua auséncia ou diminuicdo durante o desenvolvimento acarreta
deficiéncias de mielinizacdo, podendo ser esta uma das causas dos déficits
comportamentais apresentados pelos animais (Back et al., 2001; Sizonenko et

al., 2005; Back, 2006).

Estudos prévios demonstram que a HI nesta idade causa reducdo no
volume hemisférico em regibes como o0 corpo caloso (estrutura altamente
mielinizada e fundamental aos processos cognitivos), associada a prejuizos de
memoria aversiva, espacial e de trabalho (Huang et al., 2009; Sanches et al.,
2013a, 2013b; Alexander et al., 2014). Alteracbes motoras tém sido observadas
em animais submetidos a HI no DPN 3 quando expostos a concentracdes de
oxigénio de 6% ou quando associado a estimulos inflamatérios (Girard et al.,
2009; Misumi et al., 2016). Estudos sdo necessarios para determinar se a
exposicdo a um periodo de hipdxia mais elevado, com uma concentragdo de
oxigénio de 8% (comumente utilizada no modelo de HI), causa as alteragbes

sensoriomotoras observadas clinicamente em recém-nascidos pré-termo.

A HI no DPN 3 prejudica o processo de mielinizacdo aumentando a
astrogliose e a microgliose durante a fase inicial (72 horas) e a cicatriz glial (44
dias apds o insulto) (Cai et al., 2006). Além disso, as espécies reativas de

oxigénio/nitrogénio e as citocinas pré-inflamatérias tém sido relacionadas a um
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dano de inicio tardio (ao redor de 5 semanas) apos o insulto HI (Cai et al., 2006),
indicando que a lesdo muda ao longo do tempo e pode ter impacto variavel nas

diferentes etapas do ciclo vital (Mishima et al., 2005; Tsuiji et al., 2010).

Apesar da alta incidéncia da HI neonatal e dos esforcos de pesquisadores
de ciéncias basicas e clinicas, estratégias terapéuticas efetivas para reduzir a
severidade da lesdo e o impacto funcional ainda sédo escassas. A hipotermia
durante as primeiras horas de vida é o tratamento padrdo para 0s recém-
nascidos com uma lesdo hipoxico-isquémica entre moderada e grave. Apesar
dessa alternativa terapéutica melhorar o prognéstico funcional dos neonatos,
seus efeitos sdo parciais e seu uso € limitado a recém-nascidos a termo
(Davidson et al.,, 2015). O recém-nascido prematuro que sofre com a HI
apresenta acometimento sistémico em diferentes graus de severidade, motivo
pelo qual o enfoque terapéutico se torna complexo e 0 neonato necessita de
atencdo para distintas manifestacdes clinicas (Nguyen et al., 2013). Estratégias
nao-farmacoldgicas como a manipulacdo ambiental parecem ser uma alternativa
promissora devido ao seu potencial de promover mudancas estruturais e
funcionais no SNC, o que favorece a preservacédo cerebral e a recuperacao

funcional ap6s uma lesao (Nithianantharajah and Hannan, 2006).
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1.5 Ambiente Enriquecido

O Ambiente Enriquecido (AE) € definido como a exposi¢do de animais de
laboratério a ambientes complexos que permitem atividade exploratéria e
oferecem possibilidades continuas de aprendizagem, quando comparado as
condigbes-padrdo de moradia (Krech et al, 1962; Diamond, 2001;
Nithianantharajah and Hannan, 2006; Rosenzweig, 2007; McDonald et al., 2018;

Kempermann, 2019).

Esse paradigma tem sua origem no trabalho de Donald Hebb (1947), que
mostrou que ratas mantidas em espacgos abertos que facilitavam a exploracéo
voluntaria, apresentavam mais habilidades cognitivas do que animais mantidos
em condi¢cBes padrao de laboratério (Hebb, 1947). O termo AE foi introduzido na
comunidade cientifica por Rosenzweig e colaboradores no ano de 1962, quando
demonstraram experimentalmente os efeitos da exposi¢céo a ambientes diversos
(enriquecidos versus empobrecidos). (Krech et al., 1962). Estudos posteriores
enfatizaram que a exposi¢do a experiéncias enriguecidas sdo necessarias para
o bem-estar do animal, para facilitar a expressao do comportamento natural, para
melhorar a fungéo biologica do sistema nervoso e para desenvolver habilidades

de resolugéo de problemas em animais de laboratério (Rosenzweig, 2007).

O AE caracteriza-se por gaiolas grandes que contém rodas, tuneis,
escadas, abrigos e brinquedos com diversas formas, tamanhos e texturas, que
sdo reorganizados e substituidos regularmente, a fim de fornecer maior
estimulacdo sensorial, cognitiva, motora e social nos animais (Petrosini et al.,
2009). Além disso, os animais sdo mantidos em grupos grandes facilitando a

exposicdo a estimulos olfativos, visuais e auditivos de outros animais, assim
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como comportamentos cooperativos e ladicos (Mering and Jolkkonen, 2015).
Algumas hipoéteses tém sido levantadas para a acdo do AE no SNC (Figura 4);
dentre elas podemos citar a aceleragcdo da maturacdo neural, a neuroprotecéo e
a plasticidade dependente de experiéncia (Nithianantharajah and Hannan, 2006;

Simonetti et al., 2009).

A literatura recente destaca que o AE tem a capacidade de modular
estrutural e funcionalmente o SNC, de facilitar processos de recuperacao apos
insultos cerebrais e de prevenir ou reduzir as sequelas associadas a diversos
distarbios neuroldgicos, quando estudados em modelos animais (Petrosini et al.,
2009; Alwis and Rajan, 2014; Mering and Jolkkonen, 2015). No modelo de HlI, o
AE diminui parcialmente o atraso no desenvolvimento neurolégico (Horvath et
al., 2013; Schuch et al.,, 2016a), melhora a memoria espacial e declarativa
(Pereira et al., 2007, 2008; Rojas et al., 2013; Galeano et al., 2015) e reverte os
prejuizos da funcéo sensério-motora dos animais (Seo et al., 2013a; Marques et
al., 2014; Schuch et al., 2016b; Meireles et al., 2017). No entanto, o AE apresenta
efeitos limitados em relacéo a preservacéao tecidual de estruturas como o corpo
caloso, o cortex, o hipocampo e o estriado (Pereira et al., 2007, 2008), sendo
possivel que o0s principais efeitos de experiéncias enriquecidas estejam
associados a modificagcfes plasticas que favorecem a reorganizagédo das areas
lesionadas e a otimizacao das regides cerebrais ndo comprometidas pelo insulto

neonatal (Mering and Jolkkonen, 2015; McDonald et al., 2018).

Como mencionado anteriormente, o evento hipéxico-isquémico inicia uma
cascata de eventos moleculares e celulares associados com excitotoxicidade,
estresse oxidativo e inflamagdo como um dos principais mecanismos

responsaveis pela morte celular apds leséo. Diversos protocolos usando AE no
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periodo pos-desmame reportam efeitos benéficos sobre varios desses fatores,
tais como: reducao da excitotoxicidade induzida por Ca** (luvone et al., 1996),
preservacgao da atividade da bomba Na*/K* ATPase (Rojas et al., 2015), reducéo
de radicais livres derivados do complexo derivado da NADPH oxidase-2 (Zhang
et al., 2017) e normalizacdo da atividade de enzimas antioxidantes como
superoxido dismutase (Pereira et al., 2009). Além disso, o AE também exerce
um papel protetor sobre o aumento da vascularizacao cerebral (Yu et al., 2014)
e a manutencédo da integridade da barreira hematoencefélica (BHE), impedindo
que células inflamatdérias periféricas penetrem no parénquima cerebral (Diaz et

al., 2016).

Cognitivo

Somatosensorial

Figura 4: Desenho esquematico do Ambiente Enriquecido e regibes cerebrais ativadas pelo

enriquecimento [Adaptado de (Nithianantharajah and Hannan, 2006)].
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1.6 Efeitos do Ambiente Enriquecido no Periodo Gestacional

O dano encefélico e o comprometimento funcional apos a HI resultam do
equilibrio entre os mecanismos prejudiciais (morte celular, inflamacéo, estresse
oxidativo) e as respostas de protecdo endogena do SNC (Hassell et al., 2015).
Atualmente, estratégias terapéuticas focadas em potencializar as respostas de
neuroprotecdo enddgena tem-se demostrado atraentes, dado que promovem
menos alteracbes na homeostase fisiologica, apresentam menos efeitos
colaterais e podem embasar tratamentos mais efetivos em resposta a estimulos
nocivos (Hassell et al., 2015). Estudos recentes também sugerem que o periodo
gestacional favorece processos de protecdo enddégena ao SNC em
desenvolvimento da prole, sendo esse um periodo critico do desenvolvimento
onde estimulos ambientes podem ser usados como prevencdo primaria de
eventos celulares apds insultos cerebrais e para reduzir as deficiéncias

funcionais (Jiang et al., 2014; Bale, 2015; Hassell et al., 2015; Netto et al., 2018).

As condi¢cdes maternas influenciam profundamente o desenvolvimento
adequado do feto e podem promover resiliéncia precoce a condi¢cdes adversas
de saude, como sugerido no Paradigma das Origens desenvolvimentistas da
saude e da doenga (Gluckman et al., 2008; Heindel and Vandenberg, 2015). Em
contrapartida ao amplo numero de pesquisas avaliando os efeitos do ambiente
gestacional adverso sobre a prole, existem poucos estudos que tém feito
referéncia ao impacto de contextos positivos, como o ambiente enriquecido
sobre a interagcdo mae-filho e do cérebro imaturo com seu entorno. O conceito
de programacao precoce indica que um insulto, ou um estimulo, durante
periodos criticos do desenvolvimento pode ter efeitos negativos, ou positivos, a

longo prazo tanto na estrutura como na funcao do organismo (Lucas, 2005). Este
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processo pode ocorrer como resultado de fatores ambientais sugerindo, por
exemplo, que a plasticidade cerebral pode ser incrementada durante a interagcéo
com diferentes estimulos e permitir adaptacdes individuais do SNC baseadas na
experiéncia, ainda no periodo pré-natal (Baroncelli et al., 2009; Horvath et al.,

2015; Sale, 2018).

Outro conceito que abrange a plasticidade dependente da experiéncia é o
de reserva cognitiva, o qual postula que os sujeitos podem desenvolver
mudancas estruturais e funcionais no cérebro capazes de amenizar os efeitos
de eventos negativos, reduzir o risco de maiores deficiéncias ou desenvolver a
capacidade de absorver danos maiores antes de atingir o limiar para a expressao
clinica ou funcional. Muito embora o conceito tenha sido postulado no estudo do
declinio cognitivo da maturidade e do envelhecimento, ele também pode ser
evocado em periodos precoces do desenvolvimento. Tal reserva varia entre os
individuos e pode ser inata ou modulada durante o ciclo vital por fatores
ambientais que contribuem para a construcdo de circuitos neuronais mais
eficientes e flexiveis, podendo ser avaliada em nivel comportamental e indicando

a existéncia de certa resiliéncia cerebral (Petrosini et al., 2009).

Em 1993, Satz mencionou que existem dois tipos de reserva cognitiva: uma
reserva estrutural passiva e uma funcional ativa. A primeira esta baseada no
potencial de protecdo segundo caracteristicas anatbmicas tais como tamanho do
cérebro, nimero de neurdnios, densidade e tamanho dos espinhos dendriticos.
A segunda trata da eficiéncia existente nos circuitos neuronais, que sao
reforcados pelo uso repetitivo e permitem o processamento, armazenamento e
recuperacdo da informacdo. O desenvolvimento destas reservas esta

relacionado a fatores ativos nas primeiras fases da vida e a interacdo materna e
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ou social as quais os individuos estdo expostos continuamente (Satz, 1993).
Além disso, existem fatores epigenéticos que indicam como os fatores
ambientais interagem ao nivel do sistema nervoso para promover a maturagao
e/ou a reorganizagdo dependente da experiéncia ao modificar a programacéo
genética do crescimento das areas cerebrais e dos circuitos neuronais
importantes na regulacdo do comportamento e da funcédo (Bock et al., 2014;

Matas et al., 2016).

Estudos pré-clinicos utilizando AE prévio ou durante a gestacdo tém
mostrado que a prole de maes expostas ao protocolo de enriquecimento
ambiental apresenta modificacdes ou carateristicas benéficas como: aceleracao
da maturacao e funcionalidade de circuitos sensoriais (Cancedda et al., 2004;
Sale et al., 2004, 2007; Céardenas et al., 2015), melhora do aprendizado e da
mem©éria (Cutuli et al., 2015; Zuena et al., 2016), melhora na funcdo sensoério -
motora (Maruoka et al., 2009; Caporali et al., 2014; Zuena et al., 2016), reducéo
da ativacdo do eixo hipotalamico-pituitario—adrenal (Welberg et al., 2006),
diminuicdo da expressao de receptores de glicocorticdides (Connors et al.,
2014), reducdo do dano hipocampal induzido por estresse pré-natal (Zheng et
al., 2013), modulacédo de comportamentos do tipo ansioso (Dell and Rose, 1987;
Rosenfeld and Weller, 2012; Zuena et al., 2016), modulacdo da proliferacao
celular (Maruoka et al., 2009) e reducéo da metilacao global do DNA (Mychasiuk
et al., 2012). Apesar dos achados acima mencionados destacarem o papel do
AE durante a gestacéo sobre o SNC do recém-nascido e sobre sua capacidade
de responder a diferentes estimulos, os efeitos do AE sobre os déficits induzidos

pela HI neonatal na prole ainda nao foram estudados.
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1.7 Efeitos do Ambiente Enriquecido no Periodo Lactacional

Estratégias terapéuticas durante o periodo de recuperacao pés-lesdo sao
utilizadas com o objetivo de promover um melhor prognostico funcional dos
sujeitos (Nithianantharajah and Hannan, 2006). Pesquisas nas quais o AE é
utilizado como estratégia de intervengdo experimental antes ou apos um evento
hipoxico-isquémico, frequentemente utilizam o periodo apés o desmame, a fim
de nao interferir com o cuidado maternal e devido a capacidade dos animais de
se movimentar de maneira voluntaria, aumentando a exploracéo e a interacao

com o ambiente (Adriani et al., 2006; Pereira et al., 2007; Komitova et al., 2013).

O primeiro estudo investigando os efeitos do AE apds a HI por meio do
modelo de Rice-Vannucci foi publicado pelo grupo de pesquisa de Isquemia
Cerebral da Universidade Federal do Rio grande do Sul (UFRGS), demostrou
gue a exposicao diaria (1 hora / durante 9 semanas) ao AE reverte os déficits de
memoria espacial quando avaliado no labirinto aquatico de Morris, sem evidéncia
de preservacao tecidual no cértex nem no hipocampo (Pereira et al., 2007).
Estudos posteriores usando modelos semelhantes confirmaram que o AE
aumenta a funcao social, motora e cognitiva dos animais (Adriani et al., 2006;
Pereira et al., 2008; Zhang et al., 2016) e causa alteracdes estruturais e
moleculares relacionadas a plasticidade sinaptica (Salmaso et al., 2012;

Komitova et al., 2013; Griva et al., 2017).

Experiéncias enriquecidas durante a amamentacdo sdo associadas ao
cuidado materno e a aspectos como temperatura, estimulagéo tatil e suporte
nutricional (Di Segni et al., 2017). O cuidado maternal tem uma grande influéncia

no desenvolvimento do cérebro da prole, sendo responsavel por modificacdes
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epigenéticas, regulacdo do crescimento fisico, maturacdo neural, organizacao
cerebral e desempenho comportamental (Liu et al., 2000; Kappeler and Meaney,
2010). No entanto, estudos recentes envolvendo AE durante a lactacéo e Hi
neonatal ndo avaliavam o comportamento materno como um mecanismo
relacionado aos efeitos benéficos do AE (Diaz et al., 2016; Schuch et al., 2016a).
Modificagbes = comportamentais em  parametros  relacionados  ao
neurodesenvolvimento e a fungdo cognitiva dos animais tém sido descritas,
sugerindo que o AE no periodo prévio ao desmame pode ser uma estratégia
promissora (Pereira et al., 2008; Horvath et al., 2013; Kiss et al., 2013; Schuch
et al., 2016a, 2016b). No entanto, os efeitos protetores do AE durante a lactagcéo

sobre o modelo de HI neonatal no DPN 3 ainda nao foram abordados.

1.8 Dimorfismo Sexual

Recentemente o Dimorfismo Sexual tem sido objeto de diversas
pesquisas devido a sua relevancia para o estudo do SNC, devido que machos e
fémeas tém diferentes respostas comportamentais, morfolégicas e
neuroquimicas tanto em condi¢des fisiolégicas como em diversas patologias
(Cahill and Aswad, 2015). Apesar das evidéncias clinicas e pré-clinicas sobre as
respostas distintas entre sexos a fatores extrinsecos como estimulos ambientais,
administracdo de farmacos, nutricdo, entre outros, com frequéncia os estudos
sdo apresentados sem estratificacdo sexual durante as andlises e as fémeas
eram em grande parte excluidas, com excecdo das pesquisas acerca de

comportamentos reprodutivos (Fl6rez-Vargas et al., 2016).
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Doencas como Alzheimer (Barnes et al., 2005), esquizofrenia (Lindamer et
al., 1999) e depressao (Gorman and Read, 2006) apresentam maior incidéncia
em mulheres do que em homens. Por outro lado, os homens s&o mais propensos
a serem diagnosticados com perturbacbes do desenvolvimento neurolégico
(Gualtieri et al., 1985; Lauterbach et al., 2001; Donders and Hoffman, 2002;
Rutter et al., 2003) e a apresentar maior suscetibilidade a insultos graves apos a
HI, tendo seus déficits cognitivos e comportamentais exacerbados (Hindmarsh
et al., 2000; Kesler et al., 2008; Kent et al., 2012; Peacock et al., 2012). A
influéncia do sexo sobre lesdes do SNC ndo € observada somente na idade
adulta, onde o efeito hormonal seria esperado. A paralisia cerebral e a deficiéncia
intelectual por exemplo, sdo mais comuns em homens (Johnston and Hagberg,
2007). Estes ainda mostram maior incidéncia de prematuridade, andxia,
hemorragia intraventricular e morte por prematuridade (Lauterbach et al., 2001;

Mayoral et al., 2009; Raz et al., 2010; Peacock et al., 2012).

Um estudo de revisdo sobre o dimorfismo sexual em parametros
comportamentais e neuroquimicos das ratas, os autores relatam que dentre 443
artigos publicados entre outubro de 2010 e 2011, apenas 17% empregaram ratas
fémeas, 11% usaram ambos 0s sexos, e a maioria (72%) utilizou apenas ratos
machos (Simpson and Kelly, 2011). Outros achados comportamentais destacam
o fato de as fémeas serem mais ativas que os machos no campo aberto e no
labirinto em cruz elevado e apresentarem taxas inferiores de aprendizado no

labirinto aquatico (Simpson and Kelly, 2011).

Evidéncias recentes sobre HI neonatal tém demonstrado que ha diferencas
entre 0s sexos tanto na extensao da lesdo quanto na resposta a diferentes

tratamentos (para revisao ver: (Netto et al., 2017; Charriaut-Marlangue et al.,
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2018). E interessante notar que a expressdo e a atividade de enzimas
mitocondriais parece ser o ponto central do dimorfismo sexual apds isquemia e
hipoxia-isquemia neonatal (Dukhande et al., 2009; Weis et al., 2012). A lesdo
iIsquémica produz efeitos diferentes sobre a fungéo mitocondrial em machos e
fémeas a curto prazo, que envolve a morte celular e vias neuroinflamatoérias
distintas, levando a déficits motores e cognitivos variados na idade adulta
(Demarest et al., 2016a, 2016b). Em termos gerais, a apoptose € mais robusta
no sexo feminino, enquanto a necrose é a via mais importante no sexo masculino
(Netto et al., 2017). Além disso, os machos apresentam um aumento na ativacao
da microglia e de respostas inflamatorias periféricas em relacdo as fémeas, o
que aprofunda a gravidade da lesdo (Jin et al., 2010; Patel et al., 2013). Contudo,
0s mecanismos bioldgicos subjacentes a essas diferencas sexo-especificas ndo
estdo totalmente esclarecidos e certamente demandam mais investigacéo
experimental. Atualmente, torna-se cada vez mais importante obter informacdes
sobre a influéncia do sexo em diferentes modelos de lesdo encefalica assim
como na resposta do SNC a diferentes estratégias terapéuticas, visto que
mecanismos fisiopatologicos distintos podem implicar em estratégias

diferenciadas, a fim de promover uma maior protecao e/ou recuperacao.

Zuena e colaboradores (2016) reportaram que o AE no periodo pés-natal
também apresenta uma resposta sexo-especifica, possivelmente mediada por
modificagdes no cuidado materno. Seus resultados revelaram um aumento no
comportamento do tipo ansioso apenas em machos, e uma melhora na
capacidade de aprendizado apenas nas fémeas (Zuena et al.,, 2016). Sob
condicdes de lesdo no SNC, a exposi¢cdo ao AE também mostrou respostas
dependentes do sexo. No modelo de traumatismo cranio-encefalico (TCE), por
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exemplo, as ratas fémeas apresentaram melhor resposta a estimulagéo
ambiental quando comparadas aos machos, em parametros relacionados com a
funcdo do sistema dopaminérgico (Wagner et al., 2005). Em animais submetidos
a Hl, o enriquecimento durante 22 dias (iniciado 24 horas depois da leséo)
melhorou o desempenho de ratos de ambos sexos na tarefa de reconhecimento
de objetos; enquanto a memoaria de trabalho no labirinto aquético revelou efeitos

benéficos da estimulacdo ambiental apenas em fémeas (Pereira et al., 2008).

1.9 Hipodtese de Trabalho

Considerando os efeitos positivos da exposi¢cdo ao ambiente enriquecido
no modelo de hipdxia-isquemia neonatal, a hipotese da presente Tese é que o
enriguecimento ambiental durante o periodo gestacional e/ou lactacional
promove alteracbes encefdlicas que podem reduzir 0s prejuizos
comportamentais, moleculares, metabdlicos e morfolégicos da HI, quando
realizada no terceiro dia poOs-natal do rato, mimetizando condicdes de
prematuridade no humano. Também testamos a hip6tese de que o ambiente
enriquecido durante esses periodos criticos do neurodesenvolvimento elicita

mecanismos neuroprotetores de maneira sexo-especifica.

29



2. OBJETIVOS
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2.1 Objetivo Geral

Avaliar os efeitos da exposicdo ao ambiente enriquecido no periodo
gestacional e lactacional sobre os prejuizos comportamentais, moleculares,

celulares e morfoldgicos induzidos pela HI, no terceiro dia pos-natal do rato.

2.2 Objetivos Especificos

e Comparar diferentes tempos de exposicao a hipdxia (120, 180 e 210
minutos) em animais submetidos ao modelo de hipdxia-isquemia (HI)
no terceiro dia pos-natal (DPN3), através da avaliagdo da funcao
sensorio-motora, do volume de preservacao tecidual no estriado e da
area de secdao transversal do musculo esquelético na idade adulta, a
fim de padronizar o grau de lesdo responsavel por mimetizar os
prejuizos motores observados em neonatos humanos nascidos

prematuramente;

e Determinar os efeitos da exposi¢cdo continua ao ambiente enriquecido
durante os periodos gestacional e lactacional em ratos submetidos a
hipbxia-isquemia no terceiro dia pos-natal (DPN3) sobre parametros
celulares relacionados a morte celular por apoptose, sobrevivéncia
celular, reatividade astrocitaria e a expressao de fatores de crescimento
e neurotroficos, durante a fase aguda da lesdo (48h pds-HI). Além
disso, avaliar os efeitos do enriquecimento ambiental no

comportamento maternal, na atividade reflexa da prole, na funcéo

cognitiva dos animais e no volume de leséo na idade adulta (DPN60);
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Verificar na idade adulta os efeitos do ambiente enriquecido no periodo
gestacional e lactacional sobre o comportamento motor dos animais

submetidos a hipdxia isquemia;

Avaliar a possivel influéncia do dimorfismo sexual sobre parametros
funcionais, expressdo de fatores de crescimento e neurotroficos,
reatividade astrocitaria e volume de lesdo, quando avaliados na idade
adulta (DPN60). Além disso, verificar se os efeitos do ambiente
enriquecido sdo dependentes da estimulacdo durante a gestacéo, a
lactacdo ou a combinacdo de ambos os periodos, em animais

submetidos a hipéxia-isquemia (HI) no dia pos-natal 3;

Caracterizar o metabolismo cerebral in vivo dos animais submetidos a
HI e ao ambiente enriquecido no periodo gestacional e lactacional por
meio de microtomografia por emissdo de podsitrons (UPET) e
estabelecer possiveis associagcdes com parametros funcionais e

histoldgicos.
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3. METODOLOGIA
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3.1 Aspetos Eticos

Os procedimentos realizados na presente estdo de acordo com a lei n°
11,794 de 8 de outubro de 2008, diretrizes do CONCEA e os Principios
Internacionais Orientadores para a Pesquisa Biomédica Envolvendo Animais
(Council for International Organizations of Medical Sciences [CIOMS] NIH

publication 85-23, 1985).

Além disso, foram providos todos os cuidados necessarios antes e apos a
cirurgia, e os protocolos experimentais utilizados neste estudo foram aprovados
pela Comiss&o de Etica no Uso de Animais (CEUA) da Universidade Federal do

Rio Grande do Sul, sob o nimero 28641.

3.2 Animais

Ratos Wistar foram obtidos do Biotério do Departamento de Bioquimica da
Universidade Federal do Rio Grande do Sul. Os animais foram mantidos com
alimentacéo padrdo e agua ad libitum, e ciclos de 12h claro e escuro em salas

climatizadas (22°C + 2°C).

Padronizacdo do grau de lesdo

A fim de determinar o grau de lesdo responsavel por afetar a funcéo
sensoriomotora dos animais, foram comparados diferentes tempos de exposicéo
a hipoxia. Para isso, filhotes de ambos os sexos foram submetidos ao modelo de
hipoxia-isquemia (descrito posteriormente) no terceiro dia pés-natal. Apos o
procedimento cirdrgico os animais foram aleatoriamente expostos a um
ambiente hipoxico durante 120, 180 ou 210 minutos. A partir do DPN 35 a funcéo

sensorial e motora dos animais foi avaliada, por meio dos testes de preensao,
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remocao de adesivo, cilindro e escada horizontal (Figura 5). Uma vez que os
testes comportamentais foram completados, os encéfalos foram removidos e 0s
musculos biceps braquial e tibial anterior esquerdo (lado contralateral a oclusédo
a carétida) foram coletados para posterior andlise. Uma descricdo detalhada

encontra-se no capitulo 1 da se¢éo de resultados.

Figura 5: Representacéo esquematica do desenho experimental usado durante a padronizagao

DPNO  DPN3 DPN 21 DPN 35 DPN 45
—_ : : —
Ijl Desmame ! v ) '
' Avaliagdo Comportamental: Coleta do tecido
Grupos experimentais: Fungao Sensorial e Motora e'r‘:iactf;re
Sham (Controle Cirurgico)
HI — 120 min
HI — 180 min
HI — 210 min

da lesao, fonte do autor.

Exposicdo ao ambiente enriquecido

Durante a execucdo dos experimentos utilizando o ambiente enriquecido
foi levado em consideracéo o protocolo de acasalamento reportado previamente
por Rosenfeld e Welle (2012). Assim, um grupo de 6 ou 8 fémeas Wistar virgens
com idade superior a 60 dias foram mantidas em caixas convencionais e a fase
de estro foi monitorada pelo esfregaco vaginal (Rosenfeld and Weller, 2012). As
fémeas foram divididas aleatoriamente em dois grupos experimentais: ambiente
enriqguecido (AE) ou ambiente padrdo (AP-controle). Apos trés dias de
aclimatacdo e quando a fémea atingiu a fase de proestro, um macho foi
introduzido na gaiola por uma noite. As ratas prenhes foram identificadas no dia

seguinte pela presenca de espermatozoides no esfregaco vaginal, o que foi
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confirmado posteriormente pelo ganho de peso. Esse dia foi definido como o

primeiro dia de gestacao (DG 1).

As fémeas permaneceram juntas nas gaiolas até o vigésimo dia
gestacional. Apds, foram mantidas em caixas isoladas até o momento do parto,
dia considerado pés-natal zero (DPNO) e foram utilizados entre 8 e 10 filhotes de
ambos sexos por ninhada. O procedimento cirargico do modelo de Hl foi feito no
terceiro dia pés-natal. Entre os DPN 0 e o desmame (DPN 23) os filhotes ficaram
com as suas respectivas maes, a fim de evitar os efeitos negativos da separacéo
materna. O desempenho funcional dos animais foi avaliado em dois momentos:
durante a lactacao, por meio dos reflexos de neurodesenvolvimento, e na idade

adulta, através de testes cognitivos e sensoriomotores.

3.3 Procedimento Cirurgico

O modelo adaptado de Rice-Vannucci foi utilizado para induzir a HI. Para
isto, no DPN 3 (Sanches et al.,, 2013), os filhotes de todos o0s grupos
experimentais foram anestesiados com isoflurano (4% para inducéo e 1,5 % para
manutengao) e submetidos a uma incisdo na linha meéedia da face anterior da
regido cervical, a artéria carétida comum direita foi identificada, isolada de
estruturas adjacentes e ocluida com fio cirargico de seda 4.0 (isquemia). A
assepsia da regidao cervical pré e pos- cirurgia foi feita com alcool iodado.
Finalizado este procedimento, 0s animais permaneceram em recuperacao sob
temperatura controlada durante 15 minutos antes de serem devolvidos as caixas
moradia, onde permaneceram por um intervalo de 2 horas junto as maes. Apés
esse tempo, grupos de 6 a 8 animais foram gentilmente colocados em uma

camara especifica de controle de Oz e expostos a atmosfera hipoxica (8% de O2
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e 92 % de N2, com fluxo de 5 L/min) em temperatura controlada de 37°C (Figura
3).

Como descrito anteriormente, durante o experimento de padronizagao do
grau de leséo, os animais foram submetidos a diferentes tempos de exposi¢ao a
hipoxia, sendo mantidos por 120, 180 ou 210 minutos sob condi¢fes hipoxicas.
Os animais do grupo controle (sham), foram submetidos a anestesia e ao
procedimento cirargico, porém sem a oclusdo permanente da caroétida, além, de
serem mantidos sob condi¢des atmosféricas, apds o periodo de recuperacdo. Ao
final da hipdxia, os animais foram retirados da camara e devolvidos a sua caixa
de origem junto as maes. Apés a padronizacao, o periodo de 180 min foi utilizado
nos experimentos envolvendo ambiente enriquecido, dado que este tempo causa
uma lesé@o encefalica entre moderada e severa, além de mimetizar os prejuizos
morfologicos e funcionais observados em humanos nascidos prematuramente,

como detalhado no Capitulo 1 da secéo de resultados.

3.4 CondicOes de Moradia

As ratas destinadas ao grupo de ambiente enriquecido foram alocadas em
gaiolas de 1,2m x 1m x 1m que possuiam duas regides diferentes para a
colocacdo de comida e 4gua, facilitando o acesso a estes locais e aumentando
o interesse dos animais pela exploracdo ambiental. As gaiolas tinham rampas e
tuneis, a fim de estimular a exploracao tridimensional do ambiente. Além disso,
foram disponibilizados brinquedos, correntes para escalar e rodas de corrida no
seu interior (Welberg et al., 2006; Li et al., 2012). As gaiolas de enriquecimento
foram mantidas no mesmo biotério junto aos demais animais sob as mesmas

condi¢gbes-padréao e os objetos foram trocados duas vezes por semana.
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Os animais do grupo controle ficaram em uma caixa convencional padréo

do biotério sem nenhum tipo de brinquedo. Todas as ratas gestantes ficaram em

seus respectivos grupos durante toda a gravidez. No DPN 1, os ratos foram

aleatoriamente distribuidos em seus grupos experimentais, onde foram mantidos

as mesmas condi¢Bes durante a gestacdo ou foram realocados em um novo

ambiente com suas respectivas mées até o desmame (DPN 23). Assim, quatro

grupos foram estabelecidos considerando as condi¢bes de moradia:

1.

2.

3.

4.

Animais mantidos no ambiente padrdo (AP) desde a gestacdo até o
desmame, denominado como AP-AP. Este grupo serviu como grupo
controle.

Animais alocados no ambiente padrdao durante a gestacao e realocados
no periodo poés-natal a condigcbes enriquecidas até o desmame,
denominado como AP-AE. Este grupo foi usado para avaliar o efeito do
ambiente enriquecido nos animais quando expostos durante o periodo
pbés-natal precoce.

Animais alocados no ambiente enriquecido durante a gestacdo e
realocados no periodo pdés-natal a condi¢cdes padrdo até o desmame,
denominado AE-AP. Este grupo permitiu avaliar os efeitos do ambiente
enriquecido durante o periodo gestacional.

Animais mantidos em condi¢des enriquecidas desde a gestacdo até o
desmame, denominados como AE-AE. Este grupo foi incluido para avaliar
os efeitos da combinacio de EE em ambos estagios do

neurodesenvolvimento.

Para os grupos alocados no AE durante a lactacédo, duas ninhadas foram

mantidas juntas com o propoésito de aumentar a interacdo social entre as maes.
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Ja no grupo controle, foi mantida uma ninhada por caixa durante esse periodo.
As caracteristicas gerais do desenho experimental utilizando o ambiente
enriquecido durante a gestacdo e lactacdo sdo apresentadas na Figura 6. No
entanto, uma descricdo detalhada encontra-se no respectivo capitulo da se¢éo
de resultados. Apds o desmame todos os animais foram mantidos em condicdes

padrao e separados por sexo.

3.5 Interagédo Mae-Filhote

O comportamento materno durante o periodo lactacional foi observado na
primeira semana pos-natal, em trés sessdes diarias (ciclo diurno as 10 horas e
as 16 horas e ciclo noturno as 20 horas). Para as ninhadas alocadas no AE, foi
realizada uma marcacao na prole, a fim de identificar as ninhadas e observar se
cada genitora estava cuidando do seu proprio filhote. Cada sesséo incluia 15

observacdes a cada 3 min dos seguintes comportamentos:

e Comportamento dirigido ao filhote: composto de transporte do filhote,
licking/grooming, e nursing nas posturas cifética, coberta (na qual a méae
deita sobre os filhotes) e passiva (onde a mée fica de costas ou de lado
para os filhotes mamarem).

e Localizacao do filhote dentro ou fora do ninho (Welberg et al., 2006).
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3.6 Analise Comportamental

A avaliagdo comportamental dos animais foi realizada por meio dos seguintes

testes:

3.6.1 Geotaxia negativa (DPN 7,14 e 21)
O animal foi submetido a um plano inclinado de 30° com a face virada em
direcdo ao solo. Foi medida a laténcia do animal em adotar uma posicao
contraria, ou seja, virar-se 180° (direcdo cefalica contraria ao solo). O tempo

maximo do teste foi de 60 segundos (Sanches et al., 2012).

3.6.2 Reflexo de endireitamento postural (DPN 7,14 e 21)
O animal foi colocado em decubito ventral em uma superficie, e logo foi
permitido que ele assumisse a posicao de decubito dorsal. Foi medida a laténcia
do animal para assumir tal postura, sendo estabelecido um tempo maximo de 15

segundos (Sanches et al., 2012).

3.6.3 Teste olfatorio (DPN 7,14 e 21)

O teste foi realizado em uma caixa acrilica retangular transparente, onde o
animal foi exposto de um dos lados a maravalha (cama dos animais) da caixa
moradia e do outro a maravalha limpa. O tempo maximo destinado ao teste foi
de 180 segundos. A laténcia para se direcionar a maravalha da caixa-moradia

pela primeira vez foi registrado (Sanches et al., 2017).

3.6.4 Teste de remocdao de adesivo (DPN 35)

O teste foi utilizado para avaliar a funcdo somatosensorial dos animais.
Uma fita adesiva de 1cm de diametro foi colocada na pata dianteira dos animais,

seguido da exploracdo espontanea em uma caixa de acrilico (largura: 100 cm,
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altura: 30 cm) até a total remocéao da fita. Os animais foram treinados 72 horas
antes do teste comportamental e a posicéo da fita adesiva foi alternada. No dia
do teste, a laténcia requerida para a remocéao da fita adesiva da pata dianteira
esquerda (lado contralateral & oclusdo da carétida) foi registrada primeiro,
seguida pela pata direita. O tempo maximo estabelecido para a execu¢do da

atividade foi de 120 segundos para cada pata (Beray-Berthat et al., 2010).

3.6.5 Teste de preenséo (ldade adulta)

O teste de preensédo foi utilizado para avaliar a forca de preensao dos
animais com as patas dianteiras. Para isso, utilizou-se o dinamémetro TEC-
04422 (Instrutherm DD-500, Brasil). O animal foi segurado pelo corpo, e as patas
dianteiras foram colocadas na barra de suporte, permitindo o movimento de
preensdo. Uma vez nessa posi¢ao, o animal foi gentilmente puxado pela cauda,
em direcdo horizontal até se liberar do suporte. Cada animal realizou o
movimento de preensao trés vezes, com um intervalo de 5 minutos entre eles. A
forca final registrada corresponde a média dos trials em quilogramas (Wood et

al., 1996).

3.6.6 Teste do cilindro (Idade adulta)

O teste do cilindro avaliou a assimetria locomotora durante a realizagao
de uma tarefa de exploracéo e suporte corporal. O animal foi colocado dentro
de um cilindro de vidro transparente de 20 cm de diametro e 40 cm de altura.
Apos, foi realizada a filmagem de cada animal, individualmente, durante 3
minutos. Logo foi quantificado o nimero de apoios com as patas dianteiras na
parede do cilindro. O uso do membro anterior é definido através da colocacéo

de toda a palma na parede o que indica a sua utilizacéo para o apoio do corpo
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(Pagnussat et al., 2012).

3.6.7 Escada horizontal (Idade adulta)

O teste foi empregado para avaliar a coordenacdo e a habilidade na
execucao da marcha. Consistiu em duas paredes de acrilico transparente (1 m
de largura por 20 cm de altura) e traves de metal (3 mm de diametro cada) que
foram inseridas inferiormente entre as paredes com uma distancia minima de
1lcm entre elas. A escada permaneceu elevada 30 cm do solo, existindo um
refugio escuro para o animal ao final da sua extenséo. A largura do aparato foi
ajustada ao tamanho do animal, permanecendo cerca de 1 cm mais larga que o
mesmo, de modo a evitar que o animal caminhe em torno de si ou vire-se no
sentido contrario ao teste (Metz and Whishaw, 2002). A dificuldade do teste foi
determinada pelo padrdo de colocacdo das traves, podendo ser regular ou
irregular. No padrao regular as traves foram espacadas em intervalos de dois
centimetros, sendo utilizado nas sessfes de aclimatacdo. Enquanto no padréo
irregular, utilizado nas avaliacdes, as traves foram espacadas em intervalos de
um a cinco centimetros. Para o teste os animais foram colocados em uma
extremidade da escada e tiveram a possibilidade de andar em dire¢do a outra
extremidade da escada durante trés vezes. A trajetéria dos animais pelo aparato
foi filmada utilizando uma camera digital (Sony, DCR-SR47, USA) e o0 niumero de
erros e acertos de posicionamento dos membros posteriores foi quantificado. A
porcentagem de erro foi calculada de acordo com a equagédo [(nUmero de erros
/ nimero de passos) x 100]. Foi considerado como escore final a média dos trés

trials (Marques et al., 2014).
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3.6.8 Campo aberto (ldade adulta)

Os animais foram colocados na arena circular do campo aberto, dividida
em duas subareas (central e periférica) e cercada por uma parede de 40 cm
de altura. O piso da arena foi dividido em linhas e raios concéntricos
semelhantes, de maneira a formar 8 regifes periféricas e 4 regides centrais
possuindo relativamente a mesma area. Cada animal foi observado durante 5
minutos, sendo registrado o numero de cruzamentos (numero de linhas
atravessadas), a exploracdo vertical (levantar e sustentar o corpo em duas
patas) e a relacdo entre as areas centrais e periféricas percorridas (Arteni et

al., 2010).

3.6.9 Labirinto aquatico de Morris (Idade adulta)

Este teste avaliou a funcéo cognitiva dos animais e foi realizado em um
tanque circular em uma sala com pistas visuais nas paredes da sala. O tanque
consiste em 200 cm de diametro, sendo 40 cm de profundidade cobertos por
agua (temperatura de + 23°C). Uma plataforma com 10 cm de diametro (da
mesma cor do tanque) encontrava-se submersa 2 cm abaixo da superficie da
agua. O tanque foi dividido virtualmente em 4 quadrantes de onde os animais
iniciaram as tentativas de localizar a plataforma: N (norte), S (sul), L (leste) e
O (oeste). A memoria espacial dos animais foi avaliada por meio do protocolo

da memoria de referéncia (Netto et al., 1993).

Protocolo de Memodria de Referéncia

A posicao da plataforma permaneceu no mesmo local durante todo o

periodo de treino. Os animais realizaram quatro trials por dia, durante 5 dias
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consecutivos. Vinte e quatro horas apos a fase de treino, uma sessao de 60
segundos, sem a plataforma foi realizada para avaliar a memoria de longo
prazo para a posigao da plataforma. Foram analisados a laténcia para cruzar
pela primeira vez a zona da plataforma, o tempo gasto no quadrante, a
velocidade e a distancia percorrida. Os animais foram filmados e os dados

registrados pelo software ANY-MAZE (Netto et al., 1993; Sanches et al., 2017).

3.7 Andlise de Proteinas por Western Blot

Para a quantificacdo da expressdo das proteinas de interesse, foi
realizada a técnica de Western Blot. Os animais foram submetidos & eutanasia
por decapitacdo e, posteriormente, os encéfalos foram rapidamente removidos
e crioprotegidos.

A deteccao da quantidade de proteinas nas amostras de hipocampo e de
cortex foi realizada através do protocolo previamente descrito por Arcego e
colaboradores (Arcego et al., 2016). Foram utilizados anticorpos primarios
especificos para as proteinas anti-caspase 3, anti- Poli (ADP-ribose) polimerase
(PARP-1), anti- proteina cinase B (AKT), anti- fator de crescimento semelhante
a insulina (IGF-1), anti- fator de crescimento vascular endotelial (VEGF), anti-
proteina acida fibrilar glial (GFAP), anti- fator neurotréfico derivado do encéfalo
(BDNF), anti- receptores de tropomiosina quinase B (TrkB), e anti-sinaptofisina.
Anticorpos secundarios especificos (anti-camundongo ou anti-coelho, conforme
0 anticorpo primario utilizado) ligados a peroxidase foram incubados com a
proteina ligada ao anticorpo primario na sequéncia. O sinal foi detectado com o
Kit ECL de quimioluminescéncia (GE Life Sciences), os imunoblots foram

qguantificados por escaneamento das membranas no equipamento ImageQuant
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LAS4000 (GE Healthcare Life Sciences — Reino Unido) e as densidades Opticas
foram determinadas pelo software Image Studio Lite V5.0 (LI-COR Biosciences

- EUA).

3.8 Andlise Histoldgica

3.8.1 Perfuséao transcardiaca

Os animais foram anestesiados com uma dose letal, via intraperitoneal
de tiopental sddico (100 mg/kg) associado a lidocaina (5mg/kg) e submetidos
a perfusdo transcardiaca com solucao salina (0,9%), seguido de uma solucao
de paraformaldeido (PFA 4%). Os encéfalos foram removidos e mantidos na
mesma solucdo contendo paraformaldeido para pés-fixacdo. Para a analise
histoldgica, os encéfalos foram crioprotegidos com solucédo de sacarose 15%

e 30% durante dois dias e depois congelados e mantidos a -80°C até a analise.

3.8.2 Volume da lesdo encefalica

Para as andlises do tecido encefalico, foram feitos cortes coronais em
criostato (CM1850, Leica, S&o Paulo-SP, Brazil) de 20 ou 30um, com um
intervalo de 200 ou 300um, e corados com hematoxilina e eosina (Sigma-Aldrich.
St Louis. MO. EUA). As areas de interesse (hemisfério, cortex, estriado,
hipocampo e corpo caloso) foram delineadas segundo o atlas de Paxinos &
Watson (1997) e o volume das estruturas foi calculado de acordo com a equacgao
(> das areas x intervalo da segédo dos cortes). As imagens das areas foram

capturadas com uma camera de video acoplada a um microscoépio (Nikon),
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utilizando-se o software Image-J. A razdo volumétrica foi usando a equacgéo

[(Volume ipsilateral (mm?) / Volume contralateral (mm?3)].

3.8.3 Morfometria da fibra muscular

O tecido muscular esquelético foi cortado no criostato em seccoes
transversais consecutivas (20um de espessura), que foram posteriormente
coradas com hematoxilina e eosina. Para a andlise, um nimero de oito imagens
aleatdrias dos musculos biceps braquial e tibial anterior foram capturadas e
digitalizadas inicialmente em aumento de 20x. A area da sec¢éo transversal das
fibras (AST) foi estimada utilizando o Software Image Pro Plus. A distribuigéo de
frequéncia foi realizada considerando o diametro das fibras musculares em

intervalos de 30p2. (Marques et al., 2014).

3.9 Imunofluorescéncia

A técnica de imunofluorescéncia foi realizada utilizando seccdes
coronais dos encéfalos. Resumidamente, os cortes dos encéfalos em
espessura de 20 ou 30 um foram fixados em PFA (Reagen, Brasil) 4%, lavados
em PBS e, apds, bloqueados por 30 minutos em uma solugéo contendo 3%
de soro normal de cabra (NGS) (Sigma-Aldrich, USA) diluido em PBS Triton
X-100 a 0,3% (PBS-Tx) em temperatura ambiente (Nicola et al., 2016). Em
seguida, as seccbes foram incubadas durante a noite com 0s anticorpos
primérios anti-GFAP (1:200, Sigma-Aldrich), para a identificagdo de astrocitos
e anti-NeuN para identificacdo de neurénios (1:500, Sigma-Aldrich), diluidos

em PBS-Tx e NGS e mantidas em camara fria (4°C).
No dia seguinte, as secc¢Oes foram lavadas em PBS e incubadas com
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0s anticorpos secundarios fluorescentes compativeis (Alexa-Fluor, Molecular
Probes), diluidos em PBS-Tx e NGS por 2 horas em uma sala escura
(temperatura ambiente), seguida de lavagem em PBS. Apds as laminas foram
cobertas com meio de montagem PVA-DABCO (Fluka Analytical) e laminulas.
Para o controle negativo, alguns cortes foram incubados apenas com 0s
anticorpos secundarios. Todas as amostras foram processadas
concomitantemente e incubadas durante o mesmo tempo médio. Decorrido o
procedimento acima descrito, foi utilizado o microscépio confocal (Olympus
FV1000) para a visualizacdo das marcacdes fluorescentes e captura das

imagens (Nicola et al., 2016).

3.10 Analise Estatistica

A analise estatistica dos dados foi realizada utilizando o software SPSS
para Windows, versdo 21. A distribuicdo normal dos dados foi estabelecida por
meio do teste de Shapiro-Wilk. Para os dados paramétricos foi realizada a
andlise de variancia (ANOVA) considerando os desfechos como fatores fixos
(condicdo de moradia, lesdo e sexo dos animais), seguido do teste de
comparacdes multiplas quando diferengas significativas foram encontradas. Os
dados ndo paramétricos foram analisados por Kruskall-Wallis seguido de Mann-
Whitney para multiplas comparagdes. Os dados foram expressos como média +
erro padrdo médio (EPM). O valor de significancia aceito foi de < 0.05. A Tabela
1, resume a distribuicdo dos dados segundo o desfecho, assim como as analises

realizadas em cada um dos experimentos. Uma descri¢cdo detalhada da analise
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estatistica utilizada em cada experimento encontra-se no respectivo capitulo da

secéo de resultados.

Tabela 1: Sintese das analises estatisticas realizadas de acordo com o capitulo.

Tipo de dados _ Desfecho

Analise(s) _ Fator(es)

Testes comportamentais

Anova de uma via: grupo

Capitulo 1 Dados paramétricos: Volume encefélico Anova de medidas repetidas: dia e grupo
Morfometria muscular
= e Test Neur nvolviment . I
Dados nédo paramétricos: estes do e,u odesg ovimento Friedman test e Kruskal-Wallis
Volume do cértex e hipocampo
Capitulo 2 Comportamento maternal Anova de medidas repetidas: dia e condicao de moradia
Dados paramétricos: Labirinto aquatico de Morris Anova de medidas repetidas: dia, condicdes de moradia e leséo
Analise bioguimicos Anova de duas vias: condic6es de moradia e leséo
Labirinto aquéatico de Morris Modelo linear generalizado: condig6es de moradia, leséo e sexo
Dados paramétricos: Analise bioguimicos Distribuicdo Poisson
Capitulo 3 Volume encefélico Distribuigcao linear
Anova de medidas repetidas: dia, condi¢cdes de moradia, leséo e
Dados ndo paramétricos: Campo aberto sexo
. - Testes comportamentais ) . . =
Capitulo 4 Dados paramétricos: P . Anova de duas vias: Condigdes de moradia e leséo
Volume encefélico
. - Testes comportamentais ) - . =
Capitulo 5 Dados paramétricos P Anova de duas vias: Condi¢Ges de moradia e leséo

Volume do estriado e cértex
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4.1 CAPITULO1

Longer Hypoxia—Ischemia Periods to Neonatal Rats Causes Motor
Impairments and Muscular Changes

Neuroscience 340 (2017) 291-298 (Impact factor: 3.382)
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Neauroscience 340 (2017) 291-298

LONGER HYPOXIA-ISCHEMIA PERIODS TO NEONATAL RATS
CAUSES MOTOR IMPAIRMENTS AND MUSCULAR CHANGES

L. E. DURAN-CARABALI, ** E. F. SANCHES,®
M. R. MARQUES, ° D. ARISTIMUNHA, ©
A. PAGNUSSAT® AND C. A. NETTO**

® Post-graduation Program of Physiology, Instituto de

Ciéncias Bésicas da Satde, Universidade Federal do Rio Grande
do Sul (UFRGS), Porto Alegre, RS, Brazil

® Post-graduation Program of Neuroscience, Instituto de Ciéncias
Basicas da Saude, Universidade Federal do Rio Grande do Sul,
Porto Alegre (UFRGS), RS, Brazil

© Rehabilitation Sciences Graduate Program, Universidade
Federal de Ciéncias da Saude de Porto Alegre (UFCSPA), Brazil

Abstract—Prematurity and hypoxia-ischemia (Hl) can lead
to movement disorders in infants. Considering that mild-
moderate Hl induced at postnatal day (PND) 3 has failed to
produce motor disabilities similar to those seen in pre-
term newborns, the main goal of the present study was to
verify whether longer hypoxia periods would mimic motor
function impairment, brain and muscle morphological alter-
ations. Forty-nine Wistar rat pups of both sexes were ran-
domly assigned to surgical control (CG) and HI groups. HI
animals were submitted to the Levine-Rice model at PND
3, and exposed to 120 (HI-120r), 180 (HI-180’) or 210 (HI-
210’) minutes of hypoxia (FiOz: 0.08). Sensorimotor function
was assessed as from PND 35-45, by means of grasping
strength, adhesive removal, cylinder and ladder walking
tests. Histological staining was used to quantify the striatal
volume and the cross-sectional area (CSA) of skeletal mus-
cles. Cylinder and adhesive removal test evidenced that Hi-
180’ and HI-210’ groups had asymmetrical use of the fore-
paws when compared to controls. HI animals showed a
decrease in the step placement quality and an increase in
step errors when compared to CG (P < 0.05). Reduction in
striatal volume correlates with behavioral assessment, Hl-
180’ and HI-210' groups presented lower biceps brachii
and tibialis anterior CSA. These results show that rats
exposed to longer hypoxic periods at PND3 have encephalic
and sensorimotor impairments that mimic those observed in
preterm infants. Morphological changes in muscle tissue
evidence a new pathophysiological characteristic of the HI
model that might be of relevance for the study of sensorimo-
tor deficits. @ 2016 IBRO. Published by Elsevier Ltd. All
rights reserved.
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INTRODUCTION

Epidemiological studies estimate that 15 million newborns
are born prematurely (Blencowe et al., 2012) and prema-
turity is known to be the major cause of neonatal death,
and the second cause of mortality in children younger
than 5 years old (Mehren, 2012; Blencowe et al., 2013).
Similarly, neonatal hypoxia ischemia (HI) occurs in 1.8-
6 per 1000 births and is responsible for 25% of morbidity
in infants (Shevell et al., 2001).

The continuous improvement of health services
associated to technological advance have led to
increased survival rates of children under conditions of
prematurity and hypoxia-ischemia (Blencowe et al,
2013). There has been augmentation of disabilities in
the infant period that contribute to learning deficits, and
to motor and cognitive impairments (Shevell et al,
2001). Such disabilities are probably related to patholo-
gies like epilepsy, psychomotor developmental delay, aut-
ism and cerebral palsy (Khwaja and Volpe, 2008).
Therefore, the implications of the neurological sequelae
associated with prematurity and HI are considered a pub-
lic health problem (McKenna et al.. 2015) because of their
great impact throughout the life cycle and the extensive
family and social support requirements (Glass et al,
2015).

The Levine-Rice model in rodent has been used to
mimic hypoxic ischemic (HI induced at postnatal day 7,
PND7) encephalopathy and data produced have
provided informaton on the pathophysiological
mechanisms and functional outcomes after perinatal
asphyxia and postnatal hypoxia (Arteni et al., 2010;
Weis et al., 2012; Sanches et al., 2013a; Alexander
et al., 2014). In order to model HI in preterm infants, the
experimental protocol combines the permanent carotid
artery ligation with hypoxic exposure on the third postnatal
day (PND3) (Stadlin et al., 2003; Sizonenko et al., 2008;
Sanches et al,, 2013b). This adaptation of the original
model was introduced because rat brain development at
PND3 corresponds to that of a human fetus with 24—
28 weeks of gestation (Sizonenko et al., 2005).

The striatum is an important brain structure related to
movement control (Jamon, 2006) and is one of the main
areas affected by infant prematurity (Volpe, 2009). Exper-
imental studies have reported severity-dependent volu-
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metric loss associated with movement disorders (Rice
et al., 1981; Hobbs and Oorschot, 2008). The muscu-
loskeletal system also shows Hl-associated changes,
such as reduction in muscle volume and decreases of
fiber cross-sectional area (CSA) after hypoxia (Hoppeler
and Vogt, 2001).

It was recently shown that HI at PND3, with hypoxia
duration of 90 min and FiO, of 0.08, causes volumetric
reduction of the affected brain hemisphere, the
hippocampus and cortex, as well as decreases white
matter, as evaluated by the corpus callosum thickness
(Sanches et al., 2015). However, this and other studies
using hypoxic periods lower than 120 min at PND3 have
failed to demonstrate any motor function impairment
(Alexander et al., 2014; Sanches et al., 2015). Girard
and colleagues (2009) showed motor function and ence-
phalic morphological impairments when the surgical pro-
cedure was performed at PND1 and was followed by
longer hypoxia periods or by intrauterine infection
(Girard et al., 2009). In addition, a recent study performing
HI at PND3, with FiO; of 0.06 observed coordination dys-
function in the injured animals (Misumi et al., 2016).

Considering the clinical relevance of sensorimotor
deficits in long-term functionality and the lack of motor
impairments following HI at PND 3 with FiO, of 0.08,
the present study was designed to investigate whether
longer periods (greater than 90 min) of hypoxia
exposure at PND 3 would affect sensorimotor function
and muscle morphology. The working hypothesis is that
longer hypoxia exposure at PND3 would cause
significant motor impairment, and that motor status
would correlate with brain and muscle morphological

changes.

EXPERIMENTAL PROCEDURES

Pregnant Wistar rats were provided by the Biochemistry
Department of Universidade Federal do Rio Grande do
Sul in the last week of gestation period. Dams and pups
were housed in standard conditions (22°C + 2°C and
12 h of light/dark cycle). Water and food were provided
ad libitum during all the procedures. Hypoxia—ischemia
was performed at PND 3 and offspring was weaned at
PND 21. After the weaning, a total of 49 animals were
maintained in groups of 4 animals per cage. The animal
care followed the recommendations of the Brazlian
Society for Neuroscience and The guidelines for the
Care and Use of Laboratory Animals (publication n® 85—
23, revised 1985). All procedures were approved by the
University Ethics Committee (Under protocol number
28641). Fig. 1 shows the summary of the experimental
design.

Hypoxia-ischemia procedure

Pups of both sexes at PND 3 were randomly assigned to
control (CG) or hypoxia- ischemia (Hl) groups. Animals of
the HI group were submitted to Levine-Rice model and
the surgical procedure was performed as previously
described (Sanches et al., 2013a). Briefly, animals were
anesthetized with 4% halothane, the right common carotid
was isolated and permanently occluded with 4.0 surgical
silk. The rats were kept in a warm cage during 10—
15 min to post-surgical recovery. Later, offspring was
returned to their respective dam for 2 h. After that, ani-
mals were exposed to 120 (HI-120', n = 11), 180 (HI-
180, n = 14) or 210 (HI-210’, n = 10) minutes of hypoxia
(FiO, = 0.08 at 37 °C) into a glass-made hypoxia cham-
ber. For the CG (n = 14), the artery occlusion was not
performed and rats were kept in atmospheric conditions
(FiO, = 0.21).

Sensorimotor function assessment

Sensorimotor tests were conducted between PND 35 and
PND 45 (10-14 animals per group) and were performed in
the following order: grasping strength, adhesive removal,
cylinder and ladder walking tests, with one-day intervals in
between them.

Grasping strength. In order to determine the grasping
strength of the forepaws, a digital force gauge instrument
(TEC-04422 Instrutherm DD-500, Brazil) was used. The
forepaws were put on the handle-rod allowing the grip
movement. The animal was gently pulled away in the
horizontal direction by the tail until releasing the rod.
The force produced was recorded in kilograms. Three
trials were run and the mean value for each animal was
calculated (Wood et al., 1996).

Adhesive removal test. The adhesive removal test
was used to measure the somatosensory function
(Beray-Berthat et al., 2010). An adhesive tape of
1cm x 1 cm was put on the forepaw palm and the animal
was positioned into a clean transparent box (Diameter:
100 cm. High: 30 cm) until the removal of the adhesive
tape. During the training period (72 h before the probe),
the position of the adhesive tape (right or left forepaw)
was alternated. Randomly half of the animals performed
the test on the right forepaw and the other half with the left
forepaw. Five minutes later, the other side was trained.
On the probe day, the left forepaw (the limb contralateral
to the injured brain hemisphere) was assessed first, fol-
lowed by the right forepaw. The latency to remove the
adhesive tape was recorded. The maximal time for adhe-
sive removal was set as 120 s for each paw.

Cylinder test. The asymmetrical
use of the forelimb was assessed by

35 57 L ~ means of the cylinder test. A
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Fig. 1. Experimental design. PND: Postnatal day, HI. Hypoxia ischemia.

a glass table and a mirror from
below was used for video register.
Animals were put into the cylinder for
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three minutes and the number of wall-touches with
forepaws was scored. Animals that did fewer than 12
touches were excluded from the statistical analysis. The
asymmetry percentage was determined by the equation

[orper iy %% 4 100] (Pagnussat et al., 2012).

Ladder walking test. Coordination and gait skills were
assessed in the ladder walking apparatus. It consisted of
two transparent acrylic walls (Diameter: 1 m. High: 20 cm)
with metal rungs (Diameter: 3 mm) inserted into the walls.
The ladder remained 30 cm above the ground and a dark
cage was located at the end of the apparatus (Marques
et al.. 2014). All animals were trained for two days using
a regular pattern (keeping the same distance between
rungs). Along each training session, the rats walked
across the ladder three times and they could explore the
refuge cage for 10s.

On the third day, the walking of the animals was
evaluated using an irregular pattern, that is, the rungs
were spaced at intervals of 1-3 cm (Mestriner et al.,
2011; Antonow-Schlorke et al., 2013). The test was
video-recorded from an inferior view. The paw placement
on the metal rungs was rated from 0 to 6. Zero was scored
for a total miss and six was scored for a totally correct
placement (Metz and Whishaw, 2002). The number of
limb placement errors and the number of steps with each
paw were counted and the percentage of each limb was

calculated according to the equation [Mrb= ez , 10| .

An error was considered when the animal slipped the
paw or failed to place it on the rung. The final score corre-
sponded to the mean of the three trials (Antonow-
Schlorke et al., 2013).

Histology. Rats (5-6 per group) were randomly
chosen for histology. They received a lethal dose of
thiopental sodium (Thiopentax, Cristalia®, 100 mg/kg)
associated with lidocaine (5mg/kg) at the end of
behavioral assessment. Then, they were perfused with
9% saline solution followed by 4% formaldehyde
solution through the left cardiac ventricle. The brains
were removed from the skull and the left biceps brachii
and tibialis anterior muscle (contralateral to the injured
brain hemisphere) were dissected out to remove the
adjacent connective tissue. Both structures were
deposited in fixative solution (4% formaldehyde solution)
and cryoprotected with sucrose (30%).

The brains were sliced in serial 30-pum thickness on a
cryostat (Leyca). One slice in every 10th was collected in
gelatin-coated slides and stained with cresyl violet, as
previously described (Sanches et al., 2013b). The brain
region of interest (striatum + 1.70 to —1.30 from Bregma)
was identified using the rat brain atlas (Paxinos and
Watson, 1998). All measurements were calculated in soft-
ware from the NIH-ImageJ and the Cavalieri method was
used to measure the structural volume. Volume ratio was
calculated using the equation &—M%

The skeletal muscle tissue was transversely sectioned
in consecutive 30-um slices and stained with hematoxylin
and eosin (Sigma-Aldrich. St Louis. MO. USA)

(Zaccagnini et al., 2007). Images of biceps brachii and tib-
ialis anterior muscle (40x) were captured using Nykon
E600 microscope (Japan). For analysis, eight randomly
images were selected from one slice, and the fiber
cross-sectional area (CSA) was estimated with the soft-
ware Image Pro Plus 6.0 (Media Cybemetics, Rockville,
MD, USA).

Statistical analysis

The software SPSS for Windows (version 21) was used.
Data normality distribution was confirmed by Shapiro—
Wilk test and the variance equality by the Levene's test.
Differences among groups were determined by a one-
way ANOVA followed by Duncan’'s post hoc test.
Differences between contra and ipsilateral sides to the
carotid occlusion were assessed by student's t-tests;
correlations were calculated by the Pearson correlation
coefficients. P-values < 0.05 were considered significant
and data are expressed as mean #+ standard error (S.E).

RESULTS
Grasping strength

There was no significant reduction of forepaws strength
in the HI animals when compared to control group
(Control: 174.33 + 12.22; HI-120": 155.09 % 14.18;
HI-180: 134.07 = 10.01 and HI-210": 158.7 = 13.00.
Fiass) = 2.084, P > 0.05). This outcome suggests that
HI at PND3 did not affect the global strength as
evaluated by means of the grasping strength test.

Adhesive removal test

An increase in the latency to remove the adhesive
from the contralateral forepaw (left) was found in all
the HI groups when compared to the ipsilateral side.
(HI-120':4g, = 3.733, P <0.01; HI-180"tq) = 3.632,
P<001 and HI-210tg = 3.733, P<0.01). Also,
somatosensory asymmetry was observed in the HI-180'
and HI-210" group during adhesive removal tests when
compared to CG (Faag) = 3.01, P < 0.05) (Fig. 2a). As
expected, there were no differences in the ipsilateral
(right) forepaw somatosensory function between HI and
CG animals. These results indicate that HI animals have
a delay to recognize and remove the adhesive, pointing
to somatosensory deficits.

Cylinder test

The asymmetrical use of forepaws in the HI-180" and HI-
210" groups was observed (Fiaqs) = 4.139, P <0.01),
while no differences in the ipsilateral forepaw function
was found (Fig. 2b). Moreover, the number of wall-
touches with the contralateral forepaw (left forepaw)
was significantly decreased in all HI groups when
compared to the ipsilateral side (HI-120': t(1q) = 2.662,
P <0.05; HI-180": t4a = 3.721, P<0.01 and HI-210"
La) = 2.611, P < 0.05). These suggest a disuse of the
limb contralateral to the injured brain hemisphere.
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seen between
contralateral hemispheres (volume
ratio) when compared to CG
— (Fiazs) = 7.206, P < 0.01 = Fig. 3b).
Striatal volume was positively
correlated with the number of
touches and symmetry percentage in
the cylinder test (R = 0.42, P < 0.05

ipsilateral and

and R = 0.56, P<0.01
180'  210' respectively). Also, the striatal
volume was positively correlated with
the quality of the step placement
with the left paws on the Ladder
QO walk test (forepaw: R = 0.48,
2180’ P<0.05 and hind paw: R = 0.55,
210 P<0.01). These data confirm the
negative impact of HI on striatal
oy tissue loss and highlights the
relevance of this brain structure in

motor function.

Skeletal muscle analysis

i b

Right
forepaw forepaw hindpaw hindpaw

Left  Right Left Right

Fig. 2. Somatosensory and motor function assessment: Adhesive removal test: Ipsilateral (black)
and contralateral (white) to the injured side (A). Data expressed as mean = S.E of the animal
latency. Cylinder test. Data expressed as mean + S.E of the percentage use of contralateral
forepaw (B). Ladder walking test: Step placement quality (C) and number of step errors. (D) Data
expressed as mean + S.E of foot placement score and percentages of limb placement errors per
number of paw steps, respectively. Behavioral data analyzed by one-way ANOVA. Differences
from the control group. ~ Differences from the control group and HI groups and § Differences

between contra and ipsilateral side, P < 0.05.

Ladder walking test

HI groups showed significant reductions in step
placement quality when compared to CG (Fig. Zc).
|psilateral forepaw performance was decreased in HI-
2100 compared to CG and other HI groups
(Fi3.41) = 4.849, P<0.01). The contralateral forepaw
scores were lower for all HI groups when compared to
CG (Faq1) = 5.820, P <0.01). Rat's performance with
hind paws was decreased in HI-180'and HI-210
compared to CG (Faay = 3330, P<0.05).
Considering the number of limb placement errors per
number of paw steps (Fig. 2d), all HI groups showed an
increase in the step errors with the contralateral (left)
forepaws (F3 41) = 4.190, P < 0.01). However, only the
HI-120' showed differences in the number of errors with
left hind paw when compared to CG and HI groups
(Fiz.a1) = 2.768, P <0.05). Altogether, these results
demonstrate an impairment of global movement quality
after HI at PND3.

Histological analysis of striatum

All HI groups had a volume reduction in the ipsilateral
striatum as compared to the CG (F55 = 4.588,
P<0.01 - Table 1 and Fig. 3a) irespective of the
duration of HI. In addition, significant reductions were

Left
forepaw forepaw hindpaw hindpaw

Right Left The cross-sectional area (CSA) in

biceps brachii and tibialis anterior
muscle revealed significant
differences among groups (F3zq) =
4.857, P<0.01 and F32q) = 5.604,
P < 0.01 respectively). HI-180' and
HI-210" groups showed a significant
decrease in the CSA of biceps
brachii when compared to CG and
HI-120' (Fig.4a and e). When
analyzing fibers of distinct diameters, significant
differences were observed in fibers within 0-30 pm?
(Fa20) = 3.462, P<0.05), 30-60 um® (F(320) = 4.030,
P <0.05), 60-90 ym? (Fz20) = 1.084, P > 0.05), 90-
120 pm? (F(3.20) = 4.559, P<0.05) and 120-150 um?
(Fa.20) = 3.462, P < 0.05). Post-hoc tests revealed that
HI-180" and HI-210' had a higher number of small fibers
when compared to CG and HI-120" group. On the other
hand, the CG and HI-120' had a greater number of
large-size fibers (Fig. 4c).

As regards the tibialis anterior muscle, all HI groups
have a significant reduction in the CSA when compared
to CG (Fig.4b). In addition, significant differences
between distinct fiber diameters were found: 0-30 um?
(Fia.20) = 2.402, P > 0.05), 30-60 um? (Fa.20) = 2.279,
P > 0.05), 90-120 um? (Fia20) = 3.252, P <0.05),
120-150 pm? (Fa20) = 4.346, P <0.05), 150-180 pm?
(Fa_zo) s 2.217, P> 005), 180-210 pmz (F(s'zo) -
4273, P<0.05) and 210-240 ym?® (F320) = 3.754,
P < 0.05). These data revealed that HI animals have a
predominance of small-size fibers when compared to
controls (Fig. 4d), what could indicate muscular atrophy
following HI. In addition, a positive correlation between
muscle fiber size and the striatal volume ratio was
observed (Biceps Brachii Muscle: R = 0.63, P<0.05
and Tibialis Anterior Muscle: R = 0.81, P < 0.01), but
no correlation appeared with performance in functional
tests.
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Table 1. Striatum volume: Ipsilateral (right) and contralateral (left) Striatum volume (mm’). Data expressed as mean = S.E.

Control HI-120' HI-180 HI-210 p-Value
Striatum volume
Right 297.90 + 82.10 74.26 + 32.20° 51.91 + 47.18° 25.60 + 20.97 <0.05
Left 310.89 + 80.64 167.56 + 37.78 217.08 + 99.19 35.78 + 16.34 >0.05

" Differences from the control group, P < 0.05.

1.0 4 —EF—
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Fig. 3. Histological analysis of the Striatum: (A) Representative
cresyl-violet-stained coronal brain sections at the levels of striatum
(Bregma 1.60mm) at PND 45. (B) Striatum volume ratio. Data
analyzed by one-way ANOVA and expressed as mean + SE.
“Differences from the control group. P < 0.05.

DISCUSSION

The present study was conducted to test whether longer
periods of hypoxia exposure at PND 3 would affect
sensorimotor  function and muscle morphology.
Confirming the working hypothesis: (a) 180 and 210 min
of hypoxia exposure at PND 3 caused significant
reduction of movement quality of the limb contralateral
to the brain insult; (b) the motor status correlated with
striatal tissue loss; (c) the HI insult caused a reduction
of the cross sectional area of studied skeletal muscle,
with predominance of small size fibers.

Animals of HI-180" and HI-210" groups showed a
marked reduction in the use of the contralateral limb
and a latency increase in the adhesive removal test,
evidencing the sensorimotor asymmetry produced by
this model. The analysis of walking skills performed by
the ladder walking test showed a reduction in the

placement score both the ipsilateral (HI-180’ and HI-
210°) and the contralateral limbs (all HI animals) with
subsequent increase in the number of errors. A possible
explanation for these results is that post-insult
morphological alterations lead to modifications in the
input and output projections from and to the striatum, as
well as the interaction of the striatum with the
corticospinal and the corticobulbar tracts (Clowry et al.,
2014). These would promote a delay in the error feedback
control, affecting the quality of movement and the capabil-
ity to reduce the number of errors through the sensory
and motor information (Smith et al., 2000). Furthermore,
the motor skills of contralateral and ipsilateral limbs could
be affected in different degrees (major and minor compro-
mise, respectively) in injuries that compromise only one
brain hemisphere (Hicks and D’Amato, 1975; Hobbs and
Qorschot, 2008: Clowry et al., 2014). The results indicate
that experimental hypoxia periods of 180 min or longer, at
PND 3 shall be used in order to model sensorimotor
impairments associated with human prematurity and
hypoxia=ischemia.

The analysis of the striatum showed a significant
volume loss (approximately 50%) in the lesioned
hemisphere in all animals exposed to the HI procedure.
The striatum is an important brain structure that
modulates the response of other motor areas, such as
the cerebral cortex (Jamon, 2006). Towfighi and
coworkers (1997) reported that animals exposed to 4 h
of hypoxia at PND3 showed mild histological damage in
the striatum 24 and 72 h post-insult (Towfighi et al.,
1997), however these differences might increase after
injury progression (Martin et al., 1997; Zhu et al., 2005).
Thus, our results confirm the long-term impact of the HI
insult on striatal issue damage.

As expected, there were positive correlations between
striatum volume ratio and the motor deficits observed.
Experimental evidence indicates that the striatum
network is established during the early postnatal period
and is responsible for the movement initiation and
control (Piek et al., 2008). Also, the maturation of locomo-
tor structures and motor pathways occurs in parallel to
striatal network activity (Dehorter, 2011). Thus, changes
in the neuronal connectivity of motor structures, as well
as aberrant plasticity after severe brain damage have
been associated with secondary deficiencies that can dis-
turb functional recovery (Kolb and Gibb, 2007; Clowry
et al., 2014). Hobb and coworkers (2008) demonstrated
motor deficits in the left forepaw associated with mild to
moderate injury of the striatal medium-spiny neuron after
HI at PND7 without remarkable histological conse-
quences (Hobbs and Oorschot, 2008), these data high-
light the need of longer hypoxic exposure at PND 3 to
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the injured animals (Misumi et al.,
2016). These results point to effects
of hypoxia duration and oxygen con-
centration in somatosensory function.

In addition to the neuronal control
mediated by cerebral structures, the
effective motor function requires an
integrated  participation of the
musculoskeletal system to allow for
a better motor performance in

Control 120 180" 210 Control

Fig. 4. Histological analysis of skeletal muscle: Cross-sectional area (CSA) of Biceps Brachii (A)
and Tibialis Anterior fiber (B). Frequency histogram of Biceps Brachii (C) and Tibialis Anterior (D)
according to the fiber size. Representative digitalized images (40 x) of 30-um transverse section of
brachial biceps muscle (E). Data analyzed by one-way ANOVA and expressed as mean = S.E.
Differences from the control group, P < 0.05 Differences from the control group and HI-120" and
@ Differences from the other HI groups without differences from CG, P < 0.05.

promote a striatal lesion with comparable severity to that
observed at PND7.

Previous studies using the rat Hl model at PND 3 and
FIO2 of 0.08 did not show motor impairments in
behavioral tests, like the open field (Sanches et al.,
2015), cylinder (Sanches et al., 2013a) and rotarod tests
(Alexander et al., 2014). However, Quairiaux and cowork-
ers (2010) running HI at PND 3 and FiO, of 0,06 evi-
denced an early functional deficit associated to a
reduction in the somatosensory-evoked potential when
the all large whiskers are stimulated unilaterally. The
same research group also reported a potential functional
recovery in the somatosensory network at PND 21
(Quairiaux et al., 2010). Moreover, a recent work using
a similar HI protocol showed coordination dysfunction in

1

-
20 180 210

different environments and
behavioral situations (Jamon, 2006).
To our knowledge, this is the first
study showing a significant reduction
in the fiber cross-sectional area of
the left forelimb and hind limb muscle
(biceps brachii and tibialis anterior)
and a positive correlation between
the striatal injury and muscle fiber
reduction. HI animals showed a
reduction in the CSA, with a predomi-
nance of small-size fibers when com-
pared to CG, indicating that muscular
atrophy might follow HI. In agreement
with present results, acute hypoxia in
human causes muscle structural
changes such as reduction in muscle
volume and a decrease in the CSA
(Hoppeler and Vogt, 2001); as a mat-
ter of fact, children with cerebral palsy
may exhibit smaller muscle CSA in
the affected limbs (Elder et al.. 2003).

The morphofunctional correlation
between the striatum and behavioral
performance would have enormous
clinical impact on patients with motor
alterations associated with prematurity
and HI. A higher compromise on the
contralateral hemibody could affect
the functionality on the ipsilateral side,
possibly due to balance dysfunction.
Moreover, a delay between the
corporal adjustment and the voluntary
movement could be a limiting factor
for the movement efficiency (Hobbs
and Oorschot, 2008).

Givon (2009), in a review of muscle weakness in the
cerebral palsy condition, mentioned the relationship
between the CSA and motor function, and pointed that
factors such as motor unit recruitment, selective control
and agonist-antagonist co-contraction are important
characteristics of movement performance (Givon, 2009).
However, results here presented did not show any corre-
lation with functional tests. A possible explanation is that
experimental neonatal Hl did not visibly affect muscle acti-
vation, gross control movement and anti-gravitational
control. The morphological changes observed in the
skeletal muscle might indicate hypoxia compensatory
mechanisms on metabolism of peripheral tissues, so pro-
moting redistribution of blood flow to enhance brain meta-
bolic support (Gunn & Bennet, 2009). The reduction in

oControl
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muscle CSA could be also associated with changes in
protein synthesis (Hoppeler and Vogt, 2001), or represent
an adaptive response to minimize peripheral metabolic
demands in order to protect cell viability and contractile
function (Clanton & Klawitter, 2001).

On the other hand, the modification of skeletal muscle
architecture could be related to some degree of
denervation, remodeling (Scherbakov et al., 2013) or to
disuse of the limb contralateral to the injury (Edgerton
et al., 2002; Mohagheghi et al., 2007). Clinical studies
have described the secondary effects of stroke in muscle
tissue (English et al., 2010) indicating that muscle tissue
changes during early and sub-acute phases could be
related to uncoupled synaptic transmission of the muscle
innervation (Scherbakov et al., 2013). In addition, muscle
atrophy has been associated with fiber adaptation to
motor disabilities caused by the brain injury and to the
loss of sarcomeres (Mohagheghi et al., 2007). Thus, fur-
ther studies are needed to identify whether neonatal HI
could affect muscular metabolic parameters and contrac-
tile capacity.

CONCLUSION

The present study shows that rats exposed to 180 min, or
longer periods, of hypoxia ischemia at PND 3 with FiO, of
0.08 present brain lesion and sensorimotor impairments
that mimic those observed in preterm infants. A
reduction in fiber cross-sectional area of biceps brachii
and tibialis anterior muscles following longer HI periods
was also reported. Therefore, our results reveal a new
pathophysiologic aspect of the HI model and its possible
clinical relevance for the study of sensorimotor deficits.
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Principais Achados do Capitulo 1

Entre os resultados obtidos neste capitulo, destacamos que:

1. Periodos mais prolongados de hipOxia S0 necessarios para promover
déficits motores em animais submetidos a HI no DPN 3, a fim de
mimetizar alguns dos desfechos observados em criancas nascidas

prematuramente;

2. O volume de leséo do estriado apresenta uma correlacéo positiva com

0S prejuizos motores induzidos pela Hl;

3. Modificacbes morfoldégicas no musculo esqueléticos apresentam uma
nova carateristica nos efeitos induzidos pela exposicao prolongada a
hip6xia no modelo da Hl.
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Cell Death and Prevent Neurodevelopment and Memory Impairments
in Rats Submitted to Neonatal Hypoxia Ischemia

Molecular Neurobiology 2018;55(5):3627-3641 (Impact factor: 5.076)

61



Mol Neurobiol
DOI 10.1007/512035-017-0604-5

@ CrossMark

Prenatal and Early Postnatal Environmental Enrichment Reduce
Acute Cell Death and Prevent Neurodevelopment and Memory
Impairments in Rats Submitted to Neonatal Hypoxia Ischemia

L. E. Durin-Carabali' - D. M. Arcego? - F. K. Odorcyk ' - L. Reichert? - J. L. Cordeiro* -
E. F. Sanches” - L. D. Freitas” - C. Dalmaz™ - A. Pagnussat” - C. A. Netto'?*

Received: 12 December 2016 /Accepted: 8 May 2017
€ Springer Science+Business Media New York 2017

Abstract Environmental enrichment (EE) is an experimental
strategy to attenuate the negative effects of different neurolog-
ical conditions including neonatal hypoxia ischemia encepha-
lopathy (HIE). The aim of the present study was to investigate
the influence of prenatal and early postnatal EE in animals
submitted to neonatal HIE model at postnatal day (PND) 3.
Wistar rats were housed in EE or standard conditions (SC)
during pregnancy and lactation periods. Pups of both sexes
were assigned to one of four experimental groups, considering
the early environmental conditions and the injury: SC-Sham.
SC-HIE, EE-sham. and EE-HIE. The offspring were eutha-
nized at two different time points: 48 h after HIE for biochem-
ical analyses or at PND 67 for histological analyses.
Behavioral tests were performed at PND 7, 14, 21, and 60.
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Offspring from EE mothers had better performance in
neurodevelopmental and spatial memory tests when compared
to the SC groups. HIE animals showed a reduction of IGF-1
and VEGF in the parietal cortex, but no differences in BDNF
and TrkB levels were found. EE-HIE animals showed reduc-
tion in cell death, lower astrocyte reactivity, and an increase in
AKTp levels in the hippocampus and parietal cortex. In addi-
tion, the EE was also able to prevent the hippocampus tissue
loss. Altogether, present findings point to the protective po-
tential of the prenatal and early postnatal EE in attenuating
molecular and histological damage. as well as the
neurodevelopmental impairments and the cognitive deficit,
caused by HIE insult at PND 3.

Keywords Prematurity - Gestation - Pre-weaning period -
Environmental stimulation - Cell death - Neurodevelopment -
Memory

Abbreviations

AKT Protein kinase B

AKTp Phosphorylate protein kinase B
BBB Blood-brain barrier

ANOVA  Analysis of variance

BDNF Brain-derived neurotrophic factor
Caspases Cysteinyl-aspartate proteases

SC Standard condition

EE Environmental enrichment

EPM Elevate plus maze

FIO, Fraction of inspired oxygen

GD Gestational day

GFAP Glial fibrillary acid protein

HIE Hypoxia ischemia encephalopathy
IGF-1 Insulin-like growth factor |
PARP-1  Poly (ADP-ribose) polymerase-1
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PND Postnatal day

TBS Tris buffer saline

TrkB Tropomyosin receptor kinase B
T-TBS Tween tris buffer saline

VEGF Vascular endothelial growth factor
Introduction

Neonatal hypoxia ischemia encephalopathy (HIE) is one of the
most common neurological complications in preterm infants, and
it has been associated with clinical manifestations like
neurodevelopmental delays, behavioral. cognitive deficits, and
sensorimotor impairments [1, 2]. The energy metabolism has a
key role in cellular and tissue vulnerability [3]: therefore, the
reduction of oxygen and glucose supply consequent to the HIE
insult triggers a cascade of neurochemical events implicated in
cellular dysfunction and death [4]. The expression of cleaved
caspase-3 and of cleaved poly (ADP-ribose) polymerase-1
(PARP-1) is increased after brain injury. These proteins partici-
pate in the downstream events that culminate in cell death via the
apoptotic pathway during the primary and the secondary energy
failure [5-8]. Following HIE, astrocytes become reactive, hyper-
trophic, hyperplasic, and migrate to the injury site to regulate ion
concentrations in the extracellular environment [9. 10]. However,
this astrocytic reaction can exacerbate the production of pro-
inflammatory signals leading to a positive feedback in the apo-
ptosis of neuronal cells [11]. Astrocytes can also inhibit the mat-
uration of oligodendrocytes [12] and the axonal regeneration
through scar formation, which has been associated with function-
al deficits [13].

Pre- and postnatal periods represent distinct critical windows
to encephalic maturation of structures such as the hypothala-
mus, cerebral cortex, and hippocampus [14], which are sensi-
tive to environmental stimuli [15]. The intrauterine milieu dur-
ing pregnancy can affect physiological and metabolic functions
of the offspring, and the ongoing organogenesis. through a
variety of inter-related mechanisms including maternal nutrition
and matemal environmental exposure [16, 17]. The neuronal
function is susceptible to the in utero programming and the
beneficial. or negative. effect of prenatal condition in promoting
offspring’s resilience or vulnerability under stress situations,
brain insults, and adult diseases are well-recognized [18].
Furthermore, the influence of birth and weaning experiences
are relevant to the adequate maturation process, organization,
and function of the developing brain [19].

Environmental enrichment (EE) combines voluntary physical
activity, novelty exposure, social interaction, and sensory and
cognitive stimulation [20]. In addition. it is a well-accepted strat-
egy to attenuate the negative effects of different neurological
conditions even during early development such as acute stress
[21], intrauterme asphyxia [22], and gestational inflammation
[23]. The EE increases the expression of neurotrophic factors

@ Springer

such as brain-derived neurotrophic factor (BDNF) [24, 25],
insulin-growth factor 1 (IGFI) [26, 27], and vascular endothelial
growth factors (VEGF) [28, 29] in both the hippocampus as the
cerebral cortex, all of which have remarkable action in growth,
maturation, plasticity. and preservation of neuronal tissue [30,
31]. Neurotrophic factors-mediated signaling involves the
serine-threonine kinase, AKT, also named protein kinase B. Its
active form is responsible for the suppression of apoptosis, con-
tributing to tissue preservation after brain injury [32, 33]. Thus,
endogenous neuroprotective mechanisms as well as antenatal
treatments have been proposed as possible prophylactic ap-
proaches after HIE in an attempt to minimize the damage and
to promote recovery [4. 34].

The Rice-Vanucci model has allowed a better comprehen-
sion of the pathophysiology of HIE condition and the effects of
distinct therapeutic strategies. Previous reports have document-
ed that animals submitted to neonatal HIE at postnatal day
(PND) 7 (period used to mimic a term infant) and exposed to
EE during the post-weaning period improve spatial, working
[35. 36]. and declarative memories [36, 37]. possibly through
the increase of spine density in the hippocampus [37]. The EE
also leads to a recovery of the Na+, K + —ATPase activity [36];
reduces the oxidative stress biomarkers levels [38]: and im-
proves motor function [39, 40]. However, little is known about
the effects of early EE (during lactation) in animals bearing
neonatal brain injury. It was shown a partial recovery of the
brain atrophy. improvement of neurodevelopmental reflexes
[41]. and mitigation of the blood-brain barrier dysfunction
[42]. On the other hand, the Rice-Vanucci model at PND 3 is
an adaptation of the original procedure in order to mimic brain
development of preterm newboms with 2428 weeks of gesta-
tion [43] Nevertheless, the effects of the EE in animals submit-
ted to HIE at this early postnatal age are not present in literature.
although it is conceivable that age might influence insult sever-
ity and the efficacy of therapeutic strategies [44].

To date. literature has highlighted the biochemical, mor-
phological. and behavioral impact of prenatal EE on the fetus
and the long-term resilience mechanisms observed in the off-
spring [23, 45-47]. Factors such as the maternal milieu influ-
ence. developmental and maturational brain periods, early
programming, and epigenetic and translational mechanisms
[18] have been considered the main aspects involved in the
positive effects of gestational environment stimulation.

Due to the EE neuroprotective effects following HIE, the
current study sought to determine the effects of environmental
stimulation during prenatal and lactational periods on the early
expression of hippocampal and parietal cortex levels of (a)
apoptotic biomarkers, (b) astrocytic reactivity, (c) growth
and neurotrophic factors, and (d) AKT protein expression in
rats receiving neonatal HIE at PND 3. Furthermore. the pre-
ventive effect of EE on HIE-induced brain tissue loss and on
neurodevelopmental delay and spatial memory impairment
was also investigated.

63



Mol Neurobiol

Experimental Procedures

The experimental procedures were approved by the Ethics
committee of the Universidade Federal do Rio Grande do
Sul (no 28641). Animal care followed the guidelines of the
Brazilian Society of Science in Laboratory Animals—Law no
11.794; and the recommendation of the Council for
International Organizations of Medical Sciences (CIOMS -
Publication 85-23, 1985).

Animals

Wistar rats were housed in the colony of the Biochemistry
Department, at room temperature of 22 °C = 2 and under 12
light/dark cycle (lights on at 7:00 am). Water and food were
provided ad libitum. Nulliparous female (n = 12). at 60 days of
age. were randomly assigned to the standard (SC) or environ-
mental enrichment (EE) group. As previously described [48],
after 1 week of habituation, vaginal smear was monitored
daily. When proestrus stage was observed. a same-strain male
was introduced in the standard cage for one night. Pregnancy
was inferred by the presence of sperm in the vaginal smear
(first gestational day-GDI) and it was confirmed by the
weight gain. At GD20, the pregnant rats were placed in indi-
vidual standard cages without being disturbed until the partu-
rition, denominated as postnatal day 0 (PND 0). The animals

Fig. 1 Illustration of the housing A
conditions (a). Experimental

timeline of: mother rats during

pregnancy and first days after

parturition (b) and pups during

returned to their previous environment at PND 1. The hypoxia
ischemia model was performed on the offspring at PND 3 and
the weaning was at PND 23. Figure Ib, ¢ summarizes the
timeline of experiments.

Housing Conditions
Gestational Environment

Pregnant rats of the EE group (n = 6) were placed together in
an enriched cage (height 1.2 m, width 80 cm, length 1 m). The
EE contained plastic toys, a running wheel, ramps, plastic
tubing, balls, and contrasting visual stimuli (Fig. la). The
objects were changed twice per week. and food and water
were moved to a different location to promote additional ex-
ploration. In the SC group (n = 6). three animals per cage were
housed in standard condition cages (height 16 cm, width
41 cm, length 34 cm). The cages were provided with wood
shaving bedding and a minimum of external stimuli [21].

Postnatal Environment

The pups were cared by their own mother from PND 1 until
weaning under the same gestational environment (SC or EE).
To offer social interaction, two litters (dam and litters) of the
EE group were kept together [49, 50]. For the SC group. one

postnatal period (¢). GD
gestational day, HIE hypoxia
ischemia encephalopathy, PND
postatal day

Standard Condition Environmental Enrichment
B
Mating GD18 PND 1 PND 3 PND 5
L (- | | | E | 1 |
I Ly | L. | |
Acclimation week. GD1 Elevate Plus  Pups Birth
Maze GD21-22
" = )
1
Maternal Behavior
Observation
(]
PND O PND 2 PNDS PND7 PND 14 PND21  PND23 PND 60-65 PND 67
2 1 1 1 1 1 ! 1 1
| | | | | | ! | |
Pups Birth Neonatal Biochemical T Weaning Water Maze  Histologlcal
HIE Analy N behavioral Analyses
Assessment
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litter per cage was kept under standard condition. After
weaning, the offspring was separated by sex and housed in
the standard conditions (four animals per cage).

Neonatal Hypoxic Ischemic Encephalopathy

At PND 3, two and three siblings per litter were randomly
assigned to surgery control (sham) or the Rice-Vanucci model.
Under isoflurane anesthesia (4% induction and 1.5% mainte-
nance). a longitudinal neckline incision was performed and
permanent occlusion of the right carotid artery was made.
During 2 h. the animals were located in a standard cage with
their mother for post-surgery recovery. After this period. the
HIE animals were placed in a hypoxia chamber (FIO, 0.08
and 37 °C) for 180 min.

For the sham group, the pups were anesthetized, the right
carotid artery was isolated without occlusion. and they were
kept under atmospheric condition. Once the hypoxia exposure
was completed, all the animals were returned to their biolog-
ical mother and respective environment. Thereby. four groups
were established considering the early environmental condi-
tions and the injury: animals exposed to standard conditions
without HIE (SC-Sham), animals exposed to standard condi-
tions and submitted to the HIE procedure (SC-HIE), animals
exposed to environmental enrichment without HIE (EE-
sham), and animals exposed to environmental enrichment
and submitted to the HIE procedure (EE-HIE).

Biochemical Analysis
Tissue Preparation

Animals were killed by decapitation 48 h after HIE (n = 5-8
animals per group). The brain was quickly dissected out and
the right parietal cortex and right hippocampus were collected
on a bed of ice. The tissue was stored at —80 °C until biochem-
ical analysis. These encephalic structures were selected due to
their significant susceptibility to gestational stimulation and
HIE [51, 52].

Western Blot

The parietal cortex and hippocampus were homogenized in
ice-cold lysis buffer pH 7.9 (10 mM KCL 10 mM Hepes,
0.6 mM EDTA, 1% NP 40, and 1% protease inhibitor cock-
tail). Protein concentration was determined using the BCA
protein assay following the manufacturer’s specifications
(Thermo Scientific, USA). Forty micrograms/lane of total pro-
tein was put onto NuPAGE® 4-12% Bis-Tris Gels to electro-
phoresis. Proteins were then transferred to nitrocellulose
membranes (XCellSureLock® Mini-Cell. Invitrogen) using
a transfer buffer (48 mM Trizma, 39 mM glycine, 20%
methanol, and 0.25% sodium dodecyl sulfate). Membranes
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were blocked with tris buffer saline and 0.1% Tween 20 (T-
TBS) plus 5% fat-free milk powder for 2 h (for anti-phospho-
AKT (Serd73, 1:1000, Cell Signaling), the membranes were
previously blocked with T-TBS plus 5% of bovine serum
albumin). and incubated overnight at 4 °C with one of the
following primary antibodies: anti-IGF-I (1:1000, Millipore),
anti-VEGF (1:200, Santa Cruz), anti-BDNF (1:500. Abcam),
anti-caspase 3 (1:1000, Millipore), anti-PARP-1 (1:100-, Cell
signaling), anti-GFAP (1:1000, Thermo Fisher), anti-TrkB (1:
1000. Millipore), and anti-B-actin (1:3500, Millipore).

Following three washings with T-TBS for 5 min, the mem-
branes were incubated for 2 h with peroxidase-conjugated
secondary antibody (anti-rabbit or anti-mouse 1:1000) and
then washed again with T-TBS solution (four times per
5 min each). Specific bands were visualized by enhance
chemiluminescence (Amersham, Oakville, Ontario) and de-
tected using a GE-LAS 4000 digital image reader (GE
Healthcare Life Sciences). The protein expression was quan-
tified by means of Image Studio Lite (version 5.2), and the
results are indicated as the ratio of intensity of protein of
interest and [3-actin from the same membrane [53]. No differ-
ences between the groups were observed for B-actin.

Behavioral Assessments

To evaluate the influence of the environment stimulation, the
mother rats were evaluated twice: at gestational day 19 and
during the first 5 days after parturition. In addition. the off-
spring was evaluated before the weaning and during adult-
hood by means of neurodevelopmental and spatial memory
tests.

Elevated Plus Maze During Pregnancy

Evidence has indicated that EE could influence anxiety-like
behavior [54]. In order to evaluate this behavior during the
gestational period, the female rats were tested at gestational
day (GD) 19 in the elevated plus maze (EPM). The four-arm
apparatus was elevated 70 cm above the floor. Two arms are
closed (50 x 10 x 15 ¢cm) and the other ones remained open
(50 x 10 cm). Before the testing, animals were acclimatized
during 20 min in the experimental room. Then. each rat was
placed in the center of the apparatus facing one enclosed arm.
The number of entries and the time spent in each arm were
recorded during 5 min. An arm entry was considered when the
four paws were placed into an arm [55].

Maternal Behavior
To determine possible modifications in the mother-pup rela-
tionship induced by the housing conditions, maternal behavior

was observed during PND 1 to PND 5 in three daily sessions
(light cycle 10 am and 16 pm and dark cycle 20 pm). The
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observation during the dark cycle was performed under red
illumination. Each session included 15 observations every
3 min, for a total of 225 observations per dam. Behavioral
responses were licking and grooming, arched-back nursing,
blanket nursing, passive nursing, and mother off pups [47].

Offspring Neurodevelopmental Assessment

Neurodevelopmental assessment was conducted during lacta-
tion by means of righting reflex. negative geotaxis, and olfac-
tory discrimination task at PND 7. 14, and 21. All the tests
were performed between 9:30 and 12:00 a.m. by an evalua-
tor—blind to the experimental condition of the animal. The
maximum latency for each test was assigned when the animal
did not complete the activity.

Righting Reflex Test The righting reflex test allows to assess
motor and coordination function. Each animal was put on
supine position and the latency required to reach the prone
position with its four paws on the floor was recorded [46].

Negative Geotaxis The purpose of this test is to evaluate
vestibular and proprioception function. The animal was
placed on an incline board of 45° with its head down. The
latency to turn around 180° and put its face up and its body in
longitudinal axis was recorded. The maximum period for this
test was 60 s [56].

Olfactory Discrimination Using a clean standard cage
(16 x 41 x 34 cm), fresh bedding was spread over one side
and soiled bedding (from the home cage of the rat) was put on
the other one. A distance around 7 cm was used for each
bedding. The animal was located on the center of the cage
with the head towards the wall. The latency required to go to
its home bedding was recorded. The cage was cleaned up with
a 70% ethanol solution after each pup’s test and the maximum
latency for this test was 180 s [57].

Spatial Memory at Adulthood At PND 60, the spatial mem-
ory was tested in the Morris water maze. The apparatus
consisted of a circular black pool (diameter of 200 cm) filled
to a depth of 40 cm with room-temperature water. A platform
was put 2 cm below the water level and kept in the same
position during the training period. The maze was divided into
four quadrants that were denominated as N, S, W, and E. In
addition. visual cues were placed around the experimental
room. During five consecutive days. each rat performed four
trails and had 60 s to find the platform, when this time was
exceeded the animal was located on the platform for 15-20 s
to help it to identify the wall cues. On the sixth day, the plat-
form was removed and the probe trial was performed. Each rat
was subjected to one trial during 60 s. The variables recorded
using the ANY-Maze software were latency for the first

crossing of the platform region. total distance traveled, aver-
age speed, time spent in the target quadrant. time spent in non-
target quadrants, and the distance traveled to the first entry to
the platform zone. In addition. the target quadrant ratio was
calculated ((time spent in the target quadrant/(time spent in
non-target quadrants + time in target quadrant)).

Histological Analysis

After behavioral testing at PND 67, a number of five—six rats
per group were randomly selected for histological analyses.
The rats were anesthetized with a lethal dose of thiopental
sodium (Thiopentax, Cristalia®, 100 mg/kg) and were per-
fused with 9% saline solution followed by 4% formaldehyde
solution through the left cardiac ventricle. The brains were
removed from the skull, deposited in formaldehyde, and
cryoprotected with sucrose solution (30%). The brains were
cut on a cryostat (Leyca) in serial 30-um slices. Each 10th
section was put on gelatin-coated slides and stained with he-
matoxylin and eosin. (Sigma-Aldrich. St Louis, MO, USA).
The cortex and the hippocampus were identified using the rat
brain atlas [58] and the Cavalieri method was used for struc-
tural volume measurements. The values were acquired using

the NIH-ImageJ software and the volume ratio was calculated

Ipsalateral volume (mm3)

by the equation

Statistical Analysis

The statistical analysis was performed by means of the soft-
ware IBM-SPSS-version 21. For parametric data (maternal
behavior, biochemical analyses and spatial memory), the gen-
eral linear models for univariate dependent variable was used.
Groups® differences according housing condition were com-
pared using repeated measures ANOVA or by Student’s 7 test.
Differences considering housing condition and surgical pro-
cedure were identified by means of two-way ANOVA follow-
ed by multiple comparisons test. In the case of non-parametric
data (neurobehavioral tests and histological analysis). the
Friedman test was used to analyze changes over time, and
the Kruskal-Wallis followed by Dunn test was used to deter-
mine differences between groups. Behavioral and biochemical
data are expressed as means * standard error (S.E.) and, his-
tological data are expressed as median and interquartile inter-
vals (25, 75). Significance was defined as P < 0.05.

Results
Elevated Plus Maze in Pregnant Rats

Independent-sample 1 tests revealed no significant differ-
ences between pregnant rats housed in standard or
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enrichment conditions regarding the number of entries or
time spent in the open or closed arm (number of entries/
time spent (seconds): open arms: SC 5.33 = 1.63/
56.00 = 18.6. EE 4.67 = 0.95/46.33 = 11.12. Closed arms:
SC 9.50 = 0.76/197.66 = 1.63. EE 9.16 = 0.60 /
188.33 = 18.04). These data suggest that the environmen-
tal conditions here used do not alter anxiety levels during

pregnancy.

Maternal Behavior

There were no significant differences in the frequency
of maternal behavior on licking and grooming, arched-
back nursing, and blanket nursing between animals
housed in SC and EE (P > 0.05, Fig. 2a—). However.
dams of EE spent more time in the passive nursing and
showed less episodes away from the nest when com-
pared to the SC at PNDS5 as indicated in the Fig. 2d,
e (F=740, P =0.03, and F = 556, P = 0.05, respec-
tively). In addition, an interesting cooperative behavior
was observed among mothers in the EE condition, with
one staying in the nest, while the other one would stay
away from the pups. This behavior could indicate a
maternal cooperation to increase the pup’s care or avoid
that the offspring remained alone.

Biochemical Analysis
Expression of Pro-apoptotic Biomarkers

No significant differences were observed in the expression
of total caspase-3 nor total PARP-1 in the hippocampus
and parietal cortex ipsilateral to the carotid occlusion 48 h
after HIE (P > 0.05, data not shown). Considering cleaved
caspase-3, a significant interaction between HIE and
housing conditions was found (F(; 22y, = 4.746,
P = 0.04). indicating that HIE-induced an increase in the
immunocontent of this pro-apoptotic protein in the hippo-
campus and the EE was able to prevented it, as shown in
Fig. 3a. However. this difference was not observed in the
parietal cortex (P > 0.05, Fig. 3b). EE treatment also
reduced the expression of cleaved PARP-1 on the hippo-
campus (F(j25) = 6.266. P = 0.02) and parietal cortex
(F1.22y = 10.165, P = 0.005) when compared to SC
(Fig. 3¢, d). These outcomes suggest that cell death me-
diated by caspase-dependent and caspase-independent
pathways exhibit a different pattern of expression follow-
ing HIE condition, and that HIE-induced cleaved-capase-
3 increase was counteracted by EE. On the other hand,
presented results suggest that EE reduces the cleaved
PARP-1-dependent cell death in both non-injured and in-
jured animals.

Fig. 2 Maternal behavior: a A B s —e-sC
licking and grooming. b arched- 26 0 —O—EE
back nursing, ¢ blanket nursing, d 3 % z
passive nursing, and ¢ mother off g > 30
nest. Data analyzed by means of g 15 § 2
repeated measures ANOVA. g 10 Mﬁ %
Asterisk significant differences 5 ite
considering experimental groups 0 0
and time after parturition. # = 6 PND1 PND2 PND3 PND4 PND5 PND1 PND2 PND3 PND4 PND5S
animals per group. Significance D
was accepted when p < 0.05 c - 50
@ 40
4 £
£ 5 30 .
g 20 20
o 10 % 10
0
PND1 PND2 PND3 PND4 PNDS PND1 PND2 PND3 PND4 PNDS
E
— 70 -
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E’ 50
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“ 2
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0
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Expression of Growth and Neurotrophic Factors

Figures 4b, d show a significant reduction of the IGF-1
(F(l.ZI) =9.190, P = 0.008) and VEGF (Fll.ll) = 4.838,
P = 0.04) immunocontent in the parietal cortex of HIE ani-
mals, independently of the prenatal housing condition: how=
ever, no difference was detected in the hippocampus
(P > 0.05, Fig. 4a, c). There were no BDNF and tropomyosin
receptor kinase B (TrkB) expression differences among
groups (P > 0.05, Fig. 4e-h).

Phosphorvlation of AKT

It has been reported that IGF1, VEGF, and BDNF binding to
TrkB activates AKT. which is a crucial signaling cascade to
promote cell survival [59]. Thus, the phosphorylated AKT
isoform was evaluated. Two-way ANOVA revealed an in-
crease in this protein in the EE group when compared to SC
groups, in both the hippocampus (F,; 7, = 11.454, P =0.002)
and the parietal cortex (F; 23, = 5.917, P = 0.03) of the off-
spring, as shown in Fig. 5a, b. These data suggest that prenatal
EE facilitates the activation of the AKT pathway, reducing cell
death by apoptosis.

Expression of GFAP

As observed in Fig. 5¢. HIE animals presented increased glial
fibrillary acid protein (GFAP) in the hippocampus 48 h after

HIE insult (F{; 25y = 6.259, P = 0.02). Nevertheless, animals
from EE groups had a significant decrease on the expression
of GFAP (F(322, = 6.481, P = 0.02). in such a way that EE
partially counteracted this HIE effect. An interaction between
HIE and housing conditions (F(; 2, = 7.873, P = 0.01) was
found in the parietal cortex, since EE was able to prevent the
increase of GFAP immunocontent that was observed in the
SC-HIE group (Fig. 5d) (F(;22) = 7.873, P = 0.01). These
findings suggest that prenatal EE reduces the early astrocyte
overreaction after neonatal HIE.

Offspring Neurodevelopment Assessment

Over time, all animals showed a significant reduction in the
time required to perform the neurobehavioral tests (P < 0.05).
SC-HIE animals showed higher latency during the righting
reflex at PND7 (Fig. 6a) when compared to EE-HIE and sham
groups ()(2 = 9.348, P = 0.025). This difference was not ob-
served at PND 14 and PND 21 (P > 0.05). Animals of the EE
group (EE-Sham and EE-HIE) had significantly better perfor-
mance in negative geotaxis and olfactory discrimination tests
at PND 14 when compared to SC, as shown in Fig. 6b
(X2 = 9.776, P = 0.021). In addition, the Dunn test by
Kruskal-Wallis showed a significant increase in the latency
of the SC-HIE group in the olfactory discrimination tests,
which was prevented by EE at PND 14 (X* = 7.819,
P = 0.05—Fig. 6¢). The animals’ performance indicated that
prenatal and early postnatal EE were able to prevent the
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neurobehavioral delay induced by HIE and to promote the
acceleration of neurodevelopmental reflexes.

Spatial Memory at Adulthood

Reduction of the latency to find the platform over the training
days was observed in all the experimental groups
(Fa)=35.941, P = 0.000). As shown in Fig. 6d. no significant
differences were observed in first day of the spatial memory
training. However, on the second day, EE animals showed a
better performance during the task when compared to SC ani-
mals (F3 43 = 13.007, P = 0.00). In the third and fourth days.
the SC-HIE group had higher latency when compared to the EE
group and Sham animals, respectively (third day:

@ Springer

F3.43y = 6.769, P = 0.01 and fourth day: F343, = 2.280,
P =0.05). In the fifth day. animals of the SC-HIE group showed
the worst performance in comparison with the other groups,
whereas EE-HIE had a similar latency to SC-Sham animals
(Fiaa3 = 3.553. P = 0.02). During the probe trial, HIE rats
had significantly higher latency to cross the platform region
(Fa43) = 6.324, P = 0.016) when compared to Sham animals
(Fig. 6¢). No significant differences were observed in the total
distance traveled, distance traveled to the first entry to the plat-
form zone, and average speed (P > 0.05—supplementary
Table 1), suggesting that HIE and EE did not alter locomotion
of the animals. The target quadrant ratio showed that HIE ani-
mals spent less time in the target quadrant when compared to
Sham animals (F}, 45, = 14.778. P = 0.001—Fig. 6f). However.
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animals exposed to EE increased the time spent in this quadrant
(F1.43) = 5.627. P = 0.023). These data evidence that EE par-
tially prevented the spatial memory impairment caused by the
HIE and improve performance of non-lesioned animals.
Representative plots of the probe trial are shown in Fig. 6g.

Histological Analysis

The SC-HIE group had a volume reduction of the hippocam-
pus, as compared to the sham animals. In addition. EE was
able to prevent such volume loss in EE-HIE animals
(X2 = 8.874, P = 0.031—Fig. 7b). No significant differences
were observed in the volume ratio of the cerebral cortex be-
tween the animals (X* = 5.850, P = 0.119—Fig. 7c). The
outcomes revealed that EE conditions prevented the tissue loss
in the hippocampus after neonatal brain insult.

Discussion

The present study assessed early molecular changes in the
hippocampus and parietal cerebral cortex of pups subjected
to HIE, from mothers submitted or not to gestational environ-
mental enrichment. Results showed that environmental stimu-
lation during pregnancy and the first postnatal days (PND 1-5)
is able to (a) reduce the levels of proteins involved in early cell
death by apoptosis, (b) increase the activation of the AKT
pathway in offspring, (c) attenuate the increase of GFAP levels,

(d) promote a better performance in the neurodevelopmental
tests, (e) prevent the spatial memory deficit of offspring from
EE mothers, and (f) prevent the hippocampus tissue loss after
HIE. Considering the public health burden [60] of neonatal
hypoxia ischemia encephalopathy and premature birth and
the need to define neuroprotective strategies to mitigate the
severity of brain injury and its negative impacts, here presented
results show that exposure to EE during gestation and the early
postnatal period is a relevant experimental behavioral strategy
for its demonstrated preventive effects.

Preclinical studies point to the influences of environmental
conditions in female anxiety-like behavior and its possible
effects on the offspring [61]. In the present study, no signifi-
cant differences between EE and SC were observed during the
plus maze test, being these results in agreement with previous
reports [54, 62]. Sparling and coworkers found that animals
housed in social colonies had an increase in the time spent on
the closed arm after 10 min of exploration [63]. Their results
may well indicate that the duration of the plus maze test could
be a relevant factor to evidence behavioral differences when
the housing conditions are taken into account.

Matemal care has a pivotal role in brain development of the
offspring [64]. For this reason. some authors have indicated
that the enrichment effects could be associated with modifica-
tions in the mother-pup relationship [47, 65]. The matemal
behavior towards offspring was evaluated during the first
postnatal week, and we did not observe significant differences
in parameters such as licking/grooming, arched and blanked
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Fig. 6 Behavioral assessment: Righting reflex at PND 7 (a). negative
geotaxis at PND 14 (b), and olfactory discrimination test at PND 14 (¢).
Data analyzed by Kruskal-Wallis and its corresponding pairwise test.
Performance during the ref e Y gz at PND 60 (d) latency
to cross the platform region during the probe trial in the Mormis water
maze test (). Target quadrant rate (f) and representative plots get during
the probe trial (g). Data analyzed by means of repeated measures and two-
way ANOVA. Double asterisk significant differences of SC-HIE when

nursing. Nevertheless, EE dams spent less time out of the nest,
dedicated more time to passive nursing. and showed a coop-
erative behavior during the pup’s care. In fact, the offspring
reared in EE conditions experienced a more continuous phys-
ical contact due to the presence of another adult female, as
already pointed by Sale and coworkers (2004). Considering
reports from the literature, data regarding maternal behavior in
EE conditions are inconclusive, since some authors indicated
an increase [47, 66] and others report a reduction [21, 48], or
no significant changes in pups care. when compared to the
control group [67]. Although the influence of EE on maternal
care ought not to be disregarded. present results of licking/
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HIE to the sham groups, ampersand significant HIE effect when
compared to their respective sham. n = 10-12 animals per group.
Significance was accepted when p <0.05

grooming and arched-back did not show significant differ-
ences among groups, suggesting that other factors are respon-
sible for the EE effects observed in the present study.

Maturation of the central nervous system can be assessed
through functional performance such as neurological reflexes
[39]. Thus, the EE was able to prevent the neurodevelopmental
delay caused by HIE and the early EE condition induced a long-
term effect on the reference memory of the stimulated animals.
These data confirm that EE improves performance on righting
reflex, negative geotaxis, olfactory discrimination tests during
the pre-weaning period [22. 41] as well as the performance in
the water maze test at adulthood [35].
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Growth and neurotrophic factors promote cellular survival,
enhance maturation processes, facilitate potentiation of cere-
bral networks, induce synaptic plasticity, and improve func-
tional performance in rodents raised in an enriching environ-
ment [25, 68]. The expression of IGF-1 and VEGF in the
hippocampus showed no significant differences in the period
analyzed. However, the parietal cortex of HIE animals showed
a decrease in the immunocontent of the abovementioned
growth factors. Experimental models after brain insults have
revealed increases in IGF-1 and VEGF levels to stimulate
angiogenesis. promote cell viability, induce axonal growth,
and facilitate functional recovery [69, 70]. However. Zhao
and coworkers (2006) suggested that, under inflammatory
conditions, the initial increases of IGF-1 could be sequestered
by binding proteins causing a decrease in IGF-1 levels [71].
On the other hand. a dual function of the VEGF has been
described after ischemia, since it enhances the blood-brain
barrier (BBB) permeability and contributes to the subsequent
BBB disruption; it may also exacerbate microvascular perfu-
sion and induce cell loss [68]. Thus. the reduction observed in
the HIE animals may suggest a distinct temporal course of the
IGF-1 and VEGF according to the encephalic region. It is not
possible at the moment to know if this decrease could be a
compensatory mechanism to mitigate the negative effects as-
sociated with the brain damage severity.

The immature brain shows transient increases of IGF-1 and
VEGF expressions during early and late development in dif-
ferent encephalic regions [72-74]. Our results show no EE
effect on IGF-1 levels, what is in accordance with a previous
study reporting no significant differences in IGF-1 immuno-
reactivity in the visual cortex of animals exposed to early
postnatal EE until PND 15 [75]: however, others have

suggested that EE induces two distinct peaks of IGF-1 that
are necessary for visual cortex development [76]. Taking into
account that we have evaluated other encephalic areas, the
hippocampus and parietal cortex, in animals exposed to pre-
weaning EE, further studies are clearly needed to determine
the effects of EE protocols on the expression of IGF-1 and
VEGF.

BDNF and its TrkB receptor are relevant to protect the
immature brain against HIE [69] and facilitate the activity-
dependent plasticity in EE animals [21. 70]. At postnatal day
5, no significant differences in BDNF and TrkB levels were
identified in the brain structures examined. Previous studies
evaluating BDNF levels in EE animals at different postnatal
ages showed similar results to those found in this work. be-
cause significant differences were only reported from the sec-
ond postnatal week [77. 78] or at adulthood [79]. Therefore,
animal interaction with the postnatal environment may have a
greater impact on growth and neurotrophic factors later on.

AKT is an important protein kinase that. when activated,
suppresses apoptotic responses and reduces cell death after
tissue damage [80]. The phosphorylated AKT isoform inhibits
a group of cysteinyl-aspartate proteases (caspases) that are
responsible for activating and cleaving other proteins that par-
ticipate in the cell death process. such as PARP-1, which is
also considered a useful marker of apoptosis [81]. Previous
studies identified that neuronal death is increased during the
first 72 h after HIE injury both by caspase-3-dependent as well
as caspase-3-independent mechanisms [44, 82]. Our findings
evidenced that EE animals present higher levels of phosphor-
ylated AKT, with lower expression of cleaved caspase-3 and
PARP-1 in the hippocampus and parietal cortex, which sug-
gests that EE was able to reduce the cell death in the treated
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animals. It is possible that reduction in the immunocontent of
cleaved caspase-3 observed in the present study could be as-
sociated with lower BBB permeability, recovery of the Na+/
K+ ATPase dysfunction, suppression of excitatory receptors,
and reduction of excitotoxicity as previously described [37,
38, 42]. In addition, our results suggest that HIE-induced cell
death can present a different temporal course for caspase-
independent and caspase-dependent pathways, since no sig-
nificant difference was observed in cleaved PARP-1.
However, it has been shown that environmental stimulation
after weaning promotes neuronal survival during the postnatal
period, as a consequence of the inhibition of spontaneous and
developmental apoptosis [83]. This fact could be associated
with the reduction of cleaved PARP-1 in EE animals, which
suggests that the prenatal EE protocol was able to facilitate a
similar response in this pro-apoptotic protein. The outcomes
observed in growth and neurotrophic factors in the hippocam-
pus and parietal cortex at PND 5 do not exclude a possible
previous activation of signaling pathways related to cell sur-
vival. To our knowledge. this is the first work indicating that
prenatal associated to early postnatal EE could modulate the
apoptotic processes downstream of the AKT pathway, reveal-
ing a novel mechanism for activating cell survival after neo-
natal HIE at PND3.

Another important molecular change by which EE could
reduce the deleterious effects of the HIE insult is through a
reduction in the GFAP levels both in the hippocampus and
parietal cortex. The GFAP is a gold standard astrocyte marker
and this cell has a critical role in the maturation and function of
the developing brain. In response to different degrees of dam-
age severity, astrocytes show a high susceptibility, being pri-
mary responders to injury [13]. In addition, astrocytes stimu-
late the proliferation and interaction of several cells to make
the glia scar, which act like a mechanical barrier to the neuro-
nal and non-neuronal cell function [13. 84]. Our data suggest
that under the same brain insult, EE is able to change astrocyte
reactivity and consequently decrease the brain damage. This
event has the potential to mitigate the neurodevelopmental
delay, as well as the cognitive deficits as observed after HIE.
Furthermore. the EE-induced molecular changes observed
during the acute period after HIE insult were able to reduce
the tissue loss in the hippocampus at adulthood, a period in
which the extension of the brain damage is clearly delimited.

Conclusion

Results here presented provide evidence that prenatal and ear-
ly postnatal environmental enrichment reduce the HIE-
induced apoptosis and astrocytic reaction, possibly through
the upregulation of the AKT pathway. In addition. EE promot-
ed hippocampus tissue preservation and prevented
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neurodevelopmental delays and cognitive deficits following
HIE at PND3. Altogether, the exposure to early EE is able to
protect developing brain structures of the detrimental damage
caused by HIE under experimental conditions that mimic pre-
mature birth.
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Supplementary Table 1
Table 1: Probe trial in the Morris Water Maze on adult rats exposed to gestational and early postnatal EE
Variable SC-Sham SC-HIE EE-Sham EE-HIE
Total Distance Travelled (m) 0.06 * (0.0047) 005 + (0.0071) 0.06 + (0.0045) 011 % (0.0415)
Average Speed (m/s) 0.0009 + (0.0001) 0.001 + (0.00000) 0.0011 % (0.00009) 0.0009 % (0.00007)
Time Spent in the Target & ¥ .
Quadrant (s) 2850 + (3.70) 15.93% &+ (3.74) 3523 + (2.83) 23.93% &+ (2.76)
Time Spent in Non-Target s # &r
Quadrant (s) 3057 + (3.64) 43.33% + (3.88) 2452 + (2.88) 36.87% & (2.17)
Distance Travelled to firstentry )5 4 (00052) 003 + (0.0095) 003 + (0.0045) 004 + (0.0059)
to the Platform Zone (m) : '
Latency (s) 2044 :+ (6.80) 45.20% + (6.72) 199 + (5.53) 34.07% & (4.91)
SC; Standard Condition. EE; Emdronmental Ennichment. The values are expressed as mean + S E M. Significance; P= 0,05
* Significant HIE effect when compared to their respective sham
* Effect of prenatal and early postnatal housing condition
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Principais Achados do Capitulo 2

Entre os resultados obtidos neste capitulo, destacamos que:

1. O ambiente enriquecido gestacional ndo induziu diferencas significativas
no comportamento maternal, comumente associadas aos efeitos positivos

na prole (e.g. licking grooming, postura cifética e postura coberta);

2. O ambiente enriquecido atenuou a morte celular por apoptose e a
reatividade astrocitaria ocasionada pela hipoxia isquemia, na fase aguda

(48h apods o insulto);

3. Ahipéxia isquemia reduz a expressao de fatores de crescimento no cortex
parietal, 48h apds a leséo, independentemente das condi¢fes de moradia

dos animais;

4. O ambiente enriquecido favoreceu vias relacionadas a sobrevivéncia
celular, como a da Proteina Cinase B — AKT - e otimizou o desempenho

funcional dos animais;

5. A perda tecidual no hipocampo apés a Hl foi atenuada pelo ambiente

enriquecido na gestacéao e lactacao.
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4.3 CAPITULO 3

Preventive and therapeutic effects of environmental enrichment in Wistar
rats submitted to neonatal hypoxia-ischemia
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induced impairments, revealing their preventive and therapeutic actions, possibly due to VEGF and astrocyte
activity; some of these effects are sex-specific.

1. Introduction

Neonatal encephalic damage caused by glucose and oxygen depri-
vation affects up to 26 per 1000 newborns [1]. Conditions such as
premature birth enhance the vulnerability to hypoxic-ischemic (HI)
insults, increasing the incidence of motor and sensory deficits, cognitive
impairment and emotional disorders [2]. The Rice-Vannucci experi-
mental animal model performed at postnatal day three (PND 3) is
commonly used to mimic HI insult in prematurity conditions observed
in humans, since the rat brain development at this period corresponds
to the human newborn brain at 24-28 weeks of gestation [3]. This
model has provided information on the susceptibility of encephalic
structures, such as cortex, periventricular white matter, striatum and
hippocampus according to the brain maturation, as well as the under-
lying sensorimotor and cognitive dysfunctions [4,5].

It was recently demonstrated that neurodevelopmental disorders in
preterm infants are associated with neurological changes starting
during the gestational period [6]. Moreover, the antenatal period has
been suggested as an emerging target for neuroprotective interventions
in order to reduce the detrimental effects of complications subsequent
to early delivery [7,8]. Behavioral, morphological and molecular con-
sequences of HI insults can be attenuated by the interaction between
the animal and the environment, considering the high plasticity of the
immature brain and the relevance of external stimuli across the life
cycle [4,9]. Environmental enrichment (EE) is an experimental para-
digm used to promote experience-dependent plasticity by a combina-
tion of sensory, cognitive and motor stimulations [10]. The beneficial
effects of EE after weaning and at adulthood have been well docu-
mented [10,11] and a growing body of evidence has shown that EE
protocols cause epigenetic, transgenerational and early postnatal

alterations [12-15].

Environmental stimulation during prenatal and early postnatal
periods accelerates neurodevelopment, improves memory, reduces
stress levels, increases dendritic spine density, promotes neurogenesis
and cell proliferation, modifies the sensory and motor circuits as well as
increases neurotrophic and growth factors levels [16-22]. The long-
term effects of prenatal EE can be influenced by postnatal conditions
and vice versa, confirming the close relationship between them [23,24]
and supporting the need for studies aiming to differentiate the in-
trauterine from extra-uterine influences on response to brain injuries
[6].

There are a few studies investigating how EE could modulate brain
responses following neonatal HI. Animals submitted to HI at PND 7
(protocol used to mimic term infant brain development) and exposed
after weaning to EE for nine weeks, 1h per day, have shown positive
outcomes against HI impairments in cellular, morphological and func-
tional parameters. EE prevented Na'/K"'_ ATPase dysfunction [25],
decreased oxidative stress and increased tissue preservation [26] and
reduced cognitive and motor deficits [27,28]. Furthermore, HI animals
housed in an enriched environment until weaning showed decreased
blood-brain barrier damage [29], reduced brain atrophy and ac-
celerated neurodevelopmental reflexes as compared to HI rats not ex-
posed to EE [18].

Sexual dimorphism is a major variable in neonatal HI, altering as-
pects such as susceptibility to brain damage, behavioral responses and
treatment efficacy [30]. In addition, sex modulates several aspects of
brain functionality, such as memory, synaptic transmission, gene ex-
pression and homeostatic mechanisms [31,32]. However, little is
known regarding the effects of the combination of pre and early post-
natal EE in animals submitted to HI considering differences between
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Fig. 1. (A) Experimental timeline during gestational and postnatal periods; (B) Illustration of the housing conditions and experimental groups. GD: Gestational Day.
HI: Hypoxia-Ischemia. PND: Postnatal Day. OF: Open Field. MWM: Morris Water Maze.
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females and males.

Recently, we reported that prenatal and early postnatal EE was able
to reduce cell death and astrocyte reactivity, to increase phosphorylated
protein kinase B (AKTp) levels, to prevent hippocampus tissue loss and
to improve cognitive function in animals submitted to HI at PND 3
(protocol used to mimic the preterm condition) [4]. However, such
study did not allow us to identify whether protective effects occurred
exclusively during the prenatal period, after animal’s birth (during the
early postnatal period), or as a consequence of EE exposure at both
developmental periods. Moreover, animals of both sexes were mixed,
and a possible effect of sexual dimorphism in HI rats exposed to EE was
not explored.

The aims of the present study were to investigate how prenatal and
early postnatal EE alone, as well as their combination, influence: a)
anxiety-like behavior, locomotion, and cognitive performance at
adulthood; b) the expression of growth and neurotrophic factors, the
astrocytic reactivity and plasticity biomarkers in the hippocampus, and
) brain tissue damage in rats submitted to neonatal hypoxia-ischemia.
The working hypothesis is that exposure to enriched environment
during prenatal or early postnatal period promotes sex-specific re-
sponses in the offspring and is able to attenuate HI damage in a sex-
dependent manner. Furthermore, we predict that the combination of
enriched environment during both stages of neurodevelopment, pre-
and postnatal, will produce a cumulative effect and cause greater
neuroprotection against neonatal HI.

2. Materials and methods
2.1. Animals

A total of 24 nulliparous Wistar rats were randomly assigned to
standard condition (SC, n = 12) or environmental enrichment (EE,
n = 12, later described) and were mated with a same-strain male
during the proestrus cycle. The first gestational day (GD1) was con-
firmed by the presence of sperm in the vaginal smear and weight gain
was assessed weekly during pregnancy. At GD-21, pregnant rats were
kept in individual cages until the parturition, defined as postnatal day 0
(PND 0). Pups were submitted to neonatal hypoxia-ischemia protocol at
PND 3 and weaned at PND 23 [4]. The timeline of experiments is
summarized in Fig. 1A.

All experimental procedures were performed in accordance with the
recommendations of the Council for International Organizations of
Medical Sciences (CIOMS - Publication 85-23, 1985) and the Brazilian
Society of Science in Laboratory Animals - Law n® 11.794. Ethical ap-
proval was obtained by the review board of the Universidade Federal do
Rio Grande do Sul protocol # 28,641.

2.2. Environmental conditions

At PND 1, litters (dam and pups) were randomly kept in the same
prenatal housing environment or allocated to a new environment.
Thereby, four groups were established considering housing conditions:
animals allocated to standard conditions (SC) or environmental en-
richment (EE), from gestation to the weaning period (SC + SC or
EE + EE) and animals kept in SC during pregnancy and then reared into
EE until weaning (SC + EE), or vice versa (EE + SC). The SC + SC
group served as control, EE + SC and SC + EE groups were used in
order to examine the isolated effect of prenatal or postnatal EE and the
EE + EE group was included to evaluate the combination EE effects at
both stages of the neurodevelopment. During the early postnatal period,
female and male pups were allocated together with their respective
dams. Eight to ten pups per litter were used in the study. After weaning,
litters were split by sex and kept in the standard conditions (4-5 rats per
cage).

Animals in the environmental enrichment condition were housed
in cages measuring 120 x 80x100 cm (height x width x length)
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including a running wheel, plastic toys, balls, plastic tubing, contrasting
visual stimuli and ramps. The objects were rearranged every day and
new objects were introduced twice a week; water and food dispensers
were also repositioned to promote additional exploration. In addition,
to facilitate social interaction, groups of six rats were kept together
during pregnancy and two litters in the early postnatal period [33].
Rats in the standard condition were housed in cages measuring
16 x 41 x 34 cm (height x width x length), provided with wood shaving
bedding and minimum stimuli. Groups of four rats were kept together
during pregnancy and there was only one litter per cage at the early
postnatal period.

2.3. Neonatal hypoxia ischemia

The Rice-Vannucci model was adapted in order to investigate the
effects of HI in very immature animals. This modified protocol is per-
formed at PND 3, since rats at this age exhibit brain maturation similar
to that observed in infants with 24-28 gestational weeks [3,34,35]; the
original HI model is performed at PND 7 and mimic brain development
to term human babies [36]. Despite the age difference, both protocols
cause functional HI-induced deficits and affect structures such as hip-
pocampus and cortex. HI at PND 3 preferentially produces brain da-
mage to white matter regions (such as corpus callosum), ventricle size
enlargement and hypometilation, confirming its similarity with the le-
sion pattern observed in preterm humans after a hypoxic-ischemic
event [5,37].

To reduce a possible “litter effect”, two or three siblings per dam and
housing condition were randomly assigned to surgery control (sham) or
neonatal hypoxia-ischemia (HI). PND 3 pups (males and females) were
anesthetized (Isoflurane 4-5% for induction and 1.5-2% for main-
tenance) and underwent right common carotid occlusion, as previously
described [38]. After two hours of post-surgery recovery, pups were
placed in a hypoxia chamber with fraction inspired of oxygen (FIO;:
0.08), at 37 °C for 180 min. Sham animals underwent carotid artery
isolation without occlusion and were kept under atmospheric condi-
tions (FIO5: 0.21). At the end of hypoxic period, all pups were returned
to their dam and housing condition.

Thereby, offspring was assigned by sex into eight groups con-
sidering the housing condition and the injury: offspring born to mothers
allocated in SC during pregnancy and that remained in SC until
weaning, that were submitted to the HI procedure (SC + SC HI, n = 24)
or not (SC + SC Sham, n = 22); offspring born to mothers allocated in
SC during pregnancy and then housed in EE until weaning, that were
submitted to the HI procedure (SC + EE HI, n = 29) or not (SC + EE
Sham, n = 24); offspring born to mothers allocated in EE during
pregnancy and then housed in SC until the weaning, that were sub-
mitted to the HI procedure (EE + SC HI, n = 24) or not (EE + SC
Sham, n = 22), and offspring born to mothers allocated in EE during
pregnancy and that remained in EE until weaning, that were submitted
to the HI procedure (EE + EE HI, n = 27) or not (EE + EE Sham,
n = 26). The HI mortality rate was less than 4%, with no effect of
housing environmental conditions.

2.4. Behavioral assessment

The behavior of animals was assessed at two points: at PND 62 and,
from PND 65 to 71. The exploratory abilities were evaluated in the
Open Field test and the cognitive function in the Morris Water Maze.
The number of animals per group used in the study was: SC + SCHI (12
females and 12 males), SC + SC Sham (12 females and 10 males);
SC + EE HI (16 females and 13 males), SC + EE Sham (13 females and
11 males); EE + SC HI (12 females and 12 males), EE + SC Sham (12
females and 10 males) and EE + EE HI (15 females and 12 males) and
EE + EE Sham (15 females and 11 males).
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2.4.1. Morris water maze

The spatial memory protocol was performed as previously described
[38]. Briefly, each rat performed four daily trials, for five consecutive
days, to find a hidden platform that was kept in the same position
during the training days. The interval between trials was 10 min and the
maximum time to find the platform was 60s for each animal. If the
animal failed to reach the platform it was gently placed on it for 15s. In
the probe test, the platform was removed and each rat had a single 60-
second trial. The latency to cross the platform area for the first time, the
total distance traveled, the average speed and the target quadrant ratio
(time spent in the target quadrant / (time spent in non-target quad-
rants + time in target quadrant) were recorded using ANY-Maze soft-
ware.

2.4.2. Open field (OF)

The circular open field arena (100 cm diameter x 30 cm high wall)
contained two sub-areas (eight peripheral and four central regions).
Animals were placed in the center of the arena and the latency to leave
the initial position and the number of crossings (peripheral or central)
was recorded for 5 min. The peripheral crossings were used to assess
locomotion and the total crossings were considered as a measure of
general motor activity. Furthermore, the frequency of central crossings
was taken as anxiety-like behavior, that is, a reduced percentage of
central crossings is interpreted as anxiety response [39].
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2.5. Biochemical analysis

Following behavioral testing (at PND 76), six to eight animals per
group were decapitated and brain structures were collected. Brains
were dissected out and the right hippocampus (ipsilateral to the carotid
occlusion) was collected and stored at -80 °C. Western blot analysis was
performed as previously described [40]. Briefly, tissue was homo-
genized and the protein concentration determined. Then, an equal
protein concentration (40pug of total protein/lane) was loaded into
NuPAGE® 4-12% Bis-Tris Gels. After electrophoresis, proteins were
transferred to nitrocellulose membranes and the blots were blocked for
2h and incubated overnight at 4 °C with one of the primary antibodies:
anti-insulin-like growth factor 1 - IGF1 (1:1000, Millipore), anti- vas-
cular endothelial growth factor - VEGF (1:200, Santa Cruz), anti-brain-
derived neurotrophic factor - BDNF (1:500, Abcam), anti- tropomyosin
receptor kinase B - TrkB (1:1000, Millipore), anti-synaptophysin
(1:1000, Dako), anti- glial fibrillary acidic protein - GFAP (1:1000,
ThermoFisher) and anti-B-actin (1:3500, Milipore). Membranes were
washed in T-TBS (5min/each) and incubated with peroxidase-con-
jugated secondary antibody (anti-rabbit or anti-mouse in a concentra-
tion of 1:1000) for 2 h at room temperature (22°C *+ 2). The enhanced
chemiluminescence plus GE-LAS 4000 digital image reader (GE
Healthcare Life Sciences) was used for protein detection. Data were
quantified as the ratio between optical density of the interest protein
and P-actin in the same blot. Results are expressed as percentage of the
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Fig. 2. Morris Water Maze (MWM) Task: (A) Performance of the rats during the five training days. Data analyzed by repeated measures ANOVA; (B) General
performance of the animals in the MWM expressed as the area under the learning curve; (C) Latency to cross the platform region during the probe trial in the MWM
test session; (D) Target quadrant ratio. Data were analyzed by the generalized linear model using linear distribution. SC: Standard Condition. EE: Environmental
Enrichment. * Difference of HI animals from their respective Sham. " Difference between males and females of the same housing condition and surgical procedure. ©
Difference from control group (SC + SC) of the same surgical procedure ¢ Difference of the EE + SC animals from the other experimental groups belonging to the
same gender. © Difference of animals exposed to early postnatal EE when compared to postnatal SC groups. ' Differences between EE + EE and EE + SC males

animals. Significance was accepted when p = 0.05.
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control group (SC + SC Sham). The number of animals per group used
for biochemical analysis in this study was: SC + SC HI (6 females and 6
males), SC + SC Sham (6 females and 5 males); SC + EE HI (6 females
and 6 males), SC + EE Sham (7 females and 5 males); EE + SC HI (7
females and 6 males), EE + SC Sham (6 females and 5 males) and
EE + EE HI (8 females and 6 males), EE + EE Sham (7 females and 5
males).

2.6. Histology and immunofluorescence analysis

At PND 76, animals were anesthetized (100 mg/kg of sodium thio-
pental, Thiopentax, Cristdlia®) and transcardially perfused with 0.9%
saline solution and 4% formaldehyde solution. Brains were removed
from the skull and placed in formaldehyde. Then, the brains were
placed in sucrose solution (15%, followed by 30%) for cryoprotection
and sliced in a cryostat (Leica) at 30 pm thickness. Every tenth section
was mounted on a gelatin-coated slide and stained using hematoxylin
and eosin (Sigma-Aldrich. St Louis. MO.USA). The volumes of hemi-
sphere, cortex, hippocampus and corpus callosum were estimated using
NIH-ImageJ software following the equation
: X area x (n°of slices) x (interslice interval), Data are expressed as the
volume ratio between the ipsilateral hemisphere and the contralateral
hemisphere to the carotid occlusion [41]. The number of animals per
group used for histological analysis was: SC + SC HI (6 females and 6
males), SC + SC Sham (6 females and 5 males); SC + EE HI (7 females
and 6 males), SC + EE Sham (6 females and 5 males); EE + SC HI (5
females and 6 males), EE + SC Sham (6 females and 5 males) and
EE + EE HI (6 females and 6 males) and EE + EE Sham (8 females and
5 males).

Tissue slices were washed three times (5 min/each) in PBS at room
temperature, permeabilized in 0.25% PBS-Triton X-100 and then
blocked with 1% albumin for 30 min. After this process, the slices were
incubated overnight at 4 °C with primary antibodies anti-GFAP (mouse
IgG, 1:200, Sigma-Aldrich) and anti-NeuN (rabbit IgG, 1:200) to iden-
tify astrocytes and neurons, respectively. Following PBS washes, sec-
ondary antibodies anti-mouse Alexa 488 and anti-rabbit Alexa 555
(1:500, Molecular Probes, Invitrogen) were incubated at room tem-
perature for 1h. Slices were mounted on Fluoroshield with DAPI
(Sigma-Aldrich) and coverslipped. A tissue slice without primary anti-
bodies was used as negative control. Hippocampus images (20x) were
captured using Nykon E600 microscope-(Japan). A region of interest
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(ROI-19,454 pm?) was drawn on each slice and the staining intensities
were quantified in the CA1 area using ImageJ software. Data are ex-
pressed as the mean of integrated density value/pm? [42].

2.7. Statistics

Statistical analysis was performed by the Generalized Linear Model
run in SPSS-21 for Windows. Housing condition, injury and sex were
considered as fixed factors and the litter was used as covariate factor
(for possible non-independence of behavior among littermates).
Discrete data (number of total and central crossing in the open field)
were modeled with Poisson distribution and biochemical and histolo-
gical data were analyzed using linear distribution. For assessing water
maze data during training days, repeated measures ANOVA was used.
Once a main effect or an interaction between factors was found, the
post-hoc test Holm-Sidak was used to compare differences among
groups. Correlations among behavioral and biochemical parameters
were calculated by the Pearson correlation coefficients. Significance
was accepted whenever P < 0.05. Data are expressed as means *
standard error (S.E).

Significant differences considered relevant and discussed were: a)
Differences between HI animals and their respective control group
(Sham); b) Differences between Sham animals of the same sex; c)
Differences between HI animals of the same sex; d) Differences between
males and females exposed to the same housing condition and injury
procedure.

3. Results
3.1. Behavioral assessment

3.1.1. Morris water maze

Morris Water maze (MWM) test was carried out to assess spatial
learning and memory functions. Repeated measures ANOVA test re-
vealed an interaction between injury and training days (F(4) = 2.370,
P = 0.05) as well as an interaction between environmental conditions
and training days (F(;,) = 3.684, P < 0.001), with no effects of sex
(P > 0.05). All animals improved their performances over days;
however, HI animals of SC + SC group had increased latencies to find
the platform when compared to sham SC + SC animals, from the fourth
day until the end of training. As shown in Fig. 2A, on the last day of
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Fig. 3. Open Field Task: (A) Number of total crossings; (B). Number of central crossing. SC: Standard Condition. EE: Environmental Enrichment. * Difference of HI
animals from their respective Sham. " Difference between males and females of the same housing condition and surgical procedure. © Difference from control group
(SC + SC) of the same surgical procedure. ¢ Difference of animals exposed to prenatal EE when compared to prenatal SC groups. Data analyzed by the generalized

linear model. Significance was accepted when p = 0.05.
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Fig. 4. Immunocontent of hippocampus protein at adulthood in animals receiving hypoxia-ischemia and exposed to environmental enrichment: (A): Insulin-like
growth factor 1 (IGF1); (B): Vascular endothelial growth factor (VEGF); (C): Brain-derived neurotrophic factor (BDNF); (D): Tropomyosin receptor kinase B (TrkB);
(E): Glial fibrillary acidic protein (GFAP); (F): synaptophysin; (G) Correlation between VEGF and the area under curve during MWM training in HI animals; (H):
Correlation between the immunocontent of VEGF and GFAP; (I): Representative blots of male animals (J) Representative blots of female rats. * Difference of HI
animals from their respective Sham.  Difference of animals exposed to early postnatal EE when compared to SC + SC c Difference of EE + EE group from the
EE + SC animals of the same sex. ¢ Difference from the other experimental groups. n = 5-8 animals per group. Significance was accepted when p < 0.05.
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training all HI enriched groups had better performances in comparison
to HI SC + SC group (P < 0.001) with no significant between enriched
groups (SC + EE, EE + SC and EE + EE - P > 0.05).

In order to analyze animals’ general performance in MWM during
the training days, the areas under the groups’ learning curves were
compared. There was an interaction between housing condition and
injury (X, = 8.435, P < 0.05); SC + SC HI had the worst performance
(greater area under the curve) than all other groups (shown in Fig. 2B).
Confirming the pattern in Fig. 2A, Hl-induced learning impairment was
prevented and/or reversed by prenatal and/or postnatal environmental
enrichment, respectively. Moreover, enriched experiences improved the
spatial memory performance of rats, regardless of sex.

There was an injury effect in the latency to cross the platform area
for the first time in the probe trial (Xf,) = 4.202, P < 0.05, Fig. 2C);
pairwise comparisons revealed that HI animals of SC + SC group (fe-
male and male) had higher latencies to find the platform when com-
pared to SC + SC sham. An interaction between housing condition and
sex was also observed (X(Zg) =17.490, P < 0.01): males from EE + SC
group had lower latencies to cross the platform area for the first time, in
comparison to the other environmental conditions, and to the females
from the respective group (EE + SC, P < 0.05). In addition, EE + EE
and SC + EE females had lower latencies compared to their respective
males and from females of the EE + SC and SC+ SC groups
(P < 0.05).

A similar pattern was seen in the target quadrant analysis during the
probe trial. HI animals of SC + SC group spent less time in the target
quadrant than sham SC + SC animals, independently of the sex (Injury
effect: X%, = 6.689, P < 0.01). The interaction between housing con-
dition and sex (X(23] = 8.666, P < 0.05) showed that males from
EE + SC and SC + EE groups spent more time in the target quadrant
than the SC + SC animals. EE + SC males showed also significant dif-
ferences from EE + EE group, increasing the time spent in the target
quadrant (P < 0.05). As observed in Fig. 2D, females from SC + EE
and EE + EE group had increased times in the target quadrant ratio
compared to the females from SC + SC group, with no differences from
animals of EE + SC group. Altogether, these data indicate that prenatal
and early postnatal environmental enrichment were able to influence
memory retention in a sex-specific manner, in both injured and non-
injured animals, in which males exposed to prenatal or postnatal EE
alone (EE + SC or SC + EE) showed better performances, while females
were mainly benefited by postnatal EE. No differences were found in
the total distance traveled nor swimming average speed among groups
(P > 0.05, data not shown), confirming that swimming ability was not
modified by the housing condition nor by the HI insult.
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3.1.2. Open field test

The open field test was used to evaluate animal’s general motor
activity. As depicted in the Fig. 3A, the analysis of total crossings
showed an interaction between housing condition, injury and sex
(X% = 10.081, P < 0.05 and X% = 11.447, P < 0.01, respectively),
with control HI males (SC + SC group) showing increased locomotion
in comparison to sham SC + SC animals (P < 0.001). Interestingly, HI-
induced hyper locomotion was only reverted in HI males of EE + EE
group, which did not show differences from its respective sham group
(EE + EE sham). No significant differences were observed when com-
paring females of the SC+ SC HI and SC + SC Sham groups
(P > 0.05). Nevertheless, an enrichment effect was observed, in which
HI females from the SC + EE and EE + EE groups showed a reduction
in the frequency of total crossings with respect to HI SC + SC group
(P < 0.05). Surprisingly, HI females exposed to prenatal enrichment
(EE + SC and EE + EE) had an increase in motor activity as compared
to their respective sham groups (P < 0.01). Data here reported sug-
gesting that environmental enrichment mainly at the early postnatal
period could attenuate the hyperlocomotion associated with neonatal
HI both in females and males.

The number of central crossings was used as an index of anxiety-like
behavior in the open field. There was an interaction between environ-
mental conditions, injury and sex (X%, = 7.656, P = 0.05, Fig. 3B): HI
males of SC + SC group showed higher exploration in unprotected
areas when compared to sham SC + SC (P < 0.001), interpreted as a
decrease of anxiety or increase of impulsivity; in turn, HI females from
SC + SC group did not show significant differences from the sham
SC + SC group (P > 0.05). The increase of HI-induce number of cen-
tral crossing was prevented (prenatal) or reverted (early postnatal
period) by enrichment, being that all HI animals exposed to EE at some
stage of neurodevelopment showed a reduction in the frequency of
crossings in comparison to the SC + SC HI group (P < 0.001). These
results indicate that EE exposure at some stage of neurodevelopment
leads to a more natural behavior in female and male rats, increasing the
exploration in protected areas and reducing impulsivity.

3.2. Biochemical analysis

As shown in Fig. 4A, growth factors analysis in the right hippo-
campus (ipsilateral to the carotid occlusion) showed an interaction
between injury and sex (X%, = 12.737, P < 0.001) with a significant
increase in the IGF-1 immunocontent in HI males. No significant effect
of housing condition was observed. As regards to VEGF expression, an
effect of housing was observed (X(23) = 9,532, P < 0.05); animals ex-
posed to early postnatal EE (SC + EE and EE + EE) had an increase in
the VEGF immunocontent as compared to the SC + SC group, with no

Table 1
Cerebral volumes ratio at adulthood of animals exposed HI and EE protocol.
Male Female
Structure Groups Sham HI Sham HI
Mean * (S.E) Mean = (S.E) Mean =+ (S.E) Mean =+ (S.E)
Hemisphere SC + 8C 1.0130 = (0.076) 0.6613 = (0.062)" 1.0098 + (0.069) 0.8836 + (0.057)
SC + EE 1.0221 = (0.097) 0.9270 = (0.087) 1.0157 * (0.073) 0.9834 + (0.073)
EE + SC 1.0006 * (0.097) 0.9774 + (0.087) 0.9438 + (0.087) 0.8878 + (0.087)
EE + EE 1.0180 = (0.097) 0.7073 = (0.087)" 1.0013 + (0.069) 0.08971 =+ (0.087)
Cortex SC + SC 1.0000 = (0.087) 0.6012 = (0.063)" 0.9881 + (0.080) 0.8524 + (0.065)"
SC + EE 0.9745 = (0.097) 0.8557 = (0.087) 0.9888 + (0.074) 0.9618 + (0.073)
EE + SC 0.9924 * (0.097) 0.9572 * (0.087) 0.9071 + (0.087) 0.8091 =+ (0.087)
EE + EE 0.9801 = (0.097) 0.6400 = (0.087)" 0.9530 + (0.069) 0.8625 + (0.087)
Corpus Callosum SC +SC 0.9712 = (0.098) 0.6409 = (0.071)" 1.0248 + (0.089) 0.8913 + (0.073)
SC + EE 1.0907 % (0.110) 0.8787 = (0.098) 1.0290 + (0.083) 1.0491 + (0.083)
EE + SC 0.9480 = (0.110) 1.0001 = (0.098) 1.0066 + (0.098) 0.9474 + (0.098)
EE + EE 1.0524 = (0.110) 0.6927 = (0.098)" 1.0647 * (0.078) 0.9823 + (0.098)

SC: Standard Condition. EE: Environmental Enrichment. The values are expressed as mean + S.E.M. Significance: P < 0.05.
# Significant difference of HI animals when compared to their respectively Sham group.
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differences from EE + SC group (P > 0.05). In addition, an injury ef-
fect was observed (X%, = 3.805, P = 0.05) as indicated in Fig. 4B.
Pairwise comparison revealed that enriched HI groups (SC + EE,
EE + SC and EE + EE) had an increase in VEGF levels when compared
to SC + SC HI group.

Interestingly, there was a negative correlation between the area
under the curve during the water maze training and VEGF levels in HI
animals (Pearson’s correlation of 0.295, P = 0.036, Fig. 4G); animals
with better MWM performance exhibited increased VEGF levels. The
correlation suggests that the long-term increase of VEGF levels elicited
by gestational and early postnatal EE is possibly related to the func-
tional recovery following neonatal HI.

There were no significant differences among groups in the im-
munocontent of BDNF (P > 0.05, Fig. 4C), although TrkB receptor
levels were increased in animals submitted to the neonatal HI, being
more evident in animals exposed to prenatal or postnatal EE alone
(EE + SC and SC + EE groups) (Injury effect: X, = 6.212, P < 0.05 -
Fig. 4D). GFAP expression was influenced by injury (X%, = 4.824,
P < 0.05). Although pairwise comparisons showed no differences be-
tween HI SC + SC and Sham SC + SC group, as indicated in Fig. 4E, it
was observed that isolated exposure to EE during prenatal and postnatal
periods increased GFAP levels in HI males from EE + SC and SC + EE
groups as compared to respective sham groups. Interestingly, a positive
correlation was also found between GFAP and VEGF levels (Pearson’s
correlation of 0.404, P = 0.001, Fig. 4H), suggesting an association
between this growth factor and astrocyte reactivity in the beneficial
effects derived from the enriched condition.

Synaptophysin immunocontent was quantified in order to evaluate
the long-term effect of EE on synaptic plasticity. Surprisingly, neonatal
HI caused an increase in the expression of synaptophysin only in males
from the SC + SC group (injury and sex interaction: X3, = 4.312,
P < 0.05, Fig. 4F) compared to the female SC + SC HI and enriched
groups (EE + SC, SC + EE and EE + EE).

3.3. Histology and immunofluorescence analysis

HI caused a reduction in the volume of the right hemisphere, cortex
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and corpus callosum (X3, =7.677, P < 0.01; Xf,=13.338,
P < 0.001 and X3, = 8.316, P < 0.001, respectively). However, HI
rats exposed to prenatal or early postnatal enriched condition alone
(SC+ EE and EE + SC) showed significant tissue preservation
(Table 1). This effect was not observed in animals kept in SC or EE from
gestation to the weaning period. As expected, no significant differences
were observed in volume ratios between sham groups.

Fig. 5B shows that injury and sex affected hippocampus volume
ratio (X(Zl, = 4.315, P < 0.05); male rats were the most affected by HI,
in which the reduction of the right hippocampus (ipsilateral side to the
carotid occlusion) was greater as compared to HI females. In addition,
an interaction between housing condition and injury was observed
(X%_—;) =7.942, P < 0.05): SC + SC HI animals exhibited greater tissue
loss compared to animals exposed to EE at any stage of the neurode-
velopment. These results showed an effect of sexual dimorphism asso-
ciated with HI effects and indicate that prenatal and early postnatal EE
were able to contribute to the encephalic partial tissue preservation
following HI. Also, our results reinforce the hippocampus vulnerability
to HI as well as the positive effects of enriched environment. Surpris-
ingly, NeuN immunolabelling in the CA1 region did not evidence any
differences among groups (P > 0.05, data not shown). A re-
presentative image of immunofluorescence performed in the CAl re-
gion of the hippocampus is depicted in Fig. 6.

4. Discussion

The current study sought to investigate the effects of environmental
enrichment (EE) exposure during prenatal or early postnatal period, as
well as their combination, in rats submitted to neonatal hypoxia-
ischemia (HI) at postnatal day 3. It was shown that the effects of EE on
behavioral performance, molecular responses and tissue damage were
highly influenced by sexual dimorphism: e.g, Hl-induced hyperloco-
motion was reduced in enriched females, HI males from EE + SC and
SC + EE groups showed better spatial cognitive function, higher GFAP
levels and greater tissue preservation. Interestingly, prenatal or early
postnatal EE long-term effects on functional, morphological and mole-
cular parameters last until adulthood. The negative correlations

Fig. 5. Histological analysis of the hippocampus (A)

Representative hematoxylin and eosin stained, coronal brain sec-
tion at the level of the male hippocampus (Bregma -3.30 mm) at
adulthood; (B): Hippocampal volume ratio (calculated by dividing
the ipsilateral volume to the carotid occlusion by the contralateral
volume) " Difference of the SC + SC HI from all other experi-

mental groups. ” Difference between males and females of the
same housing condition and surgical procedure. Sham groups are
represented as dashed line. n =5-8 animals per group.
Significance was accepted when p = 0.05.
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Fig. 6. Representative immunolabelling in the Hippocampus (CA1).

between VEGF levels with cognitive performance in the water maze, as
well as with GFAP levels, suggest that this neurotrophic factor and
astrocyte activity could be implicated in the functional recovery pro-
moted by enrichment. Surprisingly, the combination of prenatal and
early postnatal EE did not produce any additive behavioral, molecular
and morphological effects, as hypothesized.

4.1. Environmental enrichment reverses cognitive deficits after neonatal HI
and causes sex-specific responses

Morris water maze is a well-accepted test to evaluate memory
capabilities. Hl-induced memory deficits in this task are consistently
reported and these deficits were prevented by the EE protocol here
proposed. In fact, female and male HI rats exposed to EE at both stages
of neurodevelopment showed a pattern similar to SC + SC sham ani-
mals during the learning phase. Interestingly, during the probe test HI
males exposed to prenatal or early postnatal EE alone showed better
memory retention, and HI females allocated to early postnatal enriched
condition had an increase in spatial memory abilities after neonatal HI,
especially when time spent in the target quadrant was analyzed. Koo
and colleagues (2003), using a cross-housing study during prenatal and
postnatal periods, observed that environmental stimulation improves
animals’ performance in Y-maze and Water maze tests, an effect pos-
sibly associated with neurogenesis and synaptic changes [24].

In agreement with present observations, non-additive effects have
been reported in animals exposed to the EE for long-term periods [24].
Modifications in the early life environment have a major impact on
brain development and in behavioral performance at adulthood. Con-
tinuous manipulation of female rats during prenatal and postnatal
periods could influence maternal behavior and alter offspring’s
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response to an enriched environment. However, most studies involving
neonatal HI and early EE do not evaluate maternal care behavior. A
single report using a protocol similar to the one here employed did not
reveal significant differences in licking/grooming behaviors and ar-
ched-back posture in the dams [4]. Such behaviors are considered as
the main responsible for epigenetic modifications, as well as molecular
and metabolic regulations mediating experience-dependent neural
plasticity in the hippocampus and cognitive function in adulthood
[23,43]. Furthermore, the cognitive function preservation observed in
animals exposed to prenatal or early postnatal EE alone, as well as the
non-additive EE effect in the control and HI animals from EE + EE
group, are probably related to the novelty aspect of complex stimuli
during critical windows of brain development [15]. Some authors
highlight that stimulus withdrawal or regular periods of EE optimize
cellular proliferation and neuronal circuit activation as a consequence
of experience-dependent response. Conversely, continued EE exposure
could reduce the efficiency of environmental stimulation [44,45].

The above mentioned aspects do not exclude the possibility that EE
could improve the animal's awareness of its surroundings, enhancing
the focus on the exposed task, making it more "flexible" in order to solve
problems and to reduce thigmotaxis often observed in HI animals [46].
Data here presented are also in accordance with previous reports
showing sexual-dimorphism in memory function tests [30,47-49] and
sex-specific responses to environmental stimuli [50].

4.2. Environmental enrichment at early stages of the neurodevelopment
attenuates HI-induced motor impairments and anxiety-like behavior

In the current study, HI offspring exposed to environmental en-
richment at the early postnatal period showed a reduction in the
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locomotion and general motor activity both in female and male rats. In
addition, enriched experiences at any neurodevelopment stage modu-
lated anxiety-like behavior (expressed as higher exploration in pro-
tected areas in the open field). Particularly, HI males exhibit higher
motor activity and increased exploration of the unprotected areas. To
this point, sex-specific responses induced by neonatal HI are still con-
flicting in the literature; some studies reported increase locomotion in
males [48] or in both sexes [5,51]. Other studies indicated increased
anxious behavior in female [5,52] or male rats suffering HI [53]. These
discrepancies could be related to differences in hypoxia exposure pro-
tocols and the reduced number of studies evaluating sexual-dimorphism
in very immature animals [30].

Enriched animals showed a partial protective effect of environ-
mental stimulation in locomotion and anxiety. Some authors report
decreased activity, as well as increased anxiety-like behavior in en-
riched males [39,54,55] and females at adulthood [54,56]. As men-
tioned above, evidence regarding sexual dimorphism in rats exposed to
enriched conditions during gestation or the early postnatal period,
considering parameters such as locomotion and anxiety-like behavior
still remains inconclusive. This fact arises from the variability of the
protocols used, the lack of studies using both sexes in a single experi-
ment and the age of the animals at the point of behavioral testing.

4.3. Environmental enrichment upregulates neurotrophic receptors and
growth factors in HI rats

Prenatal and early postnatal periods are sensitive brain develop-
ment windows to the environmental influence. The attenuation of
functional deficits, especially those related to cognitive impairment,
could be also associated with the expression of neurotrophic and
growth factors. It is shown that enriched HI animals had an increase in
VEGF and TrkB expression; with TrkB levels increased in groups ex-
posed to prenatal and postnatal EE alone. TrkB is known to be a high
affinity receptor for BDNF; its expression starts during the embryonic
period and it is found in most neurons in the central nervous system
[57]. Furthermore, its interaction with BDNF is important in the ac-
tivity-dependent plasticity and protection against brain insults [58].
Previous studies have shown that deprivation of habitual running leads
to decreased TrkB expression in the hippocampus [59]. In addition,
experimental research using TrkB blockers in juvenile rats kept in an
enriched condition showed an increase in the expression of this re-
ceptor, facilitating BDNF binding and reverting cognitive impairments
[60].

IGF-1 is a well-known growth factor involved in cognitive function
and its up regulation is considered a feasible mechanism involved in the
positive effects of EE at different periods of neurodevelopment [20,61]
and of post-injury recovery [62,63]. Our results showed a significant
increase of hippocampus IGF-1 in male rats following HI, independently
of the housing conditions. Previous reports indicate that higher IGF-1
levels are a compensatory response to brain injury [62]. Results here
presented also suggest a sex-specific response to neonatal brain da-
mage, however, the relationship between protective growth factor
mechanisms and sexual dimorphism in neonatal HI are not understood.
It is not possible, at the moment, to know if the increase in IGF-1 levels
is modulating cognitive performance in HI males; however, it does not
exclude that EE-induced IGF-1 up-regulation occurs in other brain areas
or in the contralateral hemisphere, and that could result in functional
recovery. Further studies are needed to determine whether enriched
experiences lead to changes in the expression of IGF-1 and to establish
an association with behavioral function and sex-specific responses in
the immature brain suffering HI.

An increase in VEGF levels was observed in all enriched animals
during adulthood, with this growth factor showing a negative correla-
tion with the learning curve in the water maze, i.e., higher levels of this
protein are associated with better cognitive abilities. This is in ac-
cordance with literature mentioning that high VEGF levels could be
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necessary to facilitate growth, cell viability and functional preservation
[64,65]. Recently, studies point VEGF as a promising therapeutic agent
for enhancing neuronal plasticity and improving memory deficits [66].
In addition, it has been reported that VEFG is required in mediating the
improvement of cognition and promoting hippocampus-dependent
memory by increasing synaptic strength on mature neurons, even under
some degree of brain damage [67-69]. Therefore, the beneficial effect
of enrichment protocols could involve multiple neurogenesis-in-
dependent pathways such as the upregulation of neurotrophic and
growth factors [70,71].

4.4. Prenatal and early postnatal EE increase astrocyte reactivity in a sex-
specific manner

Surprisingly, the exposure to prenatal or early postnatal EE alone
caused an increase in GFAP protein expression in male rats. In response
to brain injuries, high levels of GFAP has been frequently associated
with a mechanical barrier, interfering negatively in CNS cells function
[72]. However, a subset of recent data implies that both enriched en-
vironment and physical exercise increase astrocyte proliferation that
has positive effects on neuronal activity, contributing to improve neu-
rological function following brain insults [73,74] and to modulate sy-
napse remodeling in the lesion area [72]. Sexual dimorphism observed
in astrocyte reactivity could be related to the brain damage severity, in
which male rats are more vulnerable to the effects of neonatal HI as
females. Astrocytes reactivity play an important role in the injury cas-
cade, post-injury recovery [30,75,76] and could be associated with
physiological differences related to nervous tissue maturation during
early postnatal period and hormonal influence [77]. The hippocampus
GFAP levels are increased in males in the pre-weaning period, followed
by a slow stabilization until the third month of life [77]. However, the
impact of environmental stimulation during prenatal or early postnatal
periods in GFAP expression after neonatal HI had not been previously
reported. Further research is necessary to understand the mechanisms
related to the cellular and morphological remodeling involve astrocyte
reactivity in a sex-specific manner.

4.5. Enriched conditions could prevent hippocampus aberrant plasticity
after neonatal HI

Brain response to HI might result in aberrant neurogenesis and sy-
naptogenesis in the hippocampus, what contribute to cognitive decline
[78,79]. Our data evidence a sex-specific increase in synaptophysin
levels in HI males from SC + SC group; this was inhibited in all HI
groups exposed to enriched conditions. Literature suggests that reduc-
tions in hippocampal plasticity in lesioned animals could be a neuro-
protective mechanism and attenuate the deleterious effects of brain
damage [80]. Synapse formation exceeds pruning at early ages, how-
ever, it is followed by a decline from the late childhood to the adult age,
resulting in the selection, maturation, formation and synapse stabili-
zation of neuronal circuits [81,82]. Males require higher synaptic re-
modeling due to increased number of synapses in comparison to fe-
males [83]. The sexually dimorphic results are in agreement with
previous reports describing higher levels of synaptophysin in males that
could also indicate changes in synaptic pruning [81,84], such increase
was prevented by EE at early stages of the neurodevelopment.

4.6. Prenatal and early postnatal EE promote higher tissue preservation
after neonatal HI

Neonatal HI causes brain damage both in female and male animals
[38,50]. Our results showed that HI male SC + SC group exhibited
greater encephalic tissue loss than females, supporting the idea of sex-
specific vulnerability to Hl-related brain injury in males [85,86]. This
might be associated with sex differences in expression and activity of
mitochondrial enzymes that participate in distinct cell death pathways;
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in general terms, apoptosis is more robust in females, while necrosis is
in males [30]. In addition, males showed an increase in microglia ac-
tivation and peripheral inflammatory responses than females, what
deepens injury severity [87]. It is important to note that minor histo-
logical damage is also responsible for behavioral deficits [88,89] as
observed in HI females of SC + SC group. Previous reports using early
EE in animals submitted to neonatal HI observed that enriched condi-
tions cause partial tissue loss preservation, especially in the hippo-
campus [4,18]. However, there are few studies exploring morphological
and cellular sex-differences that could contribute to explain conflicting
results, in which tissue volume was not altered by environmental sti-
mulation [27,50].

Curiously, animals exposed to prenatal or early postnatal EE alone
showed additional tissue preservation in the right hemisphere, cortex
and corpus callosum (ipsilateral side of the carotid occlusion). The in-
crease of tissue preservation after brain insults could facilitate com-
pensatory plasticity mechanisms in non-injured areas, which is relevant
to the subsequent brain function [90], helping to explain the functional
outcomes here observed. Gestational and pre-weaning periods corre-
spond to different cellular, metabolic, functional and environmental
demands to the offspring [15,91]. We propose that EE requires alter-
nation between stimulation and resting periods in order to promote
brain re-organization by experience-induced modifications in the neu-
ronal network after a novel and challenging environment. Thereby,
further studies are required to confirm this assumption, which could be
relevant in neurorehabilitation programs focused on prematurity and/
or neonatal brain insults.

4.7. Prenatal and early postnatal EE could be relevant clinical interventions

Our findings offer preclinical evidence of positive effects of enriched
environment and the importance of gestational and early interventions
to improve brain health recovery following injury. Current reports
agree that enriched environment could be translated into clinical
practice, including protocols providing diverse stimuli both in daily
activities as well as in rehabilitation settings [92]. Enrichment para-
digm could be used in pregnant women, in order to promote mother-
fetus wellness as a preventive strategy, and also applied to infant po-
pulation in an attempt to improve functional recovery from Hl-related
brain damage. Clinical trials are needed to evaluate interventions fo-
cused on enriched environment and to determine if they could be used
as adjuvant treatments for children suffering neonatal HI [8,93].

5. Conclusion

Present study highlights the preventive (gestational) and ther-
apeutic (early postnatal period) effects of enrichment protocols against
hypoxia-ischemia injury in the very immature rat. Our data indicate
that both prenatal and early postnatal environmental enrichment cause
similar attenuation of HI-induced behavioral impairments assessed in
spatial memory, motor activity and anxiety-like behavior, as well as
morphological preservation, especially in the hippocampus. Molecular
mechanisms related to prenatal and early postnatal EE are not clearly
delimited. However, these seem to involve up-regulation of VEGF and
TrkB levels, in both sexes, and increased astrocyte reactivity in male
rats. Interestingly, a sex-specific response is observed, in which male
rats exhibit positive effects at both studied neurodevelopmental stages,
while female seem to be most benefited by early postnatal enrichment.
Further studies are needed to uncover the molecular processes re-
sponsible for the dual neuroprotective effect in immature animals suf-
fering HI, as well as to explore the impact of intermittent or continuous
stimulation during offspring’s neurodevelopment.
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Principais Achados do Capitulo 3

Entre os resultados obtidos neste capitulo, destacamos que:

1. O ambiente enriquecido reduziu o déficit de aprendizado espacial e o
comportamento de tipo ansioso/ impulsividade nos animais submetidos

a hipoxia isquemia, de ambos 0s sexos;
2. A estimulacéo durante a gestacao reduziu a hiperlocomocao nos machos;

3. Os efeitos benéficos induzidos pelo ambiente enriquecido podem estar
relacionados com um aumento na expressado de fatores neurotréficos

como VEGF e IGF-1, bem como na expressao do receptor TrkB;

4. A perda tecidual no hipocampo apdés a hipdxia isquemia foi prevenida
(gestacdo) ou revertida (lactacdo) pelo ambiente enriquecido nos

machos;

5. A combinagcdo de ambos os periodos de estimulacdo (gestacional e

lactacional) ndo causou um efeito aditivo nos parametros avaliados.
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Enriched experiences during pregnancy and lactation protects against
motor impairments induced by neonatal hypoxia-ischemia
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Abstract

Neonatal hypoxia-ischemia (HI) is responsible for movement disorders in
preterm infants. Non-pharmacological strategies, such as environmental
enrichment (EE) during adulthood, have shown positive effects on promoting
sensorimotor recovery after HI. However, little is known about the effects of
perinatal EE on sensorimotor function following HI. In present study, we
investigated the hypothesis that enriched experiences during pregnancy and
lactation would reduce motor impairments caused by a model of neonatal HI in
rats. At postnatal day (PND) 3, Wistar pups of both sexes were subject to the
modified Rice-Vannucci model. Motor function was evaluated from PND 60 to
PND 64. HI caused a reduction in the forepaws strength and worsening of
movement quality in the right forepaw. These effects were attenuated in animals
receiving prenatal or lactational EE, which showed better performance when
compared to the control group. Moreover, enriched experiences during lactation
reversed HI-induced asymmetric use of the forepaws and the trend to increased
paw errors in a walking test. Lower scores were found in the contralateral forepaw
placement in HI animals, except when EE was provided at both stages of
neurodevelopment. These results indicate that enriched experiences reduce
motor impairments, i.e, measured in force, asymmetry and coordination domains,
and that EE during lactation is more effective in promoting post-injury recovery.
These data support that early therapeutic interventions might enhance functional
reorganization at a period of high brain plasticity and that enriched-like
experience might be encouraged in pediatric rehabilitation programs, in order to

reduce long-term movement disorders after neonatal brain insults.
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Neonatal hypoxia-ischemia (HI) is a major cause of several neurological sequelae
in preterm newborns['l of which movement disorders impair functional performance
throughout the life spanl?. Experimental models of HI, such as the one described by Rice-
Vannucci, have been widely used to study the pathophysiological mechanisms
associated with neonatal brain injury and to investigate the effectiveness of therapeutic
interventions®l. Cellular and functional impairments caused by HI in very immature rats®,
at third postnatal day (PND3), have produced motor impairments that are similar to those

observed in extremely preterm children>l.

Environmental enrichment (EE) paradigm is characterized by a combination of
physical activity as well as sensory, social and cognitive stimuli; it has positive effects in
promoting sensorimotor recovery after brain insultsl’l. Recently, it has been reported the
protective role of prenatal and lactational EE in reducing brain damage and cognitive
deficits®9. Nevertheless, little is known about the effects of early EE on sensorimotor
deficits, especially when enriched experiences are provided during pregnancy. In the
present study, we evaluated whether the exposure to an enriched environment during
pregnancy and lactation would be able to mitigate motor impairments caused by neonatal

HI induce at PND3.

Female Wistar rats were allocated to standard conditions (SC/n=8) or enriched
environment (EE/n=8) during pregnancy. As shown in Figure 1, after pups’ birth (PND1),
litters were randomly assigned to a new housing condition from lactation until weaning
(SC-EE or EE-SC) or were kept in the same housing from gestation until weaning (SC-

SC or EE-EE). After weaning, all rats were housed in standard conditions, divided by sex



in standard home cages (height: 16cm, width: 41cm and length: 34cm). At PND 3, pups
of both sexes were subjected to neonatal HI!'%. Briefly, a cervical incision was performed
and the right common carotid artery was exposed and ligated with suture thread, under
isoflurane anesthesia (4-5% for induction and 1.5-2% for maintenance). After two hours,
pups were exposed to 8% O2 and 92% N2 for 2.5h. The surgical control (sham) group
was subjected to anesthesia and cervical incision with neither carotid ligation nor
subsequent hypoxial'%l. All protocols were conducted according to the National Institutes
of Health Guide for The Care and Use of Laboratory Animals and were approved by

Institutional Ethical committee (under protocol # 28641).

As previously described® environmental enrichment conditions included large
cages (height: 120cm, width: 80cm and length: 100cm), ramps, running wheel and plastic
toys of different textures. Objects were changed twice per week and were reorganized
every day. In addition, water and food were provided ad /ibitum. Eight animals per cage
were housed during pregnancy and two litters per cage were kept together during the
lactation period, in order to increase social interaction among animals. Standard
conditions included wood shaving bedding and minimum stimuli inside the cages. Four
female rats were allocated together during pregnancy and litters (dam and pups) were

kept in a single cage until weaning®l.

Motor function was assessed from PND 60 to PND 64, as shown in Figure 1.
Grasping strength test was used to determine the digital force. Animal’s forepaws were
put on the handle and then a gently pull in the horizontal direction was performed. The
force generated by the animal until release was recorded. A mean of three trials was used

and data are presented in kilogramsl®l. Cylinder test was performed to assess forelimb

97



asymmetry. Animals were put into an acrylic transparent cylinder for three minutes and
the numbers of touches with the forepaws were recorded. Asymmetry percentage was
calculated using the following equation: contralateral forepaw/y Forepaws!'l. Gait abilities
and motor coordination were evaluated through the ladder walking test. Animals were
stimulated to walk across the ladder for three trials. During the training period (two
consecutive days), a regular rung distribution was used on the apparatus. On the third
day, the rungs were spaced at irregular intervals of 1-3 cm and the probe trial was video-
recorded. Paw placement was scored using the Metz and Whishaw classification and the
final value corresponded to the mean of the three trials!''l. The percentage of errors was
calculated by the mean of the total number of errors divided by the number of steps with
each paw, as previously described®. An error was considered when the animal slipped
the paw or failed to place it on the rung. The number of animals used for behavioral
assessment was: SC-SC Sham (n=10), SC-SC HI (n=13); SC-EE Sham (n=12), SC-EE
HI (n=14); EE-SC Sham (n=13), EE-SC HI (n=11); EE-EE Sham (n=10) and EE-EE HI
(n=11). Five to seven rats per group were randomly chosen for histological analyses.
Brain slices were stained with hematoxylin and eosin, cerebral cortex and striatum
volumes (from coordinates +1.70 to -1.30 from Bregma level) were estimated by ImageJ
software and the volume ratio among ipsilateral/contralateral side to carotid occlusion
was calculated!®. Normality of data distribution was confirmed by Shapiro—Wilk test. Two-
way ANOVA with housing conditions and injury as factors was performed, followed by
Duncan’s post hoc test. P-values < 0.05 were considered significant; data are expressed

as mean + S E.M.

98



PND  PND PND PND PND PND PND
GD1 GD22 1 3 23 60 61 64 66
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Housing HI Weaning Grasping Cylinder Ladder Histological
B allocation Strength  Test  Walking  Analyses
J
\ ‘ J l I
Pregnancy Lactation
Animals kept in the same housing condition at both neurodevelopment periods
Standard Condition (SC) Standard Condition (SC)
Environmental Enrichment (EE) Environmental Enrichment (EE)
Animals allocated in a new environment Cross housing
Standard Condition (SC) Environmental Enrichment (EE)
Environmental Enrichment (EE) Standard Condition (SC)
Figure 1: Summary of experimental design. GD: Gestational Day; PND: Postnatal day; HI: Hypoxia-

Ischemia.

There was an effect of housing condition (F91)=6.242, P=0.001) in the grasping

strength test, indicating a reduction in the forepaws strength in the SC-SC group

compared to enriched groups (Figure 2A). No significant differences were observed

between HI and Sham animals (F(1,91)=0.116 P>0.05). As depicted in Figure 2B, an injury

effect was observed (F(1,92=4.443, P=0.005) in the cylinder test. Pairwise comparison

revealed that HI animals from SC-SC and EE-SC group showed an asymmetric use of

the forepaws as compared to their respective sham groups. This injury effect

observed in animals exposed to postnatal EE (SC-EE and EE-EE).

was not
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Figure 2. Strength and asymmetry evaluation: A. Grasping strength test. B. Cylinder test. # Environmental

enrichment effect. * Differences between Hl and Sham. Data expressed as mean + S.E.M

In the ladder walking test, the SC-SC group showed lower placement quality score
of the paws compared to enriched groups (SC-EE, EE-SC and EE-EE) (F(3,93=6.406,
P=0.001, Figure 3A). In addition, an injury effect was observed (F(1,93)=3.850 P=0.05);
pairwise comparison revealed that SC-SC HI group had a reduction in right forepaw
placement score when compared to SC-SC sham. No differences were found between
HI enriched animals and their respective sham groups, indicating a protective effect of
both prenatal and postnatal EE. Considering the left forepaw use (contralateral side to
the carotid occlusion), HI animals exhibited a decrease in the quality score (F1,93=4.701,
P=0.03), however, such effect was not observed in the EE-EE HI group (Figure 3B),
suggesting that prolonged exposure to EE would be necessary to reduce Hl-induced
contralateral impairment. No significant differences were found in the hind paws scores
(P>0.05, data not shown). There was an interaction between housing conditions and
injury (F3,93=3.804, P=0.05, Figure 3C); HI animals kept in SC during lactation period

(SC-SC and EE-SC) had more errors per number of steps in the right forepaw compared
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of errors with the left forepaw (Figure 3D) nor with the hind paws (P>0.05).
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Cerebral cortex and striatum volume ratios revealed an injury effect (F1,48=5.123,

P=0.029 and F(1,48=10.572, P=0.002, respectively), indicating that SC-SC HI animals

have decreased volume structures compared to SC-SC sham group (Figure 4). No
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significant differences were observed in HI animals exposed to enriched environment,

compared to their respective control group, in the structure’s volumes analyzed.
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Figure 4. Histological Analyses; A. Volume ratio of the cerebral cortex, B. Volume ratio of the striatum, C.

Representative hematoxylin and eosin stained, coronal brain sections of HI animals. * Differences between

HI and Sham. Data expressed as mean + S.E.M

Previous reports of our research group have focused on the effects of early EE

(gestational and lactation periods) over Hl-induced cell death and survival pathways, the

response of protective endogenous molecules, such as growth and neurotrophic factors,

as well as the cognitive impairment and sex-specific responses®'4. Here, we show that

enriched experiences during pregnancy and suckling are able to reduce HI-induced motor

impairments in rats submitted to neonatal hypoxia-ischemia. Nevertheless, beneficial

effects were mainly observed in animals exposed to enriched conditions during lactation,
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when sensoriomotor domains such as forelimbs symmetry, motor coordination and gait
abilities were evaluated at adulthood. SC-SC HI animals showed a decrease in the use
of the contralateral forepaw in the cylinder test, evidencing a movement asymmetry
induced by neonatal HI. Moreover, Hl causes a reduction in the quality score in the right
(ipsilateral to carotid occlusion) and left (contralateral) forepaws, as well as increased
number of step errors. Data are in agreement with previous reports from our research
group and others, indicating that hypoxic-ischemic events cause motor impairment, which
can limit movement efficiency and compromise functional performance in over demanding

tasksl6l.

In the present study, EE increased the forepaws grasping strength compared to SC
group. This finding is in agreement with previous reports indicating that bilateral grip
strength could be influenced by maternal experiences!'® and improved by postnatal
EEN415 Asymmetric forelimb-use induced by neonatal HI was reversed in animals
housed in enriched conditions during lactation. Nevertheless, prenatal EE did not
attenuate this motor impairment. The ladder walking test is sensitive to reveal long-term
and subtle impairments in the fore and hind limbs, especially when forebrain control is
required('.18_|n this test, SC-SC HI animals had the worst performance compared to
other groups, in agreement with previous studies[17,16]. Moreover, these rats showed
both ipsi- and contralateral forepaws impairment, confirming that the general movement
efficiency can be affected even after unilateral brain damagel®. Interestingly, the literature
is scarce regarding the influence of gestational EE in motor behavior of animals submitted
to neonatal HI. In this study, EE-SC HI animals had a decrease in the ipsilateral forepaw

use and more foot faults than rats exposed to enriched experiences from the birth until
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the weaning (SC-EE or EE-EE). Previous studies using gestational interventions showed
that maternal voluntary physical activity and EE are able to attenuate motor deficits
following CNS insults('® 19 Nevertheless, aspects such as different injury models and less
sensitive behavioral tests are likely to be responsible for the discrepancies observed
among these studies. In agreement with literature, animals exposed to EE after weaning

showed a reduction in sensorimotor asymmetry caused by the HI insult!'6:2%],

The lactation period is characterized by a progressive increase in physical voluntary
movements, enhanced environmental exploration and interaction with stimuli2'l. In
addition, motor circuits and networks responsible for movement initiation are established
after birth in rodents?d. Thereby, components such as increased maturation of
sensoriomotor system and neuroplastic mechanisms associated with action-dependent
organization could be relevant promoting functional brain re-organization during post-
injury recovery process. Moreover, these processes could facilitate a better use of the
impaired paws (left ones, in this case), improving the forelimbs movement quality?2.
There was a decrease in the volume of cerebral cortex and striatum in the SC-SC HI
animals compared to their respective sham group. Such Hl-induced tissue loss was
mitigated in animals exposed to gestational and lactation EE, which could be associated
with the EE capacity to modulate brain injury severity®l. It is interesting to note that after
neonatal brain insults tissue preservation per se (as observed in animals exposed to
prenatal EE) does not seem to be a determinant to attenuate functional deficits,
suggesting that anatomical maturation and neuronal connections tuning could contribute

to the subsequent execution of complex motor patterns(?2.23,

104



Although promising, the interpretation of positive EE effects should be cautious. As
a matter of fact, standard laboratory rodent housing conditions in many animal facilities
does not resemble the naturalistic rodent environment, since rodents are exposed to
many different stimuli and experiences outdoor®l. In addition, some modification
reducing environment deprivation such as that observed on control groups could induce
positive effects on the animal responses to CNS injuries or functional tasks. We suggest
that further studies should review the environmental conditions in control groups, in order
to improve the animals’ wellbeing and to allow a more natural expression of animal
behavior, increasing the scientific validity of EE effects®]. Similarly, hospitals and care
institution settings could also be considered human impoverished environments(?4, Thus,
it is feasible that programs based on the concept of enriched environmental experiences
could translate aspects of the EE paradigm through multimodal interventions in order to

improve the sensory environment for at risk infants (e.g premature babies)22.23],

Concluding, current findings demonstrate that the enriched experience reduced
motor impairments following neonatal HI, being the exposure to complex environment
during lactation more effective to cause post-injury recovery, as evaluated by functional
motor domains. In addition, we suggest that enriched-like experiences should be
encouraged in pediatric rehabilitation programs, for they could help to reduce long-term

movement disorders in newborns suffering from neonatal brain insults.
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Principais Achados do Capitulo 4

Entre os resultados obtidos neste capitulo, destacamos que:

1. A hipoxia isquemia néo alterou a forca das patas anteriores nos animais,
porém reduz o uso da pata anterior contralateral a lesdo, alterou a

coordenacao motora bem como o padrao de marcha dos animais;

2. A exposicdo ao ambiente enriquecido na lactacdo favoreceu um melhor
desempenho motor nos animais, revertendo os prejuizos induzidos pela

hipoxia isquemia;

3. O ambiente enriquecido durante a gestacdo nao mostrou efeitos positivos
em prevenir o comprometimento funcional na simetria e ha marcha dos

animais apoés a hipodxia isquemia;

4. O ambiente enriquecido causou uma preservacao tecidual em areas

relacionadas ao controle motor como o coértex e o estriado.
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4.5 CAPITULOS

O enriguecimento ambiental precoce reduz parcialmente o hipometabolismo
encefélico e modifica a estrutura da rede metabdlica em ratos submetidos a

hipoxia-isquemia neonatal: Resultados preliminares
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4.5.1 Introducéo

A hipoxia-isquemia neonatal € caracterizada pela presenca de déficits
motores, sensoriais, comportamentais e cognitivos, que sdo dependentes da
severidade do insulto e podem estar associados a alteracbes metabdlicas
(Morken et al., 2014). A glicose € o principal substrato energético para o cérebro
adulto. No entanto, ao nascimento a taxa de consumo da glicose € inferior a 30%
quando comparada a do adulto e ao longo do desenvolvimento (entre a
puberdade e a idade adulta) apresenta mudancas, entendidas como niveis mais
altos ou mais baixos, que refletem indiretamente os periodos de maturacao do
SNC, e processos de plasticidade como a proliferacdo e a poda sinaptica

(Chugani, 2018; Rudolph, 2018).

Resultados experimentais indicam que apds um evento hipoxico-
isquémico, ha oscilacdes dos niveis encefalicos da glicose, sendo estes
elevados entre 6 e 12 horas pos-lesdo, com uma posterior reducdo até 48 e 72
horas (Thorngren-Jerneck et al., 2001), sugerindo que o hipometabolismo tardio
esta estritamente relacionado a morte celular e consequentemente ao grau de
leséo (Marik et al., 2009). A resposta celular apos a HI neonatal esta determinada
pela disponibilidade e utilizagdo de outros substratos energéticos tais como o
acetato, o lactato e os corpos cetdnicos, 0s quais sao criticos para o metabolismo
energético do encéfalo em desenvolvimento e podem ser essenciais para reduzir

a severidade da leséo e os subsequentes prejuizos funcionais.

O imageamento metabdlico refere-se a visualizagdo, ndo-invasiva e em
tempo real de eventos bioguimicos complexos como o consumo de glicose. Para

tal, equipamentos especificos foram adaptados para detectar marcadores
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biolégicos em animais de pequeno porte (James and Gambhir, 2012). A
tomografia por emissdo de positrons (UPET) permite determinar o consumo de
glicose através do radiofarmaco 18F-fluordesoxiglicose (18F-FDG/ t 1/2 = 109,8
min) e possibilita a realizagcdo de estudos sem alteragcdes do microambiente
celular. Outra vantagem da técnica refere-se a oportunidade de analisar as
interagcOes entre diversas areas de interesse e o seu metabolismo encefalico,
através de uma representacdo matematica conhecida como rede metabdlica

(Baptista et al., 2015; James and Gambhir, 2012),

Até 0 momento, o Unico estudo utilizando a técnica de yPET em animais
expostos ao ambiente enriquecido, reportou que camundongos saudaveis,
expostos a estimulacdo ambiental na idade adulta e durante oito semanas,
apresentaram niveis mais baixos de captacdo do radiofarmaco para os
transportadores de dopamina no estriado quando comparado com 0s animais
controle (Kim et al., 2016). Assim, o objetivo do presente experimento foi
investigar os efeitos do ambiente enriquecido durante o periodo gestacional e
lactacional em ratos submetidos & HI neonatal no DPN3 no metabolismo

encefalico, bem como a sua associagdo com a fungdes cognitivas e parametros

histol6gicos avaliados na idade adulta.

114



4.5.2 Metodologia

Ratas fémeas Wistar foram alocadas ao ambiente padrdo (AP) ou
enriquecido (AE) durante a gestacdo. Apds o nascimento (DPN 1), as ninhadas
foram aleatoriamente designadas a uma nova condicdo de moradia ou foram
mantidas nas mesmas condicbes ambientais até o desmame, estabelecendo
assim, quatro grupos segundo as condi¢cdes de moradia em ambos os periodos
do desenvolvimento (periodo gestacional — periodo lactacional): AP-AP, AP-AE,
AE-AP e AE-AE. No DPN 3, os filhotes foram submetidos ao modelo de HI
conforme descrito anteriormente. Na idade adulta (DNP 60), o metabolismo
encefalico dos animais foi mensurado por meio da técnica de microtomografia
por uPET. A memdria espacial dos animais foi avaliada através do labirinto
aquatico de Morris a partir do DPN 65 até o DPN 71. Uma vez finalizada a
avalicdo funcional, os animais foram submetidos a eutanasia e os encéfalos
foram coletados para a analise histolégica (Figura 7). O detalhamento das
condi¢cdes de moradia, procedimento cirdrgico, avaliagdo comportamental e do

volume de lesédo estdo descritos na secdo Metodologia (Item 3) da presente

Tese.
DG 1 DG 22 DPN 1 DPN 3 DPN 23 DPN60  DPN 65 DPN 71 DPN72
I I b o I | !
Nascimento HI Desmame | PET L | I
. " Coleta do tecido
[ | | | Labirinto aquatico encefalico para
| I de Morris analise histolégico.
Periodo Gestacional: Periodo Lactacional:
Ambiente enriquecido Ambiente enriquecido
Condi¢des Padrao Condi¢oes Padrao

() Realocagdodos animais segundo a condigao de moradia

Figura 7: Representacédo esquematica do desenho experimental para a andlise do metabolismo

encefalico.
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Para este experimento foram utilizados apenas animais machos, pois estes
apresentaram uma maior vulnerabilidade a HI e melhor resposta a estimulagao
ambiental em ambos os periodos do neurodesenvolvimento, como descrito no
Capitulo 4. Além disso, foram considerados aspectos logisticos relacionados ao
namero de animais a serem escaneados (22 animais por dia) no Instituto do
Cérebro (InsCer) da Pontificia Universidade Catdlica do Rio Grande do Sul
(PUCRS). Para completar o niumero de animais foi necessario realizar o

experimento em quatro levas, incluindo a cada vez 2-3 animais por grupo.

Escaneamento por Microtomografia de Emissao de Pésitrons

a. Producao do radio-farmaco

O Fluor-18 (18F) é um radiois6topo com meia-vida de 109,8 minutos,
produzido através de um acelerador circular de particulas PET trace. Foi utilizado
um alvo liquido, composto de agua enriquecida com oxigénio-18 que, por meio
da da reacao nuclear 180(p,n)18F, produziu o flior nucleofilico. A sintese de
18F-Fluordesoxiglicose (18F-FDG) foi realizada no moddulo automatizado
FASTIlab. Basicamente, a 4gua contendo 18F passa através de uma coluna de
troca ibnica onde o radioisotopo fica retido. Em seguida, este é diluido em
solucéo aquosa de acetonitrila contendo carbonato de potassio e Kryptofix 2.2.2,
obtendo o fluoreto de potassio complexado ao Kryptofix 2.2.2. A molécula
precursora, triflato de manose em acetonitrila, foi adicionada junto ao complexo
formado na segunda etapa da sintese. Esta mistura foi aquecida a 125°C por
aproximadamente 2 minutos para facilitar a reacdo de substituicdo. A Ultima
etapa da sintese foi a hidrélise basica dos grupos protetores acetil, com hidréxido
de sddio. Finalmente, o produto passou por uma seérie de colunas de purificacéo,
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ajuste de pH e esterilizacdo (Yu, 2006). Para a definicAo dos critérios de
qualidade do produto final, utilizou-se como compéndio oficial a versdo mais

atual da Farmacopéia Americana.

b. Escaneamento

Os animais foram transportados, em caixas padrdo até o biotério do
Centro de Pesquisa Pré-Clinica do InsCer, na PUCRS, um dia antes do
escaneamento no DPN 60. Para o transporte foi usado um veiculo climatizado
a uma temperatura de 22°C e foi tomado o devido cuidado para evitar os horarios
de transito intenso, a fim reduzir ao maximo o estresse dos animais.

No dia do escaneamento, os animais foram entdo anestesiados com
isoflurano e injetados com 18F-FDG num volume de 0,01 ml/g (ratos adultos: 1
mCi, i.v.), posteriormente, 0s animais permaneceram isolados e conscientes por
45 minutos, tempo suficiente para a captacao cerebral de 18F-FDG. Para o
escaneamento no TriumphTM YPET (LabPET-4, TriFoil Imaging, Northridge, CA,
USA), o roedor foi novamente anestesiado com isoflurano e posicionado na
camara de imageamento permanentemente aquecida. Os animais foram
escaneados por 30 minutos, com a regido cerebral posicionada no field-of-view
(FOV) do UPET. Ao término dos escaneamentos, o rato foi retirado do aparelho
e permaneceu dentro de sua caixa moradia, sobre uma placa de aguecimento,
até sua completa recuperagdo. O algoritmo de reconstrugdo para o
processamento das imagens de pPPET foi o OSEM-3D e a captacdo de FDG
cerebral foi quantificada através do software PMOD v3.5 e Fusion Toolbox
(PMOD Technologies, Zurich, Switzerland) (Baptista et al., 2015). Um molde da

area de interesse para imagens obtidas por ressonancia magnética foi usado
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para sobrepor as imagens previamente normalizadas e registradas por UPET.
Os valores de captacéo de glicose foram normalizados segundo a dose injetada
de 18F-FDG e o peso corporal do animal. O resultado obtido foi expresso como
o valor padrdo de captacdo (SUVs SUV- por seu home em inglés standard
uptake value), dessa forma, foi calculada a média do SUVs de 58 regides
cerebrais (considerando quando necesséario cada hemisfério)(Nonose et al.,
2018). Ap6s o escaneamento os animais foram devolvidos ao Departamento de

Bioquimica da UFRGS

Andlise de redes metabdlicas

A rede metabdlica é uma ferramenta matematica para a representacao de
um sistema complexo e € definida por uma colecdo de nodos (vértices) e
ligacOes (arestas) entre pares de nodos. Os nodos geralmente representam
regides cerebrais, enquanto as ligacdes (links), indicam se ha acoplamento entre
0S nodos, i.e. regidbes anatdmicas podem estar conectadas (interagéo linear) e

nao ligadas (interacao ndo-linear) (Rubinov and Sporns, 2010).

No delineamento das redes metabolicas foi o utilizado o método de
boostrap, a partir dos dados de SUV obtidos por cada grupo experimental. A
base da técnica € a obtencdo de um “novo” conjunto de dados, por
reamostragem do conjunto de dados originais, iSso permite obter estimativas
robustas da variabilidade da distribuicAo gerada pelas iteracbes de
reamostragem (Martinez-Espinosa et al., 2006). Assim, as redes metabdlicas
foram construidas através do calculo dos coeficientes de correlacdo de Pearson
baseados em 1000 amostras de bootstrap. Cada amostra de bootstrap foi
corrigida para comparacdes multiplas usando FDR (do inglés, false Discovery
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rate) (p <0,001). A densidade de medidas teoricas do gréfico foi calculada para
avaliagdo quantitativa da rede. A densidade € a medida proporcional as bordas
de conexdo na rede. Quanto maior o valor da densidade, maior o numero de

ligagBes entre nodos, ou seja, maior a sincronicidade encefalica.

Analises Estatisticas

Foi verificada a normalidade dos resultados pelo teste de Shapiro-Wilk. Os
dados paramétricos foram submetidos a analise de variancia (ANOVA) de duas
vias, tendo como fatores fixos as condi¢cdes de moradia e a lesdo, seguido do
post-hoc Duncan para multiplas comparacfes. As laténcias obtidas durante o
treinamento no labirinto aquético de Morris foram analisadas por meio de ANOVA
de medidas repetidas. Correlacdes entre os parametros metabdlicos e
histoldgicos foram calculadas através do coeficiente de correlagdo de Pearson.
A significancia aceita foi de P< 0.05, os testes foram realizados utilizando o
software SPSS versao 21. As diferencas que foram consideradas relevantes

foram:

e Entre os animais sham e HI pertencentes ao mesmo grupo
experimental, conforme as condi¢cées de moradia
e Entre os animais sham

e Entre os animais HI
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4.5.3 Resultados

Avaliacdo da memodria espacial no Labirinto aguético de Morris

A ANOVA de medidas repetidas, evidenciou uma interacdo entre os fatores
“dia de treinamento” e “condi¢bes de moradia”, assim como entre os fatores “dia
de treinamento” e “lesdo” (F,112= 5.734 P= 0.018 e F@,112)= 3.648 P= 0.015,
respetivamente): no primeiro e segundo dia de treinamento n&o houve diferencas
significativas entre os grupos. No terceiro dia de treinamento os animais do grupo
HI_AP-AP apresentaram uma maior laténcia para encontrar a plataforma quando
comparado com os animais HI expostos ao AE durante o periodo gestacional
(HI_AE-AP e HI_AE-AE). No quarto dia, o grupo HI_AP-AP foi diferente do seu
respectivo sham. Como observado na Figura 2a, no ultimo dia do treinamento
os animais HI que nunca foram expostos ao enriquecimento ambiental
apresentaram um pior desempenho quando comparado com quaisquer outro
grupo experimental. Os dados sugerem que 0 prejuizo cognitivo causado pela
lesdo neonatal foi prevenido/revertido pelo ambiente enriquecido, salientando
gque o0s animais expostos a estimulagdo apresentaram comportamento
semelhante aos dos animais néo lesados. Resultado semelhante foi observado
na area sob a curva (F,112= 3.506 P=0.02), no qual os animais do grupo HI_AP-
AP apresentaram uma maior area, indicando déficits na memoria espacial, dado
gue 0s animais requeriam de mais tempo para localizar a plataforma a longo do

treinamento quando comparado com 0s outros grupos experimentais (Figura 2b).
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Figura 8: Labirinto aquatico de Morris: A. Laténcia durante os dias de treino. B. Desempenho
geral do aprendizado espacial considerando a area sob a curva. Os dados sdo expressos em
média = EPM. *Diferentes dos outros grupos experimentais. n= 12-18 animais por grupo, valor

considerado significativo P< 0.05).

Captacdo encefélica de 18F-FDG

A andlise do nivel de captacdo encefalica de glicose considerando as 58
areas analisadas (somatoria dos valores de SUV de todas as areas), mostrou
que os animais do grupo HI_AP-AP apresentaram menor metabolismo
encefalico quando comparados aos animais expostos ao AE em ambos os
periodos do desenvolvimento e que tinham sido submetidos ao modelo de Hli
(Fae9= 4.133 P= 0.046 — Figura 9a,c). Ao analisar os niveis de captacdo de
glicose do cértex (somatoéria dos valores de SUV para as diferentes regides
corticais — Figura 9e), do estriado (Figura 99g) e o do hipocampo (somatéria dos
valores de SUV da regido dorsal anterior e posterior —Figura 9l), a partir da
relacdo entre os lados ipsilateral e contralateral a lesdo, houve interagéo
estatistica entre as condi¢cdes de moradia e a lesdo (Fa.69= 5.202, P= 0.003;
Fa,e9= 5.286, P= 0.003 e F@e9= 6.274, P= 0.001, respetivamente), indicando
uma reduc¢ao do metabolismo no grupo HI_AP-AP quando comparado aos outros
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grupos experimentais. Na tabela 2, apresentam-se as diferencias estatisticas
encontradas nas diversas regides analisadas, usando a relagcdo entre o lado

ipsilateral e o contralateral a lesé&o.

Volume de lesdo

A ANOVA de duas vias, usando a relacdo entre o lado ipsilateral e
contralateral a lesdo evidenciou uma interagdo entre os fatores “condigdo de
moradia” e “lesao” para o volume do hemisfério (F@,69= 3.594, P= 0.018 —Figura
9d), cortex cerebral (F@69= 3.402, P= 0.023- Figura 9f), estriado (F,69= 3.268,
P= 0.027- Figura 9h) e hipocampo (F@e9= 3.842, P= 0.014 - Figura 9j),
mostrando uma diminuicdo no volume encefalico das estruturas mencionadas
nos animais HI_AP-AP. Esse efeito foi prevenido/revertido pelo ambiente
enriquecido gestacional e lactacional, cujos animais apresentaram maior
preservacao tecidual, especialmente quando os animais foram expostos ao
enriqguecimento em um dos periodos estudados, sendo o volume encefalico
semelhante ao dos seus respectivos controles (sham). Ainda que tenha havido
um efeito positivo do ambiente enriquecido, os animais do grupo HI_AE-AE
mostraram uma reducdo no volume do hemisfério, cértex e estriado (Figura 9d,
f, h, respectivamente) quando comparados com seu controle (AE-AE), indicando
uma possivel atenuacdo dos efeitos da estimulacdo quando os animais sdo

expostos de maneira continua ao enriquecimento.
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Figura 9: Niveis do valor de captagédo de glicose (SUV) e volume de lesao, avaliados na
idade adulta: A. Imagem representativa de da captacdo de 18F-FDG nos animais submetidos a
HI por cada condigcdo de moradia em relagdo ao grupo controle (Sham_AP-AP). llustrado em
vistas coronal (esquerda), sagital (média) e transversal (direita); B. Imagem representativa do
volume de lesédo dos animais em relacdo ao grupo controle; C. Valores obtidos para o encéfalo
total, a partir da somatoria das areas cerebrais analisadas; D Razao do volume de lesdo do
hemisfério. Razédo dos valores de SUV entre o lado ipsi e contralateral a lesao do (direita) e razédo
do volume de lesdo (esquerda) das estruturas: E-F; cortex cerebral; G-H estriado e I-J.
Hipocampo. Os dados foram expressos em média + EPM. & Diferente do seu respectivo sham,
@ Diferente do grupo HI_AP-AP, *Diferente dos outros grupos experimentais. N= 7-10 animais
por grupo, valor considerado significativo P< 0.05).

Ao considerar a razdo entre o lado ipsilateral e contralateral a lesédo dos
niveis do valor de captacao de glicose (SUV) e do volume de lesdo, houve uma
correlacdo considerada forte (entre 0.7 e 0.9) entre ambos desfechos para o
cortex cerebral (Correlacdo de Pearson: 0.918 P=0.0001, Figura 10a), estriado
Correlacdo de Pearson: 0.701 P=0.0001, Figura 10b) e hipocampo (Correlacéo
de Pearson: 0.841 P= 0.0001, Figura 10c) indicando que quando h& maior

metabolismo encefalico, ha maior preservacao tecidual (correlacéo positiva).

Também analisamos a rede metabolica aos 57 dias pos- HI (DPN 60), a fim
de avaliar o potencial de remodelacdo da rede em animais submetidos a uma
lesdo encefalica neonatal e a influéncia do ambiente enriquecido no periodo
gestacional e lactacional. O ANOVA de duas vias usando a densidade da rede
mostrou uma interacao entre as condicdes de moradia e a leséo (Fs,79= 1,329,
P= 0.001) indicando que os animais sham dos grupos AP-AE e AE-AE

apresentaram diferencas significativas (menor e maior niumero de conexdes na
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Figura 10: Metabolismo encefélico e o volume da lesdo. Correlagédo entre a relagdo do lado
ipsilateral e contralateral a leséo da captacao de 18F-FDG e o volume de lesdo do: A. Cortex
cerebral; B. estriado e C. hipocampo. D. Avaliacédo da densidade de conexao da rede metabdlica.
Os dados séo expressos em média + EPM. SUV- por seu nome em inglés standard uptake value.
& Diferente do seu respectivo sham, @ Diferente do grupo HI_AP-AP. 1000 bootstrap para cada

grupo experimental, valor considerado significativo P< 0.05).

Por sua vez, todos os animais HI apresentaram uma hiposincronicidade
metabdlica quando comparados a seus respectivos grupos controle (sham). No
entanto, os animais HI e expostos ao ambiente enriquecido tiveram um maior

sincronismo quando comparado com o grupo HI_AP-AP. Os resultados

confirmam que lesdes neonatais causam alteracées no metabolismo encefalico

125



que perduram até a idade adulta e evidencia o efeito parcial do AE para atenuar

essa resposta (Figura 10d, 11).

Tabela 2: Razao dos niveis de captacao de glicose nas diversas regifes encefalicas. Os dados
sdo expressos em média = EPM. éDiferente do seu respectivo sham, @Diferente do grupo HI_AP-
AP, *Diferente dos outros grupos experimentais. N= 7-10 animais por grupo, valor considerado
significativo P< 0.05). Uma redug&o no metabolismo da glicose foi observada em estruturas como
0 nlcleo acumbens, a amigdala, o cortex, o hipocampo, o hipotalamo, a area ventral tegmental
e o talamo nos animais do grupo HI_AP-AP, cujo efeito foi revertido parcialmente pelo

enriquecimento no periodo gestacional e lactacional.
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Figura 11: Alteracdes no metabolismo encefalico. Representacdo da rede metabdlica dos grupos
experimentais por meio de matrizes de correlacdo entre as regides cerebrais (mencionadas na

tabela 2) e redes metabdlicas sobrepostas no cérebro 3D (imagem central).

Resultados referentes a proliferacéo celulares, assim como a avaliagdo de
possiveis associacdes entre parametros histoldégicos, comportamentais e o nivel
de captacdo de glicose, serdo inseridos no conjunto de dados iniciais

apresentados neste capitulo.
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5. Discussao
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A Hipoxia-isquemia neonatal € uma das principais causas de dano ao SNC
em desenvolvimento, levando a comprometimentos funcionais a curto e a longo
prazo (Volpe, 2009a). O aumento significativo na incidéncia da Hl sob condi¢gbes
de prematuridade, reforgca a importancia de pesquisas focadas na compreenséo
da fisiopatologia da HI e das consequéncias da lesdo encefalica no recém-

nascido (Blencowe et al., 2012).

Ao longo do ciclo vital hd uma estreita relacdo entre as experiéncias fisicas,
sociais e ambientais dos individuos e a plasticidade neuronal. Contudo, essa
relacio € mais evidente durante o0s primeiros periodos do
neurodesenvolvimento, como o periodo gestacional e poés-natal precoce
(lactacéo), devido a presenca de um maior nimero de processos relacionados
a maturacdo, a organizacado e ao rearranjo do SNC aos niveis estrutural e
funcional (Sale, 2018). As alteracdes ai observadas séo regidas por fatores
intracelulares e extracelulares responsaveis por modular respostas metabolicas
e celulares complexas, que podem estar associadas a plasticidade dependente
da experiéncia e/ou a resiliéncia enddgena, o que facilita processos de reparo
apos condic¢des patolégicas como a HI neonatal (Diamond, 2001; Katusic, 2011;
Dennis et al., 2013; Hassell et al., 2015).

De maneira sucinta, nesta Tese demostramos que 0 enriquecimento
ambiental durante a gestacéo e a lactacdo impactam de forma distinta, porém
decisiva, os efeitos comportamentais, moleculares, metabdlicas e histologicas
causados pela hipoxia-isquemia neonatal, realizada no terceiro dia pos-natal. Os
animais desprovidos de qualquer tipo de estimulacéo (HI_AP-AP) apresentaram
maior prejuizo na funcdo motora e cognitiva, na morte celular e na expressao de
proteinas relacionadas a plasticidade sinaptica, bem como no hipometabolismo
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e a perda tecidual; todos estes efeitos foram prevenidos/revertidos total ou

parcialmente pela exposi¢do ao ambiente enriquecido.

Padronizacédo da severidade da lesdo

Resultados experimentais usando HI no DPN 3 (periodo utilizado para
mimetizar a lesdo no neonato humano nascido prematuramente), evidenciaram
prejuizos na funcéo cognitiva dos animais, porém néao foram observados déficits
sensoriomotores, apesar de desordens do movimento serem frequentemente
descritas em criancas expostas a um evento hipoxico-isquémico (Volpe, 2005).
Com o objetivo de padronizar o grau de lesdo responsavel por causar déficits
cognitivos e motores nos animas, 0s resultados obtidos deram origem ao

primeiro trabalho desta Tese (Capitulo 1).

Verificamos o efeito da exposicdo a diferentes tempos de hipdxia e
demonstramos que periodos superiores a 180 minutos causam uma leséo
encefélica de grau moderado a severo, responsavel pela assimetria no uso das
patas anteriores, pela reducéo na qualidade do movimento da pata ipsilateral e
contralateral a lesdo e pela perda tecidual em estruturas associadas com o
controle motor, como o estriado. O estriado € uma importante estrutura cerebral
responsavel por modular a resposta de outras areas motoras, como o cortex
(Jamon, 2006); assim, modificagbes na conectividade neural dessas estruturas
apos a lesdo podem causar desordens do movimento secundarias a lesao (Kolb

and Gibb, 2007; Clowry et al., 2014).

A funcdo motora requer tanto um adequado controle neural como a
participagdo integrada do sistema musculoesquelético para um melhor

desempenho em diferentes entornos (Jamon, 2006). Neste trabalho foi
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observado uma reducao na area de secao transversal dos musculo biceps e tibial
anterior, descrevendo pela primeira vez uma caracteristica fisiopatologica do
modelo da HI relacionada a pardmetros motores. A alteracdo morfolégica do
musculo esquelético e a presenca de prejuizos na funcdo motora podem estar
relacionadas a algum grau de desnervagao, desacoplamento na transmissao
sinaptica, remodelagéo da fibra muscular ou atrofia por desuso (Edgerton et al.,
2002; Mohagheghi et al., 2007; English et al., 2010; Scherbakov et al., 2013).
Além disso, pode indicar mecanismos compensatérios da hipdéxia no
metabolismo tecidual periférico, ao promover uma redistruibuicdo do fluxo
sanguineo e aumentar o suporte metabdlico cerebral, assim como respostas
adaptativas para proteger a viabilidade celular e a funcao contratil (Clanton and

Klawitter, 2001; Gunn and Bennet, 2009).

Os resultados deste trabalho destacam a necessidade da exposicédo a
periodos mais prolongados de hipdxia, em animais submetidos a HI no terceiro
dia poOs-natal para promover déficits comparaveis aqueles observados nos
animais quando o modelo é realizado no sétimo dia pés-natal e mimetizar alguns
dos desfechos observados em infantes nascidos prematuramente.
Consequentemente, o periodo de 180 minutos de hipoxia foi utilizado nos
experimentos seguintes, com o objetivo de avaliar os efeitos do enriquecimento
ambiental no periodo gestacional e lactacional sobre as consequéncias de HI por
meio da avaliacdo de parametros comportamentais, moleculares, metabdlicos e

histoldgicos.
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O ambiente enriguecido precoce favorece a recuperacdo funcional dos

animais submetidos a Hl

Os testes comportamentais envolvendo tarefas sensério-motoras e
cognitivas sdo uma importante ferramenta para quantificar os danos causados
ao SNC pela HI (Van De Looij et al., 2011). O ambiente enriquecido durante a
gestacdo e a lactagcdo foi capaz de prevenir/reverter o atraso no
neurodesenvolvimento causado pela lesdo, sendo a atividade reflexa um
indicador de maturagéo do SNC. Os animais expostos ao ambiente enriquecido
apresentaram uma melhora nos testes de endireitamento, geotaxia negativa e
discriminacgdo olfatéria nos DPN 7 e 14 (Capitulo 2). Em concordancia com a
literatura, ndo foram observadas diferencas significativas na atividade reflexa
dos animais em periodos posteriores do neurodesenvolvimento (DPN 21). Esse
resultado pode indicar algum grau de recuperacéao funcional ou maior atividade

fisica voluntaria (Lubics et al., 2005).

O labirinto aquatico de Morris € um dos testes mais empregados para a
avaliacdo da fung&o cognitiva em roedores (Vorhees and Williams, 2006). Os
déficits induzidos pela HI, consistentemente descritos na literatura (Sanches et
al., 2013b, 2015; Alexander et al., 2014), foram atenuados pelo protocolo de AE
proposto. De fato, os animais estimulados em ambos o0s periodos do
desenvolvimento e submetidos a HI apresentaram um desempenho semelhante
ao do grupo controle e passaram mais tempo no quadrante alvo, durante o teste,
indicando uma melhora tanto no aprendizado como na memoria espacial

(Capitulos 2,4).
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O teste do campo aberto é utilizado rotineiramente para analisar atividade
espontanea de exploracdo dos animais em um ambiente novo (luvone et al.,
1996). Embora existam dados conflitantes sobre o prejuizo causado pela HI no
desempenho da tarefa, em termos gerais a HIl € reconhecida por causar
aumento nas respostas de exploragdo do aparato (Arteni et al., 2003, 2010;
Stadlin et al., 2003; Lubics et al., 2005; Tai et al., 2009). Contudo, foi observado
que o AE, especialmente durante a lactagéo, atenua o aumento na locomocao
associado a HI neonatal. Além disso, os resultados desse trabalho indicam que
a exposicdo ao AE em ambos os periodos estimula um comportamento mais

natural nos animais, aumentando a exploracao em areas protegidas e reduzindo

a impulsividade (Capitulo 4).

De maneira interessante, o AE durante o periodo gestacional ndo se
mostrou efetivo para prevenir a assimetria de uso dos membros anteriores ou
para prevenir a reducdo na qualidade do passo durante a marcha, quando
avaliados no teste do cilindro e no teste de escada horizontal, respectivamente.
No entanto, esses déficits sensério-motores foram atenuados pelo AE durante a
lactacdo (Capitulo 3), sendo relacionados a um aumento na exploracdo do
ambiente e a uma maior interacdo com os estimulos (Sale et al., 2014), o que
poderia levar a um maior uso dos membros e consequentemente otimizar
processos de iniciacdo do movimento e de controle motor, visto que que 0s
circuitos cerebrais relacionados séo estabelecidos apos o nascimento (Piek et

al., 2008).
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Experiéncias enriquecidas reduzem a morte celular apés a Hl

A exposicdo ao AE antes (pré-natal) ou apos (lactacional) o insulto
neonatal causa modificacdes celulares que podem embasar as respostas
comportamentais positivas observadas e que néo estdao diretamente
relacionadas a alteragdes com o cuidado maternal, como descrito no Capitulo
2. A fase aguda da lesdo caracteriza-se por um aumento da morte celular
durante as primeiras horas ap6s a HI, mediada por mecanismos dependentes e
independentes de caspase 3 (Towfighi et al., 1997; Koike et al., 2008). Proteinas
quinases como a AKT séo responsaveis por reduzir a perda celular, por meio da
regulacdo negativa de respostas pré-apoptéticas (Kim et al., 2001). A avaliacéo
de marcadores relacionados a morte e a sobrevivéncia celular 48 horas apos a
HI mostrou que os animais expostos ao AE tinham maiores niveis de AKT
fosforilada (isoforma ativa) e uma menor expressao de caspase-3 clivada e
PARP-1 no hipocampo e cértex parietal. Estes dados indicaram que o
enriguecimento ambiental durante a gestacao e os primeiros dias pés-natais

(PND 1 — PND 5) foi capaz de reduzir o dano celular dos animais (Capitulo 2).

O ambiente enriquecido durante a gestacao e a lactagcdo favorece a

neuroprotecdo enddgena

Fatores de crescimento e fatores neurotréficos promovem um aumento na
sobrevivéncia celular, aprimoram processos de maturagdo, potencializam
circuitos/redes cerebrais, induzem plasticidade sinaptica e melhoram o
desempenho funcional de roedores expostos ao AE (Zhang et al., 2000;
Reichardt, 2006; Rojas et al., 2015). Neste trabalho, a expressao de IGF-1 e

VEGF no hipocampo néo revelou diferencas significativas quando avaliadas 48
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horas ap6s a lesdo. No cortex parietal dos animais submetidos a HI foi
observada uma reducdo na expressdo dos fatores acima mencionados,
independentemente da condicdo de moradia (Capitulo 2). A reducao nos niveis
de IGF-1 pode estar relacionada a processos inflamatérios, onde essa
diminuicdo é favorecida pelas proteinas de ligacdo (Zhao et al., 2006). Por sua
vez, a diminui¢ao nos niveis de VEGF pode indicar mecanismos compensatérios
a fim de evitar um maior dano a BHE, e consequente exacerbacéo da perfusdo

microvascular e indugéo de maior perda celular (Zhang et al., 2000).

Na idade adulta, foi observada uma elevagédo na expressao do IGF-1 no
hipocampo ipsilateral & lesdo dos animais submetidos a HI, sugerindo uma
resposta compensatéria, a fim de favorecer os processos de recuperacao pos-
lesdo (Wadowska et al., 2015). Por sua vez, um aumento nos niveis de VEGF
foi observado nos animais expostos ao ambiente enriquecido, mostrando uma
correlagao negativa com o labirinto aquético de Morris (Capitulo 4), no qual altos
niveis de VEGF foram associados com um melhor desempenho cognitivo (i.e.
menor laténcia para achar a plataforma). O VEGF tem sido descrito como um
agente terapéutico promissor frente a lesées do SNC por participar de processos
de memodria dependentes do hipocampo, ao aumentar a viabilidade celular e a
plasticidade neuronal (Plaschke et al., 2008; Ortuzar et al., 2013). Assim, uma
regulacédo positiva de ambos fatores de crescimento poderia ser responsavel

pelos efeitos positivos do AE durante o periodo gestacional e lactacional.

O receptor TrkB € conhecido pela alta afinidade por BDNF; sua
expressdo comeca durante o periodo embrionario e € encontrado na maioria
dos neurbnios do SNC (Klein et al., 1991). Sua interagdo com o BDNF é

importante na plasticidade dependente de atividade e na protecao contra danos
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cerebrais (Volpe, 2001; Carmeliet, 2003). No DPN 5 (48h ap6s a HI) ndo foram
identificadas diferencas significativas nos niveis do BDNF nem de TrkB em
hipocampo e cortex parietal (Capitulo 2). Estudos prévios avaliando o BDNF no
periodo poés-natal precoce tém relatado achados semelhantes aos deste
trabalho, sendo identificadas diferencas significativas apés a segunda semana
pés-natal (Cancedda et al., 2004; Caporali et al., 2014), sugerindo que a
interacdo dos animais com o ambiente € um fator relevante para aumentar a
expressao desse fator neurotrofico. Na idade adulta, foi observado um aumento
nos niveis de TrkKB nos grupos expostos ao AE durante a gestacao e a lactacao
sem diferencas significativas no BDNF (Capitulo 4). Esses achados poderiam
estar em concordancia com os de Bengoetxea e colaboradores (2017), que
relataram que animais expostos ao AE apresentam reversdo nos déficits
cognitivos, mediada pelo aumento na expressdao do TrkB, facilitando a

subsequente ligacdo do BDNF com seu receptor (Bengoetxea et al., 2017).

Os astrocitos apresentam respostas diferentes apdés HlI em animais

expostos ao ambiente enriquecido

Outra mudanca celular induzida pelo AE durante a gestacéo e a lactacao
que pode ser responsavel por minimizar os efeitos deletérios do HI neonatal, é
a expressdo dos astrécitos. A GFAP é um biomarcador padrédo das células
astrocitarias; elas tém um papel critico na maturacdo e funcdo do encéfalo em
desenvolvimento. Em resposta a diferentes graus de lesédo, os astrécitos
apresentam uma alta suscetibilidade, sendo as primeiras células a responderem
a insultos cerebrais (Burda and Sofroniew, 2014), além de aumentar a
proliferacdo e a interacdo de varias células, favorecem a formacéo da cicatriz

glial, que age como uma barreira mecéanica a funcao celular neural (Sofroniew,
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2009). Os resultados apresentados nesta Tese, sugerem que o AE modifica a
resposta astrocitaria de acordo ao estagio da lesao, que pode estar associado a
uma funcéo dupla dos astrécitos. Como mostrado no Capitulo 2, durante a fase
aguda da lesdo, o AE foi capaz de reduzir os niveis de GFAP, tanto no
hipocampo quanto no cortex parietal, o que pode estar relacionado a um menor
dano encefalico apds o insulto nos animais expostos ao enriquecimento, fato
que demandaria uma menor reatividade dos astrocitos. No entanto, na idade
adulta foi observado um aumento na reatividade astrocitaria nos animais
expostos a AE durante o periodo gestacional ou lactacional, mostrando também
uma correlagdo positiva com os niveis de VEGF (Capitulo 3). Esse achado
encontra-se em concordancia com dados recentes da literatura, onde diversos
autores tém demostrado que o AE aumenta a proliferacdo dos astrocitos, 0s
quais contribuem para a remodelagcdo da atividade neural e das sinapses na
area da lesao, favorecendo dessa forma a fase de reparo (Keiner et al., 2008;

Miller et al., 2017).

bY

O ambiente enriquecido atenua mecanismos associados a plasticidade

apos HIl neonatal

Estudos em modelos de hipdxia/isquemia tém demonstrado que, em
lesGes ao SNC, processos associados a neurogénese e sinaptogénese podem
favorecer a formacdo de conexdes sinapticas inadequadas (denominada
plasticidade aberrante), responsaveis por interferir na interacdo de células
neurais e nao-neurais em regides cerebrais como o hipocampo, o que contribui
para 0s prejuizos na funcdo cognitiva dos animais (Zhu et al., 2005;
Lichtenwalner and Parent, 2006; Hu et al., 2017). Além disso, tem sido

salientado que experiéncias enriguecidas nem sempre desencadeiam
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modificagcdes na plasticidade sinaptica (Komitova et al., 2013; Meireles et al.,
2017), o que poderia estar relacionado a mecanismos compensatorios a fim de
reduzir modificagdes aberrantes nos diversos circuitos neuronais, atenuar o

dano encefélico e reduzir os déficits funcionais.

Como mencionado no Capitulo 4 da presente Tese, houve um aumento na
expressao da sinaptofisina (biomarcador pré-sinaptico) nos animais HI mantidos
em condi¢cBes padrdo em ambos os periodos do neurodesenvolvimento (HI_AP-
AP), sem alteracdes nos animais expostos ao ambiente enriquecido, fato que
poderia estar relacionado a efeitos compensatoérios e/ou neuroprotetores como
descrito anteriormente. Além disso, nao foram observadas diferencas
significativas no numero de neurdnios na regido CA1 do hipocampo. Meshi e
colaboradores (2006) sugeriram que os efeitos benéficos do enriquecimento ndo
sdo dependentes da neurogénese (Meshi et al., 2006); deste modo, é possivel
sugerir que os efeitos benéficos observados em parametros comportamentais
nos animais expostos ao AE, podem ser consequéncia da otimizacdo de
processos que auxiliam na modelagem das conexdes cerebrais, como a poda
sinaptica e o fortalecimento de conectividades sinapticas (Nithianantharajah and

Hannan, 2006; Rocha-Ferreira et al., 2016).

O enriguecimento ambiental durante a gestacdo e a lactacao tem efeito

parcial sobre o hipometabolismo encefalico induzido pela Hl

No presente estudo, os animais foram avaliados usando escaneamento
por microtomografia por emissdo de pdsitrons na idade adulta. J& é conhecido
gue a HI ocasiona um hipometabolismo cerebral de glicose que apresenta uma

estreita relacdo com a severidade da lesdo (Thorngren-Jerneck et al., 2001;
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Morken et al., 2014). Os resultados desta Tese também mostraram uma reducao
na capatacdo do radiofarmaco 18F-FDG nos animais HI_AP-AP em varias
regibes encefalicas, como o hipocampo, o coértex, o estriado, o talamo, a
amigdala, entre outros (Tabela 2 - Capitulo 5). Essas regides estéo relacionadas
com a fisiopatologia da HI e tém importancia para as fungbes cognitivas e
motoras e para o comportamento emocional dos animais. No presente trabalho
foi observado que o AE durante a gestacdo e a lactacdo foi capaz de
prevenir/reverter as alteragbes no metabolismo encefélico. Esta resposta
metabdlica pode estar associada a diferenciacdo no uso dos substratos
energéticos no periodo neonatal, assim como ao grau de maturacdo dos
receptores glutamatérgicos e dos transportadores de glicose, o que pode
determinar o padréo de lesdo apés HI (Brekke et al., 2017). Até onde se sabe,
ndo ha estudos sobre a influéncia do AE no metabolismo encefalico de animais
submetidos a HI, especialmente quando a estimulacdo ambiental é fornecida em
periodos criticos do neurodesenvolvimento. S&o necessarios estudos
longitudinais focados em avaliar as alteracdes no metabolismo encefalico in-
Vivo, nos animais expostos ao AE para estabelecer possiveis associacdes com

parametros morfolégicos e comportamentais.

O metabolismo da glicose cerebral analisado por WPET é uma medida
estatica amplamente utilizada. No entanto, baseado no principio de que existe
acoplamento entre a atividade cerebral e o metabolismo da glicose e que isto
permite a identificacdo de conexdes entre as diversas regides cerebrais, o valor
de captacdo de glicose usando 18F-FDG também pode ser usado para a
identificacdo de redes metabdlicas (Zimmer et al., 2017). Como descrito no
Capitulo 5, foi observada uma diminui¢cdo na sincronia da rede metabdlica nos
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animais submetidos a HI quando comparados a seus respectivos controles
(sham). Embora haja persisténcia do efeito da leséo, os animais expostos ao AE
apresentaram protecao parcial, quando comparados ao grupo HI_AP-AP,
indicando o efeito do estimulagdo ambiental, minimizando as altera¢cées no
acoplamento entre regides cerebrais. Estes achados iniciais sobre o efeito do
AE no metabolismo da glicose, precisam ser confirmados e aprofundado para
determinar as carateristicas das conexdes e redes metabdlicas na fisiopatologia
da HI neonatal e para precisar a efetividade de estratégias preventivas e/ou

terapéuticas.

Alteracdes no volume encefalico apés a HI neonatal sdo atenuadas pelo

ambiente enriquecido precoce

Modificagbes celulares induzidas pelo AE expressam a capacidade
intrinseca do SNC de compensar danos estruturais e facilitar a recuperacéo
funcional pés-lesdo. A HI neonatal no DPN 3 causou redugdes significativas no
volume do hipocampo, do cértex, do estriado e do corpo caloso ipsilateral a
lesdo nos animais ndo estimulados (HI_AP-AP) (Capitulos 1,2 e 4). Essa perda
tecidual foi semelhante a mencionada em relatos prévios da literatura e esta
associada aos prejuizos comportamentais causados pela HI (Sanches et al.,
2013a, 2013b; Alexander et al., 2014). No entanto, o enriquecimento ambiental
no periodo gestacional e a lactacional foi capaz de preservar um maior volume
de tecido encefalico, apesar da vulnerabilidade dessas regides a HI (Capitulo 2
e 4). Isso facilita que mecanismos compensatorios nao fiqguem limitados a
otimizacao dos circuitos neuronais nas regides cerebrais ndo lesadas e permite
a reorganizacao celular do tecido cerebral acometido pela leséo (Grefkes and

Ward, 2014). Contudo, os achados histoldgicos relacionando AE e HI ainda sé&o
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controversos, Visto que alguns autores reportam protecao parcial ou inexistente
(Pereira et al., 2007, 2008, Rojas et al., 2013, 2015; Griva et al., 2017); por tanto
as diferencas podem estar relacionadas com o periodo de inicio do

enriquecimento e precisam ser melhor esclarecidas.

Animais expostos ao ambiente enriquecido apresentam respostas sexo-

especificas associadas a Hl

Confirmando a hipétese desta Tese, os efeitos do enriquecimento
ambiental sobre o desempenho comportamental, as respostas moleculares e o
dano tecidual apresentaram respostas sexo-especificas (Capitulo 4). Os machos
do grupo HI_AP-AP exibiram uma maior perda tecidual comparado as fémeas e
aos machos HI expostos ao AE em ambos o0s periodos do
neurodesenvolvimento. Esses resultados ratificam a preservacao tecidual
induzida pelo o enriquecimento, bem como a vulnerabilidade sexo-especifica
para a lesdo cerebral neonatal (Mayoral et al.,, 2009), e que pode estar
relacionada a diferencas na expressdo e atividade mitocondrial e a sua

participacdo nas diferentes vias de morte celular (Zhu et al., 2006).

O maior dano tecidual observado nos machos HI_AP-AP poderia explicar
também as diferencas entre sexos na expressdo de biomarcadores como
sinaptofisina, GFAP e IGF-1. Neste trabalho foi observado aumento na
expressdo da sinaptofisina nos machos HI_AP-AP. Embora estudos prévios
indiguem que os machos regueiram mais remodelagem sinaptica devido ao
maior niumero de sinapses em comparacao as fémeas, alteracfes nos processos
de poda sinaptica podem levar a persisténcia de niveis elevados de sinaptofisina

inclusive na idade adulta (Andersen and Teicher, 2008; Tang et al., 2014). O
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aumento na expressdo do IGF-1 nos machos HI, independentemente das
condicdes de moradia, sugere uma resposta a lesdo cerebral neonatal ou
mecanismos moduladores que levam a uma recuperacao funcional associada a
relacédo entre o papel protetor dos fatores de crescimento e o dimorfismo sexual
na HI neonatal. Na resposta astrocitaria observamos que uma unica exposicao
ao AE durante o periodo gestacional ou lactacional, aumenta os niveis de GFAP
nos animais submetidos a HI, o que pode indicar modulacdes distintas entre
machos e fémeas baseadas na experiéncias, onde podem estar implicados
processos relacionado a maturacao do tecido nervoso, a expressao das células
gliais no inicio do periodo pds-natal e a influéncia hormonal (Catalani et al., 2002;

Chanana et al., 2016).

O espectro comportamental nos dominios cognitivo, sensorial, motor e
social € resultado de processos dinamicos e complexos que podem ser
modificados tanto por fatores intrinsecos quanto extrinsecos, como 0 Sexo,
experiéncias prévias ou insultos cerebrais (Cahill and Aswad, 2015). Embora
animais de ambos o0s sexos apresentem respostas positivas quanto ao AE na
atividade locomotora e no comportamento associado a ansiedade e/o
impulsividade, os machos expostos ao AE durante a gestagédo ou a lactacdo
apresentaram menor laténcia para achar a plataforma e passaram mais tempo
no quadrante alvo, durante teste de labirinto aquéatico de Morris, enquanto a
melhora nas habilidades de memaria espacial foram observadas nas fémeas
alocadas no AE durante a lactacéo. Esses dados estdao de acordo com relatos
anteriores mostrando o dimorfismo sexual exerce papel determinante em testes
de memdria e em respostas especificas a estimulos ambientais (Keeley et al.,
2013; Smith et al., 2014). Apesar das diferengas mencionadas acima, as
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respostas sexo-especificas induzidas pela HI neonatal e o AE ainda sé&o
conflitantes na literatura devido as discrepancias nos protocolos utilizados e
especialmente ao reduzido nimero de estudos avaliando o dimorfismo sexual
em animais muito imaturos, assim como os efeitos de experiéncias enriquecidas

em periodos criticos do neurodesenvolvimento (Netto et al., 2017, 2018).

A novidade e a periodizacdo dos estimulos podem ser fatores chave para

os efeitos do ambiente enriquecido

Na prética clinica, os neonatos acometidos com lesBes encefalicas
frequentemente sdo encaminhados de maneira precoce a programas de
estimulacdo sensorial como alternativa terapéutica, a fim de aprimorar o
prognaostico funcional a longo prazo das criangas. Nesta Tese (Capitulo 4), foram
avaliados o efeito isolado do ambiente enriquecido gestacional, lactacional e a
combinacdo de ambos os periodos, com o objetivo de investigar o papel
preventivo e/ou protetor das experiéncias enriquecidas, além de avaliar se
estimulos prolongados poderiam tornar o cérebro mais resiliente contra um
evento hipoxico—isquémico. Os resultados evidenciaram o efeito benéfico do AE
tanto no periodo gestacional como lactacional, porém nao foi observada uma
maior protecdo (soma dos efeitos) quando os animais eram mantidos em
condicdes enriquecidas desde a gestacdo até o desmame. De acordo com 0s
achados deste trabalho, efeitos ndo aditivos tém sido relatados em animais
expostos ao AE por longos periodos (Koo et al., 2003). Alguns autores tém
proposto que a reducdo ou periodizagdo dos estimulos permite uma melhor
ativagdo dos circuitos neuronais, evitando uma atenuacdo nas respostas
dependentes da experiéncia devido a uma adaptacdo aos estimulos, decorrente

de presencga continua dos mesmos (Kempermann and Gage, 1999). Nesse
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sentido, propomos que a exposicao ao AE requer alternancias entre estimulos e
periodos de repouso, a fim de permitir uma reorganizacédo das redes neuronais
apos a exposi¢cdo a um ambiente novo e desafiador. Sem duvida, mais estudos
s&0 necessarios para confirmar essa suposi¢ao, o que poderia ser relevante em
programas de reabilitagdo neuroldgica focados em prematuridade e/ou insultos

cerebrais neonatais.

As experiéncias ambientais sdo um fator determinante no prognostico

funcional ap6s HI neonatal

A Figura 12 apresenta, de maneira sucinta, os efeitos descrito na literatura
(incluindo os dados referente a presente Tese) sobre o ambiente enriquecido em
animais submetidos a eventos hipdxico-isquémicos. A imagem destaca o
potencial preventivo e terapéutico de experiéncias enriquecidas em diversos
periodos do neurodesenvolvimento como o periodo pré-natal, lactacional e
adolescéncia/idade ao bloquear os principais eventos celulares induzidos pela
HI e potencializar mecanismos responsaveis por favorecer a recuperacao apés

a o insulto neonatal.

A protecdo induzida pelo AE no modelo de HI esta relacionada com a
diminuicdo do influxo de célcio no interior da célula (luvone et al., 1996; Komitova
et al., 2013) e a preservacao da atividade da Na* / K* ATPase no hemisfério
contralateral a lesdo (Rojas et al., 2015), causando uma reducdo do dano por
excitotoxicidade glutamatérgica. A HI desencadeia diferentes tipos de morte
celular, dependendo da gravidade do insulto inicial. No modelo de HI neonatal,
o AE reduz os niveis de marcadores apoptoticos, utilizados como indicadores de

maior preservacao celular 48h apds a lesdo (Duran-Carabali et al., 2017). O
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estresse oxidativo € outro mecanismo fisiopatolégico associado na HI neonatal,
porém a exposi¢cao do AE no periodo juvenil melhorou a atividade anti-oxidante,
embora ndo haja uma reducdo na formacdo de espécies reativas de oxigénio
(Pereira et al., 2009; Rojas et al., 2015), o que pode estar relacionado a
imaturidade do sistema antioxidante (Morgane et al., 2002). A manutencao da
BHE € outro dos mecanismos pelos quais o AE diminui os processos
inflamatérios, j& que a BHE previne a entrada de células periféricas no tecido
encefalico (Diaz et al., 2016) e a sua integridade reduz a exacerbacdo na
reatividade das células gliais apos o insulto encefélico (Diaz et al., 2016; Duran-

Carabali et al., 2017).

No esquema geral sobre os efeitos do AE (Figura 12), foi usado o termo
reabilitacdo para indicar as alteracdes celulares e anatdomicas induzidas pelo AE
e que podem ajudar a entender algumas das respostas positivas observada nos
roedores expostos ao enriquecimento. Entre as modificagdes morfolégicas tém
sido descrito maior proliferacdo celular (Salmaso et al., 2012), aumento no
namero de espinhos dendriticos (Rojas et al., 2013) bem como potenciacédo de
longo prazo (Akers et al.,, 2006). Além disso, o AE favorece a reatividade
astrocitaria (Duran-Carabali et al., 2019) e aumenta os niveis de fatores de
crescimento (Seo et al., 2013b; Griva et al., 2017; Duran-Carabali et al., 2019).
Cabe salientar que caracteristicas intrinsecas e extrinsecas dos animais, tais
como, idade, sexo, tratamentos concomitantes, periodo de inicio, intensidade e
duracéo da estimulagéo, sdo responsaveis por modular a resposta do AE e pelo
prognostico funcional a longo e curto prazo dos sujeitos acometidos pela HlI
neonatal e devem ser levados em conta durante a interpretacdo e comparacao
dos resultados.
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O topico proposto nesta Tese traz novas e importantes questdes sobre a
influéncia ambiental precoce no prognéstico a curto e longo prazo do recém-
nascido exposto a eventos cerebrais adversos como a hipOxia isquemia. As
condi¢cdes ambientais podem ser um aspecto critico na fungcdo do SNC e tém
sido negligenciadas em unidades hospitalares, programas comunitarios e em
politicas publicas de saude (Mering and Jolkkonen, 2015). Assim como em
modelos animais, o ambiente natural para os seres humanos pode ser
enriquecido, no entanto, o ambiente de hospitais e outras instituicdes de
cuidados tém sido muitas vezes considerados empobrecidos (McDonald et al.,
2018). Atualmente, existe um esforgo global para minimizar o impacto negativo
dos insultos cerebrais neonatais na populacdo (McKenna et al., 2015). Mais
estudos pré-clinicos e clinicos sdo necessarios para entender 0s mecanismos
pelos quais o AE induz efeitos benéficos. Porém é relevante que o conhecimento
atualmente disponivel seja considerado no desenvolvimento de um novo

enfoque terapéutico e no desenvolvimento de estratégias de saude publica.
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6. ConclusoOes e Perspectivas
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6.1

Conclusoes

Os resultados obtidos permitem concluir que:

A exposicao a periodos prolongados de hipdxia (iguais ou superior a 180
minutos) causa uma leséo encefélica entre moderada-severa responsavel
por prejuizos na fungcédo sensoério-motora dos animais e na morfologia de
estruturas relacionadas ao controle motor como o estriado e tecido

musculoesquelético, em animais submetidos ao modelo de HI no DPN 3;

O ambiente enriquecido durante o periodo gestacional e lactacional reduz
a morte celular por apoptose e a reatividade astrocitaria, através da
regulacdo positiva da via da AKT. Além disso, atenuou a perda tecidual,

0 atraso no neurodesenvolvimento e os déficits cognitivos dos animais;

O ambiente enriquecido em periodos criticos do neurodesenvolvimento,
mostrou efeitos positivos na reducdo dos prejuizos motores em relacdo a
forca, a simetria dos membros e a qualidade do movimento, salientando
que a exposi¢do a ambientes complexos durante a lactagéo € mais eficaz

para induzir recuperacgéao funcional apos Hl;

O AE durante a gestacao e lactagdo causam resultados semelhantes na
atenuacdo do comprometimento na memaria espacial, atividade motora e
comportamento do tipo ansioso, bem como na preservacdo tecidual,
especialmente no hipocampo. Essas respostas parecem ser mediadas

por um aumento nos niveis de VEGF e TrkB, em ambos sexos, e aumento
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da reatividade astrocitaria nos machos;

Observou-se uma resposta sexo-especifica, na qual os ratos machos
exibiram efeitos positivos a exposicdo ao AE nos dois periodos
estudados, enquanto as fémeas mostraram ser mais beneficiadas pelo

enriquecimento durante a lactacéo.

Resultados preliminares indicam que a HI neonatal causou uma
reducdo no metabolismo encefalico dos animais, além de uma
hiposincronicidade na rede metabdlica. Ambos efeitos foram

prevenidos e/ou atenuados pelo AE.
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6.2 Perspectivas

Caracterizar longitudinalmente o metabolismo encefalico in vivo dos
animais, por meio da técnica de microtomografia por emisséo de pésitrons
(LPET/CT), com uso do radiofarmaco 18F- fluordesoxiglicose (18F-FDG)
para quantificar o uso de glicose durante o periodo pds-natal precoce nos

ratos submetidos a Hl;

Avaliar a resposta sinaptica excitatdria na regido CA1 do hipocampo por
meio da avaliacdo das correntes pos-sinapticas excitatérias espontaneas
e de miniatura fazendo uso da técnica de whole-cell patch clamp (modo

voltage-clamp).
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