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RESUMO

A hipoxia-isquemia encefalica (HIE) neonatal € uma das principais causas de
mortalidade e morbidade neonatal, contribui para a incapacidade geral, levando ao
comprometimento motor e de estruturas relacionadas. Os modelos animais
disponiveis para mimetizar essa patologia mostram resultados contraditorios,
especialmente relacionados a funcdo motora, dificultando assim a translacdo dos
resultados encontrados. Da mesma forma, estudos pré-clinicos que avaliem os
beneficios de protocolos de exercicio que ja sao utilizados na clinica como forma de
tratamento para esta patologia, ainda sdo escassos. Nesse contexto, o objetivo deste
estudo foi avaliar os efeitos de diferentes protocolos de exercicio fisico (aerébico e
acrobético) sobre a funcdo motora, o cértex sensoriomotor, o trato corticoespinal,
medula espinal, juncdes neuromusculares e musculo esquelético em ratos Wistar
machos submetidos a um evento hipoxico-isquémico encefalico no periodo neonatal.
O protocolo experimental teve inicio no 7° dia pés-natal (DPN), quando ratos Wistar
machos foram submetidos a HIE neonatal de acordo com o0 modelo proposto por Rice-
Vannuci. A partir do 22° DPN até o 60° DPN, foram realizados os protocolos de
exercicio (aerdbico ou acrobatico) e foram definidos entdo seis grupos experimentais:
grupo controle ndo exercitado (CT), grupo controle submetido a treinamento em
esteira (CTT), grupo controle submetido a treinamento acrobatico (CTA), grupo HIE
nao exercitado (HIE), grupo HIE submetido ao treinamento em esteira (HIET) e grupo
HIE submetido ao treinamento acrobatico (HIEA). Apés o fim do treinamento, a funcéo
motora geral dos animais foi avaliada através dos testes: Campo aberto, Escada
horizontal e Rotarod. Também foram avaliados a capacidade de utilizacdo, a
preferéncia e a forca dos membros anteriores dos animais através do Pasta Matrix
Reaching Task (PMRT). Apés a realizacdo dos testes comportamentais, 0s animais
foram eutanasiados e os encéfalos, fragmentos da medula espinal, nervo isquiatico e
musculo plantar foram coletados para analise morfolégica. Também foi realizada a
técnica de imunohistoquimica com marcacao das proteinas sinaptofisina (SYP), NeuN
e proteina glial fibrilar acida (GFAP) no cortex motor primario. Nossos principais
resultados mostraram que a HIE causou atrofia cerebral, déficits de aprendizado,
comprometimento na locomoc¢éo observado no teste da escada horizontal e menor

utilizacao/preferéncia do membro afetado pela lesdo demonstrado pelo teste PMRT.
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Em relacdo a plasticidade celular, foi possivel observar um aumento no numero de
astrocitos e da proteina SYP no cortex motor nos ratos HIE no lado ipsilateral a leséo.
N&o encontramos alteracbes morfolégicas no coOrtex sensoriomotor, no nhervo
isquiatico, na medula espinal, nas jun¢des neuromusculares e no musculo esquelético
dos animais submetidos ao modelo de HIE neonatal, tampouco efeitos do exercicio
fisico sobre esses parametros. Contudo, um efeito benéfico do treinamento acrobético
foi evidenciado nos animais HIE, demonstrado pela melhora na locomocéao avaliada
no teste da Escada horizontal e uma diminuicdo da atrofia cerebral. Esses resultados
mostram evidéncias pré-clinicas de que o exercicio acrobético pode ser uma boa
opcéo terapéutica apds eventos de HIE neonatal, sendo responsavel pela melhora de

aspectos cognitivos e motores.

Palavras chave: asfixia perinatal, lesdo cerebral, treino de aprendizado motor, trato

corticoespinal, neurodesenvolvimento.



ABSTRACT

The neonatal hypoxia-ischemia encephalopathy (HIE) is the major cause of neonatal
mortality and morbidity, contributing to an overall disability, leading to motor
impairment and damage to related structures. The animal models available to mimic
this pathology show contradictory results, especially related to motor function, making
it difficult to transition the results to humans. Similarly, preclinical studies that evaluate
the benefits of exercise protocols that are already used in the clinic as a form of
treatment for this pathology are still scarce. In this context, the aim of this study was
to evaluate the effects of different physical exercise protocols (aerobic and acrobatic)
on motor function, sensorimotor cortex, corticospinal tract, spinal cord, neuromuscular
junctions and skeletal muscle in male Wistar rats submitted to a hypoxic-ischemic
event in the neonatal period. The experimental protocol started on the 7! postnatal
day (PND) when male Wistar rats were submitted to neonatal HIE according to the
model proposed by Rice-Vannuci. From the 22" PND to the 60" PND, the exercise
protocols (aerobic and acrobatic) were performed and six experimental groups were
defined: control group non-exercised (CT), control group submitted to treadmill training
(CTT), control group submitted to acrobatic training (CTA), HIE group non-exercised
(HIE), HIE group submitted to treadmill training (HIET) and HIE group submitted to
acrobatic training (HIEA). After the end of the training, the general motor function of
the animals was evaluated through the tests: Open field, horizontal ladder and
Rotarod. The utilization, preference, and strength of the animals' forelimbs were also
evaluated through the Matrix Reaching Task (PMRT). After the end of the behavioral
tests, the animals were euthanized and brains, spinal cord, sciatic nerve, and plantar
muscle  fragments were collected for morphological analysis. The
immunohistochemistry technique with the labeling of synaptophysin (SYP), NeuN and
glial fibrillary acidic protein (GFAP) was also performed in the primary motor cortex.
Our main results showed that HIE caused cerebral atrophy, learning deficits,
impairment in locomotion observed in the horizontal ladder test, and lower
use/preference of forelimb affected by the lesion demonstrated by the PMRT test.
Regarding cell plasticity, it was possible to observe an increase in the number of
astrocytes and SYP protein in the motor cortex in HIE rats on the ipsilateral side to the

lesion. We did not find morphological changes in the sensorimotor cortex, sciatic nerve,
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spinal cord, neuromuscular junctions and skeletal muscle of the animals submitted to
the neonatal HIE model, also were not observed physical exercise effects on these
parameters. However, a beneficial effect of acrobatic training was evidenced in the HIE
animals, demonstrated by the improvement in locomotion evaluated in the Horizontal
Ladder test and a decrease in cerebral atrophy. These results show preclinical
evidence that acrobatic exercise may be a good therapeutic option after neonatal HIE

events, and is responsible for the improvement of cognitive and motor aspects.

Keywords: perinatal asphyxia, brain lesion, motor skills learning, corticoespinal tract,

neurodevelopment.
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1. INTRODUCAO
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1.1 Hipoxia-isquemia encefalica neonatal

A hipoxia-isquemia encefalica (HIE) neonatal é uma disfuncdo cerebral
causada por uma reducao no suprimento de oxigénio para o encéfalo e outros 6rgaos
(hipoxia), agravada pelo baixo fluxo sanguineo. Esta disfungéo leva a danos cerebrais
e esta frequentemente associada a deficiéncias no neurodesenvolvimento (GLASS;
FERRIERO, 2007). Considerada a principal causa de mortalidade em criancas, a HIE
€ responsavel por 23% de todas as mortes neonatais em todo o mundo (SCHUMP,
2018). Dados atuais indicam que de um a trés a cada 1.000 nascidos vivos sao
afetados por essa disfuncdo em paises desenvolvidos (HAGBERG et al., 2015).
Grande parte desses recém-nascidos morre no periodo pés-natal (15%-20%) e um
adicional de 25% desenvolvem sequelas neuropsicologicas graves e permanentes
como: desatencdo, deficiéncia visual, disfuncdo perceptiva, disfuncdo executiva,
hiperatividade, epilepsia e presenca de déficits sensério-motores, incluindo atraso nos
marcos do desenvolvimento, problemas na postura, marcha e presenca de
movimentos involuntarios (HOPKINS; HAALAND, 2004; ANDERSON; ARCINIEGAS,
2010; LAI; YANG, 2011; ADHIKARI; RAO, 2017). A literatura relata ainda que
individuos acometidos por lesdes cerebrais hipdxico-isquémicas podem apresentar
comprometimento em tratos neurais, especialmente os responsaveis pelo controle
motor, como o trato corticoespinal (TCE) (LEE et al., 2012).

Em humanos, os eventos hipoxico-isquémicos tém como principais fatores
etiolégicos a prematuridade do neonato, dificuldades de expulséo do feto, sofrimento
fetal, desnutricdo da mae, interrupcdo transitéria do fluxo sanguineo umbilical,
descolamento placentario ou fortes contracbes uterinas que podem ocasionar
insuficiéncia na troca de gases pela placenta (PROCIANQY; SILVEIRA, 2001,
KURINCZUK et al., 2010). Atualmente, o diagnostico precoce da HIE neonatal
depende da observacao dos sintomas e sinais clinicos, utilizando uma combinacéo de
tomografia computadorizada, ressonancia magnética, ultrassonografia e
eletroencefalograma. Porém na maioria dos casos o diagndstico s6 consegue ser
realizado posteriormente, ap6s o0 aparecimento de sintomas mais graves,
normalmente identificados na idade escolar das criangas, dificultando assim o

tratamento devido a progressao dos danos (LV et al., 2015).
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Devido ao alto consumo energético, o encéfalo possui grande sensibilidade a
alteracdes no suprimento de oxigénio, sendo um dos 6rgdos mais susceptiveis a
esses episodios hipoxico-isquémicos. Bebés que sobrevivem ao insulto inicial
causado pela HIE exibem danos cerebrais macroscopicos que podem ser detectados
através de exames de ressonancia magnética. Na literatura ha relatos de diferentes
regidbes anatdmicas afetadas por esse insulto nos individuos acometidos, mas a
maioria dos trabalhos relata comprometimento no coértex cerebral, nacleos da base e
talamo (MILLAR et al., 2017). A area do cortex e nlcleos da base danificados durante
a leséo inicial é diretamente preditiva das deficiéncias de linguagem e motoras
observadas nesses pacientes (BARNETT et al., 2002; STEINMAN et al., 2009;
MARTINEZ-BIARGE et al., 2011;).

As lesdes cerebrais sdo causadas principalmente pela acentuada morte celular
nessas regides encefalicas, que ocorrem devido a uma cascata de eventos. O insulto
hipoxico-isquémico inicial é caracterizado por uma diminuicdo do aporte sanguineo e
este é o fator desencadeante de lesdo neuronal, pois as células se tornam incapazes
de suprir suas demandas metabdlicas (NOVAK et al., 2018). ApGs este evento inicial,
ocorre um periodo de reperfusdo dos tecidos cerebrais, e com isso ha uma
restauracédo transitéria da funcdo metabdlica celular. Este periodo é seguido por uma
diminuicdo do aporte de glicose e uma deficiéncia em fosfatos de alta energia (ATP)
gue resultam em uma leséo secundaria (DISTEFANO; PRATICO, 2010).

Em resposta a essas lesdes celulares, os aminoacidos excitatorios glutamato e
aspartato sao liberados no encéfalo de maneira exacerbada, exercendo um efeito
excitotoxico (BURD et al.,, 2016). O glutamato € considerado o principal
neurotransmissor excitatorio do sistema nervoso central (SNC), sendo responsavel
por 90% das sinapses excitatérias. Em estados ndo patolégicos, ao final da
neurotransmissao 0s astrocitos recaptam esse neurotransmissor da fenda sinaptica,
evitando assim a sua permanéncia no espaco extracelular (HAWKINS et al., 2009).
Devido a falha energética decorrente da HIE, esse processo de recaptagdo fica
prejudicado, podendo causar assim uma hiperativacdo desses receptores
glutamatérgicos (MILLAR et al., 2017). Essa ativacado exacerbada principalmente dos
receptores  N-metil-D-aspartato  (NMDA) e  alfa-amino-3-hidroxi-metil-5-4-
isoxazolpropibnico  (AMPA) encontrados em neurbnios e precursores

oligodendrogliais resultam no acumulo de calcio intracelular, causando morte celular
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e ativacdo microglial com a consequente liberacdo de fatores prejudiciais para as
células neurais vizinhas (GALLUZI et al., 2009). A insuficiéncia mitocondrial e a
liberacdo de proteinas pro-apoptéticas resultam também em apoptose das células
nervosas. Ocorre ainda a geracado de espécies reativas de oxigénio prejudicando
ainda mais a estrutura e funcao celular, agravando os danos neuronais (HALLIWELL,
1992). Por dultimo, ocorre inflamacdo induzida pela ativacdo da microglia e dos
macrofagos com a consequente producéo e liberacédo de citocinas pro-inflamatérias,
guimiocinas, proteases, fatores do complemento, aminoacidos excitotdxicos, espécies
reativas de oxigénio e 6xido nitrico contribuindo ainda mais para o agravo da lesédo
cerebral secundaria (EKLIND et al., 2001; NOVAK et al., 2018) (Figura 1).

Hipdxia-isquemia

Infecgao/ Lesao cerebral
Inflamagao perinatal

<= Prematuridade

Macrofago ativado Citocinas
Neurdnio
Quimiocinas G) @
ré-sina
Proteases 5 = gl aamn
Complemento| A
ROS Neurdnio
6s-sindptico
Disfungdo 3 "
mitocondrial
Apoptose
\_ Estresse oxidativo W

"V

@ Macréfa go| ' 7 4 2 Barreira

Figura 1. Principais mecanismos envolvidos na patogénese da HIE. A figura mostra as
principais vias envolvidas na lesdo cerebral perinatal marcadas pela excitotoxicidade
glutamatérgica, geracdo de espécies reativas de oxigénio e inflamacao (Adaptado de NOVAK
et al., 2018).
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Os principais mecanismos envolvidos na patogénese da HIE s&o responsaveis
em conjunto pelo extenso dano ao tecido nervoso observado, sendo determinante
para o comprometimento funcional encontrado nos individuos acometidos por esse

tipo de leséo.

1.20 modelo de Rice-Vannucci

Para entender com mais detalhes os mecanismos envolvidos na patologia da
HIE e estudar possiveis terapias, varios modelos animais sdo utilizados para
mimetizar essa condi¢cdo. Destaca-se neste campo o modelo proposto por Rice e
colegas (1981) comumente referido como modelo de Rice-Vannucci. O modelo Rice-
Vannucci € amplamente utilizado experimentalmente pois reproduz a lesdo no
hipocampo, estriado e cortex cerebral encontrada nos recém-nascidos humanos, no
hemisfério ipsilateral & ocluséo arterial (PEREIRA et al., 2007). Este modelo consiste
na oclusdo unilateral da artéria carétida comum dos animais, podendo ser realizada
do lado esquerdo ou direito dependendo do estudo, seguido de recuperacdo com as
maes por aproximadamente 1h. Posteriormente, oS animais sd0 expostos a um
ambiente hipoxico com 8% oxigénio por periodos que variam de 1 a 3 horas (MIILLAR
et al., 2017). Uma representacdo esquematica deste modelo é apresentada na Figura
2.

Isquemia unilateral

¢ Oclusdo permanente da artéria &
carétida comum esquerda

Exposicdodurante
90 min a uma
atmosferacom 92%
N, e8% O,

Figura 2. Representacédo esquematica do modelo de Rice-Vannucci para realizacao da
hipoxia-isquemia encefalica neonatal em roedores.
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Considerando que o encéfalo dos ratos aos sete dias de vida é
histologicamente similar ao de criangas recém-nascidas a termo, este modelo permite
gue as alteracbes morfologicas, bioquimicas e cognitivas encontradas nos humanos
sejam reproduzidas de maneira fidedigna (SANDERS et al.,, 2005, ARTENI et al.,
2003; IKEDA et al., 2008). Da mesma forma que em humanos, a lesédo por HIE
ocasiona diversos prejuizos funcionais, bioquimicos e morfolégicos aos animais
afetados. Diversos estudos demonstram déficits cognitivos, principalmente
relacionados a memoria de animais HIE em diferentes tarefas comportamentais como
o teste do labirinto aquético de Morris (IKEDA et al., 2001; PEREIRA et al., 2007, 2008;
TATA et al.,, 2015; CARLETTI et al., 2016), o teste de reconhecimento de objetos
(ROJAS et al.,, 2013; MARCELINO et al., 2016), a tarefa de esquiva inibitoria
(CARLETTI et al., 2012; ROJAS et al., 2013; SANCHES et al., 2013) e o teste do Ox-
maze (ROJAS et al., 2015). Alguns estudos também identificaram hiperatividade e
déficit de atencao neste modelo (MIGUEL et al., 2015, 2017; DENIZ et al., 2018).
Esses resultados demonstram que o comprometimento cognitivo nos animais HIE esta
muito bem estabelecido.

Entretanto, quando investigamos os achados relacionados a funcdo motora
causados por esse modelo, os resultados sédo conflitantes. Uma série de estudos ndo
identificou comprometimento motor nos animais HIE. Rojas e colegas (2013) nao
encontraram diferencas entre os grupos HIE e controle no teste do rotarod. Miguel et
al. (2015) e Arteaga et al. (2017) utilizando o teste de campo aberto e Schuch et al.
(2016a) utilizando o teste do cilindro, também néo identificaram disfun¢cdo motora nos
animais HIE. Contudo, outros estudos demostraram que o déficit motor € evidente
neste modelo. Utilizando o teste rotarod, Griva et al. (2017) e Dai et al. (2017)
encontraram déficit de equilibrio em animais HIE. O comprometimento motor também
foi demonstrado nos testes do cilindro e no teste de caminhada em escada horizontal
em um estudo realizado por Duran-Carabali et al. (2017). Pak et al. (2018)
evidenciaram disfuncdo sensorio-motora, mesmo apos semanas de indugédo da HIE,
utilizando vérias tarefas motoras como: o teste de campo aberto, teste de cilindro,
rotarod e avaliacdo da marcha pelo aparato conhecido como Catwalk. Provavelmente
esses achados contraditorios em relacdo a funcdo motora sdo encontrados na
literatura pois a HIE né&o resulta em uma lesdo cerebral uniforme, ela causa danos

variaveis a diferentes estruturas cerebrais, depende da gravidade e duragdo do
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insulto, bem como do estagio de desenvolvimento do encéfalo quando este evento
ocorre.

Uma das regibes mais afetadas pelo modelo de HIE neonatal e por
consequéncia uma das regides mais estudadas €é o hipocampo. Esse
comprometimento hipocampal é extensivamente demonstrado na literatura através de
dados de atrofia e diminuicdo do numero de células dessa regido, e corrobora com 0s
desfechos desfavoraveis encontrados em relacdo a déficits cognitivos,
especificamente nos processos relacionados a memoria (SOUZA et al.,, 2014,
DOMNICK et al., 2015; ROJAS et al., 2015; CARLETTI et al. 2016; DIAZ et al., 2016;
GRIVA et al., 2017; ODORCYK et al., 2018; CHAVEZ VALDEZ et al., 2018).

Buscando entender com mais detalhes os mecanismos pelos quais esses
danos celulares ocorrem nessas determinadas regifes, marcadores celulares
especificos podem ser utilizados experimentalmente. Um marcador muito utilizado
para a marcagdo e analise de neurdnios em quase todo o sistema nervoso dos
vertebrados é a proteina NeuN. Essa proteina € expressa de forma estavel durante
estagios especificos do desenvolvimento, e encontra-se nos nucleos e no citoplasma
perinuclear da maioria dos neurdnios do SNC dos mamiferos, portanto, é considerada
um marcador confiavel de neurénios maduros (DUAN et al., 2016). Em estudos
experimentais com o modelo de HIE em ratos, ja foi possivel observar diminuicédo
dessa proteina nos animais afetados, indicando assim uma diminui¢cdo no nimero de
neurénios nesses animais (DEMAREST et al., 2016; KIM, et al., 2017).

Outro tipo celular que sofre alteracdes nos eventos hipdxico-isquémicos sdo o0s
astrocitos. No SNC, os astrécitos sdo o tipo celular predominante e eles
desempenham func¢des vitais, incluindo a formacdo e manutencdo da barreira
hematoencefélica, atuam na sinaptogénese, na neurotransmissdo e na regulacao
metabdlica (MOLOFSKY, et al., 2015). Para identificar alteragbes nesse tipo celular,
diversas proteinas podem ser empregadas como a S-10083, a metaloproteinase de
matriz (MMP) e a proteina glial fibrilar acida (GFAP). A GFAP é considerada um dos
melhores marcadores para a ativacao de astrocitos apds lesdo ou estresse no SNC
(ZHANG et al., 2017). Ela € uma proteina do filamento intermediario do citoesqueleto
dos astrocitos e indica o estado fisiologico e patologico dos mesmos. Estudos recentes
mostraram que a GFAP sérica indica danos cerebrais isquémicos em recém-nascidos

(FLORIO et al., 2010). Mudancas nas concentra¢des séricas de GFAP podem indicar
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alteracdes nos astrocitos no tecido cerebral, mas também j& foram identificados danos
a barreira hematoencefélica no encéfalo de animais HIE através da utilizacdo desse
marcador (DIAZ et al., 2016). Os astrocitos, classicamente eram considerados apenas
como células de suporte para 0os neurdnios, mas estdo emergindo como elementos
cruciais na fisiologia cerebral sendo responsaveis por regular a atividade neuronal, a
transmisséo e a plasticidade sinaptica (PEREZ-ALVAREZ; ARAQUE, 2013).

A plasticidade do SNC também ¢é afetada pela HIE. A neuroplasticidade refere-
se a capacidade bioldgica inerentemente dindmica do SNC de sofrer maturacao,
mudar estrutural e funcionalmente em resposta a variadas experiéncias ou adaptar-
se apos algum tipo de leséo. Essas adaptacdes sao alcancadas pela modulacéo de
subconjuntos de mecanismos genéticos, moleculares e celulares e influenciam na
dindmica das conexdes sinapticas, podendo levar a formacdo de novos circuitos
neurais, culminando em ganho ou perda de comportamento ou funcéo (ISMAIL et al.,
2017). Entre esses acontecimentos que podem indicar plasticidade encefalica, e por
consequéncia sao utilizados experimentalmente para mapear esse tipo de evento,
pode-se citar: a neurogénese, a apoptose, a sinaptogénese, a poda sinaptica, a
mudanca no padrdo de ativacdo de regibes encefalicas, aumento na ramificacdo
dendritica, e mudancas relacionadas a células gliais (HARA, 2015; LIU et al., 2017).

Embora o encéfalo imaturo seja mais suscetivel a estimulos externos
comparado ao individuo adulto, um evento hipoxico-isquémico para o neonato
interrompe a modelagem das vias motoras centrais e pode afetar a plasticidade
normal do desenvolvimento, alterando assim a neurotransmissdo, a sinalizacao
celular, a funcdo e a conectividade neural (ROCHA-FERREIRA; HRISTOVA, 2016).
Para avaliar as possiveis alteracdes na plasticidade do tecido nervoso apds um evento
lesivo uma proteina muito empregada € a sinaptofisina (SYP). A SYP é uma
glicoproteina transmembrana encontrada em pequenas vesiculas pré-sinapticas das
células nervosas. Dados da literatura sugerem que a SYP € um importante marcador
sinptico, que permite obter dados confidveis sobre a organizacdo morfologica das
estruturas sinapticas no SNC (KOLOS et al., 2015). Uma reducéo significativa da
expressdo dessa proteina no hipocampo dorsal do hemisfério ipsilateral a leséo,
induzida pelo modelo de Rice-Vannuci, ja foi identificada em ratos e esse efeito indica
perda sindptica nesses animais, que pode resultar em déficits funcionais (GRIVA et
al., 2017).
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De acordo com o0 exposto € possivel perceber que o dano morfologico,
caracterizado pela atrofia cerebral e alteracdes celulares no encéfalo de animais
submetidos a encefalopatia hipéxico-isquémica neonatal esta bem estabelecido,
especialmente em areas relacionadas a memoria e cogni¢cdo. Entretanto, quando
buscamos resultados em relagcéo a areas motoras, e especificamente a funcao motora
dos animais submetidos a esse modelo de HIE, a literatura € escassa e nao existe
consenso. Até o momento, poucos estudos focaram na avaliagdo de estruturas
cerebrais como o cortex motor, e ha também escassez de avaliacdes de estruturas
periféricas, como por exemplo nervos e musculos, estruturas efetoras essenciais para
o desenvolvimento do movimento.

Mesmo que nenhuma expressiva vulnerabilidade tenha sido identificada
nessas areas motoras, como exposto anteriormente, uma atrofia cerebral geral ja
bem estabelecida na literatura e foi relatada no modelo de HIE em regiGes como cortex
cerebral, corpo caloso e estriado (PEREIRA et al., 2007, 2008; MIGUEL et al., 2015;
SCHUCH et al., 2016a; CARLETTI et al., 2016). Do mesmo modo, déficits na funcéo
da medula espinal e reducéo na area de fibras musculares também ja foram relatados
em alguns estudos (BELLOT et al., 2014; DURAN-CARABALI et al., 2017).

Devido a essa diversidade de sequelas que eventos hipdxico-isquémicos
podem causar e as opc¢Oes terapéuticas limitadas, conhecer e entender os efeitos e
mecanismos envolvidos em possiveis tratamentos que possam aliviar os sintomas,
melhorar a capacidade funcional e a qualidade de vida dos individuos que sofreram a
HIE neonatal € de suma importdncia (ANDERSON; ARCINIEGAS, 2010; VAN
VELTHOVEN et al., 2010). Criancas que apresentam comprometimentos motores e
cognitivos severos causam ainda grande carga mental e econdmica para a familia e
para a sociedade. Apesar de varios estudos relacionados ao tema, a lesédo cerebral
neonatal permanece ainda como uma condicdo devastadora, com desfechos
desfavoraveis nos pacientes acometidos. Nesse contexto, op¢Oes terapéuticas nao
farmacoldgicas sdo amplamente estudadas em diferentes patologias mimetizadas em
modelos animais e mostram resultados satisfatorios. Entre essas modalidades

terapéuticas podemos citar o enriquecimento ambiental e o exercicio fisico.
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1.3 O exercicio fisico como opcdao terapéutica

A literatura mostra uma relacdo direta da préatica de exercicios fisicos com uma
melhora estrutural e funcional do sistema neuromuscular, sendo responsaveis por
reduzir o estresse oxidativo e aumentar a recuperacdo do encéfalo e do sistema
muscular (COELHO et al., 2013; CHANG et al., 2014). Assim, o exercicio fisico tem
sido utilizado como uma das opc¢des terapéuticas frente a doengas que acometem o
sistema nervoso. O efeito benéfico do exercicio fisico ja foi demonstrado frente a
diferentes patologias como a epilepsia (GOMES et al., 2014), a paralisia cerebral (KIM
et al., 2014), a isquemia cerebral global (LOVATEL et al., 2014), o traumatismo cranio-
encefélico (JACOTTE-SIMANCAS et al, 2014), a hemorragia intracerebral
(TAMAKOSHI et al., 2014) e também apoés lesdo medular (AHMED; WIERASZKO,
2011).

Diferentes modalidades de exercicios fisicos sdo adaptadas para roedores, de
acordo com o objetivo proposto por cada estudo. Alguns exemplos sdo mostrados na
Figura 3. Entre os protocolos mais utilizados estdo: os exercicios aerébicos, como as
rodas de corrida voluntaria, nado for¢cado e corrida em esteira (LOVATEL et al., 2014;
LLORENS-MARTIN etal., 2016; MIFLIN et al., 2018; MEGA et al., 2018): 0s exercicios
anaeroébicos, também chamados de forca ou resistidos, que agregam uma carga ao
exercicio (GOMES et al., 2014; MIRON et al., 2018); os ambientes enriquecidos que
podem integrar diferentes atividades como o exercicio voluntario, a interacao social e
estimulos sensoriais (PEREIRA et al., 2008; DIAZ et al., 2012; ROJAS et al., 2013;
SOARES et al.,, 2015) e os exercicios acrobaticos, que envolvem circuitos de
treinamento que incentivam prioritariamente o aprendizado motor e o equilibrio
(JONES et al., 1999; AHMED; WIERASKO, 2011; SAMPAIO-BAPTISTA et al., 2013).
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Figura 3. Diferentes tipos de exercicios utilizados em modelos animais. (A) Corrida em esteira.
(B) Roda de livre acesso. (C) Treino de levantamento de peso do membro posterior. (D) Roda
de corrida com contagem de voltas. (E) Nado for¢cado. (F) Escada horizontal com peso
acoplado a cauda. (G) Enriquecimento ambiental. (H) Alguns obstaculos utilizados no
treinamento acrobatico, como rampas, escadas, cordas e gangorras. (Adaptado de
DOBROSSY; DUNNETT, 2001; SEO, et al., 2014).

A pratica de exercicios em esteira € um dos protocolos mais utilizados em
pesquisas que utilizam roedores como modelo experimental. Este protocolo de
exercicio se baseia na corrida em uma esteira similar a utilizada em academias, que
€ adaptada no laboratorio para a utilizacdo pelos animais. A velocidade e o tempo da
corrida sado determinados pelo pesquisador e podem ser adaptados de acordo com o
objetivo do estudo (CECHETTI et al., 2007; SIM, 2014). Em estudos utilizando animais
submetidos a HIE que realizaram exercicio fisico em esteira, 0s resultados mostram
efeitos benéficos como reducdo da morte neuronal no hipocampo, substancia negra e
nacleo estriado, preservacao da funcdo sensorio-motora e melhoria da capacidade de

aprendizado espacial (CHOI et al., 2013; PARK et al., 2013). J& foi demonstrado ainda
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que os exercicios aerdbicos sdo capazes de promover angiogénese podendo auxiliar
entdo na recuperacao de eventos isquémicos (HEO et al., 2014).

Uma modalidade menos estudada experimentalmente até o momento, porém
muito promissora Sa80 0S exercicios acrobaticos, também chamados de treino de
aprendizado motor. Esta modalidade de treinamento é formada por uma sequéncia de
tarefas que estimulam a coordenacdo motora, o equilibrio e a capacidade de
resolucdo de problemas (BLACK et al., 1990). O exercicio acrobatico € uma
modalidade interessante, especialmente na reabilitacdo motora em criancas, porque
este tipo de exercicio envolve tarefas que estimulam novas aprendizagens, desafios
e jogos e que podem ser facilmente adaptados na clinica (SIDAWAY et al., 2012).
Para alcancar essas novas habilidades motoras utilizadas para realizar o treinamento
acrobético, é necessario um refinamento do movimento e dois circuitos cerebrais
parecem estar envolvidos nesse processo: 0 cortico-cerebelo-tdlamo-cortical e
cortico-estriado-talamo-cortical (GONZALEZ-BURGOS, 2015; SALAME et al., 2016).
Ja foi mostrado que esse tipo de atividade promove a formacao e estabilizacdo de
novas sinapses na regiao do cortex motor primario (M1) e, portanto, o surgimento de
novos padrdes motores (BOSTAN et al., 2013; GONZALEZ-TAPIA et al., 2016). Ja foi
demonstrado ainda que este tipo de exercicio € responsavel por promover
sinaptogénese, plasticidade estrutural e alteracdes gliais, especialmente no cortex
motor (JONES et al., 1999; KLEIM et al., 2004, 2007; GARCIA et al., 2012; SAMPAIO-
BAPTISTA et al., 2013; KIDA et al. 2016). Além disso, o cortex pré-frontal responsavel
pela retificagdo de informacgBes relacionadas a execucdo motora; favorece o
aprendizado motor e também é recrutado nessa atividade (HONDA et al., 1998;
GRAFTON et al., 2002; GONZALEZ-TAPIA et al., 2016).

Em estudo recente publicado por Garcia et al. (2012) o efeito dos exercicios
aerobicos e acrobaticos foram comparados em ratos controle e mostraram resultados
intrigantes. Foi possivel observar que areas diferentes do encéfalo sdo ativadas e
modificadas dependendo do tipo de exercicio que é executado pelos animais. Os
exercicios acrobéticos foram responsaveis por induzir alteracbes na expressao de
proteinas sinapticas e estruturais, principalmente no cortex motor e estriado, o que
pode estar relacionado com a aprendizagem de tarefas motoras complexas. Ja o
exercicio em esteira promoveu mudancas especialmente no cerebelo, relacionado

assim a tarefas aprendidas e automaticas.
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Em geral, a maioria dos estudos que utilizam exercicio fisico como
tratamento/terapia focaliza a atengcdo em exercicios aerébicos. Os poucos estudos
envolvendo o exercicio em animais ap6s um evento lesivo por HIE, utilizaram o
protocolo de esteira como terapia e observaram melhora da aprendizagem espacial,
preservacdo da funcdo sensoério-motora inibicdo da apoptose no hipocampo,
neurogénese e estimulacdo da oligodendrogénese, mostrando assim um impacto
positivo do exercicio fisico apds esse tipo de evento (PARK et al., 2013; CHOI et al.,
2013; KIM et al., 2017; PAK et al., 2018). Em relac&o ao exercicio acrobatico, mesmo
ele sendo considerado uma modalidade encorajadora, especialmente na reabilitacao
motora em criangas, ao nosso conhecimento ndo ha relatos na literatura sobre o uso
desse tipo de exercicio como uma proposta de tratamento apds um evento hipoxico-
isquémico. Cabe ainda ressaltar que uma lacuna adicional nos estudos com HIE
neonatal é o fato de que a funcdo motora e o dano tecidual a estruturas relacionadas
a esta funcédo em roedores é expressivamente diferente dos casos HIE em humanos.
Porém, até o momento, ndo existem subsidios tedricos para compreender tais

resultados.

1.4 A via corticoespinal, juncdes neuromusculares, musculo e fungédo motora

Os humanos possuem um sistema complexo de vias ascendentes e
descendentes que permitem a comunicagao entre o encéfalo e o restante do corpo.
Essas vias sdo chamadas de tratos do SNC (JAVED,; LUI, 2018). O TCE é a principal
via neuronal que fornece a funcdo motora voluntaria, permitindo especificamente o
movimento das extremidades distais. Este trato origina-se principalmente dos cortices
frontoparietais, incluindo o M1, a area motora secundéria e o cOrtex somatossensorial
e a medida que percorre o tronco encefalico, a maioria de suas fibras decussa para o
lado contralateral (NATALI; BORDONI, 2018).

Em roedores, esse trato também forma um circuito cruzado responséavel pelo
controle dos movimentos voluntarios dos quatro membros e é composto inicialmente
por neurdnios piramidais que se originam da camada V do cortex motor, projetando-
se principalmente para o lado contralateral da medula espinal conectando-se entédo a
neurdnios motores através de uma via multissinaptica (Figura 4) (VAN VELTHOVEN
et al.,, 2010; CARMEL; MARTIN, 2014; WELNIARZ et al., 2015). Os primeiros
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neurbnios motores superiores compdem as fibras nervosas responsaveis pela

comunicagao entre o encéfalo e a medula espinal (JAVED,; LUI, 2018).

A

Camada cortical V

Tronco
cerebral

B Esquerdo Direito

TCE cruza
(80 - 85%)

//
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(15 - 20%)

Esquerdo Direito

Figura 4. O trato corticoespinal em roedores. (A) Visédo sagital do SNC e do TCE. (B) Vista
coronal da trajetéria do TCE. TCE: trato corticoespinal; IN: interneurdnios; MN:
motoneurénios. (Adaptado de WELNIARZ et al., 2015).
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A regido M1, considerado o inicio do TCE, desempenha um papel fundamental
no controle motor volitivo e na aprendizagem de habilidades motoras. Os neurdnios
dessa regido estdo organizados em seis camadas de diferentes populacbes
neuronais, sendo cerca de 80% neurdnios glutamatérgicos excitatorios e 20%
interneurdnios (LEV; WHITE, 1997). Além do glutamato, considerado o principal
neurotransmissor da regidao M1, diversos neuromoduladores participam do controle
dessa regidao encefélica, destacando-se a acetilcolina e as monoaminas, como a
dopamina. A dopamina cortical € principalmente fornecida pelos neurénios que se
projetam da area tegmental ventral (VTA) para o cortex. A via mesocortical do VTA
para o cortex pré-frontal tem sido bem estudada, especialmente no contexto do
processamento cognitivo, porém evidéncias crescentes apontam para uma
modulacao direta do controle motor através dessa inervacdo dopaminérgica na regiao
do cértex motor (VITRAC; BENOIT- MARAND, 2017). Os neurbnios da regido dessa
regido estdo agrupados em grupos funcionais e atuam em uma rede interconectada
altamente especifica que processa e transfere as informacdes aferentes para
estruturas corticais e subcorticais, como o estriado e a medula espinal e (Figura 5)
(VITRAC; BENOIT- MARAND, 2017).

v p IN
Vv p IN
Medula
espinal
4 g IN 3

Figura 5. Representacao classica das redes motoras cortico-subcorticais e intracorticais em
roedores. IN: interneurénios; NP: neurdnios piramidais; M1: cértex motor primario (Adaptado
de VITRAC; BENOIT-MARAND, 2017).

A medula espinal € considerada a estrutura responsavel pela comunicacao

entre o encéfalo e o sistema nervoso periférico, sendo considerada um centro para
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circuitos neuronais que integram e coordenam fung¢des sensoriais, autonomicas e
motoras complexas (ELMONEM et al. 2007). Essa estrutura fica alojada dentro da
coluna vertebral, cercada pelas meninges. E anatomicamente alongada, composta por
substancia cinzenta central e externamente por substancia branca. A substancia
cinzenta da medula espinal € uma estrutura em forma de H, observada em secéo
transversal, como duas metades simétricas conectadas por uma ponte estreita ou
comissura através da qual € possivel observar o canal central. A proporcdo de
substancia cinzenta em relacdo a substancia branca varia acentuadamente nos
diferentes niveis da medula espinal, sendo nos niveis toracicos menor do que nos
alargamentos cervicais e lombossacrais (BICAN et al., 2013). Histologicamente, a
medula espinal pode ser ainda dividida em segmentos, chamados de camadas ou
laminas. As laminas | — VI constituem o corno dorsal (posterior) e as laminas VII — IX

o corno ventral (anterior) (Figura 6).
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Figura 6. Organizagdo segmentar da medula espinal. A lamina IX contém os varios
reservatorios de motoneurdnios (nlcleos) cujos ax6nios, juntamente com 0s neurdnios pré-
ganglionares simpaticos localizados no nacleo intermediolateral (IML), saem através de raizes
ventrais (Adaptado de HOCHMAN et al., 2007).

Os motoneurdnios s&o encontrados em colunas longitudinais na lamina I1X e
enviam axOnios para fora da raiz ventral para inervar as fibras musculares
esqueléticas através das juncdes neuromusculares (JNMs). O SNC, em ultima
instancia, depende da integracao sinaptica no nivel do motoneurénio para produzir as
contracdes musculares apropriadas, de modo que os motoneurdnios sdo chamados

de "caminho final comum" para o processamento motor (HOCHMAN, et al., 2007).
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As JNMs por sua vez representam uma subclasse importante de sinapses no
sistema nervoso dos mamiferos e desempenham um papel fundamental na
transferéncia de informacdes desses neurdnios motores inferiores para o musculo
esquelético através de nervos motores mielinizados (JONES et al., 2017). Os ax6nios
que controlam essas células musculares esqueléticas surgem entdo dos corpos
celulares localizados centralmente dos neurdnios motores na regido cortical e viajam,
geralmente ndo ramificados, até os musculos-alvo (SLATER, 2017). A medida que
cada axénio motor mielinizado atinge seu musculo alvo, ele se divide abundantemente
em 20 a 100 fibras terminais ndo mielinizadas, cada uma das quais sendo responsavel
por inervar uma Unica fibra muscular. A combinacgéo das fibras terminais de um axdnio
motor e as fibras musculares que eles servem é chamada de unidade motora. As fibras
terminais das JNMs sdo muito finas (0,1 um) e formam numerosas varicosidades
(“botdes”), geralmente de 1 a 5 ym de didmetro, a partir das quais o transmissor é
liberado, nessa regido também sdo encontrados canais de potassio (K*) e sddio (Na*),
que irdo controlar a duragcéo e a amplitude do potencial de acéo (Figura 7B) (HIRSCH,
2007; SLATER, 2017).

A) Medula espinal Unidade

motora 2
< "™ Unidade
. motora 1

/*Motoneurc")nio

Corpo celular dos
motoneurdnios

Reticulo

Musculo /; % Fibras
\ j % @ musculares
Kl 4

Figura 7. Estrutura das fibras musculares e jun¢des neuromusculares. A) Caminho percorrido
pelos motoneurénios da medula até o musculo, formando a jung&do neuromuscular. B) Juncéo
neuromuscular em detalhe. ACh: acetilcolina. (Adaptado de © Pearson Education, Inc, 2009
e 2012).

Os musculos também desempenham um importante papel na funcdo motora,

uma vez que séo responsaveis pela execu¢do do movimento e possuem uma conexao
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com a medula espinal por meio dos nervos periféricos (WOLFE, 2006). A musculatura
esquelética é um dos tecidos mais dindmicos e plasticos do corpo e contribui
significativamente para multiplas funcdes. Do ponto de vista mecanico, a principal
funcdo do musculo esquelético € converter energia quimica em energia mecanica para
gerar for¢ca e poténcia, mantendo a postura e produzindo movimento. Do ponto de
vista metabdlico, os papéis do musculo esquelético incluem uma contribuicdo para o
metabolismo energético basal, producédo de calor para a manutencao da temperatura
e 0 consumo da maioria do oxigénio e combustivel usado durante a atividade fisica
ou exercicio (WOLFE, 2006).

A arquitetura do masculo esquelético é caracterizada por um arranjo de fibras
musculares muito particular associado a tecido conjuntivo. As fibras musculares sao
multinucleadas e pos-mitéticas (Figura 7A). Sdo encontradas associadas as fibras
musculares, as células satélites, que sao células-tronco adultas presentes no musculo
esquelético. Essas células estdo localizadas entre o sarcolema e a lamina basal e
contribuem para o crescimento, reparo e regeneracdo muscular (FRONTERA et al.,
2015; CHAPMAN et al., 2016). As fibras musculares podem ainda ser classificadas de
acordo com o tipo, seguindo alguns critérios como: cor das fibras musculares;
propriedades contrateis das unidades motoras em resposta a estimulacao elétrica,
grau de fatigabilidade, predominio de certas vias metabdlicas ou enzimaticas, reacéo
histoquimica enzimatica, manipulacdo de calcio pelo reticulo sarcoplasmatico,
expressdo de isoforma proteica, dentre outros. A classificagdo mais utilizada
atualmente para os musculos adultos inclui trés tipos de fibras: tipo | (lenta, oxidativa
e resistente a fadiga), IIA (r4pida, oxidativa e com propriedades metabdlicas
intermediéarias) e lIx (mais rapida, glicolitica e fatigavel) (SCHIAFFINO, REGGIANI,
2001; FRONTERA et al., 2015). Esse padréo dos tipos de fibras musculares pode ser
influenciado por fatores externos ao musculo, como niveis hormonais e padréo de
atividade dos nervos periféricos, sendo entdo importante seu conhecimento frente a
patologias ou diferentes intensidades de exercicio.

O conhecimento do TCE é de extrema importancia em muitos cenarios clinicos.
A preservacéo e/ou recuperacao desse trato sdo necessarias para a funcado motora
gue pode ser prejudicada apos uma lesao cerebral, sendo que mudancas em padroes
morfolégicos em quaisquer destas estruturas podem influenciar diretamente na

resposta funcional e no desempenho motor dos individuos afetados.
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2 JUSTIFICATIVA E HIPOTESE

29



JUSTIFICATIVA

Considerando que:

1) A hipdéxia-isquemia encefalica € um evento lesivo para o sistema nervoso que leva

a déficits estruturais e funcionais;

2) Pouco se sabe sobre as alterac6es morfolégicas no trato corticoespinal, medula

espinal, jungdes neuromusculares e musculo esquelético apos a HIE;

3) Existe relacdo direta da pratica de exercicios fisicos com a melhora de sintomas

frente a diferentes patologias do sistema nervoso;
4) A literatura mostra somente os efeitos do exercicio fisico em esteira frente a HIE;

5) Estudos experimentais mostram resultados mais satisfatorios dos exercicios

acrobaticos em relagcédo a aprendizagem de tarefas mais complexas;

6) Nao séo conhecidos os efeitos dos exercicios acrobaticos em filhotes submetidos
a hipdxia-isquemia encefalica, torna-se importante conhecer os efeitos dos exercicios
acrobéticos frente a hipdéxia-isquemia neonatal, uma vez que esse tipo de terapia pode
ser adaptada a pratica clinica para melhoria da qualidade de vida em criancas que

sofreram este evento lesivo.

HIPOTESE

A hipotese do presente trabalho € que a HIE neonatal causara prejuizos motores e
afetara as estruturas investigadas. Acreditamos também que o exercicio fisico trara

beneficios, sendo o exercicio acrobatico o mais eficaz para reverter os déficits.
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3.1 Objetivo geral

O objetivo deste estudo foi avaliar os efeitos de diferentes protocolos de exercicio
fisico (aerdbico e acrobatico) sobre a funcédo motora, o cortex sensoriomotor, medula
espinal, nervo isquiético, jun¢cdes neuromusculares e musculo esquelético em ratos
Wistar machos submetidos a um evento hipoxico-isquémico encefalico no periodo

neonatal.

3.2 Objetivos especificos

Investigar os efeitos de diferentes protocolos de exercicio fisico (aerébico e
acrobéatico) em ratos Wistar machos submetidos a hipdxia-isquemia encefalica

neonatal avaliando:

e Alocomocéao e o comportamento exploratério através do teste do campo aberto
e a coordenacdao e o equilibrio através do teste rotarod;

e A capacidade motora através da caminhada em escada horizontal e, mais
especificamente, a motricidade dos membros anteriores através do teste Pasta
Matrix Reaching Task;

¢ O volume da lesdo encefalica através de avaliacdo macroscopica,

¢ A densidade neuronal de neurdnios no cértex sensoriomotor;

e A quantificacdo e mensuracao dos motoneuronios da medula espinal na regiéo
(L4-L5);

¢ A morfometria das juncdes neuromusculares, nervo isquiatico e das fibras
musculares do musculo plantar;

e A condicdo celular tecidual de neurbnios e células da glia e parametros de

plasticidade no cortex motor primario através de marcadores celulares.
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4 RESULTADOS

33



4.1 ARTIGO |

A primeira parte dos resultados foi publicada no periodico Brain Research, sob a forma
de um artigo intitulado: “Neonatal hypoxia-ischemia caused mild motor
dysfunction, recovered by acrobatic training, without affecting morphological

structures involved in motor control in rats”. O referido artigo segue-se abaixo.
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HIGHLIGHTS

® Exercise was able to reverse the hyperactivity after the neonatal hypoxia-ischemia.

® The acrobatic training decreased brain atrophy caused by neonatal hypoxia-ischemia.
® The acrobatic exercise caused locomotion improvement after the hypoxia-ischemia.

® Neonatal hypoxia-ischemia did not impact on morphology in motor control structures.

ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to evaluated motor function and morphological aspects of the components involved in
Perinatal asphyxia motor control (sensorimotor cortex, spinal cord, sciatic nerve, neuromuscular junctions and skeletal muscle) in
Motor skills training male Wistar rats exposed to a model of neonatal hypoxic-ischemic encephalopathy (HIE) and the possible in-
Corticospinal tract fluence of different physical exercise protocols — treadmill and acrobatic. Male Wistar rats at the 7 post-natal
Neurodevelopment

day (PND) were submitted to the HIE model and from the 22" until 60™ PND the exercise protocols (treadmill
or acrobatic training) were running. After the training, the animals were evaluated in Open Field, Ladder Rung
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evidenced that the acrobatic training reversed the hyperactivity and anxiety, caused locomotion improvement
and decreased brain atrophy in HIE animals. We did not find morphological differences on sensorimotor cortex,
spinal cord, sciatic nerve, neuromuscular junctions and skeletal muscle in the animals submitted to HIE model.
These intriguing data support the statement of the Rice-Vannucci model does not seem to reproduce, in struc-
tures involved in control function, the damage found in humans that suffer HIE. Regarding the protocols of
exercise, we proposed that the acrobatic exercise could be a good therapeutic option especially in children
affected by neonatal HIE and can be responsible for good results in cognitive and motor aspects.

1. Introduction consequence of a transient interruption of umbilical blood flow, pla-
cental detachment or strong uterine contractions (Kurinczuk et al.,

Neonatal hypoxic-ischemic encephalopathy (HIE) is a common 2010). The HIE is considered the main cause of mortality in children
cause of brain damage, which are frequently associated with neurode- and affects three per 1000 live full-term births leading to life-long
velopmental disabilities (Glass and Ferriero, 2007). This event can be a functional impairments (Hagberg et al., 2015). These consequences

Abbreviations: BBB, blood-brain barrier; BDNF, Brain-derived neurotrophic factor; CST, corticospinal tract; HIE, hypoxic-ischemic encephalopathy; NMJs, neuro-
muscular junctions; VEGF, vascular endothelial growth factor; VO2, evaluation of peak oxygen uptake
* Corresponding author at: Programa de Pés-Graduagao em Neurociéncias, Universidade Federal do Rio Grande do Sul, Rua Sarmento Leite, 500, sala 107, 90050-
170 Porto Alegre, RS, Brazil.
E-mail address: lenir.orlandi@ufrgs.br (L.O. Pereira).

https://doi.org/10.1016/j.brainres.2018.11.021

Received 30 July 2018; Received in revised form 29 October 2018; Accepted 14 November 2018
Available online 15 November 2018

0006-8993/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00068993
https://www.elsevier.com/locate/brainres
https://doi.org/10.1016/j.brainres.2018.11.021
https://doi.org/10.1016/j.brainres.2018.11.021
mailto:lenir.orlandi@ufrgs.br
https://doi.org/10.1016/j.brainres.2018.11.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainres.2018.11.021&domain=pdf

H.D. Confortim et al.

frequently involve mental retardation, visual impairment, perceptual
dysfunction, hyperactivity, epilepsy and sensory-motor deficits in-
cluding delay of developmental milestones, problems in posture, gait
and presence of involuntary movements (Anderson and Arciniegas,
2010; Lai and Yang, 2011; Hopkins and Haaland, 2004; Adhikari and
Rao, 2017). The literature reports also that patients with hypoxic-is-
chemic brain injury may present lesions in the neural tracts, especially
those responsible for motor control such as corticospinal tract (CST)
(Lee et al., 2012). As it is possible to observe, the damage caused by the
HIE can vary greatly among the affected individuals.

In order to understand the mechanisms involved in the HIE pa-
thology and to study possible therapies, several animal models are used
to mimic this condition. It is highlighted in this field the model pro-
posed by Rice and colleagues (1981) commonly referred to as the Rice-
Vannucci model. This model is widely used because it reproduces the
unilateral lesion in the hippocampus, striatum and cerebral cortex
found in human neonates in the hemisphere ipsilateral to arterial oc-
clusion (Pereira et al., 2007). Also, extensive evidences have demon-
strated cognitive impairments in HIE animals in different behavioral
tasks such as water maze test (Ikeda et al., 2001; Pereira et al., 2007,
2008; Tata et al., 2015; Carletti et al., 2016), novel object recognition
(Rojas et al., 2013; Marcelino et al., 2016) and inhibitory avoidance
(Rojas et al., 2013; Carletti et al., 2012; Sanches et al., 2013). Some
studies also identified hyperactivity and attention-deficit in this model
(Miguel et al., 2015, 2017; Deniz et al., 2018).

However, regarding the findings of motor function caused by the
HIE model, results are conflicting. A range of studies did not identify
motor impairment in HIE animals. Rojas and colleagues (2013) did not
find differences between HIE and control groups in the rotarod test.
Miguel et al. (2015) and Arteaga et al. (2017) used the open field test
and Schuch et al. (2016b) utilized the cylinder test and, in the same
way, they did not identify motor dysfunction in HIE animals. In op-
position, other studies showed that the motor deficit is evident in this
model. Utilizing the rotarod test, Griva et al. (2017) and Dai et al.
(2017) found balance deficit in HIE animals. Motor impairment was
also demonstrated in the cylinder and ladder-walking tests in a study
performed by Duran-Carabali et al. (2017). In addition, Pak et al.
(2018) evidenced sensory-motor dysfunction, even after weeks of hy-
poxic-ischemic induction, utilizing several motor tasks: open field test,
cylinder test, rotarod, and catwalk. Probably, these contradictory
findings are established due to the diverse HIE-induced nervous tissue
injury.

It is extensively demonstrated the severe hippocampal damage in
neonatal HIE model, which explains unfavorable outcomes in relation
to cognitive impairments, specifically on memory processes (Souza
et al., 2014; Domnick et al., 2015; Rojas et al., 2015; Carletti et al.,
2016; Diaz et al., 2016; Griva et al., 2017; Odorcyk et al., 2018; Chavez-
Valdez et al., 2018). Regarding the motor function, few studies have
focused on the evaluation of brain structures such as motor cortex and
there are also scarce studies on peripheral structures for example nerves
and muscles. Even though no particular vulnerability has been identi-
fied in motor areas, a general brain atrophy has been reported in HIE
model in regions such as cerebral cortex, corpus callosum and striatum
(Pereira et al., 2007, 2008; Miguel et al., 2015; Schuch et al., 2016a;
Carletti et al., 2016). Moreover, deficits of spinal cord functions and
reduction in muscle fibers area have been reported (Bellot et al., 2014;
Duran-Carabali et al., 2017). The question that opens up from this in-
formation is why this generalized lesion does not seem to affect motor
function as clearly as it occurs in humans. And additionally, it is
doubtful why there are no evidences on the impact of HIE in other
structures involved in motor function, as neuromuscular junctions and
peripheral nerve.

Despite several studies related to the topic, the neonatal brain injury
remains a devastating condition, with poor outcomes in affected pa-
tients. Non-pharmacological therapeutic options have been widely
studied in HIE animal models. The literature shows a direct relationship
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between the practice of physical exercises and the structural and
functional improvement of the neuromuscular disturbs, such as cerebral
palsy, traumatic brain injury and global cerebral ischemia (Kim et al.,
2014; Jacotte-Simancas et al., 2015; Lovatel et al., 2014). In general,
most of the studies focus attention on aerobic exercises mainly using the
treadmill. The few studies involving exercise in HIE animals demon-
strated spatial learning improvement, sensory-motor function pre-
servation, apoptosis inhibition in the hippocampus, neurogenesis, and
stimulation of oligodendrogenesis (Park et al., 2013; Choi et al., 2013;
Kim et al., 2017; Pak et al., 2018). A hopeful modality known as ac-
robatic training is a sequence of tasks that stimulate motor coordination
and the problem-solving capacity, which is responsible for promoting
synaptogenesis, structural plasticity and glial changes especially, in the
motor cortex (Black et al., 1990; Jones et al., 1999; Kleim et al., 2004,
2007; Garcia et al., 2012; Sampaio-Baptista et al., 2013; Kida et al.,
2016). The acrobatic exercise is an encouraging modality, especially in
children’s motor rehabilitation because this type of exercise involves
tasks that stimulate new learning, challenges and games and that can be
adapted in the clinic; to our knowledge, there are no reports in the
literature of the use of this type of exercise as a treatment proposal for
neonatal HIE.

Thus, the aim of this study was to investigate: the motor function
and morphological aspects of sensorimotor cortex, spinal cord, sciatic
nerve, neuromuscular junctions and skeletal muscle in male Wistar rats
submitted to neonatal hypoxia-ischemia and the possible therapeutic
effect of two different physical exercise protocols — treadmill and ac-
robatic training. Some points give support to this investigation: first, the
findings about motor function changes after by the HIE model are
conflicting, second, few studies have focused on evaluation of brain
structures such as motor cortex and there are scarce studies on per-
ipheral structures involved in motor function and, finally, the exercise
seems to be a promising therapy in the neonatal HIE pathology but
there are no study using acrobatic exercise in neonatal HIE. Our hy-
pothesis is that the neonatal HIE will cause motor impairments and will
affect the structures investigated. We also believe that physical exercise
will bring benefits, with acrobatic exercise being the most effective in
reversing deficits.

2. Results
2.1. Training performance

Student’s t-test demonstrated that no differences was identified be-
tween CTT and HIET groups in relation to the permanence on the
treadmill (CTT: 961.7 + 45.8, HIET: 955.5 + 40.4) and VO2 max
(CTT: 17.8 = 0.8, HIET: 17.8 = 0.7). Concerning the acrobatic
training, during phases two and three, it was possible to observe dif-
ferences between the CTA and HIEA groups. The HIEA group performed
the course faster than the CT animals in these phases (p < 0.05). The
results are shown in Table 1.

In relation to the body weight, the Two-way ANOVA identified a
lesion effect (F(1,105) = 10.0, p < 0.05). The animals of the HIE
groups presented lower body weight in relation to the controls in-
dependently of the exercise training (means of body weight: control
group: 285.7 and HIE group: 273.9).

Table 1

Time to perform the acrobatic training in different phases.
Time to perform CTA HIEA
Acrobatic training — Phase 1(s) 554.5 + 33.9 510.1 = 31.1
Acrobatic training — Phase 2(s) 634.6 = 30.3 548.6 + 29.3
Acrobatic training — Phase 3(s) 621.8 + 28.8 538.4 + 25.7
Acrobatic training — Phase 4(s) 592.0 + 28.2 535.0 = 29.3

* Indicated the HIEA group is different from CTA group.
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Fig. 1. Open Field task. Latency to leave the first quadrant (A). Number of rearings (B). Time in central zone (C). Time in peripheral zone (D). Number of crossings
(E). *different from CTA group and #different from all other groups (p < 0.05). Values expressed as mean =* standard error. Two-way ANOVA followed by Tukey's

post hoc. N = 9-13 animals/group.

2.2. Behavioral tasks

2.2.1. Open field

Two-way ANOVA demonstrated a lesion effect on the time spent in
the central (F(1,64) = 11.26, p < 0.05) and the peripheral areas (F
(1,64) = 11.27, p < 0.05). Tukey’s post hoc indicated that HIE and
HIET groups remained a shorter time in the central zone and conse-
quently a longer time in the periphery of the apparatus, when compared
to the CTA group. In relation to number of crossings, Two-way ANOVA
identified a lesion*training interaction effect (F(2,64) = 4.48,
p < 0.05). Tukey’s test revealed that HIE group had a greater number
of crossings when compared to all the other groups. No further
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differences were observed in the other variables: latency and rearings
(Fig. 1).

2.2.2. The ladder rung walking test

The statistical analysis indicated a lesion effect on the total number
of errors in day 1 (F(1,62) =21.64, p < 0.05) and a lesion F
(1,62) = 1298, p < 0.05) and training effect (F(2,62) = 3.41,
p < 0.05) in total number of errors in day 2. Tukey’s post hoc identi-
fied that HIE and HIET had a greater number of errors in the first day of
the test when compared to all CT groups. In the second day, the post
hoc showed that the HIE and HIET groups presented a greater number
of errors when compared to the CTA group. It was also possible to
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identify a lesion effect in the ratio of number of errors to number of
steps in day 1 (F(1,62) = 19.36, p < 0.05) and, in day 2, a lesion F
(1,62) = 13.62, p < 0.05) and training effects (F(2,62) = 3.46,
p < 0.05). Tukey’s post hoc identified that HIE and HIET had a greater
number of errors/number of steps in the day 1 when compared to all CT
groups. In the day 2, the HIE and HIET groups presented increase ratio
of errors, compared to the CTA group; additionally, increased in the
number of errors/number of steps was also observed when compared
HIE with CT group. The HIEA had similar errors incidence compared to
CT groups. In relation to the time to perform the ladder, no statistical
differences were found in both days (Fig. 2).

2.2.3. Rotarod test
Statistical analysis did not evidence differences consequent to lesion
or training in the variables analyzed in the Rotarod test (Fig. 3).

30

2.3. Brain atrophy

Two-way ANOVA revealed significant effect of lesion factor in
hemisphere atrophy (left compared to right hemisphere) in all analyzes
performed: top view (F(1,30) = 20.71, p < 0.05), coronal view (F
(1,30) = 28.59, p < 0.05) and cortex (F(1,30) = 32.51, p < 0.05).
On the top view, Tukey’s test demonstrated that the HIET group pre-
sented a higher percentage of atrophy when compared to all CT groups,
and the HIE group had a higher percentage of atrophy when compared
to the CTT group. Regarding the percentage of atrophy analyzed in
coronal view and in the cortex, post hoc shows that the HIE and HIET
groups present greater atrophy when compared to all CT groups
(Fig. 4).

2.4. Cortex neuronal quantification

No significant differences were found consequent to lesion or
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training in the neuronal quantification in the cortex in both hemi-
spheres (Fig. 5).

2.5. Motoneurons analysis

The count and area of motoneurons in the spinal cord were mea-
sured and no significant differences were found consequent to lesion or
training (Fig. 6).

2.6. Sciatic nerve analysis

No effect was identified on the lesion factor. Two-way ANOVA
showed a training effect in the right side on number of fibers (F
(2,30) =3.49, p < 0.05) and the axons area (F(1,64) = 3.88,
p < 0.05). Tukey’s post hoc indicated that HIEA group presents a
bigger axon area when compared to the HIE group. Regarding the left
side data, Two-way ANOVA demonstrated a training effect in myelin
sheath (F(2,30) = 5.02, p < 0.05). Tukey’s test evidenced that HIEA
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group has a thicker myelin sheath when compared to the CT group
(Fig. 7).

2.7. Neuromuscular junction area

No significant differences were found consequent to lesion or
training on the neuromuscular junction’s area (Fig. 8).

2.8. Muscle fiber and nucleus quantification
In plantar muscle analysis, no significant differences were found

consequent to lesion or training on the number of muscle fibers or
nucleus (Fig. 9).

3. Discussion

This study was proposed to investigate the motor function and the
morphological aspects of components involved in motor control in male
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Wistar rats submitted to neonatal hypoxia-ischemia and the possible training seemed to be more efficient when compared to the treadmill
therapeutic effect of the treadmill and acrobatic training. Our main training and this study bring evidence that this type of exercise can be a
findings showed that the acrobatic training was able to reverse the good therapeutic choice, especially in children affected by neonatal HIE
hyperactivity and anxiety, caused locomotion improvement and de- neonatal. However, contrary to our initial hypothesis, we did not find
creased brain atrophy in HIE animals. As expected, the acrobatic morphological differences in the sensorimotor cortex, spinal cord,
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sciatic nerve, neuromuscular junctions and skeletal muscle in the ani-
mals submitted to neonatal HIE model.

3.1. Animals submitted to neonatal HIE successfully performed physical
training

In animal models, different types of exercise demonstrated benefits
in front of several pathologies that affect the central nervous system.
Concerning aerobic exercises effects, interesting results are evidenced.
It has been identified that physical exercise on treadmill prevented the
microvascular alterations induced by chronic cerebral hypoperfusion
(Leardini-Tristao et al., 2017). This type of exercise also modulated glial
cells functions in the dentate gyrus of rats following global cerebral
ischemia (Lovatel et al., 2014). In addition, treadmill training-induced
plasticity in spinal motoneurons and sciatic nerve in a model of cerebral
palsy (Stigger et al., 2011). In studies using animals submitted to HIE
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standard error. Two-way ANOVA followed by Tukey's post hoc. N = 5-6 animals/

that performed physical exercise on a treadmill, the results showed a
reduction of neuronal death in the hippocampus, substantia nigra, and
striatum, preserving the sensory-motor function and improving spatial
learning capacity (Choi et al., 2013, Park et al., 2013). Although, the
acrobatic training utilized in this study, also called motor skill learning,
has been less studied in front of brain pathologies, but it is already
known that its practice is responsible for the activation of important
regions of the brain. In a study published by Garcia et al. (2012) the
effect of exercise on a treadmill or acrobatic were compared in control
animals and they showed that the treadmill exercise promoted changes
specifically in the cerebellum, a region related to learned and automatic
tasks. On the other hand, the acrobatic exercises were responsible for
inducing alterations in the expression of synaptic and structural pro-
teins, especially in the motor cortex and striatum, which may be related
to the learning of complex motor tasks. To achieve novel motor skills to
perform the acrobatic training a refinement of movement is necessary
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and two brain circuits seem to be involved in this process: the cortico-
cerebello-thalamo-cortical ~and  cortico-striatum-thalamo-cortical
(Gonzélez-Burgos, 2015; Salame et al., 2016). It has already been
shown that this type of activity promotes the formation and stabiliza-
tion of new synapses in the motor cortex (M1) and therefore the
emergence of new motor patterns (Bostan et al., 2013; Gonzalez-Tapia
et al., 2016). The prefrontal cortex has been associated with the recti-
fication of information related to motor execution; favoring progressive
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standard error. Two-way ANOVA followed by Tukey's post hoc. N = 5-6 animals/group.

motor learning and it is also recruited in this activity (Honda et al.,
1998; Grafton et al., 2002; Gonzalez-Tapia et al., 2016). Because of
motor skills training involves changes in brain regions directly related
to motor control, we believe that this type of exercise could be a good
therapeutic option for the HIE model. Rehabilitation options that in-
volve challenges, games and new environments are very interesting
especially for children because it facilitates the compliance to treatment
favoring better results.
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An initial concern of our study was whether the HIE animals would
perform the exercises, especially the acrobatic. However, our results
showed that the HIE animals did not have difficulties to perform any of
the two types of exercise, so there was a regularity between the groups.
It is still noticeable in phases 2 and 3 of the acrobatic training that HIE
groups had a faster performance than the control animals, which may
be indicative of hyperactivity or motor impulsivity, a characteristic
already evidenced by our group in this model of HIE (Miguel et al.,
2015, 2017; Deniz et al., 2018). This regularity in the training evi-
denced between groups provides a good way of comparing the results,
making them replicable and consistent.

3.2. Acrobatic exercise reversed hyperactivity and anxiety-like behavior
caused by the neonatal hypoxia-ischemia

The open field test is a convenient test to measure general
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locomotion and also anxiety-like behaviors have been observed in this
task. In rodents, anxiety-like behavior in the open field is triggered by
two factors: the tests are performed individually and in a new en-
vironment to the animal (Prut and Belzung, 2003). In the present study,
we found that the HIE group had more crossings than the all other
groups in this test. Besides, the HIE and HIET groups stayed more time
in the peripheral zone of the apparatus, when compared to the HIEA
group. These results indicate hyperactivity and anxiety-like behavior
promoted by the neonatal HIE that was reversed by the exercise,
especially the acrobatic training.

Hyperactivity characteristics and anxiety-like behavior have been
reported in other studies that use the same HIE model (Rojas et al.,
2013; Carletti et al., 2012; Deniz et al., 2018). Miguel and colleagues
(2015, 2017) suggested that the model of HIE proposed by Rice-Van-
nuci could be considered as a model of attention-deficit/hyperactivity
disorder, which would explain the hyperactivity seen in HIE animals. It



H.D. Confortim et al.

o

Lenght (pm)

—_
£
3

=

-

=
=]
c
]

|

Brain Research 1707 (2019) 27-44

Area

|

RL RL

R

20~
- O cT
154 B 3 oo CTT
B3 CTA
10+ 3 HE
0m HIET
5] B HIEA

Fig. 8. Neuromuscular junctions analysis. Representative images of groups CT (A-B), CTT (C-D), CTA (E-F), HIE (G-H), HIET (I-J), HIEA (K-L). Neuromuscular

junctions area (M). Major diameter (N). Minor diameter (O). R = right side and L = left side. Values expressed as mean =

by Tukey's post hoc. N = 6 animals/group.

is important to consider that the hyperactive characteristics found in
the HIE group can be a risk behavior, since an exacerbated activity can
lead to negative consequences for the animal such as meeting with a
predator, for example.

In relation to protector-effect of exercise, it is widely known that
physical training exerts psychological and physical benefits. As seen in
humans, a range of studies has shown that the practice of exercise is
responsible for decreasing the anxiety levels in rodents (Binder et al.,
2004; Duman et al., 2008; Uysal et al., 2015). In the present study, the
acrobatic training was the main responsible for reversing both, hyper-
activity and anxiety behavior, following the neonatal HIE. A possible
explanation for the decrease in hyperactivity and anxiety in animals
performing acrobatic exercise may be associated with non-aversion to
the new environment since these animals were stimulated and trained
in different environments and challenges each week. Cognitive pro-
cesses used in this test, influence how animals acquire, store and recall
information, and sustain behaviors such as deciding where to look for
food, when they should hide, or with whom to mate (Guillette et al.,
2015). Thus, changes in exploratory behavior identified in HIE group
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standard error. Two-way ANOVA followed

can negatively influence their development, for that reason the beha-
vioral change caused by the exercise in this model brings benefits di-
rectly related to the survival of the animals. Future studies might
evaluate the anxiety behavior using specific tasks to provide additional
data on the potential of physical exercise to improve emotional para-
meters.

3.3. Acrobatic training recovered motor function after the neonatal
hypoxia-ischemia

In this work, the tests used specifically for assessing motor function
were the ladder rung walking test and the rotarod. The horizontal
ladder rung walking task has previously been described as a sensitive
test to evaluate both forelimb and hindlimb use in rats after different
types of brain injury lesions (Metz and Whishaw, 2002). Our findings
indicate that this test seems to be sensitive also for the HIE injury since
the lesioned rats had a greater number of errors in this task. We re-
affirmed this result when we performed the ratio of the number of er-
rors according to the number of steps performed in the course and the
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finding was confirmed. The motor impairment showed in the ladder-
walking test was also identified in studies performed by Duran-Carabali
et al. (2017) and Schuch et al. (2016b). Interesting, our results showed
that the acrobatic exercise produced an effective therapeutic effect re-
covering motor function in HIE animals, even with the exercise protocol
starting two weeks after the injury. This indicates that this type of ex-
ercise seems to be a good treatment option for the individuals affected
by this pathology even when they cannot start an early intervention. It
is important to highlight that this activity is proposed to mimic sti-
mulation techniques that have already been used in physical therapy.
Then, these results reinforced the use of these protocols of treatment
because they are inexpensive and non-pharmacological options that can
demonstrate satisfactory results on neurological disorders. It has been
established that the interaction between the person, the environment,
and new tasks can change how our movements are established causing
motor development changes (Sigmundsson et al., 2017). For the motor
skill learning, as occurred in acrobatic training, current evidences has
been demonstrated increasing in the connections between certain areas
of the brain and consequently promotes plasticity (Kida et al., 2016).
Exploring this strategy of rehabilitation, Sidaway and colleagues (2012)
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standard error. Two-way ANOVA followed by Tukey's post hoc. N = 6 animals/group.

stated that the therapists should manipulate difficulty the task para-
meters applicated in the clinic's environment, in order to generate an
appropriate level of functional difficulty for each patient, thus ob-
taining optimize motor learning. Kline et al. (2016) demonstrated also
that the use of combination therapies can be more beneficial after
traumatic brain injuries. Findings of the present study call attention to
the importance of translational researches. The pre-clinical trials could
contribute to justifying the use of non-pharmacological intervention,
proving its functional benefits and demonstrating the neurobiological
targets involved.

The other task used in this work in order to evaluate the animal’s
motor coordination was the rotarod. This test was designed to evaluate
maximal motor performance and is widely used to evaluate the motor
balance of rodents (Shiotsuki et al., 2010). We found no differences
between groups regarding motor coordination evaluated in this test.
There is no consensus in the literature about motor impairments in the
HIE model measured by the rotarod. Griva et al. (2017) and Dai et al.
(2017) found balance deficit in HIE animals but Rojas and colleagues
(2013) did not find differences between HIE and controls animals. The
rotarod test is more sensitive in detecting alterations in the cerebellum
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(Shiotsuki et al., 2010). However, this structure seems to be less af-
fected by the HIE model, since there are no reports of atrophy in this
structure in the literature and we did not observe differences in animals
balance during acrobatic training; which suggests an explanation about
the contrasting results observed in this test.

Summarizing, the neonatal HIE model produced mild negative ef-
fects on the motor function of the animals, without prejudicing the
balance. We also showed that acrobatic exercises were able to re-
establish the motor function, being an effective therapy in this model.
Particularly considering the inconsistency on the motor function re-
sults, the question that remains is why motor control seems not to be
affected so intensely in this model, even with the presence of extensive
cerebral atrophy as already demonstrated in previous studies.
Therefore, the next step of this study investigated the morphology of
components involved in motor control in order to identify the reasons
for these divergent results.

3.4. Cerebral atrophy caused by neonatal HIE decreased in animals that
performed acrobatic exercise

In rodents, the CST forms a crossed circuit responsible to control
voluntary movements of the four limbs. This tract is composed initially
of pyramidal neurons originate from layer V in the motor cortex, pro-
jecting mainly to the contralateral side of the spinal cord and con-
necting to motor neurons through a multisynaptic pathway (van
Velthoven et al., 2010; Carmel and Martin, 2014; Welniarz et al., 2015).
Additionally, peripheral structures such as nerves and muscles also play
an important role in motor function, since they are responsible for the
movement’s execution and have a direct connection with the corti-
cospinal pathway through the peripheral nerves. In order to detect
possible changes in some of these components resulted of the neonatal
HIE that could help to understand the results found on motor function,
we aimed to develop an exploratory study of the main components of
the corticospinal pathway and peripheral structures associated to the
motor control (Fig. 10).

Firstly, we performed a gross measurement investigating the total
brain atrophy. Our results evidenced that the neonatal HIE caused
considerable damage in the hemisphere ipsilateral to arterial occlusion
and the acrobatic training was able to reduce this atrophy. It has been
extensively reported a severe atrophy in the hemisphere ipsilateral to
the injury (Pereira et al., 2007, 2008; Miguel et al., 2015; Schuch et al.,
2016a; Carletti et al., 2016). Interestingly, the acrobatic exercise pre-
vented the advance of the atrophy in this model; even with the therapy
starting two weeks after the injury. In this time point, the acute phase of
neonatal HIE had been already been occurred causing cell death, and
the exercise seems to alleviate the injury progression, maybe exerting
neuroplastic effects. The functional results previously showed in this
study also indicate that the exercise is capable to recover the motor
function in the HIE animals. In view of these findings, some hypotheses
can be stated in order to understand the mechanisms involved in this
protection caused by the exercise. It has been well established that the
maintenance of vascular structure is critical for brain function and it
can be disturbed in a range of pathologies that affect the blood supply
or the nervous tissue microenvironment (Abbott et al., 2010). In this
context, the physical exercise practice promotes angiogenesis and this
process is considered a prerequisite for many forms of neural and be-
havioral plasticity, particularly on pathological conditions (Berggren
et al., 2014). The literature also showed that the physical exercise is
able to decrease blood-brain barrier (BBB) dysfunction by improvement
of astrocyte function after ischemic stroke (Wang et al., 2014). The
combination of these two factors may be decisive for the found exercise
benefits observed in the current analysis. Previous study conducted by
our research group has already shown that the neonatal HIE model is
responsible for changes in the BBB making this barrier less efficient
(Diaz et al., 2016). The acrobatic exercise may have restored the BBB
function by establishing a favorable microenvironment for angiogenesis
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in the affected hemisphere. This hypothesis is founded by the current
evidences showing that the exercise practice increase vascular en-
dothelial growth factor (VEGF) and brain-derived neurotrophic factor
(BDNF) in cortex and hippocampus. Additionally, when the exercise is
voluntary, this increase can be more expressive (Uysal et al., 2015).
This pathway could explain how the exercise partially protect the brain
of HIE animals, by reestablishing oxygen levels and consequently pre-
venting the injury advance. We can also to propose that the modulation
of plasticity mechanisms have been considered in studies with exercise
and other non-pharmacological therapeutic strategies. Rojas and col-
leagues (2013) reported that the environmental enrichment was re-
sponsible for to increase the dendritic spine density in HIE rats. Studies
in healthy rodents subjected to different exercise protocols have also
shown increases in dendritic spine density in regions including the
hippocampus, entorhinal cortex and cerebellum (Stranahan et al., 2007;
Petzinger et al., 2013). The modulation of the dendritic spines is very
important to plasticity and changes in these spines can be associated to
a reformulation in communication pathways ensuring the efficiency in
motor control (Liischer et al., 2000). Thus, we can propose that the
exercise exerts a protective effect promoting a favorable environment
for preventing the cell death and/or preserving the surviving cells.

Another interesting fact that needs to be taken into account in our
results is the divergent therapeutic effect found in the different types of
exercise: treadmill and acrobatic. Our results evidenced a better effect
of acrobatic exercise in motor function and reversion of atrophy.
Evidences showed that in ischemic rats, low-intensity exercise could
improve synaptic plasticity better than high-intensity exercise by pro-
moting an increase in BDNF levels in the hippocampus (Shih et al.,
2013). Perhaps, aerobic exercise performed on the treadmill, even at a
moderate intensity, can cause more stress on the animals, thus masking
the exercise benefits in the present study. Taken together, we can
suggest that more attention should be deserved for motor skills learning
training as a coadjutant in the processes of neurological rehabilitation
in human patients with HIE, particularly in children.

3.5. The neonatal hypoxia-ischemia did not cause morphological alterations
in the motor control components

In relation to other variables evaluated, we did not find additional
differences in neuronal quantification in the cortex, motoneurons
number and area in the spinal cord, sciatic nerve analysis, neuromus-
cular junctions and muscle fibers of the plantar muscle in rats following
neonatal HIE. Even without finding any effects of HIE in any of the
regions analyzed, in the sciatic nerve was possible to identify an ex-
ercise effect, evidenced by an increase in axons area and myelin sheath
in the animals that performed acrobatic training. These findings can be
discussed together since they are interdependent.

As cited above, severe brain atrophy is commonly reported in the
neonatal HIE model (Pereira et al., 2007; Carletti et al. 2012). Never-
theless, when we look more closely at the morphological studies, we
could observe that the percentage of atrophy varies according to each
region, being larger in the hippocampus and not so significant in the
cortex (Miguel et al., 2015). Hippocampus is a structure selectively
vulnerable to a variety of metabolic and cytotoxic insults, and a possible
explanation for this vulnerability seems to be related to the distribution
of the glutamatergic receptors in this region (Choi and Rothman, 1990).
Excitotoxicity mechanisms, as well as oxidative stress related to in-
creases in glutamate levels and then play crucial roles in neuronal in-
juries implicated in the pathogenesis of many neurologic disorders,
including perinatal brain injury associated with hypoxia-ischemia
(Burd et al., 2016). The study of Miguel and colleagues (2015) identi-
fied the loss of 50% of the hippocampal volume and the cortical atrophy
was around 20% in rats. These findings corroborate the data of the
present study that show a similar cortex neuronal density in both
control and HIE groups.

The specific vulnerability of the hippocampus justifies the
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Sensorimotor cortex (A). Spinal cord (B). Sciatic nerve (C). Neuromuscular junctions (D). Plantar muscle (E).

agreement of findings in this structure in several studies of neonatal
brain damage. Conversely, there is no consensus about the injury in
cortex, spinal cord or even other elements of motor function in HIE rats.
Contrary to our results, a study performed by Bellot and colleagues
(2014) reported bioaminergic disturbances in the brainstem and the
spinal cord of HIE mice and Duran-Carabali et al. (2017) reported re-
duction in muscle fibers area in rats in the same HIE model. It is well
described that the HIE-induced injury can be described as a spectrum,
ranging from “moderate” to “severe” (Rumajogee et al., 2016). Such
variability is mainly based on the critical period of the development
since the brain in this phase is developing and as consequence, the
neuronal plasticity is enhanced (Johnston et al., 2009). The nervous
system of young animals recovers more quickly and effectively than in
adult because it is considered more “plastic” (James-Roberts, 1979),
justifying the preservation of some brain structures in HIE rats. Ad-
ditionally, other possible reason of plastic response in neonates can be
the efficient vascularization in this period. After the carotid occlusion in
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the HIE model, a compensatory effect has been observed due to the
presence of the circle of Willis, which allows communication between
the brain hemispheres (Cook, 1965; Dorr et al., 2007; Rumajogee et al.,
2016). This spontaneous response was more described in a recent study
performed by Edwards et al. (2017) which identified a retrograde
perfusion through two routes: firstly, via facial, orbital, and meningeal
branches, originating from the external carotid artery; and secondly, via
collateral blood flow through the external carotid artery by anastomotic
branches with the superior and inferior thyroidal or occipital arteries.
Consequently, these alterations in perfusion can explain the incon-
sistencies associated with the Rice-Vannucci procedure. Possibly this
blood flow compensation, together with the particular plasticity of the
period, may contribute to the variable findings on nervous tissue in
newborns rats. In general, the morphological findings in the HIE model
indicate the idea that structures related to the motor function in the
central nervous system and in the peripheral components are not the
major affected. In accordance with the morphological findings, also the



H.D. Confortim et al.

Exercise protocols Behavioral tasks

\

[ |
7 PND 21PND 60PND 70PND

| | | [

T I I
Tissue collectionand

Histological/ morphometric
analysis

Fig. 11. Experimental design. At the 7th PND, rats were submitted to hypox-
ia—ischemia. At 21st PND, the animals were divided into 6 groups: CT, CTT,
CTA, HIE, HIET and HIEA. The exercised groups started the training in different
modalities. From the 60th PND animals performed behavioral tasks and after
they were euthanized for tissue collection.

motor function also does not suffer expressive changes. Even though the
Rice-Vannuci model has been considered a model of perinatal asphyxia,
maybe it is necessary to evaluate if this model is in fact adequate for
studying the motor dysfunctions, as seen in cerebral palsy. In humans,
the common finding of the cerebral palsy is disturbances in motor
functions by the presence of spastic movements (Aarts et al., 2010).
However, in HIE animals the presence of spasticity is not observed
(Robinson et al., 2013). In opposition, rats submitted to HIE do not
demonstrate difficulties to perform common motor skills such as loco-
motion, feeding, and swimming and these are evidenced through the
different tests performed in this model (Pereira et al., 2008; Miguel
et al., 2015; Schuch et al., 2016a; Carletti et al., 2016; Diaz et al., 2016).
This statement is confirmed in the present study, since the animals did
not have difficulties of locomotion in the open field test and for per-
forming the physical training. The divergent functional and morpho-
logical impact of a hypoxic-ischemic event in rodents and humans could
be carefully considered because the structures of motor control in both
species demonstrate some differences. For example, a recent review had
already reported that rodents have fewer direct connections between
the motor cortex and motor neurons in the ventral horn of the spinal
cord and less number of axons that decussate in the medulla to the
contralateral side (Rumajogee et al., 2016). However, the Rice-Vannuci
model has successfully been used to mimic cognitive dysfunctions ob-
served in humans that suffered perinatal asphyxia and this filed there is
a clear consensus of its use and application.

In our study, we found no injuries in the central nervous system
(cortex and spinal cord). Naturally, we also did not observe alterations
in the nerve, neuromuscular junction, and skeletal muscle; in other
words, the movement effectors were not affected since the central
control pathway remained preserved. In addition, the HIE model did
not cause damage to the structures involved in motor control and,
consequently, the protector effect of exercise cannot be seen in these
structures.

4. Conclusions

In conclusion, our results evidenced that the acrobatic training was
able to reverse the hyperactivity and anxiety, caused locomotion im-
provement and decreased brain atrophy in HIE animals. Surprisingly,
we did not find morphological alterations in the sensorimotor cortex,
spinal cord, sciatic nerve, neuromuscular junctions and skeletal muscle
in the animals submitted to neonatal HIE model. These findings de-
monstrated that the acrobatic exercise could be a good therapeutic
option in humans affected by neonatal HIE, especially children and was
responsible to improve cognitive and motor aspects.

To our knowledge, for the first time it was performed a wide ex-
ploratory evaluation of the morphology of the main components related
to the motor function in the neonatal HIE model. More specific studies
to evaluate proteins involved in the plasticity responsible for the
maintenance of these vital functions should be investigated in more
detail in order to explain the neurobiology of neonatal HIE and the
mechanisms involved in the beneficial effect of the acrobatic exercise in
this model.
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5. Experimental procedures
5.1. Animals

Firstly, pregnant Wistar rats with approximately 60 days of life were
obtained from the Central Animal House of the Institute of Basic Health
Sciences of the Universidade Federal do Rio Grande do Sul. They were
maintained under standard conditions of light (12-h light/dark cycle)
and temperature (22 * 1°C), with food and water available ad libitum.
After the birth, on the 7% PND, the pups were randomly assigned into
two groups: control and HIE. After HIE procedure, the pups remained
with their mother in a minimum number of six and maximum of eight
per litter, until the weaning (PND 21). At the 22nd PND, the animals
were separated into six experimental groups according to the modality
of training and HIE procedure: control group non-exercised (CT), con-
trol group submitted to treadmill training (CTT), control group sub-
mitted to acrobatic training (CTA), HIE group non-exercised (HIE), HIE
group submitted to treadmill training (HIET) and HIE group submitted
to acrobatic training (HIEA). For the accomplishment of this study, 38
pregnant and 150 male pup rats were used. A timeline of the experi-
mental procedures is depicted in Fig. 11. The Ethics Committee on
Animal Experimentation of the Universidade Federal Rio Grande do
Sul, Brazil approved this study (n. 29230). All procedures were per-
formed in accordance with the Federation of Brazilian Societies for
Experimental Biology and the Guide for the Care and Use of Laboratory
Animals adopted by National Institute of Health (USA) and the Arouca
Law (Law n° 11.794/2008).

5.2. Hypoxia-ischemia procedure

Induction of neonatal HIE was performed using the experimental
model for neonates of Rice et al. (1981). At PND 7, animals were in-
itially anesthetized with 2-4% halothane. A longitudinal neck incision
was made allowing the left common carotid to be identified and per-
manently occluded with surgical thread of silk 4.0. After recovery
period in their cages for two hours, the pups were placed in a chamber
(1500 ml) in a water bath at 37° C, in groups of five, for exposure to the
hypoxic atmosphere (8% oxygen and 92% of nitrogen) for 90 min, and
then returned to their original home cages. The control animals were
“sham-operated”, since these animals were also submitted to surgical
incision, but there was no occlusion of the left common carotid artery
and no exposure to the hypoxic atmosphere (Miguel et al., 2017; Diaz
et al., 2016).

5.3. Exercise protocols

One day after weaning (PND 22), animals started the two different
exercise protocols and the training lasted five weeks, until approxi-
mately PND 60.

5.3.1. Treadmill training

The exercise in treadmill is widely cited in literature (Stigger et al.,
2011; Cechetti et al., 2012; Choi et al., 2013; Heo et al., 2014). The
protocol used in this study was based on the methodology proposed by
Cechetti et al. (2012), using a moderate intensity physical exercise.
Initially, the animals underwent an adaptation period, when they were
placed on the treadmill turned off for 5 days. The exercise intensity was
defined at 60% of the animal's maximum oxygen uptake (Brooks and
White, 1978). The indirect evaluation of peak oxygen uptake (VO2) was
performed for all rats that performed the exercise in treadmill before
start training: animals ran in a treadmill initially at a low speed fol-
lowed by speed increases in 5m/min every 3 min until the point of
exhaustion (i.e., failure of the rats to continue running). The time to
fatigue (in min) and workload (in m/min) were taken as indexes of
capacity for exercise that was considered as VO2 max. After VO2 max
was defined, the exercises on the treadmill were performed three times
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a week, with a total duration of 20 min per day and the velocity was
based on 60% of VO2 performed previously.

5.3.2. Acrobatic training

Acrobatic exercises consist of a series of tasks designed to encourage
problem-solving and motor coordination. This type of exercise usually
involves the presence of different types of obstacles providing chal-
lenges in cognitive and motor functions (Black et al., 1990; Ahmed
et al., 2011; Bonetti et al., 2011; Tamakoshi et al., 2014). The acrobatic
exercise protocol used in this work was based on the model described
by Black et al. (1990) and adapted by Jones et al. (1999). Basically, the
training performed by the animals consisted of a circuit of obstacles
containing seesaws, stairs, ropes with different thicknesses, rockers,
bridges among others. The animals were first adapted to the circuit.
During the adaptation, animals were conducted to move through a
circuit two times per day for five consecutive days, in order to alleviate
the stress caused by a new environment and to learn the route. After
adaptation, the animals started the training, performed three times a
week, with six circuit repetitions/day. The first circuit used to the
training consisted of a rope, a narrow bar, a rope ladder, a grid and a
circuit with obstacles, involving ramps and a seesaw. The level of dif-
ficulty was increased progressively during training through the change
of the circuit in the different weeks of training. The new circuit featured
thinner ropes, larger spaces between stair steps, higher obstacles, and a
narrower bar. Another factor of difficulty was the utilization of the
different inclinations of the circuit, forcing the animals to use the bal-
ance. Details of the acrobatic circuit used are shown in Fig. 12. In the
first week, the same adaptation circuit was used. In the second week,
the increased difficulty occurred through the inclination of the same
circuit, where the animals performed the circuit going down. In the
third week, all circuit was changed by more difficult tasks, like thinner
ropes, more spaced ladders, and a narrower bar. In the last week, it was
used the same circuit of the third week but now inclined, forcing the
animals to make the circuit on the way up (Black et al., 1990; Kleim
et al.,, 1996). Animals received slight manual stimuli, when necessary.
The time spent in each trial of the acrobatic circuit was counted when
the animal was placed on the first obstacle of the circuit and was fi-
nalized when the animal finished the last obstacle. The presented data
shows the average time in seconds that each animal took to complete
the 6 passages through the circuit throughout the training. The non-
exercised animals were taken to the same room where the animals
performed the exercises, and they were transferred to individual cages
for 20 min.
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5.4. Behavioral tasks

5.4.1. Open field

After the exercise period, in the 60" PND, animals were submitted
to the Open Field test (animals/group: CT: 11, CTT: 13, CTA: 9, HIE: 12,
HIET: 13, HIEA: 12). This task was used to assess motor function and
exploratory behavior (Tatem et al., 2014). The apparatus utilized is
formed by a wood square arena divided into 12 equal quadrants of
50 X 50 cm, with 40 cm walls (Carletti et al., 2012). The animals were
placed facing the corner wall of the apparatus and their free exploration
was evaluated for 5min. The latency to leave the first quadrant, the
number of rearings, the number of crossings and the time spent in the
central and in the peripheral areas were evaluated. The test was re-
corded for posterior analysis and all procedures were evaluated by a
blind experimenter.

5.4.2. The ladder rung walking test

The Ladder Rung Walking Test proposed by Metz and Whishaw
(2002) was used to evaluate the motor capacity of the anterior and
posterior limbs of animals. The apparatus used to perform the test
consisted of two transparent acrylic side walls (100 cm long x 20 cm
high) with metal rods (3 mm in diameter) inserted with one cm interval.
The day after the open field (61" PND) animals were challenged to
cross the ladder twice a day for three consecutive days. In order to
evaluate the motor coordination and to prevent the spatial learning of
the circuit, the position of the rods was modified at each session. A
video camera was positioned in a way that the body and foot positions
could be shot simultaneously for further analysis. An error was con-
sidered when the limb completely missed a rung, i.e. did not touch it,
and a fall occurred. The test was recorded for posterior analysis and all
procedures were evaluated by a blind investigator. The time spent for
the animal to cross the ladder and the total number of errors from
forelimbs and hindlimb were recorded (animals/group: CT: 9, CTT: 12,
CTA: 9, HIE: 13, HIET: 12, HIEA: 13).

5.4.3. Rotarod test

Rota-rod apparatus was used to evaluate motor coordination of rats
(Insight®, Brazil). After the Ladder Rung Walking test 64™ PND), an-
imals were exposed to one habituation session for 3 min in the appa-
ratus on slow velocity (20 rpm). After, two test days were performed:
rats were placed on rotating drums (3 cm diameter) with acceleration
from 16 to 40 rpm over a 5 min period (animals/group: CT: 11, CTT: 10,
CTA: 9, HIE: 12, HIET: 11, HIEA: 12). The latency of the first downfall,
number of falls (maximum 3) and time of permanence in the apparatus
were recorded (Rojas et al., 2013).

Fig. 12. Demonstrative figure of the apparatus used for acrobatic training. Apparatus used during the first two weeks of training (A). Adaptations used in second
apparatus to increase the difficulty of training, thinner rope (B) and higher obstacles in (C).
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5.5. Tissue collection

After behavioral tests (66T PND), the animals were weighed. A set
of animals were anesthetized with thiopental and then perfused trans-
cardially with 0.9% saline solution followed by 4% paraformaldehyde
with phosphate buffer (PB). Brains, fragments of the spinal cord
(lumbar region L4-L5), sciatic nerve and plantar muscle were collected
and post-fixed in 0.5% glutaraldehyde (Sigma, USA). Brains then were
cryoprotected with 15% and 30% sucrose solution and frozen in liquid
nitrogen and stored at —80 °C until analysis. The other samples re-
mained in the fixative until processing. The other animals were de-
capitated; brains were collected and photographed to measure brain
atrophy.

5.6. Brain atrophy

The method used to measure the brain atrophy was based on the
Miguel et al., (2017). The brains were photographed initially in top
view. After, using a scalpel, it was made a median coronal section in
cerebrum and a new photograph was made to evaluate another hemi-
sphere area and a cortical measure (N = 6 animals/group). These
measurements were made evaluating the following structures: the total
size of the right and left hemispheres (top and coronal) and cortical area
(coronal view). For delineating and calculating the areas were used the
Image Pro-plus Software; two images per view were analyzed for each
rat. The result of each rat’s hemisphere area was the mean of the areas
from the two images. A percentage of brain atrophy for each animal
was calculated by relating the right hemisphere (contralateral to the
lesion) with the left hemisphere (ipsilateral to the lesion) areas.

5.7. Histological and morphometric analysis

5.7.1. Cortex neuronal quantification

Brains previously cryoprotected were cut using a cryostat (N = 5-6
animals/group). The transition between M1 and S1HL (Bregma: —0.92
a —1.4mm) was used as reference for delimitation of the area of in-
terest (AOI) of the cortex. Pyramidal neurons of the layer V were
evaluate. Every 100 um, one slice was collected (20 um thickness). After
the collection, the slices were rehydrated and stained with 5% cresyl
violet (Sigma-Aldrich, St Louis, MO, USA), immediately dehydrated,
cleared, and mounted with Permount (Fisher Scientific®, USA). For the
quantification of neurons in somatosensory/motor cortex, six images of
each hemisphere (Olympus BX40 microscope — 200 X magnification)
were randomly chosen for each animal (AOI: 44853.85 pm2) (Marcuzzo
et al., 2010; Dos Santos et al., 2017). The results of this analysis were
demonstrated through a total number of neurons in the AOI (animals/
group: CT: 5, CTT: 6, CTA: 6, HIE: 5, HIET: 6, HIEA: 6).

5.7.2. Motoneurons analysis

After fixation in glutaraldehyde, samples of spinal cord were wa-
shed in PB and postfixed in 1% OsO4 (Sigma, USA) in PB for 1 h. The
samples were washed with PB again and dehydrated of alcohol and
acetone (Electron Microscopy Sciences, USA). Afterward, embedded in
resin blocks (Durcupan, ACM-Fluka, Switzerland), maintained in the
vacuum for 24 h, and, subsequently, polymerized for 48 h at 60 °C. For
motoneurons analysis, transverse-semithin sections (1 um) were ob-
tained using an ultramicrotome (MT 6000-XL, RMC, Tucson, USA.
Every 10 um, one section was collected and stained with 1% toluidine
blue (Merck, Germany). Twenty images of the ventral horn of the spinal
cord (lamina IX) were captured (100x magnification) per animal
(Olympus BX40 microscope — AOL: 163775.9 um2), being 10 of each
side. Area and number of motoneurons were estimated (Marcuzzo et al.,
2008) (animals/group: CT: 5, CTT: 5, CTA: 6, HIE: 5, HIET: 6, HIEA: 5).

5.7.3. Sciatic nerve analysis
The same fixation and formation of resin blocks described above for
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spinal cord were utilized for sciatic nerve. After, transverse-semithin
sections (1 um) were obtained, using an ultramicrotome and stained
with 1% toluidine blue. Six images of each nerve per animal (right and
left side) were captured and digitalized an Olympus BX40 microscope
(initially 1000x magnification and further amplified 100x for analysis).
Three random images from the periphery and three random images
from the center of the nerve were obtained. All fibers located inside an
AOI were analyzed (1208.031 um2). Morphometric measurements in-
cluded fibers number, axons area average and myelin sheath thickness
average (N = 6 animals/group) (Stigger et al., 2011).

5.7.4. Neuromuscular junction area

For the analysis of neuromuscular junctions (NMJs), the plantar
muscle was cutting manually with stainless steel blades into three or
four slices (longitudinally) and was submitted to nonspecific esterase
reaction technique (Lehrer and Ornstein, 1959). The slices were in-
cubated in an oven at 37 °C until the reaction becomes positive. Images
of the NMJs were captured at 400x magnification in Imager M2 Zeiss
(Germany). Measurements of area, major and minor diameter of 50
NMJs per animal were obtained for each animal (AOI: 90866.26)
(N = 6 animals/group) (Confortim et al., 2015).

5.7.5. Muscle fiber and nucleus quantification

The same fixation and formation of resin blocks described above for
sciatic nerve were utilized in samples of plantar muscle. Then, samples
of plantar muscle were also cut in transverse-semithin sections (1 pm).
Every 6 um, one slice was collected and stained with 1% toluidine blue.
After, ten images of the plantar muscle were captured and digitalized
(Olympus BX40 microscope — 200 X magnification). For estimating the
number of muscle fibers and nucleus, a set of ten images of each side
(right and left side) was randomly chosen (AOI: 44853.85 pmz) (N=6
animals/group) (Meireles et al., 2017). Details about all regions eval-
uated and representative figures are shown in Fig. 10.

5.7.6. Programs and Image analyzes

All morphological and morphometric analysis were performed using
the Image Pro Plus 6.0° software (Media Cybernetics, USA).
Experienced and previously trained experimenters performed all ana-
lysis, and they were all blind for the experimental groups.

5.8. Statistical analysis

Two-way ANOVA followed by Tukey’s post hoc test, with lesion and
training as factors, were used for body weight, Open field, Rotarod test,
The Ladder Rung Walking Test, brain atrophy, neuronal quantification
in the cortex, motoneurons analysis, sciatic nerve analysis, muscle fi-
bers quantification and neuromuscular junction area. Permanence time
of the treadmill during VO2 test, VO2 max and time spent for the ac-
robatic training were compared using the Student’s t-test. The data were
expressed as mean *= SEM. The Statistic© software package was used,
and differences were considered significant when p < 0.05.
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4.2 ARTIGO Il

A segunda parte dos resultados sera submetida ao periodico Experimental Neurology,
sob a forma de um artigo intitulado: “Forelimbs function and cellular plasticity in
the motor cortex are altered by a model of neonatal hypoxia-ischemia without

reversion through exercise”. O referido artigo segue-se abaixo.
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ABSTRACT

The neonatal hypoxic-ischemic encephalopathy is still the major cause of neonatal
mortality and morbidity, contributing overall disability, especially related to the motor
dysfunction and structures related. Exercise protocols may ameliorate neurological
impairment and have been shown to be a good therapeutic strategy against this
pathology in the clinic. However, experimental studies evaluating the benefits of this
type of therapy are still scarce. In this context, the aim of this study was to investigate
the fine motor function of forelimbs, the expression of proteins involved in cellular
morphology and plasticity in the motor cortex in male Wistar rats submitted to neonatal
hypoxia-ischemia, and that posteriorly performed two different physical exercise
protocols — treadmill or acrobatic training. Wistar rats were submitted to the HIE model
at the 7t postnatal day (PND). After, from the 22" until 60" PND the exercise protocols
(aerobic or acrobatic) were performed. After the end of training, the animals were
evaluated in the Pasta Matrix Reaching Task (PMRT) to investigate the use of the
forelimbs. The brains were collected to investigate the proteins synaptophysin, NeuN,
and GFAP trough immunohistochemistry in the primary motor cortex (M1). Our main
finding showed deficits in HIE animals to learn the PMRT. As expected, the HIE
animals used less the affected forelimb in the task and consequently showed minor
success when to use this forelimb in all phases of the test. Additionally, the HIE animals
present more SYP and a higher number of astrocytes when compared to control
animals in the M1 in the hemisphere ipsilateral to the lesion. There were no benefits
effects of exercises in these parameters. In conclusion, our findings demonstrated that
the PMRT could be considered a good test to evaluate the motor function of animals
submitted to neonatal hypoxia-ischemia, making it possible to demonstrate the fine
motor dysfunction of the forelimbs of these animals. In relation to the cell plasticity, we
demonstrate the role of astrocytes and synaptophysin in the M1 in this model and the
relation to these proteins with the motor function impaired. However, more studies are
needed to elucidate these different findings related to motor function and new

strategies to treat them.

Keywords: pasta matrix reaching task, brain lesion, acrobatic training,
neurodevelopment

55



Abbreviations: CNS: central nervous system, GFAP: glial fibrillary acidic protein, HIE:
hypoxic-ischemic encephalopathy, MRI: magnetic resonance imaging, M1: primary
motor cortex, PMRT: The Pasta Matrix Reaching Task, SYP: synaptophysin, VO2:

maximum oxygen consumption

1. INTRODUCTION

The perinatal asphyxia is the major cause of neonatal mortality and morbidity,
representing the single greatest contribution to overall disability worldwide (Aslam et
al., 2014). This clinical situation has as consequence a brain dysfunction caused by a
reduction in oxygen supply (hypoxia), aggravated by low blood flow to the brain, and
is named hypoxic-ischemic encephalopathy (HIE) (Wassink et al., 2019; Moral et al.,
2019). The mechanisms involved in the damage caused by HIE include a cascade of
events like inflammation, excitotoxic amino acids release, and oxidative stress, leading
to apoptosis and tissue necrosis (Grandvuillemin et al., 2017). These events cause
severe brain damage that is linked to a high risk of permanent neurological deficits
when affecting newborns (Steinman et al., 2009; Martinez-Biarge et al., 2011).

Currently, the early diagnosis of HIE involves an evaluation of Apgar scores,
neurological clinical status and markers of multi-system organ function (Lee et al,
2008). Additionally, the Health professionals use techniques of image analysis such
as computed tomography, magnetic resonance imaging (MRI), ultrasonography, and
electroencephalogram for auxiliary in the diagnostic (Groenendaal; de Vries, 2016).
Infants who survive the initial insult caused by HIE exhibit macroscopic brain damage
in structural images, usually identified by MRI scans. In the literature, there are reports
of different anatomical regions affected by this insult in the patients, but most studies
described impairment in the basal ganglia, thalamus and cerebral cortex (Millar et al.,
2017). The primary motor cortex (M1) plays a key role in volitional motor control and
motor skills learning (Lev, White, 1997). Consequently, the areas of cortex damaged
during the initial lesion are directly predictive of the language and motor function

deficits observed in these patients (Barnett et al., 2002; Steinman et al., 2009;
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Martinez-Biarge et al., 2011). Motor cortical damage and consequent motor
dysfunction are very prevalent in patients affected by this type of lesion. However, this
motor disability found frequently in patients is not fully mimicked in the models available
to study this pathology.

In the Rice-Vannuci model, the animals submitted to HIE present facility to
perform tasks that involves motor skills, such as running and swimming, demonstrating
that they do not have severe motor deficits (Pereira et al., 2008; Diaz et al., 2016;
Deniz et al., 2018; Confortim et al., 2019). These findings call attention because the
injured regions in the model resemble that found in humans and the extent of the lesion
is severe. However, when motor tasks are applied in this model, the results are
inconsistent and vary widely; showing from animals without any motor alteration to
some very compromised ones (Rojas et al., 2013; Schuch et al., 2016; Griva et al.,
2017; Dai et al., 2017; Duran-Carabali et al., 2017; Pak et al., 2018). In addition, it is
important to consider that more sensitive motor tests that can demonstrate the real
severity of these motor deficits is still poorly studied in HIE models. The investigation
of plasticity mechanisms involved in these differences, when compared humans
affected by this insult with the animal model, is also necessary.

A hypoxic-ischemic event in the immature brain can disrupt central motor
pathways and may affect normal developmental plasticity, thereby altering
neurotransmission, cellular signaling, function and neural connectivity (Rocha-
Ferreira; Hristova, 2016). To evaluate the changes in the plasticity of nervous tissue
after damaging events, the investigation of specific proteins are employed. The
literature suggests that the proteins synaptophysin (SYP), NeuN, and glial fibrillary
acidic protein (GFAP) are important markers that allow to obtain data about the
morphological organization of synaptic structures, changes in mature neurons and
astrocyte activation, respectively (Kolos et al., 2015; Duan et al., 2016; Zhang et al.,
2017). Alterations in these markers have already been identified in rats after the HIE
procedure and these changes can be related to the functional deficits and brain tissue
alterations found in these animals (Demarest et al., 2016; Diaz et al., 2016; Kim et al.,
2017; Griva et al. 2017). In many cases of brain injury, motor physical therapy is
recommended to restore motor function (Babcock et al., 2009); the therapeutic options
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involve techniques that stimulate the coordination, retraining in activities of daily living,
pain management, cognitive and behavioral therapies (Khan et al., 2003). When this
type of method specifically involves physical exercise, experimental studies have
shown satisfactory results like sensory-motor function preservation, neurogenesis,
apoptosis inhibition and oligodendrogenesis (Garcia et al., 2012; Park et al., 2013;
Choi et al., 2013; Tamakoshi et al., 2014; Kim et al., 2017; Pak et al., 2018). We have
previously demonstrated that modality of exercise named acrobatic training was
responsible for general locomotion improvement and decreased brain atrophy in HIE
animals. Meanwhile, in the same work, we did not find morphological alterations in the
structures related to motor function in the injured animals (Confortim et al., 2019).
How is this structural preservation occurring in HIE animals and how severe is
the motor impairment in this model need to be elucidated. Additionally, the therapeutic
impact of acrobatic exercise in this model could be better investigated. In this context,
the aim of this study was to evaluate the fine motor function of forelimbs and proteins
involved in cellular morphology and plasticity in the M1 in male Wistar rats submitted
to neonatal hypoxia-ischemia and trained in two different physical exercise protocols —
treadmill or acrobatic training. Our hypothesis is that the neonatal HIE would cause
motor impairments in the affected forelimb and that we will find cellular and plastic

alterations in injured animals.

2. EXPERIMENTAL PROCEDURES

2.1 Animals

Male Wistar rats were obtained from the Central Animal House of the Institute
of Basic Health Sciences of the Universidade Federal do Rio Grande do Sul and they
were maintained under standard conditions of light (12-h light/dark cycle) and
temperature (22+1-C), with food and water available ad libitum. At 7! postnatal day
(PND), the animals were randomly divided into two groups according to HIE procedure:
control or HIE. After the HIE, the pups were returned to their cages and remained with
their mothers until the weaning (PND 21). After this period, at the 22" PND, the
animals were assigned into six experimental groups according to the modality of

training and HIE procedure. Group names: control group non-exercised (CT), control
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group submitted to treadmill training (CTT), control group submitted to acrobatic
training (CTA), HIE group non-exercised (HIE), HIE group submitted to treadmill
training (HIET) and HIE group submitted to acrobatic training (HIEA). An experimental
timeline to more details was demonstrated in Fig. 1. All procedures were performed in
accordance with the Federation of Brazilian Societies for Experimental Biology and the
Guide for the Care and Use of Laboratory Animals adopted by National Institute of
Health (USA) and the Arouca Law (Law n° 11.794/2008). The Ethics Committee on
Animal Experimentation of the Universidade Federal Rio Grande do Sul, Brazil

approved this study (n. 29230).

Exercise protocols:

treadmill or acrobatic I Pasta Matrix Reaching Task |
| |
[ |
7 PND 21PND 60 PND 75PND
! "
HI procedure | | Weaning | Euthanasia of part of the

animals to brain collection
forimmunohistochemistry

Figure 1. Experimental timeline. Rats were submitted to hypoxia-ischemia at the 7t
PND. At 215t PND, the animals were divided into 6 groups: CT, CTT, CTA, HIE, HIET,
and HIEA and started the exercise training in different modalities. Part of animals was
euthanized in the 60" PND and brains were collected for immunohistochemistry. Other

animals performed the Pasta Matrix Reaching Task.

2.2 Hypoxia-ischemia procedure

The model proposed by Rice and colleagues (1981) commonly referred to as
the Rice-Vannucci model was employed in this study. In PND 7, the animals were
anesthetized with 2-4% halothane and the left common carotid artery was identified
through a longitudinal incision in the neck, isolated from the nerve and vein, and
permanently occluded with 4.0 silk surgical thread. After two hours (recovery period)
in their cages, groups of five pups were placed in a chamber (1500 ml) and exposed

to a hypoxic atmosphere (humid nitrogen-oxygen mixture - 92 and 8%, respectively)
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for 90 minutes with the chamber is partially immersed in a water bath at 37° C to
maintain a constant thermal environment. Control animals were operated by
simulation, i.e. they were submitted to anesthesia and surgical cervical incision, but did
not receive arterial occlusion or hypoxic atmosphere exposure (Miguel et al., 2017;
Deniz et al., 2018).

2.3 Exercise Protocols
At 22" PND (after weaning), the animals started the exercise protocols. The

training lasted five weeks, with an approximate duration of up to the PND 60.

2.3.1 Treadmill Training

The protocol used in this study established a moderate-intensity physical
exercise and was based on the methodology proposed by Cechetti et al. (2012). Firstly,
the animals were submitted to an adaptation period on the treadmill switched off for 5
days. Exercise intensity was defined as 60% of the maximum oxygen consumption of
the animal (Brooks and White, 1978). The indirect evaluation of maximum oxygen
consumption (VO2) was performed according to the protocol used by Confortim et al.
(2019). Following the VO2 max definition, treadmill exercises were performed three
times a week, with a total duration of 20 minutes per day.

2.3.2 Acrobatic Training

The acrobatic exercise protocol used in this work was based on the model
described by Black et al. (1990) and adapted by Jones et al. (1999) and was previously
described in details in Confortim et al (2019). Basically, the training performed by the
animals consisted of an obstacle course containing swings, stairs, ropes with different
thicknesses, rockers, bridges among others. The animals were first adapted to the
circuit. After the adaptation, the animals started the training, performed three times a
week, with six repetitions of circuit/day. The level of difficulty increased progressively
during training by changing the circuit and using different slopes, thus forcing the
animals to use the balance. The animals received slight manual stimulation when

necessary. After the completion of the six repetitions of each animal in the circuit, all
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obstacles and platforms were cleaned with ethanol 30%. The non-exercised animals
were taken to the same room where the animals performed the exercises and were

transferred to individual cages for 20 minutes.

2.4 Pasta Matrix Reaching Task

The Pasta Matrix Reaching Task (PMRT) was proposed by Ballerman et al.,
(2001) as a test to investigate the use of the forelimb of rats after spinal cord injury.
Through this test, it is possible to evaluate the motricity of the forelimbs, including
movement, adjustments of distances and directions, laterality and strength. The task
has already been applied to models of stroke, and has been useful in assessing
functional outcome in other upper extremity injury models (Kerr and Tennant, 2014).
In this study, to be able to perform the test, after the exercise training, the animals
started a food restriction (15-20g /rat/ day) three days before the test started and
continued in food restriction during all duration of phases of PMRT (N= 8-12
animals/group). Additionally, during this period, pieces of pasta were placed in the
animal cages to avoid neophobic responses (Kerr and Tennant, 2014). The apparatus
used in the task consisted of a transparent acrylic box 150 mm wide, 250 mm long and
480 mm high to house the animal. A 1 cm wide slit was located in front of the box.
Adjacent to the slit was a shelf 64 mm wide, 40 mm high and 120 mm wide. The shelf
contained a series of holes, 10 lines deep by 15 lines wide. The rows of holes were
separated by 4 mm. Pieces of pasta (spaghetti) were cut, inserted vertically into the
holes in the shelf and extended 2.5 cm above the shelf. The shelf containing the mass
was fixed to the front of the apparatus box by a clamp so that it could be easily removed

for refilling during the different phases of the test.

Habituation

In the first stage of habituation, the animals were allowed to explore the
apparatus. The rats were placed inside the box with the shelf containing the pieces of
dough placed inside the apparatus along with the animals. They remained in the box
for 5 to 10 minutes for two consecutive days. This phase was important to evaluate

some type of avoid or aversion to pasta.
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In the second stage of habituation, the apparatus was used in the normal
conformation, with the shelf containing the pieces of dough attached to the outside of
the apparatus. As a form of reward, pieces of dough were also located inside the box.
At this stage of the task, rats were encouraged to collect pieces of dough from the
opening in front of the box. The animals reached 10 min or a total of 10 times, which
occurred first. This phase was performed for two consecutive days.

Training phase

After the habituation sessions, the animals started the training. During this
phase, the apparatus was used in the same way utilized during the second phase of
habituation (with the shelf completely filled with pasta). The animal was considered
able to perform the first phase of the test when it was able to pick up/break 10 pieces
of pasta for two consecutive days within a total time of 10 minutes. In this phase, the
number of days necessary for learning these criteria and the time spent to pick
up/break 10 pieces of pasta in each day was noted. The total day’s number required
to learn the task varied between the animals. Animals that not learned were excluded

from the task.

Test phase

Three types of test were performed on three consecutive days. Test 1: the
apparatus was used in the same conformation utilized in training phase with the shelf
full with pieces of pasta. Test 2: the apparatus was used in the same conformation
utilized in test 1; however, the shelf was filled placed with pieces of pasta only on the
left side, forcing the animal to use preferentially the right forelimb (affected by HIE).
Test 3: the apparatus was used in the same conformation utilized in test 2; however,
the shelf was filled placed with pieces of pasta only on the right side, forcing the animal
to use preferentially the left forelimb. Each animal was placed in the test apparatus for
15 minutes on each test day. All days of the test were recorded to posterior analyze.
The following variables were evaluated during the different tests: the number of pieces
of pasta broken in each test, the number of successful attempts (when the animal is

able to pick up/break the pieces of pasta) and the number of total attempts of pick
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up/break the pasta (successful and unsuccessful) with each of the forelimbs (right and
left).

2.5 Tissue collection

Another part of the animals, which did not perform the test, were euthanized one
day after the end of exercise training for the collection of the brain. These animals were
anesthetized with thiopental solution and perfused transcardially with 0.9% saline
solution followed by 4% paraformaldehyde with phosphate buffer (PB). The brains
were rapidly collected and post-fixed in 4% paraformaldehyde at room temperature for
4 h. Posteriorly were cryoprotected with 15% and 30% sucrose solution a 4°C. Then,
the brains were cooled in isopentane (Merck, Germany), frozen in liquid nitrogen and
stored at -80°C for further analyses. Coronal sections (30 ym thick) were obtained
using a cryostat (CM1850, Leica, Germany) at —20 °C. Slices were containing the M1
region (Bregma: —0.92 a —1.4 mm) was serially collected in a previously gelatinized
slides (Piazza et al., 2013). Every 120 um, one slice was collected and processed for

immunostaining (described below).

2.6 Synaptophysin, NeuN, and GFAP immunohistochemistry

For the investigation of markers SYP, GFAP, and NeuN thought
immunohistochemistry, the brain sections previously cut into microtome were washed
in PBS solution. The antigen retrieval was realized only for NeuN trough heating for 20
min in 0.01 M citrate buffer at 92°C. After cool down of NeuN slides, the endogen
peroxidase was blocked with 3% hydrogen peroxide for 30 min in all slides. Sections
were washed with PBS followed by PBS-Tx and incubated with a solution of BSA plus
the monoclonal mouse anti-SYP antibody (1:250; Sigma), monoclonal mouse anti-
NeuN antibody (1:1000; Millipore) or polyclonal rabbit anti-GFAP antibody (1:500,
Dako) for 48h at 4°C. Posteriorly, the slices were washed with PBS-Tx and incubated
with secondary antibody rabbit anti-mouse IgG conjugated with peroxidase (1:500;
Sigma-Aldrich) for SYP and NeuN or antibody goat anti-rabbit IgG conjugated with
peroxidase (1:500; Sigma-Aldrich) for GFAP for 2h at room temperature. To revelation,
the DAB Enhanced Liquid Substrate System (3,3 diaminobenzidine
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tetrahydrochloride) was used according to the manufacturer's instructions (Sigma,
USA). Finally, the sections were washed in PBS, dehydrated in ethanol, cleared with

xylene and mounted with Permount (Fisher Scientific®, USA) (Deniz et al., 2018).

2.7 Optical densitometry and cell count

To realize the optic densitometry for SYP, NeuN, and GFAP, one image from
each hemisphere containing the region of interest (M1) was captured at 400x
magnification in Imager M2 Zeiss (Germany) (4 sections/animal). After the
photodocumentation, all images were converted to an 8-bit grayscale and optical
density was measured with the support of Image-Pro Plus Software 6.0 (Media
Cybernetics, USA) in two areas of interest per animal (AOl: 23904,22 um?). The
number of animals for these analyses were N=5-6 animals/group for SYP and GFAP,
and N=3-4 animals/group for NeuN. In order to perform a complementary analysis, we
also performed the count of cells labeled by NeuN and GFAP. For this, we used the
same images and area of interest used previously for densitometry and all the cells
marked within these two areas were counted. The average of cells counted per animal

was used as an estimative of cells density.

2.8 Statistical analysis
Two-way ANOVA with lesion and training as factors were used. The data were
expressed as mean + S.E.M. The Statistic© software package was used, and

differences were considered significant when p<0.05.

3. RESULTS

3.1 Pasta Matrix Reaching Task

3.1.1 Training phase

The statistical analysis indicated a lesion effect in the training phase in the
variables: number of days necessary to learn the task (F (1,55) = 5.62, p<0.05) and in
the time spent to broken 10 pastas in each trial (F (1,55) = 8.59, p<0.05). These results
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indicated that the HIE animals take longer to learn the test, and even after they learn

they take more time in each trial to break the 10 pastas regardless of the exercise

performed (Fig. 2).
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Figure 2. Training phase of Pasta Matrix Reaching Task. (A) Number of days

necessary to learning the task. (B) Time spent to broken 10 pastas in training phase.

*HIEs different from CTs groups (p<0.05). Values expressed as mean + standard error.

Two-way ANOVA. N= 8-12 animals/group.

3.1.2 Test phase

The number of pieces of pasta was counted in the end of each phase of the test

and no significant differences were found consequent to lesion or training in none of

the phases (Fig. 3).
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Figure 3. Number of pastas broken in each phase of Pasta Matrix Reaching Task. (A)
Test 1. (B) Test 2. (C) Test 3. Values expressed as mean = standard error. Two-way
ANOVA. N= 8-12 animals/group.

3.1.3Test1

In test 1, when the animals could use both forelimbs to broken the pieces of
pasta the Two-way ANOVA showed a lesion effect with an increase in the number of
total attempts utilizing the left forelimb (unaffected) in the HIE animals (F (1,55) = 5.63,
p<0.05). The effect of lesion also was identified with a lower success percentage in the
right forelimb (F (1,54) = 5.02, p<0.05) in the HIE animals. A lower preference of the
right forelimb utilization (F (1,55) = 4.62, p<0.05) and consequently a larger preference
of utilization of left forelimb (F (1,55) = 4.62, p<0.05) in the HIE animals also were
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identified. Additionally, the HIE animals showed minor success in this task when using
the forelimb affected in relation to all successful attempts when compared the CT
animals independently of the exercise training (F (1,55) = 3.85, p<0.05) (Fig. 4).
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Figure 4. Test 1 of Pasta Matrix Reaching Task. (A) Number of total attempts. (B)
Number of successful attempts. (C) Success percentage. (D) Preference of forelimb
utilization. (E) Number of successful attempts of the affected forelimb/all attempts with
success. *HIEs different from CTs groups (p<0.05). Values expressed as mean *

standard error. Two-way ANOVA. N= 8-12 animals/group.
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3.1.4 Test 2

In test 2, when the animals have forced to use preferentially the right forelimb
(affected by HIE) in the task, the statistical analysis showed again a lesion effect. We
identified a major number of total attempts utilizing the left forelimb (unaffected) (F
(1,55) = 5.24, p<0.05) and a bigger success percentage in the left forelimb (F (1,54) =
5.23, p<0.05) in the HIE animals. Similar to test 1, the HIE animals showed minor
success in this task when using the forelimb affected by hypoxia-ischemia in relation
to all successful attempts when compared the CT animals independently of the
exercise training (F (1,55) = 4,08, p<0.05) (Fig. 5).
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Figure 5. Test 2 of Pasta Matrix Reaching Task. (A) Number of total attempts. (B)
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3.1.5Test3

In test 3, when the animals have forced to use preferentially the left forelimb,
Two-way ANOVA showed a lesion effect. The number of total attempts was lower in
the HIE animals when compared to CT animals in the right forelimb (F (1,55) = 5.41,
p<0.05). In the same way, in test 2, observed a lower preference of the right forelimb
utilization (F (1,55) = 7.47, p<0.05) and consequently a larger preference of utilization
of left forelimb (F (1,55) = 7.47, p<0.05) were identified in the HIE animals. Also, the
HIE animals showed minor success in this task phase when using the forelimb affected
in relation to all successful attempts when compared the CT animals independently of
the exercise training (F (1,55) = 7.70, p<0.05) (Fig. 6).
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3.2 NeuN optical density and neuron count
Two-way ANOVA analysis did not evidence differences consequent to lesion or
training in NeuN optical density (Fig. 7A). In relation to the neuron count, the statistical

analysis also did not evidence differences in any these factors (Fig. 7B).

3.3 GFAP optical density and astrocyte count

Statistical analysis did not evidence differences consequent to lesion or training
in GFAP optical density (Fig. 7C). In relation to the astrocyte count, Two-way ANOVA
demonstrated a lesion effect in the left hemisphere (F (1,29) = 10.8, p<0.05), indicating
that the HIE animals present a higher number of astrocytes than the control animals in
the hemisphere ipsilateral to lesion (Fig. 7D). No effects of the exercise were identified

in these parameters.

3.4 Synaptophysin optical density

Two-way ANOVA demonstrated a lesion effect in the left hemisphere (F (1,29)
= 4.23, p<0.05). This result indicating that the HIE animals present more SYP than the
control animals in the hemisphere ipsilateral to the lesion, regardless of the training

performed (Fig. 7E).

72



NeuN Neuron count
0.06- 100-
+
El
£ ;
") -
5 0.04 @
s ;
$ o2 5
Ry 8
2 £
2y
z
0.004 o
right hemisphere left hemisphere
(unaffected) (affected) (unaffected) (affected)
C GFAP D Astrocyte count
0.08-
+
o
> 0.06 E
g° 6
5 2
D 0.04 é’
b 5
- o S
o ]
0.02- 3 8
< 2 £
k=g 5
0.00- :5: s
right hemisphere left hemisphere right hemisphere left hemisphere
(unaffected) (affected) (unaffected) (affected)

SYP

m

b O cT
& 5 CTA
g 3 HE
5] m HT
= EEE HIA
O 0.054

0.00

T T G T T
right hemisphere left hemisphere
(unaffected) (affected)
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4. DISCUSSION

The current study sought to investigate the fine motor function of forelimbs and
some proteins involved in cellular morphology and plasticity in the M1 in male Wistar
rats submitted to neonatal hypoxia-ischemia and the possible therapeutic effect of two
different physical exercise protocols — treadmill and acrobatic training. Our main
findings showed learning deficits in HIE animals since they took more time to execute
the task PMRT. Additionally, the HIE animals demonstrated motor dysfunction since
they used less the affected forelimb and consequently showed minor success when to
use this forelimb in all phases of the test. In relation to morphological findings, the HIE
animals present more SYP and a higher number of astrocytes when compared to
control animals in the M1 in the hemisphere ipsilateral to the lesion. Contrary to our

initial hypothesis there were no benefits effects of both exercises in these parameters.

4.1 Learning deficits were found in animals submitted to neonatal HIE

The most commonly used model of neonatal HIE involves permanent unilateral
occlusion of a common carotid artery and transient systemic hypoxia (Koehler et al.,
2018). In this study we adopted the Rice-Vannucci model (Rice et al., 1981) which is
very useful because reproduces the unilateral lesion in the hippocampus, striatum, and
cerebral cortex as found in human neonates, making it one of the most accepted
models to mimic this condition (Pereira et al., 2007). Cognitive deficits are currently
reported: Deniz and collaborators (2018) and Carletti et al. (2016) observed memory
deficits in HIE rats in the Morris water maze; in a study of Miguel et al. (2017), the
animals were tested in a task of Attentional set-shifting and it was observed that HIE
animals needed more trials to reach the criterion of six consecutive correct trials in one
phase of the test, proving the cognitive deficits in comparison to controls animals.
Learning and memory deficits after HIE injury also were found by Rojas and colleagues
(2013; 2015) through the Ox-maze and object recognition task.

The task utilized in this study was the PMRT. In this test, the training phase is
the first and can be considered the most important phase. This stage involves cognitive

processing that is crucial for animals to perform the task correctly in the following
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phases (Ballerman et al., 2001). Interestingly, in this phase was possible to identify a
learning deficit in HIE animals, indicated by more days necessary to learn the test
compared to control animals and more time in each trial to break the 10 pieces of pasta
(criterion used to consider the animal able to go to the test). These results are probably
related to the brain areas preferentially affected by the HIE model. It is a consensus in
the literature that the hippocampus is extremely affected by the HIE neonatal model,
being one of the regions that suffer the greatest atrophy (Miguel et al., 2015). One of
the reasons for this vulnerability seems to be related to the large quantity of the
glutamatergic receptors in this brain region (Choi and Rothman, 1990).

The initial hypoxic-ischemic insult is characterized by a decrease in the blood
supply and this is the triggering factor of neuronal injury since the cells become
incapable of fulfilling their metabolic demands (Novak et al., 2018). This period is
followed by a decrease in glucose supply and a deficiency in high-energy phosphates
(ATP) that result in a secondary lesion (Distefano; Pratico, 2010). In response to these
cellular lesions, the excitatory amino acids glutamate and aspartate are release
exacerbated in the brain, exerting an excitotoxic effect (Burd et al., 2016). Due to the
energetic failure caused by HIE, the process of these neurotransmitters re-uptake is
also impaired, thus causing a hyperactivation of these glutamatergic receptors (Millar
et al., 2017). These exacerbated activation receptors result in the accumulation of
intracellular calcium, causing death cellular and microglial activation with the
consequent release of harmful factors to neighboring neural cells (Galluzi et al., 2009).
This prevalence of these receptors in this region directly related to cognitive processing
explains this learning deficit already well consolidated in the model.

It is important to remember that even with an impaired learning, HIE groups
reached the necessary criteria to go to the other phases of the test, i.e., they learned
the task. Thus, we believe that the PMRT test can be considered a good test for the

evaluation of motor conditions of the forelimb in this HIE model neonatal.
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4.2 The neonatal hypoxia-ischemia caused motor impairments in the affected forelimb
on Pasta Matrix Reaching Task

Forelimbs assessments are critical to examine motor system status, understanding
motor learning and recovery after damage in rats (Sloan et al., 2015). The PMRT was
proposed initially by Ballerman et al., (2001) as a test to investigate the use of the
forelimbs of rats after spinal cord injury. Through this test, it is possible to evaluate the
motricity of the forelimbs, including reaching, movement, adjustments of distances and
directions, laterality and strength. The task has already been applied to models of
stroke, and have been useful in assessing functional outcome in other upper extremity
injury models (Kerr and Tennant, 2014). In the present study, we choose this task with
the purpose of evaluating more precisely the forelimbs preference/use in animals
submitted to HIE and the possible therapeutic effect of two types of exercise. The
results showed that no significant differences between groups in the count of pasta
pieces broken in all phases of the test. However, when we evaluate in more details
(observing the utilization of each forelimb) the different test phases, the results showed
that the HIE animals presented lower preference of the affected forelimb utilization and
consequently lower success when this forelimb to was used in all phases of the test.
Interestingly, in phase 2, when it was more comfortable to use the right forelimb
(affected by HIE), the HIE animals continued used the left forelimb, evidencing the
incapacity to use the affected forelimb. Contrary to expected, no beneficial effects were
found in any types of exercise used in this study.

Similar results have already been found previously in other models of brain injury
that used this same task. In a hemi-Parkinson analog model, when rats were tested by
PMRT, no difference was identified in the number of pieces of pasta obtained by the
animals when allowed to use both forelimbs. However, when the rats were forced to
use the impaired forelimb, the group submitted to lesion showed impaired compared
to the control group (Metz et al., 2001). Mice submitted to focal infarcts of the
sensorimotor cortex showed deficits in skilled reaching on the PMRT as compared to
sham operates. Before lesion induction, the majority of mice were able to reach pasta

pieces located anterior and far lateral to the reaching aperture (Tennant; Jones, 2009).
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To our knowledge, this is the first study that uses the PMRT to evaluate the motor
function of rats in a model of HIE. The present findings bring a particular contribution
in relation to motor function taken the discrepancy found in the Rice-Vannucci Model
(Rojas et al., 2013; Miguel et al., 2015; Arteaga et al., 2017; Griva et al., 2017; Dai et
al., 2017; Duran-Carabali et al., 2017; Pak et al., 2018; Confortim et al., 2019). We can
to propose that the discrepancies can be avoided by adopting more specific and
adequate tests. lllustrating that problem, in our previous work, it was not possible to
observe motor alterations in behavior tests that evaluation gross motor function, such
as open field and rotarod, however, when using the horizontal ladder test, the deficit
caused by HIE was identified (Confortim et al., 2019). Thus, we believe that the PMRT
test is a good choice for animal motor evaluation after induction of neonatal hypoxia-
ischemia. In order to try to understand in more detail the possible mechanisms that
may explain this fine motor deficit found in this test, the next step of this work involves
the evaluation of some proteins related to cellular plasticity in the M1, a region directly

related to the motor function.

4.3 Animals submitted to neonatal HIE presented a higher number of astrocytes and
more Synaptophysin expression in the ipsilateral primary motor cortex

In a previous study, our group demonstrated that animals submitted to the same
HIE model proposed in this study did not present morphological differences on the
sensorimotor cortex, spinal cord, sciatic nerve, neuromuscular junctions, and skeletal
muscle (Confortim et al., 2019). However, in tests that evaluate fine motor function, it
is possible to identify a dysfunction caused by the neonatal hypoxia-ischemia. To
understand the structural preservation in the motor pathway and what relation of this
preservation with the motor outcomes in this model needs we chose to identify possible
cells and/or mechanisms of plasticity related to this structural preservation in the motor
pathway. We evaluated through immunohistochemistry, the neurons density (NeuN),
the astrocytes (GFAP) and possible synaptic alterations (SYP) in M1 ipsilateral and
contralateral to the lesion. Our results show that the HIE animals present more SYP
expression and a higher number of astrocytes (GFAP™ cells marked) than the control
animals in the hemisphere ipsilateral to the lesion in the M1, without exercise effect.
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The M1 is a key structure for the control of voluntary movements and motor skills
learning. The elaboration of appropriate responses to different behavioral situations is
directly connected to the ability to select appropriate motor responses in accordance
with the environment (Vitrac; Benoit-Marand, 2017). In humans, this region is strongly
affected by neonatal hypoxia-ischemia and trigger several motor deficits (Barnett et al.,
2002; Steinman et al.,, 2009; Martinez-Biarge et al., 2011). However, in the Rice-
Vannuci model, this brain region seems less affected, when we compare the results
found in the hippocampus, for example. This assertion is confirmed when it was not
possible to observe a difference in the number of neurons marked by the NeuN protein
in this encephalic region in this study. This result also had previously been described
by cresyl violet marking in the sensorimotor cortex region in this same model, indicating
a possible preservation of this region (Confortim et al., 2009). A different result can be
observed in other brain regions; Deniz et al. (2018) showed that HIE rats diminished
neuronal density in the hippocampus ipsilateral to the lesion and Kim et al., (2017)
demonstrated significantly NeuN decreased in the HI group in the contralateral
subventricular zone.

Interestingly, although no neuronal loss in the M1 has been observed, a greater
number of astrocytes were identified in the HIE animals. This disturbance in neuron-
glia interaction may be responsible for the functional deficit found in this study. When
a neurological injury or neuroplasticity process occurs, astrocytes become reactive in
order to protect and/or regulate the synaptic microenvironment of cells (Coleman et al.,
2004; Dong, Greenough, 2004). An increase in GFAP expression may indicate
hyperplasia or hypertrophy and may be followed by changes in the number or in the
astrocyte ramifications (Sofroniew; Vinters, 2010). High levels of GFAP also have often
been associated with a mechanical barrier, interfering negatively in the function of CNS
cells (Burda; Sofroniew, 2014). Previous studies showed the increase of GFAP
expression after the different models of neonatal HIE in different brain regions
(Salmaso et al., 2012; Kim et al., 2018). The expression of this protein did not alter in
this study. However, we found a higher number of cells GFAP*. The effect of lesion
also was identified by an increase of astrocytes number in the HIE animals. The result

can be related to the functional deficit, since the astrocytes alterations can cause
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changes in neuron function even though there was no reduction in the number of these
cells. In order to correlate these findings, we analyze the protein SYP in order to identify
changes in plasticity in this region in consequence of neonatal HIE or exercise. The
SYP is a transmembrane glycoprotein found in small presynaptic vesicles of the nerve
cells and in microvesicles of the neuroendocrine cells. Literature data suggest that SYP
is an important synaptic marker being widely used for analysis of plasticity (Kolos et
al., 2015). Our results showed that the HIE animals presented more SYP than the
control animals in the M1 ipsilateral to the lesion, without the exercise effect. The
literature provides contradictory data about the effect of neonatal HIE on SYP
expression. Previous studies using the same animal model of HIE have shown no
alterations of SYP in hippocampus or showed a decrease of its expression in the
brainstem (Zhao et al., 2012; Revuelta et al., 2017; Deniz et al., 2018). Contrary, a
decrease in SYP immunoreactivity in the hippocampus have been identified in other
studies (Markostamou et al., 2016; Griva et al., 2017). Griva and collaborators (2017)
propose that the discrepancies observed in the literature indicate that synaptic
structural and functional changes induced by HIE might vary among different brain
regions and be dependent on the degree of brain maturity at the time of the HI insult.
The increase in SYP content observed could reflect some compensatory synaptic
changes in the cortex, results already observed by Tuor et al. (2001). In normal
development, the synapse formation is major than pruning at early ages, however, this
period it is following by a decline in the number of synapses, in consequence of
selection, maturation, formation and synapse stabilization of neuronal circuits (Tang et
al., 2014; Riccomagno et al., 2015). Apparently, the HIE disrupts this synaptic pruning,
maintaining a greater number of synapses in the ipsilateral M1 to injury. This plastic
alteration may also be correlated with the presence of motor deficits found in PMRT,
because many synapses may end up disturbing the correct functioning of that region.
However, more studies are needed to elucidate the mechanisms of plasticity involved
in this apparent neuronal preservation of this important motor area and in that fine

motor deficit found in this model of HIE.
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4.4 Physical exercise did not show beneficial effects on the parameters evaluated

To conclude this discussion, we need to raise the question of the non-beneficial
effect of physical exercise in this work. The physical exercise as a form of therapy
against pathologies that affect the central nervous system is widely used and
demonstrates satisfactory results in the experimental and clinical studies (Kim et al.,
2014; Lovatel et al., 2014; Jacotte-Simancas et al., 2015). However, contrary to our
initial hypothesis, none of the exercise modalities used in this study was able to alter
the parameters analyzed in rats. We initially believed that the exercise would assist in
the learning of HIE animals during the training phase. However, as previously seen, it
was not possible to identify such benefits. At this point, we believe that since the lesion
severely affects the regions involved in cognitive processing, the training proposed
here might not be enough to modulate the changes needed to reverse this cognitive
deficit. Another result that caught our attention is that we did not find effects of the
exercises in reversing the motor deficits found in forelimbs of HIE animals in the PMRT.
Our group had already demonstrated motor dysfunction in the horizontal ladder task in
the same model, and in this case, the acrobatic exercise was capable to reverse these
deficits (Confortim et al., 2019). We believe that the exercises used as training in this
study mainly use/force the hindlimbs of the animals. Perhaps for this is not possible to
observe the effects of training on this specific task.

In relation to the results related to cellular plasticity evaluation, it was also not
possible to observe the benefits of any of the types of exercise performed and this is a
result that goes against expectations. There is a consensus in the literature that the
exercise induces plasticity, especially in the hippocampus (Knaepen et al., 2010).
Several evidences demonstrated that physical exercise is responsible to increase
neurogenesis, cell proliferation and dendritic branching (Cassilhas et al., 2016). In
studies that utilized the exercise specifically after the neonatal HIE event, the results
identified benefices in the spatial learning, sensory-motor function, decrease in the
brain atrophy, apoptosis inhibition, neurogenesis and oligodendrogenesis activation
(Park et al., 2013; Choi et al., 2013; Kim et al., 2017; Pak et al., 2018; Confortim et al.,
2019). Some points may be raised to try to explain why exercise was not effective to
aid plasticity in this study. We first believe that this divergence may be related to the
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encephalic region evaluated in these studies. The studies cited above have evaluated
the corpus callosum, substantia nigra, striatum, subventricular zone and hippocampus
after HIE. To our knowledge, this is the first study to evaluate the effect of exercise on
M1 after this type of lesion. As previously stated, this brain region seems not to be so
affected by this insult, since it was not possible to identify neuronal loss in this region.
With this, we cannot observe the effect of exercise as well. Another point to be raised
is the duration and intensity of the training stimulus to which the animals were
subjected in these different studies. In our study we chose a stimulus considered in the
literature as mild to moderate, lasting on average 20 minutes a day and being
performed for 4 weeks for both modalities, mimicking a therapeutic form of training. On
the other hand, Pak et al. (2018) used a protocol to run on a treadmill performed 30
min once a day for 12 weeks and in a protocol of Kim et al. (2017), the rats were trained
on a treadmill from P22 to the 8" week after birth. These two examples show that the
intensity and duration of the exercise were different, which may also explain the
divergence of the results.

We need to consider that the literature involving studies evaluating the effect of
different types of exercise against HIE is still scarce, which makes it difficult to
understand the effects of this type of strategy. We believe that more studies need to
be done to clarify the mechanisms involved in the benefits found by this type of

treatment widely used in patients in the clinic.

5. CONCLUSIONS

As a conclusion, our main results showed the neonatal HIE caused learning deficit
and motor dysfunction on the affected forelimb in the PMRT. Additionally, the HIE
animals present more SYP and a higher number of astrocytes in the M1 in the
hemisphere ipsilateral to the lesion. Contrary to our initial hypothesis no benefits
effects of exercises were found in these parameters. These findings demonstrated that
the PMRT could be considered a good test to evaluate the motor function of animals
submitted to neonatal hypoxia-ischemia, making it possible to demonstrate the fine

motor dysfunction of the forelimbs of these animals. In relation to the cell plasticity, we
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demonstrate the role of astrocytes and synaptophysin in the M1 in this model and the
relation to these proteins with the motor function impaired. However, more studies are
needed to elucidate these different findings related to motor function and new

strategies to treat them.
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Este estudo foi proposto para investigar a funcdo motora, aspectos
morfolégicos e proteinas relacionadas a morfologia celular e/ou plasticidade de
estruturas envolvidas no controle motor em ratos Wistar machos submetidos a
hipoxia-isquemia neonatal, e o possivel efeito terapéutico de dois diferentes
protocolos de exercicios fisicos — aerdbico e acrobatico. Nossos principais resultados
mostraram que a hipOxia-isquemia neonatal causou atrofia cerebral, déficits de
aprendizado, comprometimento na locomocdo e menor utilizacdo/preferéncia do
membro afetado para o desenvolvimento da tarefa Pasta Matrix Reaching Task. Em
relagdo a plasticidade celular, foi possivel observar ainda um aumento na proteina
sinaptofisina e no namero de astrocitos no cértex motor dos ratos HIE no lado
ipsilateral a lesdo. Ao contrario da nossa hipotese inicial, ndo encontramos diferencas
morfolégicas no cortex sensoriomotor, N0 nervo isquiatico, na medula espinal, nas
juncBes neuromusculares e no musculo esquelético dos animais submetidos ao
modelo de HIE neonatal. Um efeito benéfico do treinamento acrobatico foi ainda
evidenciado, demonstrado pela melhora na locomocdo e diminuicdo da atrofia

cerebral nos animais HIE que realizaram esta modalidade de exercicio.

5.1 Animais submetidos a HIE neonatal realizaram com sucesso os diferentes

tipos de exercicio

Uma preocupacao inicial de nosso estudo estava relacionada ao desempenho
dos animais HIE em relacdo ao desenvolvimento dos diferentes protocolos de
exercicio fisico propostos, especialmente 0s exercicios acrobéticos. No entanto,
nossos resultados mostraram que os animais HIE nao tiveram dificuldades em realizar
nenhum dos dois tipos de exercicio, havendo uma regularidade de desempenho entre
0s grupos. Foi perceptivel ainda nas fases dois e trés do treinamento acrobéatico (as
fases mais avancadas e por consequéncia mais dificeis) que os grupos HIE realizaram
O percurso mais rapido que os animais controles. Este resultado pode ser um
indicativo de hiperatividade ou impulsividade, caracteristica ja evidenciada por nosso
grupo de pesquisa neste modelo de HIE (MIGUEL et al., 2015, 2017; DENIZ et al.,
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2018). Essa regularidade no treinamento evidenciada entre os grupos forneceu uma
boa maneira de comparar os resultados, tornando-os replicaveis e consistentes.

Na literatura, diferentes tipos de exercicio sédo utilizados experimentalmente e
apresentam efeitos protetores frente a diferentes patologias que afetam o SNC. Em
relacéo aos efeitos dos exercicios aerdbicos, principalmente os protocolos realizados
em esteira, resultados benéficos séo evidenciados. Este tipo de exercicio foi capaz de
modular funcdes das células gliais no giro denteado apds isquemia cerebral global,
preveniu alteracdes microvasculares induzidas por hipoperfusao cerebral cronica e foi
responsavel por induzir plasticidade em motoneurénios e no nervo isquiatico em um
modelo de paralisia cerebral (STIGGER et al., 2011; LOVATEL et al.,, 2014,
LEARDINI-TRISTAO et al., 2017). Em estudos utilizando animais submetidos ao
mesmo modelo de HIE neonatal utilizado neste trabalho e que realizaram exercicio
fisico em esteira também revelam resultados benéficos, mostrando reducéo da morte
neuronal no hipocampo, substancia negra e estriado, preserva¢ao da fungéo sensorio-
motora e melhoria na capacidade de aprendizagem espacial (CHOI et al., 2013; PARK
et al., 2013). Embora o treinamento acrobatico utilizado neste estudo tenha sido
menos estudado diante de patologias cerebrais, sabe-se que sua préatica também é
responsavel pela ativacdo de regides importantes do encéfalo. Em estudo publicado
por Garcia et al. (2012) o efeito do exercicio em esteira e do exercicio acrobatico foram
comparados em animais sem nenhum tipo de lesdo. Os resultados mostraram que
esses diferentes tipos de exercicio sdo responsaveis pela ativacao de diferentes
regides encefalicas. O exercicio em esteira promoveu alteracdes especificamente no
cerebelo. Ja os exercicios acrobaticos foram responsaveis por induzir alteragées na
expressao de proteinas sinapticas e estruturais no cortex motor e estriado. Como o
treinamento acrobatico, também conhecido como treinamento de habilidades
motoras, envolve mudancas em regides cerebrais diretamente relacionadas ao
controle motor, acreditamos que este tipo de exercicio poderia ser uma boa opc¢ao
terapéutica frente ao modelo de HIE neonatal. Ainda neste contexto, opc¢des de
reabilitacdo que envolvem desafios, jogos e a mudanca de ambientes sdo muito
interessantes especialmente para a terapia com criangas, pois facilitam a adeséo ao

tratamento, favorecendo assim melhores resultados. Adicionalmente, este tipo de
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modalidade é uma opcdo de baixo custo e que pode ser facilmente adaptada aos
diferentes ambientes disponiveis pelos profissionais da salde.

5.2 O exercicio acrobéatico reverteu a hiperatividade e o comportamento
semelhante a ansiedade causados pela hipoxia-isquemia neonatal

Iniciamos nossa investigacao através da utilizacdo de testes comportamentais
gue avaliassem a funcado motora de forma mais abrangente. O teste de campo aberto
€ um teste conveniente para avaliar a locomoc¢ao geral e também comportamentos
semelhantes a ansiedade. Em roedores, o comportamento de ansiedade no campo
aberto é desencadeado por dois fatores: o primeiro € o isolamento, uma vez que 0s
animais realizam o teste individualmente e o segundo se deve ao novo ambiente
enfrentado pelos animais durante a duracéo do teste (PRUT; BELZUNG, 2003). No
presente estudo, ndo foi possivel evidenciar déficits de locomocao causados pela HIE
através da utilizacdo deste teste comportamental. Porém, evidenciamos que o grupo
HIE obteve um maior nimero de cruzamentos no teste do campo aberto quando
comparado a todos os outros grupos. Além disso, os grupos HIE e HIET ficaram mais
tempo na periferia do aparato, quando comparados ao grupo HIEA. Esses resultados
indicam hiperatividade e comportamento semelhante a ansiedade promovidos pela
HIE neonatal e revertidos pelo exercicio acrobatico.

Caracteristicas de hiperatividade e comportamento semelhante a ansiedade ja
foram relatados previamente em outros estudos que utilizaram o mesmo modelo de
HIE (CARLETTI et al., 2012; ROJAS et al., 2013; DENIZ et al., 2018). Miguel e
colaboradores (2015, 2017) sugeriram ainda que o modelo de HIE proposto por Rice-
Vannuci poderia ser considerado como um modelo de transtorno de déficit de
atencao/hiperatividade, o que vai ao encontro do comportamento de hiperatividade
observado nos animais HIE. E importante considerar que as caracteristicas de
hiperatividade encontradas no grupo HIE podem ser um comportamento de risco para
os roedores, uma vez que uma atividade exacerbada pode levar a consequéncias

negativas para o animal, como o encontro com um predador, por exemplo.
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Em relagdo ao efeito protetor do exercicio, € amplamente difundido que o
treinamento fisico exerce beneficios fisicos e também psicolégicos. Assim como visto
em humanos, uma série de estudos mostra que a pratica de exercicio € responsavel
por diminuir os niveis de ansiedade em roedores (BINDER et al., 2004; DUMAN et al.,
2008; UYSAL et al., 2018). No presente estudo, o treinamento acrobético foi o principal
responsavel por reverter tanto o comportamento de hiperatividade quanto o de
ansiedade, apos o insulto causado pela HIE neonatal. Uma possivel explicacdo para
a diminuicdo da hiperatividade e ansiedade nos animais que realizam exercicios
acrobéticos pode estar associada a ndo aversao ao novo ambiente, uma vez que
esses animais foram estimulados e treinados em diferentes ambientes e desafios
durante o protocolo de exercicio.

Os processos cognitivos usados neste teste influenciam ainda a maneira como
0s animais adquirem, armazenam e lembram informagbes e sustentam
comportamentos como decidir onde procurar por comida, quando devem se esconder
de um predador ou com quem acasalar (GUILLETTE et al., 2015). Assim, mudancas
nesse comportamento exploratorio inato que foram identificadas no grupo HIE podem
influenciar negativamente o seu desenvolvimento. Em contrapartida a alteracao
comportamental causada pelo exercicio neste modelo traz beneficios diretamente
relacionados a sobrevivéncia desses animais. Contudo, estudos futuros devem ser
realizados a fim de avaliar o comportamento de ansiedade usando tarefas mais
sensiveis e assim fornecer dados adicionais sobre o potencial do exercicio acrobatico

para melhorar os parametros emocionais.

5.3 A hipo6xia-isquemia neonatal causou déficits motores e de aprendizado e o

treinamento acrobéatico reverteu parte destes déficits

Como ndo conseguimos encontrar déficits motores oriundos da HIE no teste de
Campo Aberto, considerado um teste para avaliar comportamento locomotor geral,
posteriormente utilizamos testes mais especificos para avaliar a funcdo motora dos
animais afim de identificar déficits provenientes da HIE e o possivel efeito do exercicio.

Os testes adicionais adotados foram: o rotarod, o teste da escada horizontal e o Pasta

96



Matrix Reaching Task (PMRT). Para avaliar a coordenacdo motora dos animais,
utilizamos o teste do rotarod. Este teste foi projetado inicialmente para avaliar o
desempenho motor e é amplamente utilizado para avaliar o equilibrio de roedores
(SHIOTSUKI et al., 2010). Nao encontramos diferencas entre 0os grupos quanto a
coordenacao motora nos parametros analisados neste teste resultantes da HIE e nem
efeitos do exercicio fisico. Ndo ha consenso na literatura sobre comprometimento
motor no modelo HIE medido pelo teste do rotarod, consequentemente os resultados
encontrados sao divergentes. Griva et al. (2017) e Dai et al. (2017) encontraram déficit
de equilibrio em animais submetidos a HIE. Porém, Rojas e colaboradores (2013) nédo
encontraram diferengas entre os animais HIE e os controles utilizando esse mesmo
teste. Segundo Shiotsuki et al. (2010) o teste rotarod é mais sensivel para detec¢éo
de alteracdes no cerebelo. No entanto, essa estrutura parece ser menos afetada pelo
modelo HIE que utilizamos, uma vez que néo ha relatos de atrofia nessa estrutura na
literatura e ndo observamos diferencas no equilibrio dos animais durante o
treinamento acrobatico. Estas evidéncias sugerem uma possivel explicacdo sobre 0s
resultados contrastantes observados neste teste.

A tarefa da escada horizontal foi utilizada para avaliacdo da utilizagcdo dos
membros anteriores e posteriores dos animais apés o evento hipoxico-isquémico. Esta
tarefa foi proposta inicialmente para avaliacdo dos membros em ratos apds diferentes
tipos de lesdo cerebral (METZ; WISHAW, 2002). Nossos achados indicam que este
teste parece ser sensivel também para a lesdo HIE, uma vez que os ratos lesionados
apresentaram um maior numero de erros nesta tarefa quando comparados ao grupo
controle. O comprometimento motor apresentado no teste da escada horizontal
também foi identificado em estudos prévios realizados por Duran-Carabali et al. (2017)
e Schuch et al. (2016b) utilizando este mesmo modelo de HIE. Nossos resultados
mostraram ainda que o exercicio acrobatico produziu um efeito benéfico recuperando
a funcdo motora nos animais HIE, mesmo com o protocolo de exercicios come¢ando
duas semanas ap0s a lesdo. Esse resultado indica que esse tipo de exercicio parece
ser uma boa opcao de tratamento para os individuos afetados por essa patologia,
mesmo quando ndo se consegue iniciar uma intervencao terapéutica precoce, ou

guando esses individuos séo diagnosticados mais tardiamente.
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E importante ressaltar ainda que esta atividade é proposta para mimetizar
técnicas de estimulagdo j& utilizadas na clinica, por profissionais de salde,
especialmente fisioterapeutas. Esses resultados reforcam entdo o uso desses
protocolos de tratamento, por serem opc¢des nao-farmacoldgicas, faceis de se
reproduzir no ambiente clinico e que podem demonstrar resultados satisfatorios para
o tratamento de distarbios neuroldgicos. Sigmundson et al. (2017) estabelece que a
interacao entre a pessoa, 0 ambiente e novas tarefas pode mudar a maneira como 0s
movimentos sdo estabelecidos, causando mudancas no desenvolvimento motor.
Evidéncias atuais demonstram que para a aprendizagem de novas habilidades
motoras, como ocorre durante o treinamento acrobatico, ocorre aumento nas
conexdes entre certas areas do encéfalo e consequentemente plasticidade (KIDA et
al., 2016). Explorando ainda essa estratégia de reabilitacdo, Sidaway e colaboradores
(2012) afirmam que os terapeutas devem manipular a dificuldade dos parametros da
tarefa aplicada no ambiente clinico, a fim de gerar um nivel adequado de dificuldade
funcional para cada paciente, obtendo assim otimizacdo na aprendizagem motora e
melhores resultados. Kline et al. (2016) demonstraram também que 0 uso de terapias
combinadas pode ser mais benéfico apés lesdes cerebrais traumaticas. Os achados
do presente estudo chamam a atencdo para a importancia das pesquisas
translacionais. Ensaios pré-clinicos podem contribuir para justificar o uso de
intervencdes ndo-farmacoldgicas que ja sdo utilizadas ou que ainda estdo em fase de
teste, comprovando assim seus beneficios funcionais e demonstrando os alvos
neurobioldgicos envolvidos.

A fim de confirmar os déficits motores encontrados no teste da escada
horizontal e o efeito do exercicio acrobatico, optamos por avaliar com mais precisao a
capacidade motora e a preferéncia/luso dos membros anteriores dos animais
submetidos a HIE através do teste PMRT. Segundo Sloan e colaboradores (2015), as
avaliagbes dos membros anteriores sdo criticas para examinar o status do sistema
motor, entender o aprendizado motor e a recuperacao apos o dano em ratos. A tarefa
PMRT foi proposta inicialmente por Ballerman et al., (2001) como um teste para
investigar o uso dos membros anteriores de ratos apos lesdo medular. Através deste

teste, € possivel avaliar a motricidade dos membros anteriores, incluindo movimento,
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ajustes de distancias e direcdes, lateralidade e forca. A tarefa ja foi aplicada também
a modelos de acidente vascular cerebral (AVC) e tem sido util na avaliagdo do
resultado funcional em outros modelos de lesdo da extremidade anterior (KERR;
TENNANT, 2014).

Esta tarefa é caracterizada inicialmente por uma fase de treinamento. Esta fase
envolve a aprendizagem dos animais e a capacidade para realizar corretamente as
fases seguintes do teste (BALLERMAN et al., 2001). Se o animal ndo é capaz de
entender o que deve ser feito neste estagio, o teste perde sua capacidade de
identificar os déficits motores, tornando-se inutil. Nesta fase foi possivel identificar um
déficit de aprendizado nos animais com HIE em nosso estudo, indicado por mais dias
necessarios para aprender o teste em comparacdo aos animais controle e por mais
tempo em cada tentativa para quebrar os 10 pedacos de macarrédo (critério usado para
considerar o animal capacitado para a realizacdo do teste). Esse déficit cognitivo
encontrado nos animais HIE ja era esperado, pois déficits de aprendizado e memoria
sdo encontrados frequentemente neste modelo de HIE neonatal. Deniz e
colaboradores (2018) e Carletti et al. (2016) observaram déficits de memaoria em ratos
submetidos a HIE no labirinto aquatico de Morris. Os resultados desses estudos
mostraram que os animais HIE necessitaram de um maior numero de dias para
aprender a tarefa e apresentaram maior laténcia durante a fase de aprendizagem,
respectivamente. Em um estudo de Miguel et al. (2017) que utilizaram o mesmo
modelo de HIE, os animais foram testados em uma tarefa de atencdo, o Attentional
set-shifting, e foi possivel observar que animais HIE necessitaram de um maior
namero de tentativas para atingir o critério de seis execu¢des corretas consecutivas
em uma das fases do teste, comprovando assim os déficits cognitivos em comparacao
aos animais controles. Déficits de aprendizado e memdéria apos a lesdo por HIE
também foram encontrados por Rojas e colaboradores (2013; 2015) através da tarefa
do Ox-maze e do reconhecimento de objetos.

Esses resultados provavelmente estdo relacionados as areas do encéfalo
preferencialmente afetadas pelo modelo de HIE. E consenso na literatura que o
hipocampo é extremamente afetado pelo modelo HIE neonatal, sendo uma das
regides que sofrem maior atrofia (MIGUEL et al., 2015). Uma das razdes para essa
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vulnerabilidade parece estar relacionada a grande quantidade de receptores
glutamatérgicos nessa regido do encéfalo (CHOI; ROTHMAN, 1990). O insulto
hipoxico-isquémico inicial € caracterizado por uma diminuicdo do suprimento
sanguineo e este é o fator desencadeante da lesdo neuronal, uma vez que as células
se tornam incapazes de satisfazer suas demandas metabdlicas (NOVAK et al., 2018).
Este periodo € seguido por uma diminuicdo no suprimento de glicose e uma
deficiéncia em fosfatos de alta energia (ATP) que resultam em uma lesédo secundaria
(DISTEFANO; PRATICO, 2010). Em resposta a essas lesbes celulares, os
aminoacidos excitatorios glutamato e aspartato séo liberados de maneira exacerbada
no encéfalo, exercendo assim um efeito excitotoxico (BURD et al., 2016). Devido a
falha energética causada pela HIE, o processo de recaptacdo desses
neurotransmissores também é prejudicado, causando hiperativacdo desses
receptores glutamatérgicos (MILLAR et al.,, 2017). Essa hiperativacdo resulta em
acumulo de calcio intracelular, causando morte celular e microglial, e consequente
liberacdo de fatores prejudiciais as células neurais vizinhas (GALLUZI et al., 2009).
Essa prevaléncia desses receptores nessa regido diretamente relacionada ao
processamento cognitivo explica esse déficit de aprendizagem ja bem consolidado no
modelo. E importante lembrar que, mesmo com o atraso no aprendizado encontrado
nos grupos HIE, todos os animais conseguiram alcancar os critérios necessarios para
passar as outras fases do teste. Assim, acreditamos que o teste de PMRT pode ser
considerado um bom teste para a avaliacdo das condicGes motoras do membro
anterior neste modelo de HIE neonatal.

Em relacdo a fungdo motora especificamente, os resultados evidenciados pela
tarefa PMRT mostraram que ndo houve diferencas significativas entre os grupos na
contagem de pedacos de macarrao quebrados em nenhuma fase do teste. No entanto,
guando avaliamos mais detalhadamente essas diferentes fases do teste, os
resultados evidenciaram que os animais HIE apresentaram menor preferéncia da
utilizacdo do membro anterior afetado pela lesdo e, consequentemente, menor
sucesso quando este membro foi utilizado em todas as fases do teste. Curiosamente,
na fase dois, quando era mais confortavel a utilizacdo da pata anterior direita (afetada
pela HIE) para quebrar os pedagos de macarrdo, os animais HIE continuaram usando
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a pata anterior esquerda, evidenciando assim a incapacidade de usar a pata anterior
afetada. Ao contrdrio de nossa hipétese inicial, ndo foram encontrados efeitos
benéficos do exercicio neste teste.

Resultados semelhantes ja foram encontrados anteriormente em outros
modelos de leséo cerebral que utilizaram essa mesma tarefa para avaliar a fungao
motora fina dos animais apoés diferentes tipos de lesé@o encefalica. Em um modelo de
hemi-Parkinson, quando os ratos foram testados através do PMRT, ndo foram
encontradas diferencas no nimero medio de pedacos de macarrdo quebrados pelos
animais quando era permitido usar ambos os membros anteriores. No entanto, no
mesmo estudo, quando os ratos foram forcados a utilizar o membro anterior
comprometido, o grupo submetido a lesdo mostrou-se prejudicado em relacdo ao
grupo controle (METZ et al., 2001). Camundongos submetidos a isquemia focal no
cortex sensoriomotor também mostraram déficits de alcance na tarefa PMRT. Antes
da inducéo da lesdo, a maioria dos camundongos era capaz de alcancar pedacos de
macarrdo localizados anteriormente e lateralmente a abertura do aparato. Apés a
inducdo da lesdo, a extensdo em que oS camundongos conseguiram alcancar 0s
pedacos de macarrao da regiao anterior e, principalmente na regiao lateral da matriz
do aparato foi limitada (TENNANT; JONES, 2009). A tarefa do PMRT também ja foi
usada previamente como reabilitacdo em camundongos jovens e idosos ap0s inducao
de AVC (TENNANT et al., 2015). Apés lesbes isquémicas focais, camundongos idosos
apresentam déficits semelhantes aos observados em sobreviventes de AVC humano,
incluindo deficiéncias no uso coordenado e habilidade da extremidade superior
contralateral. Os resultados encontrados por Tennant et al. (2015) sugerem que o
treinamento especifico utilizando a tarefa PMRT pode ser uma maneira especialmente
eficaz de induzir uma melhora comportamental das extremidades superiores em
camundongos sobreviventes de AVC e conduz a plasticidade em areas pré-motoras
no encéfalo de camundongos jovens.

Para o0 nosso conhecimento, este é o primeiro trabalho que usa a tarefa PMRT
para avaliar a fungdo motora de ratos em um modelo de HIE. O uso de novas tarefas
gue avaliam a condicdo motora de maneira mais cuidadosa, como neste modelo, se

faz necessario, uma vez que ainda existe uma discrepancia em relacdo ao
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comprometimento motor no modelo Rice-Vannucci (ROJAS et al., 2013; MIGUEL et
al., 2015; ARTEAGA et al., 2017; GRIVA et al., 2017; DAI et al., 2017; DURAN-
CARABALI et al., 2017; PAK et al., 2018). Os resultados encontrados neste trabalho
mostram que apesar de haver essa discrepancia, déficits motores podem ser
demonstrados através de testes mais especificos. Assim, acreditamos que o teste de
PMRT é uma boa escolha para identificar os déficits motores causados nos animais
apos a inducéo de hipdxia-isquemia neonatal, pois mimetiza o mesmo déficit motor
encontrado em humanos em patologias que atingem o encéfalo de maneira unilateral.

Resumindo os resultados comportamentais, 0o modelo de HIE neonatal produziu
efeitos negativos sobre a aprendizagem e a funcdo motora dos animais,
especialmente em relacdo a utilizacdo do membro anterior afetado pela lesdo, sem
prejuizo para o equilibrio. Mostramos também que 0s exercicios acrobaticos foram
capazes de restabelecer a funcdo motora no teste da escada horizontal, porém nao
encontramos efeito benéfico de nenhum dos tipos de exercicio no teste PMRT.
Considerando a inconsisténcia nos resultados encontrados em relagcdo a funcéo
motora e em relacdo a capacidade terapéutica do exercicio, o préximo passo deste
estudo foi investigar a morfologia dos componentes envolvidos no controle motor, a

fim de identificar possiveis explicacfes para esses resultados divergentes.

5.4 O exercicio acrobatico diminuiu a atrofia cerebral causada pela HIE neonatal

Com o intuito de detectar possiveis alteracdbes em componentes do TCE,
desenvolvemos um estudo exploratério dos principais componentes da via
corticospinal e das estruturas periféricas associadas a motricidade. Primeiramente,
realizamos uma medida bruta investigando a atrofia encefélica total. Nossos
resultados evidenciaram que a HIE neonatal causou danos consideraveis no
hemisfério ipsilateral & ocluséo arterial e o treinamento acrobatico foi capaz de reduzir
essa atrofia. A extensa atrofia no hemisfério ipsilateral a lesdo € demonstrada
expressivamente na literatura neste modelo de HIE (PEREIRA et al., 2007, 2008;
MIGUEL et al., 2015; SCHUCH et al., 2016a; CARLETTI et al., 2016). Curiosamente,

0 exercicio acrobatico impediu 0 avango da atrofia, mesmo com a terapia comegando
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duas semanas apos a lesdo. Neste momento, a fase aguda da HIE neonatal ja havia
ocorrido causando morte celular, e o exercicio parece ter aliviado a progressao da
lesdo, parecendo exercer efeitos de neuroplasticidade. Os resultados funcionais
apresentados anteriormente neste estudo também indicaram que 0 exercicio
acrobético foi capaz de recuperar parte da fungdo motora nos animais HIE.

Diante desses achados, algumas hipGteses podem ser colocadas para
compreender 0s mecanismos envolvidos nessa protecdo provocada pelo exercicio.
Esta bem estabelecido que a manutencdo da estrutura vascular € um ponto critico
para uma boa funcdo encefalica. Sabe-se também que esta vasculatura pode ser
perturbada em uma variedade de patologias que afetam o suprimento sanguineo ou
o microambiente do tecido nervoso (ABBOT et al., 2010). Nesse contexto, a pratica
de exercicios fisicos € responsavel por promover angiogénese e esse processo €
considerado um pré-requisito para muitas formas de plasticidade neural e
comportamental, particularmente em condi¢cdes patologicas (BERGGREN et al.,
2014). A literatura também mostra também que o exercicio fisico é capaz de diminuir
a disfuncdo da barreira hematoencefalica (BHE), melhorando a funcdo astrocitaria
apos um AVC isquémico (WANG et al., 2014). A combinacéo desses dois fatores pode
ser decisiva para os beneficios do exercicio encontrados neste trabalho. Um estudo
anterior conduzido por nosso grupo de pesquisa ja mostrou que este modelo de HIE
neonatal € responsavel por alteracbes na BHE, tornando essa barreira menos
eficiente (DIAZ et al., 2017). O exercicio acrobatico pode ter restaurado a funcéo da
BHE, estabelecendo um microambiente favoravel para a angiogénese no hemisfério
afetado. Esta hipétese é fundamentada por evidéncias atuais que mostram que a
pratica de exercicio fisico aumenta o fator de crescimento endotelial vascular (VEGF)
e o fator neurotréfico derivado do encéfalo (BDNF) no cortex e no hipocampo. Além
disso, estudos mostram que quando o exercicio € voluntario, esse aumento pode ser
mais expressivo (UYSAL et al.,, 2015). Essa via poderia explicar como o0 exercicio
protege parcialmente o encéfalo dos animais HIE, restabelecendo os niveis de
oxigénio e, consequentemente, prevenindo a progressao da lesdo. A modulacéo
desses mecanismos de plasticidade também ja foi demonstrada em estudos que

envolvem exercicios e outras estratégias terapéuticas nao-farmacologicas. Rojas e
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colaboradores (2013) relataram que o enriqguecimento ambiental foi responsavel por
aumentar a densidade dos espinhos dendriticos em ratos HIE. Estudos em roedores
saudaveis submetidos a diferentes protocolos de exercicios também mostraram
aumento na densidade dos espinhos dendriticos em regides como o0 hipocampo, o
cortex entorrinal e o cerebelo (STRANAHAN et al., 2007; PETZINGER et al., 2013). A
modulacdo desses espinhos dendriticos é muito importante para a plasticidade e
alteracdes nestes espinhos podem estar associadas a uma reformulacéo nas vias de
comunicagao, garantindo assim uma maior eficiéncia no controle motor (LUSCHER et
al., 2000). Assim, propomos que 0 exercicio exerca um efeito protetor promovendo
um ambiente favoravel para prevenir a morte celular e/ou preservar as células
sobreviventes.

Outro fato interessante que precisa ser levado em consideracdo em nossos
achados é o efeito terapéutico divergente encontrado nos diferentes tipos de exercicio
testados: aerdbico e acrobatico. Nossos resultados evidenciaram um efeito benéfico
do exercicio acrobatico na funcdo motora e na reversao da atrofia quando comparado
ao exercicio em esteira, um tipo de exercicio aerobico. Evidéncias mostram que em
ratos apds isquemia, o exercicio de baixa intensidade poderia ser melhor para a
plasticidade sindptica do que o exercicio de alta intensidade, promovendo um
aumento mais significativo nos niveis de BDNF no hipocampo (SHIH et al., 2013).
Talvez, o exercicio aerobico realizado na esteira, mesmo em intensidade moderada,
possa causar mais estresse aos animais, mascarando assim o0s beneficios do
exercicio no presente estudo. Em conjunto, podemos sugerir que mais atencdo deve
ser dada para o treinamento de aprendizagem de habilidades motoras como
coadjuvante nos processos de reabilitacdo neurolégica em pacientes humanos com
HIE, particularmente em criangas, visto que os resultados encontrados neste estudo
fornecem evidéncias de que ele apresenta resultados mais satisfatorios, quando

comparados aos exercicios aerobicos.

104



5.5 A hipodxia-isquemia neonatal ndo causou alteragbes morfolégicas nos

componentes do controle motor

Em relacdo a exploracdo mais detalhada dos componentes da via
corticoespinal e do controle motor, ndo encontramos diferengcas na quantificacao
neuronal no cortex, no numero e na area de motoneurdnios da medula espinal, na
analise do nervo isquiatico, nas juncdes neuromusculares e nas fibras musculares do
musculo plantar de ratos apdés HIE neonatal. Essas descobertas serdo discutidas
juntas, uma vez que sao interdependentes.

Como ja citado acima, uma extensa atrofia cerebral € comumente relatada no
modelo de HIE neonatal (PEREIRA et al, 2007; CARLETTI et al. 2012). No entanto,
guando analisamos com mais detalhes os estudos morfolégicos ja realizados,
podemos observar que a porcentagem de atrofia varia de acordo com cada regiao,
sendo maior no hipocampo e néo tao significativa no cortex (MIGUEL et al., 2015). O
hipocampo é uma estrutura seletivamente vulneravel a uma variedade de insultos
metabdlicos e citotoxicos, e uma possivel explicacdo para essa vulnerabilidade como
descrito anteriormente, parece estar relacionada a distribuicdo dos receptores
glutamatérgicos nessa regido (CHOI; ROTHMAN, 1990). Os mecanismos de
excitotoxicidade, assim como o estresse oxidativo relacionado ao aumento dos niveis
de glutamato, desempenham papéis cruciais nas lesées neuronais implicadas na
patogénese de muitos distarbios neurolégicos, incluindo a lesdo cerebral perinatal
associada a hipoxia-isquemia (BURD et al., 2016). O estudo de Miguel e
colaboradores (2015) identificou perda de 50% do volume do hipocampo neste modelo
de HIE em comparagdo a uma atrofia cortical em torno de 20%. Esses achados
corroboram com os dados do presente estudo que mostram uma densidade neuronal
do cértex semelhante entre os grupos controle e HIE.

A vulnerabilidade especifica do hipocampo justifica os achados nessa estrutura
em varios estudos sobre danos cerebrais neonatais. Por outro lado, ndo ha consenso
sobre a lesdo no coértex, na medula espinal ou mesmo em outros elementos
relacionados a fungcdo motora em ratos apos HIE. Divergindo dos nossos resultados,
um estudo realizado por Bellot e colaboradores (2014) relatou disturbios

bioaminérgicos no tronco encefalico e na medula espinal de camundongos HIE.
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Durdn-Carabali et al. (2017) relataram também uma reducdo na area de fibras
musculares em ratos neste mesmo modelo.

A lesao induzida por HIE pode ser descrita como um espectro, variando de
‘moderada” a “severa” (RUMAJOGEE et al.,, 2016). Tal variabilidade é baseada
principalmente no periodo critico em que ela ocorre, uma vez que o encéfalo nessa
fase estd se desenvolvendo e, como consequéncia, a plasticidade neuronal é
aumentada nesta fase (JOHNSTON, 2009). O sistema nervoso de animais jovens se
recupera mais rapidamente e efetivamente do que o dos adultos, porque é
considerado mais “plastico, justificando a preservacdo de algumas estruturas
cerebrais em ratos HIE (JAMES-ROBERTS, 1979). Além disso, outro possivel motivo
da resposta plastica em neonatos pode ser a vascularizacao eficiente nesse periodo.

ApoOs a oclusao da artéria carotida no modelo HIE, um efeito compensatario foi
observado devido a presenca do circulo de Willis, que permite a comunicacao entre
os dois hemisférios cerebrais (COOK, 1965; DORR et al., 2007; RUMAJOGEE et al.,
2016). Essa compensacao espontanea foi melhor descrita em um estudo recente
realizado por Edwards et al. (2017) que identificaram uma perfusao retrograda através
de duas vias principais: primeiramente, via ramos faciais, orbitais e meningeos,
originados da artéria carétida externa; e em segundo lugar, através de um fluxo
sanguineo colateral através da artéria carétida externa por ramos anastométicos com
as artérias tireoidianas ou occipitais superiores e inferiores. Consequentemente,
essas alteracfes na perfusdo podem explicar as inconsisténcias associadas ao
procedimento criado por Rice-Vannucci. Possivelmente, essa compensagéo do fluxo
sanguineo, juntamente com a plasticidade especifica do periodo, pode contribuir para
os achados variaveis no tecido nervoso nos ratos recém-nascidos.

Em resumo, os achados morfoldgicos encontrados neste trabalho indicam que
as estruturas relacionadas a funcdo motora no sistema nervoso central e nos
componentes periféricos ndo sao as principais estruturas afetadas. Indo de encontro
com os achados morfolégicos, a fungdo motora também sofre alteragBes variaveis
dentro dos diferentes estudos. Embora o modelo de Rice-Vannuci tenha sido
considerado um modelo de asfixia perinatal, talvez seja necessario avaliar se esse

modelo é de fato adequado para estudar as disfun¢cdes motoras, da mesma forma que
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séo vistas na paralisia cerebral. Em humanos, o achado mais comum da paralisia
cerebral é o disturbio nas fun¢des motoras pela presenca de movimentos espasticos
(AARTS et al., 2010). No entanto, nos animais HIE a presenca de espasticidade nao
€ observada (ROBINSON, 2013). Os ratos submetidos a HIE ndo demonstram
também dificuldades para realizar habilidades motoras comuns, como locomocé&o,
alimentacdo e natacdo, e estes resultados séo evidenciados através dos diferentes
testes realizados neste modelo (PEREIRA et al., 2008; MIGUEL et al., 2015; SCHUCH
et al., 2016a; CARLETTI et al., 2016; DIAZ et al, 2016, DENIZ et al., 2018). Essa
afirmacao é ratificada no presente estudo, uma vez que 0s animais ndo apresentaram
dificuldades de locomocdo, mesmo apresentando déficits motores sutis, e
conseguiram realizar os diferentes protocolos de exercicio fisico. O impacto funcional
e morfolégico divergente desse evento hipdxico-isquémico em roedores e humanos
deve ser cuidadosamente considerado, porque as estruturas envolvidas no controle
motor em ambas as espécies demonstram também algumas diferencas. Uma revisao
recente relata que os roedores tém menos conexdes diretas entre o cortex motor e 0s
neurdnios motores no corno anterior da medula espinal e também um menor nimero
de axbnios que decussam na medula para o lado contralateral, o que talvez possa
explicar em partes as diferencas encontradas (RUMAJOGGE et al., 2016).

Em nosso estudo, ndo encontramos lesdes no sistema nervoso central (cortex
e medula espinhal). Naturalmente, também n&do observamos alteracées no nervo, nas
juncdes neuromusculares e no musculo esquelético. Em outras palavras, os efetores
do movimento também néo foram afetados, uma vez que a via central de controle
permaneceu preservada. Ainda, o modelo HIE ndo causou danos as estruturas
envolvidas no controle motor e, consequentemente, o efeito protetor do exercicio ndo
pode ser visto nessas estruturas. Com os achados até o momento ndo conseguimos
responder como esta preservagao estrutural ocorre na via motora e qual a relagéao
desta preservacao com os diferentes resultados motores encontrados neste modelo.
Assim o préximo passo deste trabalho foi investigar possiveis células e/ou
mecanismos de plasticidade no cértex motor, considerado o inicio da via motora, a fim

de buscar uma explicacéo para os resultados encontrados até o0 momento.
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5.6 Animais submetidos & HIE neonatal apresentaram maior numero de

astrécitos e mais sinaptofisina no cértex motor primario ipsilateral a leséo

Para identificar possiveis células e/ou mecanismos de plasticidade
relacionados a esta preservacdo estrutural na via motora e uma possivel explicagéo
para a divergéncia relacionada ao comprometimento motor e ao efeito do exercicio
frente a patologia causada pela HIE, avaliamos através da imunohistoquimica, os
neurénios (NeuN), os astrocitos (GFAP) e possiveis alteracdes sinapticas (SYP) no
M1 ipsilateral e contralateral a lesédo. Nossos resultados mostraram que 0s animais
HIE apresentam mais SYP e maior numero de astrécitos (células marcadas por
GFAP*) do que os animais controles no hemisfério ipsilateral a lesdo no M1, sem efeito
de exercicio.

O M1 é uma estrutura chave para o controle de movimentos voluntarios e na
aprendizagem de habilidades motoras. A elaboracdo de respostas adequadas a
diferentes situacdes comportamentais esta diretamente ligada a capacidade dessa
regido de selecionar respostas motoras apropriadas de acordo com o ambiente
(VITRAC; BENOIT-MARAND, 2017). Em humanos, essa regido € fortemente afetada
pela hipdxia-isquemia neonatal, desencadeando assim déficits motores expressivos
(BARNETT et al., 2002; STEINMAN et al., 2009; MARTINEZ-BIARGE et al., 2011).
No entanto, no modelo Rice-Vannuci, essa regido do encéfalo parece menos afetada,
guando comparamos o0s resultados encontrados no hipocampo, por exemplo. Essa
afirmacgéo é confirmada quando ndo foi possivel observar diferencas no nimero de
neurbnios nesta regido encefalica, nem através da técnica de Nissl e nem pela
marcacao mais especifica através da imunohistoquimica com NeuN neste estudo.

Ao contrario dos nossos achados, a maioria dos estudos que analisaram a
densidade neuronal encontraram uma diminuicdo nos neurénios devido a HIE
neonatal em diferentes regides cerebrais. Deniz et al. (2018) mostraram que ratos HIE
diminuiram a densidade neuronal no hipocampo ipsilateral a lesdo. Kim et al., (2017)
e Kim et al. (2018) demonstraram uma reducéo significativa da proteina NeuN no
grupo HIE na zona subventricular contralateral e no cértex cerebral, respectivamente.
Comparado com o grupo controle, os niveis de expressao da proteina NeuN também

foram reduzidos no encéfalo nos resultados encontrados por Qiao et al. (2018). Esses
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achados nos levaram a investigar outras populacdes de células cerebrais, a fim de
buscar explicacdes para as alteragdes funcionais encontradas em nosso estudo.

Embora nenhuma perda neuronal no M1 tenha sido observada no modelo HIE,
um numero maior de astrocitos foi identificado nesses animais através da
imunohistoquimica para GFAP. Esse disturbio na interagao neurénio-glia pode ser um
dos mecanismos responsaveis pelos déficits funcionais encontrados. A GFAP é
considerada um dos melhores marcadores para a ativacao de astrocitos apés lesao
ou estresse no SNC (THEODOSIS; POULAIN, 2008; ZHANG et al., 2017). Quando
ocorre um dano neurolégico ou um processo que envolve neuroplasticidade, os
astrocitos se tornam reativos para proteger e/ou regular o microambiente sinaptico das
células do SNC (COLEMAN et al., 2004; DONG, GREENOUGH, 2004). Um aumento
na expressao da GFAP pode indicar hiperplasia ou hipertrofia e pode ser seguido por
alteracbes no numero ou na arborizacdo dendritica (SOFRONIEW; VINTERS, 2010).
Altos niveis de GFAP também tém sido frequentemente associados a formacéo de
uma barreira mecanica, interferindo entdo negativamente nas funcdes celulares do
SNC (BURDA; SOFRONIEW, 2014). Estudos anteriores mostram aumento da
expressdo de GFAP apés a inducdo de HIE neonatal em diferentes modelos, em
diferentes regifes do encéfalo (SALMASO et al., 2012; KIM et al., 2018). A expressao
desta proteina ndo se alterou neste estudo. No entanto, encontramos um maior
namero de células GFAP*. O aumento do numero de astrécitos pode ser um indicativo
da lesédo causada pela HIE e pode estar relacionado também ao déficit funcional, ja
que alteracdes nos astrocitos podem causar alteracbes na funcao neuronal, mesmo
nao ocorrendo reduc¢do no numero dessas células.

A fim de correlacionar esses achados, analisamos também a proteina SYP para
identificar alteracdes na plasticidade nessa regido em consequéncia da HIE ou do
exercicio. A SYP €& uma glicoproteina transmembrana encontrada em pequenas
vesiculas pré-sinapticas das células nervosas e nas microvesiculas das células
neuroenddcrinas, e € amplamente utilizada para analise de plasticidade (KOLOS et
al., 2015). Em relacéo a analise da SYP, nossos resultados mostraram que 0s animais
dos grupos HIE apresentaram mais SYP do que os animais controles no M1 ipsilateral

alesdo, sem efeito do exercicio. A literatura fornece dados contraditorios sobre o efeito
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da HIE neonatal na expressao de SYP. Estudos prévios utilizando o mesmo modelo
animal ndo mostraram alteragdes de SYP no hipocampo ou mostraram diminui¢do de
sua expressao no tronco cerebral (ZHAO et al., 2012; REVUELTA et al., 2017; DENIZ
et al., 2018). Em contrapartida, uma diminuicdo de SYP foi identificada no hipocampo
em outros estudos (MARKOSTAMOU et al., 2016; GRIVA et al., 2017). Griva e
colaboradores (2017) propdem que as discrepancias observadas na literatura indicam
gue as alteracdes sinapticas estruturais e funcionais induzidas pela HIE podem variar
entre diferentes regides cerebrais e ser dependentes do grau de maturidade cerebral
no momento da lesédo. O aumento no contetdo de SYP observado em nosso trabalho
poderia refletir alteragbes sinapticas compensatorias no cortex, para tentar suprir 0s
efeitos da leséo, resultados jA4 observados por Tuor et al. (2001). Durante o
desenvolvimento normal, a formacéo de sinapses é maior que a poda sinaptica em
idades precoces, no entanto, este periodo € seguida de declinio no nimero de
sinapses, em consequéncia da selecdo, maturagédo, formacédo e estabilizacdo de
sinapses nos circuitos neuronais (TANG et al., 2014; RICCOMAGNO et al., 2015).
Aparentemente, a HIE pode interromper essa poda sinaptica, mantendo um ndamero
maior de sinapses no M1 ipsilateral a lesdo. Essa alteracao plastica também pode
estar correlacionada com a presenca dos déficits motores encontrados, pois um
namero exacerbado de sinapses pode acabar atrapalhando o funcionamento correto
daquela regido encefélica, no caso o cortex motor, regido diretamente relacionada ao
controle dos movimentos dos membros. No entanto, mais estudos sdo necessarios
para elucidar os demais mecanismos de plasticidade envolvidos nessa preservagao

neuronal desta importante area motora encontrada neste modelo de HIE.

5.7 O exercicio fisico ndo exerceu efeitos benéficos sobre a aprendizagem e

sobre a plasticidade celular

Para concluir esta discussdo, precisamos levantar a questdo do nao
aparecimento de efeitos benéficos do exercicio em relagdo a aprendizagem e a
plasticidade neste trabalho. Inicialmente, acreditivamos que o exercicio ajudaria na

aprendizagem dos animais da HIE durante a fase de treinamento na tarefa PMRT. No
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entanto, como visto anteriormente, nao foi possivel identificar tais beneficios. Nesse
ponto, acreditamos que, como a leséo por HIE afeta gravemente as regides envolvidas
no processamento cognitivo, o treinamento aqui proposto pode néo ser suficiente para
modular as mudancas necessarias para reverter esse déficit cognitivo. Talvez um
protocolo de exercicio com uma duracdo maior, tivesse um resultado mais efetivo
sobre esses parametros. Outro resultado que chamou nossa atencdo é que nao
encontramos efeitos dos exercicios na reversao do déficit motor encontrado nos
membros anteriores dos animais HIE na tarefa PMRT. Acreditamos que uma possivel
explicacdo para este resultado € que 0s exercicios utilizados como treinamento neste
estudo utilizam principalmente os membros posteriores dos animais. Talvez por iSso
nao seja possivel observar os efeitos do treinamento nessa tarefa especifica.

Em relacédo aos resultados da avaliacdo da plasticidade celular, também nao
foi possivel observar os beneficios de nenhum dos tipos de exercicios realizados e
esse é também é um resultado contrario as expectativas. E consenso na literatura que
o exercicio induz a plasticidade, principalmente em regides relacionadas a
aprendizagem, como o hipocampo (KNAEPEN et al.,, 2010). Varias evidéncias
demonstram que tanto o exercicio fisico forcado quanto o voluntario sdo responsaveis
por aumento na neurogénese, na proliferacdo celular e na ramificacdo dendritica
(CASSILHAS et al., 2016). Em estudos que utilizaram o exercicio especificamente
ap6s um evento de HIE neonatal, os resultados identificaram beneficios na
aprendizagem espacial, funcdo sensorio-motora, inibicdo da apoptose, ativacdo da
neurogénese e oligodendrogénese (PARK et al., 2013; CHOI et al., 2013; KIM et al.,
2017; PAK et al., 2018).

Alguns pontos podem ser levantados para tentar explicar por que o exercicio
nao foi eficaz para promover a plasticidade neste estudo. Primeiro, acreditamos que
essa divergéncia pode estar relacionada a regiao encefalica avaliada nesses estudos.
Os estudos citados acima avaliaram o corpo caloso, substancia negra, estriado, zona
subventricular e hipocampo apds HIE. Para nosso conhecimento, este é o primeiro
estudo a avaliar o efeito do exercicio na morfologia da regido M1 apoés a realizacdo do
modelo de HIE. Como dito em varios momentos desta discussao, esta regidao do

encéfalo parece néo ser tdo afetada por este insulto. Com isso, ndo podemos observar
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o efeito do exercicio também. Outro ponto a ser levantado é a duracgédo e a intensidade
do estimulo de treinamento ao qual os animais foram submetidos nesses diferentes
estudos. Em nosso estudo, optamos por um estimulo considerado na literatura como
leve a moderado, com duracdo média de 20 minutos por dia, em dias intercalados e
sendo realizado por quatro semanas. Dessa maneira, procuramos imitar uma forma
terapéutica de treinamento. Por outro lado, Pak et al. (2018) usaram um protocolo de
corrida em esteira realizada durante 30 minutos uma vez ao dia por 12 semanas. No
protocolo de Kim et al. (2017), os ratos foram treinados também em esteira do 22°
DPN até a 8% semana ap6s o nascimento. Esses dois exemplos mostram que a
intensidade e a duragdo do exercicio foram diferentes, mais intensas, o que também
pode explicar a divergéncia dos resultados.

De qualquer forma, a literatura envolvendo estudos que avaliam o efeito de
diferentes tipos de exercicio apés a HIE ainda é escassa, o0 que dificulta a
compreensao mais detalhada desse tipo de estratégia. Acreditamos que mais estudos
precisam ser realizados para esclarecer os demais mecanismos envolvidos nesses
beneficios encontrados nesse tipo de tratamento que ja € amplamente utilizado em

pacientes da clinica e demonstra resultados satisfatérios.
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6 CONCLUSOES
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Os resultados obtidos nesta tese nos permitem concluir que:

o Em nivel funcional, a HIE neonatal causou déficits motores gerais e alterou a
motricidade dos membros anteriores afetados;
o Contraditoriamente, o modelo de HIE neonatal ndo causou alteracdes
morfolégicas no coértex sensoriomotor, medula espinal, nervo isquiatico, juncdes
neuromusculares e masculo esquelético;
o Em relacédo a plasticidade celular, os animais HIE apresentam maior nimero
de astrécitos e maior concentragdo de sinaptofisina no cortex motor primario no
hemisfério ipsilateral a leséo;
o Adicionalmente, evidenciamos hiperatividade, ansiedade e déficits de
aprendizagem nos animais HIE;
o Como forma de terapia, nossos resultados evidenciaram que o treinamento
acrobético causou melhora na locomocao e diminuicao da atrofia cerebral nos animais
HIE;
o O exercicio acrobatico foi ainda responséavel por reverter a hiperatividade e a
ansiedade causada pela HIE neonatal;
o N&o encontramos evidéncias de beneficios expressivos com o protocolo de
exercicio aerdbico sobre os parametros analisados neste estudo;

Esses achados demonstram que mesmo nao tendo exercido efeito sobre todos
0s parametros analisados, o exercicio acrobéatico parece ser uma boa opc¢éao
terapéutica em humanos acometidos pela HIE neonatal, principalmente em criancas,

pois foi responsavel por melhorar aspectos cognitivos e motores a nivel experimental.
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7 PERSPECTIVAS
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Considerando os achados do presente trabalho, nossas perspectivas sao:

1. Avaliar com mais detalhes a influéncia do exercicio acrobatico sobre aspectos
cognitivos e de memoaria frente ao modelo de hipéxia-isquemia neonatal,

2. Avaliar os diferentes tipos de fibras musculares a fim de identificar possiveis
alteracbes causadas pela lesdo ou pelo exercicio fisico, com foco no exercicio
acrobatico;

3. Avaliar possiveis remodelacdes celulares e de plasticidade na medula espinal
dos animais submetidos a hipoxia-isquemia neonatal e ao exercicio, para auxiliar na
compreensao da preservacao estrutural encontrada na via motora,;

4. Avaliar os receptores de dopamina D1 e D2 no coOrtex motor dos animais
submetidos a HIE e ao exercicio, uma vez que essa via esta relacionada ao

aprendizado motor.
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GUIDE FOR AUTHORS

We now differentiate between the requirements for new and revised submissions. You may
choose to submit your manuscript as a single Word or PDF file to be used in the refereeing
process. Only when your paper is at the revision stage, will you be requested to put your
paper in to a 'correct format' for acceptance and provide the items required for the
publication of your article.

To find out more, please visit the Preparation section below.

INTRODUCTION

Experimental Neurology, a Journal of Neuroscience Research, publishes original research
in neuroscience with a particular emphasis on novel findings in neural development,
regeneration, plasticity and transplantation. The journal has focused on research
concerning basic mechanisms underlying neurological disorders.

Types of Paper

Research Articles — the Journal publishes Research Articles focusing on experimental
models of neurological and psychiatric diseases. These should describe significant, new
and carefully confirmed findings with attention to mechanisms of diseases and/or
treatments. Adequate experimental details, including specific information about the
reagents such as antibodies, primers etc should be provided. At the minimum, catalogue
numbers and preferably lot numbers should be included in the methods section.
Commentaries - the Journal publishes invited commentaries up to a maximum of 3000
words on published articles. The goal of the commentary format is to advance the field by
providing a forum for varying perspectives on a topic. While a commentary may be critical
of a focal article, it is important to maintain a respectful tone that is critical of ideas, not
of authors. Authors of the focal article will be given the opportunity to reply to the
Commentary.

Brief Communications — these should be reserved for manuscripts that are very novel
and timely. It should not be used for incremental work that is incomplete. The
manuscripts should be limited to 3000 words, one figure or table and no more than 10
references.

Review Articles - these are exhaustive reviews on a specific topic of neuroscience.
Authors should always endeavor to make their reviews understandable to a broad range of
neuroscientists. The length is at the discretion of the author but as guidance review
submissions are typically 8,000 words.

Special Issues - The journal welcomes proposals for special issues on topics that fall within
the scope of the journal. Those wishing to guest edit a special issue should prepare a
proposal that explains the anticipated contribution of the special issue in advancing our
understanding in this area. The proposal should also identify prospective papers and
authors and give an indication of the time-scale in which the special issue could be
produced. Proposals should be sent to Editor-in-Chief Professor Ahmet Hoke.

You can use this list to carry out a final check of your submission before you send it to the
journal for review. Please check the relevant section in this Guide for Authors for more
details.

Ensure that the following items are present:
One author has been designated as the corresponding author with contact details:

e E-mail address
e Full postal address

All necessary files have been uploaded:
Manuscript:
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¢ Include keywords

¢ All figures (include relevant captions)

o All tables (including titles, description, footnotes)

e Ensure all figure and table citations in the text match the files provided
¢ Indicate clearly if color should be used for any

figures inprint Graphical Abstracts / Highlights

files (where applicable) Supplemental files (where

applicable)

Further considerations
e Manuscript has been 'spell checked' and 'grammar checked'

¢ All references mentioned in the Reference List are cited in the text, and vice versa

e Permission has been obtained for use of copyrighted material from other sources
(including the Internet)

e A competing interests statement is provided, even if the authors have no competing
interests to declare

¢ Journal policies detailed in this guide have been reviewed

e Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

Please see our information pages on Ethics in publishing and Ethical guidelines for journal
publication.

If the work involves the use of human subjects, the author should ensure that the work
described has been carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans. The manuscript
should be in line with the Recommendations for the Conduct, Reporting, Editing and
Publication of Scholarly Work in Medical Journals and aim for the inclusion of
representative human populations (sex, age and ethnicity) as per those
recommendations. The terms sex and gender should be used correctly.

Authors should include a statement in the manuscript that informed consent was
obtained for experimentation with human subjects. The privacy rights of human subjects
must always be observed.

All animal experiments should comply with the ARRIVE guidelines and should be carried
out in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated
guidelines, EU Directive 2010/63/EU for animal experiments, or the National Institutes
of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023,
revised 1978) and the authors should clearly indicate in the manuscript that such
guidelines have been followed. The sex of animals must be indicated, and where
appropriate, the influence (or association) of sex on the results of the study.

All authors must disclose any financial and personal relationships with other people or
organizations that could inappropriately influence (bias) their work. Examples of
potential competing interests include employment, consultancies, stock ownership,
honoraria, paid expert testimony, patent applications/registrations, and grants or other
funding. Authors must disclose any interests in two places: 1. A summary declaration of
interest statement in the title page file (if double-blind) or the manuscript file (if single-
blind). If there are no interests to declare then please state this: 'Declarations of interest:
none'. This summary statement will be ultimately published if the article is accepted.
2. Detailed disclosures as part of a separate Declaration of Interest form, which forms
part of the journal's official records. It is important for potential interests to be declared
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in both places and that the information matches. More information.

Submission of an article implies that the work described has not been published previously
(except in the form of an abstract, a published lecture or academic thesis, see '"Multiple,
redundant or concurrent publication' for more information), that it is not under
consideration for publication elsewhere, that its publication is approved by all authors and
tacitly or explicitly by the responsible authorities where the work was carried out, and that,
if accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright- holder. To
verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's
sharing policy. Sharing your preprints e.g. on a preprint server will not count as prior
publication (see 'Multiple, redundant or concurrent publication' for more information).

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to
differences, and promotes equal opportunities. Articles should make no assumptions
about the beliefs or commitments of any reader, should contain nothing which mightimply
that one individual is superior to another on the grounds of race, sex, culture or any other
characteristic, and should use inclusive language throughout. Authors should ensure that
writing is free from bias, for instance by using 'he or she', 'his/her' instead of 'he' or 'his’,
and by making use of job titles that are free of stereotyping (e.g. 'chairperson’' instead
of 'chairman' and 'flight attendant’ instead of 'stewardess').

Authors are expected to consider carefully the list and order of authors before
submitting their manuscript and provide the definitive list of authors at the time of the
original submission. Any addition, deletion or rearrangement of author names in the
authorship list should be made only before the manuscript has been accepted and only
if approved by the journal Editor. To request such a change, the Editor must receive the
following from the corresponding author: (a) the reason for the change in author list
and (b) written confirmation (e-mail, letter) from all authors that they agree with the
addition, removal or rearrangement. In the case of addition or removal of authors, this
includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor
considers the request, publication of the manuscript will be suspended. If the manuscript
has already been published in an online issue, any requests approved by the Editor will
result in a corrigendum.

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your
article is more suitable in one of our other participating journals, then you may be asked to
consider transferring the article to one of those. If you agree, your article will be
transferred automatically on your behalf with no need to reformat. Please note that your
article will be reviewed again by the new journal. More information.

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding
author confirming receipt of the manuscript together with a 'Journal Publishing
Agreement' form or a link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts
forinternal circulation within their institutions. Permission of the Publisher is required for
resale or distribution outside the institution and for all other derivative works, including
compilations and translations. If excerpts from other copyrighted works are included, the
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author(s) must obtain written permission from the copyright owners and credit the
source(s) in the article. Elsevier has preprinted forms for use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to
complete an 'Exclusive License Agreement' (more information). Permitted third party
reuse of gold open access articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work.
More information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the
research and/or preparation of the article and to briefly describe the role of the
sponsor(s), if any, in study design; in the collection, analysis and interpretation of data;
in the writing of the report; and in the decision to submit the article for publication. If
the funding source(s) had no such involvement then this should be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors
to comply with their funder's open access policies. Some funding bodies will reimburse
the author for the gold open access publication fee. Details of existing agreements are
available online.

This journal offers authors a choice in publishing their research:

Subscription

¢ Articles are made available to subscribers as well as developing countries and patient
groups through our universal access programs.

e No open access publication fee payable by authors.

e The Author is entitled to post the accepted manuscript in their institution's repository
and make this public after an embargo period (known as green Open Access). The
published journal article cannot be shared publicly, for example on ResearchGate or
Academia.edu, to ensure the sustainability of peer- reviewed research in journal
publications. The embargo period for this journal can be found below. Gold open
access

¢ Articles are freely available to both subscribers and the wider public with permitted
reuse.

¢ A gold open access publication fee is payable by authors or on their behalf, e.g. by
their research funder or institution.

Regardless of how you choose to publish your article, the journal will apply the same
peer review criteria and acceptance standards.

For gold open access articles, permitted third party (re)use is defined by the following
Creative Commons user licenses:

Creative Commons Attribution (CC BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised
versions, adaptations or derivative works of or from an article (such as a translation),
include in a collective work (such as an anthology), text or data mine the article, even
for commercial purposes, as long as they credit the author(s), do not represent the author
as endorsing their adaptation of the article, and do not modify the article in such a way
as to damage the author's honor orreputation.

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
For non-commercial purposes, lets others distribute and copy the article, and to include in
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a collective work (such as an anthology), as long as they credit the author(s) and
provided they do not alter or modify the article.

The gold open access publication fee for this journal is USD 3150, excluding taxes. Learn
more about Elsevier's pricing policy: https://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a variety of different ways and Elsevier has a number of
green open access options available. We recommend authors see our open access page
for further information. Authors can also self-archive their manuscripts immediately and
enable public access from their institution's repository after an embargo period. This is
the version that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and in editor-author
communications. Embargo period: For subscription articles, an appropriate amount of
time is needed for journals to deliver value to subscribing customers before an article
becomes freely available to the public. This is the embargo period and it begins from the
date the article is formally published online in its final and fully citable form. Find out
more.

This journal has an embargo period of 12 months.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-
career researchers throughout their research journey. The "Learn" environment at
Researcher Academy offers several interactive modules, webinars, downloadable guides
and resources to guide you through the process of writing for research and going through
peerreview. Feel free to use these free resources to improve your submission and navigate
the publication process with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing
to eliminate possible grammatical or spelling errors and to conform to correct scientific
English may wish to use the English Language Editing service available from Elsevier's
WebShop.

Our online submission system guides you stepwise through the process of entering your
article details and uploading your files. The system converts your article files to a single
PDF file used in the peer-review process. Editable files (e.g., Word, LaTeX) are required
to typeset your article for final publication. All correspondence, including notification of
the Editor's decision and requests for revision, is sent by e-mail.

Referees

Please submit the names and institutional e-mail addresses of several potential referees.
For more details, visit our Support site. Note that the editor retains the sole right to decide
whether or not the suggested reviewers are used.

PREPARATION

Submission to this journal proceeds totally online and you will be guided stepwise through
the creation and uploading of your files. The system automatically converts your files to
a single PDF file, which is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as
asinglefile to be used in the refereeing process. This can be a PDF file or a Word document,
in any format or lay- out that can be used by referees to evaluate your manuscript. It
should contain high enough quality figures for refereeing. If you prefer to do so, you may
still provide all or some of the source files at the initial submission. Please note that
individual figure files larger than 10 MB must be uploaded separately.

Experimental Neurology is a member of the Neuroscience Peer Review Consortium
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(NPRC). The NPRC has been formed to reduce the time expended and, in particular, the
duplication of effort by, and associated burden on reviewers involved in the peer review
of original neuroscience research papers. It is an alliance of neuroscience journals that
have agreed to accept manuscript reviews from other Consortium journals. By reducing
the number of times that a manuscript is reviewed, the Consortium will reduce the load
on reviewers and Editors, and speed the publication of research results.

If a manuscript has been rejected by another journal in the Consortium, authors can
submit the manuscript to Experimental Neurology and indicate that the referees' reports
from the first journal be made available to the Editors of Experimental Neurology .

It is the authors' decision as to whether or not to indicate that a set of referee's reports
should be forwarded from the first journal to Experimental Neurology . If an author
does not wish for this to happen, the manuscript can be submitted to Experimental
Neurology without reference to the previous submission. No information will be
exchanged between journals except at the request of authors. However, if the original
referees' reports suggested that the paper is of high quality, but not suitable for the first
journal, then it will often be to an author's advantage to indicate that referees' reports
should be made available.

Authors should revise the original submission in accordance with the first journal's set of
referee reports, reformat the paper to Experimental Neurology specification and submit
the paper to Experimental Neurology with a covering letter describing the changes that
have been made, and informing the Editors that the authors will ask for the referees'
reports to be forwarded from the first Consortium journal. The authors then must contact
the first journal, and ask that reviews be forwarded, indicating they have submitted
to Experimental Neurology, and providing the new manuscript ID number.

The Editors of Experimental Neurology will use forwarded referees' reports at their
discretion. The Editors may use the reports directly to make a decision, or they may
request further reviews if they feel such are necessary.

Visit http://nprc.incf.org for a list of Consortium journals, as well as further information on
the scheme.

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through
the creation and uploading of your files. The system automatically converts your files to
a single PDF file, which is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as
asinglefile to be used in the refereeing process. This can be a PDF file or a Word document,
in any format or lay- out that can be used by referees to evaluate your manuscript. It
should contain high enough quality figures for refereeing. If you prefer to do so, you may
still provide all or some of the source files at the initial submission. Please note that
individual figure files larger than 10 MB must be uploaded separately.

Formatting requirements

There are no strict formatting requirements but all manuscripts must contain the
essential elements needed to convey your manuscript, for example Abstract, Keywords,
Introduction, Materials and Methods, Results, Conclusions, Artwork and Tables with
Captions.

If your article includes any Videos and/or other Supplementary material, this should be
included in your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Figures and tables embedded in text

Please ensure the figures and the tables included in the single file are placed next to the
relevant text in the manuscript, rather than at the bottom or the top of the file. The
corresponding caption should be placed directly below the figure or table.
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This journal operates a single blind review process. All contributions will be initially
assessed by the editor for suitability for the journal. Papers deemed suitable are then
typically sent to a minimum of two independent expert reviewers to assess the scientific
quality of the paper. The Editor is responsible for the final decision regarding acceptance
or rejection of articles. The Editor's decision is final. More information on types of peer
review.

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us
with an editable file of the entire article. Keep the layout of the text as simple as possible.
Most formatting codes will be removed and replaced on processing the article. The
electronic text should be prepared in a way very similar to that of conventional
manuscripts (see also the Guide to Publishing with Elsevier). See also the section on
Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and
'grammar-check' functions of your word processor.

Subdivision - unnumbered sections

Divide your article into clearly defined sections. Each subsection is given a brief heading.
Each heading should appear on its own separate line. Subsections should be used as much
as possible when cross- referencing text: refer to the subsection by heading as opposed
to simply 'the text'.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent
researcher. Methods that are already published should be summarized, and indicated by
a reference. If quoting directly from a previously published method, use quotation marks
and also cite the source. Any modifications to existing methods should also be described.

Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A
combined Results and Discussion section is often appropriate. Avoid extensive citations
and discussion of published literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which
may stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in
a subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1;
Fig. A.1, etc.

e Title. Concise and informative. Titles are often used in information-retrieval systems.
Avoid abbreviations and formulae where possible.

e Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add
your name between parentheses in your own script behind the English transliteration.
Present the authors' affiliation addresses (where the actual work was done) below the
names. Indicate all affiliations with a lower- case superscript letter immediately after the
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author's name and in front of the appropriate address. Provide the full postal address of
each affiliation, including the country name and, if available, the e-mail address of each
author.

e Corresponding author. Clearly indicate who will handle correspondence at all stages
of refereeing and publication, also post-publication. This responsibility includes answering
any future queries about Methodology and Materials. Ensure that the e-mail address
is given and that contact details are kept up to date by the corresponding
author.

e Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a 'Present address' (or 'Permanent address')
may be indicated as a footnote to that author's name. The address at which the author
actually did the work must be retained as the main, affiliation address. Superscript Arabic
numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the purpose
of the research, the principal results and major conclusions. An abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard
or uncommon abbreviations should be avoided, but if essential they must be defined at
their first mention in the abstractitself.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention
to the online article. The graphical abstract should summarize the contents of the article in
a concise, pictorial form designed to capture the attention of a wide readership. Graphical
abstracts should be submitted as a separate file in the online submission system. Image
size: Please provide an image with a minimum of 531 x 1328 pixels (h x w) or
proportionally more. The image should be readable at a size of 5 x 13 cm using a regular
screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. You
can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of
theirimages and in accordance with all technical requirements.

Highlights

Highlights are mandatory for this journal. They consist of a short collection of bullet
points that convey the core findings of the article and should be submitted in a separate
editable file in the online submission system. Please use 'Highlights' in the file name and
include 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point).
You can view example Highlights on our information site.

Immediately after the abstract, provide a maximum of 10 keywords, using American
spelling and avoiding general and plural terms and multiple concepts (avoid, for example,
"and", "of"). Be sparing with abbreviations: only abbreviations firmly established in the
field may be eligible. These keywords will be used for indexing purposes.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the
first page of the article. Such abbreviations that are unavoidable in the abstract must be
defined at their first mention there, as well as in the footnote. Ensure consistency of
abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title
or otherwise. List here those individuals who provided help during the research (e.g.,
providing language help, writing assistance or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's
requirements:
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Funding: This work was supported by the National Institutes of Health [grant numbers
xxxx, yyyyl; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and
the United States Institutes of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization
that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of
units (SI). If other units are mentioned, please give their equivalent in SI.

Minimal Data Standards

Resources reported in neuroscience articles often lack sufficient detail to enable
reproducibility or reuse. To facilitate resource identification in the neuroscience
literature , we recommend to include relevant accession numbers and identifiers in your
article, which will be converted into links to corresponding data repositories and
embedded enrichments once the article is published and appears on SciencDirect. Please
consider inclusion of GenBank accession numbers, antibody identifiers, species specific
nomenclatures, and software identifiers in the method section of your article. The
complete set of recommendations with detailed instructions is available at:
https://www.elsevier.com/about/content-innovation/minimal-data-standards

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article.
Many word processors build footnotes into the text, and this feature may be used. Should
this not be the case, indicate the position of footnotes in the text and present the
footnotes themselves separately at the end of the article.

Electronic artwork General points
Make sure you use uniform lettering and sizing of your original artwork.
Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.
Number the illustrations according to their sequence in the text.
Use a logical naming convention for your artwork files.
¢ Indicate per figure if it is a single, 1.5 or 2-column fitting image.
e For Word submissions only, you may still provide figures and their captions, and
tables within a single file at the revision stage.
¢ Please note that individual figure files larger than 10 MB must be provided in separate
source files. A detailed guide on electronic artwork is available.
You are urged to visit this site; some excerpts from the detailed information are
given here.

Formats

Regardless of the application used, when your electronic artwork is finalized,
please 'save as' or convert the images to one of the following formats (note the
resolution requirements for line drawings, halftones, and line/halftone
combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of
300 dpi. TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum
of 500 dpi is required.
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Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution
is too low.

e Supply files that are too low in resolution.

e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or
PDF) or MS Office files) and with the correct resolution. If, together with your accepted
article, you submit usable color figures then Elsevier will ensure, at no additional charge,
that these figures will appear in color online (e.g., ScienceDirect and other sites) in
addition to color reproduction in print. Further information on the preparation of
electronic artwork.

Illustration services

Elsevier's WebShop offers Illustration Services to authors preparing to submit a
manuscript but concerned about the quality of the images accompanying their article.
Elsevier's expert illustrators can produce scientific, technical and medical-style images,
as well as a full range of charts, tables and graphs. Image 'polishing' is also available,
where our illustrators take your image(s) and improve them to a professional standard.
Please visit the website to find out more.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not
on the figure itself) and a description of the illustration. Keep text in the illustrations
themselves to a minimum but explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next
to the relevant text in the article, or on separate page(s) at the end. Number tables
consecutively in accordance with their appearance in the text and place any table notes
below the table body. Be sparing in the use of tables and ensure that the data presented
in them do not duplicate results described elsewhere in the article. Please avoid using
vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended in the reference list, but may
be mentioned in the text. If these references are included in the reference list they should
follow the standard reference style of the journal and should include a substitution of the
publication date with either 'Unpublished results' or 'Personal communication'. Citation of
a reference as 'in press' implies that the item has been accepted for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online
links to the sources cited. In order to allow us to create links to abstracting and indexing
services, such as Scopus, CrossRef and PubMed, please ensure that data provided in the
references are correct. Please note that incorrect surnames, journal/book titles,
publication year and pagination may prevent link creation. When copying references,
please be careful as they may already contain errors. Use of the DOI is highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any
electronic article. An example of a citation using DOI for an article not yet in an issue is:
VanDecar J.C., Russo R.M., James D.E., Ambeh W.B., Franke M. (2003). Aseismic
continuation of the Lesser Antilles slab beneath northeastern Venezuela. Journal of
Geophysical Research, https://doi.org/10.1029/2001JB000884. Please note the format
of such citations should be in the same style as all other references in the paper.

AUTHOR INFORMATION PACK 10 Feb 2019 www.elsevier.com/locate/yexnr 146


http://www.elsevier.com/locate/yexnr
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
http://webshop.elsevier.com/illustrationservices

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a
source publication, etc.), should also be given. Web references can be listed separately
(e.g., after the reference list) under a different heading if desired, or can be included in
the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by
citing them in your text and including a data reference in your Reference List. Data
references should include the following elements: author name(s), dataset title, data
repository, version (where available), year, and global persistent identifier. Add [dataset]
immediately before the reference so we can properly identify it as a data reference. The
[dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support
Citation Style Language styles, such as Mendeley. Using citation plug-ins from these
products, authors only need to select the appropriate journal template when preparing
their article, after which citations and bibliographies will be automatically formatted in the
journal's style. If no template is yet available for this journal, please follow the format
of the sample references and citations as shown in this Guide. If you use reference
management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different
reference management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking
the following link:
http://open.mendeley.com/use-citation-style/experimental-neurology

When preparing your manuscript, you will then be able to select this style using the
Mendeley plug- ins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can
be in any style or format as long as the style is consistent. Where applicable, author(s)
name(s), journal title/ book title, chapter title/article title, year of publication, volume
number/book chapter and the article number or pagination must be present. Use of DOI
is highly encouraged. The reference style used by the journal will be applied to the
accepted article by Elsevier at the proof stage. Note that missing data will be highlighted
at proof stage for the author to correct. If you do wish to format the references yourself
they should be arranged according to the following examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and
the year of publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by 'et al.' and the year of
publication. Citations may be made directly (or parenthetically). Groups of references
can be listed either first alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).... Or,
as demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. (2010) have recently
shown.

List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in the
same year must be identified by the letters 'a', 'b', 'c', etc., placed after the year of
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publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.]., Lupton, R.A., 2010. The art of writing a scientific
article. J. Sci. Commun. 163, 51-59. https://doi.org/10.1016/j.5¢c.2010.00372.
Reference to a journal publication with an article number:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2018. The art of writing a scientific
article. Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New

York. Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc.,
New York, pp.281-304.

Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK.
http://www.cancerresearchuk.org/ aboutcancer/statistics/cancerstatsreport/ (accessed
13 March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for
Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
https://doi.org/10.17632/ xwj98nb39r.1.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit
with their article are strongly encouraged to include links to these within the body of the
article. This can be done in the same way as a figure or table by referring to the video
or animation content and noting in the body text where it should be placed. All submitted
files should be properly labeled so that they directly relate to the video file's content. . In
order to ensure that your video or animation material is directly usable, please provide
the file in one of our recommended file formats with a preferred maximum size of 150
MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including Science Direct.
Please supply 'stills' with your files: you can choose any frame from the video or
animation or make a separate image. These will be used instead of standard icons and will
personalize the link to your video data. For more detailed instructions please visit our
video instruction pages. Note: since video and animation cannot be embedded in the
print version of the journal, please provide text for both the electronic and the print
version for the portions of the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact
and engage more closely with your research. Follow the instructions here to find out
about available data visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published
with your article to enhance it. Submitted supplementary items are published exactly as
they are received (Excel or PowerPoint files will appear as such online). Please submit
your material together with the article and supply a concise, descriptive caption for each
supplementary file. If you wish to make changes to supplementary material during any
stage of the process, please make sure to provide an updated file. Do not annotate any
corrections on a previous version. Please switch off the 'Track Changes' option in
Microsoft Office files as these will appear in the published version.
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This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data refers to the results of observations or experimentation that
validate research findings. To facilitate reproducibility and data reuse, this journal also
encourages you to share your software, code, models, algorithms, protocols, methods and
other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make
a statement about the availability of your data when submitting your manuscript. If you
are sharing data in one of these ways, you are encouraged to cite the data in your
manuscript and reference list. Please refer to the "References" section for more
information about data citation. For more information on depositing, sharing and using
research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles
on ScienceDirect with relevant repositories, giving readers access to underlying data that
gives them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can
directly link your dataset to your article by providing the relevant information in the
submission system. For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of
your manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020;
CCDC: 734053; PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data
(including raw and processed data, video, code, software, algorithms, protocols, and
methods) associated with your manuscript in a free-to-use, open access repository.
During the submission process, after uploading your manuscript, you will have the
opportunity to upload your relevant datasets directly to Mendeley Data. The datasets will
be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data statement

To foster transparency, we encourage you to state the availability of your data in your
submission. This may be a requirement of your funding body or institution. If your data
is unavailable to access or unsuitable to post, you will have the opportunity to indicate
why during the submission process, for example by stating that the research data is
confidential. The statement will appear with your published article on ScienceDirect. For
more information, visit the Data Statement page.

AFTER ACCEPTANCE

Corresponding authors will receive an e-mail with a link to our online proofing system,
allowing annotation and correction of proofs online. The environment is similar to MS
Word: in addition to editing text, you can also comment on figures/tables and answer
questions from the Copy Editor. Web-based proofing provides a faster and less error-
prone process by allowing you to directly type your corrections, eliminating the potential
introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All
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