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RESUMO

Obijetivos: investigar, separadamente, o potencial terapéutico do neuropeptideo NAP e do
transplante intra-arterial de células mononucleares de sangue de corddo umbilical humano
(CMSCUH) em um modelo experimental de hipdxia-isquemia (HI) neonatal.

Métodos: ratos Wistar machos com 7 dias de vida foram submetidos ao modelo de HI
neonatal através da oclus@o permanente da artéria carétida comum direita e hipoxia sistémica
(8% O, por 2 h). A administracdo do neuropeptideo NAP (3 ug/g, i.p.) ocorreu imediatamente
(0 h) e 24 h ap6s a aplicacdo do modelo. Ja o transplante de CMSCUH (1 x 10° ou 1 x 10’
células/50 pL) foi realizado 24 h p6s-HI através de técnica de microagulha na artéria carétida
comum esquerda. Somente no estudo do NAP, ensaio cometa alcalino, peroxidacéo lipidica e
niveis de glutationa reduzida foram determinados no hipocampo e cortex cerebral 48 h pos-
HI. Para ambas as terapias empregaram-se a versao espacial do labirinto aquatico de Morris
(LAM) e determinacéo estereoldgica da volumetria hemisférica cerebral na fase adulta destes
animais. Utilizou-se o teste do rotarod acelerado e pesagem corporal e cerebral dos animais
adultos apenas no estudo do transplante intra-arterial de CMSCUH. A migracdo das
CMSCUH foi monitorada através da técnica de nested-PCR no cérebro e 6rgados sistémicos.
Resultados: o tratamento com NAP restabeleceu a integridade hipocampal e cortical do DNA
e membranas lipidicas, junto ao incremento do sistema glutationa. Além disso, o NAP
impediu o desenvolvimento de déficits do aprendizado e da memoria espacial juntamente a
reducdo da atrofia cerebral em ratos adultos. O transplante intracarotidico de CMSCHU em
ratos neonatos HI demonstrou-se factivel e seguro. Este tratamento preveniu, de maneira
dose-dependente, o desenvolvimento de prejuizo cognitivo de ratos adultos previamente
expostos a HI neonatal, sem influéncia sobre a atrofia cerebral. A funcdo motora e peso
corporal de ratos adultos ndo sofreram influéncia da HI neonatal ou da administracdo intra-
arterial de CMSCHU. As CMSCHU puderam ser detectadas tanto logo ap6s o transplante
como tardiamente (30 dias) no cérebro e érgaos sistémicos dos animais transplantados.
Conclus0es: os efeitos benéficos e duradouros do neuropeptideo NAP e do transplante intra-
arterial de CMSCHU, assim como sua viabilidade, fornecem evidéncias de uma possivel
translacionalidade destas duas terapias inovadoras para o tratamento da HI neonatal. Desta
forma, o neuropeptideo NAP e a via intracarotidica para o transplante de CMSCHU tornam-se
candidatos potenciais para a prevencao do dano HI cerebral e decorrentes sequelas.
Descritores: hipdxia-isquemia neonatal, modelo animal, neuropeptideo NAP, terapia celular,

neuroprotecao, estresse oxidativo, memoria, leséo cerebral e fungcdo motora.



ABSTRACT

Obijectives: to investigate separately the therapeutic potential of neuropeptide NAP and the
intra-arterial (IA) transplantation of human umbilical cord blood (HUCB) mononuclear cells
in an animal model of neonatal hypoxia-ischemia (HI).

Methods: male Wistar rats at postnatal day 7 were subjected to an HI model by permanent
occlusion of right common carotid artery and systemic hypoxia (8% O, for 2 h). The animals
were randomly assigned to groups receiving an intraperitoneal injection of NAP (3 ng/g)
immediately (0 h) and 24 h after HI. Other animals received HUCB mononuclear cells (1 x
10° or 1 x 107 cells/50 pL) into the left common carotid artery 24 h after HI insult by using
the microneedle technique. Only for NAP study, brain DNA damage, lipid peroxidation and
reduced glutathione (GSH) content were determined 48 h post-HI insult. The spatial version
of the Morris water maze learning task and the stereological volume assessment were
performed in adult animals that received both therapies. The accelerated rotarod test and
cerebral and body weight determination were applied only for cellular therapy study. The
HUCB mononuclear cells migration was monitored through nested-PCR analysis in the brain
and systemic organs of transplanted-H] rats.

Results: we observed that NAP prevented the acute HI-induced DNA and lipid membrane
damage and also recovered the GSH levels in the injured hemisphere of the HI rat pups.
Further, NAP was able to hinder impairments in learning and long-term spatial memory and
to significantly reduce brain damage in adult animals previously subjected to neonatal HI. The
IA transplantation in neonatal HI rat seemed to be a feasible and safe delivery route for
HUCB mononuclear cells. The intra-arterially delivered cells hindered dose-dependently the
learning and spatial memory impairments without brain damage recovery in adult rats.
Additionally we further showed that HI insult or IA cell transplantation had no long-term
impact in the body weight and motor function in rodents. The HUCB mononuclear cells could
be promptly identified in the ischemic brain after IA transplantation and also in some
peripheral organs until at least 30 days later.

Conclusions: the viability and long-lasting beneficial effects of neuropeptide NAP and IA
transplantation of HUCB mononuclear cells support its translational characteristic for
neonatal HI management. Therefore, NAP and intracarotid delivery of cells became
promising candidates for the treatment of HI-induced brain damage and life-long disabilities.
Keywords: neonatal hypoxia-ischemia, rodent model, neuropeptide NAP, cellular therapy,

neuroprotection, oxidative stress, memory, brain damage and motor function.
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1 APRESENTACAO

Na presente tese de doutorado investiguei, separadamente, duas possiveis estratégias
terapéuticas para o tratamento da hipoxia-isquemia (HI) neonatal em um modelo animal:
neuropeptideo NAP e transplante intra-arterial de células mononucleares de sangue de corddo
umbilical humano (CMSCUH). Sendo assim, a composicao desta tese foi elaborada na forma
de quatro capitulos. O capitulo | destina-se a explanar a logistica de organizacdo da tese,
justificar o assunto de pesquisa e apresentar 0s objetivos que guiaram este trabalho. O capitulo
Il contempla a introducéo e aborda os pontos mais relevantes para a elaboracdo do rationale
do estudo de duas terapias inovadoras para o tratamento da HI neonatal em um contexto
experimental. Inicialmente, uma abordagem clinico-epidemioldgica da HI neonatal embasa a
problematica e enfatiza a necessidade de terapias efetivas. No segundo tépico, abordam-se as
propriedades neuroprotetoras do peptideo NAP em estudos in vitro e in vivo, 0s mecanismos
de acdo envolvidos e sua aplicabilidade nesta patologia. A terceira parte, apresentada no
formato de artigo de revisdo, publicado no Jornal de Pediatria em 2010, abrange os estudos
pré-clinicos e ensaios clinicos de terapia celular em HI neonatal, e discute os aspectos
translacionais associados a esta terapéutica, a fim de fundamentar o transplante intra-arterial
de CMSCUH na HI experimental. O capitulo Il constitui-se de dois artigos originais, cada
qual especifico para cada uma das abordagens terapéuticas avaliadas nesta tese. O primeiro
deles refere-se a acdo neuroprotetora do neuropeptideo NAP em animais hipoxico-
isquémicos, publicado na Neurobiology of Disease em 2011. O segundo item deste capitulo
apresenta os resultados acerca do transplante intra-arterial de CMSCUH em modelo animal de
HI neonatal, como artigo submetido para publicacdo nesta mesma revista cientifica. Como

fechamento, no capitulo IV sdo listadas as principais conclusdes oriundas desta tese.
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2 JUSTIFICATIVA

Os trabalhos aqui apresentados sdo oriundos de duas linhas de pesquisa inicialmente
desenvolvidas no Laboratorio de Neurociéncias do Instituto de Pesquisas Biomédicas da
PUCRS, utilizando terapia com neuropeptideos, iniciada com o desenvolvimento do projeto
de terapia com NAP para o tratamento de crises convulsivas neonatais® (Greggio et al., 2008,
Greggio et al., 2009), e terapia celular em modelo animal de HI neonatal® (de Paula et al.,
2009, de Paula et al., 2012). Além deste enfoque terapéutico, o laboratorio de Neurociéncias
também se dedica na investigacdo do potencial terapéutico de células-tronco em outras
neuropatologias, tais como hemorragia da matriz germinativa/intraventricular, epilepsia,
esclerose lateral amiotrofica, doenga de Parkinson e trauma raquimedular. Tais esforcos na
pesquisa basica (Costa-Ferro et al., 2010, Venturin et al., 2011, Costa-Ferro et al., 2012)
contribuiram para a elaboracdo pioneira de um ensaio clinico® (fase 1) acerca do transplante
autologo de células-tronco da medula 6ssea em pacientes com epilepsia do lobo temporal.

Na presente tese, objetivou-se avaliar a utilizacdo do neuropeptideo NAP e,
separadamente, a efetividade da via intra-arterial para transplante de CMSCUH no tratamento
da HI neonatal, inferindo as repercussées em termos funcionais e de dano cerebral. Para este
fim, foram utilizados ratos neonatos de 7 dias de vida e estes foram submetidos a ocluséo
permanente da artéria carétida comum direita e, subsequentemente, submetidos a hipoxia
global. Tal modelo é classico nos estudos de HI neonatal (Vanucci & Vanucci, 2005),
assemelhando-se em Vvarios aspectos com a condi¢cdo humana. No sentido de propor novas
alternativas terapéuticas para 0 manejo desta patologia, que atualmente ndo dispde de nenhum
tratamento efetivo, foi analisada uma série de varidveis que, em conjunto, forneceram
evidéncias da plausibilidade das terapias aqui propostas. Especialmente no projeto do
neuropeptideo  NAP, foi realizada uma analise bioquimica de importantes estruturas
moleculares cerebrais que sdo severamente comprometidas nesta condicdo. Para tal,
parametros de estresse oxidativo no DNA nuclear e membranas lipidicas foram investigados,
assim como sistema de defesa antioxidante. Paralelamente, em ambos 0s projetos, buscou-se
também avaliar a memoria espacial e volume hemisférico cerebral destes animais, variaveis
comprovadamente acometidas pela lesdo HI as quais se baseiam o modelo. No projeto com

CMSCHU, optou-se por avaliar também o desempenho motor, peso corporal e cerebral, assim

! Apéndice C.
2 Apéndices D e E, respectivamente.
® http://clinicaltrials.gov/ct2/show/NCT00916266
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como a monitorizacdo da migracdo das células transplantadas. Assim, os dados experimentais
obtidos nos dois projetos permitem consolidar e avangar o conhecimento cientifico sobre o
tratamento com neuropeptideos e CMSCUH na HI neonatal. Por fim, estes trabalhos servirdo
de alicerce para que estas terapias inovadoras possam, em um futuro préximo, translacionar
para a elaboracdo de ensaios clinicos na area pediatrica.

E importante destacar que os protocolos experimentais usados nesta tese seguiram as
normas internacionais de experimentacdo com animais de laboratério. Todos o0s
procedimentos foram realizados tomando os cuidados necessarios para reduzir a0 maximo o
nimero de animais empregados. Ressalta-se também que os animais receberam cuidados
adequados e foram submetidos ao minimo possivel de desconforto e estresse. Durante 0s
experimentos, foi instituida sedacdo de acordo com a pratica veterinaria quando necessario.
Sendo assim, os projetos estavam de acordo com as normativas de experimentacdo animal do
Comité de Etica para Uso de Animais da Pontificia Universidade Catélica do Rio Grande do
Sul, sob aprovacdo dos registros CEUA 10/00172* e CEUA 09/00105°. Na presente pesquisa,
a coleta de CMSCUH foi realizada somente apds assinatura do Termo de Consentimento

Livre e Esclarecido® e ndo acarretou riscos para a mée doadora e nem para o recém-nascido.

* Anexo A.
5 Anexo B.
® Apéndice A.
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3 OBJETIVOS

3.1 Objetivo Geral

Os objetivos desta tese sdo verificar, separadamente, o potencial terapéutico do
tratamento com neuropeptideo NAP e transplante intra-arterial de CMSCUH em um modelo

experimental de HI neonatal.

3.2 Objetivos Especificos: Neuropeptideo NAP e HI neonatal

— Avaliar o possivel impacto do tratamento com neuropeptideo NAP sobre o DNA
hipocampal e do cértex cerebral 48 horas ap6s aplicacdo do modelo de HI experimental,
através do ensaio cometa alcalino;

— Verificar o possivel efeito protetor do neuropeptideo NAP sobre a peroxidacéo lipidica no
hipocampo e cortex cerebral 48 horas apo6s aplicagdo do modelo de HI experimental,
através da determinacdo de substancias reativas ao &cido tiobarbiturico;

— Quantificar se o possivel efeito protetor do neuropeptideo NAP esta associado a
modulacdo do contetdo de glutationa reduzida no hipocampo e cortex cerebral 48 horas
apos aplicacdo do modelo de HI experimental, através de dosagem dos niveis de
glutationa reduzida;

— Verificar o impacto do tratamento com neuropeptideo NAP sobre a curva de
aprendizagem, laténcia de escape e no percentual de tempo gasto no quadrante alvo na
versao espacial do labirinto aquatico de Morris em animais hipdxico-isquémicos adultos;

— Determinar se o peptideo NAP promove neuroprotecdo a longo prazo do hemisfério
cerebral lesionado, empregando técnica estereoldgica de contagem de pontos associado ao

principio de Cavalieri para determinacdo de volumetria hemisférica.
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3.3 Objetivos Especificos: Transplante intra-arterial de CMSCUH e HI neonatal

— Desenvolver o procedimento de administracdo intra-arterial de CMSCUH na artéria
carotida de ratos neonatos com 8 dias de vida, baseado na técnica de microagulha;

— Determinar se o transplante intra-arterial de CMSCUH, em diferentes dosagens, tem
influéncia sobre a curva de aprendizagem, laténcia de escape, percentual de tempo gasto
no quadrante alvo, nimero de cruzamentos sobre o aro alvo e velocidade de natacdo na
versao espacial do labirinto aquatico de Morris em animais hipdxico-isquémicos adultos;

— Avaliar o equilibrio e coordenacdo motora, através do teste do rotarod acelerado, em ratos
adultos previamente submetidos ao modelo de HI neonatal e transplantados intra-
arterialmente com CMSCUH;

— Verificar os possiveis efeitos do modelo experimental de HI neonatal e transplante
intracarotidico de CMSCHU sobre o peso corporal e cerebral de animais na fase adulta;

— Determinar se o transplante intra-arterial de CMSCUH, em diferentes dosagens, promove
neuroprotecdo a longo prazo do hemisfério cerebral lesionado, empregando a técnica
estereoldgica de contagem de pontos associado ao principio de Cavalieri para
determinacéo de volumetria hemisférica cerebral;

— Investigar se as CMSCUH transplantadas intra-arterialmente em ratos neonatos
submetidos ao modelo de HI podem ser identificadas, em diferentes 6rgdos (hemisférios
cerebrais direito e esquerdo, figado, baco e pulmdes) e em diferentes tempos de analise (1,
3, 6 e 24 h; 7 e 30 dias) através da técnica da reacdo em cadeia da polimerase (nested-

PCR), utilizando como marcador o gene da B-actina humana.
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1 Hipoxia-isquemia Neonatal

A lesdo cerebral hipdxico-isquémica (HI), que ocorre no periodo neonatal, € uma das
maiores causas de mortalidade e morbidade neuroldgica em criancas. Estatisticas sugerem
uma incidéncia de asfixia em 2,5 (1,2-7,7) por 1000 nascimentos a termo em paises
desenvolvidos (Liao et al., 2012). No Brasil, estima-se que a prevaléncia de asfixia neonatal
seja de, aproximadamente, 2% dos nascidos vivos (Souza 2003). Neonatos hipoxico-
isquémicos apresentam um baixo escore Apgar nos primeiros 5 minutos, exibem
anormalidades na avaliacdo neuroldgica, acidose metabdlica e, geralmente, crises convulsivas,
podendo haver a necessidade de suporte respiratério nas primeiras horas de vida pds-natal
(Liao et al., 2012). No passado, a taxa de mortalidade para recém-nascidos asfixiados variava
de 50-75%. Devido aos avan¢os no manejo obstétrico e nos cuidados dos neonatos de risco,
houve uma reducdo da prevaléncia para 27-50%. No entanto, em decorréncia de uma maior
taxa de sobrevivéncia dessas criancas, houve um aumento na prevaléncia de sequelas
neuroldgicas a longo-prazo resultantes da lesdo HI. Aproximadamente 90% das criancas com
diagnostico de encefalopatia severa (Sarnat I1I) no periodo perinatal apresentam
incapacidades neuropsicoldgicas permanentes, incluindo retardo mental, paralisia cerebral,
epilepsia, dificuldades de aprendizado e deficits visual e/ou auditivo. Nos casos de
encefalopatia moderada (Sarnat Il), 30-50% desenvolvem sérios déficits neuroldgicos. Ja
neonatos com encefalopatia HI leve geralmente ndo apresentam desfechos desfavoraveis
(Dilenge et al., 2001).

Dados indicam que a lesdo HI neonatal ocorre em aproximadamente 10 a 20% dos
casos de paralisia cerebral. Criancas nos estagios | e Il da encefalopatia HI frequentemente
exibem déficits motores especificos dependendo da lesdo, tais como a diplegia ou a
hemiplegia espastica, geralmente sem transtornos cognitivos. Ja as criancas na categoria Ill,
usualmente, irdo apresentar dificuldades motoras precoces, tais como atrasos no
desenvolvimento neuropsicomotor e podem apresentar déficits cognitivos e epilepsia
(Perlman 2006). A presenca, a severidade e a distribuicdo das lesdes neuropatoldgicas
originarias da HI dependem de diversos fatores, incluindo a natureza e a durac¢do do insulto, a
idade gestacional do feto ou recém-nascido e a presenca ou auséncia de estresse sistémico. A
maioria dos episodios de lesdo HI severa causa danos variados a estruturas cerebrais,
incluindo porcdes especificas do cortex cerebral, hipocampo, ganglios da base, tdlamo, tronco

encefalico e a substancia branca periventricular e subcortical (Berger and Garnier 1999).
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A causa mais frequente da encefalopatia HI e a asfixia intra-Gtero e o principal
mecanismo patogénico atribuido & sua neuropatologia é a redugdo do fluxo sanguineo cerebral
(Berger and Garnier 1999, Perlman 2006). Eventos neurotoxicos interligados, tais como,
faléncia energética, despolarizacdo da membrana, liberagdo de aminoacidos excitatérios,
acumulo de radicais livres e apoptose ocorrem simultaneamente e contribuem para a
disfungdo celular e morte neuronal apds insultos (Vexler and Ferriero 2001). Em relacdo as
respostas celulares, a reducdo do fluxo sanguineo cerebral inicia uma cascata de eventos
bioquimicos deletérios que duram horas ou dias. A deplecdo do oxigénio impossibilita a
fosforilacdo oxidativa e ocorre uma mudanca para 0 metabolismo anaerébico. Este € um
estado de energia ineficiente que resulta na répida deplecdo de reservas de fosfato de alta
energia, incluindo a molécula de adenosina trifosfato (ATP). A reducdo da sintese de ATP
resultante da hipoxia acentuada altera o equilibrio idnico através da membrana celular (Golan
and Huleihel 2006, Perlman 2006). Em termos histologicos, a lesdo HI produz cistos
necréticos dentro do parénquima cerebral. A necrose decorre de uma agressdo intensa as
células, com inibicdo total das mitocondrias, faléncia completa das bombas i6nicas, edema e
lise celular, ruptura das organelas, extravasamento do citoplasma no meio extracelular e
presenca de resposta inflamatdria intensa com fagocitose. Trata-se de um processo passivo de
morte celular. ApGs este processo, da-se inicio a uma fase tardia de dano tecidual
caracterizada pela morte celular apoptética. A apoptose decorre da agresséo lenta a célula,
com inibicdo parcial da fosforilacdo oxidativa, reducdo do tamanho da célula e ruptura do
DNA (Liao et al., 2012, Shankaran 2012).

Atualmente, nosso grupo de pesquisa investiga o0 uso de estratégias neuroprotetoras no
modelo experimental mais utilizado para o estudo da lesdo HI no periodo neonatal (Levine
1960, Rice et al., 1981, Vannucci and Vannucci 1997). Neste modelo, o dano cerebral é
obtido pela associacdo de oclusdo unilateral da artéria carétida comum, com subsequente
exposicdo a ambiente hipoxico em ratos de 7 dias de vida. As lesbes sdo encontradas no
hemisfério ipsilateral & oclusdo da artéria cardtida nas regides do cortex cerebral, substancia
branca periventricular e subcortical, estriado (ganglios da base) e hipocampo. A regido
hipocampal de CA3 (corno de Amon) é considerada a regido mais suscetivel, seguida da
camada de células granulares, CAl e hilo (Hossain 2005, Vannucci and Vannucci 1997).
Aproximadamente 79% dos filhotes de ratos sobrevivem ao protocolo de HIl e cerca de 90%
dos sobreviventes apresentam danos cerebrais. Infarto do cértex cerebral ipsilateral e do

hipocampo estdo presentes em 56% e, dependendo da duragdo da sobrevivéncia pos-asfixia,
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achados adicionais também sdo vistos, incluindo alteragdes na fungdo neuroldgica e
comportamental (Raju 1992).

Apesar dos avancos tecnoldgicos e cientificos nos cuidados perinatais dos recém-
nascidos de risco, o manejo clinico de criancas asfixiadas tem sido limitado a manutencao da
oxigenacdo, ao controle da pressdo sanguinea e da homeostase, ao tratamento das convulsées
e ao controle da hipertensdo intracraniana. No entanto, essas medidas ndo sdo dirigidas a
prevencdo ou a interrupcdo dos mecanismos de lesdo cerebral (Vannucci 2000). Em
decorréncia da significancia clinica e socioeconémica do dano cerebral neonatal, estratégias
neuroprotetoras vém sendo estudadas em ensaios experimentais e clinicos na tentativa de
reduzir a leséo cerebral e, assim, melhorar os desfechos comportamentais. Blogueadores de
calcio, inibidores de aminoacidos excitatorios, de radicais livres, de oxido nitrico, fatores de
crescimento, hipotermia e terapias celulares sdo algumas das abordagens terapéuticas atuais
que tentam interromper a cascata de eventos prejudiciais iniciada pelo evento hipdxico-
isquémico (Johnston et al., 2011, Shankaran 2012). Atualmente, a hipotermia é considerada
uma alternativa no tratamento da sindrome hipdxico-isquémica. O resfriamento da cabeca tem
a capacidade de reduzir a extensdo da lesdo em modelos experimentais, assim como em
estudos clinicos relacionados a isquemia e ao trauma. Os mecanismos potenciais de
neuroprotecdo da hipotermia incluem inibicdo da liberacdo de glutamato, reducdo do
metabolismo cerebral e inibi¢do da apoptose. No entanto, aspectos como a duracao da terapia,
0 grau de hipotermia, 0 momento e 0 método da intervencdo e, principalmente, os efeitos
adversos, ainda devem ser investigados (Shankaran 2012, Shankaran et al., 2012).

A terapia celular também vem sendo explorada como uma atual e plausivel abordagem
de tratamento para doencas neuroldgicas severas, incluindo a HI neonatal. Inicialmente usado
no tratamento de doencas hematoldgicas malignas e disturbios autoimunes, o transplante de
células imaturas e indiferenciadas do sangue de corddo umbilical humano tem sido proposto
atualmente como um candidato terapéutico para minimizar o dano de lesbes no sistema
nervoso central imaturo (Bennet et al., 2012, Dalous et al., 2012, de Paula et al., 2010, Liao et
al., 2012, Pimentel-Coelho et al., 2012, Rosenkranz and Meier 2011, Wang et al., 2012).
Apesar do numero crescente de estudos sobre o uso de terapias neuroprotetoras inovadoras no
tratamento de lesdes HI em modelos animais, incluindo recentes contribuicbes do nosso
laboratorio (de Paula et al., 2012, de Paula et al., 2009, Greggio et al., 2009), infelizmente
ainda ndo ha terapia eficaz na pratica clinica para o tratamento de HI neonatal e decorrentes

sequelas.
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2 Neuropeptideo NAP em Hipoxia-lsquemia Neonatal

A proliferacdo neuronal, sobrevivéncia e diferenciacdo celular sdo atividades
dependentes de fatores de crescimento proteicos durante o desenvolvimento. Sendo assim, a
atividade de proteinas neurotroficas é parte fundamental da resposta do SNC a uma grande
variedade de agentes que modulam a sua integridade. Geralmente, neurdnios, quando
estimulados por processos danosos, enviam sinais extracelulares a astrocitos e microglias que
os intermedeiam, induzindo a liberacdo de neurotrofinas especificas (Zemlyak et al., 2007). O
namero crescente e diverso destas moléculas tornou-se aparente a partir da identificacdo de
um primeiro fator, o peptideo vasoativo intestinal (VIP; vasoactive intestinal peptide).
Primeiramente identificado no intestino como uma molécula indutora de vasodilatacdo,
descobriu-se que o VIP é o peptideo cerebral mais abundante e apresenta capacidade
neuroprotetora in vivo. Para que este composto garanta uma defesa neuronal adequada, torna-
se necessario que astrdcitos portadores de receptores especificos para o VIP sejam induzidos a
sintetizar e secretar proteinas neuroprotetoras secundarias. Assim, o VIP promove a secrecéo,
pelas células gliais, de determinados fatores troficos tais como interleucina-1 (IL-1),
interleucina-6 (IL-6), neurotrofina-3 (NT-3), protease nexin-1 (PN-1), as quimiocinas
RANTES e MIP, fator neurotrofico atividade dependente (ADNF; activity-dependent
neurotrophic factor) e proteina neuroprotetora atividade dependente (ADNP; activity-
dependent neuroprotective protein) (Busciglio et al., 2007, Dejda et al., 2005), como

apresentado na figura 1.
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Figura 1 - Secrecdo do neuropeptideo NAP. VIP promove a liberacdo de fatores gliais, tais como
IL-1, IL-6, NT-3, PN-1, as quimiocinas RANTES e MIP, e os fatores neuroprotetores ADNF e ADNP.
Os fatores ADNF-9, ADNF-14 e NAP sdo os fragmentos ativos das proteinas originais ADNF e
ADNP, respectivamente. Fonte: Dejda et al. (2005); pg. 311.
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Especificamente acerca do ADNP, este fator é fundamental nos processos de
desenvolvimento cerebral e embriogénese (Mandel et al., 2007, Pinhasov et al., 2003).
Paralelamente a estas funcgdes, verificou-se um aumento significativo da expressao cerebral de
ADNP um més apos lesdo cerebral traumatica experimental (Gozes et al., 2005b, Zaltzman et
al., 2004). Esta evidéncia levantou a hipotese de que o ADNP estivesse envolvido em um
mecanismo compensatorio endogeno na neuroprotecdo. Corroborando tais achados,
demonstrou-se uma expressdo transitoria aumentada de ADNP correlacionada a progressdo
inicial em um modelo animal de deméncia (Fernandez-Montesinos et al., 2010).

Dentre os diversos fatores identificados, Bassan e colaboradores (1999) isolaram o
menor elemento ativo da molécula da proteina ADNP, denominado NAP (também conhecido
por AL-108 e davunetide) (Gozes 2011a, c). Este peptideo, de apenas oito aminoacidos
(NAPVSIPQ) e peso molecular de 824,93 Da, confere protecdo a culturas neuronais contra
toxicidade associada ao peptideo B-amildide (Bassan et al., 1999, Zemlyak et al., 2000),
NMDA (Bassan et al., 1999), bloqueio elétrico (tetrodotoxina) (Bassan et al., 1999),
glicoproteina gp120 (Bassan et al., 1999), fator de necrose tumoral alfa (Beni-Adani et al.,
2001), alcool (Wilkemeyer et al., 2003), dopamina (Offen et al., 2000), perdxido de oxigénio
(Steingart et al., 2000), privacdo de nutrientes (Lagreze et al., 2005) e sobrecarga de zinco
(Divinski et al., 2006). Na maioria destes casos, a neuroprotecéo in vitro se torna significativa
em concentracdo de NAP na ordem de fentomolar e picomolar. Ja em estudos in vivo, NAP
tem acdo protetora contra colinotoxicidade (Gozes et al., 2000), lesdo retiniana (Belokopytov
et al., 2011), crises convulsivas induzidas por hipdxia neonatal (Greggio et al., 2009) e por
acido cainico (Zemlyak et al., 2009), deficiéncia de apolipoproteina E (Bassan et al., 1999,
Rotstein et al., 2006), traumatismo craniano (Beni-Adani et al., 2001, Zaltzman et al., 2004),
oclusdo da artéria cerebral média (Leker et al., 2002), sindrome alcoolica fetal (Spong et al.,
2001), hipdxia-isquemia neonatal (Kumral et al., 2006), disfungdes cognitivas e de ansiedade
associadas a meia idade (Alcalay et al., 2004, Gozes et al., 2002, Gozes et al., 2005a),
esquizofrenia (Gozes 2011b, Merenlender-Wagner et al.,, 2010), doenca de
Alzheimer/taupatias (Matsuoka et al., 2008, Shiryaev et al., 2009, Shiryaev et al., 2011,
Vulih-Shultzman et al., 2007) e doencga de Parkinson (Fleming et al., 2011).

Sabe-se que o NAP € um peptideo altamente solGvel e biodisponivel, e que sua
estrutura secundaria é do tipo helicoidal randdémica, tanto em solugdes agquosas como
organicas (Gozes et al., 2005a). Assim, sua solubilidade em membranas lipidicas permite que

este ultrapasse a barreira hematoencefalica (BHE), podendo atingir prontamente estruturas
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cerebrais através de administracdo intranasal (Gozes et al., 2000), subcutéanea (Beni-Adani et
al., 2001), intravenosa (Leker et al., 2002) e intraperitonial (Greggio et al., 2009), em estudos
pré-clinicos. E valido destacar, também, que o peptideo NAP nZo altera o nivel proliferativo
celular, descartando a hipétese de que o composto possa oferecer algum risco de
tumorigenicidade (Alcalay et al., 2004).

Frente ao amplo espectro de protecdo do peptideo NAP, até mesmo em concentra¢es
na ordem de fentomolar em estudos in vitro, o seu mecanismo de acdo é de grande interesse e
foco de intensa investigacdo. Neste contexto, demonstrou-se que o NAP liga-se
especificamente a tubulina, principalmente com a subunidade Blll-tubulina, presente em
células neuronais. Esta propriedade, condizendo com funcdo de chaperona, facilitaria a
agregacdo de microtibulos e aumentaria a sobrevivéncia e integridade celular (Divinski et al.,
2006). Em contrapartida, tal ligacdo também é possivel no citoesqueleto de astrdcitos, tipo
celular que ndo possui este tipo de subunidade tubulinar, 0 que sugere mecanismos de agédo
subjacentes. A manutencdo da funcionalidade neuronal exercida pelo NAP, através da
formacdo e estabilidade microtubular, também pode ser justificada pela regulacdo da
mobilizacdo de célcio intra- e extracelular. Tais resultados sustentam a hipotese de que este
peptideo lipofilico ndo requer receptores celulares de superficie e nem acdo dependente de
quiralidade (Busciglio et al., 2007).

Seu mecanismo de acdo também envolve o controle da formacdo de monofosfato de
guanosina ciclico (cGMP) e oOxido nitrico (Ashur-Fabian et al.,, 2001), modulacdo de
mecanismos de inflamacéo (Beni-Adani et al., 2001), e também interfere em varios niveis do
processo de apoptose, tais como sobre a expressao da proteina p53 (Gozes et al., 2004),
liberagdo mitocondrial de citocromo C (Zemlyak et al., 2009), ativagdo da caspase 3 e
fragmentacdo de DNA nuclear (Leker et al., 2002). Além disso, ha evidéncias que indicam
atividade antioxidativa do NAP, tanto em culturas neuronais (Busciglio et al., 2007, Gozes et
al., 2004, Offen et al., 2000, Steingart and Gozes 2006, Steingart et al., 2000) como em
modelos animais (Greggio et al., 2009, Spong et al., 2001). Alguns dos estudos acima citados
demonstram o envolvimento do sistema antioxidante da glutationa enddégena no mecanismo
de neuroprotecdo do NAP. Em termos de reparacdo de biomoléculas, Visochek e
colaboradores (2005) demonstraram uma via alternativa para ativacdo da poli(ADP-
ribose)polimerase-1 (PARP-1), por mecanismos de sinalizacdo induzidos por NAP, na
auséncia de dano ao DNA (Visochek et al., 2005). A ativagcdo de PARP-1 induzida por NAP
pode promover efeito neuroprotetor como resultado da poli-ADP ribosilacdo da histona 1 e

relaxamento da cromatina. Assim, esta acdo permitiria um acesso facilitado ao DNA pelos
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fatores de transicdo e enzimas de reparo fundamentais para diferenciagéo e sobrevivéncia
celular (Visochek et al., 2005). Adicionalmente, foi demonstrado que o NAP pode estimular
vias bioquimicas envolvidas nos processos de sobrevivéncia neuronal, diferenciacdo e
plasticidade sinaptica, tais como a familia das proteinas quinases ativadas por mitdgenos
(MAPKs) e fosfatidilinositol-3-quinase/Akt (PI3K/Akt) (Pascual and Guerri 2007,
Sokolowska et al., 2011), fosforilagdo da quinase Fyn e proteina substrato associada a Crk
(Cas) (Chen and Charness 2008).

Em 2009, nosso grupo de pesquisa demonstrou, de forma pioneira, a capacidade
neuroprotetora do peptideo NAP nas lesdes oxidativas hipocampais de ratos neonatos
submetidos a crises convulsivas induzidas por hipoxia. Além disto, observou-se que 0 NAP
apresenta um efeito dose-dependente na prevencdo de danos ao DNA e em membranas
lipidicas paralelamente a um incremento do sistema glutationa (Greggio et al., 2009). Em
carater translacional, os resultados desta pesquisa sugerem a possibilidade desta droga
aprimorar a abordagem terapéutica das crises convulsivas neonatais. Levando em
consideracdo que as drogas anticonvulsivantes — que geralmente apresentam baixa eficacia e
qgue podem interferir no neurodesenvolvimento da criangca — continuam constituindo o
tratamento de primeira linha para crises neonatais, o neuropeptideo NAP poderia manter a
integridade de estruturas cerebrais em um plano molecular, enquanto que a atividade
convulsivante ndo esteja completamente supressa.

Existem apenas dois trabalhos, listados no banco de dados PubMed, verificando o
efeito neuroprotetor do peptideo NAP em animais com lesdo HI neonatal. Inicialmente,
Rotstein e colaboradores (2006) verificaram que administragdo de NAP (25 pL/mg; s.c.)
promoveu efeitos positivos nos desfechos cognitivos e nas habilidades motoras avaliadas em
camundongos deficientes de apolipoproteina E (Rotstein et al., 2006). Apesar de esta
linhagem de animais possuir maior suscetibilidade a lesdes cerebrais frente a hipoxia, o
modelo classico para estudos pré-clinicos de lesdo HI neonatal permanece sendo o de Vanucci
& Vanucci (1997) (Vannucci and Vannucci 1997). Além disso, os autores ndo verificaram se
os efeitos terapéuticos do NAP nas avalia¢cBes funcionais acompanhavam uma possivel
recuperacdo histolégica do dano cerebral destes animais. Em outro estudo, Kumral e
colaboradores (2006) verificaram que uma unica administracdo de NAP (0,3 pg/g; i.p.) foi
capaz de diminuir significativamente a formacédo de Oxido nitrico, preservando a densidade
neuronal e reduzindo a quantidade de neurdnios em processo de apoptose no hipocampo e no
giro denteado de ratos neonatos com lesdo HI (Kumral et al., 2006). Neste trabalho, no

entanto, mesmo tendo sido usado o modelo animal apropriado de HI, os autores néo
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investigaram o impacto da terapia com NAP sobre os aspectos motores e cognitivos. Sendo
assim, apesar dos indicios favoraveis da utilizacdo do NAP neste tipo de lesdo cerebral, ainda
sdo incompletos os argumentos experimentais que sustentam a sua aplicabilidade terapéutica,
em virtude das abordagens e desenhos experimentais utilizados.

Desde a sua obtencdo sintética, o NAP, atualmente denominado de Davunetide, esta
sob protecdo conferida por patente e licenciado exclusivamente para estudos clinicos
desenvolvidos pela empresa de biotecnologia Allon Therapeutics Inc.. A partir do composto
basico, surgiram variantes moleculares como AL-208, AL-408 e AL-508, sendo todas
provenientes do ADNP, com exce¢do do composto AL-309, oriundo do ADNF. Conforme
informagdes disponiveis no endereco eletrénico da empresa’, 0s compostos ja esta sendo
testados em ensaios clinicos, em etapas diferentes de desenvolvimento, para
comprometimento cognitivo leve amnéstico®, taupatias® (degenerago lobar frontotemporal e
sindrome de degeneragdo corticobasal), paralisia supranuclear progressiva’®, doenca de
Alzheimer, déficit cognitivo associado & esquizofrenia®! e déficit cognitivo leve apés cirurgia

de revascularizagdo do miocardio com circulacdo extracorporea®? (figura 2).

PSP
Alzheimer's

Schizophrenia

Parkinson’s
Dementias
Neuropathy

Neuroprotection

Neuroprotection

= Completed === Underway

Figura 2 — Estudos pré-clinicos e clinicos da Allon Therapeutics Inc. O esquema apresenta as
diversas etapas de investigacdo para o uso do NAP (Davunetide) e variaces em estudos pré-clinicos e
ensaios clinicos de fase I, Il e I1l. As barras escuras representam estapas ja concluidas, enquanto que
as barras claras indicam estudos em andamento. Legenda: PSP (paralisia supranuclear progressiva);
Schizophrenia (esquizofrenia); Parkinson’s (doenca de Parkinson); Dementias (deméncias);
Neuropathy (neuropatia); Neuroprotection (neuroprotecdo). Fonte: endereco eletrdnico da Allon
Therapeutics Inc..

" http://www.allontherapeutics.com/product-development/development-status
® http://clinicaltrials.gov/ct2/show/NCT00422981

% http://clinicaltrials.gov/ct2/show/NCT01056965

19 http://clinicaltrials.gov/ct2/show/NCT01110720

Y http://clinicaltrials.gov/ct2/show/NCT00505765

12 http://clinicaltrials.gov/ct2/show/NCT00404014
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Apesar dos esforgos em viabilizar a terapia com o peptideo NAP em diversas
neuropatologias, ainda sdo escassas as iniciativas terapéuticas deste composto na area
pediatrica. Embora estudos experimentais tenham sido feitos em modelos de dano cerebral no
periodo perinatal — tais como em HI (Kumral et al., 2006, Rotstein et al., 2006), crises
convulsiva induzida por hipoxia (Greggio et al., 2009), sindrome alcoolica fetal (Spong et al.,
2001) e paralisia cerebral (Sokolowska et al., 2011) — nenhum ensaio clinico com NAP
encontra-se em andamento para quaisquer das patologias acima citadas. Assim sendo, frente
as evidéncias experimentais favoraveis do uso do neuropeptideo NAP, propde-se aprimorar a
abordagem experimental com o intuito de dar forca a proposta translacional desta terapia

inovadora na lesdao HI neonatal.
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3 Terapia Celular em Hipdxia-Isquemia Neonatal

ARTIGO DE REVISAO

Use of stem cells in perinatal asphyxia: from bench to bedside®

de Paula S, Greggio S, DaCosta J.C.**

Jornal de Pediatria (Rio J). 2010 Nov-Dec;86(6):451-64.

d0i:10.2223/JPED.2035

3 A atualizacio da Tabela 1, intitulada Revis&o das publicacdes sobre terapia celular em hip6xia-isquemia
experimental no periodo neonatal, encontra-se no Apéndice B e esté precedida pelas referéncias de todos os
trabalhos tabelados.

14 0s autores Simone de Paula e Samuel Greggio contribuiram igualmente na elaborago deste artigo de revisao.
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ARTIGO DE REVISAO

Use of stem cells in perinatal asphyxia:
from bench to bedside

O uso de células-tronco na asfixia perinatal: do laboratdrio a pratica clinica

Simone de Paulal, Samuel Greggio?!, Jaderson Costa DaCosta?

Resumo

Objetivos: Apresentar evidéncias cientificas recentes sobre os
efeitos do transplante com células-tronco em modelos animais de lesdo
cerebral hipoxico-isquémica neonatal e abordar os aspectos translacionais
relevantes 2 aplicacdo clinica da terapia celular nesse contexto.

Fonte dos dados: Para a selecio dos artigos, utilizou-se a base de
dados PubMed e Scopus. O critério de selecido de artigos foi a especifi-
cidade em relagdo ao tema estudado, preferencialmente a partir do ano
de 2000. Também foram revisados artigos classicos de anos anteriores
que se aplicavam ao propdsito desta revisdo.

Sintese dos dados: Células-tronco de diferentes fontes exdgenas
podem exibir propriedades neurcprotetoras em modelos experimentais
de hipéxia-isquemia necnatal. Na maioria dos experimentos animais, os
beneficios morfoldgicos e funcionais observados foram independentas
da diferenciacdo neural, sugerindo mecanismos de agdo associados, tais
como a liberagdo de fatores tréficos e a modulagdo inflamatéria.

Conclusdes: Baseado nos estudos experimentais analisados, a
terapia celular pode tornar-se uma promissora abordagem terapéutica
no tratamento de criancas com encefalopatia hipéxico-isquémica. No
entanto, estudos adicionais necessitam ser realizados a fim de elucidar
os possiveis mecanismos de acdo dessas células e definir estratégias
clinicas seguras e efetivas.

1 Pediatr (Rio J). 2010,;86(6):451-464: Encefalopatia hipdxico-is-
quémica, células-tronco, asfixia, terapia celular.

Introdugdo

A les3o cerebral hipoxico-isquémica (HI) do recém-nas-
cido € uma das maiores causas de mortalidade e morbidade
neurologica em criancas. Estatisticas sugerem uma incidén-
cia de asfixia em 2-4 por 1.000 nascimentos a termo. No
Brasil, estima-se que a prevaléncia de asfixia neonatal seja
de, aproximadamente, 2% dos nascidos vivos!. Aléem disso,
a taxa de mortalidade dos recém-nascidos asfixiados no

Abstract

Objectives: To present recent scientific evidence on the effects of
stem cell transplantation in animal medels of neonatal hypoxic-ischemic
brain injury and address the translational relevance of cell therapy for
clinical application in this context.

Sources: The PubMed and Scopus databases were used to select
articles. The selection criterion was the specificity of articles regarding
the subject studied, preferably articles published from 2000 onward. We
also reviewed classic articles from previous years that were applicable
to this review.

Summary of the findings: Stem cells from different exogenous
sources may exhibit neuroprotactive properties in experimental models
of neonatal hypoxia-ischemia. In most animal experiments, the
marphological and functional benefits observed were independent of
neural differentiation, suggesting associated mechanisms of action, such
as the release of trophic factors and inflammatory modulation.

Conclusions: Based on the experimental studies analyzed, cell
therapy may become a promising therapeutic approach in the treatment of
children with hypoxic-ischemic encephalopathy. However, further studies
are warranted to elucidate potential mechanisms of action of these cells
and to define safe and effective clinical strategies.

J Pediatr (Rio J). 2010;86(6):451-464: Hypoxic-ischemic
encephalopathy, stem cells, asphyxia, cell therapy.

periodo neonatal € de 20-50%, sendo que mais de 25% dos
sobreviventes podem exibirincapacidades neuropsicologicas
permanentes, tais como retardo mental, paralisia cerebral,
epilepsia e dificuldades de aprendizagem?.

A causa mais frequente da encefalopatia HI & a asfixia
intradtero severa, e o principal mecanismo patogénico atri-
buido a sua neuropatologia € a reducdo do fluxo sanguineo

1. Mestre, Programa de Pds-Graduacgéo em Salde da Crianga, Pontificia Universidade Catdlica do Rio Grande do Sul (PUCRS), Porto Alegre, RS.
2. Doutor, Professor titular, Neurologia, Faculdade de Medicina, PUCRS, Porto Alegre, RS. Diretor, Instituto do Cérebro do Rio Grande do Sul (InsCer), PUCRS,

Porto Alegre, RS.
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cerebral®. Eventos neurotdxicos associados, tais como fa-
|éncia energética, despolarizacdo da membrana, liberacdo
de aminoacidos excitatdrios, acumulo de radicais livres e
apoptose ocorrem simultaneamente e contribuem para a
disfuncdo celular e para a morte neuronal apos insultos
hipoxico-isquémicos#.

Apesar dos avancos tecnologicos e cientificos nos cuidados
perinatais dos recém-nascidos de risco, o manejo clinico de
criancas asfixiadas tem sido limitado a manutencdo da oxi-
genacdo, ao controle da pressdo sanguinea e da homeostase,
ao tratamento das convulsdes e ao controle da hipertensio
intracraniana®.

Novas estratégias neuroprotetoras vém sendo investi-
gadas em estudos experimentais e em ensaios clinicos em
decorréncia da significdncia clinica e do impacto socioecond-
mico originados pelo dano cerebral neonatal. Bloqueadores
de célcio, inibidores de aminoacidos excitatorios e de radicais
livres, o uso de oxido nitrico, de fatores de crescimento,
neuropeptideos e a hipotermia sdo algumas das abordagens
terapéuticas atuais que objetivam interromper a cascata de
eventos neuroquimicos iniciada pela HI%. Com excecdo da
hipotermia, que demonstra desfechos satisfatorios apenas
em criancas com lesdes HI moderadas, essas terapias apre-
sentam resultados limitados®.

Nesse contexto, a terapia celular vem sendo explorada por
ser uma atual e promissora abordagem de tratamento para
doencas neurologicas graves. As células-tronco representam
uma unidade natural do desenvolvimento embrionario e da
reparacdo tecidual, sendo um subconjunto de células imatu-
ras, indiferenciadas e n3o especializadas que apresentam a
capacidade de autorrenovacdo e diferenciacdo em linhagens
celulares especificas”. Tais células tém sido encontradas em
todos os orgdos e tecidos pos-natais, inclusive no sistema
nervoso central (SNC), previamente conhecido pela carén-
cia de progenitores celulares e de potencial regenerativo®.
Recentes descobertas revolucionaram a biologia das célu-
las-tronco e tdm demonstrado o potencial clinico dessas
células em uma variedade de doengas humanas. Inicialmente
usado no tratamento de doengas hematoldgicas malignas e
distdrbios autoimunes, o transplante de células imaturas e
indiferenciadas tem sido proposto atualmente como fonte
potencial de novas células e de fatores troficos para minimizar
o dano celular e regenerar tecidos necréticos decorrentes de
lesGes no SNC3. Estudos experimentais demonstram que o
transplante de células-tronco tem melhorado a funcionalidade
em modelos experimentais de isquemia cerebral, doenca de
Parkinson, doenca de Huntington, epilepsia e traumatismo
raquimedulario-14,

Basicamente, duas categorias de células-tronco tém
sido utilizadas em estudos experimentais de HI neonatal:
as células-tronco neurais, provenientes de tecido neuronal
embrionario ou adulto; e as células-tronco somaticas de
origem ndo neuronal, nas quais se destacam as provenientes
do sangue da medula 6ssea e do corddo umbilical.

0O objetivo desta revisdo & apresentar o estado da arte
dos estudos experimentais de terapia celular em modelo
animal de HI neonatal (Tabela 1), abordando os possiveis
mecanismos de acdo desse recurso terapéutico e os aspectos
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translacionais relevantes a aplicacdo clinica do transplante de
células-tronco na encefalopatia hipdxico-isquémica.

Transplante de tecido neocortical fetal

Em 1996, Elsayed et al.?® realizaram o primeiro estu-
do sobre o uso de recursos celulares no tratamento da HI
experimental. Nessa investigacdo, os autores avaliaram os
efeitos do transplante intracerebral de um bloco de tecido
neocortical fetal realizado 7 dias apds a inducdo da HI em
filhotes de ratos. Embora tenham demonstrado que os trans-
plantes obtiveram uma implantacdo satisfatoria em 63%
dos casos, o estudo ndo demonstrou efeitos terapéuticos
significativos sobre a atrofia cerebral. Adicionalmente, o
respectivo trabalho ndo realizou uma avaliacdo funcional dos
animais transplantados. Outro grupo de pesquisa também
realizou transplante intracerebral de tecido neocortical fetal
3 dias apos a inducdo da HIE. Em vez de usar um bloco
tecidual, os autores utilizaram uma suspensdo celular a fim
de facilitar o procedimento de transplante. Os resultados
demonstraram uma melhora da coordenacdo e assimetria
motora nos animais tratados. No entanto, mesmo com a
identificacdo de 72% dos transplantes apos 10-12 semanas
pos-implantacdo, os autores observaram auséncia de res-
tabelecimento da citoarquitetura cortical.

Transplante de células-tronco neurais

As células-tronco neurais (CTN) sdo células com capaci-
dade de autorrenovacdo e potencialidade restrita para gerar
células de linhagens neuronais e gliais. Tais células podem ser
isoladas de diferentes regides do sistema nervoso embrionario
ou extraidas de duas regifes especificas do cérebro adulto:
a zona subventricular dos ventriculos laterais e a zona sub-
granular do giro denteado hipocampal?-3. Estudos mostram
que as CTN podem migrar e sobreviver em areas cerebrais
lesadas, assim como podem ser induzidas a se diferenciar in
vivo e in vitro em neurdnios, oligodendrdcitos e astrocitos,
indicando uma possivel alternativa de reposicdo dos tipos
celulares afetados na HI®17,

Depois de isoladas, as CTN podem proliferar in vitro, em
resposta a presenca de fatores de crescimento especificos,
formando agrupamentos celulares denominados de neuroes-
feras. Basicamente, essas estruturas sdo formadas por CTN
multipotentes e progenitores neurais com desenvolvimento
mais comprometido®-18.13, Alguns estudos tém demonstrado
que astrocitos da zona subventricular que expressam uma pro-
teina glial também podem ser considerados como CTNz29,

Nesse contexto, Zheng et al.?! demonstraram que célu-
las-tronco astrociticas multipotentes provenientes da zona
subventricular de camundongos migram para a regido cortical
e periventricular isquémica e expressam sinais de diferen-
ciacdo neuronal e astrocitica nos animais HI submetidos
ao transplante intracerebral. Em contrapartida, quando o
transplante foi efetuado em animais sadios, as células per-
maneceram no local em que foram injetadas e mantiveram
o seu perfil celular astrocitico. Esses dados indicam que o
tecido cerebral HI apresenta processos fisiologicos capazes
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Tabela 1 - Revisdo das publicacdes sobre terapia celular em hipoxia-isquemia experimental no periodo neonatal
Referéncia  Modelo de HI Tipo celular Transplante Resultados Resultados Migracdo Diferenciacdo
(animal, idade (concentragao, funcionais* morfolégicos, celular celular
e duracdo via, tempo e celulares e
da hipoxia) imunossupressio) moleculares*
Elsayed Ratos Long-Evans Tecido neocortical Bloco tecidual de NA Nenhum efeito Transplantes com NA
et al.1s black-hooded; fetal murino (130 1-2 mm3; ic (T1); sobre a atrofia desenvolvimento
P7-8; 60, 120 dia embriondrio) 7 dias apds HI; cerebral. Presenca de satisfatdrio (63%)
ou 120-150 min SI conectividade axonal e pobre (19%),
entre o transplante e localizados no
as dreas adjacentes cortex ou em
corticais do tecido dreas adjacentes
receptor 6 semanas pT
Jansen Ratos Wistar; Tecido neocortical 5 x 107 células/pL; Melhora da Auséncia de Identificacdo NA
et al.16 P7; 150 min fetal murino (162 ic (T1); 3 dias apds coordenacio restabelecimento de 72% dos
dia embriondrio) HI; SI (3-8 semanas da citoarquitetura transplantes
pT) & assimetria cortical; o transplante localizados em
motora expressou marcadores  dreas adjacentes
(9 semanas pT) neuroquimicos e 30 corpo caloso do
ausénca de marcagio cortex sensorio-
glial; presenca de motor 9-11
astrocitos circundantes  semanas pT
ao transplante. (9-11
semanas pT)
Park Camundongos CTN murinas (clone 1 ou 2 complexos 1 rotacdo Redugdo do dano O transplante Células
et al.2? CD-1; P7; C17.2) em scaffold CTN-PGA (1 x 107 unilateral cerebral; formagdo apresentou transplantadas
120 min de PGA; CTN-PGA) células/mL; 100-200 de interconexdes uma implantagdo apresentaram
pL}; ic (TI); 7 dias entre CTN/PGA & satisfatoria marcacdo de
apds HI; SI o tecido receptor; na cavidade neurdnio (5%)
neovascularizacdo; infartada cerebral e oligodendrocito,
1 infiltracdo de 2-6 semanas pT na penumbra
mondcitos e cortical da lesdo,
cicatriz astroglial; 2 semanas pT
restabelecimento de
projeges neuronais
de longa distancia
Imitola Camundongos Cinco linhagens 5 x 10° células/mL; NA CTN expressam Correlacdo Células
et al.?3 C57Bl/6; PT7; de CTN humanas ic (TC); 3 dias apds CXCR4; T expressio positiva entre a transplantadas
120 min & murinas HI; cicosporina de SDF-1a na regido presenca de células  com marcagio
cerebral infartada transplantadas na  neuronal na
(células astrociticas e regido isquémica penumbra
endoteliais); interagdo e a expressao de cortical da lesdo
da via SDF-1ct/CXCR4 SDF-1m
Katsuragi Ratos Wistar; Células BHK-GDNF 1 cépsula (1 x 108 NA T GDNF sérico; Células BHK-GDNF ~ NA
et al.®2 P14; 120 min encapsuladas células/mL); ic (TI); L incidéncia e mantiveram-se
2 dias pré-HI; SI severidade do dano vidveis 7 dias pT
neuronal (7 dias pT)
Katsuragi Ratos Wistar; Células BHK-GDNF 1 capsula (1 x 10% Melhora no Reducdo do dano NA NA
et al.® P9; 120 min encapsuladas células/mL); ic (TI); desempenho cerebral 17
2 dias pré-HI; SI cognitivo a partir semanas pT
da 62 semana pT
Zheng Ratos Células-tronco 5 % 104 células/pL; NA NA Deteccio Células
et al. 2! Sprague-Dawley; astrociticas ic (T1); 24 h apds das células transplantadas
P7; 120 min multipotentes da HI; SI transplantadas apresentaram
zona subventricular na regido cortical marcagdo de
murina e periventricular astrodto e neurdnio
isquémica em até  3-21dias pT
21 dias pT
Meier Ratos Wistar; CTCUH 1 x 107 células/ Melhora no Nenhum efeito Presenca Auséncia de células
et al. P7; 80 min 500 pL; ip; 24 h desempenho sobre a atrofia das células transplantadas com
apas HI; S1 locomotor 21 cerebral em transplantadas marcacao para
dias pT 21 dias pT 3o redor da lesdo astrocito & neurdnio
cerebral 21 dias pT 21 dias pT

BDNF = fator neurotréfico derivado do cérebro; BHK-GDNF = células renais de filhotes de hamster (BHK) transfectadas com DNA complementar de fator neu-
rotréfico derivado de linhagem celular glial (GDNF); CPAM = células progenitoras adultas multipotentes; ChABC = condroitinase ABC; CTCUH = células-tronco
de corddo umbilical humano; CTM = células-tronco mesenquimais; CTN = células-tronco neurais; CXCR4 = receptor de quimiocina CXC 4; FGF-2 = fator de
crescimento de fibroblasto 2; GDNF = fator neurotréfice derivado de linhagem celular glial; HI = hipéxia-isquemia; ic = via intracerebral; ica = via intracardiaca;
icv = via intracerebroventricular; ip = via intraperitoneal; iv = via intravenosa; NA = ndo avaliado; NGF = fator de crescimento neural; NT3 = neurotrofina -3; P = dia
pos-natal; PGA = acido poliglicdlico; pT = pos-transplante; SDF-1 = fator derivado do estroma 1; T-PX = transplante no dia pés-natal X; S| = sem imunossupressao;
TC = transplante contralateral; Tl = transplante ipsilateral; VEH = veiculo.

Animais tratados versus animais controle.

T = aumento.
| = reducao.
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Tabela 1 - Revisdo das publicacies sobre terapia celular em hipdxia-isquemia experimental no periodo neonatal (continuacdo)
Referéncia  Modelo de HI Tipo celular Transplante Resultados Resultados Migracdo Diferenciacdo
(animal, idade (concentracao, funcionais* morfolégicos, celular celular
e duragdo via, tempo e celulares e
da hipdxia) imunossupressao) moleculares*®
Yasuhara Ratos Sprague- CPAM de medula 2 % 10° células/3 pL; Melhora da NA Deteccdo NA
et al.5 Dawley; P7; Gssea murina ic (TI); 7 dias apos assimetria, das células
150 min HI; cclosporina A mas ndo da transplantadas
coordenacdo nas regides
motora, hipocampais de
14 dias pT CA2 e CA3
14 dias pT
Park Camundongos CTN murinas 0,4-1,6 x 105 NA NA TC: migracdo TI versus TC (3 dias
et al.22 CD-1; PT7; (clone C17.2) células/4 pL; ic; celular através apds HI): células
138 min 1(TI), 3 (TL ou TC), do corpo caloso e transplantadas
7 (T1), 14 (T1) ou outras comissuras  apresentaram
35 (TI) dias inter-hemisféricas ~ marcacdo de
apds HI; SI para a drea neurdnio (~5 versus
infartada; TI: 0%), oligodendricito
as células (~4 versus ~1%),
permaneceram astrocito (~23 versus
no local da lesdo, ~15%) e células
com melhor progenitores neurais
implantacdo (~18 versus ~6%)
quando no neocortex (1
transplantadas més pT)
entre 3 e 7 dias
apos HI
Park Camundengos CTN murinas 3 % 10° células/8 pL NA Expressdo Presenca das Células
et al.? CD-1; P7; (clone C17.2) com (ic, TL em 2 locais) aumentada células nos locais transplantadas com
120-180 min superexpressio 21,0 x 10° células/ de NT-3 de transplante 2-4  marcacdo neuronal
de NT-3 (CTN-NT3) 2 pL (icv, TC); semanas pT (colinérgico,
3 dias apds HIL; GABAérgico e
SI glutamatérgico) na
penumbra (81,4%)
e drea infartada
(10-20%), & para
oligodendrdcito
(0,4%) e glia
(1%); células
transplantadas com
marcacdo neuronal
no hemisfério
contralateral (~90%)
(2-4 semanas pT)
Ma Camundengos Células-tronco 1% 10% células/pL; Melhora da T células neuronais na Deteccdo Células
et al.24 C57Bl/6; PT; embrionarias murinas  icv (TI); 2-3 dias meméria espacial 2 regido hipocampal de das células transplantadas
90 min apos diferenciagdo apds HI; SI e 8 meses pT CA1 8 meses pT transplantadas apresentaram
neural in vitro no hipocampo e marcaco de
cortex cerebral neurdnio, mas nio
2 e 8 meses pT de astrocito,
8 meses pT
Dayer Ratos Wistar; Células progenitoras 4 x 107 células/ NA Preservacdo do Deteccdo A grande maioria
et al.* P3; 30 min neurais murinas com 0,5 pL; ic (TI); estado de imaturidade das células das células
superexpressao de 1 e 3 dias apds HI; e proliferacdo celular transplantadas transplantadas
FGF-2 SI & inversamente no cortex apresentou marcagdo
proporcienal 3 isquémica de neurfnio imaturo;
expressividade de infragranular &M menor nimero,
FGF-2 nas células & na margem houve marcagdo
transplantadas entre cortex e para astrocito,
corpo caloso oligodendrécito e
2 semanas pT neurdnio

BDNF = fator neurotréfico derivado do cérebro; BHK-GDNF = células renais de filhotes de hamster (BHK) transfectadas com DNA complementar de fator neu-
rotréfico derivado de linhagem celular glial (GDNF); CPAM = células progenitoras adultas multipotentes; ChABC = condroitinase ABC; CTCUH = células-tronco
de corddo umbilical humaneo; CTM = células-tronco mesenquimais; CTN = células-tronco neurais; CXCR4 = receptor de quimiocina CXC 4; FGF-2 = fator de
crescimento de fibroblasto 2; GDNF = fator neurotréfico derivado de linhagem celular glial; HI = hipéxia-isquemia; ic = via intracerebral; ica = via intracardiaca;
icv = via intracerebroventricular; ip = via intraperitoneal; iv = via intravenosa; NA = nfo avaliado; NGF = fator de crescimento neural; NT3 = neurctrofina -3; P = dia
pos-natal; PGA = acido poliglicdlico; pT = pds-transplante; SDF-1 = fator derivado do estroma 1; T-PX = transplante no dia pés-natal X; S| = sem imunossupressao;
TC = transplante contralateral; Tl = transplante ipsilateral; VEH = veiculo.
* Animais tratados versus animais controle.

T = aumento.

1 =reducio.
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Tabela 1 - Revisdo das publicactes sobre terapia celular em hipoxia-isquemia experimental no periodo neonatal (continuacdo)
Referéncia  Modelo de HI Tipo celular Transplante Resultados Resultados Migracdo Diferenciacdo
(animal, idade (concentracao, funcionais* maorfologicos, celular celular
e duracao via, tempo e celulares e
da hipoxia) imunossupressao) moleculares*
Yasuhara Ratos Sprague-  CPAM de medula 2 % 10° células/3 pL; Melhora da Redugdo da morte Deteccdo das células  Células
et al.>? Dawley; P7; Gssea murina iv ou ic (TI); 7 dias coordenagao neuronal na regido transplantadas nas transplantadas
150 min apos HI; SI e assimetria hipocampal de CA3 regides hipocampais ~ apresentaram
motora 14 dias 14 dias pT (iv e ic) isquémicas de CA2 e  marcacgdo neuronal
pT (iv e ic) CA3 14 dias pT (ive 14 dias pT (iveic)
ic). Localizavam-se
também em vasos
sanguineos no
hipocampo (iv)
Sato Ratos Sprague- ~ CTN murinas (14 2,5 x 10° células/ NA | dano cerebral Presenga das células  NA
et al.28 Dawley; P7; dia embrionario) 5 pL; icv (TI); (CTN+ChABC < CTN = transplantadas na
120 min ou CTN+ChABC 24 h apds HI; VEH); T peso cerebral lesdo isquémica e
(25 mu) SI (CTN+ChABC > CTN = dreas adjacentes
VEH) (7 dias pT) 7 dias pT
de Paula Ratos Wistar; CTCUH 1 % 107 células/ Nenhum efeito Nenhum efeito Deteccdo de poucas NA
et al.*® P7; 120 min 100 pL; iv; 24 h sobre o défict da sobre a atrofia cerebral células transplantadas
apos HI; SI memodnia espacial 3 semanas pT 24h,1e3
3 semanas pT semanas pT
Yasuhara Ratos Sprague-  CTCUH ou 1,5 x 10 células/ Melhora da T niveis cerebrais de GDNF,  Presenca de poucas NA
et al.® Dawley; P7; CTCUH+M 200 pL; iv; 7 dias coordenagao e BDNF e NGF 3 dias pT células transplantadas
150 min (manitol 1.1 apos HI; SI assimetria motora  (CTCUH < CTCUH+M); no hipocampo
mol/L) 7 e 14 dias pT T densidade dendritica isquémico 14 dias pT
(CTCUH na regido hipocampal
< CTCUH+M) de CA1 14 dias pT
Pimentel- Ratos Lister- CTCUH 2 x 106 células/ Melhora no | morte neuronal e Presenca de poucas NA
Coelho Hooded; P7; 200 pL; ip; desenvolvimento expressdo de caspase 3no  células transplantadas
et al. ¥ 90 min 3 h apés HI; 51 dos reflexos estriado isquémico 2 dias no cortex e estriado
sensorio-motores pT; 4 ativacdo microglial isquémico 2 dias pT
4 dias pT no cortex 7 dias pT
Jenny Ratos Wistar; Células 2-5x 10* células/ NA Formacdo de agrupamentos  Presenga das células  Células
et al.31 P3; 30 min progenitoras 1 pL; ic (TI); celulares com transplantadas em transplantadas
neurais 4 dias apos HI; SI superexpressdo de FGF-2 dreas de lesdo apresentaram
murinas com em areas perivasculares cortical e proximas marcagio de
SUpErexprassan 3 vasos sanguineos neurdnio imaturo
de FGF-2 7 dias pT 7 dias pT
van Camundongos CTM de medula 1 % 10° células/2 pL; Melhora da T-P12: | lesdo cerebral Menos de 1% NA
Velthoven C57Bl/6; P9; Gssea murina ic (TI); 3 dias (T-P12)  assimetria motora (18 dias pT); T neuro- e das células em
et al.’ 45 min ou 10 dias (T-P19) em 7 e 18 dias pT  oligodendrogénese, e | proliferagdo no
apos HI; SI (T-P12),0uem 11  proliferagdo microglial hemisfério
e 18 pT (T-P19) no hipocampo e cirtex isquémico
isquémico (7 e 18 dias pT);  originaram-se
T proliferacdo de astrécitos  daquelas
no hipacampo, e | no transplantadas
cdrtex isquémico (7 dias
pT). T-P19: | lesdo cerebral
(18 dias pT)
Lee Ratos Sprague-  CTM de medula 1 % 106 células/pL; Apesar de Nenhum efeito sobre a Deteccdo Células
et al.s Dawley; P7; dssea humana ica; 3 dias apds nenhum efeito atrofia cerebral das células transplantadas
210 min HI; s1 sobre o défiat 6 semanas pT transplantadas apresentaram
na coordenacdo igualmente marcagio de
motora, houve | distribuidas astracito e microglia
assimetria motora em ambos (> n9), neurdnio
20 dias pT o0s hemisférios e oligodendrocito
cerebrais 6 (< n9), igualmente
semanas pT distribuidas em

ambos os hemis-
férios cerebrais
6 semanas pT

BDNF = fator neurotrafico derivado do cérebro; BHK-GDNF = células renais de filhotes de hamster (BHK) transfectadas com DNA complementar de fator neu-
rotréfico derivado de linhagem celular glial (GDNF); CPAM = células progenitoras adultas multipotentes; ChABC = condroitinase ABC; CTCUH = células-tronco
de cordédo umbilical humano; CTM = células-tronco mesenquimais; CTN = células-tronco neurais; CXCR4 = receptor de quimiocina CXC 4; FGF-2 = fator de
crescimento de fibroblasto 2; GDNF = fator neurotréfico derivado de linhagem celular glial; HI = hipéxia-isquemia; ic = via intracerebral; ica = via intracardiaca;
icv = via intracerebroventricular; ip = via intraperitoneal; iv = via intravenosa; NA = nao avaliado; NGF = fator de crescimento neural; NT3 = neurotrofina -3; P = dia
pés-natal; PGA = acide poliglicdlico; pT = pos-transplante; SDF-1 = fator derivado do estroma 1; T-PX = transplante no dia pés-natal X; S| = sem imunossupresséo;

TC = transplante contralateral; Tl = transplante ipsilateral; VEH = veiculo.

Animais tratados versus animais controle.

T = aumento.
| = reducéo.
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Tabela 1 - Revisdo das publicagfes sobre terapia celular em hipoxia-isquemia experimental no periode neonatal (continuacdo)
Referéncia  Modelo de HI Tipo celular Transplante Resultados Resultados Migragio Diferenciacdo
(animal, idade (concentragdo, funcionais* maorfolégicos, celular celular
e duracdo via, tempo e celulares e
da hipoxia) imunossupressao) moleculares*
Xia Ratos Sprague-  CTM de sangue 5 x 10% células/pL; Melhora da funcdo  Atenuacdo Presenca das células  Células
et al. ¥ Dawley; de corddo ic (TI); 3 dias neuroldgica 14, do dano cerebral transplantadas no transplantadas
P7; 150 min umbilical humano  apés HL; 21e 28 dias pT 28 dias pT cortex e dispersdo apresentaram
ciclosporina para hipocampo marcagio de
7 dias pT astrocito,
mas ndo de
neurdnio,
7 dias pT
Daadi Ratos Sprague-  CTN humana de 5 x 10* células/pL; Melhora da Nenhum efeito sobre Permanéncia Células
et al.2s Dawley; P7; células-tronco ic (TI em 3 locais); coordenagio e a atrofia cerebral; das células transplantadas
90 min embrionrias 24 h apds HI; SI assimetria motora  superexpressdo de genes transplantadas, apresentaram
28-30 dias pT envolvidos na neuro- com dispersao marcagao de
/gliogénese e suporte para o estriato CTN,
neurotrdfico no hemisfério Isquémico, neurdnio
isquémico; em 1 més pT e astrocito
T brotamento axonal para 1 més pT

o hemisfério ipsilateral;

T terminais axonais no
cortex sensario-motor,
corpo caloso, estriato e
talamo ipsilateral; T células
microgliais no estriado
isquémico, mas nde no
cortex (1 més pT)

BDNF = fator neurotréfico derivado do cérebro; BHK-GDNF = células renais de filhotes de hamster (BHK) transfectadas com DNA complementar de fator neu-
rotréfico derivado de linhagem celular glial (GDNF); CPAM = células progenitoras adultas multipotentes; ChABC = condroitinase ABC; CTCUH = células-tronco
de corddo umbilical humano; CTM = células-tronce mesenquimais; CTN = células-tronce neurais; CXCR4 = receptor de quimiocina CXC 4; FGF-2 = fator de
crescimento de fibroblasto 2; GDNF = fator neurotréfico derivado de linhagem celular glial; HI = hipoéxia-isquemia; ic = via intracerebral; ica = via intracardiaca;
icv = via intracerebroventricular; ip = via intraperitoneal; iv = via intravenosa; NA = ndo avaliado; NGF = fator de crescimento neural; NT3 = neurotrofina -3; P = dia
pés-natal; PGA = acido poliglicélico; pT = pds-transplante; SDF-1 = fator derivado do estroma 1; T-PX = transplante no dia pés-natal X; S| = sem imunossupresséao;

TC = transplante contralateral; Tl = transplante ipsilateral; VEH = veiculo.
Animais tratados versus animais controle.

T = aumento.

1 = redugio.

de atrair células-tronco astrociticas para o local de lesdo,
assim como de induzir a neurodiferenciacdo.

Em um elegante trabalho, Park et al.22 apresentaram
interessantes observacdes do comportamento de CTN quando
transplantadas no cérebro de camundongos neonatos subme-
tidos a HI. Quando transplantadas no hemisfério contralateral
a lesdo HI, as CTN migraram através do corpo caloso e de
outras comissuras inter-hemisféricas para a area infartada.
Ja quando o transplante foi feito no hemisfério ipsilateral, as
células permaneceram no local da lesdo. Em ambos os casos,
as CTN diferenciaram-se no sitio isquémico, apresentando
marcacdo para neurdnio, oligodendrocitos, astrocitos e célu-
las progenitoras neurais. Além disso, esse mesmo grupo de
pesquisa elucidou os mecanismos inflamatdrios envolvidos
na migracdo da CTN frente a lesdo HI?3.

Células-tronco embrionarias da camada interna do blas-
tocisto de embrides também apresentam a capacidade de
diferenciar-se em neurdnios através de protocolos de cultura
especificos, podendo ser consideradas fontes celulares alter-
nativas para o tratamento de leses cerebrais. Dois estudos
utilizaram células-tronco embrionarias neurodiferenciadas em
modelo de HI. No primeiro deles, demonstrou-se que o trans-

plante de células-tronco embrionarias neurodiferenciadas in
vitro resultou na melhora da memoaria espacial em ratos HI?4.
No entanto, embora tenha ocorrido aumento de células neu-
ronais no hipocampo isquémico, ndo ha evidéncias claras de
que o sucesso nos desfechos encontrados esteja relacionado
a repopulacdo neuronal, & diferenciacdo ou a liberacdo de
fatores troficos pelas células administradas. Em outro trabalho
recentemente publicado, verificou-se o restabelecimento da
coordenagdo e simetria motora de ratos HI apds transplante
de células-tronco embrionarias humanas neurodiferenciadas.
No entanto, os autores constataram auséncia de efeito re-
parador sobre o dano estrutural do cérebro2?s.

0O ambiente isquémico remanescente pode influenciar
na restauracdo tecidual em decorréncia da agressividade
do processo HI. As lesdes HI podem se associar & volumosa
necrose tecidual, resultando em um cisto porencefilico.
Tal situacdo oferece um microambiente prejudicado para
o abrigo de células transplantadas devido & caréncia de
aporte sanguineo e matriz extracelular adequada. Através
de estudos na area da engenharia tecidual, uma nova
abordagem de tratamento tem sido proposta com o uso
de matrizes (scaffolds) biodegradaveis dentro da cavidade
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infartada, a fim de intensificar aformacdo de conexées entre o
enxerto e o tecido hospedeiro®2¢, Utilizando essa abordagem
terapéutica, Park et al.2? demonstraram uma implantacdo
satisfatoria dos scaffolds associada a reducdo da cavidade
cerebral infartada e ao déficit motor em ratos submetidos
a HI. Surpreendentemente, constatou-se a formacdo de
interconexdes entre o implante e o tecido receptor, além do
restabelecimento de projecées neuronais de longa distancia
anteriormente prejudicadas pelo processo HI.

Outros compostos também podem ser associados a terapia
celular com o objetivo de prover suporte ao desenvolvimento
de CTN em modelo de HI. Um exemplo disso € a utilizacdo
de condroitinase ABC (ChABC) associada ao transplante in-
tracerebroventricular de CTN em ratos neonatos submetidos
a HI que resultou na reducdo acentuada do dano cerebral2s,
Devido a capacidade de promover plasticidade cerebral, os
autores sugerem que a ChABC teria facilitado a adesdo e
migracdo de CTN para areas isquémicas.

Considerando CTN como possiveis vetores de fatores tro-
ficos, alguns trabalhos utilizam células-tronco geneticamente
modificadas para expressar niveis aumentados dessas subs-
tancias. Utilizando CTN que superexpressam neurotrofina-3
(CTN/NT-3) no cérebro de ratos HI, os pesquisadores obser-
varam aumento da porcentagem de diferenciagdo neuronal
de 5 para 10-20% na area infartada e > 80% na penumbra,
quando comparado a linhagem de CTN ndo geneticamente
modificada. Os autores sugerem que a producdo da NT3
pelas CTN possa ter atuado de maneira autocrina e paracri-
na, ligando-se as células adjacentes do tecido hospedeiro e
estimulando a neurogénese endogena???%. Qutros estudos
também tém demonstrado que CTN que superexpressam
fatores troficos especificos migram para a regido lesada e
formam nichos de células imaturas e proliferativas disponiveis
para o reparo celular apos HIZC. Adicionalmente, identificou-se
que o ambiente perivascular & fundamental para a manu-
tencdo dessas células em um estado ativo de imaturidade e
proliferacdo3!. Estudos também mostram que a utilizag&o de
um vetor celular para liberar determinados fatores troficos
reduz a incidéncia e extensdo do dano cerebral e cognitivo
em estudos experimentais de HI32.33,

Transplante de células-tronco de corddao umbilical

Células-tronco de corddo umbilical humano (CTCUH)
tém sido usadas em alguns estudos experimentais de lesdo
HI em decorréncia de sua capacidade de diferenciacdo em
neurdnios e células gliais in vitro e in vivo. No entanto, ha
poucos estudos usando células de sangue de corddo umbilical
ndo humano em modelos animais de doencgas neurolagicas,
havendo divergéncias do uso concomitante de imunossu-
pressores3#:33,

O primeiro estudo a testar o efeito do transplante de CT-
CUH em ratos HI foi realizado por Meier et al.2¢. Os autores
demonstraram que a injecdo intraperitoneal de CTCUH 24 h
apos a lesdo HI em roedores neonatos resultou em melhora
do padrdo de marcha dos animais. Pode-se também cons-
tatar que as células-tronco migraram para a regido da lesdo
cerebral, porém ndo se observou reducdo da atrofia cerebral
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e transdiferenciacdo das células transplantadas. Utilizando
a mesma via de administracdo dessas celulas, um grupo de
pesquisadores demonstrou que a injecdo intraperitoneal de
CTCUH, 3 h apds a lesdo HI, tem a capacidade de melhorar os
reflexos primitivos desses animais®?. Além disso, os autores
demonstraram reducdo da morte celular no estriado e um
efeito anti-inflamatorio no cortex. No entanto, foi possivel
verificar a presenca de poucas células transplantadas no
estriado e cortex isquémicos dos animais tratados.

No mesmo ano, nosso grupo de pesquisa publicou um
estudo sobre os efeitos da administracdo intravenosa de
CTCUH em HI experimental®®. No entanto, nossos resultados
demonstraram apenas uma tendéncia para a redugdo dos
déficits comportamentais e morfologicos nos ratos tratados
30 dias apds o transplante. Além disso, poucas células
transplantadas foram identificadas no cérebro dos animais
tratados. Aspectos como dose, tempo de seguimento para
a avaliacdo e via de administracdo podem ter influenciado
nos desfechos do estudo.

Paralelamente, também desenvolvemos um modelo
experimental de hipoxia-isquemia em suinos neonatos para
o estudo da terapia celular em animais de médio porte3°.
Os suinos recém-nascidos que receberam CTCUH através
da artéria cardétida comum apresentaram melhores escores
neurologicos quando comparados aos animais apenas subme-
tidos ao modelo de HI ou ao grupo transplantado via artéria
umbilical. Adicionalmente, foi possivel identificar a presenca
das células transplantadas apenas em alguns animais do
grupo transplantado por via artéria carotida.

Um interessante estudo demonstrou que a injecdo
intravenosa de CTCUH, 7 dias apos a lesdo HI, melhorou
a coordenacdo e assimetria motora dos ratos tratados#0.
Além disso, foram detectados niveis aumentados de fatores
de crescimento no hemisférico cerebral ipsilateral a lesdo
3 dias pos-transplante. Nesse estudo, os autores também
incluiram um grupo de animais HI que receberam a mesma
dose de CTCUH associado ao uso de manitol, substancia que
aumenta a permeabilidade da barreira hematoencefalica. Os
resultados desse grupo experimental demonstraram que o
manitol potencializou ainda mais os efeitos funcionais e a
expressdo dos fatores troficos, em comparacdo ao grupo
apenas transplantado com CTCUH.

A viabilidade terapéutica de células-tronco mesenqui-
mais, provenientes de corddo umbilical humano em modelo
experimental de HI, também foi recentemente analisada*t.
O transplante foi efetuado 3 dias apos HI através da via in-
tracerebral. Os animais tratados apresentaram uma melhora
progressiva da funcdo neurologica, associada a atenuacdo
do dano cerebral. Além disso, verificou-se a presenca das
células transplantadas no cortex, com dispersdo em direcdo
ao hipocampo, 7 dias pos-transplante, apresentando dife-
renciacdo astrocitica, mas ndo neuronal.

Em contexto clinico, pesquisadores da Universidade Duke
iniciaram estudo fase I com transplante autologo de células-
tronco de corddo umbilical em recém-nascido a termo com
encefalopatia HI de grau moderado a severo (NCT00593242).
As criancas serdo acompanhadas para avaliacdo de neurode-
senvolvimento e submetidas a exames de ressonancia mag-
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nética. Até o presente momento, o ensaio clinico encontra-se
na fase de recrutamento de pacientes compativeis com os
critérios de selecdo do estudo.

Transplante de células-tronco de medula 6ssea

Estudos utilizando células-tronco da medula dssea tam-
bém tém sido amplamente utilizados em modelos animais
de lesdo isquémica cerebral, como em ratos adultos32-45
e, mais recentemente, em ensaios clinicos, demonstrando
resultados promissores46:47,

0O sangue da medula 6ssea contém, pelo menos, duas
populacdes celulares com um grande potencial para o uso
clinico: as células-tronco hematopoiéticas e as células-tronco
mesenquimais (CTM)34. A descoberta de que células-tron-
co hematopoiéticas também possuiam a capacidade de se
transdiferenciar em linhagem neuronal ampliou o espectro de
utilizacdo dessa fonte de células imaturas*®43, Especificamen-
te, as CTM sdo derivadas do estroma medular e sdo definidas
conforme a presenca de marcadores de superficie especificos,
comportamento in vitro e potencial de diferenciacdo?®. Esse
tipo celular apresenta uma elevada capacidade de expressar
fenotipos neuronais in vitro1-52 e in vivo®3:54,

Recentemente, dois grupos de pesquisa apresentaram
seus resultados utilizando CTM de medula ossea em modelo
de HI experimental. Lee et al.55 utilizaram a via intracardiaca
para o transplante 72 h apos a lesdo. Os autores observaram
apresenca dosimplantes celulares igualmente distribuidosem
ambos os hemisférios cerebrais 6 semanas apos otransplante.
Tais células expressaram mais frequentemente marcadores
de astrocito e microglia, além de marcadores de neurdnio
e oligodendroécitos, em menor numero. Adicionalmente,
observou-se melhora da assimetria motora nos ratos HI 40
dias apos o transplante, embora ndo tenha sido constatada
a reparacdo do dano isquémico tecidual.

14 em outro estudo, demonstrou-se que a injecdo intra-
cerebral de CTM, 72 h apos lesdo, aumentou a proliferaco
e a diferenciacdo neuronal no hemisfério isquémico’s. Os
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desfechos histolégicos e motores também foram favoraveis 10
e 21 dias apos o tratamento. No entanto, menos de 1% dos
novos neurdnios eram derivados das células transplantadas.
O estudo sugere que as CTM tenham favorecido a formacdo
endogena de novas células neuronais a partir da reducdo da
atividade inflamatoria microglial.

Utilizando uma fracdo purificada das CTM, denominada de
células progenitoras adultas multipotentes (CPAM), Yasuhara
et al.>” demonstraram que a administracdo intracerebral ou
intravenosa de CPAM de medula 6ssea de camundongo, 7
dias apos HI, resultou em melhora motora dos animais trans-
plantados. Curiosamente, houve equivaléncia na recuperacdo
do déficit motor entre os animais que receberam transplante
alogénico (entre animais geneticamente diferentes, porém
da mesma espécie) e aqueles que receberam transplante
singénico (entre animais geneticamente idénticos). Associada
a perda neuronal diminuida, detectou-se também a presenca
de CPAM nas regides hipocampais isquémicas e a marcacio
neuronal 14 dias pos-transplantes?.se,

Mecanismos de acdo envolvidos na terapia celular
em hipoéxia-isquemia experimental

Compreender os mecanismos de acdo envolvidos no pro-
cesso de neuroregeneracdo pelas células-tronco é fundamental
para otimizar os beneficios clinicos da terapia celular. Diversos
fatores (resumidos na Tabela 2) podem ser responsaveis pelos
resultados positivos apresentados em estudos recentes de HI
experimental. No entanto, apesar dos beneficios significativos
demonstrados nesses trabalhos, as variaveis responsaveis
pelo sucesso do transplante de células-tronco em HI ainda
ndo foram estabelecidas.

Transdiferenciacdo celular

A primeira hipotese estudada para justificar os efeitos
benéficos da terapia celular em doencas neurologicas foi a da
transformacdo direta de células-tronco em neurénios madu-
ros, processo denominado de transdiferenciacdo. Noentanto,

Tabela 2 - Principais mecanismos de ag3o das células-tronco na asfixia perinatal

Mecanismo de acdo Descrigdo

Transdiferenciagdo celular

Liberagdo de fatores tréficos

Transformac3o direta de células-tronco (diversas fontes) em neurdnios maduros

Células-tronco podem funcionar como vetores para a producdo efou liberagdo

de fatores neurotrdficos

E possivel que as células-tronco transplantadas possam potencializar esses mecanismos
intrinsecos de reparacdo

Estimulac3o da neurogénese endégena

Modulagdo do processo inflamatdrio Células-tronco podem inibir a ativagdo de diversas células imunes e, consequentemente,

aumentar a neurogénese e a producdo de fatores trificos

Tem-se observado a transdiferenciacdo das células-tronco em novos vasos (angiogénese),
o aumento da vascularizagdo nas dreas de penumbra e a formacdo indireta de novos vasos
através da liberag3o de fatores de crescimento

Estimulacdo da angiogénese

Aumento nas conexdes aferentes e eferentes entre o local da les3o e as regides cerebrais,
restaurando as atividades sindpticas locais atraveés da sinaptogénese

Indugdo da neuroplasticidade
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os estudos com HI t2m mostrado que a recuperacdo funcional
dos animais tratados tem ocorrido independente da presenca
de células-tronco com expressdo de marcadores neuronais
nas areas isquémicas. A transdiferenciacdo de células-tron-
co adultas de origem mesodérmica em células derivadas
da camada ectodérmica ainda permanece em debate. Em
estudos in vitro, a transdiferenciacdo & detectada através
da positividade de marcadores especificos de neurdnios e
células gliais. No entanto, a caracterizacdo de propriedades
eletrofisiologicas dessas células transdiferenciadas ainda esta
pouco documentada>3-61, Em decorréncia desses achados,
outros mecanismos tém sido propostos®2,

Liberacdo de fatores troficos

Os fatores troficos constituem uma familia de polipep-
tideos essenciais para a sobrevivéncia e a diferenciacdo de
neurdnios normais em desenvolvimento, além de terem um
papel importante na neuroprotecdo de neurdnios maduros sob
condigdes patologicas®®. As células-tronco podem servir como
veiculos de moléculas especificas, funcionando como vetores
para a producgdo e/ou liberagdo de fatores neurotroficos?®:54,
Interagindo com seus receptores, € possivel que as células-
tronco possam liberar fatores de crescimento e citocinas,
inibindo processo de apoptose, aumentando a angiogénese
efou estimulando a diferenciagdo de células precursoras
endogenasi240. Dados obtidos no estudo de Borlongan et
al.85 reportaram um aumento de 15% na producdo de fatores
troficos no sangue circulante de ratos adultos submetidos a
isquemia cerebral apos transplante de CTCUH. Recentemen-
te, o mesmo grupo demonstrou resultados similares apods o
transplante de células-tronco em um modelo de HI neonatal
em ratos*?. Embora exista a liberacdo enddégena de fatores
troficos pelo tecido neuronal frente a leses isquémicas, esse
mecanismo compensatorio € insuficiente para promover a
regeneracdo tecidual e/ou recuperacdo funcional. Portanto,
0s autores desses estudos sugerem que o aumento de fatores
troficos especificos seja, provavelmente, em decorréncia do
transplante de células-tronco.

Estimulacdo da neurogénese endogena

Diversos estudos demonstraram aumento da neurogénese
endogena frente as lesdes HI neonatais®®-%7. No entanto, &
possivel que as células-tronco transplantadas possam poten-
cializar esses mecanismos intrinsecos de reparacdo. No estudo
de van Velthoven et al.3¢, verificou-se que o transplante de
células-tronco em animais HI reduziu a proliferacdo micro-
glial e aumentou a neurogénese. Os autores sugerem que
as células transplantadas tiveram a capacidade de modular
a resposta inflamatoria pos-HI, favorecendo o processo de
neurogénese enddégena.

Modulacdo do processo inflamatério

Apesar de benéfico para o recrutamento e migracdo de
células-tronco até o local da lesdo, o processo inflamatorio
determinado por lesdes cerebrais parece ser restritivo para
a diferenciacdo celular?®. Nesse contexto, estudos atuais
tém demonstrado que diferentes fontes de células-tronco
podem inibir a ativacdo de diversas células imunes. Pluchino
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et al.® mostraram que células-tronco neurais promoveram
a neuroprotecdo atraves de citocinas anti-inflamatorias e de
moléculas imunomodulatorias. Em outro estudo, a injecdo
intravenosa de CTCUH aumentou a sobrevivéncia do tecido
neuronal e reduziu a infiltracdo de leucocitos e a expressdo
de proteinas pro-inflamatorias no cérebro isquémicoss.

No SNC, as células microgliais constituem a primeira linha
de defesa imunolégica e compreendem um dos principais
processos inflamatérios que contribuem ao dano cerebral.
Essa populacdo celular libera uma variedade de citocinas
e fatores de crescimento e reagem rapidamente no tecido
cerebral lesado para promover a fagocitose e apresentar
antigenos para as células T. No entanto, a ativacdo micro-
glial esta comumente associada a diminuicdo da producdo
de fatores troficos e com reducdo da neurogénese?&:370,
Pode-se observar que, em dois estudos de terapia celular
em HI experimental, o transplante de células-tronco reduziu
a expressdo de microglia no cortex e hipocampo isquémico
e, consequentemente, melhorou os desfechos funcionais
nos animais tratados®7:56. Em contrapartida, Daadi et al.2s
verificaram aumento de proliferacdo de células microgliais no
estriato de animais HI transplantados com CTN. Esses dados
sustentam a ideia de que as células microgliais desempenham
um papel pro- e anti-inflamatdrio, dependendo do seu estado
de ativacdo e fenotipo funcional™.

Estimulacdo da angiogénese

Alguns estudos com lesdes isquémicas em ratos adultos
tém mostrado que ha um aumento da vascularizacdo nas
areas de penumbra poucos dias apoés o transplante de células-
tronco”273, Além disso, tem-se observado a transdiferenciacio
das células-tronco transplantadas em novos vasos (angiogé-
nese)3*74, E provavel que também ocorra um evento indireto
das células na formacdo dos vasos sanguineos. Chen et al.7s
mostraram que células-tronco do estroma da medula dssea
promoveram angiogénese na regido isquémica através de
um aumento dos niveis endégenos de fator de crescimento
endotelial vascular. Até o presente momento, existe apenas
um estudo indicando neovascularizacéo no tecido cerebral de
animais HI transplantados com CTN27. Os autores sugerem
que tenha ocorrido a elaboracdo de sinais angiogénicos pos-
transplante, propiciando a formacdo de um paréngquima novo
e vascularizado no local do cisto porencefalico.

Inducdo da neuroplasticidade

Eventos neuroplasticos incluem um aumento nas co-
nexdes aferentes e eferentes entre o local da lesdo e as
regides cerebrais, restaurando as atividades sinapticas locais
através da sinaptogénese?®*. Recentemente, tem-se obser-
vado a expressdo de proteinas sinapticas em ratos adultos
com lesdo cerebral isquémica que receberam transplante
de células-tronco, indicando a formacdo de contatos sinap-
ticos76.77, Confirmando tal possibilidade, um estudo recente
demonstrou que células-tronco neurais, transplantadas via
intracerebral de ratos HI, aumentou o niumero de terminais
axonais no cortex sensorio-motor, corpo caloso, estriato e
talamo ipsilaterais, assim como brotamento axonal acentuado
em direcdo ao hemisfério lesado?>.
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Aspectos translacionais da terapia celular em
asfixia perinatal

A pesquisa translacional pode ser definida como um
processo que parte da medicina baseada em evidéncias em
direcdo a solugbes sustentaveis para problemas de saude da
comunidade?®. Os estudos pré-clinicos constituem o primeiro
passo no desenvolvimento de novas terapias. No entanto,
a transferéncia dos conhecimentos adquiridos através de
estudos in vitro e em modelos animais de HI para o uso
clinico da terapia celular requer atencdo para as diferencas
entre as espécies e a analise critica dos resultados experi-
mentais. Além disso, aspectos ainda pouco elucidados (Tabela
3), tais como, a via de administracdo, o niamero de células
transplantadas, o tipo de célula utilizada e o momento de
intervencdo pos-lesdo sdo variaveis importantes que poderdo
influenciar significativamente a resposta clinica. Portanto,
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apos o esclarecimento de questdes fundamentais para a
seguranca do tratamento, € possivel que estudos clinicos
de fase I possam ser iniciados para avaliar essa abordagem
terapéutica inovadora.

A escolha da via de administracdo pode ser um fator
crucial para o sucesso da terapia celular quando se consi-
dera que o beneficio do tratamento dependa da migragdo
e localizacdo das células transplantadas na regido cerebral
comprometida. Atualmente, a melhor rota de transplante de
células-tronco para o tratamento de neuropatologias ainda
ndo esta definida. No entanto, concorda-se que a rota ideal
seria aquela que apresentasse alta eficiéncia e especificida-
de, com o minimo de efeitos adversos. Estudos em modelos
animais de HI tém utilizado uma variedade de métodos de
administracdo, incluindo a via intraperitoneal, intravenosa
e intracerebral.

Tabela 3 - Aspectos relevantes para o uso clinico da terapia celular em asfixia perinatal

Aspecto Vantagens

Desvantagens

Via de administracdo

Venosa Menos invasiva e mais segura Necessidade de sinais quimiotaticos
Células podem migrar para outros érgdos
Necessidade de avaliar efeitos adversos

Artenal Maior direcionamento das Risco de microembolismos e iIsquemias

Intracraniana

Intraperitoneal

Fonte e tipo celular

Embrido ou feto

Corddo umbilical (mononucleares)

Medula dssea (mononucleares)

Células-tronco neurais

Tempo pos-transplante

Agudo

Cronico

células-tronco para os locais lesados
Técnica de rotina

Facilita migragdo das células-tronco
no sitio da lesdo isquémica

Tecnica pratica, simples e
menos invasiva

Elevado poder de diferenciagdo
e proliferacdo

Facilidade de obtencdo
Elevada quantidade de células
Possibilidade de transplante autdlogo

Elevada quantidade de células
Possibilidade de transplante autélogo

Células da mesma origem embrionaria
Amplamente estudadas

Padric-ourc para o tratamento

de lesdes cerebrais

Atua de forma neuroprotetora
Presenga de sinais quimiotaticos e
permeabilidade vascular
Resultados pré-clinices consistentes

Possibilidade do uso em pacientes
com sequelas estabelecidas

Mais invasiva, risco de lesdes

Células necessitam viajar longas distancias
Poucos estudos

Entraves ético-religiosos
Dificuldade de obtencdo
Invidvel para o uso em fase aguda de lesdo

Pouca caracterizacdo das células-transplantadas

Pouca caracterizacdo das células-transplantadas
Técnica dolorosa e invidvel para recém-nascidos

Migragdo restrita
Morte celular
Dificuldade de obtencdo e uso imediato

Limita ao uso de tipos celulares pouco
processados (cultura)
Invidvel para casos ja estabelecidos

Auséncia de sinais quimiotaticos apropriados
Auséncia de permeabilidade vascular
Escassez de estudos
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Através do transplante intracerebral, € possivel atingir
diretamente uma area cerebral especifica. Apesar da precisdo
da técnica, o procedimento € invasivo e diversas aplicacées
seriam necessarias para abranger uma lesdo isquémica, re-
sultando em um comprometimento cerebral ainda maior7s.
Injecdes intracerebroventriculares também constituem uma
abordagem intracraniana de administracdo das células-tron-
co. No entanto, apesar de permitir uma distribuicdo celular
difusa, essa via ndo é capaz de atingir lesdes afastadas dos
ventriculos e esbarra nas mesmas questdes que o transplante
intracerebral. Alem disso, as células transplantadas podem
permanecer aderidas nas paredes dos ventriculos e causar
hidrocefalia obstrutiva?®2°. Embora a maioria dos estudos
experimentais de terapia celular em HI neonatal utilize o
transplante intracerebral, € mais provavel que outras vias
de administracdo menos invasivas sejam estabelecidas para
a pratica clinica. Em contexto experimental demonstrou-
se equivaléncia na recuperacdo motora e morfologica do
transplante intravenoso e intracerebral de células-tronco em
modelo animal de HI neonatal®7.

Uma recente metanalise demonstrou que transplante
celular pela via intravenosa é capaz de melhorar os desfechos
de modelos animais de neuropatologias, sendo que a inibigdo
do processo apoptético & a principal modificacdo molecular
cerebral pos-transplante®!. O procedimento de administracdo
intravenosa & menos invasivo, simples e seguro, possibilitan-
do ampla distribuicdo das células transplantadas para areas
cerebrais HI?#40:37 Além disso, permite que estas entrem
em contato com sinais quimiotaticos provenientes da lesdo
cerebral e sejam seletivamente acumuladas no tecido alvo”®22,
No entanto, apenas um numero reduzido de células-tronco
atinge o local de lesdo cerebral por permanecerem retidas
nos pulmées, rins, figado e baco. Em decorréncia disso, toxi-
cidade e crescimento ectopico em outros 6rgdos necessitam
ser avaliados antes do uso clinico®®.

Uma maneira de evitar a circulacdo corporal sistémica
seria optar pelo transplante das células-tronco por um acesso
intra-arterial. Dados recentes mostram migracdo igualmente
distribuida e desfechos neurologicos favoraveis através do
uso dessa abordagem terapéutica em modelo de HI em ra-
tos®>. Essa rota desvia a captacdo pelos orgdos sistémicos,
permitindo que uma concentracdo maior de células-tronco
atinja o sitio isquémico, uma vez que os vasos tenham re-
perfusdo. Caso os vasos estejam permanentemente ocluidos,
as células transplantadas permanecerdo distribuidas apenas
na regido da penumbra’®. Entretanto, estudos recentes re-
portam alta taxa de mortalidade de animais transplantados
pela via intra-arterial, sugerindo a formacdo de oclusdes
microvasculares e isquemias’®.80.83, Na pratica médica, o
método de acesso intra-arterial € comumente utilizado em
técnicas intervencionistas de cateterismo vascular. Em um
ensaio clinico brasileiro de terapia celular em pacientes com
isquemia cronica (NCT00473057), foram observados resulta-
dos promissores pos-transplante autologo de células-tronco
da medula dssea utilizando a via intra-arterial®s.

Aviaintraperitoneal também foi utilizada para transplante
celular em HI neonatal, demonstrando migracdo celular da
cavidade peritoneal até as regides de dano cerebral®®37.
Os resultados do estudo sugerem a presenca de sinais qui-
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miotaticos precisos e a necessidade de quebra da barreira
hematoencelafica para que ocorra migracdo celular em dis-
tancias tdo longas. Apesar da praticidade do procedimento,
necessita-se um namero maior de estudos que déem suporte
para esta via de transplante alternativa.

Aescolha dointervalo de tempo entre o estabelecimento da
lesdo HI e a intervencdo também & importante, pois ao longo
do tempo, o ambiente cerebral adapta-se drasticamente frente
a uma lesdo HI. Em decorréncia disso, a maioria dos estudos
utilizando a administracdo sistémica de células-tronco em HI
utiliza estagios agudos de lesdo. Células-tronco injetadas pre-
cocemente podem auxiliar na preservacdo e na sobrevivéncia
do tecido neuronal. Adicionalmente, van Velthoven et al.s&
sugerem que o transplante celular seja realizado entre 2 e
3 dias pos-HI, momento em que o cérebro apresenta maior
capacidade de proliferacdo celular e ativacdo de mecanismos
de reparo endogeno. No trabalho de Park et al.22, a janela
terapéutica para transplante celular eficaz abrangeu 3-7 dias
pos-HI, devido a elevada atividade metabalica, bioquimica e
molecular deste periodo que poderia facilitar a migracdo das
células transplantadas??. Ja no caso de transplantes tardios,
& possivel que as células-tronco possam estimular a liberagdo
de fatores troficos para restaurar as funcdes perdidas®?. No
entanto, apesar da melhora funcional observada em ratos
adultos que receberam células-tronco um més apos isque-
mia cerebral®4, ndo ha estudos que demonstram beneficios
terapéuticos em modelos animais de HI crdnica, limitando a
aplicabilidade clinica em lesdes hipoxico-isquémicas estabe-
lecidas em decorréncia da auséncia de sinais quimiotaticos
e permeabilidade vascular apropriados.

A permeabilizacdo da barreira hematoencefalica também
pode facilitar a entrada de células-tronco ou de fatores neu-
rotroficos no SNC, especialmente quando forem utilizadas
vias periféricas de transplante. Entretanto, recentemente,
demonstrou-se que o nimero de células-tronco no hipocampo
isquémico dos animais HI transplantados pela via intravenosa,
ndo diferiu significativamente quando comparados os animais
quereceberam apenas células-tronco com aqueles em que foi
associado o manitol*®. Em contrapartida, os animais trans-
plantados e administrados com manitol apresentaram maior
concentracdo cerebral de alguns fatores tréficos. Também se
verificou melhora acentuada dos desfechos comportamentais
e histologicos com o uso de células-tronco e manitol, possi-
velmente através do efeito paracrino dessas células. Essas
evidéncias indicam a importancia da permeabilizagdo da
barreira hematoencefalica em terapia celular, mas também
questionam se a neuroprotecdo é realmente dependente da
migracdo e diferenciacdo celular.

O tipo e fonte celular mais adequados para o tratamento
das les@es HI neonatais ainda necessitam ser definidos?*. O
uso de CTN € considerado padrdo-ouro para o tratamento de
doencas neuroldgicas. No entanto, os resultados de muitos
estudos demonstram que morte celular, migrac&o restrita e
rapida diferenciacdo em células gliais limitam a aplicabilidade
das CTN no reparo neuronal. Além disso, um dos maiores
obstaculos para o uso clinico desse tipo celular em lesées
cerebrais neonatais é a sua dificuldade de obtencdo. E provavel
que tecidos de bidpsia ou de material extraido de tecido post-
mortem sejam insuficientes para a producdo de quantidades
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significativas dessas células®s. As questfes ético-religiosas
envolvidas na extracdo de material embrionario e fetal e as
preocupacdes com os riscos de resposta imunologica ou de
formacdo de tumores malignos também inibem a aplicabi-
lidade clinica dessas células. A neurodiferenciacdo in vitro
para futura utilizacdo dessas células em recém-nascidos
com HI adiciona preocupacdo com os potenciais riscos de
contaminacdo, reacdo imunologica aos fatores adicionados ao
meio de cultivo celular e dificuldade de uso em transplantes
agudos. Desvantagens similares relacionadas a seguranca e
dificuldade de uso imediato também sdo apresentadas pelas
células-tronco mesenquimais da medula 6ssea e corddo um-
bilical, amplamente usadas em HI experimental.

Em contrapartida, o processamento de celulas-tronco
mononucleares provenientes do sangue de corddo umbilical
e da medula dssea € relativamente simples e rapido. No
contexto da area neonatal, as células-tronco mononucleares
derivadas de sangue de corddo umbilical apresentam algu-
mas vantagens em relacdo a aspiracdo da medula dssea. A
obtencdo de células-tronco de sangue de corddo umbilical
ndo oferece nenhum risco e desconforto para o recem-
nascido, podendo ser transplantadas apos coleta autologa.
Além disso, o sangue do corddo umbilical pode ser usado
terapeuticamente no periodo perinatal ou criopreservado para
0 uso tardio®2:86, No entanto, estudos adicionais necessitam
ser realizados para caracterizar as populac@es celulares e
avaliar efetividade e seguranca®®:®7.

Avaliacdo da dose-resposta das células-tronco em modelos
animais também necessita ser realizada para embasar o seu
uso clinico. Segundo Janowski et al.81, ha uma associacdo
dose-resposta entre o nimero de células injetadas e os efeitos
do tratamento de neuropatologias em estudos experimen-
tais. No entanto, a dose ideal de células-tronco €, em parte,
dependente da via de administracdo, assim como do tipo
celular usado, do momento de intervencdo e a quantidade
de células transplantadas que atingem a lesdo cerebral. Do
ponto de vista clinico, desfechos relacionados a seguranca do
transplante celular, tais como a formacdo tecidual ectopica
e anormalidades comportamentais, devem ser incorpora-
dos na metodologia das investigacfies e no seguimento dos
pacientes. Também & importante considerar metodologias
seguras e efetivas para o monitoramento ndo invasivo da
migracdo das células transplantadas e, consequentemente,
estabelecer uma compreensdo adequada das respostas do
paciente ao tratamento proposto.

Conclusdes

A pesquisa basica vem apresentando resultados promis-
sores na area da lesdo cerebral neonatal. Apesar da varia-
bilidade dos métodos empregados, a maioria dos estudos
citados nessa revisdo indica que as células-tronco podem
apresentar propriedades neuroprotetoras, resultando em
melhores desfechos funcionais nos animais tratados. Certa-
mente, o sucesso da terapia celular em roedores pode ser
considerado o primeiro passo no desenvolvimento de uma
abordagem terapéutica para um futuro uso clinico. No entanto,
cabe ressaltar que as doengas cerebrais humanas apresen-
tam mecanismos mais complexos de dano e regeneracdo
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do que em animais de experimentacdo. Portanto, questdes
relacionadas a dose e ao tipo celular, a via de administracdo
e ao momento adequado de intervencdo necessitam ser
definidas. Embora ndo determinante para a aplicacdo clinica,
investigacdes adicionais sobre os mecanismos de agdo das
células-tronco em HI também constituem uma ferramenta
importante na determinacdo da seguranca e efetividade do
transplante.
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Hypoxia-ischemia (HI) is a common cause of neonatal braindamage with lifelong morbidities in which current
therapies are limited. In this study, we investigated the effect of neuropeptide NAP (NAPVSIPQ) on early
cerebral oxidative stress, long-term neurological function and brain injury after neonatal HI. Seven-day-old rat
pups were subjected to an Himodel by applying a unilateral carotid artery occlusion and systemic hypoxia. The
animals were randomly assigned to groups receiving an intraperitoneal injection of NAP (3 pg/g) or vehicle
Keywords: immediately (0 h) and 24 h after HI. Brain DNA damage, lipid peroxidation and reduced glutathione (GSH)
Perinatal hypoxia-ischemia content were determined 24 h after the last NAP injection. Cognitive impairment was assessed on postnatal
NAP day 60 using the spatial version of the Morris water maze learning task. Next, the animals were euthanized to

Neuroprotection assess the cerebral hemispheric volume using the Cavalieri principle associated with the counting point
Rat model method. We observed that NAP prevented the acute Hl-induced DNA and lipid membrane damage and also
Oxidative stress recovered the GSH levels in the injured hemisphere of the HI rat pups. Further, NAP was able to prevent
Mel_nory_ impairments inlearningand long-term spatial memory and to significantly reduce brain damage up to 7 weeks
Brain lesion following the neonatal HI injury. Our findings demonstrate that NAP confers potent neuroprotection from
acute brain oxidative stress, long-term cognitive impairment and brain lesions induced by neonatal HI

through, at least in part, the modulation of the glutathione-mediated antioxidant system.
© 2011 Elsevier Inc. All rights reserved.
Introduction oxidative stress and necrosis/apoptosis (Perlman, 2006). In particular,

oxidative damage begins in the early stages following the HI insult and

Perinatal hypoxia-ischemia (HI) is a leading cause of acute child
mortality and lifelong sequelae that includes cerebral palsy, epilepsy,
mental retardation and motor and learning impairments (Volpe,
2008). Presently, all clinically available therapies are ineffective at
reducing the neurodevelopmental disabilities found in the surviving
infants. Although many neuroprotective treatments have been
discovered, only hypothermia has shown a potential benefit in clinical
trials (Perlman, 2006). Thus, the development of innovative thera-
peutic strategies to treat Hl brain injury and its associated side effectsis
necessary in the clinical setting.

The pathophysiology of HI involves a cascade of deleterious
biochemical events, such as energy failure, acidosis, glutamate exdto-
toxicity, immune/inflammatory activation, mitochondrial dysfunction,
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leads to an increase in reactive species production and changes in the
activity of enzymatic and non-enzymatic antioxidants, resulting in lipid
peroxidation, protein oxidation and DNA fragmentation (Buonocore et
al, 2001). Moreover, as compared with the adult brain, the immature
brain is highly susceptible to oxidative damage because of its high
concentrations of unsaturated fatty acids, high rate of oxygen
consumption, poorly developed scavenging systems and high availabil-
ity of redox active iron (Ferriero, 2001). Therefore, oxidative stress is
thought to be one of the major factors that induce neuronal cell death in
the immature brain.

The 8-amino-acid NAP (NAPVSIPQ or davunetide) is the smallest
active motif of the VIP-responsive glial protein, activity-dependent
neuroprotective protein (ADNP), and it has demonstrated a variety of
neuroprotective effects in both cell cultures and animal models of
neuropathologies (Bassan et al., 1999; Gozes et al., 2005). Several
mechanisms have been proposed for NAP, but studies have indicated a
potent antioxidative activity in vitro (Busciglio et al., 2007; Offen et al.,
2000; Steingart and Gozes, 2006; Steingart et al., 2000) and in vivo
(Spong et al, 2001). Recently, we demonstrated that NAP dose-
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dependently prevented oxidative stress in the hippocampus of
neonatal rats subjected to hypoxia-induced seizures (Greggio et al.,
2009). Studies have suggested that the increase in ADNP levels in the
injured brains is part of an endogenous neuroprotection mechanism
(Zaltzman et al,, 2004). Thus, NAP treatment could provide additional
protection from the neonatal Hl-induced brain injury. In this vein,
Kumral et al. (2006) demonstrated that NAP prevents neuronal cell
death, apoptosis and nitric oxide production in a newborn rat model
of HI (Kumral et al., 2006). Although NAP is effective at reducing acute
neuronal degeneration, it should also prevent the chronic functional
and histological alterations that result from the HI insult. However,
the long-term neuroprotective effects of NAP in neonatal HI are
unknown. The purpose of the present study was to investigate the
impact of NAP treatment on early DNA damage, lipid peroxidation and
redox status in the cerebral cortex and hippocampus of neonatal rats
after the Hl insult. Further, we examined the ability of NAP to recover
the spatial memory deficits in the adult rats that were subjected to the
neonatal HI. Finally, we also verified whether NAP administration
could prevent the chronic Hl-induced brain tissue damage.

Materials and methods
Animals

Pregnant Wistar rats were housed individually, and the presence of
pups was checked daily. The day of birth was considered day 0, and on
postnatal day (PND) 1, the litters were culled to 8 rat pups per dam.
The animals were maintained in the same temperature and humidity-
controlled holding facility (22-24 °C) under a 12/12 light/dark cycle
(light onset at07:00) with free access to food and water. The rats were
weaned on PND 21, and only males were selected for this study. Efforts
were made to minimize the animal suffering and to reduce the number
of animals used. All analyses were performed in a blinded set-up, and
all experimental procedures were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and approved by
the Animal Care and Ethics Committee of Pontificia Universidade
Catdlica do Rio Grande do Sul, RS, Brazil (CEUA 10/00172). A schedule
of the surgical procedure, treatment and tests of the animals is shown
in Table 1.

Neonatal hypoxia-ischemia model

For hypoxic-ischemic lesion induction, we adapted the Levine
model for use on neonatal rats (Rice et al., 1981). Wistar rats on PND 7
were briefly anesthetized with halothane, and a longitudinal incision
was made along the midline of the neck. The right common carotid
artery was identified, isolated from the vagus nerve and permanently
occluded using 7.0 surgical silk sutures. The entire surgical procedure
was completed within 15 min. After surgery, the animals were
returned to their dams and allowed to recover for 2-4 h. The rats
were removed from the litter and placed in a custom-made airtight
acrylic chamber that was partially immersed in a water bath at 37 °C.
They were left in the hypoxia chamber for 2 h, with a constant flow of
humidified 8% oxygen balanced with nitrogen and at a temperature of
37-38 °C. Intra-chamber O, concentration was measured using a

Table 1
Timeline of experimental procedures.

PND 7 Neonatal rats subjected to hypoxic-ischemic brain injury and
subsequent intraperitoneal injection of NAP or vehicle

PND 8 Second intraperitoneal injection of NAP or vehicle

PND9 Oxidative stress analysis of hippocampus and cerebral cortex
(DNA damage, lipid peroxidation and GSH content)

PND 60 Spatial version of the Morris water maze learning task

PND 66 Cerebral hemispheric volume assessment

commercially available oxygen meter (Model DG-400, Instrutherm,
SP, Brazil). Following the hypoxic exposure, all of the pups were
returned to their dams for recovery. The sham-operated animals were
anesthetized with halothane, and the right common carotid artery
was exposed but did not receive ligation or hypoxia.

NAP administration and cerebral sample processing

Neuropeptide NAP, with a =95% purity and an identity that was
assessed using a high-performance liquid chromatography and mass
spectrometry analysis, was purchased from Sigma Genosys (Wood-
lands, TX). NAP was dissolved in 10% DMSO in PBS (0.13 M NacCl,
0,003 M KCI, 0.01 M Na,HPO, and 0.002 M KH,PO,) and stored as
1 mM aliquots. In addition, NAP was stable in solution and could be
aliquoted and frozen for later use without loss of activity. The final
peptide solution was freshly prepared from stock solutions that were
diluted in distilled sterile PBS. For rat pups treated with NAP, an
intraperitoneal injection of the NAP solution was administered at 3 pg/
g of body weight (0.1 mL) immediately (0 h) and 24 h after the HI
insult. In this study, randomly selected animals were assigned to 3
different experimental groups: sham-operated animals (sham group),
vehicle-treated HI animals (VEH group) and NAP-treated HI animals
(NAP group). For the oxidative stress studies, asetofanimals (n=4 for
each experimental group) was euthanized 24 h after the last NAP
administration, The brains were quickly removed and kept in ice-cold
saline, and hippocampal and cerebral cortex samples from the
ischemic hemisphere (ipsilateral to the carotid ligation) were
dissected into Petri dishes placed onice. A portion from each structure
was gently homogenized in 0.3 mLof ice cold Hanks' solution for use in
the alkaline comet assay, while the rest of the samples were stored at
— 80 °C for the biochemical analysis.

Determination of DNA damage

The alkaline comet assay was performed, with minor modifications,
as described by Singh (Greggio et al,, 2009; Singh et al., 1988). Aliquots
of the hippocampus or cortex homogenate (20 pL) were mixed with
0.75% warm, low-melting point agarose (Invitrogen, Carlsbad, CA, USA)
and immediately spread onto a microscope slide pre-coated with a layer
of 1% normal melting point agarose ( Invitrogen, Carlsbad, CA, USA). This
mixture was then evenly distributed across the microscope slide, which
was followed by the application of a coverslip, and allowed to setat4 °C
for 5 min prior to the removal of the coverslips. The slides were then
incubated in ice cold lysis solution (2.5 M NaCl, 10 mM Tris, 100 mM
EDTA, 1%Triton X-100 and 10% DMSO0, pH 10.0; Gibco BRL, Grand Island,
NY, USA), protected from light and stored at 4 °C for at least 4 days to
remove the cell proteins, but leaving the DNA as ‘nucleoids’. The slides
were then transferred to a tank containing the freshly prepared
electrophoresis solution (300 mM NaOH, 1 mM EDTA, pH=>13.0) and
stored for 20 min at 4 °C prior to being transferred to a horizontal
electrophoresis tank in a chilled incubator and covered in fresh
electrophoresis solution (pH=13.0). Electrophoresis was performed
for 20 min at25 V and 300 mA (0.90 V/am). All of the steps above were
conducted under a yellow light or in the dark to prevent additional DNA
damage. The slides were then neutralized (0.4 M Tris, pH7.5), washed in
bi-distilled water and stained using a silver nitrate staining protocol as
described elsewhere (Nadin et al, 2001). After drying at room
temperature, the gels were analyzed using an optical microscope. For
the visual score analysis, the slides were coded and scored blindly. In
total, 100 cells (50 cells from each of the 2 replicate slides) were
analyzed. When selecting cells for quantification, the edges and cells
around air bubbles were avoided. The cells were visually scored
according to the tail length into 5 classes: class 0: undamaged, without
atail; class 1: with a tail shorter than the diameter ofthe head (nudeus);
class 2: with a tail length 1-2:< the diameter of the head; class 3: with a
tail longer than 2 the diameter of the head and class 4: comets with no
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heads. A value of the damage index (DI) was assigned to each comet
according toits class. The Dlis based on the length of migration and the
amount of DNA in the tail, and it is considered a sensitive DNA
measurement. The DI ranged from 0 (completely undamaged: 100
cells=x 0) to 400 (with maximum damage: 100 cellsx4), which is
represented as arbitrary units (AU). The damage frequency (DF) was
calculated based on the number of cells with tails as compared with
those with no tail and represented as a percentage (%). The international
guidelines and recommendations for the comet assay suggest that visual
scoring of comets is a well-validated evaluation method (Burlinson et
al, 2007). The vehicle was used as the negative control, and
hippocampal and cortical cells exposed to 150 uM H, 0, (Sigma-Aldrich,
St. Louis, MO, USA) for 5 min at 4 °C were used as the positive control.

Determination of lipid peroxidation

The amount of lipid peroxidation was determined by the reaction
of thiobarbituric acid (TBA) with malondialdehyde (MDA), a product
formed by lipid peroxidation during an acid-heating reaction. The
assays were performed according to Salgo and Pryor, with minor
modifications (Salgo and Pryor, 1996). Briefly, the samples were
mixed after lysis with Tris-HCl (15 mM for 1 h). Next, 2 mL of 0.4 mg/
mLTCA (Sigma-Aldrich, St. Louis, MO, USA) and 0.25 M HCl was added
to the lysate, which was then incubated with 6.7 mg/mL TBA (Sigma-
Aldrich, St. Louis, MO, USA) for 15 min at 100 °C. The mixture was
centrifuged at 750 xg for 10 min. Because TBA reacts with other
products of lipid peroxidation in addition to MDA, thiobarbituric acid
reactive species (TBARS) levels were expressed as MDA equivalents
(nmol/mg protein), which were determined by absorbance at
532 nm. The 1,1,3,3-tetramethoxypropan (TMP) (Sigma-Aldrich, St.
Louis, MO, USA) was used as the standard. The results were
normalized by protein content (Lowry et al., 1951).

Determination of GSH levels

The reduced glutathione (GSH) levels were determined by
photometric determination of 5-thio-2-nitrobenzoate (TNB), which
was produced from sulfhydryl reagent 5,5'-dithio-bis(2-nitrobenzoic
acid) (DTNB) (Sigma-Aldrich, St. Louis, MO, USA) in a kinetic assay
according to Akerboom and Sies (1981), with minor modifications.
The samples were mixed in 0.1 M sodium phosphate with 5 mM EDTA
pH 8.0 and sonicated to obtain the cell homogenate. An equal volume
of 2 M HCIO,4 with 4 mM EDTA was added to the cell extract, and the
precipitated proteins were sedimented by centrifugation at 8000x g
for 10 min at 4 °C.The supernatant was neutralized with 2 M KOH and
0.3 M MOPS, and the insoluble residue was removed by centrifugation
under the same conditions. For the spectrophotometric determina-
tion, 910 uL of the cell extract supernatant or of the standard
glutathione solution in the same phosphate-EDTA buffer was mixed
with 50 pL of 4 mg/mL NADPH in 0.5% (w/v) NaHCOs, 20 L of 6 U/mL
glutathione reductase (Sigma-Aldrich, St. Louis, MO, USA) in phos-
phate-EDTA buffer, and 20 pL of 1.5 mg/mL DTNB in 0.5% NaHCOs. The
increase in absorbance was measured at 412 nm. The total glutathione
content was normalized by protein content (Lowry et al., 1951). For
oxidized glutathione (GSSG) determination, 4-vinylpyridine (Sigma-
Aldrich, St. Louis, MO, USA) was added to a final concentration of 0.1%
(v/v) and then incubated for 1h at room temperature. At this
concentration, 4-vinylpyridine was able to react with all GSH without
interfering with the GSSG determination. The GSH levels were
determined based on the total glutathione and GSSC concentration
results,

Spatial version of the Morris water maze learning task

An additional cohort of animals (n=9 for each experimental
group) was tested in the spatial version of the Morris water maze

(MWM) learning task at PND 60. The water maze is a black circular
pool (200cm in diameter) conceptually divided into 4 equal
imaginary quadrants. The water temperature was 21-23°C, and
2 cm beneath the surface of the water and hidden from the rat's view
was a black circular platform (12 cm in diameter). It had a rough
surface, which allowed the rats to climb onto it easily once detected.
The swimming path of the animals was recorded using a video camera
mounted above the center of the pool and analyzed using an analysis
system. The water maze was located in a well lit white room with
several posters and other distal visual stimuli hanging on the walls to
provide spatial cues. The rats were handled 5 min per day for 3 days
prior to the training. The training using the spaced training protocol
was performed during 5 successive days. On each day, the rats
received 8 consecutive training trials during which the hidden
platform was kept in a constant location. A different starting location
was used for each trial, which consisted of a swim followed by a 30-s
platform sit. Any rat that did not find the platform within 60 s was
guided to it by the experimenter that was blinded for each
experimental group. Memory retention was evaluated in a 60-s
probe trial performed in the absence of the escape platform 24 h after
the last training session. The parameters measured were the time
taken to find the platform location and the percent time spent
in the target quadrant during the 60-s probe test (de Paula et al,, 2009;
Venturin et al,, in press).

Cerebral hemispheric volume assessment

After MWM learning task (PND 66), the animals were deeply
anesthetized with thiopental sodium (0.1 mL/100 g, i.p.) and perfused
transcardially with saline followed by 4% paraformaldehyde at 4 °C.
The brains were removed from the skulls, post-fixed in the same
solution at room temperature for 24 h and cryoprotected by
immersion in a 30% sucrose solution in phosphate buffer at 4 °C until
they sank. The brains were then quickly frozen inisopentane that was
cooled in liquid nitrogen (—70 °C). Coronal sections of the brain
(50 pm) were cut using a cryostat (Shandon, United Kingdom) at
250 pm intervals, mounted on poly-L-lysine coated slides and stained
with cresyl violet using the Nissl method. To analyze the brain volume,
the unbiased estimation of hemispheric volume was obtained using
the Cavalieri principle associated with the counting point method.
Then, digitized images of the coronal sections overlaying millimetric
graph paper (point grid) were obtained using a stereoscopic light
microscope (DF Vasconcellos MU-M19, SP, Brazil) coupled to a high
performance CCD camera and interfaced using Image Pro-Plus 6.1
(Media Cybernetics, Silver Spring, USA). All points that hit each
brain section were counted and used to compute the volume. The
volume was estimated using the following equation: V=T.a/p.2P,
where V = volume estimation; T = distance between the analyzed
sections; a/p = point area (1 mm?) and 3P is the sum of the points
overlaid in the image (Alles et al, 2010; de Paula et al, 2009;
Gundersen and Jensen, 1987). The volume estimations were per-
formed in approximately 10 sections for each rat by a single
experimenter that was blinded to the source of the images.

Statistical analysis

The statistical analysis was performed using PrismGraph 5.0
software (Graph-Pad Software, San Diego, CA). The data were
expressed as mean + standard error of the mean (S.E.M.). Compari-
sons between the experimental groups were made using one-way
analysis of variance (ANOVA) followed by the Newman-Keuls post
hoc test or using two-way ANOVA followed by Bonferroni post hoc
test, as appropriate. A statistical significance level of ®«=0.05 and
p<0.05 was applied to all tests.
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Results

NAP prevents acute Hl-induced DNA damage, lipid peroxidation and
disruption of GSH homeostasis in the hippocampus and cerebral cortex
of rat pups

To analyze whether NAP can block brain DNA damage and lipid
peroxidation generated by HI, an intraperitoneal double injection of
NAP (3 pg/g) was given to rat pups immediately (0 h) and 24 h after
the insult. Because HI lesions occur primarily in the cerebral cortex
and hippocampus ipsilateral to the carotid occlusion (Rice et al.,
1981), we collected these two tissues 24 h after the last NAP injection
(48 h post-HI) and processed it using the alkaline comet assay, TBARS
and GSH analysis. Our results demonstrated a significant increase in
the level of DNA breaks in the cortex (Figs. 1A and B) and
hippocampus (Figs. 1E and F) of the VEH animals. The DNA-damaging
effects induced by HI insult comprehend not only a high frequency of
affected cells (Figs. 1A and E, p<0.01 vs. sham) but also a significant
severity of the lesions (Figs. 1B and F, p<0.001 vs. sham). In addition,
the same level of damage from the HI was observed on membrane
lipids in cortical (Fig. 1C, p<0.001 vs. sham) and hippocampal (Fig. 1G,
p=0.001vs. sham) samples from the VEH animals. To further elucidate
the mechanism of oxidative damage involved in the HI insult, GSH
was depleted in the ipsilateral cortex (Fig. 1D, p<0.05 vs. sham) and
hippocampus (Fig. 1H, p<0.001 vs. sham) of the VEH animals.
Interestingly, the brain samples from the NAP and sham groups
were similarin the DF (Fig. 1A for cortex, Fig. 1E for hippocampus), DI
(Fig. 1B for cortex, Fig. 1F for hippocampus) and lipid peroxidation
(Fig. 1C for cortex, Fig. 1G for hippocampus). In contrast, the NAP
group was significantly different than the VEH animals for all variables
analyzed (p<0.001). Moreover, we observed a concomitant beneficial
impact of NAP administration on cortical (Fig. 1D, p<0.05 vs. VEH ) and
hippocampal (Fig. 1H, p<0.001 vs. VEH) GSH homeostasis in HI rat
pups.
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NAP protects against impairments in learning and long-term spatial
memory in adult rats subjected to neonatal HI

A set of animals was trained in the MWM to verify the effect of NAP
in cognitive function following HIL. The training trials for the tests
began on PND 60 (53 days post-HI). The mean escape latencies to the
hidden platform were shortened as training progressed, and the
groups showed a different rate of change over time [Fy2, 120)=0.64,
p=0.73, Fig. 2A]. The Bonferroni post hoc test showed a significant
difference (p<0.001) between the VEH and sham animals throughout
the entire 5-day training session. These groups indicate a severe
learning disability following the HI insult because the damaged
structure, hippocampus, plays a major role in spatial memory.
Whereas the NAP-treated Hl animals had a learning performance
similar to the sham animals, except on the second day of training
(p<=0.05), the NAP group showed a significant reduction in the escape
latency than the VEH animals (p<0.05 for session days 1-4; p<0.001
for session day 5). The probe test was performed 24 h after the last
training session in the absence of the escape platform. The VEH
animals showed significantly longer latencies in the correct quadrant
where the platform was previously located compared to the sham
(p=0.01) and NAP groups (p<0.05) (Fig. 2B). The Newman-Keuls post
hoc test demonstrated that there was no difference between the sham
and NAP groups. As shown in Fig. 2C, the VEH animals spent less time
swimming in the target quadrant than the NAP (p<0.05) and sham
animals (p=<0.01). There was no significant difference between the
sham and NAP animals. These data indicate an inhibition of NAP on the
long-term neonatal Hl-induced impairments of learning and spatial
memory.

NAP blocks long-term brain injury in adult rats subjected to neonatal HI

Based on the ability of NAP to reduce brain oxidative stress and
cognitive impairment in the HI rats, we next examined whether NAP
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Fig. 1. The acute effects of NAP treatment on genotoxicity, lipid peroxidation and GSH content in the brain tissue from the neonatal rats subjected to HL The top line of each graph
(A-D) corresponds to the analyses of the cerebral cortex and the bottom line (E-H) corresponds to the hippocampus. DNA damage was assessed using the alkaline comet assay, and
the data are expressed as percentage for DF (A and E) and arbitrary units for DI (B and F). Lipid peroxidation was assessed using the reaction of TBA with MDA during an acid-heating
reaction (Cand G), and the results are expressed as MDA equivalents (nmol/mg protein ). The intracellular total glutathione was determined using the photometric determination
(D and H), and the results are expressed as GSH content (nmol/mg protein). The values represent the mean =+ S.D. (n =4 rats/group). *p<005, **p<0.01 and ***p=<0.001 vs. VEH

group in Newman-Keuls post hoc test after one-way ANOVA.
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p<0001 vs. VEH animals, %p<0.05 vs. NAP animals in Bonferroni

post hoc test after two-way ANOVA. (B) The latency to swim over the quadrant where the escape platform was located (p=0.0031) and (C) the mean percent time spent in the
target quadrant (TQ) (p= 0.0033) during a 60 s probe test was performed 24 h after the last MWM training session, Data are presented as mean £5.EM., "p<0.05 and ™ p=<0.01 vs.

VEH animals in Newman-Keuls post hoc test after one-way ANOVA.

could prevent the long-term morphological alterations in the brain
volume of these animals. Therefore, the brain volumes were estimated
using the Cavalieri principle associated with the counting point
method. The morphological examination of cresyl violet-stained
sections of rat brains from the sham group revealed no histological
abnormalities (Fig. 3C) or volume differences between the cerebral
hemispheres (Fig. 3A). The morphology of the VEH animals showed a
significant decrease in the volume of the ipsilateral cerebral
hemisphere following carotid occlusion (right) when compared to
the contralateral hemisphere 60 days after the HI injury (p<0.001;
Fig. 3A). In the severe Hl model used in this study, the ligation of the
right common carotid artery followed by exposure to low ambient
oxygen in the 7-day-old rats produced a brain lesion in the cerebral
cortex, subcortical and periventricular white matter, striatum and
hippocampus. As a result, the profound loss of parenchyma through-
out the ipsilateral cerebral hemisphere, in most rats, leads to the
formation of a porencephalic cyst (Fig. 3D). However, the stereological
evaluation of the brains from the NAP animals demonstrated that the
volume of the ipsilateral cerebral hemisphere was similar to the
contralateral side (Figs. 3A and E). Similarly, there were significant
differences in the relative ratio between the left and right hemispheric
volume between the experimental groups (p =0.0001; Fig. 3B). The
hemispheric volume ratios of the sham and NAP animals were
significantly different from the VEH group (p<0.001). Further, there
was no significant difference between the sham and NAP groups.
Thus, these results demonstrate a long-term neuroprotective effect of
NAP treatment on Hl-induced brain injury.

Discussion

In this study, we demonstrated that NAP administration significantly
decreased the cortical and hippocampal DNA damage, lipid peroxidation
and GSH depletion 2 days after the neonatal HI insult. We further
showed the reduction in the long-term neurological outcome and brain
lesions up to 7 weeks after the NAP treatment on rat pups subjected to
the HL This study is the first in vivo demonstration that NAP exerts a
prolonged and strong neuroprotective effect following HI insult
through, at least partially, modulation of the intracellular glutathione
system.

Because of the oxidative brain damage formation in the acute
stages after HI (Cai et al., 2009; Takizawa et al,, 2009; Weiset al., 2011),
we administered NAP immediately after the Hl insult (0 h). A second
NAPinjection (24 h post-HI) was administered because of the severity
and continuous formation of brain damage that is characteristic of the
Rice-Vannucci model. The NAP dose used in the present study (3 pg/g)
was chosen based on its protective effects in hypoxic-ischemic brain

injury (Kumral et al., 2006). Moreover, the intraperitoneal adminis-
tration of NAP was considered appropriate because NAP can cross the
blood-brain barrier (Gozes et al., 2005) and was also appropriate for
use in neonatal rats (Greggio et al., 2009; Kumral et al., 2006).

It has been demonstrated that the abnormal production and/or
impaired clearance of reactive species play important roles in the
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Fig. 3. The neuropeptide NAP prevents long-term brain lesions in adult rats that were
subjected to the neonatal HI. The brain volume was estimated using the Cavalieri
principle associated with the counting point method 2 months after HI injury. Data are
presented as mean + S.D. (n=9 per group). (A) The estimated brain volumes of the left
(contralateral, white columns) and right hemispheres (ipsilateral, gray columns).
***p<0.001 vs. right hemisphere volume in Newman-Keuls post hoc test after one-way
ANOVA. (B) The hemispheric volume ratio was determined by the division of the left
hemisphere by the right hemisphere. ** *p<0.001 vs. VEH group in Newman-Keuls post
hoc test after one-way ANOVA. (C-E) Digitized images of cresyl violet-stained coronal
sections of the rat brains that corresponded to the coronal sections from the sham
(C), VEH (D) and NAF (E) groups. (F) A schematic drawing obtained from the Paxinos
and Watson's atlas (interaural 5.70 mm; bregma — 3.30 mm). Calibration bars =1 mm.
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pathogenesis of Hl injury and the functional deficits that occur in both
the experimental (Bagenholm et al., 1997; Lafemina et al., 2006) and
clinical settings (Kumar et al., 2008; Shi et al,, 2000). The immature
central nervous system is highly sensitive to free radicals, which
affects the cellular components. Thus, previous studies have demon-
strated that DNA fragmentation occurs in the early stages following
the HI injury in the neonatal rat brain using several different
methodological approaches (Cai et al., 2009; Takizawa et al., 2009;
Zhu et al, 2000). In our study, we detected DNA damage, such as
primary repairable DNA single and double-strand breaks and alkali-
labile sites, 48 h post-HI in the cerebral cortex and hippocampus of
neonatal rats. Notably, the amount of DNA breaks detected in the
brain of NAP-treated HI animals was similar to the sham animals.
Recently, it was demonstrated that NAP dose-dependently inhibited
DNA damage and oxidative adducts formation that was induced by
neonatal hypoxia-induced seizures in the immature rat hippocampus
using the alkaline comet assay (Greggio et al., 2009). Moreover, the
effect of NAP in maintaining the brain DNA integrity was demon-
strated in animal models of neonatal HI (Kumral et al., 2006), cerebral
palsy (Sokolowska et al., 2011) and focal irreversible ischemia (Leker
et al., 2002) using the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling reaction. The TBARS formation is
one of the most commonly used biomarker for the measurement of
membranes injured by lipid peroxidation. Augmentation of TBARS
levels, such as by MDA, has been detected in the immature rat brain at
different times following HI (Bagenholm et al., 1997; Cai et al., 2009;
Weis et al.,, 2011) and in the plasma of infants with hypoxic-ischemic
encephalopathy (Kumar et al, 2008; Schmidt et al.,, 1996). In this
study, we demonstrated an increase in the cortical and hippocampal
TBARS levels in the rat brain 48 h post-HI. In contrast, NAP treatment
prevented brain lipid peroxidation in NAP-treated HI animals.
Consistent with these results, we previously demonstrated the NAP
effect on preventing the lipid peroxidation reaction in another
neonatal animal model (Greggio et al., 2009). The GSH depletion is
involved in the redox homeostasis imbalance triggered by the HI
insult in several brain regions of the neonatal rat (Dafre et al., 2003;
Sheldon et al., 2007) as well as in the plasma of asphyxiated newborns
(Schmidt et al., 1996). Due to the involvement of the glutathione
system in the NAP-associated neuroprotective mechanism (Greggio et
al., 2009; Offen et al., 2000; Spong et al., 2001), we investigated the
neuroprotective role of this pathway. We verified an inhibition of the
Hl-induced GSH depletion in the brain of NAP-treated animals 48 h
after the insult. Interestingly, the NAP treatment of HI rat pups was
effective at reducing the amount of DNA breaks and lipid peroxidation
in the brain and increasing GSH levels, which is consistent with
previous studies (Greggio et al, 2009). Although we have not
explored other mechanisms of action of NAP, it was reported that
poly ADP-ribosylation is involved in the neurotrophic activity of NAP
(Visochek et al., 2005). Poly(ADP-ribose) polymerase-1 (PARP-1)
activation by NAP could facilitate DNA repair and enable rapid gene
expression. In addition, it has been demonstrated that PARP-1
activation is important for repairing single-strand DNA damage
following sublethal global ischemia (Nagayama et al., 2000). There-
fore, GSH stimulation and polyADP-ribosylation activation may have
influenced the brain DNA and lipid membranes integrity recovery
following the neonatal HI insult.

PolyADP-ribosylation, the same process responsible for repairing
DNA damage, also contributes to spatial memory acquisition in the
MWM paradigm (Satchell et al., 2003) and to long-term memory
formation in mammals (Goldberg et al., 2009). Therefore, NAP could
stimulate poly ADP-ribosylation to induce transcriptional regulation,
protein synthesis and/or ribosylation of other factors that are
important in memory formation. Consistent with this idea, NAP,
through distinct routes and modes of administration, enhanced spatial
memory acquisition in the MWM paradigm in several animal models,
such as normal and aged animals (Alcalay et al, 2004; Gozes et al.,

2002; Toso et al, 2006a), apolipoprotein E knockout (Bassan et al,,
1999; Brenneman et al, 2004; Rotstein et al, 2006) and ADNP-
deficient mice (Vulih-Shultzman et al., 2007), fetal alcohol syndrome
(Brenneman et al., 2004; Incerti et al., 2010; Toso et al., 2007b; Vink et
al., 2005) and Down syndrome (Incerti et al,, 2011). Our interest in
training HI rats in MWM was to determine whether NAP treatment
would affect the impaired cognitive outcomes induced by the neonatal
HI. In this study, we demonstrated that the postnatal NAP treatment
inhibited learning and long-term spatial memory deficits induced by
the neonatal HI brain injury. However, it is not likely that NAP would
evoke long-lasting effects on cognitive function up to 7 weeks directly
through polyADP-ribosylation alone. Studies have demonstrated that
the expression of N-methyl-aspartate (NMDA) and +y-aminobutyric
acid (GABA) receptors is modulated after pre- or postnatal NAP 4+ SAL
administration (SALLRSIPA is structurally and functionally similar to
NAP) in the prevention of alcohol- (Incerti et al., 2010; Toso et al,
2006b) and Down syndrome-induced learning deficits (Incerti et al.,
2011; Vink et al., 2009). In contrast, postnatal oral treatment with
NAP+ SAL resulted in enhanced learning in aged mice without
altering NR2A, NR2B, GABA-533 and GABA-,5 subunits expression
(Toso et al, 2007a). Another possibility includes the reversal of
vasoactive intestinal peptide and activity-dependent neuroprotective
protein dysregulation by NAP in fetal alcohol syndrome (Incerti et al.,
2010) and Down syndrome (Incerti et al., 2011) models. Despite the
well-documented neuroprotective actions of NAP in these studies, the
molecular mechanisms and signaling pathways are still not fully
characterized.

Previous studies have demonstrated that NAP reduces brain
lesions in a cerebral ischemia model (Leker et al., 2002), closed
head injury (Beni-Adani et al., 2001) and cerebral palsy (Sokolowska
et al, 2011). For the neonatal HI, it has been reported that
intraperitoneal NAP administration preserves the neuronal density
in the immature rat hippocampus 72 h post-HI (Kumral et al., 2006).
We demonstrated that NAP is able to prevent severe brain lesions up
to 7 weeks after the neonatal HL. The activity of NAP in promoting cell
survival could be partly justified by the reduction of proapoptotic
protein p53 (Gozes et al., 2004), the control of ¢cGMP and nitric oxide
production (Ashur-Fabian et al., 2001), immunomodulation (ie.,
tumor necrosis factor-a) (Beni-Adani et al, 2001), inhibition of
caspase 3 activation (Leker et al., 2002) and polyADP-ribosylation
stimulation (Visochek et al., 2005). Recently, it has been shown that
NAP can stimulate pathways that have been implicated in neuronal
survival, differentiation and synaptic plasticity, such as the mitogen-
activated protein kinase family of signal transduction proteins and
phosphatidylinositol-3-kinase/Akt pathways (Pascual and Guerri,
2007; Sokolowska et al, 2011), phosphorylation of the Fyn kinase
and the scaffold protein Crk-associated substrate (Chen and Charness,
2008).

Thus, with the experimental design and methodology used in the
present study, we suggest that the positive effects on spatial memory
and brain volume may be attributed to the ability of NAP to decrease
the accumulation of oxidative damage by modulating GSH and,
consequently, maintain the brain cellular integrity involved in
learning and memory processes. Further studies are necessary to
delineate additional pathways underlying the mechanisms behind the
learning and brain injury recovery in the neonatal Hl model as well as
to confirm the beneficial effects of NAP in the human neonate.
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Abstract

Based on preclinical findings, cellular therapy has become a promising therapeutic
approach for neonatal hypoxia-ischemia (HI). However, before translation into the
clinical setting, a noninvasive and effective route of cell delivery must be determined.
Intra-arterial (1A) delivery is an attractive route of cellular administration but has not
been used in neonatal HI rats. In this study, we investigated the feasibility of 1A
transplantation of human umbilical cord blood (HUCB) mononuclear cells for the
treatment of long-term learning dysfunction and brain lesions after neonatal HI. Seven-
day-old rats were subjected to a HI model by permanent occlusion of the right common
carotid artery and by systemic hypoxia. The animals received HUCB mononuclear cells
into the left common carotid artery 24 h after HI insult. After 63 days post-HlI, intra-
arterially transplanted HUCB mononuclear cells significantly improved learning and
long-term spatial memory impairments when evaluated by the Morris water maze
paradigm. There was no effect of cellular administration or HI insult on body weight or
on motor coordination and balance when evaluated by the accelerating rotarod test.
Cellular transplantation by the IA route did not restore neonatal HI-induced brain
damage according to stereological volume assessment. Furthermore, HUCB
mononuclear cells were tracked in the injured brain and peripheral organs of HI
transplanted-rats by nested polymerase chain reaction analysis at different time points.
Our findings contribute to the translational knowledge of cell based-therapy in neonatal
HI and demonstrate for the first time that IA transplantation into rat pups is a feasible
route for cellular delivery and prevents long-term cognitive deficits induced by
experimental neonatal HI.

Keywords: neonatal hypoxia-ischemia, human umbilical cord blood mononuclear cells,

intra-arterial transplantation, rodent model, memory, motor function, brain lesion.
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Highlights

The intra-arterial transplantation in HI neonatal rats is a feasible delivery route for cellular

therapy;

e Intra-arterial transplantation of HUCB cells rescues long-term learning and spatial memory
impairments in HI rats;

e Intra-arterial transplantation of HUCB cells or vehicle have no impact in the body weight
and motor function in HI rats;

e Intra-arterially transplanted HUCB cells do not prevent brain injury in adult rats previously
subjected to neonatal HI;

e HUCB cells are detected in the ischemic brain after intra-arterial transplantation and also in

peripheral organs until at least 30 days later.
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Introduction

Neonatal hypoxia ischemia (HI) remains an important cause of mortality and is
associated with a high incidence of life-long disabilities (VVolpe, 2008). Unfortunately,
the clinical treatment of HI is quite limited, and no available intervention can effectively
hinder the long-term sequelae of HI insult (Johnston et al., 2011). In the preclinical
context, there is increasing evidence that cell based-therapy exhibits a neuroprotective
effect against HI brain injury and subsequent deleterious outcomes (Bennet et al., 2012;
Liao et al., 2012; van Velthoven et al., 2012a). According to the Baby STEPS (Baby
Stem cell Therapeutics as an Emerging Paradigm in Stroke) consortium, the design of
preclinical studies should closely approximate clinical trials to favor the translational
potential of cell therapy in neonatal HI (Borlongan and Weiss, 2011). Additionally, the
experimental design should consider and determine the cell type, dose, timing of
administration and the best delivery route. Despite these recommendations,
intraparenchymal injection is the most commonly used technique for cell delivery into
the rodent HI brain (de Paula et al., 2012; Pimentel-Coelho et al., 2012).
Intracerebroventricular administration precludes systemic dissemination but fails due to
the limited cell numbers that can be injected. The same trade-off can be observed with
the intracerebral (IC) route, where cells can be delivered directly to the target, but they
are nonuniformly distributed which may cause additional brain injury. As an alternative
to the aforementioned methods, we and others have used intravenous (V) delivery to
transplant cells into neonatal HI animals (Bae et al., 2012; de Paula et al., 2012; de
Paula et al., 2009; Yasuhara et al., 2008; Yasuhara et al., 2010). However, the IV route
does not yield a large number of cells reaching the brain, and the majority of

transplanted cells are trapped within the filtering organs such as the lungs, liver, spleen
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and kidneys (Fischer et al., 2009; Lappalainen et al., 2008). Non-conventional cell
delivery methods, such as intraperitoneal (Pimentel-Coelho et al., 2010; Rosenkranz et
al., 2012; Wasielewski et al., 2012), intracardiac (Lee et al., 2010) and intranasal
(Donega et al., 2013) delivery, were also applied in the HI animal model. Therefore, it is
reasonable to investigate less invasive and more effective ways to deliver stem cells for
the treatment of neonatal HI.

The intra-arterial (1A) route has the advantage of selectively targeting a larger number
of cells to an injured brain area, bypassing the filter of the peripheral organs, and
permits a multiple treatment paradigm (Misra et al., 2012). Additionally, it was
demonstrated that cell administration via IA delivery could spread cells uniformly
throughout the ischemic brain (Li et al., 2010; Walczak et al., 2008). Although the 1A
transplantation of cells has numerous precedents in clinical trials (Barbosa da Fonseca et
al., 2010; Battistella et al., 2011; Brazzini et al., 2010; Friedrich et al., 2011) and in
animal models of adult HI (Andres et al., 2011; Guzman et al., 2008; Pendharkar et al.,
2010; Rosenblum et al., 2012), stroke (Brenneman et al., 2010; Chua et al., 2011,
Chung et al., 2009; Gutierrez-Fernandez et al., 2011; Jin et al., 2005; Kamiya et al.,
2008; Lappalainen et al., 2008; Li et al., 2010; Li et al., 2001; Mitkari et al., 2012; Ohta
et al., 2006; Shen et al., 2006; VVasconcelos-dos-Santos et al., 2012; Walczak et al.,
2008; Zhang et al., 2012) and traumatic brain injury (Lu et al., 2001; Lundberg et al.,
2009; Lundberg et al., 2012; Osanai et al., 2012), it has not been tested in neonatal HI
rodents. Here we investigate for the first time the use of the 1A route for the
transplantation of human umbilical cord blood (HUCB) mononuclear cells in a neonatal
rat HI model. Parameters such as long-term behavior impairment, body and cerebral

weight, brain damage and cell migration were evaluated.
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Materials and Methods

Animals

Pregnant Wistar rats were housed individually, and the presence of pups was checked
daily. The day of birth was considered day 0, and on postnatal day (PND) 1 the litters
were culled to 8 rat pups per dam. The animals were maintained in the same
temperature and humidity-controlled holding facility (22—24 °C) under a 12 h/12 h
light/dark cycle (light onset at 07:00) with free access to food and water. The rats were
weaned on PND 21, and only the males were selected for this study. Efforts were made
to minimize animal suffering and to reduce the number of animals used. All analyses
were performed in a blinded set-up, and all experimental procedures were performed in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and
approved by the Animal Care and Ethics Committee of Pontificia Universidade Catdlica
do Rio Grande do Sul, RS, Brazil (CEUA 09/00105). A schedule of the surgical

procedure, the treatment and tests of the animals is shown in table 1.

Experimental groups

The animals were randomly assigned into five experimental groups: sham-operated rats
(sham, n = 10), rats subjected to the HI model (HI, n = 11), HI rats intra-arterially
administered with vehicle (VEH, n = 9) and HlI rats transplanted with 1 x 10° (HI + 10°,
n=10) or 1 x 10" (HI + 107, n = 10) HUCB mononuclear cells into the left carotid
artery 24 h post-HI. The rat pups from each litter were randomly divided among the five
experimental groups to avoid “litter effects” on the study outcome. An additional cohort
of HI animals (n = 12) was injected with 1 x 10" HUCB mononuclear cells for cellular

detection by nested PCR analyses.
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Neonatal hypoxia-ischemia model

For hypoxic-ischemic lesion induction, we adapted the Levine model for neonatal rats
(Rice et al., 1981). Wistar rats on PND 7 were briefly anesthetized with halothane, and a
longitudinal incision was made along the midline of the neck. The right common carotid
artery was identified, isolated from the vagus nerve and permanently occluded using 7.0
surgical silk sutures. The entire surgical procedure was completed within 15 min. After
surgery, the animals were returned to their dams and allowed to recover for 2—4 h. The
rats were then removed from the litter and placed in a custom-made airtight acrylic
chamber that was partially immersed in a 37 °C water bath. They were left in the
hypoxia chamber for 2 h, with a constant flow of humidified 8% oxygen balanced with
nitrogen and maintained at a temperature of 37—38 °C. The intra-chamber O,
concentration was measured using a commercially available oxygen meter (Model DG-
400, Instrutherm, SP, Brazil). Following the hypoxic exposure, all of the pups were
returned to their dams for recovery. The sham-operated animals were anesthetized with
halothane, and the right common carotid artery was exposed but did not receive ligation

or hypoxia.

HUCB mononuclear cells preparation and intra-arterial transplantation

After obtaining informed consent, HUCB cells were collected ex-utero from healthy
volunteers immediately after full-term delivery using sterile syringes containing 5.000
Ul of heparin. We used a proportion of one donated umbilical cord to 47 transplanted
rats, depending on the amount of available mononuclear cells. Blood samples were kept
at a temperature of 4 °C during the transport and storage procedures, and all units were
processed within 24 h of collection. For the separation of mononuclear cells, the

obtained material was diluted in RPMI-1640 medium (1:1) (Gibco, Grand Island, NY,
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USA). The cells were resuspended and fractionated on a density gradient generated by
centrifugation, over a Ficoll-Paque solution with a density of 1.077 g/L (Histopaque
1077, Sigma Aldrich, St. Louis, MO, USA), at 400 x g for 30 min at 25 °C. The
mononuclear fraction over the Ficoll-Paque layer was collected and washed twice with
Dulbecco's Phosphate Buffered Saline (DPBS) (Gibco, Grand Island, NY, USA). The
cell density was determined with a Neubauer-counting chamber, and the number of
viable cells was determined using the Trypan Blue 0.4% exclusion method (de Paula et
al., 2012; de Paula et al., 2009). Twenty-four hours after HI insult, animals received
HUCB mononuclear cells (1 x 10° or 1 x 107 cells resuspended in 50 pl of phosphate
buffered saline) or vehicle delivered into the left common carotid artery using an
ultrafine 34 gauge microneedle (outer-@ 0.20 mm, inner-@ 0.10 mm; Nodegraf Co.,
Ltd., Tokyo, Japan), with preserved flow within the carotid artery during cell injection.
For this procedure, animals were anesthetized with halothane, the previous neck suture
was carefully opened, and the left carotid artery was isolated from adjacent tissue to
facilitate the intra-arterial injection. Thereafter, the skin was once again closed with a

suture, and the animals were returned to their dams for recovery.

Spatial version of the Morris water maze learning task

The five experimental groups were tested in the spatial version of the Morris water
maze (MWM) learning task beginning at PND 65. The water maze is a black circular
pool (200 cm in diameter) conceptually divided into 4 equal imaginary quadrants. The
water temperature was 21-23 °C, and a black circular platform (12 cm in diameter) was
hidden from the rat's view 2 cm beneath the surface of the water. The platform had a
rough surface, which allowed the rats to climb onto it easily once it was detected. The

swimming path of the animals was recorded using a video camera mounted above the
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center of the pool and was analyzed using an analysis system (ANY-maze software,
version 4.3, Stoelting Co., Wood Dale, IL, USA). The water maze was located in a
well-lit white room with several posters and other distal visual stimuli hanging on the
walls to provide spatial cues. The rats were handled 5 min per day for 3 days prior to the
training. The spaced training protocol was performed for 5 successive days. On each
day, the rats received 8 consecutive training trials during which the hidden platform was
kept in a constant location. A different starting location was used for each trial, which
consisted of a swim followed by a 30-s platform sit. Any rat that did not find the
platform within 60 s was guided to it by the experimenter. Memory retention was
evaluated in a 60-s probe trial performed in the absence of the escape platform 24 h
after the last training session. The parameters measured were the time taken to find the
platform location, the percent time spent in the target quadrant, the number of crossings
over the former target position and the mean swimming speed (de Paula et al., 2012;

Greggio et al., 2011; Venturin et al., 2011).

Accelerated rotarod performance

At PND 71, the rotarod test was performed to measure motor coordination and balance
in the rats. A fully automated apparatus equipped with a sensor that detected the fall and
automatically stopped the timer was used (EFF 411, Insight, SP, Brazil). The test was
performed using an accelerating speed paradigm. One day prior to the test, all animals
were habituated to the apparatus using a protocol consisting of three trials of 3 min each
at a low constant speed of 16 rpm. The rats that fell from the treadmill were again
placed on it until they were able to stay on it for 3 min. After completion of the
habituation training, the speed of the rotarod was set to gradually increase from 4 to 37

rpm over 6 min across ten phases (phase 1-2: 16 rpm; phase 3-4: 20 rpm; phase 5-6: 25
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rpm; phase 7-8: 28 rpm; phase 9-10: 37 rpm). Upon reaching the maximum speed, the
animals were kept in place for an additional minute (maximum latency of 420 s), after
which they were put back into their home cage. The test session consisted of five trials
separated by 15-minute intervals. The mean of the latencies to fall from the treadmill
and the mean of the phase in which the fall occurred in the 5-trial test were calculated

(Balduini et al., 2000; Daadi et al., 2010; Park et al., 2011).

Stereological volume assessment of the cerebral hemispheres

After the accelerated rotarod test (PND 72), the animals were weighed, deeply
anesthetized with thiopental sodium (0.1 mL/100 g, i.p.) and then perfused
transcardially with saline followed by 4% paraformaldehyde at 4 °C. The brains were
removed from the skulls, weighed and post-fixed in the same solution at room
temperature for 24 h and cryoprotected by immersion in a 30% sucrose solution in
phosphate buffer at 4 °C until they sank. The brains were then quickly frozen in
1sopentane that was cooled in liquid nitrogen (— 70 °C). Coronal sections of the brain
(50 um) were cut using a cryostat (Leica CM1850, Leica Microsystems, Wetzlar,
Germany) in 250 um intervals, mounted on gelatin-coated slides and stained with cresyl
violet using the Nissl method. To analyze the brain volume, an unbiased estimation of
the hemispheric volume was obtained using the Cavalieri principle associated with the
counting point method. Subsequently, images of the coronal sections overlaying
millimetric graph paper (point grid) were obtained using a stereoscopic light microscope
(DF Vasconcellos MU-M19, SP, Brazil) coupled to a high performance CCD camera
and interfaced using Image Pro-Plus 6.1 (Media Cybernetics, Silver Spring, USA). All
points that hit each brain section were counted and used to compute the volume. The

volume was estimated using the following equation: V = T.a/p.XZP, where V = volume
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estimation; T = distance between the analyzed sections; a/p = point area (1 mm?) and P
Is the sum of the points overlaid on the image. The volume estimations were performed
on 10 sections for each rat by a single experimenter. The parameters measured were the
cerebral hemispheric volume and the percent tissue loss of the rat brains (Alles et al.,

2010; de Paula et al., 2012).

Nested polymerase chain reaction (PCR) analysis

An additional group of HI rats (n = 12) was euthanized, and samples were collected at
1,3,6,12 and 24 h, and 7 and 30 days after IA transplantation of HUCB mononuclear
cells (n = 2 rats for each time point). The samples collected were the right and left
cerebral hemispheres, lungs, liver and spleen. DNA was obtained from the samples
using the phenol/chloroform method. PCR analysis was performed to identify the
presence of the administered HUCB mononuclear cells in the samples of transplanted
animals using complementary primers to the human B-actin gene sequence. We used the
forward primer 5'-TCCCTGTACGCCTCTGGCCATA-3' and the reverse primer 5'-
CCTTCTGCATCCTGTTGGTGATGCTA-3' complimentary to the human B-actin
DNA sequence and reamplified with the forward primer 5'-
TGACTGGCCGGAACCTGACT-3' and the reverse primer 5'-
GGTGATGACCTGGCCATTGGG-3' using the nested PCR technique, resulting in
fragments of 535 and 209 bp, respectively. The positive control (DNA from human
peripheral blood) and negative control (without any DNA) samples were assayed along
with the experimental samples in every reaction. Amplified products were detected by
gel electrophoresis (2% agarose containing ethidium bromide) for 30 min, at a voltage
of 100 V and amperage of 400 mA. The gels were visualized under an ultraviolet

transilluminator (3UVT™), and the images were captured using photodocumentation
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equipment connected to Quantity One software (Bio-Rad, CA, USA) (de Paula et al.,

2012).

Statistical analysis

The statistical analysis was performed using PrismGraph 5.0 software (Graph-Pad
Software, San Diego, CA). The data were expressed as the means + standard error of the
mean (S.E.M.). Comparisons between the experimental groups were made by using
one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test or by using
two-way ANOVA followed by Bonferroni's post hoc test, as appropriate. A statistical

significance level of a = 0.05 and p < 0.05 was applied to all tests.
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Results

Intra-arterial transplantation of 1 x 10’ HUCB mononuclear cells rescues long-term
spatial memory impairments in rats previously subjected to neonatal hypoxia-ischemia
To assess the effects of IA transplantation of HUCB mononuclear cells on long-term
spatial memory deficits, we employed the MWM paradigm. The mean escape latencies
to the hidden platform decreased as training progressed, and the experimental groups
showed a distinct performance over time [F (4, 225y = 2.824, p = 0.0003, Fig. 1A]. As
shown in Table 2, two-way ANOVA followed by Bonferroni's post hoc test revealed a
significant difference between the HI and sham groups throughout the entire 5-day
training session. The HI group animals intra-arterially administered with either vehicle
or 1 x 10® HUCB mononuclear cells had similar learning performances when compared
with the HI only group and were significantly different from the sham rats. Conversely,
the animals subjected to neonatal HI injury and transplanted with 1 x 10" HUCB
mononuclear cells learned differently from the sham rats but performed better than the
HI, Veh and HI+10° groups. The probe test was performed 24 h after the last training
session in the absence of the escape platform. One-way ANOVA followed by Dunnett’s
post hoc test showed that the escape latency to swim over the previous position of the
escape platform was longer in the HI (42.45 + 6.73 s, p < 0.01), HI+10° (38.66 + 6.67 s,
p <0.05) and Veh (45.24 + 5.36 s, p < 0.01) groups when compared with the sham
group (14.96 + 2.91 s) (Fig. 1B). Only the HI+10’ group had a significantly shorter time
required to localize the platform position (27.53 £ 6.93 s, p > 0.05 versus sham). In
addition, the HI and Veh animals spent less time swimming in the target quadrant that
previously contained the escape platform (28.88 + 5.35% and 29.55 * 4.77%,

respectively) compared with the sham-operated rats (57.22 + 4.18%) (Fig. 1C). Neither
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HI group, transplanted with 1 x 10° or 1 x 10’ HUCB mononuclear cells, had any
significant difference when compared with the sham group for the time spent in the
target quadrant (41.57 + 4.86% and 48.38 £ 7.03%, respectively). With respect to the
number of crossings over the former target position, all groups displayed significantly
lower values than the sham animals (6.10 + 0.78) (Fig. 1D). However, this difference
was more evident in the HI (1.54 £ 0.45, p > 0.001), Veh (1.77 £ 0.66, p > 0.001) and
HI+10° (2.60 + 0.87, p > 0.01) animals than in the HI+10" group (3.30 + 0.65, p > 0.05).
No statistically significant differences were observed for swimming speed among the
experimental groups, demonstrating that the results in the MWM probe test were not
confounded by any HI-induced motor impairment (Fig. 1E). Additionally, because the
Veh and HI rats had the same performance on the training session and the probe tests,
we can assume that the 1A administration procedure is safe in neonatal rats. Therefore,
the results obtained from the MWM task indicate that the IA transplantation of 1 x 10’
HUCB mononuclear cells rescues the learning and memory impairments induced by

neonatal HI.

Intra-arterial transplantation of HUCB mononuclear cells or vehicle does not induce
impairments in motor coordination and balance in HI rats

In the present study, the rotarod test was performed to measure motor coordination and
balance in rats. Using an accelerated rotarod protocol, there were no statistically
significant differences between the HI group and the sham rats in the mean time spent
on the treadmill (Fig. 2A) and mean phase in which the fall occurred (Fig. 2B). One-
way ANOVA followed by Dunnett’s test showed that the HUCB-treated and Veh
animals performed equally in both variables analyzed in the rotarod test when compared

with the sham group. These results are in agreement with the normal motor function
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observed in the MWM probe test and the evaluation of the swimming speed of the rats.
After the rotarod test, the animals were weighed and no significant differences were
observed among the experimental groups (Fig. 3). Additionally, the mortality rate was
the same between the control and the transplanted animals. Again, the data indicate that
intra-carotid transplantation of HUCB mononuclear cells or administration of vehicle

does not induce any long-lasting detrimental effect in HI rats.

Intra-arterially transplanted HUCB mononuclear cells are not able to prevent brain
injury in adult rats previously subjected to neonatal HI

After verifying the ability of 1A transplantation of HUCB mononuclear cells to prevent
cognitive impairments in HI rats, we next examined whether this treatment could also
block the long-term brain morphological alterations. Therefore, the cerebral
hemispheric volumes were estimated using a stereological method based on the
Cavalieri principle and the counting point method. Morphological examination of cresyl
violet-stained sections of rat brains from the sham group revealed no histological
abnormalities or volume differences between the cerebral hemispheres (542.4 + 10.17
versus 535.6 + 9.13 mm®) (Fig. 4A). Conversely, absolute hemispheric volume analysis
showed significant atrophy of the hemisphere ipsilateral to the carotid occlusion (right
side) when compared with the contralateral hemisphere (551.1 + 10.27 versus 385.4 +
57.49 mm?3, p < 0.05) (Fig. 4A) 65 days after the HI injury. Similarly, the HI+10° and
Veh groups also had a significantly reduced right hemisphere volume when compared
with the left hemisphere (510.2 + 18.43 versus 352.0 + 66.95 mm®, p < 0.05; and 570.7
+ 20.73 versus 396.1 + 65.10 mm?, p < 0.05; respectively) (Fig. 4A). However, no
statistically significant difference was observed between the right and left hemispheres

in HI rats intra-arterially transplanted with 1 x 10 HUCB mononuclear cells (505.2 +
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13.47 versus 362.6 + 67.25 mm?®) (Fig. 4A). In a different analysis approach, we
examined cerebral atrophy in terms of percentage of brain tissue loss (Fig. 4B). One-
way ANOVA followed by Bonferroni's post hoc test revealed no significant difference
between the sham (1.22 + 0.32%) and HI (30.21 + 10.47%), HI+10° (33.99 + 11.57%),
HI+107 (29.73 + 12.48%) or Veh (32.02 + 10.29%) groups. In the neonatal HI model
used in this study, the profound loss of parenchyma throughout the ipsilateral cerebral
hemisphere can lead to the formation of a porencephalic cyst. Based on visual and
histological investigation, the percent of porencephalic cysts (~40%) was the same
among transplanted and non-treated HI animals. Corroborating this evidence, one-way
ANOVA followed by Dunnett's post hoc test demonstrated no significant difference in
brain weight among the groups, but only when compared with sham animals (p < 0.05)
(Fig. 4C). Taken together, these findings suggest that intra-arterially delivered HUCB
mononuclear cells do not worsen brain lesions in rats subjected to a neonatal HI model.
Furthermore, no brain damage was identified in the ipsilateral hemisphere due to HUCB

transplantation, indicating the safety of the 1A delivery method.

Human p-actin gene expression was detected in samples obtained from HI rats intra-
arterially transplanted with HUCB mononuclear cells

We employed nested PCR analysis to verify whether the human (-actin gene from
HUCB mononuclear cells could be detected in the brain and peripheral organs of HI rats
transplanted with 1 x 10" HUCB mononuclear cells at different time points (1, 3, 6 and
24 h, 7 and 30 days after cellular transplantation). This investigation was performed to
elucidate whether the observed beneficial cognitive effects were associated with the
migration of cells to the injured brain and to monitor their spreading in the rodent body.

The expression of the band corresponding to the human B-actin gene was initially
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detected (1 h post-transplantation) in the left cerebral hemisphere, liver and lungs of HI
rats that received cellular administration into the left carotid artery. At 3 h after cellular
transplantation, human DNA was detected in the liver and lungs and not detected in the
left hemisphere, but it was detected in the right injured brain hemisphere. However, at 6
h post-transplantation, the human B-actin gene was only amplified in the right
hemisphere. We could not detect any expression for the human gene in the brain or
systemic organs at 24 h after 1A transplantation of HUCB mononuclear cells. At later
analysis time points, we could detect human DNA in the left cerebral hemisphere and
lungs (7 and 30 days post-transplantation), and in the right hemisphere (30 days post-
transplantation). It was not possible to detect the expression of human B-actin gene in

the spleen of intra-arterially transplanted HI rats at any time point analyzed.
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Discussion

IA delivery of HUCB mononuclear cells is a promising strategy for neonatal Hl
treatment. Here we demonstrate for the first time that 1A transplantation is a feasible
delivery route for cellular therapy in neonatal rats subjected to a HI model. The intra-
arterially delivered cells prevented learning and spatial memory impairments nine
weeks after neonatal HI insult but did affect recovery from brain damage. Additionally
we further showed that HI insult or IA cell transplantation had no long-term impact on
body weight or motor function in rodents. HUCB mononuclear cells were rapidly
identified in the ischemic brain after 1A transplantation and also in several peripheral
organs for at least 30 days after transplantation. Altogether the data indicate that the 1A
approach as a minimally invasive delivery method for cell based-therapy for neonatal
HI.

Stem cells from a variety of sources such as neural stem/progenitor cells derived from
either fetal or embryonic tissue, mesenchymal stem cells, HUCB and bone marrow
cells, among others (Bennet et al., 2012; de Paula et al., 2010; Pimentel-Coelho et al.,
2012; van Velthoven et al., 2012a), have been used in animal models of neonatal HI.
The HUCB mononuclear cell fraction was chosen for this study because these cells are
one of the most convenient and rich sources of therapeutic cells in pediatrics and can be
used in the case of neonates affected by HI insult. Cord blood is easily collected after
delivery and can be promptly used because it requires minimal ex vivo processing, or it
can be cryopreserved for a longer period in cord blood banks (Liao et al., 2012). We
have recently demonstrated that acute IV administration of HUCB mononuclear cells
exerts a dose-dependent effect on long-term behavior and morphological outcomes in

HI-injured rats (de Paula et al., 2012). Therefore, HUCB mononuclear cells represent a
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promising candidate for neonatal HI therapy. Nevertheless, the ideal route for stem cell
delivery is a key factor that needs to be addressed in the preclinical context to help in
the design of future clinical trials for neonatal HI treatment (Borlongan and Weiss,
2011).

Different approaches were tested for cellular delivery in neonatal rats subjected to
neonatal HI, namely IC (Daadi et al., 2010; Obenaus et al., 2011; van Velthoven et al.,
2012Db), IV (Bae et al., 2012; de Paula et al., 2012; de Paula et al., 2009; Yasuhara et al.,
2008; Yasuhara et al., 2010), intraperitoneal (Pimentel-Coelho et al., 2010; Rosenkranz
etal., 2012; Wasielewski et al., 2012), intranasal (Donega et al., 2013) and intracardiac
(Lee et al., 2010) routes. However, the 1A delivery route has not been used for cellular
transplantation in immature rats following neonatal HI insult. The main advantage of 1A
transplantation over the other routes is the possibility of directing a larger number of
cells to a specific injured brain area by a minimally invasive procedure. Moreover, this
approach circumvents cellular entrapment by internal organs and allows for repetitive
transplant regimens (Misra et al., 2012). In the present study, we intra-arterially
delivered HUCB mononuclear cells in neonatal rats 24 h after HI insult. The cell doses
and volumes were based on previously published studies (Gutierrez-Fernandez et al.,
2011; Kamiya et al., 2008; Lappalainen et al., 2008; Walczak et al., 2008). We adapted
the microneedle technique for cellular transplantation in neonatal rats. This technique
uses the high rate of blood flow in the common carotid artery to dilute and carry the
injected single-cell suspension (Chua et al., 2011). In contrast to studies that had shown
that intra-carotid delivery of cells induces vascular occlusion and increased mortality in
stroke animals (Li et al., 2010; Walczak et al., 2008), we found no differences in the
mortality rate, body weight, motor function and left brain hemisphere integrity among

the experimental groups, indicating the safety of microneedle-based injection method.



Capitulo 111 | 76

The 1A transplantation was performed in the left common carotid artery, contralateral to
the injured brain hemisphere, because we used Rice’s model of neonatal HI in which the
right common carotid artery is permanently occluded and does not allow reperfusion
(Rice et al., 1981). Some studies suggest that transplanted cells migrate preferentially to
the ischemic hemisphere (Lundberg et al., 2009) and that chemoattraction may recruit
therapeutic cells through the interhemispheric vasculature, followed by transendothelial
diapedesis and subsequent intraparenchymal migration to the HI brain lesion (Andres et
al., 2011; Pendharkar et al., 2010; Rosenblum et al., 2012).

The spatial version of the MWM was used to assess long-term cognitive function of
intra-arterially transplanted HI rats, as the hippocampus, which plays a major role in
spatial memory, is the predominant region damaged after neonatal HI insult. In this
study, our results revealed that the 1A transplantation of HUCB mononuclear cells dose-
dependently reduced learning and long-term spatial memory deficits induced by
neonatal HI brain injury. We have previously demonstrated the same beneficial effect
on cognitive function using the IV route for HUCB mononuclear cell delivery (de Paula
et al., 2012). According to our studies, the cellular dose capable of promoting cognitive
recovery in Hl rats is lower with IA transplantation than with IV (1 x 10" vs 1 x 10°
cells, respectively) transplantation. Ma and coworkers also demonstrated that 1 x 10*
embryonic stem cell-derived cells improve the learning ability and memory of HI mice
at 2 and 8 months after intracerebroventricular transplantation using the MWM
paradigm (Ma et al., 2007). The accelerating rotarod test was utilized in our study as it
can reveal the sensorimotor deficits caused by motor cortical dysfunction in rats.
However, there was no significant impact of the neonatal HI model, 1A administration
of HUCB mononuclear cells or vehicle on balance and motor coordination in adult rats.

The finding of normal locomotor activity in adult rats subject to neonatal HI insult may
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be due to the spontaneous recovery of sensorimotor deficits because of plasticity of the
immature brain (Balduini et al., 2000; de Paula et al., 2009; Lubics et al., 2005; Rojas et
al., 2012). There is evidence for a positive effect of cell-based therapy on neonatal HI-
induced sensorimotor impairment using the IC (Daadi et al., 2010; Jansen et al., 1997;
Park et al., 2011; van Velthoven et al., 2010; Yasuhara et al., 2008) and 1V (Yasuhara et
al., 2008; Yasuhara et al., 2010) routes. With regard to IA transplantation, stem cells
have been shown to recover sensorimotor deficits in experimental models of stroke
(Kamiya et al., 2008; Ohta et al., 2006) and traumatic brain injury (Osanai et al., 2012).
A positive correlation was demonstrated between the number of intra-arterially
transplanted cells found in the brain and the degree of motor recovery in the adult HI
model (Guzman et al., 2008). Conversely, two studies using the neonatal HI model
failed to demonstrate motor recovery in the rotarod test by using IC (Yasuhara et al.,
2006) and intra-cardiac (Lee et al., 2010) delivery methods. In our study, intra-carotid
transplantation was unable to reduce brain damage independent of cognitive recovery in
the HI rats. It is possible that 1A transplantation of HUCB mononuclear cells enhances
brain plasticity rather than neuroprotection. Similarly, others have also shown
functional recovery without brain injury reduction through 1C (Daadi et al., 2010;
Jansen et al., 1997) and 1A (Gutierrez-Fernandez et al., 2011; Guzman et al., 2008;
Zhang et al., 2012) cellular transplantation. Interestingly, the greater brain engraftment
of intra-arterially transplanted cells may not necessarily be associated with higher brain
lesion recovery in the stroke model (Gutierrez-Fernandez et al., 2011; Li et al., 2010;
Zhang et al., 2012). Intra-cardiac injection of mesenchymal stem cells neither restores
brain infarction nor improves the performance on the rotarod test in neonatal HI (Lee et
al., 2010). In contrast, 1A delivery of therapeutic cells favored both histological and

cognitive outcomes in adult HI (Andres et al., 2011) and stroke (Brenneman et al.,
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2010; Kamiya et al., 2008; Ohta et al., 2006) models. Interestingly, in our previous
work, the transplantation of 1 x 10’ HUCB mononuclear cells decreased infarction
volume in animals receiving IV but not 1A treatment (de Paula et al., 2012). Indeed,
direct comparisons between our data and other studies are difficult to make because of
differences in the methodologies used, animal models, brain immaturity, cellular source
and concentration, time of administration and behavioral protocols among others.

The monitoring of cell biodistribution is important when delivery strategies for cellular
transplantation are studied. As a preliminary evaluation, we verified cellular migration
to the injured brain hemisphere as early as 3 and 6 h post-transplantation and also at 7
and 30 days later. However, human cells were not detectable at 24 h after their 1A
administration into the neonatal rat brain. This evidence is questionable because
different sets of animals were used for each time point analyzed. Furthermore,
interindividual variability of the IA transplant efficiency and degree of HI brain damage
might have affected cellular migration to the target injured brain (Li et al., 2010). We
also detected human cells in the liver and lungs at 1 and 3 h post-1A transplantation,
which is consistent with preclinical and clinical studies (Barbosa da Fonseca et al.,
2010; Vasconcelos-dos-Santos et al., 2012). PCR analyses are commonly used to
investigate cell migration in preclinical studies (de Paula et al., 2012; de Paula et al.,
2009; Venturin et al., 2011). However, the drawback of the PCR technique lies in its
inability to permit longitudinal studies in the same animals. Recently, new technologies
such as scintigraphy and gamma counter (Vasconcelos-dos-Santos et al., 2012), small
animal SPECT/CT (Lappalainen et al., 2008; Mitkari et al., 2012), small animal MRI
(Gutierrez-Fernandez et al., 2011; Li et al., 2010; Pendharkar et al., 2010; Walczak et
al., 2008) and optical imaging (Andres et al., 2011; Chua et al., 2011; Osanai et al.,

2012; Pendharkar et al., 2010; Rosenblum et al., 2012) have become available for
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dynamic studies of cell biodistribution over time in living animals that receive
intracarotid cellular transplantation. It has been shown in animal models of ischemic
stroke (Gutierrez-Fernandez et al., 2011; Kamiya et al., 2008; Lappalainen et al., 2008;
Li et al., 2010; Pendharkar et al., 2010; Walczak et al., 2008; Zhang et al., 2012) and
traumatic brain injury (Lundberg et al., 2009; Lundberg et al., 2012) that IA delivery
results in a wider distribution and larger number of grafted cells in the injured brain than
by IV injection. In contrast, a recent study showed that IA and IV delivery routes
provide similar brain homing of bone marrow mononuclear cells in focal cerebral
ischemia (Vasconcelos-dos-Santos et al., 2012). Notwithstanding, it was demonstrated
that 1A transplantation of stem cells after transient ischemia results in a high variability
of cell homing in the rat brain (Brenneman et al., 2010; Lappalainen et al., 2008; Li et
al., 2001; Walczak et al., 2008). An explanation for this variability could be the ratio of
the cell diameter to the capillary size, which may affect the biodistribution of
transplanted cells into cerebral tissue (Lappalainen et al., 2008; Walczak et al., 2008).
Therefore, it is likely that intra-arterially injected cells become initially entrapped in the
cerebrovasculature due to cellular adhesion and size and are then gradually recruited by
chemotactic signals to the ischemic tissue (Mitkari et al., 2012; Osanai et al., 2012;
Vasconcelos-dos-Santos et al., 2012).

The present study was not designed to investigate the mechanisms of action by which
HUCB mononuclear cells exert their neuroprotective effects on HI neonatal rats.
However, it should be noted that stem cells may promote functional and/or lesion
recovery through a variety mechanisms in the immature brain. In contrast to the initial
concept, studies indicate that engraftment and direct differentiation of the transplanted
cells are not the key mechanisms of cell-based therapies. Currently, it has been

postulated that stem cells exert therapeutic effects mediated by blood vessel
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regeneration, greater survival of intrinsic cells, synaptic plasticity enhancement, anti-
inflammatory action and immunomodulation, most likely via neurotrophic factors and
cytokine secretion (Bennet et al., 2012; Carroll, 2012; Liao et al., 2012; Pimentel-
Coelho et al., 2012; van Velthoven et al., 2012a). Although the mechanisms underlying
the action of stem cell-based therapeutics are still debatable, some studies suggest that
only the presence of transplanted HUCB cells within the systemic circulation is
sufficient for functional recovery and brain repair (Borlongan et al., 2004; Yasuhara et
al., 2010). Conversely, others point to the importance of stem cell engraftment into the
brain for behavioral improvement (Guzman et al., 2008). It could therefore be
hypothesized that the IA delivery route would allow the convergence of systemic effects
and the focal action of HUCB mononuclear cells in the brain of HI animals.

To our knowledge, this is the first study to demonstrate the feasibility and protective
effects of 1A transplantation of HUCB mononuclear cells in an experimental model of
neonatal HI. Major factors such as the particulars of the human cerebral vasculature and
hemodynamics, the dosage and infusion regimen, the adjuvant interventions and the cell
type and treatment timing will need to be addressed before translating the 1A approach
for the delivery of stem cells into clinical applications. It would be suitable to compare
multiple routes of cell delivery using the same neonatal HI model paradigm,
assessments of brain lesions and behavioral outcomes and cellular tracking by small
animal imaging. Moreover, porcine animal models of neonatal HI should be encouraged
to evaluate the safety issues of 1A delivery. Therefore, we propose that the 1A route
might provide an effective alternative for cellular administration for pediatric patients

with HI injury.
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Fig. 1. Intra-arterial transplantation of 1 x 10’ HUCB mononuclear cells reduced the
injury-induced spatial memory impairment in hypoxic-ischemic rats. (A) The mean
escape latencies to the hidden platform were obtained from a 5-day training session.
Data are presented in blocks of 8 trials as the means + S.E.M. (B) The HI+10 group
showed a significantly shorter latency of swimming over the previous platform location
when compared with sham-operated animals. (C) The HI1+10° and HI+10’ group groups
spent a greater percentage of time searching the quadrant in which the platform had
been submerged during training compared with the sham rats. (D) No significant
differences were observed between the sham group and the HI+10° or HI+10" animals
for the number of crossings over the former target position. (E) The swimming speed

was not altered by the neonatal HI model or intra-arterial administration of HUCB
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mononuclear cells or vehicle. The values are presented as the means + S.E.M.
Differences between groups were analyzed by one-way ANOVA followed by the

Dunnett's post hoc test; “p < 0.05, "p < 0.01 and ~p < 0.001 versus the sham group.
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Fig. 2. Effect of intra-arterial transplantation of HUCB mononuclear cells or vehicle on
motor coordination and balance in HI rats. There were no statistically significant
differences between the HI group and the sham rats on the mean time spent on the
treadmill (A) and mean phase in which the fall occurred (B). The values are presented
as the means = S.E.M. Differences between groups were analyzed by one-way ANOVA

followed by the Dunnett's post hoc test.
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Figure 3
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Fig. 3. Effect of intra-arterial transplantation of HUCB mononuclear cells or vehicle on
the body weight of adult rats previously subjected to neonatal HI. At PND 71, animals
were weighted before histological analysis, and they all displayed the same body
weight. The values are presented as the means + S.E.M. Differences between groups

were analyzed by one-way ANOVA followed by the Dunnett's post hoc test.
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Figure 4
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Fig. 4. Intra-arterial transplantation of HUCB mononuclear cells is not able to prevent
long-term brain injury in adult rats subjected to neonatal HI. The brain volume was
estimated using the Cavalieri principle associated with the counting point method 65
days after HI injury. Data are presented as the mean = S.E.M. (A) The estimated brain
volumes of the left (contralateral, white columns) and right hemispheres (ipsilateral,
gray columns). “p < 0.05 vs. left hemisphere volume in Bonferroni's post hoc test after
one-way ANOVA. (B) Percentage of brain tissue loss demonstrated no statistically
significant difference between the experimental groups in Bonferroni's post hoc test
after one-way ANOVA. All values represent the mean £ S.E.M. (C) Brain weight

measurement showed no significant difference among the HI groups, but all of these
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groups had lighter brains than the sham group. “p < 0.05 vs. sham in Dunnett's post hoc

test after one-way ANOVA.
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Table 1

Timeline of experimental procedures

PND 7 Neonatal rats subjected to the hypoxia-ischemia model

PND 8 Intra-arterial administration of HUCB mononuclear cells or vehicle

PND 65-69 Training for spatial version of the Morris water maze (MWM) learning task
PND 70 Probe test for the MWM and rotarod habituation

PND 71 Accelerated rotarod test

PND 72 Cerebral hemispheric volume assessment
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Table 2

Morris water maze acquisition performance

Group Training session

1 2 3 4 5
Sham  43.7+29" 288+29"  154+197  118+15 118+117
HI 52.1+15™  476+2.01  423+148 360409  32.8+1.2M
HI+10° 545+1.0° 50709 400+1.8"° 344+20™  322+1.9

Rk

HI+10" 47.1+25 38.0+2.1™"  32.0+23" 285 +2.2" 250+ 2.3

Veh 53.0+ 1.9 52242688 4234+ 1518 3944178 325416113

Values represent the mean + S.E.M.. p<0.05, p<0.0land "~ p < 0.001 vs. HI group; p <
0.05, "'p < 0.01 and p < 0.001 vs. sham group; 3p < 0.05, *%p < 0.01, *%%p < 0.001 vs.

HI+10’ group in Bonferroni post hoc test after two-way ANOVA.
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1 CONCLUSOES

1.1 Tratamento com neuropeptideo NAP em HI neonatal:

— O neuropeptideo NAP blogueou a formacdo aguda de danos ao DNA e peroxidagédo
lipidica, aléem de modular o sistema glutationa, no hipocampo e cortex cerebral de ratos
submetidos ao modelo de HI neonatal,

— A administracdo do neuropeptideo NAP, logo ap6s a inducdo de lesdo hipoxico-isquémica
neonatal, impediu o desenvolvimento de déficits de aprendizado e de memoria espacial
em ratos adultos;

— O neuropeptideo NAP teve acdo protetora a longo prazo contra a atrofia cerebral

caracteristica do modelo de HI neonatal.

1.2 Transplante intra-arterial de CMSCUH em HI neonatal:

O transplante intra-arterial de CMSCHU em ratos neonatos hipdxico-isquémicos foi

factivel através da técnica de microagulha;

— A administracdo intracarotidica de CMSCHU ou veiculo em ratos neonatos demonstrou-
se segura, pois ndo agravou os desfechos do modelo de HI neonatal, tais como
mortalidade, funcdo motora, desempenho cognitivo e lesdo cerebral,

— O transplante intra-arterial de CMSCHU, ap6s o insulto hipoxico-isquémico neonatal,
preveniu de maneira dose-dependente o desenvolvimento de prejuizo na aprendizagem e
na memoria espacial de ratos adultos;

— Tanto a indugdo de HI neonatal como a administracdo intracarotidica de CMSCHU ou
veiculo ndo alteraram a coordenacdo motora e equilibrio de ratos na fase adulta;

— O transplante intra-arterial de CMSCHU ou veiculo e 0 modelo experimental de HI
neonatal ndo tiveram influéncia sobre o peso corporal de ratos hipdxico-isquémicos na
fase adulta;

— As CMSCHU transplantadas intra-arterialmente ndo foram capazes de promover

neuroprotecdo contra a atrofia cerebral e, consequentemente, restabelecimento do peso

cerebral adequado de ratos adultos previamente submetidos ao modelo de HI neonatal;
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— Pode-se detectar as CMSCHU tanto logo apds o transplante intra-arterial — hemisfério
cerebral esquerdo (1 h), hemisfério direito (3 e 6 h), figado e pulmdes (1 e 3 h) — como
tardiamente — hemisfério esquerdo (7 e 30 dias), hemisfério direito (30 dias) e pulmdes (7
e 30 dias). Nao detectou-se CMSCHU no bago dos animais hipoxico-isquémicos

transplantados em nenhum dos tempos analisados.
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Sua investigagdo estd autorizada a partir da presente data.

Atenciosamente,

C\MC‘ i; L
5 Fe|]o

Profal Dra. Ahamarla Gongaly,
Coondenadora do CEUA - P

IImo. Sr.

Dr. Jaderson Costa da Costa
Incer

N/Universidade

Campus Central
PUC Av. Ipiranga, 6690 - Prédio 60, sala 314
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Anexos | 104

ANEXO B

Aprovacao do Projeto de Pesquisa Il pelo CEUA-PUCRS

RaC IR

ToN L oMk CEUA: Pontificia Universidade Catdlica do Rio Grande do Sul
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Oficio 085/09 - CEUA Porto Alegre, 04 de setembro de 2009.
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Coordlenadora do CEUA - PUCRS

Ilmo. Sr.
Prof. Dr. Jaderson Costa da Costa
N/Universidade

N Campus Central
PUCi ¢ ., | Av. Ipiranga, 6690 - Prédio 60 sala 314
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ANEXO D
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o o ; . o ;

f ?; l Pontificia Universidade Catélica do Rio Grande do Sul

¥, N ] \ FACULDADE DE MEDICINA
PUCRS POS-GRADUACAO EM PEDIATRIA E SAUDE DA CRIANGA

ATA DE DEFESA DE TESE N° 036-P

Ao primeiro dia do més de margo do ano de dois mil e treze, no Programa de Pds-graduagédo em
Medicina/Pediatria e Satde da Crianga da Pontificia Universidade Catélica do Rio Grande do Sul
o doutorando SAMUEL GREGGIO apresentou a tese de doutorado intitulada “TERAPIAS
INOVADORAS EM MODELO EXPERIMENTAL DE HIP(’)XIA-ISQUEMIA
NEONATAL: NEUROPEPTIDEO NAP E CELULAS MONONUCLEARES DE SANGUE
DE CORDAO UMBILICAL HUMANO?”, sob a orientag@o do Professor Doutor Jaderson Costa
DaCosta, em sessdo publica, no Auditério 1 da FAMED, 3° andar do Hospital Sao Lucas da
PUCRS. A Comissdo Examinadora foi presidida pelo Professor Doutor Jaderson Costa DaCosta e
constituida pelos Professores Doutores: Rosalia Mendez-Otero, Jociane de Carvalho Myskiw,
Magda Lahorgue Nunes. A sess3o foi aberta pelo Professor Doutor Jaderson Costa DaCosta,
Professor do Programa de Pds-Graduagdo em Medicina/Pediatria e Saide da Crianga, que saudou
os presentes e, inicialmente, deu ao doutorando as orientagdes sobre o processo de defesa de tese
concedendo-lhe cinquenta minutos para expor o trabalho. Apds a exposi¢do, ao doutorando foi
arguida pelos componentes da Comissdo Examinadora, respondendo a cada examinador.
Encerrada a argui¢io os examinadores consideraram o candidato APROVADO COM VOTOS DE
LOUVOR. O presidente da banca comunicou a aprovagdo do doutorando, encerrando a sessdo
publica de apresentagdo para constar, lavrou-se esta ata que sera assinada pelos integrantes da
Comissio Examinadora, pelo professor orientador, pelo Coordenador do Programa de Pos-
graduacdo em Medicina/Pediatria e Satude da Crianga, pelo doutorando e por mim, Carla Carmo
de Melo Rothmann, secretaria que a redigi.

Porto Alegre, 01 de margo de 2013.
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APENDICE A
Termo de Consentimento Livre e Esclarecido

Durante a gravidez, o oxigénio e nutrientes essenciais passam do sangue materno para
0 bebé através da placenta e do corddo umbilical. Apds o parto, 0 sangue que permanece no
corddo umbilical e na placenta € geralmente descartado. Este sangue contém um grande
namero de células-tronco, que séo células jovens, que conseguem se reproduzir em células de
seus respectivos tecidos. Pesquisas em andamento buscam utilizar essas células na
regeneracdo de 6rgdos, como 0 coracdo e o cérebro, pois estas células podem se transformar
em diversas outras, tais como, células sanguineas, musculares e nervosas (neurdnios).

O objetivo deste trabalho é avaliar se as células-tronco de corddo umbilical humano
podem tratar a lesdo cerebral de ratos que sofreram asfixia no periodo do nascimento. Para a
coleta do sangue, apds o nascimento, o cordao umbilical é pincado (lacrado com uma pinga) e
separado do bebé, cortando a ligagéo entre o bebé e a placenta. A quantidade de sangue (cerca
de 70 - 100 ml) que permanece no corddo e na placenta é drenada para uma bolsa de coleta.
Em seguida, ja no laboratorio de processamento, as células-tronco sdo separadas e preparadas
para o congelamento. Durante este procedimento de coleta, ndo ha nenhum risco para a mée e
para 0 bebé& As equipes de coleta atuam somente com o consentimento do obstetra,
garantindo que nada interfira no parto.

Eu, (responsavel) fui informada dos objetivos da

pesquisa acima de maneira clara e detalhada. Recebi informacéo a respeito dos procedimentos
e esclareci minhas davidas. Sei que minha participacdo no estudo € voluntaria e gratuita e que
em qualquer momento poderei solicitar novas informagdes e modificar minha decisdo se
assim eu o desejar. O doutorando Samuel Greggio certificou-me de que todos os dados desta
pesquisa referentes a mim e ao meu bebé serdo confidenciais, bem como o seu tratamento nao
sera modificado em razdo desta pesquisa e terei liberdade de retirar meu consentimento de
participacdo na pesquisa, em face destas informac6es. Concordo que as amostras de sangue de
corddo umbilical e placenta obtidas serdo utilizadas apenas com finalidade de pesquisa
experimental.

Fui informada que caso existam danos a minha saude, causados diretamente pela
pesquisa, terei direito a tratamento médico e indenizacdo conforme estabelece a lei. Também
sei que caso existam gastos adicionais, estes serdo absorvidos pelo orgamento da pesquisa.

Caso tiver novas perguntas sobre este estudo, posso chamar pelo doutorando Samuel Greggio
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nos telefones (51) 32763636 e (51) 82083636, ou através do e-mail
(samuelgreggio@yahoo.com). Para qualquer pergunta sobre os meus direitos como
participante deste estudo ou se penso que fui prejudicado pela minha participacdo, posso
chamar pelo orientador da pesquisa, Dr. Jaderson Costa da Costa, ou pelo Comité de Etica e
Pesquisa da PUCRS pelo telefone (51) 33203345. Declaro que recebi copia do presente

Termo de Consentimento.

Data: [ ]

Assinatura do Paciente

Nome do Paciente

Assinatura do Pesquisador
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Revisdo das publicacfes sobre terapia celular em hipoxia-isquemia experimental no periodo neonatal

Modelo de HI Transplante Resultados
A (animal, idade . (concentracdo via, Resultados morfoldgicos, . ~ . L
Referéncia x Tipo celular . Migracao Diferenciacdo
e duracdo da tempo e funcionais celulares e
hipdxia) imunossupressao) moleculares*
Nenhum efeito sobrea  Transplantes com
Ratos Long- Tecido atrofia ceregral; de_sefnvgl_vlmenoto
E black- neocortical Bloco tecidual de presenca de satisfatorio (63%)
Elsayed et al vans ; 3. conectividade axonal e pobre (19%)
1996 . hooded; P7-, fetal murino - 1-2 mm, ic (T1); 7 NA entre o transplante e as  localizados no NA
60, 120 ou 120- (13°dia dias ap6s HI; SI , 5P .
. R areas adjacentes cortex ou em
150 min embrionario) . ) . )
corticais do tecido areas adjacentes 6
receptor. semanas pT
Auséncia de
restabelecimento da Identificacdo de
Melhora da citoarquitetura 72% dos
Tecido coordenacéo cortical; o transplante transplantes
o neocortical 5x 10* células/uL; (3-8 semanas  expressou marcadores localizados em
Jansen et al. Ratos Wistar; X ; DA . L , )
) ; fetal murino ic (TI); 3 dias ap0os pT) e neuroquimicos e areas adjacentes NA
1997 P7; 150 min o . . . o x
(16° dia HI; Si assimetria auséncia de marcacgéo ao corpo caloso
embrionario) motora (9 glial; presenca de do cortex
semanas pT)  astrdcitos circundantes  sensorio-motor 9-
ao transplante. (9-11 11 semanas pT
semanas pT)
Camundongos CTN murinas 1 ou 2 complexos Reducéo do dano O transplante Células
Parketal. 2002  CD-1- P7- 120  (clone C17.2)  CTN-PGA (1 x 10’ 1 r_Otaf;ﬁO cerebral; formacéo de apresentou uma transplantadas
' r’nin’ em scaffold de  células/mL; 100- unilateral interconexdes entre implantagédo apresentaram
PGA; CTN- 200 pL); ic (TI); 7 CTN/PGA e o tecido satisfatoria na marcacao de
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PGA) dias apds HI; S receptor; cavidade infartada  neurdnio (5%)
neovascularizagio; | cerebral 2-6 e
infiltracdo de semanas pT oligodendrécito
mondacitos e cicatriz , Na penumbra
astroglial; cortical da
restabelecimento de lesdo, 2
projecdes neuronais de semanas pT
longa distancia
CTN expressam Correlacéo Células
CXCR4; 1 expressao positiva entre a
. o transplantadas
q Cinco 5 celulas/mL: de SDF-1a na regido presenca de x
Imitola et al Camundongos linhagens de > X 10° células ml?’ cerebral infartada células com marcacao
' C57BI/6; P7, ic (TC); 3 dias apos NA . o, neuronal na
2004 . CTN humanas e X (células astrociticas e transplantadas na
120 min . HI; ciclosporina . « L, penumbra
e murinas endoteliais); interacdo  regido isquémica .
. ~ cortical da
da via SDF- e a expressao de lesio
1a/CXCR4 SDF-1a
Poucas CTM
apresentaram
marcacao para
células
progenitoras
Ratos Wistar; CTM de 4 x 10° células/500 Deteccdo de CTM neurais
Guan et al. ) - . )y ] s S
2004 P7; 120 min (O, medula_ossea uL; ip; 2 h apés HI; NA NA no hemlsf_erlo (nestina);
NE) murina SI (NE) lesado 14 dias pT nenhuma
diferenciagéo
em neurdnios
maduros e
astrocitos 14
dias pT
Células BHK. L capsula(1x 10° 1 GDNF sérico; | Células BHK-
Katsuragi et al. Ratos Wistar; GDNE células/mL); ic NA incidéncia e GDNF NA
2005a P14; 120 min (TI); 2 dias pré-Hl, severidade do dano mantiveram-se

encapsuladas

Sl

neuronal (7 dias pT)

vidveis 7 dias pT.
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1 cépsula (1 x 10° Melhora no
. N Células BHK- ap L desempenho Reducéo do dano
Katsuragi et al. Ratos Wistar; GDNE células/mL); ic COaNitivo a cerebral 17 semanas NA NA
2005h P9; 120 min (T1); 2 dias pré-HI; gnitivo a
encapsuladas S| partir da 6 pT
semana pT
Deteccdo de CTN
ha zona A maioria das
subventricular, CTN
corpo caloso, transplantadas
Ratos Wistar;  ~r\ g tecido 2 X 10° células/5 cortex e di fergnciou-se
Qu et al. 2005 P7; 90 min (O, uL; ic (TI); 3 dias NA NA hipocampo, .
fetal humano . ) L em neurdnios e
NE) apos Hl; SI principalmente no e
L astrocitos em 1,
hemisfério lesado
2 e 4 semanas,
eml,2e4
e 3 meses pT
semanas, e 3
meses pT
Células-tronco Deteccdo das Células
astrociticas células transplantadas
Ratos Sprague- . 5 x 10* células/pL; transplantadas na  apresentaram
Zheng et al. R multipotentes . } . o . n
Dawley; P7; 120 ic (T1); 24 h apds NA NA regido cortical e marcagéo de
2006 . da zona i . . 5
min . HI; SI periventricular astrocito e
subventricular e } .
murina isqguémicaem ate  neurdnio 3-21
21 dias pT dias pT
Auséncia de
Presenca das .
7 Melhora no . células células
. L 1 x 10’ células/500 Nenhum efeito sobre a transplantadas
Meier et al. Ratos Wistar; T p desempenho . transplantadas ao x
_ . CTCUH ML; ip; 24 h apos atrofia cerebral em 21 ~ com marcacgado
2006 P7; 80 min ] locomotor 21 . redor da lesdo e
HI; SI . dias pT . para astrocito e
dias pT cerebral 21 dias .
T neurénio 21
P dias pT
Yasuhara et al Ratos Sprague- CPAM de 2 x 10° células/3 Melhora da Detecgio das
2006 " Dawley; P7;150 meduladssea  pL; ic (Tl); 7 dias assimetria, NA células NA
min murina apos Hl, mas nédo da transplantadas nas
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ciclosporina A coordenacéo regides
motora, 14 hipocampais de
dias pT CA2e CA3 14
dias pT
Tlversus TC (3
TC: migracao dias ap06s HI):
celular através do ceélulas
corpo caloso e transplantadas
outras comissuras  apresentaram
inter-hemisféricas  marcacéo de
0,4-1,6 x 10° para a area neurodnio (~5
slulas/4 pL; ic; 1 infartada; TI: as versus 0%),
Camundongos CTN murinas E:'IE'}I) 3(TlouTC) células oligodendrécito
Park et al. 2006 CD'lr’nFiZ’ 138 (clone C17.2) 7 (TI), 14 (T1) ou NA NA permaneceram no (~4 versus
35 (TI) dias ap6s local da leséo, ~1%), astrécito
HI; SI com melhor (~23 versus
implantagdo ~15%) e células
quando progenitores
transplantadas neurais (~18
entre 3e 7 dias  versus ~6%) no
apos Hl. neocortex (1
més pT)
Células
transplantadas
com marcagao
CTN murinas 3 x 10° células/8 neuronal
Camundongos (clone C17.2) | WL (ic, Tl em 2 5 i ,IPrlese”Ga Idas _ (colinérgico,
Park etal. 2006  CD-1: P7: 120- com o,cals) el,0 x_lO NA Expressdo aumentada  células nos locais GABAer'gK;-o e
180 min superexpressa  células/2 'uL ('(EV’ de NT-3 de transplante 2-4  glutamatérgico)
o0 de NT-3 TC); 3 dias apds semanas pT na penumbra
(CTN-NT3) HI; SI (81,4%) e 4rea
infartada (10-

20%), e para
oligodendrécito
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(0,4%) e glia
(1%); células
transplantadas
com marcacdo
neuronal no
hemisfério
contralateral
(~90%) (2-4
semanas pT)

Células
. Deteccdo das transplantadas
Celulas-tronco Melhora da células apresentaram
Camundongos embrionarias 1 x 10* células/pL; memoria 1 células neuronais na transolantadas no rﬁarca 30 de
Ma et al. 2007 C57BI/6; P7;90  murinas ap6s icv (TI); 2-3 dias . regido hipocampal de SP cac
. . s , | espacial 2 e 8 hipocampo e neurdnio, mas
min diferenciagdo apos Hl; SI CAL 8 meses pT ) N
- meses pT cortex cerebral 2 néo de
neural in vitro .
e 8 meses pT astrocito, 8
meses pT
A grande
maioria das
Deteccdo das células
Preservacdo do estado o6 transplantadas
. i . celulas
Células de imaturidade e apresentou
) i ~ . transplantadas no x
progenitoras 4 proliferagdo celular é . RN marcagéo de
L . 4 x 10" células/0,5 . cortex isquémica A
Dayer et al. Ratos Wistar; neurais o . inversamente . neurénio
: . . pL;ic (TI);1e3 NA - \ infragranular e na . .
2007 P3; 30 min murinas com i . . proporcional a imaturo; em
x ias apos HI; Si L margem entre .
superexpressa expressividade de cortex e corno menor nimero,
0 de FGF-2 FGF-2 nas células P houve
caloso 2 semanas ~
transplantadas T marcacao para
P astrocito,
oligodendrécito
e neurdnio
Yasuhara et al. Ratos Sprague- CPAM de 2 % 10° células/3 Me(;hora Pla Reduga(l) da mo_r:[e Detef:lgallo das Ce:ulasd
2008 Dawley: P7: 150 medula 6ssea L iv ou ic (TI): 7 coordenagdoe  neuronal na regiao células transplantadas
Y ' ' assimetria hipocampal de CA3 14 transplantadas nas  apresentaram
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min murina dias apds HI; S motora 14 dias dias pT (iveic) regides marcacao
pT (iv e ic) hipocampais neuronal 14
isquémicas de dias pT (iv e ic)
CA2eCA314
dias pT (iv eic).
Localizavam-se
também em vasos
sanguineos no
hipocampo (iv).
CTN murinas | dano cerebral Presenca das
0 i /7
Ratos Sprague- em(;-ﬁog;?m) 2,5X% 10° células/5 (CT:N:-IEEI?BC <CTh trans Cg:#:éas na
Sato etal. 2008  Dawley; P7; 120 uL; icv (TI); 24 h NA , T peso nsplantaca NA
in ou ap6s HI: SI cerebral !esao isquémica e
CTN+ChABC ' (CTN+ChABC > CTN areas adjacentes 7
(25 mU) = VEH) (7 dias pT) dias pT
Nenhum efeito Deteccdo de
de Paula et al Ratos Wistar: 1 x 10" células/100  sobre o déficit Nenhum efeito sobre a poucas células
' ) o CTCUH uL; iv; 24 h apés da memdria atrofia cerebral 3 transplantadas 24 NA
2009 P7; 120 min . .
HI; SI espacial 3 semanas pT h, 1 e 3 semanas
semanas pT pT
Melhora no | morte neuronal e Presenca de
2x 10 couszon (STVOLAT eresiotoped | pocss el
Coelho et al. Hooded; P7; 90 CTCUH uL; ip; 3 h apds HI; " . ) quemie ANSp i NA
: sensorio- 2 dias pT; | ativacdo cortex e estriado
2009 min Sl . . . . R .
motores 4 dias  microglial no cortex 7 isquémico 2 dias
pT dias pT pT
Células Formacéo de Presenca das Células
i células transplantadas
progenttoras 2-5 x 10 células/1 agrupamentos lantad apresentaram
Jenny et al. Ratos Wistar: neurais L ic (T1): 4 dias NA celulares com transp agtal as em rﬁarca 20 de
2009 P3; 30 min murinascom ~ H- ' UL superexpressao de areas ae 1esao 640
~ apos Hl; SI ! cortical e neuronio
superexpressa FGF-2 em areas , imaturo 7 dias
o de FGF-2 perivasculares proximas a vasos
sanguineos 7 dias pT
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pT

T-P12: | lesdo cerebral

(18 dias pT); 1 neuro-

e oligodendrogénese, e
| proliferacao

Menos de 1% das

I\:seslirr]gg?ridaa ~ microglial no células em
Camundonaos CTM de 1 x 10° células/2 motoraem7e - hipocampo e cortex proliferacdo no
van Velthoven - RUETO0L edllaossea ML iC (T 3dias 7 R (1. squemico(7el8dias  hemisferio NA
et al. 2010a 5 PO, : (T-P12) ou 10 dias P pT); 1 proliferagao de isquémico
min murina . , P12), ouem A S
(T-P19) ap6s HI; SI 1118 pT (T- astrocitos no originaram-se
P19p) h,ipoca_rnpo: e ] no daquelas
cortex isquémico (7 transplantadas
dias pT).
T-P19: | lesao cerebral
(18 dias pT);
Melhora da 1 niveis cerebrais de Presenca de
coordenacdo e  GDNF, BDNF e NGF )
Ratos Sprague- CTCUH ou 1,5 x 10* assimetria 3 dias pT (CTCUH < poucas celulas
Yasuhara et al. o CTCUH+M . e transplantadas no
Dawley; P7; 150 ) células/200 yL; iv; motora7e 14 CTCUH+M); 1 . NA
2010 - (manitol 1.1 : L . . o hipocampo
min 7 dias ap0s HI; Sl dias pT densidade dendritica . " '
mol/L) o isquémico 14 dias
(CTCUH < na regido hipocampal T
CTCUH+M)  de CA1 14 dias pT P
Células
Apesar de Deteccdo das transplantadas
nenhum efeito células apresentaram
sobre o déficit transplantadas marcagao de
Ratos Sprague- CTM de 1 x 10° células/pL; na Nenhum efeito sobre a igualmente astrocito e
Leeetal. 2010  Dawley; P7; 210 medula 6ssea ica; 3 dias apés HI;  coordenagéo atrofia cerebral 6 distribuidas em microglia (>
min humana Sl motora, houve semanas pT ambos 0s n°), neuronio e
| assimetria hemisférios oligodendrdcito
motora 20 dias cerebrais 6 (< no,
pT semanas pT igualmente

distribuidas em
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ambos os
hemisférios
cerebrais 6
semanas pT
Células
cu P T
Ratos Sprague- sangue de 5 x 10* células/pL; funcéo < P x
. S ~ ; A ; L Atenuacdo do dano transplantadas no marcagéo de
Xiaetal. 2010  Dawley; P7; 150 cordao ic (TI); 3 dias ap6s neuroldgica . , . x .
. o e : cerebral 28 dias pT cortex e dispersdo  astrocito, mas
min umbilical HI; ciclosporina 14,21 e 28 . x
. para hipocampo 7 nao de
humano dias pT k . .
dias pT neuronio, 7 dias
pT
Nenhum efeito sobre a
atrofia cerebral;
superexpressdo de
genes envolvidos na
neuro-/gliogénese e
suporte neurotrofico Células
no hemisferio Permanénciadas  transplantadas
Melhora da Isquemico, celulas apresentaram
CTN humana 4 s . x x
. Ratos Sprague- , 5x 10" células/pL;  coordenacéo e 1 brotamento axonal transplantadas, marcagéo de
Daadi et al. rs de células- ; . . : S . ~ ,
2010 Dawley: P7; 90 tronco ic (TI eml3 locais); assimetria para o hemisfério com dlsper_sao célula-tronco
min S 24 h apos HI; Sl motora 28-30  ipsilateral; 1 terminais para o estriato neural,
embrionarias . - : P o
dias pT axonais no cortex isquémico, em 1 neuronio e
sensoério-motor, corpo més pT astrocito 1 més
caloso, estriato e pT
talamo ipsilateral; 1
células microgliais no
estriado isquémico,
mas ndo no cortex (1
més pT)
Rosenkranz et Ratos Wistar; CTCUH 1 x 107 células/500 NA CTCUH expressavam Ac&o do eixo NA

al. 2010

P7; 80 min (8%)

pL; ip; 24 h apos

CXCR4; 1 expressao

SDF-1/CXCR4




HI; SI

de SDF-1 (astrdcitos
reativos) no hemisfério
lesado 2 e 14 dias ap6s
HI (CTCUH > HI)
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sob “homing”
celular; deteccdo
de CTCUH no
hemisfério lesado
2 e 14 dias ap0s
HI

1 proliferacdo celular
no hipocampo e cortex
isquémico 21 e 28 dias

apos HI (T-P12=T-

P19 = T-P12+19);
neuro- e
oligodendrogénese no
hipocampo e cortex
isquémico 21 e 28 dias
apos HI (T-P12=T-

1 x 10° células/2 Melhora ~da P12+19); | perda de
o R coordenacéo e
pL; ic (TI); 3 dias - . massa cerebral branca Presenca de
Camundongos CTM de ! assimetria . . ,
van Velthoven = ) (T-P12), 10 dias e cinzenta 21 e 28 dias poucas células
C57BI/6J; P9; medula 6ssea motora 10, 21 . NA
et al. 2010b . . (T-P19), ou 3+10 X i apos HI (T-P12 < T-  transplantadas 28
45 min (10%) murina . e 28 dias ap06s , ~ . .
dias (T-P12+19) P12+19); regeneragao dias apos HI
L HI (T-P12 <
apos HlI; SI T-P12+19) do trato
corticoespinhal 28 dias
apés HI (T-P12+19);
neurito- e
sinaptogénese 28 dias
apos HI (T-P12 < T-
P12+19); CTM 1
expressao de IL-10,
IL-1B, MT3 e NGF; |
expressao de BMP2,
Inhbb e TGFB1
van Velthoven Camundongos CTM de 5 x 10° células/12 Melhora da | perda de massa Deteccdo de Nenhuma
etal. 2010c C57BI/6J; P9; medula 6ssea  pL; in; 10 dias apds assimetria cerebral branca e células evidéncia de
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45 min (10%) murina HI; SI motora 21 e 28  cinzenta 28 dias ap6s  transplantadasno  diferenciacéo
dias ap6s HI HI; CTM 1 expressao hipocampo das CTMs
de CXCR4, FGF2, (ipsilateral), bulbo  transplantadas
SDF-1, NGF e NT3; |  Olfatorio e zona em neuronios
expressdo de IL-1p e subventricular maduros,
TGFB1; nenhum efeito (ambos astrocitos e
sobre a expressio de hemisférios) 28 microglias
BDNF e IL-6 dias apds HI
| atrofia cerebral (T-
P12=T-P19<T-
P12+19) 28 dias apds
HI; T-P19 induziu Deteccdo de
expressao génica CTMs
5 associados a transplantadas no
JL)'( ilco(_lf:le;!u?l’ajilss s_obrevjvéncia e _ _hemisfério
van Velthoven Camundongos CT™M ple (T’-P12) 1’0 dias proll_feragap celular 13  ipsilateral 10 (T-
et al. 2011 C57BI/6J; P9; medula 6ssea (T-P19) ’ou 3410 NA dias apos HI; T- P19 = T-P12+19), NA
' 45 min (10%) murina dias (T:P12+19) P12+19 |nduz_|u 13 (~22%, T-P19
apos HI: SI expressao génica <T-P12+19) e 28
’ associados a dias ap6s HlI
proliferacdo celular, (~1%, T-P19< T-
diferenciagdo e P12+19)
integracdo de redes
neurais 13 dias apds
HI
Progenitores Diferencjagéo
Ratos Sprague- neurais 2 x 10° células/4 Melhpra q Deteccio d em ne:juronlos
Dawley; P5; provenientes pL; ic (estriado progrgsswaN a ¢ e,(I:Q?O ¢ Maauros,
Park et al. 2011 ocluséo de CTM de bilateral); 2 cooraenacao NA celutas astrgcnos €
bilateral: 120 tecido semanas ap6s HI: motora entre 2, transplantadas 8 células
min (8%) placentéario ciclosporina A 4,6e8 semanas pT produto_ras de
humano semanas pT dopamina 8

semanas pT




5 x 10° células/5

CTNs detectaveis
em até 58
semanas pT;
CTNs migraram
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Diferenciacéo

(2100-125 pm/dia) em neurdnio
Obenaus et al Ratos Sprague- KL; ic (estriado 1 proliferacdo (273%) para a lesdo HI (~5%),
2011 ' Dawley; P10; 90  CTN murina [Te] e ventriculo NE de CTN nas primeiras (Tv>Te); pico  oligodendrécito
min (8%) [Tv]); TC; 3 dias 4 semanas pT migrat6rio em 10- s (~4%) e
apos HI; SI 12 dias pT; astrocitos
corrente (~30%)
migratoria
presente no corpo
caloso
Preservacao da
representacdo cortical
da pata traseira CTCUHs
Melhora da- .
’ SeNsorio- esquerda; migraram para o
Geiler et al Ratos Wistar: 1 x 107 células/500 motora e da normalizacdo do hemisfério
' , . ’ CTCUH uL; ip; 24 h apés . . tamanho do campo isquémico, sendo NA
2011 P7; 80 min (8%) , assimetria .
HI; SI . receptivo e detectadas na
motora 40 dias e «
T processamento periferia da lesdo
P temporal cortical do HI, 41 dias pT
hemisfério esquerdo
(41 dias pT)
Neuro-
diferenciagéo
Melhora da , . elos
L . Células migraram P
Ratos Sprague- C'Ic':I\T/I'\zu dge- 1-2 x 10%5 pL; icv amfenr:girzlg(fo (ma'rb(\:gg:)org::c(jegfelial para a periferiada _ Marcadores ,
Liuetal. 2011 Dawley; P7; 120 ) (T1); 5 dias ap6s P \ lesdo HI 3 (CTM  NF-M e MAP-
: medula 6ssea i durante 2 CD-31) 7 dias pT (de- (3 dias pT:
min (8%) . HI; SI ede-CTM)e 7
murina meses pT (de- CTM > CTM) (de-CTM) dias pT CTM e de-
CTM > CTM) CTM; 7 dias
pT: de-CTM);

provavel
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diferenciacdo/

fusdo de de-
CTMs em/a
células
endoteliais 7
dias pT
Deteccdo de
células
Melhora da transplantadas no
de Paula et al Ratos Wistar; 1x10% 1x10°, 1x memoéria | atrofia cerebral cortex e
' P7; 120 min CTCUH 10® células/100 pL; . & (VEH=10°%10"<10%  hipocampo de NA
2012 = . ' espacial (10°)
(8%) iv; 24 h ap6s HI; SI 8 semanas T 8 semanas pT ambos os
P hemisférios (10°,
107 e 10°) 7 dias
pT
1 neurénios maduros x
no neocértex De;?fg?a% de
Melhora da contralateral 10
. . transplantadas na
assimetria semanas pT; 1 regido
motora 5 micr oglia no estriado periventricular Co-marcacgéo
semanas PT ipsilateral 1 Sf”?“a”a (nucleo septal e para células
associada ao PT; 1 neurdnios estriado) do progenitoras
7 n.% de imaturos na zona v )
Ratos Sprague- 1 x 10 células/200 neurdnios subventricular 1 e 10 hemisfério neurais
Bae et al. 2012 Dawley; P7; 90 CTCUH uL; iv; 24 h apos e ] ipsilateral 1 (nestina) e
. o0 . . neocortex; semanas pT; 1 . A
min (8%) HI; ciclosporina A . . semana pT; neuronios
melhora progenitores neurais possivel imaturos
cognitiva 1.0 _ho hemisferio influéncia da (doblecortina) 1
semanas pT; | ipsilateral 1 semana exXDIessA0 de semana pT
ansiedade e pT; CTCUH P P
N Lo GRO-a e MIP-1a
depresséo 9 expressam altos niveis sobre a miaracio
semanas pT de IL-6, IL-8, IP-10, das célt?lasg
RANTES, GRO-0, G- transplantadas
CSF, MCP-1 e MCP-3
Wasielewski et Ratos Wistar; CTCUH 1 x 10" células (ip: Melhora da | da expressdo de Detecgdo de NA
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al. 2012 P7; 80 min (8%) 500 pL; it: 20 pL); assimetria Cx43, GFAP e SHP-1 células

24 h apdés HI; Sl motora (43 (1,13 e 43 dias pT); |  transplantadas nas
dias pT), forca da infiltracdo de areas de ativacdo
muscular (13 e microglia microglial 13 dias
43 dias pT) e ativada/macréfagos pT (ip = it)
espasticidade (13 e 43 dias pT) (ip =
distal (13 e 43 it)
dias pT) (ip =

it)

| atrofia cerebral; |
reestruturacao axonal

5 né . . no hemisfério

C57BI/6) P9:  meduladssea ML iC (T1); 3+10  motora 10, 21 contralateral; 1

. X i conectividade axonal NA NA
. . dias (T-P12+19) e 28 dias apo6s PP
0,
45 min (10%) murina apos HI; S| H no hemisfério

ipsilateral; | dano ao
trato corticoespinhal
(28 dias apos HI)

van Velthoven
et al. 2012

| expressao de
caspase-3 (14 dias
ap6s HI); 1
sobrevivéncia neuronal
(apenas em 2 dias apds
HI, mas ndo aos 14

1 x 10" células/500 dias); T angiogénese
CTCUH uL: ip; 24 h apés NA (Tie-2, apenas em 2 NA NA
) dias ap0s HI, mas ndo
HI; SI !
aos 14 dias) e

integridade da BHE
(ocludina, 14 dias ap6s

HI); 1 expressdo de

VEGF, mas néo de

BDNF, no hemisfério

ipsilateral (apenas em

Rosenkranz et Ratos Wistar;
al. 2012 P7; 80 min (8%)




2 dias apds HI, mas
ndo aos 14 dias)
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Células-tronco

| atrofia cerebral, |
apoptose de neur6nios

humanas de
polzz Co:g L(leoente (cortex, corpo caloso e Praticamente
. and hipocampo) e
e 12X oligodendrécitos . o
?SCf'cIJ'IF:&[I;j)O CTPDD e FPH: 2 Melhora da ligodendroci d.peig:ggaao
. ’ 10° células/2 pL, ic, « (corpo caloso), 1 ¢
Camundongos  fibroblasto de . fungdo motora - das CTPD
Yamagata et al. ICR: P5: 20 min ele humana 24 h apos HI, e 1 sobrevida escore neuropatologico NA transolantadas
. ciclosporina A, e MC- A
2012 ’ (8‘;/0) I?FPH) meio il ina A (CTPD e MC- (CTPD e MC-CTPD) em nzuronlos
de cuiltura MC: 2 UL, ic, 24 h CTPD) (3 dias apos HI); 1 oli odendrc’)cit’o
condicionado apos HI; S| expressdo de IL-6 e S egastrc')citos (8
IL-10, |expressdo de
WS s
de FPH (MC- (CTPD) (2 dias ap6s
FPH) HI)
Melhora da
assimetria x
Deteccéo de
motora 3, 4, 5
1 CTMs no
0,25x10°05x  Semanasapos hipocampo
’ 10°e 1 x 1(_)6 HI6§0,5 elx | perda de massa ipsilateral (T-P12)
células/3 pL; in; 3 1_? I,Dil'éP_l%_e cerebral branca e e ao redor da
dias (T-P12), 10 =0 cinzenta 5 semanas  lesdo (T-P19) 24
Donega et al, Camundongos CTM ,de dias (T-P19), 17 P12+19),e8 ap6s HI (0,5 e 1 x 10° h ap6s
C57BI/6; P9; 45  medula dssea o T semanas apos ' 1 : NA
2013 : _ dias (T-P26) ou P T-P12e T-P19=T- transplante
min (10%) murina : HI (0,5 x 10°% ’
3+10 dlas,(T- o0 P12+19), e 9 semanas poucas CTMs
P12+19) apos HI, T-P19= T ap6s HI (0,5 x 10% T-  detectadas para T-
Sl P12+19); 1 P19 = T-P12+19) P26; auséncia de
funcao células no
cognitva 7 hemisfério
ls—lelnzgngi af(%? contralateral
T-P19=T-
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P12+19)
Deteccéo de
Melhora da celulas
memdria transplantadas no
espacial (10); hemisfério
Greggio et al. Ratos Wistar; 1x10%e1x 10’ nenhum efeito  Nenhum efeito sobre a  cerebral esquerdo
2013 P7; 120 min CTCUH células/50 pL; ia; sobre o atrofia cerebral 9 (1 h, 7 e 30 dias NA
(submetido) (8%) 24 h apo6s HI; Sl equilibrio e semanas pT pT), direito (3e 6
coordenacéo h, 30 dias pT),
motora (9 figado (1e3h
semanas pT) pT) e pulmdes (1

e3hpT)

* animais tratados versus animais controle; 1: aumento; |: redugéo.

BDNF: fator neurotréfico derivado do cérebro; BHK-GDNF: células renais de filhotes de hamster (BHK) transfectadas com DNA complementar de fator
neurotréfico derivado de linhagem celular glial (GDNF); BMP2: proteina morfogenética dssea 2; ChABC: condroitinase ABC; CPAM: células progenitoras
adultas multipotentes; CTCUH: células-tronco de corddo umbilical humano; CTM: células-tronco mesenquimais; CTN: células-tronco neurais; Cx43:
conexina 43; CXCR4: receptor de quimiocina CXC 4; De-CTM: células-tronco mesenquimais de-diferenciadas; FGF-2: fator de crescimento de fibroblasto
2; G-CSF: fator estimulante de col6nia de granuldcitos; GDNF: fator neurotréfico derivado de linhagem celular glial; GFAP: proteina glial fibrilar acida;
GRO-a: proteina regulatéria do crescimento-alfa; HI: hipoxia-isquemia; ia: via intra-arterial; ic: via intracerebral; icv: via intracerebroventricular; 1L-1p:
interleucina-1p; 1L-10: interleucina-10; IL-6: interleucina-6; IL-8: interleucina-8; in: via intranasal; Inhbb: inibitina B-B; ip: via intraperitoneal; 1P-10:
proteina 10 induzivel por interferon gama; it: via intratecal; iv: via intravenosa; MAP-2: proteina associada a microtibulo-2; MCP-1: proteina quimotatica de
mondcitos-1; MCP-3: proteina quimotatica de mondcitos-3; MT3: metalotionina-3; NA: ndo avaliado; NE: ndo especificado; NF-M: neurofilamento-M;
NGF: fator de crescimento neural; NT3: neurotrofina-3; P: dia pos-natal; PGA: acido poliglicélico; pT: pds-transplante; RANTES: regulado na ativacao,
expresso e secretado por células T normais; SDF-1: fator derivado do estroma 1; SHP-1: proteina tirosina fosfatase-1; T-PX: transplante no dia pés-natal X;
SI: sem imunossupresséo; TC: transplante contralateral; TGFp1: fator de crescimento transformante-p1; TI: transplante ipsilateral; VEH: veiculo.



Apéndices | 125

REFERENCIAS BIBLIOGRAFICAS DO APENDICE B

Bae SH, Kong TH, Lee HS, Kim KS, Hong KS, Chopp M, et al. Long-lasting paracrine
effects of human cord blood cells (hUCBCs) on damaged neocortex in an animal model of
cerebral palsy. Cell Transplant. 2012 Apr 17.

Daadi MM, Davis AS, Arac A, Li Z, Maag AL, Bhatnagar R, et al. Human neural stem cell
grafts modify microglial response and enhance axonal sprouting in neonatal hypoxic-ischemic
brain injury. Stroke. 2010 Mar;41(3):516-23.

Dayer AG, Jenny B, Sauvain MO, Potter G, Salmon P, Zgraggen E, et al. Expression of FGF-
2 in neural progenitor cells enhances their potential for cellular brain repair in the rodent
cortex. Brain. 2007 Nov;130(Pt 11):2962-76.

de Paula S, Greggio S, Marinowic DR, Machado DC, DaCosta JC. The dose-response effect
of acute intravenous transplantation of human umbilical cord blood cells on brain damage and
spatial memory deficits in neonatal hypoxia-ischemia. Neuroscience. 2012 May 17;210:431-
41.

de Paula S, Vitola AS, Greggio S, de Paula D, Mello PB, Lubianca JM, et al. Hemispheric
brain injury and behavioral deficits induced by severe neonatal hypoxia-ischemia in rats are
not attenuated by intravenous administration of human umbilical cord blood cells. Pediatr
Res. 2009 Jun;65(6):631-5.

Donega V, van Velthoven CT, Nijboer CH, van Bel F, Kas MJ, Kavelaars A, et al. Intranasal
mesenchymal stem cell treatment for neonatal brain damage: long-term cognitive and
sensorimotor improvement. PLoS One. 2013;8(1):e51253.

Elsayed MH, Hogan TP, Shaw PL, Castro AJ. Use of fetal cortical grafts in hypoxic-ischemic
brain injury in neonatal rats. Exp Neurol. 1996 Jan;137(1):127-41.

Geissler M, Dinse HR, Neuhoff S, Kreikemeier K, Meier C. Human umbilical cord blood
cells restore brain damage induced changes in rat somatosensory cortex. PLoS One.
2011;6(6):20194.

Guan XQ, Yu JL, Li LQ, Liu GX. [Study on mesenchymal stem cells entering the brain
through the blood-brain barrier]. Zhonghua Er Ke Za Zhi. 2004 Dec;42(12):920-3.

Imitola J, Raddassi K, Park KI, Mueller FJ, Nieto M, Teng YD, et al. Directed migration of
neural stem cells to sites of CNS injury by the stromal cell-derived factor lalpha/CXC
chemokine receptor 4 pathway. Proc Natl Acad Sci U S A. 2004 Dec 28;101(52):18117-22.

Jansen EM, Solberg L, Underhill S, Wilson S, Cozzari C, Hartman BK, et al. Transplantation
of fetal neocortex ameliorates sensorimotor and locomotor deficits following neonatal
ischemic-hypoxic brain injury in rats. Exp Neurol. 1997 Oct;147(2):487-97.

Jenny B, Kanemitsu M, Tsupykov O, Potter G, Salmon P, Zgraggen E, et al. Fibroblast
growth factor-2 overexpression in transplanted neural progenitors promotes perivascular
cluster formation with a neurogenic potential. Stem Cells. 2009 Jun;27(6):1309-17.



Apéndices | 126

Katsuragi S, lkeda T, Date I, Shingo T, Yasuhara T, Ikenoue T. Grafting of glial cell line-
derived neurotrophic factor secreting cells for hypoxic-ischemic encephalopathy in neonatal
rats. Am J Obstet Gynecol. 2005 Apr;192(4):1137-45.

Katsuragi S, Ikeda T, Date I, Shingo T, Yasuhara T, Mishima K, et al. Implantation of
encapsulated glial cell line-derived neurotrophic factor-secreting cells prevents long-lasting
learning impairment following neonatal hypoxic-ischemic brain insult in rats. Am J Obstet
Gynecol. 2005 Apr;192(4):1028-37.

Lee JA, Kim BIl, Jo CH, Choi CW, Kim EK, Kim HS, et al. Mesenchymal stem-cell
transplantation for hypoxic-ischemic brain injury in neonatal rat model. Pediatr Res. 2010
Jan;67(1):42-6.

Liu Y, Jiang X, Zhang X, Chen R, Sun T, Fok KL, et al. Dedifferentiation-reprogrammed
mesenchymal stem cells with improved therapeutic potential. Stem Cells. 2011
Dec;29(12):2077-89.

Ma J, Wang Y, Yang J, Yang M, Chang KA, Zhang L, et al. Treatment of hypoxic-ischemic
encephalopathy in mouse by transplantation of embryonic stem cell-derived cells. Neurochem
Int. 2007 Jul;51(1):57-65.

Meier C, Middelanis J, Wasielewski B, Neuhoff S, Roth-Haerer A, Gantert M, et al. Spastic
paresis after perinatal brain damage in rats is reduced by human cord blood mononuclear
cells. Pediatr Res. 2006 Feb;59(2):244-9.

Obenaus A, Dilmac N, Tone B, Tian HR, Hartman R, Digicaylioglu M, et al. Long-term
magnetic resonance imaging of stem cells in neonatal ischemic injury. Ann Neurol. 2011
Feb;69(2):282-91.

Park KI, Hack MA, Ourednik J, Yandava B, Flax JD, Stieg PE, et al. Acute injury directs the
migration, proliferation, and differentiation of solid organ stem cells: evidence from the effect
of hypoxia-ischemia in the CNS on clonal "reporter” neural stem cells. Exp Neurol. 2006
May;199(1):156-78.

Park KI, Himes BT, Stieg PE, Tessler A, Fischer I, Snyder EY. Neural stem cells may be
uniquely suited for combined gene therapy and cell replacement: Evidence from engraftment
of Neurotrophin-3-expressing stem cells in hypoxic-ischemic brain injury. Exp Neurol. 2006
May;199(1):179-90.

Park KI, Teng YD, Snyder EY. The injured brain interacts reciprocally with neural stem cells
supported by scaffolds to reconstitute lost tissue. Nat Biotechnol. 2002 Nov;20(11):1111-7.

Park S, Koh SE, Maeng S, Lee WD, Lim J, Lee YJ. Neural progenitors generated from the
mesenchymal stem cells of first-trimester human placenta matured in the hypoxic-ischemic rat
brain and mediated restoration of locomotor activity. Placenta. 2011 Mar;32(3):269-76.

Pimentel-Coelho PM, Magalhaes ES, Lopes LM, deAzevedo LC, Santiago MF, Mendez-
Otero R. Human cord blood transplantation in a neonatal rat model of hypoxic-ischemic brain



Apéndices | 127

damage: functional outcome related to neuroprotection in the striatum. Stem Cells Dev. 2010
Mar;19(3):351-8.

Qu SQ, Luan Z, Yin GC, Guo WL, Hu XH, Wu NH, et al. [Transplantation of human fetal
neural stem cells into cerebral ventricle of the neonatal rat following hypoxic-ischemic injury:
survival, migration and differentiation]. Zhonghua Er Ke Za Zhi. 2005 Aug;43(8):576-9.

Rosenkranz K, Kumbruch S, Lebermann K, Marschner K, Jensen A, Dermietzel R, et al. The
chemokine SDF-1/CXCL12 contributes to the 'homing' of umbilical cord blood cells to a
hypoxic-ischemic lesion in the rat brain. J Neurosci Res. 2010 May 1;88(6):1223-33.

Rosenkranz K, Kumbruch S, Tenbusch M, Marcus K, Marschner K, Dermietzel R, et al.
Transplantation of human umbilical cord blood cells mediated beneficial effects on apoptosis,
angiogenesis and neuronal survival after hypoxic-ischemic brain injury in rats. Cell Tissue
Res. 2012 Jun;348(3):429-38.

Sato Y, Nakanishi K, Hayakawa M, Kakizawa H, Saito A, Kuroda Y, et al. Reduction of
brain injury in neonatal hypoxic-ischemic rats by intracerebroventricular injection of neural
stem/progenitor cells together with chondroitinase ABC. Reprod Sci. 2008 Jul;15(6):613-20.

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Mesenchymal stem cell treatment
after neonatal hypoxic-ischemic brain injury improves behavioral outcome and induces
neuronal and oligodendrocyte regeneration. Brain Behav Immun. 2010 Mar;24(3):387-93.

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Nasal administration of stem cells: a
promising novel route to treat neonatal ischemic brain damage. Pediatr Res. 2010
Nov;68(5):419-22.

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Repeated mesenchymal stem cell
treatment after neonatal hypoxia-ischemia has distinct effects on formation and maturation of
new neurons and oligodendrocytes leading to restoration of damage, corticospinal motor tract
activity, and sensorimotor function. J Neurosci. 2010 Jul 14;30(28):9603-11.

van Velthoven CT, Kavelaars A, van Bel F, Heijnen CJ. Mesenchymal stem cell
transplantation changes the gene expression profile of the neonatal ischemic brain. Brain
Behav Immun. 2011 Oct;25(7):1342-8.

van Velthoven CT, van de Looij Y, Kavelaars A, Zijlstra J, van Bel F, Huppi PS, et al.
Mesenchymal stem cells restore cortical rewiring after neonatal ischemia in mice. Ann
Neurol. 2012 Jun;71(6):785-96.

Wasielewski B, Jensen A, Roth-Harer A, Dermietzel R, Meier C. Neuroglial activation and
Cx43 expression are reduced upon transplantation of human umbilical cord blood cells after
perinatal hypoxic-ischemic injury. Brain Res. 2012 Dec 3;1487:39-53.

Xia G, Hong X, Chen X, Lan F, Zhang G, Liao L. Intracerebral transplantation of
mesenchymal stem cells derived from human umbilical cord blood alleviates hypoxic
ischemic brain injury in rat neonates. J Perinat Med. 2010 Mar;38(2):215-21.



Apéndices | 128

Yamagata M, Yamamoto A, Kako E, Kaneko N, Matsubara K, Sakai K, et al. Human Dental
Pulp-Derived Stem Cells Protect Against Hypoxic-Ischemic Brain Injury in Neonatal Mice.
Stroke. 2012 Dec 13.

Yasuhara T, Hara K, Maki M, Mays RW, Deans RJ, Hess DC, et al. Intravenous grafts
recapitulate the neurorestoration afforded by intracerebrally delivered multipotent adult
progenitor cells in neonatal hypoxic-ischemic rats. J Cereb Blood Flow Metab. 2008
Nov;28(11):1804-10.

Yasuhara T, Hara K, Maki M, Xu L, Yu G, Ali MM, et al. Mannitol facilitates neurotrophic
factor up-regulation and behavioural recovery in neonatal hypoxic-ischaemic rats with human
umbilical cord blood grafts. J Cell Mol Med. 2010 Apr;14(4):914-21.

Yasuhara T, Matsukawa N, Yu G, Xu L, Mays RW, Kovach J, et al. Transplantation of
cryopreserved human bone marrow-derived multipotent adult progenitor cells for neonatal
hypoxic-ischemic injury: targeting the hippocampus. Rev Neurosci. 2006;17(1-2):215-25.

Zheng T, Rossignol C, Leibovici A, Anderson KJ, Steindler DA, Weiss MD. Transplantation
of multipotent astrocytic stem cells into a rat model of neonatal hypoxic-ischemic
encephalopathy. Brain Res. 2006 Sep 27;1112(1):99-105.



Apéndices | 129

APENDICE C

ARTIGO ORIGINAL

NAP prevents hippocampal oxidative damage in neonatal rats subjected to

hypoxia-induced seizures

Greggio S, Rosa RM, Dolganov A, de Oliveira IM, Menegat FD, Henriques JA, Dacosta JC.

Neurobiology of Disease 2009 Dec;36(3):435-44

doi:10.1016/j.nbd.2009.08.008



Apéndices | 130

Neurobiology of Disease 36 (2009) 435-444

LSEVIER journal homepage: www.elsevier.com/locate/ynbdi

Contents lists available at ScienceDirect

Neurobiology of Disease

Netrobiology
ofDiséase

NAP prevents hippocampal oxidative damage in neonatal rats subjected to

hypoxia-induced seizures

Samuel Greggio ? Renato M. Rosa®, Alexandre Dolganov 2, Iuri M. de Oliveira ¢, Fernanda D. Menegat €,

Jodo AP. Henriques °<, Jaderson C. DaCosta **

* Laboratério de Neurociéncias, Instituto do Cérebro e Instituto de Pesquisas Biomédicas, Pontificia Universidade Catolica do Rio Grande do Sul (PUCRS), Porto Alegre, RS, Brasil
Y Laboratério de Genética Toxicoldgica e Programa de Pés-Graduag@o em Genética e Toxicologia Aplicada, Universidade Luterana do Brasil (ULBRA), Canoas, RS, Brasil
 Departamento de Biofisica, Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, RS, Brasil

ARTICLE INFO ABSTRACT

Article history:

Received 12 May 2009

Revised 8 August 2009
Accepted 17 August 2009
Available online 22 August 2009

Keywords:

Developing hippocampus
Oxidative stress
Hypoxia-induced seizures
Rodent model

NAP

Neuroprotection

Neonatal seizures in which hypoxic-ischemic encephalopathy is the main triggering etiology have a
challenging diagnosis and limited efficacy of treatment. NAP (NAPVSIPQ) has shown extensive
neuroprotective and antioxidant capacity in vitro and in vivo. To evaluate its neuroprotective role in the
context of seizures associated with perinatal hypoxia, we assessed the integrity of DNA and lipid membranes
as well as the redox status in the hippocampus of 10-day-old rats exposed to hypoxia-induced seizures (HS)
with and without NAP treatment. Rats were exposed to transient global hypoxia (12 min exposure to 5-7%
0, was able to induce electrographic seizures) or room air with subsequent intraperitoneal NAP (0.03, 0.3 or
3 ug/g) or vehicle administration. Results showed elevated DNA damage immediately after the insult until 72 h
post-HS, while oxidized bases were only detected 3, 6 and 24 h later. In addition, thiobarbituric acid
reactive species peaked at 6 h in parallel with decreased levels of reduced glutathione between 3 and 72 h
post-HS insult. Our findings expand on the knowledge about the time course of HS-induced oxidative
damage and demonstrate for the first time that a single NAP injection dose-dependently prevents HS-
induced oxidative damage to DNA and lipid membranes, in correlation with modulation of the glutathione
system. Hence, NAP may represent a promising therapeutic strategy for avoiding HS-induced oxidative

damage.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The immature brain is more susceptible to seizures in the first year
of life (Volpe, 2001), particularly during the neonatal period, in which
the incidence reaches 1-5 per 1000 live births (Hauser, 1994; Sheth
et al,, 1999). Hypoxic-ischemic encephalopathy remains the leading
cause of refractory neonatal seizures (Volpe, 2001). While postnatal
hypoxia alters key developmental programs of the newborn brain
(Curristin et al., 2002), early-life seizures can also cause functional
alterations in neuronal networks (Ben-Ari and Holmes, 2006). Both
situations render the brain prone to an increased risk of epilepsy later
in life and an increased incidence of cognitive deficits, such as
cerebral palsy and mental retardation (Sanchez and Jensen, 2001;
Volpe, 2001). Unfortunately, current anticonvulsants are potentially
neurotoxic to the immature brain and are often ineffective in the
treatment of neonatal seizures (Bittigau et al, 2002; Sankar and
Painter, 2005). Moreover, even when the outward clinical manifesta-

* Comesponding author. Fax: +5551 33203312
E-mail address: jcc@pucrs.br (].C. DaCosta).
Available online on ScienceDirect (www.sciencedirect.com).

0969-9961/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2009.08.008

tions are suppressed by drugs, electroencephalographic (EEG)
recordings may show ongoing seizure discharges (Connell et al.,
1989).

Previous studies have implicated a role for reactive oxygen and
nitrogen species in the generation of hypoxic injury and the
progression of post-hypoxic reoxygenation (Mishra et al., 2000,
2006). Seizures can also induce oxidative damage to susceptible
subcellular targets (Liang et al., 2000; Patel et al., 2008). At present,
there are no studies about neonatal hypoxia-induced seizures (HS) in
this context. One aim of gaining new knowledge about the role of
oxidative stress in HS is the development of therapeutic strategies to
protect the vulnerable developing brain. Recently, a novel octapeptide
termed NAP (NAPVSIPQ), derived from the VIP-responsive glial
protein activity-dependent neuroprotective protein (ADNP) (Bassan
etal,, 1999; Gozes, 2007), demonstrated an extensive neuroprotective
capacity in several animal models and against multiple toxins (Beni-
Adani et al.,, 2001; Gozes et al., 2005; Leker et al., 2002; Rotstein et al.,
2006; Shiryaev et al., 2009). In particular, NAP protects PC12 and
neuronal cells against oxidative stress in vitro (Busciglio et al., 2007;
Gozes et al., 2004; Offen et al, 2000; Steingart and Gozes, 2006;
Steingart et al., 2000) and in vivo (Spong et al., 2001). These studies
suggest that NAP may be a promising drug candidate for the



Apéndices | 131

436 S. Greggio et al. | Neurobiology of Disease 36 (2009) 435-444

treatment of HS, in which oxidative damage leads to the loss of
neuronal cell integrity. However, until now, the putative neuropro-
tective effects of NAP have not been explored in neonatal rats
previously exposed to HS.

To evaluate the extent to which hippocampal DNA integrity and
redox status are compromised by HS, and whether NAP treatment can
act in a protective capacity on HS-generated oxidative stress, we used
a well-established rodent model of HS. In this model, 10-day-old rat
pups are exposed to transient global hypoxia, causing them to exhibit
spontaneous electrographic seizures concomitantly with cerebral
tissue oxygen saturation reduction. The HS rats present decreased
seizure thresholds throughout adulthood, thus mimicking clinical
aspects of neonatal hypoxic encephalopathy (Jensen, 1995). We first
investigated the temporal patterns of early oxidative DNA damage
formation, reduced glutathione (GSH) content and lipid peroxidation
in hippocampal tissue of HS rats at distinct time points post-HS. Once
these parameters were established, we examined whether NAP
administration after HS insult could prevent the formation of
oxidative biomarkers.

Materials and methods
Animals

Pregnant Wistar rats were purchased from the colony of the
Federal University of Rio Grande do Sul (Porto Alegre, Brazil ). Females
were housed individually and the presence of pups was checked for
daily. The day of birth was considered day 0, and on postnatal day
(PND) 1, the litters were culled to eight rat pups per dam. Animals
were maintained in the same temperature and humidity-controlled
holding facility (22-24 °C) under a 12:12 light/dark cycle (light onset
at 7:00 AM), with free access to food and water. Efforts were made to
minimize animal suffering and to reduce the number of animals used.
Experiments procedures were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and the Brazilian
Society for Neuroscience and Behavior (SBNeC) recommendations for
animal care.

Hypoxia-induced seizure model

Rats on PND 10 were subjected to HS as described by Jensen
with minor modifications (Jensen, 1995). Although it is not possible
to accurately equate ages in rats and humans, a 10-day-old rat
would be roughly equivalent to a human age range falling between
a full-term newborn to an infant (Haut et al, 2004). Rats were
removed from the litter and placed in a custom-made airtight
acrylic chamber partially immersed in a water bath at 37 °C. One
chamber (control) was left uncovered and continuously exposed to
room air (21% 02), whereas the other (hypoxia) was covered.
Following this, the covered chamber had its 02 concentration
reduced to 5-7% and maintained at this level by the constant,
regulated infusion of N» gas. Intra-chamber Q2 concentration was
measured with a commercially available oxygen meter (Model DG-
400, Instrutherm, SP, Brazil). This model results in acute hypoxic
seizures in all the pups with minimal, if any, mortality. In order to
avoid movement artifacts in the EEG recording, rat pups were
prevented from moving excessively by the use of a tube rodent
holder (CONTCA model, Beiramar, Brazil). Therefore, it was not
possible to verify convulsive behavior as myoclonic jerks followed
by tonic-clonic head and limb movements. To reduce the possible
stress generated by immobilization, each animal remained a 5-min
period without any intervention (handling or hypoxia induction)
after being put into the holder with the sensors placed on the scalp.
Control rats (normoxic) went through the same experimental
conditions except by the hypoxia induction. The total duration of
hypoxia was 12 min. Only rats exhibiting epileptiform activity on

the EEG, characterized by high frequency spikes and/or bursts of
polyspikes followed by marked voltage-attenuation of the EEG
background (burst-suppression pattern), associated with cerebral
tissue oxygen saturation (StO,) reduction in at least 20% during the
hypoxia period were used in this study. All rats were returned to
their dams just after HS induction.

Measurement of physiological variables

Heart rate (HRT), 5t0, and EEG activity were continuously
monitored using the Morfeu-bio apparatus (Dolsch Ltda, RS, Brazil).
The recordings for each rat were divided into 4 stages: phase 1
corresponds to a 5-min period with 21% O, for signal stabilization
and to minimize the immobilization-induced stress; phase 2
comprehends the transition period from 21% to 7% O, phase 3
represents the 12-min time required for HS induction with 5-7% 02;
phase 4 is for 5t0, and HRT reestablishment at basal levels within
5 min of recovery. Since near-infrared spectroscopy (NIRS) technol-
ogy uses the relative transparency of biological tissue to near-
infrared light to detect the presence of chromophores, such as
hemoglobin, the 5t0; was determined by measuring the attenuation
of light at two wavelengths and distances between the emitter and
detector (von Siebenthal et al., 1992). The Morfeu-bio sensor has
one detector to measure the ratio (percentage) of oxyhemoglobin to
total hemoglobin, which reflects 5t0. because oxygenated hemo-
globin transmits light of infrared wavelength much more efficiently
than deoxygenated hemoglobin. The NIRS system was a pulse wave,
broadband (650-950 nm) unit composed of two laser diode (LD)
sources, 5 mW power. A pair of photodiodes was attached 0.25 cm
apart and placed extradermally over the frontoparietal region of the
rat brain before HS induction. Near-infrared light was emitted by
diodes, and a fraction of the transmitted light was collected by a
high sensitivity photo detector fixed in a probe holder to ensure a
stable interoptode distance. Quantification of 5t02 was calculated
from the differential signal obtained by the sensor, expressed as a
tissue oxygenation index (percentage of oxygenated hemoglobi-
n=oxygenated hemoglobin/ total hemoglobin [oxygenated hemo-
globin 4+ deoxygenated hemoglobin]) (Chien et al., 2007). For
acquiring simultaneous HRT measurements, an optical pulse wave
reference was used. EEG data were acquired with transmitters
coupled on the NIRS sensors configured to record two-channel scalp
EEG. Any measurements associated with dislodgement of the sensor
from the skin were not considered. Baseline EEG recordings and
physiological measurements were performed for 5 min before and
after hypoxia, as well as during the hypoxic period, in order to
characterize the animal model of HS. Since these recording are
aimed at measuring cerebral hemodynamics and oxygenation
changes occurring on the time scale of seconds, we averaged 30
consecutive data points (corresponding to 1.0 s of acquisition) to
improve the signal-to-noise ratio of our measurements.

NAP administration and hippocampal processing

NAP (NAPVSIPQ), with purity (>95%) and identity assessed by
high-performance liquid chromatography and mass spectrometry
analysis, was purchased from Sigma Genosys (Woodlands, TX).
NAP was dissolved in 10% DMSO in PBS (0.13 M NaCl, 0.003 M KCI,
0.01 M NazHPO, and 0.002 M KH:PO4) and stored as 1 mM
aliquots. NAP was stable in solution and could be aliquoted and
frozen for later use without loss of activity. Final peptide solution
was freshly prepared by stock solution diluted in distilled sterile
PBS (Kumral et al, 2006). For rat pups treated with NAP, an
intraperitoneal injection of NAP solution at a dose of 0.03, 0.3 or
3 pg/g of body weight (0.1 mL) was administered just after HS
insult. In this study, four experimental groups of rat pups on PND
10 were used: vehicle-treated HS animals (HS), NAP-treated HS
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animals (NAP 0.03, NAP 03 and NAP 3, respectively), vehicle-
treated normoxic animals and NAP-treated normoxic animals. Rats
were either killed by decapitation immediately after HS induction
(0 h) or allowed to recover in ambient air for 1, 3, 6, 24, 72 and
168 h prior to killing. The number of animals sacrificed in each
experimental group was 4. Brains were quickly removed, kept in
ice-cold saline and hippocampal structures were dissected onto
Petri dishes placed on ice. One hippocampus was gently homog-
enized in ice cold 0.3 mL Hanks' solution for alkaline comet assay,
while the contralateral one was stored at —80 °C for posterior
biochemical analysis.

Determination of DNA damage and oxidized bases

The alkaline comet assay was performed as described by Singh
with minor modifications (Collins, 2009; Singh et al, 1988).
Aliquots of the hippocampus homogenate (20 pL) were mixed
with 0.75% warm low-melting point agarose (Invitrogen, Carlsbad,
CA) and immediately spread onto an ordinary microscope slide
pre-coated with a layer of 1% normal melting point agarose
(Invitrogen, Carlsbad, CA). This mixture was then evenly distrib-
uted across the microscope slide following the application of a
coverslip and allowed to set at 4 °C for 5 min prior to removal of
the coverslips. Slides were then incubated in ice cold lysis solution
(2.5 M NaCl, 10 mM Tris, 100 mM EDTA, 1% Triton X-100 and 10%
DMSO, pH 10.0; Gibco BRL, Grand Island, NY), protected from light
and stored at 4 °C for at least 4 days in order to remove cell
proteins, leaving DNA as ‘nucleoids.” In the modified version of
comet assay, the slides were removed from the lysis solution and
washed three times in enzyme buffer (40 mM HEPES, 100 mM KCl,
0.5 mM NazEDTA, 0.2 mg/mL BSA, pH 8.0), drained and incubated
at 37 °C in this buffer with one of the following: 60 uL of Fpg (New
England Biolabs, Beverly, MA) for 30 min (for the detection of
oxidized purines; 1 pg/mL solution; 100 mU per gel) and Endo I
(New England BioLabs, Beverly, MA) for 45 min (for the detection
of oxidized pyrimidines; 1 pg/mL solution; 100 mU per gel). The
slides were then transferred to a tank containing electrophoresis
solution (300 mM NaOH, 1 mM EDTA, freshly prepared, pH=13.0),
and stored for 20 min at 4 °C prior to being transferred to a
horizontal electrophoresis tank in a chilled incubator and covered
in fresh electrophoresis solution (pH=13.0). Electrophoresis was
performed for 20 min at 25 V and 300 mA (0.90 V/cm). All of the
steps above were conducted under yellow light or in the dark in
order to prevent additional DNA damage. Slides were then
neutralized (04 M Tris, pH 7.5), washed in bi-distilled water and
stained using a silver nitrate staining protocol as described
elsewhere (Nadin et al., 2001). After drying at room temperature,
the gels were analyzed using an optical microscope. For the visual
score analysis, the slides were coded and after scored blindly. In
total, 100 cells (50 cells from each of the two replicate slides) were
selected and analyzed for each post-HS time point. When selecting
cells for quantification, the edges and cells around air bubbles were
avoided. Cells were visually scored according to tail length into five
classes: (i) class 0: undamaged, without a tail; (ii) class 1: with a
tail shorter than the diameter of the head (nucleus); (iii) class 2:
with a tail length 1-2x the diameter of the head; (iv) class 3: with
a tail longer than 2 x the diameter of the head and (v) class 4:
comets with no heads. A value of damage index (DI) was assigned
to each comet according to its class. The DI is based on the length
of migration and on the amount of DNA in the tail, and it is
considered a sensitive DNA measurement. DI ranged from 0
(completely undamaged: 100 cellsx0) to 400 (with maximum
damage: 100 cellsx4), represented as arbitrary units (AU). The
levels of Endo Il and Fpg-sensitive sites were calculated from the
DI score obtained with the enzymes treatment minus the score
without enzyme (buffered). International guidelines and recom-

mendations for the comet assay consider that visual scoring of
comets is a well-validated evaluation method (Burlinson et al,
2007). The vehicle was used as a negative control while exposure
of hippocampal cells to 150 pM H,0, (Sigma-Aldrich, St. Louis,
MO) for 5 min at 4 °C was used as a positive control.

Determination of lipid peroxidation

The extent of lipid peroxidation was determined by the reaction
of TBA (thiobarbituric acid) with malondialdehyde (MDA), a
product formed by lipid peroxidation, during an acid-heating
reaction. The assays were performed according to Salgo and
Pryor with minor modifications (Salgo and Pryor, 1996). Briefly,
the samples were mixed after lysis with Tris-HCl (15 mM for 1 h).
Next, 2 mL of 04 mg/mL TCA (Sigma-Aldrich, St. Louis, MO), 0.25 M
HCl was added to the lysate, which was then incubated with
6.7 mg/mL TBA (Sigma-Aldrich, St Louis, MO) for 15 min at 100 °C.
The mixture was centrifuged at 750xg for 10 min. As TBA reads
with other products of lipid peroxidation in addition to MDA, TBARS
(thiobarbituric acid reactive species) levels were expressed as MDA
equivalents (nmol/mg protein), which were determined by absor-
bance at 532 nm. TMP (Sigma-Aldrich, St. Louis, MO) was used as
the standard. The results were normalized by protein content
(Lowry et al., 1951).

Determination of GSH levels

Intracellular GSH levels were determined by photometric
determination of 5-thio-2-nitrobenzoate (TNB), which was pro-
duced from DTNB (Sigma-Aldrich, St. Louis, MO) in a kinetic assay,
according to Akerboom and Sies with minor modifications (Aker-
boom and Sies, 1981). Samples were mixed in 0.1 M sodium
phosphate with 5 mM EDTA pH 8.0, and sonicated to obtain the cell
homogenate. An equal volume of 2 M HClO4 with 4 mM EDTA was
added to the cell extract, and the precipitated proteins were
sedimented by centrifugation at 8000xg for 10 min at 4 °C. The
supernatant was neutralized with 2 M KOH and 03 M MOPS, and
the insoluble residue was removed by centrifugation under the
same conditions. For the spectrophotometric determination, 910 pL
of the cell extract supernatant or of the standard glutathione
solution, in the same phosphate-EDTA buffer, were mixed with
50 L of 4 mg/mL NADPH in 0.5% (w/v) NaHCOs, 20 uL of 6 U/mL
glutathione reductase (Sigma-Aldrich, St. Louis, MO) in phosphate-
EDTA buffer, and 20 pL of 1.5 mg/mL DTNB in 0.5% NaHCOs. The
increase in absorbance was measured at 412 nm. Total glutathione
content was normalized by protein content (Lowry et al., 1951). For
GSSG determination, 4-vinylpyridine (Sigma-Aldrich, St. Louis, MO)
was added to a final concentration of 0.1% (v/v), and then
incubated for 1 h at room temperature. At this concentration, 4-
vinylpyridine is able to react with all GSH without interfering with
the GSSC determination. GSH was determined based on the total
glutathione and GSSG concentration results.

Table 1

Induction of physiological changes during HS.
Physiologic  Phase 1 Phase 2 Phase 3 Phase 4
parameter
St0= (%) 739341175 67.824+11.08 493441521%* B0.694+12.13

HRT (beats/ 179.90+41.16 186.83 +43.68 85.54425.03*** 153.76+42.56
min)

5t0,, cerebral tissue oxygen saturation; HRT, heart rate. Phase 1 corresponds toa 5-min
period of signal stabilization with 21% Os; phase 2 comprehends the transition period
from 21% to 7% O,; phase 3 represents the 12-min time required for HS induction with
5-7% Oy; phase 4 is for StO; and HRT reestablishment at basal levels within 5 min of
recovery. Data significant in relation to phases 1, 2 and 4 at ***p-<0.001 as tested by
repeated ANOVA followed by Dunnett's multiple comparison post hoc test.
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Statistical analysis

Statistical analysis was performed using PrismGraph 5.0
software (Graph-Pad Software, San Diego, CA). Data were
expressed as mean+ standard deviation (S.D.). For physiological
variables changes, repeated analysis of variance (ANOVA) fol-
lowed by Dunnett's multiple comparison post hoc test was
performed. The statistical analysis of the temporal patterns of
hippocampal DNA damage, oxidized bases, TBARS levels, GSH
levels and the effect of NAP treatment on DNA damage were
performed using two-way ANOVA followed by Bonferroni post
hoc test. The effect of NAP treatment on oxidative DNA damage,
TBARS and GSH levels were analyzed by one-way ANOVA
followed by Dunnett's multiple comparison post hoc test. A
statistical significance level of «=0.05 and p<0.05 was applied
to all tests.

Results
Monitoring of physiological parameters

EEG activity, HRT and StO, were simultaneously recorded at four
different stages of the HS induction protocol (n =64 rat pups). Table 1
depicts the physiological changes that occurred during the rodent
model procedure. Both HRT and StO, measured at phase 3 were
significantly lower than the corresponding values prior to (p<0.001,
phase 1; p<0.001, phase 2) and after (p<0.001, phase 4) HS induction.
The basal StO, values were in agreement with other reports assessing
this biological parameter through NIRS methodology in both adult rats
and human infant brain (Chen et al., 2003; Franceschini et al., 2007).
For rats subjected to hypoxia, bursts of polyspikes followed by
background voltage-attenuation were detected in the EEG recordings
(Fig. 1A). In Fig. 1B, a representative physiological profile during the
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Fig. 1. Physiological measurements in neonatal rats subjected to HS insult. (A) Electroencephalographic recordings from immature rats at normoxic and hypoxic conditions were
acquired with transmitters coupled to the NIRS sensors configured to record two-channel scalp EEG (ch1,channel 1; ch2, channel 2). At normoxic condition (21% O,), it was possible
to verify EEG waves at a normal physiological pattern (upper panel). However, when rats on PND 10 were subjected to global hypoxia (12-min period of 5-7% O,), bursts of
polyspikes followed by background voltage-attenuation were detected (lower panel). (B) Physiological changes induced by global hypoxia in immature rats. Rats on PND 10 were
subjected to global hypoxia ( 12-min period of 5-7% 0-), and EEG activity, StO» and HRT were simultaneously measured during the HS induction protocol. In the beginning at 21% O,
StO, and HRT data were at basal levels with normal EEG activity. As the intra-chamber O, concentration decreased, StO, and HRT started to diminish associated with concomitant
epileptiform discharges ( high frequency spikes and spikes-and-wave complexes). When the O, concentration returned to normoxic conditions at the end of HS protocol, all of the
physiological parameters become normalized. EEG, electroencephalographic recording; StO,, cerebral tissue oxygen saturation (%); HRT, heart rate (beats/ min).
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overall HS protocol is presented, showing epileptiform discharges
(high frequency spikes and spike-and-wave complexes) in the EEG
associated with the reduction of HRT and 5t0, parameters during the
period of global hypoxia.

Temporal patterns of DNA damage and oxidative adducts formation in
the hippocampus of immature rat subjected to HS induction

To determine the temporal pattern of DNA damage, hippocampi
from normoxic and HS rats were isolated at distinct time points after
HS insult and processed using the comet assay. For all samples, cell
viability was evaluated by the trypan blue exclusion method and was
found to be more than 90% in every experiment. The internal controls
of the comet assay, using human blood cells, showed low damage in
the negative control (DI=0-10) and high damage in the positive
control (DI =180-300), thus validating the test conditions. As
expected, exposure of hippocampal cells isolated from normal
animals to H»0: resulted in a significant increase in DNA damage
(data not shown). In Fig. 24, it is possible to observe the temporal
pattern of DNA damage occurrence as detected by the alkaline comet
assay in the hippocampus of normoxic and HS rats. Two-way ANOVA
comparing the groups of animals and different reperfusion times
revealed a significant difference [F; .42, =44.71, p<0.0001]. Bonfer-
roni post hoc test demonstrated an increase in hippocampal DNA
damage immediately after HS insult (0 h, p<0.001), as well as at all
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other post-HS time points (p<0.001) except 168 hours. Considering
these findings, it is possible to suggest that the reperfusion period is a
more intense genotoxic condition than the HS event.

In order to verify the oxidative nature of the DNA damage detected
in hippocampal cells from HS rats, we carried out a modified comet
assay. While the alkaline test normally detects primary repairable
DNA single and double-strand breaks and alkali-labile sites, the
modified version is more specific to oxidative damage than the
standard method. To this end, there is an incubation step with lesion-
specific endonucleases that recognize resultant abasic sites and
convert them into single-strand breaks. Here we used Fpg, which is
specific for oxidized purines - including 8-oxo-7,8-dihydroguanine,
2 6-diamino-4-hydroxy-5-formamidopyrimidine, and 4,6-diamino-5-
formamidopyrimidine, as well as other ring-opened purines - and
Endo 111, which targets oxidized pyrimidines, including thymine glycol
and uracyl glycol (Dizdaroglu, 2005). In this manner, increases in DI
after enzymes incubation represent specifically the extent of oxidative
DNA damage. Oxidative DNA damage identified by Endo Il from HS
rats was significantly higher than that found in normoxic animals,
indicating the presence of oxidized pyrimidines [F;42)=1248,
p<0.0001, Fig. 2B]. Post hoc analysis demonstrates that while there
was a significant increase of Endo Il sensitive sites at 3 h (p<0.001),
6h (p<0.001) and 24 h (p<0.001) post-HS induction, such an increase
was not observed before and after this period. Similarly, oxidative
DNA damage identified by Fpg could be observed [F; 42)=9.49,
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p<0.0001, Fig. 2C], along with augmentation of oxidized purines
shown by post hoc analysis, at 3 h (p<0.01), 6 h (p<0.001) and 24
h (p=0.001) post-HS induction. However, in the temporal profile for
both DNA-modifying enzymes, oxidized DNA bases were not
observed at 72 and 168 h after HS insult. Correlating results from
Fig. 1, it is notable that DNA damage is still present at this time point,
suggesting that these lesions are not mainly due to oxidative insult.
The frequencies of ordinary and oxidatively generated DNA adducts
were insignificant in the latest time point of recovery after HS.
Moreover, the same is true immediately (0 h) and 1 h post-HS,
indicating that during the initial time necessary to induce seizures
through hypoxia, only non oxidative DNA damage is occurring.

Temporal patterns of lipid peroxidation and reduced GSH levels in the
hippocampus of immature rat subjected to HS induction

We examined the time-dependent production of TBARS in the
hippocampus of normoxic and hypoxic neonatal rats in order to
determine whether lipid peroxidation is triggered by HS insult.
Two-way ANOVA revealed significant differences in these groups
[Fi1,42y=21.77, p<0.0001, Fig. 2D]. Within 3 h post-HS, hippocam-
pal TBARS production is increasing (p<0.001), while it is sharply
elevated at 6 h (p<0.001) and declines after 24 h (p<0.001).
Although a slight increase in TBARS could be detected 1 h after HS

300 A

(p=<0.05), there was no difference in TBARS levels between
normoxic and HS rats at 0 h, 72 h and 168 h.

In an attempt to further elucidate the possible mechanism of
oxidative damage involved in HS insult, we also assessed whether
GSH levels were reduced in the hippocampus of HS rats. GSH is a
ubiquitous tripeptide and an important non-enzymatic constituent
of the cellular defense mechanisms against oxidative stress. The
reduced form is the most important free radical scavenging
compound in the mammalian nervous system and prevents
membrane lipid peroxidation via conversion into GSSG. The latter
is rapidly recycled back into GSH by a specific NAD(P)H-dependent
glutathione reductase. Since the conversion of GSH to its oxidized
form generates an electron that acts to stabilize free radicals, it is
generally believed that increases in free radical production occur in
conjunction with decreases in GSH levels (Halliwell, 2006). It was
visualized evident changes in the GSH level in this time-course
study [Fi1 4y=11.73, p<0.0001, Fig. 2E]. There was no significant
difference in GSH depletion between normoxic and HS rats at 0
and 1 h post-HS. However, there was a reduction in GSH content at
3 h post-HS (p<0.001), and further decreases from 6 h (p=0.001),
until 24 h (p<0.001). The significant GSH depletion observed at
72 h (p<0.05) may represent the replenishment of glutathione
content to homeostatic levels, as it was similar to the levels
observed at 168 h post-HS.
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after one-way ANOVA,
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NAP dose-dependently prevents HS-induced DNA damage and oxidative
adducts formation in the immature rat hippocampus

To analyze whether NAP can hinder hippocampal DNA damage,
rats were given intraperitoneal injections of three different NAP doses
(0.03,0.30r 3 pg/g) immediately after HS insult. The assessment at0 h
was not included in this experimental design because the peptide
could not reach central nervous system immediately after intraper-
itoneal access and thus would not have an effect (Gozes et al., 2005;
Spong et al., 2001). Our results demonstrate a dose-dependent effect
of systemic NAP administration on DNA damage in the immature rat
hippocampus after HS insult (Fig. 3A). Two-way ANOVA comparing
the experimental groups and different reperfusion times revealed a
significant difference [F 55, =38.09, p<0.0001]. Bonferroni post hoc
test demonstrated that most doses of NAP had a similar effect on
preventing DNA damage formation 6 h (p<0.001), 24 h (p<0.001)
and 72 h (p<0.001) after HS induction, with the exception of the dose
0f 0.03 pg/g at 6 h. No differences were observed atearlier 1 and 3 h
post-HS time points, even with the highest NAP concentration.
Although a two-way ANOVA comparing vehicle or three NAP doses
administered to normoxic rats and different reperfusion times
revealed a significant difference [Fi372)=1.95, p=0.0311], Bonfer-
roni post hoc test demonstrated that any NAP concentration was not
able to cause statistical differences in DI values at the entire time
studied in comparison with vehicle-treated rats (p=>0.05). This is in
agreement with previous report showing that NAP has no damaging
effects upon DNA structure (Visochek et al., 2005).
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On the basis of the positive outcome of NAP administration in
reducing hippocampal DNA damage, further experiments were
performed in an attempt to understand the molecular mechanisms
associated with the protective capacity of this compound on oxidative
lesions formation. First, we tested the dose-dependent effect of NAP
by administering the same doses as above after HS insult. Then, we
again performed the comet assay with the DNA-modifying enzymes
Endo Il and Fpg at three time points post-HS (3, 6 and 24 h) that had
been identified as critical in oxidative adduct formation by our
previous experiments. One-way ANOVA comparing DI among NAP-
treated HS groups and vehicle-treated HS animals presented
statistically significant differences in Endo Ill at 3 h (p<0.0001, Fig.
3B), 6 h (p=0.0005, Fig. 3C) and 24 h (p<0.0001, Fig. 3D). In the same
manner, Fpg assessment also demonstrated statistically significant
differences at 3 h (p<0.0001, Fig. 3E), 6 h (p=0.0001, Fig. 3F) and 24 h
(p=0.0001, Fig. 3G). Further post hoc analysis revealed a dose-
response effect of NAP treatment upon the formation of Endo 11l and
Fpg-sensitive sites at 3, 6 and 24 h post-HS. Different but not
contrasting results observed in Fig. 3B-D and E-G are exclusively
inherent to the kind of oxidative damage naturally generated in the
intracellular environment. It is known that among the great variety of
oxidized bases resulted by pro-oxidant conditions into the cellular
environment, there is a preference for guanine attack. Therefore, once
the purine oxidation is more frequently observed, NAP efficacy
becomes enhanced in comet assay applying Fpg enzyme (Dizdaroglu,
2005; Fortini et al., 2003). For all conditions, a NAP dose of 0.03 pg/g
was not capable of preventing the oxidation of purines and
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pyrimidines. Although NAP could prevent DNA damage stemming
specifically from an oxidative origin at 3 h after HS insult (Fig. 3B and
E), all NAP doses were insufficient to reduce ordinary DNA breakage at
this same time point (Fig. 3A). These different NAP outcomes at 3 h
post-HS are likely due to the specificity of the alkaline comet assay in
detecting common DNA breakage without gathering together DI
values from oxidative adducts. Therefore, the quantity of oxidized
bases is only detected by endonuclease-mediated conversion into
single-strand breaks.

NAP dose-dependently prevents lipid peroxidation and GSH homeostasis
disturbance in the hippocampus of immature rat subjected to HS
induction

Based on the positive effects of NAP activity in mitigating DNA
damage and oxidized base formation, we also analyzed whether NAP
could prevent the lipid peroxidation reactions induced by HS insult in
neonatal rats. One-way ANOVA demonstrated statistically difference
at 3 h (p=0.0001, Fg 4A), 6 h (p =0.0006, Fig. 4B) and 24 h
(p =0.0005, Fig. 4C). Additional post hoc test comparisons showed
that doses of 0.3 and 3 pg/g NAP were able to protect developing
hippocampus from HS-mediated TBARS production at each of the time
points analyzed. As with oxidized lesion formation, it was not possible
to detect any difference in MDA equivalents between the vehicle- and
NAP-treated HS animals in NAP dose of 0.03 pg/g.

Reduced GSH levels were assessed in order to investigate a
potential mechanism underlying the NAP treatment effects in HS rats,
focusing on the possibility of an intracellular GSH modulation. We
observed a beneficial impact of NAP administration on hippocampal
GSH content at 3 h (p<0.0001, Fig. 4D), 6 h (p<0.0001, Fig. 4E) and
24 h (p<0.0001, Fig. 4F) after HS insult. Once again, Dunnett's
multiple comparison post hoc test demonstrated that a NAP dose of
0.03 pg/g was not sufficient to augment the hippocampal GSH levels
in the studied time frames. Interestingly, a single intraperitoneal
injection of NAP on HS rat pups was effective in diminishing
hippocampal DNA breakage, reducing oxidative base damage and
lipid peroxidation, and increasing GSH levels in parallel.

Discussion

Here we demonstrated that HS decreases hippocampal GSH
content in parallel with an increase in oxidative damage in neonatal
rats. Establishing the temporal course of oxidative stress formation
provides information on a possible therapeutic window for
protecting the developing brain against HS insult. We observed
that NAP administration protects against hippocampal oxidative
DNA damage, lipid peroxidation and GSH depletion in a dose-
dependent fashion. Here we show for the first time the in vivo
ablative capacity of NAP on oxidative lesions in hippocampal cells
from neonatal rats subjected to HS.

Previous studies documented DNA fragmentation following
seizure induction by kainic acid (KA) and pilocarpine in adult rat
brain (Fujikawa et al., 2000; Lan et al, 2000). However, conflicting
outcomes were verified on PND 7 rats after pilocarpine and KA-
induced status epilepticus (SE) (Mikati et al, 2003; Santos et al,
2000). Hypoxia promotes DNA damage in adult and immature brains
(David and Grongnet, 2000; Englander et al., 1999), and in addition
post-hypoxic reoxygenation contributes to DNA fragmentation in
newborn piglet brains (Mishra et al., 2006; Parker et al., 2007). In our
study, we detected DNA damage until 72 h post-HS in the
hippocampus of immature rats. Two other studies have revealed a
lack of hippocampal DNA fragmentation labeled by in situ end-
labeling (1SEL) nick translation histochemistry at any point within
168 h after HS insult on PND 10 rats (Koh et al., 2004; Sanchez and
Jensen, 2001). The contrasting results of HS impact on hippocampal
DNA integrity are attributable to different methodological

approaches. While the comet assay is able to detect repairable DNA
damage that may or may not lead to cell death (Collins, 2009), ISEL-
positive cells represent injured or dying neurons with irreversible
apoptotic DNA breakage (Wijsman et al., 1993). Supporting evidence
indicates that HS cannot induce long-term cell loss in the hippocam-
pal CA1 subfield, as verified by Neu-N immunostaining (Chen et al.,
2006). Hence, we conclude that HS is capable of inducing DNA
breakage in the hippocampus of neonatal rats, but that damage is not
sufficient to promote cell death.

It has been demonstrated that systemic KA administration
produces 8-hydroxy-2-deoxyguanosine (8-OHdG), an oxidative le-
sion of DNA, in the hippocampus of adult rats (Lan et al., 2000; Liang et
al., 2000). In maturing rats, KA-induced seizures did not result in
increased mitochondrial aconitase inactivation, an index of steady-
state mitochondrial O, formation, or 8-OHdG levels, but they did so in
older animals (Patel and Li, 2003). Besides, respiratory hypoxia gives
rise to the formation of the same kind of oxidative DNA lesion in adult
rat brain (Lee et al., 2002). Here we demonstrated that HS insult can
induce oxidation of pyrimidines and purines in the immature
hippocampus, as verified by Endo 11l and Fpg detection respectively.
Changes in hippocampal lipid composition after pilocarpine and KA-
induced SE have been reported in adult rats (Dal-Pizzol et al., 2000;
Freitas et al., 2005). KA seizures in the developed brain produce an
increase in isofurans formation that coincides with mitochondrial
oxidative stress (Patel et al,, 2008). While in the immature brain there
was no increase in lipid peroxidation after KA-induced SE (Bruce and
Baudry, 1995; Shin et al., 2008), sustained hypoxia could induce
augmentation of TBARS levels in the brain of neonatal rats (Lee et al.,
2008). In the present work, we showed that HS promotes an increase
in hippocampal TBARS products. After a wide variety of hypoxic
insults, the glutathione redox system is altered in newborn rat brain
(Kretzschmar et al., 1990; Reuter and Klinger, 1992; Wallin et al.,
2000). Moreover, studies have shown GSH depletion in adult rat
hippocampus following pilocarpine and KA-induced SE (Freitas et al.,
2005; Liang and Patel, 2006), and GSH depletion appears to be present
in chronic human epilepsy (Mueller et al., 2001). Recently, it was
again demonstrated that hippocampal oxidative stress is more
pronounced in adult than in immature genetically epilepsy-prone
rats (GEPR-9) (Shin et al,, 2008). Here we verified depletion of GSH in
the hippocampus of HS neonatal rats that coincides with oxidative
DNA damage and lipid peroxidation. To analyze these data in a
context that comprehends hypoxic and reoxygenation insults togeth-
er with seizures events, the age dependency of seizure-induced
oxidative stress must be taken into consideration.

Developing neurons are less vulnerable, in terms of neuronal
damage and cell loss, than adult neurons to a wide variety of
pathological insults (Holmes et al., 2002). Although the threshold
for seizure generation is lower in immature than in developed
brains, the degree of SE-induced morphological damage and
oxidative stress is highly age-dependent (Ben-Ari and Holmes,
2006; Bruce and Baudry, 1995; Haut et al., 2004; Patel and Li, 2003;
Shin et al., 2008). It was reported that KA seizures do not increase
the formation of reactive species or mitochondrial dysfunction in
neonatal brain (Sullivan et al., 2003). However, it is possible to
observe an opposing outcome after hypoxic-ischemic insult, since
the adult mouse brain accumulates less HyO2 than the developing
brain (Lafemina et al., 2006). Similarly, high free radicals generation
and protein oxidation products have been detected in the plasma of
preterm hypoxic newborns at birth and on the seventh day of life
(Buonocore et al., 2000). Our experiments demonstrate oxidative
damage in the DNA and membrane lipids together with an
impairment of the glutathione-mediated antioxidant system in
developing hippocampus of HS rats. Thus, we suggest that the
oxidative stress detected in HS is more likely to be contributed to
global hypoxia and reoxygenation than would be the case in non-
hypoxia-induced neonatal seizures.
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Based on the evidence that GSH depletion is involved in redox
homeostasis imbalance triggered by HS in the immature rat
hippocampus, stimulation of antioxidative mechanisms may reduce
or even abolish this consequence. The rationale for choosing NAP as a
potential protective agent against HS insult is based on previous
evidences of its in vitro and in vivo neuroprotective properties ( Beni-
Adani et al,, 2001; Gozes et al,, 2005; Leker et al,, 2002; Rotstein et al.,
2006; Shiryaev et al., 2009). NAP can cross membranes and facilitate
microtubule assembly by binding tubulin in neuronal cells (Divinski
et al, 2006; Gozes, 2007). Furthermore, its mechanism of protection
also involves ¢cGMP formation, control of nitric oxide production
(Ashur-Fabian et al., 2001), modulation of inflammatory mechanisms
(tumor necrosis factor-ot) (Beni-Adani et al, 2001), interference of
apoptotic-related processes as regulation of protein p53 expression
(Gozes et al., 2004), mitochondrial cytochrome C release (Zemlyak et
al,, 2009), caspase-3 activation and DNA fragmentation (Leker et al.,
2002). Studies also indicate potential protective activity against
oxidative stress. Indeed, NAP at femtomolar concentrations protects
cells against H,0,, dopamine and 6-OHDA toxicity (Gozes et al., 2004;
Offen et al, 2000; Steingart et al, 2000). Moreover, NAP showed
significant protection against depletion of cellular G5H by buthionine
sulfoximine treatment (Offen et al., 2000). In a mouse model of fetal
alcohol syndrome, NAP + ADNP-9 treatment hindered fetal death and
growth abnormalities, as well as prevented the alcohol-induced
changes in reduced to oxidized glutathione levels in the fetuses and
resulted in GSH/GS5G ratio not different from that of control (Spong
et al., 2001). Additionally, recombinant ADNP, which includes the
active site NAP, was shown to protect against H»02 and |5 amyloid
toxicity, reducing the elevation of p53 protein levels that is associated
with oxidative stress (Steingart and Gozes, 2006). Recently, NAP was
reported to be neuroprotective at very low concentrations in HaO2-
treated human cortical neurons and Down's syndrome cortical
neurons (Busciglio et al., 2007). These studies indicate an involvement
of the glutathione system in the NAP-associated neuroprotective
mechanism across a wide variety of oxidative stress models.

Since it has been reported that there is a narrow therapeutic
window for effective clinical treatment of HS (Jensen, 1995; Koh and
Jensen, 2001; Sanchez and Jensen, 2001), we administered an
injection of NAP solution immediately after HS insult. A previous
study detected NAP in the adult rat hippocampus and midbrain
30 min after intravenous application (Leker et al.,, 2002). Besides, after
either intranasal or intravenous administration, NAP rapidly appeared
in the cerebrospinal fluid earlier than 30 min into the rat brain
(Morimoto et al, 2009). NAP subcutaneous administration provided
neuroprotection in head-injured mice (Beni-Adani et al, 2001).
Besides, a therapeutic concentration of NAP was identified in embryos
30 min after intraperitoneal injection of pregnant mice (Spong et al.,
2001). Then NAP delivery via intraperitoneal administration was
considered appropriate based on brain bioavailability evidence and
also suitable for neonatal rats. Here we demonstrated a dose-
dependent effect of NAP upon the reestablishment of GSH levels
after HS insult in the neonatal rat hippocampus. Together with this
finding, we also proved that NAP provides the same dose-response
beneficial impact on mitigating DNA damage and lipid peroxidation.
Recently, it was reported that there is also a NAP neuroprotective
effect in |5 amyloid-treated neurons mediated by polyADP-ribosyla-
tion of histone H1 and chromatin relaxation. Poly(ADPribose)
polymerase-1 activation by NAP could render DNA accessible to
repair and transcription factors, thereby facilitating DNA repair and
enabling rapid gene expression (Visochek et al., 2005). Perhaps this
additional mechanism of action, together with the enhancement of
glutathione system, converged and influenced hippocampal DNA
integrity and lipid membranes recovery. Until now, no work has
reported the effects of NAP treatment on seizure-related models. In a
hypoxic context, NAP treatment ameliorates cognitive and motor
abilities of newborn apolipoprotein E-deficient mice subjected to

hypoxia (Rotstein et al, 2006). Moreover, NAP prevents neuronal
apoptosis and nitric oxide production in a newborn rat model of
hypoxic-ischemic brain injury (Kumral et al., 2006).

To our knowledge, this is the first study to demonstrate a
protective effect of NAP on hippocampal oxidative stress in a rodent
model of HS. Recently, it was reported that major antiepileptic drugs
that block wvoltage-gated sodium channels, enhance GABAergic
inhibition or block glutamate-mediated excitation, may trigger
apoptotic neurodegeneration in the developing rat brain (Bittigau et
al., 2002). While not highly efficacious, phenobarbital and the
benzodiazepines continue to be used to treat neonatal seizures
(Sankar and Painter, 2005). Thus the potential toxicity of existing
therapies renders the immature brain vulnerable to a critical
condition. The results and observations presented here raise the
possibility that NAP may expand upon and improve the therapeutical
approaches to neonatal seizures. NAP could maintain the integrity of
brain structures at a molecular level by stimulating glutathione
biosynthesis, while the convulsive activity may not be completely
suppressed by drugs. However, in order to become a an acceptable
strategy for the treatment of neonatal HS, additional studies must be
undertaken to determine whether NAP has the ability to control
seizure activity and prevent long-term behavioral deficits, without
interfering in the processes of neurodevelopment.
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Hemispheric Brain Injury and Behavioral Deficits Induced by
Severe Neonatal Hypoxia-Ischemia in Rats Are Not Attenuated by
Intravenous Administration of Human Umbilical Cord Blood Cells

SIMONE pe PAULA, AFFONSO SANTOS VITOLA, SAMUEL GREGGIO, DAVI pe PAULA, PAMELA BILLIG MELLO,
JEREMIAH MISTRELLO LUBIANCA, LEDER LEAL XAVIER, HUMBERTO HOLMER FIORI,
AND JADERSON COSTA DaCOSTA
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ABSTRACT: Neonatal hypoxia-ischemia (HI) is an important cause
of mortality and morbidity in infants. Human umbilical cord blood
(HUCB) is a potential source of cellular therapy in perinatology. We
investigated the effects of HUCB cells on spatial memory, motor
performance, and brain morphologic changes in neonate rats submit-
ted to HI. Seven-day-old rats underwent right carotid artery occlusion
followed by exposure to 8% O, inhalation for 2 h. Twenty-four hours
after HI, rats received either saline solution or HUCB cells i.v. After
3 wk. rats were assessed using a Morris Water Maze and four motor
tests. Subsequently, rats were killed for histologic. immunohisto-
chemical, and polymerase chain reaction (PCR) analyses. HI rats
showed significant spatial memory deficits and a volumetric decrease
in the hemisphere ipsilateral to arterial occlusion. These deficits and
decreases were not significantly attenuated by the injection of HUCB
cells. Moreover, immunofluorescence and PCR analysis revealed few
HUCB cells located in rat brain. Intravenous administration of HUCB
cells requires optimization to achieve improved therapeutic outcomes in
neonatal hypoxic-ischemic injury. (Pediafr Res 65: 631-635, 2009)

eonatal hypoxia-ischemia (HI) is a major cause of mor-
N tality and morbidity in infants and occurs in approxi-
mately 2—4 per 1000 full-term births. Between 20 and 50% of
asphyxiated newborns with hypoxic-ischemic encephalopathy
die within the neonatal period. and up to 25% of the survivors
will exhibit neurodevelopment morbidity, such as cerebral palsy,
mental retardation, and epilepsy. The most widely used and
accepted animal model of neonatal HI is the Levine method as
modified by Rice ef al. (1), which represents a useful tool to
study long-term effects of neuroprotective strategies in behav-
ioral changes, especially in learning and memory tasks (2).
Although promising neuroprotective strategies have been
studied in animal models and clinical trials, current manage-
ment techniques have reached only limited success (3).
Human umbilical cord blood (HUCB), is rich in adult stem
cells and seems to be a potential source for transplantation,
especially for perinatal neuronal repair. Studies have shown
behavioral and neurologic recovery in stroke (4-7) and HI-
insulted animals (8.9) that received i.v. injection of HUCB,
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indicating that cells migrate toward ischemic regions and
cross the blood brain barrier (BBB), especially in acute peri-
ods postischemia (10). The i.v. route is less invasive and a
safer access to clinical applications when compared with
intracerebral delivery. However, very few transplanted cells
are found in the brain when delivered intravascularly. There-
fore. evidence suggests that these cells increase endogenous
mechanisms of brain repair by trophic factor secretion rather
than by replacing the damaged tissue (11,12).

The aim of this study was to assess the effects of HUCB cells
on spatial memory, motor performance, and brain morphologic
changes in 30-d-old rats after neonatal HI on postnatal d 7. In
addition, we tested whether the injected HUCB cells migrate to
the injured brain 24 h, and 1 and 3 wk after HI insult.

METHODS

Experimental groups. The animals were randomly divided into three
experimental groups: A) sham-operated animals (n = 9); B) rats infused with
saline solution 24 h after HI injury (HI + saline; n = 10); and C) rats infused
with HUCB cells 24 h after HI injury (HI + HUCB: n = 15). After 3 wk, rats
were assessed in Morris Water Maze (MWM) and four motor tests. All
evaluations were performed by blinded investigators.

Neonatal hypoxia-ischemia model. We used the Levine rat model, modified
by Rice et al. (1) for neonatal rats. On postnatal d 7, Wistar rats were briefly
anesthetized with halothane, and the right common carotid artery was identified.
isolated from the vagus nerve, and permanently occluded with 7.0 surgical silk
sutures. The entire surgical procedure was completed within 15 min.

After surgery, animals were put back into their cages and allowed to recover
for 2-4 h in the company of their mothers. Rats were then placed for 2 h in a
hypoxia chamber, with constant flow of humidified 8% oxygen balanced with
nitrogen. The environmental temperature was maintained at 37-38°C.

The sham-operated animals were anesthetized with halothane and
exposure of the right common carotid artery without ligation and hypoxia.
All experiments were performed in accordance with the Guide for the Care
and Use of Laboratory Animals adopted by the National Institutes of
Health (USA).

Human umbilical cord blood cell separation procedure and admninistra-
tion. Cord blood collections were obtained ex wfere using sterile syringes
containing anticoagulant from full-term births of healthy donors. All samples
(n = 5) were collected after obtaining written informed consent forms.

Blood samples were processed within a range of 24 h after collection.
HUCB was diluted with RPMI medium 1640 (GIBCO, Langley, OK) and this
suspension was fractionated on Histopague density (Sigma Chemical-
Aldrich) at 400 g for 30 min at room temperature. The mononuclear fraction
was collected and rinsed twice with phosphate-buffered saline (PBS) contain-

Abbreviations: BBB, blood brain barrier; HI, hypoxia-ischemia; HUCB,
human umbilical cord blood; MWM, Morris Water Maze
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ing 1% of Liquemine (Roche, Swiss). The cell viability was evaluated using
the Trypan Blue Stain 0.4% (GIBCO, Langley. OK) exclusion method. CD
34+ cells represented, on average, 0.05% of cord blood mononuclear cells
after flow cytometric analysis.

Twenty-four hours after HI, randomly selected rats received i.v. either
HUCB cells or saline solution. Using a micropipette with ultrafine tip (diameter
<35 um) connected to an insulin syringe, we injected 1 X 107 mononuclear cells
(6,8) suspended in 100 L total fluid volume into the external jugular vein.

Morris water maze. The spatial memory performance was evaluated 3 wk
after HI lesion using an MWM (13,14). The water maze consists of a black
circular pool conceptually divided in four equal imaginary quadrants. Two
centimeters beneath the surface of the water and hidden from the rat’s view was
a black circular platform. The water maze was located in a well-lit white room
with several spatial cues.

Training on spatial version of the MWM was carried out over 5 consec-
utive days. On each day, rats received four training trials in which the hidden
platform was kept in a constant location. The mean latency to find the
platform was measured for individual animals on each day.

A different starting location was used in each trial, which consisted of a
swim followed by a 30 s platform sit. Rats that did not find the platform within
60 s were guided to it by the experimenter. To assess long-term memory, 24 h
after the final trial, the platform was removed from the maze and the
parameter measured was time spent in the target quadrant.

Open-field activity. Rats were placed in a 40 x 30 cm wood box and left
to explore the arena freely for a 5-min period. The floor was divided into 12
equal squares by black lines. The number of line crossings, number of
rearings, and locomotion time were measured (15).

Cylinder test. Forelimb use was analyzed by videotaping movements of
each rat during vertical exploration in a transparent cylinder (15 < 30 cm).
Each animal was placed in the cylinder and observed for 5 min. The forelimb
use asymmetry score was calculated as the percentage of nonimpaired fore-
limb use subtracted from the percentage of impaired forelimb use (16).

Grid walking test. The rats were placed on a stainless steel grid floor
elevated 1 m above the floor. For 1-min observation period, the total number
of steps was counted as well as the number of foot fault errors (15).

Tapered/ledged beam walking test. The beam-walking apparatus consisted
of a tapered wooden beam with ledges on each side to permit foot faults
without falling. The end of the beam was connected to a black box. A bright
light was placed above the start point to motivate the rats to traverse the beam.
The score for each trial was calculated as follows: [(vertical slips x 0.5 +
horizontal slips)(steps + vertical slips + horizontal slips)] x 100 (17).

Morphelogic study. The animals were deeply anesthetized with thiopental
sodium (0.1 mL/100 g, 1.p.) and perfused transcardially with saline followed
with 4% paraformaldehyde. The brains were removed from the skull and
stored in the same solution for 24 h. Coronal sections of the brain (50 pm)
were cut using a cryostat (Shandon, United Kingdom), with 250 pm intervals,
and stained with cresyl violet using the Nissl method. Digitized images of
cross-sectional areas were obtained with a video camera installed in an
Olympus BX40 microscope, interfaced by a software (Image Pro-Plus 6.1,
Media Cybernetics) run on a personal computer. Images of the hemispheres
were displayed onto a high-resolution video monitor and its boundaries were
outlined for area measurements in accordance with the Paxinos and Watson
atlas (18).

The Cavalieri method was used to estimate the hemispheric volumes
(mm*) by summation of areas multiplied by the distance between sections.
The cross-sectional area of the hemisphere was obtained outlining edges of
each hemisphere. Volume estimation was performed in about 10 sections for
each rat (19.20).

I fluorescent Rats from the HUCB cell group were killed
24hi(n=2),and I (n = 2) and 3 (n = 2) wk after neonatal HI injury. Brains
were removed from the skulls and frozen in liquid nitrogen (—70°C). Coronal
sections (15 pm) were obtained using a cryostat at —20°C and postfixed in
acetone. To identify grafted human cells, sections were incubated with mouse
antihuman nuclear monoclonal antibody (MAb) (MAb-1281: dilution 1:100;
Chemicon International) overnight at 4°C. After washing in 0.1 M PBS, FITC
(dilution 1:100; Novocastra Laboratories) was added and incubated at room
temperature in the absence of light for 1 h. To specifically stain the nuclei with
blue fluorescence, 4',6-diamino-2-phenylindole (DAPI, Santa Cruz Biotech-
nology) was used. To detect human cells in rat brain, double-stained sections
were examined to identify those MAb-1281 positive cells that colabeled with
DAPL, as previously described (6).

Reactivity of these antibodies with human cells had been confirmed in
positive samples and negative control sections were processed as per the
experimental tissue, but the primary or secondary antibodies were omitted.
Slides were examined qualitatively in a Nikon Eclipse E800 fluorescence
microscope coupled to a Pro-Series High Performance CCD camera and
Image Pro Plus Software 6.1 (Media Cybernetics, Bethesda, MD).

Polymerase chain reaction analysis. DNA was obtained from the brain
and other organs 24 h, and 1 and 3 wk after HUCB cell injection using Trizol
Reagent (Carlsbad, CA). To evalvate HUCB cells migration, polymerase
chain reaction (PCR) analysis for human S-actin gene was performed using
primers (direct 5'-CCTCATGAAGATCCTCAC-3', and reverse 5'-
TGGAGAAGAGCTACAAGC-3"), which results in a 161 bp amplicon.
Amplicons were analyzed after electrophoresis on 2% agarose gel and visu-
alized with ethidium bromide staining.

Statistical analysis. The sample size (nine animals per group) was calcu-
lated to provide more than 80% power to detect a reduction in behavioral
outcomes of 40% between the groups.

Variables with normal distribution were presented as means = SEM.
Comparisons between the groups were analyzed using one-way analysis of
variance (ANOVA) followed by Tukey's test, and behavioral performance on
the training day was analyzed using a two-way ANOVA followed by the
Bonferroni test. Variables with abnormal distribution were presented as
median (minimum and maximum), and the Kruskal-Wallis test was used after
Dunn’s comparison. Data were considered significantly different if p < 0.05.

RESULTS

Eight rats died during different steps of the experiment (19%).
These animals were not considered in the final sample size.

To determine whether i.v. administration of HUCB cells
can improve cognitive deficits, 30-d-old rats were trained in
the spatial version of the MWM. Except on d 1, two-way
ANOV A revealed significant differences between the experi-
mental groups during the training period. As shown in Figure
1A, the mean latency of the second to fifth day was shorter in
sham-operated rats when compared with the saline and HUCB
cell groups, indicating that HI impaired memory performance
in the injured animals. During this test, rats that had received i.v.
HUCB cells 24 h after HI did not present a statistically significant
shorter latency to find the platform on the d 2 to d 4.

Analysis of the probe trials (Fig. 1B) using one-way ANOVA
followed by the Tukey test also showed that the sham-operated
group spent significantly more time in the target quadrant when
compared with HI animals treated with HUCB cells (p = 0.008)
and saline (p << 0.001). No statistically significant difference was
found between the transplanted HI rats and the saline group in
terms of the latency to swim over the previous location of the
escape platform (p = 0.25).

To analyze the motor performance of the experimental
groups, we performed four motor tests. Table 1 shows that
open-field activity, cylinder, grid walking, and ledged beam
walking tests did not reveal significant differences between the
HUCB, saline, and sham-operated groups.
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Figure 1. MWM performed 3 wk after HI injury. (A) Mean escape latency
during the 5 d of training for sham-operated (A; n = 9), HI + saline (@; n =
10) and HI + HUCB (l; n = 15) rats. (B) Mean percentage of time spent in
the target quadrant during a 60-s probe test in the absence of the escape
platform carried out 24 h after the fifth training day for rats that received
saline or HUCB cells as in A. Post hoc test shows HI + saline vs. sham: p <
0.001; HI + HUCB vs. sham: p = 0.008; HI + saline vs. HI + HUCB: p =

0.25. *p < 0.05; **p < 0.01; {p < 0.001 vs. sham-operated rats.
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Table 1. Motor performance in three groups within the study
Test/group HI + HUCB HI + saline Sham-operated P
Locomotion time (s): mean = SEM 107.00 = 561 0075 =530 109.13 = 476 0.44
No. rearing: mean = SEM 31.64 = 3.08 35.75 £ 2.01 20.38 + 2.01 0.21
No. crossings: mean = SEM 115.55 + 6.55 113.17 + 5.50 124,63 + 447 0.40
Cylinder test (%): median (minimum—maximum) 1290 (—2.7 to 69.23) 13.17 (=7.14 to 53.85) 294 (—1.37to 11.32) 0.06
Grid walking (%): median (minimum—maximum) 16.67 (410 21.43) 11.24 (714 t0 21 .43) 5.72 (0 to 33.33) 0.07
Ledged beam walking (%): means = SEM 1094 = 1.01 8.62 059 1098 = 147 0.15

Variables with normal distribution are presented as means = SEM and are compared using one-way ANOVA. Otherwise, variables are presented as median

(minimum and maximum) and are compared using the Kruskal-Wallis test.

We also examined whether HI resulted in morphologic
deficits and if i.v. administration of HUCB cells attenuated
neuronal loss. The results of the morphologic assessment in
animals treated only with saline solution showed that neonatal
HI lesion caused a significant decrease in the volume of the
hemisphere ipsilateral to carotid occlusion (right) when com-
pared with the contralateral hemisphere (p << 0.001) 3 wk after
injury (Fig. 2A4). The group that received HUCB cells also
presented significantly reduced volume in the right hemisphere
when compared with the left hemisphere (p < 0.01). Figure 28
shows that there is no statistically significant difference between
the HI + saline and HI animals treated with HUCB cells in terms
of the relative difference between left and right hemispheric
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Figure 2. (4) The estimated volumes of brain hemispheres, using the Cava-
lieri method in sham-operated (n = 9), HI + saline (n = 10) and HI + HUCB
(n = 15) rats 3 wk after HI injury. There is a significant decrease in the right
hemisphere volume (gray columns) in HI + saline (p < 0.001) and HI +
HUCB groups (p < 0.01), when compared with the left side (white columns).
Data expressed as means = SEM. ANOVA was used followed by a Tukey
test (*p < 0.05; **p < 0.01; {p < 0.001) (B) Hemispheric volume ratio
determined by division of the left hemisphere by the right hemisphere,
showing a tendency to reduction in HUCB cell group when compared with
saline animals. Data are expressed as median (minimum and maximum).
Circles represent outliers. Post hoc analysis shows HI + saline vs. sham: p <
0.001; HI + HUCB vs. sham: p = 0.02; HI + saline vs. HI + HUCB: p =
0.095. (C—F) We can observe digitized images of coronal sections of the rat
brains stained using the Nissl procedure. (C) Sham-operated. (1)) HI + saline. (E)
HI + HUCB. (F) Schematic drawings obtained from Paxinos and Watson’s atlas
(interaural 9.70 mm; bregma 0.70 mm). Calibration bars = | mm.

volume (hemisphere volume ratio = left hemisphere volume/
right hemisphere volume) (p = 0.095).

Qualitative analysis of HUCB cell migration detected few
MADb-1281 immunoreactive cells in either the ipsilateral or
contralateral hemispheres 24 h, and 1 and 3 wk after HI injury
(Fig. 3A-I). To confirm the distribution of HUCB cells after
i.v. administration, PCR analysis using human B-actin was
performed (Fig. 3J). The expression of human (-actin was
detected in the ipsilateral and contralateral hemispheres 24 h,
and 1 and 3-wk postinjury.

DISCUSSION

This study showed that neonatal HI brain injury induced
significant long-term spatial memory deficits and extensive
brain hemisphere atrophy. In those animals that received i.v.
administration of HUCB cells 24 h after HI induction, the
degree of behavioral and morphologic impairment was not
significantly reduced. Importantly, the administration of hu-
man cells did not worsen the outcomes in HI rats.

As with other investigations, our study showed that, in spite
of severe brain damage, motor function tests were insuffi-
ciently sensitive to detect neuromotor alterations in all HI rats
(2). In contrast to human neonates, pups that underwent HI
injury did not show obvious postural or locomotor abnormal-
ities due to a higher degree of plasticity in immature rat brain
(21). However, studies have demonstrated that injured brain
regions required for memory and learning processing result
in significantly decreased spatial memory (2). Our results
showed that the MWM test was sensitive to brain damage in
neonatal HI rats.

Several groups have reported that HUCB cells delivered either
intracerebrally or i.v. dramatically enhance functional recovery
after ischemic injury in adult rats. The mechanisms behind such
reported neuroprotection are not known, but may include cyto-
kines and trophic factors produced by HUCB cells (6.7,22-24).
However, some authors do not confirm these results (25).

Although there are few reported studies on the use of
cellular therapy in neonatal brain damage models, there is a
wide range of methods used (8,9,26,27). Ma ef al. used a HI
mouse model similar to ours when studying the effect of stem
cell transplantation. They showed that the transplanted cells
significantly improved the learning and memory deficits 8 mo
posttransplantation. However, this study used mice embryonic
stem cells injected directly into the lesion site (26).

The route of delivery may contribute to contrasting data. To
date. no study had used the acute transplant (24 h after insult)
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of adult stem cells into neonatal rat by i.v. delivery. Intrave-
nous administration has the advantage of being less invasive
but raises the problem of cell homing to organs and target site
(11). Yasuhara et al. (9) demonstrated that both intracerebral
and i.v. injection of multipotent adult progenitor cells resulted
in behavioral improvement in HI rats although the percentage
of graft survival was small. However, Borlongan et al. (28)
showed that in contrast with intracerebral transplantation, i.v.
delivery of bone marrow stem cells produced only limited
functional effects in stroke rats. In our study, the nonsignifi-
cant functional recovery could also be explained by the small
number of MAb1281-positive cells found in rat brain.

We chose to administer the cells 24 h after injury to target
acute ischemic processes, such as the inflammation and BBB
opening. The optimal time for transplantation after injury is
also a critical factor in initiating the repair process. Acute
delivery of cells will be critical once the ischemic brain elicits
a strong inflammatory response about 24 h postinsult
(10,22,28). Also, the BBB may be more accessible at 24-72 h
postischemia and combined opening of the BBB and the high
expression of chemokines could have facilitated the present
mononuclear cell graft migration toward and survival within
the ischemic area (29). However, Borlongan et al. reported
that BBB opening produced by middle cerebral artery occlu-
sion was not permissive enough to allow CNS entry of
graft-derived trophic factors. In that study, improved behav-
ioral functions were observed only in rats treated with cord
blood stem cells associated with mannitol (4). Previously, we
evaluated the BBB permeability in five rats 24 h after HI. Mild
leakage was observed in these animals after trypan blue
injection (data not shown).

Our morphologic analyses showed that neonatal HI resulted
in an extensive infarcted area and that i.v. injection of HUCB
cells was unable to significantly reduce the severity of the
morphologic damage. We used a dose of 1 X 10’ HUCB cells
in accordance with previous studies (8). However, few reports

IH
24h  24h  Tweek Tweek 3 weeks 3weeks

Figure 3. (A-]) Digitized images of
rat brain showing the immunoreac-
tion to human nuclei antibody (MAb-
1281). Use of immunofluorescence
FITC (green) shows few MAb-1281
immunoreactive cells in rat brain at
(A) 24 h, and (D) 1 and (G) 3 wk
after HI injury. (B. E. H) Nuclei vi-
sualized by DAPI staining (blue). (C,
F. I) Colocalization of immunofluo-
rescent labels DAPI and MAb-1281
was observed. (J) Representative
PCR analysis results for human B-ac-
tin of rats after 24-h, and 1- and 3-wk
postinjury. Positive control (PC) = hu-
man DNA extracted from human hip-
pocampus. [H, ipsilateral hemisphere;
CH, contralateral hemisphere.

CH H CH IH CH

about stem cell therapy in brain damage have studied specific
dose range (6).

Our study has some limitations. Seven-day-old rats are
considered to be similar to human newborns with regard to
brain maturation, and the animal is highly suitable for long-
term behavioral evaluations. However, Levine rat model re-
sults in variable degrees of damage due to individual differ-
ences in brain susceptibility among animals (2,30). We
hypothesized that the large extension of the hemispheric brain
lesion obtained in our study could have contributed to the fact
that we did not observe repair after the infusion of 1 X 10’
HUCB cells. It is possible that rats with smaller brain injury
will have a different response to i.v. injection of HUCB cells.

Only a low number of HUCB cells were detected in rat
brain 24 h, and 1 and 3 wk after neonatal HI, as reported in
other investigations (4,6,8,22). Despite controversies, immu-
nosuppressive treatment may be a key determinant for homing
of HUCB cells i.v. infused into rats (31). Several investigations
suggest that T cell-mediated immune reaction plays a significant
role in graft rejection and that interspecies incompatibility con-
tributes significantly to phagocytosis of xenogeneic cells (32).
Although xenoreactivity to human mesenchymal stem cells trans-
planted into infarcted rat myocardium has been demonstrated
(33), these findings contrast with the results of Saito ef al. (34).
Indeed, xenotransplantation of human bone marrow stem cells
ameliorates neurologic deficits after grafting into ischemic brain
of rats (35). Also, the results obtained by Chen et al. (22) with
HUCSB cells in rats with stroke suggest an immunologic tolerance
to human cells. Although we do not have evidence of host
immune response to the transplanted cells, the administration of
human cells could have played a role in the negative results
obtained in this study.

In addition, the unilateral carotid artery permanent occlu-
sion results in reduction of cerebral blood flow within the
various structures of the hemisphere ipsilateral to the vascular
occlusion (30). We speculated that low perfusion in distal field
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regions may hamper migration of HUCB cells to injured
structures, which could also explain our immunohistochemi-
cal, behavioral. and morphologic results.

In conclusion, this study suggests that, according to our
experimental design, HI neonatal rats with severe brain dam-
age that received i.v. administration of HUCB cells showed
nonsignificant improvement to functional and morphologic
outcomes. Aspects such as dose. timing, peripheral route of
HUCB cell delivery, immunosuppression, and use of associ-
ated therapies need to be investigated in depth before cellular
therapy is clinically applied to optimize neuroprotection and,
consequently, neurobehavioral outcomes.
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Abhstract—Despite the beneficial effects of cell-based thera-
pies on brain repair shown in most studies, there has not
been a consensus regarding the optimal dose of human um-
bilical cord blood cells (HUCBC) for neonatal hypoxia-isch-
emia (HI). In this study, we compared the long-term effects of
intravenous administration of HUCBC at three different doses
on spatial memory and brain morphological changes after HI
in newborn Wistar rats. In addition, we tested whether the
transplanted HUCBC migrate to the injured brain after trans-
plantation. Seven-day-old animals underwent right carotid
artery occlusion and were exposed to 8% O, inhalation for
2 h. After 24 h, randomly selected animals were assigned to
four different experimental groups: Hl rats administered with
vehicle (Hl+vehicle), HI rats treated with 1x10% (Hl+low-
dose), 1x107 (HI+medium-dose), and 1x10® (HI+high-dose)
HUCBC into the jugular vein. A control group (sham-oper-
ated) was also included in this study. After 8 weeks of trans-
plantation, spatial memory performance was assessed using
the Morris water maze (MWM), and subsequently, the animals
were euthanized for brain morphological analysis using ste-
reological methods. In addition, we performed immunofluo-
rescence and polymerase chain reaction (PCR) analyses to
identify HUCBC in the rat brain 7 days after transplantation.
The MWM test showed a significant spatial memory recovery
at the highest HUCBC dose compared with Hl+vehicle rats
(P<0.05). Furthermore, the brain atrophy was also signifi-
cantly lower in the HI+medium- and high-dose groups com-
pared with the Hl+vehicle animals (P<0.01; 0.001, respec-
tively). In addition, HUCBC were demonstrated to be localized
in host brains by immunohistochemistry and PCR analyses 7
days after intravenous administration. These results revealed
that HUCBC transplantation has the dose-dependent poten-
tial to promote robust tissue repair and stable cognitive im-
provement after HI brain injury. ® 2012 IBRO. Published by
Elsevier Ltd. All rights reserved.

*Corresponding author. Tel: +5551-33203250; fax: +5551-33203312.
E-mail address: jec@pucrs.br (J. Costa DaCosta).

Abbreviations: ANOVA, analysis of variance; DAPI, 4°,6-diamidino-2-
phenylindole dihydrochleride; HI, hypoxia-ischemia; HUCBC, human
umbilical cord blood cells; HuNu, human nuclei-positive cells; MWM,
Morris water maze; PCR, polymerase chain reaction; PND, postnatal
day; SEM, standard error of the mean.
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The hypoxia-ischemia (HI) that occurs during the neonatal
period is an important cause of mortality and severe neu-
rologic morbidity in children, affecting approximately 1 to 3
cases per 1000 full-term live births in developed countries
(Wyatt et al., 2007). Approximately 50% of infants with
severe HI die, and up to 25% of survivors have long-term
disabilities, such as epilepsy, cerebral palsy, and cognitive
impairments (Ferriero, 2004). Despite technological and
scientific advances in the perinatal care of at-risk new-
borns, until recently, the management of newborn infants
with HI has been limited to supportive care in the neonatal
intensive care unit. Consequently, new neuroprotective
strategies have been investigated in experimental studies
and clinical trials because of the clinical relevance and
socioeconomic impact generated by neonatal brain dam-
age. However, with the exception of hypothermia, which
shows satisfactory outcomes in infants with mild or mod-
erate Hl injury, these therapies have limited results (Sahni
and Sanocka, 2008; Johnston et al., 2011). As a result, cell
based-therapy has been proposed as a novel treatment
approach for severe neurological diseases, including HI. In
the neonatal context, obtaining stem cells from umbilical
cord blood offers low risk or discomfort to the newborn, and
the cells can be transplanted after autologous collection. In
addition, umbilical cord blood can be used therapeutically
during the perinatal period or can be cryopreserved for
later use (Santner-Nanan et al., 2005; Harris, 2008; Liao et
al., 2011).

Current investigations using different cell dosages, de-
livery routes, and types of human umbilical cord blood cells
(HUCBC) have reported that this therapy is neuroprotec-
tive in most animal models of neonatal brain injury (Meier
et al., 2006; Pimentel-Coelho et al., 2009; Yasuhara et al.,
2010; Rosenkranz et al., 2010; Xia et al., 2010). Although
these preclinical studies have demonstrated promising re-
sults for brain damage, we have recently shown in a rat
model of severe neonatal HI that a single dose of 1x107
transplanted HUCBC can migrate to the brain after intra-
venous injection but does not improve the cognitive and
morphological outcomes 3 weeks post-transplantation (de
Paula et al., 2009). These previous data demonstrated that
several variables will need to be explored to optimize the
use of cell therapy in children with HI brain damage, in-
cluding aspects such as timing, route of transplantation,
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cellular type, and dosage (Bliss et al., 2007; Janowski et
al., 2010).

One of the most important questions in terms of effi-
cacy and tolerance for the clinical approach of stem cell
treatment is the number of administered cells (Wechsler et
al., 2009). Some reports have assessed the dose-re-
sponse association between cell concentration and the
functional effects of the treatment on animal models of
heart damage (lwasaki et al., 2006; Wolf et al., 2009).
However, there are insufficient data showing the relation-
ship between cell dose and long-term neurological out-
comes (Vendrame et al., 2004; Garbuzova-Davis et al.,
2008; Omori et al., 2008; Stroemer et al., 2009; Yang et al.,
2011), and there are no dose-ranging studies in neonatal
HI. Hence, we conducted a pioneer investigation to com-
pare the effect of intravenous administration of HUCBC at
three different doses on spatial memory and brain morpho-
logical changes in 60-day-old rats previously subjected to
neonatal HI. In addition, we tested whether the trans-
planted HUCBC migrate to the injured brain 7 days after
intravenous administration.

EXPERIMENTAL PROCEDURES
Animals

All experimental procedures were performed in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the Animal Care and Ethics Committee of
Pontificia Universidade Catélica do Rio Grande do Sul, RS, Brazil
(CEP 09/04761). A total of 50 male Wistar rats were kept under a
constant 12:12-h light—dark cycle at room temperature (23=1 °C),
with free access to food and water. After each normal delivery, the
litter sizes were adjusted to eight pups per litter. Pups were kept
with their dams until weaning at postnatal day (PND) 21. Efforts
were made to minimize animal suffering and to reduce the number
of animals used.

Experimental groups

The animals were randomly assigned to five experimental
groups (n=10 each): sham-operated rats, rats administered with
vehicle (HI+vehicle), and rats with 1x10° (HI+low-dose), 1107
(HI+medium-dose), or 1x10° (Hl+high-dose) HUCBC trans-
planted into the jugular vein 24 h post-HI. The rat pups from each
litter were randomly divided among the five experimental groups
to avoid “litter effects” on the results of brain injury and cognitive
performance. Only male rats were used in our study. An additional
cohort of HI animals was injected with HUCBC as described
earlier in the text but was euthanized 7 days after transplantation.
In these animals, brain samples were collected for immunofluo-
rescence staining and PCR analyses. All experiments were per-
formed by blinded investigators.

Hypoxic-ischemic model

In this study, we used the Levine rat model, modified by Rice et al
(Rice et al., 1981) for neonatal rats. On PND 7 (weights ranging
from 12 to 15 g), each animal was briefly anesthetized with halo-
thane delivered by a face mask. The right common carotid artery
was identified through a midline longitudinal neck incision, isolated
from the vagus nerve, and permanently double-ligated with a 7.0
surgical silk suture. The entire surgical procedure was completed
within 15 min. After the wounds were sutured, the animals were
put back into their cages and allowed to recover for 2—4 h in the
company of their dams. The rats were then placed in a hypoxia

chamber for 2 h, with a constant flow of humidified 8% oxygen
balanced with nitrogen. The hypoxia chamber was kept in a water
bath to maintain the ambient temperature inside the chamber at a
normal range (37-38 °C). After hypoxic exposure, the pups were
returned to their dams for recovery. The sham-operated animals
underwent anesthesia and incision only.

HUCBC preparation and intravenous administration

After obtaining informed consent, HUCBC were collected ex-utero
from healthy volunteers using sterile syringes containing 5.000 Ul
of heparin, immediately after full-term delivery. We have used a
proportion of one donated umbilical cord to 47 transplanted rats,
depending on the amount of available mononuclear cells. Blood
samples were kept at a temperature of 4 °C during the transport
and storage procedures, and all units were processed within 24 h
after collection. For the separation of mononuclear cells, the ob-
tained material was diluted in RPMI-1640 medium (1:1) (Gibco,
Grand Island, NY, USA). The cells were resuspended and frac-
tionated on a density gradient generated by centrifugation, over
Ficoll-Pague solution with a density of 1.077 g/L (Histopaque
1077, Sigma Aldrich, St. Louis, MO, USA), at 400:<g for 30 min at
25 °C. The mononuclear fraction over the Ficoll-Paque layer was
collected and washed twice with Dulbecco’s Phosphate Buffered
Saline (DPBS) (Gibco, Grand Island, NY, USA). The cell density
was determined with a Neubauer-counting chamber, and the num-
ber of viable cells was determined using the Trypan Blue 0.4%
exclusion method. For the detection of surface antigens, HUCBC
were incubated with fluorescein isothiocyanate- (FITC) or phyco-
erythrin- (PE) conjugated monoclonal antibody against CD45 (he-
matopoietic precursor cells), CD105 (bone marrow precursor
cells), CD34 (hematopoietic and endothelial precursor cells), and
CD117 (hematopoietic precursor cells) (Becton Dickinson Biosci-
ences, San Jose, CA, USA). Labeled cells were collected and
analyzed using a FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). Twenty-four hours after HI, animals
weighting approximately 20 g received HUCBC (1> 10%, 1107, or
1108 cells resuspended in saline) or vehicle delivered into the
left jugular vein using an ultrafine insulin syringe with a 31-gauge
needle in a volume of 100 wl. For that procedure, animals were
anesthetized with halothane, the previous neck suture was care-
fully opened, and the left external jugular vein was isolated from
adjacent tissue to facilitate the intravenous injection. Thereafter,
the skin was once again closed with suture, and the animals were
returned to their dams for recovery.

Spatial version of the Morris water maze task

Spatial memory performance was evaluated 8 weeks after Hl
exposure or sham operation using the Morris water maze (MWM)
as previously described (Greggio et al., 2011; Venturin et al.,
2011). The water maze consisted of a black circular pool (200 cm
in diameter) conceptually divided into four equal imaginary quad-
rants. The water temperature was maintained at 21-24 °C. Two
centimeters beneath the surface of the water and hidden from the
rat's view was a black circular platform (15 cm in diameter). The
water maze was located in a well-lit white room, and cues were
placed on the walls around the pool, which could be used by
the rats for spatial orientation. Training on the spatial version of
the MWM was performed over five consecutive days. On each
day, the rats received eight training trials during which the hidden
platform was kept at a constant location. The movements of the
animals were monitored during the sessions with a video camera
fixed to the ceiling over the center of the maze. A different starting
location was used in each trial, which consisted of a swim followed
by a 30-s platform sit. The rats that did not find the platform within
60 s were guided to it by the experimenter. To assess long-term
memory, 24 h after the final trial, the platform was removed from
the maze and the parameters measured were (1) the percentage
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of time spent in the target quadrant and (2) the latency to reach the
original platform position.

Brain morphological study

After completing behavioral tests, the animals were deeply anes-
thetized with a ketamine and xylazine mixture (90:10 mg/ml; i.p.)
and perfused transcardially with saline followed by 4% parafor-
maldehyde, pH 7.4. The brains were removed from the skulls,
post-fixed in the same solution at room temperature for 24 h, and
cryoprotected by immersion in a 30% sucrose solution in phos-
phate buffer at 4 °C until they sank. The brains were then quickly
frozen in isopentane that was cooled in liquid nitrogen (—70 °C).
Coronal sections of the brains (50 um) were cut using a cryostat
(Shandon, UK), collected at equidistant intervals, and stained with
Cresyl Violet using the Nissl method. The cerebellum was ex-
cluded from the study. Digitized images of the coronal sections
overlaid on a point counting grid were obtained with a high-
performance CCD camera installed on a stereoscopic light micro-
scope (DF Vasconcellos MU-M19, Brazil), interfaced with Image
Pro Plus 6.1. (Media Cybernetics, Silver Spring, MD, USA), and
run on a perscnal computer. Images of the hemispheres were
displayed on a high-resolution video monitor, and the boundaries
were defined in accordance with the Paxinos and Watson atlas
(Paxinos and Watson, 1986). The Cavalieri method was used to
estimate the hemispheric volume by the summation of points
multiplied by the distance between sections. With the coronal
sections displayed on the point counting grid, we counted the
number of points hitting the hemisphere. Volume estimation was
performed in 10 equally spaced sections for each rat brain in the
affected and control hemispheres. The number of points counted
was used for the estimation of hemispheric volume (mm?) using
the following equation: V=T.a/p 2P, where V=volume estimation;
T=distance between the analyzed sections (1200 um); a/p=point
area (1 mm?); and 3P=the sum of points overlaid in the image
(Galvin and Qorschot, 2003; Alles et al., 2010). Besides, to eval-
uate the extent of brain injury, we calculated the percentage of
brain tissue loss in the ipsilateral hemisphere (left hemisphere—
residual ipsilateral hemisphere divided by left hemispherex
100%), as previously described (You et al., 2007).

Immunofluorescent staining and confocal laser
scanning

Migration of HUCBC was performed in low-, medium-, and high-
dose groups using the indirect immunofluorescence method.
Seven days after intravenous HUCBC transplantation, a subgroup
of HI animals (n=6) was anesthetized with a ketamine and xyla-
zine mixture (90:10 mg/ml; i.p.) and perfused transcardially first
with a saline solution containing heparin, followed by 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4. The
brains were removed, post-fixed in 4% paraformaldehyde, and
then processed for paraffin sectioning. A series of four 15-um
thick coronal sections containing the cortex and hippocampus
were cut with a microtome. After being deparaffinized, the sec-
tions were placed in boiling Target Unmasking Fluid solution
(TUF; PanPath, Amsterdam, NL) in a microwave oven for 10 min.
After cooling at room temperature, nonspecific protein binding was
blocked with 2.5% albumin serum bovine (Sigma Aldrich, St.
Louis, MO, USA) for 1 h. For the detection of the grafted human
stem cells, the coronal slices were incubated overnight at 4 °C
with a primary mouse anti-human nuclear antigen monoclonal
antibody (HuNu) (1:100; Chemicon, Temecula, CA, USA). The
sections were then washed with 0.1 M PBS and incubated with
Alexa Fluor 488 goat anti-mouse 1gG (H+L) secondary antibody
(1:1.000; Invitrogen, Carlsbad, CA, USA) at 37 °C in the absence
of light for 1 h. Glass coverslips were mounted using ProLong
Gold antifade mounting medium with 4’,6-diamidino-2-phenylin-
dole dihydrochloride (DAPI) Invitrogen (Carlsbad, CA, USA) to

visualize cell nuclei. Reactivity of the antibody was confirmed in
positive samples and negative control sections. Colocalization of
DAPI with the human-specific marker HuNu was detected, ana-
lyzed, and photographed qualitatively using a confocal laser scan-
ning microscope (LSM 5 Exciter, Carl Zeiss, Germany) coupled to
a Pro-Series High Performance CCD camera and Zen 5.0 soft-
ware (Carl Zeiss, Inc.). Blue (DAPI) and green (Alexa 488 for
HuNu) fluorochromes in the slices were excited by a laser beam at
405 nm (Diode) and 488 nm (argon), and the emissicns were
sequentially acquired with two separate photomultiplier tubes
through LP 420- and BP 505-530-nm emission filters, respec-
tively. The areas of interest were scanned with a pinhole under
each laser, set to a value of 1.0 Airy unit for the <63 oil immersion
objective lens (Plan-Neofluar, NA=1.4). The scanning dimensions
were 10241024 pixels, and the specimens were scanned an
average of four times with a 12-bit pixel depth. The Z-stacks (+15
optical slices) were obtained at a thickness of 1 um, and colocal-
ization was evaluated in single optical planes taken through the
entire z-axis of each cell. Only HuNu™ cells contained entirely
within the three dimensions of a stack were included in the anal-
ysis.

Polymerase Chain Reaction (PCR analysis

An additional group of Hl rats (n=7) was euthanized, and samples
were collected 7 days after HUCBC intravenous injection. DNA
was obtained from the rat brains using the phenol/chloroform
method described by Isola et al (Isola et al., 1994). PCR analysis
was performed to identify the presence of administrated HUCBC
in the brains of transplanted animals using complementary prim-
ers to the human g-actin gene sequence. We used the forward
primer 5'-TCCCTGTACGCCTCTGGCCATA-3' and the reverse
primer 5-CCTTCTGCATCCTGTTGGTGATGCTA-3' complimen-
tary to the human B-globin DNA sequence and reamplified with
the forward primer 5'-TGACTGGCCGGAACCTGACT-3' and the
reverse primer 5'-GGTGATGACCTGGCCATTGGG-3' using the
nested PCR technique, resulting in fragments of 535 and 209 bp,
respectively. The positive control (DNA from human peripheral
blood) and negative control (without any DNA) samples were
assayed along with experimental samples in every reaction. Am-
plified products were detected by gel electrophoresis (2% agarose
containing ethidium bromide) for 30 min, at a voltage of 100 V and
an amperage of 400 mA. The gels were visualized under an
ultraviolet transilluminator (3UV™), and the images were captured
using photodocumentation equipment connected to Quantity One
software (Bio-Rad, CA, USA).

Statistical analysis

Statistical analysis was performed using the PrismGraph 5.0 pro-
gram (GraphPad Software, San Diego, CA, USA). The variables
are presented as the means=standard error of the mean (SEM).
Behavioral and morphological outcomes were compared between
the groups using one-way analysis of variance (ANOVA) followed
by post-hoc Dunnett’'s or Bonferroni's tests, as appropriate. Pear-
son's correlation coefficient and linear regression analysis be-
tween the variables were calculated. Data were considered sig-
nificantly different if P<0.05.

RESULTS
HUCBC characterization

To determine the phenotypic characteristics of mononu-
clear cells derived from human umbilical cord blood, four
fluorescence-activated cell sorting (FACS) analyses were
used to examine the expression of cell-surface marker
(Fig. 1A-D). In brief, 2.4% of the cells expressed CD34,
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Fig. 1. Immunophenotypic analysis of mononuclear fraction derived from human umbilical cord blood. The histograms show the fluorescence intensity of
HUCBC reacting with (A) CD34, (B) CD45, (C) CD105, and (D) CD117 during flow cytometry. A total of 5000 events were considered for each analysis.

23.14% expressed CD45, 50.41% expressed CD105, and
71.25% expressed CD117. Taken together, the data showed
that the isolated cord blood cells exhibited a mixture of differ-
ent cellular types, consistent with the literature (Mayani and
Lansdorp, 1998; Park et al., 2009; Ruhil et al., 2009).

A high dose of HUCBC transplanted intravenously
rescues long-term spatial memory impairments in
hypoxic-ischemic rats

To assess the effects of three different doses of HUCBC
on long-term spatial memory deficits, we employed the
MWM task. The mean escape latencies to the hidden
platform were shortened as training progressed, and the
groups showed a different rate of change over time
[Fia, 200y=1.10, P=0.34, Fig. 2A]. As shown in Table 1,
Bonferroni post hoc test showed a significant difference
(P<0.001) between the Hl+vehicle and sham groups
throughout the entire 5-day training session. Only the
group of HI animals that were administered with the
highest HUCBC dose presented learning similarity to
sham rats and a significant difference to HIl+vehicle
group. Besides, there were no statistical differences in
the training performance among the transplanted
groups. The probe test was performed 24 h after the last
training session in the absence of the escape platform,
and Hl+vehicle rats exhibited significant spatial memory
deficits. One-way ANOVA followed by Dunnett's test
indicated that the escape latency to swim over the pre-
vious position of the escape platform was longer in the
Hl+vehicle group (37.66+6.99 s) than in the sham
group (7.89=1.19 s) (P<0.01) (Fig. 2B). Among treat-
ment groups, only the HI+high dose of HUCBC had a mark-

edly shorter time required to reach the platform location
(16.86+3.48 s) (P<0.05 vs. Hl+vehicle). For the second
analyzed variable, the HIl+vehicle group spent less time
swimming in the target quadrant that previously contained the
escape platform (32.97+3.91%) compared with either the
sham-operated (62.52+4.17%) (P<<0.001) or Hi+high-dose
groups (48.17x2.93%) (P<<0.05) (Fig. 2C). No significant
differences were observed for either variable when HI+low-
and medium-dose animals were compared with Hl+vehicle
animals, suggesting that only a high dose of HUCBC rescues
the learning and memory impairments.

Intravenously transplanted HUCBC dose-dependently
prevent brain lesions after neonatal hypoxia-
ischemia in rats

Absolute hemispheric volume analysis showed significant
atrophy of the hemisphere ipsilateral to the carotid occlu-
sion (right side) in the HIl+vehicle group when compared
with the contralateral hemisphere (296.76x=74.23 vs.
605.28+47.39 mm?; P<0.001) (Fig. 3A). Similarly, the
Hl+low-dose group also had a significantly reduced vol-
ume of the right hemisphere compared with the left one
(451.92+64.82 vs. 639.12=17.14 mm?; P<0.05). No dif-
ference was observed between the right and left hemi-
spheres in sham animals (641.40=7.49 vs. 658.92+6.23
mm?3) or in the HI groups that received only medium
(560.16+63.65 vs. 664.56=16.74 mm?3) or high doses
(658.20+22.32 vs. 658.56+18.75 mm®) of HUCBC. As
shown in Fig. 3B, we also examined cerebral atrophy in
terms of the percentage of brain tissue loss, which was
calculated using the contralateral (left, non-ischemic)
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Fig. 2. A high dose of HUCBC transplantation resulted in a significant attenuation of injury-induced spatial memory impairment in hypoxic-ischemic
rats. (A) The mean escape latencies to the hidden platform were obtained from a 5-d training session. Data are presented in blocks of eight trials as
mean=SEM. (B) The sham-operated and Hi+high-dose (1108 cells) groups showed a significantly faster latency of swimming over the previous
platform location when compared with HI+vehicle animals. (C) The sham-operated and HI+high-dose groups spent a greater percentage of time
searching the quadrant in which the platform had been submerged during fraining compared with Hi+vehicle rats. No significant differences were
observed when low- or medium-dose groups were compared with the HI+vehicle group for either variable. The values were presented as the
mean=SEM; n=10 per group. Differences between groups were analyzed by one-way ANOVA followed by the Dunnett post hoc test; * P<0.05,

** P<0.01, and *** P<<0.001 vs. Hl+vehicle.

hemisphere as a control. One-way ANOVA followed by
Dunnett's test indicated that the percentage of damage in
the Hl+vehicle group (54.90+9.16%) was markedly higher
than in the sham-operated group (3.09+0.60%; P<<0.001).
However, the right hemispheric volume loss caused by HI
was significantly lower in rats of the medium-dose (18.29+
8.79%; P<0.01) and high-dose (3.21+0.84%; P<<0.001)
groups when compared with vehicle-treated animals, sug-
gesting a protective dose-dependent effect. There was no
statistically significant difference between the HI+vehicle
and low-dose groups (29.70=9.89%). Representative
samples of Nissl staining from the brain hemispheres of
rats after HI insult are shown in Fig. 3C. Examination of
brain tissues showed vast ischemic damage with extensive
atrophy and the formation of porencephalic cysts in the
ipsilateral hemisphere of the Hl+vehicle rats. Additionally,
we observed a positive linear relation between the degree
of hemispheric tissue volume loss and the escape latency
of the MWM probe trial when all groups were pooled for
correlation analysis (R=0.71, P<<0.0001, Fig. 4A). Be-

Table 1. Morris water maze acquisition performance

sides, a negative correlation between the degree of hemi-
spheric tissue volume loss and the time spent in the target
quadrant of the MWM probe trial was detected (R=-0.57,
P<<0.0001, Fig. 4B). Taken together, these findings sug-
gest that neonatal Hl-induced brain injury contributes to
spatial learning and memory deficits in rats, and that
HUCBC dose-dependently hinders brain lesion and cogni-
tive impairments due to neonatal HI.

HUCBC are detected in the rat brain 7 days post-
transplantation as determined by PCR analysis and
immunofluorescence staining

Additional groups of HI rats were euthanized 7 days after
HUCBC transplantation for human cell detection in host rat
brains using an anti-human nuclear antibody. Double-
stained sections were examined using a confocal laser
scanning microscope to identify human nuclei-positive
cells (HuNu) that colabeled with DAPI. Most of the surviv-
ing human cells were located in the cortex and the hip-

Groups Training session

1 2 3 4 5
Sham 37.6+4.4* 28.7+4.0*** 18.3+2.8** 13.5+1.6"* 12.0+1.2*
Vehicle 56.6+0.911 48.3+2.5M1 34.9+2.411F 32.2+2.0t 27.6+2.111
Low 51.6+1.5M1 37.3+3.0* 29.5+1.0t 26.0+2.17 25.5+1.9tt
Medium 52.8+2.311 41931111 33.7x2.6M1 27.6=3.111 22.6x2.3"
High 54.5+1.011 4352111 31.0x2.91 20.6+1.4* 17.5+x2.1*

Values represent the mean=SEM (n=10 rats/group).

* P=0.05, ** P<<0.01, and *** P=20.001 vs. vehicle group; t P<<0.05, Tt P<.0.01, and ™" P=0.001 vs. sham group in Bonferroni post hoc test after

two-way ANOVA.
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Fig. 3. HUCBC dose-dependently protect against brain atrophy in rats subjected to neonatal hypoxia-ischemia. (A) Absolute volumes of brain
hemispheres are shown. The rats in the HI+vehicle and HI+low dose of HUCBC groups showed a significant decrease in the right hemispheric volume
compared with the left. There was no difference between the hemispheric volumes in the medium- and high-dose Hl animals. The values were
presented as the mean+=SEM; n=10 per group. Differences were analyzed by one-way ANOVA followed by the Bonferroni post hoc test; * P<0.05;
*** P<0.001 vs. the left hemisphere. (B) Percentage of brain tissue loss is shown in a graph. When compared with sham-operated rats, the Hi+vehicle
group showed marked brain atrophy that was significantly lower in the medium- and high-dose HUCBC groups, suggesting a relationship between cell
dosage and brain damage rescue. There was no statistically significant difference between the HIl+vehicle and the Hi+low-dose group. All values
represent the mean+=SEM; n=10 per group. ** P<<0.01, and *** P<<0.001 vs. the HI+vehicle group using Dunnett's multiple comparison post hoc test
after one-way ANOVA. (C) Digitized images of coronal sections of the rat brains were stained using the Nissl procedure. The first column shows
schematic drawings obtained from Paxinos and Watson’s atlas. The slices show visible ipsilateral cortical atrophy (right hemisphere) in the Hl+vehicle
group that was attenuated at the highest doses of HUCBC. Calibration bars=1 mm.

pocampus of both hemispheres (Fig. 5A, B). Confocal pho-
tomicrographs with orthogonal reconstruction of grafted cells
(Fig. 5C) revealed merged images of HuNu™ cells and
DAPI in brain parenchyma of all analyzed 7 days after
transplantation. To confirm the migration of the delivered
cells, we performed nested PCR analysis in seven animals
using complementary primers to the human B-globin se-
quence 7 days after HUCBC transplantation. The expres-
sion of the band corresponding to the human gene was
detected in the ipsilateral and contralateral hemispheres of

DISCUSSION

The neonatal HI rodent model produces long-term cogni-
tive deficits and severe brain atrophy. We found that after
a high dose of HUCBC (1x108 cells) transplanted intrave-
nously, the rats demonstrated a significant attenuation of
Hl-induced spatial memory impairment 8 weeks after the
treatment. Furthermore, medium (1x107 cells) and trans-
plantation of high-doses of cells hindered the brain lesions
caused by HI, which was not observed in low-dose-

six rats that received HUCBC via the jugular vein (Fig. 5D).
The observations made from immunofluorescence staining
and PCR analysis were consistent for all doses.

(1%10° cells) treated animals. In addition, HUCBC were
identified in host rat brains 7 days after intravenous admin-
istration using immunofluorescence and PCR analysis.
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Fig. 4. Correlation of the degree of hemispheric tissue volume loss with spatial learning and memory in HI rats after HUCBC transplantation. (A)
Caorrelation of the degree of hemispheric tissue volume loss and the escape latency of the MWM probe trial (R=0.71, P<<0.0001). (B) Correlation of

the degree of hemispheric tissue volume loss and the time spent in the target quadrant of the MWM probe trial (R=

—0.57, P<0.0001). All experimental

groups were pooled for both correlation analyses. For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.

To investigate cognitive function after HUCBC trans-
plantation, we performed the MWM test, which is an im-
portant measure of hippocampal-dependent spatial learn-
ing and memory after brain injuries, such as neonatal Hl
(Golan and Huleihel, 2006). Using this tool, our study
revealed that injured animals treated with low and medium
doses of HUCBC did not have a reduction of behavioral
deficits. These results support our previous investigation
that failed to show significant benefits in behavior perfor-
mance 3 weeks after administration of 1x10” HUCBC
(medium dose) in Hl rats (de Paula et al., 2009). However,
in the current report, the spatial learning and memory of HI
animals treated with a high dose of HUCBC was signifi-
cantly rescued compared with Hl+vehicle animals 8
weeks after treatment. Only a few studies have addressed
the effects of cellular therapy on the cognitive conse-
quences after neonatal brain damage (Katsuragi et al,,
2005; Ma et al., 2007). Consistent with our data, Ma et al
(2007) reported that stem cells were effective in reducing
behavioral impairments caused by HI, 2 and 8 months after
cell transplantation. In addition to functional restoration in
the MWM test, the authors also observed a neuropatho-
logical recovery in stem cell-treated animals (Ma et al.,
2007).

In the current investigation, we observed that both
medium and high doses of HUCBC provided significant
brain damage repair after HI, in contrast to our previous
data (de Paula et al., 2009). This discrepancy might be
owing to the length of time that was chosen to assess
neuronal injury changes. As previously shown in adult rats
with ischemic lesions, no beneficial tissue effect of mes-
enchymal stem cell treatment was observed 29 days after
the treatment. However, the authors found a statistically
significant decrease in the lesion size in treated animals
when evaluated 60 days post-transplantation (Kranz et al.,
2010). In addition, we emphasize that, despite the brain
tissue regeneration presented here, 1x10” HUCBC (me-
dium dose) were not enough to mediate functional recov-
ery after neonatal Hl injury.

Although basic research has shown promising results
in the field of cell-based therapy for neonatal brain injury
(de Paula et al., 2010), the optimal dose for intravenous
administration of stem cells has not yet been determined.
According to a recent meta-analysis on intravenous stem
cell delivery, there is a dose-response association be-
tween the number of stem cells injected and the functional
effects of the treatment in experimental neurological dis-
eases (Janowski et al., 2010). A pioneer study demon-
strated that neural stem cells dose-dependently improved
functional outcomes when transplanted into the ischemia-
damaged striatum of rats (Saporta et al., 1999). In addition,
Stroemer et al. (2009) observed that neural stem cell trans-
plantation in rats after stroke promoted significant senso-
rimotor recovery depending on cell dosage (Stroemer et
al., 2009). In line with our study, Yang et al. (2011) dem-
onstrated that the highest doses of bone marrow mononu-
clear cells led to reduced lesion size and better functional
performance in an animal model of stroke (Yang et al.,
2011). The authors of these investigations observed dis-
crete cell survival in the majority of the high-dose-treated
animals, proposing a neuroprotective paracrine trophic
mechanism.

Multiple mechanisms have been proposed to explain
the promising behavioral and morphological outcomes ob-
served in cell transplantation reports. However, the spe-
cific mechanisms of action responsible for the successful
stem cell transplantation in HI brain injury have not yet
been fully elucidated. It has been suggested that HUCBC
treatment decreases brain damage and consequently im-
proves neurological deficits, mainly by enhancing para-
crine repair processes (Luo, 2011). It is possible that stem
cells might serve as vehicles for specific molecules, acting
as vectors for the production and/or release of neu-
rotrophic factors. Consistent with in vitro studies (Arien-
Zakay et al., 2009) and investigations using adult rats in a
stroke model (Li et al., 2002), Yasuhara et al. (2010)
reported an increase in GDNF, NGF, and BDNF brain
levels in HI rats 3 days post-HUCBC transplantation (Ya-
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Fig. 5. Evidence of surviving HUCBC in a rat brain 7 d after a high dose of intravenous cell transplantation. Laser scanning fluorescent imaging of
double-labeled cells and three-dimensional image reconstruction revealed that HUNu™ cells (Alexa 488, green) were colocalized with DAPI (blue). (A)
The individual channels and their merged image clearly demonstrate the colocalization of DAPI and HuNu in the HI rat cortex ipsilateral to the lesion.
(B) HuNu™ cells in the graft are shown at higher magnification in left hemisphere. The co-labeling of DAPI and HuNu™ cells was highly cell-type
specific. (C) Representative orthogonal images showing the colocalization of HuNu™ cells and DAPI are presented. Red and green lines indicate
corresponding points in the orthogonal planes, confirming the localization of the labeling within the cell after the summation of serial optical sections.
(D) PCR analysis was performed to identify human cells in the rat brain. An agarose gel shows the presence of a band corresponding to the human
B-globin gene sequence in the ipsilateral and contralateral hemispheres. Positive control (PC); negative control (NC); ipsilateral hemisphere (IH);
contralateral hemisphere (CH). Calibration bars=10 pm. For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.

suhara et al., 2010). Neurotrophic support may also be
responsible for axonal sprouting and consequently rescue
behavior. Using neuroanatomical tracing, Daadi et al.
(2010) demonstrated significant contralesional sprouting in
HI rats after neural stem cell transplantation (Daadi et al.,
2010). Additionally, some studies have reported that the
functional benefits of mononuclear cord blood are related
to an increase in endogenous neurogenesis. Bachstetter
et al. (2008) demonstrated that intravenous administration
of the mononuclear fraction of umbilical cord blood stimu-
lates neurogenesis in the brains of aged rats (Bachstetter
et al., 2008). Some authors have also suggested that
transplanted cord mononuclear cells have the ability to
modulate the post-injury inflammatory response thus facil-

itating the process of endogenous neurogenesis (Ven-
drame et al., 2005). Another important action mechanism
that needed to be considered is that a high dose of HUCBC
used in our study may have enhanced the blood vessel
formation in ischemic areas. As demonstrated by Ramos
et al. (2010), human cord blood is a source of endothelial,
myeloid, and lymphoid precursors. The endothelial cells
generated from common progenitors for the hematopoietic
and vascular lineages in cord blood mononuclear cell frac-
tion may be able to participate in new blood vessel forma-
tion (Ramos et al., 2010). However, more studies are
needed to confirm these suggested mechanisms.

In the present study, we detected double-labeled
HuNu™ cells 7 days after cell transplantation. Most of the
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HUCBC were widely dispersed throughout the cortical re-
gions and other structures of both hemispheres. In addi-
tion, PCR analysis performed 7 days after HUCBC trans-
plantation showed the presence of human B-globin in the
rat brains. Recently, it has been shown that stem cells
rapidly migrate to the lesion site within 4—10 days post-
transplantation in a rat model of HI (Obenaus et al., 2011).
Stromal cell-derived factor-1 (SDF-1) has been reported to
be an important player in the recruitment and homing of
transplanted HUCBC-derived mononuclear cells to the site
of the HI brain lesion in newborn rats (Rosenkranz et al,,
2010).

Translation of the experimental knowledge to human
trials using cell-based therapy should consider important
factors to bridge this gap. The optimization of the cell dose,
route and devices for cellular delivery, selection of the
optimal cell donor, timing of administration, and use of
associated interventions are fundamental issues that
should be addressed in the laboratory. As recommended
by the Stem cell Therapeutics as an Emerging Paradigm in
Stroke (STEPS) (Savitz et al,, 2011) and Baby STEPS
guidelines (Borlongan and Weiss, 2011), the experimental
design for restorative therapies should include a cell dose-
response study to reveal not only the optimal therapeutic
dose, but also the maximum tolerable dose. With these
considerations in mind, we demonstrated that a single
intravenous transplantation of HUCBC dose-dependently
hinders brain damage and spatial memory deficits in neo-
natal HI. Although only the high dose (1x10® HUCBC)
promoted robust tissue neuroprotection and cognitive im-
provement, it may be interesting to test repeated dosing
regimen. Some clinical studies have indicated that trans-
plants using two cord blood units in hematological disease
are feasible and may increase the applicability of grafts
with a high cell dose. The authors also suggested that
techniques such as ex vivo cell expansion may provide a
good alternative to clinical use of high doses of HUCBC
transplantation (Stanevsky et al., 2010; Ballen et al., in
press; Kindwall-Keller et al., in press).

Today, four clinical trials promise relevant data on the
therapeutic use of umbilical cord blood transplantations in
pediatric patients with HI (phase | study at Duke University,
NCT00593242) and cerebral palsy (phase Il study at Duke
University, NCT01147653; phases | and Il at Georgia
Health Sciences University, NCT01072370; phase | study
at Sung Kwang Medical Foundation, NCT01193660). The
cellular dosing regimen varies from 1 to 5x107 cells/kg,
which is similar to human dose recommended for hema-
tological diseases in infants but smaller than high-dose cell
transplantation used in our study in rats weighting approx-
imately 20 g. Although the use of 1108 HUCBC dose may
be difficult in the clinical setting because of the large num-
ber of cells needed, we suggest that our results may
support clinical trials using high doses of cord blood cells
taking into consideration three important factors presented
here: (1) neonate rats tolerated well the high dose of
human cells without specific side effects such as tumori-
genicity or embolism; (2) a proper human umbilical cord
blood collection provided a high dose of mononuclear cells

(=1x10®) for transplantation in newborn rats; and (3) there
was a strong relationship between cell dosage, brain dam-
age regeneration, and impaired behavior recovery in HIl.
Finally, we emphasize that the outcomes of further clinical
trials with a careful selection of homogeneous patients will
determine whether high doses of HUCBC transplantation
are clinically feasible and safe. Then, we could verify
whether the benefits of HUCBC transplantation corre-
spond to the expectations observed on experimental
scenario.

CONCLUSIONS

To our knowledge, this is the first study to demonstrate that
acute intravenous administration of HUCBC exerts a dose-
dependent effect on long-term behavior and morphological
outcomes in Hl-injured rats. Thus, these results bring us
closer to the clinical applications of cell-based therapy in
neonatal HI. In summary, our current study reveals the
therapeutic dose (1x10% mononuclear cells) necessary to
promote robust tissue neuroprotection and stable func-
tional improvement. We emphasize that dosage is an im-
portant factor in optimizing cellular transplantation. How-
ever, other questions as to the follow-up time required for
neuroprotection and the additional action mechanisms de-
mand further investigations, as these are essential tools for
the translation of basic science to safe and effective clinical
therapies after neonatal brain damage.
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