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RESUMO 

Introdução: A lesão cerebral hipóxico-isquêmica neonatal (HI) é uma das maiores 
causas de mortalidade e morbidade neurológica em crianças. O sangue do cordão 
umbilical humano, rico em células-tronco adultas, é uma fonte potencial para a 
terapia celular em perinatologia. No entanto, apesar do efeito benéfico mostrado na 
maioria dos estudos, ainda não há consenso em relação à dose adequada de 
células-tronco de cordão umbilical humano (CTCUH) no tratamento da HI. 

Objetivo: Comparar os efeitos comportamentais e morfológicos da administração 
intravenosa de três diferentes doses de CTCUH 8 semanas após a indução da HI 
em ratos recém-nascidos. Além disso, objetivou-se verificar a presença das células 
no cérebro dos animais em estudo 7 dias após o transplante.  

Métodos: Ratos Wistar de 7 dias de vida foram submetidos à oclusão da artéria 
carótida direita seguida por exposição a ambiente hipóxico (8% O2) por 2 h. Após 24 
h, os ratos foram randomizados em 5 grupos experimentais: ratos cirurgia-simulada; 
ratos HI que receberam veículo (HI + veículo); e ratos HI que receberam  1 x 106 (HI 
+ dose baixa), 1 x  107 (HI + dose média); or 1 x 108 (HI + dose alta) CTCUH na veia 
jugular. A memória de orientação espacial foi avaliada através do labirinto aquático 
de Morris e, posteriormente, os ratos foram sacrificados para as avaliações 
morfológicas quantitativas. Adicionalmente, a presença das CTCUH no cérebro dos 
animais tratados foi verificada através de técnicas de imunofluorescência e da 
análise de PCR. 

Resultados: Oito semanas após o transplante, o teste do labirinto aquático de 
Morris mostrou uma significativa recuperação da memória de orientação espacial 
nos ratos do grupo HI + dose alta quando comparados aos animais não tratados (P 
< 0,05). Além disso, a atrofia cerebral foi significativamente menor nos grupos HI + 
dose média e alta quando comparados aos animais HI + veículo (P < 0,01; 0,001, 
respectivamente). CTCUH foram localizadas no cérebro dos ratos que receberam o 
transplante celular 7 dias após a administração intravenosa. 

Conclusão: Os resultados mostrados neste estudo revelaram que o transplante 
intravenoso de CTCUH tem potencial dose-dependente para promover o reparo 
neuro-tecidual e a estável recuperação cognitiva após lesões hipóxico-isquêmicas. 

Descritores: células-tronco, hipóxia-isquemia, asfixia, transplante de células-tronco, 
cordão umbilical, estudo dose-reposta. 
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ABSTRACT 

Introduction: Neonatal hypoxia-ischemia (HI) is an important cause of mortality and 
morbidity in infants. Human umbilical cord blood cells (HUCBC) are a potential 
source of cellular therapy in perinatology. However, despite the beneficial effects of 
cell-based therapies shown in most studies, there has not been a consensus 
regarding the optimal dose of HUCBC for HI. 

Objective: 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 following HI in newborn Wistar rats. In addition, we tested 
whether the transplanted HUCBC migrate to the injured brain after transplantation. 

Methods: Seven-day-old animals underwent right carotid artery occlusion and were 
exposed to 8% O2 inhalation for 2 h. After 24 h, the animals were randomly assigned 
into five experimental groups: sham-operated rats, HI rats administered with vehicle 
(HI + vehicle), and HI rats treated with 1 x 106 (HI + low-dose), 1 x 107 (HI + medium-
dose), or 1 x 108 (HI + high-dose) HUCBC into the jugular vein. After 8 weeks of 
transplantation, spatial memory performance was assessed using the Morris water 
maze (MWM), and subsequently, the animals were euthanized for brain 
morphological analysis using stereological methods. In addition, we performed 
immunofluorescence and polymerase chain reaction (PCR) analyses to identify 
HUCBC in the rat brain 7 days after transplantation. 

Results: The MWM test showed a significant spatial memory recovery at the highest 
HUCBC dose compared to HI + vehicle rats (P < 0.05). Furthermore, the brain 
atrophy was also significantly lower in the HI + medium- and high-dose groups 
compared to the HI + vehicle animals (P < 0.01; 0.001, respectively). In addition, 
HUCBC were localized in host brains by immunohistochemistry and PCR analyses 7 
days after intravenous administration. 

Conclusion: These results revealed that HUCBC transplantation has the dose-
dependent potential to promote robust tissue repair and stable cognitive 
improvement after HI brain injury. 

Key-words: stem cells, hypoxia-ischemia, asphyxia, cord blood stem cell 
transplantation, dose response relationship. 
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1 INTRODUÇÃO 

1.1 Encefalopatia hipóxico-isquêmica neonatal 

1.1.1 Conceitos 

A encefalopatia hipóxico-isquêmica neonatal (HI) é a complicação imediata à 

asfixia grave e pode causar graus variados de dano cerebral. A hipóxia corresponde 

à falta de oxigênio completa ou parcial em um ou mais tecidos corporais, incluindo a 

circulação sanguínea (hipoxemia). Já a isquemia é a redução ou cessação do fluxo 

sanguíneo que leva à hipotensão sistêmica, parada cardíaca ou doença vascular 

oclusiva.1 

A causa mais frequente da HI é a severa asfixia intra-útero.2 Segundo Volpe3, 

aproximadamente 90% das lesões cerebrais perinatais têm origem no período intra-

uterino. A asfixia intra-útero, por sua vez, pode ser causada: 1) pela interrupção do 

fluxo sanguíneo umbilical (ex.: compressão de cordão umbilical); 2) pela insuficiente 

troca gasosa pela placenta (ex.: descolamento prematuro de placenta); e 3) pela 

perfusão placentária inadequada do lado materno (ex.: hipotensão materna). Outras 

situações patológicas que levem à hipóxia e à hipoperfusão tecidual também são 

fatores etiológicos da HI.2 



Capítulo I - Introdução  

 

4 

1.1.2 Dados epidemiológicos  

Dos 130 milhões de recém-nascidos que nascem a cada ano no mundo, 

aproximadamente 4 milhões morrem no período neonatal. Estima-se que 23% 

destes casos (quase 1 milhão de mortes neonatais por ano) sejam diretamente 

atribuídos a complicações da asfixia neonatal.4-6 Em países desenvolvidos como os 

Estados Unidos, a asfixia afeta de 1-3 por 1000 nascidos vivos.7 Taxas mais 

elevadas ocorrem em países em desenvolvimento com recursos diagnósticos e 

terapêuticos limitados.  

 De acordo com a classificação de Sarnat e Sarnat 9, neonatos com leve HI, 

geralmente não apresentam desfechos desfavoráveis a longo-prazo. No entanto, 

crianças no estágio moderado apresentam sequelas em 20-25% dos casos, 

exibindo, na maioria das vezes, déficits motores específicos tais como a diplegia ou 

a hemiplegia espástica, sem a presença de transtornos cognitivos. Já no quadros 

graves de HI, mais de 50% das crianças em estágio grave evoluem para óbito, 

sendo que, dos sobreviventes, a maioria desenvolve severas alterações 

neurológicas, incluindo dificuldades motoras precoces, déficits cognitivos e 

epilepsia.10, 11  

1.1.3 Fisiopatologia  

O principal mecanismo patogênico atribuído à neuropatologia da HI é a 

redução do fluxo sanguíneo cerebral. Eventos tóxicos interligados, tais como, a 

falência energética, a liberação de aminoácidos excitatórios e a apoptose ocorrem 
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simultaneamente e contribuem para a disfunção celular e a morte neuronal após 

insultos hipóxico-isquêmicos (Figura 1).12-14 

 

 

 

 

 

Figura 1 – Resumo da fisiopatologia celular da hipóxia-isquemia neonatal. A redução do fluxo 

sanguíneo cerebral inicia uma cascata de eventos bioquímicos deletérios que duram horas ou dias. A 

depleção do oxigênio resulta na redução da síntese de ATP que altera o equilíbrio iônico através da 

membrana celular. Consequentemente, a falência na bomba de íons transcelulares resulta no 

acúmulo de cálcio (Ca
2+

) extracelular enquanto que o sódio (Na
+
) entra na célula carregando água 

(edema citotóxico). Posteriormente, ocorre a despolarização da membrana e a liberação de 

neurotransmissores excitatórios, especificamente o glutamato. O resultante influxo de Na
+
 e Ca

2+
 para 

dentro dos neurônios pós-sinápticos induz à produção de radicais livres e à ativação de enzimas que 

levam à morte celular (apoptose). Fonte Sanders et al., 2010.
15

 

De acordo com observações clínicas e experimentais, a HI não é um evento 

único, mas sim um processo evolutivo. Durante a fase primária de lesão celular há 

rápida depleção de metabólicos de alta energia, levando à progressiva 
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despolarização celular.16 Após o retorno da circulação cerebral e/ou oxigenação, o 

edema citotóxico inicial e o acúmulo de aminoácidos excitatórios são resolvidos 

dentro de aproximadamente 30-60 minutos com, pelo menos, parcial recuperação do 

metabolismo oxidativo. No entanto, o metabolismo cerebral oxidativo pode, então, 

deteriorar-se secundariamente horas mais tarde em uma fase que pode se estender 

por dias. Esta fase secundária de lesão celular (Figura 2) é frequentemente marcada 

pelo início das convulsões no recém-nascido, edema citotóxico secundário, falência 

da atividade mitocondrial cerebral, e consequentemente, morte celular.12, 16-19 

 

 

 

 

 

 

Figura 2 – Modelo de hipóxia-isquemia em ovinos, demonstrando a falência energética tardia. 

Medidas contínuas da atividade cerebral demonstram a presença de um aumento tardio na 

impedância cortical e na atividade eletrocortical. Essas alterações refletem a queda tardia do 

metabolismo energético cerebral juntamente com intensa atividade convulsiva que resulta em edema 
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citotóxico e falência das bombas iônicas. Abordagens neuroprotetoras durante essa janela 

terapêutica têm se mostrado mais efetivas. Fonte Marks et al., 2010.
20 

1.1.4 Modelos animais 

A maioria dos achados bioquímicos e fisiopatológicos sobre a HI são 

derivados de estudos em modelos experimentais em roedores.21 Atualmente, o 

modelo experimental mais utilizado para a investigação da HI é o proposto por Rice 

et al. (1991), baseado no procedimento de Levine (1960) em ratos adultos.22-26 Neste 

modelo, o dano cerebral hipóxico-isquêmico é obtido pela associação da oclusão 

unilateral da artéria carótida, com subsequente exposição a ambiente hipóxico em 

ratos com 7 dias de idade. O cérebro de ratos de 7 dias tem sido histologicamente 

comparado ao desenvolvimento cerebral de fetos humanos com 32-34 semanas de 

idade, especialmente pelas similaridades relacionadas à proliferação celular e à 

organização cortical.24 

As lesões neuropatológicas deste modelo podem ser encontradas no 

hemisfério ipsilateral à oclusão da artéria carótida, principalmente nas regiões do 

córtex cerebral, substância branca periventricular e subcortical, estriado (gânglios da 

base) e hipocampo. A região de CA3 (corno de Amon) no hipocampo é a região 

mais suscetível, seguida da camada de células granulares, CA1 e hilo.27 

Cronicamente, infarto cístico do córtex cerebral semelhante à formações 

porencefálicas também tem sido evidente.28 
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Os parâmetros fisiológicos deste modelo têm mostrado que, durante o insulto, 

o filhote de rato torna-se hipóxico e hipocapnéico como resultado da hiperventilação. 

A média da pressão sanguínea cai aproximadamente 25% e há uma redução no 

fluxo sanguíneo cerebral de 17 a 40%, especialmente nas áreas mais vulneráveis ao 

dano.29 Do ponto de vista bioquímico, um dos principais mecanismos responsáveis 

pela morte celular após o modelo de HI relaciona-se com a ativação de caspases 

(em particular a caspase-3), uma família de enzimas envolvida na apoptose neuronal 

(Figura 3).30 

 

 

 

 

Figura 3 – Morte celular apoptótica no modelo de hipóxia-isquemia neonatal proposto por 

Rice. Pontos mostram a distribuição temporal e regional da imunorreatividade aumentada à caspase-

3 após a lesão cerebral hipóxico-isquêmica. Fonte Nakajima et al. 2000.
30 

Aproximadamente 79% dos filhotes de ratos sobrevivem ao experimento e 

cerca de 90% dos sobreviventes apresentam danos cerebrais. Infarto do córtex 

cerebral ipsilateral e do hipocampo estão presentes em 56% e, dependendo da 

duração da sobrevivência pós-asfixia, achados adicionais também são vistos, 

incluindo alterações na função neurológica e comportamental.31 
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1.1.5 Estudos dose-resposta em terapia celular 

Apesar dos avanços tecnológicos e científicos nos cuidados perinatais, o 

manejo clínico de recém-nascidos com HI tem sido limitado a medidas de suporte 

em unidades de terapia intensiva neonatal. Neste contexto, a busca por terapias 

neuroprotetoras que possam prevenir a progressão da cascata bioquímica originada 

por eventos hipóxico-isquêmicos constitui-se como um dos principais objetivos das 

pesquisas neurocientíficas atuais. Recentemente, algumas possibilidades 

promissoras têm se revelado através de ensaios clínicos e experimentais. 

Evidências demonstram que a hipotermia resulta em desfechos comportamentais 

favoráveis quando iniciada dentro de 6 h após o início da lesão em recém-nascidos 

com HI leve ou moderada. No entanto, observa-se resultados neurológicos limitados 

nos casos mais graves.32, 33  

Neste contexto, o uso potencial de células-tronco vem sendo testado em 

diferentes lesões do SNC. 34-36 Na área da neonatologia, a terapia celular utilizando 

células-tronco de cordão umbilical humano (CTCUH) apresenta alguns aspectos 

favoráveis em relação aos demais tipos celulares. A facilidade de coleta, sem riscos 

para a gestante e o neonato, assim como o grande número de células disponíveis 

são as principais vantagens para a utilização desta fonte celular. Além disso, o 

sangue do cordão umbilical pode ser usado terapeuticamente no período perinatal 

ou criopreservado para o uso tardio.37, 38 
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Em recente artigo de revisão (Capítulo II), nosso grupo de pesquisa 

selecionou os principais estudos sobre terapia celular em modelos animais de HI.39 

A maioria destas investigações pré-clínicas tem demonstrado efeitos terapêuticos 

benéficos do transplante de células-tronco após lesões cerebrais neonatais. No 

entanto, os estudos apresentam uma ampla variabilidade de metodologias e 

concentrações celulares (variando de 5 x 104 a 1 x 107 células) dificultando assim, 

análises e comparações entre os desfechos encontrados. Além disso, embora esses 

estudos tenham demonstrado achados promissores, uma publicação do nosso 

laboratório mostrou que, apesar das evidências de migração celular, uma dose única 

de 1 x 107 CTCUH transplantadas por via intravenosa em animais com severa HI, 

não resultou em melhores desfechos comportamentais e morfológicos 3 semanas 

após o transplante. 40 Nossos resultados sugerem que diversas variáveis são 

necessárias para a otimização do uso clínico da terapia com células-tronco, 

incluindo via de administração, fonte celular e dosagem.41 

Atualmente, tem-se preconizado que desenhos experimentais para o estudo 

de abordagens regenerativas devam incluir dois aspectos principais: (1) a via de 

administração mais adequada, considerando eficácia e segurança; e (2) análises 

dose-resposta para avaliar não apenas a dose terapêutica apropriada, mas também 

a dosagem máxima tolerada.42 

A avaliação dose-resposta das células-tronco em modelos animais tem sido 

realizada em alguns estudos sobre lesões do SNC. Em uma recente meta-análise, 
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Janowski et al.43 demonstraram que há uma associação dose-resposta entre o 

número de células injetadas e os efeitos funcionais da terapia celular na maioria dos 

ensaios experimentais sobre neuropatologias. 

Um dos pioneiros estudos sobre os efeitos dose-reposta das células-tronco 

em modelos animais de isquemia foi a publicação de Saporta et al.44. Estes autores 

demonstraram que um efeito dose-dependente da administração intracerebral de 

neurônios humanos (linhagem NT2N) sobre a recuperação funcional de ratos 

submetidos a um modelo de isquemia. Posteriormente, Vendrame et al.45 também 

demonstraram que a recuperação funcional e histológica de ratos adultos 

submetidos à isquemia cerebral ocorreu na presença de concentrações celulares 

elevadas, sugerindo assim, que os efeitos benéficos do transplante intravenoso de 

CTCUH foi dependente da quantidade de células injetadas. Essas investigações 

corroboram resultados mais recentes publicados por Stroemer et al.46  que 

demonstrou achados similares em animais isquêmicos.  

1.2 Justificativa 

A hipóxia-isquemia neonatal é a causa mais importante de dano neurológico 

no recém-nascido. Eventos hipóxicos-isquêmicos no período de imaturidade do SNC 

podem resultar em severas morbidades no neurodesenvolvimento. Estatísticas 

sugerem uma incidência de asfixia em 1-3 por 1000 nascimentos a termo em países 

desenvolvidos como os Estados Unidos. 7 No Brasil, estima-se que a prevalência de 
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asfixia neonatal seja de, aproximadamente, 2% dos nascidos-vivos. 8 A taxa de 

mortalidade dos recém-nascidos asfixiados no período neonatal é de 20 a 50%, e 

mais de 25% dos sobreviventes irão exibir incapacidades neuropsicomotoras 

permanentes, incluindo retardo mental, paralisia cerebral, epilepsia e dificuldades de 

aprendizagem. 47, 48 

Apesar da significância clínica da lesão cerebral neonatal e dos avanços 

científicos na área da perinatologia, o manejo terapêutico dos recém-nascidos 

asfixiados tem sido limitado a medidas de suporte e não se dirige à restauração do 

processo de lesão cerebral, visto que o SNC apresenta uma capacidade de 

regeneração auto-limitada em resposta a um insulto. 

Nesse contexto, a terapia celular vem sendo explorada por ser um promissor 

tratamento para doenças neurológicas graves. Esta inovadora abordagem 

terapêutica tem sido utilizada na reparação de tecidos e órgãos lesados, através da 

utilização de células-tronco em alvos terapêuticos considerados incapazes de 

desenvolver processos regenerativos, tais como o coração e o cérebro. Apesar da 

ampla variabilidade de métodos e dosagens utilizados, a maioria dos resultados 

experimentais recentes tem demonstrado efeitos neuroprotetores das células-tronco 

em modelos de HI.39 No entanto, dados do nosso grupo de pesquisa mostraram que, 

apesar das evidências de migração celular, uma dose única de 1 x 107 CTCUH 

injetadas por via intravenosa em animais com severa HI, não resultou em melhores 

desfechos comportamentais e morfológicos 3 semanas após o transplante.40 
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Diversos aspectos podem ter influenciado os resultados encontrados, dentre os 

quais destacamos a concentração de células injetadas. 

Assim, em decorrência dos nossos achados prévios e da escassez de 

estudos dose-resposta de CTCUH em modelos animais de HI, faz-se necessário 

estudos experimentais que estabeleçam concentrações celulares eficazes e seguras 

previamente ao uso clínico da terapia celular em lesões cerebrais neonatais.  

1.3 Objetivos 

1.3.1 Objetivo geral 

O presente estudo objetiva comparar os efeitos comportamentais e 

morfológicos da administração intravenosa de três diferentes doses de CTCUH 8 

semanas após a indução da hipóxia-isquemia neonatal em ratos. 

1.3.2 Objetivos específicos 

1) Comparar a memória de orientação espacial dos animais HI não-tratados 

(HI + veículo) com os animais HI que receberam 1 x 106 (HI + dose baixa), 

1 x 107 (HI + dose média) ou 1 x 108 (HI + dose alta) CTCUH 8 semanas 

pós-transplante, considerando duas variáveis do teste de memória de 

orientação espacial Morris water maze: latência para alcançar a plataforma 

e tempo percentual no quadrante alvo.  
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2) Comparar as alterações morfológicas dos animais HI não-tratados (HI + 

veículo) com os animais HI que receberam 1 x 106 (HI + dose baixa), 1 x 

107 (HI + dose média) ou 1 x 108 (HI + dose alta) CTCUH 8 semanas pós-

transplante, considerando duas variáveis estereológicas: volume absoluto 

dos hemisférios cerebrais e percentual de perda tecidual.  

3) Verificar a presença das CTCUH no cérebro dos animais em estudo 7 dias 

após o transplante intravenoso. 

1.4 Aspectos éticos 

No presente estudo, os protocolos experimentais utilizados seguiram as 

normas internacionais de experimentação com animais de laboratório. Todos os 

procedimentos foram realizados tomando os cuidados necessários para reduzir ao 

máximo o número de animais empregados. Ressalta-se também que os animais 

receberam cuidados adequados e foram submetidos ao mínimo possível de 

desconforto e “stress”. Durante os procedimentos foram instituídas sedação e 

analgesia de acordo com a prática veterinária aceita. 

Poucos estudos com células-tronco têm usado animais isogênicos como fonte 

de progenitores celulares. Em contrapartida, o uso de células-tronco de cordão 

umbilical humano em modelos animais tem sido amplamente estudado. Nessa 

pesquisa, a coleta do sangue de cordão umbilical foi realizada após assinatura do 

Termo de Consentimento Livre e Esclarecido (Apêndice I) e não acarretou riscos 
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para a doadora. Qualquer impedimento para este procedimento foi respeitado pela 

pesquisadora.  

Este estudo foi aprovado pelo Comitê de Ética em Pesquisa da PUC-RS, 

registro CEP 09/04761, em 02 de julho de 2009. 
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Highlights: 

1. A high dose of HUCBC attenuates spatial memory impairments in hypoxic-

ischemic rats. 

2. HUCBC dose-dependently hinders brain lesions in hypoxic-ischemic rats.  

3. HUCBC are detected in host rat brains 7 days after cell transplantation.  

4. HUCBC are a promising treatment for neonatal hypoxia-ischemia. 

5. Dosage is an important factor for the clinical use of HUCBC for neonatal 

hypoxia-ischemia. 
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Abstract 

 

Despite the beneficial effects of cell-based therapies on brain repair shown in most studies, 

there has not been a consensus regarding the optimal dose of human umbilical cord blood 

cells (HUCBC) for neonatal hypoxia-ischemia (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 following HI in newborn Wistar rats. In addition, we tested 

whether the transplanted HUCBC migrate to the injured brain after transplantation. Seven-

day-old animals underwent right carotid artery occlusion and were exposed to 8% O2 

inhalation for 2 h. After 24 h, the animals were randomly assigned into five experimental 

groups: sham-operated rats, HI rats administered with vehicle (HI + vehicle), and HI rats 

treated with 1 x 10
6
 (HI + low-dose), 1 x 10

7
 (HI + medium-dose), or 1 x 10

8
 (HI + high-dose) 

HUCBC into the jugular vein. After 8 weeks of transplantation, spatial memory performance 

was assessed using the Morris water maze (MWM), and subsequently, the animals were 

euthanized for brain morphological analysis using stereological methods. In addition, we 

performed immunofluorescence 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 to HI + vehicle rats (P < 

0.05). Furthermore, the brain atrophy was also significantly lower in the HI + medium- and 

high-dose groups compared to the HI + vehicle animals (P < 0.01; 0.001, respectively). In 

addition, HUCBC were localized in host brains by immunohistochemistry and PCR analyses 

7 days after intravenous administration. These results revealed that HUCBC transplantation 

has the dose-dependent potential to promote robust tissue repair and stable cognitive 

improvement after HI brain injury. 

 

Keywords: stem cells, hypoxia-ischemia, asphyxia, cord blood stem cell transplantation, dose 

response relationship. 
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Introduction 

The hypoxia–ischemia (HI) that occurs during the neonatal period is an important cause of 

mortality and severe neurologic 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 newborns, 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 due to the clinical relevance and 

socioeconomic impact generated by neonatal brain damage. However, with the exception 

of hypothermia, which shows satisfactory outcomes in infants with mild or moderate HI 

injury, these therapies have limited results (Johnston, et al., 2011, Sahni and Sanocka, 

2008). 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 (Harris, 

2008, Liao, et al., 2011, Santner-Nanan, et al., 2005). 

Current investigations using different cell dosages, delivery routes and types of human 

umbilical cord blood stem cells (HUCBC) have reported that this therapy is 

neuroprotective in most animal models of neonatal brain injury (Meier, et al., 2006, 

Pimentel-Coelho, et al., 2009, Rosenkranz, et al., 2010, Xia, et al., 2010, Yasuhara, et al., 
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2009). Although these preclinical studies have demonstrated promising results for brain 

damage, we have recently shown in a rat model of severe neonatal HI that a single dose of 

1 x 10
7
 transplanted HUCBC can migrate to the brain after intravenous 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, including 

aspects such as timing, route of transplantation, cellular type and dosage (Bliss, et al., 

2007, Janowski, et al., 2010). 

One of the most important questions in terms of efficacy 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-response association between cell 

concentration and the functional effects of the treatment on animal models of heart damage 

(Iwasaki, et al., 2006, Wolf, et al., 2009). However, there are insufficient data showing the 

relationship between cell dose and long-term neurological outcomes (Garbuzova-Davis, et 

al., 2008, Omori, et al., 2008, Stroemer, et al., 2009, Vendrame, et al., 2004, Yang, et al., 

2011), and there are no dose-ranging studies in neonatal HI. Hence, we conducted a 

pioneer investigation to compare the effect of intravenous administration of HUCBC at 

three different doses on spatial memory and brain morphological changes in 60-day-old 

rats previously subjected to neonatal HI. In addition, we tested whether the transplanted 

HUCBC migrate to the injured brain 7 days after intravenous administration. 
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Materials and methods 

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 Pontifícia Universidade Católica 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 ºC) with free access to food and water. After each 

normal delivery, the litter sizes were adjusted to 8 pups per litter. Pups were kept with their 

dams until weaning at postnatal day (PND) 21.   

 

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 1 x 10
6
 (HI + 

low-dose), 1 x 10
7
 (HI + medium-dose), or 1 x 10

8
 (HI + high-dose) HUCBC transplanted 

into the jugular vein 24 h post-HI. An additional cohort of HI animals was injected with 

HUCBC as described above but was euthanized 7 days after transplantation. In these 

animals, brain samples were collected for immunofluorescence staining and PCR analyses. 

All experiments were performed by blinded investigators.  

 

Hypoxic-Ischemic Model 

In this study, we used the Levine rat model, modified by Rice et al. (Rice, et al., 1981), 

1981), for neonatal rats. On PND 7 (weights ranging from 12 to 15 g), each animal was 

briefly anesthetized with halothane delivered by a face mask. The right common carotid 
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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 ºC). 

Following 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 UI of heparin, immediately after full-

term delivery. 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 obtained material was diluted in RPMI-1640 medium 

(1:1) (Gibco®, USA). The cells were resuspended and fractionated on a density gradient 

generated by centrifugation, over Ficoll-Paque solution with a density of 1.077 g/L 

(Histopaque 1077, Sigma Aldrich, St. Louis, MO), at 400 × g for 30 min at 25 °C. The 

mononuclear fraction over the Ficoll-Paque layer was collected and washed twice with 

Dubelcco’s phosphate-buffered saline (DPBS) (Gibco®, 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. For the detection of surface 
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antigens, HUCBC were incubated with conjugated antibodies against CD45, CD105, 

CD34 and CD117. The labeled cells were collected and analyzed using a cytometer. 

CD34
+
 cells represented, on average, 2.4% of cord blood mononuclear cells after flow 

cytomeric analysis. Twenty-four hours after HI, randomly selected animals received 

HUCBC (1 x 10
6
, 1 x 10

7
 or 1 x 10

8
 cells) or vehicle delivered intravenously into the left 

jugular vein using an ultra-fine insulin syringe with a 31-gauge needle in a volume of 100 

µL.  

 

Spatial Version of the Morris Water Maze Task  

Spatial memory performance was evaluated 8 weeks after HI exposure or sham operation 

using the Morris water maze (MWM) as previously described (Da Silva, et al., 2008). The 

water maze consisted of a black circular pool (200 cm in diameter) conceptually divided 

into four equal imaginary quadrants. 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 8 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 
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platform was removed from the maze and the parameters measured were (1) the percentage 

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 anesthetized with a ketamine 

and xylazine mixture (90:10 mg/ml; i.p.) and perfused transcardially with saline followed 

by 4% paraformaldehyde, pH 7.4. The brains were removed from the skull and stored in 

the same solution for 24 h. Coronal sections of the brains (50 µm) were cut using a cryostat 

(Shandon, United Kingdom), collected at equidistant intervals and stained with cresyl 

violet using the Nissl method. The cerebellum was excluded 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 an stereoscopic light microscope (DF Vasconcellos 

MU-M19, Brazil), interfaced with Image Pro-Plus software (Version 6.1, Media 

Cybernetics, USA), and run on a personal 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 using the following equation: V=T.a/p.ΣP, where V = volume 
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estimation; T = distance between the analyzed sections; a/p = point area (1 mm
2
) and ΣP = 

the sum of points overlaid in the image (Alles, et al., 2010, Galvin and Oorschot, 2003). 

The hemispheric volume size was presented in (1) absolute terms (mm
3
), and (2) to 

evaluate 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 

hemisphere x 100%), as previously described (You, et al., 2007). 

 

Immunofluorescent Staining and Confocal Laser Scanning 

Migration of HUCBC was performed using the indirect immunofluorescence method. 

Seven days after intravenous HUCBC transplantation, a subgroup of HI animals (n = 6) 

was anesthetized with a ketamine and xylazine mixture (90:10 mg/ml; i.p.) and perfused 

transcardially first with a saline solution containing heparin, followed by 4% 

paraformaldehyde 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-µm thick coronal sections containing the cortex and hippocampus were 

cut with a microtome. After being deparaffinized, the sections were placed in boiling 

Target Unmasking Fluid® (TUF, PanPath, Amsterdam, NL) in a microwave oven for 10 

min. After cooling at room temperature, nonspecific protein binding was blocked with 

2.5% albumine serum bovine 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) (dilution 1:100; Chemicon, Mab-1281). The sections 

were then washed with 0.1 M PBS and incubated with Alexa Fluor 488 goat anti-mouse 

lgG (H+L) secondary antibody (1:1.000; Invitrogen, USA) at 37 ºC in the absence of light 
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for 1 h. Glass coverslips were mounted using ProLong Gold antifade mounting medium 

with DAPI (Invitrogen, 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, analyzed, and photographed qualitatively 

using a confocal laser scanning microscope (LSM 5 Exciter, Carl Zeiss, Germany) coupled 

to a Pro-Series High Performance CCD camera and Zen 5.0 software (Carl Zeiss, 

Germany). 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 emissions were 

sequentially acquired with 2 separate photomultiplier tubes through LP 420 and BP505-

530 nm emission filters, respectively. 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 1024 x 1024 pixels, and the 

specimens were scanned an average of 4 times with a 12-bit pixel depth. The Z-stacks (± 

15 optical slices) were obtained at a thickness of 1 µm, and colocalization 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 analysis. 

 

Polymerase Chain Reaction (PCR) Analysis 

An additional group of HI rats (n = 7) was euthanized, and samples were collected 7 days 

after HUCBC cell 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 primers to the human β-actin gene sequence. We used the 
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forward primer 5’-tccctgtacgcctctggccata-3’ and the reverse primer 5’-

ccttctgcatcctgttggtgatgcta-3’ complimentary to the human β-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. Amplified 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 program (GraphPad Software, 

San Diego, CA). 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 (for comparisons 

with the vehicle control) or Bonferroni’s tests, as appropriate. Data were considered 

significantly different if P < 0.05.  
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Results 

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. At 8 weeks post-injury, the probe test in the absence 

of the escape platform revealed that HI + vehicle rats exhibited significant spatial memory 

deficits (Fig. 1). One-way ANOVA followed by Dunnett’s test indicated that the escape 

latency to swim over the previous position of the escape platform was longer in the HI + 

vehicle group (37.66 ± 6.99 s) than in the sham group (7.89 ± 1.19 s) (P < 0.01) (Fig. 1A). 

Among treatment groups, only the HI + high-dose of HUCBC had a markedly shorter time 

required to reach the platform location (16.86 ± 3.48 s) (P < 0.05 versus HI + vehicle). For 

the second analyzed variable, the HI + vehicle group spent less time swimming in the 

target quadrant that previously contained the escape platform (32.97 ± 3.91%) compared to 

either the sham-operated (62.52 ± 4.17%) (P < 0.001) or HI + high-dose groups (48.17 ± 

2.93%) (P < 0.05) (Fig. 1B). No significant differences were observed for either variable 

when HI + low-
 
and medium-dose animals were compared to HI + vehicle animals, 

suggesting that only a high dose of HUCBC rescues the learning and memory impairments. 

 

 

 

 

 

 



Capítulo III – Artigo original  

 

51 

Fig. 1. A high-dose of HUCBC transplantation demonstrated a significant attenuation of injury-induced 

spatial memory impairment in hypoxic-ischemic rats. (A) The sham-operated and HI + high-dose (1 x 10
8
 

cells) groups showed a significantly faster latency of swimming over the previous platform location when 

compared to HI + vehicle animals. (B) 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 training 

compared to HI + vehicle rats. No significant differences were observed when low- or medium-dose groups 

were compared to 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 versus HI + vehicle. 

 

Intravenously transplanted HUCBC dose-dependently prevent brain lesions after neonatal 

hypoxia-ischemia in rats 

To determine the brain morphological changes with different doses of HUCBC in a model 

of neonatal HI, we estimated the volume of each brain hemisphere 8 weeks after lesion 

induction using the Cavalieri principle (Fig. 2). Absolute hemispheric volume analysis 

showed significant atrophy of the hemisphere ipsilateral to the carotid occlusion (right 
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side) in the HI + vehicle group when compared to the contralateral hemisphere (296.76 ± 

74.23 versus 605.28 ± 47.39 mm
3
; P < 0.001) (Fig. 2A). Similarly, the HI + low-dose 

group also had a significantly reduced volume of the right hemisphere compared to the left 

one (451.92 ± 64.82 versus 639.12 ± 17.14 mm
3
; P < 0.05). No difference was observed 

between the right and left hemispheres in sham animals (641.40 ± 7.49 versus 658.92 ± 

6.23 mm
3
) or in the HI groups that received only medium (560.16 ± 63.65 versus 664.56 ± 

16.74 mm
3
) or high doses (658.20 ± 22.32 versus 658.56 ± 18.75 mm

3
) of HUCBC. As 

shown in Fig. 2B, we also examined cerebral atrophy in terms of the percentage of brain 

tissue loss, which was calculated using the contralateral (left, non-ischemic) hemisphere as 

a control. One-way ANOVA followed by Dunnett’s test indicated that the percentage of 

damage in the HI + 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 to vehicle-treated 

animals, suggesting 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. 2C. Examination of brain tissues showed vast ischemic damage with 

extensive atrophy and the formation of porencephalic cysts in the ipsilateral hemisphere of 

the HI + vehicle rats. 
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Fig. 2. 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 to the left. 

There was no difference between the hemispheric volumes in the medium- and high-dose HI 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 versus the left hemisphere. (B) 

Percentage of brain tissue loss is shown in a graph. When compared to 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 HI + vehicle and the HI + low-dose group. All values represent the mean ± 

SEM; n = 10 per group. * P < 0.05, ** P < 0.01 and *** P < 0.001 versus the HI + vehicle group using 
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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 

HI + vehicle group that was attenuated at the highest doses of HUCBC. Calibration bars = 1 mm. 

 

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 surviving 

human cells were located in the cortex and the hippocampus of both hemispheres (Fig. 3A 

and B). Confocal photomicrographs with orthogonal reconstruction of grafted cells (Fig. 

3C) revealed merged images of HuNu
+
 cells and DAPI in brain parenchyma of all analyzed 

animals 7 days after transplantation. To confirm the migration of the delivered cells, we 

performed nested PCR analysis in 7 animals using complementary primers to the human β-

globin sequence 7 days after HUCBC transplantation. The expression of the band 

corresponding to the human gene was detected in the ipsilateral and contralateral 

hemispheres of 6 rats that received HUCBC via the jugular vein (Fig. 3D). The 

observations made from immunofluorescence staining and PCR analysis were consistent 

for all doses. 
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Fig. 3. Evidence of surviving HUCBC in a rat brain 7 days after intravenous 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 brain. (B) HuNu
+
 cells in the 

graft are shown at higher magnification. 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 
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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 β-globin gene sequence in the ipsilateral and contralateral hemispheres. Positive 

control (PC); negative control (NC); ipsilateral hemisphere (IH); contralateral hemisphere (CH). Calibration 

bars = 10 µm. 

 

Discussion 

The neonatal HI rodent model produces long-term cognitive deficits and severe brain 

atrophy. We found that after a high-dose of HUCBC (1 x 10
8 

cells) transplanted 

intravenously, the rats demonstrated a significant attenuation of HI-induced spatial 

memory impairment 8 weeks after the treatment. Furthermore, medium (1 x 10
7 

cells) and 

high-dose of cell transplantation hindered the brain lesions caused by HI, which was not 

observed in low-dose (1 x 10
6 

cells) treated animals. In addition, HUCBC were identified 

in host rat brains 7 days after intravenous administration using immunofluorescence and 

PCR analysis. 

To investigate cognitive function after HUCBC transplantation, we performed the MWM 

test, which is an important measure of hippocampal-dependent spatial learning and 

memory after brain injuries, such as neonatal HI (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 performance 3 weeks after 

administration of 1 x 10
7
 HUCBC (medium-dose) in HI rats (de Paula, et al., 2009). 

However, in the current report, the spatial learning and memory of HI animals treated with 
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a high dose of HUCBC was significantly rescued compared to HI + vehicle animals 8 

weeks after treatment. Only a few studies have addressed the effects of HUCBC 

transplantation on the cognitive consequences 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 neuropathological 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 due 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 mesenchymal 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, 1 x 10
7
 

HUCBC (medium-dose) were not enough to mediate functional recovery after neonatal HI 

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 between the 

number of stem cells injected and the functional effects of the treatment in experimental 

neurological diseases (Janowski, et al., 2010). A pioneer study demonstrated that neural 
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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 transplantation in rats after stroke promoted 

significant sensorimotor recovery depending on cell dosage (Stroemer, et al., 2009). In line 

with our study, Yang et al. (2011) demonstrated that the highest doses of bone marrow 

mononuclear 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 

discrete 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 observed in cell transplantation reports. However, the specific 

mechanisms of action responsible for the successful stem cell transplantation in HI brain 

injury have not yet been established. It has been suggested that HUCBC treatment 

decreases brain damage and consequently improves neurological deficits, mainly by 

enhancing paracrine 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 

neurotrophic 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. (2009) 

reported an increase in GDNF, NGF and BDNF brain levels in HI rats 3 days post-HUCBC 

transplantation (Yasuhara, et al., 2009). 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 
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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 stimulates 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 

facilitating the process of endogenous neurogenesis (Vendrame, et al., 2005). However, 

more studies are needed to confirm these suggested mechanisms. 

In the present report, we detected double-labeled HuNu
+
 cells 7 days after cell 

transplantation. Most of the HUCBC were widely dispersed throughout the cortical regions 

and other structures of both hemispheres. In addition, PCR analysis performed 7 days after 

HUCBC transplantation showed the presence of human β-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).  

 

Conclusion 

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 HI-injured rats. Thus, these results bring us closer to the 

clinical applications of cell-based therapy. In summary, our current report reveals the 

therapeutic dose (1 x 10
8 

mononuclear cells) necessary to promote robust tissue 
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neuroprotection and stable functional improvement. We emphasize that dosage is an 

important factor in optimizing cellular transplantation. However, other questions as to the 

follow-up time required for neuroprotection and the additional action mechanisms demand 

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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4 CONCLUSÕES 

Os resultados do presente estudo demonstraram que os animais hipóxico-

isquêmicos que receberam a dose intravenosa de 1 x 108 CTCUH apresentaram a 

associação de melhores desfechos morfológicos e comportamentais quando 

comparados ao grupo de animais hipóxico-isquêmicos não-tratados (HI + veículo). 

Adicionalmente, poucas células humanas foram detectadas no cérebro dos animais 

estudados. Especificamente, os achados desta pesquisa mostraram que: 

1) Os animais hipóxico-isquêmicos que receberam 1 x 108 CTCUH por via 

intravenosa apresentaram melhor performance no teste de memória de 

orientação espacial que os animais do grupo não-tratado. Considerando 

as duas variáveis estudadas, os animais do grupo HI + dose alta 

apresentaram menor latência para alcançar a plataforma e maior tempo no 

quadrando alvo quando comparados ao grupo HI + veículo. 

2) Os animais hipóxico-isquêmicos que receberam 1 x 107 e 1 x 108 CTCUH 

por via intravenosa apresentaram melhores desfechos morfológicos que 

os animais do grupo veículo. Considerando as duas variáveis estudadas, 

os animais HI + dose média e HI + dose alta não apresentaram diferenças 

significativas entre os hemisférios cerebrais e apresentaram menor 

percentual de perda tecidual quando comparados ao grupo HI + veículo. 
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3) Detectou-se a presença de CTCUH no cérebro dos animais transplantes 7 

dias após a injeção intravenosa, principalmente na região cortical.
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APÊNDICE I - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO 
 

Título da pesquisa: Avaliação dose-resposta da administração intravenosa 

de células mononucleares de cordão umbilical humano em modelo experimental 

de hipóxia-isquemia neonatal em ratos 

Durante a gravidez, o oxigênio e nutrientes essenciais passam do sangue 
materno para o bebê através da placenta e do cordão umbilical. Após o parto, o 
sangue que permanece no cordão umbilical e na placenta é geralmente descartado. 
Este sangue contém um grande número de células-tronco, que são células jovens, 
que conseguem se reproduzir em células de seus respectivos tecidos. Pesquisas em 
andamento buscam utilizar essas células na regeneração de órgãos, como o 
coração e o cérebro, pois estas células podem se transformar em diversas outras 
células, tais como, células sangüíneas, musculares e nervosas (neurônios). 

O objetivo deste trabalho é avaliar se as células-tronco de cordão umbilical 
humano podem tratar a lesão cerebral de ratos que sofreram asfixia no período do 
nascimento.  

Para a coleta do sangue, após o nascimento, o cordão umbilical é pinçado 
(lacrado com uma pinça) e separado do bebê, cortando a ligação entre o bebê e a 
placenta. A quantidade de sangue (cerca de 70 - 100 ml) que permanece no cordão 
e na placenta é drenada para uma bolsa de coleta. Em seguida, já no laboratório de 
processamento, as células-tronco são separadas e preparadas para o 
congelamento. Durante este procedimento de coleta, não há nenhum risco para a 
mãe e para o bebê. As equipes de coleta atuam somente com o consentimento do 
obstetra, garantindo que nada interfira no parto.  

Eu, ......................................................... (paciente ou responsável) fui 
informado dos objetivos da pesquisa acima de maneira clara e detalhada. Recebi 
informação a respeito dos procedimentos e esclareci minhas dúvidas. Sei que minha 
participação no estudo é voluntária e gratuita e que em qualquer momento poderei 
solicitar novas informações e modificar minha decisão se assim eu o desejar. A 
doutoranda Simone de Paula certificou-me de que todos os dados desta pesquisa 
referentes à mim e ao meu bebê serão confidenciais, bem como o seu tratamento 
não será modificado em razão desta pesquisa e terei liberdade de retirar meu 
consentimento de participação na pesquisa, face a estas informações. Concordo que 
as amostras de sangue de cordão umbilical e placenta obtidas serão utilizadas 
apenas com finalidade de pesquisa experimental. 

Fui informado que caso existam danos à minha saúde, causados diretamente 
pela pesquisa, terei direito a tratamento médico e indenização conforme estabelece 
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a lei. Também sei que caso existam gastos adicionais, estes serão absorvidos pelo 
orçamento da pesquisa. 

Caso tiver novas perguntas sobre este estudo, posso chamar pela 
Doutoranda Simone de Paula no telefone (51) 85025483. Para qualquer pergunta 
sobre os meus direitos como participante deste estudo ou se penso que fui 
prejudicado pela minha participação, posso chamar pelo orientador da pesquisa, Dr. 
Jaderson Costa da Costa.  Para qualquer pergunta sobre os meus direitos como 
participante deste estudo ou se penso que fui prejudicado pela minha participação, 
posso chamar o Comitê de Ética em Pesquisa da PUC-RS (telefone: 3320-3345). 

 

Declaro que recebi cópia do presente Termo de Consentimento.  

 

________________           ________________          __/__/__ 
Assinatura do Paciente    Nome     Data 
 
 
__________________  _______________          __/__/__ 
Assinatura do pesquisador    Nome    Data 
 
 
Este formulário foi lido para ______________________________ (nome do 

paciente) em _____/_____/______ (data) pelo_________________ (nome do 

pesquisador) enquanto eu estava presente. 

 
 
__________________  _______________          __/__/__ 
Assinatura da testemunha             Nome     Data 
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APÊNDICE II – ARTIGO ORIGINAL PUBLICADO EM 2009 
 

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. Pediatric Research, 2009. 
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