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RESUMO

A maléria é a principal e a mais grave doenca parasitaria da humanidade. A
Malaria cerebral (MC) tem sido definida como uma encefalopatia aguda, difusa,
potencialmente reversivel, caracterizada por coma e presenca de formas assexuadas do
P. falciparum em esfregaco sanguineo, com exclusdo de outras causas de
encefalopatias. Apresenta uma fisiopatologia complexa e pouco elucidada, na qual
alteracfes vasculares, imunologicas e metabolicas tém sido descritas. No presente
trabalno foi investigado possiveis associagbes entre alteracbes cognitivas e
comportamentais e processos inflamatorios e neuroquimicos no sistema nervoso central
(SNC) utilizando o modelo experimental de MC por Plasmodium berghei ANKA
(PbA). Camundongos C57BL/6 fémeas foram infectados, intraperitonealmente, com a
cepa PbA, por meio de indculo padronizado (10° hemécias parasitadas). Alteragdes
neuroldgicas e comportamentais significativas, avaliadas pela bateria de testes SHIRPA,
foram encontradas no 6° dia apds a infeccdo. Paralelamente as alteracdes encontradas
nos dominios funcionais da bateria SHIRPA, foi observado aumento significativo da
liberacdo de glutamato no cértex cerebral e da concentragdo de glutamato no liquido
cefalorraquidiano dos camundongos infectados, mensurado por meio de um
espectrofluorimetro. Além disso, os camundongos com MC apresentaram altos niveis de
ansiedade no 5° dia apés a infeccdo, indicados pela reducdo significativa da
porcentagem de tempo gasto e do nimero de entradas realizadas nos bracos abertos do
labirinto em cruz elevado. Associado aos transtornos de ansiedade foram observadas
alteracdes histopatoldgicas em diferentes regides do encéfalo, em especial na regido
CAl do hipocampo, e aumento significativo nas concentracBes de citocinas pro-
inflamatdrias (IL-1p e TNF-a) no tecido cerebral dos camundongos infectados,
avaliadas por meio da técnica ELISA. Dessa forma, os resultados encontrados sugerem
que o glutamato pode desempenhar um importante papel na patogénese da MC e que a
producdo exacerbada de citocinas pro-inflamatérias no SNC, em especial IL-1p ¢ TNF-
a, durante a infecg¢do, pode contribuir significativamente para o desenvolvimento das

alteracbes comportamentais observadas nos camundongos com MC.

Palavras-chave: Malaria, Maléria Cerebral, Alteragdes comportamentais, SHIRPA,

Glutamato, Ansiedade, Citocinas pro-inflamatdrias.



ABSTRACT

Malaria is the main and most serious parasitic disease of mankind. Cerebral
Malaria (CM) has been defined as a potentially reversible diffuse encephalopathy
characterized mainly by coma and the presence of asexual forms of P. falciparum
parasites in peripheral blood smears in the absence of other causes of encephalopathy.
This condition presents a complex and incompletely understood pathogenesis, in which
vascular, immunological and metabolic changes have been described. In the present
work were investigated possible associations between cognitive and behavioral
alterations and neurochemical and inflammatory processes in the CNS using the
Plasmodium berghei ANKA (PbA) model of CM. Female C57BL/6 mice were infected
with PbA by the intraperitoneal route (i.p), using a standardized inoculation of 10°
parasitized red blood cells. Significant neurological and behavioral changes, as assessed
by the SHIRPA battery, were found on day 6 post- infection. In parallel to the
alterations found in the functional domains of the SHIRPA battery, were observed a
significant increase of glutamate release in the cerebral cortex and of glutamate levels in
the cerebrospinal fluid of infected mice, as measured by a spectrofluorimeter.
Furthermore, CM mice presented high levels of anxiety on day 5 post-infection, as
indicated by the significant decrease in the percentage of time spent on and in the
number of entries made onto the open arms of the elevated plus maze. In association
with the anxiety symptoms were observed histopathological changes in different brain
regions, particularly in the CA1 region of hippocampus, and a significant increase of
proinflammatory cytokine levels (IL-1p and TNF-a) in the brain tissue of infected mice,
as assessed by ELISA technique. Thus, our results suggest that glutamate may play an
important role in the pathogenesis of CM and that the exacerbated production of
proinflammatory cytokines in the CNS, especially IL-1B and TNF-a, during the
infection, could contribute significantly to the development of the behavioral alterations

observed in CM mice.

Keywords: Malaria, Cerebral Malaria, Behavioral Changes, SHIRPA, Glutamate,
Anxiety, Proinflammatory Cytokines.
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1- INTRODUCAO

1.1 — Maléria

A malaria é a principal e a mais grave doenca parasitaria da humanidade (Lou et al.,
2001). Segundo dados da Organizacdo Mundial de Saude (2009), 108 paises tém sido
considerados endémicos, sendo registrado no ano de 2008 um total de 243 milhGes de casos,
dos quais 863.000 evoluiram para o 6Obito. Considerada uma condi¢do negligenciada e um
relevante problema de salde publica em mais de 90 paises, estima-se que aproximadamente
um terco da populacdo mundial esta sob risco de transmisséo da doenca (Lou et al., 2001). Os
paises da Africa Tropical respondem por mais de 90% dos casos clinicos e pela maioria dos
casos letais, que ocorre principalmente entre criangas com idade inferior a cinco anos e
primiparas residindo em &reas hiperendémicas com limitado acesso aos servicos de salde
(Murphy e Breman, 2001).

Na Ameérica Latina, 0 maior nimero de casos (99%) tem sido registrado na Amazodnia
brasileira, incluindo os Estados do Amazonas, Para, Acre, Roraima, Rond6nia, Amapa, Mato
Grosso, Tocantins e Maranhdo, com uma incidéncia anual de 400-700 mil casos (Ministério
da Saude, Brasil, 2005). No ano de 2009, o Brasil registrou 306.908 casos de malaria, sendo
99,8% dos casos confirmados oriundos da Regido Amazdnica (Oliveira-Ferreira et al., 2010).

Além dos transtornos associados a salde, tem sido descrito importantes prejuizos
sociais e econdmicos em regides endémicas (Sachs e Malaney, 2002). Estima-se que no ano
de 2009 foram gastos US$ 1.7 bilhGes de dolares em campanhas de prevengdo e medidas de
controle da doenca (Organizacdo Mundial de Saude, 2009). Em adicédo, tem sido descrito uma
reducdo anual de US$ 12 bilhdes de ddlares no crescimento econdmico de paises africanos em
decorréncia dessa condigdo, o que tem contribuido significativamente para a permanente

estagnacdo econdmica destes paises (Breman, 2001).



1.2 - Fisiopatologia da maléria

Transmitida pela fémea do mosquito Anopheles infectado, a malaria é causada pelo
protozoario do género Plasmodium. Quatro espécies tém sido descritas como agentes
causadores da doenca em humanos: Plasmodium falciparum, Plasmodium vivax, Plasmodium
malariae e Plasmodium ovale, sendo a primeira mais virulenta e a principal causadora de
morte (De Souza e Riley, 2002). Recentemente, tém sido descritos casos de malaria humana
causada por uma quinta espécie de Plasmodium: Plasmodium knowlesi, uma espécie natural
de primatas (White, 2008).

O Plasmodium é um parasito intracelular obrigatorio e apresenta um complexo ciclo
de vida que depende do mosquito vetor (hospedeiro invertebrado) e de um hospedeiro
vertebrado (Bano et al., 2007). Exibe notavel complexidade bioldgica, com formas evolutivas
apresentando diferentes caracteristicas antigénicas e variado potencial patogénico, somado ao
desenvolvimento de varios mecanismos de escape do parasito a acdo do sistema imunologico
(Good et al., 2005).

Durante o repasto sanglineo, o mosquito vetor inocula esporozoitos na derme do
hospedeiro, que iniciam um processo de migracdo para o figado, onde invadem os hepatdcitos
(Miller et al., 2002). No interior dessas células, os esporozoitos sofrem esquizogonia tecidual
e se diferenciam em merozoitos hepaticos. A formacdo de vesiculas, denominadas
merossomos, que se destacam de hepatdcitos, garante uma liberacdo segura dos merozoitos
para a circulacdo, evitando a fagocitose por macrofagos residentes (células de Kupffer)
presentes em grande nimero nos capilares sinusoides hepaticos (De Souza e Riley, 2002).
Desta forma, 0s merozoitos que chegam a circulacdo sdo capazes de invadir eritrocitos,
iniciando a fase eritrocitica da infecgdo, na qual ocorrem as manifestacdes clinicas que

caracterizam a doenga (Miller et al., 2002). Ao invadir o eritrocito, iniciard uma fase ciclica



na qual progride para um trofozoito e para esquizonte maduro, o qual rompe o eritrocito
liberando novos merozoitos, que invadirdo outros eritrdcitos (de Souza e Riley, 2002).

Os sintomas clinicos da malaria sdo, primariamente, decorrentes da ruptura de
eritrocitos parasitados, ja que nesta etapa ocorre a liberacdo na circulacdo sangiinea de
antigenos constituintes do parasito e formados em consequéncia de seu metabolismo, que
causam uma intensa ativacdo do sistema imune (Good et al., 2005). Apds varios ciclos
sanguineos ocorre a diferenciacdo em estagios sexuados, os gametdcitos. Os gametocitos
formados no homem s&o ingeridos pelo vetor durante a hematofagia. Dentro do mosquito, o
parasito amadurece até alcancar o estagio sexual (fase esporogdnica) onde, novamente, pode
infectar o hospedeiro humano (Miller et al., 2002).

E fundamental ressaltar que uma proporcdo significativa do ciclo de vida do
Plasmodium ocorre dentro dos eritrocitos e, como estes ndo séo contidos em um sitio tecidual
especifico, mecanismos imunes contra o parasito podem afetar varios 6rgaos (Good et al.,

2005).

1.3 — Aspectos clinicos da malaria

Clinicamente, a malaria manifesta-se por meio de uma diversidade de sintomas, que
podem ser mais ou menos graves dependendo de fatores associados ao parasito e ao
hospedeiro (Miller et al., 2002). Nas infeccBes por P. vivax, P. malariae e P. ovale,
predomina a forma ndao complicada da doenca, caracterizada por febre intermitente, sudorese,
mal estar, vémitos e intensa debilidade fisica. As infecces por P. falciparum podem levar a
forma complicada, denominada malaria grave, considerada uma doenga multissistémica,
capaz de afetar diretamente o sistema nervoso central (SNC), causando déficits neuroldgicos e
cognitivos que caracterizam a malaria cerebral, além de anemia grave, insuficiéncia renal

aguda, edema pulmonar, hipoglicemia, colapso circulatério e acidose metabdlica (Miller et



al., 2002; Mung’ala-odera et al., 2004). Em adicdo, ¢ fundamental ressaltar que o curso
clinico da doenca depende de fatores associados tanto ao parasito quanto ao hospedeiro, além

de questdes geograficas e sociais (Miller et al., 2002).

1.4 - Maléria cerebral

A maléria cerebral (MC), de acordo com a Organizacdo Mundial de Saude (2000),
pode ser definida como uma encefalopatia aguda, difusa, potencialmente reversivel,
caracterizada por coma e presenca de formas assexuadas do P. falciparum em esfregaco
sanguineo, com exclusdo de outras causas de encefalopatias, principalmente meningite
bacteriana e encefalites virais. Constitui a principal e mais grave complicacéo resultante da
infecgdo pelo P. falciparum, sendo responsavel pela maioria dos casos de incapacidade e
Obito (Mung’ala-odera et al., 2004; Idro et al., 2005). Estima-se que em todo mundo ocorra
anualmente 2,3 milhdes de ébitos em decorréncia dessa condi¢do (Snow et al., 2005) e que 10
a 17% dos que sobrevivem ao quadro de MC permanecem com algum déficit cognitivo e/ou

comportamental (Murphy e Breman, 2001).

1.5 — Fisiopatologia da maléaria cerebral

Apesar de a fisiopatologia da MC ser amplamente investigada, 0s mecanismos
celulares e moleculares responsaveis pela sua patogénese permanecem pouco elucidados
(Hunt et al., 2006; Van de Heyde et al, 2006). As alteracbes metabdlicas causadas pelo
blogqueio mecéanico do fluxo sanguineo cerebral decorrente do seqiiestro de eritrocitos
parasitados, leucocitos e plaquetas na microvasculatura e a ativacdo do sistema imune em

resposta a infeccdo, com conseqiiente secrecdo de mediadores inflamatdrios (citocinas e



quimiocinas) pelo hospedeiro, tém sido descritos como os principais fatores envolvidos no
desenvolvimento da MC (Van de Heyde et al, 2006).

O sequestro de eritrécitos € um mecanismo complexo que envolve interagdes entre
antigenos polimorficos localizados na superficie de eritrécitos infectados e receptores
expressos nas células endoteliais do hospedeiro (De Souza e Riley, 2002). A proteina 1 de
membrana do eritrocito do P. falciparum (PfEMP1) é a principal molécula expressa na
superficie dos eritrocitos infectados com estagios maduros do parasito, sendo capaz de
reconhecer simultaneamente diversos receptores presentes nas células endoteliais do
hospedeiro, incluindo CD36, molécula de adesdo intercelular-1 (ICAM-1), sulfato de
condroitina A (CSA), molécula de adesdo celular plaguetaria/endotelial-1 (PECAM-1),
molécula de adesdo celular vascular-1 (VCAM-1), trombospondina e E-seletina (De Souza e
Riley, 2002; Idro et al., 2005). A ICAM-1 tem sido descrita como o principal ligante
envolvido no sequestro nos capilares cerebrais. Um aumento da expressao deste receptor no
endotélio cerebral resultaria em citoaderéncia, cujos danos seriam responsaveis pelas
complicagdes da MC, caracterizando a denominada hipGtese da obstru¢cdo mecénica,
postulada em 1894 por Marchiafava e Bignami (Miller et al., 2002; Idro et al., 2005).
Acredita-se que 0 sequestro acarreta uma obstrucdo do fluxo sanguineo nos capilares
cerebrais, reduzindo a perfusdo tecidual e a remocdo de metabdlitos, levando a hipdxia e a
conseqiientes danos no tecido e funcdo cerebral (Van de Heyde et al, 2006). Nesse contexto, a
MC tem sido descrita também como uma desordem isquémica e alguns estudos tém
investigado o papel de mediadores neuroquimicos, incluindo o glutamato, e de outros
compostos metabdlicos como lactato e glicina na patogénese da MC (Sanni et al., 2001; Rae
et al., 2004; Parekh et al., 2006).

Além da obstrucdo mecanica, a resposta imune exacerbada do hospedeiro a infeccao

pelo P. falciparum tem sido descrita como um importante evento na patogénese da MC (Hunt



e Grau, 2003; Armah et al., 2007). Essa hipdtese, conhecida como teoria da inflamagéo,
postulada por Maegraith em 1948, sugere que a MC é resultado de uma resposta imune
excessiva, que envolve inicialmente a ativacdo de células do sistema imune inata e de
plaquetas em resposta aos antigenos do parasito (Hunt et al., 2006; Van de Heyde et al, 2006).
Essa ativacdo do sistema imune acarretaria a producdo exacerbada de citocinas pro-
inflamatdrias tipo Thl, especialmente o Fator de Necrose Tumoral (TNF-a) e o Interferon
Gama (IFN-y) e a ativacdo de células T (Hunt e Grau, 2003). A condicdo inflamatéria
resultante levaria a hiperexpressdo de moléculas de adesdo endotelial e a secrecdo de
quimiocinas, contribuindo para a ocorréncia do sequestro de eritrocitos e a presenca de
plaquetas e células do sistema imune ativadas na microvasculatura cerebral do hospedeiro
(Hunt et al., 2006). A presenca dessas células e de mediadores inflamatorios no
microambiente vascular acarretaria em alteracbes na barreira hematoencefalica (BHE),
hemorragia, apoptose de células endoteliais e astrocitos, danos neuronais, e

consequentemente, os sintomas neurolégicos (Van de Heyde et al., 2006).
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Resumo

A maldria é a principal e a mais grave doenga parasitdria no mundo. A infeciio pelo Plasmodium falciparum é capaz, de afetar diretamente
0 sistema nervoso central, cansando déficits cognitivos e comportamentais que caracterizam a maldria cerebral (MC). A MC ¢ uma complicagio
decorrente da maldria grave sendo responsdvel pela matoria dos casos de tncapacidade e obito. A ocorvencia de segiielas cognitivas e comportamentais
apos tratamento da MC tem sido descrita, principalmente em criangas. Adultos e criancas apresentam diferencas nas manifestacies clinicas
resultantes da MC. Geralmente, as criangas cursam com nm espectro maior de alteragies e apresentam déficits em vdrios dominios cognitivos apds
0 tratamento da doenca. Apesar da sua relevancia clinica, os mecanismos patogenicos envolvidos no desenvolvimento das seqiielas resultantes da
MC permanecem pouco elucidados. O entendimento desses mecanismos € fundamental para elaboragio de intervengies terapénticas adeguadas
que atuen na prevengio desses 1ranstornos.

Palavras-chave: maliria, maldria cerebral, sequelas cognitivas, transtornos comportamentars

Abstract

Malaria is the main and most serious parasitic disease in the world. Plasmodinm falciparum infection can affect directly the central nervous
Systent leading to cognitive and bebavioral impairment which characterize cerebral malaria (CM). CM s a complication of severe malaria being
responsible for almost all disability and death. The occurrence of cognitive and bebavioral impairment after treatment has been reported,
especially in children. Adults and children have differences in clinical manifestations related to CM. In general, children tend to present a
greater spectrum of symptoms and impairment in almost all domatns of cognition after infection treatment. Despite of its clinical relevance,
pathogenic mechanisms involved in the development of CM sequelae remain poorly understood. A better understanding of these mechanisms
is essential Jor the elaboration of appropriate therapentic interventions which may contribute to the prevention of CM sequelae.

Keywords: malaria, cerebral malaria, cognitive sequelae, behavioral disorders

Mestranda do Programa de Pés-Graduacéo em Ciéncias da Satide: Infectologia e Medicina Tropical da Universidade Federal de Minas Gerais.
Doutoranda do Programa de Pés-Graduagao em Biologia Celular do Instituto de Ciéncias Bioldgicas da Universidade Federal de Minas Gerais.
Professora do Departamento de Patologia do Instituto de Ciéncias Bioldgicas da Universidade Federal de Minas Gerais.

Professor de Neurologia da Faculdade de Medicina da Universidade Federal de Minas Gerais.

W o e

Enderego para correspondéncia:

Antonio LUcio Teixeira

Lahoratorio de Imunofarmacologia, Instituto de Ciéncias Bioldgicas, UFMG.
31270-901 Av. Antonio Carlos, 6627. Pampulha, Belo Horizonte, MG, Brasil.
Tel/Fax: 31-3409-2651

E-mail: altexr@gmail.com

Revista Brasileira de Neurologia » ~ Volume 46 » N°3 »  jul - ago - set, 2010 »

35



Miranda AS, Queiroz NL, Rachid MA, Teixeira AL

Introducao

A maléria ¢ a principal e a mais grave doenca
parasitaria no mundo (Lou et al., 2001; De Souza &
Riley, 2002). Segundo dados da Organizacdo Mundial
de Sadde (2000), a doenca apresenta incidéncia anual
de 250 2 500 milh&es de casos, dos quais 1,5 a 2 milhSes
evoluem para o 6bito. Considerada uma condicdo
negligenciada e um relevante problema de saude publica
em mais de 90 paises, estima-se que aproximadamente
um terco da populacdo mundial estd sob risco de
transmissao da doenca (Hunt et al., 2000; Armah et al.,
2007). Os paises da Africa Tropical respondem por
mats de 90% dos casos clinicos e pela maioria dos casos
letais, que ocorre principalmente entre criangas com
idade inferior a cinco anos e primiparas residindo em
areas hiperendémicas com limitado acesso aos servicos
de saude (Lou et al., 2001; Murphy & Breman, 2001).
No ano de 2009, o Brasil registrou 306.908 casos de
malaria, sendo 99,8% dos casos confirmados ortundos
da regido amazonica (Ministério da Sadde, Brasil, 2009).

Transmitida pela fémea do mosquito Anopheles
infectado, a malaria é causada pelo protozoario do
género Plasmodium. Quatro espécies tém sido descritas
como agentes causadores da doenga em seres humanos:
Plasmodium falciparum, Plasmodium vivax,
Plasmodium malariae e Plasmodium ovale (De Souza
& Riley, 2002; Ngoungou & Preux, 2008). As infeccbes
por P. falciparum podem levar 2 forma complicada,
denominada malaria grave, considerada uma doenca
multissistémica, capaz de afetar diretamente o sistema
nervoso central (SNC), causando déficits neurologicos
e cognitivos (Miller et al., 2002; Medana & Turner, 2000).

A malaria cerebral (MC) constitui a principal e mais
grave complicacdo resultante da infeccdo pelo P.
falciparum, sendo responsavel pela maioria dos casos
de incapacidade e 6bito (Opoka et al., 2009; Idro et al.,
2005, Mung’ala-odera et al., 2004). Estima-se que em
todo mundo ocorra anualmente 2,3 milhGes de 6bitos
em decorréncia dessa condicdo (Snow et al., 2005) e
que 10 a 17% dos que sobrevivem a0 quadro de MC
permanecem com algum déficit cognitivo e/ou
comportamental (Murphy & Breman, 2001).

Nesse estudo serdo abordadas as principais
manifestacdes clinicas da MC em criangas e adultos,
bem como a ocorréncia de sequielas motoras, cognitivas
e comportamentais apos o tratamento da infecgdo.
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Fisiopatologia da Malaria Cerebral

A MC, de acordo com a Organizacio Mundial de
Sadde (2000), pode ser definida como uma encefalopatia
aguda, difusa, potencialmente reversivel, caracterizada
por coma e presenca de formas assexuadas do P.
falciparum em esfregaco sanguineo, com exclusiao de
outras causas de encefalopatias, principalmente
meningite bacteriana e encefalites virass.

Apesar de a fistopatologia da MC ser amplamente
investigada, os mecanismos celulares e moleculares
responsaveis pela sua patogénese permanecem pouco
elucidados (Medana & Turner, 2006; Armah et al., 2007).
As alteragoes metabdlicas causadas pelo bloqueio do
fluxo sanguineo cerebral decorrente do seqiiestro de
eritrécitos parasitados, leucocitos e plaquetas na
microvasculatura e a attvacao do sistema imune em
resposta a infec¢do, com conseqiiente secrecdo de
mediadores inflamatorios (citocinas e quimiocinas) pelo
hospedeiro, tém sido descritos como os principais
fatores envolvidos no desenvolvimento da MC (Van
de Heyde et al., 2006; Lacerda-Quetroz et al., 2008;
Pamplona et al., 2008).

A condi¢do inflamatéria resultante levaria a hiper-
expressao de moléculas de adesdo endotelial e a
secrecdo de quimiocinas, contribuindo para o sequestro
de eritrocitos e a presenca de plaquetas e células do
sistema imune ativadas na microvasculatura cerebral do
hospedeiro (Hunt et al., 2000). A presenca dessas células
e de mediadores inflamatorios no microambiente
vascular levaria a alteracdes na barreira hematoencefalica,
hemorragia, apoptose de células endoteliais e astrocitos,
danos neuronais e, consequentemente, 0s sintomas
neuroldgicos (Van de Heyde et al., 2006; Pamplona et
al., 2008). Nesse sentido, um estudo recente do nosso
grupo demonstrou associacao temporal entre alteracSes
dos parimetros inflamatérios e comportamentais em
modelo experimental de MC (Lacerda-Queiroz et al,,
2010).

Manifestacoes Clinicas

A MC manifesta-se principalmente por alteracoes
do nivel de consciéncia, episddios de crises epiléticas,
diferentes sinais neuroldgicos focais, além de alteragdes
cognitivas e comportamentais (Newton et al., 2000; Idro
et al., 2005, Mishra & Newton, 2009). Estudos tém
correlactonado diferentes manifestacdes clinicas com
achados histopatologicos de material post-mortem
humano. Esses estudos tém demonstrado acimulo de
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eritrocitos parasitados na microvasculatura cerebral,
adesdo endotelial ou acimulo de leucdcitos
mononucleares e plaquetas nos capilares cerebrais, sinais
morfoldgicos de ativacdo de astrécitos e microglia,
presenca de hemorragia no parénquima cerebral, lesdo
axonal e desmielinizacdo, além de edema cerebral,
principalmente no estagio final da doenca (Newton et
al., 2000; Hunt & Grau, 2003).

Embora contribuam para caracterizagdo dos
aspectos histopatologicos da MC, os estudos post-
mortem apresentam limitagoes, pois nao permitem a
mnvestigacao dos mecanismos fisiopatolégicos durante
o curso da doenca. Nesse contexto, o estudo em
modelos experimentais de MC tém sido de grande
relevancia, uma vez que mimetizam grande parte das
alteracoes clinicas descritas em humanos e permitem
investigar fatores envolvidos na patogénese dessa
condi¢do (de Souza & Riley, 2002; Lacerda-Queiroz et
al., 2010).

Embora diagnosticados pelos mesmos critérios, a
MC apresenta-se de forma distinta em adultos e criangas.
Algumas das principais diferencas clinicas entre adultos

Sintomas neuroldgicos agudos e residuais na malaria

e criancas com MC encontram-se descritas na Tabela 1.
A idade e as caracteristicas imunolégicas tém sido
descritas como as principais variaveis responsaveis pelas
diferencas clinicas encontradas entre esses grupos (Idro
etal., 2005).

Em estudo clinico, Sattar et al. (2009) avaliaram a
ocorréncia de alteragdes neurologicas em 100 pacientes
adultos (média de idade entre 18 e 60 anos) com
diagnostico de MC. Nesse estudo, a alteracdo
neurologica mais comum fot sindrome do neurdnio
motor superior, acometendo 61% dos avaliados. Além
disso, anormalidades posturais foram encontradas em
10% dos pacientes, sendo que 6% cursaram com
padrdes de descerebracdo e 4% com padres de
decorticagdo. Dentre os 100 pacientes avaliados, 20%
evoluiram para o 6bito e os 80% restantes recuperaram-
se completamente, ndo apresentando sequelas
neurologicas apos a alta hospitalar.

A mortalidade em adultos é de aproximadamente
20%, podendo aumentar se a doen¢a estiver associada
a complicacOes clinicas. A maioria dos obitos ocorre
entre 24 e 48 horas ap6s a admissdo hospitalar e

Tabela 1. Diferencas clinicas entre criancas e adultos com malaria cerebral (Modificado de Idro et al., 2005).

Manifestag¢des Clinicas Criangas

Adultos

Coma Desenvolvimento rapido,

Desenvolvimento gradual, apos episodios de

freqiientemente apos crises epilépticas

sonoléncia, desorientacio, agitacdo (delirium)
por 2 a 3 dias ou ocorréncia de crises epiléptica

Episédios de crise
Epiléptica

> 60% apresentam episodio de
crise epiléptica durante admissao
hospitalar

20% apresentam episodio de crise epiléptica

Sinais neurolégicos

Sinais neurologicos em > 30%
associado a aumento da pressao
intracraniana (PIC); alteracbes
retinianas em > 60%; edema
cerebral confirmado por tomografia
computadorizada em 40%

Geralmente cursam com sindrome do neur6nio
motor supetior; outros sinais neurologicos e
alteracoes retinianas sao menos comuns

Recuperagao da
consciéncia

Rapida: 24-48 horas ap6s admissao
hospitalar

Lenta: 48 horas ap6s admissao hospitalar; alguns
casos 1 semana

Mortalidade

18,6% a 75% dos 6bitos ocorrem

24 horas ap6s admissio hospitalar

20% a 50% dos 6bitos ocorrem 24 horas apos
admissao hospitalar
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frequentemente decorrem de faléncia pulmonar aguda,
disfuncio renal, choque ou hipéxia (Newton et al., 2000;
Idro et al., 2005). A mortalidade depende da
disponibilidade dos cuidados em satde e os individuos
que sobrevivem a um episédio de MC podem recuperar
totalmente o nivel de consciéncia dois dias apods a
admissdo, entretanto, em alguns casos, essa recuperacao
pode ser mais lenta, demorando algumas semanas
(Newton et al., 2000).

Malaria Cerebral em Criancas

A MC em criancas manifesta-se, durante o coma,
por diferentes sinais neuroldgicos tais como: sindrome
do neurdnio motor superior, posturas de descorticacio
ou descerebracdo, bruxismo,, além de diferentes sinais
de tronco cerebral. As alteragdes posturais parecem estar
associadas com a elevacdo da pressdo intracraniana,
enquanto que a auséncia dos reflexos de tronco, como
o oculoencefalico e o corneal, estaria relactonada com
o aumento da mortalidade (Newton & Krishna, 1998;
Idro et al., 2005). Episodios de crises epilépticas tém
sido freqiientemente descritos, ocorrendo apos a
admissdo hospitalar em mais de 60% das criang¢as com
MC (Idro et al., 2005; Martins et al., 2009). Maltiplos e
prolongados episodios de crises epilépticas estdo
associados a0 aumento da mortalidade e a ocorréncia
de seqiielas neurolégicas (Newton & Krishna, 1998; Idro
et al., 2005).

A mortalidade em criancas é de aproximadamente
20%, podendo aumentar se a doen¢a estiver associada
a complica¢des como hipoglicemia e acidose grave
(Idro et al., 2005). A maioria dos Obitos ocorre nas
primeiras 24 horas apos inicio do tratamento e
frequentemente decorrem de choque, faléncia
respiratoria, hipertensdo intracraniana e acidose
metabolica grave. Entretanto, a maior parte das criancas
sobrevive a MC quando recebe tratamento apropriado,
recuperando a consciéncia com 24 a 72 horas apo6s inicio
do tratamento (Newton et al., 2000).

Sequelas Cognitivas e
Comportamentais apos Malaria
Cerebral

A ocorréncia de seqielas
comportamentais ap6s a resolu¢do do quadro de MC
tem sido amplamente reconhecida, principalmente em
criangas (Carter et al., 2005b; Kihara et al., 2006; Botvin

etal,, 2007; John et al., 2008).

cognitivas e
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Segundo Murphy & Breman (2001), aproxima-
damente 19,2% dos individuos evoluem para o 6ébito
em decorréncia da MC e 10 a 17% daqueles que
sobrevivem apresentam déficits neuroldgicos, mesmo
apos receberem tratamento adequado. As principais
alteracdes clinicas persistentes em criangas incluem
déficits motores (hemiparesia, quadriparesia, ataxia),
alteragOes sensoriais (auditivas e visuais) e transtornos
cognitivos
comportamentais (Murphy & Breman, 2001; Mung’ala-
odera et al., 2004). A permanéncia dessas complica¢oes
apo6s a MC tem sido mnvestigada principalmente por

(memoéria, atencdo, linguagem) e

meio de estudos retrospectivos (Tabela 2). Ressalta-se
que grande parte desses estudos investigou apenas
aspectos cognitivos da MC, sendo limitado o niimero
de publicac¢oes que discutem de forma sistematica os
transtornos comportamentais associados a essa
condicio.

Boivin (2002) mnvestigou, no Senegal, 29 criancas com
histérico de MC e 29 controles de mesma 1dade e nivel
educacional. As criancas com historico de MC
apresentaram desempenho significativamente inferior
nos testes de memoria, atencdo, linguagem e capacidade
visual. Em estudo de coorte retrospectivo realizado no
Quénta, Carter et al. (20054, b) avaliaram 152 criancas
com historia de MC e 179 sem historia de malaria grave.
As criancas com historico de MC obtiveram
desempenho inferior em todos os testes cognitivos realizados
quando comparadas aquelas ndo expostas a doenga.

Os estudos retrospectivos tém sido relevantes para
identificar e confirmar a ocorréncia de seqielas cognitivas
e comportamentais ap6s a resolu¢ido do quadro de MC.
Entretanto, esse tipo de estudo apresenta limitagoes,
pots ndo permite o acompanhamento da evolucdo das
complicacbes resultantes da MC, ndo avaliando os
fatores sociais e ambientais que podem interferir no
desenvolvimento das disfungbes cognitivas ao longo
do tempo (John et al., 2008). Nesse contexto, alguns
estudos prospectivos e/ou longitudinais tém sido
realizados (Tabela 2).

Boivin et al. (2007), ao avaliarem 44 criangas com
histérico de MC, entre 5 e 12 anos de idade,
identificaram déficits cognitivos seis meses apos o
tratamento da doenca em 21,4% das criancas. Em um
estudo posterior nesta mesma populacdo, John et al.
(2008) demonstraram que, apds dois anos de resolucdo
da MC, 26,3% das criancas avaliadas mantiveram ou
desenvolveram complicagbes cognitivas. Apesar do
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Tabela 2. Estudos que investigaram a permanéncia de alteracdes cognitivas, motoras e comportamentais apos tesolucio do quadro de Malaria Cerebral.

Autor / Ano  Pais Populagio Descrigao Critério
(anos) Clinica Diagnéstico
Bovin Senegal 5a12 MC Critério da OMS
(2002) para MC
Carter et al.  Quénia 62 10 MC Escala de Coma
(20052, b) de Blantyre < 2
Carter et al.  Quénia 6al0 MC Escala de Coma
(2006) de Blantyre < 2
Idro et al. Quénia 629 MC Critério da OMS
(2006) para MC
Bowvin et al.  Uganda  5a12 MC Critério da OMS
(2007) para MC
John et al. Uganda 5a12 MC Critério da OMS
(2008) para MC
Opoka et al.  Uganda  3a12 MC Critério da OMS
(2009) para MC

N°de Controle Seguimento Desenho Tipos de
Casos (meses) Seqiielas Descritas
29 29 +36 Caso- Alteracées Visuais,
Controle de linguagem;
memoria e atencio
152 179 >24 Coorte Alteragdes Visuais,
auditivas, de linguagem;
memoria, atencio e
comportamento
152 179 >24 Coorte Alteracées em
diferentes aspectos
da linguagem
143 179 20 Coorte Alteracées de
linguagem; memoria,
atencio,
comportamento e
fun¢io motora
44 89 6 Coorte Alteragées de
memoria,
prospectivo atencio
e aprendizado
44 89 24 Coorte Alteracdes de memora,
prospectivo atencio e aprendizado
82 105 24 Coorte Hiperreflexia,

prospectivo  hipertonia, quadriparesia,
alteracées visuais,

auditivas e de atencio

MC: malaria cerebral; OMS: Organiza¢io Mundial de Saude.

crescente interesse em avaliar as alteracdes cognitivas
resultantes da MC alongo prazo, os diferentes métodos
empregados e as distintas definicGes da doenca tém
dificultado a comparacdo dos resultados obtidos
(Mung’ala-odera et al., 2004). Ainda, poucos estudos
investigaram os fatores responsaveis pelo
desenvolvimento das sequelas cognitivas subseqiientes
a MC (John et al., 2008).

Permanece pouco esclarecido se a ocorréncia de
seqiielas cognitivas ¢ decorrente do quadro de MC grave
ou derivada de um mecanismo patologico distinto
(Martins et al., 2009). Alguns fatores durante a MC
podem aumentar a probabilidade de a crianga
permanecer com alteracbes cognitivas e
comportamentais mesmo ap6s resolu¢do da doenca.
Dentre esses fatores estdo: historico de crises epilépticas,
aumento da pressdo intracraniana, coma profundo e
prolongado, hipoglicemia, presenca de multiplas crises

Revista Brasileira de Neurologia »

epilépticas durante a hospitalizagdo, anemia grave e
presenca de déficits neurologicos no momento da alta
hospitalar. A ocorréncia de multiplas crises epilépticas,
coma e perda prolongada da consciéncia parecem ser
os principais fatores para predizer as alteragoes cognitivas
permanentes ap6s a MC (Idro et al., 2000).

Apesar da ocorréncia de sequelas cognitivas serem
amplamente descritas em criangas apos a resolucdo da
MC, a real prevaléncia dessas alteragdes em adultos
permanece pouco conhecida devido a auséncia de
estudos longitudinais nessa populacdo (Mishra &
Newton, 2009). A incidéncia de seqiielas cognitivas e
comportamentais em adultos (5%) parece ser menor
que a observada em criancas (10-28%). Além disso, as
sequelas em adultos diferem daquelas observadas em
criangas. Apos resolucdo do quadro de MC, adultos
tendem a cursar com neuropatias cranianas, sinais
piramidais, além de epilepsia focal, sinais subclinicos da
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sindrome de ansiedade-depressdo e mesmo depressdo
e mudancas de personalidade (Newton & Krishna,
1998; Martins et al., 2009).

Consideracoes Finais

A malaria resultante da infeccdo pelo P. falciparum
esta assoctada a transtornos cognitivos e comporta-
mentais que caracterizam a MC e se manifestam durante
o curso da doenga e ap6s a resolugdo da mesma (Kihara
et al., 2000). A infeccdo pelo P. falciparum tem sido
descrita como uma das principais causas de incapacidade
em areas endémicas a malaria, ocasionando elevados
custos com recursos em saude e conseqiientes prejuizos
no desenvolvimento econémico dessas regides
(Mung’ala-odera et al., 2004). A mator parte das seqiielas
cognitivas descritas nessa revisdo permanece por um
longo periodo de tempo, acarretando prejuizos na
qualidade de vida dos pacientes e elevados gastos em satde.

As alteragdes cognitivas e comportamentais
resultantes da MC ocorrem de forma distinta em
criangas e adultos. As criangas geralmente cursam com
uma diversidade de manifestacoes clinicas e apresentam
déficits em diferentes dominios cognitivos apos
resolucdo da doenga (Kihara et al., 2006). Estudos
retrospectivos e longitudinais tém confirmado a
ocorréncia de sequelas cognitivas em criancas expostas
a MC, entretanto, poucos estudos tém sido realizados
na populacdo adulta.

Os estudos descritos nessa revisao demonstram que
a MC esta assoctada a ocorréncia de complicacdes
cognitivas e comportamentais, especialmente em
criangas. Apesar da relevancia clinica e econoémica, os
mecanismos  patogénicos  envolvidos  no
desenvolvimento dessas seqiielas apos resolugdo do
quadro de MC permanecem pouco elucidados. Estudos
futuros que investiguem a patogénese dos transtornos
cognitivos e comportamentais resultantes da MC sdo
fundamentais para elaborac¢ido de intervencoes
terapéuticas adequadas que atuem na prevenc¢do dos
mesmos
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1.7 - Modelos experimentais de maléria cerebral

Devido as dificuldades em acompanhar casos de MC humana e a limitada
possibilidade de examinar os processos patologicos, alguns modelos experimentais de MC
foram desenvolvidos (Combes et al., 2005). O modelo experimental com primatas apresenta
caracteristicas muito similares as descritas na MC humana, em especial 0 seqiestro de
eritrocitos infectados na microvasculatura cerebral e a ocorréncia de complicacdes vasculares
como hemorragias. Entretanto, esse modelo apresenta importantes limitacbes em relacdo a
dificuldade em determinar o inicio dos sinais clinicos, a baixa incidéncia de casos, alto custo e
a auséncia de animais geneticamente modificados, o que dificulta o estudo e a compreensdo
dos eventos celulares e moleculares responsaveis pelas alteracdes cerebrais (Lou et al., 2001).

O modelo experimental utilizando roedores é bem caracterizado e Util para a pesquisa
cientifica. A grande diversidade de linhagens de camundongos associada a infeccdo com
diferentes espécies de Plasmodium (P. chabaudi, P. yoelii, P. berghei e P. vinckei) tém
contribuido para elucidar mecanismos envolvidos na patogénese da doenca (De Souza e
Riley, 2002). A maioria dos estudos provéem do modelo de infec¢do por Plasmodium berghei
ANKA (PbA), que apresenta uma divisdo segura entre linhagens de camundongos resistentes
(BALB/c e A/J) e susceptiveis (C57BI/6 e CBA). Ha evidéncias de que os camundongos
susceptiveis apresentam importantes alteracbes morfolGgicas cerebrais, como ativacdo de
células endoteliais e microglia (De Souza e Riley, 2002; Lackner et al., 2006; Desruisseaux et
al., 2008) e desenvolvam sinais neuroldgicos tipicos da MC humana como paralisia,
convulsdo e coma, evoluindo para o ¢bito geralmente entre o oitavo e o décimo dia apés a
infeccdo (Hunt e Grau, 2003; Combes et al., 2005). Em contrapartida, as linhagens resistentes
exibem wuma resposta diferente ao parasito, ndo desenvolvem MC e morrem,
aproximadamente, 20 dias ap0s a infecgdo devido a anemia grave e hiperparasitemia (De

Souza e Riley, 2002).
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O modelo de MC utilizando a cepa PbA apresenta boa reprodutibilidade e mimetiza
importantes alteracbes imunoldgicas, histopatologicas, metabolicas e clinicas encontradas na
MC humana (Lou et al., 2001; De Souza e Riley, 2002). Nos ultimos 20 anos, esse modelo
tem sido amplamente empregado no estudo dos mecanismos envolvidos na patogénese da MC
bem como na investigacdo de possiveis alvos terapéuticos (De Souza e Riley, 2002).
Entretanto, ¢ fundamental ressaltar que o modelo murino de MC, como grande parte dos
modelos, ndo € capaz de reproduzir todas as caracteristicas observadas na MC humana,
apresentando diferencas significativas que devem ser consideradas ao se extrapolar o0s
resultados obtidos com esse modelo. No modelo murino, o leucdcito é o tipo celular
predominantemente sequestrado na microcirculacdo cerebral de camundongos, e nao o0s
eritrocitos, como na MC humana (Lou et al., 2001; De Souza e Riley, 2002; White et al.,
2010). Embora essa diferenca seja consenso entre a maioria dos autores, em estudo recente
Batista et al, (2010) demonstraram que o desenvolvimento da MC em camundongos da
linhagem C57BL/6 infectados com PbA depende também do acumulo de eritrocitos
infectados na microvasculatura cerebral. Esse trabalho fornece evidéncias importantes de que
0 modelo de MC utilizando camundongos da linhagem C57BL/6 infectados com PbA
apresenta similaridades significativas com a MC humana podendo ser ideal para o estudo
dessa condicdo. Além disso, o modelo experimental murino apresenta vantagens técnicas
como a disponibilidade de diferentes ferramentas genéticas (animais knockout) e moleculares
que facilitam a compreensdo dos mecanismos envolvidos na patogénese da MC (Hunt e Grau,

2003).
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1.8 — AlteracOes comportamentais e cognitivas em modelo murino de malaria cerebral

Os modelos experimentais de MC, utilizando linhagens de camundongos susceptiveis,
sdo capazes de mimetizar sinais neurologicos tipicos da MC humana como ataxia, paralisia,
convulsdo e coma (Hunt e Grau, 2003; Combes et al., 2005). Esses sinais classicos da MC
tém sido avaliados em grande parte dos estudos experimentais de forma subjetiva, geralmente
por observacdo e ndo pela utilizacdo de testes especificos e padronizados (Lackner et al.,
2006; Desruisseaux et al., 2008). Além disso, as alteragcdes cerebrais na MC humana e
experimental sdo difusas e abrangem diferentes regibes do cérebro, como hipocampo,
cerebelo e tronco encefalico, reconhecidamente importantes em fungdes mais especificas
como memoria e aprendizado (Kihara et al., 2006; Boivin et al., 2007; Desruisseaux et al.,
2008). Nesse contexto, apenas alguns estudos utilizando modelos experimentais de MC tém
investigado de forma sistematica, por meio de testes padronizados e validados, as diferentes
alteracdes cognitivas e comportamentais que caracterizam essa condi¢do e correlacionado
com achados histopatologicos e imunolégicos (Lackner et al., 2006; Desruisseaux et al.,
2008; Lacerda-Queiroz et al., 2010). Em um estudo conduzido por Lackner et al. (2006), foi
investigado por meio de uma bateria padronizada de testes (SHIRPA) diferentes alteracdes
comportamentais e neuroldgicas em camundongos da linhagem C57BL/6 infectados com
PbA. Foram encontradas, no 6° dia ap06s a infeccdo, alteracGes significativas em todos os
parametros avaliados em associacdo com mudancas histopatologicas em diferentes regifes do
cérebro. Utilizando a mesma bateria de testes, em estudo recente, Lacerda-Queiroz et al.
(2010) demonstraram que o aumento de mediadores inflamatérios no tecido cerebral de
camundongos infectados com PbA antecedeu as altera¢fes neuroldgicas e comportamentais
observadas. Camundongos que desenvolveram MC apos infeccdo com a cepa PbA
apresentaram déficits cognitivos significativos no teste de reconhecimento de objetos

associados a areas de inflamacdo e hemorragia em diferentes regides cerebrais (Desruisseaux
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et al., 2008). Em associacdo, esses estudos fornecem evidéncias de que a gravidade e a
progressdo da doenca sdo determinadas por diferentes parametros clinicos que devem ser

investigados por meio de testes padronizados e especificos.

1.9 — Resposta Imune e malaria cerebral

A MC é uma condicdo neuroinflamatoria que depende da resposta imune do
hospedeiro a infeccdo (Hunt et al., 2006). O envolvimento de mediadores inflamatérios como
citocinas e quimiocinas e de células efetoras do sistema imune na patogénese da MC humana
e experimental tem sido amplamente reconhecido (Hunt e Grau, 2003; Van de Heyde et al.,
2006). Ha evidéncias de que a presenca do parasito e de toxinas produzidas por ele é capaz de
ativar o sistema imune inato do hospedeiro e induzir a producdo de citocinas pré-inflamatorias
por monaocitos ativados (Neb et al., 2005). A producdo de citocinas durante a infeccdo é
fundamental para o controle da parasitemia, entretanto, quando excessiva pode ocasionar
danos significativos ao SNC (Adams et al., 2002; De Souza e Riley, 2002). Em estudos
clinicos e experimentais o aumento significativo das concentragbes de citocinas pro-
inflamatorias periféricas e localizadas no SNC, principalmente TNF-a, IFN-y e Interleucina-1
(IL-1p), tem sido associado as alteracGes neuroldgicas observadas na MC (Jennings et al.,
1997; Medana et al., 1997; Brown et al., 1999; Armah et al., 2005).

O SNC € considerado um sitio imunologicamente privilegiado, possuindo uma
limitada reatividade imune e inflamatdria em decorréncia da presenca da BHE, composta por
juncOes intercelulares especializadas. Este complexo juncional recobre continuamente a
superficie dos capilares cerebrais, sendo responsavel por limitar o acesso celular e o trafego
de moléculas para o microambiente cerebral (Petty e Lo, 2002). A integridade funcional da
BHE depende de fatores induzidos pelos astrocitos vizinhos, células endoteliais, pericitos e

macrofagos perivasculares do espago de Virchow-Robin e dos neurénios (Medana &Turner,
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2006). Porém, durante condicdes inflamatorias, a permeabilidade da barreira pode ser
alterada, permitindo a entrada de citocinas circulantes, leucdcitos e outros mediadores e,
portanto, o desenvolvimento de uma resposta imune no SNC (Adams et al., 2002). Durante a
MC, as modificacdes na barreira hematoencefalica, resultantes da ativacdo endotelial e do
sequestro de eritrocitos parasitados na microcirculacdo cerebral, ocasionam alteracdes
morfologicas no parénquima cerebral, com consequente ativacao de microglias, redistribuicao
de astrocitos e dano neuronal (Lou et al., 2001). Em estudo prévio utilizando o modelo
murino de MC por PbA, Medana et al, (1997) demonstraram que astrocitos e microglia, além
dos monacitos, constituem uma importante fonte de producdo de TNF-o. Dessa forma, as
células da glia parecem desempenhar um importante papel na imunopatogénese da MC (Hunt
e Grau, 2003; Combes et al., 2005).

A ativacdo do sistema imune do hospedeiro em resposta a infeccdo pelo parasita
acarreta a producdo exacerbada de citocinas pré-inflamatorias tipo Thl, especialmente o
TNF-a e 0 IFN-y (Hunt ¢ Grau, 2003). O TNF-a tem sido descrito como a principal molécula
envolvida nos eventos imunopatogénicos que caracterizam a MC (Hunt e Grau, 2003;
Combes et al., 2005). Na resposta imune inflamatéria, uma fungdo do TNF-a é estimular o
recrutamento de neutréfilos e mondcitos para o sitio de infeccdo e induzir a expressao de
outros mediadores inflamatdrios, em uma cascata de eventos (Brown et al., 1999). Ha
evidéncias de que a producéo excessiva desta citocina por mondcitos/macréfagos desempenha
um papel chave na patogénese da MC humana e experimental (Hunt e Grau, 2003; Combes et
al., 2005). Durante a MC, o TNF-a induz, em humanos e camundongos, a hiperexpressao de
moléculas de adesdo endotelial que tém sido implicadas no sequestro de células na
microvasculatura cerebral e em outros 6rgdos (Miller et al.,, 2002; Hunt et al., 2006).
Aumento significativo nas concentragdes de TNF-a no soro e plasma de criangas com MC

tém sido correlacionado com a gravidade da doenca (Lyke et al., 2004; John et al., 2006). Em
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adicdo a producdo sistémica, a liberacdo local de citocinas pode contribuir significativamente
para a patogénese orgao-especifica (Armah et al., 2005). John et al. (2008) demonstraram que
concentracdes elevadas de TNF-a no liquido cefalorraquidiano de criangas com MC estdo
correlacionadas com a ocorréncia de transtornos neuroldgicos e cognitivos durante a infeccédo
e 6 meses ap6s a resolucdo da mesma. Em adicdo, estudos postmortem e com modelos
experimentais de MC tém confirmado a producéo local de TNF-a no SNC durante a infecgéo
(Medana et al., 1997; Brown et al., 1999; Armah et al., 2005; Lacerda-Queiroz et al., 2010).
Entretanto, h& evidéncias recentes de que a producéo excessiva de linfotoxina-a (TNF-) seja
mais importante na patogénese da MC do que o TNF-a, uma vez que camundongos
geneticamente deficientes para TNF-o foram susceptiveis a MC enquanto que os knockout
para linfotoxina-a nao desenvolveram MC, apresentando apenas sinais tipicos da malaria
como hiperparasitemia e anemia (Engwerda et al., 2002).

Apesar de 0 TNF-a ser considerado o principal mediador inflamatério envolvido na
patogénese da MC, outras citocinas, em especial o IFN-y, tém sido descritas como
importantes para o desenvolvimento da doencga (Hunt e Grau, 2003). O IFN-y ¢ uma citocina
pré-inflamatoria, de perfil Thl, que durante processos inflamatérios ou infecciosos, é
produzida por células T CD4" e CD8" ativadas, células NK (Natural Killer) e y3T (Nitcheu et
al., 2003). Estudos clinicos tém demonstrado aumento significativo nas concentracdes de
IFN-y no soro de pacientes na fase aguda da infec¢do com o Plasmodium falciparum
(Kossodo e Grau, 1993; Ho et al., 1995). Além disso, tem sido descrito que camundongos
knockout para IFN-y e para o receptor de IFN-y ndo desenvolvem MC, indicando um possivel
envolvimento desse mediador na patogénese da MC (Yanez et al., 1996; Amani et al., 2000).
Na MC experimental, o IFN-y atuaria induzindo a produ¢ao de TNF-o o que levaria a
hiperexpressdo de moléculas de adesdo endotelial e o seqlestro de leucocitos na

microvasculatura cerebral. Além disso, seria capaz de ativar a 6xido nitrico sintase induzivel
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(iNOS) responsavel pela producdo de 6xido nitrico (NO), importante na eliminacdo do
parasita intracelular. (Amani et al., 2000; Renia et al., 2006). Entretanto, 0 mecanismo exato
de acdo do IFN-y durante a MC permanece pouco elucidado (Belnoue et al., 2008).

Em contrapartida, durante a infeccdo, citocinas anti-inflamatorias, incluindo IL-10 e
IL-4 (Th2), também sdo produzidas na tentativa de conferir protecdo ao hospedeiro, uma vez
que sdo capazes de regular a producdo de citocinas pro-inflamatérias (Kossodo et al., 1997;
Hunt e Grau, 2003). Entretanto, ha evidéncias de que esse mecanismo protetor esteja
deficiente na MC e que um desequilibrio na producédo de citocinas pro-inflamatérias e anti-
inflamatdrias possa ser crucial para o desenvolvimento da doenca (Kossodo et al., 1997; De
Souza e Riley, 2002).

As citocinas pro-inflamatdrias, durante a MC humana e experimental, induzem a
hiperexpressao de moléculas de adesdo endotelial contribuindo para 0 aumento do seqlestro
de eritrocitos infectados e do recrutamento de leucdcitos ativados para a microvasculatura
cerebral, em especial linfocitos T CD4", CD8" e y8T (Yanez et al., 1996; Belnoue et al.,
2002; Nitcheu et al., 2003). No modelo murino de MC utilizando a cepa PbA, o linfécito T
CD8" tem sido descrito como o principal subtipo celular seqiiestrado na microvasculatura
cerebral dos camundongos infectados. O seqiestro de linfocitos T CD8" tem sido associado a
ocorréncia dos sinais neuroldgicos e ao Obito, indicando que essas células podem
desempenhar um importante papel na patogénese da MC experimental (Renia et al., 2006;
Belnoue et al., 2002). Ha evidéncias de que os linfécitos T CD8", na MC experimental, atuem
por meio da via da perforina (Nitcheu et al., 2003). Entretanto, 0 mecanismo de acao exato e a
real contribuicdo dessas células para o desenvolvimento da MC, principalmente em humanos,

permanecem pouco elucidados (De Souza e Riley, 2002; Nitcheu et al., 2003).
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1.10 — Processos Neuroquimicos e maléria cerebral

A patogénese da MC é complexa e os mecanismos celulares e moleculares
responsaveis pelo desenvolvimento dessa condi¢do permanecem pouco elucidados (Medana e
Turner, 2006; Armah et al., 2007). Estudos conduzidos em modelo murino de MC tém
demonstrado a ocorréncia de importantes distarbios metabolicos no SNC, que incluem
elevacdo das concentragcOes cerebrais de lactato e alanina, alteragdes na via da quinurenina
(kynurenine pathway), além de aumento da atividade glutamatérgica (Sanni et al., 2001; Rae
et al., 2004; Parekh et al., 2006). Essas alteragdes podem contribuir significativamente para as
disfungdes observadas no SNC durante a infec¢do (Hunt et al., 2006).

O aumento significativo das concentracdes cerebrais de lactato e alanina constituem
um importante indicador de alteracfes no metabolismo da glicose e de presenca de hipoxia. O
seqliestro de eritrocitos infectados na microvasculatura cerebral com consequente obstrucao
do fluxo sanguineo nos capilares cerebrais levando a hipoxia, seria o responsavel pelo
aumento da producdo de lactato e alanina no SNC durante a MC (Sanni et al., 2001). H&
evidéncias de que em condi¢fes isquémicas, 0 excesso de lactato possa causar, por meio de
mecanismos citotoxicos, um edema cerebral e consequentes danos as células da glia e
neurbnios (Staub et al., 1993). Dessa forma, alteracbes no metabolismo latico parecem
contribuir para o desenvolvimento da MC. Corroborando essa hipétese, estudos clinicos tém
demonstrado que o aumento de lactato no liquido cefalorraquidiano de criangas com MC esta
correlacionado com a gravidade da doenca (Dobbie et al., 2000; Medana et al., 2002).

A via de metabolismo do triptofano ou via da quinurenina parece desempenhar um
importante papel no desenvolvimento das alteracdes neurologicas observadas durante a MC
humana e experimental (Sanni et al., 2001; Medana et al., 2003). Durante 0 metabolismo do

triptofano, uma variedade de moléculas com potencial bioativo é gerada, em especial o acido
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quinoléico e o acido quinurénico (Hunt e Grau, 2003). O acido quinoléico possui atividade
excitatoria no SNC uma vez que é capaz de se ligar ao receptor de glutamato N-metil-D-
aspartato (NMDA). Em altas concentracBes pode ter um efeito neurotdxico, causando danos
ao SNC, que incluem disfun¢bes mitocondriais e aumento da permeabilidade da BHE (Stone
et al., 2001; Stone et al., 2003). Em contrapartida, o &cido quinurénico é considerado um
antagonista natural do acido quinoléico, com atividade neuroprotetora, uma vez que se liga
aos receptores de glicina inibindo a acdo excitatoria do glutamato e de seus receptores,
incluindo o NMDA (Stone et al., 2003). Nesse sentido, um aumento significativo nas
concentracdes do &cido quinoléico no SNC e, portanto, um desequilibrio na relacdo de
producdo acido quinoléico/acido quinurénico tem sido associado aos episddios de convulsao
observados na MC humana e experimental (Sanni et al., 1998; Dobbie et al., 2000; Medana et
al., 2003). Uma possivel explicacdo estaria relacionada ao fato de que os astrocitos seriam a
principal fonte de producdo de &cido quinurénico enguanto que o acido quinoléico seria
produzido por micrdglia e por macréfagos recrutados na microvasculatura cerebral. A
morfologia e fungdo dos astrocitos estdo significativamente alteradas durante a MC, o que
justificaria o desequilibrio na relacdo de producdo &cido quinoléico/acido quinurénico
(Guillemin et al., 2001).

O acido quinoléico, quando produzido em excesso, tem sido implicado na patogénese
da MC por seu efeito neurotdéxico mediado por receptores glutamatérgicos, em especial o
NMDA (Stone et al., 2001; Stone et al., 2003). Nesse sentido, um aumento na concentracéo
de glutamato também foi observado em camundongos infectados com a cepa PbA (Rae et al.,
2004), indicando um possivel envolvimento desse neurotransmissor no desenvolvimento da
MC experimental. O glutamato é o principal neurotransmissor excitatério presente no SNC de
mamiferos e em condi¢Oes fisiologicas, desempenha um importante papel em processos

relacionados a memoria, aprendizado, desenvolvimento e plasticidade neural (Meldrum,
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2000). Entretanto, em concentracOes elevadas no SNC, esse neurotransmissor pode causar
morte neuronal e neurodegeneracdo por meio de um processo conhecido como
excitotoxicidade (Wang e Qin, 2010). Esse mecanismo excitotoxico tem sido implicado na
génese de uma variedade de doencas no SNC, incluindo condicGes isquémicas, trauma e
desordens neurodegenerativas (Lau e Tymianski, 2010). Baseado na concepcéo de que a MC
constitui uma desordem isquémica, o glutamato, assim como outros compostos metabdlicos,
incluindo o lactato e a alanina, tem sido implicado na patogénese dessa condicéo (Sanni et al.,
2001; Rae et al., 2004; Parekh et al., 2006). Além disso, estudos recentes tém demonstrado
gue mediadores inflamatorios, em especial 0 TNF-0, podem modular a acdo de
neurotransmissores excitatorios, sugerindo que a interacdo entre esses sistemas (imune e
neurotransmissor) pode ser responsavel por diversas condi¢des patoldgicas (Pickering e
O’Connor, 2007; Viviani et al., 2007; Ferguson et al., 2008). O TNF-a produzido por células
da glia, principalmente durante alteragdes no SNC como isquemia, infeccdes ou traumas,
pode interferir na conducdo sinaptica induzindo o aumento da expressao de receptores AMPA
(receptor acido: a-amino-3-hidroxi-5-metil-4-isoxazolpropiénico) na superficie de neurdnios
além de induzir o aumento da liberacdo de glutamato por astrdcitos (Bezzi et al., 2001;
Leonoudakis et al., 2004; Stellwagen et al., 2005). Nesse sentido, considerando que 0 TNF-a
tem sido descrito como o principal mediador inflamatério envolvido na patogénese da MC, a
producdo excessiva dessa citocina pode contribuir, pelo menos em parte, para 0 aumento das
concentracdes de glutamato no SNC durante essa condicdo (Rae et al., 2004). Entretanto,
poucos estudos investigaram o envolvimento do glutamato na patogénese da MC (Sanni et
al.,1998; Rae et al., 2004) . Dessa forma, 0 mecanismo de acéo e a real contribuicdo desse
neurotransmissor para o desenvolvimento da doenca permanecem pouco elucidados (Rae et

al., 2004).



Justificativa
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2- JUSTIFICATIVA

A MC é a principal e mais grave complicacdo resultante da infecgdo por P. falciparum
e constitui a principal causa de morbidade e mortalidade. Caracteriza-se por uma variedade de
manifestacdes clinicas, que incluem alteracbes do nivel de consciéncia, diferentes sinais
neuroldgicos focais, além de alteracGes cognitivas e comportamentais. Além disso, apresenta
uma fisiopatologia complexa e pouco elucidada, na qual alteracdes vasculares, imunoldgicas e
metabolicas tém sido descritas. O modelo de MC utilizando a cepa PbA apresenta boa
reprodutibilidade e mimetiza importantes alteracbes imunoldgicas, histopatologicas,
metabolicas e clinicas encontradas na MC humana, sendo amplamente empregado no estudo
dos mecanismos envolvidos na patogénese dessa condicdo. Entretanto, poucos estudos
utilizando modelos experimentais de MC tém investigado de forma sistematica, por meio de
testes padronizados e validados, as diferentes alteracbes cognitivas e comportamentais que
caracterizam essa condicdo e correlacionado com achados histopatoldgicos, imunoldgicos e

neuroguimicos, o que justifica os objetivos propostos no presente trabalho.



Objetivos
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3-0OBJETIVOS

3.1 - Objetivo geral

Investigar possiveis associacOes entre alteracBes cognitivas e comportamentais e

processos inflamatorios e neuroquimicos no sistema nervoso central em modelo experimental

de malaria cerebral por P. berghei ANKA.

3.2 - Objetivos especificos

1 — Verificar as alteracbes comportamentais gerais pela bateria de testes SHIRPA em

modelo experimental de MC por P. berghei ANKA.

2 — Investigar transtornos de ansiedade, utilizando o teste do labirinto em cruz elevado,

em modelo experimental de MC por P. berghei ANKA.

3 — Caracterizar os processos inflamatérios localizados no SNC por meio da analise da
concentracdo de citocinas no tecido cerebral de camundongos C57BL/6 infectados com P.

berghei ANKA.

4 — Investigar a concentracdo de glutamato no coértex cerebral e no liquido

cefalorraquidiano de camundongos C57BL/6 infectados com P. berghei ANKA.



Material e Métodos
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4 — MATERIAL E METODOS

4.1 - Animais

No presente estudo foram utilizados camundongos da linhagem C57BL/6, fémeas, com
idade de seis semanas, obtidos no Centro de Bioterismo do Instituto de Ciéncias Bioldgicas da
Universidade Federal de Minas Gerais (CEBIO-ICB-UFMG). Os animais foram mantidos
com agua e racdo ad libitum. Este projeto foi submetido e aprovado pelo Comité de Etica em

Experimentacdo Animal (CETEA) da UFMG, sob o numero de protocolo 105/2009.

4.2 - Parasito e infeccdo dos animais

Os camundongos foram infectados, com a cepa ANKA de P. berghei, intra-
peritonealmente (i.p.) com inéculo padronizado de 10° hemécias parasitadas, em solugdo
tampdo fosfato estéril (PBS, 200ul), para garantir um grau de infeccdo uniforme nos
diferentes grupos (Grau et al., 1986). Os animais controle, sem infeccdo, receberam por via

i.p., 0 mesmo volume de PBS.

4.3— Andlise de parametros cognitivos e comportamentais

Os parametros cognitivos e comportamentais foram avaliados por meio da bateria
SHIRPA e do teste do Labirinto em Cruz Elevado. Antes dos testes, os animais foram
conduzidos ao local do experimento para minimizar os efeitos da transferéncia sobre o
resultado dos testes (Takahashi et al., 2006). Os aparelhos foram devidamente limpos apés a

avaliacdo de cada animal, para evitar a influéncia de odores durante o teste (Zhu et al., 2006).
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4.3.1 — Bateria SHIRPA

A bateria de testes SHIRPA (sigla que significa SmithKline Beecham Pharmaceuticals;
Harwell MRC Mouse Genome Centre and Mammalian Genetics Unit Imperial College
School of Medicine at St Mary's Royal London Hospital; St Bartholomew's; Royal London
School of Medicine; Phenotype Assessment) foi utilizada nesse estudo para avaliar alteracdes
comportamentais e neuroldgicas durante o curso da infeccdo por PbA (Rogers et al., 2001).

Constitui um paradigma dos estudos comportamentais em animais, com metodologia e
materiais padronizados e vem sendo utilizada em estudos longitudinais (Rogers et al., 1997).
A bateria preliminar consiste em uma escala de observagdes quantitativas e semiquantitativas
de reflexos e funcBes sensoriais basicas (Lalonde et al., 2005). Esta série de 40 testes €
baseada naquela desenvolvida por Irwin (1968), e fornece um perfil comportamental e
funcional a partir da avaliacdo do desempenho individual de cada animal (Rogers et al.,
1997).

A bateria SHIRPA foi realizada com animais controle (n=8) e com camundongos
infectados no 3° e 6° dia apds a infeccdo (n=8). Inicialmente, o peso do animal é registrado. A
seguir, ele é colocado em uma jarra de observacdo, localizada em cima de uma grade
suspensa, e avaliado durante cinco minutos em relacdo a posicdo corporal, atividade
espontanea, taxa de respiracdo, tremor, defecacdo (nimero de bolos fecais), mic¢do, nimero
de “headings” (apoio apenas sobre as patas traseiras) e “groomings” (movimentos de
“limpar” dirigidos a cabeg¢a ou corpo, efetuados com as patas dianteiras). Transcorrido o
tempo, uma chapa de metal € inserida sob a jarra de observacdo e o animal é transferido
rapidamente para uma arena (“open field”) sem ser manuseado e é observado em relacéo a
excitacdo de transferéncia, atividade locomotora (nimero de entradas, com as quatro patas,

em quadrados demarcados na arena em 30 segundos), fechamento das palpebras, piloerecéo,
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ambulacdo, elevacdo pélvica, elevacdo da cauda, escape ao togue e passividade posicional. O
animal é entdo suspenso pela cauda e avaliado, sobre uma grade colocada em cima da arena,
qguanto a presenca de encurvamento do tronco, capacidade de segurar as patas traseiras,
posicionamento visual, forca ao agarrar, tonus corporal, pinna reflex, reflexo corneal,
beliscada nos dedos da pata traseira e manobra do arame. A seguir, 0 animal é contido pelo
dorso em uma restricdo supina e sdo avaliados o comprimento corporal, cor da pele,
frequiéncia cardiaca, tdnus dos membros, tbnus abdominal, lacrimejacéo, salivacdo, mordida
provocada, reflexo postural, geotaxis negativo, medo, irritabilidade, agressdo e vocalizacao.
Comportamentos estereotipados, bizarros e convulsdes sdo também registrados.

Os parametros observados foram classificados em cinco categorias funcionais (Quadro
1): estado neuropsiquiatrico, funcdo reflexa e sensorial, ténus e forca muscular,
comportamento motor e funcdo autbnoma, para facilitar a analise dos dados, como realizado
por Lackner et al., (2006).

Quadro 1: Classificagdo das categorias funcionais da bateria SHIRPA de acordo com

0s parametros avaliados.

Dominios Funcionais Parametros Avaliados

Funcdo reflexa e sensorial Posicionamento visual, pinna reflex,
reflexo corneal, beliscada da pata
traseira, reflexo postural

Estado neuropsiquiatrico Atividade espontanea, excitacao de
transferéncia, escape ao toque,
passividade posicional, mordida
provocada, medo, irritabilidade,
agresséo e vocalizacdo

Posicéo corporal, tremor, atividade
locomotora, elevacédo pélvica, ambulacéo,
elevacdo da cauda, encurvamento do
tronco, segurar as patas traseiras, manobra
do arame, geotaxis negativa

Comportamento motor
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Taxa de respiragdo, defecagdo, miccao,
fechamento de palpebras, piloerecéo,
cor da pele, freqiiéncia cardiaca,
lacrimejacao, salivacao, temperatura
corporal

Funcéo autbnoma

Tonus muscular e forca Forca ao agarrar, tonus corporal, tbnus
dos membros e ténus abdominal

4.3.2 — Labirinto em Cruz Elevado

Constitui um dos principais testes para avaliacdo da ansiedade em camundongos,
sendo um método vélido de investigacdo comportamental (File, 2001; Carola et al., 2002).
Baseia-se no conflito entre o desejo de explorar novos ambientes e 0 medo de areas abertas e
desconhecidas, além da associacdo de elementos ansiogénicos tais como elevacdo e
iluminacédo (Lau et al., 2008).

O labirinto em Cruz Elevado (Insight® SP, Brasil) possui dois bracos abertos e dois
fechados, que emergem de uma plataforma central e estdo dispostos em direcdes opostas
formando uma cruz. A plataforma apresenta uma elevagdo da base (38,5 cm) e o aparato é
iluminado por lampadas nos quatro bracos e pela claridade do ambiente onde € aplicado o
teste.

O teste foi realizado com animais infectados no 5° apds a infeccdo (n=10) e com
animais controle, sem infeccdo (n=10). Inicialmente, cada camundongo foi colocado na
plataforma central do labirinto com a cabeca direcionada para o brago aberto. A seguir, 0
animal percorreu livremente o labirinto durante cinco minutos (Carola et al., 2002; Walf e

Frye, 2007). A freqiiéncia com que o camundongo entrou com as quatro patas nos bragos
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aberto e fechado e o tempo total em que permaneceu em ambos os bracos foram registrados
pelo avaliador.

A medida da ansiedade é a porcentagem de entradas e de tempo gasto nos bragos
abertos (tempo ou entradas nos bracos abertos/tempo ou entradas nos bragcos abertos e
fechados X 100), sendo que baixas porcentagens indicam maiores niveis de ansiedade. O
numero absoluto de entradas nos bracos fechados do labirinto tem sido descrito como uma

medida da atividade locomotora (File, 2001; Walf e Frye, 2007).

4.4 — Histologia

Para avaliar as alteracBes estruturais e patolégicas durante a infec¢do, estudos
histopatol6gicos do tecido cerebral foram realizados. Os camundongos foram sacrificados por
doses excessivas de anestésico (xilazina, Rompun®, Bayer e quetamina, Laboratério Cristélia,
SP). Durante a necropsia, o tecido cerebral foi coletado e fixado por imersdo em solucgéo de
formol tamponado a 10%. Apos o periodo de fixacao (12 horas), os tecidos foram recortados e
seccionados transversalmente. A cada animal foi dado um cddigo que apenas foi revelado ao
final de todas as anélises.

Os tecidos foram, em seguida, submetidos a desidratacdo, com a finalidade de remover a
agua presente nos mesmos. O processo de desidratacdo foi realizado em concentracGes
crescentes de alcool (70%, 80%, 90% e absoluto I, 1l e IlI), sendo que os fragmentos
permaneceram imersos por um periodo de 30 minutos em cada alcool. Apds a etapa de
desidratacéo, foi realizado o processo de diafanizagdo, que tem como objetivo tornar o tecido
translcido. A diafanizacdo consistiu em submeter os fragmentos a dois banhos de xilol com
duracdo de 20 minutos cada. Posteriormente, os tecidos foram impregnados e incluidos em

parafina.
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Os blocos de parafina, contendo o fragmento do 6rgdo, foram submetidos a microtomia,
sendo obtidos cortes seriados com 4 um de espessura. Os cortes obtidos foram corados pela
técnica de hematoxilina-eosina (HE). As laminas obtidas foram avaliadas ao microscopico

oOptico, para estudos histologicos.

4.5 - Medida dos niveis de citocinas e quimiocinas no cérebro por ELISA

4.5.1 - Preparo de homogenato de cérebro de camundongo

Retirou-se um dos hemisférios dos cérebros de animais infectados e controles. Esses
hemisférios foram, entdo, devidamente acondicionados e estocados a —20°C. Posteriormente,
as amostras foram pesadas (100 mg) e colocadas em 1,0 mL de solucédo inibidora de proteases
para extracdo de citocinas [NaCl 0,4 M; Tween 20 0,05%; Albumina de soro bovino (BSA)
0,5%; Fluoreto de fenilmetilsufonila (PMSF) 0,1mM; cloreto de benzetonio 0,1 mM; EDTA
10 mM; 20 Ul de aprotinina], preparada a partir de uma solucdo de tampé&o fosfato (NaCl 8 g,
KCI 0,2 g e Na;HPO,4.12H,0 2,89 g diluidos em 1 litro). As amostras foram maceradas por
um homogenizador de tecidos (Power Gen 125, Fisher Scientific Pennsylvania, EUA) a uma
velocidade 6tima e a solucdo resultante foi centrifugada a 10.000 r.p.m, a 4°C, por 10 minutos
(Centrifuga BR4, Jouan, Winchester, VA, EUA). O sobrenadante foi recolhido, aliquotado e
estocado a —20°C até a sua utilizacio para deteccéo da concentracéo das citocinas IL-1p, IL-4,
IL-10, TNF-a e IFN-y no tecido cerebral pelo método ELISA (Ensaio imunoenzimaético:

Enzyme Linked Immuno Sorbent Assay).
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4.5.2 - Determinacéo de citocinas por ELISA

Os Kits para ELISA de citocinas murinas (IL-1p, IL-4, 1L-10, TNF-a e IFN-y) foram
obtidos da R&D Systems (DuoSet) e utilizados de acordo com os procedimentos previamente
descritos pelo fabricante. Todos os ensaios foram realizados em placas de 96 pocos (C96
MicroWellTM Plates, Nunc, Thermo Fisher Scientifc, Waltham, MA, USA).

As concentracdes das citocinas foram avaliadas em diluicdo 1:3 em PBS contendo 1%
de soro albumina bovina BSA. A uma placa de 96 pocos foram adicionados 100 pl de solucéo
por orificio na concentracdo adequada do anticorpo de captura especifico. Esta solucdo
permaneceu em contato com a placa durante 18 h a 4°C e foi lavada 5 vezes com PBS/Tween
0,1% em um lavador de placas automatico. Logo apo6s, foram adicionados 200 pl de solugéo
de bloqueio (PBS-1%BSA). O tempo de bloqueio foi de duas horas. Foram adicionados as
amostras e o0s padrbes de citocinas a partir de concentracbes decrescentes para
estabelecimento da curva padrdo. As placas foram incubadas por mais 18 h a 4°C. Foram
adicionados entdo, 100 pl de uma solucdo de anticorpo de deteccdo em cada poco da placa. A
placa foi incubada por uma hora. Transcorrido este periodo e apds lavagem, foi adicionada a
placa uma solugdo contendo estreptavidina ligada a peroxidase (Pharmingen). Apo6s 30
minutos, a placa foi novamente lavada e depois foi adicionado o tampao substrato contendo o-
fenilenodiamina (OPD, Sigma) e H,O, (Merck). A reacdo foi interrompida com &cido
sulfarico (H,SO,) 1M. O produto de oxidacdo do OPD foi detectado por colorimetria em um

leitor de placas de ELISA (492 nm) (Molecular Devices, USA).

4.6 — Medida da liberacao cortical de glutamato dependente e independente de Ca?*

A liberacdo de glutamato dependente e independente de Ca®* no cortex cerebral de

camundongos infectados, no 3° e 6° dia apds a infeccdo, e controles (sem infecgdo) foi
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mensurada utilizando a técnica de preparacao do sinaptosoma. Os camundongos foram mortos
por meio de deslocamento cervical, pois a administracdo de anestésico interfere na obtencéo
do sinaptosoma. O cérebro foi retirado e o cértex separado e colocado em uma solucéo
gradiente. Em seguida, as amostras foram maceradas por um homogeneizador de tecidos e 0
homogenato centrifugado a 3000 r.p.m durante 10 minutos. O sobrenadante foi recolhido e
colocado em gradiente de percoll (23%, 15%, 10%, 3%). As amostras foram novamente
centrifugadas a 18000 r.p.m por 15 minutos. Apds a centrifugacdo houve a formacdo de
diferentes fases na amostra das quais as fases 3 e 4 contém o sinaptosoma. As fases 3 e 4
foram coletadas e foi realizada a lavagem do sinaptosoma com a solucéo tampdo KRH (124
mM NaCl, 4 mM KCI, 1,2 mM MgSO4, 10 mM glicose, 25 mM HEPES, pH 7.4). Em
seguida, a solucéo foi centrifugada novamente a 18000 r.p.m durante 15 minutos, obtendo-se
assim o sinaptosoma purificado (pellet). A liberacdo cortical de glutamato na fenda sinaptica
foi entdo mensurada por um espectrofluorimetro RF5301PC (Shimadzu, Japan) por meio da
reacdo: Glutamato + NAD + GDH = o — Cetoglutarato + NADPH (Prado et al., 1996). Para
avaliar a liberacdo cortical de glutamato independente de Ca?*, durante a leitura no

espectrofluorimetro, foi adicionada a amostra o bloqueador de calcio EGTA.

4.7 — Medida dos niveis de glutamato no liquido cefalorraquidiano

Os niveis de glutamato foram mensurados no liquido cefalorraquidiano de
camundongos infectados, no 6° dia apos a infeccdo, e controles (sem infeccdo). Os animais
foram sacrificados com halotano, pois a administragdo de anestésico interfere na mensuragédo
do glutamato, e colocados em um aparelho de estereotaxia, no qual o liquido
cefalorraquidiano foi cuidadosamente extraido utilizando uma seringa para insulina, por meio

da técnica de puncdo da cisterna magna (Sousa et al., 2008). As amostras foram centrifugadas
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a 10.000 r.p.m durante 5 minutos, o sobrenadante foi recolhido e imediatamente analisado por

um espectrofluorimetro RF5301PC (Shimadzu, Japan).

4.8 — Andlise Estatistica

A andlise estatistica foi realizada utilizando-se o programa estatistico Prisma 4.0
(GraphPad, La Jolla, CA, USA). Os dados foram apresentados com média + desvio-padréo
(DP). Para analise dos dominios funcionais da bateria SHIRPA, da liberacdo cortical de
glutamato e da concentracdo de citocinas no tecido cerebral foi utilizado o teste estatistico
ANOVA com pés-teste de Tukey para multiplas comparacfes. Os niveis de glutamato no
liquido cefalorraquidiano e a atividade locomotora no teste do labirinto em cruz elevado
foram analisados por meio do teste estatistico t-student. Para anélise dos niveis de ansiedade
no labirinto em cruz elevado foi utilizado o teste estatistico Mann Whitney. O nivel de

significancia foi estabelecido em p<0,05.



Resultados
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5-RESULTADOS

Os resultados serdo apresentados na forma de dois artigos cientificos publicados em
periddicos indexados. O artigo 1 refere-se aos objetivos especificos 1 e 4. O artigo 2 refere-se

aos objetivos especificos 2 e 3.

5.1-Artigo 1

Objetivos Especificos:

* Verificar as alteracbes comportamentais gerais pela bateria de testes SHIRPA em modelo

experimental de MC por P. berghei ANKA.

* Investigar a concentracdo de glutamato no cortex cerebral e no liquido cefalorraquidiano de

camundongos C57BL/6 infectados com P. berghei ANKA.

Resultados:

Artigo publicado no Brazilian Journal of Medical and Biological Research em 2010.

Miranda AS, Vieira LB, Lacerda-Queiroz N, Souza AH, Rodrigues DH, Vilela MC, Gomez

MV, Machado FS, Rachid MA, Teixeira AL. Increased levels of glutamate in the central

nervous system are associated with behavioral symptoms in experimental malaria. Braz J

Med Biol Res. 2010; 43: 1173-1177.



ISSN 0100-879X

BRAZILIAN JOURNAL e 12135124 Do 010

OF MEDICAL AND BIOLOGICAL RESFARCH BIOMEDICAL SCIENCES
www.bjournal.com.br D
.0J - . CLINICAL INVESTIGATION

Braz J Med Biol Res, December 2010, Volume 43(12) 1173-1177

doi: 10.1590/S0100-879X2010007500130

Increased levels of glutamate in the central nervous system are
associated with behavioral symptoms in experimental malaria

A.S. Miranda, L.B. Vieira, N. Lacerda-Queiroz, A.H. Souza, D.H. Rodrigues, M.C. Vilela, M.V. Gomez,
F.S. Machado, M.A. Rachid and A.L. Teixeira

The Brazilian Journal of Medical and Biological Research is partially financed by

4 ‘CNP Ministério Ministério - ®¥ -
da Ciéncia e Tecnologia @ da Educagao UBMP! i's o DoLs ‘JAPESP

c selho Nacional de Desenvolvimento

nifco e Toono oldgico CAPES GOVERNO FEDERAL

Institutional Sponsors

e - ) SHIMADZU Hotsite of proteomics metabolomics
r CYP E &"’A developped by:
L]—Q v.\' igw
' analitica Thermo

Ribeirdo Preto Faculdade de Medicina UNICAMP =
de Ribeirdo Preto analiticaweb.com.br SCIENTIFIC

Pl 1.


http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-879X2009001200016&lng=en&nrm=iso
http://www.bjournal.com.br/
http://www.fmrp.usp.br/
http://www.ribeirao.usp.br
http://www.unicamp.br/
http://www.faepa.br/
http://www.usp.br/
http://www.scielo.org/php/index.php
http://www.fapesp.br/
http://portal.mec.gov.br
http://www.mct.gov.br/
http://www.capes.gov.br/
http://www.brasil.gov.br
http://www.cnpq.br/
http://www.shimadzu.com.br
http://www.gehealthcare.com/worldwide.html
http://www.analiticaweb.com.br/emarketing/proteomics

Brazilian Journal of Medical and Biological Research (2010) 43: 1173-1177
ISSN 0100-879X Short Communication

Increased levels of glutamate in the central
nervous system are associated with behavioral
symptoms in experimental malaria

A.S. Miranda’, L.B. Vieira3, N. Lacerda-Queiroz'!, A.H. Souza3, D.H. Rodrigues’,
M.C. Vilela!, M.V. Gomez3, F.S. Machado?, M.A. Rachid! and A.L. Teixeira'

1Laboratério de Imunofarmacologia, 2Laboratério de Imunorregulagédo de Doengas Infecciosas,
Departamento de Bioquimica e Imunologia, Instituto de Ciéncias Bioldgicas,

Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brasil

3Laboratério de Medicina Molecular (INCT), Faculdade de Medicina,

Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brasil

Abstract

Cerebral malaria (CM) is a severe complication resulting from Plasmodium falciparum infection. This condition has been associ-
ated with cognitive, behavioral and motor dysfunctions, seizures and coma. The underlying mechanisms of CM are incompletely
understood. Glutamate and other metabolites such as lactate have been implicated in its pathogenesis. In the present study,
we investigated the involvement of glutamate in the behavioral symptoms of CM. Seventeen female C57BL/6 mice (20-25
g) aged 6-8 weeks were infected with P. berghei ANKA by the intraperitoneal route using a standardized inoculation of 108
parasitized red blood cells suspended in 0.2 mL PBS. Control animals (N = 17) received the same volume of PBS. Behavioral
and neurological symptoms were analyzed by the SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype Assessment
(SHIRPA) battery. Glutamate release was measured in the cerebral cortex and cerebrospinal fluid of infected and control mice
by fluorimetric assay. All functional categories of the SHIRPA battery were significantly altered in the infected mice at 6 days
post-infection (dpi) (P < 0.05). In parallel to CM symptoms, we found a significant increase in glutamate levels in the cerebral
cortex (mean + SEM; control: 11.62 + 0.90 nmol/mg protein; infected at 3 dpi: 10.36 + 1.17 nmol/mg protein; infected at 6 dpi:
26.65 £ 0.73 nmol/mg protein; with EGTA, control: 5.60 £ 1.92 nmol/mg protein; infected at 3 dpi: 6.24 + 1.87 nmol/mg protein;
infected at 6 dpi: 14.14 + 0.84 nmol/mg protein) and in the cerebrospinal fluid (control: 128 + 51.23 pmol/mg protein; infected:
301.4 £ 22.52 pmol/mg protein) of infected mice (P < 0.05). These findings suggest a role of glutamate in the central nervous
system dysfunction found in CM.
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Introduction

Cerebral malaria (CM) is a severe complication resulting
from Plasmodium falciparum infection (1). This condition is

including cognitive, behavioral and motor dysfunctions,
seizures and coma (1).

associated with at least 2.3 million deaths per year out of
an estimated 400 million cases of malaria occurring each
year worldwide (2).

According to WHO criteria, CM is a clinical syndrome
defined as a potentially reversible diffuse encephalopathy
characterized mainly by coma and the presence of asexual
forms of P. falciparum parasites in peripheral blood smears
in the absence of other causes of encephalopathy (3). This
condition can cause a wide range of clinical manifestations

The underlying mechanisms of CM have been exten-
sively investigated. However, the pathogenesis of CM is
incompletely understood (4). One of the major hypoth-
eses is the sequestration of parasitized red blood cells in
the cerebral microvascular endothelium leading to blood
flow obstruction and decreased tissue perfusion, thereby
compromising the function of the central nervous system
(CNS) (1).

Glutamate is the major excitatory neurotransmitter in
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the mammalian CNS, playing an important role in neuronal
development, synaptic plasticity, learning and memory
processes under physiological conditions (5). However,
high amounts of glutamate release in intersynaptic spaces
can cause neuronal cell death and neurodegeneration via
excitotoxicity processes (6). Excitotoxicity plays animportant
role in many CNS diseases, including ischemia, trauma,
and neurodegenerative disorders (7). Based on the concept
that CM can be regarded as an ischemic disorder, some
studies have implicated glutamate and other metabolites
such as lactate, alanine and glycine in its pathogenesis
(8-10). However, these studies did not evaluate the role of
glutamate release and its association with CNS dysfunc-
tion in CM.

In the present study, we determined the involvement
of glutamate in the behavioral symptoms occurring in
CM. We analyzed behavioral and neurological symptoms,
CaZ*-independent and -dependent glutamate release in the
cerebral cortex and glutamate levels in the cerebrospinal
fluid (CSF) of C57BL/6 mice infected with P. berghei ANKA
(PbA).

Material and Methods

Animals

Thirty-four female C57BL/6 mice (20-25 g) aged 6-8
weeks were obtained from the Animal Care Facilities of
the Federal University of Minas Gerais, Brazil. The animals
were housed in cages in temperature-controlled rooms
and received food and water ad libitum. All procedures
described had prior approval from the Animal Ethics Com-
mittee (CETEA) of the Federal University of Minas Gerais
(UFMG) under license number 105/09.

Parasites and experimental infection

An uncloned parasite line of P. berghei (strain ANKA)
(PbA)was used. P. bergheiANKA-parasitized red blood cells
(pPRBC) from C57BL/6 mouse donor strains were maintained
in stabilized liquid nitrogen, thawed and passed into normal
C57BL/6 mice that later served as parasite donors. C57BL/6
mice were infected by intraperitoneal (ip) injection of 108
pRBC suspended in 0.2 mL PBS (11). Control animals re-
ceived the same volume of PBS. The level of parasitemia
of infected mice was monitored on Giemsa-stained blood
films from day 3 onwards and estimated by counting at
least 1000 RBCs under oil immersion.

SHIRPA screen

Behavioral and functional parameters were evaluated
using a screening battery called SmithKline/Harwell/Imperial
College/Royal Hospital/Phenotype Assessment (SHIRPA)
until the 6th day post-infection (dpi). The procedure was car-
ried out at 0 (day of infection) and then from day 3 until death
on a daily basis. The SHIRPA screen was conceived as a
multi-test behavioral battery used for longitudinal studies
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with standardized guidelines and materials (12). This bat-
tery encompasses 40 tests, which provide a behavioral and
functional profile. For analysis purposes, these individual
parameters assessed by SHIRPA were organized into five
functional categories: neuropsychiatric state (spontaneous
activity, transfer arousal, touch escape, positional passivity,
biting, fear, irritability, aggression, vocals); motor behavior
(body position, tremor, locomotor activity, pelvic elevation,
gait, tail elevation, trunk curl, limb grasping, wire maneuver,
negative geotaxis); reflex and sensory function (startle
response, visual placing, pinna reflex, corneal reflex, toe
pinch, righting reflex); autonomous function (respiration rate,
defecation, urination, palpebral closure, piloerection, skin
color, heartrate, lacrimation, salivation, body temperature);
muscle tone and strength (grip strength, body tone, limb
tone, abdominal tone) and an overall score was obtained
as described by Lackner et al. (13). Animals were allowed
to habituate to their new environment for 2 days before
behavioral assessment. A total of 8 animals per group were
used in this procedure.

Glutamate release and measurement in the cerebral
cortex

Synaptosomes were prepared as previously described
(14). Mice were decapitated and their cortices were removed
and homogenized in 1:10 (w/v) 0.32 M sucrose containing
0.25 mM dithiothreitol and 1 mM EDTA. Homogenates
were then submitted to low-speed centrifugation (1000 g/10
min) and isolated nerve terminals (synaptosomes) were
purified from the supernatant by discontinuous Percoll-
density gradient centrifugation (15). The synaptosomes
were resuspended in 400 yL Krebs-Ringer-HEPES buffer
(124 mM NaCl, 4 mM KCI, 1.2 mM MgSOy¢4, 10 mM glucose,
25 mM HEPES, pH 7.4), divided into 200-uL aliquots and
stored on ice for later measurement of glutamate release.
The glutamate release assay was performed using an
RF5301PC spectrofluorimeter (Shimadzu, Japan) moni-
toring the increase in fluorescence due to the production
of NADPH* in the presence of glutamate dehydrogenase
and NADP* (16). Glutamate release was measured in the
cerebral cortex of PbA-infected mice at 3 and 6 dpi and of
control mice. A total of 9 animals per group were used.

Measurements of glutamate levels in the
cerebrospinal fluid

Glutamate levels were measured in the CSF of PbA-
infected mice at 6 dpi and of control mice. Briefly, the mice
were killed with halothane and placed in a stereotaxic ap-
paratus, where the CSF was carefully removed (10 uL per
mouse) with an insulin syringe (27 gauge x 1/2 in length),
using the cisterna magna puncture technique. All samples
were centrifuged at 10,000 g in an Eppendorf centrifuge
for 5 min to obtain cell-free supernatants and were im-
mediately analyzed with a spectrofluorimeter. Glutamate
measurement was performed enzymatically according
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to the increase in fluorescence due to the production of
NADPH* in the presence of glutamate dehydrogenase and
NADP* (16). To start the assay, 1.0 MM NADP* and 50 U
glutamate dehydrogenase were added to the CSF samples
10 min after the measurement of emitted fluorescence (14).
The excitation wavelength was 360 nm and the emission
wavelength was 450 nm using a PTI spectrofluorimeter.
Nine animals per group were used to quantify the levels of
glutamate in the CSF. At least three independent experi-
ments were performed and three samples of the CSF were
analyzed in each group. The samples were obtained from
the same animals used for glutamate measurements in
the cerebral cortex.

Statistical analysis

One-way analysis of variance (ANOVA) with the Tukey
multiple comparison post-test was used to analyze the
behavioral and functional categories of SHIRPA and the
brain cortical glutamate release.
The unpaired Student t-test was
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infected mice at 3 dpi and control animals (Figure 2). Syn-
aptosomes from control animals were exposed to 33 mM
KCI to depolarize their membranes and induce glutamate
release (Figure 2). KCl-evoked glutamate release from
synaptosomes obtained from infected mice at 6 dpi was
approximately 3-fold higher than that observed in control
animals (Figure 2; P < 0.05).

When synaptosomes were depolarized with KCI, the
release of glutamate was the sum of two components: one
that is extracellular calcium dependent and inhibited by the
calcium chelator EGTA, and the other, which is extracellular
calcium independent and not sensitive to EGTA. We there-
fore measured KCl-evoked glutamate release in infected
mice at 3 and 6 dpi and in control synaptosomes in the
presence of EGTA, which reflects the calcium-independent
pool. In both situations (control and infected mice), KCI-
evoked glutamate release was reduced in the presence of
EGTA (Figure 2; P <0.05). Even in the presence of EGTA,

used to analyze glutamate levels
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Figure 1. Performance of Plasmodium berghei ANKA (PbA)-infected mice at 3 and 6 days
post-infection (dpi) and of the control group in the five functional categories of the SHIRPA
battery. An overall score was used for each functional domain. Data are reported as means
+ SEM. *P < 0.05 (ANOVA followed by the Tukey multiple comparison post-test).
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glutamate release was significantly increased in infected
mice at 6 dpi compared to both infected mice at 3 dpi and
controls.

We also measured CSF glutamate levels in PbA-infected
mice at 6 dpi. The 6th dpi was chosen because it was the day
we found the highest levels of brain glutamate associated
with behavioral changes in infected mice. The glutamate
levels found in the CSF of infected mice were significantly
increased compared to control animals (mean + SEM; con-
trol: 128 £+ 51.23 pmol/mg protein; infected: 301.4 £ 22.52
pmol/mg protein; P < 0.05. Results are representative of
three independent experiments).

Discussion

We investigated behavioral symptoms in C57BL/6 mice
infected with PbA using the SHIRPA screen battery. In our
study, we observed progressive neurological and behav-
ioral changes. At 6 dpi most of the SHIRPA domains were
significantly altered including, neuropsychiatric state, motor
behavior, reflex and sensory function, autonomous function,
muscle tone and strength. In order to detect a neurochemical
marker of CM, we investigated the involvement of glutamate
in the development of CM. The amount of glutamate present
in the cerebrocortical synaptosomes as well as in the CSF
of infected mice was significantly increased at 6 dpi. Since
there is a parallel increase in brain and CSF glutamate levels
with the neurological symptoms of CM, this may suggest a
role for glutamate in CM pathogenesis.

Animals susceptible to PbA infection such as C57BL/6
mice develop neurological and behavioral symptoms that
are similar to those observed in human CM, which include
ataxia, paralysis, seizures, and coma (17). In the present
study, using the SHIRPA battery, we found a wide range of
behavioral changes in infected mice at 6 dpi. In agreement
with these findings, previous studies also described signifi-
cant changes in the functional categories of the SHIRPA
battery approximately 6 days after PbA infection (13,18).

The excitotoxicity process mediated by glutamate and
otheramino acids, such as aspartic acid and quinolinic acid
that act via glutamate receptors, has been implicated in
the occurrence of neurological and cognitive symptoms in
CM (8-10,19,20). In the present study, we found increased
glutamate release in the brain and increased levels of this
neurotransmitter in the CSF of PbA-infected mice in associa-
tion with behavioral changes. To the best of our knowledge,
no previous study has investigated the association between
increased glutamate release into intersynaptic spaces and
CNS dysfunction in CM. A study performed by Rae et al.
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(9) demonstrated an increase of glutamate C4(y) levels as
measured by 13C nuclear magnetic resonance spectroscopy
in the metabolite pool from brain extracts of PbA-infected
mice at 6 dpi. We confirmed the increase of glutamate
levels and demonstrated an enhanced release of glutamate
in the synaptic cleft. Furthermore, studies of biochemical
changes have demonstrated increased levels of quinolinic
acid in the CSF of adults and children with CM, indicating a
role of excitotoxic mechanisms in the pathogenesis of the
disease (19,20). Parekh et al. (10) also found an increase
of glutamine levels in the metabolite pool from brain extracts
of PbA-infected mice. Taken together, these studies suggest
that an imbalance in glutamate/glutamine metabolism may
be relevant to CM pathogenesis.

In conclusion, we found thatincreased glutamate release
is associated with neurological and behavioral symptoms
in CM. These findings suggest a role for glutamate in the
CNS dysfunction found in CM disease.
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5.2 — Artigo 2

Objetivos Especificos:

* Investigar transtornos de ansiedade, utilizando o teste do labirinto em cruz elevado, em

modelo experimental de MC por P. berghei ANKA.

* Caracterizar os processos inflamatorios localizados no SNC por meio da analise da
concentracdo de citocinas no tecido cerebral de camundongos C57BL/6 infectados com P.

berghei ANKA.

Resultados:
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C57BL/6 mice infected with Plasmodium berghei (strain ANKA). Neurosci Lett. 2011; 491:

202-206. DOI: 10.1016/j.neulet.2011.01.038.



Neuroscience Letters 491 (2011) 202-206

journal homepage: www.elsevier.com/locate/neulet

Contents lists available at ScienceDirect

Neuroscience Letters

Anxiety-like behavior and proinflammatory cytokine levels in the brain of
C57BL/6 mice infected with Plasmodium berghei (strain ANKA)

Aline Silva de Miranda?:P*, Norinne Lacerda-Queiroz®, Marcia de Carvalho Vilela®,
David Henrique Rodrigues®, Milene Alvarenga Rachid®, Jodo Quevedo€, Antdnio Licio Teixeira?:b-*

2 Postgraduate Program in Health Sciences: Infectious Diseases and Tropical Medicine, Medical School, Federal University of Minas Gerais, Belo Horizonte, MG, Brazil

b Laboratory of Immunopharmacology, Department of Biochemistry and Immunology, Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte, MG, Brazil
¢ Laboratory of Neurosciences and National Institute for Translational Medicine (INCT-TM), Postgraduate Program in Health Sciences, Health Sciences Unit, University of Southern
Santa Catarina, 88806-000 Cricitima, SC, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 23 September 2010
Received in revised form

30 November 2010

Accepted 14 January 2011

Cerebral malaria (CM)is a severe complication resulting from Plasmodium falciparum infection. The under-
lying mechanisms of CM pathogenesis remain incompletely understood. The imbalance between the
release of proinflammatory and anti-inflammatory cytokines has been associated with central nervous
system dysfunction found in human and experimental CM. The current study investigated anxiety-like
behavior, histopathological changes and release of brain cytokines in C57BL/6 mice infected with Plas-
modium berghei strain ANKA (PbA). Anxiety-like behavior was assessed in control and PbA-infected mice
using the elevated plus maze test. Histopathological changes in brain tissue were assessed by haema-
toxylin and eosin staining. Brain concentration of the cytokines IL-1(3, IL-4, IL-10, TNF-a and IFN-y was
determined by ELISA. We found that PbA-infected mice on day 5 post-infection presented anxiety symp-
toms, histopathological alterations in the brainstem, cerebrum and hippocampus and increased cerebral
levels of proinflammatory cytokines IL-1(3 and TNF-a. These findings suggest an involvement of central
nervous system inflammatory mediators in anxiety symptoms found in CM.
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Malaria is associated with at least 2.3 million deaths annually, from
an estimated 400 million cases of malaria each year worldwide
[28]. Cerebral malaria (CM) is a severe complication resulting from
Plasmodium falciparum infection [13].

The underlying mechanisms of CM pathogenesis remain incom-
pletely understood [11,24]. High levels of circulating and cerebral
tissue proinflammatory cytokines including tumor necrosis factor
(TNF)-a and interleukin (IL)-13 have been associated with central
nervous system (CNS) dysfunction found in human and experimen-
tal CM [2,3,14,25].

Overproduction of proinflammatory cytokines, especially TNF-
a, induces an increase of adhesion molecule expression on
vascular endothelium with subsequent sequestration of leuco-
cytes, parasitized red blood cells (pRBC) and platelets, leading to
microvascular obstruction and hypoxia [6]. In addition, the release
of anti-inflammatory cytokines, mainly IL-10, seems to have a host-
protective role by regulating the synthesis of proinflammatory
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cytokines in response to the parasite. However, this host-protective
mechanism might be deficient in CM disease [12,18]. In this
context, an imbalance in the release of proinflammatory and anti-
inflammatory cytokines seems to be crucial to the development of
CM [6,18].

Animal models have been of great relevance in the study of
the mechanisms involved in CM pathogenesis [6,27]. Due to the
high degree of reproducibility, easily manageable characteristics
and development of histopathological and neurological signs typi-
cal of human CM, the murine model using the Plasmodium berghei
strain ANKA (PbA) has been widely used to better understand this
condition [24].

Behavioral and neurological symptoms in PbA-infected mice
have been associated with neuroinflammatory processes [7,19,20].
However, to the best of our knowledge, no previous study
has investigated the occurrence of anxiety-like behavior asso-
ciated with CNS inflammation in CM. Thus, the aim of the
current study was to investigate anxiety-like behavior and
the release of brain cytokines in C57BL/6 mice infected with
PbA.

All experiments were approved by the Animal Ethics Committee
of the Federal University of Minas Gerais (UFMG). Female C57BL/6
mice (20-25g), aged 6-8 weeks, were obtained from Animal Care
Facilities of the Institute of Biological Sciences, UFMG. Animals were
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housed in cages in temperature-controlled rooms and received food
and water ad libitum.

Uncloned parasite line of P. berghei (strain ANKA) (PbA) was used
in this study. P. berghei ANKA pRBC from C57BL/6 mice donor strains
were maintained in stabilized liquid nitrogen and were thawed and
passed into normal C57BL/6 mice that served afterwards as para-
site donors. C57BL/6 mice were infected by intraperitoneal (i.p.)
injection of 106 pRBC suspended in 0.2 mL PBS [10]. Control ani-
mals received the same volume of PBS. The level of parasitemia
in infected mice was monitored on Giemsa-stained blood films
from day 3 onwards and estimated at 1000 RBCs under immersion
oil.

Anxiety-like behavior was assessed in control and infected mice
onday 5 post-infection (p.i.) using the elevated plus maze (Insight®,
SP, Brazil). Anxiety-like behavior was evaluated on day 5 p.i. in
agreement with previous studies describing the onset of behavioral
symptoms in CM mice on day 5 after infection with PbA [19,20].
The elevated plus maze (EPM) is a test of unconditioned anxiety-
related behavior that involves a conflict between the rodent’s desire
to explore a novel environment and anxiogenic elements such as
elevation and an unfamiliar open area [23]. This is a widely used
test for anxiety behavior of rodents [9,23,26]. The EPM test was
conducted as previous described by Walf and Frye [30]. Briefly,
mice were placed in the center of the maze facing an open arm
and were allowed to freely explore the EPM for 5 min. The animal
placing all four paws onto the arm was considered to be in the
arm, otherwise the animal was in the center of the maze. Behav-
ior that was recorded when rodents were in the EPM included the
time spent and entries made on the open and closed arms. The
measures of anxiety were the percentage (%) of open arm entries
and the percentage (%) of time spent on the open arms. The num-
ber of closed arm entries was considered as a locomotor measure.
Decreased open arm activities indicate increased anxiety levels in
EPM. Between each trial, the maze was wiped clean with a damp
sponge and dried with paper towels. Before behavioral assessment,

animals were allowed to accommodate to their new environment
for 2 days.

For histological and inflammatory analyses the brain tissues of
controls and PbA-infected mice on day 3 and 5 p.i. were removed.
One hemisphere of the brain was homogenized in extraction solu-
tion containing aprotinin and the concentration of the cytokines
IL-1P3, IL-4, IL-10, TNF-a and IFN-y was determined by ELISA
(R&D Systems, Minneapolis, MN and Pharmingen, San Diego, CA).
Another hemisphere of the brain was preserved in 10% buffered
formalin. Sections of 5 wm thick were cut and mounted for routine
haematoxylin and eosin (H&E) staining. These sections were exam-
ined at the optical level (Olympus, Japan, JP). Digital images were
acquired for documentation.

Data are shown as mean+SEM. A one-way analysis of vari-
ance (ANOVA) with Tukey’s Multiple Comparison post-test was
used to analyze the brain concentrations of cytokines measured by
ELISA. To analyze the anxiety behavior and locomotor activity in the
EPM the Mann Whitney’s test and the t-student’s test were used,
respectively. All analyses were performed using Prism 4 software
(GraphPad, La Jolla, CA, USA).

CM mice presented a significant decrease in the percentage (%)
of time spent on the open arms and in the number of entries into
the open arms when compared to the control animals on day 5 p.i.
(Fig. 1A and B; p <0.05; n=10 per group). No difference was found
in the number of entries in the closed arms between the infected
mice and controls, indicating that both groups presented similar
locomotor activity in the EPM (Fig. 1C; p=0.12).

No lesions were detected in the brain of non-infected group
and PbA-infected group on day 3 (Fig. 2A, D and G). Infected mice
on day 5 p.i. developed focal meningitis, consisted mainly of lym-
phocytes and macrophages (Fig. 2B). Sequestration of leukocytes
in the microvasculature (vascular plugging) was detected in the
cerebrum, brainstem and hippocampus (Fig. 2C and F). The hip-
pocampus of PbA-infected animals on day 5 p.i. presented various
shrinkage pyramidal neurons in the medial area of CA1 (Fig. 2H).
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Fig. 2. Representative H&E-stained sections from brains of control (A, D and G) and PbA-infected mice on day 5 p.i. (B-C, E-F, H-I). (A) Normal histological cerebrum. (B)
Cells infiltrating the meninges in the cerebrum from PbA-infected. (C) Vascular plugging (arrow heads) in the cerebral cortex. (D) and (G) Hippocampus with preserved CA1
area and dentate gyrus. (E) and (H) Note altered CA1 region (asterisk) characterized by shrinkage pyramidal neurons (arrows). (I) Focal microhemorrhage in the brainstem.

The brainstem exhibited multifocal hemorrhages around blood
vessels (Fig. 2I).

PbA-infected mice presented higher cerebral levels of IL-1[3 and
TNF-a on day 5 p.i. when compared with controls and infected mice
on day 3 p.i. (Fig. 3; p <0.05). No significant difference was found
in brain levels of IL-4, IL-10 and IFN-y between PbA-infected mice
and controls (Fig. 3).

To the best of our knowledge, this is the first study which inves-
tigated anxiety-like behavior in CM. We showed that PbA-infected
mice on day 5 p.i. presented anxiety symptoms associated with
increased cerebral levels of proinflammatory cytokines IL-13 and
TNF-a, and histopathological changes in the brainstem, cerebrum
and hippocampus.

Behavioral and cognitive symptoms associated with neuroin-
flammatory processes in CM have been described in experimental
and clinical studies [7,16,19,27]. Our group has previously demon-
strated that leukocyte recruitment induced by increased levels
of cytokines and chemokines in the brain were associated with
behavioral and neurological alterations in PbA-infected mice [19].
Additionally, Desruisseaux et al. [7] showed that memory dysfunc-
tion in experimental malaria correlated with brain inflammation
and hemorrhage, and also microglial activation. In PbA infection,

TNF-a is produced by microglia, astrocytes, monocytes and cerebral
vascular endothelium whereas IL-1f3 is produced by monocytes,
meningeal vascular endothelium and cortical neurons [25]. In a
clinical study with CM children and health controls, John et al. [16]
demonstrated that high levels of TNF-« in the cerebrospinal fluid
of CM children correlated with neurological and cognitive deficits
at hospital discharge, 3 and 6 months later. An upregulation of
inflammatory cytokines such as IL-13, IL-6 and TNF-a has been
also described in the serum of CM children [15,22]. Altogether these
studies suggest that the release of proinflammatory mediators in
the CNS may be involved in a wide range of behavioral symptoms
described in murine and human CM.

Some evidence suggests that an overproduction of proinflam-
matory cytokines such as IL-1 and TNF-a could be involved
in the development of anxiety [1,4,5,17]. Previous works have
demonstrated that systemic (intraperitoneal route) and central
(intracerebroventricular route) administration of IL-13 and TNF-
« in rodents caused a decrease in the percentage of entries and
of time spent on the open arms of the EPM, without a signifi-
cant change of closed-arm entries [1,4,5]. Koo and Duman [17]
measured anxiety behavior using the EPM in rats after infusion
of IL-13 in the lateral ventricle and in mice with a null muta-
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Fig. 3. Comparative analysis of proinflammatory (IL-1( and TNF-a), anti-inflammatory (IL-10), Th1 (IFN-v) and Th2 (IL-4) cytokines concentration in the brain of PbA-infected
mice on day 3 and 5 post-infection (dpi) and of controls by ELISA. Results were expressed as the mean + SEM from at least five animals per group. Asterisk(s) indicate statistical

differences where *p <0.05, **p<0.01.

tion for the IL-1 type I receptor (IL-1RI KO), the primary receptor
for IL-1B in the brain. They found that rats which received the
IL-1B infusion presented a decrease in the number of entries in
the open arms whereas the IL-1RI KO mice reduced anxiety-like
behavior in the EPM as indicated by increased time spent in the
open arms. It has also been reported that cytokines, especially
IL-1B3, administered systemically or directly into the brain influ-
ence the hypothalamic-pituitary-adrenal (HPA) activity and affect
norepinephrine release at different regions of the brain such as
amygdala and paraventricular nucleus, all of which have been asso-
ciated with anxiety [1]. These findings are in agreement with those
found in this study and support an involvement of proinflammatory
cytokines in anxiety-like behavior in CM.

This anxiety-like behavior induced by cytokines does not seem
to be specific for PbA infection. For instance, previous works have
demonstrated that systemic administration of lipopolysaccharide
(LPS), a nonspecific activator of the immune system by influencing
the release of inflammatory cytokines, provokes anxiogenic-like
response. It has been shown that mice receiving LPS intraperi-
toneally presented a significant decrease in the percentage (%) of
time spent on the open arms and in the number of entries onto
the open arms of the elevated plus maze, indicating an anxiety-like
behavior [1,21,29].

It is worth mentioning that only one study have systematically
investigated the occurrence of anxiety symptoms in CM patients

[8]. High levels of anxiety and depression were described in Ghana-
ian adults with Falciparum malaria infection. Anxiety is probably
underestimated in CM patients since more severe symptoms such
as cognitive and motor dysfunction are also frequently found in this
condition.

There are some limitations in the present study. The study is
largely descriptive and does not show proof of causality. Other
cytokines may be also involved in anxiety-like behavior. More
studies are needed to describe with more details the anxiety-like
behavior and its association with inflammatory changes and brain
damage in CM.

In conclusion, we found that PbA-infected mice presented
anxiety-like behavior symptoms and an increase of proinflam-
matory cytokine levels in the brain. These findings suggest an
involvement of CNS inflammatory mediators in anxiety symptoms
found in CM.
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6- DISCUSSAO

Nossos resultados demonstraram que camundongos C57BL/6 infectados com a cepa
PbA apresentaram, no 6° dia ap0s a infeccéo, alteracGes significativas em todos os parametros
avaliados pela bateria de testes SHIRPA (Miranda et al., 2010). Esse achado corrobora com
estudos prévios que descreveram alteracdes significativas nos dominios funcionais da bateria
SHIRPA, aproximadamente seis dias ap0s a infeccdo com a cepa PbA (Lackner et al., 2006;
Lacerda-Queiroz et al., 2010). A bateria SHIRPA tem sido descrita como uma importante
ferramenta para predizer a gravidade e a progressdo da doenca em modelos experimentais de
MC, permitindo investigar os mecanismos envolvidos em periodos cruciais para o
desenvolvimento da doenca (Lackner et al., 2006; Martins et al., 2010). Adicionalmente,
observamos um aumento significativo nas concentrac6es de glutamato no cortex cerebral e no
liqguido cefalorraquidiano dos camundongos infectados, paralelamente, aos sinais
neuroldgicos e comportamentais encontrados (Miranda et al., 2010). Em um estudo prévio
conduzido por Rae et al. (2004) foi encontrado, utilizando-se a técnica de ressonancia nuclear
magnética, um aumento significativo nas concentracdes de glutamato no cérebro de
camundongos com MC no sexto dia ap0ds infeccdo com a cepa PbA. Em contrapartida, Sanni
et al. (1998) demonstraram reducdes significativas nas concentragbes de glutamato
encontradas no cérebro de camundongos que desenvolveram MC apds infeccdo com a cepa
PbA. Entretanto, diferencas nas metodologias empregadas podem justificar os resultados
controversos obtidos. No presente estudo foi mensurada a liberacdo direta do glutamato na
fenda sinaptica por meio de espectrofluorimetro, enquanto que no estudo conduzido por Sanni
et al. (1998) as concentragdes de glutamato foram avaliadas por um método indireto, no caso
a técnica de cromatografia liquida de alta eficiéncia (HPLC). Em adicdo, processos
excitotéxicos mediados por aminoacidos excitatorios, incluindo o acido aspartico e o acido

quinoléico, que atuam por meio de receptores glutamatérgicos, tém sido implicados na
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patogénese da MC humana e experimental (Dobbie et al., 2000; Medana et al., 2002; Sanni et
al., 2001; Rae et al., 2004; Parekh et al., 2006). No entanto, a contribuicdo dos mecanismos
excitotoxicos bem como do glutamato para o desenvolvimento da MC permanece pouco
elucidada (Rae et al., 2004). Estudos que investiguem alteracfes nas vias de sintese, liberacédo
e recaptacdo do glutamato no SNC bem como na expressdo de seus receptores durante a MC
podem contribuir para a compreensdo do papel que esse neurotransmissor desempenha na
patogénese da doenca. Além disso, 0 uso de antagonistas de receptores de glutamato pode
contribuir para minimizar os sintomas neuroldgicos e cognitivos encontrados na MC podendo
atuar como adjuvante no tratamento convencional dessa condic&o.

Em outro estudo investigamos transtornos relacionados a ansiedade, alteracdes
histopatolégicas em diferentes regides do encéfalo além da concentracdo de citocinas no
tecido cerebral de camundongos infectados com a cepa PbA. Este estudo demonstrou que
camundongos com MC apresentaram altos niveis de ansiedade no 5° dia ap6s a infeccéo
associados ao aumento significativo das concentracdes cerebrais de citocinas pro-
inflamatorias (IL-1B e TNF-a) e a alteragbes histopatoldgicas no tronco encefalico, cortex
cerebral e hipocampo (Miranda et al., 2011).

A ocorréncia de alteracGes cognitivas e comportamentais associadas a processos
neuroinflamatdrios tem sido descrita em estudos clinicos e experimentais de MC
(Desruisseaux et al., 2008; John et al., 2008; Lacerda-Queiroz et al., 2010; Reis et al., 2010).
Entretanto, apenas um estudo investigou a ocorréncia de transtornos emocionais em pacientes
com MC (Dugbartey et al., 1998), demonstrando aumento significativo nos niveis de
ansiedade e depressdo em individuos adultos infectados com o P. falciparum. Os transtornos
de ansiedade provavelmente sdo negligenciados nesses pacientes uma vez que sintomas
considerados mais graves como alteracbes de memoria, aprendizado e fungdo motora sao

frequentemente observados durante a MC. Dessa forma, 0 presente estudo é o primeiro a
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investigar os transtornos de ansiedade em modelo experimental de MC bem como o possivel
envolvimento de citocinas pro-inflamatdrias na patogénese desse distarbio.

Ha evidéncias de que a producdo exacerbada de citocinas pro-inflamatdrias em
especial IL-1B e TNF-a, freqlientes em processos patoldgicos como a MC, podem contribuir
para o desenvolvimento de transtornos de ansiedade (Connor et al., 1998; Anisman et al.,
1999; Cragnolini et al., 2006; Koo e Duman, 2009). Estudos prévios ttm demonstrado que a
administracdo sistémica (intraperitoneal) ou central (intracerebroventricular) de IL-1p3 e TNF-
a induz aumento significativo nos niveis de ansiedade em roedores, indicado pela reducéo da
porcentagem de tempo gasto e de entradas realizadas nos bracos abertos do labirinto em cruz
elevado (Connor et al., 1998; Anisman et al., 1999; Cragnolini et al., 2006). Além disso, um
estudo recente conduzido por Koo e Duman (2009) mensurou os niveis de ansiedade,
utilizando o labirinto em cruz elevado, em ratos ap6s a administracdo de IL-1B no ventriculo
lateral e em camundongos knockout para o receptor de IL-1. Os autores demonstraram
aumento significativo dos niveis de ansiedade em ratos que receberam administragdo central
de IL-1p, indicado pela reducdo na porcentagem de entradas nos bragos abertos do labirinto
em cruz elevado. Em contra partida, niveis baixos de ansiedade foram encontrados nos
camundongos knockout para o receptor de IL-1, indicados pelo aumento na porcentagem de
tempo gasto nos bragos abertos do labirinto. Dessa forma, as evidéncias fornecidas por estes
estudos ap6iam os achados encontrados no presente trabalho, indicando um possivel
envolvimento das citocinas pré-inflamatérias na patogénese dos transtornos de ansiedade
encontrados.

A produgdo sistémica de IL-1p e TNF-o durante processos infecciosos ou
inflamatdrios tem sido associada a ocorréncia de um conjunto de alteragdes comportamentais,
conhecido como “sickness behavior”, que incluem reducdo da atividade locomotora,

distdrbios do sono e anorexia (Konsman et al., 2002). No presente estudo ndo foi encontrada
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alteracdo significativa da atividade locomotora, avaliada pelo numero absoluto de entradas
nos bragos fechados do labirinto, indicando que os transtornos de ansiedade encontrados na
MC estdo associados a alteracbes no SNC e ndo apenas sistémicas. O sistema imune
periférico é capaz, por meio de vias neurais e humorais, de induzir a producao de citocinas no
SNC (Konsman et al., 2002). Ha evidéncias de que as células da glia (astrocitos e microglia),
neurdnios e células endoteliais constituem uma fonte importante de producdo de TNF-a ¢ IL-
1B no SNC de camundongos infectados com PbA (Medana et al., 1997). Entretanto, a
ansiedade ndo deve ser considerada um sintoma especifico da MC. Estudos prévios tém
demonstrado que a administracdo sistémica de lipopolissacarideo (LPS), um ativador
inespecifico do sistema imune capaz de induzir a liberacdo de mediadores inflamatérios, pode
provocar respostas ansiogénicas em camundongos (Lacosta e Anisman, 1999; Swiergiel e
Dunn, 2007).

Alteraces histopatoldgicas foram encontradas no tronco encefalico, cortex cerebral e
hipocampo de camundongos com MC no 5° dia apds a infeccdo com a cepa PbA. Foi
observado o sequiestro de leucocitos na microvasculatura do cértex cerebral, tronco encefalico
e hipocampo, além de hemorragias multifocais no tronco encefalico. Esses achados estdo de
acordo com o descrito em estudos prévios que demonstraram, por meio de andlises
histopatologicas, a presenca de infiltrado celular, hemorragias e alteracBes vasculares em
diferentes regides do encéfalo de camundongos infectados com a cepa PbA, incluindo cértex
cerebral, cerebelo, tronco encefalico e hipocampo (Lackner et al., 2006; Desruisseaux et al.,
2008; Dai et al., 2010; Reis et al., 2010). Além disso, foi encontrado, especificamente na
regido CALl do hipocampo dos animais infectados, morte dos neurdnios piramidais em
comparagdo a mesma regido observada nos animais sem infecc¢do. Alteragdes significativas na

regido CA1 do hipocampo foram encontradas em camundongos knockout para o receptor de
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serotonia 5-HT1A que apresentaram transtornos de ansiedade, indicando o envolvimento
dessa regido na patogénese desse disturbio (Freeman-Daniels et al., 2007).

Mediante o exposto, é possivel concluir que camundongos infectados com a cepa PbA
apresentam amplo espectro de alteracdes neuroldgicas e comportamentais no 6° dia apds a
infeccdo que estdo associadas a um aumento significativo nas concentracfes de glutamato no
SNC. Além disso, os camundongos com MC apresentam altos niveis de ansiedade no 5° dia
apos a infeccdo, além de alteracdes histopatoldgicas em diferentes regides do encéfalo, em
especial na regido CA1 do hipocampo, e aumento significativo nas concentracdes de citocinas
pré-inflamatorias no SNC. Os resultados encontrados sugerem que o glutamato pode
desempenhar um importante papel na patogénese da MC e que a producdo exacerbada de
citocinas pro-inflamatérias no SNC, em especial IL-1B ¢ TNF-a, durante a infeccdo, pode
contribuir significativamente para o desenvolvimento dos transtornos de ansiedade
observados nos camundongos com MC.

Alteracdes cognitivas, em especial relacionadas & memoria e ao aprendizado, tém sido
descritas em estudos clinicos e experimentais de MC. Entretanto, a maioria dos estudos
experimentais ndo investigou, especificamente no hipocampo, 0s processos histopatoldgicos,
inflamatérios e neuroquimicos envolvidos na patogénese desses transtornos cognitivos,
durante a MC. Dessa forma, em estudos futuros pretendemos, utilizando o modelo
experimental de MC por PbA, caracterizar, por meio de testes padronizados, os distirbios
cognitivos associados a memoria e ao aprendizado, bem como investigar os fatores

responsaveis por esses transtornos, focando principalmente o estudo de regides hipocampais.
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7 — CONCLUSOES

* Camundongos infectados com a cepa PbA apresentam, no 6° dia apos a infeccdo, alteracGes

significativas em todos os dominios funcionais avaliados pela bateria SHIRPA.

* QOcorre, no 6° dia apds a infeccdo com a cepa PbA, um aumento significativo da liberagédo
cortical de glutamato, dependente e independente de Ca**, e da concentracéo de glutamato no

liquido cefalorraquidiano dos camundongos infectados.

* Os camundongos com MC apresentam, no 5° dia ap0s a infec¢cdo com a cepa PbA, altos
niveis de ansiedade no labirinto em cruz elevado em comparagdo com 0s animais nao

infectados.

* Diferente dos camundongos ndo infectados, camundongos com MC apresentam
concentragOes elevadas de citocinas pro-inflamatorias, TNF-a e IL-1B, no tecido cerebral, no

5° dia apds a infeccdo com a cepa PbA.

* O aumento significativo de glutamato no SNC dos camundongos infectados possivelmente
estd associado a ocorréncia das alteracBes neuroldgicas e comportamentais observadas na

bateria de testes SHIRPA.

* A producdo de citocinas pro-inflamatorias, especialmente TNF-a e IL-1B, durante a MC
parece ser relevante para o desenvolvimento dos transtornos de ansiedade encontrados nos

camundongos infectados.
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A thioacetamide-induced
hepatic encephalopathy
model in C57BL/6 mice

A behavioral and neurochemical study
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ABSTRACT

Objective: Hepatic encephalopathy (HE) is a neuropsychiatric syndrome resulting from
liver failure. In the present study, we aimed to standardize an animal model of HE induced
by thioacetamide (TAA) in C57BL/6 mice evaluating behavioral symptoms in association
with liver damage and alterations in neurotransmitter release. Method: HE was induced by
an intraperitoneal single dose of TAA (200 mg/kg, 600 mg/kg or 1,200 mg/kg). Behavioral
symptoms were evaluated using the SHIRPA battery. Liver damage was confirmed by
histopathological analysis. The glutamate release was measured using fluorimetric assay.
Results: The neuropsychiatric state, motor behavior and reflex and sensory functions were
significantly altered in the group receiving 600 mg/kg of TAA. Biochemical analysis revealed
an increase in the glutamate release in the cerebral cortex of HE mice. Conclusion: HE
induced by 600mg/kg TAA injection in C57BL/6 mice seems to be a suitable model to
investigate the pathogenesis and clinical disorders of HE.

Key words: hepatic encephalopathy, thioacetamide, behavioral changes, SHIRPA, glutamate.

Modelo de encefalopatia hepética induzida por tioacetamida em camundongos
C57BL/6: estudo comportamental e neuroquimico

RESUMO

Objetivo: A encefalopatia hepatica (EH) é uma sindrome neuropsiquiatrica resultante da
faléncia hepatica. O objetivo do presente estudo foi estabelecer um modelo de EH induzida
por tioacetamida (TAA) em camundongos C57BL/6 avaliando transtornos comportamentais,
faléncia hepatica e alteracdes na liberacdo de neurotransmissores. Método: A EH foi
induzida por meio de uma Unica dose intraperitoneal de TAA (200 mg/kg, 600 mg/kg,
1.200 mg/kg). As alteragdes comportamentais foram avaliadas utilizando a bateria SHIRPA.
A faléncia hepética foi confirmada através de anélises histopatoldgicas e a liberacdo de
glutamato medida, por ensaio fluorimétrico. Resultados: Foram encontradas alteragées
significativas no estado neuropsiquiatrico, comportamento motor e fungao reflexa e
sensorial no grupo que recebeu 600 mg/kg de TAA. Anélises bioquimicas revelaram
aumento na liberacdo de glutamato no cortex cerebral dos camundongos com EH.
Concluséo: A EH induzida por 600 mg/kg de TAA em camundongos C57BL/6 parece ser
um modelo apropriado para a investigacdo da patogénese e dos transtornos clinicos da EH.
Palavras-chave: encefalopatia hepética, tioacetamida, alteracdes comportamentais,
SHIRPA, glutamato.
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Thioacetamide-induced hepatic encephalopathy: C57BL/6 mice
Miranda et al.

Hepatic encephalopathy (HE) is a neuropsychiatric
syndrome resulting from acute or chronic liver failure.
HE affects a considerable number of patients worldwide
with a mortality index ranging from 50 to 90%”. This con-
dition can cause a wide range of clinical manifestations
which include psychomotor dysfunction, sensory abnor-
malities, poor concentration, impaired memory and in-
creased reaction time. In its most severe form, patients
may develop stupor, coma and death’.

The pathogenesis of HE is still not well understood.
The main hypothesis suggests a state of hyperammone-
mia which is responsible for both direct and indirect al-
terations in cerebral metabolism®. Hyperammonemia
leads to increased levels of glutamine in astrocytes from
amidation of glutamate by glutamine synthetase*. The ac-
cumulation of glutamine in the astrocytes produces os-
motic stress and causes the astrocytes to swell. This could
determine cerebral edema and intracranial hypertension
which are ascribed to be the main pathophysiological fea-
tures of HE®. Other mechanisms have been proposed to
explain the pathogenesis of HE, including dysfunction of
the immune® and neurotransmitter® systems. Therefore,
it is important to clarify the mechanisms by which fac-
tors associated with liver failure affect cerebral function
and animal models are of relevance in the investigation
of the underlying mechanisms of HE"®.

Many drugs have been used to induce liver failure in
experimental models, such as thioacetamide (TAA), D-
galactosamine, acetominophen, carbon tetrachloride and
concanavalin A’. TAA is a hepatotoxin frequently used in
experimental studies due to its efficacy in inducing hepat-
ic failure in rodents'*". Following hepatic failure, TAA is
able to induce HE*'”. Most studies using TAA were per-
formed in rats**. The best dose of TAA to induce HE in
mice is still not well established.

Experimental HE has been defined using only severe
neurological signs, such as coma followed by death'.
Some studies have evaluated a few cognitive domains
using standardized tests®'*'>. However, these parame-
ters may be too restrictive as the HE encompasses a wide
range of clinical manifestations. In this context, it is im-
portant to use a validated battery of tests that can evalu-
ate several behavioral functions.

In the present study, we aimed to standardize an ani-
mal model of HE induced by TAA in C57BL/6 mice eval-
uating a large spectrum of behavioral symptoms as as-
sessed by the SHIRPA battery, glutamate release from
brain cortical isolated nerve terminals and liver damage.

METHOD

Animals

All experiments were approved by the Animal Eth-
ics Committee of the Federal University of Minas Gerais
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(UEMGQ). Sixty Male C57BL/6 mice (20-25g), aged 8-12
weeks, were obtained from Animal Care Facilities of the In-
stitute of Biological Sciences, UFMG. Thirty six mice were
used to induce HE and twenty four were used as controls.

Induction of hepatic encephalopathy

HE was induced by an intraperitoneal single dose of
TAA (Sigma Chemical Co., St. Louis, MO, USA). We test-
ed the following doses: 200 mg/kg, 600 mg/kg and 1,200
mg/kg of TAA dissolved in saline (NaCl 0.9%; 0.3 mL).
Controls received the same volume of saline. Survival
curve and weight of animals using these three doses of
TAA were evaluated daily until 8" and 6™ day post-in-
duction (p.i), respectively.

Histological analysis

Livers were removed immediately from mice after
cervical dislocation at 48h p.i. and fixed in 10% buffered
formalin. The sections (5.0 pm) were stained with he-
matoxylin and eosin (H&E) and analyzed in an Olym-
pus BX51 microscope. Six liver sections from each animal
were used for this analysis. Liver damage was also evalu-
ated by transaminase activity, glutamic oxalacetic (GOT)
and glutamic pyruvic (GPT) in sera from mice using stan-
dard kits (Bioclin, Belo Horizonte, Brazil).

SHIRPA screen

Behavioral and functional parameters were evaluated
using a screening battery called SHIRPA until 3" day p.i.
The SHIRPA screen was conceived as a multi-test behav-
ioral battery used for longitudinal studies with standard-
ized guidelines and materials'®. This battery encompasses a
wide range of tests, organized in five functional categories:
neuropsychiatric state, motor behavior, reflex and senso-
ry function, autonomous function and muscle tone and
strength". Animals were allowed to accommodate to their
new environment for 2 days before behavioral assessment.

Glutamate release and measurement

Synaptosomes were prepared as previously de-
scribed'®. Mice were decapitated and had their cortices
removed and homogenized in 1:10 (w/v) 0.32M sucrose
solution containing dithiothreitol (0.25 mM) and EDTA
(1 mM). Homogenates were then submitted to low-speed
centrifugation (1000g / 10 min) and isolated nerve ter-
minals (synaptosomes) were purified from the superna-
tant by discontinuous Percoll-density gradient centrifu-
gation", The synaptosomes were resuspended in Krebs-
Ringer-HEPES solution (KRH, 124 mM NaCl, 4 mM KCI,
1.2 mM MgSO,, 10 mM glucose, 25 mM HEPES, pH 7.4)
with no added CaCl,, to a concentration of approximate-
ly 10 mg/mL, divided into aliquots of 200 puL and kept on
ice for posterior measurement of glutamate release. The



Arq Neuropsiquiatr 2010;68(4)

glutamate release assay was performed using a RF5301-
PC spectrofluorimeter (Shimadzu, Kyoto, Japan) follow-
ing the increase in the fluorescence due to the produc-
tion of NADPH" in the presence of glutamate dehydro-
genase and NADP ™%,

Statistical analysis

One-way analysis of variance (ANOVA) with Dun-
nett’s multiple comparison post-test was used to analyze
behavioral and functional categories of SHIRPA and the
serum levels of GOT and GPT. To analyze the surviv-
al rate, the Logrank test was used. The glutamate release
was analyzed using the unpaired t-student test. All anal-
yses were performed using Prism 4 software (GraphPad,
LaJolla, CA, USA).

RESULTS

First, we evaluated survival rate using three different
doses of TAA. We found that 200 mg/kg and 600 mg/kg
doses lead to a higher survival rate (p<0.01) in comparison
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with 1,200 mg/kg (Fig 1A). All animals exhibited a decrease
in body weight after TAA injection and start recovering at
day 3 p.i. (Fig 1B). Due to the high mortality rate associ-
ated with the dose of 1,200 mg/kg, behavioral and func-
tional parameters were assessed with the other two doses.

The neuropsychiatric state (p=0.02), motor behavior
(p=0.03), reflex and sensory function (p=0.03) from the
SHIRPA battery were significantly altered in the group
receiving 600mg/kg of TAA in comparison with animals
receiving saline (Fig 2). No difference was found be-
tween the group receiving 200 mg/kg of TAA and con-
trols. Thus, the dose of 600 mg/kg seemed to be the most
appropriate to induce HE in mice.

To confirm liver damage induced by 600 mg/kg of
TAA, we performed histological analyses at 48h p.i. An
extensive hemorrhagic necrotic area was found in TAA
injected mice compared to controls (Figs 3A, 3B). Serum
levels of GOT and GPT were significantly increased af-
ter 24h and 48h (p<0.01) (Fig 3C, 3D), confirming the ex-
tensive liver damage.

B
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Fig 1. Survival curve [A] and weight [B] were evaluated daily until 8" and 6" day post-induction (p.i), respectively. Three different concen-
trations of thioacetamide were used to induce hepatic encephalopathy in the C57BL/6 wild type mice: 200 mg/kg (n=12), 600 mg/kg

(n=12) and 1200 mg/kg (n=12).
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Fig 2. Performance of C57BL/6 mice hepatic encephalopathy induced with 200 mg/kg (n=10) and 600 mg/kg (n=6) of thioacetamide at
48 hours post-induction and of control group (n=6) in the functional categories of the SHIRPA battery. Data are presented as mean £ SEM.
*p<0.05; **p<0.01.
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Fig 3. Liver damage following injection of 600 mg/kg of thioacetamide. Histological section (5 um) of liver from con-
trol mice (n=3) with normal portal triad and hepatocytes [A]. The liver from hepatic encephalopathy mice (n=5) in-
duced with 600 mg/kg of thioacetamide exhibits intense periacinar hemorrhagic necrosis with preservation of peri-
portal zone [B]. The serum levels of GOT [C] and GPT [D] were assessed in hepatic encephalopathy group and in
control group (n=11) at 24h (n=6) and 48h (n=10) post-induction. Data are presented as mean=®SEM. **p<0.01.
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Fig 4. HE induces glutamate release from brain synaptosomes. First
bar: 33 mM KCl-evoked glutamate release from C57BL/6 mice; Sec-
ond bar: 33 mM KCl-evoked glutamate release from C57BL/6 mice
with hepatic encephalopathy induced with 600 mg/kg of thioac-
etamide at 72 hours post-induction; Third bar: Calcium-indepen-
dent glutamate release evoked by 33 mM KCl from C57BL/6 mice
synaptosomes. Forth bar: Calcium- independent glutamate release
evoked by 33 mM KCl from C57BL/6 mice with hepatic encephal-
opathy induced with 600 mg/kg of thioacetamide at 72 hours post-
induction. The results are mean=SEM of at least three independent
experiments for each experimental condition. **p<0.01; ***p<0.001.
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All neurological functions altered in HE seem to be
the final result of changes in neurotransmission. Consid-
ering that abnormal glutamatergic neurotransmission was
previously reported in HE, we measured glutamate re-
lease from brain cortical isolated nerve terminals (synap-
tosomes) in our HE model. We observed that glutamate
release was significantly increased in the group receiving
600 mg/kg of TAA in comparison with animals receiving
saline (Fig 4). Synaptosomes from control animals were
exposed to 33 mM KClI to depolarize their membranes
and induce glutamate release (Fig 4). KCl-evoked gluta-
mate release from synaptosomes obtained from HE an-
imals was approximately three fold higher than control
animals (Fig 4; **p<0.01).

When synaptosomes were depolarized with KCI, the
release of glutamate is the sum of two components: one
that is extracellular calcium dependent and inhibited by
the calcium chelator EGTA, and a second which is extra-
cellular calcium independent and not sensitive to EGTA.
We therefore measured KCl-evoked glutamate release in
control and HE mice synaptosomes in the presence of
EGTA which reflects the calcium-independent pool. In
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both conditions (control and HE mice), KCl-evoked gluta-
mate release was reduced in the presence of EGTA (Fig 4;
***p<0.001).

DISCUSSION

In this study, the administration of 600 mg/kg of TAA
was capable of inducing severe liver damage evidenced
by histopathological analysis and increased serum levels
of hepatic enzymes. These hepatic alterations were ac-
companied by neuropsychiatry, motor, reflex and sensory
changes. Moreover, increased glutamate release was ob-
served in the cerebral cortex of HE animals.

HE has been largely studied in rat models
mice, most studies using TAA have been performed to
evaluate acute or chronic liver failure and not changes in
the central nervous system'****, Indeed, histopatholog-
ical changes observed in the liver were similar to those
described in previous studies. To the best of our knowl-
edge, only few studies have used mice as an experimen-
tal model of HE. Avraham et al. investigated neurologi-
cal functions in a HE model using a dose of 200 mg/kg of
TAA in the Sabra mouse strain®. We could not find sig-
nificant neuropsychiatric and motor changes using this
dose of TAA, indicating that different mice strains may
present distinct susceptibility to the drug.

12,14,22 In

In the present study, using C57BL/6 mice we found
significant changes in the reflex and sensory function,
motor and neuropsychiatric state using SHIRPA battery.
Other studies have also evaluated some behavioral chang-
es of HE using different neurological and cognitive pro-
tocols. Similar to our study, they found significant altera-
tions in motor behavior, reflex and cognitive function®>*.
However no previous study used a broad behavioral bat-
tery such as SHIRPA to evaluate the clinical manifesta-
tions of HE. The present results and previous data with
SHIRPA in other neurological conditions, such as cere-
bral malaria'’, suggest this battery seem to be an efficient
tool to identify subtle behavioral changes in HE.

Neurotransmitters, such as glutamate, have been im-
plicated in the pathogenesis of HE**?, In our study, we
found a significant increase of glutamate release in the
cortex of HE mice, corroborating the view that gluta-
mate release plays a role in the pathogenesis of HE. In-
deed, previous studies in rodents showed that glutamate
could mediate neurological symptoms of HE. For in-
stance, Moroni et al. have demonstrated an increase in
the synthesis and release of glutamate in rats using two
different models of HE (ammonium acetate and porta-
caval anastomosis)®. Also, McArdle et al., using a TAA-
induced HE model in rats, found increased extracellular
levels of glutamate in hippocampus®. We also observed
that KCl-evoked glutamate release from synaptosomes
obtained from HE mice was partially inhibited by EGTA

Thioacetamide-induced hepatic encephalopathy: C57BL/6 mice
Miranda et al.

(approximately 50% inhibition compared to control, Fig
4). Previous work performed by Minelli et al. showed that
alkalinization increases Ca*" release through intracellular
stores and induces plasmalemmal calcium influx in mi-
croglia culture®. We could therefore suggest that the in-
crease in KCl-evoked glutamate release observed in our
experiments with HE mice synaptosomes might be due
to a direct effect of ammonia or other mediator.

In conclusion, we standardized a HE model using 600
mg/kg of TAA in C57BL/6 mice. Due to the low mortality
and clear neuropsychiatric and motor dysfunctions, this
could be a useful model to study the pathogenesis and
clinical disorders of HE. It is worth mentioning that the
use of the C57BL/6 strain has several technical advantag-
es. One is the high availability of knock out mice, which
could contribute to the study of the mechanisms under-
lying this condition. Another advantage is that C57BL/6
is an inbred strain. Thus, HE model using C57BL/6 mice
may account for less variability in experimental studies.
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infected C57Bl/6 mice.

Experimental cerebral malaria is a neuroinflammatory condition that results from the host immune
response to the parasite. Using intravital microscopy, we investigated leukocyte recruitment in the brain
microcirculation and the temporal relationship of this process to the btrun Oehavioral changes observed
in Plasmodium berghei (strain ANKA)-infected C57BIl/6 mice. We found that leukocyte recruitment was
increased from day 5 post-infection (p.i.) onwards. Histopathological changes and increased levels of
inflammatory cytokines in the brain were also observed. Behavioral performance evaluated by the SHIR-
PA protocol showed functional impairment from day 6 p.i. onwards. Thus, early leukocyte migration into
the brain and associated inflammatory changes may be involved in neurological impairment in parasite-

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Malaria infection causes a wide variety of clinical symptoms,
ranging from mild unspecific signs to severe forms marked by deep
anemia, respiratory distress syndrome and cerebral malaria (CM)
(WHO, 2000). CM is the major complication of Plasmodium falcipa-
rum infection in humans and, in according to the World Health
Organization (WHO) clinical criteria, is defined as a potentially
reversible diffuse encephalopathy with coma in the absence of
other factors that could cause reduced level of arousal (Lou et al.,
2001; Medana and Turner, 2006). Long-term neurocognitive
impairment has been described in children afflicted by CM (Idro
et al.,, 2006; John et al., 2008a), but the pathogenic mechanisms
underlying this impairment remain unclear.

Two main hypotheses have been proposed to explain the path-
ogenesis of CM: (1) neural injury following direct sequestration of
parasite-infected red blood cells (pRBC) in the cerebral microvas-

* Corresponding author. Address: Departamento de Clinica Médica, Faculdade de
Medicina, UFMG. 30130-100 Av. Alfredo Balena, 190. Santa Efigénia, Belo Horizonte,
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0014-4894/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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culature, and (2) neural injury associated with an inflammatory re-
sponse to the parasite in the central nervous system (CNS). More
recently, there is a trend to consider a unified hypothesis in which
parasite sequestration and inflammation cooperatively lead to
microcirculatory dysfunction and to neurological symptoms (van
der Heyde et al., 2006).

Many animal models have been developed to elucidate the
inflammatory and/or immunological mechanisms involved in CM
(de Souza and Riley, 2002). Experimental CM is characterized by
an intravascular accumulation of mononuclear leukocytes and
platelets and the presence of perivascular inflammation and paren-
chymal microhaemorrhages in the CNS (Lackner et al., 2006a).
High levels of circulating and cerebral tissue cytokines have also
been observed (Grau et al., 1987), including increased expression
of CXCL10, CCL2, and CCL5 in mice infected with Plasmodium berg-
hei (strain ANKA) (PbA) (Hanum et al., 2003). These chemokines
may represent the signal responsible for the chemoattraction of
circulating leukocytes into the CNS and they may also contribute
directly to neuronal and glial dysfunction.

Finally, mice infected with PbA may exhibit behavioral symp-
toms as a result of these neuroinflammatory processes (Lackner
et al., 2006b; Desruisseaux et al., 2008). In this study, in order to
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better understand the timing of processes involved in the behav-
ioral changes that occur during CM, we studied early events in leu-
kocyte migration into the CNS in PbA-infected mice using intravital
microscopy.

2. Materials and methods
2.1. Animals

C57BI/6 mice (6-8-week-old) were obtained from the Animal
Care Facilities of the Federal University of Minas Gerais, Brazil. Ani-
mals were housed in cages in temperature-controlled rooms and
received food and water ad libitum. All procedures described had
prior approval from the local animal ethics committee.

2.2. Parasite and experimental infection

P. berghei (strain ANKA) (PbA) was used in this study. Parasites
were maintained in liquid nitrogen and subjected to at least one
in vivo passage prior to use in experimental infection. Mice were
infected by intraperitoneal (i.p.) injection of 10° pRBC suspended
in 0.2 mL PBS (Grau et al., 1986). The level of parasitemia in in-
fected mice was monitored on Giemsa-stained blood films from
day 3 onwards and estimated at 1000 pRBC under immersion oil.

2.3. SHIRPA screen

The SmithKline/Harwell/Imperial College/Royal Hospital/Phe-
notype Assessment (SHIRPA) screen was conceived as a multi-test
behavioral battery used for longitudinal studies with standardized
guidelines and materials (Rogers et al., 1997). The primary SHIRPA
screen consists of a series of observations of reflexes and basic sen-
sorimotor functions and provides a behavioral and functional pro-
file by observational assessment of individual performance
(Lalonde et al., 2005).

The SHIRPA protocol was used to evaluate behavioral changes
during the course of the infection. After a period of adaptation,

100

60+

40-

Survival (%)

204

c T L L} T 1

0 2 4 6 8 10
Day post-infection

20 1

Body weigth variation (%)

3 4

the procedure was carried out on day O (day of infection) and then
from day 3 until death on daily basis. For analysis purpose, the
individual parameters assessed by SHIRPA were grouped into five
functional categories (neuropsychiatric state; motor behavior;
autonomic function; muscle tone and strength, and reflex and sen-
sory function) according to Lackner et al. (2006b), determining an
overall score and five domain scores. The reflex and sensory do-
main involves visual placing, pinna reflex, corneal reflex, toe pinch
and righting reflex.

2.4. Intravital microscopy in mouse brain

Intravital microscopy of brain microvasculature was performed
as previously described (Vilela et al., 2008, 2009). Briefly, control
and infected mice (on day 3 and 5 p.i.) were anesthetized by intra-
peritoneal (i.p.) injection of a mixture of Ketamine (150 mg/kg,
Laboratério Cristalia, Brazil) and Xylazine (10 mg/kg, Rompun®,
Bayer, Germany) and the tail vein was cannulated. A craniotomy
was performed using a high-speed drill (Beltec, Brazil) and the
dura matter was removed to expose the underlying pial vascula-
ture. Throughout the experiment, the mouse was maintained at
37 °C with a Thermo Plate (TOKAI HIT, Nikon Inc., Japan) and the
exposed brain was continuously superfused with artificial cerebro-
spinal fluid (composition in mM: NaCl 132, KCI 2.95, CaCl, 1.71,
MgCl, 0.64, NaHCOs3 24.6, dextrose 3.71 and urea 6.7, pH 7.4) kept
at 37 °C.

To observe leukocyte/endothelium interactions, leukocytes
were fluorescently labeled by i.v. administration of rhodamine
6G (0.3 mg/kg, Sigma-Aldrich, St. Louis, MO) and observed using
a microscope (Nikon, Eclipse 501, X10 objective lens) outfitted
with a fluorescent light source (epi-ilumination at 510-560 nm,
using a 590 nm emission filter). Images were captured by a camera
(Nikon, DS-Qi1MC) and projected onto a monitor (LG, FLATRON-
W1952TQ). Rolling leukocytes were defined as white cells moving
at a velocity less than that of erythrocyte flow. Leucocytes were
considered adherent to the venular endothelium (100 pm length)
if they remained stationary for 30 s or longer.
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Fig. 1. (A) Time course of parasitemia in infected mice (n = 8). (B) Time course of survival of mice infected with PbA (n = 8). (C) Weight variation in control (n = 4) and infected

(n =8) mice. Each point of parasitemia and weight loss is expressed as mean + SEM.
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2.5. Histology

For histological analysis, brains were quickly removed, fixed in
10% formalin, embedded in paraffin and cut into 4 pum sections. The
sections were stained with hematoxylin and eosin (H&E). Slides
were examined under a light microscope for qualitative analysis
of inflammatory parameters.

2.6. Tissue extraction and measurement of NAG activity

The extent of macrophage sequestration was quantified indi-
rectly by the measuring of N-acetyl-pB-b-glucosaminidase (NAG)
activity in brain supernatants, as an index of monocyte influx
(Barcelos et al., 2005). In brief, the brains of control and infected
animals (on day 5 p.i.) were removed, weighed and the tissue
was homogenized in extraction solution (100 mg of tissue per
mL), containing: 0.4 M NaCl, 0.05% Tween 20, 0.5% BSA, 0.1 mM
phenyl methyl sulphonyl fluoride, 0.1 mM benzethonium chlo-
ride, 10 mM EDTA and 20 KIU aprotinin, using Ultra-Turrax. Brain
homogenate was centrifuged at 3000 g for 10 min at 4 °C and
supernatants were collected for ELISA and stored at —20 °C. The
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resultant pellet was resuspended in saline/Triton 0.1%. The NAG
reaction was run at 37 °C for 10 min in a 96-well microplate
following the addition of 100 pL p-nitrophenyl-N-acetyl-B-p-glu-
cosaminide (Sigma-Aldrich, St. Louis, MO), dissolved in citrate/
phosphate buffer (0.1 M citric acid, 0.1 M Na,HPO,4, pH 4.5) at a
final concentration of 2.24 mM per 100 pL supernatant derived
from tissue sample processing. The reaction was terminated by
the addition of 100 puL 0.2 M glycine buffer (pH 10.6). NAG activ-
ity was assayed by measuring the change in absorbance (optical
density [OD]) at 405 nm in a spectrophotometer (Emax, Molecu-
lar Devices) and interpolated on a standard curve constructed
with p-nitrophenol (0-500 nmol/ml) (Sigma-Aldrich). Results
were expressed as change in O.D. per gram of tissue.

2.7. ELISA of proteins in cerebral tissue

Brain tissues were obtained from control and infected mice (on
day 3, 5 and 7 p.i.) and the supernatant was collected and stored at
—20 °C. The concentrations of TNF-a, CXCL1, CXCL9, CCL2, CCL3 and
CCL5 were determined by ELISA. Additionally, the systemic concen-
tration of TNF-oo and CXCL9 was measured in serum obtained from
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Fig. 2. Visualisation of performance of control animals and PbA-infected animals in the five distinct functional categories (neuropsychiatric state; motor behavior;
autonomic function; muscle tone and strength, and reflex and sensory function). Overall scores of the functional categories are shown in groups of at least five mice.
Scores of animals at different time points of infection and scores of control animals were compared by One-way ANOVA with Newman-Keuls post-test. *p < 0.05;

*p<0.01; ***p<0.001.
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coagulated blood (15 min at 37°, then 30 min a 4 °C, stored at
—20°C until analysis). Samples at a 1:3 dilution in 0.1% BSA in
PBS were assayed by ELISA using commercially available antibodies
according to the procedures supplied by the manufacturer (R&D
Systems, Minneapolis, MN and Pharmingen, San Diego, CA).

2.8. Statistical analysis

Data are shown as mean + SEM (except the survival curve). Stu-
dent t-test was used in NAG analyzes. SHIRPA results, leukocyte-
endothelium interaction and ELISA were evaluated by ANOVA,
with Newman-Keuls post-test. The survival rate was expressed
as the percentage of live animals. A value of p < 0.05 was consid-
ered significant.
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3. Results

3.1. P. berghei (strain ANKA) infection changes behavioral parameters
in C57Bl/6 WT mice

C57B1/6 WT mice were infected with PbA and monitored daily.
Parasitemia progressively increased (Fig. 1A) and mortality peaked
on day 7 p.i. (Fig. 1B). There was a marked weight loss in mice dur-
ing the infection (Fig. 1C).

To further analyze the clinical signs of animals, we performed
the SHIRPA behavioral battery. SHIRPA analysis confirmed that in-
fected mice developed a wide range of behavioral changes during
the course of the disease prior to death (Fig. 2). Neuropsychiatric
state was altered in the early course of malaria infection, starting
from day 4 p.i. Motor behavior, autonomic function, muscle tone

Fig. 3. Hemorrhages and intravascular inflammatory infiltrates in the brain of PbA-infected C57Bl/6 mice (H&E). (A and B) Hematoxylin and eosin-stained sections of
cerebellum and cerebrum of control mice without morphological changes. (C and D) Cerebellum and cerebrum parenchyma without inflammatory cells and a typical
architecture in mice on day 3 p.i. (E) Intravascular inflammatory cells and hemorrhagic areas in the cerebellum on day 5 p.i. (F) Cerebrum parenchyma with intravascular
inflammatory infiltrates in the same date. (G) Multifocal hemorrhages in the cerebellum and neuronal damage on day 7 p.i. (H) Vasculat alteration with edema and

intravascular inflammatory cells on day 7 p.i. Magnification, x200.
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Fig. 4. NAG levels in cerebral tissue from control and infected mice. Infected mice
on day 5 p.i. showed increased NAG levels when compared with control. Groups of
at least five mice and results are expressed as mean + SEM, where *p < 0.05.

and strength were altered from day 6, while reflex and sensory
function did not change until day 7 p.i.

3.2. PbA-infected mice present several histopathological changes in the
brain

Brain samples were evaluated by routine histological tech-
niques in order to determine the progress of the morphological
changes in cerebrum and cerebellum of infected mice. Control
and infected mice sacrificed on day 3 p.i. had no evidence of mor-
phological changes (Fig. 3A-D). Infected mice on day 5 p.i. showed
moderate intravascular infiltrates, consisting primarily of mononu-
clear cells, and hemorrhagic areas, especially in the cerebellum
(Fig. 3E and F). On day 7 p.i., animals exhibited endothelial damage,
mild intravascular infiltrates, multifocal hemorrhages (brain
parenchyma and cerebellum) and changes consistent with glial
activation and neuronal damage (Fig. 3G and H).

3.3. Monocytes/macrophages are increased in the brain of PbA-
infected mice

To confirm the presence of monocyte/macrophage infiltration in
the brain of PbA-infected mice, we measured NAG activity in brain
tissue from control and infected mice. In infected mice, on day 5
p.i., the NAG activity was almost twofold higher than that observed
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in controls, indicating the presence of monocytes and macrophages
(Fig. 4).

3.4. Leukocyte recruitment is increased in the pial microvasculature of
PbA-infected mice

To assess the time course of the infiltration of cells into the
brain, we performed intravital microscopy in the pia mater vessels.
The number of rolling and adherent rhodamine-stained leukocytes
was similar in control and infected animals on day 3 p.i., but in-
creased significantly on day 5 p.i. (p <0.001) (Fig. 5), consistent
with the heightened monocyte/macrophage accumulation ob-
served by histology and NAG measurements.

3.5. CC and CXC chemokines are increased in the brain of PbA-infected
mice

Leukocyte activation and recruitment depends on the involve-
ment of cytokines and chemokines. Therefore, we evaluated cere-
bral levels of TNF-a and the chemokines CCL2, CCL3, CCL5, CXCL1
and CXCL9 (Fig. 6). PbA infection increased cerebral levels of CXCL9
on days 5 and 7 p.i., and CCL2, CCL3 and CCL5 on day 7 p.i., but did
not alter CXCL1 levels. Serum levels of TNF-a were increased on
days 5 and 7 p.i., and serum CXCL9 levels were increased on days
3,5and 7 p.i.

4. Discussion

In this study, we found a temporal association between behav-
ioral changes and inflammatory parameters in the CNS of PbA-in-
fected mice. The early leukocyte recruitment events observed on
day 5 p.i. preceded neurological changes, which were clearly evi-
dent from day 6 p.i. until death.

PbA induces a neurological syndrome in susceptible mouse
strains that resembles human CM. The concept of experimental
CM is traditionally associated with the presence of typical neuro-
logical signs, such as ataxia, paralysis, seizures and coma, followed
by death (Bagot et al., 2002). However, as the pathogenesis of CM
includes different mechanisms with a varying degree of severity,
this concept may be too restrictive, not encompassing more subtle
neurological signs, including mild to moderate cognitive impair-
ment (Medana et al.,, 2001). Along this line, Desruisseaux et al.
(2008) recently demonstrated that memory dysfunction in experi-
mental malaria correlated with brain inflammation and hemor-
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Fig. 5. The study of leukocyte-endothelium interaction was performed by intravital microscopy. The rolling and adhesion of leukocytes in the brain microvasculature were
assessed. The protocol included control (sham) and infected animals. Mice, infected by PbA , on day 5 p.i. showed an increase in cell recruitment when compared with control.
Groups of at least five mice, results are expressed as mean + SEM, where **p < 0.01; ***p < 0.001. ANOVA confirmed the significance.
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Fig. 6. Comparative analysis of TNF-o, CCL2, CXCL1, CXCL9, CCL5 and CCL3 concentration in control and PbA-infected mice by ELISA. Results were expressed as the
mean = SEM from at least five animals per group. Asterisk(s) indicate statistical differences where *p < 0.05, **p <0.01 and ***p < 0.001.

rhage, as well as microglial activation. Our results corroborate
these findings, as a series of neurological signs developed in asso-
ciation with early inflammatory changes in CNS. We found an in-
crease in the rolling and adhesion of leukocytes by in vivo
analysis of cell recruitment using intravital microscopy. This in-
crease was observed on day 5 p.i., while most neurological changes
were observed after 6 days of infection.

Once we observed these inflammatory changes, we looked at
the brain tissue. The major histopathologic findings were hemor-
rhagic areas and intravascular inflammatory infiltrates composed
mainly of mononuclear cells. The increase of NAG in brain superna-
tants corroborated the histopathologic finding of mononuclear
recruitment to brain tissue in infected animals (Martins et al.,
2009). NAG activity is one of the many parameters that can assess
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macrophage activity and, hence, is an index of monocyte/macro-
phage tissue infiltration (Reiner et al., 1981). One limitation of
our work is the absence of a more detailed study of the types of
leukocytes recruited into CNS. This is an interesting issue as previ-
ous studies emphasized the role of determined cell types, such as
CD8" T, in the development of neurological signs in the course of
CM (Belnoue et al., 2002). Future studies will address in detail
the leukocyte subtypes infiltrating the brain and their putative role
in modifying behavioural function.

There was also an increase in the levels of chemokines in the
brain. Previous studies showed that chemokines up-regulate the
expression of adhesion molecules and facilitate leukocyte migra-
tion processes in the brain (Ransohoff, 2002). The specific role of
chemokines in determining the clinical severity and/or the out-
come of malaria or CM remains to be defined. However, as demon-
strated by others (Hanum et al., 2003; Miu et al., 2008; Van den
Steen et al., 2008), we found increased cerebral levels of chemo-
kines in the brain of mice infected with PbA. Specifically, we found
that CXCL9, an interferon-y-inducible chemokine (Farber, 1997),
was upregulated at day 5 p.i. in the brain and at day 3 p.i. in the
serum (Fig. 6), predicting the large increase in infiltrating leuko-
cytes in the brain microvasculature (Figs. 3 and 5) and the onset
of functional deficits (Fig. 2). This CXCR3 ligand is associated with
macrophage activation (Menke et al., 2008) and leukocyte infiltra-
tion in a number of inflammatory disease states associated with
parasite infection, including Chagas disease (Cutrullis et al.,
2009). Whether CXCL9 in our model was produced by neural cells
or by an early wave of infiltrating macrophages and whether the
brain CXCL9 promoted additional macrophage recruitment and/
or T cell recruitment remains to be determined.

Recently, Miu et al. (2008) showed the up-regulation of CXCL9
and CCL5 in experimental CM at the level of mRNA expression.
These two chemokines are directly involved in T cell and mono-
cyte/macrophage recruitment to target tissues (Simpson et al.,
2000). Additionally, CXCL9~/~ mice (Campanella et al., 2008) and
IP-10~'~ mice (Nie et al., 2009) were reported to be partially/mark-
edly resistant to CM during PbA infection, and exhibited lower leu-
kocyte migration to the brain. Therefore, the increase in leukocyte
recruitment during PbA infection in wild type mice in our model
may be a direct consequence of CXCL9 upregulation.

Finally, systemic inflammation, as suggested by the increase of
serum CXCL9 levels on day 3 p.i., could explain the early alteration
in neuropsychiatric state starting at day 4 p.i. However, whether
chemokine expression directly results in cognitive dysfunction or
whether recruited leukocytes are primarily responsible remains
unclear. The association of inflammatory chemokine and cytokine
production in the CNS with mild cognitive impairment (John
et al,, 2008b) and under conditions of CNS viral infection (Sui
et al., 2007) suggests that these factors may directly impair neuro-
nal function.

In the present study, we found that deficits in cognitive function
associated with cerebral malaria in mice triggered by infection
with P. berghei (strain ANKA) follows an early wave of leukocyte
recruitment to the CNS. This recruitment may be driven predomi-
nantly by CXCL9, as this was the chemokine that we observed to be
increased in the brain prior to severe cognitive impairment. The
upregulation of CCL2, CCL3, and CCL5 in the brain at later time-
points just prior to death suggests that these chemokines are not
responsible for the initial inflammatory infiltration into the malar-
ial CNS. Further studies are necessary to define leukocyte subsets
recruited into the CNS and possibly involved in behavioral changes.
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ARTICLE INFO ABSTRACT

Article history:

Herpes simplex virus-1 (HSV-1) is a pathogen for humans that may cause severe encephalitis. Tumor
necrosis factor o (TNF-a) plays a role in several viral diseases of the central nervous system (CNS). The
classic proinflammatory activities of TNF-a are mediated mainly through activation of the receptor 1 for
TNF-a (TNFR1). However, when HSV-1 is inoculated in the periphery, TNF-o seems to protect C57Bl/6
mice against encephalitis by a mechanism independent of TNFR1. This study aims to investigate the
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I:[exwordg e vi 1 role of TNFR1 in HSV-1 encephalitis induced by the inoculation of the virus into the brain. Wild-type
T:llFiﬁS simplex virus type C57BL/6 (WT) and TNFR1-/~ were inoculated with 102 plaque-forming units of HSV-1 by the intracranial

route. Infection with HSV-1 was lethal in TNFR1~/~ mice in early times after infection. TNFR1~/~ mice had
reduced expression of the chemokines CCL3 and CCL5, and decreased leukocyte adhesion in the brain
vasculature compared to WT mice 4 days post-infection (dpi). At this time point TNFR1~/~ infected mice
also had higher HSV-1 viral replication and more injuries in the brain, especially in the hippocampus. In
conclusion, TNFR1 seems to play a relevant role in the control of viral replication in the CNS when HSV-1

Neuroinflammation

is inoculated by intracranial route.

© 2010 Elsevier Ireland Ltd. All rights reserved.

Herpes simplex virus type 1 (HSV-1) is a neurotropic double-
stranded DNA virus that belongs to the Herpesviridae family. The
encephalitis caused by these viruses is the commonest fatal spo-
radic encephalitis in humans [9].

TNF-a seems to play a role in several viral diseases of the cen-
tral nervous system (CNS), including HSV-1 infection. Following
peripheral infection of mice, HSV-1 replicates in epithelial cells
and disseminates via sensory axons for the corresponding gan-
glia. Depending on the immune response in these sites, HSV-1 can
achieve the CNS leading to mild to fatal encephalitis.

Besides a possible direct inhibition of the virus, TNF-a seems
to be important for cell activation and control of HSV-1 infec-
tion. For instance, the production of TNF-a seems to contribute to
neutrophil-mediated clearance of HSV-1 in epithelial tissues [24].
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Macrophages rather than neutrophils dominate the inflammatory
infiltrate in the ganglion and participate in the control of HSV-
1 replication and spreading. The activation of TNF-a receptor 1
(TNFR1 or p55) determines gene activation that induces inflam-
matory and cytotoxic response [23].

Recent studies demonstrated that TNF-a protects C57BI/6 mice
against HSV-1 encephalitis independently of signaling via TNFR1
when the virus was inoculated in the periphery, i.e. by corneal
scarification [16]. In the present study, we aimed to explore the bio-
logical role of TNFR1 in the CNS on the control of HSV-1 infection.
To study the immune response elicited in the CNS compartment, it
was necessary to inoculate the virus directly in the brain [27].

All experiments were approved by the Animal Ethics Committee
of the Federal University of Minas Gerais (UFMG). Male C57BL/6
mice, aged 7-9 weeks, were obtained from Animal Care Facilities of
the Institute of Biological Sciences, UFMG. TNFR~/~ mice in C57BL/6
background were obtained from the Gnotobiology Laboratory, ICB,
UFMG.

Anesthetized mice were inoculated intracranially with 102
plaque-forming units (PFU) of neurotropic HSV-1, strain EK [21]
virus in the right side of the saggital suture at the level of the
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Fig. 1. TNFR1-/~ mice are susceptible to infection with HSV-1. (A) C57BL/6 (n=18)
(square) and TNFR1-/~ mice were intracerebrally inoculated with 10? PFU of HSV-1
and survival was assessed daily. (B) TCIDs titration in the brain of mice.

eyes. Propagation and titration of virus were done as previously
described [3,12,21].

Intravital microscopy of the mouse brain microvasculature
was performed at 4 days post-infection (p.i.) [5,10]. Briefly, mice
were anesthetized by intraperitoneal injection and a craniotomy
was performed using a high-speed drill and the dura mater was
removed to expose the underlying pial vasculature. Throughout
the experiment, the mouse was maintained at 37 °C with a heat-
ing pad and the exposed brain was continuously superfused with
artificial cerebrospinal fluid buffer. The tail vein was cannulated for
administration of fluorescent dyes. Leukocytes were fluorescently
labeled by intravenous administration of Rhodamine 6G-Sigma
(0.5 mg/kg body weight) and were observed using a microscope
(Olympus B201, 10x objective lens, corresponding to 100 m of
area) outfitted with a fluorescent light source (epi-illumination at
510-560 nm, using a 590 nm emission filter). The number of rolling
and adherent leukocytes was determined offline during video play-
back analyses. Leukocytes were considered adherent to the venular
endothelium if they remained stationary for a minimum of 30s.
Rolling leukocytes were defined as white cells moving at a speed
lower than that of erythrocytes within a given vessel.

After intravital microscopy, the animals were sacrificed and
their brains were removed. One fragment of the brain was
homogenized in extraction solution containing aprotinin. The con-
centration of the chemokines CCL3 and CCL5, and the cytokines
TNF-a and IFN-y was determined by ELISA (R&D Systems, Min-
neapolis, MN). For histological analysis, another fragment of the
brain was preserved in 10% buffered formalin. Sections 5 pm thick
were cut and mounted for routine haematoxylin and eosin staining.
These sections were examined at the optical level in the Olympus
Microscopy. Digital images were acquired for documentation. One
brain fragment from each animal was weighed, homogenized for
virus titration and the values expressed by TCIDso/mL.

Data are shown as mean 4+ SEM A one-way ANOVA with Tukey'’s
correction was used for multiple comparisons. Statistical signifi-
cance was set at p <0.05.

Wild-type (WT) mice infected with 102 PFU of HSV-1 started
dying at day 7 p.i., but 80% of these mice survived. Infected
TNFR1~/~ mice started dying at day 3 p.i. and 100% of these mice
were dead at day 5 p.i. There was a significant difference in sur-
vival rates between these groups (p<0.001) (Fig. 1A). All infected
animals that died had developed clinical signs of encephalitis, such
as hunched posture, ataxia and weight loss. Seizures were observed
in the terminal stage of the disease.

TNFR1-/~ mice showed a significant increase (10%° TCID5q/mL,
p<0.001) in virus titers when compared to WT (102 TCIDsq/mL)
infected mice at day 4 p.i. (Fig. 1B). The higher viral load suggested
that TNFR1~/~ mice presented a deficient control of viral replica-
tion.

Infected WT mice presented increased levels of CCL3 and CCL5
at day 4 p.i. as compared to non-infected WT mice. Infected TNFR-
1-/~ mice showed a significant decrease in the production of these
chemokines when compared to infected WT animals (Fig. 2). There
was no significant difference in the production of the cytokines
IFN-vy and TNF-a among the groups.

To analyze whether the lower chemokine production influenced
the recruitment of immune cells into the CNS in TNFR1~/~ mice,
we evaluated the rolling and adhesion steps of this process. The
exposed murine pial vasculature of control WT mice revealed a
small number of leukocytes rolling and adhering. At day 4 p.i. the
number of rolling (Fig. 3A) and adhering (Fig. 3B) leukocytes in
the endothelium increased significantly in infected animals (see
images in Fig. 3C). When comparing WT and TNFR1~/~ mice, the
latter presented a significant decrease in leukocyte adhesion in the
microvasculature.

No lesions were detected in the brain of animals from the
non-infected group. The HSV-1 infected animals developed focal
meningitis, consisted mainly of neutrophils, lymphocytes and
macrophages. The cerebral cortex exhibited multifocal microglio-
sis. Inclusion bodies were presented within neurons, mainly in
the subcortical region. Perivascular cuffing, consisting primarily
of mononuclear cells, was detected in the cerebrum, brainstem
and hippocampus. Occasional shrinkage neurons were visualized at
CA areas of the hippocampus. The cerebellum was rarely affected.
By contrast, TNFR1~/~ animals displayed increased severity of
neuronal lesions in cerebrum, brainstem and hippocampus, and
less inflammatory infiltrates which is in line with the intravital
microscopy studies. Changes were more prominent in the dentate
gyrus and CA3 region and were characterized by extensive loss of
pyramidal neurons and reactive gliosis (Fig. 4).

The present work showed that mice lacking the receptor 1 for
TNF-a are more susceptible to HSV-1 infection. TNFR1~/~ mice pre-
sented deficient immune responses in the CNS, as evidenced by
lower chemokine expression and leukocyte recruitment, leading
to a more severe neuronal pathology. The deficiency in immune
parameters such as antigen presenting function and T cell stim-
ulatory capacity of Schwann cells has already been described in
TNFR1~/~ mice with experimental autoimmune neuritis [17]. The
mechanisms underlying the resistance to HSV-1 in the CNS of
C57BL/6 mice remain to be determined.

It has been already established that the absence of TNF-a leads to
amore severe disease after HSV-1 infection [16,20]. Also, Lundberg
et al. demonstrated that TNF-« antiviral effects are independent of
TNFR1 in mice infected with HSV-1 by corneal scarification [16].
However, our results show a significant decrease in the survival
of TNFR1-/~ infected by intracranial route. When the virus was
inoculated in the periphery in C57BL/6 mice, immune response of
the host efficiently controlled virus infection even without TNFR1
[16]. Various routes of infection have been used to establish HSV
encephalitis in mice, including intranasal [8], intracerebral and
intraperitoneal [13,14] and intracutaneous [7]. Among all these, the
intracerebral route is a way to elicit an immune response directly
from the CNS, aiming to exclude immune activation in the periph-
ery. Therefore, TNFR1 seems to be relevant for the control of HSV-1
replication in CNS when there is no activation of the immune sys-
tem in the periphery.

In our study, neuronal lesions in cerebrum, brainstem and
hippocampus from TNFR1~/~ mice were confirmed by histopatho-
logical studies. The HSV-1 titers in the brain of TNFR1~/~ mice
were elevated, suggesting that neuronal lesion and high mortality
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Fig. 2. Chemokine and cytokine levels in the CNS after intracerebral inoculation with 102 PFU of HSV-1 in C57BL/6 (n=9) and TNFR1-/~ (n=8) mice. Protein concentrations
were measured in brain extracts by ELISA. Assay was performed in cells of C57BL/6 and TNFR1-/~ mice for, CCL3 and CCL5 at day 4 p.i. Data indicate mean =+ SEM. Statistically
significant results (indicated as ***p <0.001 and **p <0.01) of C57BL/6 and TNFR1-/~ infected mice as compared to control mice. Chemokine production values were significantly
decreased in TNFR1-/~ when compared to C57BL/6 inoculated mice. Statistical analysis used: one-way ANOVA with Tukey’s correction.
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Fig. 3. Visualization of leukocyte-endothelium interaction at day 4 p.i. with HSV-1. C57BL/6 (n=8) and TNFR1-/~ (n=5) were intracerebrally inoculated with 102 PFU of
HSV-1. Intravital microscopy was used to assess (A) adhesion and (B) rolling of leukocytes on the brain microvasculature. Data indicate mean + SEM of (A) cells per 100 pm
and (B) minutes. Adhered leukocyte counting in TNFR1-/~ infected mice was decreased statistically (*p <0.05) when compared to C57BL/6 infected mice. (C) Timelapse images
from intravital microscopy showing adhered and rolling cells. Statistical analysis used: one-way ANOVA with Tukey’s correction.
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Fig.4. Histological changes in the brain after intracerebral inoculation with 102 PFU of HSV-1 in WT and TNFR1-/~ mice. H&E-stained sections of the brain. (A) Cells infiltrating
the meninges of WT at day 4 p.i. Meningitis score: 4. (B) Cells infiltrating the meninges of TNFR1~/~ at day 4 p.i. Meningitis score: 2. (C) Preserved CA areas and dentate gyrus
of hippocampus, WT at day 4 p.i. Observe occasional shrinkage neurons (asterisk). (D) Hippocampus: note the intense neuronal destruction of pyramidal layer from CA3 area

(asterisk and insert), TNFR1-/~ at day 4 p.i.

would be related to the viral multiplication in the brain as suggested
by some authors [20]. Previous studies showed that infiltration of
immune cells into the brain during HSV-1 infection causes as much
damage as the virus itself [6]. Considering that much less infiltra-
tion of immune cells was seen in the brain of TNFR1~/~ mice, this
hypothesis seems unlikely.

The decreased inflammatory response in TNFR1~/~ mice is in
line with the diminished expression of CCL3 and CCL5 in the brain,
and decreased leukocyte adhesion in meningeal vessels of these
mice. Thus, the increase in viral replication may be a consequence
of the disruption of the immune response to the pathogen in
TNFR1~/~ mice. The condition of lower chemokine synthesis with
lower expression of adhesion molecules and lower infiltration of
immune cells may be impairing the capacity of the immune system
to clear the virus. Control of HSV-1 infection requires the recruit-
ment of natural killer cells which are attracted to the inflammatory
site by CCL3 and CCL5 chemokines [4,26]. CCL5 is also involved with
T cells recruitment to the CNS [1,25]. We have previously shown
that CCL5 plays a relevant role in the recruitment of leukocytes
into the brain of HSV-1 infected mice [28].

Another possibility to explain decreased levels of chemokines
could be related to the effect of TNF-ac on microglia. Marques et
al. described an early macrophage and neutrophil infiltration into
the brain followed by prolonged microglial activation and T lym-
phocyte retention after intranasal HSV-1 infection [19]. These cells
are considered relevant sources of proinflammatory cytokines and
chemokines in response to HSV-1 [15,18].

Our data provide strong evidence of the involvement of TNF-«
in the pathogenesis of HSV-1 encephalitis. This is in line with recent
reports of the development of HSV-1 encephalitis in humans using
TNF-a inhibitor [2]. Preliminary studies have reported that corila-

gin, a member of the tannin family has TNF-« inhibition [22] and
anti-inflammatory properties [11]. This agent promoted inhibition
of HSV-stimulated microglia by interference in the release of TNF-a,
IL-1f3 and NO.

In summary, using an intracranial inoculation, we demonstrated
here that lack of receptor 1 for TNF-a aggravates the HSV-1 brain
lesions when the virus is inoculated by intracranial route. The
inflammatory process in TNFR1~/~ mice is not able to control viral
replication, resulting in increased neuronal damage. Future stud-
ies are warranted to investigate the mechanisms by which TNFR1
activates an efficient immune response in the CNS.
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