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RESUMO

ALTERACOES COMPORTAMENTAIS, BIOQUIMICAS E
MOLECULARES EM CAMUNDONGOS C57BL/6 MACHOS APOS
RECUPERACAO DE MALARIA CEREBRAL

AUTORA: Thaize Lopes de Souza
ORIENTADOR: Prof. Dr. Mauro Schneider Oliveira

A malaria € uma doenca parasitaria que pode ser causada por diferentes espécies do
protozoario do género Plasmodium e é transmitida ao hospedeiro através da fémea do
mosquito do género Anopheles. A forma mais grave da doenca é causada pelo Plasmodium
falciparum, a qual apresenta alta taxa de mortalidade e pode levar ao desenvolvimento tardio
de déficits cognitivos, o qual ainda ndo estd completamente elucidado. O presente estudo,
através de um modelo experimental de malaria cerebral obtido pela inoculacdo do
Plasmodium berghei ANKA em camundongos C57BL/6 machos, teve por objetivo determinar
a influéncia desta condicdo severa sobre o comportamento, pardmetros bioquimicos e
neurotransmissdo gabaérgica destes animais. Tivemos por hipétese que a malaria cerebral
seja capaz de induzir alteragbes no sistema nervoso central, as quais podem ter o
mecanismo de acdo elucidado através da inducdo do modelo experimental, permitindo,
assim, esclarecer os dados relatados na literatura clinica. Quando comparados aos animais
controles, observamos que os camundongos infectados apresentaram maior expressdo da
fosforilagdo da Na*,K*-ATPase no residuo Ser®?, determinada através de Western Blot, bem
como diminui¢cdo da atividade das isoformas da enzima que possuem as subunidades a2/a3
em amostras de cOrtex cerebral. Além disso, neste mesmo tecido, por meio de ensaio de
unido especifica com [3H]-Flunitrazepam, foi observada uma diminuigdo na capacidade de
ligacdo dos receptores GABAa nos animais recuperados da maléria cerebral, enquanto que,
em amostras obtidas a partir do hipocampo destes animais, foi possivel detectar, através da
técnica de Dot Blot, um aumento na expressao da proteina carbonilada. Embora néo
tenhamos encontrado alteracdes histolégicas macroscopicas, 0s testes comportamentais
demonstraram que o comportamento natural esperado para os camundongos C57BL/6 foi
alterado ap0s a infeccdo e recuperagdo, tendo sido visto uma diminuicdo na taxa de
construcao do ninho e aumento no nimero de bolas de vidro enterradas durante a realizagéo
do teste quando comparados aos animais controles. Sendo assim, os dados apresentados
neste estudo demonstram que alteracdes comportamentais e neuroquimicas persistem
mesmo apos a erradicacdo do parasita e remissdo da MC, estando de acordo com
demonstragbes clinicas e, também, podendo estar relacionados ao aumento da
susceptibilidade a crises convulsivas demonstradas em estudos anteriores. Embora mais
estudos sejam necessarios, os marcadores bioquimicos apresentados podem tornar-se um
alvo para o desenvolvimento de novas estratégias terapéuticas para a MC.

Palavras-chave: Plasmodium berghei ANKA; modelo experimental; cloroquina;
comportamento;



ABSTRACT

CEREBRAL MALARIA CAUSES ENDURING BEHAVIORAL AND
MOLECULAR CHANGES IN MICE BRAIN WITHOUT CAUSING
GROSS HISTOPATHOLOGICAL DAMAGE

AUTHOR: Thaize Lopes de Souza
SUPERVISOR: Prof. Dr. Mauro Schneider Oliveira

Malaria, a parasitic disease, can be caused by different species of Plasmodium
protozoan and it is transmitted by the bite of female Anopheles mosquitoes. Plasmodium
falciparum is responsible for the most severe complication of malaria infection, cerebral
malaria (CM), as well as, even after successful antimalarial therapy, is related to high
mortality and enduring cognitive impairment, which are not completely elucidated. The
present study, through an experimental model of cerebral malaria obtained through the
inoculation of Plasmodium berghei ANKA in C57BL/6 male mice, aimed to determine the
influence of this severe condition on behavior, biochemical parameters and gabaergic
neurotransmission of these animals. We hypothesized that cerebral malaria is capable to
induce changes in the central nervous system, which may have the mechanism of action
elucidated through the induction of the experimental model, thus making it possible to clarify
the data already reported in the clinical literature. When compared to control animals, we
observed that the infected mice showed increased phosphorylation of Na*,K*-ATPase at
Ser®3, determined by Western Blot technique, as well as decreased activity of the enzyme
isoforms containing a2/a3 subunits in cerebral cortex samples. In addition, in this same
tissue, through [3H]-Flunitrazepam assay, a reduction in binding capacity of GABAa receptors
was observed in animals recovered from cerebral malaria, whereas in samples obtained from
the hippocampus, by Dot Blot technique, it was possible to find an increase in the expression
of carbonylated proteins. Although we did not find macroscopic histological changes,
behavioral tests showed that the expected natural behavior for C57BL/6 mice was altered
after infection and recovery, since it was observed a decrease in the nest building rate and an
increase in the number of marbles buried when compared to the control group. Therefore, the
data presented in this study demonstrate that behavioral and neurochemical changes persist
even after parasite eradication and remission of CM, being in agreement with clinical findings
and also may be related to the increased susceptibility to seizures demonstrated in previous
studies. Although more studies are needed, biochemical markers presented in this study may
become a target for the development of new therapeutic strategies for CM.

Keywords: Plasmodium berghei ANKA; experimental model; chloroquine; behavior;
SUMARIO
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1. INTRODUCAO

A malaria é considerada um problema grave de saude publica e, também,
uma doenca negligenciada. Esta doenca parasitéaria € transmitida ao homem através
da picada da fémea do mosquito do género Anopheles, sendo o causador desta
condicdo o protozodrio do género Plasmodium, o qual pode ser classificado em
diferentes espécies, sendo elas o Plasmodium falciparum, Plasmodium vivax,
Plasmodium malariae e Plasmodium ovale (MS, 2005).

No ano de 2015, de acordo com a Organizacdo Mundial de Saude (WHO),
214 milhdes de casos da doenca foram reportados, tendo sido registrados, dentre
estes casos, 438 mil 6bitos. A prevaléncia destes numeros no mundo ocorre
principalmente nos paises economicamente desfavorecidos e localizados na zona
tropical (MSF, 2015).

Mais de 90 paises encontram-se na zona de risco e, estima-se que
aproximadamente um terco da populacdo mundial esteja sob risco de contaminacéo
pelo protozoéario Plasmodium (HUNT et al., 2006). Dentre estes paises, a maior parte
dos casos registrados ocorre na Africa Subsaariana, sendo as criangas com idade
inferior a 5 anos a populacédo mais afetada. De acordo com o relato da OMS (2015),
nos ultimos cinco anos houve uma diminuicdo de 18% na incidéncia de casos da
doenca, entretanto, esta infeccdo se mantém como a quarta principal causa de
Obitos dentre as criangas nesta regido africana.

No Brasil, de acordo com o Ministério da Saude (2015), desde o ano 2000 o
indice de casos da doenca foi reduzido em mais de 50%, enquadrando o pais na
lista dos paises em situacdo de reversao da incidéncia da malaria. Embora este seja
um dado promissor, no ano de 2013 foram registrados 177.767 casos de malaria e
41 mortes, grande parte ocorrendo na regido Amazénica, onde estdo concentrados
99% dos casos relatados aos 6rgdos de saude (ONUBR, 2014). No pais, as
espécies responsaveis pelo desenvolvimento do quadro de malaria sdo o
Plasmodium falciparum, o Plasmodium vivax e o Plasmodium malariae, sendo a
primeira espécie capaz de levar a um quadro clinico mais grave uma vez que a
multiplicacéo dos parasitas ocorre de maneira mais eficaz (FIOCRUZ, 2013).

As manifestacdes clinicas da malaria podem ser detectadas 10 a 15 dias ap0s

a infeccdo pelo parasita, entretanto, este periodo latente do protozoario pode variar
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de acordo com a espécie infectante. A fase sintoméatica da doenca € caracterizada
por sintomas inespecificos, comuns de muitas outras infec¢des, sendo representada
por cansaco, cefaleia e mal-estar, dificultando, desta forma, o diagnostico. Esta fase
inicial precede o caracteristico quadro de febre da malaria, denominado acesso
malarico ou ataque paroxistico agudo. Estes sintomas podem ser observados nas
quatro espécies ja mencionadas (NEVES et al., 2005).

O Plasmodium falciparum é responsavel por desenvolver a forma mais grave
da doenca, o0 que se deve a sua viruléncia e resisténcia a acdo das drogas utilizadas
na clinica para o tratamento da doenca (SNOW; TRAPE; MARSH, 2001). Além
disso, esta espécie do parasita tem se tornado predominante em muitas das regides
endémicas, inclusive em paises que estdo fora do continente Africano
(WINSTANLEY, 2000).

A maléria cerebral (MC), uma complicacdo neurolégica que frequentemente
estd associada a altos indices de mortalidade e comorbidades, mesmo apds
remissdo da doenca, € a apresentacao clinica mais severa da malaria (OPOKA et
al., 2009). Muitos danos neurolégicos apresentados por pacientes que tenham
sobrevivido ao quadro clinico de MC persistem por ndo mais que seis meses apés o
diagndstico, entretanto, had outros que levam a déficits permanentes ou podem
aparecer posteriormente ao tratamento e cura da doenca, como a epilepsia
(MUNG'ALA-ODERA; SNOW; NEWTON, 2004).

Diversas alteracbes podem ser consideradas caracteristicas de MC em
pacientes afetados por tal condicao, tais como alteracdes nos niveis de consciéncia,
podendo progredir para o estado de coma, episédios de crises convulsivas e
alteracdes cognitivas e comportamentais. Em areas consideradas endémicas,
aproximadamente metade das criangcas admitidas em hospitais com sintomas
clinicos da doenca apresentam um ou mais destes sinais neurolégicos (MISHRA,
NEWTON, 2009).

Estudos com pacientes e também no periodo post mortem tém correlacionado
estas manifestacdes clinicas com achados laboratoriais histopatologicos,
contribuindo, desta forma, para uma melhor compreensdo da MC. Entretanto estes
estudos apresentam limitacées em relacdo a determinacdo dos mecanismos atraves

dos quais a doenca age, tornando os estudos experimentais de grande relevancia
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para o entendimento dos fatores envolvidos na patogénese desta condicéo
(LACERDA-QUEIRO?Z et al., 2010).

1.1. OBJETIVO

1.1.1. Objetivo Geral

Avaliar se a indu¢do de um modelo experimental de MC é capaz de causar e
sustentar déficits comportamentais e alteracdes bioquimicas e moleculares apos o

tratamento e cura da doenga.

1.1.2. Objetivos Especificos

Em um modelo experimental de MC o trabalho em questao teve por objetivos:
- Avaliar possiveis déficits comportamentais destes animais
durante o desenvolvimento da doenca,;
- Determinar possiveis alteracdes na aprendizagem e formacao
da memdria dos animais 46 dias apos a infeccao;

- Avaliar possiveis alteracbes locomotoras 46 dias apos a
infeccéo;

- Avaliar possiveis alteracbes comportamentais 46 dias apés a
infeccéo;

- Determinar a imunorreatividade da Na*K*-ATPase e sua
fosforilacdo em cortex cerebral;

- Mensurar marcadores de estresse oxidativo no coértex cerebral e
hipocampo;

- Estimar a densidade dos receptores GABAa em cortex cerebral;

- Determinar possiveis alteracdes histopatoldgicas no hipocampo.

1.2. JUSTIFICATIVA

A malaria, doencga parasitaria transmitida aos seres humanos através da

fémea do mosquito do género Anopheles, atinge principalmente criancas que se
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encontram nas zonas endémicas, zona tropical do globo. A maior parte dos casos
relatados da doenca é observada no continente africano e nas Américas, ocorrendo
principalmente em paises em desenvolvimento.

A transmissdo da doenca € bastante facilitada quando hd um ambiente
favoravel ao desenvolvimento do vetor, onde, geralmente, héa deficiéncia do sistema
de saneamento basico e precariedade nas condicdes em que a populacdo atingida
vive. Além disso, ndo havendo um diagndstico rapido, ou mesmo, a impossibilidade
de tratamento ou tratamento inadequado pode favorecer o desenvolvimento da
forma mais grave da doenca, a MC.

A MC, em humanos causada pelo Plasmodium falciparum, pode levar a
sequelas que podem ser notadas mesmo seis meses apds a cura desta condicao,
ou, ainda, podem aparecer tardiamente, tais como a epilepsia. Dessa forma, € de
grande importancia o estudo desta doenca através de modelos experimentais, e
também das suas consequéncias a longo prazo, a fim de elucidar os possiveis
mecanismos envolvidos no desenvolvimento da doenca e sequelas, bem como
desenvolver novos tratamentos. Além disso, através destes estudos experimentais
se torna possivel a analise de novos biomarcadores que possam estar envolvidos

com o desenvolvimento da MC.
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2. REVISAO BIBLIOGRAFICA

2.1. MALARIA

Malaria, ou também denominada paludismo, € uma doenca parasitaria de
evolucao rapida e que pode se apresentar de forma bastante grave, de acordo com a
espécie do protozoario infectante, da faixa etaria do paciente e do sistema imune do
mesmo (NEVES et al., 2005). De acordo com a OMS (2015) apesar de todos os
esforcos envolvidos na erradicacdo da doenca, numeros elevados referentes aos
casos e mortes relatadas aos 6rgaos de saude persistem. No ano de 2015, também
de acordo com a organizacdo, 88% dos casos registrados ocorreram na Africa,
sendo a Republica Democrética do Congo e a Nigéria os Estados que apresentam
condicdo mais preocupante, correspondendo a aproximadamente metade das
mortes em decorréncia da maléaria, sendo a distribuicdo global dos casos de
transmissao da doenca observada principalmente na faixa tropical do globo, como

apresentado na figura 1.

I control 3 ;’

L1

| Pre-elimination B
‘ ___| Elimination Malaria-free

3,500 Kiometers

Prevention of re-introduction | Not applicable - —

Figura 1. Distribuic&o global dos casos de maléria, sendo indicados os paises onde h4 maior ou menor
controle dos casos de infec¢géo pelo protozoério do género Plasmodium. Dados da OMS, 2014.

Existem quatro espécies de protozoario capazes de infectar humanos:
Plasmodium ovale, Plasmodium vivax, Plasmodium malariae e Plasmodium

falciparum, os quais apresentam diferencas entre si em relagcdo aos locais onde séo
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transmitidos, a velocidade de multiplicacéo da cepa e a capacidade infectante, o que,
por sua vez, pode ser um fator determinante para a gravidade e consequéncias da
doenca. O vetor do protozoario responsével pelo desenvolvimento da malaria € a
fémea do mosquito do género Anopheles, o qual também possui diferentes espécies
capazes de transmitir a doenca aos seres humanos, como, por exemplo, 0
Anopheles darlingi, com maior incidéncia na Amazobnia Legal, e o Anopheles
aguasalis, o qual predomina nas regifes litoraneas, devido a sua preferéncia por
aguas salobras (SBI, 2016).

Apés a transmissdo do protozoario ao hospedeiro, através da saliva do
mosquito, 0s parasitas atingem as células do figado rapidamente, local onde
permanecem por um periodo que pode compreender entre 8 e 30 dias, dependendo
da espécie infectante, multiplicando-se de forma intensa e bastante rapida. Apdés
este periodo, determinado como forma latente da infec¢do, ndo havendo sintomas
aparentes, 0s parasitas se deslocam para a circulacdo sanguinea e iniciam a
infeccdo de eritrécitos, momento de inicio da fase sintomatica da malaria, no qual
aparecem as manifestacbes clinicas da doenca (FIOCRUZ, 2013) (figura 2). Os
sintomas iniciais da malaria podem ser facilmente confundidos com aqueles que
ocorrem em infecgdes virais, como a gripe. Entretanto, o atraso do diagndstico ou
mesmo o tratamento inadequado, quando ha infeccdo pelo Plasmodium falciparum,

podem levar a ocorréncia da forma mais grave da doenc¢a: a MC (BARON, 1996).
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Figura 2. Exemplificac&o do ciclo de transmisséo do protozoario Plasmodium berghei ANKA, tanto no
mosquito transmissor, 0 Anopheles, quanto no organismo hospedeiro (NEVES et al., 2005).

MC é a apresentacdo clinica mais severa da infeccdo pelo Plasmodium
falciparum, sendo caracterizada, de acordo com a OMS (2015), como uma
encefalopatia difusa acompanhada por quadro de coma e crises convulsivas,
confirmada através das formas assexuadas do protozoario encontradas no interior
dos eritrocitos em laminas de esfregaco sanguineo ou pela técnica da gota espessa.
Sem tratamento esta condicdo pode ser considerada potencialmente fatal,
principalmente em criancgas, entretanto, mesmo com tratamento adequado a taxa de
mortalidade entre estes pacientes permanece elevada, com indices proximos a 15%
(DONDORP et al., 2005). Além disso, tanto em criangcas quanto em pacientes
adultos que sobrevivem ao quadro de MC, embora com incidéncia menor nestes
ultimos, sao relatados déficits neuroldgicos e sequelas que permanecem apoés a cura
da doenca, como a ocorréncia de crises convulsivas, coma e aumento da pressao
intracranial (IDRO et al., 2010).

O modelo de inducdo de MC experimental ocorre através da inoculagdo do
Plasmodium berghei ANKA (PbA) em camundongos, sendo fundamental para a
elucidacéo da patogénese e resposta imune da doenca, uma vez que estudos in vivo

ou post mortem séo dificultados devido a necessidade de técnicas invasivas. Além
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disso, modelos experimentais permitem a andlise de possiveis mecanismos de acao
relacionados ao desenvolvimento da doenca e de suas sequelas, nos quais novos
tratamentos possam atuar e agir de maneira preventiva, paliativa e/ou curativa
(IDRO et al., 2010; LACERDA-QUEIROZ et al., 2010).

2.2. TERAPIA FARMACOLOGICA DA MALARIA

De acordo com a (OMS, 2015), que tem por objetivo, através de acordos
politicos e apoios financeiros, garantir que as taxas de transmissdo da doenca
continuem em regressdo, um dos maiores desafios a serem enfrentados é o
aumento da resisténcia dos parasitas as medicacdes hoje disponiveis na clinica,
bem como a resisténcia dos mosquitos a acdo dos inseticidas. Através desta
estratégia espera-se garantir tanto a quimioprevencdo quanto o fornecimento de
tratamento adequado e de qualidade a todos os pacientes acometidos com a
malaria. Pretende-se por esta acao permitir o acesso aqueles medicamentos
recomendados pela OMS, os quais sdo, geralmente, associacfes medicamentosas a
base de artemisinina.

Entretanto, a escolha dos farmacos a serem disponibilizados ird depender da
apresentacao da doenca, sendo classificada como complicada ou ndo complicada;
da regidao onde ocorreu a contaminacdo, se determinada endémica ou ndo; bem
como da espécie do protozoario infectante (OMS, 2015). Os tratamentos disponiveis
para remissdo e cura da malaria visam atingir pontos chave do ciclo evolutivo do
parasita, 0S quais apresentam, em sua maioria, atividade contra as formas
eritrociticas do protozoario (AMOA ONGUENE et al., 2013).

Os antiparasitarios utilizados atualmente em pacientes diagnosticados com
malaria envolvem a administracdo de quinina, cloroquina, mefloquina, primaquina e
artemisinina, por exemplo, podendo ser indicados individualmente ou em associagao
(AMOA ONGUENE et al., 2013). No entanto, algumas espécies do protozoario
desenvolveram resisténcia aos tratamentos disponiveis, o que tem sido relacionado
a alteracbes genéticas, denominadas polimorfismos genéticos (DRONAMRAJU;

ARESE, 2006), tornando-se uma preocupacédo para a OMS, uma vez que isso pode
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afetar o controle da transmissdo e estabelecimento da doenca em paises que se
encontram em quadro de remissao ou eliminacéo total dos casos da doenca.

No Brasil, foi disponibilizado pelo (MS, 2010), no qual séo apresentadas
informacdes sobre os tratamentos a serem disponibilizados aos pacientes, uma vez
que no pais as condicdes as quais 0s pacientes estdo expostos bem como as
espécies infectantes prevalentes diferem de outras regibes endémicas, como a
Africa, por exemplo. Estes tratamentos devem ser definidos de acordo com o
histérico de exposicao do paciente a infeccdo, situacdo do paciente no momento do
diagnoéstico da doenca, devendo ser considerada a idade do paciente, gestacao, no
caso das mulheres, e problemas de saude que possam agravar o quadro da doenca,

bem como devem ser definidos de acordo com a espécie do plasméddio infectante.

2.2.1. Cloroquina

A cloroquina (figura 3), droga de escolha para realizacao do presente trabalho,
€ um composto antimalarico eficaz, entretanto, tem seu uso diminuido em regides
onde h& cepas do parasita resistentes a sua acao, localizadas principalmente no
continente africano. Este farmaco é mais potente e menos téxico que a quinina e, em
doses terapéuticas, é considerado bastante seguro. Além disso, ja foi relatado que a
cloroquina é capaz de suprimir crises agudas de maléria quando causadas pelo
Plasmodium vivax ou pelo Plasmodium ovale. Ao ser administrada em pacientes
com diagndstico de maléaria, também é capaz de controlar rapidamente os sintomas,
e, ndo havendo diminuicdo dos mesmos, tem-se indicativo de infeccdo por cepa
resistente ao tratamento (BAGAVAN et al., 2011).

3 " _
Q 2 HgPOy
PHa
NH-CH(CH2)3N(C2H5)2
C1gH26CINge2H3P04 Molecular Weight: 515.87

Figura 3. Estrutura molecular da cloroquina. Fonte (DAILYMED), acessada em 19 de abril de 2016.
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Cloroquina é um agente esquizonticida sanguineo ativo apenas contra as
formas assexuadas eritrociticas da maioria das cepas de Plasmodium malariae,
Plasmodium ovale, Plasmodium vivax, e algumas cepas de Plasmodium falciparum.
Este farmaco antimalarico concentra-se nos vacuolos digestivos do protozoario,
tornando-se protonado, diminuindo o pH e, assim, impedindo que o plasmadio utilize
a hemoglobina presente no glébulo vermelho, a qual, além de ser fonte de
aminoacidos essenciais a viabilidade do parasita, quando metabolizada, também é
toxica ao parasita quando inalterada, sendo capaz de induzir o plasmédio a morte
(FIOCRUZ, 2006; SCHLITZER, 2007) e (KATZUNG; MASTERS; TREVOR, 2006).

Além de atuar como agente antiparasitario, outras acfes da Cloroquina, que
independem do seu acumulo nos vacuolos digestivos do plasmddio, ja foram
relatadas, sendo elas sua efichAcia como agente antiviral, antifangico e
antibacteriano. A cloroquina também ¢é utilizada em tratamentos oncoldgicos,
entretanto 0s mecanismos de acdo envolvidos nesta terapia ndo estédo
completamente elucidados (LIU; SHANG; CHEN, 2014; ROLAIN; COLSON;
RAOULT, 2007).

De acordo com o Guia de Tratamento da Malaria (2015), fornecido pela OMS,
a cloroquina é rapidamente absorvida no trato gastrointestinal e somente uma
pequena percentagem da dose administrada € eliminada através das fezes.
Aproximadamente 55% do farmaco € encontrado ligado a proteinas plasméticas e,
portanto, a excrecdo da cloroquina é bastante lenta, mas pode ser aumentada
através da acidificacdo da urina. Ela possui ampla distribuicdo nos tecidos e fluidos
corporais, e apresenta pico plasmatico 1 ou 2 horas apés a administracdo, sendo
metabolizada no figado através das enzimas CYP2C8 e CYP3A4 (FIOCRUZ, 2006).

2.3. ALTERACOES NEUROLOGICAS

O sistema nervoso central (SNC) apresenta resposta imune limitada devido a
barreira hematoencefélica, a qual restringe o acesso de moléculas e possiveis
agentes invasores a regido cerebral, entretanto, sabe-se que pacientes com quadro
de MC apresentam ruptura desta barreira. Este dado tem sido relacionado com

achados histopatoldgicos como o aparecimento de pequenos pontos de hemorragias
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em diferentes estruturas cerebrais, denominados petéquias, bem como também
pode ser vista ativacdo endotelial, redistribuicdo de astrocitos e sequestro de
eritrocitos parasitados, pois estes expressam antigenos especificos capazes de
interagir com proteinas presentes nas células endoteliais dos vasos sanguineos
(LACERDA-QUEIROZ et al., 2010; NEWTON; HIEN; WHITE, 2000).

Estudos clinicos realizados com pacientes diagnosticados com quadro de MC
puderam demonstrar, durante o periodo agudo da infeccdo, alguns déficits
relacionados a esta condicdo, tais como sindrome do neurbnio motor superior e
anormalidades posturais (SATTAR et al., 2009). As principais sequelas relacionadas
ao SNC referem-se a ocorréncia de crises convulsivas e coma prolongado, além de
serem observados quadros de hipoglicemia e anemia severa em pacientes
acometidos com a doenca. Entretanto, alguns sintomas podem ser passageiros e
outros podem permanecer ou mesmo apenas surgir no periodo cronico da doenca,
mesmo apdés a cura da malaria com tratamento adequado (BONDI, 1992;
BREWSTER; KWIATKOWSKI; WHITE, 1990). Além destes sintomas, Martins e
colaboradores (2009) também observaram, em pacientes hospitalizados, bruxismo,

alteracdes de personalidade, depressao e comportamento de ansiedade.

As sequelas observadas apés MC podem estar associadas a diversos
fatores, ndo estando os mecanismos envolvidos completamente elucidados. Além
disso, se tem conhecimento de que criancas e pacientes adultos apresentam
diferencas quanto aos sintomas apresentados, a severidade destes e a resposta ao
tratamento, havendo maior taxa de mortalidade entre a populacdo com idade inferior
a 5 anos, (LACERDA-QUEIROZ et al., 2010).

A inducao do modelo experimental de MC através da inoculagdo de PbA néo
€ capaz de reproduzir todas as caracteristicas observadas na doenca humana, mas
alteracdes e lesGes encontradas nas células de roedores submetidos a este modelo
experimental se aproximam dos dados relatados na literatura clinica. Além disso, a
semelhanca entre os antigenos expressos durante a infeccdo, bem como as vias da
resposta imune envolvidas, permitem a elucidacéo das alteracGes caracteristicas da
doenca (BAGOT et al., 2002).
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2.3.1. Receptor GABAA

O acido y-aminobutirico (GABA), formado a partir do acido glutamico pela
acdo da enzima descarboxilase do acido glutamico (DAG), € considerado o principal
neurotransmissor inibitério do SNC, atuando através de sua interacdo com diferentes
subclasses do receptor GABA, sendo elas GABAA, GABAs e GABAc (KALUEFF;
NUTT, 2007; MCCARSON; ENNA, 2014). Os efeitos farmacolégicos, bem como a
importancia deste neurotransmissor, puderam ser determinados através da
administracdo de agonistas e antagonistas destes receptores em modelos
experimentais, demonstrando efeitos sobre o comportamento semelhante a
ansiedade, o relaxamento muscular, melhora de parametros cognitivos, além de
atividade estimulante e anticonvulsivante (BOWERY; ENNA, 2000; ENNA,;
MCCARSON, 2006).

Os receptores GABAa encontram-se amplamente distribuidos no tecido
cerebral e tém sido estudados como possivel alvo farmacolégico para o
desenvolvimento de novas terapias anticonvulsivantes (KROGSGAARD-LARSEN;
EGEBJERG; SCHOUSBOE, 2002). Estes receptores, classificados como
ionotropicos, sdo proteinas de membrana organizadas em uma estrutura
pentamérica permeavel aos ions cloreto (ClI) (CAMPAGNA-SLATER; WEAVER,
2007; MCCARSON; ENNA, 2014), sendo responsavel pelo influxo deste ion e
posterior hiperpolarizagcdo da membrana neuronal, resultando em sua acao inibitéria
sobre a excitabilidade do SNC (HAYASHI, 1958).

Estudos clinicos relacionados ao desenvolvimento do quadro de MC
(MISHRA; NEWTON, 2009), bem como estudos experimentais (GRAUNCKE et al.,
2016), j& demonstraram a ocorréncia tardia de crises convulsivas, o que pode ser
considerado um indicativo da existéncia de uma relacao entre o desenvolvimento da
MC e prejuizos na neurotransmissdo GABAérgica, uma vez que achados
demonstram que falhas nesse sistema inibitério podem levar ao aparecimento de
crises convulsivas e desenvolvimento de epilepsia, bem como déficts cognitivos e
comportamentais (CROWLEY et al., 2016).
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2.3.2. Na" K*-ATPase

A Na*,K*-ATPase, classificada como uma proteina de membrana presente em
todas as células eucaridticas dos mamiferos, € responsavel pelo transporte de ions
sédio (Na*) e potassio (K*). Para manter a homeostase do gradiente de
concentragdo destes ions nos meios intra e extracelular a bomba de sddio e potéssio
depende da energia proveniente da hidrélise de uma molécula de trisfosfato de
adenosina (ATP), por isso sendo classificada como ATPase (APERIA, 2001;2007).
Esta enzima, considerada o principal fator regulador do potencial de membrana
(DOBRETSOV,; STIMERS, 2005), é um heterodimero composto por duas
subunidades: a, catalitica, através da qual ocorre o transporte dos ions e onde se
liga o ATP; e B, classificada como uma subunidade regulatéria e que auxilia na
estabilizacdo da conformacgéo da Na*,K*-ATPase e na sua incorporagdo a membrana
plasmética (APERIA, 2007; APERIA et al., 2016). A atividade da subunidade B ainda
nao esta completamente elucidada, entretanto, estudos ja puderam demonstraram
que, na sua auséncia, a subunidade a nao apresenta atividade ATP&sica
(JORGENSEN; HAKANSSON; KARLISH, 2003; KAPLAN,

2002).

Estudos demonstraram que a Na*,K*-ATPase é capaz de impedir danos e até
mesmo a morte celular em diferentes érgéos, tais como coracao, rins e também no
cérebro (D'URSO et al., 2008; LI et al., 2006; SIBAROV et al., 2012). Nos seres
humanos, o ligante que apresenta maior especificidade de ligacdo a Na*,K*-ATPase
€ a ouabaina, classificada como um esteroide cardiotdnico enddgeno, o qual
também € bastante utilizado em ensaios enzimaticos para determinacao da atividade
e capacidade de transporte de ions da enzima em diferentes tecidos (APERIA,
2012).

A fosforilacdo da Na*,K*-ATPase em sitios especificos é capaz de alterar o
transporte dos ions pela enzima, alterando, portanto, a eficacia da bomba devido a
efeitos sobre a membrana plasmatica ou mesmo por promover a internalizacdo da
enzima (BELUSA et al., 1997; CHIBALIN et al., 1997; LOGVINENKO et al., 1996).
Além disso, sabe-se que determinadas mutacdes da Na*,K*-ATPase, como por

exemplo a fosforilagdo das subunidades o2/a3 desta enzima, possui papel
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importante no desenvolvimento de algumas doencgas, tais como epilepsia e o rapido
desenvolvimento do quadro caracteristico de Parkinson (APERIA, 2007; FUNCK et
al., 2014).

Sabendo que a Na*,K*-ATPase, de acordo com a sua capacidade de agéo,
pode levar a um aumento ou diminuicdo da excitabilidade neuronal (GRISAR;
GUILLAUME; DELGADO-ESCUETA, 1992) e que quadros infecciosos tais como a
MC, podem promover danos ao SNC com a ocorréncia de crises convulsivas, é
possivel que esta enzima tenha relacdo com o desenvolvimento da forma grave da

doenca.

2.3.3. Estresse oxidativo

O modelo de MC em camundongos apresenta, como uma caracteristica do
desenvolvimento da doenca, a ativacao de fagdcitos no tecido cerebral, 0 que tem
sido relacionado com danos oxidativos observados no tecido, bem como, com o
rompimento da barreira hematoencefédlica (BHE), o qual é um dos fatores
determinantes para que a infeccdo se apresente na forma mais grave (AMANTE et
al., 2010; NEILL; HUNT, 1992). Estes danos sdo causados, principalmente, pelas
espécies reativas de oxigénio (EROs), as quais sdo formadas a partir da molécula de
oxigénio (O2) e podem ser consideradas potencialmente toxicas as células (SZABO,
2003). Entretanto, em determinadas situacdes, as EROs produzidas podem ser
benéficas, como, por exemplo, em quadros infecciosos, dependendo da quantidade

de espécies formadas e do local onde séo produzidas (SCHIRMER et al., 1987).

Estudos j& demonstraram que o estresse oxidativo pode ser considerado um
fator importante na patogénese da malaria, uma vez que h& exacerbacdo da
resposta imune (PERCARIO et al., 2012; REIS et al., 2010). Durante a infec¢ao pelo
protozoario do género Plasmodium foi observado que um dos principais locais de
producdo de EROs é no vacuolo digestivo formado pelo parasita no interior das
hemacias infectadas, o qual sendo uma regiao de pH acido, permite a metabolizac&o

e degradacdo da hemoglobina (BECKER et al., 2004). Além disso, a producdo de
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EROs durante o desenvolvimento da malaria é variavel conforme a fase de

desenvolvimento do parasita no interior dos eritrécitos (GOLENSER et al., 1991).

Sabendo-se que quadros infecciosos podem levar a producdo de espécies
reativas de oxigénio e que o tecido cerebral é bastante vulneravel ao dano oxidativo
(SCHIRMER et al., 1987), é possivel que este processo esteja envolvido com o

desenvolvimento do quadro de MC.

3. MANUSCRITO

Os procedimentos experimentais realizados iniciaram-se apds a obtencdo da
carta de aprovacdo do Comité de Etica na Utilizacdo de Animais (CEUA) da
Universidade Federal de Santa Maria (ANEXO A).

Os materiais e métodos, assim como os resultados e a discussao que fazem
parte desta dissertacdo estdo apresentados na forma de manuscrito, este intitulado
“Cerebral malaria causes enduring behavioral and molecular changes in mice brain
without causing gross histopathological damage”, seguindo as normas do periédico

ao qual foi submetido, Neuroscience (ANEXOS B e C).
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Abstract

Malaria, parasitic disease considered a major health public problem, is caused
by Plasmodium protozoan genus and transmitted by the bite of infected female
Anopheles mosquito genus. Cerebral malaria (CM) is the most severe presentation of
malaria, caused by P. falciparum and responsible for high mortality and enduring
development of cognitive deficits which may persist even after cure and cessation of
therapy. In the present study we evaluated selected behavioral, neurochemical and
neuropathologic parameters after rescue from experimental cerebral malaria caused
by P. berghei ANKA in C57BL/6 mice. Behavioral tests showed impaired nest
building activity as well as increased marble burying, indicating that natural behavior
of mice remains altered even after cure of infection. Regarding the neurochemical
data, we found decreased a2/a3 Na*K*-ATPase activity and increased
immunoreactivity of phosphorylated Na*,K*-ATPase at Ser®#? in cerebral cortex after
CM. In addition, [®H]-Flunitrazepam binding assays revealed a decrease of
benzodiazepine/GABAA receptor binding sites in infected animals. Moreover, in
hippocampus, dot blot analysis revealed increased levels of protein carbonyls,
suggesting occurrence of oxidative damage to proteins. Interestingly, no changes in
the neuropathological markers Fluoro-Jade C, Timm staining or IBA-1 were detected.
Altogether, present data indicate that behavioral and neurochemical alterations
persist even after parasitemia clearance and CM recovery, which agrees with
available clinical findings. Some of the molecular mechanisms reported in the present
study may underlie the behavioral changes and increased seizure susceptibility that
persist after recovery from CM and may help in the future development of therapeutic

strategies for CM sequelae.
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Introduction

Malaria is a serious neglected tropical disease caused by different species of
protozoan Plasmodium. The World Health Organization (WHO) estimates that 214
million cases and 438,000 malaria-related deaths were reported in 2015, affecting
mainly people in the sub-Saharan Africa region (WHO, 2015). Cerebral malaria (CM)
is a neurological complication which is associated with high rates of morbidity and
mortality, even after infection recovery, and it has been considered the most severe
clinical presentation of infection with P. falciparum (Hunt et al., 2006, Opoka et al.,
2009). In fact, high rates of mortality are observed in patients diagnosed with CM,
and about one quarter of survivors presents long-term neurological complications
(John et al., 2008, Idro et al., 2010a, Idro et al., 2010b).

Experimental models are useful to investigate mechanisms involved in malaria
and possible development of sequelae, since clinical studies present limitations
including but not limited to ethical issues and the need of invasive techniques
(Lacerda-Queiroz et al., 2010). P. berghei ANKA (PbA) strain is considered a
wellcharacterized experimental model of CM (ECM) (Hunt et al.,, 2010). In this
context, results obtained with PbA infection model may be relevant to a better
comprehension of CM complications that occur in humans. For instance, it has been
shown that C57BL/6 mice infected with PbA presents inflammatory and neurological
manifestations similar to those observed in humans (Lou et al., 2001, Lamb et al.,
2006, Reis et al., 2010), including long-term cognitive deficits (Freeman et al., 2016)
and seizure susceptibility (Grauncke et al., 2016). However, molecular mechanisms

underlying these findings remain unclear. To the present, most studies have
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investigated acute biochemical, histological and behavioral alterations in this
experimental model (Reis et al., 2010, Nacer et al.,, 2012), and therefore more
longterm studies are needed. In the present study, we aimed to investigate potential
longterm molecular and histological changes which could be involved in the
behavioral changes and increased seizure susceptibility that occur after recovery of
CM.

Experimental procedures
Animals

Adult male mice C57BL/6, 4-6 weeks old (30-40 g) were used to induce ECM.
All animals were maintained under controlled environment (12:12h dark/light cycle,
24+1°C, 55% humidity), free access to food (PuroTrato, Santa Maria, Brazil) and
water. All animal experimentation described in this study complied with national and
international legislation and with the approval of Institutional Committee on Animal
Use and Care of Federal University of Santa Maria (process #020/2014). All
protocols aimed to reduce the number of animal used to a minimum, as well as their

suffering.

Experimental design

Sixty-Five C57BL/6 male mice were allocated into two independent
experimental groups. Since a mortality rate as high as 40% can be encountered in
the PbA-induced severe CM model (Reis et al., 2010), 45 animals were inoculated
intraperitoneally with 0.1mL suspension of 10® parasitized red blood cells (ANKA
strain) and 20 age-matched controls received a similar volume of 108 non parasitized
red blood cells. Parasitemia, weight and SHIRPA score (Rogers et al., 2001) were
monitored daily. With SHIRPA protocol animals received scores related to
piloerection, gait, body position, grip strength, positional reflex and spontaneous

activity. Low scores, varying from 0 to 1, indicated normal behavior of animals; 2 to 3,
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altered behavior without severe compromise of general activity; 4 to 5, the most
severe condition observed and considered positive for CM. When infected animals
demonstrated typical neurobehavioral manifestations the treatment with antimalarial
Chloroquine (Sigma-Aldrich) was initiated. Approximately on 15" day post infection
(dpi), animals of both groups received a loading dose of 80mg/kg of chloroquine and
were kept until the 45" dpi in a maintenance dose of 25mg/kg (Reis et al., 2012). The
last administration of Chloroquine occurred 24h before behavioral tests or

euthanasia.

Behavioral tests

To evaluate persistent behavioral and/or cognitive deficits after rescue of CM,
animals were submitted to a behavioral test battery consisting of the following tests:
open field (de Oliveira et al., 2016), rotarod (de Oliveira et al., 2016), nest building
(Deacon, 2006), marble burying (Deacon, 2012) and sucrose preference (Grigoletto
et al., 2016). Behavioral tests were organized from the least to the most aversive and

were performed in the same animals during six consecutive days.

Neurochemical assays

In the 46™ dpi mice were euthanized to obtain brain samples (cerebral cortex
and hippocampus) for neurochemical analyses, such as Western Blot, Dot Blot,

Binding and determination of enzymatic activity.

Western blot

Na*,K*-ATPase a subunit content and its phosphorylation state at Ser* were
carried out according to Funck et al., 2015 with minor modifications. In brief, tissues
were gently homogenized in ice-cold Tissue Protein Extraction Reagent (T-PER,
Thermo Fisher Scientific), supplied with Halt protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific). Homogenates were centrifuged at 10,000 x g for
5min at 4°C and an aliquot of the supernatant (20 pg protein) was submitted to

SDSPAGE using a 10% gel. After semi-dry transfer the nitrocellulose membranes
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were blocked with 2.5% (w/v) bovine serum albumin (BSA) in Tris-buffered saline
(TBS, pH 7.4) for 1h and exposed to primary antibodies during 3h at room
temperature for a

Na*,K*-ATPase (1:20000, Santa Cruz sc-28800) or overnight at 4°C for p-
Na*,K*ATPase a (Ser®3) (1:5000, Santa Cruz sc-16170-R). Membranes were
washed three times with TBS containing 0.01% (v/v) Tween 20 (TBS-T) and exposed
to biotinylated anti-rabbit secondary antibodies (1:10000, Sigma-Aldrich) during 1h at
room temperature. Membranes were washed three more times and incubated with
streptavidin peroxidase polymer (1:5000, Sigma-Aldrich,S2438) during 1h at room
temperature. All antibodies were prepared in TBS-T containing 1.25% BSA. Samples
of control and infected mice were processed in parallel on a same gel and were
submitted to the same immunoblotting procedures. Ponceau S staining served as the
loading control (Romero-Calvo et al.,, 2010). Immunoreactivity was detected using
standard ECL reagent (Thermo Fisher Scientific) and signals were gquantified with

ImageJ Software.

Na*,K*-ATPase activity

Na*,K*-ATPase activity was measured according to Funck et al., 2015.
Changes in individual Na*,K*-ATPase a isoforms caused by CM were investigated
using a classical pharmacological approach based on the isoform-specific sensitivity
to ouabain. Specific Na*,K*-ATPase activity was calculated by subtracting the
ouabain-insensitive activity from the overall activity (in the absence of ouabain). Total
Na*,K*-ATPase activity was measured using 4mM ouabain (that inhibits all isoforms)
whereas a2/a3 Na*,K*-ATPase activity was measured in presence of 3uM ouabain
(that inhibits Na*,K*-ATPase isoforms containing a2 and a3 subunits). The a1 Na*,K*-
ATPase activity was then calculated by subtracting the a2/a3 activity from the total

activity.

Dot blot
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Oxidative stress markers, protein carbonyl and 4-hydroxy-2-nonenal (HNE),
were measured according Funck et al., 2014. Samples were applied to a
nitrocellulose membrane through a vacuum system on Dot Blot equipment (BioRad).
Membranes were blocked with a 5% (w/v) non-fat dry milk (Nestlé) solution for 1h at
room temperature and exposed overnight at 4°C to primary antibodies raised against
DNP (1:150, Chemicon 90451) or HNE (1:5000,Santa Cruz 130083). Membranes
were washed three times with TBS-T (0.04% (v/v) Tween 20) and exposed to
antirabbit (for DNP) or anti-goat (for HNE) secondary antibodies (1:10000) during 1h
at room temperature. All antibodies were prepared in TBS-T containing 1.25% non-fat
dry milk. Immunoreactivity was detected using 3,3',5,5-Tetramethylbenzidine

(SigmaAldrich) and signals were quantified with ImageJ Software.

[*H]-Flunitrazepam binding assay

The [®H]-Flunitrazepam binding assay was assessed in samples from cerebral
cortex (200 pg protein/tube) exactly as described in Royes et al., 2016 using 1nM
[*H]-Flunitrazepam (85.8Ci/mmol, PerkinElmer) as the probe. The nonspecific binding
of each sample was determined by adding 10uM non-radioactive flunitrazepam to the
medium in parallel assays. After incubation, the reaction was stopped by vacuum
filtration and each filter was washed rapidly three times with 5mL of ice-cold assay
buffer. The radioactivity of each sample was determined using a Packard Tri-Carb
2100TR liquid scintillation counter. The specific binding of each sample was

considered as the difference between total binding and non-specific binding.

Anatomical processing

At the 46" dpi, animals were anesthetized with ketamine (80 mg/kg) and
xylazine (10 mg/kg) and perfused through the ascending aorta at 10 mL/min with 50
mL 0.9% NaCl containing 0.1% heparin, 50mL with 0.05mol/L sodium sulfide
nonahydrate solution, 50mL with sodium chloride with 0,1% heparin, and 200mL with
0.4% paraformaldehyde (PFA, Sigma-Aldrich). The brains were removed and post-

fixed in PFA 4% for 4h and then kept in 30% sucrose solution at 4°C. Brains were
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sectioned (40um) on a vibration microtome (model KD-400, Zhejiang Jinhua Kedi
Instrumental Equipment CO., LTD, Zhejiang Province, China). Coronal sections of
the hippocampus were collected (10-14 per mouse) and used in duplicate for
subsequent assay of Fluoro-Jade C (FJC) staining, Timm staining (Gu et al., 2012) or
ionized calcium binding adaptor molecule 1 (IBA-1) immunoreactivity. Samples from
mice submitted to pilocarpine-induced status epilepticus (SE) were processed in
parallel and served as quality controls of staining. All images were captured using an

Olympus 1X81 microscope (Olympus Optical, Hamburg, Germany).

FJC staining

Staining of damaged cells with FJC was carried out according to Gu et al.,
2012 with slight modifications. Brains sections were sequentially immersed in basic
alcohol solution (0.02% NaOH, 80% ethanol) for 5min, in 70% ethanol for 2min, and
distilled water for 2min. Subsequently, sections were transferred to a 0.06%
potassium permanganate solution for 20min. Sections were rinsed during 2min in
distilled water and were then transferred to 0.0001% FJC staining solution for 90min.
After, they were again rinsed in distilled water three times for 2min, dried 30min at
room temperature and cleared in xylene for 1min. Finally, sections were mounted
using DPX (06522, Sigma-Aldrich) and cover slipped.

Timm Staining

Mossy fiber sprouting was investigated through Timm staining according to
(Buckmaster and Lew, 2011) with slight modifications. Sections were incubated in the
dark for approximately 60min at 26°C in a solution containing 60mL of 10%
polyethylene glycol, 10mL of sodium citrate buffer (pH 4.0), 30mL of 5.67%
Hydroquinone, and 500uL of 17% silver nitrate solution. After the procedure, the
sections were washed with water, dried at room temperature and cover slipped with
DPX.
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IBA-1 immunoreactivity

Evidence  of  microglial activation  was investigated  through
immunohistochemical detection of IBA-1 in free-floating sections. These were
blocked with 1.5% normal goat serum in 10mM PBS containing 0.5% Triton X for 1h
at room temperature and incubated for 72h at 4°C with primary antibodies raised
against IBA-1 (1:2000; Wako Chemicals, 019-19741). After washing three times in
PBS, sections were exposed to biotinylated goat anti-rabbit secondary antibodies
(1:250, Vector Laboratories) for 1h at room temperature. Sections were washed three
more times and incubated with avidin-biotin horseradish peroxidase (HRP)
complexes for 30min at room temperature (1:125; ABC Vector Elite ABC kit; Vector;
PK-4001) followed by three more washing steps. Immunoreactivity was detected
using diaminobenzidine (Vector). Sections were transferred to glass slides, air-dried,

mounted with Cytoseal™ (8310-16, Thermo Fisher Scientific) and cover slipped.

Statistical analyses

Weight, parasitemia and SHIRPA score were analyzed by repeated measures
two-way ANOVA followed by Fisher's LSD test. Behavioral and neurochemical
parameters were analyzed by two-tailed unpaired Student’s t test. A probability of p <

0.05 was considered significant and P values were shown only when significant.

Results
CM assessment

After PbA inoculation mice presented a gradual loss of weight when compared
to age-matched controls, peaking at 13-15th dpi [F (44, 1804) = 11.35; p < 0.0001]
(Fig 1A). Parasitemia reached peak values at 14™ dpi, and was completely cleared by
the 30" dpi (Fig 1B). SHIRPA scores also progressively increased after PbA
infection, and maximum scores were recorded around the 15" dpi [F (44, 1672) =
10.08; p < 0.0001] (Fig 1C), corresponding to the peak of CM and meeting the criteria

to start chloroquine treatment.
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Behavioral tests

We did not find significant differences between PbA-infected versus
noninfected controls regarding spontaneous exploratory/locomotor activity or anxiety-
like behavior in the open-field. Moreover, fine motor coordination in the rotarod test
was not different between groups. In addition, sucrose preference (an index of
anhedonia) was not different between infected and control mice (Table 1). On the
other hand, when mice’s natural behavior was assessed through nesting behavior
and marble burying test, we found significant differences in infected versus control
animals [t =

2.442; p = 0.0446 and t = 2.688; p = 0.0312, respectively] (Fig 2A and B). [3H]-
Flunitrazepam binding

To investigate whether benzodiazepine/GABAA receptor complexes are altered
after rescue from CM, we performed [3H]-Flunitrazepam binding assays in cerebral
cortex samples obtained from infected and non-infected animals. Interestingly, the
specific [*H]-Flunitrazepam binding was reduced by 39.5% in PbAinfected mice [t =
3.448; p = 0.0183] compared to control mice (Fig 3).

Na*,K*-ATPase activity, expression and phosphorylation state

In the cerebral cortex samples we found that total (Fig 4A) or a1 (Fig 4B)
Na*,K*-ATPase activities were not altered in animals infected with PbA. However, the
activity of a2/a3 isoform of the Na*,K*-ATPase decreased by 47.65% [t = 3.420; p =
0.0141] (Fig 4C). Moreover, we investigated whether changes in Na*,K*-ATPase a
subunit immunoreactivity or in its phosphorylation at Ser®*® may underlie changes in
enzyme activity. While we found no changes in total a subunit immunoreactivity (Fig
4D), levels of phosphorylated Na*,K*-ATPase a subunit at Ser®*3 increased by
31.67% in PbA-infected animals at the 46™ dpi [t = 2.141; p = 0.0480] (Fig 4E). The

ratio between total and phosphorylated Na*,K*-ATPase was not altered (Fig 4F).
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Protein carbonyls and protein-HNE adducts

Dot blot analyses were carried out to measure markers of oxidative damage to
proteins. Levels of protein carbonyls increased in the hippocampus [t = 2.294; p =
0.0447] (Fig 5A) but not in the cerebral cortex (Fig 5B) of infected mice.
Immunocontent of protein-HNE adducts in the hippocampus (Fig 5C) or cerebral

cortex (Fig 5D) were similar between control and PbA-infected mice.

Brain histopathological analyses

We assessed potential histopathological alterations in the brain of infected
mice at the 46™ dpi through Fluoro-Jade C staining, a marker of degenerating
neurons, (Fig 6B), Timm's sulfide silver staining, to visualize zinc ions in hippocampal
mossy fibers, (Fig 6E) and IBA-1 immunohistochemistry, a marker of microglial
activation (Fig 6H). In the present study we decided to focus on the hippocampus
since deficits of nesting or burying behavior are frequently associated with structural
and functional changes in this cerebral area (Ming and Song, 2005). After qualitative
evaluation, we did not detected changes in any of these histological parameters when
the brain of mice infected with PbA was compared to their age-matched controls (Fig
6A, D and G). To illustrate histopathological alterations, we compared our results to
pilocarpine-generated epileptic mice samples, considered positive control (Fig 6C, F
and I).

Discussion

Acute studies, performed with this same model of CM induction, have showed
cognitive deficits that persist for at least fifteen days after inoculation of PbA (Reis et
al., 2010, Reis et al., 2012). In the present study, we evaluated the potential longterm
impairment of mice behavior thirty days after CM and we did not find significant
changes in this period. Regarding this point, in a mild malaria model, Guha and

colleagues (2014) showed selective deficits in social and anxiety-like behaviors at the
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peak of parasitemia, with no changes detected in locomotor, cognitive, and

depression-like behaviors, and with a return to baseline at recovery.

However, analyzing the first results showed in this study, it is interesting to
note that weight loss was not totally recovered and that SHIRPA scores of infected
mice remain higher than those of controls even forty-five days after parasite clearing.
Altogether, these data indicate that CM causes persistent changes in the overall
health of infected mice, as previously demonstrated by Reis and coworkers (Reis et
al., 2010, Reis et al., 2012). Besides that, we found nest building score decreased,
whereas the number of buried marbles was larger in infected mice. Impairment of
nesting and burying behavior is often related with structural and functional changes in
hippocampus (Ming and Song, 2005). Accordingly, animals with hippocampal lesions
show impairment at spontaneous behavioral tasks, including nest building, digging
and marble burying (Deacon et al., 2002, Orta-Salazar et al., 2013, Nichols et al.,
2016). We found that infected mice showed significant nesting deficits when
compared with controls, using less nesting material and built poorer nests. Moreover,
we found an increased marble-burying behavior, which is suggestive of defensive

burying typical of neophobia and compulsive-like behavioral (Luhrs et al., 2016).

Molecular changes, as well as GABA-mediated neurotransmission, have been
largely studied for a better comprehension of different diseases. However, only a few
studies have determined the role of this inhibitory neurotransmitter after induction of
CM. For instance Kokwaro and collaborators (1997) have shown that the number of
binding sites (Bmax), but not binding affinity (Kd) of [3H]-Flunitrazepam, decreased in
infected rats at the 15" dpi. These results suggest that malaria may be associated
with decreased benzodiazepine activity at the peak of CM. The current study extends
these findings by showing a long-term (46th dpi) decrease of [3H]-Flunitrazepam

binding in mice cortex.

It has long been known that GABAergic system plays a crucial role in
development and propagation of seizures, and that changes in GABAA receptors,
with decrease in the number of receptors or their binding capacity, can contribute for
that (Gravielle, 2016). There are many possible causes involved in this
downregulation, such as reduction in its expression or desensitization, which may

occur due to phosphorylation of receptor specific residues or internalization
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(Gravielle, 2016). Consequently, impairment of the fast-inhibitory neurotransmission
mediated by GABA facilitates the appearance of seizures. Regarding this point, this
result seems in agreement with our recent report (Grauncke et al., 2016) in which we
demonstrated the increased susceptibility of mice infected with PbA to myoclonic and
tonic-clonic seizures induced by pentylenetetrazole (PTZ) after rescue from CM and
parasite clearance (46" dpi). Furthermore, a clinical study by (Ikumi et al., 2008) has
shown reduced anticonvulsant efficacy of diazepam in children with CM caused by P.
falciparum. Collectively, these data support the idea that GABAergic transmission is

impaired in acute cases as well as after resolution of CM.

Na*,K*-ATPase, another molecular target that is largely studied, is considered
to be a major regulator of brain excitability (Benarroch, 2011). Accordingly, changes
in its activity impair the fine-tuning regulation of synaptic transmission and play a
critical role in seizure generation (Rose et al., 2009). In the present study there was a
selective decrease the Na*,K*-ATPase isoforms containing a2 and/or a3 subunits,
which are located in astrocytes and neurons of the cerebral cortex, respectively
(Kinoshita et al., 2016). This is particularly interesting since it has been demonstrated
that a3 is the major isoform responsible for rapid extrusion of intracellular Na* in
situations of supra threshold neuronal activity, whereas a2 isoform of the
Na*,K*ATPase is critical to maintenance of astrocytic glutamate uptake (Azarias et
al., 2013, lllarionova et al., 2014). In this context, impairment of these activities
eventually cause plasma membrane potential depolarization and a large decrease of
glutamate uptake (Azarias et al., 2013, lllarionova et al., 2014). Thus, the
presentlyreported changes in a2/a3 Na*,K*-ATPase activities may help explain, at
least in part, the increased brain hyperexcitability and altered behavior which persist
after rescue of CM. Regarding the mechanisms underlying decreased Na* K*-
ATPase activity after CM, it has been known that modulation of enzymatic activity
may occur through a subunit Ser®*® phosphorylation, by the action of cAMP-
dependent protein kinase (PKA) (Cheng et al., 1997a, Cheng et al., 1997b). In fact,
Cheng and coworkers (1997b) found that the magnitude of phosphorylation at this
site linearly correlates with the decrease of enzyme activity. Our present results are in
agreement with this fact, since phosphorylation at Ser®* increased long-term after

CM, concomitantly to a decrease of Na*,K*-ATPase activity. In addition, these data is
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in line with the view that changes in neuronal cellular cascades may persist in the
brain of mice even after remission of CM (Maneerat et al., 2000, Dai et al., 2012,
Guha et al., 2014).

Superoxide radicals, hydrogen peroxide, hydroxyl radicals and lipids peroxide
are reactive oxygen species considered important mediators of brain injury, and are
released by recruited active monocytes and neutrophils, as a kind of host immune
system response for the malarial infection (Narsaria et al., 2012). The
hypoxiareoxygenation, caused by sequestration of parasitized red blood cells in
cerebral microvessels and free heme release by rupture of schizonts, produces
reactive oxygen species, that, along with cytokines and excitatory amino acids, lead
to protein insults and contributes with damage to brain cells (Hunt et al., 2006,
Narsaria et al., 2012). Oxidation of membrane proteins and lipids during severe
oxidative stress may contribute to other mechanisms of brain injury, such as
mitochondrial dysfunction, proteosomal dysfunction and inflammation (Dringen et al.,
2005, Patel, 2016). In our study, PbA-infected mice showed an increase in oxidative
stress in the hippocampus. This may lead to oxidative modifications of sensitive
targets such as Na*,K*-ATPase and GABAA receptors, may contributing to the
deficits seen in the nesting and burying tests. In addition, increased protein
carbonylation has been suggested to play a role in seizure activity (Patel, 2016).
Accordingly, compelling evidence has linked oxidative stress with tissue damage and
or with behavioral dysfunction in several neurological disorders models, including CM
(Reis et al., 2010).

Although there have been no histological changes in the hippocampus region
of PbA-infected mice at the 46™ dpi, these data is in accordance with other studies
that have demonstrated similar results (i.e. lack of significant histopathological
changes), including a model of mild murine malaria (Guha et al., 2014) as well as in
CM (Dai et al., 2010). Of note, in the study by Guha and colleagues (2014)
hippocampal microglia numbers increased, whereas a decline in progenitor turnover
and survival was observed at peak of parasitemia and returned to normal fifteen days

post-parasite clearance.

Summarizing, the present study shows that selected behavioral and

neurochemical parameters remain altered in the brain of mice even after successful
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antimalarial therapy. Interestingly, no gross histological changes were observed. The
increase of phosphorylated Na*,K*-ATPase at Ser®*® as well as the decrease in
benzodiazepine/GABAA binding may help to explain the behavioral alterations
showed in our study, as well as the susceptibility to seizures as previous work

presented (Grauncke et al., 2016).

Conclusions

In our work, we showed neurochemical and behavioral changes similar to that
observed in clinical patients after parasitemia clearance and CM recovery. However,
additional studies are necessary to evaluate whether the presently-reported
molecular mechanisms may constitute targets for neuroprotection and prevention of

neurological sequelae after cure of CM.
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Figures and Tables

Behavioral Parameters Control PbA-infected
Open field

Crossings 93.00 + 19.05 111.6 £ 25.52
Rearing responses 30.00 + 9.950 33.20 £ 9.346
Grooming responses 3.000 + 0.4082 3.200 + 0.3742
Time spent in center (%) 4.645 = 1.590 6.314 + 1.803
Rota-rod

Latency to fall (s) 189.0 £ 51.00 145.8 £ 48.08
Sucrose Preference

24 h consumption (%) 76.01 £6.274 77.27 £3.251
48 h consumption (%) 73.87 £2.144 78.27 £ 4.984
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Table 1. Effect of CM on selected behavioral parameters. Data are presented as
mean = S.E.M for control (n = 4) and infected (n = 5) groups. Statistical analyses

were performed with two-tailed unpaired Student’s t-test.
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Figure 1. Time course of CM development in C57BL/6 adult male mice. (A) Weight
percentage variation according to initial data value, (B) percentage of red blood
infected cells and (C) total individual behavior scores during chronic Plasmodium
berghei ANKA infection induced in C57BI/6 mice. Comparisons between infected (n =
25) and control (n = 15-18) group were significant by two-way ANOVA test, followed

by Fisher’'s LSD test when necessary, and * indicates p < 0.05.
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Figure 2. Effects of CM on natural behavior of C57BI/6 mice. (A) Nest building score
and (B) number of marble buried by C57BL/6 mice after infection recovery.
Comparisons between infected (n = 5) and control (n = 4) group were analyzed by

unpaired t test. Data are expressed as mean + SEM and * indicates p < 0.05.
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Figure 3. Determination of GABAA binding capacity through [*H]-Flunitrazepam. This
set of experiment was carried out in cerebral cortex of C57BL/6 mice after infection
recovery and analyzed as percentage of control group. Comparisons between
infected (n = 4) and control (n = 3) group were analyzed by unpaired t test. Data were

expressed as mean = SEM and * indicates p < 0.05.
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Figure 4. Determination of Na*,K*-ATPase content, specific Ser®*® phosphorylation
and enzyme activity. This set of experiment was carried out in cerebral cortex of
C57BL/6 mice after infection recovery and intended to evaluate (A) total, (B) a1 and

(C) a2/a3 Na*,K*-ATPase activities. Moreover, (D) total Na*,K*-ATPase a subunit,

(E) Na*,K*-ATPase a subunit phosphorylated at Ser®* and (F) ratio between p-Ser®+
and total content were measured. Comparisons between infected (n = 4-12) and
control (n = 4-6) group were analyzed by unpaired t test. Data were expressed as

mean £ SEM and * indicates p < 0.05.
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Figure 5. Expression of oxidative stress markers. Oxidative damage was assessed by

measuring protein Carbonyl (A and B) and protein-HNE (C and D) in hippocampus

and cerebral cortex, respectively, of C57BL/6 mice after malaria infection recovery.

Comparisons between infected (n = 6) and control (n = 6-8) group were analyzed by

unpaired t test. Data were expressed as mean + SEM and * indicates p < 0.05.
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Figure 6: Histological analysis of infected mice strain after CM recovery. FJC staining
(A, B and C), Timm staining (D, E and F) and IBA-1 immunoreactivity (G, H and 1)
were performed in hippocampus of non-infected controls (A, D and G), PbA-infected

(B, E and H) and pilocarpine-generated epileptic mice (positive control) (C, F and I).
FJC and Timm staining in PbA-infected mice, as well as, IBA-1 marker was
indistinguishable from non-infected controls. Arrows in panel F indicate typical

aberrant Timm staining in the dentate gyrus of epileptic mice.

4. CONCLUSAO

Conforme os resultados apresentados neste trabalho, € possivel inferir que
danos comportamentais persistem mesmo apds a eliminacdo do protozoéario da
circulagdo sanguinea e remissdo da doenca. Estes danos observados podem ser
relacionados com alteracdes bioquimicas e moleculares encontradas tanto em

amostras de cértex cerebral quanto de hipocampo de animais infectados.
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Os alvos de estudo do presente trabalho, os quais podem estar envolvidos no
desenvolvimento das sequelas relacionadas ao estabelecimento da MC, tais como
as alteragcbes comportamentais apresentadas aqui e a susceptibilidade a crises
convulsivas apresentadas em estudo prévio do nosso grupo (GRAUNCKE et al.,

2016) podem ser observados na figura 4.

Célula da Glia

Figura 4. Alvos bioquimicos e moleculares que possam estar envolvidos com o desenvolvimento das

sequelas observadas apds remissao da MC.

A partir da diminuicdo da capacidade de ligacdo dos receptores GABAA,
podemos concluir que, provavelmente, ha diminuicdo do efeito inibitério do
neurotransmissor GABA, permitindo, assim, um aumento da taxa de excitabilidade a
nivel de SNC. Além disso, o aumento da excitabilidade do sistema também pode
estar sendo influenciado pela diminuicdo da atividade da Na*,K*-ATPase,
especificamente nas subunidades a2/a3. Respectivamente, estas subunidades sao
responsaveis, como descrito anteriormente, pela recaptacdo do glutamato da fenda
sinaptica e manutencdo do potencial de ag¢do celular. Sendo assim, em conjunto,
estas vias levam ao aumento da excitabilidade do SNC, corroborando com achados
clinicos e experimentais que descrevem a ocorréncia de crises convulsivas mesmo

apos tratamento adequado com antimalarico.

Além disso, péde ser observado um aumento da expressdo de proteinas
carboniladas no tecido hipocampal dos animais que desenvolveram a malaria, uma
vez que a infeccao pode induzir a producéo exacerbada de EROs no tecido cerebral.
Estes achados no hipocampo podem ser relacionados com as alteracdes

comportamentais apresentadas neste estudo através da diminuicdo da taxa de
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construcdo de ninho e aumento da atividade dos animais no teste de Marble Burying.
Esta producéo exacerbada de EROs também pode estar relacionada as alteraces
observadas nos receptores GABAA e na Na*,K*-ATPase no cortex cerebral dos
animais com quadro de MC confirmado, contribuindo com o agravamento da doenca

através da hiperexcitabilidade do tecido que pode acentuar o estresse oxidativo.

Dessa forma, no presente trabalho foi possivel observar a ocorréncia de
alteracbes comportamentais e neuroquimicas similares aquelas relatadas em
pacientes mesmo apoés a eliminacéo dos parasitas e recuperacdo da MC. Entretanto,
mais estudos s&80 necessarios para avaliar se 0s mecanismos moleculares
reportados constituem novos biomarcadores de neuroprotecdo e prevencao de

sequelas neuroldgicas apés remisséo da doenca.
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COMISSAO DE ETICA NO USO DE ANIMAIS-UFSM

CARTA DE APROVAGAO

A Comissao de Etica no Uso de Animais-UFSM, analisou o protocolo de pesquisa:

Titulo do Projeto: "Estudo das alteragées eletrofisiologicas e bioquimicas precipitadas
pela malaria cerebral."

Numero do Parecer: 020/2014
Pesquisador Responsavel: Prof. Dr. Mauro Schneider Oliveira

Este projeto foi APROVADO em seus aspectos éticos e metodoldgicos. Toda e qualquer
alieragdo do Projeto, assim como os eventos adversos graves, dever&o ser comunicados
imediatamente a este Comité.

OBS: Anualmente deve-se enviar a CEUA relatdrio parcial ou final deste projeto.

Os membros da CEUA-UFSM nao participaram do processo de avaliagdo dos projetos
onde constam como pesquisadores.

DATA DA REUNIAO DE APROVAGAO: 07/05/2014.

Santa Maria, 07 de maio de 2014.

Corig  Jucia Jesn

Prof.? Dr.? Vania Lucia Loro
Vice-Coordenadora da Comissao de Etica no Uso de Animais- UFSM

Comissao de Etica no Uso de Animais - UFSM - Av. Roraima, 1000 - Prédio da Reitoria - 2° andar -
Campus Universitario 97105-900 — Santa Maria - RS - - Tel: 0 xx §6 3220 9362
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ANEXO B
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Journal: Neuroscience

Corresponding Author: Leandro Ribeiro
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Mauro S Oliveira

Title: Cerebral malaria causes enduring behavioral and molecular changes in mice brain without causing gross
histopathological damage
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An Open Researcher and Contributor ID (ORCID) is a unique digital identifier to which you can link your published articles
and other professional activities, providing a single record of all your research.

We would like to invite you to link your ORCID ID to this submission. If the submission is accepted, your ORCID ID will be
linked to the final published article and transferred to CrossRef. Your ORCID account will also be updated.

To do this, visit our dedicated page in EES. There you can link to an existing ORCID ID or register for one and link the
submission to it:

2= =

More information on ORCID can be found on the ORCID website, http://www.ORCID.org, or on our help page:

Like other Publishers, Elsevier supports ORCID - an open, non-profit, community based effort - and has adapted its
submission system to enable authors and co-authors to connect their submissions to their unique ORCID IDs.
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