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RESUMO

A criptococose € uma infeccdo fungica sistémica, predominantemente oportunista,
causada por leveduras encapsuladas do género Cryptococcus. As infeccdes por
Cryptococcus neoformans sdo comuns em nivel mundial, e as formas graves sdo
observadas nos pacientes imunocomprometidos. A principal fonte de infeccdo da
criptococose sdo fezes de passaros (principalmente pombos) contaminadas com o fungo,
sendo a inalacdo de basididsporos a principal via de infeccdo. O estabelecimento e a
propagacdo da infeccdo sdo altamente dependentes da imunidade do hospedeiro, sendo
0 sistema imune celular o mecanismo primario de defesa do organismo contra C.
neoformans. Nos ultimos anos tém-se descrito outros elementos como ativadores e
moduladores da resposta imune, destacando o sistema purinérgico e 0 sistema
colinérgico. Desta maneira, este estudo buscou avaliar a influéncia da criptococose
experimental sobre a atividade do sistema purinérgico e colinérgico, através de trés
objetivos: (1) avaliar a atividade da ecto-difosfoidrolases (E-NTPDase) e ecto-
adenosina deaminase (E-ADA) em linfécitos e soro; (2) atividade da acetilcolinesterase
(AChE) no cérebro e linfdcitos, e butirilcolinesterase (BChE) no soro; e (3) avaliar 0s
niveis de purinas no soro. Os resultados da avaliacdo do sistema purinérgico
demonstraram que a hidrdlise do trifosfato de adenosina (ATP) e difosfato de adenosina
(ADP) foram diminuidas, bem como a atividade da E-ADA também esteva diminuida.
Em relagdo a dosagem das colinesterases, observou-se um aumento na atividade da
AChE nos linfécitos e no cérebro, e diminuicdo da BChE. Na dosagem do nivel de
purinas no soro, verificou-se um aumento nos niveis de ATP e adenosina (ADO) no dia
20 pos-infeccdo (PI), aumento de ATP e diminui¢do da ADO, inosina e acido urico no
dia 50 PI. A avaliacdo da atividade da E-NTPDase e E-ADA levou a conclusao de que
seus comportamentos hidroliticos seriam compensatorios enquanto a E-NTPDase teria
uma acdo pré-inflamatéria a E-ADA teria uma acdo anti-inflamatéria, gerando
mecanismo de protecdo contra danos teciduais secundarios, possivelmente gerados
respostas exacerbadas a infeccdo por C. neoformans. Adicionalmente, os dados da
atividade da AChE, em amostras correspondentes, comprovaram o estabelecimento de
uma resposta pro-inflamatoria, corroborando com a hipotese da necessidade de um
mecanismo de modulagdo. Por fim, observou-se um aumento nos niveis extracelulares
de ATP caracterizando uma resposta pro-inflamatéria. Desta forma, foi possivel
observar que existe uma participacdo direta dos sistemas purinérgico e colinérgico na
imunomodulacgdo da criptococose experimental, contribuindo para a instalagédo de uma
resposta imune celular adequada para combater a proliferacdo da levedura, e um
mecanismo de reducéo de danos teciduais associados a resposta imune exacerbada.

Palavras-chave: Cryptococcus neoformans, enzimas, sistema purinérgico, sistema
colinérgico.



ABSTRACT

Cryptococcosis is a systemic fungal infection predominantly opportunistic, caused by
encapsulated yeast from Cryptococcus genus. Cryptococcus neoformans infections are
common worldwide, and the severe forms are observed in immunocompromised
patients. The main source of cryptococcosis infection are bird droppings (especially
pigeons) contaminated with the fungus, and the inhalation of basidiospore is the main
route of infection. The establishment and spread of infection are highly dependent of the
host immunity, and the cellular immune system is the primary mechanism for defense
against C. neoformans. In recent years it has been described other elements as
activators and modulators of the immune response, highlighting the purinergic and the
cholinergic system. Thus, this study aimed to evaluate the influence of experimental
cryptococcosis on the activity of purinergic and cholinergic systems through three
objectives: (1) to evaluate the activity of the ecto-diphosphohydrolases (E-NTPDase)
and ecto-adenosine deaminase (E-ADA ) in lymphocytes and serum; (2) the activity of
acetylcholinesterase (AchE) in the brain and lymphocytes, and butyrylcholinesterase
(BChE) in serum; and (3) evaluate the serum levels of purines. The results of the
evaluation in the purinergic system demonstrated that the hydrolysis of adenosine
triphosphate (ATP) and adenosine diphosphate (ADP) was decreased as well as the E-
ADA activity. For the dosage of the cholinesterase, there was an increase in AChE
activity in lymphocytes and in the brain, and a decreased in BChE. The measurement of
serum purine level demonstrate an increase in the levels of ATP and adenosine) on day
20 post-infection (PI1), an increased in ATP and decreased in ADO, inosine and uric
acid on day 50 PI. The assessment of the E-NTPDase and E-ADA activity led the
conclusion that their hydrolytic behavior would be compensatory while the E-NTPDase
would have a pro-inflammatory action, E-ADA would have an anti-inflammatory
action, generating protective mechanism against secondary damage tissue, producing
possibly exacerbated responses to C. neoformans infection. In addition, data of AChE
activity in corresponding samples confirmed the establishment of a pro-inflammatory
response, corroborating the hypothesis of the need for a modulation mechanism.
Finally, there was an increase in extracellular levels of ATP featuring a pro-
inflammatory response. In this way, it was observed a direct involvement of the
purinergic and cholinergic systems in immunomodulation of experimental
cryptococcosis, contributing to the installation of an immune cell response suitable to
combat the proliferation of yeast, and a reduction mechanism of tissue damage
associated with response immune exacerbated.

Keywords: Cryptococcus neoformans, enzymes, purinergic system, cholinergic system.
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de dois
artigos cientificos publicados em revistas cientificas e um artigo submetido para
publicacdo. A discussdo traz um apanhado destes artigos, com suas interpretacfes
discutidas sob um ponto de vista que buscou estabelecer uma conectividade entre os
objetivos e resultados obtidos nos artigos que compuseram as bases cientificas desta
tese.

As REFERENCIAS BIBLIOGRAFICAS se referem somente as citacdes que
aparecem nos itens INTRODUCAO, REVISAO BIBLIOGRAFICA e DISCUSSAO

desta tese.
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1 INTRODUCAO

As infeccBes fangicas oportunistica tm aumentado drasticamente nas Gltimas
décadas, tendo se tornado uma importante causa de mortalidade entre os pacientes
acometidos por estas patologias (VITALE et al., 2012). O problema geralmente se
agrava ainda mais em pacientes imunossuprimidos, que sd8o mais susceptiveis ao
desenvolvimento infeccBes de flangicas sistémicas (SABLE et al., 2008; ESPINEL-
INGROFF, 2009).

A criptococose ¢ uma enfermidade micética sistémica, que acomete o0 sistema
respiratério do homem, animais domésticos e silvestres, podendo disseminar-se para o
sistema nervoso central (SNC), olhos, pele e outros érgdos. O estabelecimento e a
disseminacéo desta infeccao sdo altamente dependentes da imunidade do hospedeiro, 0s
imunocomprometidos sdo mais afetados, embora a doenca também ocorra em pacientes
higidos (NEGRONI, 2012).

A instalacdo de diversos patdgenos em humanos e animais provoca 0
desenvolvimento de uma resposta imunolégica na tentativa de controlar estes agentes
infecciosos (ABBAS & LICHTMAN, 2005). O sistema de sinalizacdo purinérgica
desempenha um importante papel na modulacdo da resposta imunoldgica inflamatéria
através de biomoléculas extracelulares, como os nucleotideos da adenina (adenosina
trifosfato (ATP), adenosina difosfato (ADP) e adenosina monofosfato (AMP)) e seus
derivados, os nucleosideos da adenosina. Também outras purinas conhecidas como
inosina, hipoxantina, xantina e acido Udrico influenciam na resposta inflamatoria
(ZIMMERMANN, 2000; RALEVIC & BURNSTOCK, 2003).

Essas biomoléculas, em condi¢bes fisioldgicas, sdo metabolizadas a fim de
manter seus niveis extracelulares em concentragbes normais. Para isto, existe um
sistema constituido por enzimas ancoradas a membrana plasmatica das células, como
plaquetas, linfocitos e células endoteliais, denominadas ectoenzimas. Fazem parte desse
sistema as enzimas ecto-nucleosideo trifosfato difosfohidrolase (E-NTPDase) e ecto-
adenosina deaminase (E-ADA), responsaveis pela regulacdo dos niveis de ATP e ADP
(E-NTPDase) e de adenosina (E-ADA) (YEGUTKIN, 2008). A alteracdo na atividade
destas enzimas tem sido descrita em varias condi¢cdes patoldgicas, assim como em
modelos experimentais, sugerindo que elas podem ser um importante parametro de
diagnostico patoldgico (BURNSTOCK, 2007).
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Elevadas concentracGes de nucleotideos da adenina podem ser encontradas no
meio extracelular, esta informagdo pode ser interpretada como um dano ou estimulo da
proliferacdo célular por acdo de patdégenos (BURNSTOCK, 2006; DESROSIERS et al.,
2007). Diversos estudos mostram que os nucleotideos, ATP e ADP, secretados por
linfocitos, leucocitos, plaquetas e células endoteliais danificadas, servem como
mediadores capazes de modular o processo de inflamacdo e trombose vascular
(RALEVIC & BURNSTOCK, 1998). A adenosina, que é um metabdlito da degradacao
de nucleotideos da adenina, desempenha funcbes importantes como efeitos
neuromodulatérios, regulacdo de processos inflamatérios, inibicdo da agregacdo
plaquetéria e vasodilatacdo, sendo considerado também um agente cardioprotetor (ELY
& BERNE, 1992; SOSLAU & YOUNGPRAPAKORN, 1997; BOROWIEC et al.,
2006).

O sistema colinérgico é uma das mais importantes vias modulatérias do SNC
(DESCARRIES et al., 1997; PERRY et al., 1999). A sinalizacdo colinérgica também esta
notavelmente envolvida em a¢fes anti-inflamatérias (BOROVIKOVA et al., 2000, DAS,
2007). A acetilcolina (ACh) é o neurotransmissor das sinapses e juncdes neuroefetoras
colinérgicas dos SNC e sistema nervoso periférico (SNP), possuindo um papel crucial no
SNC, associado com funcbes cognitivas, processamento de informagdes sensoriais,
organizacdo cortical do movimento e controle do fluxo sanguineo cerebral (SCREMIN et
al., 1997). Os niveis de ACh sdo controlados pela acdo das enzimas acetilcolinesterase
(AChE) e butirilcolinesterase (BChE) (DAJAS-BAILADOR & WONNACOTT, 2004),
presentes em tecidos colinérgicos e ndo colinérgicos, assim como no sangue e outros fluidos
corporais.

A criptococose possui grande importancia na salide humana e animal, é
conhecida a sua habilidade de estimular as respostas imunoinflamatérias e a capacidade
de colonizar 6rgdos e tecidos, estudos que buscam aprofundar os conhecimentos
correlacionando esses aspectos sdo de extrema valia. Neste sentido, buscou-se
estabelecer a participagdo dos sistemas purinérgico e colinérgico na criptococose
experimental, em relacdo & modulagdo dos processos imunoinflamatorios. Os resultados

obtidos em todos 0s estudos serdo expostos e discutidos no decorrer desta tese.
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2 REVISAO DE LITERATURA

2.1 Agente Etiologico

2.1.1 Histdrico e classificacao

Cryptococcus neoformans é uma levedura encapsulada que causa criptococose,
uma infeccdo fungica de distribuicdo mundial, que acomete animais e humanos. Este
fungo foi isolado inicialmente no final do século XIX por Busse e Buschke em 1894. O
relato descreve o caso de uma mulher de 31 anos de idade com uma leséo da tibia. Nesta
ocasido o fungo isolado foi chamado de Saccharomyces hominis. No mesmo ano
Sanfelice, a partir de suco de péssego, também conseguiu isolar esta mesma levedura
encapsulada denominando-a de Saccharomyces neoformans (BARNETT, 2010). Em
1895, Curtis relatou na Franca o segundo caso de criptococose, isolando esta levedura
de uma lesdo de quadril e denominando-a de Saccharomyces subcutaneos tumefaciens
(HEITMAN et al., 2011).

Vuillemin, em 1901, reclassificou os isolados de Busse, Bushcke e Sanfelice
colocando-os no género Cryptococcus baseado na inabilidade do mesmo em fermentar
fontes de carbono e na incapacidade de formar ascosporos, que caracteriza as espécies
do género Saccharomyces. Frothinham em 1902 reconheceu a patogenicidade da
levedura através da lesdo pulmonar em um cavalo nos Estados Unidos, similar ao fungo
isolado por Busse e Buschke; com esses achados, foi comprovada a patogenicidade
desta levedura, tanto para humanos quanto para animais (BARNETT, 2010).

A primeira metade do século XX marcou a consolidacéo de C. neoformans como
uma levedura patogénica. Em 1935, Benham estudando varios isolados recuperados de
humanos, incluindo aqueles obtidos por Busse, Curtis e Sanfelice, agrupou-os dentro do
género Cryptococcus spp. Continuando seus estudos, Benham, em 1950, propbs a
denominacdo C. neoformans para referir & forma imperfeita da levedura permanecendo
apos estudos realizados por KURTZMAN & FELL (1998).

Até a década de 1980, a criptococose era rara, assim como 0s estudos sobre este
fungo. A partir deste momento, com o surgimento da sindrome da imunodeficiéncia
adquirida (AIDS), bem como maior disponibilidade e utilizacdo de farmacos e
tratamentos imunossupressores, houve um aumento na incidéncia da criptococose

(NEGRONI, 2012). Neste periodo os isolados de C. neoformans eram classificados em
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trés variedades, C. neoformans variedade neoformans, C. neoformans variedade grubii e
C. neoformans variedade gattii.

Atualmente, o género Cryptococcus apresenta duas espécies patogénicas, C.
neoformans e C. gattii que séo classificadas em cinco sorotipos capsulares: A, D, AD, B
e C, baseados nas reacOes de aglutinagdo dos antigenos dos polissacarideos presentes na
capsula (HEITMAN et al., 2011). C. neoformans possui duas variedades, var. grubii e
var. neoformans, com sorotipos A, D e hibrido AD. A espécie C. gattii corresponde aos
sorotipos B e C (NEGRONI, 2012). C. neoformans é amplamente distribuido na
natureza, especialmente em excrementos e ninhos de aves e casca de arvore; enquanto
que a principal fonte de infec¢do de C. gattii sdo as folhas, cascas e frutos de arvores.
Além dos cinco sorotipos capsulares, o complexo de espécies também foi dividido em
nove distintos tipos moleculares com base em estudos das sequéncias de DNA,
analisadas por RAPD (random amplified polymorphic DNA), AFLP (Amplified
Fragment Length Polymorphism), RFLP (Restriction Fragment Length Polymorphism)
e MLST (Multilocus Sequence Typing). O complexo C. neoformans e C. gattii esta em
constante discussao, a divisao atualmente aceita pode ser observada na Figura 1 (LIN &
HEITMAN, 2006).

Serotypes Molecular types
VNI
Serotype A :“—_—:
var. grubii VNII
VNB

Cryptococcus neoformans .
AD hybrid ——————— VNI

18.5 Mya
Serotype D
Cryptococcus var. neoformans VNIV
neoformans
species complex
37 Mya
Serotype B Val
Cryptococcus gattii Vel
9.5 Mya VGl
Serotype C VGIV

FIGURA 1- Evolugdo do complexo de espécies C. neoformans. As linhas sélidas e tracejadas indicam a
prevaléncia do respectivo sorotipo em cada tipo molecular (LIN & HEITMAN, 2006).
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Mundialmente os tipos moleculares VNI e VGI predominam como agentes da
criptococose (MEYER et al., 2003; BOEKHOUT et al., 2001). Isolados clinicos e
ambientais no Brasil mostram consideravel diversidade genética de ambas as espécies,
sendo o tipo molecular mais comum o VNI (64%), sequido por VGII (21%), VNII
(5%), VGIII (4%), VGI e VNIV (3% cada), e VNIII (<1%) (TRILLES et al., 2008). A
regido sul do Brasil apresenta como tipo molecular predominante VNI, atingindo,
sobretudo pacientes imunocomprometidos, principalmente com AIDS (IGREJA et al.,
2004, MATSUMOTO et al., 2007). Diferentemente, no norte o agente mais comum € o
tipo VGII sorotipo B, causando doenga principalmente em pacientes imunocompetentes.
O mesmo tipo molecular VGII foi o responsavel pela epidemia no Canada, identificado
na grande maioria dos isolados clinicos humanos, veterinarios e ambientais (STEPHEN
etal., 2002).

2.1.2 Caracteristicas da levedura

Cryptococcus spp. € uma levedura que microscopicamente se apresenta na forma
arredondada e ovalada, com diametro variando de 3 a 7 um de didmetro. Possui uma
capsula de polissacarideos complexos que varia de 1-30 um de espessura, altamente
antigénica, sendo um importante fator de viruléncia, responsavel por diversos efeitos
inibitdrios sobre a resposta imune (GAZZONI et al., 2008; MCFADDEN et al., 2006).
As colbnias de Cryptococcus spp. sdo cremosas ou gomosas de consisténcia mole, lisa
de cor branca, creme ou marrom, geralmente apresentando crescimento rapido
(HEITMAN et al., 2011).

2.1.3 Fatores de viruléncia

A patogenia da criptococose € determinada pela expressdo de fatores de
viruléncia, dentre estes, podemos destacar: a formacdo de pigmentos melaninicos,
presenca de uma cépsula polissacaridica e termotolerancia a 37°C (HEITMAM et al.,
2011). Estes fatores s@o regulados através de um controle genético, ou seja, varios genes
estdo envolvidos na capacidade do fungo em causar doenca e garantir sua sobrevivéncia
na natureza (ROSA & SILVA et al., 2008).

O género Cryptococcus segue a regra geral do Reino Fungi de que a maioria

destes micro-organismos € incapaz de crescer a temperatura encontrada nos hospedeiros
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mamiferos. A tolerancia de C. neoformans e C. gattii a temperatura corpérea (37°C) é
uma pré-condicdo para o estabelecimento da doenca em humanos e animais (LIN,
2009). No entanto, outras espécies como C. laurentii, C. albidus, C. adeliensis e C.
curvatus tem sido ocasionalmente relatada como causa de infeccdo para humanos
(CHAYAKULKEEREE & PERFECT, 2006; VIVIANI & TORTORANO, 2009). O
desenvolvimento desta levedura em condi¢bes de temperatura elevada tem sido
associado a varios genes, gque estdo envolvidos na manutencdo da parede celular, na
resposta ao estresse e no metabolismo oxidativo (NICHOLS et al., 2007). Estudos tém
demonstrado que a manipulacdo destes genes pode resultar em perda completa ou
atenuacéo da viruléncia destas cepas em modelos experimentais (PERFECT, 2006).

C. neoformans e C. gattii produzem uma enzima chamada fenoloxidase, a partir
da qual é possivel sintetizar um pigmento melaninico que tem funcéo antioxidante e
antifagocitica (HEITMAN et al., 2011). Quando a levedura é circundada pela melanina
esta € capaz de neutralizar grandes porcGes de oxidantes produzidos pelo estimulo de
macrofagos. A melanina é sintetizada a partir de precursores como dopamina,
norepinefrina e epinefrina (EISENMAN et al., 2007). O cérebro €é rico em substratos
para fenoloxidase, tais como a dopamina, e esta poderia ser a responsavel pelo tropismo
deste micro-organismo pelo sistema nervoso. Além disso, ha evidéncias de que no
cérebro ocorra limitada acdo de linfécitos T, o que ocasionaria um atraso no
desenvolvimento da resposta inflamatoria no tecido cerebral em relacdo a outros 6rgaos
(KON et al., 2008). A melanina também interfere na acdo e eficdcia dos agentes
antimicrobianos e antifingicos utilizados no tratamento da criptococose. Este pigmento
neutraliza a atividade de neutrofilos defensivos e limita avidamente drogas antiflngicas
amplamente usadas no tratamento de infec¢bes fungicas graves (SABIITI & MAY,
2012).

A capsula de Cryptococcus spp. € uma estrutura presente na superficie da
levedura, composta majoritariamente por dois polissacarideos, glucuronoxylomanana
(GXM) e galactoxylomanana (GalXM), assim como por manoproteinas. Essa estrutura
que é essencial para a viruléncia também auxilia no processo de identificacdo rapida e
diagnostico da meningite criptocdcica, sendo a base do método classico com tinta da
China (ZARAGOZA et al., 2009). O tamanho da cépsula é variavel, ou seja, essa
estrutura possui a habilidade de alterar a sua dimensdo, isso pode ocorrer entre
diferentes cepas, mas também em uma mesma cepa, dependendo de condigdes

ambientais como a presenca de fosfolipidios, CO, e disponibilidade limitada de ferro
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(O'MEARA & ALSPAUGH, 2012). Dentro de algumas horas apds a infeccdo o
aumento da cépsula é visivel e a viruléncia é ressaltada por meio das propriedades
capsulares. J& no seu isolamento direto do ambiente a cdpsula apresenta tamanho
reduzido (DAMBROS, 2005).

Os polissacarideos capsulares inibem a fagocitose, consomem o complemento,
absorvem e neutralizam as opsoninas. A capsula torna a ingestdo da levedura pelos
fagocitos do hospedeiro extremamente ineficaz na auséncia de opsoninas (HETIMAN et
al.,, 2011). Estirpes com maior producdo de cépsula sdo menos fagocitadas por
macrofagos, além de proteger o fungo do estresse oxidativo pelo sistema imune e
também contra a acdo de medicamentos (ZARAGOZA et al., 2009; CORDOBA et al.,
2011). Aléem dessa funcédo protetora, a capsula tem funcdes ofensivas. Os carboidratos
capsulares também secretados pelo fungo para o meio alteram a atividade de linfocitos
T e macréfagos e diminuindo a efetividade da resposta imune do hospedeiro
(VECCHIARELLI, 2007).

Além dos trés fatores classicos abordados, outros potenciais determinantes da
viruléncia do género Cryptococcus sdo investigados. Estudos realizados em modelos
experimentais in vivo com cepas de Cryptococcus spp. que apresentam o gene da urease
nulo mostram reduzida viruléncia (COX et al.,, 2000). Também as fosfolipases
demonstram ser importante fator de viruléncia de Cryptococcus spp., uma vez que, séo
capazes de hidrolisar cadeia de ésteres degradando a membrana celular e levando a lise
da célula (MA & MAY, 2009).

2.2 Criptococose

Criptococose ¢ uma infecgdo flngica com distribuicdo geografica universal, que
acomete principalmente o sistema respiratorio e 0 SNC de humanos e animais
(NEGRONI, 2012). As principais espécies do género Cryptococccus causadoras da
doenca sdo C. gattii e C. neoformans, sendo esta Ultima espécie a mais frequentemente
isolada independente da regido geogréafica e do sitio de infeccdo (FAVALESSA et al.,
2009). C. neoformans var. grubii é a espécie mais comum e responsavel por mais de
80% de todas as infec¢des criptocdcicas, alem disso, € o0 agente etiolégico em 99% das
infeccdes em pacientes com AIDS (CASADEVALL & PERFECT, 1998). No Brasil,
C. neoformans foi responsdvel por 50% dos casos de morte devido a micoses
oportunisticas em pacientes com AIDS entre 1996 a 2006 (PRADO et al., 2009).
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C. neoformans ocorre em diversos substratos orgénicos, sendo frequentemente
isolado da excreta dessecadas de aves, especialmente dos pombos urbanos (Columba
livia domestica) (KON et al., 2008). A porta de entrada para Cryptococcus spp. é
primariamente a inalacdo de basidiésporos do ambiente acometendo a via respiratoria
(Figura 2). A criptococose pulmonar pode variar desde formas assintomaticas a quadros
sintomaticos de pneumonia com sinais como dor no peito, tosse, febre e até mesmo
perda de peso (CHAYAKULKEEREE & PERFECT, 2006). A infeccdo também pode
ocorrer por inoculacéo direta nos tecidos ou por meio de transplantes ou trauma na pele
(PERFECT & CASADEVALL, 2002; IDNURM, 2010). Ap6s a penetracdo no
organismo do hospedeiro suscetivel, os fungos podem produzir doenga aguda ou latente.
As manifestacdes iniciais da doenca sdo provavelmente controladas pela quantidade do
indculo, o estado imune do hospedeiro e a viruléncia da cepa (MORETTI et al., 2008).

Esta levedura apresenta tropismo pelo SNC promovendo a colonizacdo do
mesmo, essa invasdo ocorre por via hematdgena (SILVA et al., 2006). Outros tecidos
também podem ser afetados, especialmente em individuos acometidos pelo virus da
AIDS ou em terapia imunossupressora drastica (MITCHELL & PERFECT, 1995), tais
como: pele, pulmdes, prostata, trato urinério, olhos, miocérdio, ossos e articulagdes
(CHAYAKULKEEREE & PERFECT, 2006).
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FIGURA 2- Ciclo de infec¢do de Cryptococcus (ambiente e hospedeiro). Adaptado de LIN & HEITMAN
(2006).

J& em hospedeiros imunocompetentes, a imunidade humoral € ativada e a doenca

normalmente é contida na forma de um granuloma pulmonar, sendo que a infec¢éo pode
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tornar-se latente e ser reativada quando o hospedeiro torna-se imunossuprimido
(STEENBERGEN & CASADEVALL, 2003). Investigacbes soroldgicas mostram a
presenca de anticorpos contra C. neoformans em pessoas sem historia clinica,
demonstrando que o desenvolvimento da doenca é menos frequente que a infeccédo
(MORETTI et al., 2008).

2.2.1 Resposta imunoldgica do hospedeiro

Tanto o sistema imune inato quanto o sistema imune adaptativo protegem o
hospedeiro de uma infeccdo por Cryptococcus spp. A imunidade celular é determinante
na defesa dos pacientes contra a infeccdo pelo C. neoformans. O pulméo € a porta de
entrada para este patdgeno, sendo os macrofagos alveolares capazes de inibir e destruir
o fungo. No recrutamento de macréfagos as células CD4" tém um importante papel,
porém, esta é a principal populacdo de células ndo funcionais em pacientes com AIDS,
0 que os torna mais suscetiveis a criptococose (ZHOU & MURPHY, 2006). A
imunidade celular contra patdgenos intracelulares requer a presenca de interferon gama
(IFNYy), fator de necrose tumoral alfa (TNFa), interleucina 2 (IL-2), interleucina 12 (IL-
12) e auséncia de interleucina 4 (IL-4), interleucina 10 (IL-10) e interleucina 13 (I1L13)
(OLSZEWSKI et al., 2010). Alteracdes nas celulas T e também nas células dendriticas
tém sido identificadas como um fator predisponente para as formas mais graves da
criptococose, com rapida progressao e disseminacdo (ZHOU & MURPHY, 2006).

Em paciente com AIDS ha uma diminuicdo progressiva da imunidade celular em
consequéncia da diminuicdo ou alteracdo do funcionamento de linfdcitos T, o que leva a
disfuncéo do sistema linfocitico-fagocitario, favorecendo o aparecimento de infec¢des
fangicas oportunistas. A incapacidade de mondcitos de individuos com AIDS em
internalizar C. neoformans € a provavel causa da progressdo da criptococose nestes
individuos (MONARI et al., 1997). O virus da AIDS determina multiplos efeitos na
resposta imune ao fungo como o distarbio na producédo de citocinas, queda na resposta
Th1, queda da atividade anti-Cryptococcus spp. de mondcitos e macréfagos alveolares
com reducéo na producéo de peroxido de hidrogénio (H,O,) (PIETRELLA et al., 2001;
PIETRELLA et al., 2004).

O mecanismo de defesa do hospedeiro contra C. neoformans em infeccdo do
SNC aparentemente é similar ao dos pulmdes, via resposta Thl mediada por células
efetoras (HUFFNAGLE & McNEIL, 1999). O papel da resposta Thl também é
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reforcado em pacientes que sobreviveram a neurocriptococose. Estes individuos
apresentam niveis mais elevados de IL-6, IFN-y e IL-8 no liquido cefalorraquidiano
(LCR) do que os pacientes que foram a obito (SIDDIQUI et al., 2005). Além disto, a
interacdo de C. neoformans com as células NK inibe a producdo de citocinas como o
fator de estimulacdo de coldnias de macrofagos e granuldcitos (GM-CSF) e TNF-a
(MURPHY et al., 1997; BLACKSTOCK & MURPHY, 2004).

Em modelos experimentais existe uma baixa producéo de TNF-a apés a infeccao
por C. neoformans, o que poderia explicar o aumento observado na producéo de IL-4,
IL-5 e IL-10 (HERRING et al., 2005). Animais deficientes na produgéo de IL-12 e IL-6
apresentam maior suscetibilidade a infeccdo por C. neoformans, em contraste com
animais deficientes em IL-10, que sdo mais resistentes. Estes dados reforcam a hipotese
de que as citocinas Thl contribuem para a resisténcia natural contra a infeccdo pela
levedura (CHEN et al., 2005; LINDELL et al., 2005). Em contraste, a imunidade
mediada por citocinas Th2 contribuem para o progresso da infecc¢do, inibindo a
propagacdo das células T (OLSZEWSKI et al., 2010). Todavia, a resposta mediada por
anticorpos contra C. neoformans parece depender das associagdes entre citocinas Thl e
Th2 (BEENHOUWER et al., 2001). A resposta do tipo Th17 vem sendo estudada e
caracterizada, porém, os primeiros estudos demonstram que ela colabora na prevencéao
da criptococose, visto que, ela aciona macréfagos e impede a proliferacdo intracelular
da levedura (ANTACHOPOULOS & WALSH, 2012).

A habilidade de C. neoformans em causar doenca depende do tipo de ativacdo de
macréfagos. Durante o inicio do processo de infeccdo, células T produzem citocinas
ativadoras de macréfagos com formacdo de granuloma e destruicdo do fungo
intracelular ou contido no estado de dorméncia (FELDMESSER et al., 2001). Nos
individuos com imunidade celular debilitada, C. neoformans cresce intracelularmente,
podendo lisar o macrofago (reativacdo da disseminacdo) com a liberagdo do micro-
organismo que pode entdo infectar outros fagocitos, promovendo o crescimento do
fungo (proliferacdo) (MCQUISTON & WILLIAMSON, 2012).

C. neoformans também é capaz de crescer extracelularmente, evadindo da
fagocitose através da producdo de fatores especificos que bloqueiam a sua adesdo e
internalizacdo pela célula fagocitica, incapacitando 0 reconhecimento e o
desenvolvimento da resposta pelo sistema imune do hospedeiro (DEL POETA, 2004).

Desta forma, C. neoformans é capaz de sobreviver e replicar-se intra e
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extracelularmente, aumentando a dindmica de contato com o sistema imune do
hospedeiro (HEITMAN et al., 2011).

2.2.2 Criptococose em animais

A criptococose tem sido citada numa grande variedade de animais domesticos,
porém dados desta infeccdo ainda sdo escassos quando comparados com humanos
(HEITMAN et al., 2011). Os animais domesticos, assim como 0 homem, apresentam a
criptococose associada a fatores predisponentes tais como diabetes, intervencdes
cirargicas, neoplasias e tratamentos com glicocorticoides. O virus da imunodeficiéncia
felina (FIV) da leucemia felina (FeLV) sdo fatores predisponentes da criptococose em
gatos (TABOADA et al., 2005). A criptococose ja foi descrita em cdes, gatos
(BOWLES & FRY, 2009; O’BRIEN et al., 2004, MARTINS et al., 2010) equinos
(KOMMERS et al., 2005), bovinos (RIET-CORREA et al., 2011), caprino (CHAPMAN
et al., 1990), ovino (SILVA et al., 2009), passaros (RASO et al., 2004), macaco
(HELKE et al., 2006), coala (KROCKENBERGER et al., 2003), boto (STEPHEN et
al., 2002) e furdo (WYRE et al., 2013).

Em felinos, os sinais clinicos sdo caracterizados pela formacao de exsudato nasal
e ocular, cegueira, incoordenacao, febre, tosse, tumefacdo da cavidade nasal e faringea
por invasdo de C. neoformans ou C. gattii, formando massas expansivas semelhantes as
neoplasias, com posterior penetracdo na cavidade craniana e nervos 6ticos. Alguns gatos
podem apresentar apenas infeccdo crbnica de dificil tratamento (PEREIRA &
COUTINHO, 2003). Nao ha confirmacdo de que haja predisposicdo quanto a idade,
Sexo ou raga, ainda que alguns estudos apontem uma maior ocorréncia para gatos
machos, na faixa de dois a trés anos e da raga siamés (MALIK et al., 2006).

A criptococose canina geralmente afeta o cérebro, as meninges e 0s seios
paranasais, ocasionando incoordenacdo, movimentos em circulos, rotacdo da cabeca,
mudanca de hébito, hiperestaxia e exsudacdo nasal (MARCASSO et al., 2005).
Também pode ocorrer a formacao de granulomas subcuténeos. Na necropsia, observa-se
inflamacdo mucopurulenta dos seios paranasais, cavidade nasal, no cérebro e meninges
(O’BRIEN et al., 2004).

Em equinos, a infec¢do por C. neoformans tem sido associada principalmente a

rinite e meningite, mas também pode apresentar quadros de encefalite e pneumonia
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(RILEY et al., 1992; KOMMERS et al., 2005; ZOPPA et al., 2008). J& em bovinos, a
criptococose € rara e esta associada @ meningoencefalite (RIET-CORREA et al., 2011).

Assim como em humanos, as duas espécies mais comuns relatadas em furfes séo
C. neoformans e C. gattii. Esta espécie animal vive perto do chdo e passa a maior parte
do seu tempo ativo, cheirando superficies para investigar seu ambiente (BROWN,
2004). Isto os torna propensos a entrar em estreito contato com matéria organica em
decomposicéo, principal tipo de substrato onde as células de Cryptococcus spp. podem
ser encontradas (BOVERS et al., 2008). Os sinais clinicos apresentados por furdes com
criptococose podem variar de acordo com o sistema do 6rgéo afetado. Geralmente séo
bastante similares aos relatados em cées e gatos, e incluem sistema respiratorio, ocular,
neuroldgico e sinais gastrointestinais, bem como a ocorréncia de morte aguda (WYRE
etal., 2013).

O coala (Phascolarctos cinereus), um marsupial arbéreo da Oceania é outro
animal de extrema importancia para o desenvolvimento da criptococose, esta espécie
tem por caracteristica obter seu alimento e abrigar-se em arvores de eucalipto, local de
forte associacdo ao C. gattii. Estudos de patologia nesses animais revelam que a
criptococose causa aproximadamente 3% da morte nesta espécie animal, tornando-se
um modelo natural para estudos sobre a patogenia e epidemiologia desta doenca
(KROCKENBERGER et al., 2003).

2.2.3 Diagnostico

O diagndstico da criptococose, tradicionalmente, baseia-se nos aspectos clinicos
da doenca, na observacdo das leveduras encapsuladas pelo exame microscépico direto,
no isolamento da levedura em cultivo, provas bioquimicas e na detec¢do do antigeno
capsular no sobrenadante de diversos fluidos, incluindo soro e LCR através da
aglutinacdo de particulas de latex (PERFECT & CASADEVALL, 2002;
CHAYAKULKEEREE & PERFECT, 2006). Os tecidos e materiais utilizados para o
diagnostico sdo: soro, liquor, liquido pleural, linfa, amostras de nddulo linfatico, pele e
pulméo (BIANCHI et al., 2000).

O exame microscopico direto é realizado usando tinta de nanquim ou
microscopia de contraste. E importante levar em consideracio que no LCR as leveduras

ndo viaveis mantém a mesma morfologia das viaveis podendo ser visto durante varios
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meses depois do sucesso do tratamento (CHAYAKULKEEREE & PERFECT, 2006;
VIVIANI & TORTORANO, 2009). Ja o cultivo pode ser efetuado a partir do material
clinico semeado em meio Sabouraud acrescido de cloranfenicol, sem cicloheximida. As
colonias irdo se desenvolver em dois a trés dias na temperatura entre 28°C e 37°C
(PERFECT & CASADEVALL, 2002). Essa identificacdo pode ser complementada com
algumas provas bioquimicas. O género Cryptococcus é capaz de hidrolisar ureia, sendo
atil para diferenciar das espécies do género Candida que ndo possuem esta mesma
propriedade. Além disso, a capacidade de assimilar inositol como Unica fonte de
carbono é importante para diferenciar de espécies de Rhodotorula (HEITMAN et al
2011).

O teste soroldgico do latex é altamente sensivel e especifico para a detec¢do dos
antigenos de natureza polissacaridica presentes em casos de meningite criptococica e
nas formas disseminadas da doenca, gerando melhores resultados do que a microscopia
direta e o cultivo (HUSTON & MODY, 2009). A determinacdo do titulo de anticorpos
pode ser utilizada para a avaliacdo da evolucdo da infeccdo, com o aumento do titulo
significando a progressao da infeccdo e uma queda no titulo expressando uma regressao
do processo infeccioso e, portanto, uma resposta positiva ao tratamento (MORETTI et
al., 2008). Porém, podem ocorrer reacdes falso positivas devido a presenca de células de
Trichosporon spp. e bacilos Gram-negativos, devendo entdo estar sempre atento ao
quadro clinico do paciente e outros testes relacionados. (HEITMAN et al., 2011).

O exame histopatologico também € utilizado no diagnostico da criptococose. A
coloragcdo de hematoxilina-eosina € utilizada para visualizacdo de Cryptococcus spp.
que normalmente se apresenta com formatos ovais, esféricos ou elipticos, de coloragdo
azul-péalido ou rosada. A capsula ndo se cora devido a sua natureza mucopolissacaridica
e é evidenciada como um halo claro ao redor da célula, podendo ser estreita ou espessa
em relacdo ao seu didametro (PEDROSO & CANDIDO, 2006).

Atualmente as técnicas moleculares constituem uma ferramenta de grande
utilidade em estudos investigativos e de diagnésticos da criptococose. Apesar da sua
ndo utilizacdo na rotina, estas técnicas apresentam elevada sensibilidade e
especificidade para solucionar os obstaculos encontrados no diagnéstico convencional,
podendo auxiliar tanto na identificacdo da espécie, como no sorotipo e no tipo
molecular de cada cepa (MEYER, et al.,, 2003; BOVER et al., 2007). Também ¢é
importante ressaltar que estas técnicas podem ser empregadas diretamente na pesquisa
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do material clinico sem a necessidade de isolamento, o que torna o diagnostico final

mais rapido e preciso.

2.2.4. Tratamento

O aumento no numero de estudos que buscam identificar novos farmacos com
acao antifungica € decorrente da crescente ocorréncia de doencas fungicas como
consequéncia das enfermidades e tratamentos imunossupressores (VITALE et al.,
2012). Na clinica veterinaria, o tratamento das enfermidades fungicas tem se baseado
principalmente no uso de agentes azodlicos, utilizados de forma isolada ou em
associacdo. Na terapia de doencas como a criptococose ha necessidade de empregar
antifangicos sistémicos eficientes e mesmo assim pode ocorrer refratariedade a
terapéutica indicada (PFALLER et al., 2011).

O tratamento classico da criptococose é baseado fundamentalmente na utilizacao
de farmacos, necessitando ser iniciado com a maior brevidade possivel e mantido por
longo periodo. A terapéutica selecionada depende da imunidade do paciente, da doenca
priméaria apresentada por este e do local de infeccdo (PERFECT et al., 2010). Os
farmacos mais utilizados em veterinaria incluem: fluconazol, cetoconazol, itraconazol e
anfotericina B. Na clinica humana os antifungicos mais utilizados séo: anfotericina B e
suas formulacdes lipidicas, fluconazol, itraconazol, voriconazol e flucitosina. A acdo do
antifangico pode ser fungistatica ou fungicida, depende da concentracdo. Geralmente o
paciente deve permanecer em acompanhamento clinico por um extenso periodo
(PERFECT, 2012).

2.3 Sistema purinérgico

O sistema purinérgico é uma via de sinalizacdo importante em diversos
processos fisiologicos, envolvendo a resposta imune e inflamatoria, dor, agregacéo
plaquetaria, a vasodilatacdo mediada pelo endotélio, proliferacdo e morte celular
(BURNSTOCK, 2006). Trés componentes principais fazem parte da sinalizacdo do
sistema purinérgico (YEGUTKIN, 2008):

Nucleotideos e nucleosideos extracelulares, que sdo moléculas mediadoras da

sinalizacéo;
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Receptores purinérgicos especificos (P2X, P2Y e P1), através dos quais 0s nucleotideos

e nucleosideos exercem seus efeitos;

As ectoenzimas, responsaveis pela regulacdo dos niveis dos mediadores no meio

extracelular.

Esse conjunto de componentes da sinalizacdo purinérgica descritos acima (figura
3), sdo expressos nos diferentes tipos celulares, como linfdcitos, plaquetas, células
endoteliais entre outros, permitindo a formagdo de complexos distintos da sinalizacéo
purinérgica (JUNGER, 2011).
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FIGURA 3- Representagdo esquematica dos componentes da sinalizagdo purinérgica. Adaptado de
JUNGER) ( 2011).

Os nucleosideos sdo moléculas resultantes da unido de uma base pdrica ou
pirimidica com uma pentose (ATKINSON et al., 2006). A formacdo do nucleotideo
ocorre quando os nucleosideos sdo fosforilados por quinases especificas. Séo
consideradas importantes moléculas sinalizadoras em tecidos os nucleotideos: ATP,
ADP e AMP (YEGUTKIN, 2008). Em processos inflamatorios e de estresse vascular
mecénico ou oxidativo, ocorre um significativo aumento na concentracdo de
nucleotideos e nucleosideos extracelulares a partir das células envolvidas nestes

Processos.
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O ATP presente nos compartimentos extracelulares é responsavel pela regulagédo
de uma multiplicidade de processos biologicos, como a inflamacéo, a neurotransmissao,
a funcédo cardiaca, o metabolismo 06sseo, entre outros. Os nucleosideos difosfatados e
trifosfatados ADP e ATP, juntamente com a adenosina, sdo conhecidos por controlar a
resposta vascular, a injuria endotelial e os processos inflamatérios. No sistema vascular
estas moléculas participam da atividade plaquetéria, sendo que o ADP esta envolvido no
recrutamento e na agregacao das plaquetas (ATKINSON et al., 2006). Além disso, estas
moléculas também participam na ativacdo ou na inibicdo do sistema imunoldgico.
Dependendo da concentracdo, o ATP tem fungdes pré-inflamatorias, pois é responsavel
pela estimulacdo e a proliferagdo de linfécitos, sendo estas células envolvidas na
liberacdo de citocinas (BOURS et al., 2006). Enquanto isso, a adenosina apresenta-se
como uma molécula anti-inflamatéria (GESSI et al., 2007). Os nucleotideos da adenina
e a adenosina liberadas no espaco extracelular, desempenham suas fungdes bioldgicas
através da sua ligacdo aos receptores purinérgicos presentes na membrana celular
(JUNGER, 2011).

O controle dos niveis extracelulares de nucleotideos e nucleosideo de adenina
sdo realizados por uma cascata de enzimas ancoradas na membrana celular ou meio
intersticial. Dentre estas enzimas destacando-se: ecto-nucleosideo trifosfato
difosfohidrolase (E-NTPDase), ecto-nucleotideo pirofosfatase (E-NPP), ecto-5’-
nucleotidase e ecto-adenosina deaminase (E-ADA) (YEGUTKIN, 2008). Estas enzimas
atuam em conjunto, formando uma cadeia enzimatica (Figura 4) que tem inicio com a
acao da E-NTPDase e da E-NPP as quais hidrolisam o ATP e ADP, formando o AMP,
que em seguida é hidrolisado pela enzima ecto-5’-nucleotidase formando adenosina.
Finalmente, a adenosina é desaminada pela E-ADA em inosina (YEGUTKIN, 2008).
Além disso, a cascata purinérgica continua controlada por enzimas que regulam o0s
niveis de outras purinas conhecidas como hipoxantina, xantina e acido Urico, sendo o
ultimo uma potente molécula antioxidante (RALEVIC & BURNSTOCK, 2003).
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FIGURA 4 — Representacdo da acéo das ectoenzimas no metabolismo dos nucleotideos da adenina
(ATP, ADP e AMP) e nucleosideo adenosina (Adaptado de BOURS et al., 2006).

2.3.1 E-NTPDase

A classe de enzimas E-NTPDase; EC 3.6.1.5 representa uma conjunto de
enzimas que se caracteriza pela capacidade de hidrolisar uma variedade de nucleosideos
5’-trifosfato e nucleosideos 5’-difosfato (como ATP e ADP, respectivamente)
produzindo monofosfonucleotideos correspondentes (como AMP) e fosfato inorgéanico
(Pi) (ZIMMERMAN et al., 2001).

Os membros desta familia de enzimas sdo nomeados de E-NTPDase 1-8 que
diferem quanto a localizacdo na célula, distribuicdo tecidual e especificidade por
substratos. Quatro enzimas estdo localizadas na membrana celular com seu sitio
catalitico voltado para o meio intracelular (E-NTPDase 4, 5, 6 e 7) e quatro para 0 meio
extracelular (E-NTPDase 1, 2, 3 e 8) (ROBSON et al., 2006).

As ectoenzimas estdo presentes em diversos tecidos, estando envolvidas em uma
diversidade de processos fisioldgicos e patoldgicos (BRUNS, 1990). A principal fungéo
da E-NTPDase tem sido principalmente atribuida a hidrélise extracelular dos
nucleotideos ATP e ADP em AMP e na geracao de adenosina. Portanto, dependendo da
localizacdo tecidual a atividade enzimética possui diferentes papeis fisiologicos. Sendo

assim, nos ultimos anos, o papel destas enzimas tem sido avaliado em varias condic¢des
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patoldgicas como cancer (ARAUJO et al., 2005), diabetes (LUNKES et al., 2003) e
AIDS (LEAL et al., 2005).

2.3.2 E-ADA

A enzima E-ADA, EC 3.5.4.4 tem a funcdo de regular a concentracdo de
adenosina extracelular, incluindo a conversdo da adenosina em inosina, seu metabdlito
inativo. A E-ADA é amplamente distribuida nos tecidos dos animais vertebrados e se
divide em duas isoformas, ADAL e ADA2. Tecidos contém predominantemente ADA1,
no entanto a ADA2 é o principal componente do soro e € um suposto estimulador de
células-T. A expressdo de atividade desta enzima € heterogénea em tecidos periféricos e
no SNC (FRANCO et al., 1997).

A E-ADA esta presente em todos os tipos de células, mas a atividade é mais
intensificada no timo e em linfécitos periféricos. Esta enzima desempenha um papel
importante na funcdo dos linfocitos, sendo também essencial para o crescimento
normal, diferenciacdo e proliferacdo de linfocitos T (FRANCO et al., 1997; CODERO
et al., 2001). Na superficie das células hematopoiéticas esta enzima geralmente pode
atuar no processo de maturacdo eritrocitica (ARAN et al., 1991). A deficiéncia de E-
ADA acarreta em um aumento nos niveis de adenosina extracelular, o que pode
contribuir para condicGes patoldgicas (ALDRICH et al., 2000).

A atividade da E-ADA pode ser um marcador sensivel na infeccdo e ser utilizada
para 0 acompanhamento do curso na mesma. A atividade desta enzima se mostra
elevada no soro de pacientes com tuberculose, maléria e leishmaniose visceral (MELO
et al., 2000; KHAMBU et al., 2007; ALTUG et al., 2008 ). A atividade da E-ADA foi
dosada em infeccdo experimental por Sporothriix schenckii demonstrando que este
fungo filamentoso altera a atividade da E-ADA no soro e linfécitos, o que demonstra o
envolvimento desta enzima na patogénese da esporotricose (CASTRO et al., 2012).
Uma elevada atividade da E-ADA também ja foi relatada em pacientes com pleurite
criptococica (YOSHINO et al., 2010), justificando a necessidade de uma pesquisa mais
aprofundada na tentativa de demonstrar seu efeito como um possivel marcador na

criptococose, auxiliando no diagnostico desta enfermidade.
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2.4 Sistema colinergico

O sistema colinérgico esta envolvido em varias fungdes vitais, no SNA controla
a frequéncia cardiaca (MENDELOWITZ, 1999) e a contracdo da musculatura lisa
gastrica (ROGERS et al., 1999); j& no SNC apresenta envolvimento em funcdes
cognitivas como atencdo e memoéria (GOLD, 2003). A sinalizacdo colinérgica ocorre
através da regulacdo da concentracdo de acetilcolina (ACh), pelas enzimas
acetilcolinesterase (AChE) e butirilcolinesterase BChE; este sistema pode levar a
modulacéo fisioldgica dos processos inflamatérios (DAS, 2007).

A sintese da ACh é realizada no citosol do neur6nio a partir da acetil coenzima-
A e da colina. Depois de sintetizada, a ACh é armazenada nas vesiculas sinapticas, onde
permanece até que ocorra um estimulo que a libere (ROSAS-BALLINA & TRACEY,
2009). A ACh é amplamente distribuida nos tecidos do SNC, onde seus principais
efeitos sdo excitatorios, efetivados pela ativacdo de receptores especificos nicotinicos e
muscarinicos.

As colinesterases desempenham papéis importantes na neurotransmissao
colinérgica central e periférica. Estdo presentes em tecidos colinérgicos e ndo
colinérgicos assim como no sangue e outros fluidos corporais. Existem duas classes de
colinesterases de acordo com suas propriedades cataliticas, especificidade aos substratos
e distribuicdo tecidual (CHATONNET & LOCKRIDGE, 1989). A acetilcolinesterase
(AChE; E.C 3.1.1.7) ou também chamada de colinesterase verdadeira, hidrolisa
preferencialmente ésteres com grupamento acetil, e a butirilcolinesterase (BChE; E.C.
3.1.1.8) ou pseudocolinesterase, hidrolisa outros tipos de ésteres como a butirilcolina
(TAYLOR & BROWN, 1999).

A AChE possui um papel regulatorio na neurotransmisséo colinérgica. Ela é
responsavel pela hidrélise rapida do neurotransmissor ACh (MASSOULIE et al., 1993).
A AChE é amplamente distribuida no SNC, além disso, foi localizada e identificada em
linfdcitos, eritrocitos e plaquetas, onde provavelmente apresenta um importante papel na
regulacdo das fungdes imunes (KAWASHIMA & FUJII, 2000). Esta enzima também
tem potentes efeitos sobre a adeséo celular, neurogénese, sinaptogénese e hematopoese,
desta maneira um aumento ou inibi¢do desta enzima pode resultar em consequéncias
importantes no cérebro e outros 6rgaos (SOREQ & SEIDMAN, 2001).

A BChE é uma enzima sérica produzida no figado (TAYLOR & BROWN,

1999), que possui capacidade de hidrolisar diversos ésteres de colina. A estrutura da
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enzima BChE é codificada pelo gene BCHE, sendo encontrada nos principais sistemas
corpdreos dos mamiferos, como massa branca do cérebro, sistema vascular, respiratorio,
digestorio, urogenital e também em certas glandulas enddcrinas e exdcrinas. Entretanto
sua funcdo bioldgica ainda ndo foi claramente estabelecida, havendo sugestdes de que
esteja relacionada com o metabolismo de lipideos, condugdo nervosa lenta e regulacéo
dos niveis de colina no plasma (KUTTY, 1980).

Outra importante propriedade foi atribuida a AChE e BChE, demonstrando que
estas enzimas podem atuar como marcadores inflamatorios (DAS, 2007). A atividade
dessas enzimas no plasma e nos tecidos é elevada em pacientes com doenca de
Alzheimer (GIACOBINI, 2003), diabetes mellitus (SRIDHAR et al., 2005) e como
resultado deste aumento, o nivel de ACh no plasma e tecidos € reduzido. A via
colinérgica anti-inflamatoria é mediada pela ACh, que é o principal neurotransmissor
envolvido e atua através da inibicdo da producdo TNF-a,, IL-1 e uma série de outros
mediadores inflamatérios e portanto, modula tanto a resposta imune como a
neurotransmissao (DAS, 2007).
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3 OBJETIVOS

3.1 Geral

Avaliar a influéncia da infeccdo experimental por C. neoformans sobre os sistemas

purinérgico e colinérgico.

3.2 Especificos

- Avaliar a atividade das ectoenzimas E-NTPDase e E-ADA no soro de ratos infectados

experimentalmente com C. neoformans e correlacionar com a resposta inflamatéria;

- Avaliar a atividade das colinesterases AChE no sangue, cérebro e linfocitos e da BChE
no soro de ratos infectados experimentalmente com C. neoformans e correlacionar com

a resposta inflamatoria;

- Determinar os niveis de purinas da cascata purinérgica em amostras de soro de ratos
infectados experimentalmente por Cryptococcus neoformans e a sua participacdo na

modulacdo da inflamacéo.
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4 ARTIGOS

Os resultados deste trabalho apresentam-se na forma de artigos. Os artigos estéo
formatados nas normas do periddico, no qual foi publicado ou esta submetido.
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E-NTPDase and E-ADA activities in rats experimental infected
by Cryptococcus neoformans
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(P < 0.01). Therefore, it is possible to conclude that the infection caused by C. neoformans in
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concomitantly with an inflammatory response (increased levels of cytokines and
immunoglobulins) associated with inflammatory infiltrates and histological lesions in
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1. Introduction

Cryptococcosis is an invasive fungal infection caused
inhalation of Cryptococcus neoformans or Cryptococcus
gattii (Kidd et al., 2004). C. neoformans is an encapsulated
yeast that causes life-threatening illness predominantly in
immunocompromised hosts. C neoformans var. grubii is
the most common variety responsible for more than 80% of
all cryptococcal infections and also for more than 99% of
the infections in AIDS patients (Casadevall and Perfect,
1998). Previous studies show that intratracheal inocula-
tion of rats with C. neoformans produces similarities to the
course of pulmonary infection in immunocompetent
humans. (Goldman et al, 1994a, 2000). The infection
may be disseminated via blood or lymph from the lungs to
other organs, especially to the central nervous system
(CNS), if the primary infection is mild or asymptomatic
(Mitchell and Perfect, 1995). The mechanism of host
defense against C. neoformans infection in the CNS and
lungs apparently occurs via Th1 cell-mediated effectors
(Huffnagle and Mcneil, 1999). However, the response
mediated by antibodies to C. neoformans seems to depend
on the association between Thl and Th2 cytokines
(Beenhouwer et al., 2001).

The modulation of immune and inflammatory
responses is signaled, among other systems, by the
purinergic system through extracellular biomolecules
such as ecto-enzymes, purinergic receivers, adenine
nucleotides (ATP, ADP and AMP), and their derived
nucleoside adenosine (Ralevic and Burnstock, 1998;
Yegutkin, 2008). The ATP and ADP, which are released
from many cells including leukocytes, platelets and
damaged endothelial cells, are involved in the modula-
tion of the inflammatory process. ATP has an essential
role in lymphocyte function being necessary for the
release of cytokines by T cells, such as interferon-y (INF-
v) and interleukin-2 (IL-2), which are involved in
triggering an immune response (Ralevic and Burnstock,
1998). However, a high ATP concentration may act as a
cytotoxic signal capable of inducing cellular death
through the opening of pores on the cellular membrane
(Fillippini et al., 1990).

Extracellular levels of ATP and adenosine are con-
trolled by ecto-enzymes such as ecto-nucleoside triphos-
phate diphosphohydrolase (E-NTPDase; CD39; EC 3.6.1.5)
and ecto-adenosine deaminase (E-ADA; EC 3.5.4.4),
which are anchored in the cellular surface with their
active site facing the extracellular environment (Zim-
mermann, 2001). E-NTPDase is an enzyme that hydro-
lyzes extracellular nucleoside tri and/or diphosphates,
both ATP and ADP into AMP. Ecto-5'-nucleotidase (CD73,
EC3.1.3.5) terminates the ectonucleotidasic cascade with
the hydrolysis of monophosphated nucleotides (AMP)
into adenosine, and adenosine deaminase converts
adenosine into inosine (Franco et al., 1997; Zimmermann,
2001; Ralevic and Burnstock, 1998). The E-ADA is
considered to be a key enzyme in purine metabolism,
catalysing the irreversible deamination of adenosine
(Franco et al.,, 1997). It has been demonstrated that this
enzyme plays an important role in lymphocyte function
and it is essential for the normal growth, differentiation,

and proliferation of T lymphocytes (Franco et al., 1997;
Codero et al., 2001).

The pathogenesis of cryptococcosis is not fully under-
stood yet, especially regarding to situations involving
various levels of immunocompetence. In this sense,
considering that the enzymes of the purinergic system
are closely involved in the modulation of the immune
system and participate in the regulation of pro and anti-
inflammatory events, this study aimed to investigate the E-
NTPDase and E-ADA activities in rats experimentally
infected by C. neoformans.

2. Material and methods
2.1. Animals

A total of 35 adult rats, males, with a mean age of
90 days, and weighing 298 (+29) grams were used in this
study. They were kept in cages with 6 animals each in
experimental facilities under controlled temperature and
humidity (25 °C; 70%), fed with commercial feed, with water
ad libitum, and submitted to a period of 7 days for adaptation.
Wistar rats were chosen as the experimental model due to
the large volume of samples that they may provide with the
possibility of a large number of analyzes. The animals were
obtained from the Animal Center of the Universidade Federal
de Santa Maria.

This study was approved by the Ethics and Animal
Welfare Committee of the Federal University of Santa
Maria (UFSM) under protocol number 073/2012.

2.2. Cryptococcus neoformans strain and inoculum

2.2.1. Cryptococcus neoformans

The strain of C. neoformans used for animal inoculation
was obtained from a clinical case of feline cryptococcosis
(Martins et al., 2010). This strain was previously identified
as C. neoformans var. grubii based on its micromorphology
and molecular characteristics (GenBank accession number
HQ148880).

2.2.2. Inoculum preparation

C. neoformans was isolated in Sabouraud Dextrose Agar
(SDA)and incubated at 32 °C in order to obtain a viable and
pure strain. Each animal was inoculated with 0.3 mL
suspension of 1.7 x 107 cells of C. neoformans. The
inoculum was prepared from young colonies diluted in
phosphate-buffered saline (PBS) (Goldman et al., 1994b).

2.3. Experimental design

For the experimental design, 35 Wistar rats were
divided in two groups: 18 composing the control group
(the Group A: uninfected), and 17 animals were infected by
C. neoformans (the Group B). After isoflurane anesthesia,
the inoculation of 0.3 mL containing 1.7 x 107 cells of
C. neoformans was performed intratrachealy as described
previously (Goldman et al., 1994a). On a daily basis
throughout the experiment all animals were clinically
evaluated.
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24. Sampling

Samples from the groups A and B were collected on days
10, 20, and 30 post-infection (PI) as follow: on day 10
(6 animals from subgroup Al; 6 animals from subgroup
B1); on day 20 (6 animals from subgroup A2; 6 animals
from subgroup B2) and on day 30 (6 animals from
subgroup A3; 5 animals from subgroup B3). Blood samples
were collected by cardiac puncture (8 mL) from anesthe-
tized animals. Blood samples were allocated in tubes
containing anticoagulant (ethylene-diaminetetraacetic ac-
id—EDTA) for lymphocyte separation (4 mL) and hemo-
gram (1mlL), and also stored (3 mL) in tubes without
anticoagulant in order to obtain sera. All sera samples were
stored at —20°C.

2.5. Course of infection

Course of infection was assessed by the evaluation of
colony-forming units (CFU) at days 10, 20, and 30 PI
(sampling times). The brain and lungs of rats were
collected and weighed after euthanasia. A fragment of
each organ was mechanical grinded and homogenized for
5to10sin PBS(1:10)containing 40 U of penicillin per mL.
All samples were submitted to serial dilutions and 100 L
aliquots were added to plates containing SDA and
incubated at 30°C for 24-72 h. Data were reported as
colony forming units (CFU)/g of organ analyzed. The
results of CFU were presented in mean and standard
deviation.

2.6. Histopathology

The animals were necropsied immediately after sam-
pling (days 10, 20 and 30 PI). Right lung and brain of each
rat were fixed in 10% buffered formalin. Sagittal sections at
every 3 mm were obtained and stained with hematoxylin
and eosin (HE).

2.7. Hematological parameters

Leukocyte counts were determined using an electronic
counter (CC-550-Celm, Sdo Paulo, Brazil). Blood smears
were stained with Romanowsky (Panoptic method) to
perform differential leukocyte counts.

2.8. Measuring cytokines and immunoglobulins

Cytokines (IFN-y and TNF-«) quantification was
assessed by ELISA using commercial kits (eBIOSCIENCE™",
San Diego, USA) according to manufacturer’s instructions.
Briefly, 96-well microplates were sensitized with the
primary antibody (dilution 1:10) at room temperature for
30 min; the serum sample was added and incubated (37 "C
temperature for 30 min). After washing, the secondary
antibody conjugated with peroxidase was added (dilution
1:5) and incubated. The presence and concentration of the
cytokines were determined by the intensity of the color
measured by spectrometry in a micro ELISA reader. Serum
concentration of IgG and IgM were determined using an
immunonephelometry on a Behring BN Il Nephelometer

(Dade Behring—USA), using Dade Behringe reagents. All
tests were performed in duplicate.

2.9. Lymphocyte separation

Lymphocytes-rich mononuclear cells were isolated
from peripheral blood collected with 7.2 mg dipotassium
EDTA as anticoagulant and separated on Ficoll-Histopa-
que density gradients asdescribed by Boyum (1968). Lym-
phocyte viability was determined by measuring the
activity of lactate dehydrogenase (LDH) using the kinetic
method of the Labquest apparatus (Diagnostics Gold
Analyzer).

2.10. Total protein levels

Protein level in serum and lymphocytes was measured
by the Comassie Blue method according to Bradford (1976)
using serum albumin as standard. These analyses were
performed as described by Leal et al. (2005) in order to
express the enzymatic activity.

2.11. Enzyme assays

2.11.1. E-NTPDase activity in lymphocytes

E-NTPDase activity was determined by a colorimetric
assay in compliance with Leal et al. (2005). The reaction
medium contained 0.5 mM CaCl,, 120 mM Nacl, 5 mM KCl,
60 mM glucose, and 50 mM Tris-HCl buffer, pH 8.0 at a
final volume of 200 nL. Twenty microliters of intact
mononuclear cells suspended on saline solution were
added to the reaction medium (2-4 pg/protein) and
incubated for 10 min at 37 °C. The reaction was started
by the addition of a substrate (ATP or ADP) at a final
concentration of 2mM and stopped with 200 pnL 10%
trichloroacetic acid (TCA) to provide a final concentration
of 5%. The incubation proceeded for 70 min and the
released inorganic phosphate was assayed by the method
of Chan et al. (1986) using malachite green as a
colorimetric reagent and KH2POj as standard. All samples
were tested in triplicates on the same day of collection. E-
NTPDase activity was expressed in jumol Pi released/min/
mg protein.

2.11.2. E-ADA activity in serum and lymphocytes

E-ADA activity was measured spectrophotometrically
in serum and lymphocytes by the method of Giusti and
Gakis (1971). The reaction was started by addition of the
substrate (adenosine) to a final concentration of
21 mmol/L and incubations were carried out for 1h at
37 °C. The reaction was stopped by adding 1.5 mL of 106/
0.16 mM phenol-nitroprusside to the mixture, which
was immediately mixed with 1.5mL of 125/11 mM
alkaline-hypochlorite (sodium hypochlorite). Ammoni-
um sulphate at a concentration of 75 pwmol/L was used as
ammonium standard. The ammonia concentration is
directly proportional to the absorption of indophenol at
650nm. All samples were tested in triplicates on the
same day of collection. The specific activity is reported as
units of E-ADA per mg of protein in serum and
lymphocytes.
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2.12. Statistical analysis

Firstly, data distribution was tested for normality of
variance by Shapiro-Wilk test and the data showed a
normal distribution. Then, the data was submitted to
Student’s t test (P<0.05) by SAS/STAT program. We
emphasize that the data was statistically analyzed on
days 10, 20 and 30 of the experiment as independent
variables, i.e., the three moments were not compared. The
values were represented as mean - standard deviation.

3. Results
3.1. Course of infection and clinical signs

Clinical respiratory distress was not observed
throughout the experiment, but it was observed mild
apathy and piloerection. C. neoformans was isolated from
the lungs of infected animals after cultivation in SDA with
chloramphenicol at 32 °C, resulting in the growth of white
mucoid yeast colonies. Microscopical analysis of these
colonies on India ink showed the presence of rounded
cells of different sizes with and without budding
surrounded by a clear halo.

Lung samples showed 4.2 x 10* (£1.5 x 10%), 4.0 x 10*
(1.6 x 10%) and 1.74 + x10* CFU (+0.52 x 10%) of C. neofor-
mans per gram on days 10, 20 and 30 PI, respectively. Brain
samples did not show positive results for CFU.

3.2. Histopathology

No detectable brain lesions at any timepoint in any
replicates (i.e., no dissemination). Rats infected by C.
neoformans developed histological lesions in the lung
characterized by inflammatory response (Fig. 1). Lung
lesions differed according to disease evolution and rats
infected after 10 days PI showed a large number of foamy
macrophages and neutrophil infiltrates in their lungs
which was interpreted as neutrophilic and histiocytic
pneumonia forming focally extensive areas. Occasionally,
there was accumulation of mild lymphoplasmacytic
infiltrate. There were small amounts of oval structures
interpreted as yeasts. At day 20 PI, the lungs showed an
elevated area, firm and whitish, with an irregular surface
measuring approximately 0.8 cm x 0.3 cm. On cutting, the
area was solid, firm, and homogeneously white. Histologi-
cally, the lungs showed a focal extensive area formed by
multiple accumulations of amorphous material, charac-
terized by a central area of caseous necrosis with multiple
neutrophils. This area was surrounded by a great amount
of epithelioid macrophages and giant cells. Externally, and
in smaller number, there were lymphocytes and plasma
cells. In the central area of the granuloma, there was a
mixture of cellular debri and necrotic tissues with large
amounts of round to oval structures classified as yeast
cells. Lungs from infected rats after 30 days PI showed
interstitial infiltration composed of macrophages (inter-
stitial pneumonia) and rare yeasts. The bronchus-associ-
ated lymphoid tissue (BALT) was markedly hyperplastic
showing two populations of lymphocytes: the majority

Fig. 1. Lung histology of rats experimentally infected by Cryptococcus
neoformans. There is cellular infiltration in the alveolar space composed
mainly by neutrophils. In the lesion it can be seen round to oval structures
surrounded by an unstained capsule (A). The image below shows large
amounts of round to oval structures of 20 to 60 m of diameter with
basophilic nuclei surrounded by an unstained coalescent capsule.
Occasionally, it is possible to visualize budding (arrow). There are
intact and degenerate neutrophils surrounding the yeast areas (B).

composed of mature lymphocytes and lymphoblast as a
minority.

In lung was observed the presence of oval and round
structures interpreted as yeast cells. These structures were
basophilic with 20 to 60 pum of diameter and a core ranging
from 10 to 20 um, surrounded by an unstained capsule.
There was small amount of yeasts when the inflammation
was severe.

3.3. Leucogram

C. neoformans infected rats showed a significant
(P <0.05) increase in the total number of leukocytes on
days 10 and 20 PI (Fig. 2A), in consequence of the increase
in the number of lymphocytes (Fig. 2B), and neutrophils
(Fig. 2C). On day 30 PI no significant (P > 0.05) differences
were observed in the leucogram. The number of eosino-
phils and monocytes did not differ between groups during
all three periods evaluated.
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Fig. 2. Total leukocytes (A), lymphocytes (B), and neutrophils (C) of rats
experimentally infected by Cryptococcus neoformans (n=6) compared to
the control group (n=6) on days 10, 20, and 30 post-infection (' P < 0.05).

3.4. Immunoglobulin and cytokine levels in the serum

Immunoglobulin and cytokine levels in the serum of
rats infected by C. neomorfans are shown in Fig. 2. Infected
animals showed levels of IgG (Fig. 3A), IgM (Fig. 3B), TNF
(Fig. 3C) and INF-y (Fig. 3D) significantly (P<0.01)
increased on days 10, 20 and 30 PI, when compared to
healthy rodents. These variables were quantified just to see
if infection by C. neoformans causes an immunological
response, which was confirmed based on these results.

3.5. E-NTPDase activity in lymphocytes

The E-NTPDase activity in lymphocytes for ATP and ADP
substrate is shown in Fig. 4. On day 10 PI no significant
(P>0.05) difference between groups for E-NTPDase
activities was observed. ATP hydrolysis was significantly
decreased on the day 20 (P < 0.01 -37% - Fig. 4A) and 30 PI
(P<0.05 - 28% - Fig. 4A) in the infected groups, while

ADP hydrolysis was significantly (P <0.01) decreased
(50%—Fig. 4B) only on day 20 PL

3.6. E-ADA activity in serum and lymphocytes

E-ADA activity in serum and lymphocytes is shown in
Fig. 5. Rats infected by C. neoformans presented a
significant (P < 0.01) reduction in E-ADA activity in serum
on days 10, 20 and 30 when compared to the control group
(Fig.5A). E-ADA activity in lymphocytes of infected rodents
had a significant (P < 0.01) elevation only on day 10 P,
while on days 20 and 30 Pl a considerable (P<0.01)
reduction was observed (Fig. 5B).

4. Discussion

We clearly observed that experimental infection by C.
neoformans in rats was able to cause changes in the levels
of leukocytes, cytokines, and immunoglobulins, as well as
in E-NTPDase and E-ADA activities. C. neoformans is an
environmental fungus with the ability to infect and cause
disease in mammalian hosts, as it is capable of causing
pulmonary cryptococcosis in rats (Casadevall and Perfect,
1998; Goldman et al., 1994b, 2000; Krockenberger et al.,
2010), similar the present study. In addition, several organs
and tissues have the potential to be affected by the disease,
showing different degree of tissue damage. Our CFU results
demonstrated the development of the disease in the lungs
of infected animals on all three evaluated periods. The
histopathology examination demonstrated multifocal to
coalescing granulomas associated with intralesional yeasts
in lungs of infected animals, a change typical of crypto-
coccosis and describes in rats (Goldman et al., 2000;
Krockenberger et al., 2010).

Pro-inflammatory and anti-inflammatory activities are
likely to be present at sites of cryptococcal infection
(Wright et al., 2002). In our experimental infection, it was
observed an increase of lymphocytes and neutrophils in
rats infected, in response to the infection may in order to
suppress the proliferation of C. neoformans. Lymphocytosis
is the balance between the responses mediated by Th1 and
Th2 cells and it is important for the evolution of the
cryptococcosis, since when the cryptococcal infection is
associated with aTh1 response (and consequent activation
of phagocytes) usually there is resistance in the installation
of infection (Huffnagle and Mcneil, 1999; Shoham and
Levitz, 2005); whereas a Th2 response can lead to an
inhibition of phagocytic activity, may increasing the
susceptibility to C. neoformans (Koguchi and Kawakami,
2002). However, Jain et al. (2009) observed that that
neither Th1 nor Th2 cytokines were correlated with
changes in lung functions, probably explained by the
relatively short life of cytokines and the fluctuation of their
levels in infected animals, a finding that represents a
different insight on Th2 role in C neoformans infection.
Neutrophilia may occasionally occur in animals infected by
C. neoformans (Sherding, 2003), corroborating with our
findings during this experiment. On day 30 PI, the number
of colonies of fungus was lower to other days (10 and
20 PI), and the number of leukocytes in these animals did
not differ between groups. However, the levels of
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Fig. 3. Levels of immunoglobulins (IgG: (A) and IgM: (B)) and pro-inflammatory cytokines (TNF: (C) and INF-y (D)) of rats experimentally infected by
Cryptococcus neoformans (n=6) compared to the control group (n=6) on days 10, 20, and 30 post-infection ( P< 0.01).
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Fig. 4. E-NTPDase activity ((A) ATP hydrolysis; (B) ADP hydrolysis) in
lymphocytes of rats experimentally infected by Cryptococcus neoformans
(n=6) compared to uninfected rats (n=6) at days 10, 20, and 30 post-
infection (Student's ¢ test; " P< 0.05; " P<0.01).

cytokines, immunoglobulins and activities of enzymes (E-
NTPDase and E-ADA) changed in infected rats despite the
reduction of fungi in the lung and histological lesions. The
reduction in lung fungal burden is described, as it
remained for several months at low levels (Goldman
et al., 2000). Based on this information, future studies are
being conducted to verify that the E-NTPDase and E-ADA
enzymes may be new markers of pulmonary cryptococco-
sis asymptomatic.

In this study, it was observed an increase in the levels of
IFN-y and TNF-a along with evolution of the infection,
cytokines also elevation in infected mice by C. neoformans
(Jain et al.,, 2009). Chemokines and chemokine receptors
are critical in T-cell polarization and microbial clearance in
murine models of C. neoformans pulmonary infections
(Olszewski et al., 2001; Traynor et al., 2002). IFN-y and
TNF-« stimulate the anti-C. neoformans activity of the
macrophages; generally patients who survived to crypto-
coccosis have high levels of TNF-o when compared to
patients who did not survived (Retini et al., 2001). Our
results showed a characteristic immunological curve
compatible with infectious process with an increase of
IgM and IgG levels during the evaluated periods. In
patients with cryptococcosis usually a response found in
a serological evaluation is based predominantly in IgG,
with IgM response less pronounced (Hamilton et al., 1997),
similarly to what occurred in this study, demonstrating
that infected animals exhibited an inflammatory response
against the fungus.

The activity of the enzymes E-NTPDase and E-ADA has
been related with the immune response in fungal diseases
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Likewise, E-ADA plays an important role in lymphocyte
function and is essential for its normal growth, differenti-
ation, and proliferation (Franco et al., 1997; Codero et al,,
2001). Clinically, high levels of E-ADA in the pleural fluid
can be observed in patients with cryptococcal pleuritis
(Yoshino et al, 2010), empyema, lymphoma, other
malignancies, parapneumonic effusions and pleural effu-
sions associated with collagen vascular diseases (Ocana
et al., 1988; Burgess et al., 1996). In our results, it was
possible to observe that the E-ADA activity in serum was
inhibited on days 10, 20 and 30 Pl compared to the control
group. Decrease in serum E-ADA activity could be related
to the need of a greater concentration of extracellular
adenosine through interaction with purinergic receptors,
playing a protective role in order to attenuate systemic
changes may caused by infection (Franco et al., 1997).
Regarding to E-ADA in lymphocytes, it was possible to
observe an increase of its activity on day 10 PI, which can
be related firstly to an inflammatory response against
cryptococosis, being a similar response as observed in mice
infected by Sporothrix schenckii (Castro et al., 2012). On the
other hand, on the 20 and 30 Pl its activity in lymphocytes
was reduced compared to the control group. This reduction
can lead to an interaction of adenosine with its receptors
that exist in many cell types, with possible anti-inflam-
matory effects. Thus, during the last two moments of
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Fig. 5. Adenosine deaminase (E-ADA) activity in sera (A) and lymphocytes
(B) of rats experimentally infected by Cryptococcus neoformans (n=6)
compared to uninfected (n=6) animals at days 10, 20, and 30 post-
infection (Student's t test; * P< 0.01).

as pythiosis (Bach et al., 2010) and sporotrichosis (Castro
et al, 2012). The results obtained in our experiment
showed that during the experimental infection by C
neoformans occurred a decrease in the E-NTPDase activity
when used ATP and ADP substrates during the infection.
The roles of ADP in lymphocytes are still not well
elucidated, since this nucleotide is mainly related to the
coagulation processes (Zimmermann, 2001). However, it is
well known that extracellular concentrations of ATP are
dynamically controlled by ecto-enzyme E-NTPDase (Bours
et al., 2006); therefore, it suggests that may have occured
an increase in the concentration of extracellular ATP and
ADP in the rats infected by C. neoformans. The increase of
ATP in the extracellular medium may also lead to a pro-
inflammatory reaction, mainly by the release of pro-
inflammatory mediators (TNF-c, IL-12, IL1B and ROS),
with differentiation of Th native cells into Th1 lympho-
cytes starting the inflammation process (Yegutkin, 2008).
It is known that during the early infection by C. neoformans
the T cells produce cytokines, which will activate the
macrophages with formation of a granuloma leading to the
destruction of intracellular fungus or contained it in a
dormant condition (Feldmesser et al., 2001). For these
reasons we believe that an increased level of extracellular
ATP occurred in our experimental infection, mainly if
considered the increase in the levels of TNF-« and INF-y
observed during the experiment.

samples collection, E-ADA had its activity reduced,
probably leading to a down regulation of inflammatory
process, providing some protective effect against damages
caused directly by the C. neoformans, as well as by the
exacerbated inflammatory response.

Therefore, based on these results it is possible to
conclude that experimental infection of immunocompe-
tent rats by Cryptococcus neoformans leads to a regular
immunologic response, mainly due to lymphocytes,
neutrophils, cytokines, and immunoglobulin increases
associated to the changes in the activity of E-NTPDase
and E-ADA. Since the participation of these enzymes is
well-known in other diseases, we believe that the
alterations observed in activity of E-NTPDase (lympho-
cytes) and E-ADA (serum and lymphocytes) were corre-
lated to the immune response against C. neoformans, and
can serve in future as an important inflammatory marker
for cryptococcosis.
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ARTICLE INFO ABSTRACT
Article history: The aim of this study was to assess the role of the acetylcholinesterase (AChE) and butyrylcholinesterase
Received 7 October 2014 (BChE) as biomarkers of inflammation and tissue injury on rats experimentally infected by Cryptococcus
Received in revised form 18 May 2015 neoformans. For this purpose, 20 male rats were divided into two groups: 10 animals representing the
Accepted 9 August2015 uninfected control group (Group A) and 10 C. neoformans var. grubii infected animals (Group B). Blood
and brain samples were collected on days 10 (Ayp and Byg), and 30 (Aso and Bsg) post-infection (PI) for
gey"‘;‘;rc‘i‘: " hematological analyses; AChE (in lymphocytes and brain) and seric BChE activity; interleukins (IL-1, IL-6,
Azlzylch;lcizel and IL-10); nitrite/nitrate (NO,) levels; and markers of protein oxidation (AOPP) and lipid peroxidation

(TBARS). As a result, when animals of Group A were compared to animals of Group B, it was observed
leukocytosis (P<0.05) on day 10 PI; AChE activity increase (P<0.05) in lymphocytes (day 30 PI) and in
brain (days 10 and 30 PI); BChE activity decrease (P<0.05)on day 10 PI; IL-1 and IL-6 increase (P<0.01) in
both periods, while IL-10 had reduced levels (P<0.01) in the same periods; NOy levels increased (P<0.05)
significantly on days 10 and 30 PI, while AOPP and TBARS levels increased significantly on day 30 PI; as
well as pneumonia on infected rats. Therefore, based on the results obtained, it was possible to conclude
that AChE and BChE behavior lead to a proinflammatory reaction evidenced by the enhancement of IL-1,
IL-6, and NO, throughout the experiment associated with reduction onIL-10 levels, and cellular damage.

© 2015 Elsevier GmbH. All rights reserved.
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1. Introduction by inhalation of contaminated dust and debris, spreading from

the lungs to other organs, especially the central nervous system

Cryptococcus neoformans is an encapsulated yeast and the
causative agent of opportunistic mycoses called cryptococcosis, an
infection predominantly occurring in immunocompromised hosts
[1]. The infection occurs mainly in the respiratory tract, caused

* Corresponding author at: Departamento de Microbiologia e Parasitologia, Uni-
versidade Federal de Santa Maria, Faixa de Camobi - Km 9, predio 20, Sala: 4139,
CEP 97105900 Santa Maria, RS, Brazil.

E-mail address: janio,santurio@gmail.com (J.M. Santurio).

http://dx.doi.org/10.1016/j.prp.2015.08.005
0344-0338/© 2015 Elsevier GmbH. All rights reserved.

(CNS) [2]. The immune defense against pathogens usually causes
an inflammatory response associated with an anti-inflammatory
response [3]. In this sense, studies indicate that passive antibody-
mediated protection against C. neoformans requires both Th1 and
Th2 associated cytokines, and reveal the complexity of the mecha-
nisms through which antibodies modulate infection with this type
of microorganism [4].

Regarding the mechanisms of immune response associated
with the predilection of C. neoformans for the CNS, it is impor-
tant to emphasize that the autonomic nervous system plays an
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important role in controlling inflammation partially by the release
of pro-inflammatory cytokines, through the secretion of adrenaline
and noradrenaline, and by connecting these to o and 3 androgenic
receptors on the immune cells [5]. In contrast, the vagal efferent
pathway plays a very important role, modulating the inflammation
and, for that, being called cholinergic anti-inflammatory path-
way [3,5]. The main vagal neurotransmitter is acetylcholine (ACh),
which is catalyzed by the cholinergic enzymatic system, com-
posed of the cholinesterases. This group of enzymes is composed
of acetylcholinesterase (AChE: E.C. 3.1.1.7), a membrane-bound
enzyme mainly found in the brain, muscles, erythrocytes, lym-
phocytes and cholinergic neurons, that preferentially hydrolyzes
esters with acetyl group [6,7] and butyrylcholinesterase (BChE: E.C.
3.1.1.8). BChE is a serine hydrolase that catalyzes the hydrolysis
of esters of choline such as butyrylcholine and succinylcholine,
found at different concentrations in the intestine, liver, kidney,
heart, lung, brain, and serum [8,9]. ACh has an important role
in attenuating the release of pro-inflammatory cytokines, such
as tumor necrosis factor (TNF), interleukin-1 (IL-1), interleukin-
6 (IL-6) and interleukin-18 (IL-18), and on endotoxin-activated
macrophages without affecting the production of interleukin-10
(IL-10), an anti-inflammatory cytokine [5]. This inhibition is possi-
ble by ACh binding to a7 subunit-containing nicotinicacetylcholine
receptor («7nAChE) present on macrophages, being the dose-
dependent inhibition [10].

In association with the evaluation of the participation of
cholinesterases in the immune response against C. neoformans,
some strategies to measure tissue and/or system damage, such as
biomarkers of oxidative stress would be useful tools since they have
the potential to help in the establishment of pathogenic stages,
increasing the risk for disease [11-13]. Among these biomarkers,
the assessment of thiobarbituric acid reactive substances (TBARS)
is one of the most commonly applied methods for the measure-
ment of lipid peroxidation | 14], and the measurement of advanced
oxidation protein products (AOPP) is another useful option. AOPP
also helps to identify oxidative damage; however, specifically for
proteins [15].In this sense, another possibility is the measurement
of nitric oxide (NO) levels, which allows the evaluation of both the
immune responses [16] and oxidative stress status [17], acting as
an extra tool for diagnosis and disease treatment [ 18,19].

Therefore, considering all the information mentioned above, the
aim of this study is to evaluate the role of the cholinesterases as
markers of inflammation and tissue injury in rats experimentally
infected by C. neoformans.

2. Materials and methods
2.1. Animals

Twenty male Wistar rats (Rattus norvegicus) with 90 days of age
and 298 (+29) g of average weight were kept in cages housed in a
room with controlled temperature and humidity (25 °C; 70%). They
were fed with commercial ration and received water ad libitum. All
animals had a period of 7 days for adaptation and were clinically
healthy in the beginning of the experiment (day 0). The procedure
was approved by the Committee on Ethics in Animal Experimen-
tation of Universidade Federal de Santa Maria (protocol number
073/2012).

2.2. Cryptococcus neoformans var.
grubii strain and inoculum

2.2.1. Cryptococcus neoformans var. grubii
The strain of C. neoformans used for animal inoculation in this
study was obtained from a clinical case of feline cryptococcosis

[20]. This strain was previously identified as C. neoformans var. gru-
bii based on its micromorphology and molecular characteristics, as
well as by its genomic sequence data deposited in GenBank under
the accession number HQ148880.

2.2.2. Inoculum preparation

C. neoformans was isolated on Sabouraud dextrose agar (SDA)
and incubated at 32 °C in order to obtain a pure and viable strain.
Each animal was inoculated with 0.3 ml of a suspension containing
1.7 x 107 cells of C. neoformans [21]. The inoculum was prepared
from young fungal colonies diluted in phosphate-buffered saline
(PBS).

2.3. Experimental design and infection

Rats were divided into two groups: 10 animals for the con-
trol group (Group A: uninfected) and 10 C. neoformans var. grubii
infected animals (Group B). The inoculation was performed as
previously described [21]. For inoculation, all animals were anes-
thetized with isoflurane. All animals underwent daily clinical
evaluation throughout the experiment.

2.4. Progression of infection

Progression of infection was assessed by the evaluation of
colony-forming units (CFU) at days 10 and 30 PI (sampling times).
Briefly, brain and lungs of rats were collected and weighed after
euthanasia. The organs were homogenized for 5-10s in PBS con-
taining 40 U of penicillin per ml. All samples were submitted to
serial dilutions, and 100 pl aliquots were added to plates contain-
ing SDA and incubated at 30 °C for 24-72 h. Data were reported as
CFU/g of organ.

2.5. Sampling

Blood samples were collected on days 10 and 30 PI from five
anesthetized (isoflurane) animals of each group by cardiac punc-
ture. Blood samples were stored in tubes containing anticoagulant
(for separation of lymphocytes and hemogram) and in tubes with-
out anticoagulant (to obtain sera to determine BChE activity and
interleukins levels).

Brain samples from five rats of each group were also collected
on days 10 and 30 PI, and they were divided into two hemispheres.
Theright hemisphere was weighed and homogenized in buffer Tris-
HCI 10 mmol, pH 7.2 to verify the activity of AChE, along with NOy,
AOPP, and TBARS levels. All procedures described above were per-
formed under refrigeration temperature (4 °C). Homogenates were
stored and frozen at —20 °C until analyses. The left hemisphere was
stored in 10% formalin for histological analyses.

2.6. Hematology

Hematocrit, total erythrocytes, hemoglobin concentration, and
total leukocytes were evaluated using an automatic electronic
counter. Smears were set and stained by the panoptic method to
performdifferential leukocyte counts. The hematocrit was obtained
by centrifugation using a microcentrifuge (Sigma) at 18,600 x g for
5min [22].

2.7. Cholinesterases activities

2.7.1. AChE in lymphocytes

Lymphocytes were obtained from whole blood with EDTA by
gradient separation using Ficoll-Histopaque™ plus, according to
the technique described by Boyum [23]. Lymphocyte viability and
integrity were confirmed by determining the percentage of cells
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excluding 0.1% trypan blue and measuring lactate dehydrogenase
(LDH) activity [24].

In sequence, AChE activity was determined according to the
method described by Fitzgerald and Costa [25]. Proteins of all
samples were adjusted to 0.1-0.2 mg/ml. A volume of 0.2 ml of
intact cells was added to a solution containing 1.0 mM acetylthio-
choline (ATC), 0.1 mM 5,5-dithiobis(2-nitrobenzoic acid) (DTNB),
and 0.1 mM phosphate buffer (pH 8.0). Before and after incubation
for 30 min at 27 °C, the absorbance was read on a spectrophotome-
ter at 412nm. AChE was calculated from the quotient between
lymphocyte AChE activity and protein content. Results were
expressed as pmol AcSCh™! mg™"! of protein.

2.7.2. Brain AChE activity

Brain homogenates were analyzed by the AChE enzymatic assay
using a modified spectrophotometric method [26]. All tests were
carried out in triplicate, and the enzyme activity was expressed in
pmol AcSChh~! mg~! of protein.

2.7.3. Seric BChE activity

The method of Ellman et al. [27] was used for the determina-
tion of BChE activity in sera samples by using butyrylthiocholine
as substrate. Results were expressed as pmol BcSChh~! mg~! of
protein.

2.8. Interleukin levels

Interleukin quantification (IL-1, IL-6, and IL-10) was assessed by
ELISA using commercial Kits for rat (eBioscience®, San Diego, USA)
according to the manufacturer’s instructions. Briefly, microplates
were sensitized with the primary antibody at room temperature
(RT) for 30 min, then the sample was added and incubated (37 °C
temperature, for 30 min). After washing, the secondary antibody
conjugated with peroxidase was added and incubated. The pres-
ence and concentration of the interleukins were determined by the
intensity of the color measured by spectrometry in a micro ELISA
reader.

2.9. Measuring the levels of nitric oxide, protein oxidation, and
lipid peroxidation in the brain

Nitric oxide levels were analyzed indirectly by quantifying seric
NO, (nitrite/nitrate) according to the technique described in detail
by Tatsch et al. [28]. Thus, the NOx was measured by the modified
Griess method with the Cobas Mira automated analyzer using 50 .
of sample. NOy results were expressed as p.mol/l.

Protein oxidation concentration (AOPP) was determined using
the semiautomated method [15]. The results were expressed as
pmol/l. Lipid peroxidation in brain was determined by TBARS lev-
els, measured by the absorbance of the red product at 532 nm [29]
and expressed as pumol MDA/mg of protein.

2.10. Histopathology

The animals were necropsied immediately after sampling (days
10 and 30). Representative fragments of lung and brain were fixed
in 10% buffered formalin. Sagittal sections of every 3 mm were
obtained and stained with hematoxylin and eosin (HE).

2.11. Statistical analysis

First the data were tested for normality of variance by
Shapiro-Wilk test, and the data with abnormal distribution were
transformed to logarithms. The data were summarized as means
and standard deviations, and were analyzed by the Student’s t-test
(P<0.05). Therelation between the number of lymphocytes and the

AChE activity in lymphocytes was analyzed by linear correlation.
The effect of AChE activity on IL-1 and IL-6 was analyzed by linear
correlation. Analyses of correlation were also performed for BChE
activity and seric IL-10. For all these analyses, the SAS software was
used.

3. Results
3.1. Course of infection and clinical signs

During the experimental period, infected rats did not show clin-
ical signs of respiratory distress, only mild apathy and piloerection.
C. neoformans was isolated from lungs of infected animals using
SDA at 30°C, which resulted in the growth of white and mucoid
yeast colonies. Microscopical analyses of these colonies with India
ink showed the presence of rounded cells of different sizes with
and without budding, surrounded by a clear halo.

Lung samples showed counts of 4.2x 104 (+1.5x 10%) and
1.74 x 104 CFU (£0.52 x 10%) of C. neoformans per gram of tissue on
days 10 and 30 PI, respectively. There was no C. neoformans growth
on brain samples.

3.2. Hematology

Hematology results are shown in Table 1. No significant
(P>0.05) difference was observed between groups for hematocrit,
total erythrocytes, and hemoglobinresults during the two analyzed
periods. Infectedrats showed asignificant (P<0.05) increasein total
leukocyte counts, mainly due to an increase in the number of lym-
phocytes on day 10 Pl when compared to the control group. On
day 30 PI, there were no changes in hemogram among the studied
groups (P>0.05).

3.3. Cholinestarases

The results of AChE activity of lymphocyte and brain are shown
in Fig. 1. Infected animals showed increased AChE activity in lym-
phocytes (P<0.05) on day 30 Pl when compared to uninfected
animals (Fig. 1A). Moreover, AChE activity in the brain was also
significantly increased (P<0.05) in infected rats in both periods
(Fig. 1B). On the other hand, seric BChE activity (Fig. 2) was reduced

Table 1
Means and standard deviation of the hematological parameters of rats experimen-
tally infected with Cryptococcus neoformans.

Parameters Days post- Control group Infected group
infection
Hematocrit (%) 10 4217 (£1.1) 4017 (£2.3)
30 41.4° (£0.8) 41.23(£1.1)
Total erythrocytes 10 6.43* (+:0.30) 6.71% (£0.35)
(x108]ul) 30 6.69° (+0.28) 6.812 (:0.32)
Hemoglobin (g/d1) 10 1134 (20.73) 11.6% (+0.61)
30 11.9% (+0.32) 11,72 (£0.12)
Total leukocytes (jul) 10 48037 (£745) 6432b (+£625)
30 46023 (+£1270) 5236 (+1003)
Neutrophils (/pl) 10 1001%(+340) 1330%(£325)
30 10507 (+541) 1299° (£365)
Lymphocyte (1) 10 35817 (+664) 4874P (+790)
30 34707 (+980) 37662 (+821)
Eosinophils (/1) 10 75.3% (+63) 101.2% (£51)
30 53.13 (+45) 68.3% (+£37)
Monocytes (/jl) 10 145.7% (£52) 126.8% (+54)
30 28.9% (+23) 102.7* (+:68)

" Means in the same line followed by different letters are statistically different
among them by Tukey's test at 5% probability ("P<0.05).
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Fig. 2. BChE activity in serum of rats infected by Cryptococcus neoformans (days 10
and 30 PI) when compared to the control group (*P<0.05, **P<0.01).

in infected rats on day 10 PI when compared to the control group
(P<0.05).

3.4. Interleukin levels

Seric pro-inflammatory cytokines levels increased (P<0.01) in
infected rats compared to the control group (Fig. 3). On the contrary,
anti-inflammatory cytokine (IL-10) was reduced in the same group
when compared to uninfected animals during the two analyzed
periods (Fig. 3C).

3.5. Levels of NOy, AOPP and TBARS in brain
NOy, AOPP, and TBARS results in brain samples are shown in

Fig. 4. NOy levels increased (P<0.05) significantly in infected ani-
mals when compared to uninfected ones on days 10 and 30 PI

Infected

Fig. 3. Levels of interleukins in ratsinfected by Cryptococcus neoformans when com-
pared to the control group at days 10 and 30 PI: IL-1 (A) IL-2 (B) and IL-10 (C).
(*P<0.01; **P<0.05).

(Fig. 4A). AOPP (Fig. 4B), and TBARS (Fig. 4C) levels increased sig-
nificantly on day 30 PI when these biomarkers were compared to
healthy rats.

3.6. Correlation analysis

There was no significant correlation (P> 0.05) between the num-
ber of lymphocytes and AChE activity in lymphocytes on day 10
(r=0.38) and 30 (r=0.49) Pl It was observed a strong positive cor-
relation (P<0.001) between AChE activity in lymphocytes and the
levels of IL-1 (r=0.72) and IL-6 (r=0.80) in the serum on day 30
Pl, different from the results found on day 10 PI, where no corre-
lation was observed. A strong positive correlation (P<0.001) was
observed between BChE activity and levels of seric IL-10 (r=0.79)
on day 10 PI, but not on day 30 PI.

3.7. Histology

Rats infected by C. neoformans developed histological lesions
in the lung, characterized by inflammatory response (Fig. 5). Lung
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lesions differed according to disease progression, and rats infected
after 10 days PI showed a large number of foamy macrophages
and neutrophil infiltrates in their lungs, which was interpreted
as neutrophilic and histiocytic pneumonia forming focally exten-
sive areas (Fig. 5A). Occasionally, there was accumulation of mild
lymphoplasmacytic infiltrate. There were small amounts of oval
structures interpreted as yeasts (Fig. 5B). Lungs from infected
rats after 30 days PI showed interstitial infiltration composed of
macrophages (interstitial pneumonia) and rare yeasts (Fig. 6A). The
bronchus-associated lymphoid tissue (BALT) was markedly hyper-
plastic, showing two populations of lymphocytes: the majority was
composed of mature lymphocytes and lymphoblast as a minor-
ity. Lung samples showed oval and round structures interpreted
as yeast cells. These structures were basophilic with 20-60 pm of
diameter and a core ranging from 10 to 20 pm, surrounded by an
unstained capsule. There was a small amount of yeasts associated
with inflammation. There were no detectable brain lesions in all
rats in this study (Fig. 6B).

Fig.5. Ratsexperimentally infected by Gryptococcus neoformans on day 10 PL. Alveo-
lar spaces can be observed due to the edema and inflammatory infiltrate composed
mainly by neutrophils and epithelioid macrophages (A). Under lower magnifica-
tion, we observed large amounts of round to oval structures with 20-60 wm with
basophilic nuclei surrounded by unstained capsule (B).

4. Discussion

Intratracheal inoculation of C. neoformans in rats produces a
similar pulmonary infection course of immunocompetent individ-
uals [21]. In the present study, it was confirmed that animals with
clinical signs compatible with lung disease developed lesions char-
acteristic of pneumonia, as well as inflammatory infiltrates due to
the presence of yeast, similarly to those reported in other stud-
ies [30]. The results obtained in our experimental infection by
C. neoformans generated a pro-inflammatory reaction against this
agent. There were no substantial changes in the behavior of the
animals throughout the experiment; however, the hematological,
biochemical and immunology analysis showed some important
changes.

Despite many efforts, little is known about the origin or func-
tion of ACh in the blood [31]. However, the available data have
demonstrated that ACh in the blood appears to be involved in the
activation and clonal expansion of lymphocytes [32,33], seen as an
anti-inflammatory effect by a decrease in TNF-a plasma levels [34]
that down-regulates NO release by erythrocytes in the presence of
fibrinogen [35]. Considering the data of hematological parameters,
associated with the activity of AChE in lymphocytes, it is possible
to assume that the lymphocytosis on day 10 PI was a consequence
of fungal infection (as expected) associated with normal AChE
activity, a situation that “preserves” ACh, allowing the lymphocyte
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Fig. 6. Rats experimentally infected by Gryptococcus neoformans on day 30 PL Lungs
from infected rats after 30 days post-infection showed interstitial infiltration by
macrophages and neutrophils (A). There were no detectable brain lesions on all rats
in this study (B).

expansion, anti-inflammatory response and reduced NO delivery.
On the other hand, on day 30 PI, the number of lymphocytes did
not differ statistically from the negative control group; however,
the AChE activity was increased. The increase in enzyme activity
probably led to a reduction in the concentration of ACh, limiting the
lymphocytes proliferation in this period, as well as to an increase
in the levels of IL-1 and IL-6, since it is well known that ACh has
an important role in attenuating the release of pro-inflammatory
cytokines [5], characterizing, then, a pro-inflammatory
pattern.

Brain activity of AChE was enhanced in both periods, on days 10
and 30 PL. [36] Researchers working with a murine model recently
demonstrated that, unlike C. gattii, C. neoformans prefers the brain
tothe lung toestablishinfection[36]. Therefore, cryptococcal infec-
tion of the brain will depend on the successful maneuver by the
fungus through the barriers involved in the early phase of infection.
Increase in AChE activity in brain samples can be proportional to the
reduction of ACh, a situation that favors pro-inflammatory events.
Corroborating this hypothesis, our assessment of cytokines showed
increased levels of IL-1 and IL-6 (pro-inflammatory cytokines) in
both periods. According to the literature, ACh does not affect IL-
10 production of IL-10 [5], an anti-inflammatory cytokine, but we
observed (together with the increased activity of AChE) levels of
IL-10 reduced on days 10 and 30 PI.

Additionally, if we analyze the AChE activity in brain along with
the data from the biomarkers of oxidative stress (also assessed
in brain tissue), it is possible to observe a correlation, especially

regarding NOy levels, since it increased in both periods (days 10
and 30 PI), while TBARS and AOPP levels increased on day 30 PI.
When NOy derives from inducible NOS (iNOS), it may work as a neu-
rotoxin. iNOS is Ca* -independent and transcriptionally regulated.
Once synthesized, iNOS is active for prolonged periods [36]. The
increase in the pro-inflammatory cytokines observed throughout
our experiment probably induced iNOS activity (generating NOy),
since in vitro studies show that NO or combined with inflamma-
tory cytokines induced iNOS activity in glial cells [37-39]. Once
TBARS and AOPP are reliable markers of cellular damage, it was
expected that both of them showed increased levels on day 30 PI.
Since in our experimental infection, the damage might be caused
directly by the yeast or by the exacerbated inflammatory reaction
(IL-1 and IL-6 with high levels in both analyzed periods), we consid-
ered both hypotheses as viable causes of increased levels of these
two biomarkers at the end of the experiment.

Like AChE, BChE inactivates the ACh, but an important feature
distinguishing them is its kinetic response to concentrations of Ach,
reflected in their Km values [40]. In our results we observed BChE
withreduced activity in serum onday 10 PI. As mentioned above, on
day 10 PI, we found lymphocytosis associated with regular activity
of AChE, which allowed usto believe that the concentrations of ACh
were elevated at this point. BChE s less efficient in ACh hydrolysis at
low concentrations but highly efficient at high quantities, at which
AChEbecomes substrate-inhibited [41].Thus, the BChE activity was
increased (due to the high concentration of ACh) to a certain point,
where an enzymatic depletion occurred, causing the reduction of
BChE observed on day 10 PI. As the infection progressed, the ACh
showed reduced concentrations (promoting a pro-inflammatory
reaction), favoring the activity of AChE, as observed on day 30 PI
in lymphocytes.

In summary, based on the results obtained and discussed, it was
possible to observe that AChE showed increased activity in brain
tissue and lymphocytes, leading to a pro-inflammatory reaction
evidenced by the enhancement of IL-1 and IL-6 and NOy throughout
the experiment (associated with IL-10 reduction), as well as by the
increase of TBARS and AOPP at the end of the experiment, denoting
cellular damage, even though biochemical abnormalities were not
detected on histology of brain. BChE activity was reduced at the first
sampling, probably due to its exhaustion by hydrolyzing the ACh,
when it wasin high concentrations. As a result, we conclude that the
animals develop the disease, which leads to lipid peroxidation and
protein oxidation associated with tissue lesions and inflammation,
aswell as increased inflammatory response in the blood. Moreover,
we may also conclude that the AChE activity can be increased as an
inflammatory marker of the disease, since this enzyme regulates
the ACh levels (reduce), a powerful anti-inflammatory molecule.
As a consequence of this, the immune response against the fungus
is exacerbated. Therefore, the AChE is influenced by cryptococco-
sis, participating directly or indirectly in the events involved in the
pathogenesis of the disease.
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Abstract

The present study was carried out to assess the participation of purines in the activation
and modulation of inflammatory response of rats experimentally infected by
Cryptococcus neoformans. Twenty four Wistar rats were divided into two groups of 12
animals each: Group A - uninfected control group and Group B - infected by C.
neoformans. Blood was collected 20 and 50 days post-infection (PI) from six animals of
each group in order to verify purine levels (adenosine triphosphate (ATP), adenosine
diphosphate (ADP), adenosine monophosphate (AMP), adenosine (ADO), inosine
(INO), hypoxanthine (HYPO), xanthine (XAN) and uric acid (URIC)). ATP levels were
significantly increased (P<0.05) in serum from infected animals on days 20 and 50 PI,
as well as adenosine levels after 20 days Pl on rats. However, on day 50 PI, levels of
adenosine, inosine, hipoxantine and uric acid were reduced (P<0.05). Therefore, it was
possible to conclude that the purine levels in serum were altered and that these changes
may be able to influence the pathogenesis of the disease caused by C. neoformans due
the participation of purines (ATP and adenosine main) in the activation and modulation
of inflammatory response.

Keywords: Cryptococcosis; Purinergic signaling; pathology; immune response.

1. Introduction

Cryptococcus neoformans, the predominant etiological agent of cryptococcosis,
is an encapsulated fungal pathogen that causes disease that ranges from an
asymptomatic infection to a mild bronchopneumonia and even to a life-threatening
infection of the central nervous system (CNS) [1]. The most common and serious type
of cryptococcal disease is the pulmonary cryptococcosis that if uncontrolled may

progress to cryptococcal meningitis (CM) or meningoencephalitis [2,3]. Pulmonary
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cryptococcal infection will occur only when fungal cells are deposited deep into the
lungs after inhalation. In the lungs alveolar macrophages (AMs) will be the first cells to
encounter the fungus and will respond by internalizing them through phagocytosis [4].
When cryptococcal infection is not controlled at this stage, the microorganism may
spread throughout the body, with particular preference for the CNS leading to
meningitis and/or meningoencephalitis, a life-threatening disease with high mortality
rates [1,5].

Resistance or susceptibility to Cryptococcus disease in humans and animals
depend on the outcome of many host and pathogen derived factors. In this sense,
purinergic mechanisms have been shown to be involved in various pathological
conditions where nucleotides ATP, ADP, AMP and the nucleosides adenosine and
inosine are secreted by hematological and endothelial cells and used as mediators able
to modulate the inflammation process, vascular thrombosis, muscle contraction,
neurotransmission and pain [6,7,8,9]. Additionally, purinergic mechanisms also play an
important role in brain trauma and ischaemia, neurodegenerative diseases involving
neuroimmune and neuroinflammatory reactions, as well as in neuropsychiatric diseases,
including depression and schizophrenia [8]. The deamination of adenosine to inosine
favors the maintenance and survival of invading microorganisms, since adenosine
promotes chemotaxis, activation and degranulation of mast cells [10,11]. Hypoxanthine,
xanthine, and uric acid are bioproducts of purine catabolism [12], being the uric acid a
potent antioxidant. Therefore, the aim of this study was to access the purine levels of the
purinergic cascade in serum samples from rats experimentally infected by C.
neoformans and to evaluate the participation of purines in the modulation of

inflammation.
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2. Materials and methods
2.1. Animals

Twenty-four adult male rats with 90 days of age and 274 (£21) grams of weight
were used. They were kept in cages with six animals each on an experimental facility
under controlled temperature and humidity (25 °C; 70%), fed with commercial feed,
with water ad libitum, and submitted to a period of 12 days for adaptation.

This study was approved by the Ethics and Animal Welfare Committee of the

Federal University of Santa Maria (UFSM), under protocol number 6598280615.

2.2. Strain
2.2.1. Cryptococcus neoformans var. grubii

Cryptococcus neoformans used for inoculum preparation was obtained from a
clinical case of a feline with cryptococcosis [13]. This strain had previously been
identified as Cryptococcus neoformans var. grubii based on micromorphology and

molecular characteristics.

2.2.2. Inoculum preparation
C. neoformans was grown in Sabouraud dextrose agar (SDA) medium for 24 h
at 30°Cto obtain a viable and pure strain. The fungal inoculum was prepared

using young colonies diluted in phosphate-buffered saline (PBS).

2.3. Experimental design
In this study, Wistar rats were divided into two groups: 12 animals composed the
control group A (group: uninfected), and 12 animals composed group B (group:

infected) infected by C. neoformans. After isoflurane anesthesia, the inoculation of
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0.3mL containing 1.7x107 cells of C. neoformans was performed intratrachealy as

described previously [14].

2.4. Course of infection

Course of infection was assessed by the evaluation of colony-forming units
(CFU) on days 20 and 50 PI (sampling times). The lungs of rats were collected and
weighed after euthanasia. A fragment of each organ was mechanical grinded and
homogenized in PBS (1:10) containing 40 U of penicillin/mL. All samples were
submitted to serial dilutions and 100uL aliquots were added to plates containing SDA
and incubated at 30°C for 24-72 h. Data were reported as (CFU)/g of organ analyzed.

The results of CFU were shown as mean and standard deviation.

2.5. Collecting samples

Samples from the groups A and B were collected on days 20 and 50 (PI) as
follows: on day 20 (six animals of group A and six animals of group B); and on day 50
(six animals of group A and six animals of group B). Blood samples were collected by
cardiac puncture (4mL) from anesthetized animals. Blood samples were allocated in
tubes without anticoagulant in order to obtain serum to measure the levels of purines.
To obtain the serum, all blood samples were centrifuged (5000 g for 5min at 37 °C).

The serum was stored at —20 °C until analysis.

2.5. Serum preparation
The denaturation of serum sample proteins was performed using 0.6 mol L™
perchloric acid. All samples were then centrifuged (14000 g for 10 min at 4 °C) and the

supernatants were neutralized with 4.0 N KOH and clarified with a second
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centrifugation (14000 g for 15 min at 4 °C). The serum of rat from each group (A and
B) was used to measure the concentration of purines ATP, ADP, AMP, ADO, INO,

HYPO, XAN and (URIC)) [15].

2.6. Analysis of purine levels in serum

Aliquots of 20 uL of serum samples were applied to a reversed-phase
performance liquid chromatography (HPLC) system (Shimadzu, Japan) using a Cig
column (Ultra C18, 25 cm x 4.6 mm x 5um, Restek - USA). The elution was carried out
applying a linear gradient from 100% of solvent A (60 mM KH,PO, and 5 mM of
tetrabutylammonium phosphate, pH 6.0) to 100% of solvent B (solvent A plus 30%
methanol) over a 30 min period (flow rate at 1.4 mL/min) according to a method
previously described [16]. The amounts of purines were measured by absorption
measured at 260 nm. The retention time of standards was used as parameter for
identification and quantification. Purines concentrations were expressed as nmol of

different compounds per mL of serum.

2.7. Histopathology
Lungs tissues from three animals of each group (three of each period evaluated,
days 20 and 50 PI) were collected, and then stored in 10% formalin buffered solution.

Sagittal sections of every 3 mm were obtained and stained with hematoxylin and eosin.

2.8. Statistical analysis
The data were submitted to one-way analysis of variance followed by the
Students t-test (P<0.05). The values were represented as mean + standard error. All

samples were processed in triplicate.
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3. Results
3.1. Course of infection and clinical signs

Rats showed mild apathy and piloerection, and one rat died before the end of the
experiment with macro-lesions in the lungs, and histological examinations revealed the
presence of fungus associated with pneumonia. Similar findings were also found on
other experimental animals described below.

C. neoformans was isolated from the lungs of infected animals on days 20 and
50 PI, resulting in the growth of white mucoid yeast colonies. Microscopical analysis of
these colonies on India ink showed the presence of rounded cells of different sizes with
and without budding surrounded by a clear halo. Lung samples showed 8.3 x10* (+
1.8x10%) and 2.8 + x10* CFU (+ 0.35x10% of C. neoformans per gram on days 20 e 50

PI, respectively.

3.2. Purines levels in serum

The levels of purines in serum of rats were shown in Figure 1. Serum ATP levels
increased significantly in infected animals on days 20 and 50 P1, as well as ADO on day
20 PI. Was observed the reduced levels of hypoxanthine in both periods in infected rats,

and decreased levels of ADO, INO and URIC only in day 50 PI.

3.3. Histological evaluation

Rats infected by C. neoformans developed histological lesions in the lung
characterized by inflammatory response (Figure 2). At day 20 and 50 PI, the lungs
showed an elevated, firm and whitish area, with an irregular surface. On cutting, the

area was solid, hard, and homogeneously white. Histologically, the lungs showed a
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focal extensive area formed by multiple accumulations of amorphous material,
characterized by a central area of caseous necrosis with multiple neutrophils. This area
was surrounded by a great amount of epithelioid macrophages and giant cells. In the
central area of the granuloma, there was a mixture of cellular debri and necrotic tissue
with large amounts of round to oval structures classified as yeast cells. These structures
were basophilic with 20 to 60um of diameter and a core ranging from 10 to 20um,

surrounded by an unstained capsule.

4. Discussion

In cryptococcal infection, like in many others, the virulence of the
microorganism relies on specific molecular factors that target host defenses, allowing or
not, the establishment of the infection. In this context, rats were used as experimental
model and intratracheal inoculation by C. neoformans, producing a local lung infection,
similar to pulmonary infection in immunocompetent humans [14]. Importantly, the
animals showed clinical signs of the disease, as well as death after complications caused
by cryptococcosis.

Extracellular ATP levels were increased on serum sample of infected rats.
According to the literature, the high levels of ATP in the extracellular milieu are
directly linked to the inflammatory response against the infection, because ATP is a
molecule pro-inflammatory, able to activate cell defense [17], regulating the activation,
migration, phagocytosis and release of pro-inflammatory factors in immune and glial
cells [18]. A tendency of pro-inflammatory response is supported by our histological
results, since it was observed signs of inflammatory infiltrate in lungs of animals.

Considering the pro-inflammatory pattern mentioned earlier, it is imperative to

highlight that in adaptive immune responses to pathogens, there is a critical balance
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between pro and anti-inflammatory immune responses. Uncontrolled pro-inflammatory
immune responses can result in damage to host tissues, whereas anti-inflammatory
immune responses initiated prematurely can result in pathogen survival, which is
deleterious for the host [19]. Among the molecules evaluated in our study, (ADO) is the
main molecule being in charge of some anti-inflammatory responses. ADO receptor
ligation on monocytes and macrophages strongly suppresses the production of IL-12
through TLR4 [20,23]. Since IL-12 is vital in directing a strong inflammatory response,
the ADO suppression of IL-12 production is probably one of the central mechanisms
whereby ADO receptor occupancy prevents inflammation-induced tissue injury. 1L-12,
a pro-inflammatory cytokine and a main inducer of Thl responses and cell-mediated
immunity, is suppressed by adenosine and its analogues, whereas secretion of IL-10, a
protective cytokine that suppresses IL-12 and TNF-a release, is enhanced by ADO and
A2, receptor agonists [21,22,24,25]. Thus, we observed increased levels of ADO in
serum of rats on day 20 PI. Our research group had already observed an inhibition of E-
ADA activity in serum of rats infected by C. neoformans early on the infection [26],
corroborating the present results. As mentioned earlier, there was a greater
concentration of extracellular ADO by interaction with purinergic receptors, playing a
protective role in order to attenuate systemic changes caused by infection [27].
Therefore, we believe that enhanced levels of ADO on day 20 PI played a modulatory
function on cryptococcal infection during the early infection, avoiding excessive tissue
damage.

On the other hand, ADO levels on day 50 PI were statistically reduced compared
to higher levels on day 20 PI for the same samples, showing an inverse pattern. Since
histological examination on day 50 PI showed signs of the infection, we believe this

ADO behavior was favoring a pro-inflammatory action, as an attempt to control the
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infection during the late phase of experimental infection. This hypothesis is in
accordance to the conclusions regarding to ATP levels, which still increased on day 50
Pl signaling an inflammatory response. This counter-regulatory effect suggests that
ADO enhances the inflammatory response at sites where ADO is present in low
concentrations, or at sites where net ADO uptake and metabolism is greater than ADO
production, as can occur at sites of microbial infection [28].

Evidences indicate that the adenosine breakdown products, INO and URIC, can
influence many facets of the innate immune response [21,29]. Most of our results
showed a consequence of the purinergic cascade, since the subsequent products depends
on their precursors [30]. The oxidation of HYPO, XAN, catalyzed by xanthine oxidase,
produces URIC, a potent antioxidant [31]. Our results showed that URIC was
statistically reduced at day 50 PI (or with a tendency of reduction at day 20 PI) in
samples of serum of rats, representing a potential reduction in free radical scavenging.
Thus, because the relative levels of these various purinergic by-products, we can
suggest a closely reflection on the metabolic status of the tissue, proposing that our
results, on purine compounds assessment, could represent an ideal sensor system on
providing the immune system with essential information about the ‘health’ of the tissue,
in this case, regarding to a cryptococcal infection.

Based on these results, we can conclude that the experimental infection by C.
neoformans in rats, led to a characteristic purinergic response to the infection, providing
an increase on extracellular levels of ATP, which characterizes a pro-inflammatory
response, followed by episodes of anti-inflammatory modulations when extracellular
ADO levels were increased, or corroborating the pro-inflammatory events, when ADO
was reduced. Also, products of ADO catabolism show different actions, serving as a

“sensor of tissue health”. Therefore, the cryptococcosis changes purine levels, and
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consequently it influences the pathogenesis of the disease, because the importance of

the vital functions in which these molecules are involved.
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Fig. 1. Purine levels in serum of rats infected by Cryptococcus neoformans on days 20
(A) and 50 (B) post-infection. Serum levels of purines (right hemisphere): adenosine
triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP),
adenosine (ADO), inosine (INO), hypoxanthine (HYPO), xanthine (XAN) and uric acid

(URIC), *P<0.05.

Fig. 2. Experimental infection by Cryptococcus neoformans in rats. Lung fragments of
rats showed inflammatory infiltrate composed by neutrophils and epithelioid
macrophages on day 20 post-infection (PI) (A: BAR 50 um); it is also possible to
observe large amounts of round to oval structures with 20 to 60um, with basophilic

nuclei surrounded by unstained capsule on day 50 P1 (B; BAR 20 um).
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5 DISCUSSAO

O mecanismo de defesa do organismo para combater Cryptococcus spp. conta
com a participacdo do sistema imune inato e adaptativo, sendo a resposta imune
mediada por células T o principal mecanismo de defesa imune (ZHOU & MURPHY,
2006). Em se tratando de resposta imune, tanto o sistema purinérgico (BURNSTOCK,
2006), quanto o colinergico (DAS, 2007) possuem algumas propriedades
imunomodulatorias bem definidas; porém, a relacdo destes sistemas com algumas
importantes doencas ainda tende a ser muito explorada em pesquisas futuras. Desta
maneira, sabendo-se que uma resposta imune eficiente é vital ao hospedeiro frente a
uma infeccdo por Cryptococcus spp., buscou-se avaliar a participacdo dos sistemas
purinérgico e colinérgico nesta enfermidade.

Foi avaliada inicialmente a influéncia da infecgdo por C. var. grubii em um
panorama sistémico, in vivo, uma vez que foram utilizadas avaliagcbes de atividades
enzimaticas em células sanguineas, principalmente nos linfocitos. Observando as
respostas a infeccdo, geradas pelo sistema purinérgico (sinalizacdo purinérgica), foi
possivel observar que tanto a E-NTPDase quanto a E-ADA tiveram suas atividades
afetadas pela criptococose. A E-NTPDase desempenha um importante papel no controle
da funcdo dos linfocitos, incluindo o reconhecimento do antigeno e ativacdo de fungdes
efetoras das células T citotoxicas (FILIPPINI et al., 1990).

Quando a atividade desta enzima foi avaliada em linfocitos de ratos,
experimentalmente infectados com C. var. grubii, observou-se uma diminui¢do da
atividade da E-NTPDase quando utilizados substratos de ATP e ADP. E conhecido que
as concentragdes extracelulares de ATP sdo controladas dinamicamente pela ecto-
enzima E-NTPDase (BOURS et al., 2006). Portanto, sugere-se que pode ter ocorrido
um aumento na concentracdo de ATP e ADP extracelular nos ratos infectados
experimentalmente. O aumento de ATP no meio extracelular pode também levar a um
reacdo pro-inflamatoria, principalmente pela liberagdo de mediadores pro-inflamatorios,
com a diferencia¢do de células Th nativas em linfécitos Thl, iniciando o processo de
inflamacdo (YEGUTKIN, 2008). Sabe-se que durante a fase inicial da infeccéo por C.
neoformans as celulas T produzem citocinas, que ativam macrofagos levando a
destruicdo intracelular de fungo ou mantendo este em uma condigdo dormente

(FELDMESSER et al., 2001). Por estas razfes acreditamos que um aumento do nivel de
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ATP extracelular ocorreu na infecgdo experimental, principalmente considerando o
aumento nos niveis de TNF-a e INF-y observado durante o experimento.

Para reforcar a hipotese da ocorréncia de uma reacéo pré-inflamatoria pelo ATP,
foi avaliada a atividade da E-ADA nos linfécitos, visto que a E-ADA ¢é responsavel pela
regulacdo da concentracdo de adenosina (ADO) no meio extracelular (RALEVIC &
BURNSTOCK, 1998). A ADO pode atuar como um “sinalizador” fornecendo
informacdes para o sistema imune sobre dano tecidual, principalmente em infeccbes
agudas (KUMAR & SHARMA, 2009) dos neutrdfilos e linfocitos (BOURS et al.,
2006). Clinicamente, altos niveis de E-ADA no liquido pleural pode ser observado em
pacientes com pleurite criptocécica (YOSHINO et al., 2010), empiema, linfoma,
derrames parapneumoénicos e derrames pleurais associado a doencas do colageno
(OCANA et al., 1988; BURGESS et al., 1996). Em nossos resultados, foi possivel
observar que a atividade de E-ADA no soro foi inibida nos dias 10, 20 e 30 Pl em
comparagdo com o controle grupo. Diminuicdo da atividade E-ADA sérica pode estar
relacionada a necessidade de uma maior concentracdao de extracelular ADO através da
interacdo com receptores purinérgicos, desempenhando um papel de protecédo, a fim de
atenuar alteracdes sistémicas causadas pela infeccdo (FRANCO et al., 1997).

Em condigdes patolédgicas, a ADO desempenha um papel protetor, modulando a
liberacdo de neurotransmissores e também atuando como um regulador enddgeno da
imunidade inata e na defesa do hospedeiro de lesdo tecidual excessiva associada a
inflamacdo (RATHBONE et al.,, 1999; BERAUDI et al.,, 2003; HASKO &
CRONSTEIN, 2004; SITKOVSKY & OHTA, 2005; BURNSTOCK, 2006;
DESROSIERS et al., 2007), sendo considerada uma molécula sinalizadora de dano
celular (BOURS et al., 2006). Desta maneira, a ADO em altas concentragdes pode atuar
via receptores purinérgicos, atenuando a inflamacdo e os danos teciduais. Esses
resultados corroboram a hipdtese de que o aumento na atividade da E-NTPDase visou
proporcionar um efeito estimulador da resposta imune, frente a infeccdo por
Cryptococcus neoformans. Neste primeiro experimento, foram ainda avaliados alguns
outros parametros visando a confirmacdo da infeccéo pelo agente, e assim, validando os
resultados obtidos. Neste sentido é importante ressaltar que na avaliacdo soroldgica
foram observados niveis de IgM e 1gG aumentados nos trés periodos avaliados,
caracterizando uma curva imunolégica tipica de um processo infeccioso.

No segundo estudo o objetivo foi estabelecer o papel das enzimas do sistema

colinérgico na criptococose. Da mesma forma que na avaliacdo anterior, foram
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estabelecidos parametros que validassem, ou confirmassem, nesse caso, a resposta
inflamatoria gerada pela resposta a infeccdo. Nesse sentido foi optado por se dosar as
citocinas IL-1, IL-6 e IL10. As duas primeiras interleucinas foram detectadas em
concentragdes estatisticamente elevadas em relacdo ao controle negativo, em ambos os
periodos, demonstrando o padrdo pré-inflamatério proprio a infeccdo. Em relacdo a
atividade enzimatica colinérgica, foi observado um aumento da AChE nos linfocitos e
no cérebro e diminui¢cdo da BChE no soro.

A AChE possui um papel regulatério na neurotransmissdo colinérgica. Ela é
responsavel pela hidrdlise rapida do neurotransmissor ACh, uma molécula mediadora
da via colinérgica anti-inflamatoria, cuja atuacdo se da pela inibicdo da producdo de
TNF-a e IL-1, quando esta molécula se liga a receptores nicotinicos na superficie dos
linfocitos (RAMIREZ et al., 1997). Considerando os dados de parametros
hematoldgicos, associado com a atividade da AChE em linfocitos, é possivel perceber
que a linfocitose no dia 10 Pl foi uma consequéncia da infecgdo fungica (como
esperado) associado com atividade AChE normal, uma situacdo que "preserva” ACh,
permitindo a expansdo do linfocito. No periodo que corresponde a 30 dias Pl a atividade
da AChE foi aumentada levando a uma reducdo na concentracdo de ACh, e limitando
proliferacdo dos linfocitos neste periodo, uma vez que é bem conhecido que a ACh tem
um papel importante na atenuacdo da liberagdo de citocinas pro-inflamatorias
(PAVLOV & TRACEY, 2005). Atividade cerebral de AChE foi reforcada em ambos 0s
periodos, nos dias 10 e 30 de Pl. Aumento da atividade da AChE em amostras do
cérebro pode ser proporcional a redugdo da ACh, uma situacdo que favorece eventos
pré-inflamatorios.

A BChE foi dosada em amostras de soro desses animais, porém apresentando
diminuicdo na sua atividade somente no dia 10 PI. BChE é menos eficiente na hidrolise
de ACh em concentragfes baixas, mas altamente eficiente em quantidades elevadas
(DAJAS-BAILADOR & WONNACOTT, 2004). Assim, a atividade da BChE esteve
diminuida (devido a baixa concentracdo de ACh), a atividade desta enzima é
dependente do subtrato. Conforme foi possivel observar que a AChE demonstrou
aumento da atividade em tecido cerebral e linfocitos, levando a uma reativacdo pro-
inflamatoria, confirmada pelo aumento de IL-1 e IL-6. Além disso, também se pode
concluir que a atividade de AChE pode ser aumentada como marcador inflamatorio da
doenca, uma vez que esta enzima regula os niveis de ACh, uma potente molécula anti-

inflamatoria.
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No estudo da avaliacdo dos niveis de purinas no soro foi possivel observar que
ocorreu um aumento nos niveis de ATP em ambos os periodos. Niveis elevados de ATP
no meio extracelular sdo diretamente ligados a resposta inflamatoria para combater a
infeccdo, visto que, o ATP é capaz de ativar varios mediadores pro-inflamatérias
(BOURS et al., 2006; GANDELMAN et al., 2010). Dentre as purinas analisadas a ADO
¢ a principal molécula que desempenha atividade anti-inflamatéria, seu pequeno
aumento no dia 20 Pl demostra um papel anti-inflamatorio prematuro na tentativa de
evitar dano excessivo aos tecidos. Quando avaliada a cascata purinérgica € importante
lembrar que os produtos subsequentes dependem dos seus precussores (RALEVIC &
BURNSTOCK, 2003). A oxidacdo de moléculas como a hipoxantina e xantina, quando
catalisadas por acdo da xantina oxidase, produzem o acido Urico que é considerado como
um potente antioxidante (SANTOS et al., 1999). Nosso estudo mostrou uma reducdo nos
niveis deste antioxidante, representando reducdo no potencial de eliminagdo de radicais
livres.

Portanto, na resposta imune frente a diferentes patdgenos é crucial um equilibrio
entre respostas pré e anti-inflamatoria. Resposta imune pro-inflamatdrias néo
controladas podem resultar em danos ao tecido do hospedeiro, enquanto que a resposta
imune anti-inflamatoria precoce pode resultar em sobrevivéncia de agentes patogénicos
prejudicando mais uma vez o hospedeiro. O sistema enzimatico colinérgico e
purinérgico parecem participar da modulacdo da resposta inflamatéria a criptococose.
Desta maneira o equilibrio entre as respostas inflamatdrias sdo determinantes para

modular a resposta imune no hospedeiro frente a infeccdo por C. neoformans.
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6 CONCLUSOES

1. Os resultados apresentados nesta tese permitem concluir que a infeccdo experimental
por C. neoformans foi capaz de alterar os sistemas purinérgico e colinérgico

2. Na avaliagdo da atividade das enzimas E-NTPDase e E-ADA, no soro e linfocitos, foi
possivel observar que tanto a E-NTPDase quanto a E-ADA tiveram suas atividades
afetadas pela criptococose. A hidrolise do ATP e ADP foram diminuidas, bem como a
atividade da E-ADA também esteve diminuida. Isso demonstra uma atividade proé-
inflamatéria da E-NTPDase e uma atividade anti-inflamatéria da E-ADA, ou seja,
fortalecendo a hipotese da existéncia de um mecanismo de modulacdo da resposta
inflamatoria;

3. Na avaliacdo da AChE nos linfécitos e no cérebro foi possivel observar que a atividade
da AChE esteve aumentada, diminuindo a ACh e estabelecendo uma resposta pro-
inflamatdria. Essa reacdo foi evidenciada pelo aumento IL-1 e IL-6. A atividade da
BChE no soro esteve reduzida provavelmente devido a exaustao da hidrolise da ACh;

5. Na avaliacdo dos niveis de purinas no soro foi possivel observar que ocorreu um
aumento nos niveis de ATP em ambos os periodos, caracterizando uma resposta pro-

inflamatoria.
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