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CHAGAS-JUNIOR, Adenizar Delgado das. Avangos no conhecimento da imunopatogénese
da leptospirose e a aplicagdo do método do imprint como ferramenta qualitativa e quantitativa
de leptospiras. Tese (Doutorado) — Fundacdo Oswaldo Cruz, Centro de Pesquisas Gongalo
Moniz, Salvador, 2014.

RESUMO

A leptospirose € uma zoonose causada por espiroquetas patogénicas pertencentes ao
género Leptospira. O modelo da doenca em camundongos tem vantagens devido a ampla
gama de ferramentas genéticas e imunologicas disponiveis para pesquisas basicas. A maior
limitacdo na conduta clinica e na pesquisa experimental da leptospirose é o fraco desempenho
dos metodos disponiveis para deteccédo direta e para quantificacdo de leptospiras. Foi incluido
nesta tese um conjunto de trés manuscritos que visam investigar o desfecho da infeccdo pela
cepa virulenta de Leptospira interrogans nas linhagens de camundongos selvagens (A, CBA,
BALB/c e C57BL/6), em camundongos oxido nitrico sintase induzivel (iNOS) Knockout
(KO), camundongos gene ativador de recombinacdo 1 (RAG1) KO , camundongos CB17 com
imunodeficiéncia combinada grave (SCID), e 0s seus respectivos controles selvagens
C57BL/6 e BALB/c. Investigar a confiabilidade do método de quantificacdo do imprint (1IM),
comparando os resultados obtidos com esta técnica aos obtidos com a utilizacdo do PCR em
tempo real (QPCR) para detectar e quantificar leptospiras em amostras de rim de ratos e
hamsters experimentalmente infectados. Como esperado, nenhuma das linhagens de
camundongos selvagens foram suscetiveis a leptospirose letal. A linhagem A e C57BL/6
exibiram altas cargas de Leptospira nas amostras de rim e as linhagens CBA e C57BL/6
desenvolveram lesdes inflamatorias graves, enquanto a linhagem BALB/c provou ser a mais
resistente apresentando leptospirose subclinica. Os camundongos INOS KO e selvagem
sobreviveram sem sintomas clinicos de leptospirose. A frequéncia e gravidade das nefrites
foram significantemente menores nos camundongos iINOS KO. Todos os animais RAG1 KO
e SCID morreram de leptospirose aguda, enquanto que todos os camundongos selvagens
sobreviveram. A hemorragia pulmonar foi observada em 57 e 94% dos camundongos RAG 1
KO e em 83 e 100% dos camundongos SCID, usando doses de indculos de 10" e 10°
leptospiras, respectivamente. N&o houve evidéncias de hemorragia pulmonar nos controles
selvagens. Nos modelos de infeccdo agudo e cronico, houve correlacdo positiva
estatisticamente significante (P < 0,05) na quantificacdo de leptospiras pelos métodos do
gPCR e do IM. Como conclusdo geral, a linhagem de camundongos A pode ser a linhagem de
escolha em estudos na qual se pretende recuperar um grande nimero de leptospiras de rins
colonizados. As linhagens CBA e C57BL/6 desenvolveram, com maior frequéncia, lesdes
inflamatorias e podem ser as mais adequadas para estudos de leptospirose associados com
nefrite intersticial. A linhagem BALB/c é a mais indicada para estudar mecanismos que
envolvam a imunidade inata e/ou a rapida resposta imune adaptativa. A auséncia do gene do
INOS no modelo murino resultou em uma diminuicéo significativa da suscetibilidade para o
desenvolvimento da nefrite intersticial. Além disso, a auséncia de linfocitos B e T funcionais
ndo impediu a ocorréncia de hemorragia pulmonar. Estes dados fornecem fortes evidéncias de
que a hemorragia pulmonar na leptospirose ndo esta relacionada apenas a mecanismos
autoimunes. Para a deteccdo e quantificacdo de leptospiras o método do imprint foi
equivalente ao gPCR.

Palavras-chave: Leptospirose, Camundongos, Hemorragia pulmonar, PCR em tempo real



CHAGAS-JUNIOR, Adenizar Delgado das. Advances in the understanding of the
immunopathogenesis of leptospirosis and the imprint method as a qualitative and quantitative
tool for leptospires. Tese (Doutorado) — Fundacdo Oswaldo Cruz, Centro de Pesquisas
Goncalo Moniz, Salvador, 2014.

ABSTRACT

Leptospirosis is a zoonosis caused by pathogenic spirochaetes belonging to the genus
Leptospira. The mouse disease model is advantagous due to the broad array of immunological
and genetic tools available for basic research. A major limitation in the clinical management
and experimental research of leptospirosis is the poor performance of the available methods in
the direct detection and quantification of leptospires. This thesis includes three manuscripts
that investigate the outcome of infection by a virulent strain of Leptospira interrogans in
wildtype mice strains: A, CBA, BALB/c and C57BL/6; in iNOS knockout (KO) mice,
recombination activating gene 1 (RAG1) KO mice and CB17 severe combined
immunodeficiency (SCID) mice. To investigate whether the imprint method (IM) of
quantification was reliable we compared it with against real time PCR (qPCR) for the
detection and quantification of leptospires in kidney samples from rats and hamsters. As
expected, none of the wildtype mice were susceptible to lethal leptospirosis. The A and
C57BL/6 strains exhibited high leptospiral loads in the kidney samples and the CBA and
C57BL/6 strains developed severe inflammatory lesions, whilst the BALB/c strain proved to
be the most resistant to subclinical leptospirosis. The INOS KO mice survived with no clinical
symptoms of leptospirosis. The frequency and severity of nephritis was significantly lower in
the INOS KO mice. All of the RAG 1 KO and SCID animals died of acute leptospirosis,
whereas all of the wildtype mice survived. Pulmonary haemorrhage was observed in 57 and
94% of Ragl KO mice and in 83 and 100% of SCID mice, using inoculum doses of 10" and
10° leptospires, respectively. There was no evidence of pulmonary haemorrhage in the
wildtype controls. In both the acute and chronic infection models, the correlation between
quantification by gPCR and the IM was found to be positive and statistically significant (P <
0.05). In conclusion, the mouse A strain would be the strain of choice in studies requiring the
recovery of a large number of leptospires from colonized kidneys. The CBA and C57BL/6
strains developed more inflammatory lesions and would be the most suitable for studies of
leptospirosis associated with interstitial nephritis. The BALB/c strain appeared to be the most
suitable for studying mechanisms involving innate immunity and/or rapid adaptive immune
response. The absence of the iINOS gene in the murine model resulted in a significant
decrease in susceptibility to the development of interstitial nephritis. Furthermore, the absence
of functional B and T lymphocytes did not prevent the occurrence of pulmonary hemorrhage.
These data provide strong evidence that pulmonary hemorrhage in leptospirosis is not only
related to autoimmune mechanisms. For the detection and quantification of leptospires the
imprint method was quivalent to that of gPCR.

Keywords: Leptospirosis, mice, Pulmonary haemorrhage, Real-time PCR
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1 INTRODUCAO

A leptospirose é uma zoonose causada por bactérias patogénicas pertencentes ao
género Leptospira (LEVETT, 2001). E uma doenca emergente, com ampla distribuicéo
mundial, negligenciada e uma grande ameaca a saude publica, principalmente em paises em
desenvolvimento e subdesenvolvidos (BHARTI et al., 2003; HARTSKEERL et al., 2011,
WHO, 2011).

As leptospiras sdo espiroquetas que possuem 0,1um de didmetro e 6-20um de
comprimento, e pertencem a ordem Spirochaetales, familia Leptospiraceae, género
Leptospira que € composto por espécies saprofitas e patogénicas (LEVETT, 2001).
Atualmente sdo mais de 260 sorovares patogénicos e 60 saprofitas (FAINE, 1999; ADLER,
2009). Estas bactérias sdo finas, apresentam alta motilidade, crescimento lento, aerébias

obrigatdrias e com crescimento 6timo a 30°C (LI et al., 2000).

A primeira descri¢do clinica da doenca foi publicada por Weil em 1886 (FAINE,
1999). Em 1916, Inada e colaboradores isolaram leptospiras e as identificaram como o agente
causador da leptospirose (INADA et al, 1916). A leptospirose era conhecida
tradicionalmente como uma doenca ocupacional (LEVETT, 2001), mas também foi
diagnosticada em pessoas que se envolvem em atividades recreativas, eventos esportivos,
viagens e turismo de aventura (MCBRIDE et al., 2005). Em paises em desenvolvimento a
doenca é um grande problema de salde para as populacdes da zona rural, e também se tornou
um problema nos grandes centros urbanos (MCBRIDE et al., 2005). Um bilhdo de pessoas
vive nas favelas, onde a falta de condicBGes sanitarias basicas tem produzido condicdes
ecologicas para que ocorra a transmissdo de leptospiras a partir de roedores (KO et al., 1999;
MCBRIDE et al., 2005). Mais de 500.000 novos casos sdo relatados todos os anos e com
taxas de letalidade superiores a 10% (WHO, 1999). Entretanto estes dados provavelmente s&o
subestimados devido a falta de programas coordenados de vigilancia e diagnostico da doenca
(MCBRIDE et al., 2005). No Brasil mais de 10.000 casos sdo relatados anualmente
(MCBRIDE et al., 2005). Apo6s o surto epidémico de leptospirose associada a sindrome
hemorragica pulmonar severa que ocorreu na Nicaragua em 1995, o0 mundo comegou a

considerar a leptospirose como uma doenca infecciosa emergente (MCBRIDE et al., 2005).

A infeccdo de animais e humanos ocorre ap0s o contato direto com a urina ou

indiretamente através de fontes de aguas contaminadas com leptospiras (LEVETT, 2001;
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FAINE, 1999). A maioria das infec¢es é assintomatica. Todavia, uma fracdo de casos (5 a
15%) pode progredir para formas graves como a sindrome de Weil (ictericia, insuficiéncia
renal e fendmenos hemorragicos) e para a sindrome hemorragica pulmonar grave (LEVETT,
2001; FAINE, 1999; DAHER et al., 1999). A infeccdo causa uma prolongada leptospiremia
até que o hospedeiro possa desenvolver uma resposta imune efetiva, que ocorre uma ou duas
semanas apos a infeccdo (FAINE, 1957). Quando a infeccdo é instalada, pode ocorrer a
evolucdo para uma doenga aguda, o desenvolvimento de imunidade protetora e eliminacdo do
agente ou o desenvolvimento do estado de portador crénico. Neste ultimo caso, estudos
indicam que o Iimen dos tubulos renais, local onde a concentracdo de anticorpos é baixa, é
um local de colonizacéo ideal para as leptospiras, sendo provavelmente uma forma de escape
do sistema imune (ATHANAZIO et al., 2008; FAINE, 1999). Os rins colonizados por
leptospiras apresentam nefrite tdbulo-intersticial, focos inflamatoérios, necrose tubular e
hemorragias. As leptospiras sdo encontradas em grande ndmero nos tdbulos contorcidos
proximais, glomérulos e intersticio (VAN DEN INGH et al., 1986; NALLY et al., 2004;
COX, 1981).

O dano pulmonar principal na leptospirose ocorre devido as intensas hemorragias
intra-alveolares, levando a insuficiéncia respiratoria (NALLY, et al., 2004; PEREIRA et al.,
2005; GOUVEIA et al., 2008). Raras leptospiras sdo visualizadas nos pulmdes, 0 que sugere
um mecanismo diferente de patogenia, ndo correlacionada com a acdo direta do
microrganismo, assim como a presenca do agente em tecidos renais e hepéaticos ndo estdo
relacionados com lesdo (CRODA et al., 2010; NALLY et al., 2004; VAN DEN INGH et al.,
1986). A severidade das infec¢bes em humanos pode variar de acordo com o sorovar
infectante, a idade, o estado de salde e o estado imunolégico do paciente (ADLER et al.,
2009; ADLER., 1977).

Diversos modelos experimentais em animais vém sendo usados nas pesquisas de
leptospirose. Porquinhos da india e hamsters sdo os roedores de laboratério mais adequados
para reproduzir a infeccdo letal aguda (NALLY et al., 2004; SPICHLER et al., 2007; SILVA
et al., 2008). Enquanto que os ratos representam um modelo de infeccdo persistente (NALLY
et al., 2005; ATHANAZIO et al., 2008). Camundongos usualmente desenvolvem um estado
de portador assintomatico persistente, e sdo reconhecidos como portadores resistentes.
Entretanto, esta possivel resisténcia dos camundongos ainda ndo foi estudada detalhadamente
em uma ampla variedade de linhagens. Os estudos em camundongos apresentam uma serie de

vantagens, devido a existéncia de uma ampla gama de ferramentas imunologicas e genéticas
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para serem utilizadas em pesquisas bésicas. Contudo, isso tem sido pouco explorado em
leptospirose. Estudos em linhagens de camundongos transgénicos e/ou mutantes ja foram
desenvolvidos (NALLY et al., 2005; VIRIYAKOSOL et al., 2006; ATHANAZIO et al.,
2008), porém, uma maior utilizacdo destas ferramentas é dificultada pela falta de
entendimento dos resultados nas infeccOes experimentais de diferentes linhagens de
camundongos. Além disso, ndo € conhecido até que ponto os camundongos desenvolvem
nefrite intersticial apos infec¢bes experimentais com leptospiras. Em um estudo prévio, foram
observadas discretas alteracdes inflamatdrias em camundongos C57BL/6, ao passo que a
linhagem BALB/c ndo desenvolveu nenhuma patologia sub-clinica (ATHANAZIO et al.,
2008). Algumas linhagens de camundongos como a CB17 SCID n&o produzem linfocitos B e
T funcionais devido a uma mutacdo do gene Prkdc que codifica uma proteina quinase DNA
dependente envolvida na reparacdo da dupla fita de DNA e recombinacdo génica. Um
anticorpo é composto por duas cadeias leves (L) e duas pesadas (H), e os genes que 0s
especificam séo localizam-se no locus da cadeia leve e pesada. No loci da cadeia pesada H
existem trés regides, V, D e J, que se recombinam aleatoriamente, em um processo
chamado recombinagdo VDJ, para produzir um Unico dominio variavel na imunoglobulina de
cada célula B, e os camundongos knockout (KO) para RAG1 ndo possuem 0 gene que
desempenha este importante papel no rearranjo e recombinacdo dos genes de imunoglobulina
e moléculas receptoras de linfocitos T durante o processo de recombinagdo VDJ. Assim, 0s
camundongos RAG1 KO séo incapazes de gerar linfocitos B e T especificos. Diante disto,
estes animais podem ser utilizados como importantes ferramentas para o entendimento da

imunopatogénese da leptospirose experimental.

A imunidade do tipo humoral é predominante em humanos com leptospirose e na
maioria das espécies de animais incluindo cées, suinos, porquinhos da india e hamsters. Esta
evidéncia surgiu apos uma serie de estudos que utilizavam soros convalescentes de humanos
ou de animais com leptospirose em experimentos de transferéncia passiva, com antissoro
produzido experimentalmente, ou com anticorpos monoclonais produzidos diretamente contra
o lipopolissacarideo de leptospiras (JOST et al., 1986; ADLER, 2009). Assim, demonstraram
que existe protecdo passiva contra a infecgdo letal em porquinhos da india, hamsters, cdes e
macacos. Os anticorpos monoclonais em associacdo com outros anticorpos especificos
garantem uma rapida fagocitose da leptospira tanto por macréfagos como por neutrofilos. Este
fato foi demonstrado in vivo e in vitro. Entretanto, em bovinos 0os mecanismos de imunidade

sdo diferentes, uma vez que animais com altos niveis de anticorpos aglutinantes anti-


http://pt.wikipedia.org/wiki/Locus
http://pt.wikipedia.org/w/index.php?title=Recombina��o_VDJ&action=edit&redlink=1
http://pt.wikipedia.org/wiki/Imunoglobulina
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Leptospira ndo estdo protegidos contra a infecgdo. Essa diferenca ocorre pois a imunidade
nestes animais esta correlacionada a uma resposta do tipo Thl mediada por IFN-y (NAIMAN
et al., 2001). O mais intrigante é que 0s anticorpos de bovinos suscetiveis sdo capazes de
conferir imunidade passiva para hamsters, demonstrando a grande divergéncia de mecanismos

imunes nas diferentes espécies (ADLER, 2009).

Nally e colaboradores demonstraram em 2004 no modelo experimental, depdsitos ao
longo da membrana basal dos capilares septais de imunoglobulinas e complemento (C3) com
padrdo similar observado na sindrome de Goospasture, sugerindo fenémeno de auto-
imunidade (CAMPANELLA, 1999; NALLY et al., 2004) e, também em menor escala, em
pacientes humanos com a sindrome hemorrégica pulmonar (CRODA et al., 2009). Entretanto,
0 envolvimento de autoanticorpos na hemorragia pulmonar foi contraposto pela descri¢do de
hemorragia pulmonar letal em camundongos com imunodeficiéncia combinada grave que
foram infectados experimentalmente, pois 0s mesmos ndo possuem células T e B funcionais
(VIRIYAKOSOL et al., 2006). Os ratos sdo o modelo de resisténcia a infeccdo letal aguda
(ATHANAZIO et al., 2008), mas similarmente com o observado em camundongos SCID,
ratos tratados com ciclofosfamida (que suprime a imunidade humoral) também desenvolvem
hemorragia pulmonar (THIERMANN, 1980).

A principal lesdo tecidual da leptospirose parece ser a lesdo endotelial, levando as
hemorragias nos tecidos (LEVETT, 2001). As hemorragias sao uma importante complicacéo
da leptospirose e contribuem para a letalidade da doenca (TREVEJO et al., 1998; GOUVEIA
et al., 2008). A hemolise apresenta vantagens para a bactéria, ao disponibilizar ferro e acidos
graxos que sdo essenciais para o seu crescimento (CRODA, 2008). A fonte de ferro mais
abundante no hospedeiro é o heme e leptospiras sdo capazes de usar heme e hemoglobina in
vitro (MAROTTO et al., 1999). O completo mecanismo patogénico da sindrome da
hemorragia pulmonar grave permanece, até o momento, ndo totalmente compreendido.
Questdes como quais seriam os fatores determinantes desta variedade de apresentacdo da

doenca continuam sem uma explicacdo clara (BHARTI et al., 2003).

No Brasil, a hemorragia pulmonar constitui o principal fator de risco para o 6bito com
taxas de letalidade para essa forma da doenca superior a 50% (KO et al., 1999). Os
fendmenos hemorragicos sao relativamente frequentes na sindrome de Weil podendo ocorrer
na pele, mucosas ou Orgdos internos (CRODA et al., 2010). As hemorragias pulmonares

podem variar desde leves, com presenca de escarros hemoptoicos, até hemorragias macicas.
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Também em graus variados de intensidade, podem ocorrer hemorragias gastrintestinais, tais
como melena, hematemese ou enterorragia (CRODA, 2008). Apesar desse potencial
hemorragico da leptospirose ter sido descrito desde 1886 por Weil, a sua fisiopatologia ainda
€ obscura com Vvarias teorias controversas. Apresentando maior evidéncia da participacdo das
citocinas e mediadores inflamatdrios na patogenia da doenca, estudos tentaram avaliar esse
padrdo de resposta associado a injuria endotelial. Os niveis de TNF-o estdo estritamente
relacionados a severidade do quadro clinico e a letalidade da leptospirose (ANDRADE et al.,
2008). O peptidoglicano extraido da parede celular de Leptospira interrogans induz a
liberacdo de TNF-a de mondcitos humanos e ativa a aderéncia de neutrofilos as células
endoteliais (YANG et al., 2006). Em resumo, ndo ha dados conclusivos que expliqguem qual o

grande desencadeador dos fendmenos hemorragicos na leptospirose.

Em varios estudos as células endoteliais mostram-se como o alvo principal na
leptospirose associada a hemorragia (CRODA et al., 2010). Dentre os achados patoldgicos a
hemorragia e congestdo sdo os achados mais comuns descritos na sindrome hemorragica
pulmonar. Infiltrado de mondcitos e neutrofilos podem ocorrer, porém de forma discreta.
Outros achados incluem edema pulmonar, deposicdo de fibrina, necrose e regeneracdo de
pneumacito. Formacdo de membrana hialina pode ocorrer, em um cenario de dano alveolar
difuso. O tecido pulmonar geralmente apresenta um menor nimero de leptospiras quando
comparados com o figado, rim ou vasos sanguineos, porém quando presentes, elas estdo
associadas a células endoteliais, estando no septo alveolar, aderidas as células endoteliais
capilares (CRODA, 2008). Material granular associado a macréfagos também foi evidenciado
em tecidos pulmonares (YERSIN et al., 2000).

Recentemente, para elucidacdo da patogénese da sindrome hemorragica pulmonar
foram feitas investigagOes principalmente em modelos de estudo animal. Estes estudos focam
principalmente a provavel etiologia imune como o grande desencadeador desta grave forma
de manifestacdo da leptospirose. Também foi evidenciada hemorragia alveolar associado a
leve ou moderado infiltrado inflamatério com predominio de neutr6filos e macréfagos e
poucas leptospiras foram observadas no pulmdo quando comparados ao rim e figado
(CAMPANELLA, 1999). Yang e colaboradores relataram em 2005 o caso de um paciente
com leptospirose que apresentou apenas tosse e febre e rapidamente desenvolveu insuficiéncia
respiratéria aguda. Intensa hemorragia pulmonar foi observada apds a intubagdo orotraqueal
(YANG et al., 2005). Apds esse evento o paciente veio a 6bito em menos de 16 horas apés a

instalacdo da insuficiéncia respiratdria. A autdpsia revelou hemorragia pulmonar difusa com
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formacdo de membrana hialina, aumento de macrofagos na luz alveolar e presenca de
deposicdo de imunoglobulina no septo alveolar e espaco alveolar (YANG et al., 2005). Os
autores sugerem que a producdo de oxido nitrico e deposicdo de imunoglobulina podem ser
responsaveis pelos casos fatais de leptospirose (YANG E HSU, 2005). Avaliando os estudos
relacionados a patologia e aos mecanismos patogénicos da sindrome hemorragica pulmonar
encontrada nos pacientes com leptospirose, percebemos que tais mecanismos ainda séo pouco

conhecidos.

Uma das principais caracteristicas da leptospirose € o envolvimento renal com
peculiaridades especificas. A lesdo patologica basica € a nefrite intersticial (LEVETT, 2001).
Nos rins as principais alteragdes séo: nefrite intersticial e necrose tubular aguda, resultantes da
migracdo das leptospiras pelos rins e deposi¢do de antigenos em glomérulos e tdbulos.
Verifica-se a presenca de uma proliferacdo das células mesangiais e nefrite intersticial
representada por acUimulo de mononucleares, particularmente linfocitos e histidcitos,
acompanhado de edema, vasodilatagdo, congestdo e tumefacdo endotelial (SILVA et al.,
2002). A necrose tubular aguda ocorre principalmente nos tabulos distais, caracterizada por
tubulos dilatados, revestidos por celulas epiteliais baixas e de citoplasma basofilo,
representando regeneracdo epitelial (TANGKANAKUL et al., 2005; REIS et al., 2008). A
nefrite intersticial induz uma insuficiéncia renal aguda ndo oliglirica e frequentemente
hipocalémica (ALVES et al., 1986), com elevacédo da ureia e creatinina, aumento da fragédo de
excrecdo de sodio e alteracdes variaveis no exame de urina, tais como leucocituria, hematuria,
proteinuria e cristaluria (FONSECA et al., 2006).

O éxido nitrico (NO) é um radical livre de vida curta sintetizado a partir da L-arginina
pela reacdo catalitica da Oxido nitrico sintase (NOS). As isoformas de NO de mamiferos
incluem: duas enzimas expressas constitutivamente (cNOS), as neuronais (nNOS) e endotelial
(eNOS) e uma isoforma NOS induzivel (iNOS) (ALDERTON et al., 2001). As isoformas
cNOS sdo reguladas a nivel pos-traducional, enquanto a isoforma INOS € regulada
primariamente por taxa de transcricdio (AKTAN, 2004; STUEHR, 1999). Em baixas
concentragdes o NO é vasodilatador e microbicida, e em altas concentracdes pode ser
citotoxico (KLEINERT, 2004). Ja foi demonstrado que existe uma associacdo entre altos
niveis séricos de NO e o grau de comprometimento renal em pacientes com leptospirose grave
(MACIEL et al., 2006). A producdo renal de NO poderia estar envolvida em falhas de
transporte nas células tubulares renais (CERQUEIRA et al., 2008). Estudos anteriores

relataram a ativagdo de uma ampla gama de genes inflamatorios, tais como os de fator de



17

transcricdo NF-kB, iNOS, proteina de quimiotragdo de monocitos -1 (MCP-1) e fator de
necrose tumoral alfa por células renais tubulares em resposta a exposi¢cdo a produtos
derivados de Leptospira spp. Estes achados tém sido interpretados como sendo um gatilho
molecular para a nefrite intersticial (YANG et al., 2002; YANG et al., 2006). A deficiéncia
genética de iINOS ndo foi investigada in vivo. O NO secretado durante a resposta imune atua
como um radical livre e gera produtos tdxicos contra bactérias. Assim, em teoria, a deficiéncia
genética de INOS pode alternativamente promover cargas mais elevadas de leptospiras no
sangue e nos tecidos ou causar menos lesfes inflamatorias nos rins. A correlagdo entre a
expressdo de iINOS no tecido renal e as alteracGes histopatoldgicas ndo foi explorada na
leptospirose.

O método diagnostico considerado padrdo-ouro na detecgdo de Leptospira spp. é o
isolamento em cultura. Porém, este método tem pouca sensibilidade, apresenta alto risco de
contaminacdo e é dificultado pelo crescimento lento das leptospiras que pode levar de quatro
a seis meses de incubacdo (WHO, 2003; FAINE, 1999). A deteccgéo direta de leptospiras pela
microscopia de campo escuro é muito menos sensivel e frequentemente resulta em falso
positivos, devido a erros de interpretacdio (LEVETT, 2001). A utilizacio de PCR
convencional ou em tempo-real (QPCR) para deteccdo de Leptospira spp. tem resultado em
melhorias significativas na especificidade e sensibilidade do diagnéstico (AHMED et al.,
2009). No entanto, a utilizacdo generalizada de PCR na deteccdo de leptospiras tem sido
comprometida pelo risco de contaminacdo com DNA exdgeno, conferindo o risco de
resultados falso-positivos (YANG, 2004), assim como os relatos de sensibilidades variaveis
(BOURHY et al., 2011). Ensaios previos de gPCR que utilizam genes alvo comuns a todas
Leptospira spp. como os genes rrs (16S rDNA) (SMYTHE et al., 2002), gyrB (SLACK et al.,
2006), e secY (AHMED et al., 2009), ou genes patogénicos especificos incluindo os genes
lipL32 (LEVETT, 2001), ou ligA e ligB (PALANIAPPAN et al., 2005) tém sido utilizados. A
lipL32 é altamente conservado entre 0s sorovares patogénicos e é ausente nos saprofitos.
Durante alguns anos a lipL32 foi descrita como a maior proteina da membrana externa das
leptospiras (HAAKE et al., 2000; HAAKE et al., 2004). Recentemente foi descrito que a
lipL32 localiza-se a baixo da superficie celular das leptospiras, e este fato, vem para explicar a
dificuldade encontrada para desenvolver uma vacina com a lipL32, devido ao dificil acesso
dos componentes imunologicos a essa lipoproteina (HAAKE et al., 2013). Estes experimentos
tém sido utilizados para monitorar a colonizacdo renal em infeccbes experimentais
(PALANIAPPAN et al., 2005; LOURDAULT et al., 2009), para avaliar a excre¢do de
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leptospiras na urina de cdes (ROJAS et al., 2010), e para confirmagdo de casos em seres
humanos durante investigacfes de surtos (LAROCQUE et al., 2005; SEGURA et al., 2005;
THAIPADUNGPANIT et al., 2011). Na avaliacdo de candidatos a vacinas e nas interacdes
Leptospira-hospedeiro, a deteccdo e quantificacdo de leptospiras sdo essenciais. O qPCR
tornou-se a ferramenta molecular padréo para fins de quantificacdo devido a sua alta precisdo
(LOURDAULT et al., 2009). No entanto, nem todos os laboratorios tem acesso a tecnologia
do gPCR e os métodos microbioldgicos padrdo para quantificacdo ndo sdo aplicaveis para
leptospiras  (FAINE, 1999). No&s desenvolvemos previamente um método de
imunofluorescéncia em imprints (IM) de tecidos para deteccdo direta de leptospiras
patogénicas por microscopia (CHAGAS-JUNIOR et al., 2009). Esta técnica é utilizada
rotineiramente para deteccdo da presenca de leptospiras em modelos experimentais de
leptospirose em nossos laboratérios (BANDEIRA et al., ; SANTOS et al., ; MURRAY et al.,
2009). Levando em consideracdo que uma das grandes limitacdes na pesquisa experimental da
leptospirose € o fraco desempenho dos métodos disponiveis para deteccdo direta e
quantificacdo de leptospiras, e sabendo que o método do imprint demonstra ser eficaz na
deteccdo de leptospiras. Avaliamos essa importante ferramenta como uma possivel forma de
quantificacdo de leptospiras em tecidos, devido a sua féacil aplicacdo e implantacdo em
laboratérios que ndo possuem a sua disposicdo equipamentos sofisticados como as maquinas

de PCR em tempo real.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Estudar diferentes desfechos da infeccdo experimental com L. interrogans em linhagens de
camundongos selvagens, knockout e imunodeficientes, e avaliar a aplicabilidade do método

do imprint como ferramenta quantitativa de leptospiras.

2.2 OBJETIVOS ESPECIFICOS

2.2.1 Investigar a frequéncia de doenca aguda letal, a frequéncia e intensidade de lesbes
renais, a carga renal de leptospiras, os titulos de anticorpos aglutinantes séricos, 0s niveis
séricos de IgG especificos anti-Leptospira nas linhagens de camundongos selvagens A, CBA,
C57BL/6 e BALBI/c infectados com inéculos alto (10°) e baixo (10%) de L. interrogans

sorovar Copenhageni cepa Cop;

2.2.2. Investigar diferencas no desfecho (sobrevida, resposta imune e carga de leptospiras) da
infeccdo em camundongos selvagens ou deficientes para 0 gene da enzima Oxido nitrico

sintase induzivel (iNOS);

2.2.3. Investigar diferencas no desfecho (sobrevida, carga de leptospiras e frequéncia de
hemorragia pulmonar) da infeccdo em camundongos imunodeficientes para células B e T
(animais SCID), em camundongos gene ativador de recombinacdo 1 (RAG1) KO e nos

controles selvagens;

2.2.4. Investigar se 0 método do imprint é eficiente na quantificagdo de leptospiras,

comparando-o0 com a técnica padrdo-ouro (QPCR) para quantificacdo de leptospiras;
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Neste estudo, relatamos o desfecho da infecgdo por L. interrogans sorovar Copenhageni em
quatro linhagens murinas selvagens amplamente usadas em pesquisa basica: A, CBA,
BALB/c e C57BL/6. Os desfechos avaliados foram sobrevida, presenca de lesdes renais,
carga de leptospiras nos rins, titulos de anticorpos aglutinantes séricos e niveis séricos de IgG

especifica anti-Leptospira.
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The mouse disease model has the advantage of a broad array of immunological and genetic tools
available for basic research. Some studies on transgenic and/or mutant mouse strains as models
for experimental leptospirosis have been reported; however, the wider use of such models is
hampered by a poor understanding of the outcome of experimental leptospiral infection among the
different mouse strains available. Here, the outcome of infection by a virulent strain of Leptospira
interrogans serogroup Icterohaemomrhagiae strain Cop was studied in four commonly used wild-
type mouse strains: A, CBA, BALB/c and C57BL/6. The end points evaluated in this study were
survival, presence of kidney lesions, leptospiral load in kidney samples, microscopic agglutination
test titre and anti-leptospiral IgG antibody levels. As expected, none of the mouse strains were
susceptible to lethal leptospirosis. However, these strains developed specific pathologies
associated with sublethal leptospirosis. The A and C57BL/6 strains exhibited a high leptospiral
load in kidney samples and the CBA and C57BL/6 strains developed severe inflammatory lesions,

Accepted 14 June 2010

whilst the BALB/c strain proved to be the most resistant to subclinical leptospirosis.

INTRODUCTION

Leptospirosis is a widespread zoonosis with a broad clinical
spectrum including fatal outcomes due to acute renal
failure and pulmonary haemorrhage. Pathogenic lepto-
spires are carried by diverse mammalian reservoirs, and
peridomiciliary rodents are the most important source of
infection in urban settings (McBride et al, 2005). Despite
major efforts to develop new vaccine strategies with a long-
lasting effect and cross-protection against different ser-
ovars, our current knowledge of the immune determinants
involved in host protection and pathogenesis remains
limited (McBride et al., 2005).

Diverse experimental animal models are used in leptospi-
rosis research. Guinea pigs and hamsters are the most
suitable laboratory rodents for reproducing acute lethal
infection (Nally er al., 2004; Silva et al., 2008; Spichler et al.,
2007), whereas rats represent a prototype of resistance to
acute disease and a potential model for persistent infection
(Athanazio ef al, 2008b; Nally et al., 2005b). Mice usually
develop a persistent asymptomatic carrier state and are
therefore recognized as resistant hosts, although this has
not been studied in detail in a broad range of mouse
strains. Swiss mice may succumb or develop subclinical

Abbreviations: MAT, microscopic agglutination test; pi, post-infection.

renal colonization depending on their age and on
inoculum size (Faine, 1962). Mouse models have the
advantage that a broad array of immunological and genetic
tools is available for basic research. Several studies on
transgenic and/or mutant mouse strains have been carried
out (Athanazio et al., 2008a; Nally et al., 2005a; Viriyakosol
et al, 2006); however, the wider use of such tools is
hampered by a lack of understanding of the outcome of
experimental leptospiral infection among the different
mouse strains. For instance, the lack of effect of a single
gene knockout (such as interleukin-4 in BALB/c mice)
could be due potentially to an intrinsic resistance to the
disease in wild-type mice (Athanazio et al, 2008a). In
addition, the induction of higher expression levels of pro-
inflammatory mediators in murine renal tubular cells in
vitro implicates leptospire-derived products in interstitial
nephritis (Yang ef al., 2000, 2002, 2006). This view ignores
the fact that interstitial nephritis is a late feature of human
leptospirosis, probably reflecting secondary lesions follow-
ing acute tubular damage (Arean, 1962). Also, it is not
known to what extent mice develop interstitial nephritis
after experimental leptospiral infection. In a previous
report, we observed mild inflammatory changes in
convalescent C57BL/6 mice, whereas the BALB/c strain
failed to exhibit any subclinical pathology (Athanazio et al.,
2008a).
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The aim of this study was to clarify the outcome of
experimental leptospiral infection among four commonly
used laboratory mouse strains. We tested low and high
infective doses of a highly virulent Leptospira inferrogans
serogroup Icterohaemorrhagiae isolate and investigated
five end points of infection: survival, renal pathology, renal
colonization in the convalescent phase by immunofluores-
cence of imprint samples (Chagas-Junior et al, 2009),
iImmune responses by microscopic agglutination test
(MAT) and an in-house IgG ELISA.

METHODS

Leptospira strain and culture conditions. Leptospires were
cultivated in liquid Ellinghausen-McCullough-Johnson-Harris
(EMJH) medium (Difco Laboratories) at 29 "C and counted in a
Petroff-Hausser counting chamber (Fisher Scientific). An isolate from
Brazil, L. interrogans serogroup Icterohaemorrhagiae strain Cop, was
used in all assays. This strain was passaged and reisolated from
hamsters four times and stored at —70 “C. Frozen aliquots were
thawed and passaged in liquid medium 14 times prior to use as a low-
passage-number isolate in the infection experiments. In previous
experiments, the virulence of this strain at this passage was evaluated
in hamsters and the 50% lethal dose was calculated to be ~164
leptospires.

Experimental infection of mouse models of leptospirosis. Four
groups of wild-type mice strains (A, CBA, BALB/c and C57BL/6) were
infected intraperitoneally with a low (10%) or a high (10°) infective
dose of L. interrogans serogroup lcterohaemorrhagiae strain Cop.
Control groups were inoculated with 1 ml sterile EMJH medium. All
animals were females; the A, BALB/c and C57BL/6 strains were 4-5
weeks old, whilst the CBA strain mice were 6-7 weeks old. The A
strain used in this study refers to the A/] Unib substrain derived from
the A/] strain and maintained at Cemib (Multidisciplinary Centre for
Biological Research), University of Campinas, Brazil. The same
institution was the source of the CBA and BALB/c mice used in this
study, whilst the C57BL/6 mice were supplied by CAECAL
(Laboratory Animal Breeding Centre), Oswaldo Cruz Foundation
(Fiocruz). All four strains were originally purchased from The Jackson
Laboratory.

Light microscopy. Euthanasia was performed on animals at 28 days
post-infection (p.i.) and necropsies were carried out immediately
following euthanasia. One kidney was fixed in 4% formalin,
embedded in paraffin and sections of 4-5 pm were used for

conventional histology. A semi-quantitative estimation of interstitial
nephritis was used with the following criteria: grade +, infiltrates rich
in macrophages and lymphocytes restricted to periarterial areas;
grade + +, infiltrates extending to other renal parenchymal zones
with one to two lesions per field of view at x 400 magnification; and
grade + + +, the same lesion was detected in more than two areas
per field of view at x 400 magnification (Athanazio et al, 2008a).
Grade ++ and + 4+ + lesions were considered to be severe for
analysis purposes.

Immunofluorescence of imprint samples. Imprints were obtained
by direct pressure of the cut surface of the kidney sample onto a poly-
L-lysine-coated glass slide as described previously (Chagas-Junior
et al, 2009). Briefly, the imprint slides were dried at room
temperature, fixed in acetone for 3 min and the smear regions on
the slides were demarcated with a hydrophobic barrier pen. Imprint
slides were incubated for 60 min with a primary rabbit polyclonal
anti-leptospiral antibody at a dilution of 1:200. After three washes in
PBS, the imprints were incubated with goat anti-rabbit IgG-FITC
conjugate at a dilution of 1: 500, washed three times in PBS and dried
before visualization of stained organisms by fluorescence microscopy.
Kidney samples from non-infected mice were used as negative
controls. Counterstaining of nucleic acids or cell cytoplasm was
achieved with 1 mg 4',6-diamidino-2-phenylindole ml~" (Sigma-
Aldrich) at room temperature for 10 min or with 0.1% Evans Blue
(Sigma Aldrich), respectively. Leptospires were quantified in imprint
samples as the mean number of leptospires in 10 fields of view at a
magnification of x400. Only intact spiral-shaped organisms were
included in the calculation.

Serology assays. The MAT was performed as described previously
(WHO, 2003) except that only the L. interrogans serogroup
Icterohaemorrhagiae serovar Copenhageni reference strain M20 was
used as the live antigen.

Cells from 7-day-old cultures of L. inferrogans serogroup
Icterohaemorrhagiae strain Cop were harvested by centrifugation
(1500 g for 30 min at 4 “C) and washed three times by centrifugation
in PBS. The cells were resuspended in 0.1 M Na,CO; (pH 9.6), at a
concentration of approximately 10° cells ml™'. The cells were
inactivated by heating at 56 “C for 20 min. The resulting material
was stored at —20 “C and used as the antigen for ELISA. An in-house
IgG ELISA was used to compare anti-Leptospira 1gG levels among
the wvarious mouse strains used in this study. The optimal
concentrations of the antigen, mouse sera and antibody conjugates
were determined in a preliminary chequerboard analysis. The
equivalent of ~107 inactivated whole leptospires (L. interrogans
serogroup lcterohaemorrhagiae strain Cop) in 100 pl 0.1 M Na,CO;5
(pH 9.6) was adsorbed onto the surface of each microtitre well at

Table 1. Presence of nephritis, leptospiral count and MAT titres in mice at 28 days p.i.

0D, Quartile deviation; 1D, infective dose.

Mouse strain % Nephritis (no./total)* Leptospiral count (mean = sp) MAT titre (median +gb)
Control Low ID High ID Low ID High ID Low ID High ID
A 0 (0/20) 66.7 (10/15)F 40.0 (8/20)1 20+ 16 26+21 800+ 800 800+ 1200
CBA 0 (0/20) 78.9 (15/19)+ 60.0 (12/20)+ 10+11 10+10 1200+900 800+ 300
BALB/c 0 (0/19) 0 (0/20) 0 (0/20) 5+9 5+7 400+200 2004+ 300
C57BL/6 0 (0/20) 90.0 (27/30)+ 92.0 (23/25)t 19 +27 15+16 800+ 600 800+ 400

*Histopathological evidence for interstitial nephritis, grade + or + + (see Table 2 for further details).

TP<0.01 compared with the uninfected control group.
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Table 2. Level and severity of interstitial nephritis in infected mice at 28 days p.i.

Grade: +, mild lesions; + +, moderate lesions; + + +, severe lesions.

Mouse strain

% Nephritis (no./total)

Uninfected controls

Low infective dose

High infective dose

+ ++ +++ + ++ +++ + ++ +++
A 0(0/20)  0(0/20)  0(0/20)  53.3 (8/15) 133 (2/15)  0(0/15)  40.0 (8/20) 0(0/20) 0 (0/20)
CBA 0(0/20)  0(0/20) 0(0/20)  47.4 (9/19)  316(6/19)  0(0/19)  50.0 (10/20) 10.0 (2/20) 0 (0/20)
BALB/c 0(0/19)  0(0/19) 0 (0/19) 0 (0/20) 0(0/20) 0 (0/20) 0 (0/20) 0 (0/20) 0 (0/20)
C57BL/6 0(0/20)  0(0/20) 0(0/20)  40.0 (12/30)  50.0 (15/30) 0 (0/30)  32.0 (8/25)  60.0 (15/25) 0 (0/25)

37 °C for 1 h. The wells were washed five times with 0.05 % Tween 20
in PBS (PBS-T) and incubated for 1 h at 37 °C with 200 ul blocking
solution (PBS-T plus 1% BSA). Mouse serum diluted 1:200 in
blocking solution was added and incubated for 1 h at 37 “C. After five
washes with PBS-T, anti-mouse horseradish peroxidase-conjugated
antibody (1:2000; Dako Cytomation) was added and incubated for
1 h at 37 °C. After five washes with PBS, 100 pul substrate solution
(1 mg 3,3',5,5'-tetramethylbenzidine dissolved in 1 ml DMSO, 9 ml
0.05 M phosphate citrate buffer, 2 ul 30 % H,0,) was added to each

well. The colour reaction was allowed to proceed for 15 min and
stopped with 25 pl 1 M H,SO,. The plate was read in a microplate
reader (GENios; Tecan) at A,s.

Statistics. Statistical analyses were performed using the GraphPad
Prism 4.03 software package. Categorical data were compared by
Fisher’s exact test and numerical data were compared using a non-
parametric Mann—Whitney test (two groups) or a Kruskal-Wallis test
(more than two groups).

Fig. 1. lllustrative images of interstitial nephritis grading in infected mice. (a, b) Kidney sample from a C57BL/6 mouse infected
with a low infective dose (10° leptospires) exhibiting nephritis grade +, characterized by infiltrates rich in macrophages and
lymphocytes restricted to periarterial areas. (c, d) Kidney sample from a C57BL/6 mouse infected with a low infective dose
exhibiting nephritis grade + +, characterized by inflammatory infiltrates extending to other renal parenchymal zones.

Magnification, x400.
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RESULTS

None of the infected or control (uninfected) animals
exhibited any clinical symptoms of leptospirosis; therefore,
they were euthanized and necropsied at 28 days p.i. Kidney
samples were examined microscopically for evidence of
interstitial nephritis. None of the control animals, regard-
less of the mouse strain, exhibited lesions. Of note, none of
the infected BALB/c mice, regardless of the size of the
infective dose, exhibited inflammatory lesions. Table 1
summarizes the frequency of interstitial nephritis observed.
The A, CBA and C57BL/6 strains presented with signific-
antly more lesions than the controls (P<<0.01) for both the
lower and higher infective doses. However, the size of the
infective dose in these strains had no significant effect on
the frequency of interstitial nephritis observed. Detailed
information on the severity of interstitial nephritis and the
infective dose is presented in Table 2. lllustrative images of
the interstitial nephritis grades + and + 4+ observed in
this study are shown in Fig. 1.

The number of leptospires in kidney samples collected
from the mouse strains at 28 days p.i. was determined by
immunofluorescence-based detection in imprint samples
(Table 1). No spirochaetes were detected in the uninfected
controls. Strains A, CBA and C57BL/6 exhibited signific-
antly higher (P<<0.001) loads of leptospires compared with
the BALB/c infected groups. This difference was observed

for both infective doses used in this study. Significantly
higher numbers of leptospires were detected in the A strain
at the higher infective dose. Interestingly, the inverse was
observed in the C57BL/6 strain, where a significantly higher
leptospire count was seen in the group that received the
lower infective dose. Representative images of the immu-
nofluorescence-based detection of leptospires in imprint
samples from mouse kidney samples are show in Fig. 2.

MAT quantification of agglutination antibodies against
serovar Copenhageni is presented in Table 1. This revealed
lower titres (1:400 and 1:200) in the BALB/c groups,
regardless of the size of the infective dose. In the other
mouse strains, the median MAT titres were significantly
higher and ranged from 1:800 to 1:1200. However, there
was considerable variation of the MAT titres within the
individual groups, as reflected in the quartile deviations
presented in Table 1. The specific anti-leptospiral 1gG levels
in the infected mice strains were determined by ELISA
(Fig. 3). The IgG levels were significantly higher in the
infected animals than in the control groups. In the A and
BALB/c strains, the higher infective dose stimulated
significantly higher IgG levels (P<<0.05) compared with
the lower infective dose. When the IgG responses between
strains were compared, the C57BL/6 mice, at the lower
infective dose, exhibited significantly higher IgG levels
(P<0.01), and the BALB/c mice, at the higher infective
dose, had significantly higher IgG levels (P<<0.05) (Fig. 3).

Fig. 2. lllustrative images of immunofluorescence-based detection of leptospires in imprint samples from representative mouse
kidneys. (a) An A strain mouse inoculated with sterile EMJH medium (uninfected control). (b) BALB/c mouse infected with a low
infective dose (10° leptospires): ~3 leptospires per x400 field of view. (c) A CBA strain mouse infected with a low infective
dose: ~12 leptospires per x400 field of view. (d) An A strain mouse infected with a low infective dose: ~486 leptospires per

=400 field of view. Magnification, x400.
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Fig. 3. Analysis of serum anti-leptospiral IgG levels in infected
mice at 28 days p.i. An ELISA was used to determine IgG levels in
sera collected from a control (uninfected) group (filled bars), a low
infective dose (10° leptospires) group (shaded bars) and a high
infective dose (10° leptospires) group of mice (open bars). Results
are shown as means+sem for each group. The statistical
significance between groups was calculated using a Mann-—
Whitney test: *, P<<0.05; **, P</0.01.

DISCUSSION

Based on our observations in this study, the general
concept that mice are relatively resistant to severe
leptospirosis appears to hold true for many of the widely
used laboratory strains. As expected, none of the mouse
strains proved to be a model of lethal leptospirosis.
However, our results indicated that certain strains could
be useful for studies of experimental leptospirosis. The A
and C57BL/6 mouse strains exhibited significantly higher
leptospiral loads in kidney samples, and this may prove
advantageous when studying Leptospira species recovered
from renal tubules, as large numbers of leptospires are
required in such studies. The A, CBA and C57BL/6 strains
tended to develop more inflammatory lesions, suggesting
that they may be the most suitable strains for studies on
interstitial nephritis. Furthermore, the C57BL/6 strain
displayed significantly more kidney lesions at the high infec-
tive dose than any of the other strains (Tables 1 and 2). This
is in agreement with a previous study, where we reported
higher susceptibility in the C57BL/6 strain compared with
the BALB/c strain (Athanazio et al., 2008a).

Our data on the immune responses support only
preliminary interpretations; however, it is interesting to
note that the A strain displayed one of the highest
leptospiral loads observed in the kidneys and significantly
lower levels of specific anti-Leptospira IgG. In contrast,
BALB/c mice exhibited both significantly fewer kidney

lesions (zero) and a lower leptospiral load (independent of
the infective dose), together with high levels of IgG,
significantly so when compared with the A strain at the
higher infective dose. Furthermore, the IgG response in
both of these strains was dose dependent (Fig. 3). In
addition, significantly higher levels of IgG were observed in
the C57BL/6 strain compared with the A strain at the lower
infective dose. Leptospiral load in the kidneys of both of
these strains was comparable and, although the frequency
of interstitial nephritis was higher in the C57BL/6 strain, it
was not significant at the lower infective dose (Table 1).
However, it was significant when only severe nephritis
(grade + +) was evaluated at both the low and high
infective dose when comparing the A and C57BL/6 strains
(Table 2). It is possible that the lower MAT titres observed
in the BALB/c strain may be due to the rapid clearance of
leptospires during the initial stages of infection. However,
the IgG levels observed in the BALB/c groups seem to
contradict this conclusion.

Experimental data on leptospiral infection in mice are
sporadic and fragmented. Passive immunization experi-
ments and transfer of splenic B cell subsets in cyclopho-
sphamide-treated BALB/c mice have suggested that
humoral immunity is the key issue in natural resistance
to disease. Athymic nude mice showed no difference in
susceptibility when compared with wild-type animals
(Adler & Faine, 1977). Transgenic and mutant murine
models have been used to study leptospirosis, yet most
studies have explored only the role of innate immunity.
Toll-like receptor (TLR)-4 defective C3H/He] mice have
been used to evaluate recombinant protein vaccine
candidates (Koizumi & Watanabe, 2004). Double-knock-
out (TLR2 and TLR4) C57BL/6 mice were also found to be
highly susceptible to lethal disease (Chassin et al., 2009).
TLR2-defective C57BL/6 mice were found to be resistant to
the toxic effects of leptospiral LPS, but the role of TLR2 in
host innate protection was not evaluated (Werts et al,
2001). Furthermore, severe combined immunodeficiency
C3H and C3H/He] mice are highly susceptible to lethal
infection (Nally et al, 2005a; Viriyakosol et al, 2006).
Recently, the BALB/c and C3H/He] strains were used as
models of resistance and susceptibility, respectively (da
Silva et al.,, 2009). Similar results for wild-type mice have
been reported for leishmaniasis, where a C57BL/6 strain
was resistant whilst BALB/c mice were susceptible to
infection (Barral-Netto et al., 1987).

Our results indicate recommended strains for future
research in experimental leptospirosis. Among those tested,
the A strain may be the strain of choice for studies aiming
to recover large numbers of leptospires from colonized
kidneys. Mouse strains CBA and C57BL/6 most frequently
developed inflammatory lesions and would be the most
suitable for studies on leptospirosis-associated interstitial
nephritis. BALB/c mice are the strain of choice for studying
mechanisms that involve innate immunity and/or rapidly
adaptive immune responses. Additionally, the availability
of a wide range of genetically manipulated mouse strains

http://jmm.sgmijournals.org
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opens a wide range of possibilities for analysing leptospiral
pathogenesis.
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Neste artigo estudamos a evolucdo da infec¢cdo pela L. interrogans sorovar Copenhageni em
camundongos Oxido nitrico sintase induzivel (iNOS) knockout (KO), camundongos gene
ativador de recombinagdo 1 (RAG1) KO, camundongos CB17 com imunodeficiéncia
combinada grave (SCID), e os respectivos controles selvagens C57BL/6 e BALB/c com o
objetivo de investigar a imunopatogénese da nefrite intersticial em camundongos iNOS KO e

da hemorragia pulmonar em camungongos incapazes de produzir linfocitos B e T viaveis.
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The aims of this study were to investigate the frequency of pulmonary hemorrhage (PH) in mice unable to
produce functional B and T Iymphocytes and to explore the effect of an inducible nitric oxide synthase gene
(Inos) knockout (KO) on the frequency/severity of interstitial nephritis in vivo. We studied the outcome of
infection by the virulent Leprospira interrogans serovar Copenhageni strain Cop. The animals used were Inos
KO mice, recombination activating gene 1 (Rag/) KO mice, CB17 severe combined immunodeficiency (SCID)
mice, and the respective wild-type (WT) C57BL/6 and BALB/c controls. The Inos KO and WT mice survived
with no clinical symptoms of leptospirosis. The frequency and severity of nephritis was significantly lower in
the Inos KO mice. All of the Ragl KO and SCID animals died of acute leptospirosis, whereas all of the WT mice
survived. PH was observed in 57 and 94% of Ragl KO mice and in 83 and 100% of SCID mice, using inoculum
doses of 107 and 10° leptospires, respectively. There was no evidence of PH in the WT controls. In conclusion,
the loss of the Inos gene had a negligible effect on the outcome of leptospiral infection, although we observed
a reduced susceptibility for interstitial nephritis in this group. Of note, the absence of functional B- and T-cell
Iymphocytes did not preclude the occurrence of PH. These data provide evidence that PH in leptospirosis may

not be related only to autoimmune mechanisms.

Leptospirosis is a zoonosis with a wide clinical spectrum that
includes fatal outcomes due to acute renal failure and pulmo-
nary hemorrhage (PH). Pathogenic leptospires are carried by
diverse mammalian reservoirs, and peridomiciliary rodents are
the most important source of infection in urban settings (1).
Major efforts in vaccine development and basic research on
mechanisms of disease have been carried out in recent years;
however, our knowledge of the genetic determinants involved
in host protection and pathogenesis remains limited (10).

Among the diverse animal models used in leptospirosis re-
search, guinea pigs and hamsters are the most suitable labo-
ratory rodents for reproducing acute lethal infection (12, 16,
17). Rats are resistant to acute disease and are more suited to
studies focusing on mechanisms of persistent infection (3, 13).
The mouse model offers a broad array of immunological and
genetic tools available for basic research; however, it has been
poorly explored in leptospirosis. In previous reports, we de-
scribed differences in the outcome of experimental leptospiral
infection among distinct wild-type (WT) mouse strains (15)
and the lack of significant effects on outcome of knockouts
(KO) in the genes for tumor necrosis factor alpha receptor
Rp55, gamma interferon, and interleukin 4 (2).

* Corresponding author. Mailing address: Departamento de Bio-
interacao, ICS, UFBA, Av. Reitor Miguel Calmon s/n, Campus do
Canela, Zip code: 40.110-100 Salvador, Bahia, Brazil. Phone: 55 71
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A potential role for autoimmunity in leptospirosis-associ-
ated PH was suggested based on observations in the guinea pig
model of leptospirosis (12) and, to a lesser extent, in human
patients with severe pulmonary hemorrhage syndrome (7).
However, the involvement of auto-antibodies in PH was coun-
tered by a description of lethal PH in experimentally infected
severe combined immunodeficiency (SCID) mice lacking func-
tional B- and T-lymphocyte subsets (19). Rats are the proto-
type model of resistance to acute lethal infection (3), but con-
sistent with the observation from SCID mice, rats treated with
cyclophosphamide (which suppresses humoral immunity) de-
velop PH (18). However, the observation of PH in SCID mice
is not reliable because it was observed in the C3H/Hel mouse
strain background (19) but not the C3H background (14). In
this study, we reproduced these experiments in the following
murine models: CB17 SCID and C57BL/6 recombination ac-
tivating gene 1 (Ragl) KO mice. CB17 SCID mice are unable
to produce functional B and T lymphocytes due to a mutation
in the Prkde gene, which encodes a DNA-dependent protein
kinase involved in DNA double-strand break repair and re-
combination. The strain is similar to the BALB/c strain except
that it carries the [gh-1b allele from the C57BL/Ka strain. Ragl
KO mice lack a gene that plays an important role in the
rearrangement and recombination of the genes of immuno-
globulin and T-lymphocyte receptor molecules during the pro-
cess of VDI recombination. Thus, Rag! KO mice are unable to
generate specific B and T lymphocytes. Mutations in both
Prkde and Rag-1 genes are listed as causes of human SCID. In
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TABLE 1. Evaluation of leptospirosis in iNOS-deficient mice infected with L. interrogans strain Cop
% of mice with nephritis”
Mouse Expt Size of (no. with nephritis/total no.) Leptospiral load MAT titer
strain” P inoculum [median (IQR)“] [median (IOR)]
Positive Severe

Inos KO 1 10° 57.1(4/7) 28.6 (2/7) 10 (4.5) 400 (300)
WT 86.7 (13/15) 33.3(5/15) 5(7.5) 300 (200)
Inos KO 1 10° 25.0(2/8) 12.5 (1/8) 0(2.5) 400 (350)
WwT 73.3 (11/15) 40.0 (6/15) 3(7.5) 400 (1,200)
Inos KO 2 10¢ 333 (5/15)¢ 13.3 (2/15) 0(4.0) 800 (800)
WwT 80.0 (12/15) 40.0 (6/15) 3(8.3) 800 (1,400)
Inos KO 3 10° 40.0 (6/15) 20.0 (3/15) 4 (14) 400 (600)
WwT 66.7 (10/15) 26.7 (4/15) 1(1.0) 400 (700)
Inos KO Total 10° 34.2 (13/38)* 15.8 (6/38)7 8.1=17.9° 400 = 600¢
wT 73.3(33/45) 35.6 (15/45) 7.6 = 18.8° 400 = 1,400°

“ Inos KO, INOS gene-deficient murine strain; WT, C57TBL/6 wild-type control.
® Positive, grade + or higher nephritis; Severe, grade ++ or +++ nephritis.
“I0R, interquartile range.

4P < (.05 compared to the control group.

¢ Median + standard deviation.

our previous report, the C57BL/6 background mice exhibited
high leptospiral loads in kidney samples and developed severe
inflammatory lesions, while these features were not observed
in the BALB/c mice (15).

We have also reported the association between high serum
levels of nitric oxide (NO) and the severity of renal involve-
ment in patients with severe leptospirosis (9) Renal production
of NO could be involved in transport defects in renal tubular
cells (4). In vitro studies have previously reported the activation
of a broad range of inflammatory genes, such as those for
transcription factor NF-kB, inducible nitric oxide synthase
(INOS), monocyte chemotactic protein-1, and tumor necrosis
factor alpha, by renal tubular cells in response to exposure to
leptospire-derived products. These findings have been inter-
preted as a molecular trigger for interstitial nephritis (20-22).
The genetic deficiency of iINOS has not been investigated in
vivo. Nitric oxide secreted during an immune response acts as
a free radical and generates toxic products against bacteria.
Thus. in theory, the genetic deficiency of iINOS could alterna-
tively promote higher loads of leptospires in blood and tissues
or result in less severe inflammatory lesions in Kidneys.

The aims of this study are as follows: (i) to investigate the
frequency of PH in mice unable to produce functional B and T
lymphocytes in light of the hypothesis that PH in leptospirosis
is related to immunopathogenesis/auto-antibodies and previ-
ous unreliable data on the frequency of this complication in
SCID mice of the C3H and C3H/Hel backgrounds and (ii) to
explore the effect of iNOS gene ({nos) KO on the frequency
and severity of interstitial nephritis in vivo in light of previous
in vitro data suggesting that leptospiral products induce renal
tubular cells to express proinflammatory genes, such as fnos.

MATERIALS AND METHODS

Leptospira strains and culture conditions. L. interrogans serovar Copenhageni
strain Cop was cultivated in liquid Ellinghausen-McCullough-Johnson-Harris
(EMJH) modified Tween 80-bovine albumin medium (Difco Laboratories) at
29°C, and leptospires were counted in a Petroff-Hausser counting chamber
(Fisher Scientific). This strain was passaged and reisolated from hamsters four

times and stored at —70°C. Frozen aliquots were thawed and passaged in liquid
medium 14 times prior to use as a low-passage-number isolate in the infection
experiments. The virulence of this strain was evaluated in hamsters as described
previously, and the 50% lethal dose (LDsp) was calculated to be ~164 leptospires
(15).

Experimental murine model of leptospirosis. The murine strains used in this
study were CSTBL/6 Inos KO (B6.129P2-Nos), C57BL/6 Ragl KO [1295(Cg)-
Ragl], CB17 SCID, and the respective C57BL/6 and BALB/c WT controls. All
mouse strains were purchased from The Jackson Laboratory and maintained in
the animal unit at Fiocruz-BA. Animals were monitored daily for clinical signs of
disease (loss of activity, jaundice, external hemorrhage, and moribund state). The
Inos KO and the WT control mice (7 to 15 per group) were inoculated by
intraperitoneal injection (10* and 10¢ leptospires in 1 ml phosphate-buffered
saline [PBS]) in one experiment. The following endpoints of infection were
evaluated: survival, renal pathology, leptospiral load, and immune response
(Table 1). The immunodeficient mice and the WT controls (5 to 15 per group)
were inoculated by intraperitoneal injection (10° and 107 leptospires in 1 m! PBS)
in one experiment. The following endpoints of infection were evaluated: survival,
time between infection and death, and the frequency of gross pulmonary hem-
orrhage (Table 2). The Ethics Committee of the Oswaldo Cruz Foundation
approved all animal protocols used in this study.

Gross pathology and light microscopy. Animals presenting a moribund state
were euthanized immediately, and convalescent survivors were euthanized 28
days postinfection. Necropsies were performed immediately after euthanasia. At
necropsy, lungs were examined to detect macroscopic PH. Only macroscopic
hemorrhages were reported as PH for purposes of this analysis. In all cases,
microscopic examination was performed to confirm the presence of massive
alveolar hemorrhaging. One kidney was fixed in 4% formalin and embedded in
paraffin, and 4- to 5-pm-thick sections were used for conventional histology. A
semiquantitative estimation of interstitial nephritis was used as previously de-
scribed (2). Briefly, in grade + nephritis, infiltrate was rich in macrophages and
Iymphocytes and restricted to periarterial areas; in grade ++ nephritis, infiltrate
extended to other renal parenchymal zones with 1 to 2 lesions per field of view
at %100 magnification; and in grade +++ nephritis, lesions were detected in
more than 2 areas per field of view at x 100 magnification. For purposes of this
analysis, grades ++ and +++ were considered to be severe nephritis.

Imprint detection of leptospires. Imprints were obtained by direct pressure of
the cut surface of the tissue sample onto poly-L-lysine-coated glass slides, and
leptospires were visualized by immunofluorescence as described previously (5).
The immunofluorescence-based leptospiral detection in imprint samples is the
detection method of choice in our laboratory, as it has proved to be reliable and
has the advantages of simplicity and reduced time to result compared to immu-
nofluorescence in frozen sections. Importantly, while renal colonization may lead
to crowding of leptospires in tubular lumens, imprint-based visualization easily
identifies isolated leptospires and, thus, has the additional advantage of allowing
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TABLE 2. Lethal outcome, days between infection and death, and
frequency of macroscopic pulmonary hemorrhages in immunodeficient
and immunocompetent mice of the correspondent background

No. of days
Size of No. of deaths/ between No. of mice with
Expt® inocalum total no. of infection and  macroscopic PH/
mice (%) death [median total no. (%)
(IOR)I

1 107
Ragl KO 77 (100) 9(0.5) 477 (57)
Bo 015 NA 0/15
CB17 SCID 12/12 7(0) 10/12 (83)
BALB/c 01s NA 0/15

2 108
Ragl KO 5/5 (100) 11 (0) 5/5 (100)
Bo /15 NA 0/15
CB17 SCID 15/15 (100) 10 (0y 15/15 (100)
BALB/c 0110 NA 0/10

3 108
Ragl KO 12/12 (100) 9(0) 11/12 (91)
Bo /14 NA 0/14
CB17 SCID 15/15 (100) 10 (0y 15/15 (100)
BALB/c 0110 NA 0/10

Total 108
Ragl KO 1717 (100) 9(2) 16/17 (94)
Bo 0/29 NA 0729
CB17 SCID 30/30 (100) 10 (0y 30/30 (100)
BALB/c /10 NA 0/10

“ Ragl KO, recombination activating gene 1 knockout mice; B6, C57BL/6
strain; CB17 SCID, CB17 mice with severe combined immunodeficiency.
2 I0R, interquartile range; NA, not applicable.

easier quantification. In a previous study, we used this assay to quantify lepto-
spiral density in murine kidney samples (15). Leptospires were quantified in
kidney imprints, and the results expressed as the mean value for 10 fields of view
at x400 magnification. Only easily identifiable, intact, spiral-shaped organisms
were included. Imprint samples of lung and liver from animals that developed
acute lethal disease were analyzed.

Serology assays. The microscopic agglutination test (MAT) was performed as
described previously, except that only the L. interrogans serovar Copenhageni
strain Cop was used as the live antigen (15). An in-house anti-Leprospira IgG
enzyme-linked immunosorbent assay (ELISA) was performed as previously de-
scribed (15).

Statistics. Statistical analyses and graphical presentation of the data were
performed using the Prism version 4.03 software package (Graph Pad). Cate-
gorical data were compared by Fisher's exact test, and numerical data were
compared by the nonparametric Mann-Whitney test; a P value of <0.05 was
considered significant.

RESULTS

Inos gene-deficient murine model of leptospirosis. Both Inos
KO and WT mice, regardless of inoculum dose, survived with
no clinical symptoms of leptospirosis. Furthermore, there were
no significant differences between the reciprocal MAT titers
for specific anti-Leptospira agglutinating antibodies or 1gG an-
tibodies in either group (Table 1 and Fig. 1). The data on renal
pathology, the leptospiral load in kidney samples, and the
MAT reciprocal titer are summarized in Table 1. Overall, the
leptospiral load was slightly higher, but not significantly so, in
kidney samples from the Inos KO mice than in kidney samples
from the WT controls. Of note, in the third experiment (10°
leptospires), a significantly higher leptospiral load was ob-
served in the Inos KO group. The results from the three ex-
periments at the 10° inoculum showed that the Inos KO mice
were significantly less susceptible to interstitial nephritis
(grade +) than the WT group (34 versus 73%, respectively;
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P = 0.01) and, particularly, were less susceptible to severe
nephritis (16 versus 36%. respectively; P < 0.001).

B- and T-lymphocyte-deficient murine model of leptospiro-
sis. Both the CB17 SCID and Ragl/ KO murine strains were
highly susceptible to acute lethal leptospirosis (Table 2). The
median interval from infection to death was 9 days in Rag! KO
mice, regardless of the inoculum dose. The median intervals to
death for infected CB17 SCID mice were 7 and 10 days for
inoculum doses of 107 and 10° leptospires, respectively. All
animals developed severe jaundice and presented typical target
organ pathology. including acute tubular damage and detrabe-
culation of hepatocytes (Fig. 2). The infected WT controls
survived until 28 days postinfection, with no symptoms of lep-
tospirosis.

Overall, macroscopic PH was observed in 57 and 94% of
Ragl KO mice infected with 107 and 10° leptospires, respec-
tively. PH lesions were observed in 82 and 100% of the CB17
SCID mice infected with 107 and 10° leptospires, respectively.
When PH was noted macroscopically, microscopic evaluation
was used to confirm the presence of massive recent intra-
alveolar hemorrhaging (Fig. 2). The quantification of lepto-
spires in the target organs of the immunodeficient mice found
high loads of leptospires in all groups and experiments (Table
3). The leptospiral loads of the immunodeficient mice and WT
controls were not compared because the immunodeficient
mice died 7 to 10 days postinfection, while the WT mice sur-
vived and were only examined on day 28 postinfection. Thus,
differences in leptospiral load could be attributed to the time
point of infection (acute lethal disease versus convalescence)
rather than the effect of immune status.

DISCUSSION

The loss of the Inos gene in mice had no apparent effect on
their survival or development of agglutinating or specific IgG
antibodies against Leprospira. In theory, impaired NO produc-
tion during the immune response to leptospirosis could be

0I:)450

0.5+

0.0
Exp1(10° Exp1{10°) Exp2(10%) Exp3(10%)

Experiments

FIG. 1. ELISA analysis of serum anti-leptospiral IgG levels in in-
fected mice 28 days postinfection. The graph compares antibody levels
in C57BL/6 wild-type mice (solid bars) and inducible nitric oxide
synthase knockout mice (open bars). The error bars represent the
standard error of the mean for each group. OD,5,, optical density at
450 nm.
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FIG. 2. Typical lesions of leptospirosis in a recombination activating gene 1 knockout C57BL/6 mouse that died 9 days after infection with strain
Cop at a 10° inoculum. All tissue samples are stained with hematoxylin and eosin. (A) Marked cell swelling of epithelial cells of proximal tubules
(<400). (B) Advanced necrosis of proximal tubules (3<400). (C) Detrabeculation of hepatocytes (<400). (D) Microscopic foci of a pulmonary
hemorrhage (< 100). (E to H) For purposes of comparison, photomicrographs of tissue samples from a wild-type C57BL/6 mouse with no lesions
are shown. (E and F) Kidney (200 and =400, respectively). (G) Liver (x400). (H) Lung (x100).

related to the slightly higher loads of leptospires observed in
the tissue samples. However. the significantly higher lepto-
spiral load observed was not reproducible (Table 1). The only
significant difference observed between the Inos KO and the
WT C57BL/6 mice was that the transgenic animals did not
develop interstitial nephritis to the same degree or severity as
the WT control. This result is in accordance with the hypoth-
esis that the expression of proinflammatory markers by renal
tubular cells in vitro after exposure to leptospiral products may
be related to the development of interstitial nephritis in vivo
(20-22).

The present study confirms previous reports, using mice of
other backgrounds (C3H and C3H/Hel), that immunodefi-
ciency results in high susceptibility to acute infection, rapidly
progressing to death (14, 19). In addition, immunodeficiency
resulted in high loads of leptospires in the target organs, as
seen upon necropsy, in accordance with a previous report on
C3H/SCID mice (14). We observed the typical target organ
pathology associated with leptospirosis, including acute tubular
damage and detrabeculation of hepatocytes, similar to the pa-
thology described in humans and in other models of lethal
leptospirosis, such as hamsters (16).

TABLE 3. Quantification of leptospires in target organs of
immunodeficient mice at necropsy

Median no. of leptospires (IQR”) in:

Mouse Size of
5 t .

strain’ Exp inoculum Kidney Liver Lung
Rag! KO 1 107 154 (29) 60 (53) 49 (33)
CB17 SCID 26 (20) 20.5 (27.5) 2(3.5)
Rag! KO 2 106 220 (41) 258(29) 159 (17)
CB17 SCID 141 (37) 181(32) 155 (28.5)
Ragl KO 3 108 29 (33) 24 (32) 29 (32.5)
CB17 SCID 160 (48) 143 (47.5) 123 (40.5)

“ Ragl KO, recombination activating gene 1-deficient C57BL/6 strain; CB17
SCID, CB17 severe combined immunodeficiency strain.
? IQR, interquartile range.

There are insufficient data to attribute the pathogenesis of
leptospirosis-related PH to a single mechanism. Furthermore,
it is reasonable to assume that the severe pulmonary forms
result from a multifactorial response to the direct toxic effects
of exposure to leptospires, the effects of systemic inflammation
on the alveolar wall, hemostatic disorders, and uremia (11).
Nally and colleagues described a lincar deposition of antibod-
ies and complement in the guinea pig model, suggesting a
potential role for autoantibodies in the pathogenesis of lepto-
spirosis-associated PH (12). This mechanism associates lepto-
spirosis-associated pulmonary disease with Goodpasture’s syn-
drome, where autoantibodies against the glomerular basement
membrane (GBM) cross-react with the alveolar septal matrix,
causing massive alveolar hemorrhaging. However, the original
evaluation of serum anti-GBM antibodies in leptospirosis pa-
tients with and without PH found no association between anti-
GBM antibodies and lung discase. There was no difference in
serum anti-GBM antibody levels between patient and control
groups for cither acute-phase or convalescent-phase sera (8).
In addition, Craig and colleagues found no evidence for anti-
GBM antibodies in 40 leptospirosis patients (6). In the present
study, mice that were unable to produce functional B and T
lvmphocytes developed severe PH. This finding suggests that
autoimmunity is not a major mechanism for PH in experi-
mental leptospirosis, at least in the murine model and/or in
L. interrogans serovar Copenhageni infections.

Conclusion. The absence of a functional Inos gene in the
murine model had a minimal effect on the outcome of lepto-
spiral infection, except for a significantly reduced susceptibility
to the development of interstitial nephritis. The absence of
functional B and T lymphocytes does not preclude the occur-
rence of PH. These data provide strong evidence that PH in
leptospirosis is not related only to autoimmune mechanisms.
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Neste estudo comparamos 0 método do imprint com o PCR em tempo real (QPCR) que é a
técnica padrdo-ouro na quantificacdo de leptospiras, para investigar se a técnica do imprint
além de eficiente na deteccdo, também seria eficiente na quantificacdo leptospiras em

amostras renais de ratos e hamsters experimentalmente infectados com L. interrogans.
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Abstract

A major limitation in the clinical management and experimental research of leptospirosis is the poor performance of the
available methods for the direct detection of leptospires. In this study, we compared real-time PCR (gPCR), targeting the lipL32
gene, with the immunofluorescent imprint method (IM) for the detection and quantification of leptospires in kidney samples
from the rat and hamster experimental models of leptospirosis. Using a virulent strain of Leptospira interrogans serovar
Copenhageni, a chronic infection was established in the rat model, which were euthanized 28 days post-infection, while the
hamster model simulated an acute infection and the hamsters were euthanized eight days after inoculation. Leptospires in the
kidney samples were detected using culture isolation, gPCR and the IM, and quantified using gPCR and the IM. In both the
acute and chronic infection models, the correlation between quantification by gPCR and the IM was found to be positive and
statistically significant (P<<0.05). Therefore, this study demonstrates that the IM is a viable alternative for not only the detection
but also the quantification of leptospires, particularly when the use of qPCR is not feasible.
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Introduction among the pathogenic serovars and is absent in the saprophytes
[16,17]. These assays have been used to monitor renal
colonization in experimental infection [15,18], to evaluate urinary
shedding of leptospires in dogs [19] and for case confirmation in
human subjects during outbreak investigations [20,21,22].

In the evaluation of vaccine candidates and leptospiral-host
interactions, the detection and quantification of the leptospires is
essential. qPCR has become the standard molecular tool for
quantification purposes due to its high sensitivity [18]. However, not
all laboratories have access to qPCR technology and the standard
microbiological methods for quantification are not applicable to the
pathogenic Leplospira spp. [7]. We previously developed an
immunofluorescent imprint method (IM) for the direct detection
of pathogenic Leplospira spp. by microscopy [23]. This technique is
used routinely for detecting the presence of leptospires in the

Leptospirosis is an emerging neglected disease and is a major
threat to public health, especially in developing and under-
developed countries [1,2,3]. The global burden of leptospirosis has
been estimated to be 500,000 cases per year [2,4], although this is
probably under-estimated due to the lack of coordinated
surveillance programs and poor diagnosis [5]. The gold standard
method for the detection of pathogenic Leplospira spp. is culture
isolation (CI), however it has poor sensitivity, is hampered by the
slow growth of leptospires (requiring four to six months incubation
[6]) and there is a high risk of culture contamination [7]. Direct
detection by darkfield microscopy is even less sensitive and often
results in false-positives due to misinterpretation [8]. The use of
PCR, conventional or real-ime (qPCR), for the detection of
Lepiospira spp. has resulted in major improvements in specificity
and sensitivity [9]. Nevertheless, the widespread application of experimental models of leptospirosis used in our laboratories
PCR for the detection of leptospires has been hampered by the risk [24,25,26]. The aim of this study was to compare the IM with the
of contamination with exogenous DNA and the associated risk of ~ standard method for quantification of leptospires, qPCR.
false-positives [10], plus reports of variable sensitivity [11].

Previous qPCR assays targeted genes common to all Lgplospira Methods
spp., including rrs (168 rDNA) [12], gy#B [13], and secd [9] genes,
or pathogen-specific genes including fpL32 [14], ligd and fgB [15]. Ethics Statement
The lipL32 gene, which encodes the immunodominant lipoprotein The Ethical Committee of the Oswaldo Cruz Foundation
located in the leptospiral outer membrane, is highly conserved (Fiocruz) approved the animal protocols used in this study.
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Leptospira strain and culture conditions

Leptospires were cultivated in liquid Ellinghausen-McCul-
lough~Johnson-Harris (EMJH) medium (Becton Dickinson and
Company, Franklin Lakes, NJ) at 29°C and counted in a Petrofl
Hausser counting chamber. A highly virulent isolate from Brazil,
L. interrogans serogroup Icterohaemorrhagiae serovar Copenhageni
strain Cop, was used in all assays. The strain was passaged in
hamsters four times and virulent isolates from kidney samples were
cultured in witro and stored at —70°C, as previously described [7].
Frozen aliquots were thawed and passaged in EMJH medium up
to 14 tmes prior to use as a virulent isolate in the infection
experiments. In previous experiments, the virulence of this strain
was evaluated in hamsters and the LDsy was calculated to be
~164 leptospires [24].

Experimental models of leptospirosis

Laboratory animals (n=23), the rat and hamster models of
leptospirosis, were used in these experiments. Twelve, four-five
week-old female Wistar rats (Rattus norvegicus, TFiocruz) were
infected intraperitoneally with 107 leptospires and were euthanized
28 days post-infection (pi) as described previously [27]. Ten, nine
week-old female golden Syrian hamsters (Fiocruz) were infected
intraperitoneally with 500 leptospires (3 xLD5g) in 1 ml PBS, and
euthanized 8 days pi. A hamster injected with PBS served as the
negative control.

Collection of tissue samples and DNA extraction

Once euthanized, the abdominal cavity was opened and the
kidneys were removed aseptically. Good laboratory practice was
used in order to avoid DNA cross-contamination (including the
use of a laminar airflow bench) and negative controls were
included during all the DNA extraction procedures and qPCR
steps. Total genomic DNA was extracted [rom approximately
25 mg tissue, using the QIAamp DNA Mini Kit (Qiagen, Sio
Paulo, SP, Brazil). The tissue sample was a longitudinal section
of the kidney that included the cortex and medulla regions, the
same section was used in the IM method. The concentration of
DNA obtained from tissues was determined with a spectropho-
tometer (NanoDrop ND 1000, NanoDrop products, Wilming-
ton, DE).

Culture isolation of leptospires

CI was performed as previously described [27]. Briefly, whole
kidney samples were homogenized in 5 ml EMJH, cell debris was
allowed to settle for 10 min and 0.5 ml cleared homogenate was
used to inoculate 5 ml EMJH. The cultures were incubated at
29°C and were examined regularly for growth, by darkfield
microscopy, for up to 8 weecks.

Imprint detection

Imprints were produced by direct contact of the longitudinally
cut surface of the kidney sample, the same region as used in the
gPCR assay, onto a glass slide as described previously [23]. Briefly,
the kidney imprints were dried, fixed in acetone for 3 min and
incubated for 60 min with a primary rabbit polyclonal ant-
leptospiral antibody at a dilution of 1:200. Afier washing in PBS,
the imprints were incubated with a goat anti-rabbit 1gG-FITC
conjugate at a dilution of 1:500, washed in PBS and dried before
visualization of stained organisms by fluorescence microscopy.
Leptospires were quantified in imprint samples as the mean
number of leptospires per 10 fields of view at a magnification of
1000%. Only intact spiral-shaped organisms were included in the
calculation.
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Real-time quantitative PCR

The lipl32 gene was amplified using a previously described
qPCR assay [19], with the following modifications. The gPCR
reaction was performed using an Applied Bioscience 7500
thermocycler and the TagMan Universal PCR Master Mix
(Applied Biosystems, Sio Paulo, SP, Brazil). The standard curve
was prepared from a L. inferrogans serovar Copenhageni strain Cop
culture (2 x 107 leptospires), centrifuged for 15 min at 10,000x g at
4°C. The recovered pellet was resuspended in PBS and washed by
centrifugation (2x15 min, 10,000x g, 4°C). DNA was extracted
from the pellet using a QIAamp DNA Mini Kit (Qiagen), as per
the manufacturer’s instructions. The concentration of the
extracted DNA was calculated by spectrometry, optical density
260 and 280 nm (NanoDrop ND 1000), the standard curve was
constructed by serial dilutions of the DNA stock. The samples
were tested in duplicate, as was each dilution of the standard
curve., Each run included a no-template negative control. Results
were expressed as the number of genome equivalents per pg
kidney DNA [18].

Statistical analysis

Statistical analyses were performed using the Prism v5 software
package (GraphPad Software Inc., La Jolla, CA). The correlation
between the methods was compared using the non-parametric
Spearman’s rank correlation (r), P values<<0.05 were considered
significant.

Results and Discussion

The end-point in the rat model of leptospirosis was a chronic
non-lethal infection, as previously reported [27,28]. As expected,
no deaths were observed, the animals were euthanized on day 28
pi and kidney samples were collected for evaluation by CI, IM and
qPCR. In contrast, the hamsters developed an acute lethal
leptospirosis and in previous reports we observed that symptoms/
deaths due to leptospirosis typically occur from day 8 pi onwards
[25,29]. Therefore, the hamsters were euthanized on day 8 pi and
kidney samples were collected for evaluation of the presence and
quantification of leptospires. All three methods were able to detect
leptospires in the kidneys of all of the infected hamsters (10/10)
and between 58 (7/12, qPCR) and 67% (8/12, CI and IM) of the
infected rats (Table 1). Of note, two of the rats failed to establish a
chronic infection. The uninfected controls were negative for the
presence ol leptospires.

Quantification of leptospiral load in the animal models was
determined by qPCR, based on the assumption of one genome
equivalent per spirochaete. The correlation coeflicient of the
standard curve was 0.999 and the efficiency was 92.4%, Fig. 1A
The limit of detection of the gPCR assay, based on serial dilutions

Table 1. Comparison of culture isolation (Cl), the imprint
method (IM) and real-time PCR (qPCR) for the detection of
leptospires in animal models simulating chronic (rat) and
acute (hamster) infection.

Days post-
Animal model infection % Leptospire positive (No./total)
cl M qPCR
Rat 28 66.6 (8/12) 666 (8/12) 583 (7/12)
Hamster 8 100 (10/10) 100 (10/10) 100 (10/10)

dei:10.1371/journal pone.0032712.t001
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Figure 1. Quantification of leptospires by qPCR and the IM. A. Standard curve of the lipL32 real-time PCR assay using DNA extracted from ten-
fold serial dilutions of an L. interrogans strain Cop culture. Each DNA sample was quantified in duplicate and repeated twice. B. Quantification of the
leptospiral load in the rat and hamster models. Rats were infected with 102 leptospires and were euthanized on day 28 pi. Hamsters were inoculated
with 500 leptospires (3 xLDs,) and euthanized eight days pi. The leptospiral load in the kidneys was determined by qPCR (open symboals) and the IM
(solid symbols). The leptospiral loads for the gPCR (leptospires per g kidney DNA) and the IM (leptospires per 10 fields-of-view, x1000 magnification)
for the rat (r) and hamster (h) are presented as a scatter dot plot of the individual values for each animal, the horizontal line represents the mean
value and the error bars the SEM. C. Representative examples of the imprint slides using kidney samples from an infected rat, a hamster and a non-

infected control animal (magnification 1000 x).
doi:10.1371/journal.pone.0032712.g001

of leptospiral genomic DNA, was estimated to be 4 genome
equivalents per reaction or ca. 50 leptospires per jig DNA. This is
similar to previous reports for the use of £pL52 in a qPCR assay
[19]. In the hamster model, the leptospiral load ranged from
3.6%10% 1o 4.9%10* (mean 2.4 x10% leptospires per pg DNA and
7 10 269 (mean 138) leptospires in the IM. The qPCR and the IM
exhibited a significant positive correlation (r,= 0.65, P=0.02), see
FigA 2. The 1&'])1('}5])irul loads observed among the rats were 1[')\:\'1'*1_1
ranging from 50 to 825 (mean = 163) leptospires per ug DNA and
3 to 33 (mean=19) leptospires for the qPCR and the IM,
respectively. The correlation between the two methods was the
highest observed r=0.70, P=0.01, Fig. 2. The
coeflicients observed in hamsters and rats in this study indicated

correlation

there was a moderate level of correlation between the methods.
O note, the leptospiral load in the rat model was lower than
expected, with a mean of 163 leptospires per pug kidney DNA or a
mean 9 leptospires per field-of-view, depending on the method
used. Prr\-’i('}us]}g we estimated the lf'pl('}spirﬂl load in rat ki(hlt‘-‘ys
(7-9 (l:l}-’s pi} to be ca. 9 lrﬂplt'}spirﬁs per field-of-view using
immunofluorescent Illiru)m‘l'}py [2?], similar to that seen in the

'@ PLoS ONE | www.plosone.org

current study using the IM. However, as the rat is the one of the
main reservoir hosts for urban leptospirosis we expected a higher
leptospiral load in the kidneys to allow for excretion to the
environment and effective transmission of the disease [30]. A
previous report found concentrations of up to 107 leptospires/ml
urine 28 days p.i. [31]. A possible explanation is that the higher
concentrations of leptospires are found in the renal tubules and not

the sunumlding kirhln‘*y tissue in a chronic infection. The
Illt‘*llll)duh‘}g}f used in the current sm(ly cannot determine the
leptospiral load in renal tubules as the kidney sections used likely
included only tubule cross-sections. Indeed, a limitation of the
current study is that the concentration of leptospires in the urine of
the infected rats was not determined.

The results reported in this study reinforce the usefulness of the
IM for the detection of leptospires in commonly used experimental
models of leptospirosis and confirm the results of the original
imprint study [23]. Since its development, the IM has entered into
routine use in our hlhmmmies, in p;ulirlﬂiu for l"\'il_llll'llir'lg the
(”IIJI‘ii'l.Ll'_:l“ status of animals used in the evaluation of p('}lt‘*rllizll
vaccine candidates. A major drawback of the original study was

February 2012 | Volume 7 | Issue 2 | e32712
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Figure 2. Correlation between the quantification of leptospires by qPCR and the IM. A significant (P<<0.05), positive correlation was
observed between the gPCR and the IM techniques in the experimental models of leptospirosis (rat and hamster) used in this study. The leptospiral
loads for the qPCR are displayed as leptospires per ug DNA and in the IM as leptospires per 10 fields-of-view (%1000 magnification).

doi:10.1371/journal.pone.0032712.g002

the lack of a comparison with a qPCR assay to compare sensitivity
of detection and quantification of the leptospiral load. This has
been addressed in the current study. In terms of detection of
leptospires (positive or negative), both the gPCR assay and the IM
were comparable to the gold standard method, CI, in the hamster
and rat models (Table 1). Note, a potential limitation of the IM
and qPCR is their inability to distinguish between viable and non-
viable leptospires and this is particularly relevant in determining
sterilizing immunity conferred by vaccine candidates.

Another advantage of the IM is the ability to count the
leptospires in the imprint samples. However, it was not known
how the leptospiral count determined by the IM correlated with
the absolute leptospiral load based on qPCR. Therefore, this study
evaluated how the two methods covaried by an analysis of
correlation in two animal models of leptospirosis. The values
determined by qPCR and the IM were analysed for correlation
and a significant, positive correlation was observed between the
two methods in the hamster and rat models of leptospirosis (Fig. 2).
The highest correlation was found in the rat model.

In conclusion, the results of the current study show that for the
detection and quantfication of leptospires the IM is equivalent to
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4 DISCUSSAO

Nesta secédo sdo discutidos os resultados dos trés artigos que fazem parte desta tese.
Com base em nossas observagdes no primeiro artigo, o conceito geral de que os camundongos
sdo relativamente resistentes a leptospirose grave foi comprovado em nossos experimentos.
Como esperado, nenhuma das linhagens de camundongos desenvolveu a leptospirose letal.
Entretanto, nossas avaliagdes indicaram que certas linhagens podem ser utilizadas em estudos
de infeccdo experimental com leptospiras. As linhagens de camundongo A e C57BL/6
exibiram cargas de Leptospira significantemente maiores nas amostras de rim, quando
comparadas ao grupo controle, 0 que pode ser vantajoso nos experimentos que visdo fazer a
recuperacdo de leptospiras dos tdbulos renais, pois um grande numero de leptospiras é
necessario em tais estudos. As linhagens A, CBA e C57BL/6, tendem a desenvolver mais
lesbes inflamatdrias, sugerindo que podem ser as linhagens mais adequadas para estudos da
nefrite intersticial. Além disso, a linhagem C57BL/6 exibiu significantemente mais lesdes
renais quando a dose de infeccdo foi maior, quando comparada com as outras linhagens
avaliadas. Isto estd de acordo com um estudo anterior, onde foi demonstrada maior
suscetibilidade da linhagem C57BL/6 comparada com a linhagem BALB/c (ATHANAZIO et
al., 2008).

Nossos dados demonstraram que a linhagem A exibiu uma das maiores cargas de
leptospiras nos rins e niveis significantemente menores de imunoglobulinas do tipo G anti-
Leptospira. Em contraste, os camundongos BALB/c exibiram significantemente menos lesdes
renais e uma menor carga de Leptospira (independentemente da dose), juntamente com altos
niveis de IgG, e de modo significativo, quando comparada com a linhagem A na dose
infectante maior. Do mesmo modo, niveis altos e significantes de IgG foram observados na
linhagem C57BL/6 quando comparada com a linhagem A com a dose infectante menor. A
carga de leptospiras nos rins de ambas as linhagens foi comparada e embora a frequéncia de
nefrite intersticial tenha sido maior na linhagem C57BL/6, isto ndo foi significante com a
dose infectante menor. Entretanto, foi significativo quando somente as nefrites severas foram
avaliadas em ambas as doses infectantes nas comparagdes das linhagens A e C57BL/6. E
possivel que os baixos titulos observados no MAT da linhagem BALB/c seja devido a rapida
eliminacdo das leptospiras no estagio inicial da infeccdo. Contudo, os niveis de IgG
observados no grupo de BALB/c parecem contradizer essa conclusdo. Dados sobre

leptospirose experimental em camundongos sdo esporadicos e fragmentados. Experimentos de
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imunizacdo passiva e transferéncia de subpopulacBes de células B esplénicas para
camundongos BALB/c tratados com ciclofosfamida tém sugerido que a imunidade humoral é
fundamental na resisténcia natural a doenca. Camundongos nude atimicos ndo demonstraram

diferenca na suscetibilidade quando comparado com animais selvagens (ADLER et al. 1977).

Modelos murinos transgénicos e mutantes tém sido usados em estudos de leptospirose,
entretanto até agora a maioria dos estudos tem explorado somente o papel da imunidade inata.
Camundongos C3H/HeJ que ndo possuem o receptor Toll-like (TLR)-4 tém sido usados na
avaliacdo de proteinas recombinantes candidatas a vacina (KOIZUMI et al. 2004).
Camundongos C57BL/6 duplamente deficientes para TLR2 e TLR4 também demonstraram
ser altamente suscetiveis & doenca letal (CHASSIN et al., 2009). Camundongos C57BL/6
deficientes em TLR-2 demonstraram ser resistentes ao efeito tdxico do LPS de Leptospira,
mas o papel de TLR-2 na protecdo inata do hospedeiro ndo foi avaliado (WERTS et al.,
2001). Além disso, camundongos C3H e C3H/HeJ com imunodeficiéncia combinada grave
sdo altamente suscetiveis a infecgdo letal (NALLY et al., 2005; VIRIYAKOSOL et al., 2006).
Recentemente, as linhagens BALB/c e C3H/HeJ foram usadas como modelos de resisténcia e
suscetibilidade, respectivamente (DA SILVA et al., 2009). Resultados semelhantes para
camundongos selvagens tém sido demonstrados na leishmaniose, onde a linhagem C57BL/6
foi resistente, enquanto camundongos BALB/c sdo suscetiveis a infeccdo (BARRAL-NETTO
et al., 1987). Nossos resultados indicam as linhagens recomendadas para futuras pesquisas na
leptospirose experimental. Além disso, a disponibilidade de uma ampla gama de linhagens de
camundongos geneticamente manipulados abre uma ampla gama de possibilidades para

andlises da patogénese na leptospirose.

No segundo artigo desta tese observamos que a perda do gene iNOS em camundongos
ndo teve efeito aparente na sua sobrevivéncia ou desenvolvimento de anticorpos aglutinantes
ou IgG especificos contra Leptospira spp. Em teoria, a producdo comprometida de 6xido
nitrico durante a resposta imune contra leptospirose poderia estar relacionada com a
observacao de cargas ligeiramente maiores de leptospiras nas amostras de tecidos. Entretanto,
ndo foi observada uma carga de leptospiras significantemente maior. A Unica diferenca
significativa observada entre Inos KO e o camundongo C57BL/6 selvagem foi que 0s animais
transgénicos ndo desenvolvem nefrites intersticiais com 0 mesmo grau ou severidade que o
controle selvagem. Este resultado esta de acordo com a hipo6tese de que a expressao dos
marcadores pré-inflamatorios pelas células tubulares renais in vitro apos exposi¢édo a produtos

de Leptospira spp. pode estar relacionado com o desenvolvimento de nefrite intersticial
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(YANG et al., 2002; YANG et al., 2006). O presente estudo confirma relatos anteriores, que
utilizaram camundongos de outras linhagens (C3H e C3H/Hel), onde a imunodeficiéncia
resulta em alta suscetibilidade a infeccdo aguda, progredindo rapidamente para o Obito
(NALLY et al., 2005; VIRIYAKOSOL et al., 2006). Do mesmo modo, a imunodeficiéncia
resultou em altas cargas de leptospiras nos 6rgdos-alvo, como observado na necropsia, de
acordo com relatos anteriores em camundongos C3H/SCID (NALLY et al., 2005). Noés
observamos nos 6rgdos-alvo patologias tipicas associadas com leptospirose, incluindo danos
tubulares agudos e detrabeculagdo de hepatocitos, semelhante com a patologia descrita em
humanos e em outros modelos de leptospirose letal, como em hamsters (SILVA et al., 2008).

Né&o existem dados suficientes para atribuir que a patogénese da hemorragia pulmonar
na leptospirose esta relacionada a um Unico mecanismo. Além disso, é razodvel assumir que
as formas pulmonares graves resultam de uma resposta multifatorial aos efeitos tdxicos
diretos ap0s a exposicdo as leptospiras, aos efeitos de inflamagbes sistémicas na parede
alveolar, aos distdrbios hemostaticos e & uremia (MEDEIROS et al., 2010). Nally e
colaboradores descreveram uma deposicao linear de anticorpos e complemento no modelo de
porquinho da india, sugerindo que os autoanticorpos poderiam ter um importante papel na
patogénese da leptospirose associada a hemorragia pulmonar (NALLY et al.,, 2004).
Entretanto, a avaliacdo original do soro anti-anticorpos da membrana glomerular basal em
pacientes com leptospirose, com ou sem hemorragia pulmonar, ndo encontrou associacao
entre anticorpos anti-membrana basal glomerular e doenca pulmonar. Ndo houve diferenca
nos niveis de anticorpos anti-membrana basal glomerular entre 0s soros do grupo de pacientes
na fase aguda ou na fase convalescente, quando comparado ao grupo controle (CRODA,
2008). Além disso, Craig e colaboradores ndo encontraram evidéncias para anticorpos anti-
membrana basal glomerular em 40 pacientes com leptospirose (CRAIG et al., 2009). No
presente estudo, camundongos que ndo sdo capazes de produzir linfocitos B e T funcionais
desenvolveram hemorragia pulmonar grave. Estes achados sugerem que a autoimunidade nao
€ 0 mecanismo mais importante para hemorragia pulmonar na leptospirose experimental, ao

menos no modelo murino e/ou na infecgdo por L.interrogans do sorovar Copenhageni.

No terceiro artigo observamos que os ratos infectados com leptospiras desenvolveram
uma infeccdo crbnica ndo letal, como descrito previamente (ATHANAZIO et al., 2008;
BONILLA-SANTIAGO et al.). Como esperado, os ratos ndo foram a @bito, e 0s mesmos
foram eutanaziados no dia 28 pos-infeccdo (pi). Amostras de rim foram coletadas para serem
avaliadas pela cultura (CI), imprint (IM) e PCR em tempo real (QPCR). Ao contrario dos
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ratos, os hamsters desenvolveram a leptospirose letal aguda, corroborando com dados
anteriores nos observamos que 0s sintomas e a morte por leptospirose geralmente ocorrem a
partir do dia 8 pos-infeccdo nestes animais (SILVA et al., 2007; CHAGAS-JUNIOR et al.,
2009). Portanto, os hamsters foram eutanasiados no dia 8 pi e amostras de rim foram
coletadas para serem avaliadas quanto a presenca e quantidade de leptospiras. Todos 0s trés
métodos foram capazes de detectar leptospiras nos rins de todos os hamsters infectados
(10/10) e entre 58% (7/12, qPCR) e 67% (8/12, Cl e IM) dos ratos infectados (tabela 1).
Observamos que dois dos ratos ndo estabeleceram a infeccdo cronica, e como esperado 0S
controles foram negativos para a presenga de leptospiras.

A quantificacdo da carga de leptospiras nos modelos animais foram determinadas por
gPCR, com base no pressuposto de que um genoma corresponde a uma espiroqueta. O
coeficiente de correlacdo da curva padrdo foi 0,999 e a eficiéncia foi 92,4%, Fig. 1A. O limite
de deteccdo do ensaio de gPCR, com base em diluicdes seriadas do DNA genémico de
Leptospira, foi estimado em 4 genomas equivalentes por reagdo ou aproximadamente 50
leptospiras por pg DNA. Isto é semelhante aos estudos prévios com o uso de lipL32 em
ensaios de gPCR (ROJAS et al., 2010). No modelo hamster, a carga de leptospiras variou de
3,6 x 10° a 4,9 x 10* (média de 2,4 x 10%) leptospiras por g de DNA e de 7 a 269 (média de
138) leptospiras no IM. O gPCR e o IM demonstraram correlagéo positiva e significante (rs =
0,65 e P = 0,02), ver Fig. 2. As cargas de leptospiras observadas entre os ratos foram
menores, variando de 50 a 825 (media = 163) leptospiras por g de DNA e de 3 a 33 (média =
9) leptospiras para 0 qPCR e IM, respectivamente. A correlacdo entre os dois métodos foi a
maior observada rs = 0,70 e P = 0,01 (Figura 2). Os coeficientes de correlagdo observados em
hamsters e ratos neste estudo indicaram que existe um nivel moderado de correlacdo entre os

dois métodos.

Nota-se que a carga de leptospiras no modelo rato foi inferior ao esperado, com uma
média de 163 por g de DNA renal ou uma média de 9 leptospiras por campo microscépico,
dependendo do método utilizado. Anteriormente, estimamos uma carga de leptospiras no rim
de ratos (7-9 dias pi) de 9 leptospiras por campo microscopico utililizando microscopia de
imunofluorescéncia (ATHANAZIO et al., 2008), semelhante ao observado no presente
estudo, observando os imprints. No entanto, como o rato é o um dos principais hospedeiros
das leptospiras nas regifes urbanas, espera-se encontrar altas cargas de leptospiras nos rins
para ser excretada no meio ambiente e permitir uma transmisséo eficaz da doenca (ADLER,
2009). Um estudo prévio encontrou concentracdes de até 10" leptospiras/ml de urina 28 dias
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pi (NALLY et al., 2005). Uma possivel explicacdo seria que as maiores concentracbes de
leptospiras sdo encontradas nos tdbulos renais e ndo ao redor do tecido renal na infecgédo
crénica. A metodologia aplicada neste estudo ndo determina a carga de leptospiras nos
tbulos renais, pois as sec¢des de rim usadas provavelmente sé incluem seccfes transversais.
Certamente, uma limitacdo deste estudo € que a concentracdo de leptospiras na urina de ratos

infectados ndo foi determinada.

Os resultados demonstrados neste estudo reforcam a aplicabilidade do método do
imprint para detectar leptospiras em modelos experimentais de leptospirose comumente
usados e confirma os resultados do estudo original sobre o imprint (CHAGAS-JUNIOR, et
al., 2009). Desde o seu desenvolvimento, a técnica do imprint é rotineiramente empregada em
nossos laboratdrios, em especial para avaliar o estado de colonizacdo de animais usados em
avaliacdes de potenciais candidatos a vacina. A principal desvantagem do estudo original foi a
falta de uma comparacdo com o ensaio de gPCR para comparar a sensibilidade de deteccdo e
quantificacdo da carga de leptospiras. Esta questdo foi abordada neste estudo. Em termos de
deteccdo de leptospiras (positivo ou negativo), ambos os ensaios qPCR e o IM foram
comparados com o método padrdo-ouro, a cultura, nos modelos hamster e rato (Tabela 1).
Observe que uma potencial limitacdo do IM e do gPCR ¢ a sua incapacidade de distinguir
entre leptospiras viaveis e ndo viaveis e isso € particularmente relevante na determinacdo da

imunidade esterilizante conferida por candidatos a vacina.

No entanto uma vantagem do IM € permitir a contagem leptospiras em imprints de
amostras de tecidos. Entretanto, ndo era conhecido como a contagem de leptospiras
encontrada no IM correlacionava-se com a quantificacdo absoluta de leptospiras encontrada
no gPCR. Portanto, este estudo avaliou como os dois métodos covariariam em uma analise de
correlagdo em dois modelos animais de leptospirose. Os valores determinados pelo qPCR e
pelo IM foram analisados e uma correlagéo significativamente positiva foi observada entre 0s
métodos no modelo hamster e no modelo rato de leptospirose (Figura 2). A melhor correlacéo
foi encontrada no modelo rato. A aplicacdo do método do imprint podera auxiliar em estudos
que necessitem da avaliacdo da carga de leptospiras nos mais diversos tecidos. Auxiliando

assim no conhecimento desta doenca de grande importancia para a satde publica.
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5 CONCLUSOES

e A linhagem de camundongos A pode ser a linhagem de escolha em estudos na qual se

pretende recuperar um grande nimero de leptospiras de rins colonizados;

e As linhagens CBA e C57BL/6 desenvolveram com maior frequéncia lesfes
inflamatdrias e podem ser as mais adequadas para estudos de leptospirose associados

com nefrite intersticial;

e A linhagem BALB/c é a mais indicada para estudar mecanismos que envolvam a

imunidade inata e/ou a rapida resposta imune adaptativa;

e A auséncia do gene do oOxido nitrico sintase induzivel no modelo murino teve um
efeito minimo sobre o desfecho da infeccdo por leptospiras, exceto pela diminuicéo
significativa da suscetibilidade para o desenvolvimento da nefrite intersticial;

e A auséncia de linfdcitos funcionais B e T ndo impede a ocorréncia de hemorragia
pulmonar. Estes dados fornecem fortes evidéncias de que a hemorragia pulmonar na

leptospirose ndo esté relacionada apenas a mecanismos autoimunes;
e Para deteccdo e quantificacdo de leptospiras o imprint equivale ao PCR em tempo real;

e Houve moderada correlacdo entre o imprint e o PCR em tempo real nos modelos de

infeccdo agudo e crénico;

e O imprint é um método de deteccdo barato que pode ser facilmente estabelecido no
laboratorio;

e O fato de apenas leptospiras intactas serem contadas no imprint € um bom indicativo

gue as mesmas sejam viaveis;

e O imprint é uma valiosa ferramenta para uso na avaliacdo de pontos secundarios, tais
como imunidade esterilizante, durante os ensaios de candidatos a vacina e na

determinacéo de leptospiras em amostras clinicas;
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In determining the efficacy of new vaccine candidates for leptospirosis, the primary end point is
death and an important secondary end point is sterilizing immunity. However, evaluation of this
end point is often hampered by the time-consuming demands and complexity of methods such as
culture isolation (Cl). In this study, we evaluated the use of an imprint (or touch preparation)
method (IM) in detecting the presence of leptospires in tissues of hamsters infected with
Leptospira interrogans serovar Copenhageni. In a dissemination study, compared to Cl, the IM led
to equal or improved detection of leptospires in kidney, liver, lung and blood samples collected
post-infection and overall concordance was good (x=0.61). Furthermore, in an evaluation of
hamsters immunized with a recombinant leptospiral protein-based vaccine candidate and
subsequently challenged, the agreement between the Cl and IM was very good (x=0.84). These
findings indicate that the IM is a rapid method for the direct observation of Leptospira spp. that
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can be readily applied to evaluating infection in experimental animals and determining sterilizing
immunity when screening potential vaccine candidates.

INTRODUCTION

Leptospirosis is a widespread zoonosis with a global
distribution, caused by pathogenic spirochaetes of the
genus Leptospira (Adler & de la Pena Moctezuma, 2009;
Levett, 2001). The major impact of leptospirosis is the high
rate of case fatality due to its most severe complications:
Weil’s disease (=109%) (Bharti et al, 2003) and severe
pulmonary haemorrhage syndrome (>50%) (Gouveia
et al., 2008; Marotto et al, 1999; Park et al, 1989). A
priority in current research on leptospirosis is the
development of a vaccine that is able to elicit long-term
immunity and to induce cross-protection against the
serovars that are of greatest importance to public health
(Adler & de la Pena Moctezuma, 2009; Koizumi &
Watanabe, 2005; McBride et al., 2005).

Abbreviations: C|, culture isolation; DAPI, 4',6-diamidino-2-phenylindol;
EMJH, Ellinghausen-McCullough-Johnson-Harris ~ medium;  IHC,
immunohistochemistry; IM, imprint method; Lig, leptospiral immunoglo-
bulin-like; NRS, normal control rabbit antiserum; pi, post-infection.

Several groups have reported on the use of various animal
models, including mice, hamsters and gerbils, for vaccine
candidate evaluation studies (Haake et al., 1999; Koizumi &
Watanabe, 2004; Palaniappan et al., 2006; Silva et al., 2007;
Sonrier et al., 2000). The primary goal of any vaccine is to
induce a specific immune response such that the initial
infection is prevented or subsequently eliminated (Seder &
Mascola, 2003). Therefore, an important evaluation of
vaccine efficacy is carriage status, as a successful vaccine
should confer sterilizing immunity to the vaccinated animal.
However, the gold standard protocol is culture isolation
(CI), with the potential problems of contamination,
incubator space requirements and delayed results (up to 8
weeks) (Palaniappan ef al, 2005).

In other disease conditions, tissue imprints (or touch
preparations) are commonly used for the direct detection
of micro-organisms. In leishmaniasis, the direct obser-
vation of trypanosomes in tissue imprints of canine liver
and spleen samples is regarded as the definitive laboratory
diagnostic test (Bahamdan et al., 1996; Berger et al., 1987;
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Kar, 1995; Roscoe, 2005; Teixeira et al., 2008; Volpini et al.,
2006). The technique has been applied to several infectious
diseases (Jan ef al, 2008; Olsen & Stenderup, 1990;
Silverman & Gay, 1995). The aim of this study was to
adapt and evaluate the imprint method (IM) for the direct
observation of leptospires in samples from experimentally
infected hamsters, comparing its performance against CI
and immunohistochemistry (IHC).

METHODS

Leptospira strain and culture conditions. Leptospira interrogans
serovar Copenhageni strain Fiocruz L1-130, isolated from a patient
during an outbreak of leptospirosis in the city of Salvador, Brazil (Ko
et al, 1999; Nascimento et al, 2004), was cultivated in liquid
Ellinghause n-McCullough-Johnson-Harris medium (EMJH, Difco)
at 29 “C (Ellinghausen & McCullough, 1965; Johnson & Harris, 1967)
and counted in a Petroff-Hausser counting chamber (Fisher
Scientific), as described by Faine et al, (1999). The strain was
passaged four times in Golden Syrian hamsters (Mesocricetus auratus)
and stored at —70 "C. Before use, the aliquots were thawed and
passaged in liquid EMJH seven times prior to use as a low-passage
isolate in the infection experiments.

Experimental infection of hamsters. Female, 9-week-old hamsters
(Fiocruz) were used in leptospiral dissemination studies and in
evaluating the performance of the three methods for the direct
detection of Leptospira spp. (Silva et al., 2008). Groups of hamsters
(n=5, days 3 and 6 post-infection (p.i.); n=15, day 9 p.i.) were
inoculated intraperitoneally with 250 leptospires in 1 ml PBS,
equivalent to 2.5x LDsy (Silva et al., 2007), and were sacrificed at
intervals ranging from 1 day to 21 days p.i. Control animals (n=5)
were injected intraperitoneally with 1 ml sterile PBS. Kidney, liver,
lung and blood samples were collected aseptically for evaluation.
Collection of blood samples during the dissemination study was by
phlebotomy of the retro-orbital venous plexus. The Ethical
Committee of the Oswaldo Cruz Foundation approved all animal
protocols used in this study.

Culture isolation of leptospires. CI was performed as previously
described (Athanazio et al, 2008). Briefly, tissue samples (kidney,
liver and lung) were homogenized in 10 ml EMJH, cell debris was
allowed to settle for 10 min and 0.5 ml cleared homogenate was
inoculated into 5 ml EMJH. Blood samples (1-2 drops) were
inoculated directly into 5 ml EMJH, and all cultures were incubated
at 29 “C. The cultures were examined regularly for growth, by
darkfield microscopy, for up to 8 weeks.

1 h

hict,
yhistoc

istry. Necropsies were performed immediately
upon sacrifice and kidney, lung and liver samples were stored at
—70 °C in mounting medium (Tissue-Tek, Sakura Finetek). Frozen
sections (4-5 pm) were thawed out onto poly-L-lysine-coated glass
slides and incubated (1 h) with a primary polyclonal anti-leptospiral
antibody (prepared by immunizing New Zealand White rabbits with a
whole-cell preparation of L. interrogans serovar lcterohaemorrhagiae
strain RGA (Athanazio et al., 2008) at a dilution of 1:200. After three
washes in PBS, the sections were incubated (1 h) with goat anti-rabbit
IgG-FITC conjugate (Jackson ImmunoResearch) at 1:500, and
washed three times in PBS before visualization of stained organisms
by fluorescence microscopy. Frozen tissue sections from non-infected
hamsters were used as negative controls.

Imprint detection. Imprints were obtained by direct pressure of the
cut surface of the tissue sample onto poly-1-lysine-coated glass slides.

Blood smears for imprint were prepared by placing one drop of blood
onto a poly-L-lysine-coated glass slide and a smear was formed using a
spreader slide. Imprint slides were dried at room temperature, fixed in
acetone for 3 min and the smear regions demarcated with a
hydrophobic barrier pen. Imprint slides were incubated (1 h) with
a primary rabbit polyclonal anti-leptospiral antibody at a dilution of
1:200. After three washes in PBS, the imprints were incubated (1 h)
with goat anti-rabbit IgG-FITC conjugate at 1:500, washed three
times in PBS and dried before visualization of stained organisms by
fluorescence microscopy. Tissue imprints from non-infected hamsters
and normal (uninfected) rabbit serum (NRS) were used as negative
controls. Counterstaining of nucleic acids or cytoplasm was achieved
with 1 mg ml ' 4'6-diamidino-2-phenylindole (DAPI, Sigma
Aldrich) or 0.1% Evans Blue (Sigma Aldrich) at room temperature
for 10 min.

Hamster immunization and challenge studies. Recombinant
LigA C-terminal protein fragments were cloned, expressed and
purified as described previously (Silva et al, 2007). The subunit
vaccine preparations were prepared by adsorption of the recombinant
leptospiral immunoglobulin-like (Lig) proteins to aluminium
hydroxide (alhydrogel) adjuvant. Immunization protocols were
performed as described previously (Silva et al, 2007) with the
following modifications. Briefly, female, 4-week-old hamsters were
immunized by intramuscular injection on day 0 with a second
immunization on day 14; control animals were injected with
alhydrogel at the same intervals. The hamsters were challenged with
an intraperitoneal inoculum of 250 leptospires (strain Fiocruz L1-
130) in 1 ml PBS. Hamsters were monitored three times a day during
the post-challenge period and euthanized when clinical signs
(prostration and jaundice or pulmonary haemorrhage) of terminal
disease appeared. Survivors were euthanized 21 days p.i. Kidney
samples were collected from all surviving hamsters in eight
independent experiments. Blood, liver and lung samples were
collected from a random selection of immunized animals. The kidney
samples were analysed using both CI and the IM detection methods.
The IM was used to screen the remaining blood, liver and lung
samples.

Statistical analysis. Statistical analysis was carried out using Epi
Info, ver 6.04 (Centers for Disease Control and Prevention, USA).
The chi-squared test was used to compare proportions; P<<0.05 was
considered significant. Concordance between detection methods was
calculated using Cohen’s Kappa (Landis & Koch, 1977).

RESULTS AND DISCUSSION

Direct observation of leptospires in a
dissemination study

The IM permitted the direct observation of leptospires by
using specific anti- Leptospira whole-cell-antigen antibodies
and an FITC conjugate or DAPI in kidney, liver, lung and
blood samples (Fig. la, b). Table 1 summarizes how the
three different methods performed in the detection of
leptospires in kidney, liver, lung and blood samples
collected from infected hamsters. Leptospires, although
present, could not be detected until day 6 p.i. The IM had a
higher, but not significant, rate of detection than CI on day
six p.i. in the kidney (100 vs 60 %, respectively), liver (100
vs 80 %) and lung (40 vs 20 %) from infected hamsters,
while the two methods exhibited a similar capacity to
detect leptospires in blood samples (80 vs 80 %). By day 9
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(a) FITC DAPI NRS

Infected

FITC Evans Blue DAPI

(b)

NRS-DAPI

Fig. 1. Direct observation of leptospires in
imprint samples. (a) Isolated leptospires were
detected in kidney, liver, lung and blood imprint
samples from hamsters infected with L. inter-
rogans serovar Copenhageni strain Fiocruz
L1-130; the negative control kidney sample
was from an uninfected hamster. Normal rabbit
serum (NRS) was included as a negative
control. Bar, 10 um. (b) Leptospires closely
associated with mammalian cells were
observed using FITC, cytoplasm was stained
with Evans Blue, and DNA with DAPI (note the
quenching of fluorescent signal from the
leptospires). A montage of the superimposed

Montage images is shown. Bar, 5 pm.

p.L., the methods detected leptospires in all 15 of the kidney
samples analysed. Both the IM and IHC offered a
significant improvement in detection over CI in liver
(100 and 1009% vs 53.3 %, respectively, P<0.01) and lung
samples (80.0 and 73.3 % vs 18.2 %, P<<0.01). The IM and
CI performed similarly for blood samples (53.3 vs 46.6 %,
respectively). When blood samples were collected daily
from day 2 to day 10 p.i., leptospires were detected by day 6
p.i. and overall IM performance was equal or superior to
CL On day 9 p.i., the IM detected leptospires in 80 % (4/5)
compared to 20 % (1/5) for CI; however, this difference
was not significant (data not shown). Concordance was
good for all three tests (¥x=0.61), and for CI and the IM
(,k=0.64), agreement between CI and IHC was moderate
(1=0.49), while between the IM and IHC concordance was
very good (k=0.96). When stratified according to sample

type, the agreement between CI and the IM was very good
in kidney (k=0.86) and blood samples (x=0.93), moderate
in liver samples (x=0.50) and fair in lung samples
(£=0.23).

Detection of leptospires in immunized hamsters
post-challenge

Summarizing the eight experiments performed (Table 2),
survival was 85.0 % (68/80) among immunized hamsters
compared to 2.5% (2/80) among control hamsters
immunized with adjuvant only. Among the immunized
hamsters which survived, cultures from eight animals could
not be evaluated due to contamination. In an evaluation of
sterilizing immunity, leptospires were isolated (CI) from
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Table 1. Direct detection of leptospires in a dissemination study of hamsters infected with L. interrogans strain Fiocruz L1-130

Days p.i. Method* Number of positives/total (% positive)
Kidney Liver Lung Blood
3 Cl 0/5 (0) 0/5 (0) 0/5 (0) 0/5 (0)
M 0/5 (0) 0/5 (0) 0/5 (0) 0/5 (0)
6 Cl 3/5 (60) 4/5 (80) 1/5 (20) 4/5 (80)
IM 5/5 (100) 5/5 (100) 2/5 (40) 4/5 (80)
9 Cl 15/15 (100) 8/15 (53) 211 (18)¢ 7/15 (47)
IHC 15/15 (100) 15/15 (100) 11/15 (73) ND
IM 15/15 (100) 15/15 (100) 12/15 (80) 8/15 (53)
Uninfected controls CI 0/5 (0) 0/5 (0) 0/4 (0)% 0/5 (0)
IHC 0/5 (0) 0/5 (0) 0/5 (0) ND
IM 0/5 (0) 0/5 (0) 0/5 (0) 0/5 (0)

ND, Not determined.

*CI, culture isolation; IHC, immunohistochemistry; IM, imprint method.
tFour cultures were excluded due to contamination.

$0ne culture was excluded due to contamination.

the kidneys of 23.3% (14/60) of surviving hamsters,
whereas leptospires were detected by the IM in 26.5%
(18/68) of surviving hamsters. In a random evaluation of
the IM, leptospires were detected in 42.8% (9/21) liver
samples and 20.0 % (1/5) lung samples, while none of the
blood samples (0/43) were positive. Based on the kidney
samples, there was very good agreement between CI and
the IM (k=0.84). It is of note that all samples that were CI
positive were also positive by the IM.

Sterilizing immunity is an important secondary end point
in vaccine candidate evaluations, particularly since it is
known that commercial vaccines for animal use do not
prevent leptospiruria (Adler & de la Pena Moctezuma,
2009). The gold standard for the direct detection of
leptospires in biological samples is culture isolation (Faine
et al, 1999; WHO & ILS, 2003). However, this method is
not ideal due to the fastidious nature of pathogenic
Leptospira spp., the need to incubate the cultures for up to
8 weeks, the considerable demand on laboratory resources

when large numbers of cultures are involved, and the risk
of contamination (Palaniappan et al., 2005). The main aim
of this study was to adapt and evaluate the imprint method
tor the direct detection of leptospires in biological samples.
To our knowledge, this is the first report on the application
of this technique to the field of leptospirosis.

A potential limitation in the use of the IM is that although
the technique identifies intact Leptospira spp. it may not
discriminate between intact-viable and intact-non-viable
leptospires. However, the IM only demonstrated signific-
antly increased detection of leptospires, when compared to
CI, in the dissemination study. It is of note that in the
dissemination study the presence of leptospires can be
presupposed, as 100% of the infected animals died. It is
known that leptospires are cleared from the blood during
the first 2 weeks of infection (Faine et al, 1999; Levett,
2001); therefore if the IM was detecting intact non-viable
leptospires it should have identified more positive samples
by day 9 p.i. and this was not the case (Table 1). It is

Table 2. Evaluation of the IM for the detection of sterilizing immunity in the hamster model of leptospirosis

Outcome Sample Immunized hamsters® Non-immunized hamsters*
% Positive (no./total) % Positive (no./total)
CI IM Total CI IM Total
Survival Kidney 23 (14/60)t 26 (18/68) 68 100 (2/2) 100 (2/2) 2
Liver ND 43 (9/21) ND ND
Lung ND 20 (1/5) ND ND
Blood ND 0 (0/43) ND ND
Death NA NA NA 12 NA NA 78
Np, Not determined; Na, not applicable.
*Pooled results from eight independent experiments.
FEight cultures lost to contamination.
http://jmm.sgmjournals.org 1635
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possible that the antigenic determinants targeted in the IM
are not readily detected in intact non-viable leptospires,
possibly due to loss of the outer membrane or changes in
conformation or degradation of the antigens.

The leptospiral immunoglobulin-like (Lig) proteins are
highly conserved, unique to pathogenic Leptospira spp.
(Matsunaga et al., 2003; Cerqueira et al., 2009; McBride
et al.,, 2009), and their use in vaccine preparations has been
reported by several groups (Koizumi & Watanabe, 2004;
Palaniappan et al, 2006). We reported that hamsters
immunized with a LigA C-terminal fragment in Freund’s
adjuvant were significantly protected (67—-100 %), but that
all survivors exhibited evidence of renal colonization (Silva
et al., 2007). In addition, LigA vaccine formulations were
reported to confer 75-100% protection, with sterilizing
immunity ranging from 25 to 909% (Faisal et al, 2008,
2009; Palaniappan et al.,, 2006). A vaccine preparation of
Ligh and alhydrogel induced significant protection in
hamsters (54-83 %) but did not confer sterilizing immun-
ity (Yan et al,, 2009). In C3H/He] mice, immunization with
Lig proteins elicited significant protection (100 %), but not
sterilizing immunity (Koizumi & Watanabe, 2004). Haake
et al, (1999) found that hamsters immunized with
recombinant OmpLl and LipL41 were significantly pro-
tected (71-100 %) and sterilizing immunity was 100 %.
Such variability in sterilizing immunity may be associated
with the virulence of the challenge strain, as the more
virulent challenge strains resulted in kidney colonization
(Silva et al., 2007; Faisal et al., 2008, 2009; Yan et al., 2009);
however, this was not always the case (Haake ef al, 1999).
Yet another factor could be the poor reproducibility of CI,
highlighting the urgent need for an improved standardized
method. Among the eight cultures that were contaminated
during CI, three were imprint positive. This suggests that
the imprint technique could provide more reproducible
results than CI in evaluating sterilizing immunity.

The IM proved to be a robust and sensitive method for the
direct observation of intact leptospires in blood and tissue
samples. Although the technique was equal to IHC in terms
of detection, the IM had advantages in terms of its relative
simplicity and reduced time to result. More importantly,
the IM performed equally to CI in evaluating sterilizing
immunity (Table 2) in the hamster model of leptospirosis.
The use of the IM could also be applied to the direct
examination of urine, as this is traditionally evaluated by
darkfield microscopy and is unreliable (WHO & ILS,
2003). This could lead to the application of the IM in field
evaluations of leptospiral carriage among natural reser-
voirs; this is currently being evaluated.

In conclusion, we report the successful adaptation and
evaluation of the imprint method for the direct detection of
pathogenic Leptospira spp. in blood and tissue samples
collected from an experimental animal model. Furthermore,
the technique was readily applied to the evaluation of
sterilizing immunity in vaccine-mediated immunity studies.
We therefore propose that the imprint technique should be

considered as a complementary method for the detection of
leptospires in animal models of leptospirosis.
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lonic imbalance and lack of effect of adjuvant treatment
with methylene blue in the hamster model of leptospirosis
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Leprospiresis in humans usually involves hvpokalaemia and hvpomagnesaemia and the putative mechanism
underlving such ionic imbalances may be related to nitric oxide (NO) production. We previously demonstrated
the correlation between serum levels of NO and the severitv of renal disease in patients with severe leptospirosis.
Methvlene blue inhibits soluble guanvivl cvelase (dovwnstreamn of the action of anv NO svnthase isoforms) and was
recently reported to have beneficial effects on clinical and experimental sepsis. We investigated the occurrence of
serum ionic changes in experimental leptospirosis at various time points (4, 8, 16 and 28 davs) in a hamster model.
We also determined the effect of methyilene blue treatment when administered as an adjuvant therapy, combined with
late mitiation of standard antibiotic (ampicillin) treatment. Hypokalaemia was not reproduced in this model: all of
the groups developed increased levels of serum potassium (K). Furthermore, hvpermagnesaemia, rather than mag-
nesium (Mg) depletion, was observed in this hamster model of acute infection. These findings may be associated with
an accelerated progression to acute renal failure. Adjuvant treatment with methviene blue had no effect on survival
or serum Mg and K levels during acute-phase leptospirosis in hamsters.

Key words: leptospirosis - methylene blue - models - animal

Leptospirosis is a widespread zoonosis in which the
most important and life-threatening complications are
acute renal failure and pulmonary haemorrhage (Cer-
queira et al. 2008, Medeiros et al. 2010). The beneficial
effect of antibiotics against severe leptospirosis when
treatment is initiated within four days after its clinical
onset is undisputed. Although antimicrobial treatment
is recommended even if it is delayed. the clinical ben-
efits in this case are controversial (WHO 2003). When
severe manifestations develop. the most important is-
sue in clinical management is supportive therapy. in-
cluding dialysis and mechanical ventilation (McBride
et al. 2005). In clinical practice. leptospirosis is usually
not initially suspected or is diagnosed late because ifs
features overlap with other diseases (e.g.. hepatitis and
dengue) and because of the limited performance of
confirmatory serological tests. Thus. despite aggres-
sive supportive treatment. fatalities from severe forms
of leptospirosis remain high and adjuvant therapies that.
in association with antibiotics. could benefit patient out-
comes are urgently needed. We previously developed a
model of antibiotic therapy initiated late after the infec-
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tion of hamsters. In the first evaluated adjuvant therapy.
the antioxidant effects of N-acetylcysteine did not yield
any additional benefit compared with ampicillin treat-
ment alone (Spichler et al. 2007).

Leptospirosis causes a peculiar form of non-oliguric
renal failure [characterised by potassium (K) depletion]
that rapidly evolves to an oliguric hyperkalaemic form.
indicative of a poor outcome (Cerqueira et al. 2008).
Several reports have described patients with severe lep-
tospirosis who developed hypomagnesaemia during
the acute phase of the disease (Khositseth et al. 2008.
Spichler et al. 2008, Craig et al. 2009). Within the kid-
neys. the major site of magnesium (Mg) transport is the
thick ascending limb (TAL). where 65% of filtered Mg is
reabsorbed. while 20-25% returns to the blood through
the proximal tubule and 5-10% returns to the distal tu-
bule (Berkelhammer & Bear 1985). Regardless of which
major molecular targets of leptospirosis lead to tubular
dysfunction. impaired ion transport results in sodium
(Na) and K wasting (Covic et al. 2003. Cerqueira et al.
2008). The gradient of K and Na is the major driving
force for the paracellular reabsorption of Mg in the TAL.
Thus. some degree of Mg loss may be expected in K/
Na-wasting states. Because hypomagnesaemia is a com-
mon feature of critically ill patients, is correlated with
a poor prognosis and has been increasingly recognised
in association with severe leptospirosis, we inferred that
this ionic imbalance might represent a promising target
for adjuvant therapy to treat leptospirosis. Therefore.
we were interested in determining whether our hamster
model of leptospirosis reproduces ionic changes. such
as hypomagnesaemia or hypokalaemia and how these
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changes correlate with disease outcomes. Studies on ex-
perimental leptospirosis focusing on ionic changes are
scarce and have been restricted to in vitro models (Wu et
al. 2004). microperfusion analyses (Magaldi et al. 1992)
and evaluation of tubular transporter expression via im-
munohistochemistry (Spichler et al. 2007). To the best
of our knowledge. no study has previously evaluated the
possible reproduction of serum Mg changes in experi-
mental leptospirosis.

Clinical studies based on clearance tests suggest that
the main tubular defect involved in leptospirosis is im-
paired function of the Na.2CLK cotransporter (NKCC2)
in the TAL (Lin et al. 1999, Wu et al. 2004). In vitro, the
NKCC2 of murine TAL cells can be inhibited using lep-
tospiral outer membrane extracts (Wu et al. 2004). In our
hamster model. we demonstrated that NKCC2 expres-
sion is reduced in TAL cells during acute infection and
the downregulation of NKCC2 can be reversed by anti-
microbial therapy (Spichler et al. 2007). Taken together.
these data suggest a potential direct toxic effect of lep-
tospires on tubular transporters. Furthermore. the renal
loss of Mg, Na and K may be related to the production of
nitric oxide (NO). which is a known inhibitor of NKC(C2
(Ortiz & Garvin 2002, Beltowski et al. 2003). Inducible
NO synthase (INOS) is stimulated in vitro when tubular
cells are exposed to leptospirally derived products (Yang
et al. 2000. 2002, 2006) and we demonstrated that serum
levels of NO correlate with a laboratory marker of renal
dysfunction (serum creatinine) in patients (Maciel et al.
2006). Recently. Prétre et al. (2011) reported increased ex-
pression of iINOS in vivo in the kidneys of hamsters and
C3H/HeJ mice during acute infection (as determined via
immunoblot and immunohistochemistry analyses) as well
as elevated nitrite/nitrate concentrations in serum samples
from these animals. Thus, inhibition of NO production
represents a potential therapeutic target for adjuvant ther-
apy in severe leptospirosis. Methylene blue is a known in-
hibitor of soluble gnanylyl cyclase (which is downstream
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of the action of any NOS isoform) that shows encouraging
results in patients with sepsis (Kirov et al. 2001, Kwok &
Howes 2006, Heemskerk et al. 2008, Paciullo et al. 2010).

The aims of this study were to test the following
parameters in our hamster model of leptospirosis (1)
whether the acute form of the disease is associated with
hypokalaemia and hypomagnesaemia and (i1) whether
adjuvant therapy using methylene blue has beneficial ef-
fects on survival or ionic imbalance during acute experi-
mental leptospirosis in hamsters.

MATERIALS AND METHODS

Bacteria - Leptospires were cultured in liquid El-
linghausen-McCullough-Johnson-Harris (EMJH) medi-
um (Difco Laboratories, Detroit. MI) at 29°C and were
counted in a Petroff-Hausser counting chamber (Fisher
Scientific. Pittsburgh, PA). An isolate from Brazil. Lep-
tospira interrogans serovar Copenhageni strain L1-130,
was used in all of the assays (Nascimento et al. 2004).
This strain was passaged and re-isolated four times from
the hamsters and was stored at -70°C. Frozen aliquots
were thawed and passaged in liquid medium eight times
prior to use as a low-passage-number isolate in the infec-
tion experiments.

Studv design - Nine-week-old female Golden Syrian
hamsters [Oswaldo Cruz Foundation (Fiocruz). state of
Bahia] were used in all of the experiments. The Ethical
Committee of the Fiocruz approved the animal proto-
cols employed in this study. Based on previous experi-
ments in which an inoculum of 10°leptospires was found
to cause 100% lethality. the interval between infection
and death was estimated to be 10-14 days. In three pre-
liminary experiments, late ampicillin treatment (100
mg/kg/bid) was tested to determine the day on which
the initiation of antimicrobial therapy would yield an ap-
proximately 50% survival rate (Table I) and that day was
chosen to test the adjuvant methylene blue therapy.

TABLEI

Effect of the interval between infection (Leptostpira interrogans strain L1130)

and the initiation of ampicillin (100 mg/Kg/bid) treatment on the survival of nine-week-old hamsters

Experiment 19 26 3¢

Deaths Days Deaths Days Deaths Days
Starting day n/N (%) todeath  0/N (%) to death n/N (%) to death
Untreated ND - 711 (64) 10, 10. 10. 10. 11. 11. 13 7/7 (100) 9.9.10.13,13,13.13
6 0/6 - ND - 0/7 -
7 0/6 - ND - ND -
8 0/6 - 07 - 0/7 -
9 2/6 (33) 10. 10 ND - ND -
10 ND - 2/6 (33) 12.13 2/5 (40) 10. 15
11 ND - ND - ND -
12 ND - 3/4 (75) 12,12, 12 ND -

a: inoculum size. 500 leptospires: b: inoculum size, 1,000 leptospires: ND: not done:

evaluated hamsters.

n/N: number of deaths/total number of
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The hamsters were inoculated intraperitoneally with
10° bacteria from virulent strain L1130. The experiment
began with 80 infected animals that were observed and
euthanised in groups of 20 on days 4. 8. 16 and 28. After
treatment was initiated, the 20 animals from each time
point were further divided into four groups according
to the type of treatment initiated on the 10th day. which
was ampicillin alone, methylene blue alone, ampicillin
and methylene blue together or no treatment.

In a second experiment. hamsters were infected with
a high inoculum dose of 10¢ leptospires and assigned to
groups (of 9-11 animals) that were treated with ampicil-
lin alone, methylene blue alone, ampicillin and methyl-
ene blue together or received no treatment. The treat-
ments were planned to begin when the first death was
observed. This study design was used as an alternative
strategy to reproduce the late initiation of therapy during
acute lethal leptospirosis.

Blood tests - Serum Na, K and Mg levels were mea-
sured using a Labmax 240 device (Labtest Diagnostica
SA. Minas Gerais, Brazil). Na and K were quantified
using ion-selective electrodes. while Mg was measured
using a colorimetric method. Creatinine analyses were
performed in serum with an immunochemistry assay
(A25 system. Biosystems SA. Barcelona. Spain). The
reference values presented in Figs 1-4 were obtained
from previous clinical chemistry reports on laboratory
hamsters (Tomson & Wardrop 1987). Four or five unin-
tected animals were also tested to serve as controls.

Histopathological analvsis - Necropsies were pei-
formed immediately after euthanasia. Kidneys were
fixed in 4% formalin and embedded in paraffin and 4-5
um-thick sections were subjected to conventional histo-
logical analyses. Semi-quantitative estimation of inter-
stitial nephritis was performed as previously described
(Bandeira et al. 2011). Briefly. grade + nephritis was de-
fined as an infiltrate that was rich in macrophages and
lymphocytes restricted to periarterial areas. grade ++
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Fig. 1: serum levels of potassium (K) in the hamsters that were treated
with ampicillin, methylene blue, both or no treatment. The vertical
dashed line indicates the initiation of treatment. Values are expressed
asmEq/L. The horizontal dashed lines indicate the previously reported
reference values for laboratory hamsters (Tomson & Wardrop 1987).
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Fig. 2: serum levels of magnesium (Mg) in the hamsters that were treat-
ed with ampicillin, methylene blue, both or no treatment. The vertical
dashed line indicates the imitiation of treatment. Values are expressed
as mg/dL. The horizontal dashed lines indicate the previously reported
reference values for laboratory hamsters (Tomson & Wardrop 1987).
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Fig. 3: serum levels of sodium (Na) in the hamsters that were treated
with ampicillin, methylene blue, both or no treatment. The vertical
dashed line indicates the initiation of treatment. Values are expressed
asmEq/L. The horizontal dashed lines indicate the previously reported
reference values for laboratory hamsters (Tomson & Wardrop 1987).
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Fig. 4: serum levels of creatinine in the hamsters that were treated
with ampicillin, methylene blue, both or no treatment. The vertical
dashed line indicates the initiation of treatment. Values are expressed
as mg/dl. The horizontal dashed lines indicate the previously reported
reference values for laboratory hamsters (Tomson & Wardrop 1987).



nephritis was characterised as an infiltrate that extended
to other renal parenchymal zones with one-two lesions
per field of view at 100X magnification and grade +++
nephritis was characterised by lesions detected in more
than two areas per field of view at 100X magnification.
In the present study, the regeneration of the tubular epi-
thelium was quantified using the criteria for foci of in-
terstitial nephritis. Acute tubular damage (tubular cell
swelling) was also estimated semi-quantitatively. as
mild, moderate or severe.

Statistical analvses - Statistical analyses and graphical
presentation of the data were performed using the Prism
v4.03 software package (GraphPad Software Inc, La Jol-
la. CA USA). Numerical data were compared using the
non-parametric Mann-Whitney U test when comparing
two groups and using the non-parametric Kruskal-Wallis
U test when comparing more than two groups. Survival
curves were compared using the log-rank Mantel-Cox
test. A p value < 0.05 was considered significant.

RESULTS

We selected the 10th day for the initiation of treatment.
as this resulted in the survival rate closest to 50% (Table
I). During the second and third preliminary experiments,
in which the selected inoculum of 1.000 leptospires was
used, ampicillin treatment initiated on day 10 resulted in
survival rates of 33% and 40%. respectively.

The first experiment involved 80 hamsters. At both the
day 4 and day 8 scheduled time points. 20 animals were
euthanised and necropsied. Treatments were initiated on
day 10. Another 20 hamsters were evaluated at the day
16 and day 28 time points, now assigned to four different
treatment groups. Prior to day 16. deaths were observed in
two untreated hamsters (both on day 11), four ampicillin-
treated hamsters (on days 10, 10. 10 and 11) and five am-
picillin + methylene blue-treated hamsters (on days 10. 10.
10. 11 and 13). At day 16, five animals were evaluated in
each group. Then, prior to day 28. two additional animals
from the methylene blue-treated group died (both on day
27). Thus. on day 28, all of the survivors were euthanised,
which included three in the untreated group. three in
the methylene blue only group and one in the ampicillin
only group. No hamsters treated with both ampicillin and
methylene blue survived until day 28. Blood and tissue
samples were only collected from animals that survived
until the scheduled time points.

At days 4 and 8. serum K levels were found to be sig-
nificantly higher (Mann-Whitney UL p < 0.05) among the
infected hamsters compared with uninfected hamsters. At
day 16. all of the infected groups displayed higher serumm K
levels compared with the uninfected animals, regardless of
the treatment received. At day 28. the three remaining ani-
mals in the methylene blue and no-treatment groups still
exhibited significantly higher levels of serum K compared
with the controls. The dynamics of the serum K levels in
the different treatment groups are shown in Fig. 1.

Both the uninfected and infected animals (regardless
of the treatment group) showed higher serum Mg levels
compared to historical (literature-based) reference values.
For this reason. serum Mg measurements were repeated
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twice for each sample and samples from other uninfect-
ed hamsters collected after the end of experiment were
found to show consistent serum Mg levels of 4.0-4+5 mg/
dl. In all cases, these measurements confirmed similar
results. Infected animals showed higher Mg levels com-
pared to uninfected controls on day 4 and there was a
trend toward decreasing levels of Mg detected on days 8.
16 and 28 among the infected hamsters. Serum Mg levels
were significantly higher among the infected hamsters
compared with the uninfected hamsters on day 4 (Mann-
Whitney U. p < 0.05). None of the other differences were
significant. The dynamics of the serum Mg levels in the
different treatment groups are shown in Fig. 2.

Serum Na levels were within the normal range in all
hamsters. though there was a trend toward lower Na lev-
els among the infected animals compared with the unin-
fected controls. The serum Na levels were significantly
lower among the infected hamsters compared with the
uninfected hamsters on days 4 and 8. At day 16. all of
the infected groups exhibited lower serum Na levels
compared with the uninfected animals. regardless of
the treatment received. At day 28. the three remaining
animals in the no-treatment group still presented signifi-
cantly lower Na levels compared with the controls and
the group receiving methylene blue exhibited a trend to-
ward lower Na levels (Mann-Whitney U. p = 0.06). The
dynamics of the serum Na levels in the different treat-
ment groups are shown in Fig. 3.

The only difference observed between the groups of
infected animals was that the methylene blue treatment
group presented lower serum Na levels at day 16 compared
with the other infected groups (Kruskal-Wallis, p = 0.04).

Serum creatinine levels peaked at day 16 and were
higher in the untreated group. The serum creatinine
levels in the untreated group were higher than normal
reference limits and significantly higher than the levels
in the hamsters in all of the treatment groups (Kruskal-
Wallis, p = 0.02). Ampicillin administration prevented
the elevation of serum creatinine at days 16 and 28. The
dynamics of the serum creatinine levels in the different
treatment groups are shown in Fig. 4.

The kidney samples from the hamsters euthanised
at day 4 were uniformly normal when examined under
light microscopy (data not shown). In contrast, the ham-
sters euthanised on day 8 presented the typical features
of acute disease. such as diffuse massive tubular cell
swelling with mild or no interstitial nephritis. Foc1 of
tubular cell swelling were still detectable at days 16 and
28. but were not as large or as diffusely distributed as
on day 8. Regenerative tubules and interstitial inflam-
mation were detected to various degrees on days 16 and
28. but not on day 8. The frequency and severity of renal
lesions did not differ in the infected hamsters on day 16
and 28. Illustrative images of the renal histopathology of
these hamsters are displayed in Fig. 5.

A second experiment evaluated the outcome of infec-
tion when treatment was initiated immediately after the
first death was observed among the infected animals (re-
gardless of the assigned group). In this case. only 10% of
the tested animals survived in the ampieillin group, where-
as infection was uniformly lethal in the untreated. methyl-
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ene blue-treated and methylene blue + ampicillin-treated
groups (Table IT). Additional methylene blue administra-
tion resulted in no improvement of outcomes. evaluated
either in terms of survival or the period between infection
and death (Log-rank Mantel-Cox test. p = 0.35).

DISCUSSION

The hamster model employed in this study did not re-
produce the hypokalaemia that is commonly observed in
human leptospirosis. The rapid and progressive develop-
ment of hyperkalaemia most likely reflects experimental
conditions in which supportive therapy is not feasible.
such as venous rehydration. Even the surviving hamsters
that were euthanised at day 28 presented elevated levels
of serum K (Fig. 1). Antibiotic treatment and/or meth-
ylene blue treatment had no effect on serum K levels in
the infected hamsters. Serum K levels were significantly
higher among the infected hamsters compared with the
uninfected hamsters on days 4 and 8. At day 16. all of the
infected groups exhibited higher serum K levels than the
uninfected animals. regardless of the treatment received.
At day 28. the three remaining animals in the methylene
blue and no-treatment groups still exhibited significant-
ly higher levels of serum K than the controls.

A similar pattern of Mg elevation was observed
among the infected hamsters (Fig. 2). Although some Mg
depletion might be expected based on clinical studies.
rapid progression to severe renal failure could explain
the retention of Mg. In contrast to the K dynamics, there
was a trend toward decreasing levels of Mg observed on
days 8. 16 and 28. The baseline serum Mg levels in the
uninfected hamsters were the only measurements that
were considerably different (higher) compared with the
reference values for laboratory hamsters. The serum
Mg levels were significantly higher among the infected
hamsters compared with the uninfected hamsters at day
4. None of the other differences were significant.

High baseline serum Mg levels were not expected.
Reference values for serum Mg (Fig. 2) in hamsters were
obtained from a textbook (Tomson & Wardrop 1987).
which were based in two previous studies using 164 and
19 hamsters (mean = standard deviation of up to 2.5 =
0.2 mg/dl in males from one study and 1.6 = 0.4 mg/dl in
females from the other). The range suggested from these
data is indeed close to the reference serum Mg levels
in humans. Another reference textbook indicated values
with a considerably wider range. of 1.9-3.5 mg/dl (Gad
2007). However. a more recent textbook apparently ig-

Fig. 5: typical lesions of leptospirosis in the infected hamsters. A: marked swelling of the epithelial cells of the proximal tubules in an untreated
hamster at day 8; B: other focus of tubular cell swelling in an untreated hamster at day 16; C: mild interstitial nephritis with infiltrates rich in
lymphocytes, plasma cells and macrophages surrounding an artery of an untreated hamster at day 16: D: regenerative changes of cortical tubular
epithelium of an untreated hamster at day 16; E: mild interstitial nephritis with infiltrates rich in lymphocytes. plasma cells and macrophages
surrounding the glomeruli and small arteries in the renal cortex of an ampicillin-treated hamster at day 28: F: normal kidney of an uninfected
hamster at day 8. The short arrows indicate small arteries and the long arrows indicate the glomerulus. Haematoxylin-eosin (A-F) 200X.



nores these previous data and concludes that reference
serum Mg values are not available for hamsters. Strik-
ingly. the indicated reference values for other laboratory
animals are as high as 2.0-5.4 mg/dl in rabbits. 3.5-4.1
mg/dl in guinea pigs and 3.6-4.0 mg/dl in chinchillas
(Washington & van Hoosier 2012). In comparison to the
normal range for guinea pigs, the baseline serum Mg lev-
els found in the uninfected controls in the present study
would considered be normal, while in comparison to the
normal range in rabbits. the serum Mg levels found in
all of our experimental groups would be within normal
limits. For the purpose of the present study, the analysis
was based on the comparison between all groups with
the serum Mg levels detected in our uninfected controls.
These values consistently ranged from 4.0-4.5 mg/dl in
samples from the uninfected animals used in this study
and from other uninfected hamsters in our laboratory.
Although this is beyond the scope of our study. we spec-
ulate that reference values for serum Mg in hamsters
should be reviewed or further evaluated based on the
following observations: (1) the available data in the lit-
erature are scarce and show a wide range. (i1) the present
results. both from animals evaluated during the study
period and in different independent experiments after-
wards, indicate considerably higher levels than have
been previously reported and (iii) some related labora-
tory rodents are known to display considerably higher
serum Mg levels.

There was a trend toward lower Na levels among the
infected animals compared with the uninfected controls.
However. all of the measurements were within the nor-
mal range of serum Na levels for hamsters (Fig. 3). The
serum Na levels were significantly lower among the in-
fected hamsters compared with the uninfected hamsters
at days 4 and 8. On day 16. all of the infected groups ex-
hibited lower serum Na levels compared with the unin-
fected animals, regardless of the treatment received. At
day 28. the three remaining animals in the no-treatment
group still presented significantly lower Na levels com-
pared with the controls and the group receiving methyl-
ene blue exhibited a trend toward lower Na levels.

The methylene blue treatment group presented low-
er serum Na levels on day 16 compared with the other
infected groups (Fig. 3). Any discussion regarding this
finding is merely speculative. but it might be explained
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based on the combination of the following factors: (1) a
syndrome of inappropriate antidiuretic hormone hyper-
secretion causes hyponatremia and is known to occur
in some severe infectious diseases such as pneumonia
and meningitis (Mendoza 1976) and (ii) local inhibition
of NO production in the kidney interferes with Na reab-
sorption and may result in either depletion or retention
(Manning & Hu 1994).

In this study. the dynamics of ionic changes were not
found to be associated with any peculiar histopathologic
features in the kidneys. The kidney samples from the
hamsters that were euthanised at day 4 were uniformly
normal when examined vig microscopy (data not shown),
despite the high serum levels of Mg detected in these ani-
mals (Fig. 2). The hamsters that were euthanised at day
8 presented the typical features of acute disease. such as
diffuse and massive tubular cell swelling with mild or no
interstitial nephritis. At this time point. marked hyperka-
laemia was observed (Fig. 1); however, it was even higher
on day 28. when the tubular changes were resolved and
more severe manifestations of interstitial nephritis domi-
nated the microscopic observations (Fig. SE). In the pres-
ent study. severe ionic changes persisted after recovery
from the acute tubular changes. This last finding con-
firmed a previous clinical report, suggesting that tubular
defects. such as impaired urinary concentration capacity.
may last for months in patients (Daher Ede et al. 2004).

The hamsters that were euthanised on days 16 and
28 exhibited variable degrees of acute tubular changes,
regeneration of tubular epithelia and interstitial nephri-
tis. In a previous report on experimental leptospirosis in
guinea pigs. de Arriaga et al. (1982) did not observe any
association between the frequency or severity of inter-
stitial nephritis and renal failure. In the same study. re-
generative tubular changes were found to be associated
with renal dysfunction. which may imply previous tubu-
lar necrosis. As shown in Fig. 4, serum creatinine lev-
els peaked at day 16. when regenerative changes in the
epithelial tubular cells were first detected. The serum
creatinine levels in the untreated group were higher than
normal reference limits and significantly higher than the
levels in the hamsters from all of the treatment groups.
In contrast. serum creatinine levels were not significant-
ly different from other treatment groups. In this study.
the measured serum creatinine levels were likely biased

TABLEII

Outcome of hamsters infected by Leprospira interrogans strain L1130
and treated with ampicillin. methylene blue, both or no treatment

Survivors
Treatment /N (%) Days to death
Untreated controls 0/11 (0) 7.7.8,8.9,9.10, 13, 14, 16. 16
Ampicillin 1/10 (10) 8, 10, 10, 10, 11, 11, 12, 14, 15
Methylene blue 0/10 (0) 7.7.9.9,9,10, 10, 11, 11, 13
Ampicillin + methylene blue 0/9 (0) 8,9,9.9,10. 10, 10, 11, 15

n/N: number of survivors/total number of evaluated hamsters.



444

because serum samples were only collected from the
hamsters that were euthanised at scheduled time points.
Hamsters that died before the scheduled euthanasia date
likely exhibited more severe ionic imbalances and renal
dysfunction. Importantly. the histopathology was similar
in all groups at day 16. even though the serum creatinine
levels were higher in the untreated animals. We have
previously demonstrated that late antibiotic treatment
in this hamster model can prevent or reverse the loss of
Na+/H+ exchanger 3 and NKCC?2 expression in renal tu-
bular cells (Spichler et al. 2007), which is a finding that
may be linked to the effect of antimicrobial treatment
on the renal dysfunction markers observed in this study.

As shown in Table I. deaths were not expected to
occur in the treatment assay after 15 days of infection.
Thus, we defined survivors as those animals that sur-
vived to the 16 and 28 day time points. There was no
observable benefit of adding methylene blue to standard
ampicillin treatment. We previously reported a similar
lack of an effect for the antioxidant N-acetylcysteine as
an adjuvant therapy (Spichler et al. 2007). However. the
strict methodology applied in these studies is the best
way to reproduce the clinical conditions related to late
treatment of patients. Models of delayed experimental
treatment avoid obtaining promising results associated
with experimental treatments that may be initiated too
early during experimental infection to yield reproduc-
ible benefits in clinical practice.

Additionally, we have previously reported that inos-
knock-out C57B1/6 mice display lower rates and severi-
ties of interstitial nephritis and that the absence of INOS
is not associated with increased bacterial dissemination
in tissues (Bandeira et al. 2011). Prétre et al. (2011) have
reported that treatment with another NOS inhibitor,
4-aminopyridine (0.3 mg/kg daily. starting on the day
of infection). without co-administration of antibiotics.
results in an accelerated lethal outcome in hamsters and
a higher mortality rate in C3H/HeJ mice as well as a
higher leptospiral burden in their tissues. The design of
this previous study was different from the one present-
ed here. as the former did not test NOS inhibition as an
adjuvant treatment in the late stage of acute infection.
In contrast with the effects observed in other models of
sepsis (Kirov et al. 2001, Kwok & Howes 2006. Heem-
skerk et al. 2008, Paciullo et al. 2010), methylene blue
does not appear to be beneficial in this model of lep-
tospirosis. Blocking NO production also had no effect on
the ionic imbalance observed during acute leptospirosis
in the hamster model.

One limitation of this study is the lack of information
on the bacterial burden. While it is important to under-
stand the dynamics of infection, the examination of lep-
tospiral loads does not directly interfere with analyses of
survival. ionic changes and the frequency of renal lesions.
We have previously shown that ampicillin treatment is as-
sociated with the clearance of leptospiral antigens. which
parallels the preservation of renal tubule transporter ex-
pression (Spichler et al. 2007). In addition. we have dem-
onstrated that genetic deficiency of iINOS is not associated
with differences in the leptospiral load in tissues from the
C57BL/6 mouse model (Bandeira et al. 2011).
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The present study also revealed that the hamster
model is not practical for reproducing and therefore
studying the common ionic disturbances (such as hy-
pokalaemia and hypomagnesaemia) that are observed in
patients with severe leptospirosis. These ionic changes
may occur during experimental infection. but progress
s0 quickly to typical acute renal failure that they could
not be detected at the time points selected in the present
study. Patients with leptospirosis usually receive aggres-
sive supportive therapy (including fluid expansion) that
blocks or retards progression to an oliguric/hyperkalae-
mic state. Such supportive therapy was not provided in
this study, which may explain the rapid progression to a
severe form of renal failure.

In our second experiment, a different strategy was
employed to reproduce the late initiation of treatment of
experimental leptospirosis. Infected hamsters were fol-
lowed to detect clinical signs and treatiment was initiated
one day after the first death was observed. In this model.
even antibiotic therapy had almost no effect on surviv-
al (only 1 out of 10 animals survived) and the addition
of methylene blue to the treatment regime provided no
improvement of outcomes (Table TT). Notably, although
antibiotics are highly recommended. even in late-stage
leptospirosis in clinical settings. there is no evidence
demonstrating positive effects on survival when anti-
biotic treatment is initiated in late-stage leptospirosis.
Such studies will likely not be performed because of
ethical concerns about denying patients antibiotic treat-
ment. even if no clinical benefit has been demonstrated.

Hypokalaemia was not reproduced in our hamster
model: all of the groups developed increased levels of
serum K. Furthermore, in this model of acute infection,.
hypermagnesaemia (rather than Mg depletion) was ob-
served. These findings may be associated with an accel-
erated progression to acute renal failure, Furthermore.
adjuvant methylene blue treatment had no effect on se-
rum Mg and K levels during acute-phase leptospirosis in
hamsters. Late antibiotic treatment prevented the acceler-
ated elevation of serum creatinine levels in this model.
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8.2. Aprovacéo pela Comiss&o de Etica no Uso de Animais

MINISTERIO DA SAUDE / FUNDACAO OSWALDO CRUZ
VICE-PRESIDENCIA DE PESQUISA E DESENVOLVIMENTO TECNOLOGICO
Comisséo de Etica no Uso de Animais
CEUA-FIOCRUZ

CERTIFICADO

Certificamos que o protocolo intitulado :

" Avaliagao de resposta imune contra leptospirose em modelos animais. "

numero P-445/07, proposto por Alan John Alexander McBride, foi licenciado pelo
N° L-055/08.

Sua licenga de N° L-055/08 autoriza o uso anual de :

- 396 Mesocricetus auratus - 100 Rattus norvegicus
- 10 Oryctolagus cuniculus - 80 Mus musculus

Esse protocolo esta de acordo com os Principios Eticos na Experimentagio

Animal adotado pelo Colégio Brasileiro de Experimentagdo Animal ( COBEA )
e foi APROVADO pela COMISSAO DE ETICA NO USO DE ANIMAIS ( CEUA -
FIOCRUZ). Na presente formatagdo, este projeto esta licenciado e tem
validade até 21 de julho de 2012 . ‘ ;

Rio de Janeiro, 24/09/2008

Dra. Norma Vo:IImer; {Znhé

Coordenadora da CEUA
FIOCRUZ



