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Resumo

Simas R. Estudo das altera¢cdes microcirculatorias e da evolucado do processo
inflamatério em modelo de morte encefalica em ratos [tese]. Sdo Paulo:

Faculdade de Medicina, Universidade de Sao Paulo; 2013.

INTRODUCAO: Estudos indicam que a morte encefalica esta associada com
alteracbes hemodinamicas, hormonais e inflamatorias, comprometendo a
viabilidade dos 6rgdos para o transplante. Porém, é necessario esclarecer
quais destas alteracBes sdo decorrentes da morte encefalica e quais sdo
devidas ao trauma associado. Este estudo tem por objetivo avaliar a
microcirculacdo mesentérica, quantificar marcadores sistémicos da resposta
inflamatoria, e analisar as alteracdes histopatoldégicas em ratos submetidos a
morte encefalica comparados com ratos falso-operados. METODOS: Ratos
Wistar machos (300 + 50 g), anestesiados com isoflurano (5-2 %), foram
intubados e mecanicamente ventilados (10 mL/kg, 70 ciclos/min). Através de
uma trepanac&o, um cateter Fogarty® 4 F foi inserido no espaco intracraniano e
rapidamente insuflado com 500 uL de agua para indugédo da morte encefalica.
Apoés a inducdo da morte encefalica o anestésico foi retirado e 0s animais
receberam solucao salina 0,9 % endovenosa (2 mL/h). Animais falso-operados
foram apenas trepanados. Pressédo arterial média e frequéncia cardiaca foram
monitoradas ao longo de todo tempo de experimento. Apos 30, 180 ou 360 min,

foram avaliados os seguintes parametros: 1) avaliacdo da perfuséo e interacéo
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leucdcito-endotélio na microcirculacdo mesentérica por técnica de microscopia
intravital; 2) expressdo de moléculas de adesdo endoteliais (P-selectina e
ICAM-1) por imunohistoquimica; 3) quantificacdo das citocinas (TNF-a, IL-1p,
IL-6, e IL-10), quimiocinas (CINC-1 e CINC-2) e corticosterona séricas;
4) determinacdo do leucograma, hematdcrito e gasometria; 5) avaliacéo
histolégica do coracdo, pulméo, figado e rim. RESULTADOS: A morte
encefélica resultou em imediato pico hipertensivo seguido de episddio de
hipotensdo, associado com queda na perfusdo mesentérica para
aproximadamente 30% de microvasos com fluxo sanguineo normal (p<0,0001).
A interacdo dos leucocitos com o endotélio apresentou um menor numero de
leucécitos rollers (p<0,0001), com maior migracao leucocitaria (p=0,03) para o
tecido perivascular de ratos com morte encefélica, decorridos 180 min de
experimento. A expressao de P-selectina ndo diferiu entre os grupos, engquanto
gue ICAM-1 teve sua expressao aumentada na terceira hora apds a inducéo da
morte encefélica (p<0,01). As concentracdes séricas de citocinas e quimiocinas
foram iguais entre animais com morte encefalica e falso-operados. Observou-
se queda acentuada nos niveis séricos de corticosterona de animais com morte
encefalica apds 3 h de experimento (p<0,0001). O nimero de leucdcitos totais
nos animais com morte encefalica foi menor quando comparado com animais
falso-operados  (p<0,05), sendo observado aumento na razéo
neutrofilo/linfécito, apés 3h de experimento, em ambos os grupos. Nado foram
observadas alteragfes significativas nos dados gasométricos e hematocrito. A
morte encefalica induziu alteragbes histopatolégicas nos quatro Orgaos
avaliados, sendo observada congestéao vascular no coracéao (p=0,02) e pulméo

(p=0,02), edema alveolar pulmonar (p=0,001), infiltrado leucocitario no figado
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(p=0,01), e edema tubular renal (p=0,04). CONCLUSOES: A morte encefalica
desencadeou instabilidade hemodinamica associada com hipoperfusdo
tecidual, além de queda na concentracdo de corticosterona enddgena,
resultando em aumento da expressdo de ICAM-1 com maior migracdo de
leucdcitos na microcirculacdo mesentérica, além de leucopenia. Os 6rgaos
sélidos apresentaram maior congestdo vascular, sendo que os pulmdes foram

0s 6rgdos mais comprometidos.

Descritores: Morte encefélica; Traumatismos encefalicos; Microcirculacao;

Inflamacdéo; Patologia; Ratos, Wistar.
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Summary

Simas R. Study of microcirculatory alterations and evolution of inflammatory
process in a brain death rat model [thesis]. Sdo Paulo: “Faculdade de Medicina,

Universidade de Sao Paulo”; 2013.

BACKGROUND: Studies indicate that brain death is associated with
hemodynamic, hormonal and inflammatory alterations, compromising the
viability of organs to transplantation. However, it is necessary to clarify which of
these alterations are consequences of brain death and which are due to brain
death-associated trauma. This study aims to evaluate the mesenteric
microcirculation, quantify systemic markers of the inflammatory response, and
analyze the histopathological changes in rats submitted to brain death
compared with sham operated animals. METHODS: Male Wistar rats
(300 + 50 g) anesthetized with isoflurane (5-2 %) were intubated and
mechanically ventilated (10 mL/kg, 70 breaths/min). Through trepanation, a
Fogarty 4 F catheter was inserted intracranially and quickly inflated with 500 pL
of water to induce brain death. After brain death confirmation, anesthesia was
stopped and the animals received 0.9 % saline solution intravenously (2 mL/h).
Sham operated animals were just trepanned. Mean arterial blood pressure and
heart rate were continuously monitored. After 30, 180 or 360 min, the following
parameters were evaluated: 1) perfusion of microvessels and leukocyte-

endothelial interactions in the mesenteric microcirculation by intravital
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microscopy; 2) expression of endothelial adhesion molecules (P-selectin and
ICAM-1) by immunohistochemistry; 3) quantification of serum cytokines (TNF-a,
IL-1pB, IL-6 and IL-10), chemokines (CINC-1 and CINC-2), and corticosterone;
4) determination of white blood cell counts, hematocrit, and blood gases;
5) histological assessment of heart, lung, liver, and kidney. RESULTS: Brain
death induced an immediate hypertensive peak followed by hypotension
associated with a reduction in mesenteric perfusion to 30% of microvessels with
normal blood flow (p<0.0001). Number of rolling leukocytes was reduced
(p<0.0001), and migrated leukocytes to perivascular tissue increased after 180
min (p=0.03). The expression of P-selectin did not differ between groups,
whereas the expression of ICAM-1 was increased 3 h after brain death
induction (p<0.01). Increased serum concentrations of cytokines and
chemokines were observed in both brain death and sham operated rats. Brain
death rats showed a decrease in serum corticosterone levels after
3 h (p<0.0001). Total white blood cell counts in brain death rats was reduced
when compared with sham operated rats (p<0.05), associated with an increase
in neutrophil/lymphocyte ratio after 3 h in both groups. No significant changes in
hematocrit and blood gases were observed. Brain death induced
histopathological alterations in the evaluated organs: vascular congestion in the
heart and lungs (p=0.02), pulmonary alveolar edema (p=0.001), leukocyte
infiltration in the liver (p=0.01), and renal tubular edema (p=0.04).
CONCLUSIONS: Brain death triggered hemodynamic instability associated with
tissue hypoperfusion, and a decrease in the concentration of endogenous
corticosterone, resulting in increased expression of ICAM-1 with increased

migration of leukocytes at mesenteric microcirculation, associated with a
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paradoxical leukopenia. The main histopathological alteration in brain death rats

was vascular congestion, and the lungs are the most compromised organs.

Descriptors: Brain death; Brain injuries; Microcirculation; Inflammation;

Pathology, Rats, Wistar.



Introducéao

O transplante de orgéos €, por muitas vezes, a Unica terapia possivel em
diversas doencas em estagio avancado de evolucdo. Contudo, existe um
grande desbalanco entre o nimero de pacientes em fila de espera por um
transplante e o numero de doadores de 6rgaos. De acordo com o Ministério da
Saude, no primeiro semestre de 2012 o Brasil realizou 12.342 procedimentos
cirdrgicos de transplantes de 6rgdos, um crescimento de aproximadamente
13% comparado com o0 mesmo periodo do ano de 2011, quando foram
realizados 10.905 transplantes em todo o territorio nacional. O estado de Sao
Paulo destaca-se pelo numero de procedimentos realizados no primeiro
semestre de 2012, chegando a 4.783 transplantes, seguido por Minas Gerais e
Parana, com 1.111 e 943 transplantes realizados, respectivamente. Nesse
periodo, no entanto, observa-se um reduzido numero de transplantes de
coracao, 108 cirurgias realizadas, e de pulmao, apenas 30. Talvez a principal
justificativa para o baixo numero de transplantes realizados destes 6rgaos seja
o fato de que apenas pacientes com morte encefélica podem ser considerados
como doadores, enquanto que transplantes de rim e figado podem ser

realizados a partir de doadores vivos (fonte: www.saude.gov.br).

Nos ultimos anos, o0 sucesso dos transplantes vem aumentando
progressivamente devido a melhor compreensado da faléncia organica, do
processo de rejeicdo e ao desenvolvimento de tratamentos imunossupressivos

mais adequados®. Porém, a morte encefalica continua a ser um elemento



responsavel, em grande parte, pelo comprometimento da funcdo dos 6rgaos,

limitando o nimero de transplantes realizados?.

A integridade da microcirculagdo é fundamental para a adequada
oxigenacao tecidual e preservacdo da funcdo do 6rgdo, como observado em
pacientes com sepse grave e apds o transplante de 6rgdos® . Nesta situacao,
a lesdo por isquemia e reperfusédo reduz a perfusdo dos tecidos, agravando a
disfuncdo organica®. Embora se reconheca a importancia da integridade da
microcirculacdo para uma adequada perfusdo dos oOrgaos, poucos trabalhos
tém sido realizados com foco nas alteracdes microcirculatérias decorrentes da

morte encefalica.



Morte Encefalica

Em condicbes normais, o volume do tecido cerebral, o volume
sanguineo e de fluido cerebroespinhal, bem como a pressdo no interior da
cavidade intracraniana, ndo se alteram. Contudo, algumas situacfes
patoldgicas, tais como hemorragias, tumores e infeccées, aumentam o volume

e a pressdo intracraniana, podendo levar & morte encefalica®.

A partir do trauma inicial até a completa instauracdo da morte encefalica,
uma cascata de eventos se desenvolve afetando todos os 6rgaos
potencialmente transplantaveis. Essa cascata inclui desde o aumento da
pressdo intracraniana, resultante da lesdo cerebral inicial, até as mdultiplas
alteracbes sistémicas desencadeadas pela morte encefalica®. Entre as
alteracdes peculiares a morte encefélica esta a instabilidade hemodinamica, o

desarranjo hormonal e metabdlico, e a resposta inflamatéria sistémica® >~

A ordem dos eventos fisiopatoldgicos envolvidos no estabelecimento da
morte encefalica envolve, principalmente, a atividade do sistema nervoso
simpéatico e sua contrarregulacdo pelo sistema nervoso parassimpatico.
Inicialmente, ocorre ativagdo parassimpética, apos o reflexo de Cushing néo
obter sucesso em manter a adequada perfusdo cerebral, observando-se um
guadro de bradicardia e hipertensdo, associado com padrfes alterados de
respiracdo. A medida que a lesdo evolui, ocorre a destruicdo do centro vagal
cardiomotor, abolindo a atividade parassimpatica. Desse modo, a estimulagao

simpética deixa de sofrer a contrarregulacdo do sistema parassimpético e se



estabelece a tempestade auton6mica, caracterizada por taquicardia e
hipertenséo. Por fim, ocorre a diminuicdo da atividade simpdtica, resultando em
instabilidade hemodinamica exacerbada pela hipovolemia, perda de regulacdo

da vasculatura periférica e vasodilatac&o®.

A tempestade autondbmica, observada em pacientes com morte
encefélica, reflete aumento nas concentracdes séricas de catecolaminas em
até 1.200 vezes os valores basais’. Essa liberacdo exacerbada de
catecolaminas esta associada ao episodio de hipertensao, observado durante o
estabelecimento da morte encefélica, e ao aumento da resisténcia vascular
sistémica’.

A morte encefalica desencadeia uma série de eventos inflamatorios, os
quais incluem a ativacdo do endotélio microvascular, do sistema complemento,
e da coagulacdo, e demais componentes da resposta imune inata ou
adaptativa’®, como o aumento da expressdo de moléculas de adesdo
endoteliais em diversos o6rgdos, infiltrado leucocitario nos tecidos
perivasculares e 0 aumento das concentracdes séricas de diversas citocinas,

comprometendo a viabilidade dos 6rgéos a serem transplantados™™.

Diferentes mecanismos, desencadeados pela morte encefalica, atuam
de formas distintas na inducdo da resposta inflamatoria sistémica. Disturbios
metabolicos e hormonais, bem como a tempestade autondémica, levam a
isquemia e a inflamacg&o nos diversos orgaos. A liberacdo de neuropeptidios e
de outros mediadores inflamatérios, a partir da isquemia cerebral, ativa o

endotélio contribuindo para a disfuncdo organica®. Contudo, pouco se sabe



sobre as alteracdes microcirculatorias apés a morte encefalica, e qual € o papel

do trauma associado no desenvolvimento dessas alteracoes.



Microcirculacdo e Recrutamento Leucocitario

Um dos primeiros eventos observados no processo inflamatorio é a
mobilizacdo leucocitaria para a periferia dos vasos da microcirculacéo
(diametro inferior a 100 pm)* ** 3. A ades&o e o recrutamento dos leucécitos,
para o local da lesdo, sdo mediados por uma sequéncia de eventos que
envolve a expressdo de moléculas de adeséo celular nos leucécitos e células

endoteliais? !4,

Os primeiros leucécitos recrutados na vigéncia da lesao
tecidual ou infeccdo sdo os leucdcitos polimorfonucleares, particularmente os

neutrdfilos, seguidos da migracdo dos mondcitos e linfécitos™2.

Estimulos de natureza quimica, fisica ou biolégica, sdo identificados por
células do sistema imune inato, como macréfagos, células dendriticas, ou
neutrofilos, as quais passam a liberar/produzir mediadores lipidicos, citocinas e

quimiocinas, amplificando o recrutamento leucocitario para o local da les&o** *°.

Nos ultimos anos, tem se observado grande avan¢o na compreensao
dos mecanismos envolvidos no processo de recrutamento leucocitario, devido
a identificacdo e a caracterizagdo de moléculas envolvidas na adesao célula-
célula e célula-matriz, regulando os diferentes estagios de migracao
leucocitaria. As principais glicoproteinas envolvidas neste processo séo: i) a
familia das selectinas; i) a familia das integrinas; e iii) moléculas da

superfamilia das imunoglobulinas®® **.

O processo de recrutamento dos leucocitos inicia-se pelo rolamento

sobre o endotélio venular, processo mediado por selectinas e seus ligantes™®.



As selectinas compdem uma familia de glicoproteinas transmembrana,
constituida de E-, e P-selectina, nas células endoteliais e plaquetas, e L-
selectinas, nos leucocitos. Moléculas de P-selectina sdo expressas
constitutivamente e armazenadas em granulos a, nas plaquetas, e nos
corpusculos de Weibel-Palade, nas células endoteliais. Uma vez estimuladas,
as células endoteliais rapidamente expressam as moléculas de
P-selectina na superficie, devido a rapida fusdo dos corpusculos de Weibel-

Palade & membrana plasmatica™®.

Na superficie externa das células endoteliais as selectinas se ligam,
transitoriamente, a leucécitos circulantes através da interacdo com PSGL
(P-selectin glycoprotein ligand)-1, ESL (E-selectin ligand)-1, CD-44 e outras
glicoproteinas, presentes na superficie dos leucdcitos. Essa interacao resulta
no que é chamado de rolamento de leucdcitos sobre o endotélio, interacao
considerada de baixa afinidade®® *® *’. Em condic8es fisiologicas, a forca de
arraste do fluxo sanguineo desloca os leucécitos do endotélio de volta para a
circulacdo. Quando ha lesdo, os leucdcitos, movendo-se pelo endotélio, sao
ativados por quimiocinas (IL-8, por exemplo), as quais estédo ligadas as células
endoteliais por glicosaminoglicanos. Essa ativagdo, mediada por quimiocinas,
aumenta a afinidade das integrinas de superficie de leucocitos por seus

ligantes na célula endotelial, induzindo a captura e a adesao leucocitaria® 2.

As integrinas constituem uma familia de proteinas que funcionam como
moléculas de adesdo e como receptores capazes de transmitir informacgdes

sobre propriedades quimicas e mecanicas do entorno da célula. Essas



proteinas encontram-se expressas ha superficie do leucocito sob forma inativa,

e sua ativacdo difere dependendo da forca de arraste do fluxo sanguineo™®.

Entre as integrinas envolvidas no processo de captura de leucdcitos
estdo a LFA-1 (Lymphocyte Function-Associated Antigen-1, aif.-integrina) e
VLA-4 (Very Late Activation Antigen-4, asBi-integrina), por exemplo®. Estas
integrinas, expressas na superficie de leucdcitos, interagem com moléculas de
adesdo da superfamilia das imunoglobulinas, presentes na superficie das

células endoteliais, mediando a ades&o dos leucécitos ao endotélio venular®.

Moléculas de adesdo da superfamilia das imunoglobulinas sao
caracterizadas por apresentarem uma ou mais subunidades homdlogas a
classe das imunoglobulinas G, fazendo parte deste grupo as moléculas ICAM
(intercellular adhesion molecule)-1 e VCAM (vascular cell adhesion molecule)-
1?1, ICAM-1 possui papel importante no desenvolvimento da resposta imune

inata e adaptativa, mediando a migrac&o leucocitaria®.

Uma vez ativados e aderidos, os leucécitos iniciam o processo de
transmigracdo para o tecido perivascular. Basicamente esse processo pode se
dar de modo paracelular, quando a migracdo ocorre através de juncdes entre
as células endoteliais, ou de modo transcelular, quando o leucécito atravessa a
prépria célula endotelial®> ??. Transpondo a camada de células endoteliais, os
leucécitos migram para o espaco perivascular, através da membrana basal

endotelial e da bainha de pericitos**?.

Em suma, a resposta celular a lesdo compreende a aderéncia de
leucécitos ao endotélio de vénulas pos-capilares (marginacéo leucocitaria), a

migracdo das células aderentes para o exterior do vaso (diapedese), seu



deslocamento no espaco extravascular (quimiotaxia) e subsequente acumulo

no sitio da lesdo?*.
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Objetivos

Objetivo geral

Investigar as alteracdes microcirculatorias, pela observacdo direta da
microcirculacdo mesentérica, e a evolu¢do do processo inflamatério em ratos

submetidos a morte encefalica.

Objetivos especificos

1. Avaliar parametros hemodinamicos e a perfusdo da microcirculacao

mesentérica;

2. Investigar as interacdes leucocito-endotélio e a expressdo de moléculas de

adesdo nos microvasos do mesentério;
3. Quantificar marcadores sistémicos da resposta inflamatéria;

4. Avaliar as alteracoes histopatolégicas em 6rgaos alvo de transplante.
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Métodos

O presente estudo foi submetido & Comisséo de Etica para Analise de
Projetos de Pesquisa (CAPPesq) do Hospital das Clinicas da Faculdade de
Medicina da Universidade de S&o Paulo, protocolado sob n°® SDC 3257-09/008.
Os animais utilizados foram obtidos junto ao Biotério da Faculdade de Medicina
da Universidade de Sédo Paulo e os experimentos foram realizados no
Laboratério de Cirurgia Cardiovascular e Fisiopatologia da Circulacao (LIM-11)

da faculdade supracitada.

Foram utilizados ratos Wistar, machos, pesando entre 250 e 350 g, com
aproximadamente 10 semanas de idade, mantidos em ambiente com controle
de temperatura (23 + 2 °C), umidade e exposicdo a luz, com ciclo claro/escuro

de 12 h, e acesso livre a alimentacao e agua.

Grupos Experimentais

Os animais foram divididos em dois grupos experimentais:

1. Ratos submetidos a morte encefalica (ME) através de subito aumento
da pressdo intracraniana. Este grupo foi subdividido em trés subgrupos:
animais que foram avaliados 30 min (ME30), 180 min (ME180), ou 360 min

(ME360) apo6s a indugdo da morte encefélica;
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2. Ratos falso-operados (FO) submetidos aos mesmos procedimentos
cirdrgicos utilizados para a inducédo da morte encefalica, porém sem a insercao
e insuflacdo do cateter para aumento da pressao intracraniana. Este grupo foi
subdividido em trés subgrupos: animais que foram avaliados 30 min (FO30),
180 min (FO180), ou 360 min (FO360) apos a conclusdo dos procedimentos

cirdrgicos.

Anestesia e preparacao cirurgica

A anestesia foi induzida em camara fechada com isoflurano a 5 %,
seguida de intubacdo e ventilagdo mecénica através de ventilador para
roedores (Harvard Apparatus, Inc., Holliston, MA, USA). O plano anestésico foi
mantido com isoflurano a 2 %. A ventilagéo realizou-se com FiO, de 21 % para
animais avaliados no tempo 30 min, e 100 % para os animais avaliados nos
tempos 180 e 360 min, com volume corrente de 10 mL/kg e 70 ciclos/min. Os
animais, colocados em decubito dorsal, passaram por tricotomia e antissepsia
da regido cervical ventral, para posterior disseccao e cateterizacdo da artéria

carotida e veia jugular.

Parametros hemodinamicos e gasomeétricos

Através de um cateter colocado na artéria carétida e conectado a um

transdutor de pressao (P23XL, Viggo-Spectramed Inc., Oxnard, CA, USA),
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ligado a um sistema multicanal de aquisicdo de dados biolégicos
(Acgknowledge — Biopac Systems, Inc., Goleta, CA, USA), a presséao arterial
meédia e a frequéncia cardiaca dos animais foram monitoradas ao longo dos
experimentos. Amostras de sangue da artéria carotida foram coletadas para
determinacdo dos parametros pH, pCO,, pO,, HCOs, BE, SO, Na’, K', e

lactato (Radiometer ABL 555, Radiometer Medical, Copenhagen, Denmark).

Leucograma e hematdécrito

No inicio e fim dos experimentos, amostras, de 20 uL de sangue, foram
obtidas através de puncdo na cauda dos animais e, subsequentemente,
diluidas em solucdo de Turk (1:20) para a quantificacdo do numero total de
leucdcitos em camara de Neubauer. A determinacao diferencial dos leucdcitos
foi realizada em extensdo sanguinea corada pelo método Instant Prov®
(Newprov Produtos para Laboratérios, Pinhais, PR, Brasil). Foram contadas
100 células por lamina, diferenciando-se os tipos celulares em linfocitos,
neutrofilos, mondcitos e eosinofilos. Também foram retiradas amostras de
sangue da cauda dos animais para determinacdo do hematdécrito. As amostras
foram colocadas em tubos capilares e centrifugadas por 5 min em centrifuga

especifica.
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Inducéo da morte encefalica

Os animais foram colocados em decubito ventral para a realizacdo da
trepanacao. Utilizando-se uma broca motorizada, foi realizada a perfuracéo da
calota craniana para posterior insercdo de um cateter Fogarty® 4 F (Edwards
Lifescience LLC, Irvine, CA, USA). A inducdo da morte encefalica deu-se
através da rapida insuflacdo do cateter com 500 uL de agua destilada, sendo
confirmada através da observacdo de pico hipertensivo, auséncia de reflexo
corneano e midriase bilateral fixa. Ap6s a inducdo da morte encefélica, a
anestesia foi suspensa e 0s animais receberam infusdo continua de solucédo
salina 0,9 % através da veia jugular (2 mL/h). Os animais falso-operados foram
submetidos a trepanacgdo, porém sem a insercao do cateter. Esses animais nao
receberam infusdo continua de solucéo salina e o plano anestésico foi mantido

ao longo de todo o tempo de avaliagao.

Microscopia intravital in situ do mesentério

A avaliacdo da microcirculagdo mesentérica, por técnica de microscopia
intravital, foi realizada de acordo com estudos anteriores® %® 30 ou 180 min
apos os procedimentos cirurgicos. Os ratos foram colocados em decubito
dorsal e uma incisdo cutanea e muscular no flanco direito foi realizada para a
exteriorizacdo do leito vascular mesentérico e observacdo da microcirculacao.
Em seguida, os animais foram mantidos em decubito lateral direito sobre uma

placa aquecida a 37 °C e a preparacdo foi mantida umida e aquecida por
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superfusdo com a solucédo de Krebs-Henseleit (pH 7,2 a 7,4) com a seguinte
composicdo (mM): 113 NaCl, 4,7 KCI, 2,5 CaCl,.2H,0, 25 NaHCO3 1,1
MgSOq, 1,1 KH,POy, 5 glicose, saturada com uma mistura de gases (N2 95 % e
CO, 5 %). As interacdes leucdcito-endotélio foram avaliadas em segmentos de
vénulas poés-capilares com diametros entre 15 e 25 um. O numero de
leucdcitos que rolam em contato com o endotélio (leucdcitos rollers) foi
determinado durante 10 min de observacado. Os leucécitos que permaneceram
imoveis em contato com o endotélio por mais de 30 s (leucdcitos aderidos)
foram determinados em extensdo de 100 um da vénula. O numero de
leucdcitos que migraram para o tecido perivascular (leucécitos migrados) foi
determinado em 5.000 pm? de é&rea. O percentual de perfusdo da
microcirculacdo mesentérica foi determinado pela quantificacdo de vasos
(<30 um de diametro) com fluxo normal, dividido pelo niUmero total de vasos em

uma area de 1,0 mm?>.

Expressao de moléculas de adeséo na microcirculacdo mesentérica

Animais n&o avaliados pela técnica de microscopia intravital foram
destinados a analise imunohistoquimica para a quantificacdo de moléculas de
adesao celular. Apés exsanguinacao pela aorta abdominal, o mesentério foi
removido, imerso em hexano sob nitrogénio liquido, e armazenado a -80 °C.
Cortes seriados do mesentério (8 um de espessura) foram fixados em acetona
gelada por 10 min para posterior deteccdo de ICAM-1 e P-selectina. Os sitios

inespecificos foram bloqueados com solucdo tampdo (SuperBlock Buffer,
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Pierce Biotechnology, Rockford, IL, USA) por 12 h a 4 °C. Para a
imunodeteccdo de ICAM-1 e P-selectina, foram utilizados o anticorpo
monoclonal anti-ICAM-1 de rato (CD54, Seikagaku Co, Tokyo, Japan) ou o
anticorpo monoclonal anti-P-selectina humana (CD62P, R&D System Inc.,
Minneapolis, MN, USA), previamente conjugados a biotina e diluidos na
proporcao de 1:50 em solucdo tampao fosfato salina (PBS) contendo 0,3 % de
Tween-20. Apés a incubacdo por 12 h a 4 °C, os cortes foram lavados
sucessivamente com PBS e, na sequéncia, incubados por 1 h a temperatura
ambiente, com o complexo estreptavidina-fluoresceina (Amersham Pharmacia
Biotech, London, UK) diluido em PBS na proporcdo de 1:200. Apoés lavar as
laminas com PBS, as amostras foram recobertas com solucdo de iodeto de
propidio (Vector, Burlingame, CA, USA) para preservacao da fluorescéncia. A
analise foi realizada através de sistema de aquisicdo de imagens com camera
digital CoolSNAP-Pro (Nikon, Tokyo, Japan), acoplada a microscopio de
fluorescéncia (Nikon), e as imagens foram analisadas pelo software Image-Pro
Plus 4.1 (Media Cybernetics, Bethesda, MD, USA). Os resultados foram

expressos em intensidade média de fluorescéncia.

Analises histopatolégicas

Para a andlise histopatologica, os animais foram exsanguinados pela
aorta abdominal 30, 180, ou 360 min apdés a conclusédo dos procedimentos
cirdrgicos. Coracdo, pulméao, figado e rim, foram fixados em formalina

tamponada a 10 %, incluidos em parafina, e realizados cortes histologicos de
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4 um de espessura, corados com hematoxilina e eosina. As caracteristicas
observadas foram: congestao vascular, infiltrado leucocitario, edema e colapso
alveolar. As analises foram realizadas por dois pesquisadores independentes,
que utilizaram o seguinte escore de intensidade das observacdes: 0, ausente;

1, leve; 2, moderado; 3, intenso.

Dosagens de citocinas, quimiocinas e corticosterona seéricas

Ao final dos experimentos, decorridos 30 e 180 min de observacéo,
amostras de sangue, obtidas da aorta abdominal, foram centrifugadas a
1.500 xg por 15 min a temperatura ambiente para a separacdo do soro. As
citocinas fator de necrose tumoral (TNF)-a, interleucina (IL)-1p, IL-6 e IL-10, e
as quimiocinas CINC (cytokine-induced neutrophil chemoattractant)-1 e CINC-
2, analogas a IL-8 humana, foram quantificadas por enzima-imunoensaio
(ELISA) utilizando-se o kit Duo-set (R&D Systems). Da mesma forma, a
determinacao da concentracdo sérica de corticosterona foi realizada por ELISA,
utilizando-se o Corticosterone EIA Kit (Cayman Chemical Co, Ann Arbor, M,

USA).

Analise estatistica

A analise estatistica foi realizada utilizando-se o software SPSS para

Windows, versdo 17.0 (SPSS, Chicago, IL, USA). Os dados numéricos foram
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considerados de distribuicdo normal e foram apresentados como média e erro
padrdao da média. Os parametros classificatorios da analise histologica foram
apresentados em mediana e variagdo maxima e minima. Os parametros foram
comparados através do modelo de comportamento linear mdultiplo, com a
avaliacao da influéncia dos fatores grupo e tempo. A analise complementar foi
realizada com o emprego do teste t de Bonferroni. Foram considerados

significativos os valores de p<0,05.
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Resultados

CLINICS. 2012;67(1):69-75

Efeitos paradoxais da morte encefalica e do trauma associado na
microcirculagdo mesentérica de ratos: um estudo de microscopia

intravital

A avaliacdo das alteracdes induzidas pela morte encefalica foi
observada em ratos 30 e 180 min apdés a conclusdo dos procedimentos
cirirgicos. Dados hemodinamicos, comportamento da microcirculacédo
mesentérica, contagens total e diferencial de leucécitos sanguineos, e
marcadores sistémicos da resposta inflamatéria foram obtidos de animais com
morte encefélica e comparados com animais falso-operados. Apds o subito
aumento da pressdo intracraniana, pela insuflacdo do cateter de Fogarty®,
todos os animais apresentaram instabilidade hemodinamica, sendo observado,
inicialmente, um pico hipertensivo seguido de rapida e persistente hipotensao.
Verificou-se significativa hipoperfusdo mesentérica ja nos primeiros 30 min
apos a inducdo da morte encefalica, mantendo-se inalterada até 180 min. O
namero de leucdcitos migrados para o tecido perivascular no mesentério dos
ratos com morte encefalica foi maior do que o observado em animais falso-

operados, decorridos 180 min de conclusdo dos procedimentos cirurgicos,
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coincidindo com o aumento significativo na expressao de ICAM-1 nos vasos da
microcirculacdo mesentérica. Citocinas e quimiocinas séricas apresentaram
valores semelhantes em animais de ambos os grupos nos diferentes tempos
avaliados, enquanto que a dosagem de corticosterona sérica reduziu-se cerca
de 70 %, 180 min apds a morte encefélica. Nestes animais, 0 numero de
leucdcitos totais foi menor, se comparado ao grupo falso-operado, sendo que

em ambos 0s grupos ocorreu inversao da razéo neutrofilo/linfécito.
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Paradoxical effects of brain death and associated
trauma on rat mesenteric microcirculation: an
intravital microscopic study
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OBJECTIVE: Experimental findings support clinical evidence that brain death impairs the viability of organs for
transplantation, triggering hemodynamic, hormonal, and inflammatory responses. However, several of these events
could be consequences of brain death-associated trauma. This study investigated microcirculatory alterations and
systemic inflammatory markers in brain-dead rats and the influence of the associated trauma.

METHOD: Brain death was induced using intracranial balloon inflation; sham-operated rats were trepanned only.
After 30 or 180 min, the mesenteric microcirculation was observed using intravital microscopy. The expression of P-
selectin and ICAM-1 on the endothelium was evaluated using immunohistochemistry. The serum cytokine,
chemokine, and corticosterone levels were quantified using enzyme-linked immunosorbent assays. White blood cell
counts were also determined.

RESULTS: Brain death resulted in a decrease in the mesenteric perfusion to 30%, a 2.6-fold increase in the expression
of ICAM-1 and leukocyte migration at the mesentery, a 70% reduction in the serum corticosterone level and
pronounced leukopenia. Similar increases in the cytokine and chemokine levels were seen in the both the
experimental and control animals.

CONCLUSION: The data presented in this study suggest that brain death itself induces hypoperfusion in the
mesenteric microcirculation that is associated with a pronounced reduction in the endogenous corticosterone level,
thereby leading to increased local inflammation and organ dysfunction. These events are paradoxically associated
with induced leukopenia after brain damage.
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INTRODUCTION

In most cases, organs for transplantation come from
brain-dead donors, which, by itself, interferes with the
viability of the donated organ(s) (1). Brain death (BD)
triggers a series of hemodynamic, hormonal, and inflam-
matory effects that have different roles in the organs that
may be transplanted (2). The systemic effects of BD include
increased expression of adhesion molecules, increased
leukocyte infiltration of different organs, and increased
serum cytokine levels (1-3). However, it is unclear which of
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these events are consequences of BD and which arise from
the inflammatory processes triggered by the associated
trauma. It is known that brain damage, such as stroke, can
induce immunodeficiency, thereby increasing the patient’s
susceptibility to infection (4). This study aims to character-
ize the evolution of the inflammatory process in brain-dead
rats via intravital microscopy of the mesenteric microcircu-
lation and analysis of systemic markers and to compare the
results with those obtained from sham-operated animals
followed over time.

MATERIALS AND METHODS

Animal model

Male Wistar rats weighing 250-350 g were used and
randomized into four groups: SH30 and SH180, animals
operated on without BD induction that were monitored for
30 (n=14) or 180 minutes (11 =15), respectively; and BD30
and BD180, which were animals in which BD was induced
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and that were monitored for 30 (n=17) or 180 minutes
(n=15), respectively. The animals were evaluated at 30
minutes to determine which features were triggered by the
BD itself and at 180 min to follow the evolution of the
processes. The experimental protocols were approved by
the Animal Subject Committee of the Heart Institute (InCor)
of the Faculdade de Medicina da Universidade de Sao
Paulo.

Rats were anesthetized in a chamber with 5% isoflurane,
intubated, and ventilated with a rodent ventilator (Harvard
Apparatus, Holliston, MA, USA) with a tidal volume of
10 ml/kg and a frequency of 70 breaths/min. Sedation of
the animals was maintained via continual inhalation of 2%
isoflurane. The carotid artery was cannulated for contin-
uous blood pressure monitoring and blood sampling. The
jugular vein was cannulated for infusion of saline solution.

Brain death model

A Fogarty-4F catheter (Baxter Health Care, Deerfield, IL,
USA) was placed into the intracranial cavity of rats in the
BD groups through a drilled parietal burr hole. The balloon
catheter was rapidly inflated with 0.5 ml of saline, and the
intracranial pressure increased until BD was confirmed via
maximal pupil dilatation, apnea, an absence of reflexes, and
a drop of the mean arterial pressure (MAP). Anesthesia was
stopped after the induction of BD. In the sham group,
animals underwent surgery, and the trepanation was
performed, but the catheter was not placed into the
intracranial cavity. Anesthesia was maintained throughout
the experiment for the animals in the sham groups. Brain-
dead rats received an infusion of saline solution (2 ml/h)
through the jugular vein to minimize dehydration.

Blood gases, electrolyte and lactate levels,

hematocrit, and white blood cell counts

Blood gases and electrolyte and lactate levels were
measured using blood samples obtained from the carotid
artery at baseline (0 min) and 30 or 180 min after the
surgical procedures using a gas analyzer (Radiometer ABL
555, Radiometer Medical, Copenhagen, Denmark). The
hematocrit and white blood cell counts were determined
using blood samples obtained from the cut tip of the tail
vein at the same time points. The hematocrit was measured
using microcapillary tube centrifugation. Total white blood
cell counts were determined using a Neubauer chamber.
Differential cell counts were performed on stained films that
were visualized using oil immersion microscopy. A total of
100 cells were counted and classified on the basis of normal
morphological criteria.

Intravital microcopy of the mesenteric
microcirculation

Intravital microscopy of the mesenteric microcirculation
was performed as previously described (5). After 30 or 180
minutes, an abdominal midline incision was performed, and
the distal ileum and its accompanying mesentery were
exposed for in vive microscopic examination of the micro-
circulation. The animals were maintained on a specially
designed stage warmed with circulating water maintained at
37C. The stage had a transparent platform on which the
tissue to be transilluminated was placed. The mesentery was
continuously perfused throughout the study period with a
warmed (37°C) Krebs-Henseleit solution (113 mmol/1 NaCl,
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4.7 mmol/l K, 2.5 mmol/l CaCl»2H,0O, 25mmol/]
NaHCOs;, 1.1 mmol/l  MgSO,, 1.1 mmol/l KH.PO,,
5 mmol/1 glucose, pH 7.2-7.4) that was saturated with a
mixture of gases (95% N, and 5% COs). A color camera
(AxioCam HSe, Carl Zeiss, Miinchen-Hallbergmos, Germany)
was coupled onto a triocular microscope (Axioplan 2, Carl
Zeiss), and the microcirculatory variables were analyzed
using the Axiovision 4.1 imaging software (Carl Zeiss). The
vascular density was analyzed using a 10x light microscopic
objective and a 1 mm” area on the computer screen. The type
of flow was defined as continuous or intermittent/absent.
Vessels were separated into large and small vessels using a
cutoff diameter value of 30 pm. Five fields were selected for
each animal. To evaluate leukocyte-endothelial interactions,
three post-capillary venules, with diameters ranging from 15
to 25 pm, were selected for each animal. The number of
rolling leukocytes is presented as the mean number of white
blood cells passing a designated line perpendicular to the
venular axis per 10 min. The rolling velocity in each vessel
was determined as the average velocity of 10 leukocytes that
traveled a defined distance in the microvessel. Adherent cells
(i.e., leukocytes that remained stationary for more than 30
seconds on the venular endothelium) were counted during a
10-min period ina 100-pym segment of the vessel. The number
of leukocytes accumulating in the connective tissue adjacent
to the chosen post-capillary venule was determined in a
standard area of 5,000 pm?.

Immunohistochemistry for P-selectin and ICAM-1

Animals were exsanguinated from the abdominal aorta, and
the mesentery was removed, immersed in hexane, and frozen
with liquid nitrogen. Serial slices of the mesentery (8 pum) were
placed onto glass slides, which were previously coated with
organosilane (Sigma Chemical Co, St. Louis, MO, USA). The
samples were fixed in acetone for the immunodetection of
both intercellular adhesion molecule (ICAM)-1 and P-Selectin
on the mesenteric microvessels. SuperBlock buffer (Pierce
Biotechnology, Rockford, IL, USA) was used to block non-
specific sites. The tissue sections were incubated overnight at
4°C with a biotin-conjugated anti-rat ICAM-1 (CD54) mono-
clonal antibody (Seikagaku, Tokyo, Japan) or a biotin-
conjugated anti-P-selectin - monoclonal antibody (CD62P,
Ré&D System, Minneapolis, MN, USA). Both antibodies were
diluted 1:50 in phosphate-buffered saline (PBS) containing
0.3% Tween 20. After washing the slides with PBS, the sections
were incubated for 1 h at room temperature with streptavidin-
conjugated  fluorescein  (Amersham Pharmacia Biotech,
London, UK) diluted 1:200. After washing the slides with
PBS, the samples were treated with Vectashield mounting
medium containing propidium iodide (Vector, Burlingame,
CA, USA) to preserve the fluorescence. Negative-control
samples were incubated with PBS instead of the primary
antibody. The system used for image acquisition included a
CoolSNAP-Pro Color digital camera (Nikon, Tokyo, Japan)
coupled to a triocular fluorescence microscope (Nikon). All
images were acquired using Image-Pro Plus software, version
4.1 (Media Cybernetics, Silver Spring, MD, USA). The results
are presented as the mean fluorescence intensity.

Serum concentrations of cytokines, chemokines and
corticosterone

Blood samples were obtained from the carotid artery of
brain-dead rats and sham-treated rats 30 or 180 minutes
after the surgical procedures were performed. After
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centrifugation (1500xg, 257), the serum concentration of
tumor necrosis factor (TNF)-u, interleukin (IL)-1p, IL-6, IL-
10, cytokine-induced neutrophil chemoattractant (CINC)-1,
CINC-2 (R&D Systems, Minneapolis, MN, USA), and
corticosterone (Cayman Chemical, Ann Arbor, MI, USA)
was determined using enzyme-linked immunosorbent
assays (ELISA), as recommended by the manufacturer.

Statistical analysis

All data are presented as the mean +standard error of the
mean (SEM). The overall group differences were compared
using a multivariate general linear model with group and
time as the factors with a post hoc Bonferroni test. A p-value
of less than 0.05 was considered to be significant. All
statistical analyses were performed using SPSS for
Windows, version 17.0 (SPSS, Chicago, IL, USA).

RESULTS

Hemodynamic parameters, arterial blood gases,
electrolyte and lactate levels, and hematocrits

The induction of BD was associated with a sudden
increase in the MAP over the first minute following catheter
inflation. This increase was followed by a decrease in the
MAP below the baseline level and a subsequent increase to a
normal level after one hour. In the SH rats, no differences
were observed in the MAP over time (Figure 1). There were
no differences in the heart rate between the groups. No
differences were observed in the arterial blood gases and
electrolyte, lactate and hematocrit values between the BD
and SH groups at baseline, 30 min, and 180 min after the
surgical procedures (data not shown).

Mesenteric microcirculatory variables

Microvascular perfusion was evaluated 30 and 180 min
after brain death. There was a prompt interruption in the
perfusion of mesenteric microvessels measuring less than
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30 pm in diameter. The average proportion of perfused small
vessels in BD rats was 30% compared to 76% in SH rats. The
results are summarized in Table 1. Representative photo-
micrographs of mesenteric microvessels are shown in Figure 2.
To evaluate leukocyte-endothelial interactions in the perfused
small vessels, the rolling leukocyte velocity and the number of
rolling, adhered and migrated cells were determined 30 and
180 min after the surgical procedures. There were no
differences in the rolling leukocyte velocity between BD and
SH rats after 30 or 180 min. However, the number of rolling
leukocytes in BD rats was significantly reduced 30 min (50%)
and 180 min (73%) after surgery compared with the numberin
SH rats (Table 1). The adhesion of leukocytes to the
endothelium was significantly reduced in BD rats only after
180 min. However, despite this reduction, BD rats exhibited an
increased number of migrated cells compared with SH rats.
This result was accompanied by a pronounced leukopenia, as
demonstrated by the blood leukocyte count in BD rats after
180 min. Compared with the 30-min time point, the neutro-
phil/lymphocyte ratio was significantly increased in both the
BD and SH groups at 180 min.

Expression of P-selectin and ICAM-1

As seen in Figure 3A, the expression of P-selectin on the
mesenteric microvessels increased above the baseline refer-
ence values at 30 min and 180 min; no differences in the
expression levels were seen comparing BD and SH rats. In
contrast, ICAM-1 expression in the microvessels was
significantly increased (2.6-fold) in BD rats compared with
SH rats at the 180-min time point (Figure 3C). Representative
photomicrographs of the staining for P-selectin and ICAM-1
on the mesenteric microvessels of BD and SH rats are shown
in Figures 3B and 3D.

Serum cytokine and chemokine levels
Similar increases were observed in the serum concentra-
tions of TNF-u, IL-1f, IL-6, IL-10, CINC-1, and CINC-2 in
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Figure 1 - Mean arterial pressure of brain-dead (BD, n=12) and sham-operated (SH, n=12) rats 180 minutes after the surgical
procedure. The animals were monitored over time. The data are presented as the mean + SEM. *p<0.05 vs. SH.
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Table 1 - Intravital microscopy of the rat mesenteric microcirculation.

BD30 SH30 BD180 SH180 Panova
Perfused Small Vessels 30.2+0.06° 77.9+0.07 27.9+007¢ 74.3+0.06 =0.0001
(%)
Rolling Leukocytes 89+8" 178 +24 87+8" 329+24 <0.0001
(10 min)
Rolling Leukocyte Velocity (umis) 224+22 259+3.4 335+46 402+83 0.40
Adhered Leukocytes 22403 22405 37+10° 75+05 0.06
(100 pm venule length)
Migrated Leukocytes 06+0.1 06403 23+03" 13403 0.03
(5,000 pm?)
Blood Leukocyte Count 6.150+ 459 8.950+1.074 8.157+ 866" 11.771+1.122 0.01
(mm?)
Neutrophil/Lymphocyte 0.17+0.02 054+0.17 1.77+0.37# 2.31+036° =0.0001
Ratio

Brain-dead (BD) and sham-operated (SH) rats were analyzed 30 and 180 minutes after the surgical procedures. The data are presented as the mean +SEM

for 8-12 rats/group.

“p<0.05

“*p=<0.01

fp<0.001

tp<0.0001, comparing the BD and SH groups at the same time point.
#p<0.05 vs. BD30.

5p<0.01 vs. SH30.

both the BD and SH groups at 30 min and 180 min after the
surgical procedures. The reference values obtained from
normal rats were below the limit of detection for the assay.
The results are summarized in Table 2.

Serum corticosterone level

Both BD and SH rats exhibited similar increases in the
serum corticosterone level at the 30-min time point, as
observed in Figure 4. In contrast, the serum corticosterone
level in BD rats was reduced to 30% of the value seen in SH
rats at the 180-min time point.

DISCUSSION

Numerous studies have been performed to evaluate the
role of BD in graft outcomes in both experimental and
clinical studies. In acute evaluations of human BD,
catecholamine levels were above normal values immedi-
ately after the BD event and remained higher after several
hours, with increased inflammatory responses and apopto-
sis being observed in different organ samples (1,6,7). In a
rodent model of heart transplantation, a longer duration of
BD leads to increased leukocyte infiltration and expression

of adhesion molecules on the endothelial cells of the
transplanted graft, thereby resulting in accelerated acute
rejection (8). Experimental studies performed in rats also
show that prolonged periods of BD result in more extensive
damage to the kidneys (9).

The data presented in this study indicate that BD induces
an immediate organ hypoperfusion and an increase in the
local inflammatory response that is associated with a
reduction in the serum corticosterone level and leukopenia.
Some of the observed inflammatory events are triggered by
BD-associated trauma.

Such factors as polytrauma, hypoxia, and intracranial
bleeding can influence the course of the inflammatory
process triggered by BD in different organs (1,2). To
evaluate the role of BD-associated trauma, matching sham-
operated rats were assessed over time. As described
previously, BD leads to an increase in the MAP followed
by hypotension (6,10), both of which compromise organ
perfusion (11). Our study demonstrates that BD-associated
trauma did not influence hemodynamic and perfusion
parameters, suggesting that all of the observed changes in
MAP and mesenteric hypoperfusion were triggered by the
BD itself.

Figure 2 - Photomicrographs of rat mesenteric microvessels. The arrows indicate post-capillary venules in brain-dead (BD) and sham-

operated (SH) animals. Bar =50 um.
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Figure 3 - Expression levels of P-selectin (A and B) and ICAM-1 (C and D) in the mesenteric microvessels in brain-dead (BD, white
columns) and sham-operated (SH, gray columns) rats 30 and 180 min after the surgical procedure. The values are presented as the mean
+ SEM for nine samples/rat, three rats/group. The dashed lines indicate the basal values. ANOVA P-selectin p =0.43; ICAM-1 p =0.003.
p=0.01 vs. SH at the same time point.

Intravital microscopy has been used to assess microcircu- microscopy was used to evaluate mesenteric perfusion and
lation in experimental models, but few studies have used leukocyte-endothelial interactions in post-capillary venules
this technique following BD (11,12). In this study, intravital of BD and SH rats.

Table 2 - Enzyme-linked immunosorbent assay of serum cytokines and chemokines.

SH30 BD30 SH180 BD180 Panova
TNF-a (pg/mL) 114.5+22.5 152.3+36.5 48.7+122 46.6+13.4 0.45
IL-1p (pg/mL) 240.7+21.7 252.4+228 232.4+195 256.5+22.0 0.41
IL6 (pg/mL) 165.3+17.3 239.9+39.5 272.3+55.8 295.6+61.9 0.29
IL-10 (pg/mL) 717.6+87.9 914.9+69.4 350.7+22.7 338.8+42.1 0.12
CINC-1 (pg/mL) 430.04955 519.8+87.4 408.1+70.8 496.2+48.9 0.25
CINC-2 (pg/mL) 62.3+156 51.2+7.9 54.4+8.1 88.3+27.6 0.49

Brain-dead (BD) and sham-operated (SH) rats were evaluated 30 and 180 min after the surgical procedures. The data are presented as the mean +SEM for
10 rats/group. The reference values obtained from normal rats were below the limit of detection for the assay.
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Figure 4 - Enzyme-linked immunosorbent assay for the serum
corticosterone level in brain-dead (white columns) and sham-
operated (gray columns) rats 30 and 180 minutes after the
surgical procedure. The data are presented as the mean+ SEM
for 10 rats/group. ANOVA p<<0.0001. {p<<0.0001 vs. SH at the
same time point.

These data indicate that the proportion of perfused small
vessels (<30 pm diameter) was promptly reduced to 30% in
the BD rats, whereas perfusion was maintained in the SH
rats. As both groups of animals were trepanned, this result
suggests that the hypoperfusion of the mesenteric micro-
circulation was triggered by the BD itself. Decreased organ
perfusion following BD has been previously demonstrated.
Obermeier et al. (11) described a decrease in the functional
capillary density in the pancreatic microcirculation after BD
induction in rats using intravital epifluorescence micro-
scopy. In another study, BD induced the deterioration of the
rat hepatic microcirculation, including a reduced sinusoidal
perfusion rate and sinusoidal diameter (13).

It has been demonstrated that decreased organ perfusion
and a progressive inflammatory activation of endothelial
cells and leukocytes are observed after BD (9,14-16). In this
study, BD rats exhibited a decreased number of rolling
leukocytes in the mesenteric microvessels compared to SH
rats; however, this reduction was unrelated to the velocity
of rolling leukocytes. Both groups of animals presented
increases in the number of adherent and migrated leuko-
cytes over time and increased neutrophil/lymphocyte
ratios, despite the fact that leukopenia is present in BD
rats. In contrast, relative to SH rats, the migration of
leukocytes to the perivascular tissue was significantly
increased in BD rats after 3 h. These experimental findings
agree with the clinical evidence demonstrating that cerebral
injury not only leads to brain tissue damage and subsequent
local inflammation but also to alterations of the peripheral
immune system. It has been demonstrated that stroke
induces a rapid lymphocytopenia that is attributed to the
apoptosis resulting from the storm of catecholamines and
steroids that are immediately released after cerebral
ischemia (4,17).

Specific adhesion glycoproteins expressed on the surfaces
of leukocytes and endothelial cells play important roles in
leukocyte accumulation in a tissue (11,12). Members of the
selectin family of cell adhesion molecules are thought to
mediate leukocyte rolling along the walls of the micro-
vasculature (18,19). Glycoproteins in the CD11/CD18
complex (Printegrins) expressed on leukocytes interact
with ligands, such as ICAM-1, on endothelial cells to
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mediate leukocyte adhesion and emigration (20,21). It has
been shown that BD enhances the expression of P-selectin
(13). and ICAM-1 in the liver (13-15), kidney (9), and lungs
(16). The data presented here demonstrated that the
expression of P-selectin on mesenteric microvessels
increased at 30 min with no further increase at the 180-
min time point. However, there were no significant
differences between the BD and SH rats. In contrast,
ICAM-1 was upregulated in BD rats at 180 min compared
to SH rats, indicating that it was responsible for the
leukocyte migration to the perivascular tissue.

The capacity of leukocytes to interact with the endothe-
lium depends on the activation of endothelial cells by
cytokines, such as TNF-u and IL-1p. This activation results
in the upregulation or de novo synthesis of a variety of
chemokines and adhesion molecules, including ICAM-1
(22,23). Studies investigating the relationship between BD
and the activation of peripheral organs have demonstrated
that cytokines act as signaling molecules during the
inflammatory process (1). However, the data presented in
this study demonstrates that similar increases in the
systemic levels of cytokines (e.g., TNF-o, IL-1B, IL-6, and
IL-10) and chemokines (e.g., CINC-1 and -2, analogs of the
IL-8 family in humans) were observed in both BD and SH
rats.

The host response to inflammation is the result of several
processes that occur both locally at the site of injury and
systemically. Whereas some parameters of the inflammatory
process triggered by BD, including cytokine release,
expression of the endothelial adhesion molecule P-selectin
and mobilization of neutrophils, were present in the BD and
SH rats in this study, the expression of ICAM-1 and
neutrophil migration increased in the BD rats only. It is
known that BD impairs the endocrine system and decreases
the release of hormones, such as triiodothyronine (T3),
thyroxine (T4), cortisol, and antidiuretic hormone, thereby
suggesting an interruption along the hypothalamic-pitui-
tary-adrenal axis (24,25). Interactions among the central
nervous system, the hypothalamic-pituitary-adrenal axis,
and components of the innate and adaptative immune
system play key roles in the regulation of inflammation (26).
Endogenous glucocorticoids, which are secreted in larger
amounts at the early stages of an inflammatory reaction, are
thought to regulate the initiation and subsequent course of
the inflammatory reaction (27). The functions of almost all
cellular components of the microcirculation associated with
an inflammatory response, including vascular permeability,
adhesion molecule expression, and leukocyte extravasation,
are affected by glucocorticoids (28). In this regard, the
increased levels of ICAM-1 on the mesenteric microvessels
of BD rats were associated with a pronounced reduction in
the serum corticosterone level. Indeed, dexamethasone
reduces the IL-1p-induced expression of ICAM-1 in the rat
mesenteric microvascular bed (29). In addition, the treat-
ment of mice with dexamethasone abolished ICAM-1
induction in intestinal vascular beds during endotoxemia
(30).

In conclusion, the data presented in this study suggest
that BD itself induces hypoperfusion of the mesenteric
microcirculation that is associated with a pronounced
reduction in the endogenous corticosterone level, thereby
leading to increased local inflammation and organ dysfunc-
tion. These events are paradoxically associated with
induced leukopenia after brain damage. These data need



CLINICS 2012;67(1):69-75

to be investigated through further studies, including longer
observation times after BD induction.
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Influéncia da morte encefalica e do trauma associado nas caracteristicas

histologicas de 6rgaos soélidos

Alteracbes hemodinamicas e fisiopatoldgicas, induzidas pela morte
enceféalica, foram avaliadas nos tempos 30, 180 e 360 min. Coracao, pulmao,
figado e rim foram analisados por dois patologistas independentes, utilizando-
se um escore de intensidade das alteracdes observadas. Imediatamente apos
a inducdo da morte encefalica, pelo aumento repentino da pressao
intracraniana, 0s animais apresentaram um subito aumento da pressao arterial
meédia, seguido de hipotensdo. O coracdo de animais, com morte encefalica,
apresentou significativo aumento na congestdo vascular quando comparado ao
coracdo de animais falso-operados. Os pulmdes de animais com morte
encefélica apresentaram maior escore de congestao vascular, bem como
edema alveolar. Foi observado, ainda, leve infiltrado leucocitario no pulméao de
animais de ambos os grupos. No figado dos animais de ambos 0s grupos
experimentais foi observada congestéo vascular variando de leve a moderada,
e leve edema intracelular. Porém, o infiltrado de leucdcitos foi maior nos
animais submetidos a morte encefalica. Nos rins, foi observada congestao

vascular em ambos os grupos, enquanto que apenas 0S animais com morte

encefélica apresentaram edema tubular.
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ABSTRACT

PURPOSE: To evaluate histopathological alterations triggered by brain death and associated trauma on different solid organs in rats.
METHODS: Male Wistar rats (n=37) were anesthetized with isoflurane, intubated and mechanically ventilated. A trepanation was
performed and a balloon catheter inserted into intracraninal cavity and rapidly inflated with saline to induce brain death. A fter induction,
rats were monitored for 30, 180, and 360 min for hemodynamic parameters and exsanguinated from abdominal aorta. Heart, lung, liver,
and kidney were removed and fixed in paraffin to evaluation of histological alterations (H&E). Sham-operated rats were trepanned only
and used as control group.

RESULTS: Brain dead rats showed a hemodynamic instability with hypertensive episode in the first minute after the induction followed
by hypotension for approximately 1 h. Histological analyses showed that brain death induces vascular congestion in heart (p<0.05), and
lung (p<0.05); lung alveolar edema (p=0.001), kidney tubular edema (p<0.05); and leukocyte infiltration in liver (p<0.05).
CONCLUSIONS: Brain death induces hemodynamic instability associated with vascular changes in solid organs and compromises
most severely the lungs. However, brain death associated trauma triggers important pathophysiological alterations in these organs.
Key words: Brain Death. Craniocerebral Trauma. Pathology. Rats.

RESUMO

OBJETIVO: Avaliar as alteracdes histopatologicas desencadeadas pela morte encefélica e pelo trauma associado em diferentes orgios
solidos em ratos.

METODOS: Ratos Wistar machos (n=37) foram anestesiados com isoflurano, entubados e mecanicamente ventilados. Foi realizada
trepanacio e um cateter foi inserido na cavidade intracraniana e insuflado rapidamente para induzir morte encefilica. Apds a indugio,
os ratos foram monitorados por 30, 180 e 360 min para parimetros hemodinidmicos ¢ exsanguinados pela aorta abdominal. Coragao,
pulmio, figado ¢ rim foram removidos ¢ fixados em parafina para avaliagdo de alteragdes histologicas (H&E). Ratos falso-operados
foram apenas trepanados e usados como grupo controle.

RESULTADOS: Ratos com morte encefalica apresentaram instabilidade hemodinamica com episodio hipertensivo no primeiro minuto
apos a inducdo seguido de hipotensdo por aproximadamente 1 hora. Andlises histologicas demonstraram que a morte encefélica induz
congestdo vascular no coragio (p<0,05) e pulméo (p<0,05); edema alveolar (p=0,001); edema tubular (p<<0,05); e infiltrado leucocitario
no figado (p<0,05).

CONCLUSOES: A morte encefilica induz instabilidade hemodindmica associada com mudangas vasculares em orgios solidos
¢ compromete mais severamente os pulmdes. Contudo, o trauma associado a morte encefilica desencadeia importantes alteracdes
fisiopatologicas naqueles orgios.

Descritores: Morte Encefilica. Traumatismos Craniocerebrais. Patologia. Ratos.
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Introduction

Brain death (BD) means cessation of all metabolic
pathways in central nervous system, but paradoxically, since
it installs, a lot of events are triggered on the whole organism
and many pathophysiological changes may be seen in different
organs'. As BD patients are the most important source of allografts
for transplantation and the scarcity of donors is an increasing
problem in the whole world?, understanding these alterations will
contribute to improving management, optimizing outcomes and
providing organs that, without treatment, would be unsuitable for
transplantation.

The pathophysiological changes that occur during and
after BD include hemodynamic, hormonal and inflammatory
events. Moreover, vasoconstriction triggered by catecholamine
storm leads to peripheral ischemia impairing the organs perfusion.
However, many factors associated with BD which occur before
it, such as multi-trauma, hemorrhage and hypoxia can trigger
different pathophysiological responses in the organs™,

The present study aims to differentiate the features
triggered by BD itself on the principal solid organs commonly used
for transplantation in a rodent model, comparing them with sham-

operated animals submitted to the same time points of observation.

Methods

Male Wistar rats weighing 250-350g (n=37) were used
and randomized into 6 groups: sham-operated rats monitored for
30 (SH30, n=7), 180 (SHI80, n=6), and 360 min (SH360, n=5);
brain-dead rats monitored for 30 (BD30, n=7), 180 (BD180, n=7),
and 360 min (BD360, n=5). The animals were maintained at 23°C
+ 2°C under a cycle of 12 h light/12h darkness and allowed access
to food and water ad libitum before the experimental procedure.
The experimental protocols were approved by the Animal Subject
Committee of the Heart Institute (InCor) of the Sdo Paulo
University Medical School.

Rats were anesthetized in a chamber with 5% isoflurane,
intubated and ventilated with a rodent ventilator (Harvard
Apparatus, model 683, USA) with tidal volume of 10 mL/kg, and
frequency of 70 breaths/min. The animals were maintained with
continuous inhalation of 2% isoflurane. The carotid artery was
cannulated for continuous blood pressure monitoring and blood
sampling. The jugular vein was cannulated for infusion of saline

solution.
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Brain death model

Brain death was induced by rapid inflation of a catheter
Fogarty-4F (Baxter Health Care Co., USA) with 500 uL of saline
solution, through a drilled parietal burr hole. BD was confirmed
by maximal pupil dilatation, apnea, absence of reflex, and drop of
mean arterial pressure (MAP). After BD induction the anesthesia
was stopped. Sham-operated animals were trepanned only, with no
catheter insertion, and the anesthesia was maintained throughout
the experiment. BD rats received an infusion of saline solution

(2ZmL/h) trough the jugular vein to minimize dehydration.

Histopathological analyses

After 30, 180, or 360 min, animals were exsanguinated
from the abdominal aorta, and heart, lung, liver and kidneys were
removed, fixed in formalin, and paraffin embedded. Samples
were cut into 4um sections, and stained with hematoxylin and
eosin (H&E). The following features were evaluated: vascular
congestion, leukocyte infiltration, edema, and alveolar collapse.
Analyses were performed by two researchers and the score used
to measure the intensity of tissue alterations was 0, 1, 2, 3 (absent,

slight, moderate, and intense, respectively).

Statistical analyses

All data are presented as median and upper/lower limits.
The overall group differences were compared using a multivariate
general linear model with group and time as the factors with a post
hoc Bonferroni test. A p-value of less than 0.05 was considered to
be significant. All statistical analyses were performed using SPSS
for Windows, version 17.0 (SPSS, Chicago, IL, USA).

Results

Hemodynamic parameters

All rats submitted to BD induction showed an immediate
increase of the mean arterial blood pressure (MAP) in the first
minute after catheter inflation, followed by a decrease in that
parameter below baseline for approximately lh (Figure 1). In
sham-operated rats no differences were observed in the MAP.
There were no significant differences in heart rate between groups.
Moreover, no differences were observed in the arterial blood
gases, electrolytes, lactate and hematocrit values in among groups

(data not shown).
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FIGURE 1 - Mean arterial pressure of brain-dead (BD) and sham-
operated (SH) rats 360 min after surgical procedures. The animals
were monitored over time. The data are presented as the mean +
SEM.

Histopathological evaluation

All histological parameters evaluated are presented in
Table 1. BD rats presented higher level of myocardial vascular
congestion at 30, 180, and 360 min compared with sham-operated
rats. However, no more significant alterations were observed in
this organ after BD induction (Figure 2).

Sham Operated Brain Death

Heart

Lung |

Liver

FIGURE 2 - Microphotographs of heart, lung, liver, and kidney
from brain-dead (BD) and sham-operated (SH) rats. Arrows
indicate vascular congestion in heart (BD), liver (BD and SH),
and kidney (BD and SH). Lungs from SH rats presented vascular
congestion (arrows) and alveolar thickening (arrowheads).
Arrows in BD lungs indicate vascular congestion with leukocyte
infiltration. In liver arrowheads indicate leukocyte infiltration
(original magnification x400).
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TABLE 1 - Histological injury scores.
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Brain Death Sham-operated Group
30 min 180 min 360 min 30 min 180 min 360 min p value
Heart Vascular Congestion 1(2-0) 1(2-0) 1(2-1) 0(1-0) 0(2-0) 0.5 (2-0) 0.020
Vascular Congestion 2 (2-1) 1(2-0) 2(2-1) 0(1-0) 1(2-0) 1(2-1) 0017
Alveolar Edema 1 (3-0) 1(3-0) 0.5 (2-0) 0 (0-0) 0(0-0) 0(0-0) 0.001
Lung
¢ Leukocyte Infiltration 1(2-0) 1.5 (3-0) 1(2-1) 1 (2-0) 1(2-0) 1 (2-0) 0.134
Alveolar Collapse 0 (2-0) 0(2-0) 0(3-0) 0(1-0) 0(0-0) 0 (0-0) 0.056
Vascular Congestion 2(2-1) 2(2-1) 1(2-1) 1(2-1) 1(2-1) 1(2-1) 0.111
Liver Intracellular Edema 1.5 (3-0) 1.5(2-1) 1(2-1) 1(2-0) 0.5 (2-0) 1(2-1) 0.067
Leukocyte Infiltration 1(1-0) 0.5 (1-0) 1(2-0) 0(0-0) 0(1-0) 1(1-0) 0.011
" Vascular Congestion 2(2-1) 2(2-1) 2(2-1) 1(2-1) 1(2-1) 2(2-1) 0.059
Kidne
Y Tubular Edema 0.5(1-0) 1(2-0) 1(2-0) 0(0-0) 0(0-0) 1(2-0) 0.039

The score used to measure the intensity of tissue alterations was O=absente; 1=slight; 2=moderate; 3=intense. Values are presented as median

and upper/lower limits for 5-7 rats/group.

In the Ilungs, wvascular congestion was observed
from the first 30 min in all groups. This observation was more
expressive in BD rats compared with sham-operated rats (Figure
2). Although it was observed a slight to moderate leukocyte
infiltration in BD rats, this feature was not statistically different
when compared with sham-operated animals (Table 1). Alveolar
edema was documented only in BD rats at different time points of
observation. Nevertheless, BD rats demonstrated a wide variation
in the assessment of alveolar collapse, resulting in no difference
when compared with sham groups (Table 1).

Animals submitted to BD show a moderate, butpersistent,
leukocyte infiltration in the liver, while sham-operated rats did not
show this feature (Table 1). Interestingly, intracellular edema and
vascular congestion were observed in BD and sham rats with no
differences among groups (Figure 2).

In the kidney, BD rats presented more expressive tubular
edema than sham-operated rats (Table 1). Kidneys from BD rats
presented moderate vascular congestion, whereas sham-operated
animals showed slight to moderate levels of this parameter,

resulting in no statistical difference among groups (Figure 2).
Discussion
Many studies have been performed to evaluate the role of

BD in graft outcomes. However, it remains unclear what is the role

of BD-associated trauma in the organs suitable to transplantation.
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Data presented herein indicate that BD induces a hypertensive
episode with MAP values rising twice compared with baseline.
We also observed that vascular alterations were a common issue
presented in all experimental groups. However, premature and
more pronounced histological alterations were observed in BD
rats when compared to sham-operated rats, including heart and
lung vascular congestion, lung alveolar edema, kidney tubular
edema, and liver leukocyte infiltration.

Recently, our group described alterations in the
mesenteric perfusion of BD rats associated with higher expression
of intercellular adhesion molecule (ICAM)-1, and augmentation of
leukocyte migration. These findings suggest that the hypoperfusion
triggered by BD, as well as leukocyte infiltration, can impair the
viability of remote organs. However, the BD-associated trauma was
responsible for increases in serum cytokine levels and neutrophil/
lymphocyte ratio which suggest activation of the immunologic
system, while these parameters were not significantly influenced
by BD itself®,

Our findings indicate that histological alterations in the
heart, although not so pronounced, seem to be associated with BD
induction, as documented by a slight, but significant difference
on vascular congestion. In a similar model, but using rabbits,
Yeh er al” found many histological manifestations in the heart,
including cytoplasmic clearing, loss of myofibrillar striations and
contraction banding. In a model of gradual onset of brain death in
rats, Wilhelm et al.® found no morphological alterations in hearts

after 6h. Comparing those both publications to our findings, some
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degree of discrepancies may have occurred due to methodological
differences and species particularities.

Brain death leads to damage in the lung function through
hemodynamie, inflammatory, and neurohumoral mechanisms®.
Pulmonary dysfunctions may be associated with other events
not related to BD such as aspiration, pneumonia, contusion, and
ventilator-induced injury. However, it is known that BD induces a
neurogenic pulmonary edema, which can occur immediately after
neurological insult’. In this study, BD rats showed an important
alveolar edema, which was observed from 30 min after BD
induction, while sham operated animals did not present edema
up to three hours of mechanical ventilation. In a different model
to evaluate edema, Rostron et al." found differences in the lung
wet/dry weight ratio two and five hours after BD induction versus
sham operated rats. On the other hand, leukocyte infiltration was
similar in both conditions at different time points as demonstrated
in the present study. Sham-operated rats also presented slight but
persistent vascular congestion after 3 hours, although lower than
that observed in BD rats. These features indicate that the trauma
and the artificial conditions in which patients and animals were
maintained can also compromise the lungs, worsening the quality
of'the organ.

Although kidney and liver transplantation may be
performed from living donors, the large patient queues waiting
for organ transplantation lead to acceptance of organs from BD
donors". In our study, the liver of BD rats showed higher leukocyte
infiltration compared with sham-operated rats. The augmentation
of leukocyte migration is in accordance with van der Hoven et
al.”. In that study, rats submitted to BD and observed after one and
six hours present an increase in adhesion molecules expression,
such as VCAM-1 and ICAM-1, and leukocyte migration to the
perivascular tissue. Interestingly, our data additionally showed
slight to moderate vascular congestion and intracellular edema in
sham-operated rats, indicating that the surgical procedures also
induced impairment of the hepatic circulation and cellular damage.

In another study on kidney histology, van der Hoven et
al.* found similar results to those observed previously on liver,
suggesting that BD induces a progressive immune activation with
higher expression of adhesion molecules and influx of leukocytes
to perivascular tissue in the kidney. However, in the present study
there were no differences in kidney leukocyte migration under
BD induction in comparison to sham-operated rats. Nevertheless,
moderate tubular edema was observed only in the kidneys of BD
groups. Interestingly, BD associated trauma induced an important
vascular congestion, similarly to BD itself, also indicating that the

associated trauma induces damage on the kidneys.

Conclusions

The brain death leads to hemodynamic instability and
vascular changes in all solid organs. The lungs are most severely
compromised under this situation due to the development of
significant alveolar edema. On the other hand, brain death
associated trauma seems to be also responsible for triggering

important pathophysiological changes in solid organs.
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Analise Critica

Em nossos trabalhos, observamos que a morte encefalica determina
uma rapida interrupcdo da perfusdo no tecido mesentérico, associada com
maior numero de leucocitos migrados para o tecido perivascular e com
aumento na expressdo da molécula de adesdo ICAM-1 no endotélio. O
aumento na pressao intracraniana, com ruptura do eixo hipotalamo-hipofise-
adrenal, resulta em menor concentracdo sérica de corticosterona nos animais
com morte encefalica. Além disso, foi possivel observar uma queda no nimero
de leucécitos totais. Por sua vez, o trauma desencadeado pela trepanacéo dos
animais foi o elemento responsavel pelo aumento equivalente das

concentracdes séricas de citocinas e quimiocinas em ambos 0S grupos.

Os resultados, obtidos a partir da analise histolégica, sugerem que a
morte encefélica induz a alteragcbes moderadas ao longo de 6 h de observacéo.
O comprometimento da microcirculacdo, observado pela congestdo vascular,
foi a alteracdo predominante nos 6rgdos avaliados, sendo que o coracdo e o
pulm@o apresentaram maior niumero de vasos congestos ja nos primeiros
30 min. Além disso, nos pulmdes foi observado maior edema alveolar em
animais com morte encefalica do que nos animais apenas trepanados. Figado
e rim apresentaram diferencas menos expressivas na comparacao entre 0s
grupos experimentais, com destaque para um aumento do infiltrado leucocitario

no figado e maior edema tubular nos animais com morte encefalica. Todas as
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alteracdes observadas foram desencadeadas ja na primeira avaliacao, isto €,

30 min apos a concluséo dos procedimentos experimentais.

Indmeros trabalhos tém sido realizados com foco nas alteragdes
desencadeadas pela morte encefélica e sua implicacdo nos diferentes 6rgaos
alvo para transplante’. Contudo, muitas duvidas ainda persistem com relacéo
aos mecanismos envolvidos nessas alteracdes, bem como o papel do trauma

associado a morte encefalica.

A inducdo da morte encefalica em modelos experimentais se da,
principalmente, pela insercdo de um cateter para aumento da pressao
intracraniana através de uma trepanacao. Portanto, é necessario avaliar quais
os efeitos desencadeados pelo trauma associado. Nos nossos trabalhos, foi
possivel afirmar que a perfuracdo do cranio dos animais desencadeou uma
resposta inflamatéria importante, avaliada pela liberacéo sistémica de citocinas
e quimiocinas e pelo aumento no numero de neutréfilos na corrente sanguinea,
além de congestao vascular nos rins e figado. Tais afirmacdes s6 podem ser
feitas em experimentos conduzidos em animais falso-operados, os quais foram
submetidos a trepanacdo, quando comparados aos animais com a morte

encefalica induzida.

Na literatura, alguns trabalhos comparam os resultados obtidos pela
inducdo da morte encefalica com animais controle ou falso-operados, os quais
nao sao avaliados em tempos equivalentes, o que dificulta a adequada
avaliacéo da influéncia dos fendémenos envolvidos 2" 2. Além disso, é possivel
encontrar estudos nos quais 0s autores, apos a realizacdo da trepanacao,

inserem um cateter no espaco intracraniano de animais que nao seriam
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induzidos & morte encefalica®® *°. Por mais que n&o seja insuflado, um cateter
posicionado intracranialmente pode levar a alterag@es fisiopatoldgicas, uma vez
que a acdo mecanica do cateter pode lesionar areas distintas do encéfalo,
gerando resultados que podem se confundir com a morte encefalica. Outros
trabalhos avaliam apenas animais com morte encefalica em diferentes tempos,
fazendo um comparativo da evolucdo temporal das alteracbes desencadeadas
pela cessacdo irreversivel da atividade encefalica® . Estes estudos acabam
por negligenciar as alteracdes decorrentes do trauma associado a morte
encefélica, o que impossibilita aferir quais resultados foram obtidos pela morte

encefalica em si.

Um dos resultados mais importantes do estudo atual foi obtido através
da observacdo direta da microcirculacdo mesentérica pela técnica de
microscopia intravital. O evidente comprometimento do leito vascular
mesentérico foi resultado de uma répida, e persistente, hipoperfusdo dos vasos
com diametro inferior a 30 um. Embora a avaliagdo do fluxo sanguineo na
microcirculacdo mesentérica ndo tenha sido realizada com o auxilio de um
fluxbmetro, € possivel encontrar, na literatura, estudos que avaliaram a
perfusdo sanguinea de modo semelhante®* %*. Uma vez que a morte enceféalica
resultou em hipoperfusdo mesentérica ja nos primeiros 30 min, realizamos
adicionalmente experimentos com foco na evolugéao das alteragbes ocorridas. A
avaliacdo da perfusdo, no mesentério de ratos, foi realizada antes, durante e
imediatamente apés a inducdo da morte encefalica, sendo constatado que

muitos vasos, com didmetro menor do que 30 um, apresentaram interrup¢céo do

fluxo sanguineo ja nos primeiros 10 min apos a indugcdo da morte encefalica
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(dados apresentados no Meeting of the British Microcirculation Society and The

Microcirculatory Society, Oxford, 2012).

Ainda através da técnica de microscopia intravital, foi possivel avaliar as
interag@es leucocito-endotélio, determinando-se o nimero de leucdcitos rollers,
aderidos e migrados, além da velocidade de rolamento dos leucocitos. E
importante ressaltar que esta avaliacdo, nos animais com morte encefélica, se
deu em érea restrita da microcirculacdo, considerando-se o comprometimento

da perfusdo mesentérica observado naquela situacao.

O nivel de expressdo de moléculas de adeséo por leucdcitos e células
endoteliais depende da liberacao/sintese de mediadores inflamatorios, além da

intervencdo de moduladores hormonais®+°.

Em nossos experimentos, foi
observado que as concentracdes séricas das citocinas e quimiocinas avaliadas
aumentam, de modo equivalente, em ambos o0s grupos. Porém, somente
animais com morte encefalica apresentam aumento na expressao de ICAM-1.
Esse aumento se deve, em parte, a perda da regulacdo da inflamacédo devido a
baixa concentragdo sérica de corticosterona. Glicocorticoides endégenos, como
a corticosterona, modulam a resposta inflamatéria regulando a permeabilidade
vascular, a expressdao de moléculas de adesdao endoteliais e a migracao

leucocitaria®”.

BN

A hipoperfusdo mesentérica, de ratos submetidos a morte encefalica,
coincide com as alteracdes histoldégicas observadas nos orgaos solidos. No
coracao, pulméo, figado e rim de animais com morte encefalica, foi observado
um maior comprometimento vascular ja nos primeiros 30 minutos, com todos

0s oOrgaos apresentando congestéo vascular de leve a moderada intensidade,
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que se manteve durante as 6 h de observacdo. Em relacdo a resposta
inflamatoria, alteracbes histoldgicas relacionadas a morte encefalica foram

também documentadas nos diversos 6rgéos estudados, a excecdo do coracao.

Uma das caracteristicas mais evidentes em estudos com morte
encefalica é a ocorréncia da instabilidade hemodindmica associada a
tempestade de catecolaminas®. Uma vez que existe uma intima ligacéo entre a
microcirculacdo e as alteragcbes hemodinamicas sistémicas, nosso grupo
também avaliou o efeito do bloqueio da tempestade autondmica sobre a
microcirculacdo mesentérica. Ao se administrar bupivacaina no espaco
peridural, previamente a inducdo da morte encefélica, foi possivel observar que
a intervencao inibiu os efeitos da tempestade autondmica sobre a pressao
arterial média, resultando em auséncia de pico hipertensivo, e quadro
hemodinamico estavel. Porém, ap6s 3 h de observacao, o blogueio simpatico
ndo se mostrou eficaz em relagdo a prevencdo do comprometimento da
perfusdo mesentérica. Mesmo com a melhora do quadro hemodinamico, os
animais, com morte encefélica, apresentaram hipoperfusdo e aumento de
marcadores inflamatérios no mesentério (dados nao publicados). Utilizando-se
da mesma intervencao terapéutica para a inibicdo da tempestade autondémica,
Silva e colaboradores® também n&o observaram alteracdes significativas na

expressao de moléculas de adeséo endoteliais no tecido miocardico.

Em condi¢gbes normais, e ao contrario do que se observa em humanos,
os ratos exibem um predominio de linfécitos (60%) e somente 35% de
neutrofilos no sangue circulante (dados: Laboratorio de Hematologia do Centro

de Bioterismo; FMUSP; 2012). Contudo, sob influéncia de um estimulo
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inflamatorio, seja infeccioso ou néo, a relacao neutrofilo/linfocito se altera, com
predominio de leucdcitos polimorfonucleares. Neste estudo, ratos falso-
operados apresentaram aumento do numero total de leucdécitos enquanto nos
animais com morte encefalica foi observada leucopenia. Contudo, em ambos
0S grupos ocorreu inversdao na razao neutrofilo/linfocito. Essa observacéo
sugere uma resposta ambigua apos o estabelecimento da morte encefalica,
considerando-se o aumento do infiltrado inflamatério e da expressédo de
ICAM-1 associado, paradoxalmente, a uma reducdo no namero de leucécitos

circulantes.

Em nossos estudos, foi possivel observar que ha migracao de leucécitos
para o tecido perivascular no mesentério e infiltrado leucocitario no figado de
animais com morte encefalica. Na literatura, poucos trabalhos monitoram o

4 Takada e

leucograma em experimentos de morte encefalica®®
colaboradores* observaram leucopenia associada a infiltrado leucocitario no
tecido perivascular. Esses autores consideraram que a migragdo leucocitéria
justificaria a queda no numero de leucécitos circulantes. No entanto, na
vigéncia de uma resposta inflamatéria, a medida que ocorre maior
recrutamento leucocitario, a medula 6ssea libera mais leucdcitos para corrente

sanguinea, especialmente neutréfilos™®, ndo sendo esperada a ocorréncia de

leucopenia.

Embora o modelo de morte encefélica em ratos seja amplamente aceito
pela comunidade cientifica, existem algumas limitacdbes em relacdo a sua
utilizacado. Nos nossos estudos, a principal limitacdo encontrada foi o tempo de

avaliacdo. Sem a administracdo de drogas vasoativas, a utilizacdo de animais
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por um periodo maior que 6 h torna-se inviavel. Outra possivel limitacdo é o
fato de se ter induzido morte encefalica através do subito aumento da presséo
intracraniana. Estudos demonstram que a velocidade de insuflacdo do cateter
para inducdo da morte encefalica, pode levar a diferentes niveis de

comprometimento® %% %3,

Com os resultados obtidos neste estudo, aliados a resultados ainda nao
publicados, surgem varias perspectivas para a melhor compreensao dos
processos desencadeados pela morte encefalica. Atualmente, ha poucos
trabalhos com foco na influéncia de fatores derivados do endotélio, como oxido
nitrico e endotelina, sobre as alteracdes microcirculatérias decorrentes da
morte encefélica. Uma vez que a microcirculagdo mesentérica encontra-se
comprometida, sendo observada importante hipoperfusdo, o controle da
ativacdo do endotélio pode resultar em alteracdes favoraveis, com maior

perfuséo tecidual.

A morte encefalica induz alteracdes vasculares em todos os 6rgaos
avaliados, associando-se com hipoperfusdo e instabilidade hemodinamica.
Sendo assim, o0 estudo dos diferentes eicosanoides, incluindo-se
prostaglandinas, prostaciclina, tromboxano A2, e leucotrienos, pode também
ser de relevancia para uma melhor compreensdo dos mecanismos

fisiopatolégicos envolvidos neste modelo experimental.

Por fim, o estudo dos processos de mobilizacdo leucocitaria é de
especial interesse. O aumento da resposta inflamatoéria local e a liberagéo de
marcadores sistémicos se associam de maneira intrigante com a leucopenia

encontrada nos animais com morte encefalica. A observacédo da medula 0ssea,
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para avaliacdo do processo de hematopoiese, pode auxiliar na compreensao
dos mecanismos envolvidos na regulacdo da resposta inflamatoria

desencadeada em pacientes doadores de 0rgaos.
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Conclusdes

Com base nos resultados obtidos, é possivel concluir que:

A morte encefalica induz instabilidade hemodindmica associada a
rapida, e persistente, hipoperfusdo mesentérica.

Observa-se aumento na migracdo leucocitaria para o tecido
perivascular mesentérico na presenca da morte encefalica, associado
a elevacao da expressdo de moléculas de adeséo.

O trauma associado a morte encefélica foi o elemento responsavel
pelo aumento das concentracdes séricas de citocinas e quimiocinas.
Paralelamente, a quebra do eixo hipotalamo-hipofise-adrenal na
morte encefélica é responsavel pela diminuicdo da concentracdo de
corticosterona e associou-se a um quadro de leucopenia.

O comprometimento vascular induzido pela morte encefalica se
refletiu nos 6rgédos solidos avaliados pela presenca de congestdo
vascular.

A morte encefélica foi responsavel por alteracdes inflamatorias nos
tecidos pulmonar, hepatico e renal, documentadas apos 6 h de

observacgéo.
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Anexos

ME

L,.)J*‘l:
0f.0278/11-CPGE

Sa@o Paulo, 16 de setembro de 2011
Senhores Coordenadores,

Na Ultima reunia@o da Comiss@o de Pos-graduacao/FMUSP foram aprovadas
as normas para apresentacdo de dissertacdes e teses sob forma de compilagdo
de arfigos:

1) A critério da Comissdo Coordenadora do Programa, poderdo ser aceitas disserfagoes
e teses baseadas em compilagdo de artigo(s)

2) As disserfacdes deverdo conter, pelo menos, um artigo aceito para publicagdo

3) As teses deverdo conter, pelo menos, dois artigos aceitos para publicacao

4) A data da submiss@o do(s) artigo(s) deve ser posterior & matricula do interessado no
programa

5) O(s) artigo(s) aceito(s) / publicado(s) deve(m) conter dados relacionados ao objetivo
do projeto de pesquisa aprovado pela CAPPesg e encaminhado a CPG

4) O aluno obrigatoriamente deverd ser primeiro autor do(s) artigo(s)

7) O orientador obrigatoriamente devera ser coautor do(s) artigo(s)

8) A indexacdo do peridédico que aceitou/publicou o(s) artigo(s) devera seguir as normas
especificas do programa, no tocante aos procedimentos para depdsito da
dissertacao/tese.

Forma de apresentagdo
As teses e dissertacdes devem incluir obrigatoriamente:

1) Entrega de volume encadernado, contendo o projeto de pesquisa aprovado pela
CAPPeasq, com apresentagdo e andlise critica escritas em portugués

2) Inser¢cdo do(s) manuscrito(s) aceito(s) / publicado(s)

3) Andlise critica em que as contribuicdes do artigo(s) sejam analisadas, discutidas e
sintetizadas.

Cordialmente,

(L,L‘.v—(,(.f‘{
Aluisio Augusto Cofrim Segurado
Presidente da Comissao de Pos-Graduacdo

Comissdo de Pés-Graduagdo
Rua Teodoro Sampaio, 115 — 1° andar - Prédio do Instituto Oscar Freire - CEP 05405-000 - Sao Paulo
Fones: (11)3061-8203/8204/8205/8209/8214 - Fax: 3061-8215
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