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RESUMO

HIPERGLICEMIA INDUZIDA PELA ESTIMULACAO FARMACOLOGICA DO
SISTEMA SEROTONINERGICO CENTRAL EM RATOS: ENVOLVIMENTO DO
HORMONIO LIBERADOR DE CORTICOTROPINAS (CRH) CENTRAL E DOS
RECEPTORES SEROTONINERGICOS 5-HT; CENTRAIS. FERNANDO LUIS DE
QUEIROZ CARVALHO. O controle central da glicemia é fundamental para a
manuten¢ao da homeostase metabdlica do organismo. O sistema serotoninérgico
central tem sido implicado nesta regulagdo atuando para a manutengao do
equilibrio das taxas glicémicas corporais. Neste trabalho, estudamos o papel do
sistema serotoninérgico central sobre o controle da glicemia, bem como a
participagao do componente CRH-érgico e dos receptores 5-HT3 centrais nestas
respostas em animais em jejum ndo estressados. Para tanto, administramos no 3°
ventriculo cerebral de ratos Wistar machos dois agonistas serotoninérgicos
(fluoxetina e quipazina) realizando pré-tratamentos com o antagonista do CRH,
CRFoH, ou com dois antagonistas seletivos dos receptores 5-HTs, ondansetrona e
LY-278.584 ou salina para os animais controles. Em outro grupo experimental
administramos o agonista m-CPBG e o antagonista ondansetrona, ambos
seletivos para os receptores 5-HT3;, em animais em jejum ou alimentados
submetidos ou nao ao estresse de imobilizagdo. As coletas seriadas de sangue
(0,4 ml) foram feitas através de um cateter previamente implantado no atrio direito
pela veia jugular. As amostras foram centrifugadas e, em seguida, foi feita a
dosagem da glicemia. A estimulagao farmacoldgica serotoninérgica central, pelos
agonistas fluoxetina e quipazina, induziu resposta hiperglicémica evidente, esta
resposta foi inibida pelo bloqueio dos receptores do CRH e 5-HT3 centrais e pela
inibicio da hiperinsulinemia contra-regulatéria em animais em jejum. A
estimulagdo isolada dos receptores 5-HT3; centrais pelo m-CPBG provocou
hiperglicemia significativa que foi bloqueada pelo pré-tratamento com o
antagonista ondansetrona em animais em jejum e alimentados ndo estressados.
Em animais estressados nao foram observadas quaisquer alteragdes glicémicas
em comparagdo aos respectivos grupos controles, apdés o tratamento com
agonistas ou antagonistas 5-HT3;. Concluimos que a estimulagdo serotoninérgica
central provoca hiperglicemia que parece ser dependente da ativagao sequencial
do componente CRH-érgico, dos receptores 5-HT3; centrais e da inibicao da
secrecao de insulina em animais em jejum. A estimulagdo dos receptores 5-HT3
isoladamente provoca hiperglicemia em ratos em jejum e alimentados nao
estressados, a qual, ndo parece ser gerada a partir de um ténus estimulatorio
enddgeno, ja que o bloqueio utilizando apenas o antagonista ondansetrona nao
provocou uma resposta hipoglicémica significativa.

Palavras-chave glicemia, serotonina, fluoxetina, quipazina, CRH, CRFoH, 5-HTj,
ondansetrona, LY-278.584 e insulina.



ABSTRACT

HYPERGLYCENIA FOLLOWING CENTRAL SEROTONINERGIC
STIMULATION IN RATS: ROLES OF THE CENTRAL CORTICOTROPIN
RELEASING HORMONE (CRH) SYSTEM AND 5-HT; RECEPTORS.
FERNANDO LUIS DE QUEIROZ CARVALHO. The present study investigates
the role of the brain serotoninergic system on the control of plasma glucose
levels in fed and fasted rats both in stressed and non-stressed conditions. Using
a pharmacological approach, the data presented demonstrate that the increase
in central serotoninergic transmission induced by the enhancement in
endogenous synaptic serotonin release by third ventricle injections of the
selective serotonin reuptake inhibitor fluoxetine elicits a significant
hyperglycemia. A significant increase in plasma glucose levels is also obtained
by the central administration of quipazine, a serotonin agonist acting on 5-HTj, 5-
HT. and 5-HT; receptors. The hyperglycemic response observed after third
ventricle injections of fluoxetine or quipazine seems to be dependent on the
functional integrity of the brain CRH component and requires the presence of
functioning 5-HTs receptors. The rise in plasma glucose levels seen after
fluoxetine or quipazine central administration may be consequent to a lack of a
counter regulatory increase in plasma insulin levels. The present data also reveal that
the specific stimulation of central 5-HT3 receptors by a selective pharmacological
agent (m-CPBG) induces hyperglycemia that can be blocked by the pretreatment with
two selective 5-HT3 receptor antagonists (ondansetron and LY-278,584). None of
those antagonists was able to modify basal plasma glucose levels when injected
alone into the third ventricle, indicating a lack of any inhibitory or stimulatory tonus
exerted by central 5-HT3 receptors on plasma glucose levels. The hyperglycemic
response observed after restraint stress was not affected by any of the
pharmacological procedures modifying central serotoninergic activity used in the
present paper, suggesting that during that particular stressful condition, parallel
hyperglycemic stimulatory drives are sufficient to promote hyperglycemia or,
alternatively, brain serotonergic pathways are already maximally activated in this
circumstance.

Keywords: Glycemia, Serotonin, Fluoxetine, Quipazine, CRH, CRFoH, 5-HTsj,
Ondansetron, LY-278.584, Insulin



1 INTRODUCAO

1.1 O Sistema nervoso central e o controle dos niveis plasmaticos de

glicose.

A necessidade de manter niveis de glicose constantes e que possam ser
mobilizados nas diversas situagdées as quais o organismo possa estar exposto
levou ao desenvolvimento de agdes regulatérias de que visam controlar a
producdo e o consumo deste importante substrato energético. Devido ao fato de
que nem sempre a ingestao alimentar atende ao dispéndio de energia exigido pelo
corpo, processos de armazenamento de energia para utilizagdo futura foram
desenvolvidos pelas diversas espécies animais, buscando garantir a estabilidade
da oferta energética. Para exercer seu papel regulador, o sistema nervoso central
recebe diversos tipos de informagédo oriundos da periferia, destacando-se entre
estes a monitorizagdao hepatica e pancreatica continua do status glicémico
periférico. O cérebro também controla efetores fundamentais na regulagéo
metabdlica, como a massa muscular, o tecido adiposo, o figado, o pancreas e o
trato gastrointestinal. A estrita necessidade de funcionamento ininterrupto do
cérebro como fator de manutengéo da consciéncia e da capacidade de interagao
com o ambiente deve ter evolutivamente determinado o aparecimento de
mecanismos redundantes de controle metabdlico que, em condigdbes normais,
garantem o suprimento continuo de glicose a este 6rgdao (PETERS, et al., 2004).
Desta forma, a homeostase da glicose, que resulta de um controle multirregulado

e estreito dos mecanismos hepaticos que levam a sua produgdo e dos ajustes



bioquimicos que controlam a sua utilizagao periférica, é de suma importancia para
a manutencao constante de uma oferta adequada de suprimento energético para o
organismo.

Desde os experimentos classicos de Claude Bernard em 1850, nos quais
se demonstrou que a pungao do assoalho do quarto ventriculo cerebral provoca
glicosuria, o sistema nervoso central (SNC) tem sido implicado no controle de
processos metabdlicos através de regulagdes neuroenddcrinas e hormonais
(NONOGAKI & IGUCHI, 1997).

O hipotalamo funciona como sitio integrador das respostas regulatérias
neurais e enddécrinas que visam controlar o metabolismo perifericamente
(PENICAUD et al., 2002; WILLIAMS et al., 2001). Através de a¢des originadas nas
divisbes simpatica e parassimpatica do sistema nervoso autdbnomo (SNA), esta
regido central controla fibras que inervam diretamente o figado e 6rgaos
enddcrinos, influenciando enzimas hepaticas, secrecao de insulina e glucagon
pancreaticos e liberagao de catecolaminas pela glandula adrenal (SMYTHE et al.,
1989; NONOGAKI, 2000). Diversos estudos tém demonstrado que regides
hipotalamicas como o hipotalamo ventro-medial (HVM) e a area hipotalamica
lateral (AHL) sao glicorregulatorias. A estimulagcao elétrica do HVM eleva a
atividade simpatica, incrementa a glicogendlise hepatica e os niveis de glucagon,
levando ao aumento dos niveis plasmaticos de glicose. Por outro lado, este tipo de
estimulagdo na AHL ativa o parassimpatico, aumenta a sintese de glicogénio, e
reduz ligeiramente a glicemia (SHIMAZU et al., 1966; FROHMAN & BERNARDIS,
1971; SHIMAZU, 1979). Outras areas hipotalamicas como o nucleo paraventricular

(NPV) e a area pré-oéptica medial (APOM) quando estimuladas quimicamente
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também induzem hiperglicemia associada ao aumento da atividade simpatica
(FOSCOLO et al., 2003; DE CASTRO et al., 1997, HONMURA et al., 1992;
EGAWA et al., 1990; IONESCU et al., 1989). Esses achados, juntamente com
outros estudos utilizando injecbes de neuropeptidios, neurotransmissores
classicos e seus agonistas no HVM e na AHL sugerem que nucleos do
hipotdlamo, especialmente aqueles que circundam o terceiro ventriculo (3° V),
estado envolvidos na glicorregulagédo (BRITO et al., 1993; MIGLIORINI et al., 1989),
ao menos em parte, via ativagao autonémica simpatica (IGUCHI et al., 1984).
Torna-se notorio, portanto, que o SNC utiliza formas diversas de a¢ao para
regular o metabolismo periférico. Isso pode se dar através do aumento da
atividade simpatica que estimula a glicogendlise, ou por meio de ramos vagais
hepaticos que promovem o aumento da gliconeogénese, ou ainda por influéncia
direta na secregao de horménios como insulina e glucagon, além do cortisol e das
catecolaminas de origem adrenal, estas Uultimas capazes de gerar agdes
hiperglucagonémicas (GERISH et al., 1973) e hipoinsulinémicas (KRIS et al.,

1966).
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1.2 A neurotransmissao central e o controle glicémico.

A participagao dos diversos neurotransmissores no controle da glicemia tem
sido alvo de muitos estudos. Embora existam muitas publica¢gdes sobre este tema,
ainda ha muito a ser investigado, principalmente no que se refere aos mecanismos
pelos quais as alteragdes nas concentragdes plasmaticas de glicose ocorrem.
Dentre os neurotransmissores envolvidos nos processos glicorregulatorios
podemos citar a acetilcolina (Ach), a noradrenalina (NA), a adrenalina (AD), a
dopamina (DA), a histamina (HA), além dos peptidios opidaceos e da serotonina
(5-HT).

A estimulagao quimica do SNC com agonistas colinérgicos produz
marcante hiperglicemia (KORNER & RAMU, 1975; IGUCHI et al., 1986; IGUCHI et
al., 1990; GOTOH et al.,, 2001; GURUN et al., 2002), que estd associada ao
aumento da secregao de adrenalina e glucagon (HOOVER et al., 1978). Por outro
lado, o bioqueio colinérgico central promovido pela administracdao de atropina
reduz a resposta hiperglicémica hemorragia-induzida ou pela 2-deoxi-glicose
(SILVEIRA et al, 2003; BRITO et al., 2001). Administracdes de carbacol, um
agonista colinérgico muscarinico, no 3° V, ventriculo lateral e na AHL de ratos,
deflagram um potente efeito hiperglicemiante (BROWN & FISHER, 1980;
KORNER & RAMU, 1979; BRITO et al.,, 1993), enquanto que a resposta
hiperglicémica induzida pela administragdo central de neostigmina, um inibidor da
acetilcolinesterase, dispara mecanismos glicorregulatorios diferentes, a depender
do estado alimentar. Assim, no estado de jejum, a hiperglicemia é atribuida &

ativacdo da gliconeogénese hepatica e aumento da secrecao de glucagon
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(IGUCHI et al, 1989), enquanto que no estado alimentado a atividade
glicogenolitica estaria aumentada (IGUCHI, 1988).

Tem sido demonstrada uma relagao direta entre a ativagao noradrenérgica
hipotalamica central e os niveis glicémicos de ratos expostos a estimulos diversos
(GOTOH et al., 2001; RAMAKRISHNAN et al., 2003). A administragdo de NA no
HVM ativa a glicogendlise hepatica e esta resposta é independente da integridade
da medula adrenal ou da hipdfise, ao tempo que pode ser impedida pela
administracao de B-bloqueadores (SMYTHE et al., 1989; SMYTHE et al., 1984)
apontando para a participagao destes receptores neste processo.

Em ratos no estado de jejum, as respostas hiperglicémicas parecem ser
dependentes da gliconeogénese que € desencadeada apds estimulagao
adrenérgica (IGUCHI et al., 1989). A noradrenalina estimula ainda respostas
hiperinsulinémicas e hipoglicémicas quando injetada na AHL, sendo estas
respostas inibidas pela administracdo sistémica de atropina, um antagonista
muscarinico, mostrando uma possivel participacdo parassimpatica periférica
(STEFFENS et al., 1984). A injecao intracerebroventricular (ICV), intrahipotalamica
(SHIMAZU & ISHIKAWA, 1981; IGUCHI et al., 1985) ou intravenosa de adrenalina
também eleva os niveis glicémicos, mostrando a relevancia do sistema nervoso
simpatico no controle da glicemia. Inje¢cdes centrais de 2-deoxi-glicose (2-DG),
uma forma ndo metabolizavel da glicose que gera citoglicopenia, causam
hiperglicemia perifericamente pelo aumento da atividade simpatica central

(MATSUNAGA et al., 1989).
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A dopamina também tem sido implicada na regulagdo glicémica. A
estimulagdo dos receptores dopaminérgicos Ds; eleva os niveis glicémicos e
promove queda dos niveis de insulina (UVNAS-MOBERG & HILLEGAART, 1996)
por um mecanismo que pode ser dependente da ativacdo de receptores op-
adrenérgicos em células B-pancreaticas (CHAOULOFF & JEANRENAULD, 1987).
Outros achados mostram que circuitos dopaminérgicos centrais parecem modular
a atividade simpatica na medula adrenal levando a alteragdes na glicorregulagao
(ARNERIC et al., 1984). Por exemplo, neurdnios histaminérgicos originados no
hipotalamo posterior projetam-se para outras areas hipotalamicas e outras regides
cerebrais (PANULA et al., 1989; SCHWARTZ et al., 1991), e injecées ICV de
histamina provocam hiperglicemia por ativacao de receptores histaminérgicos Hj
em ratos (NONOGAKI et al., 1994). E conhecido que injegbes centrais de
histamina elevam os niveis de catecolaminas no plasma e que a adrenalectomia
bilateral diminui a resposta hiperglicémica, sinalizando que a adrenalina secretada
pela medula adrenal pode ser a maior responsavel pela hiperglicemia observada
(NISHIBORI et al.,, 1987). Peptidios opiaceos centrais estdao envolvidos na
regulacao dos niveis glicémicos através de efeitos diretos sobre a secre¢dao de
horménios pancreaticos ja descrita em distintas espécies de animais (GREEN et
al., 1980; HERMANSSEN, 1983; IPP et al., 1978). A acao hiperglicemiante das
vias opiatérgicas centrais é consequente ao aumento da atividade simpatica
periférica resultante da liberagdo de catecolaminas (VAN LOON & APPEL, 1981),
enquanto que a administragdo do peptidio central somatostatina bloqueia a

resposta hiperglicémica gerada pela ativagcdo opiacea central (BROWN et al.,
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1979), revelando que neurotransmissores opidides peptidérgicos cerebrais

influenciam a glicemia.
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1.3 A serotonina, seus receptores e sua participagdo no controle da

glicemia.

Desde a sua descoberta, aproximadamente cinqienta anos atras, a
serotonina tem sido a razdo de muitos estudos. As pesquisas focaram tanto o
entendimento das fungdes da 5-HT em tecidos periféricos (GADDUM & HAMEED,
1954) quanto o seu papel como neurotransmissor cerebral (DAHLSTROM &
FUXE, 1964).

A 5-HT e seus receptores sdo encontrados nos sistemas nervoso central e
periférico, trato gastrintestinal, sistema cardiovascular e sangue (HOYER et al.,
2002). Os circuitos serotoninérgicos centrais situam-se na linha média
mesencefalica em estruturas conhecidas como nucleos da rafe e se distribuem de
forma difusa atingindo rostralmente o telencéfalo e caudalmente a medula.
Estudos tém demonstrado que os nucleos da rafe podem inervar areas cerebrais
de forma independente ou deter proje¢des em comum em determinadas regides
centrais (VERTES & KOCSIS, 1994; VERTES et al., 1999). O nucleo dorsal da
rafe contém um grande numero de corpos celulares serotoninérgicos, os quais
enviam projegdes que alcancam diversas regides cerebrais como a AHL, o NPV e
o nucleo parabraquial, sendo que as ultimas também recebem fibras oriundas do
nicleo mediano da rafe (SHIMIZU et al.,, 1989; PETROV et al.,, 1992). O
hipotdlamo € a regidao central mais envolvida nos processos que visam controlar
os niveis glicémicos e a maioria dos seus nucleos recebe um grande aporte de

neurdnios serotoninérgicos.
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Diversas agdes fisiolégicas e comportamentais dependem da ativagéo do
sistema serotoninérgico em circuitos neuronais de muiltiplas estruturas do SNC
onde a 5-HT é requerida. Sabe-se que a regulagéao do ciclo sono-vigilia, ingestao
alimentar, ingestdao hidrica, termorregulagcdo, pressdo sanguinea, percepgao
dolorosa, estresse e glicemia sdo alguns dos parametros fisiolégicos influenciados
pela 5-HT. Por outro lado, diversos estados patoldgicos que incluem depressao,
ansiedade, fobia social, esquizofrenia, hipertensao, disturbios alimentares como
anorexia e obesidade, abuso de drogas inclusive o alcool, enxaqueca e, mais
recentemente, a sindrome do colon irritavel, tem em sua etiologia, alguma
participagao desta amina (HOYER et al., 2002). Assim, nao é dificil entender que,
para um neurotransmissor de ampla distribuicdo central e periférica, existam
multiplos receptores com caracteristicas estruturais e funcionais distintas.

A caracterizagao de possiveis subtipos de receptores serotoninérgicos foi
iniciada utilizando instrumentos farmacolégicos. Os avangos no desenvolvimento
de agonistas e antagonistas, cada vez mais seletivos, associados as técnicas de
biologia molecular, geraram grande impacto nestes estudos, levando inclusive a
descoberta de novos subtipos que ainda nao haviam sido identificados (BARNES
& SHARP, 1999). Desta forma, estao caracterizados pelo menos 14 subtipos de
receptores com afinidade para 5-HT divididos em 7 diferentes familias (5-HT4 a 5-
HT-), nas quais sdo encontrados os diversos subtipos supracitados. A excecdo
dos receptores 5-HT; que sd@o receptores pentaméricos que formam canais
iBnicos, os demais receptores estdo associados a proteinas G regulatorias
responsaveis pela ativagdo de sistemas efetores capazes de produzir segundos

mensageiros intracelulares.
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A classe de receptores 5-HT¢{ compreende cinco subtipos de receptores (5-
HT4a, 5-HT4g, 5-HT1p, 5-HT1e e 5-HT1f) acoplados preferencialmente, mas nao
exclusivamente a proteina G inibitéria. Pouco se conhece sobre os possiveis
papéis fisioldgicos dos subtipos 5-HTie e 5-HTr, porém os demais componentes
desta classe tém seus papéis bastante delineados tendo sido demonstradas
fungcbes dos mesmos em diversos tecidos de espécies diferentes. O subtipo 5-
HTic foi reclassificado para 5-HT,c devido a sua semelhanga estrutural,
operacional e transducional com os receptores da classe 5-HT, (HOYER et al.,
1994). A familia dos receptores 5-HT, possui trés subtipos conhecidos 5-HTza, 5-
HT.s e 5-HT2c que aparecem associados a proteina Gg, portanto promovem suas
acoes a partir da formagao de segundos mensageiros como o diacilglicerol (DAG)
e o inositol-tri-fosfato (IP3). Em meio as a¢cdes mais conhecidas destes receptores
estd descrita a participagdo do subtipo 5-HTzg na contratilidade da musculatura
lisa do intestino delgado em humanos (BORMAN & BURLEIGH, 1995), bem como
sua modulagao na contragao de fundo gastrico em ratos (COX & COHEN, 1996).
Os receptores 5-HT3a formam um canal idnico e sdo encontrados em neurdnios
centrais e periféricos. Apresentam permeabilidade seletiva para ions Na*, Ca*™
(influxo) e K* (efluxo), promovendo répida despolarizagédo celular. A mais recente
classificagao de receptores serotoninérgicos aponta para o aumento desta familia
com a caracterizacdo das isoformas 5-HTsg e 5-HTsc (HOYER et al., 2002). Os
principais efeitos conhecidos envolvem os receptores 5-HTs em acoes
serotoninérgicas no aparelho cardiovascular e no trato gastrintestinal, onde
regulam tanto a motilidade quanto a secre¢cdo (DE PONTI & TONINI, 2001). Os

receptores 5-HTs, 5-HTs e 5-HT; atuam pelo aumento do 2° mensageiro



18

intracelular AMPc, acoplando-se a proteina G estimulatdria. A sua classificagao
como receptores distintos se baseia no fato de que apresentam menos que 35%
de sequléncias idénticas entre si. O subtipo 5-HT4 tem sido implicado na contragao
e secrecgao intestinal e como mediador de respostas taquicardicas no atrio direito e
efeitos inotropicos positivos no atrio esquerdo de cobaios. Assim, a utilizacao de
ligantes seletivos para os receptores 5-HT4, tem sido postulada no tratamento de
arritmias cardiacas (KAUMANN & SANDERS, 1994; RAHME et al., 1999),
doencas neuro-degenerativas (WONG et al., 1996) e incontinéncia urinaria (BOYD
& ROHAN, 1994). A expressdao de RNAm para receptores 5-HTg revela sua
presenga em diversas areas centrais como o estriado, a amigdala, o nucleo
acumbente e o hipocampo. De forma inversa, ndao existem registros destes
subtipos em 6rgaos periféricos. Estudos indicam que os receptores 5-HTg podem
participar do controle das fungdes colinérgicas centrais, fato que os coloca como
possiveis alvos para o tratamento de disturbios cognitivos associados a disfun¢des
centrais do sistema colinérgico como acontece na doenga de Alzheimer (HOYER
et al., 2002). Pouco se sabe sobre os possiveis papéis fisioldgicos dos receptores
5-HT;. Sua alta afinidade por drogas consideradas agonistas dos receptores 5-
HT4a tem sido descrita e tem ajudado a delimitar a sua localizagao central (TO et
al.,, 1995). Além disso, sua localizagdo hipotaldmica em ratos parece ser pos-
sindptica e seria regulada pelos niveis endégenos do préprio neurotransmissor
(CLEMETT et al., 1999). A distribuicdo deste subtipo de receptor serotoninergico
em regides tdlamo-corticais e no sistema limbico sugere ainda um possivel papel
na fisiopatologia de disordens afetivas. Fechando esta classificagdo, estdo os

receptores 5-HTs que tém sido menos estudados. Este subtipo € encontrado em
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roedores e no homem (ERLANDER et al., 1993; SCHANEN et al., 1996) e a sua
isoforma 5-HTsp estd acoplada negativamente a adenilato ciclase, sendo
predominantemente expressa em astrécitos. Seus supostos papéis fisiologicos
estao relacionados a adaptagdes comportamentais em situagcées de estresse
(BRANCHEK & ZGOMBICK, 1997). Deste modo torna-se claro que, apesar de
todo o conhecimento existente sobre os papéis fisiolégicos dos receptores
serotoninérgicos, ainda existem grandes vales a ser explorados. Isto torna
pertinente o aparecimento de novas investiga¢gées que busquem elucidar ndo sé
as agdes, mas os mecanismos pelos quais elas ocorrem, a partir da ativagdo do
sistema serotoninérgico.

A participagao serotoninérgica no controle da glicemia tem sido estudada,
porém, dada a importancia desta relagao, os dados encontrados apds uma
extensa revisao da literatura podem ser considerados escassos, principalmente no
que se refere as agdes centrais da 5-HT neste processo. Em parte, podemos
atribuir esta ocorréncia ao fato de que a homeostase glicémica é objeto de estudo
dos metabologistas, enquanto que os aspectos centrais da 5-HT sao abordados
pelos neurocientistas, sendo mais raros os pesquisadores que estudam a interface
entre as duas especialidades. De fato, sdo conhecidas ag¢des serotoninérgicas
centrais e periféricas relacionadas ao controle dos niveis plasmaticos de glicose
(CHAOULOFF & JEANRENAULD, 1987; SUGIMOTO et al., 1996).

Receptores serotoninérgicos localizados em tecidos periféricos influenciam
a glicemia. A administragao intravenosa (IV) do agonista dos receptores 5-HTa, 8-
Hidroxi-di-n-(propilamino)tetralina (8-OH-DPAT), em doses baixas, provoca

hiperglicemia de maneira dose-dependente, a qual € acompanhada de diminui¢ao
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dos niveis de insulina (CHAOULOFF & JEANRENAULD, 1987) e de
hiperglucagonemia em ratos (SUGIMOTO et al., 2001). A estimulagdo dos
receptores 5-HT,a com agonistas seletivos também promove hiperglicemia
(CHAOULOFF et al., 1990). Inje¢des IV de d-fenfluramina, um inibidor da
recaptacgao/liberador de serotonina, elevam os niveis glicémicos em uma resposta
que parece ser dependente da liberacdo de catecolaminas (BAUDRIE &
CHAOQOULOFF, 1992; CHAOULOFF et al., 1991). Esta resposta hiperglicémica &
bloqueada pela adrenomedulectomia bilateral em ratos, sugerindo que a
adrenalina medular adrenal seja a responsavel pela hiperglicemia gerada a partir
da ativagcdo de neurbnios serotoninérgicos (CHAOULOFF et al.,, 1991). Outros
trabalhos utilizando inibidores seletivos da recaptacao de serotonina (ISRS),
administrados agudamente por vias periféricas, mostraram que estes farmacos
foram capazes de produzir aumentos significativos nos niveis plasmaticos de
glicose em ratos e no homem (YAMADA et al., 1999; GOMEZ et al., 2001;
SUGIMOTO et al.,, 1999; OSWALD et al.,, 2003). Existem ainda relatos da
participacao de receptores serotoninérgicos periféricos em respostas
hiperglicémicas induzidas por agonistas serotoninérgicos nao seletivos, como 5-
carboxamidotriptamina e 5-metoxitriptamina. O pré-tratamento com antagonistas
seletivos para subtipos de receptores de 5-HT levou os autores a sugerir
participagdes significativas dos receptores 5-HT; e 5-HT2a respectivamente
(YAMADA et al., 1998; YAMADA et al., 1997). E ainda conhecido o papel dos
receptores 5-HTopoc Nas respostas hiperglicémica e hiperglucagonémica obtidas
apos estimulacdo periférica com o agonista m-clorofenilpiperazina (m-CPP)

(SUGIMOTO et al., 1996; YAMADA & SUGIMOTO, 2000).
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As acgbes exercidas centralmente pela 5-HT sobre a glicemia necessitam de
mais estudos que tentem elucidar qual a real participagcdo das vias
serotoninérgicas centrais, quais 0s receptores envolvidos e ainda quais os
mecanismos que levam a tais respostas que visam controlar os niveis de glicose
no sangue. Trabalhos utilizando estimulagdo elétrica ou farmacoldgica foram
realizados e os dados obtidos revelaram que os nucleos mediano e dorsal da rafe,
quando estimulados elétrica ou quimicamente, promoveram elevagdes nos niveis
glicémicos, resposta esta que foi significativamente atenuada pela adrenalectomia
e pela administragao de 5,7-di-hidroxitriptamina (5,7-DHT), um agente neurotoxico
serotoninérgico (LIN & SHIAN, 1991). A estimulagdo farmacoldgica central dos
receptores 5-HTia, 5-HT2a e 5-HTaspc induz respostas hiperglicemiantes
(CHAOULOFF & JEANRENAULD, 1987; CHAOULOFF et al., 1991; DURKAN et
al., 1991). E postulado que estas respostas sejam dependentes de uma
interferéncia na liberagao de insulina que seria influenciada pelos receptores op-
adrenérgicos, os quais sao mediadores das altera¢gdes metabdlicas geradas pelo
agonista 8-OH-DPAT. Este agonista foi ainda capaz de elevar a glicemia em ratos
apos administracao no NPV (KORTE et al., 1991). Outra evidéncia da participagao
serotoninérgica central no controle glicémico € a resposta hiperglicémica obtida
apos a administracao periférica de p-cloroanfetamina, um agente indutor da
liberagao de 5-HT (YAMADA et al., 1998). A resposta hiperglicémica dependente
da estimulagdo serotoninérgica central pela p-cloroanfetamina foi potentemente
bloqueada pela administragdo de agentes depletores de 5-HT como a p-

clorofenilalanina (FULLER, 1992), revelando a necessidade de aumento na
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atividade do sistema serotoninérgico central para se chegar a tal resultado. Os
receptores 5-HT, centrais estdo ainda implicados em um possivel mecanismo
inibitério sobre a secregao de insulina (CHAOULOFF et al., 1990), fato que pode
explicar a hiperglicemia obtida apds estimulagao dos mesmos.

De fato, existe uma relagao importante entre o sistema serotoninérgico e os
horménios pancreaticos, especificamente insulina e glucagon, que pode ser
importante para o entendimento do papel da 5-HT na regulagdo da glicemia. A
existéncia de um subsistema serotoninérgico no trato gastrintestinal responsavel
pela integracdo de complexas respostas fisiolégicas inclui o controle de um eixo
entero-pancreatico. A presencga de fibras serotoninérgicas no pancreas tem sido
descrita (KIRCHGESSNER & GERSHON,1990; DING et al., 1991), inclusive
demonstrando que a 5-HT esta presente, tanto em células alfa quanto em células
beta pancreaticas. E valido ressaltar que a participacdo da 5-HT no controle da
funcao enddcrina pancreatica ja € um fendmeno bem estabelecido (NAKAJIMA et
al., 1988; CETIN, 1992). A literatura mostra ainda que a serotonina inibe a
secrecao de insulina (FELDMAN & LEBOVITZ, 1970; LERNMARK, 1971;
PONTIROLI et al., 1978) e que farmacos que aumentam a liberagcdo de 5-HT
como a fenfluramina estimulam a secre¢ao de glucagon em pancreas perfundidos
de ratos (BARSEGHIAN et al., 1983). InjecGes intraperitoniais de serotonina
também sdo capazes de aumentar os niveis plasmaticos de glucagon em uma
resposta que nédo é bloqueada pela adrenomedulectomia (JACOBY & BRYCE,
1978), reforcando uma possivel agdo serotoninérgica diretamente no péancreas.
Em estudo recente foi aventada uma participagdo serotoninérgica central nos

mecanismos de controle da liberacdo de horménios no péncreas. Estas ag¢oes
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seriam inibitérias para a liberagao de insulina e estimulatérias para a secregao de

glucagon (NANDI et al., 2002).
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1.4 Serotonina, CRH e estresse: Envolvimento no controle glicémico.

Numerosos estudos tém demonstrado relagbes entre os sistemas
serotoninérgico, simpatico e o eixo hipotalamo-hipdfise-adrenal (HHA)
(CHROUSOS & GOLD, 1992; FULLER, 1996). Na década de sessenta trabalhos
mostraram que eventos estressantes alteraram a sintese e/ou o turnover de 5-HT
no cérebro, independentemente do tipo de estresse gerado (psicosocial, fisico ou
metabodlico). Nos anos setenta trabalhos indicaram que o sistema nervoso
simpatico e o eixo HHA sao mediadores de alteragbes importantes no sistema
serotoninérgico central (CHAOULOFF, 1993) e que também podem ser
influenciados pela 5-HT.

Dados anatdmicos, bioquimicos e fisioldgicos, ja descritos, dao suporte a
influéncia exercida pela 5-HT central no eixo HHA (KORDON et al., 1980;
TUOMISTO & MANNISTO, 1985; WEINER & GANONG, 1978). As acdes da 5-HT
podem ocorrer ao nivel hipotalamico ou hipofisario, e existem relatos de
modulagao serotoninérgica sobre os niveis do horménio liberador de corticotrofina
(CRH), horménio adrenocérticotréfico (ACTH) e corticosterona (LEWIS &
SHERMAN, 1984; CALOGERO et al., 1989). O CRH é um peptidio que regula
processos fisiolégicos e comportamentais relacionados com estresse fisico e
psicoldgico (ECKART et al., 1999). Fibras CRH-érgicas centrais alcangam os
nucleos medianos da rafe e neurdnios serotoninérgicos que contém CRH,
revelando que, anatomicamente, existe uma ligagdo funcional entre circuitos CRH
e serotoninérgicos (CHAOULOFF, 1993). De fato, ocorre modulagao do CRH

sobre o sistema serotoninérgico e vice-versa (PRICE et al., 1998) e este achado
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tem relevancia clinica, principalmente em doengas psiquiatricas nas quais CRH e
5-HT estao implicados.

Possiveis agdes fisiologicas produzidas pela interacdo entre o sistema
serotoninérgico e o CRH tém sido investigadas. Sabe-se que o CRH liberado pelo
NPV hipotalamico, pode mediar efeitos de agonistas dos receptores 5-HT1a € 5-
HT, sobre a liberacdo de catecolaminas. A aplicagdo in vitro de baixas
concentragdes de 8-OH-DPAT ou de 1-(2,5-dimetoxi-4-iodofenil)2-aminopropano
(DOI), agonistas 5-HT1a4 € 5-HT, respectivamente, eleva a secregao de CRH em
hipotdlamo isolado de ratos (CALOGERO et al., 1989), ao tempo que a
administragcao central do préprio CRH promove estimulagdo medular adrenal
aumentando os niveis de catecolaminas e a pressao arterial (DUNN &
BERRIDGE, 1990; FISHER, 1989). E bem conhecido que a ativacéo de neurénios
CRH promove elevagédo dos niveis glicémicos, provavelmente pelo aumento da
atividade simpatica (BROWN et al., 1982; GUNION et al., 1998). Por outro lado, o
bloqueio dos receptores centrais para CRH reduz significativamente as elevagdes
da adrenalina circulante e a hiperglicemia observada apds o estresse (BROWN et
al., 1985). Assim, & proposto que o sistema serotoninérgico central exerce um
efeito excitatério sobre o eixo HHA e influencia a biossintese e liberagao de
catecolaminas e glicocorticoides adrenais (AXELROD & REISINE, 1984) que
podem alterar a glicemia.

O estresse agudo provoca aumento do metabolismo da 5-HT em varias
regides cerebrais e uma revisédo da literatura sobre a relagdo entre a 5-HT e
fatores estressantes, revela que este neurotransmissor € um importante

componente da rede neuronal que visa a adaptagao ao estresse (CHAOULOFF et
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al., 1999). A exposicao a um agente estressante leva o organismo a desenvolver
uma resposta comportamental e neuroenddcrina. Esta resposta tem como objetivo
ajustar o metabolismo e o sistema cardiovascular, entre outros, para a nova
situacdo que ora se apresenta, sendo que estes ajustes sdo dependentes da
ativacdo do simpatico e do eixo HHA. E bastante evidente a presenca de terminais
e/ou receptores serotoninérgicos em regides conhecidamente relacionadas a
respostas ao estresse como o hipotalamo, hipocampo, estriado e areas de cortex
(CHAOULOFF, 1993; GRAEFF, 1993), ao tempo que corpos celulares nos
nucleos da rafe recebem densas aferéncias oriundas de locais centrais diversos,
que incluem as regides supracitadas (JACOBS & AZMITIA, 1992). Assim, vias
serotoninérgicas estao sempre recebendo informagdes durante as situagdes
estressantes, explicando a grande ativagao da proteina fos observada nos nucleos
da rafe apds diferentes tipos de estresse (CULLINAN et al., 1995). Ressalta-se
ainda que estudos utilizando voltametria e microdialise mostraram aumentos
significativos dos niveis hipotalamicos de 5-HT e do seu metabdlito, o acido 5-
hidroxi-indol-acético (5-HIAA), em ratos submetidos ao estresse de imobilizagéao
(SHIMIZU et al., 1989; SHIMIZU et al., 1992).

O estresse gera uma resposta hiperglicémica dependente da liberagao de
adrenalina pela medula adrenal e da ativagdo do eixo HHA. Desde que a 5-HT e
seus receptores apresentam-se como moduladores destes sistemas, é importante
notar que nao existem estudos mostrando como a serotonina influencia a glicemia
durante o estresse. Assim, observando que a estimulagdo de receptores
serotoninérgicos como o 5-HT1a, por agonistas seletivos, promove hiperglicemia e

aumento dos niveis de adrenalina (CHAOULOFF et al., 1990) e corticosterona



27

(LORENS & VAN DE KAR, 1987; MATHESON et al., 1989) em animais nao
estressados, entende-se que € pertinente estudar a participagdo serotoninérgica

na hiperglicemia induzida pelo estresse.
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1.5 O parametro alimentar e a glicemia: Implicagbes sobre as vias

serotoninérgicas.

Os primeiros estudos que mostram uma relagdo funcional entre a
serotonina e o controle da ingestdo alimentar foram desenvolvidos héa
aproximadamente trinta anos. Os dados obtidos revelaram que o aumento dos
niveis de 5-HT no SNC promove um dramatico efeito sobre o apetite e o
comportamento alimentar. O aumento na atividade serotoninérgica, através de
mecanismos que podem elevar a sintese ou bloquear a degradacao do
neurotransmissor, ou ainda estimular diretamente seus receptores, leva a uma
forte resposta hipofagica (JESPERSON & SCHELL-KRUGER, 1973).

Trés importantes regides hipotalamicas estdao implicadas no controle da
ingestao alimentar e do metabolismo energético: O NPV, o HVM e a AHL. A
ativagcdo de neurdnios glicosensitivos nestes nucleos promove alteragdes
funcionais no pancreas, glandula adrenal e figado, atuando através das divisdes
do SNA. Estas eferéncias autondémicas sao importantes para o controle do
metabolismo intermediario, incluindo a regulagéo das concentragées plasmaticas
de glicose (NANDI et al., 2002). Desta forma, é possivel acreditar na existéncia de
acoes sinérgicas entre o mecanismo central que controla o apetite e aquele que
regula a glicemia.

A ingestdo alimentar fornece as células glicose, acidos graxos livres e
aminoacidos capazes de suprir a demanda metabdlica e este processo é
controlado pelo hipotdlamo (LUITEN et al., 1987). O envolvimento do sistema

serotoninérgico no controle da fome e da saciedade é um fendbmeno bem
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estabelecido. A infusdo de 5-HT no NPV provoca hipofagia (SHOR-POSNER et
al., 1986), mostrando que a ingestdo alimentar parece aumentar a liberagéo
hipotalamica deste neurotransmissor. Subtipos de receptores serotoninérgicos
como 5-HT¢g e 5-HT,c também sdo mencionados na literatura como mediadores
de respostas hipofagicas mediante estimulagao farmacolégica (CURZON, 1990).

Levando em consideragao que os niveis glicémicos flutuam de acordo com
o estado metabdlico do organismo, é possivel afirmar que a homeostase
metabdlica depende da relagdo entre a ingestao alimentar e a glicemia. O estado
alimentado promove agbes através da AHL e do HVM sobre a secregcédo de
hormoénios pancreaticos como a insulina e o glucagon (DE JONG et al., 1977;
STEFFENS, 1981) e, portanto influencia o comportamento alimentar e os niveis
glicémicos. E valido ressaltar que estas regides do hipotdlamo sdo densamente
inervadas por circuitos serotoninérgicos. Assim, o entendimento das relagbes ora
mencionadas se faz necessario, desde que utilizamos neste trabalho animais
alimentados ou submetidos ao jejum. Como mencionado anteriormente, o estado
alimentar pode levar ao desencadeamento de processos distintos de controle dos
niveis de glicose plasmaticos. Dessa forma, a hiperglicemia pode ser resultante de
gliconeogénese em animais em jejum e da glicogendlise em animais alimentados,
como demonstrado para as vias colinérgicas que, quando estimuladas com
neostigmina, induzem o aumento dos niveis glicémicos que podem ser
bloqueados significativamente pelo pré-tratamento com um inibidor da
gliconeogénese periférica (IGUCHI et al., 1989).

Portanto, a proposta do presente trabalho foi avaliar a participagdo do

sistema serotoninérgico central na regulagao glicémica, utilizando inicialmente o
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inibidor seletivo da recaptacao de serotonina, fluoxetina, que inibe a recaptacéao
serotoninérgica aumentando os niveis deste neurotransmissor na fenda sinaptica
e, por consequinte a estimulagdo serotoninérgica. Em seguida, administramos a
quipazina, um agente serotoninérgico capaz de estimular subtipos diferentes de
receptores da 5-HT promovendo a¢des agonistas diretas. Buscamos ainda avaliar
se as respostas hiperglicémicas geradas pela estimulagao serotoninérgica central
seriam dependentes da integridade funcional do sistema CRH central e dos
receptores 5-HTj;, sistemas estes que foram estudados seletivamente ao final

deste trabalho.
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2 OBJETIVOS

2.1 OBJETIVO GERAL:
Estudar a participagdo das vias serotoninérgicas centrais no controle da
glicemia em ratos em jejum ou alimentados, submetidos ou ndo ao estresse de

imobilizagao.

2.2 OBJETIVOS ESPECIFICOS:

O primeiro momento deste estudo nos levou a buscar uma possivel
participagao do sistema serotoninérgico central na regulagao glicémica, utilizando
uma abordagem farmacolégica que fosse a mais abrangente possivel. Para esta
avaliagao procuramos:

1. Estudar o efeito da estimulagcao farmacoldgica serotoninérgica central

pelo inibidor seletivo da recaptacéo de serotonina (fluoxetina) sobre a
glicemia em ratos.

A partir dos resultados encontrados, resolvemos averiguar se a estimulagao
serotoninérgica central promovida pela administragdo de um agonista
serotoninérgico, capaz de atingir alguns subtipos de receptores de 5-HT, levaria
ao mesmo perfil de resposta encontrada apés uma ampla ativagéo serotoninérgica
central. Desta forma decidimos:

2. Averiguar o efeito da estimulagdo farmacoldgica serotoninérgica central

pelo agonista ndo especifico (quipazina) sobre a glicemia em ratos.
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Ao final desta etapa do trabalho, passamos a tentar identificar as possiveis
vias ou mecanismos que levavam as respostas encontradas. Nesse momento
resolvemos:

3. Estudar o efeito do bloqueio farmacolégico do fator de liberacao da
corticotrofina (CRF) central sobre a resposta hiperglicémica induzida
pela estimulagao serotoninérgica central em ratos.

4. Investigar a participagao dos receptores serotoninérgicos 5-HT3 centrais
na hiperglicemia induzida pela estimulagao das vias serotoninérgicas
centrais em ratos.

Em seguida, levantamos uma questdo adicional: as a¢gées do CRH e dos
receptores 5-HT3 centrais ocorrem como consequiéncia da estimulagdo
serotoninérgica central ou sao geradas por mecanismos isolados? Desta forma,
decidimos:

5. Avaliar o efeito da administragdo de antagonistas seletivos do CRH e

dos receptores 5-HTj3 centrais sobre a glicemia de ratos.

Por fim, resolvemos estudar se a resposta encontrada apds o bloqueio dos
receptores 5-HT3 estava relacionada a existéncia de um ténus enddégeno ou se a
sua ocorréncia era devida a estimulagcao farmacoldgica central. Levando-se em
consideragao a importancia destes receptores como alvo de diversos agentes
farmacoldgicos e a inexisténcia de dados que os relacionassem com a glicemia,
buscamos:

6. Caracterizar o papel dos receptores serotoninérgicos 5-HT3 centrais no

controle glicémico em animais em jejum ou alimentados, submetidos ou

nao ao estresse de imobilizagao.
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3 JUSTIFICATIVAS

A ampliagao dos estudos sobre a relagao entre o sistema nervoso central e
a homeostase glicémica tem alta relevancia cientifica. Novas descobertas neste
sentido podem promover mudangas significativas no entendimento de parametros
fisiolégicos, ainda alvo de estudos. O conhecimento adquirido dos meios pelos
quais o organismo mantém o equilibrio entre a producao e o consumo de glicose,
ou ainda sobre as situagoes que levam ao descontrole dos niveis glicémicos, é de
grande utilidade em areas aplicadas como a clinica médica, a metabologia e a
diabetologia.

O sistema serotoninérgico tem sido amplamente investigado, visto que a
serotonina participa de muitos fendmenos neurovegetativos e comportamentais e
a literatura aponta a sua participagao no controle da glicemia. Porém os dados
conhecidos sao escassos e merecem maior aprofundamento.

O estado alimentar é capaz de alterar os niveis de serotonina centralmente,
0 que leva a necessidade de um entendimento maior das influéncias do sistema
serotoninérgico central sobre a glicemia. A situagcao alimentar é capaz de gerar
mudang¢as hormonais importantes que visam a regulagdo da glicemia em
situacoes de escassez de alimento ou no estado pds-prandial.

Situagdes do cotidiano que geram estresse alteram parametros metabdlicos
como a glicemia e, embora sejam tao importantes, sdo poucos os estudos que
procuram esclarecer até que ponto o estresse influencia a glicemia e, ainda, quais

0s neurotransmissores que estariam envolvidos neste processo. Desde que a
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serotonina pode influenciar mecanismos fisioldgicos que regulam as repostas ao
estresse, torna-se muito importante esta investigagao.

Farmacos consumidos ilegalmente que incluem a cocaina e MDMA
(ecstasy), provocam seus efeitos através de ag¢bes sobre a neurotransmissao
central, incluindo as vias serotoninérgicas como um de seus alvos preferenciais. A
partir do amplo entendimento destas relagées podera ser possivel aumentar o que
se sabe sobre a dependéncia quimica, fisica e psiquica, adquirida pelos usuarios,
e possiveis solugdes para este grave problema.

Nao podemos deixar de mencionar a importancia da utilizacdo de agentes
farmacoldgicos que atuam no sistema serotoninérgico central. Sua utilizagdo em

terapéutica é cada vez maior, tanto na clinica médica quanto na psiquiatria.
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4. ARTIGOS

4.1 Hyperglycemia induced by acute central fluoxetine administration: role of the
central CRH system and 5-HT3 receptors.

4.2 Hyperglycemia induced by pharmacological activation of central serotonergic

pathways depends on the functional integrity of brain CRH system and 5-HT3
receptors.

4.3 Central 5-HTj3 receptor stimulation by m-CPBG increases blood glucose in rats
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Abstract

Brain serotonin and CRH systems participate in the control of blood glucose levels. We have previously demonstrated that the
pharmacological stimulation of central 5-HTj; receptors, the target for several therapeutic agents used as antiemetics in the course of
chemotherapy, induces hyperglycemia. The aim of the present study was to investigate the participation of the brain CRH com-
ponent and 5-HT; receptors in basal blood glucose levels as well as in the hyperglycemia induced by third ventricle injections of
fluoxetine, a serotonin reuptake inhibitor with a broad range of clinical use. In this study, we used fasted adult Wistar male rats
(220 420 g) whose third ventricles were cannulated 7 days prior to the experiments. Acute third ventricle injections of fluoxetine
caused a significant increase in plasma glucose levels throughout the experiment. Pretreatment with a-helical CRH, a selective CRH
antagonist, significantly blunted fluoxetine-induced hyperglycemia. Also, pretreatment with two distinct selective 5-HT3 receptor
antagonists (LY-278,584 and ondansetron) significantly impaired the rise in plasma glucose levels observed in fluoxetine-treated
animals pretreated with isotonic saline solution. None of these antagonists was able to modify blood glucose levels when injected
alone into the third ventricle. Animals receiving third ventricle injections of fluoxetine, in spite of being hyperglycemic, presented
plasma insulin levels similar to those displayed by normoglycemic, saline-treated controls. It is suggested that the acute increase in
brain serotonergic activity caused by third ventricle injections of fluoxetine induces a hyperglycemic response that requires the
functional integrity of the brain CRH system and 5-HTj5 receptors. Also, it is proposed that the absence of a compensatory increase
in plasma insulin levels may contribute to the generation of a hyperglycemic response after central fluoxetine administration.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Serotonin; CRH; 5-HTj; receptors; LY-278,584; Ondansetron: Insulin; Hyperglycemia: Fluoxetine: x-Helical CRH

1. Introduction

The brain serotonin circuitries, a diffuse neurochem-
ical system related to the control of several behavioral
and visceral actions leading to homeostatic adjustments
(Barnes and Sharp, 1999), participate in the regulation
of plasma glucose levels (Nonogaki and Iguchi, 1997).

A hyperglycemic response is observed after electrical
stimulation of both dorsal and median raphe nuclei, an
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effect also obtained when these sites are chemically
stimulated by kainic acid or glutamate. Conversely, the
destruction of serotonergic fibers by specific neurotoxic
agents impairs hyperglycemia after electrical stimulation
of raphe nuclei (Lin and Shian, 1991). The increase in
brain serotonergic transmission after peripheral admin-
istration of 5-hydroxytryptophan, enhances blood glu-
cose in rats (Wong and Tyce, 1978), and the same
response is obtained after the administration of d-fen-
fluramine, a serotonin uptake inhibitor/releaser (Baudrie
and Chaoulofl, 1992; Chaouloff et al., 1992).

Blood glucose increases after central administration of
selective 5-HT>4 and 5-HT»¢ receptor agonists, and the
mechanism explaining this effect seems to be dependent
on peripheral adrenaline release (Baudrie and Chaouloff,
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1992; Sugimoto et al., 1996). Central administration of 8-
OH-DPAT, a selective 5-HT,5 agonist, induces hyper-
glycemia (Chaouloff and Jeanrenaud, 1987; Chaouloff
et al., 1990). Furthermore, we have recently shown that
pharmacological activation of central 5-HT; receptors by
the selective agonist m-CPBG elicits a significant increase
in blood glucose in rats (Carvalho et al., 2002).

Many behavioral and visceral responses are partially
regulated by brain circuitries that use corticotropin-
releasing hormone (CRH) as a neuromodulator (Eckart
et al., 1999). A reciprocal interaction between central
systems using serotonin and CRH seems to exist. In-
deed, in the central nervous system, CRH modulates the
serotonin system, whose activity appears to be influ-
enced by central CRH (Chaouloff, 1993; Price et al.,
1998). Intracerebroventricular administration of CRH
induces an increase in blood glucose that depends on the
activation of the sympathetic nervous system, leading to
an enhancement of epinephrine and norepinephrine se-
cretion (Brown et al., 1982).

Selective serotonin reuptake inhibitors provoke an
acute enhancement of central serotonin neurotransmis-
sion. Acute fluoxetine administration induces an increase
in blood glucose levels in mice, and fluvoxamine elicits a
significant hyperglycemic response in man (Oswald et al.,
2003; Yamada et al., 1999; Sugimoto et al., 1999). Central
5-HT; receptors are the target of several agents used as
antiemetics in the course of chemotherapy and their
participation in anxiolytic, antipsychotic and cognitive-
enhancing events has been demonstrated by several
pharmacological protocols (Maura et al., 1992).

Taking the above information into consideration, in
the present study, we decided to investigate the partici-
pation of the central CRH system and 5-HT; receptors
in the hyperglycemic response induced by the acute
central administration of fluoxetine in fasted rats.

2. Materials and methods
2.1. Animals

Wistar male rats (220 4+ 20 g) kept under controlled
light (lights on from 7 AM to 7 PM) and temperature
(22-24 °C) conditions were used in the present study. In
the days immediately prior to the experimental sessions,
they had free access to tap water and laboratory chow
(Nuvital Nutrientes Ltda, Curitiba, Brazil). The exper-
imental protocols were conducted according to the
regulations established by the National Institutes of
Health (USA). The number of animals used in each
experimental set varied from 6 to 14.

Five days before the experimental sessions the third
ventricle was cannulated under pentobarbital anesthesia
(50 mg/kg i.p.). This was carried out by implanting a 22-
gauge stainless steel cannula (15 mm in length) using a

stereotaxic apparatus (David Kopf Instruments, Tu-
junga, CA). The following coordinates were used: an-
teroposterior =0.5 mm behind bregma; lateral =0.0
mm; vertical 8.5 mm below the skull. The cannulas were
cemented to the skull bone with dental acrylic and a 28-
gauge obturator was provided to avoid obstruction. To
confirm whether the tip of the cannula was in the proper
place, the animals were sacrificed by CO, inhalation and
a third ventricle injection of Blue Evans dye was applied.
Only data from animals whose cannulas were strictly
inside the third ventricle were analyzed.

The day before the experimental sessions, a silastic
jugular catheter was placed into the right atria according
to the procedures described elsewhere (Harms and Oj-
eda, 1974). The catheter was filled with heparinized sa-
line (25 IU/ml) and led subcutaneously to the neck,
where it was exteriorized and sealed. The catheter was
flushed with heparinized saline on the day of the ex-
periment. An extension of polyethylene tubing allowed
blood collection without disturbing the animals.

2.2. Drugs and microinjections

The following drugs were used: fluoxetine, a selective
serotonin reuptake inhibitor, and LY-278,584 (1-methyl-
N-[8-methyl-8-azabicyclo(3.2.1)-oct-3-yl]-1H-indazole- 3-
carboxamide), a selective 5-HT3 receptor antagonist
(Abi-Dargham et al., 1993) were purchased from Sigma
Co. St. Louis, MO, USA. Ondansetron, another selective
5-HTj; receptor antagonist (Gaster and King, 1997), was
donated by GlaxoWellcome Research and Development
Ltd., UK. The CRH competitive antagonist o-helical
CRHy_4; (Rivier et al., 1984; Eckart et al., 1999) was ac-
quired from Peninsula Laboratories. All drugs injected
into the third ventricle were dissolved in isotonic saline
solution. Third ventricle injections were given using a
Hamilton microsyringe connected to a 30-gauge injector
through a polyethylene tube. A total volume of 2 pl was
slowly injected (60-90 s). The doses and regimens used for
each compound were determined in pilot experiments.

2.3. Experimental design

First, we studied the effect of third ventricle injec-
tions of fluoxetine on blood glucose levels of fasted
animals. These animals had no access to food for the
18 h prior to of the experiments (food access ceased at
6 PM on the day preceding the experimental session)
and the experiments always began at 12 PM. Fluox-
etine was injected into the third ventricle, at various
doses, immediately after the collection of a blood
sample (pre-drug sample).

To investigate whether the hyperglycemic effect induced
by central injections of fluoxetine was dependent on the
activation of central CRH components, different groups of
fasted rats received third ventricle injections of a-helical
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CRH, a selective CRH antagonist, at various doses, 10 min
before the central administration of fluoxetine.

To study the participation of central 5-HTj5 receptors
on fluoxetine-induced hyperglycemia, different groups of
fasted rats received third ventricle injections of two
distinct 5-HT; receptor antagonists (LY-278,584 and
ondansetron) at several doses, 15 min before the central
administration of fluoxetine.

To investigate whether the participation of the central
CRH and 5-HT; receptor components in fluoxetine-in-
duced hyperglycemia was physiological, different groups
of animals received third ventricle injections of each one
of the antagonists used (ondansetron, LY-278,584 and
a-helical CRH) alone in the highest dose employed in
the previous experimental sets.

To study the role insulin in fluoxetine-induced hy-
perglycemia, different groups of animals received third
ventricle injections of fluoxetine in the highest dose used
in the first experimental set and had their insulin plasma
levels determined.

Blood samples were collected in a volume of 0.4 ml. To
avoid hypovolemia, an equal amount of isotonic saline
solution was intravenously injected after each sampling.
A pre-drug blood sample (baseline values) was collected
immediately before central injections and considered as
time 0'. All groups included in the present study had blood
samples collected at 5, 30, 60, 90 and 120 min after the
administration of fluoxetine.

After centrifugation, plasma samples were stored at
—20 °C until plasma glucose concentrations were de-
termined using the glucose oxidase method with com-
mercial kits (Glucox 500) purchased from DOLES
(Goiania, Brazil). Plasma insulin levels were determined
by radioimmunoassay using kits acquired from Linco
Research (St. Charles, MO, USA).

2.3.1. Statistical analysis

To determine the effect of the drugs or saline on
blood glucose, the blood glucose concentrations ob-
tained at the various times after treatment were sub-
tracted from the blood glucose concentration measured
immediately before each particular treatment. The delta
values resulting from the different treatments were an-
alyzed by a computer software program (SigmaStat for
Windows, Jandel Scientific, San Rafael, CA), which
performs one way analysis of variance (ANOVA) for
comparison of each treatment across time-points, fol-
lowed by the post hoc Student-Newman-Keuls test. The
groups were considered significantly different when
p < 0.05. The data are presented as means + SEM.

3. Results

Fig. 1 shows the effect of third ventricle injections of
fluoxetine, at different doses, on blood glucose levels in
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Fig. 1. Effect of third ventricle injections of fluoxetine at different
doses, or saline on plasma glucose levels in fasted Wistar male rats.
Preinjection plasma glucose concentrations (mg/dl) and the number of
animals in each of the groups shown in the graph above were saline:
92.7+4.0, n = 6; fluoxetine 1.82 pumol: 119.3+ 3.6, n = 7; fluoxetine
3.65 pmol 90.3 +4.0, n = 8; fluoxetine 7.30 pmol: 84.0 2.9, n = 12;
fluoxetine 14.40 pmol: 72.3+3.2. Results are expressed as mean-
s+ SEM. ANOVA results for each time period were F(4.40) = 2.02.
p=0.1094 at 5 min; F(4,40) =3.23, p=0.0217 at 30 min:
F(4,40) = 5.18, p = 0.0018 at 60 min; F(4,40) = 4.95, p = 0.0025 at
90 min; F(4,40) = 5.45, p=0.0014 at 120 min. Asterisks indicate a
statistically significant difference (p < 0.05) between fluoxetine-treated
and saline-treated controls (post-test Student-Newman-Keuls).

fasted rats. At the lowest dose employed (1.82 pmol)
fluoxetine injection was able to increase blood glucose
levels only after 30 min. At every other dose used (3.65,
7.30 and 14.40 pmol) fluoxetine administration was able
to induce significant hyperglycemic effects, beginning
after 30 min and lasting until the end of the experiment.
Control animals received third ventricle injections of
isotonic saline solution under the same conditions and in
the same amount used when fluoxetine was administered.

Fig. 2 shows the effect of the pretreatment with -
helical CRH, a CRH antagonist, on the hyperglycemic
response induced by the central administration of flu-
oxetine (14.40 pmol). At the lowest dose used (0.06
nmol), a-helical CRH was unable to modify fluoxetine-
induced hyperglycemia. However, at the intermediate
dose used (0.24 nmol), pretreatment with o-helical CRH
significantly reduced hyperglycemia induced by central
fluoxetine administration. This inhibitory effect began
60 min after fluoxetine injections and lasted until the end
of the experiment. At the highest dose employed (1.20
nmol), a-helical CRH pretreatment yielded a significant
decrease in fluoxetine-induced hyperglycemic response.
beginning 30 min after fluoxetine administration and
lasting for the entire duration of the experiment.

Fig. 3 illustrates the effect of the pretreatment with
LY-278,584, a 5-HT; receptor antagonist, on the hy-
perglycemic response induced by the central adminis-
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Fig. 2. Effect of central pretreatment with a-helical CRH at different
doses, or saline, on the hyperglycemic response elicited by third ven-
tricle injections of fluoxetine at the dose of 14.40 umol. Preinjection
plasma glucose concentrations (mg/dl) and the number of animals in
each of the groups shown in the graph above were saline + fluoxetine:
101.4+2.44, n=15; a-helical CRH (0.06 nmol)+ fluoxetine:
93.1+2.9, n = 7; a-helical CRH (0.24 nmol) + fluoxetine: 89.4 £ 3.11,
n = 7; a-helical CRH (1.20 nmol) + fluoxetine: 114.8 + 1.2, n = 9. Re-
sults are expressed as means+ SEM. ANOVA results for each time
period were F(3,37) =5.14, p=0.004 at 5 min; F(3.37) =4.08,
p=001 at 30 min; F(3,37)=4.71, p=0.007 at 60 min;
F(3,37) =10.7, p < 0.0001 at 90 min; F(3,37) =4.60, p = 0.008 at
120 min. Asterisks indicate a statistically significant (p < 0.05) differ-
ence between animals receiving fluoxetine pretreated with saline
(controls) and animals receiving fluoxetine pretreated with a-helical
CRH at different doses (post-test Student-Newman—Keuls).

tration of fluoxetine (14.4 umol). The lowest dose (15.0
nmol) was unable to modify fluoxetine-induced hyper-
glycemia. At the intermediate dose employed (30.0
nmol), the central pretreatment with LY-278,584 signif-
icantly reduced the increase in blood glucose levels ob-
served after fluoxetine third ventricle injections. In this
case, blood glucose levels remained significantly lower in
the period comprised between 30 and 120 min after flu-
oxetine administration, as compared to the group of
animals receiving third ventricle injections of fluoxetine
but pretreated with isotonic saline solution (controls).
Pretreatment with LY-278,584, at the highest dose used
(60.0 nmol) caused a significant impairment of fluoxe-
tine-induced hyperglycemia for the whole duration of the
experiment, as compared to saline-pretreated controls.
Fig. 4 shows the effect of pretreatment with ondan-
setron, another 5-HTj; receptor antagonist, on the hy-
perglycemic response elicited by fluoxetine (14.4 pmol).
At the lowest used (20.0 nmol) ondansetron pretreat-
ment was able to induce a significant impairment in the
hyperglycemic response induced by fluoxetine adminis-
tration at 90 and 120 min. At the highest dose employed
(80.0 nmol), ondansetron promoted a significant re-
duction in fluoxetine-induced hyperglycemic response in
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Fig. 3. Effect of central pretreatment with LY-278,584 at different
doses, or saline, on the hyperglycemic response elicited by third ven-
tricle injections of fluoxetine at the dose of 14.40 pmol. Preinjection
plasma glucose concentrations (mg/dl) and the number of animals in
each of the groups shown in the graph above were saline + fluoxetine:
103.44+28, n = 10; LY-278,584 (15.0 nmol) + fluoxetine: 104.2 £+ 3.8,
n=9; LY-278,584 (30.0 nmol) + fluoxetine: 116.1 +4.8, n = 10; LY-
278,584 (60.0 nmol) + fluoxetine: 120.7+2.8, n =9. Results are ex-
pressed as means = SEM. ANOVA results for each time period were
F(3,34) = 5.57, p = 0.0005 at 5 min; F(3,34) = 7.08, p = 0.0008 at 30
min; F(3,34) = 10.5, p < 0.0001 at 60 min; F(3,34) = 13.6, p < 0.0001
at 90 min; F(3,34) = 12.1, p < 0.0001 at 120 min. Asterisks indicate a
statistically significant (p < 0.05) difference between animals receiving
fluoxetine pretreated with saline (controls) and animals receiving flu-
oxetine pretreated with L'Y-278,584 at different doses (post-test Stu-
dent-Newman-Keuls).

the period between 60 and 120 min after third ventricle
injections of fluoxetine. Animals receiving third ventricle
injections of fluoxetine but pretreated with ondansetron
were compared to animals receiving fluoxetine but pre-
treated with isotonic saline-solution.

Table 1 shows that plasma glucose levels were not
affected by third ventricle injections of the CRH an-
tagonist a-helical CRH (1.20 nmol) or the 5-HT3 re-
ceptor blockers, ondansetron (80 nmol) and LY-278,584
(60 nmol), when any of these compounds was adminis-
tered alone as compared to saline-treated controls.

Table 2 shows that plasma insulin levels in fasted
animals receiving third ventricle injections of fluoxetine
(14.40 pumol) are not different from those of saline-
treated controls, despite a significant increase in plasma
glucose concentration, as demonstrated in Fig. 1.

4. Discussion

In the present study we have demonstrated that third
ventricle injections of fluoxetine, a serotonin reuptake
inhibitor, produce a significant increase in plasma
glucose levels. The experiments performed here also
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Fig. 4. Effect of central pretreatment with ondansetron at different doses,
or saline, on the hyperglycemic response elicited by third ventricle in-
jections of fluoxetine at the dose of 14.40 umol. Preinjection plasma
glucose concentrations (mg/dl) and the number of animals in each of the
groups shown in the graph above were saline + fluoxetine: 106.7 + 7.7,
n = 7, ondansetron (20.0 nmol)+ fluoxetine: 118.24+4.6, n =9; on-
dansetron (40.0 nmol) + fluoxetine: 113.7+4.4, n = 6; ondansetron
(80.0 nmol) + fluoxetine: 112.0+£2.9, n = 9. Results are expressed as
means + SEM. ANOVA results for each time period were F(3,27) =
1.84, p = 0.16 at S min; F(3,27) = 2.81, p = 0.06 at 30 min; F(3,27) =
4.04,p = 0.02at 60 min; F(3,27) = 3.41,p = 0.31 at90; F(3,27) = 4.32,
p=0.01, at 120 min. Asterisks indicate a statistically significant
(p < 0.05) difference between animals receiving fluoxetine pretreated
with saline (controls) and animals receiving fluoxetine pretreated with
ondansetron at different doses (post-test Student—-Newman—Keuls).

indicate that fluoxetine-induced hyperglycemia seems to
depend on the functional integrity of the brain CRH
system and central 5-HT; receptors, since pretreatment
with both a CRH antagonist (a-helical CRH) and two
distinct selective 5-HT; receptor blockers (LY-278,584
and ondansetron) significantly blunts the increase in
blood glucose levels observed after the central admin-
istration of fluoxetine. It is also shown that, in spite of
producing hyperglycemia, third ventricle injections of
fluoxetine do not modify plasma insulin levels.

Brain serotonergic pathways configure a vast neu-
ronal network of mesencephalic origin exhibiting intri-
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Table 2
Effects of third ventricle injections of fluoxetine or saline on plasma
insulin levels (ng/dl) in fasted rats

Time Treatment
Saline Fluoxetina 14.4 ANOVA results
(n=10) pumol (n = 10)
0 0.78+0.13 0.65+0.05 F(2,26) =0.73, p=0.54
60 0.79+0.15 0.82+0.18 F(2,26) = 1.34, p=0.28
120 0.62+0.07 0.80+0.08 F(2,26) =0.73, p=0.54

Results are shown as means+ SEM. There were no statistically
significant differences between the two groups. The number of animals
used is indicated in parenthesis in each column.

cate anatomical interconnections that operate through a
protean array of biochemical processes triggered by
serotonin actions on several membrane receptors
(Barnes and Sharp, 1999; Hoyer et al., 2002). The
central serotonergic system is involved in the regulation
of a large number of physiological processes including
food and water intake, blood pressure control, neuro-
endocrine events, sleep/arousal cycling and thermoreg-
ulation.

It seems that brain serotonin also participates in the
control of blood glucose levels. Indeed, pharmacological
stimulation of central 5-HTs, 5-HT>a and 5-HT>g/>c
receptors seems to elicit a hyperglycemic response in rats
(Chaouloff and Jeanrenaud, 1987; Durcan et al., 1991;
Sugimoto et al., 1996; Yamada et al., 1998). We have
recently demonstrated that third ventricle injections of
m-CPBG, a selective 5-HT; receptor agonist, induce a
significant increase in blood glucose levels in fasted rats
(Carvalho et al., 2002). Also, p-chloroamphetamine, an
agent that increases serotonin release by serotonergic
neurons, promotes hyperglycemia (Yamada et al., 1998).

A literature review shows that fluoxetine adminis-
tered by a peripheral route induces a significant increase
in blood glucose in mice (Yamada et al., 1999). More
recently it has been demonstrated that the acute ad-
ministration of fluvoxamine, another SSRI, elicits a
significant increase in blood glucose levels in diabetic
patients (Oswald et al., 2003). However, a huge seroto-
nergic system is located in the gastrointestinal tract,

Table 1
Effects of third ventricle injections of ondansetron, LY-278,584, a-helical CRH or saline on plasma glucose levels in fasted rats
Time Treatment
Saline Alfa-HCRF Ondansetron LY-278.584 ANOVA results
1.20 nmol 80 nmol 60 nmol
9) (13) (8) (10)
5 4224261 4.69+1.59 1.00 +4.58 4.00+1.98 F(3,36) =0.37, p=0.77
30 1.44+1.97 0.54+2.63 6.00 + 3.85 2.00 £2.09 F(3,36) =0.73. p=0.54
60 -0.89 +1.86 3.23+2.60 0.50 +3.33 -3.60 £2.42 F(3,36) =134, p=0.28
90 -511+£1.59 3.46+197 -0.50 +3.89 0.40 +2.76 F(3,36) =204 p=0:13
120 1.334+2.46 6.23+3.20 7.50 +3.89 6.80 +2.60 F(3,36) =0.73. p=0.34

Results are shown as means + SEM. There were no statistically significant differences among the groups. The number of animals used is indicated

in parenthesis in each column.
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playing complex integrative physiological roles, includ-
ing the control of the entero-pancreatic axis. Indeed,
serotonin fibers have been ‘dentified within the pancreas
(Kirchgessner and Gershon, 1990; Ding et al., 1991),
serotonin is present in the pancreatic islets both within
alpha and beta cells, and serotonin participation in the
control of pancreatic endocrine function i1s a well-es-
tablished phenomenon (Nakajima ct al., 1988; Cetin,
1992). In addition, serotonin inhibits pancreatic insulin
secretion (Feldman and Lebovitz, 1970; Pontiroli et al.,
1978) and fenfluramine, a serotonin releaser, reproduces
this effect and increases glucagon release in the perfused
rat pancreas (Barseghian ct al., 1983). Thus, the present
data, obtained with the central injection of fluoxetine,
are important for the dissection and isolation of the
brain-related mechanisms inducing hyperglycemia after
acute fluoxetine administration.

Acute administration of SSRIs such as fluoxetine
induces a prompt rise in serotonin availability in the
synaptic clefts, immediately increasing serotoninergic
transmission. When these agents are administered
chronically the excess of synaptic serotonin may stimu-
late autoceptors located in serotonin neurons, leading to
a reduction in serotoninergic activity. This explains the
huge differences observed in several visceral and be-
havioral responses after acute and chronic serotonin
administration. Therapeutical effects of fluoxetine are
observed only after chronic treatment and the neuro-
chemical events that mediate such effects remain con-
troversial (Mongeau et al., 1997). In humans, acute
effects of fluoxetine administration include restlessness,
nervousness, agitation and anxiety, a cluster of symp-
toms that is collectively known as jitteriness (Amster-
dam et al., 1994) and also, hyperglycemia (Oswald et al.,
2003). Thus, the fact that the chronic use of fluoxetine
and other serotonin reuptake inhibitors may induce
hypoglycemia in humans (Deeg and Lipkin, 1996; Pol-
lack et al., 2001) reflects an effect produced by a rather
different neurochemical condition, as compared to the
neurochemical events triggered by fluoxetine when
acutely administrated through an intracerebroventricu-
lar route.

Here, we have used central administration of fluoxe-
tine as a pharmacological procedure that acutely in-
creases brain serotonergic transmission (Raap and Van
de Kar, 1999) without eliciting actions on the peripheral
endocrine system involved in blood glucose regulation.
Conditions that increase brain serotonin release, such as
acute fenfluramine admimstration. are associated with
an enhancement in ¢-Fos expression in CRH neurons in
the hypothalamus (Javed et al., 1999). Thus. it is ra-
tional to suggest that an acute increase in brain CRH
activity may be part of the mechanisms leading to tlu-
oxetine-induced hyperglycemia. This prompted us to
investigate the possible role of brain CRH in the hy-
perglycemic response observed here.

It is well documented that the activation of central
CRH neurons produces an increase in sympathetic ac-
tivity that leads to an enhancement in blood glucose and
free fatty acids (Brown ct al., 1982; Lenz et al., 1987;
Gunion et al., 1988). On the other hand, the blockade of
CRH receptors significantly decreases stress-induced
elevations in blood epinephrine and glucose levels
(Brown et al., 1985).

In the present study, the previous administration of
a-helical CRH, a CRH competitive antagonist that
displaces endogenous CRH binding, significantly de-
creased the hyperglycemic response observed after
central fluoxetine administration. A dense and complex
anatomo-functional interplay links the central seroto-
nergic and CRH systems. Indeed, the hypothalamic
paraventricular nuclei, bilateral structures regulating
CRH release, are innervated by serotonergic fibers
(Hanley and Van de Kar, 2003) and CRH released
from the paraventricular nuclei seems to mediate the
increase in ACTH after pharmacological activation of
brain 5-HT1A receptors (Pan and Gilbert, 1992).
Furthermore, the hypothalamo-pituitary—adrenocorti-
cal axis is stimulated by pharmacological activation of
the amygdaloid complex (Feldman et al., 1998). Also, .
CRH neurons within the paraventricular nuclei in-
crease c-Fos expression after central administration of
numerous serotonin agonists (Bovetto et al., 1996).
Conversely, the serotonin-induced increase in metabolic
rate is attenuated by CRH antagonists (Bovetto et al.,
1996) and CRH seems to mediate the serotonin-in-
duced increase in B-endorphin secretion (Bagdy et al.,
1990). Other groups have also established the partici-
pation of brain CRH in the effects of serotonin reup-
take inhibitors. Indeed, the effects of fluvoxamine on
the body weight of rats are mediated by CRH (Wie-
czorek et al., 2001). Therefore, the data presented here
demonstrating that the blockade of central CRH
function by a-helical CRH significantly blunts fluoxe-
tine-induced hyperglycemic response merely reveal an-
other functional link between brain CRH and
serotonergic systems.

We have previously demonstrated that the central
pharmacological activation of 5-HT; receptors leads to
a significant increase in blood glucose in fasted rats
(Carvalho et al., 2002). This prompted us to investigate
here a possible participation of that class of serotonin-
ergic receptors in fluoxetine-induced hyperglycemia. The
central administration of either of the two different 3-
HT; receptor antagonists employed in the present study
generated a significant impairment in the rise in blood
glucose elicited by fluoxetine. Thus, it 1s valid to suggest
that acute third ventricle mjections of fluoxetine lead to
a hyperglycemic response by a mechanism that requires
the funcnional integrity of central 5-HTs receptors.

Pretrcatment with LY-278.584 generates a more efli-
cacious blockade of fluoxctine-induced hyperglycemia.
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as compared to the blockade obtained in the group of
animals pretreated with ondansetron. lonic gates known
as 5-HT; receptors are composed of at least threc sub-
units (5-HTsa, S-HT3y and 5-HT;¢) and 5-HT; recep-
tors bearing distinct subunit combinations may exhibit
different activation patterns and pharmacological pro-
files (Hapfelmeier et al., 2003). Different recruitment of
some subunits for the formation of heteromeric 5-HT;
receptors In vivo may generate a significant heteroge-
neity of responses after receptor activation or blockade
(Fletcher and Barnes, 1998). It is therefore possible that
ondansetron and LY-278,584 act preferentially on 5-
HT; receptors composed of a particular combination of
subunits, explaining the different level of efficacy in the
blockade of fluoxetine-induced hyperglycemia shown
here.

Both the CRH and the 5-HT; receptor antagonists
were able to block fluoxetine-induced hyperglycemia,
but were unable to modify plasma glucose levels when
injected alone into the third ventricle. This clearly indi-
cates that fluoxetine-induced hyperglycemia physiologi-
cally requires the activation of both central 5-HT3 and
CRH receptors.

Third ventricle injections of fluoxetine induce a sig-
nificant increase in blood glucose levels. In fluoxetine-
treated animals, however, plasma insulin levels are not
significantly different from those presented by saline-
treated normoglycemic controls. This seems to indicate
that the acute central serotonergic stimulation evoked
by central administration of fluoxetine, blunts the in-
crement in plasma insulin levels that is normally re-
quired to compensate the hyperglycemic state generated
by this procedure. This is in agreement with data in the
literature showing that stimulation of brain serotonin
circuitries decreases insulinemia and that this effect is
mediated by the central CRH system (Wieczorek et al.,
2001: Nandi et al., 2002). Furthermore, pharmacological
activation of central 5S-HT 4 receptors clicits a reduction
in plasma insulin levels associated with hyperglycemia
(Chaouloff and Jeanrenaud. 1987). The data shown
here. clearly demonstrate that a central CRH compo-
nent is essential in the generation of fluoxetine-induced
hyperglycemia. Therefore, it is rational to suggest that a
CRH-dependent enhancement in sympathetic activity
may cxplain the absence of the counterregulatory in-
crease in plasma insulin displayed by fluoxetine-treated
animals, since an increasce in sympathetic activity may
impair insulin secretton and promote insulin resistance
(Steffens et al.. 1991: Landsberg, 1993).

In summary, the data shown in the present study
scem to indicate that acute stimulation of central sero-
tonin pathways by third ventricle injections of fluoxctine
vields a hyperglveemic response that requires the func-
tonal integrity of the brain CRH system and 5-HT;
receptors. Also. it 1s proposed that the lack of a com-
pensatory increase in plasma insulin levels may con-

tribute to the generation of a hyperglycemic response
after central fluoxetine administration.
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ABSTRACT

In the present study we investigated the effect of the activation of central
serotonergic pathways achieved through third ventricle injections of quipazine, a
serotonergic agonist, on plasma glucose levels of fasted and fed adult Wistar male
rats, whose third ventricles were cannulated 7 days before the experiments.
Central quipazine administration induced a significant increase in plasma glucose
levels in fasted animals, but was unable to modify plasma glucose concentrations in
fed rats. Pretreatment with o-helical CRH, a CRH antagonist, significantly
attenuated quipazine-induced hyperglycemia. Pretreatment with two different 5-
HT3 receptor antagonists, LY-278,584 and ondansetron, was also able to produce
a significant reduction in the hyperglycemic response evoked by the central
administration of quipazine. None of the antagonists used was capable of modifying
plasma glucose concentrations when injected alone into the third ventricle. Quipazine-
treated, hyperglycemic animals showed no increase in plasma insulin levels. It is
concluded that acute pharmacological serotonergic stimulation by quipazine produces
hyperglycemia by mechanisms that require the functional integrity of both CRH and
5-HTs receptors and that an impairment in insulin secretion and/or activity may

explain hyperglycemia induced by third ventricle injections of quipazine.

KEY WORDS: blood glucose - serotonin — quipazine — CRH antagonist — insulin -

ondansetron - LY-278,584.



Introduction

In mammals, brain serotonin pathways, a widespread neurochemical
system that originates in several midline nuclei located within the mesencephalic
raphe, participate in the regulation of various behavioral and visceral responses
such as food and water intake, blood pressure, neuroendocrine events,
sleep/arousal cycling and thermoregulation, and seem to affect plasma glucose
regulation (1). In addition, electrical stimulation of either dorsal or median raphe
nuclei elicits hyperglycemia, a response also obtained by chemical stimulation of
those nuclei by kainic acid or glutamate. Conversely, the use of 5,7-
dihydroxytryptamine, a neurotoxic agent that destroys serotonergic fibers, blocks
the hyperglycemic effect elicited by the electrical stimulation of raphe nuclei (2).
The hyperglycemic effect of d-fenfluramine, an indirect serotonin agonist, seems
to be mediated by central 5-HT> receptors in rats (3). Also, the increase in central
serotonergic transmission induced by the peripheral administration of 5-
hydroxytryptophan, the first precursor in serotonin synthesis, is able to enhance
blood glucose in rats (4). Central serotonergic effects on blood glucose regulation
seem to depend on the type of receptor involved. Indeed, pharmacological
stimulation of brain 5-HTa receptors by the selective agonist 8-OH-DPAT induces
hyperglycemia (5, 6). Also, the central administration of selective 5-HT2a and 5-
HTsc receptor agonists enhances blood glucose by a mechanism that seems to be
dependent on peripheral adrenaline release (7, 8). We have recently shown that
pharmacological activation of central 5-HT3 receptors by the selective agonist m-
CPBG provokes a significant increase in blood glucose (9).

CRH is a brain peptide that regulates many physiological and behavioral

responses related to physical and psychological stressors (10). Brain CRH and



serotonergic circuitries are anatomically linked since CRH fibers reach the
median raphe and serotonergic neurons innervate CRH-containing neurons in the
hypothalamus (11). Furthermore, a reciprocal functional interaction between
these two systems seems to exist. Indeed, CRH modulates the serotonin system,
whose activity seems to be influenced by central CRH (12). CRH induces a
hyperglycemic response that is secondary to the enhanced peripheral secretion of
both epinephrine and norepinephrine (13), a condition that leads to an increase
in hepatic glucose output (14).

Considering the above information, in the present study we decided to
investigate the participation of brain CRH systems and 5-HT3 receptors in the
hyperglycemic response elicited by quipazine-induced central pharmacological

serotonergic stimulation in fasted rats.

MATERIALS AND METHODS
Animals

We used adult Wistar male rats weighing 200-250 g kept under controlled
light (lights on from 07:00 AM. to 07:00 P.M.) and temperature (22-24 °C)
conditions. In the days before the experimental sessions, they had free access to
tap water and laboratory chow (Nuvital Nutrientes Ltda, Curitiba, Brazil). The
experimental protocols were conducted according to the guidelines of the
National Institutes of Health (USA).
Surgical procedures

The third ventricle was cannulated under pentobarbital anesthesia (50
mg/kg i.p.) five days prior to the experimental sessions. A 22-gauge, stainless

steel cannula (15 mm in length) was stereotaxically implanted according to the



following coordinates: anteroposterior = 0.5 mm behind bregma; lateral = 0.0 mm;
vertical 8.5 mm below the skull. The cannulas were cemented to the skull bone
with dental acrylic and provided with an obturator (28-gauge) in order to avoid
obstruction.

The day before the experimental sessions, a silastic jugular catheter was
placed into the right atria according to the procedures previously described by
Harms and Ojeda (15). The catheter was filled with heparinized saline (25 IU/ml)
and led subcutaneously to the neck, where it was exteriorized and sealed. On the
day of the experiment, the catheter was flushed with heparinized saline. An
extension of polyethylene tubing allowed blood collection without disturbing the
animals.

After sacrificing the animals by CO: inhalation, a third ventricle injection of
Blue Evans dye was performed in order to confirm whether the tip of the cannula was
correctly positioned. Only the data from animals whose cannulas were located strictly
within the third ventricle were considered.

Drugs and injections

The following drugs were used: quipazine, a serotonin agonist, and LY-
278,584 (1-methyl-N-[8-methyl-8-azabicyclo(3.2. 1)-oct-3-yl]- 1H-indazole-3-
carboxamide), a selective 5-HT3 receptor antagonist (16, 17) were purchased from
Sigma Co. St. Louis, MO, USA. Ondansetron, another selective 5-HT3 antagonist,
was kindly donated by GlaxoWellcome Research and Development Limited, UK
(18). The CRH antagonist o-helical CRHg.41 (10) was acquired from Peninsula
Laboratories. All drugs injected into the third ventricle were dissolved in isotonic

saline solution.



Third ventricle injections were performed using a Hamilton microsyringe
connected to a 30-gauge injector through polyethylene tubing. A total volume of 2
ul was slowly injected (60 - 90 s).

Experimental design

Firstly, we studied the effects of third ventricle injections of quipazine in
various doses in distinct groups of fasted and fed rats. In the groups of fasted
rats the animals had no access to food for the 18 hours before the onset of the
experiments (food access ceased at 18:00 h the day before the experimental
session) and the experiments always began at 12:00 h. In the groups of fed
animals, the animals were initially fasted for 14 hours (from 18:00 to 08:00 h).
After this period, they had free access to standard laboratory chow for three
hours (from 08:00 to 11:00 h) and the experimental sessions also began at 12:00
h. This procedure helps minimize individual variations in food intake immediately
before the experimental sessions in the group of fed animals. In both groups
quipazine was injected into the third ventricle immediately after the collection of a
blood sample (pre-drug sample).

To investigate whether the hyperglycemic effect induced by central injections of
quipazine was dependent on the activation of central CRH components, different
groups of fasted rats received third ventricle injections of a-helical CRH, a selective
CRH antagonist, at various doses 10 minutes before the central administration of
quipazine.

To study the participation of central 5-HTs receptors on quipazine-induced
hyperglycemia, different groups of fasted rats received third ventricle injections of two
distinct 5-HT;3 receptor antagonists (LY-278,584 and ondansetron) at various doses 15

minutes before the central administration of quipazine.



To evaluate whether the hyperglycemic effect of quipazine was due to an
alteration in insulin secretion, a separate group of animals received third ventricle
injections of quipazine at the highest dose used in the first experimental set and their
plasma insulin concentration was measured.

To investigate whether the role of central CHR and 5-HT3 receptor components
was physiological, separate groups of animals received third ventricle injections of
each one of the tested antagonists (ondansetron, LY-278,584 and a-helical CRH) alone
at the highest doses used in the previous experimental set.

Blood samples were collected in a volume of 0.4 ml. To avoid hypovolemia, an
equal amount of isotonic saline solution was intravenously injected after each
sampling. A pre-drug blood sample (baseline values) was collected immediately before
central injections and considered as time O'. All groups of rats studied had blood
samples collected at 5, 30, 60, 90 and 120 minutes after the administration of
quipazine.

After centrifugation, plasma samples were stored at —-20° C until glucose
measurement by the glucose oxidase method, using commercial kits (Glucox 500)
purchased from DOLES (Goiania, Brazil). Plasma insulin levels were measured by
radioimmunoassay using kits acquired from Linco Research (St. Charles, MO, USA).
Statistical analysis

To determine the effect of the drugs or saline on blood glucose, the blood
glucose concentrations obtained at the various times after treatment were subtracted
from the blood glucose concentration measured immediately before each particular
treatment. The delta values resulting from the different forms of treatments were
analyzed by a computer software program (SigmaStat for Windows, Jandel

Scientific, San Rafael, CA), which performs one way analysis of variance for



comparison of each mode of treatment across time-points followed by the post
hoc Student-Newman-Keuls. The groups were considered significantly different

when p < 0.05. The data are presented as mean + SEM.

RESULTS

Figure 1 shows that third ventricle injections of quipazine promoted a
statistically significant increase in plasma glucose levels in fasted rats, as compared to
saline-treated controls. At the lowest dose used (0.22 nmol), the central administration
of quipazine increased plasma glucose concentration only after 120 minutes. Sixty
minutes after the third ventricle injections of quipazine at the other doses used (0.45
and 0.90 nmol), there was a significant hyperglycemic response that remained
throughout the experiment.

Figure 2 shows that fed rats do not display any significant modification in
plasma glucose levels after receiving third ventricle injections of quipazine when
compared to saline-treated controls.

Figure 3 depicts the effect of central pretreatment with o-helical CRH, a CRH
antagonist, at various doses, on the hyperglycemic response generated by third
ventricle injections of quipazine (0.90 nmol) in fasted rats. At the lowest dose used
(0.06 nmol), o-helical CRH was unable to modify quipazine-induced increase in
plasma glucose levels. At the other doses used (0.13 and 0.26 nmol), the previous
injection of a-helical CRH significantly blunted the hyperglycemic response induced by
third ventricle injections of quipazine.

Figure 4 shows the effect of central pretreatment with LY-278,584, a 5-HTs
antagonist, at several doses, in fasted rats, on the hyperglycemic response provoked

by third ventricle injections of quipazine (0.90 nmol). At the lowest dose used (15.0



nmol), third ventricle injections of LY-278,584 were ineffective. Pretreatment with LY-
278,584 at the other doses (30.0 and 60.0 nmol) significantly reduced the increase in
plasma glucose levels observed 90 minutes after the third ventricle injections of
quipazine.

Figure 5 illustrates the effect of central pretreatment with ondansetron, a 5-
HT3 antagonist, at several doses, on quipazine-induced hyperglycemia in fasted rats.
At the lowest dose used (20.0 nmol), ondansetron was unable to alter the
enhancement in plasma glucose levels induced by the central administration of
quipazine. Pretreatment with ondansetron at the other doses used (40.0 and 80.0
nmol) provoked a significant reduction in the hyperglycemic response generated by
third ventricle injections of quipazine.

Neither the central administration of either one of the selective 5-HT3 receptor
antagonists (ondansetron or LY-278,584) nor of the CRH antagonist (o-helical CRH)
was able to modify plasma glucose concentration in fasted rats, as compared to saline-
treated controls (Table 1).

Table 2 shows that there was no statistically significant difference between the
plasma insulin levels of fasted animals receiving third ventricle injections of quipazine
and those of saline-treated controls, despite a significant increase in plasma glucose

concentration, as shown in Figure 1.

DISCUSSION

The data presented here clearly demonstrate that quipazine, a non selective
serotonin agonist, induces a significant increase in plasma glucose levels in fasted
animals, which begins 60 minutes after its injection into the third ventricle.

Conversely, third ventricle injections of quipazine at the same doses used in fasted



animals are unable to produce any significant increase in plasma glucose
concentrations in fed animals. These data also show that the quipazine-induced
hyperglycemic response in fasted rats depends on the functional integrity of the brain
CRH system since pretreatment with o-helical CRH, a CRH antagonist, is able to
revert the increase in plasma glucose levels observed after third ventricle injections of
quipazine. In addition, our results also demonstrate that activation of central 5-HT3
receptors is a necessary step in the central mechanisms that trigger hyperglycemia
after the central administration of quipazine in fasted animals, since the
pharmacological blockade of those serotonergic receptors by two different antagonists,
LY-278,584 and ondansetron, impairs quipazine-induced, hyperglycemic response.
The central administration of either one of the antagonists used here alone
(ondansetron, LY-278,584 or o-helical CRH), at doses that significantly inhibited the
hyperglycemic effect of quipazine, was unable to modify plasma glucose levels.
Furthermore, we demonstrated here that, despite their hyperglycemic state, fasted
animals receiving third ventricle injections of quipazine showed no increase in plasma
insulin levels as compared to saline-treated controls.

Pretreatment with o-helical CRH, a CRH antagonist, was able to impair the
hyperglycemic response induced by the central administration of quipazine.
Central CRH and serotonergic systems are interwoven and exhibit an intricate
anatomo-functional interplay. Indeed, serotonin fibers innervate the
paraventricular hypothalamic nucleus, a critical brain site regulating CRH release
(19), and enhancement of plasma ACTH levels induced by pharmacological
activation of central 5-HTia receptors is mediated by the release of CRH from the
paraventricular nucleus (20). Also, activation of 5-HT: receptors in the

amygdaloid complex enhances the hypothalamus-pituitary-axis (21).



Furthermore, several serotonin agonists increase c-Fos expression in CRH-
containing paraventricular neurons (22), an important brain site regulating the
reciprocal fine-tuning interactions linking feeding and metabolism. In addition,
some central serotonin actions are mediated through CRH. In fact, the
pharmacological blockade of CRH function by o-helical CRH attenuates the
serotonin-induced increase in metabolic rate (22) and B-endorphin secretion
induced by 5-HT: receptor activation is also CRH-mediated (23). Therefore, our
results showing that the blockade of central CRH function by o-helical CRH
reduces the hyperglycemic response induced by pharmacological activation of the
serotonergic system just reveal another functional link between the central CRH
and serotonergic systems. Based on the above information, we suggest that brain
CRH activation is a necessary step in the generation of quipazine-induced
hyperglycemic response.

Activation of the brain CRH system produces an increase in blood glucose
and free fatty acids that depends on an enhancement in sympathetic activity (13,
24, 25) and the pharmacological blockade of CRH receptors by o-helical CRH
significantly decreases stress-induced elevations in blood glucose levels (26). Our
results therefore indicate that at least one of the mechanisms by which central
serotonin stimulation leads to hyperglycemia is a CRH-mediated increase in
sympathetic tone.

In the present study, central serotonergic stimulation by quipazine
induced hyperglycemia in fasted, but not in fed rats. Fasting activates an
ascending noradrenergic projection that stimulates CRH release (27), food
deprivation rapidly increases c-Fos expression in CRH neurons in several brain

regions including the paraventricular nucleus (28), and feeding reduces CSF CRH



contents (29). As a result, fasted animals may present a greater CRH-induced
hyperglycemic drive after central serotonergic activation by quipazine. The lack of
this higher endogenous CRH-related hyperglycemic drive may explain the
absence of a quipazine-induced hyperglycemic response in fed animals.

Quipazine is a serotonergic agonist that stimulates 5-HT,, 5-HT2 and 5-HT3
receptors. We have previously demonstrated that central pharmacological
activation of 5-HT3s receptors by the selective agonist m-CPBG increases plasma
glucose levels (9). In the present paper, we show that quipazine-induced
hyperglycemia is, at least in part, due to the activation of central 5-HT3 receptors
since pretreatment with two different selective 5-HT3 antagonists, LY-278,584 and
ondansetron, was able to reduce quipazine enhancement of plasma glucose
levels.

When administered alone, neither the CRH antagonist (o-helical CRH) nor
the 5-HT; receptor blockers (ondansetron and LY-278,584) were able to modify
plasma glucose levels in fasted rats. This suggests that quipazine-induced
hyperglycemia requires the activation of both CRH and 5-HTs3 receptor
components as subsequent steps, and that these components do not work as
parallel stimulatory drives.

Animals receiving central injections of quipazine presented a significant
hyperglycemic response and their insulin levels did not rise as expected. This
indicates that central stimulation of serotonergic pathways by quipazine may impair
the increase in plasma insulin levels necessary to counterbalance the hyperglycemic
state generated by central serotonergic stimulation. This is in agreement with some
data in the literature showing that stimulation of central serotonergic pathways

reduces plasma insulin level and that this effect is mediated by the central CRH



system (30, 31). Moreover, central stimulation of 5-HT:a receptors induces a reduction
in plasma insulin levels with concomitant hyperglycemia (5). We have demonstrated
here that a central CRH component is essential for the development of a quipazine-
induced hyperglycemic response. Thus, a CRH-dependent increase in sympathetic
activity may explain the lack of counterregulatory insulin enhancement observed in
quipazine-treated hyperglycemic animals since increased activity of the sympathetic
nervous system may be a critical factor leading to impaired insulin secretion and
insulin resistance (32, 33). Nevertheless, we cannot exclude that the variability in
insulin plasma levels may mask regulatory effects resulting from glucose
elevations of the magnitude reported in the present paper.

The brain CRH system is closely related to the genesis of several psychiatric
disorders such as anxiety and depression, and pharmacological strategies for brain
CRH that would lead to new psychoactive therapeutic agents are goals to be achieved
in the near future (34). Brain serotonin systems and the subset of 5-HT3 receptors are
the targets of several legal and illegal pharmacological agents of routine use or abuse.
Thus, the data produced here elucidating operational mechanisms of a rather
important metabolical effect, the activation of brain serotonin pathways, is of both
physiological and clinical significance.

In summary, our results show that acute pharmacological stimulation of
central serotonin pathways by third ventricle injections of quipazine generates a
hyperglycemic response that requires the functional integrity of both central CRH and
serotonergic systems, and that quipazine-induced hyperglycemia seems to be a
consequence of the lack of a hyperinsulinemic response necessary for prevent ing

hyperglycemia.



LEGEND - FIGURE 1

Effect of third ventricle injections of quipazine, at different doses, or saline on
plasma glucose levels in fasted Wistar male rats. Results are expressed as means *
SEM. Asterisks indicate a statistically significant difference between quipazine-treated
and saline-treated controls (p < 0.05). Preinjection plasma glucose concentrations
(mg/d]) and the number of animals in each of the groups shown in the graph above:
saline: 99.1 £ 5.1 n = 9; quipazine 0.22 nmol: 100.9 + 2.9 n = 13; quipazine 0.45 nmol:

95.5+ 2.5 n=11; quipazine 0.90 nmol: 107.0+ 5.4 n= 12,



LEGEND - FIGURE 2

Effect of third ventricle injections of quipazine, at different doses, or saline on
plasma glucose levels in fed Wistar male rats. Results are expressed as means + SEM.
There were no statistically significant differences between quipazine-treated and
saline-treated controls. Preinjection plasma glucose concentrations (mg/dl) and the
number of animals in each of the groups shown in the graph above: saline: 138.2 +
3.9 n = 9; quipazine 0.22 nmol: 125.8 + 1.9 n = 13; quipazine 0.45 nmol: 130.1 3.6 n

= 14; quipazine 0.90 nmol: 116.1 £3.2 n=11.



LEGEND - FIGURE 3

Effect of central pretreatment with a-helical CRH, at different doses, or saline,
on the hyperglycemic response elicited by third ventricle injections of quipazine at the
dose of 0.90 nmol. Results are expressed as means * SEM. Asterisks indicate a
statistically significant difference between animals receiving quipazine pretreated with
saline (controls) and animals receiving quipazine pretreated with a-helical CRH (p <
0.05). Preinjection plasma glucose concentrations (mg/dl) and the number of animals
in each of the groups shown in the graph above: saline + quipazine: 104.0 £ 12.5 n =
9; a-helical CRH (0.06 nmol) + quipazine: 94.8 £ 2.6 n=13; o«-helical CRH (0.13 nmol)
+ quipazine: 105.2 £ 2.5 n = 13; a-helical CRH (0.26 nmol) + quipazine: 116.4 + 4.4 n

= 14.



LEGEND - FIGURE 4

Effect of central pretreatment with LY-278,584, at different doses, or saline, on
the hyperglycemic response elicited by third ventricle injections of quipazine at the
dose of 0.90 nmol. Results are expressed as means + SEM. Asterisks indicate a
statistically significant difference between animals receiving quipazine pretreated with
saline (controls) and animals receiving quipazine pretreated with LY-278,584 (p <
0.05). Preinjection plasma glucose concentrations (mg/dl) and the number of animals
in each of the groups shown in the graph above: saline + quipazine: 104.0 £ 12.5 n =
9; LY-278,584 (15.0 nmol) + quipazine: 92.0 + 4.3 n = 7; LY-278,584 (30.0 nmol) +
quipazine: 115.4 £ 2.7 n = 13; LY-278,584 (60.0 nmol) + quipazine: 104.8 £ 8.2 n =

12.
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LEGEND - FIGURE 5

Effect of central pretreatment with ondansetron, at different doses, or saline on
the hyperglycemic response elicited by third ventricle injections of quipazine at the
dose of 0.90 nmol. Results are expressed as means = SEM. Asterisks indicate a
statistically significant difference between animals receiving quipazine pretreated with
saline (controls) and animals receiving quipazine pretreated with ondansetron (p <
0.05). Preinjection plasma glucose concentrations (mg/dl) and the number of animals
in each of the groups shown in the graph above: saline + quipazine: 104.0 + 12.5 n=
9; ondansetron (20.0 nmol) + quipazine: 115.0 £ 5.8 n = 7; ondansetron (40.0 nmol) +

quipazine: 113.6 + 4.7 n = 13; ondansetron (80.0 nmol) + quipazine: 98.7 + 2.7 n = 12.
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TABLE 1

Effects of third ventricle injections of ondansetron, LY-278,584, a-helical CRH or
saline on plasma glucose levels in fasted rats

Treatment Saline Alfa-HCRF Ondansetron LY278584
0.26 nmol 80 nmol 60 nmol
Time (8) (11) (7) 9)

5 1.00 £4.58 427 +1.54 3.43 + 3.08 4.44 +2.15
30 6.00 = 3.85 -0.36 +2.43 8.00 +4.28 1.33 +2.21
60 0.50 + 3.89 3.18 +2.97 2.85 +4.07 -2.67 +2.49
90 -0.50 £ 3.89 3.72 +2.24 0.57 +4.81 -0.44 +2.94
120 7.50 + 3.89 5.91 +2.86 9.14 +4.07 5.78 +2.68

Results are shown as mean + SEM. There were no statistically significant
differences among the groups. The number of animals used is indicated in
parenthesis in each column.




TABLE 2

Effects of quipazine or saline third ventricle injections on plasma
insulin levels in fasted rats

Treatment Time (min) Plasma Insulin levels
(ng/ml)

0 0.78 £ 0.13
Saline 60 0.79+0.15
120 0.62 £ 0.07
Quipazine 0 0.78 £0.15
(0.90 nmol) 60 0.82 + 0.19
120 0.73 + 0.12

Results are shown as mean * SEM. Quipazine or saline were
injected ICV. Saline n = 10 Quipazine n = 9. There were no
statistically significant differences between the two groups.
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Central 5-HT; Receptor Stimulation by m-CPBG

Increases Blood Glucose in Rats

Abstract

The aim of the present study was to investigate the role of central
5-HTj; receptors on the control of blood glucose in stressed and
non-stressed rats in both fasted and fed states. Adult Wistar
male rats had each their third ventricle cannulated 7 days before
the experiments. Injections of m-CPBG, a selective 5-HT; recep-
tor agonist, induced a significant increase in blood glucose in
non-stressed rats in both fasted and in fed states. The same pro-
cedure was unable to modify stress-induced hyperglycemia. The
hyperglycemic effect of m-CPBG central administration was
blocked by pretreatment with ondansetron, a specific 5-HT; re-

ceptor antagonist, indicating that the effects here obtained with
m-CPBG were a result of its interaction with 5-HT; receptors.
Third ventricle injections of ondansetron alone were not able to
modify blood glucose in non-stressed animals and did not
change the hyperglycemic responses observed after immobiliza-
tion stress. We conclude that pharmacological activation of the
central 5-HT; receptor induces a hyperglycemic effect in non-
stressed animals.

Key words
Serotonin - Stress - Blood Glucose - Hyperglycemia - 5-HT; Recep-
tor

Introduction

Serotonin participation in the control of glucose homeostasis is a
rather under-explored matter. Both central and peripheral sero-
tonin may exert regulatory roles in glycemia control. The proces-
ses related to serotonin control of blood glucose levels and the
roles played by each serotonin receptor in this homeostatic
mechanism are still obscure.

Serotonin receptors located in peripheral tissues seem to exert
some control on glycemic levels. Thus, peripheral administration
of the selective 5-HT;, agonist 8-OH-DPAT induces a significant
transient hyperglycemic response that seems to be consequent
to a reduction in blood insulin levels [1]. Hyperglycemia is also
observed after peripheral 5-HT,, receptor stimulation by specific
agonists [2].

The increase in central serotonergic transmission induced by 5-
hydroxytryptophan administration enhances blood glucose [3].
Pharmacological activation of central 5-HT,;,, 5-HT,4 and 5-
HT,g)5c receptors seems to induce a significant hyperglycemic re-
sponse [1,4-8], and hyperglycemia observed after the adminis-
tration of serotonin-releasing drugs such as p-chloroamphet-
amine may be mediated by central 5-HT;, and 5-HT,p,¢ recep-
tors [8]. Also, adrenal catecholamine release leading to hypergly-
cemia seems to depend on the activation of central 5-HT, , recep-
tors located in the paraventricular nucleus [9,10], and central
stimulation of 5-HT, receptors by the selective agonist DOI in-
creases blood glucose levels [2]. As far as we are aware, there is
little knowledge about the roles played by central 5-HT; recep-
tors in the regulation of blood glucose levels.

Activation of central serotonin circuitries is a necessary step dur-
ing stress, leading to direct stimulation of both sympathetic ac-
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tiv;lty and the hypothalamus-pituitary-adrenal axis [11], and it is
well-known that stress evokes a hyperglycemic response [12].

In the present work, we investigated the roles of central 5-HT;
receptors in the control of blood glucose in fasted and fed rats
submitted or not to immobilization stress using a pharmacologi-
cal protocol.

Materials and Methods

Animals

Adult Wistar male rats weighing 200+30g kept under con-
trolled light (lights on from 8:00 a.m. to 8:00 p.m.) and tem-
perature (22-24 C) conditions were used in the experiments.
The animals had free access to water and laboratory chow (Nuvi-
tal Nutrientes Ltd., Curitiba, Brazil) in the days before the experi-
ments. They were handled daily in order to minimize stress dur-
ing the experimental sessions. The experimental protocols were
conducted according to the rules suggested by the National Insti-
tutes of Health (USA).

Surgical procedures

Seven days before the experimental sessions, the third ventricle
was cannulated under pentobarbital anesthesia (40 mg/kg i.p.).
A 22-gauge stainless steel cannula (15 mm in length) was stereo-
taxically implanted according to the following coordinates: an-
teroposterior = 0.5 mm behind bregma; lateral = on the sagittal
line: vertical = 8.5 mm below the skull. The cannulas were ce-
mented to the skull bone with dental acrylic adhesive and
provided with an obstructer (28-gauge). The animals were fixed
to the stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA) with the head inclined 2 mm upward. After surgery, the ani-
mals were housed in individual cages. They had free access to tap
water and food.

After sacrifice by ether inhalation, a third-ventricle injection of
Blue Evans dye was performed to confirm whether the tip of the
cannula was correctly positioned. We took only data from ani-
mals whose cannulas were exactly in the third ventricle into con-
sideration.

The day before the experimental sessions, a silastic jugular cath-
eter was placed into the right atria according to procedures de-
scribed elsewhere [13]. The catheter was led subcutaneously to
the neck, exteriorized and sealed. Thirty minutes before the ex-
periments, the jugular catheters were rinsed with a saline solu-
tion containing 1% heparin (5000 Ul/ml).

Immobilization stress

Immobilization stress was achieved by placing the animals in
plastic tubes especially designed to restrain the animals without
causing any apparent signs of pain.

Drugs and microinjections

The following drugs were used: m-chlorophenylbiguanide hy-
drochloride (I-(3-chlorophenyl) biguanide; m-CPBG, MW
248.11), a selective 5-HT; agonist [ 14], was purchased from Tocris
Cookson. Inc., Ballwin, MO. Ondansetron (MW 293.37), a specific
5-HT; antagonist, was kindly donated by GlaxoWellcome Re-
search and Development Limited, UK [15]. All drugs were dis-

solved in saline solution. Third ventricle injections were
achieved using a Hamilton microsyringe connected to a Mizzy-
Slide-Pak needle through polyethylene tubing (PE 10). A total
volume of 2 ul was slowly injected (60 - 90 s).

Experimental design

Seven days after the third ventricle cannulation, the animals
were submitted to the experimental sessions. To study the roles
of central 5-HT; receptors on blood glucose regulation, four dis-
tinct groups of freely moving rats (fasted non-stressed, fasted
stressed, fed non-stressed and fed stressed) received third-ven-
tricle injections of the selective 5-HT; agonist m-CPBG in differ-
ent doses, and these were compared to control groups receiving
third-ventricle injections of isotonic saline solution. In the
groups used to study central 5-HT; receptor participation in the
control of blood glucose in fasted rats, the animals were fasted
for the 18 hours before the onset of the experiments (food access
was restricted at 6: 00 p.m. the day before the experimental ses-
sion) and the experiments always began at midday. To investi-
gate the role of central 5-HT; receptors in blood glucose regula-
tion in fed animals, the animals were fasted for 14 hours (from
6:00 p.m. to 8:00 a.m.). After this period, they had free access
to standard laboratory chow for three hours (from 8:00 to
11:00 a.m.) and the experimental sessions also began at midday.
This procedure serves to minimize variations in food intake
among individuals immediately before the experimental ses-
sions.

In the groups used to study the role of central 5-HT; receptors on
blood glucose regulation in stressed animals, third-ventricle in-
jections of m-CPBG or saline (controls) were made 30 min before
the beginning of stress. To determine the pharmacological speci-
ficity of m-CPBG’s effects obtained in non-stressed rats, the ani-
mals were pretreated with third-ventricle injections of ondanse-
tron, a selective 5-HT; receptor antagonist, or saline (controls) 15
minutes before receiving m-CPBG by the same route. The possi-
ble participation of central 5-HT; receptors in the control of
blood glucose during stress was further evaluated in fasted and
fed animals by third ventricle administration of ondansetron or
saline 15 minutes before the onset of stress.

Blood samples were collected in a volume of 0.4 ml. An equal vol-
ume of saline was intravenously injected in order to avoid hypo-
volemia. A pre-drug blood sample (baseline values) was collect-
ed immediately before central injections and considered as time
0'. The groups of stressed rats receiving m-CPBG had subsequent
blood samples collected at 5, 15, 30, 60, 90 and 120 minutes after
the onset of stress. The groups of non-stressed rats receiving m-
CPBG had blood samples collected at 5, 15, 30, 60, 90 and 120
minutes after the administration of the drug.

Blood samples were centrifuged and plasma stored at - 20 Cun-
til glucose determination by the glucose oxidase method using
commercial kits (Glucox 500) purchased from DOLES (Goiania,
Brazil).

Statistical analysis

To determine the effect of the drugs or saline, the blood glucose
concentrations obtained at the various time points after treat-
ment were subtracted from the blood glucose concentration
measured immediately before each particular treatment. The
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delta values resulting from the different treatments were ana-
lysed using the software package SigmasStat for Windows, Jandel
Scientific, San Rafael, CA, which performs one-way analysis of
variance for comparison of each treatment across time-points
followed by the post hoc Student-Newman-Keuls test. The
groups were considered significantly different at p < 0.05. Results
are presented as the mean + SEM.

Results

Fig.1 (panel A) shows the effect of third-ventricle injections of
m-CPBG in different doses (2.5, 10.0 and 40 nmol/rat) or saline
on blood glucose of fasted non-stressed rats. As observed, phar-
macological stimulation of central 5-HT; receptors by m-CPBG in
all doses applied generated a significant increase in blood glu-
cose compared to saline-treated controls. As seen in panel B,
third-ventricle injections of ondansetron (40 nmol/rat) 15 min-
utes before central administration of m-CPBG (40 nmol/rat)
blocked the hyperglycemic effect of the 5-HT; agonist in fasted
non-stressed animals. The difference between the group pre-
treated with ondansetron (ondansetron+m-CPBG) and the group
receiving m-CPBG alone was statistically significant at times 30,
60 and 120 minutes. Panel C shows that third-ventricle injec-
tions of ondansetron are unable to modify basal glycemic levels
in fasted non-stressed animals.

Fig. 2 (panel A) shows the effects of third-ventricle injections of
m-CPBG or saline on blood glucose in fasted animals submitted
to immobilization stress. Comparing saline-treated control
groups that were submitted and those that were not submitted
to stress, a significant increase in blood glucose could be ob-
served in stressed animals, as expected. Third ventricle injec-
tions of m-CPBG in two different doses (40 and 160 nmol/rat)
were unable to modify stress-induced hyperglycemia. Fig.2
(panel B) shows the effects of third-ventricle injections of ondan-
setron in different doses or saline to fasted rats under immobili-
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zation stress. In all doses employed (40 and 160 nmol/rat), on-
dansetron did not change the hyperglycemic response to stress.

Fig. 3 (panel A) shows the effect of third-ventricle injections of
m-CPBG in different doses (2.5, 10, 40 and 80 nmol/rat) or saline
on blood glucose of fed non-stressed rats. In the lowest dose em-
ployed (2.5 nmol/rat), m-CPBG administration did not induce a
hyperglycemic effect until 120 minutes after administration.
The intermediate dose of 40 nmol/rat m-CPBG induced a hyper-
glycemic response starting 90 min after administration. In the
highest dose used, m-CPBG was able to elicit blood glucose en-
hancement that began 30 minutes after its injection and lasted
until the end of the experimental session. As seen in Fig. 3 (panel
B), third-ventricle injections of ondansetron (40 nmol/rat) 15
minutes before central administration of m-CPBG (80 nmol/rat)
blocked the hyperglycemic effect of the 5-HT; agonist in fed,
non-stressed animals. The difference between the group pre-
treated with ondansetron (ondansetron+m-CPBG) and the
group receiving m-CPBG alone was statistically significant from
30 minutes until the end of the experiment. Fig.3 (panel C)
shows that third-ventricle injections of ondansetron do not
modify blood glucose levels in fed, non-stressed rats.

Fig.4 (panel A) shows the effects of third-ventricle injections of
m-CPBG or saline on blood glucose of fed animals submitted to
immobilization stress. Comparing saline-treated control groups
that were submitted and those that were not submitted to stress,
a significant increase in blood glucose could be observed in
stressed animals, as expected. Third ventricle injections of m-
CPBG in two different doses (80 and 160 nmol/rat) were unable
to modify the hyperglycemic response that follows immobiliza-
tion stress. Fig. 4 (panel B) shows the effects of third-ventricle in-
jections of ondansetron in different doses or saline to fed rats
submitted to immobilization stress. Ondansetron did not change
the hyperglycemic response to stress in any dose applied (80 or
160 nmol/rat).
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Fig.1 Effect of 5-HT; receptor stimulation on plasma glucose concen-
tration in fasted non-stressed Wistar male rats. Animals receiving
third-ventricle injections of m-CPBG in different doses (2.5 nmol (4],
n =13, preinjection plasma glucose concentration = 73.2 + 2.58;
10nmol [e], n =13, preinjection plasma glucose concentra-
tion = 83.2 + 1.64; 40 nmol [M], n = 7, preinjection plasma glucose
concentration = 97.3 +4.0) were compared with animals receiving
saline (O), n =8, preinjection plasma glucose concentration
= 85.6 +3.14 (panel A). Animals receiving ondansetron (40 nmol)
plus m-CPBG (40 nmol), (¥, n = 8, preinjection plasma glucose con-
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centration = 124.0 + 5.07) were compared with animals receiving
m-CPBG (40 nmol) alone (panel B). Animals treated with ondansetron
(40 nmol) alone (7, n = 10, preinjection plasma glucose concentra-
tion = 112.3+3.16) were compared with animals receiving saline
(panel C). Results are expressed as means + SEM. * indicates a statis-
tically significant difference (p < 0.05) between animals receiving saline
(controls) and animals treated with different doses of m-CPBG.
# indicates a statistically significant difference (p <0.05) between ani-
mals receiving ondansetron plus m-CPBG with rats receiving m-CPBG
alone.
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Fig.2 Effect of third-ventricle injections of m-CPBG or ondansetron
on plasma glucose concentration in fasted stressed Wistar male rats.
Stressed animals receiving different doses of m-CPBG (40 nmol [H],
n = 13, preinjection plasma glucose concentration = 87.6 + 3.19;
160nmol (@], n=9; preinjection plasma glucose concentra-
tion = 86.7 + 2.27; panel A) or ondansetron (40 nmol [A], n = 9, pre-
injection plasma glucose concentration = 130.1 + 2.15; 160 nmol [¥],
n = 8, preinjection plasma glucose concentration = 129.5 + 2.46,
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panel B) were compared to saline-treated controls (O, n = 14, pre-
injection plasma glucose concentration = 86.0 + 2.09). All groups of
stressed animals were compared with saline-treated non-stressed
controls (CJ, n =8, preinjection plasma glucose concentra-
tion = 85.6 + 3.14). Results are expressed as means + SEM. * indicates
a statistically significant difference (p <0.05) between saline-treated
non-stressed rats and all other groups.
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Fig.3 Effect of 5-HT; receptor stimulation on plasma glucose concen-
tration in fed non-stressed Wistar male rats. Animals receiving third-
ventricle injections of m-CPBG in different doses (2.5 nmol [a], n = 6,
preinjection plasma glucose concentration = 103.2 + 4.55; 10 nmol
[®].n =7, preinjection plasma glucose concentration = 111.4 + 2.87;
40nmol (W], n =9, preinjection plasma glucose concentration =
100.4 + 3.62; 80 nmol [@], n = 8, preinjection plasma glucose concen-
tration = 96.3 + 4.65) were compared with animals receiving saline
(O, n = 6, preinjection plasma glucose concentration = 108.4 + 3.43;
panel A). Animals receiving ondansetron ([40 nmol]) plus m-CPBG

Time (min)

Time (min)

[80nmol] [¥], n =11, preinjection plasma glucose concentration
= 144.4+4.09) were compared with animals receiving m-CPBG
(80nmol) alone (panel B). Animals treated with ondansetron
(40 nmol) alone (LI, n = 13, preinjection plasma glucose concentra-
tion = 120.0 + 2.69) were compared with animals receiving saline
(panel C). Results are expressed as means + SEM. ™ indicates a statisti-
cally significant difference (p <0.05) between animals receiving saline
(controls) and animals treated with different doses of m-CPBG. # indi-
cates a statistically significant difference (p <0.05) between animals
receiving ondansetron plus m-CPBG with rats receiving m-CPBG alone.
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Fig.4 Effect of third-ventricle injections of m-CPBG or ondansetron
on plasma glucose concentration in fed stressed Wistar male rats.
Stressed animals receiving different doses of m-CPBG (80 nmol [H],
n = 10, preinjection plasma glucose concentration = 107.6 + 3.95;
160nmol (@], n = 13; preinjection plasma glucose concentra-
tion = 127.6 + 4.78; panel A) or ondansetron (80 nmol [A], n = 12,
preinjection plasma glucose concentration = 129.5 + 2.46; 160 nmol
[¥], n =10, preinjection plasma glucose concentration = 144 + 5.24;

Discussion

The results presented here clearly demonstrate that the pharma-
cological activation of central 5-HT; receptors by the selective
agonist m-CPBG increases blood glucose levels in fasted and fed
non-stressed rats, while the same procedure does not modify the
hyperglycemic response induced by immobilization stress in ei-
ther fasted or fed rats. Blood glucose increase after central m-
CPBG administration seems to be consequent to a specific stimu-
lation of central 5-HT; receptors, since pre-treatment with on-
dansetron, a selective 5-HT; antagonist, impairs the increase in
blood glucose observed after third-ventricle injections of m-
CPBG in non-stressed animals. Collectively, these results suggest
that central 5-HT; receptor stimulation in non-stressed animals
augments blood glucose levels, whereas the hyperglycemic re-
sponse observed after immobilization stress does not seem to
be influenced by central 5-HT; receptors.

Besides the well-recognized effect of brain serotonin on the con-
trol of food intake, several studies indicate a central serotonergic
participation in the control of blood glucose homeostasis. How-
ever, we have no clear picture of how central serotonin pathways
are integrated with the various glucoregulatory mechanisms so
far. It is known that central 5-HT 4, 5-HT,4 and 5-HT,p,¢ receptor
stimulation by selective pharmacological agents increases blood
glucose in rats [1,4-7], and that selective serotonin reuptake
blockers such as fluoxetine enhance blood glucose by reducing
plasma insulin levels [ 16].

Also, p-chloroamphetamine, a serotonin-releasing drug, elicits
hyperglycemia by activating central serotonin receptors [6].
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panel B) were compared to saline-treated controls (O, n = 14, pre-
injection plasma glucose concentration = 119.8 + 2.91). All groups of
stressed animals were compared with saline-treated non-stressed
controls (00, n =6, preinjection plasma glucose concentra-
tion = 108.4 + 3.43). Results are expressed as means + SEM. * indi-
cates a statistically significant difference (p<0.05) between saline-
treated non-stressed rats and all other groups.

Central glucoregulation depends strongly on neurochemical cir-
cuitries operated by hypothalamic nuclei localized around the
third ventricle [17]. These glucoregulatory areas may enhance
blood glucose levels by increasing hepatic glucose output medi-
ated by the sympathetic nervous system or induce hypoglycemia
by reducing hepatic glucose output modulated by the parasym-
pathetic nervous system [18].

Hyperglycemia in fasted animals is mainly dependent on epi-
nephrine-stimulated gluconeogenesis [19]. Also, hyperglycemia
following pharmacological activation of several serotonin recep-
tors seems to depend on peripheral adrenaline release [1,2,20].
Thus, it is reasonable to suggest that, in fasted animals, central
5-HT; receptor pharmacological stimulation drives an input
that produces hyperglycemia as a consequence of a gluconeo-
genesis-dependent increase in hepatic glucose output mediated
by the sympathetic nervous system. On the other hand, in fed an-
imals, the central nervous system may generate hyperglycemia
through a glycogenolytic-dependent mechanism triggered by
hormonal agents, such as epinephrine and glucagon, or by neural
components involving direct sympathetic innervation of the liv-
er parenchyma [19]. It is conceivable that hyperglycemia ob-
served after central administration of a selective 5-HT; agonist
is consequent to peripheral glycogenolysis.

The hyperglycemic effect of third-ventricle injections of m-CPBG
in non-stressed animals seems to be easier to obtain in fasted
than in fed animals. Indeed, when we compare the doses of m-
CPBG used in the present work, it is easy to observe that the com-
pound is able to generate a more pronounced effect in fasted an-
imals. The smallest dose of m-CPBG applied (2.5 nmol/rat) was
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totally ineffective in fed rats, but promoted a significant increase
in blood glucose after 120 minutes in fasted animals. Further-
more, in fasted animals, third-ventricle injections of m-CPBG at
a dose of 40 nmol/rat were able to enhance blood glucose signifi-
cantly from 30 minutes until the end of the experiment, a pattern
of response that is obtained in fed animals only when we used a
dose of m-CPBG two times higher. Thus, it is possible that central
5-HTj; receptors efficacy in triggering the gluconeogenic-depen-
dent mechanisms leading to the hyperglycemic response in fast-
ed animals is greater than their ability to set up the glycogenolyt-
ic mechanisms enhancing blood glucose in fed rats.

Third ventricle injections of ondansetron alone did not modify
basal glycemic values in non-stressed animals and did not affect
stress-induced hyperglycemic responses in either fasted or fed
state. These results seem to indicate that central 5-HT; receptors
do not exert an endogenous regulatory role on blood glucose, at
least in the experimental protocols studied here. However, we
cannot exclude that central 5-HT; receptors may exert a physio-
logical control of glucose homeostasis in conditions such as hy-
poglycemia, or during other stressful situations. In any case, the
study of the effects consequent to central 5-HT; receptor phar-
macological stimulation possesses great relevance, since the
variety of therapeutic procedures with 5-HT; agonists and an-
tagonists currently employed may promote important side ef-
fects by disturbing normal glucose homeostasis.

Distinct from all other serotonin receptors, the 5-HT; receptor
subtype is a voltage-gated channel that induces depolarizing ef-
fects through the modification of cellular ionic fluxes [21,22],
and thereby allows modulatory actions on the release of a myr-
iad of neurotransmitters. It is impossible to discern the exact na-
ture of the central 5-HT; modulatory actions on neurotransmit-
ters involved with the generation of the hyperglycemic re-
sponses observed with the experimental protocol employed
here, in either fasted or fed animals. However, the hyperglycemic
effects seen here do not seem to rely on central cholinergic
activation, a well-known mechanism leading to hyperglycemia
[23], since 5-HT; receptors attenuate cholinergic transmission
[24,25].

Sympathoadrenal hyperglycemic responses are induced by sev-
eral acute stressful stimuli. Central catecholaminergic, histamin-
ergic and serotonergic pathways are involved with the regulation
of sympathetic activity, but the precise neurochemical nature of
the hypothalamic mechanisms controlling sympathoadrenal ac-
tivation still has to be established. However, it is well-known
that the pattern of neurotransmitters controlling sympathetic
activity during stress depends on the nature of the stressful stim-
ulus [26].

Serotonergic systems are sensitive to many stressful stimuli. In-
deed, serotonin is an important component of the central net-
work operating adaptation to stress [27], and central serotonin
pathways participate in stress-induced activation of sympathetic
responses [28]. However, in the experiments performed here, 5-
HT; receptor activation or blockade were not able to modify the
hyperglycemic response to immobilization stress. Thus, it is rea-
sonable to suggest that the central neurochemical mechanism(s)
that enhance blood glucose during immobilization stress are un-
related to central 5-HT; receptors. The use of 5-HT; receptor an-

tagonists that easily cross the blood-brain barrier is the chief
therapeutic resource for controlling the non-coercible nausea
and vomiting generally manifested in patients under chemother-
apy [29]. Also, central 5-HTj; receptors may be involved in many
pharmacological events associated with anxiolytic, antipsychot-
ic and cognitive actions, opening a new field where 5-HT; recep-
tor-related compounds may have future therapeutic use. Thus,
our results showing that central 5-HT; receptors may influence
blood glucose regulation, apart from augmenting basic informa-
tion on central serotonin receptor physiology and pharmacology,
may have important clinical implications. The 5-HT; receptor
agonist m-CPBG is very specific [14], and m-CPBG effects ob-
served here were blocked by ondansetron, a selective 5-HTj; re-
ceptor antagonist [15]. Thus, the phenomena observed here are
consequent to a rather selective pharmacological manipulation
of central 5-HT; receptors.

In summary, the results obtained in the present paper seem to
indicate that pharmacological activation of central 5-HT; recep-
tors induces a hyperglycemic effect in non-stressed rats in both
fasted and fed states.
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5 DISCUSSAO

Os resultados aqui apresentados mostram que a estimulagéo farmacolégica
do sistema serotoninérgico central, promovida pela utilizagdo de um inibidor
seletivo da recaptagdo de serotonina (fluoxetina) e/ou de um agonista
serotoninérgico direto nao especifico (quipazina), provoca hiperglicemia em
animais em jejum nédo estressados. Nossos experimentos mostraram ainda que a
hiperglicemia gerada apds a estimulagdo serotoninérgica central parece ser
dependente da ativagdo do sistema CRH-érgico e da integridade funcional dos
receptores 5-HT3z centrais, desde que o pré-tratamento com o antagonista do
CRH, CRF-a-helicoidal, e com dois antagonistas seletivos para os receptores 5-
HT3, ondansetrona e LY-278.584, bloqueou a resposta hiperglicémica observada
ap6s a administragdo central dos agonistas serotoninérgicos. E valido ressaltar
que a administragao isolada destes antagonistas, nas doses que promoveram o
bloqueio das ag¢des hiperglicemiantes da fluoxetina e da quipazina, foi incapaz de
alterar a glicemia em ratos em jejum, quando comparados ao respectivo grupo
controle, mostrando que as respostas aqui encontradas parecem apresentar um
padrao de ativagéo seqiiencial e ndo a atividade de sistemas hiperglicemiantes
atuando de forma paralela. Em seguida, administramos fluoxetina e quipazina, nas
doses que foram mais eficazes em promover hiperglicemia, e observamos que a
resposta hiperglicémica, induzida pela estimulagao serotoninérgica central, pode
ser dependente do bloqueio da liberagao de insulina, cujos niveis plasmaticos, no
curso desta hiperglicemia, nao foram compativeis com uma esperada resposta

contrarregulatdria.
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A partir dos dados mencionados, e levando em consideragéo a importancia
clinica dos receptores serotoninérgicos 5-HTs;, estudamos de forma mais ampla a
participagao destes receptores no controle da glicemia. A administragao
intracerebroventricular de m-clorofenilbiguanida (m-CPBG), um agonista seletivo
dos receptores 5-HT3, provocou resposta hiperglicémica significativa em animais
em jejum ou alimentados ndo estressados. Esta resposta parece ser
especificamente devida a estimulagdo destes receptores, desde que o pré-
tratamento com o antagonista seletivo ondansetrona, foi capaz de impedir o
aumento dos niveis glicémicos observados apés a administragdo do m-CPBG. Foi
possivel ainda observar que a administracao de m-CPBG néo foi capaz de alterar
a hiperglicemia induzida pelo estresse de imobilizag&o.

Investiga¢des anteriores tém revelado propriedades funcionais dos diversos
subtipos de receptores serotoninérgicos, as quais estao associadas a respostas
fisioldgicas importantes como a modula¢ao da atividade neuronal e alteragbes do
comportamento (BARNES & SHARP, 1999). Desta forma, o desenvolvimento de
farmacos que atuam neste sistema e em seus receptores tem levado a grandes
progressos no que tange a aplicagdo clinica. Dentre as drogas serotoninérgicas
mais utilizadas terapeuticamente estdo os ISRS, os quais sdo empregados no
tratamento de doencas neuropsiquiatricas como a depressdo, mas que também
sdo eficazes em tratar disturbios relacionados a disfung@o serotoninérgica como
bulimia, obesidade e ejaculagédo precoce, entre outros (HAENSEL et al., 1998;
BARR et al., 1994). Neste trabalho, estamos averiguando a participagdo do
sistema serotoninérgico central no controle da glicemia em ratos e, como

observado, os resultados obtidos a partir da estimulagdo serotoninérgica central
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pela administracao ICV de fluoxetina revelaram que este ISRS provocou o
aumento dos niveis glicémicos em animais em jejum.

A participagao da 5-HT central no controle da glicemia tem sido
demonstrada através de estudos que promoveram a estimulagao de subtipos de
receptores serotoninérgicos (CHAOULOFF & JEANRENAUD, 1987; CHAOULOFF
et al., 1990). Existem, ainda, estudos demonstrando hiperglicemia apdés a
estimulagdo do sistema serotoninérgico central pela utilizagdo de ISRS ou
provocada por farmacos que aumentam a liberagdo de 5-HT, nos quais os autores
aplicaram protocolos utilizando vias periféricas para administragdo das drogas. De
fato, trabalhos anteriores revelaram que a inje¢ao intravenosa de d-fenfluramina
induziu aumentos glicémicos associados a elevagdes dos niveis plasmaticos de
adrenalina (CHAOULOFF et al., 1991). Agentes que aumentam a Iiberac;:éo de 5-
HT como a p-cloroanfetamina, também sao capazes de elevar a glicemia apds
administragao parenteral (YAMADA et al., 1998). Da mesma forma, varios ISRS,
como fluoxetina, fluvoxamina e zimelidina, ja foram mencionados na literatura
como drogas que provocam hiperglicemia apos administragdao intraperitonial
(YAMADA et al., 1999; SUGIMOTO et al., 1999).

Neste estudo, promovemos estimulagdo aguda do sistema serotoninérgico
central, através da administragdo de fluoxetina, e obtivemos hiperglicemia em
animais em jejum. E conhecido que a serotonina esta difusamente distribuida no
organismo e que possui um importante subsistema localizado no trato
gastrintestinal com papéis fisiolégicos definidos, incluindo um possivel controle
sobre o eixo entero-pancreatico (KIRCHGESSNER & GERSHON, 1990). E

importante lembrar que a 5-HT esta presente no péncreas tanto nas células
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secretoras de insulina quanto naquelas que liberam glucagon (NAKAJIMA et al.,
1988; CETIN, 1992) e, que fibras serotoninérgicas inervam este érgao endocrino
de maneira significativa (KIRCHGESSNER & GERSHON, 1990; DING et al.,
1991), sendo bem conhecida a participagdo serotoninérgica na regulacdo das
fungbes enddcrinas pancredticas (NAKAJIMA et al.,, 1988; CETIN, 1992). A
administragcao periférica de agentes serotoninérgicos que atravessam a barreira
hemato-encefalica configura-se num tipo de abordagem experimental que nao
permite distinguir qual dos sistemas serotoninérgicos (central ou periférico) esta
envolvido nas respostas glucorregulatérias. O nosso desenho experimental, no
qual a administragao dos agentes farmacoldgicos que atuam sobre a serotonina foi
feita intracerebroventricularmente, permite isolar os possiveis componentes
periféricos e identificar qual a participagédo efetiva desta amina no cérebro sobre o
controle da glicemia.

A fluoxetina € utilizada de forma ampla no tratamento de doencgas
neuropsiquiatricas, disturbios de comportamento alimentar, obesidade e
enxaqueca, porém sua eficacia terapéutica é observada apds o uso crénico, sendo
gue 0s mecanismos neuroquimicos que levam a estes efeitos ainda sdo alvo de
controvérsia (MONGEAU et al., 1997). Por outro lado, estudos tém demonstrado
que a administragdo aguda de fluoxetina pode provocar efeitos completamente
diferentes daqueles observados apés a utilizagao crénica (LINO-DE-OLIVEIRA et
al., 2001). Sao relatados como efeitos agudos ansiedade, agitagao e nervosismo
(AMSTERDAM et al., 1994) todos eles inversos aos encontrados com 0 uso
cronico deste farmaco. Estudos anteriores utilizando ISRS mostraram resultados

conflitantes, revelando que o uso cronico de fluoxetina pode provocar hipoglicemia
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(DEEG & LIPKIN, 1996; POLLACK et al., 2001), enquanto que a administracdo
aguda de fluvoxamina eleva significativamente os niveis glicémicos (OSWALD et
al. 2003). Desta forma, acreditamos que a hiperglicemia encontrada apdés a
administragdo ICV aguda de agonistas serotoninérgicos seja resultante de alguma
condi¢do neuroquimica diferente daquela que ocorre durante a utilizagao cronica.
Neste trabalho, estamos tentando elucidar exclusivamente a atuagao da
serotonina em nivel central. Para tanto, administramos no 3° V fluoxetina,
buscando atingir este sistema de forma ampla e, em seguida, desenvolvemos
experimentos onde injetamos, pela mesma via, um agonista serotoninérgico nao
seletivo, quipazina, com agdes estimulatorias sobre os receptores 5-HT4, 5-HT, e
5-HT; (BLIER & DE MONTIGNY, 1983; PEROUTKA, 1990), ou seja, passamos a
investigar de forma mais restritiva a participa¢cdo de receptores serotoninérgicos
centrais na regulagao glicémica. Como ja mencionado, os estudos que tratam da
relagdo entre a serotonina central e a regulagédo da glicemia séo escassos e nao
formam um panorama claro dos mecanismos que possam estar sob influéncia da
serotonina e de seus receptores quando o organismo busca regular os niveis
plasmaticos de glicose. Os subtipos 5-HT1a, 5-HT2/c s@0 classicamente ativados
pela quipazina e seus efeitos glicorregulatérios sdo amplamente conhecidos
(CHAOULOFF & JEANRENAUD, 1987; CHAOULOFF et al., 1991). Por isto, é
valido admitir que os efeitos hiperglicemiantes da quipazina, aqui observados,
possam ser devidos a estimulagao destes receptores centrais. De fato, uma série
de estudos tém tentado elucidar os papéis dos diversos subtipos de receptores
serotoninérgicos utilizando o pré-tratamento com agonistas e antagonistas

seletivos para avaliar respostas produzidas pela administracdo de quipazina. Um
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destes estudos mostra que a redugdo na expressdo da proteina fos no nucleo
supraquiasmatico de ratos, induzida pela quipazina, parece ser dependente dos
receptores 5-HT1a (MOYER et al., 1997).

A resposta hiperglicémica encontrada em animais em jejum apods
estimulagao central, tanto com a fluoxetina quanto com a quipazina, foi bloqueada
significativamente pelo CRFah, um antagonista do CRH central. E conhecida a
relacdo entre a 5-HT e o CRH que inclui co-localizagao de receptores em areas
cerebrais e modulagGes do sistema CRH sobre o sistema serotoninérgico e vice-
versa (PRICE et al.,, 1998, HANLEY & VAN DE KAR, 2003). Estudos tém
demonstrado que o CRH pode atuar como um neurotransmissor cerebral capaz de
interagir com outros sistemas de neurotransmissao para coordenar componentes
autonémicos e comportamentais de respostas enddégenas, como a resposta ao
estresse (DUNN & BERRIDGE, 1990; OWENS & NEMEROFF, 1991; VALENTINO
et al., 1993). Por outro lado, sua localizagdo anatémica em sitios centrais que
participam do controle do eixo HHA e que ativam significativamente a divisao
simpatica, leva a produgéo de respostas enddcrinas e metabdlicas (BROWN et al.,
1982) que tém como objetivo a manutengdo da homeostase nas mais diversas
situacdes a que o organismo possa estar exposto. E valido ressaltar que ja foi
descrita a capacidade do CRH de aumentar a glicemia, possivelmente pela
elevacao dos niveis periféricos de adrenalina, resposta esta que é inibida pela
administracdo de CRFah (BROWN et al., 1985). Nucleos hipotalamicos, como o
NPV, recebem densa inervagédo serotoninérgica, além de ser este um nucleo

extremamente importante para a regulacéo da secre¢cao de CRH (HANLEY & VAN
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DE KAR, 2003). Sabe-se que a liberagdao de ACTH pela adenohipéfise é CRH-
dependente e, desta forma, é possivel sugerir que este processo também sofra
interferéncia da 5-HT, desde que a estimulagdo farmacoldgica dos receptores 5-
HT1a pOs-sinapticos eleva os niveis de ACTH via liberacdo de CRH pelo NPV
(PAN & GILBERT, 1992). Outro dado reforca a hipétese de agdes seqlienciais
geradas a partir da ativagéo dos sistemas serotoninérgico e CRH-érgico centrais.
A administragéo central de 5-HT ou periférica de d-fenfluramina provoca um efeito
termogénico em ratos, o qual é inibido pelo bloqueio dos receptores do CRH
centrais (LE FEUVRE et al., 1991). Assim, é possivel dizer que a estimulagao
serotoninérgica pode elevar a atividade CRH-érgica gerando a resposta final
encontrada.

A administragdo aguda de fluoxetina provoca um aumento significativo na
transmisséo serotoninérgica (RAAP & VAN DE KAR, 1999) e é conhecido que a
administragao de d-fenfluramina tem a propriedade de elevar os niveis de 5-HT
provocando o aumento na expressdao da proteina fos em neurdénios CRH no
hipotalamo (JAVED et al., 1999). Sabe-se ainda que neurdnios serotoninérgicos
inervam de forma significativa o NPV (HANLEY & VAN DE KAR, 2003), que é o
principal sitio hipotalamico secretor de CRH. Ao utilizarmos o antagonista CRFah
no pré-tratamento de animais que receberam fluoxetina, encontramos que o
bloqueio dos receptores do CRH inibiu a hiperglicemia obtida apds a estimulagao
farmacoldgica do sistema serotoninérgico central com este ISRS. Como
mencionado anteriormente, existe uma forte relacdo entre os sistemas

serotoninérgico e CRH centrais, e sao classicas as respostas hiperglicemiantes
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CRH-dependentes. Desta forma, o aumento dos niveis de 5-HT, promovido pela
fluoxetina, parece provocar elevagédo da secre¢cao de CRH, um horménio capaz de
elevar a glicemia através do aumento da atividade simpatica periférica (BROWN et
al., 1985). Portanto, estamos sugerindo que um dos mecanismos pelos quais a
serotonina provoca hiperglicemia seja o aumento dos niveis periféricos de
catecolaminas, principalmente a adrenalina, a qual exerce influéncias hepaticas e
pancreaticas diretas, podendo modular agdes hiperglicemiantes como o aumento
da gliconeogénese e da secre¢do de glucagon, além de inibir a liberagao de
insulina. Podem ainda ser encontrados na literatura dados que ampliam a
interrelagao entre os sistemas serotoninérgico e CRH-érgico. Dentre os resultados
destes estudos podemos citar que a liberagdo de CRH no NPV parece ser
mediada pelos receptores 5-HT1a (PAN & GILBERT, 1992), que o aumento no
metabolismo intermediario promovido pela 5-HT é bloqueado pelo uso de
antagonistas do CRH (BOVETTO et al., 1996) e que apds a utilizagdo de outros
ISRS, como a fluvoxamina, é possivel observar alteragcbes no peso corporal de
ratos mediadas pelo CRH (WIECZORECK et al.,, 2001). Com todas estas
evidéncias de agdes conjuntas entre os sistemas serotoninérgico e CRH-érgico
centrais é possivel dizer que o bloqueio da hiperglicemia induzida pela fluoxetina
obtido a partir do pré-tratamento feito com o antagonista CRFah revela mais uma
ligacao funcional entre estes sistemas. A administracdo de quipazina eleva a
atividade do sistema CRH-érgico central envolvido no aumento da secregéao de
corticosterona adrenal (HEMRICK-LUECKE & FULLER, 1996). E valido supor que

o componente CRH-érgico central envolvido na estimulagdo simpatica também
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seja ativado pelo aumento da atividade serotoninérgica induzida pela inje¢éo
central de quipazina. Isto nos permite sugerir que o efeito hiperglicemiante da
quipazina, administrada centralmente, possa ser dependente de um efeito
simpatoestimulatério. E pertinente observar que a capacidade do sistema CRH
central de promover elevagdes da glicemia e dos niveis de acidos graxos livres
através de um mecanismo dependente da atividade do simpatico ja foi relatada
(BROWN et al, 1982; NIJSEN et al, 2000), enquanto que o bloqueio
farmacolégico dos receptores CRHR1 e CRHR2 pelo CRFah reduziu de forma
significativa a hiperglicemia induzida pelo estresse (BROWN et al., 1985). Desta
maneira, sdo multiplas as agdes serotoninérgicas que dependem da liberagdo de
CRH, mostrando que deve existir um elo funcional entre estes dois sistemas.
Portanto, podemos incluir a participagdo do CRH na hiperglicemia induzida pela
estimulag&o do sistema serotoninérgico central no rol destas agdes. Além do mais,
a administracdo de varios agonistas da 5-HT promove elevagédo da expressdo da
proteina fos em neurdnios CRH no NPV (BOVETTO et al., 1996) um nucleo
hipotalamico que possui grande importancia glicorregulatdéria.

Prosseguimos a investigagdo buscando avaliar a participagdo dos
receptores 5-HTj3 centrais na hiperglicemia induzida pela fluoxetina e/ou quipazina.
O pré-tratamento com antagonistas seletivos dos receptores 5-HT; centrais, LY-
278.584 e ondansetrona, em animais que receberam fluoxetina levou a uma
redugdo significativa da hiperglicemia encontrada quando os animais foram
tratados com fluoxetina, mas recebendo como pré-tratamento solugédo salina

isotbnica. Estudos anteriores ja haviam demonstrado que a fluoxetina
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administrada parenteralmente promove hiperglicemia (YAMADA et al., 1999;
JACOBY & BRYCE, 1979). E conhecida a capacidade dos ISRS de aumentar a
transmisséo serotoninérgica, a qual promove respostas enddgenas que parecem
ser mediadas, ao menos em parte, pelos receptores 5-HT,. Estudos relatam que a
fluoxetina e a quipazina sdo capazes de atenuar a hiperfagia, a depressao e a
algesia induzidas pela progesterona em ratas, mediante ativagcédo deste subtipo de
receptor serotoninérgico (KAUR & KULKARNI, 2002). Nos dados aqui obtidos, é
possivel acreditar que a hiperglicemia resultante da estimulagdo farmacoldgica do
sistema serotoninérgico central possa ser dependente da ativagdo de receptores
5-HT3 centrais, ja que o bloqueio destes receptores, realizado com dois diferentes
antagonistas seletivos, inibiu a resposta hiperglicémica induzida pela fluoxetina e
pela quipazina.

Os principais efeitos enddcrinos e metabdlicos da ativagdo do CRH central
expressos ha periferia sdao resultantes do aumento da atividade do eixo
hipotalamo-hipdfise-adrenal (levando a elevagdo da corticosteronemia) ou da
atividade simpatica (com a consequiente liberagdo de adrenalina).

Dados de outros autores mostram que a ativagdo do eixo hipotalamo-
hipdfise-adrenal nao parece depender da estimulagao de receptores 5-HT3 centrais
(FULLER, 1996).

Em nosso trabalho, observamos que o pré-tratamento com dois
antagonistas 5-HTj3 seletivos foi capaz de bloquear a hiperglicemia induzida pela
administracao central de quipazina. Assim, considerando resultados de trabalhos
anteriores mostrando que os receptores 5-HT3 centrais ndo sédo capazes de levar

a uma ativagao do eixo hipotalamo-hipodfise-adrenal que propiciasse aumento da
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liberacdo de corticosterona, torna-se aceitavel que a estimulagdo farmacolégica
dos receptores 5-HT3; centrais possa aumentar a liberagdo de CRH, gerando
hiperglicemia simpato-dependente. Esta resposta seria devida a liberacdo de
adrenalina periférica e pode estar associada a secrecdo de corticosterona, até
porque este € um mecanismo utilizado para elevar a glicemia em situa¢oes
consideradas cronicas e na resposta tardia de adaptagao ao estresse.

Em estudo recente, pesquisadores demonstraram modulacao do sistema
CRH sobre o sistema serotoninérgico alterando o ritmo de defecagdo em ratos,
uma resposta mediada pelos receptores 5-HT3 (MIYATA et al., 1998). Isto reforca
a teoria de que a resposta hiperglicémica induzida pela estimulagao
serotoninérgica central seja dependente da atividade do sistema CRH-érgico e da
modulag¢ao promovida pelos receptores 5-HTj3 centrais.

Outro ponto que nos chamou a atenc¢ao é que o grau de inibicado promovido
pelos antagonistas seletivos dos receptores 5-HT3 parece diferir de acordo com o
agonista serotoninérgico utilizado. De fato o LY-278.584 foi capaz de gerar um
blogueio aparentemente mais efetivo da hiperglicemia induzida pela fluoxetina em
relagdo aquele produzido pela ondansetrona. Esta resposta pode ser explicada
com base na capacidade dos receptores 5-HT3 de apresentar isoformas diferentes
(5-HTza, 5-HTas e 5-HTsc) que sdo caracterizadas pelo arranjo feito entre as
subunidades protéicas que formam o canal i6nico. A depender da isoforma
apresentada, podem ocorrer respostas distintas ndo sé na presenga do
neurotransmissor, mas também quando agentes farmacoldgicos estiverem
atuando nestes receptores (HAPFELMEIER et al., 2003). Portanto, é possivel que

os antagonistas aqui utilizados atuem preferencialmente sobre uma determinada
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combinagdo de subunidades, explicando desta forma os diferentes niveis de
eficacia encontrados quando se bloqueou a hiperglicemia induzida pela fluoxetina.

Apesar das respostas hiperglicémicas geradas tanto pela fluoxetina quanto
pela quipazina terem sido bastante evidentes, ndo observamos alteragdes
significativas nos niveis plasmaticos de insulina dos animais que receberam estes
agonistas, em relagdo aos animais controles. Isto aponta para uma possivel
supressao da liberagdo de insulina e, portanto, é plausivel que a estimulagao
aguda do sistema serotoninérgico central promovida pela administragdo de
fluoxetina ou quipazina seja capaz de impedir a hiperinsulinemia contrarregulatéria
esperada. Sdo conhecidos estudos que mostram que elevagdes dos niveis de
serotonina imprimem queda na secre¢d@o de insulina em uma resposta que seria
mediada pelo CRH (NANDI et al., 2002; WIECZORECK et al., 2001). Em alguns
estudos utilizando rotas periféricas, a administragdo de fluoxetina promoveu
hiperglicemia, sem hiperinsulinemia subseqiente (YAMADA et al., 1999; FULLER,
1996; JACOBY & BRYCE, 1979). Assim, é possivel que a hiperglicemia resultante
da administragdo dos agonistas serotoninérgicos, utilizados neste estudo, seja
resultado de uma agéo simpatoinibitéria sobre a secregéo de insulina mediada por
receptores op-adreneérgicos. De fato, sdo encontrados na literatura trabalhos que
sugerem esta relagao; por exemplo, a estimulagao de receptores 5-HT1a centrais
promove queda dos niveis de insulina e consequente hiperglicemia (CHAOULOFF
& JEANRENAUD, 1987). Se observarmos estudos que utilizaram protocolos de
investigacdo periférica, podemos citar que a administracao de 5-HT ou de

agonistas de subtipos de receptores serotoninérgicos diminui os niveis de insulina
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(FELDMAN & LEBOVITZ, 1970; SUGIMOTO et al., 1992) e aumenta os niveis de
glucagon (YAMADA & SUGIMOTO, 2000) tendo, portanto, uma acgao final que é
hiperglicemiante. Estes dados sao refor¢ados por achados anteriores que
revelaram que a injecdo de NA no NPV provoca hiperglicemia acompanhada de
inibigdo da hiperinsulinemia reflexa em ratos (IONESCU et al., 1989). E importante
notar que justamente este nucleo é altamente influenciado pela 5-HT e participa
ativamente da regulagao glicémica.

Portanto, nossos resultados permitem sugerir que o aumento na liberagao
de CRH é uma agao central essencial para que a atividade simpatica periférica
aumentando os niveis de glicose plasmaticos (Figura 1), como demonstrado em
diversos estudos nos quais a estimulagdo de receptores serotoninérgicos gerou
hiperglicemia exatamente através deste mecanismo (CHAOULOFF &

JEANRENAUD, 1987; CHAOULOFF et al., 1991; SUGIMOTO et al., 1992).

Sistema serotoninérgico central

'

CRH
¢Insuhna

Slmpatlco

Hlpergllcemla

Figura 1 — Representacdo esquematica de uma possivel via simpatoinibitéria
resultante da estimulag@o serotoninérgica e CRH-érgica central em animais nao
estressados.
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Os resultados acima discutidos nos levaram a estudar os receptores 5-HTj
centrais isoladamente, pois entre outros fatores, precisadvamos avaliar se a
participacao deste subtipo serotoninérgico era fisioldgica. Sabe-se que a
serotonina é um neurotransmissor envolvido em uma série de eventos
neurovegetativos e comportamentais. Diversos estudos tém demonstrado a sua
influéncia em processos relacionados ao controle da ingestao alimentar
(BLUNDELL & LATHAN, 1979; BLUNDELL, 1977), génese de doengas
neuropsiquiatricas (HOLANDER et al., 1992; LIEBERMAN et al., 1998) e, ainda,
como modulador da resposta adaptativa ao estresse (SHIMIZU et al., 1989;
CHAOULOFF, 1993; CHAQOULOFF et al., 1999) e do controle glicémico
(NONOGAKI & IGUCHI, 1997). A estimulagao elétrica ou quimica dos nucleos da
rafe provoca hiperglicemia (LIN & SHIAN, 1991). Da mesma forma, a estimulagao
farmacoldgica de determinados subtipos de receptores serotoninérgicos como 5-
HT1a, 5-HT25/c, €leva a glicemia por inibigdo dos niveis de insulina e pelo aumento
da atividade simpatica periférica (CHAOULOFF & JEANRENAULD, 1987;
CHAOULOFF et al., 1990). Em estudos anteriores, a participagao dos receptores
serotoninérgicos 5-HT3 periféricos no controle da glicemia foi testada, chegando-
se a conclusdo de que estes receptores nao participam desta regulagdo
(SUGIMOTO et al., 1996). Nossos resultados, porém, revelam que a estimulacédo
central dos receptores 5-HT3 pelo agonista seletivo, m-CPBG, é capaz de alterar o
perfil glicémico elevando os niveis plasmaticos de glicose. O sistema que regula a
glicemia centralmente depende da ativacdo de circuitos neurais existentes em
nucleos hipotalamicos que estdo localizados em torno do 3° V (NONOGAKI &

IGUCHI, 1997). Por outro lado, é aceito que areas hipotalamicas glicorregulatérias
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exercam seu papel hiperglicemiante através de a¢des estimulatérias diretas sobre
o figado, mediadas pelo sistema nervoso simpético, ou promovam hipoglicemia
reduzindo o deébito hepatico de glicose por meio de agbdes parassimpaticas
(SHIMAZU et al., 1966). Assim, podemos sugerir que a presenga de receptores 5-
HTs em areas hipotaldmicas circunventriculares, principalmente naquelas
consideradas responsaveis pelo controle da glicemia, é parte importante desta
regulagao.

A resposta hiperglicémica encontrada apds a estimulagdo dos receptores
serotoninérgicos 5-HT3 centrais foi completamente bloqueada pelo pré-tratamento
com o antagonista 5-HT3 seletivo, ondansetrona. Esta informagédo nos levou a
estudar um possivel papel endégeno destes receptores sobre o controle glicémico
para tanto, administramos isoladamente a ondansetrona no 3° ventriculo. Os
resultados encontrados demonstraram que este antagonista ndo foi capaz de
promover alteragdes significativas nos niveis plasmaticos de glicose, em
comparagao aqueles encontrados nos animais controles. Desta forma, levando em
consideragcao o protocolo aqui utilizado, acreditamos que inexiste um tonus
fisioldgico inibitério 5-HT3 dependente. Isto ndo diminui a importancia dos dados
observados, desde que os receptores 5-HT3; tém sido cada vez mais utilizados
como alvos farmacoldgicos e, portanto diversas patologias vém sendo tratadas
com agentes que atuam nestes receptores, o que pode maximizar efeitos
colaterais indesejaveis.

As alteragOes observadas na glicemia apds a estimulagao farmacoldgica
dos receptores serotoninérgicos 5-HT3 centrais ocorreram independentemente do

estado alimentar, porém, em animais em jejum, a hiperglicemia podia ser
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observada a partir do tempo 30 min., mesmo na menor das doses utilizadas. Por
outro lado, em animais alimentados, o mesmo padrao de resposta sé foi
encontrado apds a utilizagdo de uma dose duas vezes maior que aquela
considerada mais eficaz para animais em jejum. Estudos anteriores sugerem que
em animais no estado de jejum o aumento dos niveis de glicose se da via ativagao
da gliconeogénese hepatica por um mecanismo dependente da liberagdo de
adrenalina pela glandula adrenal (IGUCHI et al., 1989). Outros dados também
demonstraram que a adrenalina de origem periférica participa de forma relevante
da hiperglicemia induzida pela estimulagdo de receptores serotoninérgicos
(CHAOULOFF & JEANRENAUD, 1987; CHAOULOFF et al., 1990). J4 em animais
alimentados, o processo responsavel pela hiperglicemia seria a glicogendlise que
parece ser mediada nao sé pela liberagdo de adrenalina, mas também pelo
aumento dos niveis de glucagon ou, ainda, pela atividade de circuitos neuronais
simpaticos que inervam diretamente o figado (IGUCHI et al., 1989). Estes dados
nos levam a acreditar que a hiperglicemia induzida pela estimulagdo dos
receptores 5-HT3; centrais ativa o eixo simpatico que, por sua vez, promove
aumento da atividade gliconeogénica ou glicogenolitica, a depender do estado
alimentar.

Observamos ainda, que os receptores serotoninérgicos 5-HT3 centrais nédo
parecem participar da hiperglicemia induzida pelo estresse de imobilizagdo. O
estresse gera modificagdes significativas na regulacdo neuroendécrina (CHAN et
al., 1993), além de provocar respostas periféricas capazes de promover alteragoes
adaptativas que incluem mudangas metabdlicas importantes (CHROUSOS &

GOLD, 1992). De fato, é conhecida a participagdo da 5-HT e de seus receptores
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na modulagéo da resposta ao estresse (CHAOULOFF, 1993). Sua participagdo na
ativagdo de mecanismos enddgenos que visam a producédo de uma resposta que
adapte o organismo a uma situacdo estressante vao desde um envolvimento na
regulagéo do eixo hipotalamo-hipdfise-adrenal até uma acéao direta na liberagéo de
CRH em nucleos hipotalamicos (FULLER, 1996; HANLEY & VAN DE KAR, 2003).
A hiperglicemia induzida pelo estresse € uma resposta classica e, sendo assim,
com base no protocolo aqui utilizado, podemos sugerir pelo menos duas
possibilidades: ou os receptores 5-HT3 centrais ndo exercem influéncia sobre a
resposta hiperglicémica gerada pelo estresse de imobilizacdo ou a sua
participagdo € completamente mascarada pela ativagdo de outros fatores centrais
ou periféricos que, por si s6, sdo capazes de gerar o efeito hiperglicemiante aqui

observado (Figura 2).

ESTRESSE

]\

5-HT CRH
(?)l ACTH
Simpatico Corticosterona

N7

HIPERGLICEMIA

Figura 2 — Ativacdo simpatica e do eixo hipotalamo-hipdfise-adrenal na resposta
hiperglicémica ao estresse: Possivel papel serotoninérgico.
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Os receptores 5-HT3; tém sido implicados em uma série de doengas de
importancia clinica indiscutivel a exemplo da sindrome do cdlon irritavel
(HUMPHREY et al., 1999) e doengas que afetam o SNC (JONES & PIPER, 1994).
Em tempo, é valido ressaltar, que € cada vez mais freqlente a utilizagcao de
farmacos que detém seletividade para estes receptores no tratamento destas
patologias (WALTON, 2000; YE et al., 2001), fato que deve levar em consideragéo
toda e qualquer possibilidade de surgimento de efeitos adversos que possam ser
dependentes da atividade dos receptores 5-HTjs, incluindo possiveis disturbios
glicémicos.

Por estas razbes aqui apresentadas, acreditamos que sao relevantes os
resultados alcangados por este trabalho no qual relacionamos o sistema
serotoninérgico central com o controle glicémico. Esta variavel metabdlica por nés
estudada possui grande importancia no sentido de auxiliar de forma significativa
na manutencdo da homeostase glicémica. Este estudo amplia o conhecimento
sobre a participagao das vias serotoninérgicas e subtipos de seus receptores na
regulacdo da glicemia, neste caso o subtipo 5-HT3;, e também revela que a
participacdo deste sistema depende da integridade funcional do componente
CRH-érgico central, revelando ainda que existem conexdes complexas
envolvendo a 5-HT, os receptores 5-HT3; e o CRH central, como pode ser
observado na figura 3. Acreditamos, portanto, que conseguimos atingir os

objetivos previstos no desenvolvimento deste estudo.
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Sistema serotoninérgico central

@)
™

CRH <~ / 5-HT;

Simpatico P Hiperglicemia

Figura 3 — Representacao esquematica das possiveis conexdes entre os sistemas
serotoninérgico, CRH-érgico e receptores 5-HT; centrais sobre o controle da
glicemia em ratos nao estressados.
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6 CONCLUSOES

Neste estudo buscamos investigar a participacdo dos receptores
serotoninérgicos 5-HT3 centrais no controle da glicemia basal em ratos em jejum
ou alimentados submetidos ou ndo ao estresse de imobilizagdo. Averiguamos o
papel das vias serotoninérgicas centrais na regulagao glicémica em animais nao
estressados alimentados ou em jejum e examinamos a existéncia de uma relagao
funcional entre o sistema serotoninérgico, o CRH e os receptores 5-HT; centrais
nas respostas encontradas.

Desta forma, este trabalho nos levou as seguintes conclusoes:

1. A estimulagdo farmacolégica das vias serotoninérgicas centrais pela
administragao de quipazina ou fluoxetina eleva os niveis glicémicos
significativamente em animais em jejum.

2. A hiperglicemia induzida pela estimulagdo farmacoldgica do sistema
serotoninérgico central parece ser dependente do aumento da secrecéo
do horménio hipotalamico CRH em animais em jejum.

3. A hiperglicemia resultante da estimulagdo farmacoldgica do sistema
serotoninergico central parece também depender da ativagdo de
receptores 5-HTj; centrais.

4. Nao parece existir um ténus glicorregulatério endégeno dependente de
receptores 5-HTj; centrais.

5. Nao parece existir um ténus glicorregulatério endégeno dependente do

CRH central.
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6. A resposta hiperglicémica encontrada apds a estimulagao farmacoldgica
central do sistema serotoninérgico parece ser dependente da ativagéao,
de forma sequencial, do sistema CRH-érgico e dos receptores 5-HT;
centrais.

7. A estimulagado serotoninérgica central parece provocar hiperglicemia
pela inibigao da hiperinsulinemia contrarregulatdria esperada.

8. A estimulagao farmacoldgica isolada dos receptores serotoninérgicos 5-
HT3 centrais provoca hiperglicemia significativa em ratos em jejum ou
alimentados néo estressados.

9. A resposta hiperglicémica induzida pelo estresse nao parece depender

da atividade dos receptores 5-HT3 centrais.

Os resultados por nés obtidos e aqui apresentados destacam a participagéao
do sistema serotoninérgico central na regulagdo da glicemia. Este controle é
dependente da integridade funcional do sistema CRH-érgico e dos receptores 5-
HT3 centrais, sendo mais evidente em animais em jejum nao estressados. Desta
forma, estes dados originais revelam uma relagdo complexa entre sistemas
cerebrais distintos que participam de forma conjunta da génese de processos

fisioldgicos da maior importancia.
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