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RESUMO

O etanol e a nicotina sdo as drogas mais comumente usadas no mundo. Como claramente
indicado por estudos epidemioldgicos, existe uma forte associacdo entre o tabagismo e o
consumo de etanol principalmente durante o periodo da adolescéncia. Entretanto, existem
poucos estudos em neurobiologia béasica que avaliem o efeito da exposi¢do combinada de
nicotina e etanol durante o periodo da adolescéncia. Considerando que a nicotina ¢ um
agonista do receptor colinérgico nicotinico (nAChR) e que tem sido demonstrado que o etanol
interage com os nAChRs, o presente trabalho tem como foco o estudo dos efeitos da
exposicdo a nicotina e/ou ao etanol no sistema colinérgico durante a adolescéncia. Do 30° ao
45° dia pés-natal (PN) camundongos da cepa C57BL/6 foram expostos a nicotina (NIC) e/ou
etanol (ETOH). Quatro grupos foram analisados: 1) exposi¢cao concomitante (NIC+ETOH) a
solugdo de nicotina (50png/ml) e etanol (25%, 2g/kg i.p. em dias alternados), 2) exposi¢do a
NIC, 3) exposicio ao ETOH, 4) exposi¢do ao veiculo. Foram quantificadas a
expressao/afinidade aos nAChRs (a4p2), a atividade da colina acetiltransferase (ChAT) e, a
expressdo/afinidade do [*HJhemicolinium-3 (HC-3) ao transportador de alta afinidade pré-
sinaptico de colina, ao final da exposicdo (PN45), apds curto (PN50) e longo periodo de
retirada (PN75). Ao final da exposi¢do, o grupo NIC+ETOH apresentou upregulation de
nAChRs, refletindo simples somagdo dos efeitos da NIC e ETOH no cortex cerebral e
sinergismo no mesencéfalo. A upregulation devido a exposi¢do combinada foi mantida
mesmo apos alguns dias de retirada das drogas. Um més apos o término da exposi¢cdo, 0s
valores foram semelhantes aos obtidos para os animais veiculo. Em PN45, machos NIC
apresentaram aumento da ChAT no cortex cerebral, mas o ETOH foi capaz de reverter este
efeito. Ao contrario, fémeas NIC apresentaram diminui¢do da ChAT. No mesencéfalo,
somente ETOH promoveu aumento da ChAT. Ja em PN50, o grupo NIC apresentou aumento
na ChAT que foi revertido na retirada combinada de NIC+ETOH. Em PN75, o grupo
NIC+ETOH apresentou reducdo da ChAT. Em relagdo ao HC-3, ndo houve alteragdes ao final
da exposi¢do. ETOH e NIC+ETOH apresentaram reducdo da marcacdo alguns dias apos a
retirada das drogas, a qual persistiu at¢ PN75. O presente trabalho fornece evidéncias
experimentais que indicam que nicotina e etanol interagem durante a adolescéncia resultando

em alteracdes nos sistema colinérgico durante a exposi¢ao e durante a retirada das drogas.
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ABSTRACT

Nicotine and ethanol are the most commonly consumed drugs. As clearly indicated by
epidemiological studies, there is a close interrelationship between smoking and alcohol
consumption manly during adolescence period. However, there are few studies on the basic
neurobiology of the effects of the combined nicotine and ethanol exposure in the adolescent
brain. Since nicotine is a cholinergic agonist and it has been shown that ethanol interferes
with nicotinic acetylcholine receptors (nAChR), the current proposal will focus on the
cholinergic effects of nicotine and/or ethanol treatment during adolescence. From the 30th to
the 45th postnatal day (PN), C57BL/6 mice were exposed to nicotine free base (NIC) and/or
ethanol (ETOH). Four groups were analyzed: 1) concomitant (NIC+ETOH) exposure of
nicotine (50 pg/ml) and ethanol (25%, 2 g/kg i.p. every other day); 2) NIC exposure; 3)
ETOH exposure; 4) vehicle. We assessed nAChR (04p2) binding, choline acetyltransferase
(ChAT) activity and [3H]hemicholinium-3 (HC-3) binding to the high affinity presynaptic
choline transporter at the end of exposure period (PN45), at short (PN50) and long term
(PN75) withdrawal. At the end of exposure period, NIC+ETOH elicited a pronounced
upregulation which reflect simple additivity of the effects of nicotine and ethanol in the
cerebral cortex and synergism in the midbrain. On PN45, male NIC mice presented an
increase in ChAT in the cerebral cortex. However, ETOH reversed this effect. In contrast,
female NIC mice presented decreased ChAT activity. In the midbrain, ETOH increased
ChAT. On PN50, NIC mice presented an increase in ChAT activity that was reversed by
ETOH withdrawal. In addition, NIC+ETOH long term withdrawal elicited a decrease in
ChAT activity. Regarding HC-3, binding was not affected on PN45. ETOH and NIC+ETOH
withdrawal promoted a decrease at short and long-term withdrawal. These results provide
experimental evidences that nicotine and ethanol during adolescence interact resulting in

cholinergic system alterations during exposure and withdrawal.
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1. INTRODUCAO

1.1. Nicotina
“O CIGARRO NAO DEVERIA SER CONSIDERADO COMO UM PRODUTO, MAS SIM
COMO UM INVOLUCRO. O PRODUTO E A NICOTINA. CONSIDERE O MACO DE
CIGARROS COMO UM RECIPIENTE PARA O FORNECIMENTO DIARIO DE

NICOTINA™.
PHILLIP MORRIS, 1972

Existe em torno de 1-2 bilhdes de fumantes no mundo, sendo que metade destes irdo
morrer devido a doengas relacionadas com o tabagismo. O total de mortes devido ao uso do
tabaco atingiu o nimero de 4,9 milhdes por ano, o que corresponde a mais de 10 mil mortes
por dia (WHO, 2003). A prevaléncia pode variar entre os paises; particularmente, ¢ estimado
que nas grandes capitais brasileiras em torno de 20% dos adultos sao fumantes (INCA, 2004).

A nicotina ¢ um alcaldide vegetal e hoje ¢ considerada o componente que estabelece e
mantém a dependéncia no tabagismo (Di Chiara, 2000; Stolerman e Shoaib, 1991). Assim,
acredita-se que o tabagismo seja a forma pela qual o individuo consegue consumir a nicotina.
Apesar dos efeitos do tabaco em relagdo a satide e da capacidade viciante da nicotina serem
bem conhecidos, consome-se, anualmente no mundo, a grande quantidade de 73 mil toneladas
de nicotina (WHO, 2004).

Vale ressaltar que a maioria dos fumantes inicia o habito de fumar durante a
adolescéncia (Mansvelder ¢ McGehee, 2002), periodo no qual o individuo parece ser mais
susceptivel ao vicio pela nicotina. Estudos mostram que o consumo de cigarros diarios €
maior em individuos que iniciam o habito na adolescéncia quando comparados com
individuos que iniciam o habito de fumar na idade adulta (Chen e Millar, 1998; Nelson et al.,
1995; Pierce e Gilpin, 1996). Adicionalmente, adolescentes ja expressam sintomas de

dependéncia a nicotina apo6s o consumo de apenas alguns cigarros (Di Franza et al., 2000).

-13 -



1.1.1. Metabolismo

Analises em série das concentragdes de nicotina no sangue de tabagistas revelam sua
rapida elevagdo apds a tragada, atingindo o pico méximo ao cabo de 5 a 10 minutos. A rapida
taxa de absor¢do da nicotina e as grandes quantidades de nicotina que chegam ao cérebro pelo
tabagismo sao dois fatores cruciais na promoc¢do ¢ manutengdo do vicio. A absorcdo da
nicotina pelo organismo ¢ em média 1,0 mg por cigarro, variando de 0,34 mg a 1,56 mg
(Benowitz, 1998). A absor¢ao da nicotina pode ser influenciada por sua concentragio presente
no tabaco, pela maneira de fumar e pela profundidade das tragadas. Depois da absorcao, a
nicotina se distribui facilmente pelo organismo através da corrente sanguinea. Baseado em
autopsias de fumantes, as regides corporais que possuem maior afinidade pela nicotina sdo o
figado, rins, bago e principalmente o sistema nervoso central (Urakawa et al., 1994). A meia
vida da nicotina ¢ cerca de duas horas em seres humanos. Somando-se os valores das meias-
vidas do consumo de tabaco subseqiientes, pode-se prever que a nicotina se acumula, num
fumante regular, a niveis significantes sanguineos por pelo menos 6 a 8 horas depois de
cessado de fumar (Hukkanen et al., 2005).

Nicotina ¢ extensivamente metabolizada em um grande numero de metabdlitos pelo
figado. Na maioria dos mamiferos, incluindo roedores e humanos, o principal metabolito da
nicotina ¢ a cotinina (Hukkanen et al., 2005). Em humanos cerca de 70 a 80% da nicotina ¢
convertida em cotinina (Benowitz e Jacob, 1994). A cotinina, por possuir uma meia-vida
plasmatica mais longa, tem sido utilizada como marcador da exposi¢do ao tabagismo. A
enzima CYP2A6 do citocromo P450 tem sido demonstrada como a enzima que ¢
primariamente responsavel pelo metabolismo da nicotina em humanos (Hukkanen et al.,
2005). Varios polimorfismos tem sido descritos para essa enzima (Hukkanen et al., 2005;

Oscarson, 2001). Além da variabilidade genética, varios outros fatores geram uma grande
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variacdo entre individuos no metabolismo da nicotina (Benowitz et al., 1982). Entre esses

fatores destacam-se: dieta, idade, género e uso de medicagdes.

1.1.2. Efeitos neuroquimicos

Est4d consolidado na literatura que os principais efeitos comportamentais da nicotina
sdo mediados pela ativacdo dos receptores nicotinicos de acetilcolina (nAChRs) (Dani e De
Biasi, 2001; Wonnacott et al., 2005). Os nAChRs sdo receptores ionotrdpicos pentaméricos e
estdo localizados em sitios pré e pos sinapticos no sistema nervoso central e periférico
(Leonard e Bertrand, 2001; Sargent, 2000). Existe uma grande variedade de subtipos de
nAChRs que surge das possibilidades de combinacdes de cada uma das suas subunidades. Em
mamiferos, ja foram clonadas 8 subunidades a (a2 a a7, a9 e a10) e 3 subunidades B (B2 a f4)
(Elgoyhen et al., 1994, 2001; Lindstrom et al., 1996; McGehee e Role, 1995; Sargent, 1993;
Tassonyi et al., 2002). A diversidade dos subtipos de nAChR, sua localizagdo (pré ou pos
sinaptica) e sua distribuicdo cerebral contribuem para a variedade de mecanismos que estes
receptores participam no sistema nervoso central. A ativagdo dos receptores pré sinapticos de
modo geral promove a liberagdo de outros neurotransmissores, enquanto que, a ativagao de
receptores poOs sinapticos promove excitagdo neuronal, como também, a modulacio da
atividade enzimatica (Aramakis e Metherate, 1998; Dani et al., 2000). Desta forma, nAChRs
participam em aspectos fundamentais na plasticidade sinaptica envolvida em muitos
processos fisioldgicos e patoldgicos incluindo o desenvolvimento neuronal, aprendizado e
memoria, e respostas de refor¢o induzidas por drogas de abuso (Gopalakrishnan et al., 1997;
Jang et al., 2002; Levin e Simon, 1998; Salamone ¢ Zhou, 2000). Ha evidéncias de que

nAChRs também estdo envolvidos em processos como ansiedade (File et al., 2000; Ross et
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al., 2000), controle do sono (Domino e¢ Yamamoto, 1965; Salin-Pascual et al., 1999),
antinocicep¢do (Marubio et al., 1999) e fungdes do sistema nervoso autonomo (De Biasi,
2002; Xu et al., 1999a, b).

Devido ao fato de a nicotina regular a liberacdo de uma grande variedade de
neurotransmissores (Wonnacott, 1997), o padrao de funcionamento de varios outros sistemas
de neurotransmissores podem ser afetados. O sistema dopaminérgico ¢ um dos mais afetados
pela estimulagdo dos nAChRs pela nicotina. Neste sentido, ¢ muito bem conhecido que a
nicotina induz liberacdo de dopamina em todas as grandes vias dopaminérgicas, incluindo a
via nigroestriatal e a via mesolimbica. Particularmente, a via mesolimbica tem sido o foco de
estudos sobre os efeitos da nicotina sobre o sistema dopaminérgico, pois ¢ uma via
fundamental para a geragdo dos efeitos de refor¢o e recompensa, fundamentais na geragao do
vicio pela nicotina, como também, por outras drogas de abuso (Balfour et al., 1998; Janhunen
e Ahtee, et al., 2007). Esta via tem origem na area do tegumento ventral do mesencéfalo e
projeta para o nucleo acumbente, sistema limbico e cortex orbitofrontal. Além do sistema
dopaminérgico, tem sido descritas alteragdes nos sistemas setotoninérgicos, noradrenérgicos e

GABAérgicos (Slotkin e Seidler, 2009; Xiao et al., 2009; Zhao et al., 2007).

Apesar do grande numero de estudos, os mecanismos moleculares envolvidos no
processo de geracdo do vicio sd3o pouco conhecidos, e dependendo do sistema estudado, a
droga pode promover respostas complexas, variadas e dificeis de interpretar. De forma geral,
a nicotina promove uma rapida dessensibilizagdo dos nAChRs, que promovera, em
conseqiiéncia, uma aumento da afinidade por agonistas e/ou aumento da expressdo dos
nAChRs (upregulation). Essa upregulation esta em contraste com os mecanismos envolvendo
outros sistemas de neurotransmissores que normalmente apresentam downregulation quando

expostos cronicamente a seus agonistas. Sugere-se amplamente na literatura que esses efeitos
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promovidos pela nicotina t€ém papel importante na geragdo dos seus mecanismos de vicio
(Buisson e Bertrand, 2001, 2002; Dani e De Biasi, 2001; Quick e Lester, 2002).

A dessensibilizagdo ¢ uma caracteristica geral de canais do tipo portdo dependente de
neurotransmissores, ¢ pode ser definida como uma diminui¢ao ou perda de resposta biologica
destes canais em resposta a uma estimulacdo prolongada ou repetitiva. Este processo resulta
da capacidade da nicotina em estabilizar a conformagdo inativa dos nAChRs. Desta forma,
apods a exposi¢cdo a nicotina, o tempo de curso da dessensibilizagdo sera governado pelas taxas
de transi¢do entre a conformagdo inativa e as outras conformagdes, mas de forma geral,
devido aos estados dessensibilizados terem maior afinidade pelos agonistas, apés um tempo,
todos os receptores podem ser dessensibilizados (Wang e Sun, 2005).

A upregulation de nAChRs, que pode ser definida como o aumento do niimero e/ou
afinidade de nAChRs, ¢é observada em cérebros de fumantes (Wiillner et al., 2008) e animais
expostos a nicotina (Abreu-Villaga et al., 2003a). De fato, foi demonstrado que exposigdes
por curtos periodos de tempo (2 dias) e com doses que produzem niveis plasmaticos de
nicotina correspondentes a fumar 2 cigarros, ja causam upregulation de nAChRs (Abreu-
Villaga et al., 2003a). Acredita-se que a upregulation constitui uma resposta celular a
dessensibilizacdo (Fenster et al., 1999). Contudo, ndo se sabe se as mudancas ocorridas sao
acompanhadas por um aumento de func¢ao dos receptores (Buisson e Bertrand, 2002).

A upregulation dos nAChRs parece ser extremamente consistente entre espécies ¢
idades de exposicdo. Este efeito ja foi demonstrado em cultura de células (Ke et al., 1998),
roedores (Abreu-villaga et al., 2003a; Doura et al., 2008; Marks et al., 1983), macacos
(Slotkin et al., 2002) e, como ja mencionado, em humanos (Perry et al., 1999; Wiillner et al.,
2008). Em cérebros de roedores, a upregulation foi demonstrada pela primeira vez em 1983
(Marks et al., 1983). Estudos subseqiientes em humanos demonstraram upregulation em

estruturas corticais e subcorticais, onde cortex cerebral, hipocampo e cerebelo apresentaram
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as maiores altera¢des (Perry et al., 1999). Além disso, a upregulation tem sido evidenciada
em diferentes idades de exposi¢do a nicotina. Particularmente, tem sido demonstrado que a
exposicdo durante o desenvolvimento promove efeitos mais intensos ¢ duradouros.
Interessantemente, tem sido constantemente demonstrado que a exposi¢do a nicotina na
adolescéncia promove a upregulation de modo mais robusto e persistente quando comparados
com adultos (Abreu-Villaga et al., 2003a; Doura et al., 2008; Trauth et al., 1999).

Outro aspecto importante ¢ que a upregulation ocorre em magnitudes diferentes
dependendo do subtipo de receptor nicotinico. Particularmente, o subtipo a4p2 tem se
mostrado o mais comum e sensivel que sofre upregulation apos exposi¢ao a nicotina (Abreu-
Villaga et al., 2003a, 2004; Nashmi et al., 2003). Os receptores a4p2 sdo os subtipos de
receptores nicotinicos mais abundantes presentes no cérebro de mamiferos (Buisson e
Bertrand, 2002; Whiting e Lindstrom, 1987; 1988), sendo associado a esse subtipo muitas
fungdes cognitivas, incluindo aprendizado/memoria (Chan et al., 2007). Além disso,
evidéncias originadas de estudos usando camundongos geneticamente modificados, nos quais
as subunidades o4 e P2 foram deletadas, sugerem a participagdo dos a4p2 nAChRs no
processo de estimulagdo da via mesolimpica dopaminérgica pela nicotina (Rollema et al.,
2007). Conseqiientemente, esse subtipo de receptor tem se tornado um alvo molecular para a
criacdo de novos agentes terapéuticos para a interrup¢ao do habito de fumar (Rollema et al.,

2007).
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1.2. Etanol

“ADMITIMOS QUE ERAMOS IMPOTENTES PERANTE O ALCOOL - QUE
TINHAMOS PERDIDO O DOMINIO SOBRE NOSSAS VIDAS.”
1° Passo (Livros “Os 12 passos e as 12 tradi¢cdes” — Alcoolicos anonimos)

O etanol ¢ um solvente organico que esta entre as drogas ndo terapéuticas mais
consumidas no mundo. Julgado em base molar, seu consumo é muitas vezes maior que o das
demais drogas. O etanol em grandes doses pode, além de gerar vicio, exercer efeitos
prejudiciais em diversos orgdos e sistemas do organismo, como por exemplo, no figado,
sistema cardiovascular, rins e inclusive no sistema nervoso. Nos Estados Unidos da América,
o consumo de etanol ¢ a terceira causa de morte evitdvel (McGinnis e Foege, 1993). No
Brasil, apesar da escassez de estudos, estima-se que 10% da populagdo seja dependente do
etanol (Laranjeira e Pinsky, 1997; Moreira et al., 1996). Além disso, o etanol é um potente
agente teratogénico (Hannigan e Armant, 2000).

De forma interessante, o consumo de etanol normalmente se inicia durante o periodo da
adolescéncia (Courtney e Polich, 2009). Hill e colaboradores (2000) demonstraram que
também ¢ na adolescéncia que os individuos se tornam consumidores regulares de etanol
(consumo maior que uma vez por més). Outros estudos epidemioldgicos sugerem que a idade
na qual se inicia o consumo de alcool pode influenciar profundamente na probabilidade de
desenvolver transtornos no consumo de substancias de abuso em momentos futuros (Clark et
al., 1998; Duncan et al., 1997). O inicio precoce do uso de etanol tem sido mostrado em
diversos estudos prospectivos e retrospectivos como um poderoso preditor de uso tardio e
dependéncia de etanol (Deykin et al., 1987; Fergusson et al., 1994; Friedman ¢ Humphrey,
1985; Hawkins et al., 1997; Prescott e Kendler, 1999; Rachal et al., 1982). Além disso, os
adolescentes sdo mais sensiveis aos efeitos do etanol quando comparados aos adultos

(Slawecki e Roth, 2004; Spear e Varlinskaya, 2005; Yttri et al., 2004). Existem evidéncias
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que mostram que o uso de etanol durante a adolescéncia promove danos cognitivos mais
severos ¢ maior dano celular cerebral (Slotkin, 2002; Spear, 2000). Desta forma, tem sido
proposto que diferentes taxas de desenvolvimento dos sistemas neurais envolvidos em
diferentes efeitos do etanol podem contribuir para o mosaico de diferencas de idade em

relacdo a sensibilidade ao etanol (Spear e Varlinskaya, 2005).

1.2.1. Metabolismo

O etanol, por ser altamente lipossoluvel, é rapidamente absorvido, sendo um
percentual consideravel no estdmago. A maior parte do etanol é-metabolizada pelo figado em
acetaldeido através da enzima alcool desidrogenase, sendo apenas de 2-10% eliminado de
modo inalterado pela urina, respiragdo e suor. Em média, na populagdo geral, a alcool
desidrogenase diminui a concentracdo do etanol no sangue em torno de 5 mmol/L de etanol
por hora (equivalente a um drinque por hora) (Schuckit, 2006). O acetaldeido ¢ um composto
reativo e toxico, que promove hepatotoxidade e também pode contribuir para os efeitos do
consumo de etanol sobre o sistema nervoso (Deng e Deitrich, 2008; Quertemont et al., 2005;
Hunt, 1996). Quase todo acetaldeido ¢ convertido em acetato no figado pela enzima aldeido
desidrogenase. Os polimorfismos dessas enzimas tem sido estudados como possiveis
preditores genéticos para a susceptibilidade do individuo apresentar vicio pelo etanol

(Dickson et al., 2006; Duranceaux et al., 2006).
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1.2.2. Efeitos neuroquimicos

O etanol tem como sitios de acdo uma grande variedade de alvos nas membranas
celulares, como também, cascatas de sinalizagdo intracelulares. Um dos efeitos mais
importantes do etanol ¢ sua propriedade de alterar fungdes dos receptores ionotropicos
(Larsson e Engel, 2004). Esta familia de receptores inclui os receptores inibitorios da glicina e
GABAA ¢ os receptores excitatorios de NMDA do glutamato, serotonina (5-HT3), como
também, os nAChRs (Larsson e Engel, 2004; Lovinger, 1999). Desta forma, o etanol promove
alteracdes funcionais através de interacdes dose-dependentes em diversos sistemas neurais,
incluindo GABAZ¢érgico, glutamatérgico, dopaminérgico, serotonérgico e colinérgico (Eckardt
et al., 1998). Para GABAA e receptores de glicina, tem sido demonstrado que o etanol
promove aumento de funcdo; além disso, atua como co-agonista dos receptores 5-HT3 e pode
bloquear as respostas mediadas pelo receptor de NMDA do glutamato (Lovinger, 1999;
Lovinger et al., 1989; Mihic et al., 1997). Interessantemente, muitos desses sistemas neurais
ainda estdo em maturagdo durante a adolescéncia, o que poderia justificar o fato de o cérebro
adolescente apresentar grande susceptibilidade aos efeitos do etanol (Carpenter-Hyland e
Chandler, 2007; Schepis et al., 2008).

A fungdo dos receptores de NMDA ja ¢ afetada em baixas doses de etanol, sendo sua
resposta altamente dependente da concentragdo estudada e do subtipo de receptor envolvido.
Um estudo de patch-clamp, realizado por Lima-Landman e Albuquerque (1989), demonstrou
que concentragdes muito baixas de etanol (1,74-8,65 mM) aumentam a probabilidade da
abertura do canal i6nico apés ativagdo pelo NMDA em cultura de células hipocampais, mas
sem afetar o tempo de abertura do canal, enquanto que em altas concentragdes (86.5-174
mM) promove diminui¢do da probabilidade de abertura do canal, como também, reduz o

tempo de abertura. Todas as subunidades dos receptores de NMDA tém se mostrado sensiveis
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aos efeitos do etanol, porém, os canais NI-NR2C e NR1/NR2D apresentam menos afinidade
que as combinagdes NR1-NR2A e NR1-NR2B (Kuner et al., 1993; Masood et al., 1994; Yang
et al., 1996). Desta forma, a distribui¢ao tecidual destes subtipos receptores pode contribuir
para explicar as consideraveis variagdes do efeito do etanol sobre diferentes regides cerebrais.
A inibicdo da via excitatoria glutamatérgica pelo etanol, contribui possivelmente para seus
efeitos ansioliticos, como também, pode ser uma importante causa dos efeitos neurotoxicos
(Tsai e Coyle, 1998), particularmente intoxicagao, sintomas de abstinéncia (Koob et al., 1998)
e episddios de perda de memoria (Tsai e Coyle, 1998).

Os receptores GABAérgicos estdo entre os mais importantes sitios de ligacao para os
efeitos comportamentais do etanol, principalmente em relagdo aos seus efeitos ansioliticos.
Entretanto, os dados da literatura a respeito da modulagao do etanol nestes receptores t€ém sido
controversos (Moriguchi et al., 2007). Dados na literatura sugerem que a potencializa¢do da
atividade do receptor GABA depende da combinagdo das subunidades dos receptores
(Wafford e Whiting, 1992; Wafford et al., 1990, 1991), viabilidade celular (Aguayo et al.,
2002), tipos celulares (Mori et al., 2000; Sapp e Yeh, 1998) e processamentos que ocorrem
apods a tradugdo, incluindo fosforilagdo do receptor (Harris et al., 1995). A sensibilidade do
sistema GABAérgico de certas areas do cérebro para os efeitos do etanol possivelmente sao
relevantes na geragao dos seus efeitos ansioliticos e amnésicos, como também, em altas doses,
deve possuir um grande papel na producdo de sedacao (Little, 1999).

Em relagdo aos receptores de serotonina, os efeitos do etanol também parecem
depender do subtipo de receptor estudado. O etanol em altas doses potencializa a fun¢do dos
receptores de serotonina 5-HT3 em células de neuroblastoma (Lovinger, 1991). Outros
estudos tém demonstrado que outros subtipos de receptores para serotonina podem ser
inibidos pelo etanol, como, por exemplo, foi demonstrado que o etanol pode promover a

inibi¢do da fungdo do subtipo SHT1C em oo6citos (Frye et al., 1991). Antagonistas dos
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receptores 5-HT3 tém sido usados terapeuticamente como agentes antieméticos, por deducao,
tem sido sugerido que a agdo do etanol em potencializar as respostas do 5-HT3 poderia
contribuir para a nausea e vomitos provocados pela alta ingestdo de alcool (Little, 1999).
Além disso, tem sido sugerido que o sistema serotoninérgico estd envolvido na resposta de
recompensa pelo uso do etanol (Sellers et al., 1992).

De particular interesse para o presente estudo, os nAChRs tém sido reconhecidos
como importantes sitios de a¢do do etanol. Estudos comportamentais em roedores tém
demonstrado grande interacdo entre o etanol e os receptores nicotinicos. Além disso, Wu e
colaboradores (1993) sugerem que o etanol estabiliza o estado aberto do nAChR, como
também tem sido demonstrado que o etanol pode aumentar a finidade dos nAChRs pelos seus
agonistas. Como acontece para outros receptores, o efeito do etanol pode variar de acordo
com a sensibilidade dos subtipos de receptores. Em estudos usando diferentes subtipos de
nAChRs expressados em Xenopus oocytes, o etanol tende aumentar a resposta da nicotina nos
subtipos a2, o3Pz, € asP, (de Fiebre et al., 1995). Quando avaliados os receptores o,
resultados contraditérios sdao encontrados. Tanto inibicdo (Yu et al.,, 1996) como
potencializagdo (Covernton e Connolly, 1997) tem sido encontrados, ilustrando as complexas
interagdes entre o etanol e os nAChRs. Estes resultados sugerem que o nAChR pode
significar um denominador comum para as interagdes entre nicotina e etanol, explicando o
grande co-consumo destas drogas nos seres humanos. A ativacdo de nAChRs tém mostrado
aumentar a liberagdo sinaptica de GABA, glutamato, e outros neurotransmissores (Alkodon et
al., 1997, 1999, 2000; Genzen ¢ McGehee et al., 2003, 2005; Lindstrom, 1997; Mansvelder et
al., 2002; Yang et al., 1996). Desta forma, a modulagdo dos nAChRs causada pelo etanol pode
levar a uma cascata de eventos sinapticos envolvendo multiplos neurotransmissores, que

resulta em varias mudangas comportamentais.
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Diversos efeitos comportamentais do etanol parecem requerer estimulagcdo dos sistemas
dopaminérgicos. Neste sentido, amplas evidéncias indicam que o sistema mesocorticolimbico
dopamérgico esta envolvido no sistema de recompensa cerebral e que a dopamina esta direta
ou indiretamente envolvida na acdo de refor¢o aguda do etanol em animais experimentais
assim como em humanos (Engel et al., 1999; Koob, 1992; Tupala et al., 2001; Volkow, 1996;

Wise e Rompre, 1989).

1.3. Co-uso e Co-abuso

O etanol e a nicotina s3o as drogas mais comumente usadas no mundo (Dani e Harris,
2005). Além disso, tem sido amplamente relatado em estudos epidemioldgicos que existe uma
consistente relagdo entre o tabagismo e consumo de etanol (Larsson e Engel, 2004; Miller e
Gold, 1998). Diversos estudos tém demonstrado que 80% a 90% dos alcoolistas fumam
(Burling e Ziff, 1988; Crowley et al., 1974). O consumo de etanol entre fumantes ¢ duas vezes
maior do que entre os ndo fumantes (Carmody et al., 1985) e estima-se que o alcoolismo seja
de 10 a 14 vezes mais comum entre fumantes quando comparados com nao fumantes (Di
Franza e Guerrera, 1990), além do consumo diario de cigarros por alcoolistas ser maior do
que o consumo por fumantes ndo alcoolistas (Rezvani e Levin, 2002). Como mencionado
anteriormente, o uso de ambas as drogas normalmente se inicia durante o periodo de
adolescéncia (Nelson et al., 1995; Spear, 2000). Além disso, estudos em adolescentes tém
demonstrado uma forte correlagdo entre a idade de inicio do tabagismo e a susceptibilidade ao
vicio pelo etanol (Grant, 1998), caracterizando a adolescéncia como periodo de

vulnerabilidade.
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O fato do consumo de etanol e o tabagismo serem legalmente permitidos pode
contribuir para o co-uso e co-abuso. Entretanto, tem crescido o nimero de trabalhos que
indicam que fatores bioldgicos podem contribuir para explicar a freqiiente associacdo do uso
entre as duas drogas. Conseqlientemente, a forte associagdo entre o consumo de etanol e o
fumo de cigarros estd provavelmente atribuida a multiplos fatores, incluindo agdes
farmacoldgicas comuns a ambos (Little, 2000). Muitos mecanismos tem sido sugeridos. Uma
droga pode promover um aumento da motivagdo para o consumo de outra droga por atuar em
um mesmo alvo cerebral responsavel pelo efeito de reforco positivo de ambas as drogas. A
geracdo de tolerancia cruzada poderia reduzir os efeitos aversivos da droga e motivar as
pessoas a usarem outras drogas que gerem o mesmo efeito de recompensa. Além disso,
estudos recentes sugerem que componentes genéticos podem predispor o uso combinado do

etanol e da nicotina (Funk et al., 20006).

1.3.1. Metabolismo

A possibilidade de interagdo farmacocinética entre nicotina e etanol poderia ajudar a
explicar a forte associacdo do uso entre ambas. Por exemplo, se a presenga de nicotina
aumentar o metabolismo do etanol, desta forma diminuindo sua concentragdo circulante,
poderia ocorrer diminui¢ao dos efeitos de recompensa promovidos pelo etanol. Neste sentido,
¢ fundamental conhecer o quanto uma droga pode ter o seu metabolismo afetado pela
presenca da outra.

A literatura apresenta dados controversos em relagdo a existéncia de interagdo
farmacocinética para nicotina e etanol em animais, sendo provavel que essa inconsisténcia

seja devida a variagdo da forma de administragdo da droga entre os estudos. De fato, foi
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demonstrado que os niveis plasmaticos de etanol, quando este ¢ administrado via oral, sdo
reduzidos em animais expostos concomitantemente a nicotina (Chen e Harle, 2005;
Gilbertson e Barron, 2005). Entretanto quando a administracdo do etanol ¢é realizada por via
intraperitoneal (i.p.), a concentragcdo plasmatica de etanol ndo foi afetada pela exposicdo a
nicotina (Parnell et al., 2006). Collins e colaboradores (1988) também demonstraram que a
exposicao a nicotina ndo afeta a taxa de eliminagdo de etanol.

O mecanismo que explica a habilidade da nicotina em reduzir a concentragio
sanguinea de etanol quando este ¢ administrado via oral, ainda ndo estd completamente
compreendido. Existem evidéncias na literatura que sugerem que a nicotina promove redugao
do esvaziamento gastrico (Nowak et al., 1987; Scott et al., 1993), possivelmente por induzir
relaxamento da musculatura gastrica (Tugay et al., 2003). Desta forma, o alcool fica retido no
estdbmago por um tempo maior, sendo sujeito a acdo da enzima alcool desidrogenase presente
no estomago. Como a maioria da absor¢do do etanol ¢ realizada pelo intestino delgado
(Johnson et al., 1991), haveria uma redug@o da absor¢do do etanol e, conseqiientemente, uma

menor concentragao plasmatica.

1.3.2. Neuroguimica do co-uso e co-abuso

Devido a grande complexidade que pode envolver os estudos de interacdo entre
nicotina e etanol, onde fatores genéticos e psicossociais podem contribuir para explicar o co-
uso e co-abuso, a existéncia de modelos animais ¢ fundamental para estudar a importancia das
interacdes fisiologicas. De forma interessante, a maioria dos estudos animais estdo de acordo
com as evidéncias encontradas em humanos. Diversos estudos tém demonstrado que a
exposicdo a nicotina promove aumento da auto-administragdo de etanol em animais (Larsson

e Engel, 2004; L¢ et al. 2000; Smith et al. 1999). Em modelos animais de intoxicagdo pelo
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etanol, foi demonstrado que nicotina atenua o aumento na utilizagdo da glicose no cerebelo de
camundongos (Anwer e Dar, 1995), a descoordenagdo motora (Dar et al., 1994), assim como,
reduz o efeito do etanol sobre a memoria (Tracy et al., 1999). Além disso, tem sido demonstrada
tolerancia cruzada entre as drogas. De Fiebre e Collins (1993) demonstraram que a
administracao cronica do etanol, a qual induz tolerancia para vérios efeitos do etanol, também
confere tolerdncia para os efeitos de hipotermia e bradicardia gerados pela nicotina em
camundongos e vice-versa.

A maioria dos trabalhos sobre mecanismos neurais que tentam explicar a interagdo entre
drogas de abuso, incluindo a nicotina e o etanol, foca seus estudos no funcionamento do
sistema mesolimbico dopaminérgico. Este sistema ¢ uma via crucial para a a¢cdo de drogas de
abuso, estando associado com as sensacdes de recompensa. Embora os mecanismos exatos da
acdo de drogas de abuso no sistema mesolimbico dopaminérgico nio estejam estabelecidos,
acredita-se que estas drogas, atuando direta ou indiretamente em células dopaminérgicas,
causem alteracdes persistentes, as quais seriam responsaveis, pelo menos em parte, pelas
reacOes adversas associadas a abstinéncia. De forma geral, estudos demonstram que tanto a
nicotina quanto o etanol promovem aumento da liberacdo de dopamina no nicleo acumbente
(Carr et al., 1989; Blomgquvist et al., 1992). Blomqvist e colaboradores (1992) mostraram que o
efeito do etanol em aumentar a atividade motora, como também a liberagdo de dopamina no
nucleo acumbente, pode ser prevenido pelo uso da mecamilamina, um antagonista nicotinico.
Desta forma, o efeito da nicotina e também do etanol sobre o sistema mesolimbico
dopaminérgico depende da ativagdo dos nAChR. Considerando os resultados mencionados
acima, assim como, a capacidade do etanol interagir com os nAChRs, ¢ possivel especular
que o sistema colinérgico central seja o sitio onde a nicotina € o etanol interagem, podendo

explicar, pelo menos em parte, a existéncia do co-uso e co-abuso.
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Estudos epidemiologicos também sugerem que as interagdes entre nicotina € o etanol
podem acontecer durante o periodo de retirada das drogas. Por exemplo, a interrup¢ao do ato
de fumar é mais dificil de realizar por individuos que abusavam ou abusam do etanol (Bobo et
al., 1987). Além disso, a interrup¢do do tabagismo tem sido associada com a alteragdo do
consumo de etanol, podendo aumentar esse consumo (Carmelli et al., 1993) ou diminui-lo (Friend
e Pagano, 2005). Alguns trabalhos tém sugerido que o uso de nicotina (no tabaco) pode diminuir
os sintomas da abstinéncia pelo etanol (Lallemand et al., 2007).

A existéncia de modelos animais abre grandes possibilidades de investigar as
interagdes da nicotina e do etanol na abstinéncia, porém sdo também raros os estudos de
interacdo durante o periodo de retirada. Ratos em abstinéncia de etanol sdo mais sensiveis ao
efeito da nicotina na geracao de tremores (Gothoni 1983; Gothoni e Ikola 1985). Lallemand e
colaboradores (2006) identificaram que a administracdo de nicotina promoveu diminui¢ao
significativa da liberacdo de glutamato no nucleo acumbente nas primeiras 24 horas de
retirada da exposi¢do cronica ao etanol. Interessantemente, tem sido proposto que P2%*-
nAChRs contribuem para a geracdo dos distirbios afetivos gerados pela retirada da nicotina
(Jackson et al., 2008), como também, os a4*-nAChRs parecem modular os efeitos da abstinéncia
pelo etanol (Butt et al., 2004). Estes resultados sugerem que o sistema colinérgico também pode
ser um sitio de interagdo entre nicotina e etanol durante o periodo de retirada. Em acordo,
resultados prévios do nosso laboratorio demonstraram em camundongos existir interagdo entre
essas drogas na ansiedade e no aprendizado/memoria, comportamentos estes associados com a

fungdo do sistema colinérgico (Abreu-Villaga, 2007; 2008).
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1.4. A adolescéncia como periodo de vulnerabilidade

A adolescéncia inclui todo processo de transi¢ao da infincia para a idade adulta. O
limite temporal da adolescéncia ndo ¢ de facil defini¢do. Em algumas espécies ¢ dificil
caracterizar quando a transi¢do para adolescéncia comega a acontecer e quando o individuo
passa de adolescente a adulto. Em roedores como ratos e camundongos, as primeiras
alteracdes associadas a adolescéncia podem ocorrer ja a partir do vigésimo dia de vida pds-
natal (PN20) e as ultimas mudangas podem ocorrer at¢ PN55. Em primatas ndo humanos, a
adolescéncia ocorre geralmente entre 2 ¢ 4 anos de vida (Lewis, 1997); em humanos, a
adolescéncia ¢ comumente definida como a segunda década de vida (Petersen et al., 1996).

Este periodo ¢é caracterizado por dramaticas mudangas corporais e comportamentais.
Estudos com roedores tém mostrado que adolescentes exibem diferencas quando comparados
com adultos em relagdo a medidas de ansiedade, depressdo e reatividade ao estresse (Adriani
e Laviola, 2004; Slawecki, 2005). Durante adolescéncia, roedores apresentam elevados niveis
de busca pela novidade (Adriani et al., 1998), impulsividade (Adriani ¢ Laviola, 2003) e
comportamento de risco (Macri’et al., 2002), assim como redug¢do de resposta ao estresse
(Adriani e Laviola, 2000). Em humanos, a adolescéncia ¢ caracterizada por tragos
comportamentais como labilidade emocional, impulsividade e comportamento de risco que
estdo associadas com o aumento de vulnerabilidade para transtornos neuropsiquiatricos,
incluindo doengas afetivas e susceptibilidade ao vicio (Andersen, 2003; Arnett, 1999; Spear,
2000; Teicher et al., 2003; Volkow e Li, 2005; Wallace et al., 2003).

O cérebro apresenta maior grau de desenvolvimento durante a infancia e relativa
estabilidade na idade adulta, sendo seu desenvolvimento pontuado por rapidas transformagdes
neurais durante a adolescéncia (Spear, 2000). De fato, fendomenos como neuroproliferacao,

apoptose e rearranjo sindptico continuam durante a adolescéncia. (Bayer, 1983; Bayer et al,
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1982). De particular interesse para o presente estudo, a maturagdo do sistema colinérgico
central, envolvido com o aprendizado/memoria e repostas a psicoestimulantes, ¢ consolidada
durante o periodo da periadolescéncia (Matthews et al, 1974; Nadler et al, 1974; Zahalka et al,
1993). Regides neurais como o cortex pré-frontal e outras regides de projegdes
dopaminérgicas do prosenencéfalo, apresentam alteracdes proeminentes durante a
adolescéncia. Dada a importancia dessas regides cerebrais na modulagcdo de mecanismos de
recompensa associados ao uso de drogas (Koob, 1992) e de respostas a agentes estressores
(Dunn e Kramarcy, 1984) e a associacdo entre ambos (Goeders, 1997; Piazza et al., 1991),
ndo ¢ surpresa constatar que adolescentes respondem de formas diferentes a drogas de abuso,
agentes estressores ¢ a interacdo entre ambos, quando comparados com animais adultos ou
mais maduros (Spear, 2002). De fato, adolescentes apresentam grande probabilidade de
experimentar drogas de abuso, incluindo tabaco e etanol (Grant et al., 1987; Nelson et al.,
1995; Webster et al., 1994), e desenvolver vicio que adultos (Maggs et al., 2008). Além disso,
parece existir uma forte correlagdo entre a idade inicial do uso da droga e a probabilidade de
apresentar vicio quando adulto (DiFranza e Guerrera, 1990), como também, o uso de uma
droga na adolescéncia parece abrir “as portas” para o uso de multiplas drogas de abuso no
decorrer da vida (Kandel et al., 1992). Para varias drogas de abuso, incluindo a nicotina ¢ o
etanol, individuos que ndo iniciaram o uso durante a adolescéncia raramente iniciam o uso em
idades posteriores (Chen e Kandel, 1995; Kandel ¢ Logan, 1984).

Além da imaturidade das estruturas cerebrais envolvidas com o estabelecimento de
vicio, varios outros fatores podem ajudar a explicar o motivo da alta associagdo do uso de
drogas de abuso e a adolescéncia. Neste sentido, destacam-se: o padrao de comportamento, a
menor intensidade de efeito negativo da droga e maiores efeitos de recompensa. Dois
comportamentos envolvidos na iniciagdo do uso de drogas sdo a impulsividade ou um desejo

por novidades e experiéncias excitantes (Sensation seeking). Intensa busca pela novidade,
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caracteristica do periodo da adolescéncia, tem sido associada a um maior consumo de drogas
de abuso (Abreu-Villaga et al., 2006; Spear, 2000). Estudos em humanos tém encontrado forte
correlacdo entre altas taxas de busca por sensacdes novas e uso de alcool e nicotina
(Zuckerman, 1994). Adicionalmente, a dependéncia ao dlcool e a nicotina tem sido associada
a altos niveis de impulsividade (Mitchell, 1999; Poulos et al., 1998). Em ratos adolescentes,
nicotina e etanol produzem efeitos agudos menos pronunciados, como também, apresentam
uma resposta mais branda a retirada (Levin et al., 2003; Spear, 2002). Como exemplo, ratos
adolescentes, sob a influencia do etanol, s3o menos sensiveis a desenvolver as desordens
motoras ou a ficarem sedados (Silveri e Spear, 1998; White et al., 2002). Da mesma forma,
ratos adolescentes possuem menor sensibilidade aos efeitos da nicotina sobre a atividade
motora quando comparados com adultos (Vastola et al., 2002).

Ao contrario do fato de apresentar mais recompensa € menos efeitos adversos,
adolescentes sdo mais susceptiveis aos efeitos deletérios do uso das drogas de abuso,
principalmente ao alcool. Evidéncias demonstram que consumo de etanol durante a
adolescéncia causa maiores déficits cognitivos quando comparados com a vida adulta (Spear,
2000). White e Swartzwelder (2004) demonstraram que o hipocampo de ratos adolescentes ¢
altamente susceptivel a inibi¢do dos potenciais de longa duragdo pelo etanol, tornando os
ratos adolescentes altamente sensiveis aos danos na memoria gerados pelo etanol.

Tomadas em conjunto, estas evidéncias sugerem que a adolescéncia é um periodo de
vulnerabilidade ao consumo de etanol e ao tabagismo, ¢ desta forma, reflete na possibilidade
da existéncia de vias neuroquimicas, particularmente sensiveis durante a adolescéncia,
compartilhadas entre as duas drogas. O desenvolvimento de modelos animais de exposi¢do a
drogas de abuso durante a adolescéncia tem sido extremamente interessante, pois permite a

investigagdo destas questdes (Barron et al., 2005).
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1.5. Estudos animais sobre a interacéo nicotina e etanol durante a adolescéncia

A grande maioria da literatura que aborda o periodo de adolescéncia tem estudado a
susceptibilidade desta idade em relagdo aos adultos para cada droga separadamente, sendo
extremamente escassos os estudos onde ¢ considerada a interacdo entre drogas.
Particularmente, o nosso laboratério tem contribuido para ocupar essa lacuna na literatura.
Usando um modelo da dupla exposi¢ao de etanol e nicotina na adolescéncia de camundongos,
0 nosso grupo de pesquisa estudou os efeitos sobre a ansiedade (Abreu-Villaga et al., 2007),
aprendizado/memoria (Abreu-Villaga et al., 2008) e neurotoxicidade (Oliveira-da-Silva et al.,
2009 in press).

Usando o teste do labirinto em cruz elevado, modelo amplamente utilizado na
avaliacao dos niveis de ansiedade, foi demonstrado que o etanol promove diminui¢do da
ansiedade na adolescéncia de camundongos e que a nicotina pode reverter este efeito. Além
disso, esse estudo indicou que o etanol e a nicotina podem interagir ap6s longo tempo de
retirada na idade adulta, promovendo aumento da ansiedade (Abreu-Villaga et al., 2008).
Também observamos interagdo entre as drogas na regulacdo da resposta comportamental
quando considerado aprendizado/memoria. Usando o modelo de esquiva passiva, foi
demonstrado que a nicotina ¢ o etanol quando expostos em conjunto promovem danos na
memoria significativamente maiores que cada droga individualmente em camundongos
adolescentes (Abreu-Villaga et al., 2007). Neste mesmo estudo, também se verificou que apos
pequeno tempo de retirada, a nicotina promoveu um aumento da capacidade de
memoria/aprendizado, mas que este efeito foi bloqueado pelo uso concomitante do etanol. Em
relacdo a neurotoxocidade, recentemente foi observado que o etanol promove aumento da
morte celular em todas as areas do hipocampo de camundongos adolescentes, sendo ambas as

populacdes de neurdnios e glia afetados, enquanto que a nicotina causou aumento seletivo da
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morte celular, sendo as camadas molecular ¢ CA1 afetadas. Neste estudo também houve
interagdo de efeitos quando as duas drogas foram expostas simultaneamente, s6 que neste
caso, a exposi¢do combinada promoveu efeitos menos severos na morte celular (Oliveira-da-
Silva et al., 2009 in press).

Apesar dos estudos epidemiologicos e dos estudos em modelos animais dos efeitos
combinados da nicotina e etanol sobre o comportamento e a neurotixicidade, pouco se sabe
sobre a base neuroquimica das alteragdes promovidas pela co-exposi¢do durante o periodo da
adolescéncia. Considerando que a nicotina ¢ um agonista dos nAChRs e que tem sido
demonstrado que o etanol interage com receptores ionotropicos, incluindo os colinérgicos, o
estudo do sistema colinérgico possui grande relevancia no entendimento das bases

neuroquimicas envolvidas nos processos de co-abuso ¢ dependéncia dessas drogas.
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2. OBJETIVOS

Estudar os efeitos da exposi¢do a nicotina e/ou ao etanol no sistema colinérgico
durante a adolescéncia, durante a retirada e, para avaliar os efeitos persistentes da exposicao,
também durante a idade adulta.

Para essa avaliagdo foram utilizados trés biomarcadores colinérgicos:

- Ligagdo da [*H]citisina a0 04B2 nAChR. Subtipo de receptor nicotinico predominante no
cérebro de mamiferos;

- Atividade da colina acetiltransferase (ChAT), responsavel pela biosintese de acetilcolina.
ChAT ¢ um marcador constitutivo para os terminais colinérgicos, sendo utilizado para avaliar
a densidade de inervacao colinérgica;

- Ligagdo do [*HJhemicholinium-3 (HC-3) ao transportador pré-sindptico de colina, que

reflete a atividade sinaptica colinérgica.

Considerando que tém sido demonstradas diferencas entre machos e fémeas para os
efeitos cerebrais da nicotina e etanol (Abreu-villaga et al., 2007, 2008). Neste trabalho,
também consideramos o sexo como fator.

Além disso, considerando que o nivel de exposicdo ¢ um fator importante na
interpretacdo dos resultados e na possibilidade de se realizar generalizagdes a populagdo
humana, como também podem ocorrer importantes interagdes farmacocinéticas entre a
nicotina e o etanol, foi avaliada a concentracdo plasmatica de etanol e de cotinina, residuo

metabolico da nicotina.
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3. RESUMO DA METODOLOGIA (DESENHO EXPERIMENTAL)

Para o total dos dois trabalhos apresentados nesta tese, foram utilizados 183
camundongos da cepa C57BL/6 (100 machos e 83 fémeas) de 42 ninhadas. Os experimentos
descritos a seguir foram previamente aprovados pelo Comité de Etica para o Cuidado e Uso
de Animais Experimentais do Instituto de Biologia Roberto Alcantara Gomes da UERIJ e
estdo de acordo com a declaracdo de Helsinki ¢ com o Guia de cuidados e uso de animais de
laboratorio adotado e promulgado pelo Instituto Nacional de Saude.

O desenho experimental apresentado neste trabalho t€ém sido largamente utilizado pelo
nosso grupo de pesquisa no estudo da exposicdo combinada a nicotina e ao etanol no
comportamento ¢ na fungdo cerebral de camundongos adolescentes (Abreu-Villaga, 2007;
2008; Oliveira-da-Silva et al., 2009 in press). Desta forma, do 30° ao 45° dia de vida pos-
natal (PN30-PN45), (-)-nicotina free base (50ug/ml) dissolvida em sacarina a 2% ou somente
sacarina a 2% sao administradas na garrafa de 4gua enquanto que etanol (2g/kg) ou salina sao
injetados (i.p) em dias alternados. Desta forma, o estudo completo do impacto da exposic¢ao a
nicotina e ao etanol durante a adolescéncia consta de 4 grupos experimentais: VEH (sacarina
via oral + salina i.p), NIC (nicotina/sacarina via oral + salina i.p), ETOH (sacarina via oral +
alcool i.p) e os animais que recebem a dupla exposi¢do NIC+ETOH (nicotina/sacarina via
oral + alcool i.p). Assim, com este desenho, somos capazes de detectar os efeitos da nicotina,
do etanol, e da dupla exposigdo.

O sistema colinérgico foi estudado no cortex cerebral e mesencéfalo, sendo estas
regides escolhidas por estarem envolvidas com os processos de vicio, recaida, e também com
fungdes cognitivas. Tais areas foram avaliadas durante o periodo de exposi¢cdo (PN45), no
periodo de retirada (PN50) e durante a idade adulta (PN75). Nestes periodos de estudo, os

animais sofreram eutanasia, seus cérebros foram dissecados e congelados rapidamente por
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imersdo em nitrogénio liquido e, entdo, guardados a -45°C para posterior analise bioquimica.
O sangue foi coletado em PN45, sendo o plasma congelado a -20°C para posterior
quantifica¢do da cotinina. Soro foi coletado em PN44 e mantido a 4°C para a quantificacao
dos niveis de etanol. Em resumo, a figura 2 apresenta a linha temporal dos principais
procedimentos realizados neste desenho experimental.

Maiores detalhes metodologia e os resultados serdo apresentados na seqiiéncia através

dos artigos que foram gerados a partir desta Tese.

Periodo de administracédo das drogas

f_H

PNO PN25  PN30 PN44/45 PN50 PN75

Nascimento I - - -y -
Quantificacao do etanol
Desmame
Quantificacéo da cotinina

Avaliacédo dos
biomarcadores colinérgicos

Figura 1 — Linha temporal do modelo experimental utilizado.
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4. ARTIGO 1 - Efeitos da exposicdo combinada de nicotina e etanol no sistema

colinérgico de camundongos adolescentes.

Este primeiro trabalho foi publicado em 2008 no periddico internacional Brain
Research (fator de impacto 2008=2,494), sendo intitulado: “Nicotine and ethanol interact
during adolescence: effects on the central cholinergic systems” (2008, 1232:48-60). Além
disso, os resultados deste trabalho foram apresentados em 2 congressos internacionais: no
IBRO/LARC (I Congresso de Neurociéncias da América Latina, Caribe e Peninsula Ibérica) ¢
no Society for Neuroscience Internacional Meeting (38th annual meeting of the Society for
Neuroscience). Foi trabalho premiado (2° lugar) no I Congresso de Bidlogos dos Estados do
Rio de Janeiro e Espirito Santo (I CBio).

Em resumo, foi avaliado o efeito da nicotina e/ou etanol no sistema colinérgico ao
final do periodo de exposi¢do durante adolescéncia. Neste artigo demonstramos que, em
ambas as regides estudadas (cortex cerebral e mesencéfalo), a exposi¢do combinada
NIC+ETOH promoveu um efeito mais robusto na geragdo de upregulation dos nAChRs
quando comparado com a nicotina ou o etanol separadamente. Em relagdo a atividade da
ChAT, a exposi¢do combinada foi capaz de reverter os efeitos promovidos por cada uma das
drogas. Estes resultados indicam que o sistema colinérgico central é um sitio de interacao

entre a nicotina e o etanol durante a adolescéncia.
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ABSTRACT

Co-occurrence of tobacco smoking and alcohol consumption during adolescence is frequent
and well documented. However, little is known about the basic neurcbioclogy of the
combined exposure in the adolescent brain. Since nicotine is a cholinergic agonist and it has
been shown that ethanol interferes with nicotinic acetylcholine receptors (nAChRs), the
current work focused on cholinergic systems. From the 30th to the 45th postnatal day (PN),
C57BL/6 male and female mice were exposed to nicotine free base (NIC) and/or ethanol
(ETOH). Four groups were analyzed: 1) concomitant NIC (50 pg/ml in 2% saccharin to drink)
and ETOH (25%, 2 g/kg 1.p. injected every other day) exposure; 2) NIC exposure; 3) ETOH
exposure; 4) vehicle. We assessed nAChR binding, choline acetyltransferase (ChAT) activity
and [FH]hemicholinium-3 (HC-3) binding in the cerebral cortex and midbrain of mice on
PN45. In the cortex, ETOH had no effect on nAChRs. In contrast, NIC produced nAChR
upregulation while NIC+ETOH elicited a more pronounced effect. In the midbrain, neither
ETOH nor NIC had effects on nAChRs. NIC+ETOH, however, elicited a robust nAChR
upregulation. Regarding ChAT activity, treatment effects differed between males and females
in the cortex. Male NIC mice presented an increase in ChAT. However, ETOH reversed this
effect. In contrast, female NIC mice presented decreased ChAT activity. In the midbrain, ETOH
increased ChAT. HC-3 binding was not affected. These results indicate that the central
cholinergic system is a site at which nicotine and ethanol interact This interaction might
underlie the association between tobacco and alcohol consumption during adolescence.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

while 30% of smokers are alcoholics (Batel et al., 1995; Miller and
Gold, 1998). Individuals that are alcohol-dependent present a

Tobacco and ethanol are among the most widely used drugs in higher frequency of nicotine-dependence than those that do not

the world. Furthermore, co-occurrence of tobacco smoking and drink (Hashimoto et al., 2001). Nicotine-dependence also seems

alcohol consumption is frequent and well documented. Among to be more severe in the alcohol-dependent individuals (Marks

alcoholics, smoker rates of more than 80% have been shown etal., 1997). Smokers consume twice as much alcohol as do non-

* Corresponding author. Fax: +55 21 2587 6129.
E-mail address: yael a_v@yahoo.com.br (Y. Abreu-Villaga).
Abbreviations: ANOVA, analysis of variance; ChAT, choline acetyltransferase; FPLSD, Fisher's Protected Least Significant Difference; HC-
3, hemicholinium-3; nAChR, nicotinic acetylcholine receptor; PN, postnatal day; rANOVA, repeated-measures analysis of variance

0006-8993/$ - see front matter @ 2008 Elsevier B.V. All rights reserved.
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smokers, and alcoholics who smoke consume more cigarettes
than do non-alcoholic smokers (Carmody et al,, 1985; Dawson,
2000; DiFranza and Guerrera, 1990; Larsson and Engel, 2004;
Meyerhoff et al., 2006; Patten et al., 1996). Interestingly, it is now
clearthat adolescents show a peculiar sensitivity to nicotine and
there are also evidences that alcohol use during adolescence
leads to more severe cognitive deficits and brain cell damage
(Slotkin, 2002; Spear, 2000a,b). Most cigarette smokers begin
their habit as adolescents (National Institute on Drug Abuse,
1998; Nelson et al., 1995); epidemiological data have shown a
great number of high school students smoking cigarettes—
approximately one-third in the US (Centers for Disease Control
and Prevention, 2000). Exploratory alcohol use also typically
occurs during adolescence (Spear, 2000a,b) and, in 2000, more
than 50% of high school students reported drinking alcohol
(Johnston et al., 2001). Perhaps most importantly, studies of
adolescent psychoactive substance use have confirmed that
drinkers are more likely than nondrinkers to be smokers and
vice versa (Chen and Kandel, 1995; Torabi et al., 1993; Schorling
et al, 1954) and have also shown that there is a strong
correlation between onset of tobacco consumption at an early
age and alcohol addiction, characterizing adolescence as a
period of vulnerability (Grant, 1998). Altogether, these findings
indicate that a better understanding of the frequent assodation
between tobacco smoking and alcohol consumption during
adolescence is an important area of research since it could help
elaborate intervention strategies to decrease the co-abuse.

Several mechanisms have been proposed as underlying
this epidemiological association. These include genetic pre-
disposition and/or environmental influence (Howard et al,
2003;Lé et al., 2006; Swan et al., 1990), cross-tolerance between
ethanol and nicotine (Collins, et al,, 1988, 1996) and putative
pharmacokinetic interactions (Parnell, et al., 2006). Another
strong contribution may result from pharmacodynamic inter-
actions between drugs. In this regard, among tobacco compo-
nents, nicotine has been shown to be responsible for a wide
range of nervous system effects resulting from tobacco use,
including tobacco addiction (Benowitz, 1992; Dani and Heine-
mann, 1996). As an acetylcholine analog, the ionotropic
nicotinic acetylcholine receptors (nAChRs) are the primary
cellular mediators of nicotine’s effects. As for ethanol, it
directly influences the function of various ligand-gated ion
channels, including nAChRs (for review: Grant, 1994), which
suggests that the nAChR is a site at which nicotine and
ethanol interact. Corroborating this suggestion, it was demon-
strated that ethanol enhances agonist-induced ion flux
through nAChRs (Aistrup et al, 1999; Cardoso et al., 1999)
and that ethanol-induced stimulation of locomotor activity
and mesolimbic dopamine systems involve nAChR activation
(Blomqvist et al., 1992; Soderpalm et al,, 2000). Concomitant
nicotine and ethanol exposure in adult rats results in additive
dopamine release in the nucleus accumbens, an effect that
seems to be mediated by nAChR (Tizabi et al., 2007).
Additionally, in two previous studies, we found that nicotine
and ethanol interact affecting anxiety levels and memory/
learning during adolescence (Abreu-Villaca et al,, 2007, 2008),
behaviors that are known to be affected by cholinergic system
dysregulation (Dani and Bertrand, 2007; Degroot and Treit,
2002; Engin and Treit, 2007, File, et al., 2000; Hasselmo, 2006;
Riccer et al., 2002; Viveros et al., 2007).

Despite these findings, there have been relatively few animal
studies on the basic neurobiclogy of the combined nicotine and
ethanol exposure. Most importantly, there have been scant
studies in animal models of adolescent exposure, the period at
which both smoking and drinking most frequently begin. Since
nicotineis a cholinergic agonist and since ithas been shown that
alcohol interferes with nAChRs, the purpose of the current study
was to examine the effects of adolescent nicotine and/or ethanol
administration on the central cholinergic neurotransmitter
system. Regular smokers tend to smoke intermittently in order
to maintain blood levels of nicotine above a minimum effective
concentration during their active period. Therefore, in keeping
with earlier experimental designs (Abreu-Villaca et al., 2006,
2007, 2008), we chose to give animals free access to a nicotine
solution in the drinking water, which allows for consumption
during their active time. For ethanol, we chose a moderate dose
to be injected (ip.) every other day, mimicking adolescents’
binge drinking. Ethanol i.p. injections during adolescence were
shown to be effective in eliciting behavioral (Lopez et al., 2003;
Song et al, 2008) and neurochemical alterations (Sircar and
Sircar, 2006; Jang et al,, 2002b) in rodents. In light of the unique
behavioral sensitization due to nicotine and ethanol exposure
during adolescence (Abreu-Villaca et al., 2007, 2008), exposure
began on postnatal day (PN) 30, which, based on brain
development, onset of puberty, and patterns of drug reactivity,
represents the early adolescent stage in the rodent, and
extended up to PN45, still well within adolescence (Spear,
2000a,b). We evaluated three cholinergic biomarkers at the end
ofthe period of exposure: First, we assessed nAChR binding with
[*H]cytisine, a ligand that binds selectively to the o422 nAChR,
the predominant subtype in mammalian brain that is upregu-
lated by nicotine (Abreu-Villaga et al., 2003a; Flores et al., 1992;
Happe et al., 1994; Whiting and Lindstrom, 1987) and, in some
brain regions, by ethanol (Booker and Collins, 1997) administra-
tion. We also assessed choline acetyltransferase activity (ChAT)
and the binding of PHJhemicholinium-3 (HC-3) to the high-
affinity presynaptic choline transporter. ChAT, the enzyme
responsible for acetylcholine biosynthesis, is a constitutive
marker for cholinergic nerve terminals and serves as an
archetypal measure of cholinergic innervation, but its activity
does not respond to changes in impulse flow. As a result, ChAT
reflects the concentration of cholinergic nerve terminals (Aubert
etal., 1996, Happe and Murrin, 1992; Navarro et al., 1989; Zahalka
et al,, 1992, 1993). In contrast, high-affinity choline uptake, as
assessed by the binding of HC-3 to the presynaptic high-affinity
choline transporter, is responsive to neuronal activity (Klemm
and Kuhar, 1979; Simon et al, 1976) and the comparative
changes in ChAT and HC-3 binding allows for the distinction
between effects on the concentration of synaptic terminals and
effects on synaptic activity (Aubert et al, 1996; Happe and
Murrin, 1892; Navarro et al.,, 1989; Zahalka et al., 1992, 1993).

2. Results

2.1. Effects on fluid intake/body weight, body weight and
brain region weight

Fluid intake/body weight (day: F=23.3; df=8.6; P<0.001) and
body weight (day: F=205.4, df=2.5; P<0.001) significantly
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Table 1-Mean fluid intake/body weights, body weights

and brain region weights

Measure VEH ETOH NIC NIC+ETOH

Fluid intake/
body weight®
Body weightP
Male 12.1+0.3
Female 12.1+03
Brain region
weight®
Cerebral
cortex
Midbrain

0.32+0.006 030x0.005 0.29+0.005 0.32+0.005

12.9+0.2
11.4+0.2

13.1+0.2
11.2+0.2

13.1+0.2
11.2+0.2

93.6x19 90.9x1.5 91.9%1.7 91.6+1.1

63.2x1.0 63.8x1.0 64.0+1.2 63.6=1.0

Daily measurements from treatment period (PN30 to PN45) were
used to calculate mean values of fluid intake/body weights and
body weights,

# Milliliters/gram.

® Grams.

¢ Milligrams.

increased throughout the exposure period. However, the
rANOVAs on these variables did not indicate significant
Treatment effects or interactions. Males tended to be heavier
than females, however the effect only approached signifi-
cance (F=2.3, df=2.5; P=0.09). Regarding brain region weights,
the rANOVA did not indicate any significant effects of
Treatment, Sex or interaction between these two factors.
The mean values for these variables are presented in Table 1.
As expected, daily nicotine consumption in the NIC and
NIC+ETOH groups varied from animal to animal. The dis-
tributions of consumption data were clearly normal for both
groups (NIC K-S: Z=0.5; P>0.1; NIC+ETOH K-5: Z=0.3; P>0.1).
The analysis of the Pearson’s correlation coefficients indicated
that the variations in the amount of nicotine that the animals
(NIC and NIC+ETCH groups) consumed were not associated
with any of the cholinergic biomarkers (P>0.1 in all cases).

2.2, Overall analysis of cholinergic biomarkers

The global rANOVA, using the one-dimensional design (four
levels: VEH, ETOH, NIC and NIC+ETOH), across all cholinergic
biomarkers, treatments, brain regions and sexes identified a
significant interaction of Treatmentx Cholinergic Biomarker
(F=4.0, df=6; P<0.001). With the Ethanol and Nicotine treat-
ments considered as separate factors in a two-dimensional
design, we again found interactions indicative of selective
effects on each biomarker: Nicotinex Cholinergic Biomarker
(F=7.3, df=2;P=0.001).In addition, the two dimensions (Ethanol
and Nicotine treatments) interacted with each other and with
cholinergic biomarker and region: EthanolxNicotinexCholi-
nergic Biomarker (F=4.7,df=2; P=0.01), Ethanol x Nicotine x Region
(F=3.1, df=1; P=0.08), Ethanol x Nicotine x Cholinergic Biomarker x
Region (F=3.0, df=2; P=0.05). Given these results, data analysis
was carried out separately on each biochemical marker and
brain region and then the results were reexamined. Treatments
were also interactive with sex: EthanolxNicotinexSex (F=4.3,
df=1; P=0.04) and Ethanolx Nicotine x Cholinergic Biomarkerx
Region = Sex (F=2.4, df=2; P=0.09). So, after subdividing the data,
we kept this factor in the analysis to see whether treatment
interactions remained detectable.

Table 2 - Control values for cholinergic biomarkers

Measure Cerebral cortex Midbrain
Male Female Male Female
nAChR binding 27.5+138 33.0+1.7" 46751 38.1+1.7
(fmol/mg)
HC-3 binding 421+16 40,025 17.3+0.5 18.1+0.7
(fmol/mg)
ChAT Elctivit}f 1318+65 1479+45 1132+23 114636

(pmol/mg/min)

The asterisks indicate control values for which females differ

significantly from males.
* P<0.001.

To facilitate comparisons across multiple tissues and
variables, the effects of each treatment on cholinergic biomar-
kers are given as the percent change from the corresponding
control group, but statistical comparisons were made on raw
data. For reference, control values appear in Table 2.

2.3 Effects on nAChRs ([3H]cytisine binding)

Inthe cerebral cortex, the one-dimensional ANOVA indicateda
main Treatment effect (F=5.3; df=3; P=0.003). Post hoc
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Fig. 1 - Effects of adolescent nicotine and/or ethanol on
nAChR binding, presented as the percent change from
control values (see Table 1): (A) in the cerebral cortex and
(B) in the midbrain. Asterisks indicate differences from
control group ("P<0.05; "*"P<0.001) and # indicate differences
between the other groups (#P <0.05; ##P < 0.01), significant
differences between groups as revealed by FPLSD. Values are
means=SEM. NIC, nicotine exposure group; ETOH, ethanol
exposure group; NIC+ETOH, nicotine and ethanol exposure

group.

- 40 -



BRAIN RESEARCH 1232 (20068) 48-560 51

>

ChAT Activity in Cerebral Cortex

Males
*

- #
o

20 -
£
S 15
5 10 o
s 57 |
=]
£ 0 ; ; y
S -5
5 -10 A
E -
g -15 ETOH NIC NIC+ETOH

ChAT Activity in Cerebral Cortex
Females

w

20 q
151
101

-5 1
_10 <4
il ; | .

ETOH NIC

percent change from control
[ |

MIC+ETOH

ChAT Activity in Midbrain

9]

_ B} — #4
5 20
5 151
o
E 104
o
- 5 -
5 % -
o 0 T T 1
=
o -5 -
T
8 -10 1
i .15 -
ETOH NIC NIC+ETOH

Fig. 2 — Effects of adolescentnicotine and/or ethanol on ChAT
activity, presented as the percent change from control values.
In cerebral cortex, the ANOVA indicated a SexxTreatment
interaction. Therefore, male (A) and female (B) results are
presented separately. (C) ChAT activity in midbrain. Asterisks
indicate differences from control group ("P<0.05; ""P<0.01)
and # indicate differences between the othergroups (#P<0.05;
##P<0.01), significant difference between groups as revealed
by FPLSD. Values are means+SEM. NIC, nicotine exposure
group; ETOH, ethanol exposure group; NIC +ETOH, nicotine
and ethanol exposure group.

analyses (Fig. 1A) indicated that adolescent ethanol exposure
by itself had little effect on nAChRs (ETOH>VEH, 9%). In
contrast, nicotine administration produced a more robust
nAChR upregulation (FPLSD: NIC>VEH: 13%; P=0.04) while the
combined NIC+ ETOH treatment elicited an even more intense
(FPLSD: NIC+ETOH=>VEH: 22%; P<0.001) effect. The difference
between NIC+ETOH and ETOH groups also reached signifi-
cance (FPLSD: NIC+ETOH=ETOH; P=0.04). Using the two-

dimensional design (Ethanol and Nicotine treatments consid-
ered as separate factors), the ANOVA did not show significant
interactions between the nicotine and ethanol, indicating a
simple summation of nicotine and ethanol effects.

In the midbrain, the one-dimensional ANOVA also indi-
cated a Treatment effect (F=5.3; df=3; P=0.003). Post hoc
analyses (Fig. 1B) indicated that adolescent ethanol exposure
by itself had little or no effect on nAChRs (ETOH>VEH, 1%). In
addition, nicotine administration also only produced a modest
nAChR upregulation (NIC>VEH; 8%) that failed to reach
statistical significance. The NIC+ETOH treatment, however,
elicited a robust nAChR upregulation (FPLSD: NIC+
ETOH=VEH; 26%): In fact, significant differences were identi-
fied between NIC+ETOH and all other groups (FPLSD: NIC+
ETOH=VEH; P=0.001. NIC+ETOH=NIC; P=0.02. NIC+
ETOH=ETOH; P=0.002). Expanding the analysis to consider
Ethanol and Nicotine treatments as two separable factors, we
identified a significant interaction between these factors,
which indicated that the effect of combined nicotine and
ethanol treatment could not be statistically accounted for by
the summation of the two individual sets of effects. Although
neither nicotine nor ethanol alone elicited significant nAChR
upregulation when compared to the VEH group, there was a
significant effect due to the combined exposure, revealing a
synergistic effect of Nicotine and Ethanol.

2.4. Effects on ChAT activity

In the cerebral cortex, with Treatment considered as a one-
dimensional factor, the ANOVA detected a significant inter-
action between Treatment and Sex (F=5.4, df=3; P=0.003).
After separation by sex, we found significant effects for both
males and females. Interestingly, treatment effects differed
between sexes. For male mice (Fig. 2A), the ANOVA indicated a
main Treatment effect (F=3.0, df=3; P>0,05). Nicotine expo-
sure alone elicited an increase in ChAT activity (FPLSD:
NIC=VEH; P=0.01). However, ethanol treatment reversed the
nicotine-induced increase in ChAT, as indicated by the
significant difference between values for the nicotine and
combined exposure groups (FPLSD: NIC>NIC+ETOH; P=0.03)
and by the less-than-additive effect of Nicotine and Ethanol
indicated by the NicotinexEthanol interaction in the two-
dimensional design (F=6.0, df=1; P=0.02). For female mice
(Fig. 2B), the ANOVA also detected a Treatment effect (F=3.2,
df=3; P=0.04). However, this effect was caused by the fact that
female mice exposed to nicotine presented decreased ChAT
activity when compared to all others groups (FPLSD: NIC < VEH;
P=0.04. NIC<ETOH; P=0.02. NIC<NIC+ETOH,; P=0.01). In this
case, the two-dimensional analysis failed to find a significant
Nicotine xEthanol interaction, connoting the fact that the
effect of combined exposure was undistinguishable from
simple additivity of the effects of nicotine and ethanol.

In the midbrain (Fig. 2C), considering the fourtreatmentsin
a one-dimensional design, the ANOVA detected a Treatment
effect (F=4.7, df=3; P=0.006). The ETOH group presented
increased ChAT activity when compared to the VEH (FPLSD:
P=0.005) and NIC+ETOH (FPLSD: P=0.005) groups. The two-
dimensional analysis found a significant Nicotinex Ethanol
interaction (F=9.7, df=1; P=0,003); indicative of less-than-
additive effects of Nicotine and Ethanol.
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Fig. 3 - Effects of adolescent nicotine and/or ethanol on [’H]
HC-3 binding, presented as the percent change from control
values: (A) in the cerebral cortex and (B) in the midbrain.
Values are means +SEM. NIC, nicotine exposure group;
ETOH, ethanol exposure group; NIC + ETOH, nicotine and
ethanol exposure group.

2.5: Effects on choline transporter ([3H]HC-3 binding)

In both brain regions, the ANOVA failed to indicate significant
effects of Treatment (Fig. 3) or Sex. The interaction between
these two factors also did not reach statistical significance.

3. Discussion

Tobacco smoking and alcohol consumption are frequently
associated during adolescence (Chen and Kandel, 1995; Torabi
et al., 1993; Schorling et al,, 1994). In spite of the epidemiolo-
gical data, little is known about the neurobiological substrates
that may underlie this association, particularly at the critical
developmental period of adolescence. The present study
provides experimental evidence that nicotine and ethanol
have interacting effects on the central cholinergic system
during adolescence.

3.1. Methodological issues

In the present study, C57BL/6 mice were chosen due to the fact
that adult and periadolescent mice from this strain tolerate
the bitter taste of nicotine in the concentration used here
(Abreu-Villaga et al., 2006, 2007, 2008; Klein et al., 2003, 2004;
Sparks and Pauly, 1999). In fact, our results did not indicate
any difference in fluid consumption between groups. Another
particular characteristic of this strain is the higher voluntary
ethanol consumption (Crawley et al.,, 1997), which should be

taken into consideration in studies that involve the adminis-
tration of this substance, even though the bases underlying
this strain-specific characteristic remain poorly understood
(Crabbe et al., 1999). As a result, generalizations should be
made with care and other strains and species may provide
valuable data in future studies of ethanol and nicotine
interactions.

The nicotine concentration used in the drinking solution
has been shown to generate cotinine (main metabolite of
nicotine) plasma levels (Klein et al, 2003, 2004; Sparks and
Pauly, 1999) that are within the range of those found in
adolescent smokers (Caraballo et al., 2004; Wood et al. 2004).
Specifically, a previous study showed that exposure of
C57BL/6 mice to 50 pg/ml nicotine in the drinking water
elicits cotinine plasma levels of 50 ng/ml (Sparks and Pauly
1999). As for ethanol, according to previous studies in
adolescent rodents, even the moderate dose used in the
present study results in blood levels well above the legal
driving limit (Silveri and Spear, 2000). Effects of the
combined exposure could be due to nicotine and ethanol
pharmacokinetic interactions. In this regard, it has been
demonstrated that ethanol plasma levels are reduced in
animals concomitantly exposed to nicotine (Chen and Harle,
2005; Gilbertson and Barron, 2005). However, this effect was
only described in animals that received oral ethanol, and
seemed to be due to a nicotine-induced delay in gastric
emptying (Chen and Harle, 2005; Scott et al,, 1993), leading to
an increased ethanol metabolization by the gastric alcohol
dehydrogenase (Oneta et al.,, 1998). In addition, it has been
demonstrated that ip. ethanol concentrations are not
affected by chronic nicotine exposure (Pamell et al., 2006)
and that nicotine exposure does not affect the elimination
rate of ethanol (Collins et al., 1988). Finally, nicotine plasma
levels and the elimination rate of nicotine do not seem to be
affected by ethanol exposure (Collins et al, 1988). These
findings suggest that metabolic nicotine-ethanol interac-
tions are not capable of explaining our current findings.

In the present study, we used a single ligand concentration
that lies above the Kd but nevertheless below full saturation of
the binding site for determinations of nicotinic receptor
subtype and presynaptic choline transporter binding. The
strategy of using a single, subsaturating ligand concentration
enables the detection of drug-induced changes regardless of
whether the changes are in affinity (Kd) or capacity (Bmasx), but
does not distinguish between the two mechanisms. The
interpretation of results of the present study does not depend
upon whether the change is specific to concentration or
affinity. However, previous studies demonstrated that nico-
tine and ethanol affect mainly the concentration of nAChRs
and HC-3 binding sites (Dohrman and Reiter, 2003; Trauth et
al., 1999; Zahalka et al., 1993).

3.2 Effects on nAChRs

It has been consistently demonstrated that nicotine exposure
elicits nAChR upregulation in the adult rat brain (Doura et al.,
2008; Flores et al., 1992), Previous studies have also demon-
strated that adolescent rats exposed to nicotine present more
robust and persistent upregulation as compared to adults
(Abreu-Villaga et al., 2003a; Doura et al., 2008; Trauth et al,,
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1999). In general, the present results confirm previous findings
in adolescent rodents: nicotine elicited a significant nAChR
upregulation in the cerebral cortex. However, in the midbrain,
nicotine administration only produced a modest increase in
[3H]cytisine binding Differences in the magnitude of effects
between studies could be due to differences in experimental
design regarding exposure procedures. Most studies that
described the more robust nAChR upregulation used contin-
uous nicotine infusions (Abreu-Villaca et al., 2003a). In
contrast, we chose to give animals free access to a nicotine
solution in the drinking water, a model that mimics the
human pattern of intermittent exposure and allows for
consumption during the active period of the mice. In fact, a
previous study indicated that continuous exposure resultsin a
more consistent upregulation when compared to intermittent
one (Abreu-Villaca et al, 2003a), which may allow for some
recovery in between doses. In addition, it is expected that the
intensity of nicotine-induced upregulation varies between
brain regions (Abreu-Villaga et al.,, 2003a) and cell types
(Gaimarri et al., 2007; Nashmi et al., 2007). The present results
indicate that oral nicotine in the concentration used here is
pharmacologically active, which is in accordance with recent
findings form our group describing that oral nicotine is
effective in eliciting behavioral effects (Abreu-Villaca et al,
2006, 2007, 2008). Neurochemical alterations including nico-
tinic receptors upregulation (Nuutinen et al., 2005; Sparks and
Pauly, 1999), altered monoamine levels and metabolism
(Gaddnas et al,, 2000; Tammimaki et al., 2006; Vihavainen et
al., 2006), as well as altered expression of genes implicated in
synaptic plasticity induced by drugs of abuse (Marttila et al,,
2006) have been described previously, but only when higher
doses were used.

It is well documented that ethanol directly affects the
function of various ligand-gated ion channels, including
nAChRs. In this regard, it was demonstrated that ethanol
enhancement of dopamine release in the nucleus accumbens
(Blomgvist et al., 1993) and ethanol-induced locomotor
activity (Blomqgvist et al.,, 1992) involve nAChR activation.
Mecamylamine administration (nicotinic antagonist) reduces
ethanol consumption in rats and a subchronically low dose of
nicotine increases voluntary ethanol intake (Blomqvist et al,,
1996). Cardoso et al. (1999), using different nAChR subtype
compositions expressed in Xenopus oocytes, found that
ethanol potentiates acetylcholine-induced currents in several
nAChR subtypes including «4{2, but has little effect on other
subtypes. In addition, some studies demonstrated that
ethanol inhibits «7 nAChRs in cocytes (Breese et al., 1993; de
Fiebre and de Fiebre, 2005; Yu et al., 1996). Regarding nAChRs
binding, several studies have demonstrated that ethanol
exposure may produce both upregulation and downregulation
depending on the brain region or the cell line used (Booker and
Collins, 1997; Gorbounova etal., 1998; Robles and Sabria, 2008).
In our study, ethanel exposure failed to promote significant
alterations in nAChR binding. The short-term treatment and
moderate dose used could explain the absence of ethanol
effects. For instance, in vivo studies using short-term treat-
ment did not detect an effect of ethanol in mice brain nAChRs
(Burch et al., 1988; de Fiebre and Collins, 1993).

Interestingly, for both brain regions, the combined nicotine +
ethanol exposure elicited a robust nAChR upregulation. In the

cerebral cortex, this outcome reflected the summation of
nicotine and ethanol effects. However, in the midbrain,
despite the lack of effect elicited by either drug, nicotine
+ethanol-elicited upregulation revealed a synergistic effect of
nicotine and ethanol. It has been suggested that ethanol
stabilizes the open state of the Torpedo nAChR (Wu et al., 1993)
and may increase agonist affinity for this receptor (Forman et
al, 1989). Dohrman and Reiter (2003) demonstrated that
ethanol can modulate the nicotine-induced nAChRs upregula-
tion in cell cultures. In general, studies in vivo suggest that
ethanol may enhance the electrophysiological response to
nicotine in some but not all brain areas due possibly to
variations in the distribution of nAChR subtypes (Breese et al,,
1993). In addition, concomitant nicotine and ethanol exposure
in adult rats results in additive dopamine release in the
nucleus accumbens, an effect that seems to be mediated by
nAChR (Tizabi et al., 2007). Altogether, these findings indicate
that ethanol may serve as a co-agonist to acetylcholine at
some areas of the brain and that the co-exposure could
generate a greater susceptibility to trigger a nAChR desensi-
tization and, consequent upregulation. Finally, to our knowl-
edge, our results in the midbrain constitute the first
experimental evidence that the co-administration does have
more than a simple additive effect in nAChR binding Given
the critical role of the midbrain circuitry in mechanisms of
addiction (Mansvelder and McGehee, 2002; Nestler, 2001) and
the fact that nAChR upregulation is hypothesized to play a
role in these mechanisms (Buisson and Bertrand, 2002; Dani
and De Biasi, 2001; Picciotto et al., 2008), we suggest that, if a
similar effect occurs during human adolescents concomitant
consumption of tobacco and ethanol, the synergistic effect
may facilitate the development of abuse to these drugs.

The lack of synergistic effects in the cortex is, to some
extent, puzzling since we were studying the same receptor
subtype in both brain regions. It should be mentioned that
nicotine regulates the release of several neurotransmitters
including dopamine, serotonin, noradrenalin, glutamate,
GABA and acetylcholine (Wonnacott, 1997). Besides its actions
at nAChRs, ethanol has been shown to enhance function at
GABA and glycine receptors, act as a co-agonist at serotonin
receptors, and act as a functional antagonist at glutamate
receptors (Larsson and Engel, 2004). Therefore, there are
several other potential targets and, in fact, recent evidences
point out that nicotine and ethanol interact affecting other
neurotransmitter systems (Al-Rejaie and Dar, 2006a,b; Inoue
et al., 2007). These indicate that additional molecular mechan-
isms, region-specific, may also play a role on nicotine and
ethanol interactions. The role of other neurotransmitter
systems and the integration of the effects, at synaptic and
neural circuit levels, may explain differences in results
between brain regions. These integrative effects, certainly
relevant to the understanding of the mechanisms that
underlie nicotine and ethanol adolescent co-use and abuse,
remain unclear and need to be tested in subsequent studies.

3.3. Effects on ChAT activity and HC-3 binding
3.3.1. ChAT activity

The effects on ChAT differed substantially between brain
regions. In the cerebral cortex, nicotine exposure generated a
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sex-dependent effect with decreased ChAT activity for
females and increased activity for males. ChAT is a constitu-
tive cholinergic synaptic biomarker (Aubert et al., 1996; Happe
and Murrin, 1992; Navarro et al.,, 1989; Zahalka et al., 1992,
1993) for which a decrease in activity indicates loss of
cholinergic innervation and possibly loss of neural cells
(Trauth et al, 2000a,b,c). In fact, while the activation of
nAChRs serves a trophic role in neurodevelopment (Coronas
et al,, 2000; Hohmann and Berger-Sweeney, 1998, Navarro et
al., 1989; Pugh and Margiotta, 2000), excessive cholinergic
stimulation disrupts patterns of cell replication, differentia-
tion and synaptogenesis (Levin and Slotkin, 1998, Slotkin,
2002, 2004), progressing at high levels to outright cell damage
(Abreu-Villaca et al., 2003b; Abrous et al., 2002; Slotkin, 2002,
2004). Deficits in ChAT may reflect a higher susceptibility of
females to negative effects of nicotine as compared to males.
In this regard, adelescent female smokers show a more rapid
onset of nicotine-dependence (DiFranza et al, 2002) and
several animal studies suggest that females are more sensitive
to cell damage due to adolescent nicotine exposure (Abreu-
Villaca et al., 2003b; Trauth et al.,, 1959, 2000a, 2000b, 2000c).
Alternatively, the elevations in ChAT detected in males
suggest that nicotine exposure elicits a small but significant
increase in the density of cholinergic innervation, which may
represent sprouting as a compensatory response to cell
damage, as suggested previously (Abreu-Villaga et al., 2003a,
2004a) or, in contrast, may be a response to the trophic effect
of nAChRs activation (Coronas et al., 2000; Hohmann and
Berger-Sweeney, 1998; Hohmann et al., 1988; Navarro et al,,
1989, Pugh and Margiotta, 2000). In the midbrain, nicotine
failed to elicit alterations in ChAT activity. Previous studies
demonstrated that adolescent rats exposed to nicotine
showed a decrease in cell number, which seems to include
neurons and glial cells, and a compensatory increase in cell
size (Abreu-Villaca et al., 2003b; Trauth et al., 2000a,b,c; Xu et
al., 2003). Future studies will need to directly assess cell
damage in order to confirm these results and verify whether it
is restricted to cholinergic cells.

As for ethanol, we failed to find significant alterations in
ChAT in the cerebral cortex while, in the midbrain, there was a
small but significant increase in the density of cholinergic
innervation. Previous studies have shown that intake of
ethanol results in a significant reduction in ChAT (Arendt et
al., 1988; Floyd et al., 1997), however, this effect was associated
with prolonged periods of exposure. We suggest that a
moderate dose of ethaneol administrated every other day
during a short period (as in the present study) does not have a
consistent effect in the cerebral cortex. Considering the
compensatory pattern identified in the midbrain, a degree of
recovery in ChAT activity is also conceivable.

To our knowledge, this is the first study that describes the
effects of the combined nicotine +ethanol exposure in ChAT
activity. Surprisingly, we found that the co-administration
failed to produce alterations in ChAT in either region
examined. In the cerebral cortex, during female exposure,
despite nicotine-elicited reduction in ChAT activity, exposure
to both nicotine and ethanol failed to elicit cheolinergic cell
damage, which suggests a protective effect of ethanol. In
contrast, for males, nicotine elicited elevations in ChAT.
However, ethanol co-exposure reverted this effect. Finally, in

the midbrain, the effect of nicotine+ethanol exposure was
reduced when compared to either nicotine or ethanol
exposure, being essentially similar to the vehicle group. The
protective effect of ethanol was somewhat unexpected. Co-
administration elicited stronger upregulation of nAChR when
compared to either nicotine or ethanol exposure, and, as
mentioned before, excessive cholinergic stimulation disrupts
the normal pattern of neural cell development (Levin and
Slotkin, 1998; Slotkin, 2002, 2004). In the present study, we did
not evaluate whether nAChR upregulation reflects increased
function. In fact, studies addressing this issue are still
controversial (Gaimarri et al.,, 2007; Gentry and Lukas, 2002;
Nashmi et al, 2007). It is possible that upregulation in part
reflects a compensatory response to ethanol-elicited receptor
desensitization, and, if so, the protective effect of ethanol
could be due to the trophic effect of nAChRs activation
associated with moderate activation of receptors (Coronas et
al., 2000; Hohmann and Berger-Sweeney, 1998; Hohmann et
al., 1988; Navarro et al, 1989; Pugh and Margiotta, 2000).
Indeed, previous papers addressing cellular neurotoxicity of
nicotine and/or ethanol have demonstrated less-than-addi-
tive effects (Penland et al., 2001, Tizabi et al., 2003, 2004, 2005).
In contrast, a morphological study indicated that both nicotine
and ethanol adolescent exposure elicit cell death in the
dentate gyrus of rats and that co-administration may elicit a
more potent effect when compared to either nicotine or
ethanol exposure (Jang et al., 2002a). Altogether, these results
indicate that even though nicotine +ethanol co-administra-
tion does not elicit significant damage to the cholinergic
terminals, other cell types may suffer damage. Future studies
addressing which brain regions and cell types are affected
may help explain the co-use and abuse of these drugs as well
as the associated behavioral alterations.

3.3.2. HC-3 binding

The high-affinity choline uptake system, assessed by HC-3
binding, is regulated by nerve impulse activity (Klemm and
Kuhar, 1979; Simon et al.,, 1976). Regarding nicotine, decre-
ments in HC-3 binding were expected since it has been
previocusly demonstrated that adolescent treatment is effec-
tive in producing this effect across several brain regions
(Abreu-Villaca et al,, 2003a). Conversely, our findings failed to
show effects of nicotine in HC-3 binding. Divergent results
may be explained by differences inherent to the various routes
of administration that have been used. In contrast to other
routes such as osmotic minipumps (which produce constant
nicotine plasma levels) or injections (which allow for a precise
timing of sacrifice relative to the injection) (Abreu-Villaca et
al., 2003a), oral nicotine mimics intermittent exposure char-
acteristic of smokers. Previous reports indicate that HC-3
binding responds within minutes to the changes in impulse
activity (Ford et al., 1999; Happe and Murrin, 1992), therefore,
inter-individual differences in the time interval between the
last drinking episode and sacrifice may be the most likely
reason for the absence of effects concermning this cholinergic
marker.

As for ethanol, despite methodological differences
between studies, the lack of effect described in the present
study is in line with previous reports that describe that the
high-affinity choline uptake system is highly resistant to

-44 -



BRAIN RESEARCH 1232 (2008) 4860 55

ethanol effects (Saltarelli et al., 1990; Kristofikova et al., 2003).
This resistance has been interpreted based on the assump-
tion that the effects of ethanol are basically due to its
detergent actions on membrane lipids and, consequently,
on membrane-bound enzymes such as Na+/K+-ATPase,
whose activity is directly linked to the function of high-
affinity systems (Sun and Sun, 1985). These studies demon-
strate that only high doses of ethanol are effective in eliciting
alterations.

The combined exposure also failed to produce alterations
in HC-3 binding in the present work. Altogether, these results
suggest that with our experimental design, nicotine, ethanol
and the combined exposure during adolescence are not
capable of eliciting alterations in cholinergic synaptic activity.
The comparative changes in ChAT activity and HC-3 binding
permit the distinction between effects on synaptic outgrowth
as distinct from synaptic activity (Aubert et al., 1996; Happe
and Murrin, 1992; Navarro et al., 1989; Zahalka et al., 1992,
1993). Adolescent nicotine treatment produced effects on
ChAT that were separable from HC-3 binding results. In fact,
the lack of alterations in HC-3 binding indicates that the
effects of nicotine and/or ethanol exposure largely reflect
altered cholinergic innervation.

3.4. Conclusions

These results indicate that the central cholinergic system is a
site at which nicotine and ethanol interact. This interaction
may underlie the association between tobacco and alcohol
consumption during adolescence. Adolescent tobacco and
ethanol consumption are severe public health issues. Brain
development continues into adolescence, being characterized
by several modifications (Altman and Bayer, 1990; Rakic et al,,
1994), such as the maturation of the central cholinergic
system (Zahalka et al., 1993). In this regard, recent studies
from our group provide experimental evidence for functional
interactions between nicotine and ethanol in the regulation
of memory/leaming and anxiety behavioral responses during
adolescence (Abreu-Villaga et al., 2007, 2008). Considering the
role of the cholinergic system in both memory/learning and
anxiety (Dani and Bertrand, 2007; Degroot and Treit, 2002;
Engin and Treit, 2007; File et al., 2000; Hasselmo, 2006; Ricceri
et al.,, 2002; Viveros et al.,, 2007), the behavioral effects of
nicotine +ethanol support the assumption that the choliner-
gic system is a site at which these drugs interact. The
understanding of the neurochemical interactions of drugs
may be essential for the development of new pharmacologi-
cal therapies capable of reversing the addictive state,
preventing relapse and/or reducing the intake of these
drugs. The present study provides direct experimental
evidence for neurochemical interactions between nicotine
and ethanol, which may explain, at least in part, the frequent
association between tobacco and alcohol consumption during
adolescence. Particularly, the concomitant exposure elicited
both less-than-additive and synergistic interactions between
the two treatments in the central cholinergic system:
Upregulation of nAChR reflected synergistic effects of nico-
tine and ethanol in the midbrain, a region associated with
mechanisms of reward and addiction (Mansvelder and
McGehee, 2002; Nestler, 2001). Additionally, alterations in

ChAT activity elicited by either drug were reduced by co-
exposure.

The lack of effects of nicotine+ethanol exposure in
cholinergic innervation and activity indicates that direct
effects on cholinergic synaptic function cannot explain the
highly frequent concomitant consumption during adoles-
cence (Chen and Kandel, 1995; Torabi et al., 1993; Schorling
et al., 1994) and the behavioral alterations described in animal
models (Abreu-Villaga et al., 2007, 2008). However, these
effects may be determined, at least in part, by the peculiar
effects of the combined exposure on nAChR, either directly or
mediated by the activation of other neurotransmitter systems.
Particularly, considering that nAChR is hypothesized to play a
role in addiction mechanisms (Buisson and Bertrand, 2002;
Dani and De Biasi, 2001), the more robust nAChR upregulation
identified in the nicotine+ethanol group suggests that, if a
similar effect occurs during adolescents’ concomitant con-
sumption of tobacco and ethanol, individualsin this age group
are more prone to become addicted to these drugs.

4, Experimental procedures
4.1. Animal treatment

All experiments were carried out in accordance with the
declaration of Helsinki and with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the
National Institutes of Health. C57BL/é mice were chosen
because prior reports demonstrated that adult and periado-
lescent mice from this strain consume nicotine in the
concentration used in the present study (Abreu-Villaca et al.,,
2006, 2007, 2008, Klein et al., 2003, 2004; Sparks and Pauly,
1999). All mice were bred and maintained in our laboratory.
Animals were derived from a C57BL/6 colony maintained at
the Universidade Estadual de Campinas (S4ao Paulo, Brazil) for
over 70 generations. The animals were kept in a temperature-
controlled room on a 12 h light/dark cycle (lights on at
2:00 am). Access to food and water was ad lib. On the first
postnatal day (PN1), litters were culled to a maximum of &
mice to ensure standard nutrition. At weaning (PN25) animals
were separated by sex and allowed free access to food and
water.

On PN29, pups from 14 litters (32 females and 39 males)
were individually housed which allowed for accurate indivi-
dual measurement of fluid intake/nicotine consumption.
Animals were exposed to nicotine and/or ethanol from FN30
to PN45, the approximate age range during which animals of
both genders and most breeding stock exhibit adolescent-
typical behavioral characteristics and particular neurochem-
ical and endocrine patterns when compared to adulthood and
pre-pubertal periods (Spear, 2000a,b). During this period, 25%
ethanol (2 g/kg) solution (v/v) in saline or saline only was
injected (i.p.) every other day in order to mimic cyclical
patterns of alcohol consumption; while (-)-nicotine free base
(50 pg/ml) in 2% saccharin or 2% saccharin only was
administered in the drinking water (the sole source of fluid)
in order to mimic intermittent nicotine consumption. Each
one of the following treatment groups was composed of no
more than one male and one female mice from each litter:
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VEH (oral saccharin+injected saline), ETOH (oral saccharin
+injected ethanol), NIC (oral nicotine/saccharin+injected
saline) and those receiving the combined treatment: NIC
+ETOH (oral nicotine/saccharin+injected ethanol). Bottles
were cleaned and refilled daily. Loss due to leakage was
measured from a bottle placed in an empty cage (“blank”) and
subtracted from fluid consumption data. Body weights and
fluid consumption were also measured every day. Since body
weight increases significantly during adolescence, daily fluid
intake data were obtained by dividing the absolute values of
fluid intake of each animal by its own body weight.

Studies were conducted at the end of the drug administra-
tion period (PN45). Animals were decapitated during theirdark
cycle and the cerebral cortex and midbrain were dissected
(Trauth et al., 2000a,b,c), frozen in liquid nitrogen, and stored
at —45 °C until assayed. For each treatment group, 15-19
animals were examined, equally divided into males and
females.

4.2. Tissue preparation and assays

Tissues were thawed and homogenized (Ultra-Turrax T10
basic, IKA, Sao Paulo, SP) in 40 volumes of ice-cold 50 mM Tris
HCI (pH 7.4) and aliquots were withdrawn for measurements
of ChAT activity (Lau et al., 1988) and total protein (Bicinch-
oninic Acid kit) (Smith et al, 1985). To prepare the cell
membrane fraction, the homogenates were sedimented at
40,000xg for 10 min and the supernatant solution was
discarded. The membrane pellet was resuspended (Ultra-
Turrax) in the original volume of buffer, resedimented, and the
resultant pellet was resuspended in approximately 10
volumes (based on the original weight of the tissue) of the
same buffer using a smooth glass homogenizer fitted with a
Teflon pestle. Aliquots of this resuspension were withdrawn
for measurements of [PH|cytisine and [PH]JHC-3 binding, and
for membrane protein (Bicinchoninic Acid kit).

All assays have been described in detail in previous papers
(Abreu-Villaca et al., 2003a, 2004a; Trauth et al., 1999, 2000a,
2000b, 2000c) and will therefore be presented briefly. ChAT
activity was assayed in tissue homogenate using 50 pM [**C]
acetyl-coenzyme A. Labeled acetylcholine was then extracted
and the activity was determined relative to tissue protein. [*H]
Cytisine and [*H]HC-3 binding were determined in the cell
membrane fraction using final ligand concentrations of 2 nM;
specific binding was displaced with 100 pM nicotine for
nAChRs and 20 uM unlabeled HC-3 for the high-affinity
choline transporter. Values were then calculated as specific
binding per mg of membrane protein.

4.3. Data analysis of the effects on fluid intake/body
weight, body weight and brain region weight

Initially, repeated-measures analyses of variance (rANOVA)
on each variable (fluid intake/body weight and body weight)
were carried out. Treatment (VEH, ETOH, NIC and NIC+ETOH)
and Sex were used as between-subjects factors. Day was
considered the within-subjects factor. Whenever significant
TreatmentxDay interactions were detected, pairwise post-
hoc analyses were carried outby using Fisher’s Protected Least
Significant Difference (FPLSD). Whenever significant Treat-

mentxSex interactions were detected, appropriate lower-
order ANOVAs were utilized, followed by pairwise post-hoc
analyses (FPLSD). Effects of nicotine and/or ethanol treatment
on brain region weights were conducted with a separate
ANOVA (nicotine and/or ethanol Treatment, Sex) for each
brain region.

4.4. Data analysis of cholinergic biomarkers

To reduce the likelihood of type 1 statistical errors that might
result from repeated testing of the global data set, we first
performed a global rANOVA on all factors: Treatment (VEH,
ETCH, NIC and NIC+ETOH), Brain Region and Sex, utilizing
log-transformation because of the heterogeneous variance
among the different biomarkers. The Cholinergic Biomarkers
(nAChR binding, ChAT, HC-3 binding) were treated as repeated
measures, since each was obtained from the same tissue
homogenate. Whenever this initial test indicated treatment
effects that differed among different biomarkers and brain
regions, data were then examined separately, using ANOVAs
[Treatment (VEH, NIC, ETOH and NIC+ETOH) and Sex as
between-subjects factors]. Whenever significant Treatment x-
Sex interactions were detected, appropriate lower-order
ANOVAs were utilized, followed by pairwise post-hoc analyses
(FPLSD). For all cases in which treatment effects did not
interact with other variables, only the main effect was
recorded, without testing of individual differences.

4.5. Data analysis of nicotine—ethanol interactions

The one-dimensional statistical design described above, in
which Treatment (VEH, ETOH, NIC and NIC+ETOH) was
considered the between-subjects factor, was used to verify
whether significant differences between the four treatment
groups existed. However, the combined use of nicotine and
ethanol can have more-than-additive (synergistic), less-than-
additive or additive effects which are not addressed by the
one-dimensional design. Therefore, a two-dimensional design
was also used (Abreu-Villaca et al., 2004a,b, 2007, 2008; Rhodes
et al., 2003). In this design Ethanol (treated: ETOH and NIC +
ETOH; non-treated: VEH and NIC) was considered one of the
between-subjects factors. Nicotine, (treated: NIC and NIC+
ETOH; non-treated: VEH and ETOH) was considered the other
between-subjects factor. In this formulation, more-than-
additive (synergistic) and less-than-additive effects appear
as significant interactions between the two treatment dimen-
sions, whereas simple, additive effects do not show significant
interactions.

4.6. Association between nicotine and cholinergic
biomarkers

Considering that animals had ad lib. access to the nicotine
solution, variations in the amount of nicotine received were to
be expected. The normality of the distributions of average
daily nicotine consumption per animal was assessed by
means of Kolmogorov-Smimov one sample tests (K-S). In
order to verify whether there were significant associations
between the total amount of nicotine received and the
biochemical biomarkers, Pearson’s correlation coefficients (1)
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were calculated. The analysis was carried out initially using
the entire data set and subsequently segmenting the data set
into Treatment (NIC and NIC+ETOH) and Sex groups.

4.7. General aspects of the data analysis

Significance was assumed at the level of P<0.05 for main
effects; however, for interactions at P<0.1, we also examined
whether lower-order main effects were detectable after
subdivision of the interactive variables (Snedecor and
Cochran, 1967). Data are compiled as means and standard
errors.

4.8. Materials

Radioisotopically-labeled compounds came from PerkinElmer
Life Sciences (Boston, MA): [“Clacetyl-CoA (specific activity
4 mCi/mmol), [*HJHC-3 (specific activity 144.5 Ci/mmol) and
[*H]cytisine (specific activity, 40 Ci/mmol). Sigma Chemical Co.
(St. Louis, MO) was the source for bovine albumin, BCA kit,
eserine hemisulfate salt, 3-heptanone, (-)-nicotine hydrogen
tartate salt, (-)-nicotine free base, sodium tetraphenylborate
and triton X-100. VETEC Quimica Fina Ltda (Rio de Janeiro, RJ)

was the source for all other reagents.
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5. ARTIGO 2 - Exposi¢do combinada de nicotina e etanol em camundongos

adolescentes: efeitos no sistema colinérgico ap6s curto e longo periodo de retirada.

O segundo artigo apresentado nesta tese foi aceito para publicagdo este ano no
periddico internacional Neuroscience (fator de impacto 2008=3,556), sendo intitulado:
“Combined exposure to nicotine and ethanol in adolescent mice: Effects on the central
cholinergic systems during short and long term withdrawal”
(doi:10.1016/j.neuroscience.2009.05.032). Além disso, os resultados deste trabalho serdo
apresentados no congresso nacional da Federagdo de Sociedades de Biologia Experimental
(XXIV Reunido Anual da FeSBE).

Considerando que o conhecimento dos substratos bioldgicos afetados durante o
periodo de retirada ¢ fundamental para prevenir as recaidas pela droga, neste trabalho tivemos
como objetivo avaliar o sistema colinérgico de camundongos adolescentes apos a retirada da
exposicdo de nicotina e/ou etanol. Em resumo, apos curto periodo de retirada (PN50) os
grupos NIC e NIC+ETOH apresentaram upregulation dos nAChRs. Ainda em PN50, animais
previamente expostos a nicotina apresentaram aumento da atividade da ChAT, que foi revertido
no grupo NIC+ETOH. Em relag@o ao transportador pré-sinaptico de colina, houve reducao dos
seus niveis mesmo apds um més de retirada de ETOH e NIC+ETOH. Desta forma, este estudo
fornece evidéncias experimentais das interacdes entre nicotina e etanol existentes no sistema

colinérgico central durante o periodo de retirada.
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COMBINED EXPOSURE TO NICOTINE AND ETHANOL IN
ADOLESCENT MICE: EFFECTS ON THE CENTRAL CHOLINERGIC
SYSTEMS DURING SHORT AND LONG TERM WITHDRAWAL

A. RIBEIRO-CARVALHO, C. S. LIMA, A. H. MEDEIROS,
N. R. SIQUEIRA, C. C. FILGUEIRAS, A. C. MANHAES
AND Y. ABREU-VILLAGCA*

Laboratério de Neurofisiologia, Departamento de Ciéncias Fisiologi-
cas, Instituto de Biologia Roberto Alcantara Gomes, Universidade do
Estado do Rio de Janeiro, Av. Prof. Manoel de Abreu 444, 5 andar,
Vila Isabel, Rio de Janeiro, RJ, 20550-170, Brazil

Abstract—Relapse to drug use is a major public health prob-
lem. In this sense, understanding the biological substrates
that are affected during withdrawal may provide information
to prevent relapse. Both smoking and alcoholic beverage
consumption usually begin during adolescence, however,
little is known about the basic neurobiology of the combined
adolescent exposure, particularly during withdrawal. Since
nicotine is a cholinergic agonist and it has been shown that
ethanol interferes with nicotinic acetylcholine receptors
(nAChRs), the current study focused on the effects of drug
withdrawal on the central cholinergic system. From the 30th
to the 45th postnatal day (PN), C57BL/6 male and female mice
were exposed to nicotine free base (NIC) and/or ethanol
(ETOH). Four groups were analyzed: (1) concomitant NIC (50
pg/ml in 2% saccharin to drink) and ETOH (25%, 2 g/kg i.p.
injected every other day) exposure; (2) NIC exposure; (3)
ETOH exposure; (4) vehicle. We assessed nAChR binding,
choline acetyltransferase (ChAT) activity and [*H]hemicho-
linium-3 (HC-3) binding in the cerebral cortex and midbrain of
mice at short (PN50) and long term (PN75) withdrawal. NIC
and NIC+ETOH promoted nAChR upregulation during a
short-term withdrawal. NIC short-term withdrawal elicited an
increase in ChAT activity that was reversed by ETOH with-
drawal. In addition, NIC+ETOH elicited a decrease in ChAT
activity at long term withdrawal. Regarding HC-3, ETOH and
NIC+ETOH promoted a decrease that persisted at long-term
withdrawal. The present study provides experimental evi-
dence that nicotine and ethanol during adolescence interact
resulting in cholinergic system alterations during withdrawal.
© 2009 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: adolescence, nicotinic acetylcholine receptors,
alcohol, tobacco, development, abstinence.

Epidemiological studies have indicated that nicotine and
ethanol are the most commonly used and abused drugs
and that a close relationship between smoking and alcohol

*Corresponding author. Tel: +5521-2587-6295; fax. +5521-2587-6129.
E-mail address: yael_a_v@yahoo.com.br (Y. Abreu-Villaca).
Abbreviations: ANOVA, analysis of variance; BEC, blood ethanol con-
centration; ChAT, choline acetyltransferase; ETOH, ethanol-exposed
group; FPLSD, Fisher's protected least significant difference; HC-3,
[®H]hemicholinium-3; NAChR, nicotinic acetylcholine receptor; NIC,
nicotine-exposed group; NIC+ETOH, nicotine and ethanol-exposed
group; PN, postnatal day; rANOVA, repeated-measures analysis of
variance; VEH, vehicle group.

consumption exists (DiFranza and Guerrera, 1990; Lars-
son and Engel, 2004). Tobacco smoking and alcohol con-
sumption typically begin during adolescence (National In-
stitute on Drug Abuse, 1998; Nelson et al., 1995; Spear,
2000a) and it is now clear that adolescents show a peculiar
sensitivity to both nicotine and ethanol (Spear, 2000a;
Slotkin, 2002). Studies have confirmed that adolescent
drinkers are more likely than nondrinkers to be smokers
and vice versa (Torabi et al., 1993; Schorling et al., 1994;
Chen and Kandel, 1995) and have also shown that there is
a strong correlation between onset of tobacco consump-
tion at an early age and alcohol addiction (DiFranza and
Guerrera, 1990; Grant, 1998).

Cessation is the only effective measure to prevent or
limit the long-term negative effects of smoking and drinking
(WHO, 2004; De Biasi and Salas, 2008). Most smokers
and alcoholic beverage abusers recognize the negative
impact of drug abuse on health and would prefer to quit, if
possible. However, in spite of many attempts, very few
actually succeed (Gulliver et al., 2006; De Biasi and Salas,
2008). A major obstacle to long term abstinence is the
presence of withdrawal symptoms. In fact, the duration and
severity of withdrawal are strong predictors of relapse to
drug use (West et al., 1989; Piasecki et al., 2003). The
relationship between nicotine and ethanol addiction can
also be demonstrated during withdrawal. Smoking inter-
ruption is more difficult to accomplish in former or current
alcohol abusers (Bobo et al., 1987) and smoking cessation
has been associated with altered ethanol consumption
(Carmelli et al., 1993; Friend and Pagano, 2005). Alto-
gether, these findings indicate that a better understanding
of the neurobiological substrates affected by nicotine
and/or ethanol exposure and withdrawal during adoles-
cence may help in the development of new pharmacolog-
ical therapies to prevent relapse and/or reverse the addic-
tive state.

Among tobacco components, nicotine has been shown
to be responsible for a wide range of nervous system
effects, including tobacco addiction (Benowitz, 1992; Dani
and Heinemann, 1996). As an acetylcholine analog, the
ionotropic nicotinic acetylcholine receptors (NAChRs) are
the primary cellular mediators of nicotine's effects. As for
ethanol, it directly influences the function of various ligand-
gated ion channels, including nAChRs (for review: Grant,
1994), which suggests that the nAChR is a site at which
nicotine and ethanol interact. In fact, we have previously
demonstrated in mice that concomitant nicotine and etha-
nol exposure during adolescence elicits stronger upregu-
lation of @482-nAChRs in the midbrain and cerebral cortex

0306-4522/09 $ - see front matter © 2009 IBRO. Published by Elsevier Ltd. All rights reserved.
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when compared to alterations elicited by either drug alone
(Ribeiro-Carvalho et al., 2008), thus providing experimen-
tal evidence that nicotine and ethanol interactions are me-
diated, at least in part, by the central cholinergic system.
Interestingly, it has been proposed that the pg2*-
nAChRs, but not a5*- or a7*-nAChRs, may contribute to
affective components of the nicotine withdrawal syndrome
in mice (Jackson et al., 2008). In the same way, Butt et al.
(2004) demonstrated that a4*-nAChRs modulate ethanol
withdrawal in mice. Despite these findings, there have
been relatively few animal studies on the basic neurobiol-
ogy of nicotine and ethanol withdrawal, particularly in an-
imal models of adolescent exposure. In this regard, we
have previously examined the effects of adolescent nico-
tine and/or ethanol administration on memory/learning
(Abreu-Villaca et al., 2007) and anxiety (Abreu-Villaga et
al., 2008) during drug administration and withdrawal.
These studies provided experimental evidence for func-
tional interactions between nicotine and ethanol in the
regulation of behavioral responses during withdrawal.
The purpose of the current study was to examine the
effects of adolescent nicotine and/or ethanol withdrawal on
the central cholinergic neurotransmitter system. It comple-
ments our previous findings regarding the effects of nicotine
and/ethanol during exposure (Ribeiro-Carvalho et al., 2008).
In keeping with earlier experimental designs (Abreu-Villaga et
al., 2006, 2007, 2008; Ribeiro-Carvalho et al., 2008), we
chose to give animals free access to a nicotine solution in
the drinking water, which allows for consumption during
their active time. For ethanol, we chose a moderate dose
to be injected (i.p.) every other day, mimicking adoles-
cents’ binge drinking. Exposure began on postnatal day
(PN) 30, which, based on brain development, onset of
puberty, and patterns of drug reactivity, represents the
early adolescent stage in the rodent, and extended up to
PN45, still well within adolescence (Spear, 2000b). We
evaluated three cholinergic biomarkers at short-term (five
days post-exposure) and long term (1 month post-expo-
sure) withdrawal: First, we assessed nAChR binding with
[*H]cytisine, a ligand that binds selectively to the a4p2-
nAChR, the predominant subtype in mammalian brain
(Flores et al., 1992). We also assessed choline acetyl-
transferase (ChAT) activity and the binding of [*H]hemi-
cholinium-3 (HC-3) to the high-affinity presynaptic choline
transporter. ChAT, the enzyme responsible for acetylcho-
line biosynthesis, is a constitutive marker for cholinergic
nerve terminals and serves as an archetypal measure of
cholinergic innervation, but its activity does not respond to
changes in impulse flow. Accordingly, ChAT reflects the
concentration of cholinergic nerve terminals (Navarro et
al., 1989; Happe and Murrin, 1992b; Zahalka et al., 1992,
1993; Aubert et al., 1996). In contrast, high affinity choline
uptake, as assessed with the binding of HC-3 to the pre-
synaptic high-affinity choline transporter, is responsive to
neuronal activity (Simon et al., 1976; Klemm and Kuhar,
1979) and the comparative changes in ChAT and HC-3
binding allows for the distinction between effects on the
concentration of synaptic terminals and effects on synaptic

activity (Navarro et al., 1989; Happe and Murrin, 1992b;
Zahalka et al., 1992, 1993; Aubert et al., 1996).

EXPERIMENTAL PROCEDURES
Animal treatment

All experiments were carried out in accordance with the declara-
tion of Helsinki and with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the National
Institutes of Health. All procedures were approved by the Institute
of Biology/UERJ Ethical Committee for Animal Research, mini-
mizing the number of animals used and avoiding animal suffering.
C57BL/6 mice were chosen because prior reports, which used this
strain and the same concentration of nicotine as the one used in
the present study, demonstrated that this dose of nicotine is well
tolerated by this strain since it does not elicit marked reductions in
fluid intake (Sparks and Pauly, 1999; Klein et al., 2003, 2004;
Abreu-Villaga et al., 2007, 2008; Manhaes et al., 2008; Ribeiro-
Carvalho et al., 2008). All mice were bred and maintained in our
laboratory. Animals were derived from a C57BL/6 colony main-
tained at the Universidade Estadual de Campinas (S&o Paulo,
Brazil) for over 70 generations. The animals were kept in a tem-
perature-controlled room on a 12-h light/dark cycle (lights on at
2:00 am). Access to food and water was ad libifum. On the first
postnatal day (PN1), litters were culled to a maximum of eight
mice to ensure standard nutrition. At weaning (PN25) animals
were separated by sex and allowed free access to food and water.

On PN29, pups from 28 litters (50 females and 61 males) were
individually housed, which allowed for accurate individual measure-
ment of fluid intake/nicotine consumption. Animals were exposed to
nicotine and/or ethanol from PN30 to PN45, the approximate age
range during which animals of both genders and most breeding stock
exhibit adolescent-typical behavioral characteristics and particular
neurochemical and endocrine patterns when compared to adulthood
and pre-pubertal periods (Spear, 2000b). During this period, 25%
ethanol (2 g/kg) solution (v/v) in saline or saline only was injected
(i.p.) every other day in order to mimic cyclical patterns of alcohol
consumption; while (—)-nicotine free base (50 png/ml) in 2% saccha-
rin or 2% saccharin only was administered in the drinking water (the
sole source of fluid) in order to mimic intermittent nicotine consump-
tion. Accordingly, each one of the following treatment groups was
composed of no more than one male and one female mouse from
each litter: vehicle group (VEH) (oral saccharin+injected saline),
ethanol-exposed group (ETOH) (oral saccharin+injected ethanol),
nicotine-exposed group (NIC) (oral nicotine/saccharin+injected sa-
line) and those receiving the combined treatment: nicotine and eth-
anol-exposed group (NIC+ETQOH) (oral nicotine/saccharin+injected
ethanol). Bottles were cleaned and refilled daily. Loss due to leakage
was measured from a bottle placed in an empty cage (“blank™), and
subtracted from fluid consumption data. Body weights and fluid con-
sumption were also measured every day. Since body weight in-
creases significantly during adolescence, daily fluid intake data were
obtained by dividing the absolute values of fluid intake of each animal
by its own body weight.

Blood ethanol concentration (BEC) and cotinine
plasma levels

BEC and cotinine plasma levels were assessed in two groups spe-
cifically treated for these analyses. Animals in these groups were not
used for the neurochemical analyses. One group of mice was treated
with nicotine and/or ethanol as described above. Thirty and 120
minutes after the last injection of ethanol (at PN44), animals were
decapitated and the blood collected from VEH (30 min: n=7 and 120
min: n=7), ETOH (30 min: n=10 and 120 min: n=10) and
NIC+ETOH (30 min: n=9 and 120 min: n=9) exposed mice. Blood
was centrifuged at 2000 x g for 20 min and supernatant stored at 4 °C
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until assayed. BEC was assessed using an enzymatic kit (Alcohol
Reagent Set, Pointe Scientific Inc., Canton, MI, USA) in accordance
with the manufacturer's recommendations.

A second separate group of mice was treated with nicotine
and/or ethanol as described above. At the end of treatment
(PN45), 1 h after the beginning of the dark cycle, animals were
decapitated and the blood collected in heparinized syringes from
VEH (n=4), NIC (n=9), ETOH (n=4) and NIC+ETOH (n=9)
exposed mice. Blood was centrifuged for 10 min at 2000 g at 4
°C and plasma was stored at —20 °C. Cotinine plasma levels were
determined using a cotinine assay kit from Orasure Technologies
(Bethlehem, PA, USA) in accordance with the manufacturer’s
recommendations. These techniques were used to evaluate
whether there are pharmacokinetic interactions between nicotine
and ethanol, which, if present, could possibly influence the bio-
chemical results.

Tissue preparation and assays

Studies were conducted after the end of the drug administration
period at two time points: during a short-term withdrawal (five days
post-exposure, PN50) and during a long-term withdrawal (1 month
post-exposure, PN75). Animals were decapitated and the brain re-
gions were dissected by making blunt cuts through the cerebellar
peduncles, whereupon the cerebellum (including flocculi) was lifted
from the underlying tissue. The cerebral cortex was separated from
the midbrain+brain stem by a cut made caudal to the thalamus. The
midbrain was then dissected from the hind-brain by making a cut
caudal to the inferior colliculus, so that the midbrain contained the
entire dorsal raphe nucleus but not descending serotonergic nuclei
(Fumagalli et al., 1996; Trauth et al., 2000b). After tissue dissection,
cerebral cortex and midbrain were frozen in liquid nitrogen, and
stored at —45 °C until assayed. For each treatment group and age,
12-15 animals were examined, equally divided into males and fe-
males.

Tissues were thawed and homogenized (Ultra-Turrax T10 basic,
IKA, Sao Paulo, SP, Brazil) in 40 volumes of ice cold 50 mM Tris HCI
(pH 7.4) and aliquots were withdrawn for measurements of ChAT
activity (Lau et al., 1988) and total protein (Smith et al., 1985). To
prepare the cell membrane fraction, the homogenates were sedi-
mented at 40,000<g for 10 min and the supernatant solution was
discarded. The membrane pellet was resuspended (Ultra-Turrax) in
the original volume of buffer, resedimented, and the resultant pellet
was resuspended in approximately 10 volumes (based on the origi-
nal weight of the tissue) of the same buffer using a smooth glass
homogenizer fitted with a Teflon pestle. Aliquots of this resuspension
were withdrawn for measurements of [*H]cytisine and [*HJHC-3 bind-
ing, and for membrane protein.

All assays have been described in detail in previous papers
(Trauth et al., 1999, 2000a; Abreu-Villaca et al., 2003a, 2004b)
and will therefore be presented briefly. ChAT activity was assayed
in tissue homogenate using 50 pM [*Clacetyl-coenzyme A. La-
beled acetylcholine was then extracted and the activity deter-
mined relative to tissue protein. [*H]Cytisine and [*HJHC-3 binding
were determined in the cell membrane fraction using final ligand
concentrations of 2 nM; specific binding was displaced with 100
1M nicotine for NAChRs and 20 M unlabeled HC-3 for the high
affinity choline transporter. Values were then calculated as spe-
cific binding per mg of membrane protein.

We used a single ligand concentration that lies above the Kd
but nevertheless below full saturation of the binding site for deter-
minations of nicotinic receptor and presynaptic choline transporter
binding. The strategy of using a single, subsaturating ligand con-
centration enables the detection of drug-induced changes regard-
less of whether the changes are in affinity (Kd) or capacity (Bax),
but does not distinguish between the two mechanisms. The inter-
pretation of results of the present study does not depend upon
whether the change is specific to concentration or affinity. How-
ever, previous studies demonstrated that nicotine and ethanol

affect mainly the concentration of nAChRs and HC-3 binding sites
(Trauth et al., 1999; Dohrman and Reiter, 2003).

Materials

Radioisotopically-labeled compounds came from PerkinElmer Life
Sciences (Boston, MA, USA): ['“Clacetyl-CoA (specific activity 4
mCi/mmol), [PHJHC-3 (specific activity 144.5 Ci/mmol) and [*H]cy-
tisine (specific activity, 40 Ci/mmol). Sigma Chemical Co. (St.
Louis, MO, USA) was the source for bovine albumin, BCA Kit,
eserine hemisulfate salt, 3-heptanone, (—)-nicotine hydrogen tar-
tate salt, (—)-nicotine free base, sodium tetraphenylborate and
Triton X-100. VETEC Quimica Fina Ltda. (Rio de Janeiro, RJ,
Brazil) was the source for all other reagents.

Data analysis

Fiuid intake/body weight, body weight, brain region weight,
BEC and cotinine levels. Initially, repeated-measures analyses of
variance (rANOVA) on each variable (fluid intake/body weight and
body weight) were carried out. Treatment and Sex were used as
between-subjects factors. Day was considered the within-subjects
factor. Whenever significant Treatment effects or interactions were
detected, lower order analyses of variance (ANOVAs) followed by
pairwise post hoc analyses (Fisher's protected least significant dif-
ference—FPLSD) were carried out. Effects of Treatment on brain
region weights, BEC and cotinine levels were analyzed with separate
ANOVAs.

Cholinergic biomarkers. To reduce the likelihood of type 1
statistical errors that might result from repeated testing of the
global data set, we first performed a rANOVA (data log-trans-
formed whenever variance was heterogeneous) on all factors:
Treatment, Brain Region, Age and Sex. The Cholinergic Biomar-
kers (NAChR binding, ChAT, HC-3 binding) were treated as re-
peated measures since each was obtained from the same tissue
homogenate. Whenever this initial test indicated treatment ef-
fects that differed among the different biomarkers, ages, brain
regions and sexes, data were then re-examined separately
using ANOVAs followed by pairwise post hoc analyses (FPLSD);
however, where treatment effects did not interact with other vari-
ables only the main effect was recorded without testing of individ-
ual differences. The same procedures were performed for the
analysis of the development of the cholinergic system, except for
the fact that the Treafment factor was not included, since only
VEH mice data were used to run the ANOVAs.

Nicotine and ethanol interactions. The one-dimensional
statistical design described above, in which Treatment (VEH,
ETOH, NIC and NIC+ETOH) was considered the between-sub-
jects factor, was used to verify whether significant differences
between the four treatment groups existed. However, the com-
bined use of nicotine and ethanol can have more-than-additive
(synergistic), less-than-additive or additive effects which are not
addressed by the one-dimensional design. Therefore, a two-di-
mensional design (Rhodes et al., 2003; Abreu-Villaca et al.,
2004a,b, 2007, 2008; Ribeiro-Carvalho et al., 2008) was used. In
this design, Ethanol (treated: ETOH and NIC+ETOH; non-treated:
VEH and NIC) was considered one of the between-subjects fac-
tors. Nicotine (treated: NIC and NIC+ETOH; non-treated: VEH
and ETOH) was considered the other between-subjects factors. In
this formulation, more-than-additive (synergistic) and less-than-
additive effects appear as significant interactions between the
two treatment dimensions, whereas simple, additive effects do
not show significant interactions.

Significance was assumed at the level of P<<0.05 for main
effects; however, for interactions at P<0.1, we also examined
whether lower-order main effects were detectable after subdivi-
sion of the interactive variables (Snedecor and Cochran, 1967).
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Fig. 1. Effects of adolescent nicotine and/or, ethanol on fluid con-
sumption (A) and body weight (B, C) during adolescent exposure
(PN30-45). Data are presented as the percent change from control
values collapsed across regions. Significant differences between
groups as revealed by FPLSD. * P<0.05, ** P<0.01, *** P<0.001 VEH
vs. NIC, ETOH and NIC+ETOH groups. * P<0.01 VEH vs. ETOH and
NIC+ETOH groups. Values are means+=SEM.

Data are compiled as means and standard errors. To facilitate
comparisons, in addition to the presentation of the raw data, the
effects of each treatment are also given as the percentage change
from the corresponding control group. Statistical comparisons
were made on raw data.

RESULTS
Development of the cholinergic system

Data from VEH mice were submitted to a global rANOVA
across all cholinergic biomarkers, brain regions, ages and
sexes. A Cholinergic Biomarkerx Region<Age interaction
(F=9.0, df=2, P<0.001). Given this result, data analysis
was carried out separately on each biochemical marker

and then the results were reexamined. The factors Brain
Region, Age and Sex were kept in the analysis.

In VEH mice, a4B2-nAChR binding was dependent on
the region and age (Region: F=265.9, df—=1, P<0.001;
RegionxAge: F=48.6, df=1, P<0.03). Separate analyses
for each region indicated that, in the cerebral cortex, bind-
ing was higher in PN50 when compared to PN75 mice
(Age: F=20.5, df=1, P<0.001), while in the midbrain,
higher values were present at PN75 (Age: F=31.5, df=1,
P<0.001).

The analysis of ChAT activity in VEH mice demon-
strated Region (F=300.0, df=1, P<0.001) and Age (F=
95.0, df=1, P<0.001) effects. Separate analyses for the
cerebral cortex (Age: F=67.7, df=1, P<0.001) and mid-
brain (Age: F=32.9, df=1, P<0.001) indicated higher bind-
ing values at PN75 when compared to PN50 mice for both
regions.

The HC-3 binding was also dependent on the region
and age (Region: F=49.0, df=1, P<0.001; Age: F=10.7,
df=1, P<0.003; RegionxAge: F=6.1, df=1, P<0.02).
There were no age differences in the cerebral cortex,
however, in the midbrain, binding was higher in PN75
when compared to PN50 mice (Age: F=19.6, df=1,
P<0.001).

Effects on fluid intake/body weight, body weight and
brain region weight

There were reductions in fluid intake/body weight for the NIC,
ETOH and NIC+ETOH groups when compared to the VEH
group, however, these effects were dependent on the day of
exposure (TreatmentxDay: F—1.5, df—=25.6, P—0.06). Sig-
nificant differences were restricted to the first (VEH>all
groups; P—0.001, FPLSD), fifth (VEH=>all groups; P<0.01,
FPLSD), sixth (VEH=all groups; P<0.05, FPLSD) and
ninth (VEH>ETOH, VEH>NIC+ETOH, P<0.01, FPLSD)
days of exposure (Fig. 1A). In spite of treatment differ-
ences in fluid intake/body weight, body weight gain (Fig.
1B, 1C) and brain region weight (Table 1) were not af-
fected by treatment (no effect or interactions were ob-
served). These strongly suggest that variations in fluid
intake/body weight did not influence the results.

BEC and cotinine levels

The average BEC was highest 30 min after the last (PN44)
ethanol injection (137.2+8.5 mg/dl), decreasing consider-
ably 120 min after injection (26.6=5.3 mg/dl). BEC levels
did not differ between ETOH and NIC+ETOH mice either
30 min (ETOH: 145.6+13.7 mg/dl; NIC+ETOH: 127.5+
8.8 mg/dl) or 120 min (ETOH: 29.9=7.1 mg/dl; NIC+
ETOH: 22.7 8.5 mg/dl) after injection.

Table 1. Brain region weights

Measure VEH ETOH NIC NIC+ETOH

Cerebral cortex 99+6.1 99+6.0 98+7.4 100+5.8
Midbrain 68+5.1 69+6.1 67=8.1 67+6.5

Milligrams.
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The cotinine plasma levels did not differ between NIC
(122.2+15.5 ng/ml) and NIC+ETOH (133.911.27 ng/ml)
exposed mice. VEH and ETOH exposed mice presented
cotinine levels below the detection limit of the technique
(<8 ng/ml).

Overall analysis of cholinergic biomarkers

The global rANOVA, using the one dimensional design (four
levels: VEH, ETOH, NIC and NIC+ETOH), across all cholin-
ergic biomarkers, treatments, brain regions, ages and sexes
identified interactions of Treatment < Cholinergic Biomarkerx
Region (F=1.9, df=6, P<0.08) and Treatment < Cholinergic
Biomarker<AgexSex (F=1.8, df=6, P<0.09). With the
Ethanol and Nicotine treatments considered as separate fac-
tors in a two-dimensional design, we again found interac-
tions indicative of selective effects on each biomarker:
Nicotine X Cholinergic Biomarker<Region (F=2.8, df=2,
P<:0.06) and Nicotine x Cholinergic Biomarkerx Agex Sex
(F=3.6, df=2, P<0.03). In addition, the two dimensions
(Ethanol and Nicotine treatments) interacted with each
other in a sex-dependent way: EthanolxNicotinex
Cholinergic Biomarker=Sex (F=2.5, df=2, P=0.09). Con-

sidering that Cholinergic Biomarker was the only factor
present in all interactions described above, which indicated
that treatment effects differed among the different biomark-
ers, data analyses were carried out separately on each bio-
chemical marker and then the results were reexamined. The
factors Brain Region, Age and Sex were kept in the analyses.
Upon reexamination of data from each biomarker, interac-
tions between Treatment and any other factors justified sub-
sequent analyses of separate brain regions, ages or sexes. In
the absence of interactions, only the main Treatment effect
across regions, ages and/or sexes was presented.

Effects on nAChRs ([*H]cytisine binding)

Across both ages, regions and sexes, adolescent treat-
ment elicited a significant TreatmentxAgexXSex interac-
tion (F=3.3, df=3, P<0.05) but no interactions of Treat-
ment with Region. Accordingly, lower-order tests of differ-
ent regions were not justified. The data were subdivided
into separate ages for further analysis. After subdivision,
Sex was no longer a significant factor.

On PN50 (Fig. 2A, 2C), nAChR upregulation differed
among groups (Treatment considered as a one-dimensional
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Fig. 2. Effects of adolescent nicotine and/or, ethanol withdrawal on nAChR binding in cerebral cortex and midbrain during short-term (PN50) and
long-term (PN75) withdrawal. (A, B) Data are presented as the percent change from control values collapsed across regions. (C, D) Raw data are
represented separately for each region. Significant differences between groups as revealed by FPLSD. ** P<0.01 vs. VEH group. Values are

means*=SEM.
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factor—Treatment. F—4.6, df—=3, P<<0.01). Across both re-
gions, ETOH exposure had little or no effect on nAChRs
during a short-term withdrawal. However, NIC and the
combined NIC+ETOH withdrawal elicited nAChR upreg-
ulation when compared to the VEH group (P<0.01,
FPLSD). Expanding the analysis to consider Ethanol and
Nicotine treatments as two separable factors, the analysis
of variance (ANOVA) did not show significant interactions
of these factors, connoting the fact that the effects of
NIC+ETOH withdrawal were undistinguishable from sim-
ple additivity of the effects of nicotine and ethanol.

On PN75 (Fig. 2B, 2D) there were no differences
among treatment groups, which indicates that the nAChR
upregulation was reversed at long-term withdrawal (no
Treatment effects or interactions).

Effects on ChAT activity

Across both ages, regions and sexes, adolescent treat-
ment elicited a significant main Treatment effect (F=7.2,
df=3, P=0.001) as well as a Treatmentx<Age interaction
(F=4.8, df=3, P<0.01). Accordingly, the data were subdi-
vided into separate ages for further analysis.

1179

Fig. 3 shows results from CHAT activity. Consider-
ing the regions together, on PN50, the one-dimensional
ANOVA indicated that ChAT activity differed among
groups (Treatment. F=6.6, df=3, P<0.001). During a
short-term withdrawal, ChAT activity was increased in the
NIC group when compared to the VEH (P<0.001, FPLSD)
and ETOH (P<0.001, FPLSD) groups. The combined
NIC+ETOH exposure also induced an increase in ChAT
activity (NIC+ETOH=VEH, P<0.05, FPLSD). Expanding
the analysis to consider Nicotine and Ethanol treatments
as two separable factors, we verified that ethanol with-
drawal reduced the nicotine-induced increase in ChAT
activity, revealing a less than additive effect of Nicotine and
Ethanol (Nicotinex Ethanol. F=4.7, df=1, P<0.05).

On PN75, differences between groups (Treatment:
F=5.7, df=3, P<0.01) reflected a decrease in ChAT activity
for the NIC+ETOH group when compared to the VEH
(P<0.01, FPLSD) and NIC (P<0.01, FPLSD) groups. Addi-
tionally, NIC long-term withdrawal elicited increased ChAT
values when compared to ETOH withdrawal (P<0.05,
FPLSD). Using the two-dimensional design (Nicotine and
Ethanol treatments considered as separate factors), the
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Fig. 3. Effects of adolescent nicotine and/or, ethanol withdrawal on ChAT activity in cerebral cortex and midbrain during short-term (PN50) and
long-term (PN75) withdrawal. (A, B) Data are presented as the percent change from control values collapsed across regions. (C, D) Raw data are
represented separately for each region. Significant differences between groups as revealed by FPLSD. * P<0.05, ** P<0.01, *** P<0.001 vs. VEH

group. * P<0.05, ™ P<0.01, ** P<0.001. Values are means=SEM.
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HC-3 binding
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Fig. 4. Effects of adolescent nicotine and/or, ethanol withdrawal on HC-3 binding in cerebral cortex and midbrain during short-term (PN50) and
long-term (PN75) withdrawal. (A, B) Data are presented as the percent change from control values collapsed across regions. (C, D) Raw data are

represented separately for each region. Values are means=SEM.

ANOVA did not show significant interactions, indicating a
simple summation of nicotine and ethanol effects.

Effects on choline transporter ([*H]JHC-3 binding)

The ANOVA incorporating all the variables indicated a
main Treatment effect (F=3.5, df=3, P<0.05), but no in-
teractions of Treatment with other variables. Accordingly,
lower-order tests of different regions, ages and sexes
were not justified. ETOH (P<<0.05, FPLSD) and combined
NIC+ETOH (P<0.01, FPLSD) treatment promoted a de-
crease in HC-3 binding during short- and long-term with-
drawal (Fig. 4). The two-dimensional analysis indicated
additive effects of nicotine and ethanol (no significant
Nicotine X Ethanol interaction).

DISCUSSION

Results obtained in the current study extend previous find-
ings, which demonstrated that the cholinergic system is a
site at which nicotine and ethanol act during adolescence
(Ribeiro-Carvalho et al., 2008). Our current findings are
consistent with the view that adolescent disruption of the
cholinergic function by either nicotine or ethanol is de-
tected even after cessation of drug use, that is, during

adolescence and at adulthood. Moreover, our results indi-
cate that, besides their separate effects, these drugs also
present interacting effects on the central cholinergic
system.

Development of the cholinergic system

In vehicle mice, there were significant changes in the
cholinergic biomarkers over the course of development
from the end of the adolescence period (PN50) to full
adulthood (PN75). In general, our results concerning bind-
ing to the a432-nAChR subtype, ChAT activity and HC-3
binding are in line with those of previous studies (Happe
and Murrin, 1992a; Abreu-Villaga et al., 2003a; Doura et
al., 2008), albeit these studies used rats instead of mice.
For example, it has been shown that binding to the a482-
nACh receptor in the cerebral cortex decreases from PN50
to PN75 (Doura et al., 2008). As for ChAT activity (Abreu-
Villaga et al., 2003a) and HC-3 binding (Happe and Murrin,
1992a), it has been shown that values increase throughout
the period we used in the present study, although it must
be pointed out that variations exist between different brain
regions. For instance, while ChAT values were previously
shown to increase from PN45 to PN65 in rat brain regions
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such as the hippocampus, but not in the cerebral cortex
and midbrain (Abreu-Villaga et al., 2003a), our results
suggest that, in mice, ChAT values increase at least up to
PN75 in both cerebral cortex and midbrain. Altogether, our
results suggest that the cholinergic system is not fully
developed by the end of the period of adolescence since,
for most biomarkers and for both regions, developmental
changes continue to occur until adulthood.

BEC and cotinine levels

In the present study, in keeping with earlier experimental
designs (Abreu-Villaga et al., 2006, 2007, 2008; Manhaes
et al., 2008; Ribeiro-Carvalho et al., 2008), we chose to
give animals free access to a nicotine solution in the drink-
ing water and an injection of ethanol (i.p.) every other day.
This experimental design tries to mimic the intermittent
pattern of human adolescent drugs consumption. Several
studies have been carried out to assess the relation be-
tween the pattern of smoking or drinking and indices of
addiction (Stratton et al., 2001; Hillemacher et al., 2006). In
fact, some studies have even associated the severity of
addiction scores with some biomarker levels (Pronko et al.,
1997; Rubinstein et al., 2007). In this sense, nicotine and
ethanol exposure levels in animal models are important
issues in interpreting the results and in strengthening the
possibility of generalizations to the human population. Our
results indicated that the nicotine concentration used in the
drinking solution generated cotinine (nicotine metabolite)
plasma levels that are within the range of those found in
adolescent smokers (Caraballo et al., 2004; Wood et al.,
2004). The ethanol dose used here generated BECs that
are within the range that a human adolescent would be
exposed to after ingestion of a moderate dose of ethanol
(Eckardt et al., 1998). These results show that the exper-
imental design used here and in previous works (Abreu-
Villaga et al., 2006, 2007, 2008; Manhaes et al., 2008;
Ribeiro-Carvalho et al., 2008) can simulate the pattern of
nicotine and ethanol exposure observed for human ado-
lescents.

Nicotine and ethanol pharmacokinetic interactions
could affect the results of combined exposure. In this
regard, it has been demonstrated that ethanol plasma
levels are reduced in animals concomitantly exposed to
nicotine (Chen and Harle, 2005; Gilbertson and Barron,
2005). However, this effect was only described in animals
that received oral ethanol, and seemed to be due to a
nicotine-induced delay in gastric emptying (Scott et al,,
1993; Chen and Harle, 2005). In the present study, cotin-
ine plasma levels did not differ between NIC- and
NIC+ETOH-exposed mice; in the same way, BEC was not
affected by nicotine exposure. Our results are in line with
those of previous studies, which have demonstrated that
i.p. ethanol concentrations are not affected by chronic
nicotine exposure (Parnell et al., 2006) and that nicotine
exposure does not affect the elimination rate of ethanol
(Collins et al., 1988). Taken together, our findings indi-
cate that pharmacokinetic nicotine-ethanol interactions
are not capable of explaining our cholinergic results of
combined exposure.

Effects on nAChRs

Our previous study (Ribeiro-Carvalho et al., 2008), using a
model of free access to a nicotine solution in the drinking
water, showed an upregulation effect in the cerebral cortex
(13%) and a modest increase in the midbrain (8%). In the
present study, we demonstrated that nicotine-induced up-
regulation was maintained during a short-term period of
withdrawal (5 days) and that after a long-term withdrawal
(1 month) the upregulation effect was reversed. In general,
these results corroborate previous studies in rodents which
demonstrated, using an intermittent nicotine exposure par-
adigm, that the upregulation effect in the midbrain and in
the cerebral cortex is still significant 1 week post-treat-
ment, and that nAChR binding tends to return to normal 1
month after the end of nicotine exposure (Abreu-Villaga et
al., 2003a). The present results give further support that
oral nicotine in the concentration used here is pharmaco-
logically active.

It is well documented that some of the ethanol effects
are linked to the function of NnAChRs. In this regard, it was
demonstrated that ethanol enhancement of dopamine re-
lease in the rat nucleus accumbens (Blomqvist et al., 1993)
and ethanol-induced locomotor activity (Blomgvist et al.,
1992) involve nAChR activation. The a4p2-nAChR sub-
type was recently shown to play a role in the modulation of
ethanol-induced ataxia in mice (Taslim et al., 2008). In
addition, Butt et al. (2004), using three different genetic
strategies, suggested that a4*-nAChRs modulate ethanol
withdrawal. Our previous study (Ribeiro-Carvalho et al.,
2008) failed to find effects of ethanol on NAChR binding
during the period of exposure. Similarly, in the present
study, we demonstrated that ethanol exposure by itself had
little or no effect on nAChRs during a short-term or a
long-term withdrawal. The short-term treatment and mod-
erate dose used could explain the absence of ethanol
effects. For instance, in vivo studies using short-term treat-
ment did not detect an effect of ethanol in mice brain
nAChRs (Burch et al., 1988; de Fiebre and Collins, 1993).

It has been suggested that ethanol serves as a co-
agonist to acetylcholine at some areas of the brain and that
the co-exposure could generate a greater susceptibility to
trigger nAChR desensitization and, consequently, upregu-
lation. In this regard, it has been suggested that ethanol
increases agonist affinity for nAChR (Forman et al., 1989)
and modulates nicotine-induced nAChRs upregulation in
cell cultures (Dohrman and Reiter, 2003). In general, stud-
ies in vivo suggest that ethanol enhances the electrophys-
iological response to nicotine in some but not all brain
areas possibly due to variations in the distribution of
nACHR subtypes (Breese et al., 1993). In accordance with
these data, the combined nicotine +ethanol exposure was
recently shown to elicit a robust nAChR upregulation in the
cerebral cortex (22%) and the midbrain (26%) of mice
(Ribeiro-Carvalho et al., 2008) and that, most importantly,
in the midbrain, a brain region that has been associated
with mechanisms of reward and addiction (Mansvelder and
McGehee, 2002; Nestler, 2001), this upregulation reflected
a synergistic effect of nicotine and ethanol (Ribeiro-Car-
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valho et al., 2008). To our knowledge, there are no previ-
ous studies focusing on cholinergic effects of nicotine+
ethanol withdrawal. In the present study, we found that the
nicotine +ethanol-elicited upregulation persisted up to five
days post-exposure, even though the magnitude of the
effects was reduced when compared to the upregulation
observed during exposure (Ribeiro-Carvalho et al., 2008).
In fact, during the short-term withdrawal, the effects of the
combined treatment mostly reflected the summation of
nicotine and ethanol alterations both in the cerebral cortex
and in the midbrain. Since ethanol failed to elicit NnAChR
alterations, our present results indicate that, with our ex-
perimental design, the cholinergic alterations detected dur-
ing nicotine +ethanol withdrawal seem to be associated
with the previous nicotine exposure. Studies in animal
models of adolescent nicotine exposure have shown that
nicotine induces its central pharmacological effects by act-
ing on nAChRs, which are ubiquitously distributed in the
CNS, mainly at a pre-synaptic level, and serve as ligand-
gated ion channels that promote neurotransmitter release
(Wonnacott, 1997). Thus, nAChR activation plays a neu-
romodulatory role in the CNS and is involved in a large
number of physiological and pathological processes such
as pain neurotransmission, control of movement, cognitive
processes, emotional responses, drug abuse and with-
drawal (Buisson and Bertrand, 2002; File et al., 2002; Jain,
2004; Jackson et al., 2008; Katner et al., 2004; Schochet et
al., 2004). Accordingly, the cholinergic alterations de-
scribed in the present study may impact one or more of
the processes described above. Interestingly, the role of
nNAChRSs in nicotine withdrawal has been recently investi-
gated by Jackson and collaborators (2008): they have
suggested that distinct nAChR subtypes play distinct roles
in affective and physical signs of nicotine short-term with-
drawal. Of particular relevance to our study is their finding
that B2 knockout mice do not present increased anxiety
levels and present loss of aversion in the conditioned place
aversion model, which suggests a major role of p2*-
nAChRs in affective signs of withdrawal. Since [*H]cytisine
binds selectively to the «482-nAChR, our results suggest
that nicotine-elicited upregulation plays a role in withdrawal
events both during nicotine and nicotine +ethanol short-
term withdrawal. Normal nAChR binding values at long-
term withdrawal suggest that other biological substrates
may be more strongly associated with persistent with-
drawal events.

In our previous paper (Ribeiro-Carvalho et al., 2008)
on the effects of nicotine and/or ethanol during exposure,
we demonstrated region-specific alterations in the cholin-
ergic system. In contrast, in the current study, no region-
dependent effects were observed. This distinct pattern of
results during exposure and withdrawal is, to some extent,
puzzling since we were studying the same receptor sub-
type in both studies and the fact that [*H]cytisine should be
labeling @432-nAChR almost exclusively. It should be men-
tioned that nicotine regulates the release of several neuro-
transmitters, including dopamine, 5-HT, noradrenalin, gluta-
mate, GABA and acetylcholine (Wonnacott, 1997), while
ethanol has been shown to enhance function at GABA and

glycine receptors, act as a co-agonist at 5-HT receptors,
and act as a functional antagonist at glutamate receptors
(Larsson and Engel, 2004). It is possible to speculate that
region-dependent alterations in these systems might re-
verberate and interfere, through drug-specific molecular
mechanisms, eliciting region-dependent cholinergic alter-
ations. We suggest that, during exposure, these other
neurotransmitter systems and the integration of the effects,
at synaptic and neural circuit levels, may explain differ-
ences in results between brain regions. However, in the
absence of the drugs, the role of these systems may be
secondary and the direct effects of the drugs in the cho-
linergic system may predominate. In this regard, fading
effects of nicotine (Slotkin and Seidler, 2007) and ethanol
(Evrard et al., 2006) were described for the serotonergic
system.

Effects on ChAT activity and HC-3 binding

In the cerebral cortex, during adolescent exposure, nico-
tine was shown to elicit a decrease in ChAT in females
(8%) and an increase in males (14%) (Ribeiro-Carvalho et
al., 2008). Since ChAT is a constitutive cholinergic synap-
tic biomarker (Navarro et al., 1989; Happe and Murrin,
1992b; Zahalka et al., 1992, 1993; Aubert et al., 1996),
decreased ChAT activity indicates loss of cholinergic in-
nervation and possibly loss of neural cells (Trauth et al.,
2000a,b), while elevations in ChAT suggest increased
density of cholinergic innervation. Accordingly, these pre-
vious results were interpreted as suggestive of cholinergic
cell damage in females and sprouting of cholinergic termi-
nals in males. In the present study, ChAT was increased
during short-term withdrawal, therefore, for females, the
nicotine-elicited cholinergic damage was reversed in the
absence of the drug while, for males, the suggested
sprouting of terminals elicited during exposure was main-
tained at least for 5 days after the end of exposure. An
increase in the density of cholinergic innervation was pre-
viously suggested to represent sprouting as a compensa-
tory response to cell damage (Abreu-Villaga et al., 2003a,
2004a). If this is true, these results suggest that, for males,
the recovery from nicotine-elicited effects began still in the
presence of the drug and was maintained shortly after
exposure. Conversely, females were only able to compen-
sate the cholinergic loss of terminals after the end of
exposure. In this sense, several animal studies suggest
that females are more sensitive to cell damage due to
adolescent nicotine exposure (Trauth et al., 1999,
2000a,b,c; Abreu-Villaga et al., 2003b). At long-term, the
elevation in ChAT activity was reduced, which suggests
the reestablishment of cholinergic innervation to normal
levels. In contrast, nicotine failed to generate alterations in
HC-3 binding during short and long term withdrawal. These
results indicate that the concentration of synaptic terminals
was the major determinant of adolescent nicotine effects
on the cholinergic system: We suggest that the increase in
ChAT was able to maintain cholinergic synaptic function at
normal levels during short-term withdrawal and, at long
term, there were no further cholinergic alterations. Nicotine
itself during adolescence elicits effects of small magnitude

- 60 -



A. Ribeiro-Carvalho et al. / Neuroscience 162 (2009) 1174-1186 1183

in ChAT (Abreu-Villaga et al., 2003a; Ribeiro-Carvalho et
al., 2008); however, a nicotine-elicited decrease in HC-3
binding was previously shown to occur across several
brain regions during exposure and up to 1 month during
withdrawal (Abreu-Villaga et al., 2003a). The Abreu-Villaga
et al. (2003a) HC-3 results are at odds with our previous
findings, during exposure (Ribeiro-Carvalho et al., 2008),
and current findings, during withdrawal. These divergent
results could be due to differences inherent to the fact that
distinct routes of administration have been used. Oral nic-
otine mimics intermittent exposure characteristic of smok-
ers, which contrasts with other routes such as osmotic
minipumps (which produce constant nicotine plasma lev-
els) or injections (which allow for a precise timing of sac-
rifice relative to the injection) (Abreu-Villaga et al., 2003a).

Our previous study (Ribeiro-Carvalho et al., 2008)
found a significant increase (13%) in ChAT in the midbrain.
The present results failed to demonstrate ethanol effects in
ChAT both during short- and long-term withdrawal. These
results suggest that, at least when exposure is restricted to
the adolescent period, ChAT returns to normal levels
shortly after cessation of exposure. Accordingly, previous
studies suggest that more prolonged periods of exposure
are necessary to elicit long term cholinergic terminal alter-
ations (Arendt et al., 1988; Casamenti et al., 1993; Floyd et
al., 1997). Regarding HC-3, it has been demonstrated that
the high affinity choline uptake system is highly resistant to
ethanol effects (Saltarelli et al., 1990; Kristofikova et al,,
2003; Ribeiro-Carvalho et al.,, 2008). Here, we demon-
strated that despite the lack of effects of ethanol during
adolescent exposure (Ribeiro-Carvalho et al., 2008), eth-
anol-induced HC-3 decrements of small magnitude
emerge during a short-term withdrawal and persist at long
term. The disparity in ChAT and HC-3 effects suggests a
persistent impairment of cholinergic tone in the animals
exposed to ethanol. Casamenti and collaborators (1993)
demonstrated that 1-week ethanol withdrawal elicited a
decrease in acetylcholine release in the cerebral cortex
and hippocampus of rats. These results are consistent with
the reduced HC-3 binding described in the present study.
In addition, the absence of nAChR upregulation described
here if associated with a decrease in acetylcholine release
reinforces that ethanol elicits cholinergic hypofunction dur-
ing withdrawal.

Interestingly, despite the fact that nicotine+ethanol
combined exposure promoted a small but significant in-
crease in ChAT activity during short-term withdrawal, this
effect was less severe than that elicited by nicotine expo-
sure, as indicated by the two-dimensional analysis (less-
than-additive effect). A previous study demonstrated less-
than-additive effects of nicotine and ethanol on ChAT ac-
tivity during co-exposure (Ribeiro-Carvalho et al., 2008).
Moreover, Penland et al. (2001), addressing cellular neu-
rotoxicity of nicotine and/or ethanol, have also demon-
strated less-than-additive effects during short-term with-
drawal. The ethanol-elicited reduction of the effect of nicotine
suggests two mutually exclusive scenarios. Considering that
sprouting of terminals has been suggested to be a compen-
satory response to cell damage, ethanol co-exposure

might protect against nicotine-elicited cell damage. Alter-
natively, in case the sprouting of terminals is a necessary
response to maintain cholinergic function at normal levels,
ethanol co-exposure might generate or even intensify a
cholinergic impairment. Future studies are necessary to
identify the functional relevance of nicotine and ethanol
interactions in ChAT activity at short-term withdrawal. At
long term withdrawal, despite the lack of effect elicited by
either drug, nicotine+ethanol caused a significant de-
crease in ChAT activity. The loss of cholinergic innervation
may be associated with loss of neural cells (Trauth et al,,
2000a). Thus, the present study provides direct experimental
evidence that the association between nicotine and ethanol
exposure promotes long-term loss of cholinergic innervation.
To our knowledge, this is the first study that describes the
effects of nicotine+ethanol withdrawal in HC-3 binding. In
a previous study, the combined exposure failed to demon-
strate alterations in HC-3 binding during adolescent expo-
sure (Ribeiro-Carvalho et al., 2008). However, in the
present study, a decrease of small magnitude in HC-3
binding was detected during nicotine+ethanol short- and
long-term withdrawal. This result suggests a persistent
reduction in cholinergic activity elicited by drug withdrawal.

CONCLUSIONS

Tobacco use and ethanol consumption by adolescents are
worldwide public health issues of widening severity. Brain
development continues into adolescence, being character-
ized by several modifications that include the maturation of
the central cholinergic system (Altman and Bayer, 1990;
Zahalka et al., 1993; Rakic et al., 1994). In a recent study,
we have demonstrated that the adolescent central cholin-
ergic system is a site at which nicotine and ethanol interact
(Ribeiro-Carvalho et al., 2008). Here we show that this
system is still a target for nicotine and ethanol effects after
cessation of exposure. The magnitude of the cholinergic
system alterations described here are small to moderate
(up to 12%) and the relevance of the findings is yet to be
demonstrated. It is even possible that the effects are adap-
tive within the setting of withdrawal. However, in conflict
with this possibility, functional interactions in the regulation
of behavioral responses have been described after the end
of adolescent nicotine and ethanol exposure. Particularly,
nicotine +ethanol withdrawal was shown to elicit an anxio-
genic response (Abreu-Villaga et al., 2008) and an im-
provement in memory/learning (Abreu-Villaga et al., 2007).
Considering the role of the cholinergic system in both
memory/learning and anxiety (File et al., 2000; Degroot
and Treit, 2002; Hasselmo, 2006; Dani and Bertrand,
2007; Engin and Treit, 2007), the behavioral effects of
nicotine +ethanol withdrawal support the assumption that
cholinergic system alterations during withdrawal play a role
in the physiological consequences of the co-use and
abuse.
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6. DISCUSSAO

O tabagismo e o consumo de etanol estdo freqlientemente associados (Chen e Kandel,
1995; Torabi et al., 1993; Schorling et al., 1994). Adicionalmente, estudos mostram que o
inicio do habito de fumar e beber ocorre freqiientemente durante a adolescéncia, periodo no
qual alteracdes neuroadaptativas, hormonais e comportamentais ocorrem (Lopez et al., 2001).
Apesar dos estudos epidemioldgicos, pouco ¢ conhecido sobre os substratos neurobiologicos
que regem esta associagdo, principalmente no periodo critico no uso de drogas que ¢ a
adolescéncia. O presente trabalho, representado pelos dois artigos apresentados anteriormente,
fornece evidéncias experimentais que o sistema colinérgico ¢ um denominador comum na
interacdao da nicotina ¢ do etanol na adolescéncia, demonstrando mecanismos de associagao

tanto durante a exposi¢ao das drogas, como também, no periodo de abstinéncia.

6.1. Resumo dos resultados (Tabela 1)

6.1.1. Durante o periodo de exposi¢édo

Ao final do periodo de exposicdo (PN45) foi observado que a nicotina promoveu
upregulation dos nAChRs no cortex cerebral. O mesencéfalo se mostrou menos sensivel a
esse efeito da nicotina e apresentou apenas um modesto aumento da marcagdo pela
[3H]citisina. A administracdo do etanol ndo foi capaz de promover alteragdes nos nAChRs.
Interessantemente, a exposi¢do combinada NIC+ETOH promoveu uma robusta upregulation
dos nAChRs em ambas as areas estudadas, destacando-se o efeito sinérgico das drogas sobre
o mesencéfalo.

Em relagdo a atividade da ChAT, os resultados variaram substancialmente em relagao

as regides estudadas. A exposi¢do a nicotina resultou em efeitos sexo-dependentes no cortex
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cerebral, enquanto que nao foi capaz de promover alteracdes no mesencéfalo. No cortex
cerebral, a exposi¢do a nicotina promoveu reducdo da atividade da ChAT nas fémeas e
aumento da sua atividade nos machos. J& a exposicao ao etanol promoveu apenas alteragdao no
mesencéfalo, onde gerou aumento da atividade da ChAT. Surpreendentemente, a exposicao
combinada das drogas reverteu todos os efeitos gerados por cada droga individualmente, desta
forma, ndo gerando nenhuma diferenga para a atividade da ChAT em relagdo aos controles.
Para os niveis de marcacao por HC-3, marcador do transportador pré-sinaptico de
colina, nenhuma das condigdes experimentais promoveu altera¢do ao final do periodo de

exposicao.

6.1.2. Durante o periodo de retirada

Apbs 5 dias de retirada das drogas (PN50), os animais que foram expostos a nicotina
ou nicotina+etanol ainda apresentam a upregulation observada durante a exposi¢do, porém,
neste caso, animais previamente expostos a NIC+ETOH ja& ndo apresentam efeitos
significativamente maiores que animais do grupo NIC. Como também foi observado em
PN45, a retirada do etanol ndo foi capaz de promover alteragio em PN50. Nenhuma alteracao
foi observada apos 30 dias de retirada das drogas (PN75), indicando que a upregulation foi
revertida ap6s longo tempo de abstinéncia.

Em relagdo a ChAT, a retirada da nicotina promoveu um aumento da sua atividade em
PNS50. J4 a retirada do etanol ndo gerou nenhuma alteracao neste periodo de curta abstinéncia.
Quando considerada a exposicdo combinada, apesar do grupo NIC+ETOH apresentar
aumento da atividade da ChAT em relagdo ao controle, este efeito foi estatisticamente menor

que o apresentado pelo grupo previamente exposto a nicotina separadamente. Desta forma, a
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co-exposicdo ao etanol parece reverter parcialmente os efeitos gerados pela nicotina na
atividade da ChAT apoés curto tempo de abstinéncia. Apds 30 dias da retirada das drogas,
apenas o grupo NIC+ETOH apresentou alteragdo dos niveis de atividade da ChAT, gerando
uma diminuicao dessa atividade em relacdo aos controles.

Em relagdo ao transportador pré-sinaptico de colina, os grupos ETOH e NIC+ETOH
apresentaram consistentemente diminui¢do da ligagdo do HC-3 ao logo dos periodos de

retirada estudados.
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Tabela 1 — Resumo dos resultados

NAChRs ChAT HC-3
PN45 NIC A no CX A machos no CX -
WV fémeas no CX
ETOH - A no MS -
NIC+ETOH A no CX - -
AN no MS

PN50 NIC M ™M -
ETOH - -
NIC+ETOH Ol ) )\

PN75 NIC - - -
ETOH - -
NIC+ETOH - v

Alteragdes encontradas pela exposicdo de nicotina e/ou etanol nos biomarcadores

colinérgicos. As setas indicam a direcéio do efeito (A=aumento ou W=diminui¢io). O niimero
de setas indica a intensidade do efeito (AN, AN, ou AN, W, W ou W) CX cortex

cerebral; MS, Mesencéfalo; PN, pos-natal; nAChR, receptor nicotinico colinérgico; ChAT,

colina acetiltransferase; HC-3, hemicolinium.

6.2. Consideractes metodoldgicas

6.2.1 Camundongos C57BL/6

Ratos e algumas cepas de camundongos demonstram aversdo ao gosto da nicotina.

Além de ser uma das cepas mais usadas para estudos de efeitos comportamentais relacionados

a nicotina (Siu e Tyndale, 2007), a cepa C57BL/6 foi escolhida por ser uma cepa que
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consome nicotina na concentragdo utilizada neste estudo. A administragcao de nicotina via oral
tem demonstrado gerar respostas comportamentais (Adriani et al, 2002, 2004; Gaddnas et al,
2001) e alteragdes neuroquimicas, incluindo a upregulation dos receptores nicotinicos (Sparks
e Pauly, 1999), alteragdo nos niveis e metabolismo de monoaminas (Gaddnas et al, 2000;
Tammimaki et al, 2006; Vihavainen et al, 2006), assim como altera¢cdes na expressdo de
genes envolvidos na plasticidade sinadptica induzidas por drogas de abuso (Marttila et al,
2006) e doenca de Alzheimer (Gutala et al, 2006) nesta e em outras cepas. Contudo, a cepa
C57BL/6 ¢ conhecida por apresentar caracteristicas particulares, como alto consumo
voluntario de etanol (Belknap et al., 1993; Crawley et al., 1997) o que deve ser levado em
consideracdo em estudos que envolvam a administragdo desta substancia, mesmo que o0s
mecanismos determinantes desta caracteristica especifica da cepa ndo sejam bem conhecidos
(Crabbe et al., 1999). Apesar das peculiaridades desta cepa, foram observadas diferencas
significativas entre os grupos deste estudo. Estes resultados indicam que existem aspectos
fundamentais da neurobiologia destes animais que sdo afetados pelo tratamento, os quais
devem ser mais bem avaliados em futuras investigacdes. Futuros estudos de bases bioldgicas
de interacdes entre etanol e nicotina s3o necessarios e o uso de outras cepas ¢ espécies podem

fornecer dados valiosos.

6.2.2. Concentracgéo de etanol no sangue e niveis de nicotina

No presente estudo, de acordo com modelos experimentais utilizados recentemente pelo
nosso laboratério (Abreu-Villaga et al., 2006, 2007, 2008; Manhaes et al., 2008), uma solugdo de
nicotina foi oferecida ad lib como a unica fonte de liquido, enquanto que inje¢des i.p. de etanol
foram aplicadas a cada 48 horas. Este desenho experimental teve como objetivo mimetizar o

padrdo de consumo de drogas por humanos adolescentes. Neste sentido, a avaliagdo do nivel de
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exposicdo a nicotina e ao etanol ¢ de fundamental importancia para as interpretagdes dos
resultados deste presente estudo, como também, para a possibilidade de generalizagdo com a
populagdao humana.

Nossos resultados indicaram que a concentrag@o de nicotina usada nos experimentos gerou
niveis plasmaticos de cotinina equivalentes aos encontrados em fumantes adolescentes (Caraballo
et al., 2004; Wood et al., 2004). Ja a dosagem de etanol usada no presente trabalho promoveu
concentragdo plasmatica de etanol média equivalente as encontradas em humanos adolescentes
apos terem consumido doses consideradas moderadas de etanol (Eckardt et al., 1998). Desta
forma, este resultados demonstram que este modelo de exposicdo usado inclusive em trabalhos
anteriores (Abreu-Villaga et al., 2006, 2007, 2008; Manhaes et al., 2008) pode simular os niveis
de exposi¢do a nicotina e ao etanol observado em adolescentes humanos.

Interagdes farmacocinéticas entre a nicotina e o etanol poderiam afetar os resultados
encontrados devido a exposi¢ao combinada no presente trabalho. Em acordo, foi demonstrado que
os niveis plasmaticos de etanol sdo reduzidos em animais expostos concomitantemente a nicotina
(Chen e Harle, 2005; Gilbertson e Barron, 2005). Entretanto este efeito s6 foi demonstrado
quando os animais receberam etanol por via oral. Apesar deste fendmeno ndo ser completamente
compreendido, evidéncias na literatura sugerem que a nicotina reduz a taxa de esvaziamento
gastrico, permitindo maior agdo da enzima alcool desidrogenase presente no estomago (Scott et
al., 1993; Chen e Harle, 2005).

No presente estudo, os niveis de cotinina ndo diferiram entre os grupos NIC e
NIC+ETOH. Da mesma forma, a concentragdo de etanol no sangue nao foi afetada pela exposi¢ao
a nicotina. Estes resultados estdo de acordo com a literatura, que mostra que a concentracao do
etanol quando administrado i.p. ndo ¢ afetada pela exposi¢ao concomitante da nicotina (Parnell et
al., 2006), como também, sugere que a nicotina nao afeta a taxa de eliminagdo do etanol (Collins

et al., 1988). Em conjunto, nossos resultados indicam que interagdes farmacocinéticas entre
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nicotina e etanol ndo sdo capazes de explicar os resultados encontrados sobre os efeitos da

exposicao combinada sobre o sistema colinérgico.

6.2.3. Significado e interpretacéo dos marcadores biologicos

O presente trabalho utilizou para a avaliagdo do sistema colinérgico ensaios com
marcagao radioativa para 3 biomarcadores: nAChRs, o transportador pré-sinaptico de colina e
a atividade da ChAT.

Para os nAChRs foi utilizado como radioligante a [3H]citisina, que possui alta
afinidade pelos receptores do tipo a4p2. No presente estudo, os ensaios foram realizados
utilizando apenas uma concentragao de radioligante. Desta forma, a selecdo de apenas uma
concentracdo de radioligante para este receptor permite a deteccdo na mudanga de marcagao,
mas nao possibilita estabelecer se este fato se da por mudanca na afinidade do receptor (Kd)
ou na sua quantidade (Bmax). Este desenho experimental se faz necessario devido a
limitagdes teciduais e de técnicas intrinsecas ao estudo. Muitas concentragdes de radioligante
necessariamente envolveriam um maior numero de ensaios, tornando necessario um maior
volume tecidual. Como o volume tecidual obtido para as areas estudadas ¢ pequeno, seria
necessario processar na mesma amostra tecidos de animais diferentes de um mesmo grupo
experimental (“pool” de tecido), aumentando, assim, o nimero total de animais utilizados no
estudo. Além disso, para manter padrao ideal de comparagao entre os grupos experimentais, o
processamento tecidual em cada dia de experimento devera possuir representantes de todos os
grupos de estudo para cada sexo. Se associado a este fato fossem utilizadas varias doses de
radioligante, tornaria necessario o processamento de um grande niimero de amostras em um

dia de experimento, tornando-o invidvel do ponto de vista técnico. Neste sentido, € importante

-71 -



considerar que tém sido demonstrado que a upregulation dos nAChRs em adolescentes
causada pela nicotina representa um aumento do nimero de receptores sem a mudanga do seu
grau de afinidade (Trauth et al, 1999).

Além da avaliagdo dos nAChRs, o presente trabalho também avaliou os efeitos da
exposicdo a nicotina e/ou etanol na atividade da ChAT e na marcag¢do por HC-3, ligante do
transportador pré-sinaptico de colina de alta afinidade. A ChAT ¢ a enzima responsavel pela
sintese de acetilcolina. Além disso, tem sido demonstrado que a ChAT aumenta durante o
desenvolvimento sinaptico colinérgico, mas nio se altera em fungdo de estimulos que
aumentam a atividade colinérgica (Aubert et al, 1996; Happe e Murrin, 1992; Navarro et al,
1989; Zahalka et al, 1992, 1993). Desta forma, estes resultados sugerem que esta enzima
representa um marcador constitutivo dos terminais colinérgicos, sendo largamente utilizado
como uma medida que avalia a magnitude da arborizagdo colinérgica (Abreu-Villaga et al.,
2003a; 2004; Qiao et al., 2004; Slotkin et al., 2008). O transportador pré-sinaptico de colina,
responsavel pela recaptacdo da colina na fenda sinaptica, tem sido descrito como a etapa
tempo limitante para a sintese de acetilcolina (Tucek, 1985; Kuhar e Murrin, 1978). O
significado fisioldgico deste transportador ¢ demonstrado pelo fato de que o seu bloqueio
seletivo pode reduzir a sintese e a liberagdo de acetilcolina in vitro e promover prejuizo da
fung@o colinérgica in vivo (Happe ¢ Murrin, 1993). Além disso, o transportador de alta
afinidade pré-sinaptico de colina ¢ altamente regulado pela atividade neuronal, sendo que esta
regulagdo parece estar relacionada a alteragdo no numero de transportadores existentes. Neste
sentido, a medida de marcagdo do HC-3 tem sido amplamente usada para avaliar a atividade
colinérgica neuronal (Abreu-Villaga et al., 2003; 2004; Qiao et al., 2004, Slotkin et al., 2001).
Vale mencionar que, deste modo, a comparagao entre as mudangas da ChAT e a marcacao
pelo HC-3 permite a distingdo entre os efeitos das drogas estudadas sobre a magnitude da

inervacao colinérgica e a sua atividade.
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6.2.4. Alteracdes na ingesta e peso

No primeiro estudo (artigo 1), nossos resultados ndo indicaram nenhuma diferenca
para a consumo de liquido entre os grupos experimentais. Entretanto no segundo estudo
(artigo 2), usando uma amostra maior, demonstramos uma redu¢do no consumo de liquido
quando comparamos os grupos tratados com drogas com o grupo veiculo. Esta reducdo foi
somente evidenciada em alguns dias de exposi¢do (VEH>todos - 1°, 5° ¢ 6° dias; VEH>NIC e
NIC+ETOH - 9° dia). Apesar dessa diferenca de consumo apresentada no segundo trabalho,
em nenhum dos trabalhos foi evidenciada alteragdo no peso dos animais. Neste sentido, estes
resultados sugerem que as variagdes no consumo de liquido ndo influenciaram os resultados

bioquimicos apresentados.

6.3. Efeitos sobre o sistema colinérgico

6.3.1. Efeitos sobre nAChRs

Nicotina

E amplamente e consistentemente demonstrado que a exposi¢do & nicotina promove
upregulation dos nAChRs no cérebro de ratos adultos (Doura et al.,2008; Flores et al., 1992).
Estudos anteriores também demonstraram que a exposi¢do a nicotina em ratos adolescentes
causa upregulation mais robusta ¢ persistente quando comparada com a exposi¢do na idade
adulta (Abreu-Villaga et al., 2003a; Doura et al., 2008; Trauth et al., 1999). De forma geral, os

resultados do presente trabalho confirmam estudos anteriores € mostram que a nicotina, na
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concentracdo usada foi farmacologicamente ativa: foi evidenciado que a nicotina promoveu
upregulation no cortex cerebral. Entretanto, a exposi¢do a nicotina s6 promoveu um modesto
aumento da marcagdo pela [3H]citisina no mesencéfalo. A auséncia de resultado no
mesencéfalo pode ser explicada pelo modelo de exposi¢do intermitente usado no presente
estudo, que poderia gerar alguma recuperacdo entre cada dose usada pelo animal. De acordo
com essa idéia, foi demonstrado que a infusdo continua de nicotina promove nAChR
upregulation mais robusta do que quando a exposi¢do ¢ intermitente (Abreu-Villaga et al.,
2003a). Vale ressaltar que também ¢é esperado que a intensidade da upregulation gerada pela
nicotina varie em fun¢do da area estudada (Abreu-Villaga et al., 2003a). Avaliando apés a
retirada da droga, foi observado que a upregulation gerada pela nicotina foi mantida durante
um periodo curto de retirada (5 dias) e que este efeito ¢ totalmente revertido nas areas
estudadas apds 1 més de abstinéncia. Este resultado também corrobora estudos anteriores,
onde foi observado, usando também um padrio intermitente de exposi¢do a nicotina, que a
upregulation ¢ mantida ap6s uma semana de retirada, mas tende a retornar ao normal apos um

més do final da exposi¢cdo (Abreu-Villaga et al., 2003a).

Etanol

Estd bem documentado que alguns efeitos gerados pelo etanol estdo ligados a funcao
dos nAChRs. Em acordo, foi demonstrado que o etanol promove liberagdo de dopamina no
nucleo acumbente (Blomgqvist et al., 1993) e aumento da atividade locomotora (Blomqvist et
al., 1992), sendo ambos fendmenos dependentes da ativagdo dos nAChRs. Particularmente, o
subtipo a4P2 foi recentemente associado com a modulagdo da geracdo de ataxia pelo etanol

em camundongos (Taslim et al., 2008). Varios estudos t€ém demonstrado que a exposi¢ao ao
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etanol pode promover tanto upregulation como downregulation de nAChR dependendo da
regido ou da célula utilizada em estudos em cultura (Booker e Collins, 1997; Gorbounova et
al., 1998; Robles e¢ Sabria, 2008). Além disso, Butt e colaboradores (2004), usando trés
estratégias genéticas, sugerem que o4*-nAChRs modulam a abstinéncia pelo etanol. No
presente trabalho, ndo foi encontrado efeito do etanol na marcagdo dos nAChRs durante o
periodo de exposi¢do, como também apos a retirada da droga. O pequeno tempo de exposigao
e a dose moderada usada neste estudo podem explicar a auséncia de efeitos do etanol. Em
acordo, tem sido demonstrado em estudos in Vvivo que o etanol ndo gera alteragdes nos
nAChRs em camundongos apds pequeno periodo de exposi¢ao (Burch et al., 1988; de Fiebre

e Collins, 1993).

Co-exposicao

Existem evidéncias na literatura que sugerem que o etanol funciona como co-agonista
da acetilcolina em algumas regides do cérebro e que a co-exposicdo a nicotina e etanol
poderia gerar uma maior susceptibilidade a dessensibilizagdo dos nAChRs e,
conseqiientemente, sua upregulation. Em acordo, tem sido sugerido que o etanol aumenta a
afinidade dos nAChRs por seus agonistas (Forman et al., 1989) e modula a upregulation
induzida pela nicotina em cultura de células (Dohrman e Reiter, 2003). O presente trabalho
demonstrou que a exposi¢ao combinada de nicotina e etanol gerou uma robusta upregulation
dos nAChRs em ambas as areas cerebrais estudadas. Vale ressaltar que no mesencéfalo esta
upregulation reflete um efeito sinergista entre nicotina ¢ etanol. Esse resultado apresentado no
mesencéfalo constitui a primeira evidéncia experimental que a co-administragdo destas drogas

tem um efeito maior que a simples soma dos efeitos individuais de cada droga sobre os
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nAChRs. Considerando a importancia dos circuitos mesencefalicos nos mecanismos de
geragdo de recompensa e vicio (Mansvelder e McGehee, 2002; Nestler, 2001) e o fato de que
também se sugere que a upregulation dos nAChRs esteja envolvida no estabelecimento desses
mecanismos (Buisson e Bertrand, 2002; Dani ¢ De Biasi, 2001; Picciotto et al., 2008), nds
sugerimos que, se 0 mesmo ocorresse em adolescentes humanos, o efeito sinérgico poderia
facilitar a geragdo do abuso de ambas as drogas.

A upregulation gerada pela a dupla-exposigdo persiste até cinco dias apds a retirada
das drogas, entretanto, a magnitude do efeito observado foi reduzida quando comparada com
o periodo da exposicao. De fato, os efeitos da co-exposigao refletiram a soma das alteragdes
promovidas individualmente em ambas as areas estudadas em PNS50. Considerando que o
etanol ndo gerou alteragdes, este resultado indica que as alteragdes colinérgicas sobre os
nAChRs geradas pela co-exposicdo estdo associadas com a exposicdo prévia a nicotina.
Interessantemente, o papel dos nAChRs na abstinéncia da nicotina foi recentemente
investigada por Jackson e colaboradores (2008), onde ¢ sugerido que alguns subtipos de
nAChRs participam na geragdo dos sinais fisicos e afetivos da abstinéncia da nicotina. De
particular interesse para o nosso estudo esta o achado de que camundongos knockout para 32
ndo apresentam aumento dos niveis de ansiedade, que sugere a importancia dos f2*-nAChRs
nos sinais afetivos da abstinéncia. Considerando que a marcacdo por [3H]citisina ¢é seletiva
para os a4P2- nAChRs, nossos resultados sugerem que a upregulation induzida pela nicotina
¢ importante tanto na curta abstinéncia da nicotina, como também, na abstinéncia da co-
exposi¢ao. A auséncia de resultados sobre os nAChRs ap6s longo periodo de retirada sugere
que outro tipo de substrato bioldgico pode estar associado com eventos persistentes na

abstinéncia.
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6.3.2. Efeitos sobre a ChAT e HC-3

Nicotina

Durante a exposi¢do, a nicotina promoveu alteragdo na ChAT apenas no cortex
cerebral, sendo este efeito sexo-dependente. Nicotina promoveu reducdo da ChAT nas
fémeas e aumento nos machos. Considerando que a ChAT ¢ um marcador constitutivo da
sinapse colinérgica (Aubert et al., 1996; Navarro et al., 1989; Happe e Murrin, 1992; Zahalka
etal., 1992, 1993), a redug¢do da ChAT indica perda da inervagao colinérgica, podendo refletir
morte de neuronios (Trauth et al., 2000). J& o aumento da ChAT sugere aumento da densidade
de inervagdo colinérgica. De fato, enquanto que a ativacdo dos nAChRs servem como fatores
troficos durante o desenvolvimento (Coronas et al., 2000; Hohmann e Berger-Sweeney, 1998;
Navarro et al., 1989; Pugh e Margiotta, 2000), a estimulagdo colinérgica excessiva altera os
padroes de replicacdo celular, diferenciagdo e sinaptogénese (Levin e Slotkin, 1998; Slotkin,
2002, 2004), podendo progredir para dano celular (Abreu-Villaca et al., 2003b; Abrous et al.,
2002; Slotkin, 2002, 2004). Desta forma, a redugdo encontrada na ChAT pode refletir a maior
susceptibilidade das fémeas aos efeitos negativos da nicotina. Por exemplo, mulheres
fumantes adolescentes possuem um inicio mais rapido na geracdo de dependéncia pela
nicotina (DiFranza et al., 2002) e muitos estudos em animais sugerem que fémeas sdo mais
sensiveis ao dano celular promovido pela exposi¢do a nicotina durante a adolescéncia (Abreu-
Villaga et al., 2003b; Trauth et al., 1999, 2000). J4 o aumento da ChAT em machos sugere
que a nicotina promove um aumento significativo da inervagdo colinérgica, a qual pode
representar uma resposta compensatéria ao dano celular, como sugerido em outros trabalhos

(Abreu-Villaga et al., 2003a, 2004), ou poderia ainda ser uma resposta aos efeitos tréficos da
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ativacdo dos nAChRs (Coronas et al., 2000; Hohmann e Berger-Sweeney, 1998; Hohmann et
al., 1988; Navarro et al., 1989; Pugh e Margiotta, 2000).

Apbs curto periodo de retirada, a nicotina promoveu um aumento da ChAT tanto para
machos como para fémeas. Neste sentido, este resultado sugere que o dano colinérgico gerado
durante o periodo de exposi¢do foi revertido e compensado nas fémeas, enquanto que nos
machos foi mantida a resposta compensatoria ja observada no final da exposi¢cdo. Apos 30
dias de retirada da nicotina (PN75), a elevagdo observada em PN50 da atividade da ChAT foi
reduzida. Este resultado sugere que ocorre um restabelecimento da inervagdo colinérgica para
o padrdo normal.

Quanto ao HC-3, ao contrario da ChAT, a exposi¢do a nicotina ndo foi capaz de gerar
alteracdes durante o periodo de exposi¢do ou mesmo apds os periodos de retirada estudados.
Este resultado sugere que a concentragdo de terminais colinérgicos foi o principal
determinante das alteragdes colinérgicas geradas pela nicotina. Ao contrario dos resultados
encontrados no presente estudo, esperava-se que a exposi¢cao a nicotina promovesse reducao
da marcagdo por HC-3. Esta expectativa se dava pelo fato de trabalhos anteriores
demonstrarem que a nicotina induz redu¢do do HC-3 durante a exposi¢do e que esta redugao
permanece até um més da interrup¢do do tratamento (Abreu-Villaga et al., 2003a). Estes
resultados divergentes podem ser resultado de diferentes rotas de administragdo. A exposicao
oral & nicotina mimetiza a intermitente exposi¢do caracteristica de fumantes, em contraste
com os ratos utilizados no outro estudo, onde minibombas osméticas (que produzem niveis
plasmaticos de nicotina constantes) ou inje¢des (onde ha o controle do tempo entre a ultima

exposi¢do e o momento do sacrificio) foram utilizadas.
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Etanol

Ao final do periodo de exposicdo, o etanol promoveu apenas alteragdo na ChAT no
mesencéfalo, onde promoveu significante aumento em sua atividade. Estudos anteriores
contrariamente mostram que a exposi¢do ao etanol promove diminui¢do da atividade da
ChAT apenas quando o periodo de exposi¢do é consideravelmente longo (Arendt et al., 1988;
Floyd et al., 1997). Uma hipotese possivel € que as 48 horas entre as injegdes de etanol podem
permitir uma resposta compensatdria ao possivel dano colinérgico no mesencéfalo. O etanol
nao foi capaz de promover alteragcdes na marcagdo por HC-3, o que representa que nao houve
comprometimento da atividade colinérgica pelo etanol durante exposi¢ao ao etanol. De forma
geral, o transportador de alta afinidade da colina tem se demonstrado altamente resistente aos
efeitos do etanol (Kristofikova et al., 2003; Saltarelli et al., 1990), onde apenas altas doses
foram capazes de promover alteracdes.

Em ambos os periodos de retirada estudados o etanol ndo promoveu nenhuma
alteracdo na atividade da ChAT. Desta forma, o aumento gerado pelo etanol no mesencéfalo
foi completamente revertido apos curto periodo de retirada. Em acordo, estudos anteriores
sugerem que somente longos periodos de exposicdo s3o necessarios para promoverem
alteracdes prolongadas na densidade de terminais colinérgicos (Arendt et al., 1988; Casamenti
et al., 1993; Floyd et al., 1997). Em relacdo ao HC-3, apesar da auséncia de alteragdes
durante a exposi¢do, nds observamos uma pequena, mas significativa, redu¢do do HC-3 apos
curto periodo de retirada que persiste até a vida adulta (PN75). Esta disparidade encontrada
entre ChAT e HC-3 sugere um persistente prejuizo na fungdo colinérgica nos animais
expostos pelo etanol. De acordo com esta idéia, Casamenti e colaboradores (1993)
demonstraram reducao da liberacao de acetilcolina no cortex cerebral e hipocampo 1 semana

apos a retirada do etanol em ratos. Além disso, a diminuicdo da liberagdo de acetilcolina
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juntamente a auséncia de upregulation descrita neste estudo, refor¢a a idéia que abstinéncia

do etanol pode gerar hipofung¢ao colinérgica.

Co-exposicao

Surpreendentemente, ndo foram encontradas alteragdes na atividade da ChAT durante
a exposicdo combinada de nicotina e etanol. No cortex cerebral, apesar de a nicotina
promover reducdo da atividade da ChAT nas fémeas, a co-exposi¢do ndo foi capaz de gerar
dano na inervagao colinérgica, o que sugere um efeito protetor do etanol. Para machos, a co-
exposicao reverteu o aumento da ChAT provocado pela nicotina. No mesencéfalo, o efeito da
co-exposi¢do foi reduzido em relag@o aos efeitos individuais da nicotina e do etanol, sendo os
valores semelhantes aos encontrado no grupo veiculo. A co-administragdo promoveu uma
forte upregulation dos nAChRs também quando comparado com cada droga individualmente,
e como mencionado anteriormente, a excessiva estimulagdo colinérgica altera o padrao
normal do desenvolvimento neuronal (Levin e Slotkin, 1998; Slotkin, 2002, 2004).
Entretanto, a exposicdo combinada no presente estudo nao foi capaz de alterar a atividade
colinérgica, como indicado pelo resultado da marcagdo do HC-3. De fato, a investigagdo da
toxicidade da exposicdo combinada de nicotina e etanol tem se demonstrado controversa.
Trabalhos anteriores sobre a toxicidade celular da nicotina/etanol t€ém mostrado efeitos
menos-que-aditivos (Penland et al., 2001; Tizabi et al., 2003, 2004, 2005). Em contraste, Jang
e colaboradores (2002) demonstraram que a exposicdo combinada de nicotina e etanol
promove um efeito mais potente quando comparado com a exposi¢do separada de cada droga.
Entretanto, recentemente, nosso grupo de pesquisa, usando o mesmo desenho experimental

usado aqui, demonstrou que a exposicdo combinada promoveu efeitos menos severos na
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morte celular (Oliveira-da-Silva et al., 2009 in press). Apesar dos resultados apresentados
nesta tese indicarem que a co-administracdo ndo promoveu dano nos terminais colinérgicos,
outros tipos celulares podem ser mais afetados. Neste sentido, estudos futuros considerando
regides cerebrais e tipos celulares diferentes devem ser importantes no entendimento dos
efeitos gerados pelo co-uso da nicotina e do etanol.

Apbs curto periodo de retirada das drogas, foi observado que a exposi¢cdo combinada
promoveu um pequeno, mas significativo, aumento na atividade da ChAT. Assim como
apresentado durante a exposicdo, o efeito da exposi¢do combinada foi menos severo que o
provocado pela nicotina. Outros estudos sobre a neurotoxicidade da nicotina e etanol, também
tém demonstrado efeitos menos-que-aditivos durante curto periodo de retirada (Penland et al.,
2001). O resultado observado no presente estudo possui duas possibilidades de interpretacao.
Considerando que o aumento do nimero de terminais tem sido sugerido como uma resposta
compensatdria ao dano celular, a exposi¢do ao etanol poderia proteger contra o dano celular
gerado pela nicotina. Alternativamente, no caso do aumento do numero de terminais ser uma
resposta necessaria a manuten¢do da normalidade da funcdo colinérgica, a co-exposi¢do da
nicotina com etanol pode promover ou intensificar o prejuizo colinérgico. Estudos futuros sao
necessarios para identificar a relevancia funcional da interagdo entre nicotina e etanol na
atividade da ChAT durante curto periodo de retirada. Ap6s longo periodo de retirada, apesar
de cada droga individualmente ndo gerar alteragdes, a exposi¢do combinada gerou diminui¢ao
da atividade da ChAT. Considerando que a diminui¢do da ChAT est4 associada com a perda
de inervagdo colinérgica, o presente estudo fornece evidencia experimental que a exposi¢ao
combinada de nicotina e etanol promove perda da inervagdo colinérgica a longo prazo. Pelo
nosso conhecimento, este ¢ o primeiro estudo que avalia os efeitos combinados da nicotina e
etanol durante o periodo de retirada. Apesar de ndo ocorrer diferengas na marca¢ao por HC-3

durante a exposi¢do das drogas, verificamos uma pequena redugdo na magnitude da marcagao
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por HC-3 apos a retirada da exposi¢do. Do mesmo modo, foi observada esta redugdo quando
somente foi administrado o etanol. Desta forma, este resultado sugere que a co-exposi¢ao
gerou redugdo da atividade colinérgica, muito provavelmente devido a acdo da retirada do

etanol.

6.4. Possibilidades de outros sitios de interacdo entre nicotina e etanol

Como mencionado anteriormente, a nicotina regula a liberacdo de uma grande
variedade de neurotransmissores, incluindo dopamina, serotonina, noradrenalina, glutamato
GABA ¢ at¢é mesmo a propria acetilcolina (Wonnacott, 1997). Além disso, o etanol
diretamente possui agdes variadas sobre um grande nimero de receptores, aumentando a
atividade funcional dos receptores do GABA e da glicina, atuando como co-agonista do
receptor de serotonina e como antagonista dos receptores de NMDA do glutamato (Larsson e
Engel, 2004). Neste sentido, podemos observar que existe uma grande variedade de possiveis
alvos de interacdo entre a nicotina e o etanol, sendo este fato demonstrado em alguns estudos
recentes (Al-Rejaie e Dar, 2006a,b; Inoue et al., 2007). O papel de outros sistemas de
neurotransmissores ¢ a integracdo desses efeitos sobre cada regido cerebral estudada em
particular pode explicar as diferengas de resultados encontrados em alguns pontos neste
estudo em cada regido cerebral. Estes efeitos integrativos sdo de grande relevancia no
entendimento dos mecanismos que regem co-uso, co-abuso ¢ a abstinéncia da nicotina e do
etanol durante a adolescéncia e, como permanecem incertos, ha a necessidade de serem

adequadamente avaliados em estudos futuros.
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7. CONCLUSOES

O tabagismo e o consumo do etanol por adolescentes representa um grande problema
de satde publica em todo mundo. O desenvolvimento cerebral continua durante a
adolescéncia, sendo caracterizado por muitas modificagdes que incluem a maturacdo do
sistema colinérgico central (Altman e Bayer, 1990; Zahalka et al., 1993; Rakic et al., 1994). O
entendimento das interagdes neuroquimicas entre as drogas pode ser essencial no
desenvolvimento de novas terapias farmacoldgicas capazes de reverter os estados de vicio,
prevenir as recaidas e reduzir o consumo dessas drogas. O presente trabalho indica que o
sistema colinérgico central ¢ um denominador comum durante a adolescéncia para as a¢des da

nicotina e do etanol, como também, ¢ afetado pela retirada das duas drogas.
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