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APRESENTACAO

Esta tese estd subdividida em cinco partes. A primeira parte refere-se a
INTRODUCAO, onde encontra-se uma revisdo bibliogréfica atualizada sobre o assunto
estudado, bem como os objetivos geral e especificos deste estudo.

A segunda parte refere-se aos RESULTADOS, os quais sdo apresentados na
forma de quatro artigos cientificos. Dois destes artigos estdo publicados e dois foram
submetidos a apreciacdo da comissdo editorial de periddicos cientificos.

A terceira parte refere-se 2 DISCUSSAO, onde encontra-se um exame dos
resultados obtidos integrados aos ja existentes na literatura cientifica. A quarta parte
refere-se ao levantamento das CONCLUSOES GERAIS obtidas neste trabalho. As
citacdes bibliograficas referidas nas partes I e III encontram-se na quinta parte
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RESUMO

Intervencdes no sistema adenosinérgico: avaliacdo de aspectos neuroquimicos,
locomotores e nociceptivos.

A adenosina estd presente em todos os tipos celulares exercendo um papel
homeostatico. Em sistema nervoso central e periférico seu papel neuromodulador ¢
observado. A presenca de adenosina no meio extracelular permite a ativagdo de
receptores adenosinérgicos especificos, classificados em: A;, Aza, Azp € Aj. A ativacao
dos receptores A; e Aza, receptores de alta afinidade, estd diretamente envolvida com o
papel neuromodulador, visto que a sua ativagdo produz inibicdo e facilitacdo da
liberacdo de neurotransmissores, respectivamente. A selecdo de qual receptor sera
ativado, visto que exibem co-expressdo em muitas regides neurais, pode ser feita de
acordo com os sitios de liberagdo ou producdo de adenosina extracelular. Desta forma,
receptores A; seriam preferencialmente ativados pela adenosina liberada através dos
transportadores bidirecionais de nucleosideos e os receptores A,a preferencialmente
ativados pela adenosina proveniente da degradacdo do ATP realizada por uma cascata
enzimdtica. A hidrolise de ATP a adenosina ¢ realizada pelas enzimas ectonucleosideo
trifosfato difosfoidrolases e ecto-5’-nucleotidase. Em ratos, a ativagdo do sistema
adenosinérgico exerce seus efeitos neuromoduladores desde fases iniciais de
desenvolvimento embriondrio, alcangando o padrao adulto mesmo antes do nascimento.
A ativacdo de receptores de adenosina na fase fetal e neonatal foi demonstrada ter como
conseqliéncia o retardo no desenvolvimento global dos animais, bem como,
ventriculomegalia e perda de massa cerebral branca. Esta informagdo levanta a questao
da suscetibilidade do cérebro imaturo a certas drogas, tais como a cafeina. A cafeina ¢
uma metilxantina com efeitos estimulantes, a qual exibe como base para seus efeitos o
bloqueio inespecifico dos receptores de adenosina. No presente estudo, avaliou-se o
efeito da administragdo de cafeina em diversos parametros. A administracao aguda de
cafeina, mas ndo a cronica, em ratos adultos foi capaz de alterar significativamente as
atividades de hidrdlise de ATP no hipocampo e de ADP no estriado. Este resultado
poderia estar relacionado com a capacidade plastica do sistema adenosinérgico em
restabelecer seu tonus em ratos adultos tratados cronicamente com cafeina. Além disto,
verificou-se que a agdo direta da cafeina afetou a producdo de adenosina. A
administracdo crénica de cafeina na dgua de beber de ratas maes durante a fase
gestacional e lactacional alterou o padrdo de hiperlocomog¢ado induzido por MK-801, um
antagonista de receptores NMDA glutamatérgicos, nos ratos filhotes aos 21 dias de
vida, mesmo quando o acesso a cafeina foi retirado sete dias antes do teste. Além disto,
0 mesmo tratamento nao alterou o limiar de dor de filhotes aos 14 e 50 dias de vida,
bem como a analgesia induzida nestes animais aos 50 dias. Entretanto, quando os
animais ainda recebiam cafeina no dia do teste, foi observado efeito analgésico somente
nos ratos de 14 dias. A andlise dos efeitos do tratamento sobre a degradagdo de
acetilcolina e sobre a degradacdo de nucleotideos em hipocampo de ratos jovens
demonstrou que ambas as atividades foram alteradas. O conjunto de resultados desta
tese indica que a intervengdo no sistema adenosinérgico durante as fases gestacional e
neonatal ¢ capaz de desenvolver adaptacdes, provavelmente relacionadas ao aumento da
expressdo de receptores para adenosina, na tentativa de restabelecer o controle
modulador adenosinérgico, considerada a importancia dos sistemas avaliados para a
manutengdo do organismo.



ABSTRACT

Interventions on adenosinergic system: evaluation of neurochemical, locomotor
and nociceptive aspects

Adenosine is a natural component of all cell types exhibiting a homeostatic role.
In central and peripheral nervous systems, adenosine plays a neuromodulatory role. The
presence of adenosine in extracellular millieu permits the activation of specific
adenosinergic receptor (Aj, Aza, Azg and As). The activation of adenosine A; and Aja
receptor, which are high affinity receptors, is directly related with neuromodulation,
since that promotes inhibition and facilitation of neurotransmitter release, respectively.
Considering the co-expression of these receptors, it has been proposed that the
differential activation of adenosine receptor is related to the sites of adenosine release or
formation. Thus, A, receptors are preferentially activated by adenosine release from
nucleoside bi-directional transporter and Aj,s receptors by adenosine from ATP
degradation promoted by an enzymatic cascade. The hydrolysis of ATP to adenosine is
performed by ectonucleosideo triphosphato diphosphohydrolases and an ecto-5’-
nucleotidase. In rats, the activation of adenosinergic system exerts a modulator role
since early phases of development, reaching the pattern of adult brain before the birth.
Adenosine receptor activation in embryonic and neonatal phases has been demonstrated
to produce impairment of global animal development, ventriculomegaly and loss of
white brain matter. This information raises the question about the susceptibility of
immature brain towards some drugs, such as caffeine. Caffeine is a metylxanthine that
exhibits stimulant effects, which are based on unspecific blockade of adenosine
receptors. In the present study, it has been evaluated the effects of caffeine
administration on some parameters. Acute administration of caffeine on adult rats, but
not chronic administration, was able to alter the ATP and ADP hydrolysis from
hippocampus and striatum, respectively. This result can be related to the plasticity
exhibited by neural tissues in order to reestablish the adenosinergic tonus in adult rats
chronically treated with caffeine. Moreover, it has been verified a direct action of
caffeine upon the adenosine formation. Chronic administration of caffeine in the drink
water of rat dams during gestational and lactational phases altered the pattern of MK-
801-induced hyperlocomotion, in 21 days-old litters. These effects are persistent to the
deprivattion of caffeine seven days before the experiment. The same treatment did not
alter the pain threshold of litters at 14 and 50 days of age, as well as the stress-induced
analgesia in these animals at 50 days of age. However, only animals at 14 days of age
that received caffeine until the day of test exhibit analgesic response. The analysis of
this treatment on acetylcholine and nucleotide degradation from hippocampus of young
animals showed alteration of these enzymatic activities. This set of results indicate that
intervention on adenosinergic system during gestational and neonatal phases is able to
promote adaptations, probably related to up-regulation of adenosine receptors. These
adaptations can reestablish the normal neuromodulatory control of adenosine,
considering the relevance of the adenosinergic control on the systems evaluated to the
organism maintenance.



INDICE DE FIGURAS

FIGURA I.1. Representagdo esquematica da capacidade das vias de metabolismo
extracelular de adenosina (e ATP) em determinar qual o receptor serad
preferencialmente ativado em terminais nervosos hipocampais ..............

FIGURA 1.2. Topografia de membrana das ectonucleotidases..........c.cccceeeereruenneee

FIGURA 1.3. Diagrama esquemadtico de alguns mecanismos que podem estar
envolvidos nas interacdes entre receptores adenosinérgicos (Aj, Ay, €
Aj3) e outros neurotransmissores ou receptores de neuromoduladores em
TCUTOMIOS ..ttt eetteteeeetteteeeattesite et e e s tteebeesateebeesaeeenseesabeenbeasnseenseesnseenseennne

CAPITULO 1

FIGURA 1.1. Effect of acute caffeine treatment (30 mg/kg i.p) on ATP, ADP, and
AMP hydrolysis from hippocampal (A) and striatal (B) synaptosomes...

FIGURA 1.2. Effect of chronic caffeine treatment (0.3 or 1 g/l in the drinking
water, during 14 days) on the ATP, ADP, and AMP hydrolysis in
hippocampal (A) and striatal (B) synaptosomes of rats............c.ccceuveenneee.

CAPITULO 2

FIGURA 2.1. Effect of maternal -caffeine intake on MK-801-induced
hiperlocomotion in pups. (A): Locomotion in sets of 10 min. (B): Total
locomotion during habituation and after MK-801 treatment....................

CAPITULO 3

FIGURA 3.1. Effect of caffeine treatment on the basal nociceptive threshold. A:

Young rats (P14). B: Adult rats (P50).......cccooveeviieeiiiiieeie e

11

34

35



FIGURA 3.2. Effect of caffeine treatment on the stress-induced analgesia............... 65
CAPITULO 4
FIGURA 4.1. Effects of caffeine maternal intake on hippocampal AChE activity of
7, 14 and 21 days old neonate rats...........cceecueevieeeiienienieeiieeie e 83
FIGURA 4.2. Effects of caffeine maternal intake on hippocampal nucleotidase
activity of 7, 14 and 21 days old neonate rats. (A): ATP hydrolysis. (B):

ADP hydrolysis. (C): AMP hydrolysis.........ccceeereininieninncnienenicneenne, 84



INDICE DE TABELAS

TABELA 1. Agonistas e antagonistas especificos de receptores de adenosina............
CAPITULO 1

TABELA 1.1. Caffeine consumption in chronic treatment............ccoceevevveeneenersiennene



LISTA DE ABREVIATURAS

2CI-IB-MECA: 2-cloro- N® ~(3-iodobenzil)-5’-(N-metilcarbomoil) adenosina
3’,5> AMPc- Adenosina 3,5, monofosfato ciclico

8-SPT: 8-(p-sulfofenil) teofilina

AB-MECA: N°—4 aminobenziladenosina-5’-N-metiluronamida

ABOPX: 3-(4-aminobenzil)-8-(4-oxiacetato)fenil-1-propilxantina

ADAC: N°- [4-[[(2-aminoetil)-amino]carbonilmetil ]fenilJadenosina]

ADP — adenosina 5’-difosfato

AMP — adenosina 5’-monofosfato

APEC: 2-[(2-aminoetilamino) carboniletilfeniletilamino] —5°-N-
etilcarboxamidoadenosina

ATP — adenosina 5’-trifosfato

CCPA: 2-cloro- N®-ciclopentil-adenosina

CGS21680: 2-[p-(2-carbonil-etil)-feniletilamino]-5’-N-etilcarboxamidoadenosina
CHA: N°-ciclohexil-adenosina

CPA: N°-ciclopentil-adenosina

CPT: 8-ciclopentil-1,3-dimetilxantina

CSC: 8-(3-cloroestiril) cafeina

CV1808: 2-fenilamidoadenosina

DCCA: 1- deaza-2-cloro-N6-ciclopentil-adenosina

DMPA: N°-[2(3,5-dimetoxifenil)-2-(2-metilfenil)etil]-adenosina

DMPX: 3,7-dimetil-1-propagilxantina

DPCPX: 1,3-dipropil-8-ciclopentilxantina

D-PIA: D-fenilisopropil adenosina

ENX: 1,3-dipropil-8-[2-(5,6-epoxi) norbornil]| xantina

FK453: (+) — (R)-[(E)-3-(2-fenilpirazolo [1,5-a] piridin-3-il) acriloil]-2-piperidine
etanol

HE-NECA: 2-hexil-5’-N-etilcarboxiamidoadenosina

IB-MECA: N°-3-iodobenzil-adenosina-5’-N-metiluranamida

KF17837: 1,3-dipropil-8-(3,4-dimetoxiestiril)-7-metilxantina

KFM19: [(+)-8-(3-oxociclopentil)-1,3-dipropilxantina]

KW-3902: 8-noradamant-3-il-1,3-dipropilxantina

KW-6002: (E)-1,3-Dietil-8-(3,4-dimetoxy-estiril)-7-metilxantina

MK-801: Maleato de Dizolcipina

MRS 1220: 9-cloro-2-(2-furil)-5-[(fenilacetil)amino] [ 1,2,4] triazolo [1,5-c]quinazolina
MRS 1334: 3-etil-5-(4-nitrobenzil)-2-metil-4-feniletinil-6-fenil-1,4-dihidropiridina-3,5-
dicarboxilato

MRS 1353: 3-etil-5-[4-[(2,2,2-tricloroetoxy) carbonil]-benzil]-2-metil-4-feniletinil-6-
fenil-1,4-dihidropiridina-3,5-dicarboxilato

MSX-2: 3-(3-hidroxipropil)-8-(3-metoxiestiril)-7-metil- 1 -propargilxantina
MSX-3: 3-(3-hidroxipropil)-8-(m-metoxiestiril)-7-metil- 1 -propargilxantina
NAD: Nicotinamida adenina dinucleotideo

NBTI: Nitrobenziltioinosina



NMN: Nicotinamida adenina mononucleotideo

PSB-1115: 1-propil-8-(p-sulfofenil)xantina

PSB-50: 8-(p-bromofenil)-1-propargilxantina

PSB-53: acido benzoico 4-(1-butilxantina-8-il)

PSB-55: 8-{4-[2-(4-benzilpiperazina-1-il)-2-oxo-etoxi]fenil } -1 butilxantina

R-PIA: (R) N°-fenilisopropiladenosina

SCH58261: 5-amino-7-(2-feniletil)-2 (2-furil)-pirazolo [4,3-e]- 1,2,4-triazolo [1,5-c]
pirimidina

SKF 38393: (+)-1-fenil-2,3,4,5-tetrahidro-(1H)-3-benzazepina-7,8-diol HCI
WRC-0470: 2-cicloexilmetilideniidrazinoadenosina

WRCO0571: 8-(N-metillisopropil) amino-N°-(5’-endohidroxi-endonorbonil)-9-
metiladenina

XAC: 8-[4[[[[(-aminoetil)amino]carbonil |metil]oxi]fenil]1,3-dipropilxantina
ZM241385: 4-(2-[7-amino-2-(2-furil)] 1, 2, 4 — triazolo [2,3-a] [1,3,5] triazin-5-
ilamino]etil)fenol



I. INTRODUCAO

I.1 O Sistema Adenosinérgico

A adenosina ¢ um nucleosideo presente nos meios intra e extracelular que possui
sua disponibilidade altamente controlada devido ao papel neuromodulador e
homeostatico que exerce (Cunha, 2001a). As concentragdes intracelulares de adenosina
encontram-se na ordem de 10 a 50 nM, enquanto que as concentragdes extracelulares
encontradas na fenda sinaptica sdo de aproximadamente 0,5 a 4 uM (Cunha, 2001a,
2005). A producdo intracelular de adenosina resulta de duas principais fontes: (1) a
clivagem da S-adenosilhomocisteina pela enzima S-adenosilhomocisteina hidrolase (EC
3.3.1.1) (Dunwiddie e Masino, 2001); e (2) a degradagdo do nucleotideo monofosfatado
AMP pela enzima 5’- nucleotidase (EC 3.1.3.5) (Brundege e Dunwiddie, 1997).
Alteragoes na concentragdo intracelular de adenosina influenciam sua concentragao
extracelular, devido a presenga de transportadores equilibrativos e bidirecionais
especificos para a adenosina. Estes transportadores sao classificados em dois tipos, de
acordo com a sensibilidade ao inibidor nitrobenziltioinosina (NBTI) (Wang et al., 1997;
Dhalla et al., 2001). Devido a alta afinidade da enzima adenosina quinase (EC 2.7.1.20)
pela adenosina, sua concentracdo intracelular ¢ relativamente baixa, favorecendo o
influxo de adenosina através destes transportadores (Brundege e Dunwiddie, 1997). Nas
situagdes em que a concentracdo intracelular de adenosina aumenta, como por exemplo,
durante uma isquemia, a adenosina chega ao meio extracelular através destes

transportadores (Parkinson et al., 2000). Além da adenosina proveniente dos



transportadores, existe uma importante cascata enzimatica que produz adenosina a

partir do AMP (Figura I.1).

adenosine

Figura I.1: Representagdo esquemadtica da capacidade das vias de metabolismo
extracelular de adenosina (e ATP) em determinar qual o receptor sera preferencialmente
ativado em terminais nervosos hipocampais. NT: Neurotransmissores; AK: Adenosina
quinase; NTPDase: Nucleotideo trifosfato difosfohidrolase; 5’N: 5’-nucleotidase; T:
transportadores bidirecionais de nucelosideos. [Cunha, R. A. (2005). Neuroprotection
by adenosine in the brain: From A; receptor activation to A, receptor blockade.

Purinergic Signalling 1: 111-134.].

O ATP ¢ a fonte primaria de substrato para esta cascata enzimatica de producao de

adenosina. A maioria das terminagdes nervosas pode liberar mais de um tipo de



neurotransmissor, sendo o ATP um destes (Burnstock, 1999). Evidéncias de que o
ATP atua como neurotransmissor incluem o fato deste ser sintetizado e armazenado nos
terminais, bem como sua liberacdo apds estimulagdo destes terminais nervosos (Ralevic
e Burnstock, 1998). O ATP exerce seus efeitos através da ativacdo de receptores
especificos denominados P2Y (P2Y 2 4, 6, 11, 12, 13 ¢ 14) € P2X (P2X,.7), 0s quais sdo
receptores metabotropicos e ionotropicos, respectivamente (Burnstock, 2004).

O ATP também ¢ co-liberado com diversos neurotransmissores (para revisao ver
Burnstock, 1999). Em terminais nervosos simpaticos ¢ liberado com noradrenalina e
neuropeptideo Y. Em sinapses do sistema parasimpatico ¢ liberado com acetilcolina e
polipeptideos vaso-ativos. Em terminais nervosos nao-colinérgicos e nao-adrenérgicos
presentes no intestino delgado, ¢ liberado com 6xido nitrico e polipeptideos vaso-ativos.
Em neurdnios sensorio-motores ¢ liberado com o peptideo relacionado ao gene da
calcitonina (CGRP) e com a substincia P. Na retina ¢ liberado com o acido y-
aminobutirico (GABA) e no sistema nervoso central (SNC) com glutamato.

Nucleotideos - 5’- trifosfatados e difosfatados, como o ATP e o ADP, podem ter
seus niveis extracelulares controlados pela acdo de varias enzimas que estdo localizadas
na superficie celular ou estdo na forma soluvel (Zimmermann, 2001). Estas enzimas tém
sido clonadas, caracterizadas funcionalmente e constituem as familias de enzimas
ectonucleosideo  trifosfato  difosfoidrolases ~ (E-NTPDase), ectonucleotideo
pirofosfatase/fosfodiesterases (E-NPP) e fosfatase alcalina (Zimmermann, 2001).
Nucleotideos - 5’-monofosfatados sofrem a agdo da ecto - 5’- nucleotidase, sendo este o
passo limitante para a formagdo extracelular de adenosina através das ecto-
nucleotidases (Zimmermann, 1996; Cunha, 2001a) (Figura 1.2).

As E-NTPDases hidrolisam nucleotideos puricos e pirimidicos, tri e difosfatados

na dependéncia de cations divalentes (Zimmermann, 2001). Estas enzimas sdo expressas



em uma variedade de tecidos acompanhando a distribui¢do tecidual dos receptores
purinérgicos (P2), sendo importantes para o controle da ativagdo destes receptores pelos
seus ligantes (Zimmermann, 2001; Kukulski et al., 2005). As E-NTPDases constituem a
principal familia de ecto-nucleotidases, sendo subdividida em oito enzimas
diferenciadas pelas variagdes quanto a afinidade pelo substrato, a qual pode ser revelada
pela razdo de hidrélise dos nucleotideos. As NTPDases 1, 2, 3 e 8 possuem dois
dominios transmembrana com o sitio ativo voltado para o meio extracelular
(Zimmermann, 2001; Bigonnesse et al., 2004). As NTPDases 4, 5, 6 ¢ 7 s@o ancoradas
em membranas de organelas intracelulares por um ou dois dominios transmembrana e
com o sitio catalitico voltado para o limem das organelas (Braun et al., 2000a;
Biederbick et al., 2000; Shi et al., 2001; Zimmermann, 2001). A presenga de ecto-
nucleotidases em tecido neural de mamiferos é reconhecida em neuroblastomas,
neurdénios do cortex cerebral, hipocampo, cerebelo, microglia, astrocitos e fragdes
sinaptossomais corticais, bem como em c¢lulas endoteliais e musculares lisas da
vasculatura cerebral (Battastini et al., 1991; Zimmermann, 1996; Marcus et al., 1997;
Wang e Guidotti, 1998; Braun et al., 2000b; Joseph et al., 2003) A co-expressdo da
ecto-ATP difosfoidrolase (NTPDase 1) e da ecto-ATPase (NTPDase 2) ¢ encontrada em
preparagdes de musculo cardiaco, rins, bago, pulmdes, musculo esquelético e cérebro de
ratos (Kegel et al., 1997).

A familia das E-NPPs contém trés membros (NPP1, 2 e 3), que exibem atividade
de fosfodiesterase alcalina e nucleotideo pirofosfatase, hidrolisando uma variedade de
substratos que incluem 3°,5'-AMPc, ATP, ADP, o NAD, NMN e diadenosina
polifosfato (ApnA) (Zimmermann, 2001). As fosfatases alcalinas possuem uma ampla

especificidade por substratos, hidrolisando nucleotideos mono, di e trifosfatados, bem



como uma variedade de compostos organicos fosfatados e o pirofosfato inorganico

(Zimmermann, 1996; Zimmermann, 2001).

As 5’- nucleotidases constituem uma familia de enzimas com distribuicao tecidual

ampla e com capacidade de produzir nucleosideos a partir de nucleotideos - 5'-

monofosfatados (Bianchi e Spychala, 2003). Diferentes distribui¢des sub-celulares sdo

encontradas para os membros da familia das 5°- nucleotidases, existindo formas

soluveis e formas ancoradas a membrana (Bianchi e Spychala, 2003). A participacdo da

ecto — 5'- nucleotidase (EC 3.1.3.5) na via das ectonucleotidases exerce um papel

modulador sobre a produgdo de adenosina extracelular, sendo a enzima marca-passo

desta cascata enzimatica (Zimmermann, 1996; Cunha, 2001a).

E-NTPDases
g
NTPDase 1 NTPDase 5
NTPDase 2 NTPDase 6
NTPDase 3
NTPDase 4
NTPDase 7
NTPDase 8

E-NPPs

NPP1
NPP2
NPP3

Fosfatases Ecto-5'-
alcalinas Nucleotidase

Kidney/bone/liver
(=tissue non
specific)
Placental
Intestinal
Germ-cell

FIGURA 1.2. Topografia de membrana das ectonucleotidases [Zimmermann, H. (2001).

Ectonucleotidases: Some Recent Developments and a Note on Nomenclature. Drug

Developmet Research 52: 44-56 (modificado)].



A taxa de produgdo extracelular de adenosina promovida pela ecto-5'-
nucleotidase ¢ fortemente inibida pelas concentracdes de ATP eou ADP (Cunha,
2001a). Desta forma, uma pequena liberagdo de ATP promove uma producao linear de
adenosina e uma liberacdo aumentada de ATP promove o acimulo de AMP,
proporcionando um aumento abrupto de adenosina extracelular quando os niveis de
ATP diminuem (Cunha, 2001a; Latini e Pedata, 2001).

A concentragdo extracelular de adenosina ¢ um fator determinante dos efeitos
neuromoduladores desta molécula. A adenosina exerce seus efeitos através da ativacao
de receptores de membrana especificos, denominados receptores purinérgicos Pl
(Burnstock, 1972). Existem quatro subtipos de receptores P1, denominados A, Aja,
Asp e Az os quais sdo diferentes quanto a afinidade pela adenosina, estruturas
moleculares, distribuicdo tecidual e perfil farmacologico (Dunwiddie e Masino, 2001;
Fredholm et al.,, 2001). Os receptores A; e A,n apresentam alta afinidade pela
adenosina, enquanto os receptores A,p ¢ Az sdo de baixa afinidade (Ribeiro et al., 2003).
Todos os receptores Pl s3o acoplados a proteinas G e exibem sete dominios
transmembrana formados por aminoacidos hidrofobicos (Ralevic e Burnstock, 1998). A
por¢do N-terminal € voltada para o meio extracelular, enquanto a por¢ao C-terminal esta
voltada para o citosol (Ralevic e Burnstock, 1998; Fredholm et al., 2001).

Dentre os receptores adenosinérgicos, os receptores A; exibem a maior
abundancia no sistema nervoso central, com alta expressdo no cortex cerebral,
hipocampo, cerebelo, talamo, tronco cerebral e medula espinhal (Fredholm et al., 2001).
Adicionalmente, este receptor ¢ amplamente expresso em tecidos periféricos tais como
vasos deferentes, testiculos, tecido adiposo, estobmago, rins, hipéfise, adrenais, coracao,
aorta, figado, olhos e bexiga (Ralevic e Burnstock, 1998). Os receptores

adenosinérgicos do tipo A; possuem alta afinidade pela adenosina, exibindo um Kd de,



aproximadamente, 70 nM de adenosina (Dunwiddie e Masino, 2001). A
localizagdo celular destes receptores ¢ pré-sindptica, pds-sinaptica € no axdonio
(Swanson et al., 1995; Rebola et al., 2003).

A ativagdo dos receptores adenosinérgicos do tipo A; promove efeitos inibitdrios
na neurotransmissdo. A mais conhecida das vias de sinalizagdo dos receptores A; ¢ a
inibi¢do da enzima adenilato ciclase (EC 4.6.1.1) através da ativacdo da proteina G
inibitoria (G¢Go) (Freissmuth et al., 1991a; Freissmuth et al., 1991b; Munshi et al.,
1991). Esta inibicdo proporciona a diminui¢do das concentracdes do segundo
mensageiro AMPc, inibindo as vias dependentes desta molécula sinalizadora (Van
Calker et al, 1978; Londos et al., 1980). Além disso, a hiperpolarizagdo neuronal por
ativagdo dos canais de K pré-sinapticos e a inibi¢do do influxo de calcio parecem ser os
outros mecanismos importantes de inibigdo da liberacdo de neurotransmissores por
ativacao dos receptores A; (Trussell e Jackson, 1985; Pan et al., 1995; Scholz ¢ Miller,
1996). A inibicdo das correntes de calcio apds a ativacdo dos receptores A; de
adenosina, principalmente através dos canais de calcio do tipo N, tem sido descrita em
diversos tipos celulares, tais como, neurdnios ganglionares do ramo dorsal (Dolphin et
al., 1986), neurdnios hipocampais (Scholz e Miller, 1991), neurdnios das regides CAl e
CA3 do hipocampo (Mogul et al., 1993; Wu e Saggau, 1994). Em células de cérebro de
ratos, o acoplamento de receptores A; a canais de potassio Karp também tem sido
demonstrado, o que esta relacionado com redugdo da duracio do potencial de agdo, bem
como da vasodilatagdo (Yaar et al., 2005). A fosfolipase C também tem sido descrita
como componente do mecanismo de inibi¢do exercido pelo receptor A; (Megson et al.,
1995). O principal sistema de neurotransmissao afetado pela inibi¢do adenosinérgica € o

sistema  glutamatérgico, porém os sistemas colinérgico, dopaminérgico e



serotoninérgico podem também ser modulados por este nucleosideo (Dunwiddie e
Masino, 2001).

Os receptores Aza sdo também considerados receptores de alta afinidade, visto que
possuem um Kd de, aproximadamente, 150 nM de adenosina (Dunwiddie e Masino,
2001). A distribuicao tecidual destes receptores ¢ bastante restrita no sistema nervoso
central, ocorrendo basicamente no estriado, nicleo accumbens e tubérculo olfatorio
(Ongini e Fredholm, 1996). Sua ocorréncia nos tecidos periféricos inclui células do
sistema imune, olhos, musculo esquelético, coracdo, Utero, bexiga, plaquetas e células
endoteliais (Dixon et al., 1996; Peterfreund et al., 1996). Em menor escala, estes
receptores também estdo expressos no intestino delgado, rins, baco, estdmago,
testiculos, pele e figado (Dixon et al., 1996; Peterfreund et al., 1996). Rebola et al.
(2005) ao avaliarem a distribui¢do subcelular dos receptores Aja verificaram que as
sinapses hipocampais expressam estes receptores com maior abundancia na pré-sinapse
e preparagdes estriatais expressam estes receptores em maior nimero na regiao pos-
sinaptica.

A ativagdo dos receptores adenosinérgicos do tipo A, desencadeia uma resposta
antagdnica aquela dos receptores do tipo A; pela ativagao da proteina G estimulatéria
(Gs), a qual aumenta os niveis intracelulares de AMPc (Correia-de-Sa e Ribeiro, 1994;
Latini et al., 1996; Kessey e Mogul, 1998). A facilitagio da liberacdo de
neurotransmissores parece ocorrer através da potenciacao de canais de calcio tipo P e N
e da ativagdo de proteina quinase A (Gubitz et al., 1996; Kessey e Mogul, 1998).
Mecanismos de transdugdo de sinal independentes de AMPc, como a ativacdo da
fosfolipase C, parecem estar envolvidos na sinalizacdo em neurdnios gabaérgicos e

colinérgicos do estriado (Kirk e Richardson, 1995; Gubitz et al., 1996).



Dois outros receptores adenosinérgicos sdo descritos, o Ayg € 0 A3, 0s quais
possuem uma baixa afinidade pela adenosina, exibindo um Kd de, aproximadamente,
5100 nM e 6500 nM, respectivamente (Brundege e Dunwiddie, 1997; Dunwiddie e
Masino, 2001). Devido a expressdo difusa e ao menor numero de ferramentas
farmacoldgicas especificas para estes receptores, o conhecimento sobre o efeito da
ativacdo ou da inativa¢do deles ¢ menos documentado na literatura. Os receptores do
tipo A, possuem baixa expressdo no SNC, nos pulmdes, vasos deferentes e hipofise
(Rees et al., 2003; Rosi et al., 2003; Gessi et al., 2005; Zhong et al., 2005). Uma alta
expressdo deste receptor ¢ encontrada no intestino grosso e bexiga (Fredholm et al.,
2001; Yaar et al., 2005). Assim como os receptores Aja, 0s receptores Ap sao
acoplados a proteinas G estimulatorias (Gs), promovendo o aumento dos niveis de
AMPc (Brundege e Dunwiddie, 1997). Existem muitas evidéncias sugerindo o
envolvimento da fosfolipase C como mediadora de muitas das respostas a ativa¢do dos
receptores Ajp (Yaar, et al, 2005). A ativacao destes receptores promove, em neurdnios
hipocampais e do tronco cerebral, a ativagao de correntes de calcio por meio dos canais
do tipo P (Mogul et al., 1993). Devido a baixa afinidade destes receptores pela
adenosina e seu envolvimento com a reagdo inflamatoria, Fredholm e Altiok (1994)
postularam que estes receptores podem mediar efeitos neuroprotetores, quando os niveis
extracelulares de adenosina aumentam.

Os receptores Az foram os ultimos receptores adenosinérgicos descritos, sendo
expressos de forma moderada no cerebelo e hipocampo e com baixa expressao no
restante do cérebro (Fredholm et al., 2001). Outros 6rgdos, tais como, testiculos, figado,
utero, pulmdes, rins, placenta, coracao, jejuno, bexiga e baco também expressam o0s
receptores Az (Ralevic e Burnstock, 1998). A ativagdo de receptores Aj inibe a

producao de AMPc, através da acdo de uma proteina G inibitoria (Ralevic e Burnstock,



1998). Além disso, a ativagdo da fosfolipase C também ¢ descrita em cérebro de
ratos apos a ativagdo deste receptor (Brundege e Dunwiddie, 1997; Yaar et al., 2005).
Os efeitos bioldgicos da ativagdo dos receptores Az ainda sdo alvo de investigagdo,
porém sabe-se que estes receptores estdo envolvidos no processo inflamatorio
(Ramkumar et al., 1993). O processo de apoptose em algumas células de humanos
parece necessitar de ativacdo cronica dos receptores Az (Ralevic e Burnstock, 1998).
Entretanto, o antagonismo destes receptores também induz apoptose, efeito revertido
pelo agonista CI-IB-MECA em baixas concentragdes, sugerindo que a ativagdo dos
receptores Az pode promover protecdo celular (Yao et al., 1997). Adicionalmente, o
receptor A; pode desempenhar um papel funcional como modulador da potencia¢do de
longa duragdo (LTP, do inglés “long-term potentiation”) ¢ da depressdo de longa
duragdo (LTD, do inglés “long-term depression”) no hipocampo (Costenla et al., 2001).
Uma importante forma de andlise do sistema adenosinérgico e de sua interagao
com sistemas de neurotransmissao (Figura 1.3) baseia-se na utilizacdo de agonistas e
antagonistas dos receptores P1. Desde a caracterizacdo dos receptores de adenosina de
alta afinidade, A; e A, um grande nimero de agonistas e antagonistas destes
receptores foram desenvolvidos, com o objetivo de realizar intervengdes que possam ser
utilizadas como ferramentas terapéuticas em diversas patofisiologias. Apds a descoberta
dos receptores Ayg € Ajz, a especificidade dos ligantes previamente desenvolvidos foi
reavaliada para os diferentes receptores. Agonistas e antagonistas seletivos para estes
receptores auxiliam na determinagdo de quais receptores adenosinérgicos,
especificamente, estdo envolvidos nos mecanismos de modulacdo exercidos pela

ativagdo destes receptores (Tabela 1).
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Figura 1.3: Diagrama esquematico de alguns mecanismos que podem estar envolvidos
nas interagdes entre receptores adenosinérgicos (Aj, A,, € Asz) e receptores de outros
neuromoduladores ou neurotransmissores em neurdnios. Rj: Receptores acoplados
negativamente a Adenilato ciclase; Rs: Receptores acoplados positivamente a Adenilato
ciclase; Rq: Receptores acoplados positivamente a Fosfolipase C. [Sebastido e Ribeiro.

(2000). Fine-tunning neuromodulation by adenosine. TiPS 21(9): 341-436.].



TABELA 1. Agonistas e antagonistas especificos de receptores de adenosina

Agonistas

Antagonistas

Subtipos de Receptores Adenosinérgicos

Ay
CpPA*
CCPA*
CHA*
DCCA’
R-PIA?

CPT?
DPCPX*
XAC*
KW-3902*
ENX*
KFM19*
FK453*
WRC0571*

Aoa
APEC*
CGS21680°
CV1808*
DMPA*
HE-NECA*
WRC-0470*

csct
DMPX’
KF17837*
KW-6002°
MSX-2°
MSX-3?
SCH58261*
ZM241385*

Asp Az
AB-MECA®
IB-MECA*
2CI-IB-MECA*

MRS 1220°
MRS 1334
MRS 1353°

PSB-1115'
PSB-50'
PSB-53'

PSB55!

8-SPT!
[*H]DPCPX®
[*H]ZM 241385’
[FH]JABOPX®

| "Abo-Salem et al., 2004
Karcz-Kubicha et al.,2003

3Koltz, 2000

“Ralevic e Burnstock, 1998
*Moreau e Huber, 1999

A cafeina e os seus derivados sd@o os mais conhecidos antagonistas dos receptores

P1. Uma especial importancia da utilizacdo de estudos clinicos, epidemiologicos e

bioquimicos da ingestdo de cafeina provém do seu expressivo consumo mundial e

efeitos psicoestimulantes. A cafeina ¢ uma xantina que bloqueia de forma nao especifica

os receptores Aj, Axa € Asp, sendo ineficaz no bloqueio do subtipo Az (Fredholm et al.,

1999). O receptor com maior afinidade pela cafeina € o subtipo Az (Kd =8,1 e 2,4 uM

para ratos ¢ humanos, respectivamente), seguido pelos receptores Ayg (Kd=17 ¢ 13 uM

para ratos e humanos, respectivamente) e A; (Kd = 20 e 12 uM para ratos e humanos,

respectivamente) (Fredholm et al., 1999). O bloqueio destes receptores ¢ alcangado com

o consumo humano normal de cafeina, equivalente a duas ou trés xicaras de cafg.

Entretanto, a cafeina, em concentragdes milimolares é capaz de inibir a enzima



fosfodiesterase, estimular a liberacdo de calcio dos estoques intracelulares, além de

inibir receptores gabaérgicos (Fredholm et al., 1999).

1.2 Neuromodulagdo Adenosinérgica

A presenga de diferentes receptores adenosinérgicos em um mesmo tipo celular
levanta a questdo da interacdo entre estes receptores. Em diferentes preparagdes de
neurdnios colinérgicos do estriado, e colinérgicos, serotoninérgicos, noradrenérgicos e
glutamatérgicos do hipocampo, e colinérgicos do cortex cerebral, foi demonstrada a co-
existéncia de receptores A; e Aja funcionais (Cunha, 2001a). A semelhante afinidade
destes receptores pela adenosina, o acoplamento a proteinas G antagoOnicas e sua co-
localizagdo tornam extremamente importante a concentracdo local da adenosina
(Sebastido e Ribeiro, 2000). A determinagdo do receptor a ser ativado nestas células que
exibem co-existéncia destes receptores parece estar diretamente envolvida com a fonte
de adenosina extracelular (Ribeiro et al., 2003). A ativacdo dos receptores A ¢
preferencialmente alcancada quando o aporte de adenosina extracelular resulta da acao
das ecto-nucleotidases sobre os nucleotideos liberados na fenda sinaptica (Cunha et al.,
1996, Ribeiro et al., 1996). A ativagao de receptores A; ¢ preferencialmente obtida pela
liberacdo de adenosina através de seus transportadores especificos (Cunha, 2001a;
Ribeiro et al., 2003).

Até o momento, existem poucos estudos sobre o papel biologico da interagao
entre os diferentes subtipos de receptores adenosinérgicos. Entretanto, em neurdnios
hipocampais, a ativagdo de receptores A5 atenua a inibicdo da transmissdo sinaptica
exercida pela ativacdo de receptores A, processo que envolve a proteina quinase C

(Lopes et al., 1999). Além disso, na jungdo neuromuscular, a resposta inibitéria a



ativacdo do receptor A; ¢ aumentada na presenca de antagonistas do receptor A,
(Lopes et al., 1999; Sebastido e Ribeiro, 2000).

A neuromodulacdo exercida pela adenosina acontece, principalmente, via ativagao
de receptores de alta afinidade, A; e Asa, porém um papel neuromodulador também tem
sido atribuido ao receptor Ag (Ribeiro et al., 2003; Rosi et al., 2003). A acdo
neuromodulatéria adenosinérgica realiza-se através de interagdes receptor-receptor, € da
sincronia ou falta de sincronia na ativagdo de receptores para neuropeptideos, de
receptores nicotinicos auto-facilitatorios, de receptores NMDA (N-metil-D-aspartato) e
de receptores metabotropicos para glutamato (Ferre et al., 1997, Ribeiro, 1999,
Sebastido e Ribeiro, 2000). A intera¢do entre receptores adenosinérgicos e receptores
ionotropicos deve ocorrer através do grau de fosforilagdo destes receptores, enquanto
que a interagdo com receptores metabotrdpicos deve ocorrer ao nivel de proteina G ou
nos processos mediados por esta proteina (Ribeiro et al., 2003).

Um conhecimento consideravel sobre a interagdo entre receptores de adenosina e
receptores colinérgicos, dopaminérgicos e glutamatérgicos ¢ encontrado na literatura
(Ferre et al., 1991; Ginés et al., 2000; Ciruela et al., 2003). Evidéncias da interacdo entre
receptores adenosinérgicos e glutamatérgicos resultam da potenciacdo do aumento nos
niveis de AMPc induzidos por agonistas de receptores adenosinérgicos A, apds a
ativacdo de receptores glutamatérgicos metabotropicos (mGlu) (Cartmell et al., 1994).
Os receptores glutamatérgicos do tipo mGlu;, possuem um papel controverso em
neuroprote¢do/neurodegeneragdo, o qual parece estar relacionado com a interagao entre
os receptores glutamatérgicos e adenosinérgicos (Ciruela et al., 2003). Uma interagdo de
provavel interesse farmacoldgico também € encontrada entre os receptores de adenosina
Az e os receptores de glutamato mGlus no estriado (Domenici et al., 2004). Macek e

colaboradores (1998) demonstraram que a ativa¢do de receptores Az e da proteina



quinase C ¢ capaz de inibir receptores glutamatérgicos do tipo mGlu. A modulagao
adenosinérgica sobre o sistema de neurotransmissdo glutamatérgica ¢ de especial
relevancia, considerando que o glutamato € o principal neurotransmissor excitatorio, e
que ele exibe toxicidade quando em altas concentragdes (Olney, 1990).

A modulagdo purinérgica sobre a liberacdo de acetilcolina ¢ bem estabelecida na
jungdo neuromuscular e existem evidéncias desta modulag¢do no sistema nervoso central
(Ribeiro et al., 1996; Cunha e Ribeiro, 2000). Existe uma forte modulagdo
adenosinérgica sobre a liberagdo de acetilcolina em neurdnios colinérgicos ascendentes,
que se projetam até o cortex e tdlamo (Acquas et al, 2002). A co-liberacdo de ATP e
acetilcolina e a posterior degradacdo do ATP até adenosina torna dificil distinguir se a
adenosina e/ou o proprio ATP modulam a liberacdo de acetilcolina (Cunha e Ribeiro,
2000). Entretanto, na jun¢do neuromuscular, em neurOnios estriatais, corticais e
hipocampais, a acdo inibitoria e facilitatoria da adenosina sobre a liberacdo de
acetilcolina, através dos receptores A; e Aja, respectivamente, foi demonstrada em
diversas preparagdes destas estruturas (Cunha e Ribeiro, 2000). Em preparagdes
sinaptossomais de cortex e de hipocampo de ratos, Cunha e colaboradores (1994)
demonstraram que a liberagao de acetilcolina em cortex ¢ inibida por andlogos de ATP,
enquanto que no hipocampo a modulacao ¢ promovida pela adenosina.

Dentre as interagdes receptor-receptor encontradas entre receptores
adenosinérgicos e receptores de outros sistemas de neurotransmissdo, a interagao
receptores adenosinérgicos-dopaminérgicos ¢ a mais bem detalhada na literatura
cientifica. Uma interagdo antagdnica entre receptores A;/D; e receptores Axa/D; ¢
registrada principalmente na regido do estriado (Fuxe et al., 1998; Rimondini et al.,
1998). A co-localizagdo destes receptores na regido do estriado e nucleus accumbens ¢é

bem estabelecida (Fredholm et al., 1999). O tipo de interagdo encontrada entre



receptores adenosinérgicos e dopaminérgicos tem sido descrita como
intramembrana, envolvendo interacdo direta entre os receptores, ou envolvendo
modulacdo de proteina G e a conseqiiente influéncia nas proteinas dependentes dos
niveis de AMPc (Fuxe et al., 1998; Ferre et al., 2001; Hillion et al., 2002; Fredholm e
Svenningsson, 2003). Evidéncias bioquimicas desta interagcdo incluem a incapacidade
de agonistas de receptores D, de neurdnios gabaérgicos da regido estriato-palidal
exercerem atividade, quando um antagonista (CGS 21680) de receptores A, ¢ também
administrado (Fuxe et al., 1998). Adicionalmente, Popoli e colaboradores (1996)
demonstraram que um antagonista de receptor A; (CPT) potencializou
significativamente o efeito motor induzido pelo agonista de receptor dopaminérgico Dy,
o SKF 38393, em camundongos que receberam reserpina € em ratos com lesdo
unilateral na regido da substancia negra.

O reflexo comportamental da interacdo dos receptores adenosinérgicos e
dopaminérgicos tem como resultado alteragdes no controle da atividade motora (Fuxe et
al., 1998; Ferré et al., 2001). A ativagdo motora induzida pela administragao de
antagonistas de receptores adenosinérgicos ¢ revertida pela deplecdo da dopamina, pelo
bloqueio dos receptores dopaminérgicos ou lesao destes neurdnios (Ferré et al., 2001).

O papel modulador da adenosina ndo deve ser atribuido exclusivamente aos
receptores adenosinérgicos neuronais, visto que receptores para adenosina estdo
presentes nos astrocitos, micréglia e oligodendrdcitos (Gebicke-Haerter et al., 1996;
Biber et al., 1997; Moreau e Huber, 1999; Othman et al., 2003; Wittendorp et al., 2004).
Os astrocitos expressam os quatro tipos de receptores adenosinérgicos, 0s quais
controlam a astrogliose e a liberagao de diferentes substancias que podem ter impacto

na atividade neuronal (Hindley et al., 1994; Brambilla et al., 2003). Os receptores



adenosinérgicos destes tipos celulares exibem um posicionamento conveniente
para a interagdo neurdnio-glia (Cunha, 2005).
Nos préximos subitens, a modulagdo que o sistema adenosinérgico exerce sobre o

desenvolvimento neural, a atividade motora e a nocicepg¢ao sera enfatizada.

1.2.1 Modulagdo Adenosinérgica sobre o Desenvolvimento Neural

A presenca de RNAm de receptores Aj, bem como a presenga de receptores
expressos e funcionais durante os periodos de neurogénese e diferenciacdo neuronal,
levanta a questdo sobre qual o papel desempenhado pela adenosina no cérebro em
desenvolvimento. Desde os primeiros dias de desenvolvimento gestacional ¢ possivel
detectar RNAm de receptores A; no cérebro de ratos, sendo que o padrdo anatdmico de
expressdo destes receptores ¢ muito semelhante ao padrdo adulto aos 18 dias da fase
gestacional (Weaver, 1996; Adén et al., 2000). Altos niveis de expressdo de receptores
A, foram encontrados no neuroepitélio, no hipocampo e no nucleo do tronco cerebral do
cérebro de ratos neonatos (Weaver, 1996). Esta distribuicao tecidual, particularmente no
neuroepitélio, reforca a idéia do envolvimento da ativacdo destes receptores na
neurogénese (Weaver, 1996).

A funcionalidade dos receptores adenosinérgicos na fase de desenvolvimento
neural € controversa. A auséncia de efeito neuroprotetor de um agonista de receptor A
(ADAC) na hipoxia, em preparagdes de cérebro de ratos aos sete dias pos-natal, sugere
que estes receptores nao sao funcionais nesta fase do desenvolvimento, devido ao pobre
acoplamento a proteina G (Adén et al., 2001). Esta explicacdo baseia-se na auséncia de
acoplamento de um antagonista tritiado do receptor A, de adenosina, (["H] DPCPX) na

presenca de GTP. Entretanto, outras investigacdes demonstraram que a administracao



cronica ou aguda in vivo de agonistas e antagonistas dos receptores
adenosinérgicos tem sido uma importante ferramenta para elucidar a funcdo destes
receptores no desenvolvimento neural (Guillet e Kellogg, 1991; Adén et al., 2000; Ledén
et al., 2002; Lipska et al., 2002, Turner et al., 2002).

Estudos avaliando o efeito de agonistas de receptores A; durante a fase de
desenvolvimento neural demonstraram um efeito deletério da ativagdo destes receptores,
0 que se opde ao efeito neuroprotetor classico da adenosina (Rivkees et al., 2001;
Turner et al., 2002). Rivkees e colaboradores (2001) revisaram os efeitos da adenosina
sobre o desenvolvimento fetal e em animais recém-nascidos, principalmente sobre o
sistema cardiaco e no sistema neural. Estes autores sugeriram que os efeitos da
adenosina sobre o sistema nervoso em desenvolvimento parecem ser mais proeminentes
na fase pods-natal inicial, onde hd um intenso periodo de crescimento axonal do que na
fase gestacional (Rivkees et al., 2001). Efeitos como ventriculomegalia, perda de massa
branca cerebral e perda de neurdnios hipocampais e corticais foram observados apds
ativacdo dos receptores A; pela administracdo do agonista especifico CPA (0,1
mg/kg/dose) (Turner et al., 2002).

A cafeina ¢ freqiientemente utilizada para avaliar o efeito da exposi¢ao do sistema
nervoso imaturo a um antagonista dos receptores adenosinérgicos, sendo uma tentativa
de aproximagao com os efeitos da exposi¢do de recém-nascidos humanos as xantinas,
como a cafeina e a teofilina, no tratamento da apnéia. No inicio da década de 90, Guillet
(1990) e Guillet e Kellogg (1991) realizaram duas avaliagdes em ratos jovens expostos a
cafeina no periodo neonatal. Na primeira avaliacdo, observou-se os efeitos da
administracao de cafeina na dose de 15-20 mg/kg em ratos de 2-6 dias de idade sobre a

resposta locomotora a cafeina (100umol/kg) e ao D-PIA (agonista de receptor

adenosinérgico, 10 pmol/kg) nestes animais aos 12, 15, 18 e 28 dias de idade. Guillet



(1990) verificou que existe uma modificagdo idade-dependente na sensibilidade a
cafeina e ao D-PIA. Além disso, os animais que receberam cafeina nos primeiros dias
de vida exibiram insensibilidade ao efeito hiperlocomotor da cafeina, enquanto o grupo
controle exibiu hiperlocomocdo apds a administragdo desta. Na segunda avaliagdo,
Guillet e Kellogg (1991) enfatizaram o efeito deste mesmo tratamento sobre a ontogenia
dos receptores Aj, verificando um aumento significativo destes receptores no cortex, no
cerebelo e no hipocampo de ratos entre 14 e 90 dias de vida.

Com o principal objetivo de avaliar os possiveis efeitos da ingestdo materna de
cafeina sobre a expressao de receptores adenosinérgicos na prole, estudos mais recentes
verificaram este efeito desde o periodo gestacional até fases mais avangadas do
desenvolvimento. A ingestdo de cafeina na dose 0,3 g/l por ratos fémeas durante a fase
gestacional promoveu pequenas modificagdes na expressdo de receptores A; no cortex
cerebral dos filhotes as 24 horas e aos 7 dias apds o nascimento (31% e 15% de
aumento na expressdo, respectivamente) (Adén et al., 2000). Entretanto, Ledén e
colaboradores (2002), ao tratarem cronicamente ratas prenhas com 1,0 g/l de cafeina ou
de teofilina, verificaram um significante decréscimo no numero de receptores no
cérebro fetal e no cérebro materno.

O conhecimento dos mecanismos pelos quais a ativagdo dos receptores
adenosinérgicos pelo ligante endogeno, bem como a exposi¢ao a antagonistas destes
receptores, influenciam o desenvolvimento neural ainda ndo ¢ esclarecido. Entretanto,
assim como Guillet (1990) observaram os reflexos da exposi¢do a antagonistas dos
receptores adenosinérgicos sobre a atividade locomotora, outras investigacdes se
preocuparam com os efeitos tardios desta exposi¢ao sobre parametros comportamentais.
Zimmerberg e colaboradores (1991), ao administrar 1,0 ou 9,0 mg/kg de cafeina durante

a primeira semana de vida de ratos, verificaram que o crescimento dos animais mostrou-



se retardado, exibiram hipoatividade na segunda semana de vida e ndo realizavam
satisfatoriamente tarefas de aprendizado espacial.

O controle dos niveis de adenosina extracelular e, portanto, o controle da ativagao
dos receptores adenosinérgicos parece ndo ser somente importante como mecanismo
neuroprotetor, mas também de crucial importincia para o desenvolvimento normal das

conexOes neurais em cérebros imaturos.

1.2.2 Modulagdo Adenosinérgica sobre o Controle Motor

A avaliacdo da atividade locomotora de animais cronicamente tratados com
cafeina resulta em uma curva dose-resposta em forma de “U” invertido (Fredholm et al.,
1999). Devido ao bloqueio ndo seletivo dos receptores adenosinérgicos pela cafeina, ha
a necessidade de determinar o envolvimento exato dos diferentes subtipos de receptores
adenosinérgicos na hiperlocomog¢ao promovida por esta droga. Neste sentido, Karcz-
Kubicha e colaboradores (2003) elaboraram um elegante estudo avaliando a
participacdo dos receptores A; € Aza no efeito locomotor da cafeina, através da
administracao combinada de baixas doses de um antagonista de receptores Ays (MSX-3,
1,0 mg/kg) com uma dose relativamente alta de um antagonista especifico dos
receptores A; (CPT, 4,8 mg/kg). O aparente poder locomotor aditivo visto na
combinacdo destas drogas poderia ser o mecanismo da ativacdo locomotora induzida
pela cafeina, onde ocorreria um fraco bloqueio dos receptores A4 combinado com um
forte bloqueio dos receptores A; (Karcz-Kubicha et al., 2003). Além disto, foi sugerido
que o bloqueio dos receptores A; adenosinérgicos € o principal mecanismo relacionado
ao desenvolvimento de tolerancia ao efeito locomotor da cafeina ap6s sua administragao

cronica (Karcz-Kubicha et al., 2003).



A ativacdo dos receptores A; demonstrou um efeito inibitério sobre a
atividade locomotora (Ferré et al., 1994). Entretanto, Halldner e colaboradores (2004)
avaliaram a locomoc¢ao de camundongos que ndo expressam receptores A; e verificaram
que ndo houve modificagdes drasticas na locomogdo basal e na locomocao induzida por
cafeina. Além disso, Halldner e colaboradores (2004) demonstraram que a cafeina exibe
um efeito bifdsico sobre a locomog¢do de camundongos sem expressao de receptores Aj,
da mesma forma que em camundongos de fenotipo selvagem. A partir da administragdo
de baixas doses de cafeina (7,5 mg/kg), tem sido sugerido um papel modulador para os
receptores A; sobre o efeito estimulante desta droga, visto que nos camundongos sem a
expressdo destes receptores houve uma maior ativagdo motora que aquela vista em
camundongos sem expressdo de receptores Aa ou em camundongos de fenotipo
selvagem (Halldner et al., 2004).

Apesar dos achados cientificos sobre a modula¢do motora através dos receptores
Aj, a maioria dos efeitos modulatorios exercidos pela adenosina no controle motor ¢
mediada pelos receptores adenosinérgicos do tipo Aza. A ativagdo de receptores Aja
promove catalepsia e antagonismo dos efeitos induzidos pela apomorfina (Kafka e
Corbett, 1996; Rimondini et al., 1998). Além disso, a inibi¢ao seletiva deste receptor
pelo antagonista Aj;s, SCH 58261, promove efeitos estimulatorios na atividade
locomotora semelhantes a cafeina (Ralevic e Burnstock, 1998; Halldner et al., 2004). A
interacdo entre receptores Aya/D, parece subsidiar a explicagao para os efeitos motores
da cafeina (Fredholm et al., 1999; Fredholm e Svenningsson, 2003). Desta forma, uma
inibicao dos receptores Aya pela cafeina promove um aumento da afinidade do receptor
D, dopaminérgico pela dopamina (Ferre et al., 1992), e a ativacdo de receptores
dopaminérgicos bloqueia os efeitos motores da cafeina (Cook e Beardsley, 2003). O

tratamento cronico com um antagonista de receptores Aza, SCH 58261, nao desenvolve



tolerancia ao seu efeito locomotor, diferentemente da classica tolerancia
desenvolvida pelo tratamento cronico com cafeina (Halldner et al., 2000). A falta de
tolerancia por este antagonista ¢ fundamentada na auséncia de alteragdes na expressao
de receptores D; dopaminérgicos, receptores A; adenosinérgicos e, principalmente,
receptores Asa apOs tratamento cronico (SCH 58261, 0.1 e 7.5 mg/kg durante 14 dias)
(Halldner et al., 2000). Neste mesmo contexto, Cook e Beardsley (2003) avaliaram o
efeito da administracdo de antagonistas e agonistas de receptores D, dopaminérgicos
sobre o efeito hiperlocomotor da cafeina. Estes autores sugeriram que a ativacdo da
locomocao promovida pela cafeina ¢ realizada por uma via independente da inibi¢do da
transmissdo GABA¢érgica, ao contrario do que acontece na hiperlocomo¢ao induzida
pela morfina.

De Oliveira e colaboradores (2005) sugeriram que a hiperlocomocdo e efeitos
cognitivos, mas ndo a ataxia, induzidos por um antagonista de receptores
glutamatérgicos NMDA, MK-801, podem estar fortemente relacionados com uma
hipofun¢ao do sistema adenosinérgico, visto que a administracdo de cafeina 1g/l na
agua de beber de ratos adultos produziu tolerancia a estes efeitos aos trés dias de
tratamento.

Outros neurotransmissores envolvidos no controle motor, como a dopamina e a
acetilcolina, sofrem modulag¢ao adenosinérgica e sao claramente alvos possiveis da a¢ao
estimulatdria motora da cafeina. Acquas e colaboradores (2002) avaliaram o efeito da
administracao intraperitoneal e intravenosa de cafeina e de antagonistas seletivos de
receptores adenosinérgicos sobre a liberagdo de acetilcolina no cortex pré-frontal e de
dopamina no coértex pré-frontal e nucleus accumbens. Nesta investigagdo, os autores
obtiveram resultados interessantes que podem ser resumidos em quatro itens: (1) a

administracdo intravenosa de cafeina em doses entre 0,25 e 5,0 mg/kg promove



aumento da liberacdo de dopamina e acetilcolina no cortex pré-frontal; (2) a
administragdo intraperitoneal de cafeina ndo altera a liberagdo de dopamina no nucleus
accumbens; (3) a administrag@o intravenosa dos antagonistas seletivos para receptores
A; e Asa adenosinérgicos, DPCPX e SCHS58261, respectivamente, sdo capazes de
aumentar a liberacdo de dopamina e acetilcolina no cortex pré-frontal; (4) a
administracdo cronica de cafeina (1.0mg/kg) ¢ capaz de prevenir o aumento da liberagdo
de dopamina, mas ndo de acetilcolina em cortex pré-frontal apds a administragdo aguda
(intravenosa) de cafeina. Assim, Aqcuas e colaboradores (2002) propuseram que as
propriedades psicoestimulantes da cafeina podem nao estar relacionadas a liberagdo de
dopamina no cortex pré-frontal. Acquas e colaboradores (2002) sugeriram que, em
animais cronicamente tratados com cafeina, a tolerancia ao efeito hiperlocomotor pode
estar relacionada com o retorno aos niveis basais de dopamina e que a persistente
liberagdo de acetilcolina pode promover a vigilia observada nestes animais.

A avaliagdo do controle adenosinérgico sobre a atividade motora, além da sua
importancia intrinseca, ¢ uma ferramenta muito util como parametro de avaliagao
comportamental em modelos animais de diversas patologias, tais como esquizofrenia e

Doenga de Parkinson.

1.2.3 Modulacado Adenosinérgica sobre a Nocicepgao

O passo inicial para transmissdo nociceptiva ¢ a ativacdo de receptores
nociceptivos nos nervos aferentes de pequeno didmetro, os quais transmitem o sinal a
camada superficial da por¢ao dorsal da medula espinhal (Sawynok e Liu, 2003). Esta
informacao ¢ retransmitida ao mesencéfalo, talamo, sistema limbico e cortex, resultando

em percepcao, integracao e resposta ao estimulo doloroso (Sawynok e Liu, 2003).



O ATP e a adenosina possuem a capacidade de alterar a transmissao da dor,
através da ativagdo de seus receptores especificos, em sitios periféricos, espinhais e
supra-espinhais (Burnstock e Wood, 1996; Sawynok, 1998; Gerevich e Illes, 2004). A
liberagcdo de adenosina nos sitios espinhais tem sido demonstrada na presenca de altas
concentragdes de K, de capsaicina, de substancia P, de glutamato, de morfina, de
serotonina e de inibidores da adenosina quinase (Sweeney et al., 1990; Cahill et al.,
1993; Cahill et al., 1995; Cahill et al., 1997; Poon e Sawynok, 1998; Sandner-Kiesling,
2001). Em sitios periféricos, a adenosina pode ser liberada nos terminais de neurdnios
sensoriais na presenga de capsaicina, de glutamato, de formalina, de inibidores da
adenosina quinase e de inflamag¢do local (Liu et al., 2001; Liu et al., 2002; Sawynok e
Liu, 2003, Aumeerally et al., 2004). O ATP, o qual ¢ uma importante fonte de
adenosina extracelular, pode ser liberado por neurdnios e células gliais dos sitios
espinhais e periféricos, a partir da despolarizacdo causada por altas concentragdes de
K", bem como por inflamagao local (White et al, 1985; Sawynok et al., 1993; Salter e
Hicks, 1994).

Os mecanismos moleculares da acdo do ATP sobre o desenvolvimento da dor sao
provenientes de dados que envolvem a descricdo de receptores P2 em neuronios
sensoriais (Burnstock, 2000; Inoue et al., 2005). Os subtipos P2X3, P2X,/3, P2X4, P2Y,
e P2Y, de receptores purinérgicos parecem ser os receptores pelos quais o ATP exerce
seus efeitos nociceptivos em neurdnios sensoriais (Gerevich e Illes, 2004; Inoue et al.,
2005). Andlises eletrofisiologicas em cultura de neuronios sensoriais do ganglio do
ramo dorsal demonstraram que entre 40 e 96% destes neurdnios respondem a
administracdo de ATP, aumentando as concentragdes intracelulares de calcio ou

despolarizando (Burnstock ¢ Wood, 1996).



A acdo da adenosina na transmissdo da dor exibe efeitos diversos e
dependentes do local e tipo de receptor ativado (Sawynok, 1998). A adenosina pode
interferir na transmissdo da dor em neurdnios espinhais, primariamente através de
receptores Aj, € em neurdnios periféricos via receptores A; e Asa (Taiwo e Levine,
1990; Aley et al., 1995; Khasar et al., 1995; Lee e Yaksh, 1996; Poon e Sawynok,
1998).

Apesar do mecanismo pelo qual a adenosina exerce seus efeitos antinociceptivos
espinhais ser ainda pouco conhecido, sabe-se claramente que o receptor A; esta
envolvido (Sawynok e Liu, 2003). A ativagdo de receptores A; localizados em
neurdnios da medula espinhal ou em interneurénios pode resultar em inibicdo pds-
sindptica da transmissdo excitatoria, devido a ativagdo de canais de K' e conseqiiente
hiperpolariza¢do (Sawynok e Liu, 2003).

O tratamento cronico de ratos com morfina promoveu diminui¢do da expressao de
receptores A; adenosinérgicos espinhais (Tao e Liu, 1992). A administracao direta de
agonistas e antagonistas de receptores adenosinérgicos em sitios espinhais demonstrou
que as acoes diretas ou indiretas de agentes adenosinérgicos produz nocicepcao em
diversos testes para avaliacdo de dor, incluindo testes de dor aguda, dor inflamatoria e
dor neuropdtica (Sawynok, 1998). A administracdo de adenosina produz, em sitios
espinhais, acdo analgésica fraca, provavelmente devido a rapida captacdo e/ou
degradacao da adenosina (Keil e DeLander, 1992).

Os receptores Ajs estdo presentes em neurénios do ganglio dorsal e
potencialmente presentes nos terminais pré-sinapticos espinhais dos neuronios
sensoriais aferentes (Sawynok e Liu, 2003). O envolvimento dos receptores A, na
transmissao espinhal da dor ¢ menos conhecida, mas ¢ sugerido que as acdes supra-

espinhais da morfina sejam mediadas por estes receptores, enquanto que a



administracdo de B-endorfinas parece ter suas a¢des mediadas por receptores A; e

A; (Sawynok, 1998). O aumento da expressao de receptores Aa em neurdnios motores
da medula espinhal foi observado apds isquemia e apds lesdo, sugerindo um papel
neuroprotetor para estes receptores (Cassada et al., 2002; Sawynok e Liu, 2003).

A administragdo exdgena local de agonistas de receptores A nas patas traseiras de
ratos produz antinocicep¢do, enquanto que a administragdo de agonistas de receptores
A, produz pro-nocicepcao (Sawynok, 1998). As acdes mediadas pelos receptores A; em
neurdnios sensoriais resultam em inibi¢cdo da enzima adenilato ciclase e, portanto, uma
diminui¢do dos niveis de AMPc (Sawynok, 1998). As acdes mediadas pelos receptores
A,, principalmente A4, ocorrem através da ativacdo desta mesma enzima e promovem
um aumento dos niveis de AMPc (Sawynok, 1998).

Aley e Levine (1997a) apresentaram uma hipdtese de interacao dos receptores A;
adenosinérgicos, opidides p e adrenérgicos o, para o desenvolvimento de
antinocicepg¢do em sistema nervoso periférico. Esta hipdtese baseia-se primeiramente no
fato destes receptores agirem por intermédio de uma via comum, a inibicdo da sintese
de AMPc através da ativagdo de proteina G inibitoria (Aley e Levine, 1997a; 1997b).
Desta forma, o receptor opidide p estaria arranjado topologicamente entre os receptores
o, adrenérgicos ¢ A; adenosinérgicos, ocorrendo uma interagdo direta entre estes
receptores (Aley e Levine, 1997a; 1997b). Esta interagcdo parece existir entre receptores
adrenérgicos o, e adenosinérgicos A;, bem como entre receptores adrenérgicos o, e
opidides p, mas ndo entre receptores p-opiodides e A; adenosinérgicos, sugerindo
adicionalmente uma tolerancia e dependéncia cruzada entre estes receptores.

Os receptores adenosinérgicos de baixa afinidade, A, e Aj, também sdo
referenciados como capazes de alterar a transmissdo da dor. Abo-Salem et al. (2004)

descreveram propriedades analgésicas para o PSB-55, um antagonista de receptores Asp.



Adicionalmente, agonistas de receptores A; produziram uma resposta nociceptiva
semelhante a administragdo de formalina, bem como uma amplificagdo da resposta a
baixas concentracdes de formalina (Sawynok, 1998).

O estimulo doloroso pode ser alterado pela indugdo de estresse e o termo
analgesia induzida por estresse (SIA, do inglés Stress-Induced Analgesia) ¢ bem
estabelecido (Blustein et al., 1995). Dependendo da caracteristica do estressor, a
analgesia ¢ induzida por receptores opidides ou ndo opidides. A liberacdo de adenosina
¢ sugerida como um componente importante para o desenvolvimento de analgesia em
sitios espinhais apds a administracdo de morfina (DeLander e Hopkins, 1986; Cahill et
al., 1995).

O desenvolvimento de drogas capazes de interferir na modula¢do adenosinérgica
da transmissdo da dor pode ser exemplificado pela co-administracdo de cafeina com
anti-inflamatdrios como a aspirina e acetaminofen, bem como pela utilizagdo de anti-
depressivos triciclicos que bloqueiam a captacdo de adenosina (Phillis e Wu, 1982;
Sawynok e Yaksh, 1993; Esser e Sawynok, 2000). A a¢do antinociceptiva da cafeina
parece estar relacionada com sua agdo em sitios supraespinhais, embora a administracao
de agonistas de receptores adenosinérgicos nestes sitios também produza antinocicepgao
(Herrick-Davis et al., 1989).

A modulagdo adenosinérgica da transmissdo da dor ¢ complexa e t€m sido alvo de
investigacdo, sendo a manipulagdo do sistema adenosinérgico um interessante alvo de
investigacdo, principalmente com a finalidade de promover terapias alternativas para o

tratamento da dor, como por exemplo, a dor neuropatica e a dor inflamatoria.



1.3 Objetivos

1.3.1 Objetivo Geral

A adenosina exerce um importante papel neuromodulador sobre diversos
sistemas de neurotransmissdo. A presenca da adenosina e seus receptores especificos
desde fases iniciais do desenvolvimento cerebral sugere que o cérebro imaturo ¢
suscetivel a ag¢do neuromoduladora da adenosina. Considerando estes aspectos, o
objetivo geral deste estudo ¢ avaliar os efeitos de intervencdes no sistema
adenosinérgico durante as fases gestacional e neonatal sobre atividades enzimaticas,

atividade locomotora e limiar de dor.

1.3.2 Objetivos especificos

1) Considerando que a cafeina ¢ um antagonista adenosinérgico presente em diversos
alimentos e bebidas amplamente consumidos ¢ que a principal fonte de adenosina

endogena ¢ a degradacao dos nucleotideos da purina, € objetivo deste estudo:

- Avaliar o efeito do tratamento com cafeina na forma cronica e aguda sobre as
atividades de hidrolise de ATP, ADP e AMP em sinaptossomas de hipocampo e

estriado de ratos machos adultos.

2) Tem sido demonstrada que a cafeina ¢ uma droga com um efeito bifasico sobre a

atividade locomotora, visto que altera o padrao modulador sobre a locomogao exercido



pela adenosina. Além disto, a cafeina ¢ altamente consumida mesmo em situagdes
especiais como gestacdo e lactacdo. Devido as suas propriedades hidrofobicas, a cafeina
atravessa as barreiras bioldgicas como a placenta e a barreira hemato-encefalica,

podendo afetar o cérebro em desenvolvimento. Portanto, ¢ objetivo deste estudo:

- Avaliar o efeito da ingestdo de cafeina durante a fase gestacional e lactacional sobre a
hiperlocomog¢do induzida pelo antagonista glutamatérgico MK-801 em ratos machos

jovens.

3) Considerando as possiveis influéncias da cafeina sobre o cérebro imaturo durante a
gestacdo e lactagdo, bem como a modulagdo adenosinérgica sobre a transmissao da dor,

¢ objetivo deste estudo:

- Avaliar a influéncia do consumo de cafeina durante a fase gestacional e lactacional
sobre o limiar de dor em ratos machos jovens e adultos.
- Avaliar a influéncia do consumo de cafeina durante a fase gestacional e lactacional

sobre o desenvolvimento de analgesia pos-estresse em ratos machos adultos.

4) Considerando os efeitos da administracdo de cafeina na fase gestacional e neonatal,
as fun¢des moduladoras da adenosina sobre a neurotransmissao, tais como a colinérgica,
e a cascata de hidrolise das ecto-nucleotidases como a principal fonte extracelular de

adenosina, € objetivo deste estudo:



- Avaliar a influéncia do consumo de cafeina durante a fase gestacional e
lactacional sobre as atividades das ecto-nucleotidases e da acetilcolinesterase em

hipocampo de ratos jovens da prole.
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The psychostimulant caffeine promotes behavioral effects such as hyperlocomotion, anxiety.
and disruption of sleep by blockade of adenosine receptors. The availability of extracellular
adenosine depends on its release by transporters or by the extracellular ATP catabolism per-
formed by the ecto-nucleotidase pathway. This study verified the effect of caffeine on NTP-
Dase | (ATP diphosphohydrolase) and 5" -nuclectidase of synaptosomes from hippocampus and
striatum of rats. Caffeine and theophylline tested in vitro were unable to modify nucleotide
hydrolysis. Caffeine chronically administered in the drinking water at 0.3 g/L or | g/L for 14 days
failed to affect nucleotide hydrolysis. However, acute administration of caffeine (30 mg/kg, ip)
produced an enhancement of ATP (50%) and ADP (32%) hydrolysis in synaptosomes of hippo-
campus and striatum, respectively. This activation of ATP and ADP hydrolysis after acute treat-
ment suggests a compensatory effect to increase adenosine levels and counteract the antagonist

action of caffeine.

KEY WORDS: Adenosine; caffeine: ecto-nucleotidases; NTFDases; 5 -nucleotidase; theophyline.

INTRODUCTION

Caffeine is a psychoactive substance present in
several beverages and food. It has been considered that
the caffeine is a potential model drug of abuse (1.2).
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The biochemical mechanism that underlies the actions
of caffeine in relevant concentrations for human con-
sumption is blockade of adenosine A, and Aau recep-
tors (1). Adenosine A, receptors modulate synaptic
activity by inhibiting the release of several neuro-
transmitters and are highly distributed in the central
nervous system (CNS), with particularly high concen-
trations in the hippocampus, cortex, cerebellum, and
thalamus (3.4). Adenosine A,y receptors are particu-
larly expressed to the striatum, where they interact
with dopamine D; receptors {3.4). Blockade of A; and
Aoy receptors is of particular interest because one of
the actions of adenosine in the CNS is related with
the regulation of release of several neurotransmitters.
The interaction of the A, and A, receptors with the
dopaminergic receptors D) and Ds, respectively, is a
potential therapeutic target in disorders such as Parkin-
son’s disease and schizophrenia (5.6)
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The effects of caffeine and theophylline on adeno-
sine receptors have been widely studied in different
species and tissues, where changes in expression and
binding of adenosine A, and A; receptors have been as-
sociated with administration of these substances (7.3).
The intake of caffeine and its metabolite, theophylline,
has been suggested to modulate adenosine A, recep-
tors, promoting an upregulation in rat brain that is not
always dependent on mRNA changes (9). However, in
necnatal life and pregnancy, a downregulation of these
receptors has been shown (8). Svenningsson et al. (10)
showed a downregulation in adenosine Ay receptors
levels and their mRNA in rostral parts of striatum, but
an increased expression of adenosine A, receptors
mENA in the lateral amygdala after chronic and acute
treatment with caffeine, respectively.

The physiclogical activation of adenosine recep-
tors is performed by extracellular adenosine derived
from the bidirectional transporter system or by the ex-
tracellular catabolism of adenine nucleotides (3). The
different sources of adenosine have been related to se-
lective activation of the adenosine receptors, because
it has been hypothesized that the adenosine released as
such mainly activates inhibitory A, receptors, whereas
Ay receptors would be mainly activated by adenosine
provided from the catabolism of nucleotides (11). In
recent years, studies have demonstrated that members
of several families of ecto-nucleotidases can contribute
to the extracellular hydrolysis of nucleotides (for re-
view, see 12). Nucleoside 5'-tri—and diphosphates can
be hydrolyzed by members of the E-NTPDase family
(ectonucleoside triphosphate diphosphohydrolase fam-
ily), whereas nucleosides 5'-monophosphates are mainly
subjected to hydrolysis by ecto-5"-nucleotidase (12,13),
producing the respective nucleoside. These enzymes
promote the complete ATP hydrolysis to adenosine
and may play an important role in physiological and
pathological conditions {14}, controlling the activation
and the availability of ligands to nucleotide and nucle-
oside receptors (12).

There are few studies on the xanthine effects on the
ATPase and ecto-nucleotidases. Theophylline caused
increase of Ca®'.Mg®'-ATPase activity from crude
synaptosomal membranes in hippocampal region (15).
Theophylline and caffeine, in concentrations of 1 mM,
inhibited Na" K "-ATPase (EC 3.6.1.38) activity in rat
pancreatic islets (16). Studies showed a significant in-
hibition of rabbit renal 5'-nucleotidase (EC 3.1.3.5).
cyclic nucleotide phosphodiesterase (EC 3.1.4.17), and
adenosine deaminase (EC 3.5.4.4) by theophylline, but
only at millimolar concentration {17). Furthermore, a
significant inhibition of a 5'-nucleotidase from rat
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brain by different xanthine derivatives has been ob-
served (18-20).

Considering that this pathway has been postulated
to be the main source of adenosine at the synaptic level
(21), we investigated ATP. ADP, and AMP hydrolysis
in hippocampal and striatal synaptosomes obtained
from rats submitted to chronic and acute treatment with
caffeine. In addition. we verified the influence of caf-
feine and theophylline on this pathway in vitro using
synaptosomes from hippocampus and striatum of rats.

EXPERIMENTAL PROCEDURE

Animals and Treatments. Atotal of 70 male Wistar rals (205 =+
A7 g, age 60-80 days) from our breeding stock were used in the
study. Animals were housed in cages with food ad fbitum under a
12-h light#12-h dark cyele (light on at 07:00 am) at a lemperature of
25 = 1°C. In the acute caffeine treatment, animals received a single
intraperitoneal injection of 30 mgdkg of caffeine (1 mL/kg., dissolved
in 0.9% MNaCl solution) at 60 min before the sacrifice. Controls ne-
ceivied a single injection of saline. In the chronic calfeine treatment,
the drinking solutions with 0.3 g/ or 1 g/ of caffeine were ex-
changed every third day to fresh solution. Control animals received
ordinary tap water. The daily intake was measured in all groups.

Procedures for the care and use of animals were adopted ac-
cording 1o the regulations published by the Brazilian Society for
Meuroscience and Behavior (SBNeC).

Synaptosomes Preparation. Animals were sacrificed by decap-
itation, and the brain structures were removed to an ice-cold medium
solution (320 mM sucrose, 5 mM HEPES, pH 7.5, and 0.1 mM
EDTA). Structures were gently homogenized in 5 volumes of ice-
cold medium solution with a motor-driven Teflon glass homoge-
nizer. The synaplosomes were isolated as described previously by
Magy and Delgado-Escueta (22). Briefly, 0.5 ml of the crude mito-
chondrial fraction was mixed with 4 ml of an 8.5% Percoll solution
and layvered onto an isoosmotic Percollisucrose discontinuous gradi-
cnl i LiWla%). The synaptosomes that banded at the 10/16% Percoll
interface wene collected with wide-lip disposable plastic transfer
pipetles. The synaplosomal fractions were then washed twice at
15,000 = g for 20 min with the same ice-cold medium o remove the
contaminating Percoll. The synaptosome pellet was resuspended Lo
a final protein concentration of approximately 0.5 mgfml. To ascer-
tain that the extracellular nucleotides hydrolysis was provided by
intact synaplosomes, a continuous monitoring was made by deter-
mination of LIDH activity. The material was prepared fresh daily and
maintained at 0°—4°C throughoul preparation.

Enzyme Assays. The reaction medium used to assay ATP and
ADP hydrolysis was essentially as described previously (23) and
contained 5.0 mM KCI, 1.5 mM CaCl,, 0.1 mM EDTA, 10 mM glu-
cose, 225 mM sucrose, and 45 mM TRIS-HCI buffer, pH 8.0, in a
final volume of 200 pl. The reaction medium used to assay 5'-nu-
clectidase activity contained 10 mM MgCly, 100 mM Tris-HC1, pH
7.5, and 0.15 M sucrose in a final volume of 200 pl (243, For i vitre
assays, caffeine or theophylline, at the concentrations of 10, 100,
500, and 1000 pM. were added to the reaction mixture. The synap-
tosomal fractions (10-20 pg profein) were added to the reaction mix-
ture, preincubated for 10 min, and incubated for 20 min at 37°C. The
reaction was initiated by the addition of ATP, ADP, or AMP to a
final concentration of 1 mM and stopped by the addition of 200 j.l
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10% trichloroacetic acid. The samples were chilled on ice for 10 min,
and samples were taken Por the assay of released inorganic phosphate
(Piy (25). Incubation times and protein concentration were chosen Lo
ensure the linearity of the reaction. Controls with the addition of the
engyme preparation after addition of trichloroacetic acid were used
o correct noneneyvmatic hydrolysis of the subsirates. All samples
were run in triplicate. Protein was measured by the Coomassie blue
method (26), using bovine serum albumin as standard.

Statistical Analvsiy. The data are expressed as mean = 5D and
were analyzed by Student™s ttest or by one-way ANOV A, Tollowed
by the Duncan est as post hoo lesl, considering a level of signifi-
cance of 5%.

RESULTS

Effect of Acute Caffeine Treatment on Ecto-
Nucleotidaye Activities. As shown in Fig. A, acute
treatment with 30 mg/kg caffeine induced a significant

A
W Control |
OCaffeine
200
150

100
20

o

ATF ADP AMP

% of control activity

200
150
100

ATP ADP AP

Nucleotides

Fig. 1. Effect of acute caffeine treatment (30 mg/kg. ip) on ATP,
ADP, and AMP hydrolysis from hippocampal (A} and  siriatal
(B} synaptosomes. Bars represent mean = SD. n per group was 5-7
animals. In synaptosomes from hippocampus, control activilies were
11429 * 18.26, 55.93 = 10.14, and 34.30 = 5.03 nmol min ' mg !
of protein for ATP, ADP, and AMP hydrolysis, respectively. In
synaptosomes from stristum, control activities were 144 .43 = 4] 64,
4940 = 983, and 25.12 = 434 nM Pi min '."mg Lot protein for
ATP, ADP, and AMP hydrolysis, respectively. ®Significanty differ-
ent from the respective control group (Student’s 1 test, P <2 05,

increase of ATP hydrelysis in synaptosomes from
hippocampus of rats (50% P <2 .05), but no significant
changes in ADP and AMP hydrolysis in the same con-
dition. In synaptosomes from striatum, acute caffeine
treatment produced a significant increase in ADP
hydrolysis (32%: P <2 .05), but ATP and AMP hydro-
lysis were not altered by acute treatment with caffeine
(Fig. 1B).

Effect of Chronic Caffeine Treatment on Ecto-
nucleotidase Activities. The animals were submitted
to chronic treatment with caffeine at 0.3 g/L. and 1 g/L.
in their drinking water for 14 days. Caffeine con-
sumption was estimated from the loss of water from
the drinking bottles. Daily water intake in all groups of
rats (control and caffeine-treated with 0.3 g/ or 1 g/L.)
was not significantly different (Table I). There were
no differences in the ATP, ADP, and AMP hydrolysis
in synaptosomes from the hippocampus (Fig. 2A) and
striatum (Fig. 2B) of rats treated for 14 days in both
caffeine concentrations used.

Effect of Caffeine and Theophyvlline on Nucleotide
Hydrolysiy in Vitro. Caffeine and theophylline, at the
concentrations tested (10, 100, 500, and 1000 M),
were unable to modify ATP, ADP. and AMP hydro-
lysis when compared to the control (no caffeine or
theophylline added) in synaptosomes from hippocam-
pus and striatum of rats (data not shown).

DISCUSSION

The aim of this study was to verify the effect of
acute and chronic treatment with caffeine on the ecto-
nucleotidase pathway in synaptosomes from hippo-
campus and striatum of rats. Furthermore, in vitre
studies have been conducted to provide more elements
about the direct interaction of caffeine and theophylline
and the enzymes involved in nucleotide hydrolysis.
The ecto-5"-nucleotidase (EC 3.1.3.5) and NTPDase
(EC 3.6.1.5) activities from hippocampus and striatum
of adult rats did not demonstrate significant changes in
the presence of theophylline and caffeine in the con-
centrations tested.

Table 1. Calfeine Consumption in Chronic Treatment

Ciroups Fluid consumption Dose of caffeine
(14 days) (mlfdayikg) (mg/daykg)
Control 1495 = 38.2 ]

(.3 mg/ml 159.9 £ 252 48 = 7.6

| mgiml 644 = 268 Ind4 + 268

Note: Values are expressed as means = 510,
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Fig. 2. Effect of chronic caffeine treatment (0.3 or 1 g/ in the
drinking water, during 14 days) on the ATP, ADP, and AMP hy-
drolysis in hippocampal (A) and striatal (B} synaplosomes of rals.
Bars represent mean = 500 n per group was 5-7 animals.

Studies about the differences in acute and chronic
exposure to adenosine ligands showed that the effects
of acute administration of a particular ligand can be
opposite to its chronic effects, which could be due to
differences between the periods of treatment, caffeine
doses, administration methods, animal gender and age
i(1.8.27). When we tested the effect of acute treatment
of caffeine (30 mg/kg, ip) on the ecto-nucleotidase
pathway, we observed an increase in ATP and ADP
hydrolysis in synaptosomes from hippocampus and
striatum, respectively. These results suggest that caf-
feine, at acute doses, may play a modulatory role on
the ecto-nucleotidase pathway, indirectly modulating
the availability of adenine nucleotides and, conse-
quently, adenosine levels in the synaptic cleft. The
hippocampus presents a high density of A, receptors,
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and the antagonist actions of caffeine promote a de-
crease in the inhibitory tonus exerted by adenosine on
these receptors (4). Thus it is possible to suggest that
caffeine could impair the neuromodulatory actions
of adenosine, leading to an increase of neurotransmit-
ter release. including ATP. because it is coreleased
with several neurotransmitters (28). Consequently, an
increase of ATP and ADP hydrelysis by the ecto-
nucleotidase pathway may be a compensatory mech-
anism to increase adenosine levels and counteract the
antagonist action of caffeine.

Furthermore, there is a different expression of
adenosine receptors in hippocampus and striatum. The
different effects induced by caffeine on nucleotide hy-
drolysis in these structures could indicate a functional
compartmentalization of ecto-nucleotidases. It has
been shown that an ecto- ATPase (NTPDase 2} is co-
expressed with an ecto-ATP diphosphohydrolase (NT-
PDase 1) in the rat brain (29). Furthermore, studies
have demonstrated that the ecto-apyrase and ecto-AT-
Pase may be differently distributed with specialized
and different functions in different regions of the same
tissue (30). The differences observed in ATP and ADP
hydrolysis in synaptosomes from hippocampus and
stristum suggest that the two related extracellular
nucleotide-hydrolyzing enzymes may be involved in
the effects observed. The increase in ATP hydrolysis
in synaptosomes from hippocampus might invelve an
ecto-ATPase (NTPDase 2), whereas the increase in
ADP hydrolysis in synaptosomes from striatum may
be related to an ecto-apyrase.

It has been shown that systemic administration of
caffeine can preferentially increase extracellular levels
of dopamine and glutamate using in vive microdialysis
in rats (31). Studies have observed that glutamate can
stimulate ADP and AMP hydrolysis in cultured neu-
ronal cells and increase ATP hydrolysis in hippocam-
pal slices (32.33). It is possible to suggest that the
acute administration of caffeine can contribute to an
increase in glutamate levels, which could exert a mod-
ulatory effect on ecto-nucleotidase activities. In this
condition, the ecto-nucleotidase pathway could be re-
sponding to the glutamate increase in relation to bal-
ance of extracellular ATP, ADP, and adenosine levels
in hippocampus and striatum of rats. In contrast, the
absence of these effects in chronic treatment could be
due to tolerance development and the reestablishment
of the inhibitory tonus exerted by adenosine on the
neurotransmitters release, such as glutamate.

Chronic treatment with caffeine is mainly associ-
ated with an upregulation of adenosine A, receptor
i(27). However, other studies pointed out a downregu-
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lation or absence of effect on the A, receptor after
long-term caffeine exposure (8.34). Léon et al. (8)
showed a downregulation of A, receptors after chronic
caffeine intake (1 g/L for 14 days) and deduced that the
antagonism of A, receptors by caffeine can increase
extracellular adenosine levels and promote downregu-
lation by an excess of the agonist. This is supported by
studies that demonstrated that A, receptors antagonists
promote increase of extracellular adenosine levels
(35). However, there are few studies exploring the ef-
fects of caffeine on ecto-nucleotidase activities (1,21).
In our investigation, the administration of 0.3 g/L
(equivalent dose of normal human consumption) and
| g/L. caffeine in the drinking water during 14 days did
not promote any effect on nucleotide hydrolysis in
synaptosomal fractions. Animals submitted to long-
term caffeine treatment develop tolerance. which is
possibly related to upregulation of A, receptors (8,36).
Svenningsson et al. (10) showed that oral administra-
tion of caffeine (0.3 g/l for 14 days) leads to devel-
opment of tolerance to the stimulatory effect of a
challenge with caffeine. These results suggests that the
modulation of nucleotide hydrolysis is not relevant for
the mechanisms of tolerance development to caffeine.
because there are no significant changes in nucleotide
hydrolysis after long-term intake of catfeine.

In conclusion, we have shown that acute admin-
istration of caffeine promoted an enhancement of
ATP and ADP hydrolysis in synaptosomes of hippo-
campus and striatum, respectively. In addition, chronic
caffeine exposure was unable to modify NTPDase and
5'-nucleotidase activities. Thus, it seems that high
acute concentrations of caffeine can modulate the
ecto-nucleotidase pathway, which could produce an
increase in adenosine levels to counteract the antago-
nist actions of caffeine.
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Abstract

Here we have investigated the effects of matemal caffeine mtake (1 gT) on MK-801-induced hyperlocomotion in rat pups. Animals
submitted to caffeine treatment during the gestational and lactational period were separated in two groups: catfemme-treated group (up to 21
days old) and washout group (caffeine treatmentup to 7 days old). ME-801 (0.25 mg/kg, i.p.) promoted hyperlocomotion in control rats, but
this stimulatory effect was significantly decreased i caffeine-treated and washowt groups. The permanent effect after caffeine withdrawal
suggests durable or adaptive changes durmg neurndevelopment. mainly on adenosine receptors or neurotransmitter systems modulated by

adenosine, such as the glutamatergic system.
i 2005 Elsevier BV, All rights reserved.

Kevwords: Adenosine; Caffeine; Neurodevelopment; Matermal intake: Glutamate; Locomotor activity

1. Introduction

Caffeine is a psychostimulant drug constituent of
many beverages and foods. The biochemical basis for
caffeine effects is blockade of adenosine receptors
{Fedholm et al., 1999). Once in the extracellular space,
adenosine acts via specific G-protein-coupled receptors
that include A, As,. Asy and A, adenosine receptors
{Sebastiao and Ribeiro, 2000). The physiological activa-
tion of adenosine receptors exerts modulatory roles on
several newrotransmitters such as  glutamate, dopamine
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dade de Biociéncias, Portificia Universidade Catdlica do Rio Grande do
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doi: 10.1016/j.gjphar. 2005.01 001

and acetylcholine {Sebastiio and Ribeiro, 2000). Among
their effects, adenosine Ay and As, receptors mediate
inhibition or facilitation of neurotransmitter release,
respectively.

Caffeine non-selectively blocks adenosine As, and Ay
receptors (Fedholm et al., 1999). One of the main effects of
caffeine administration is the regulation of motor activity
(Fedholm et al., 1999; Karcz-Kubicha et al., 2003). Caffeine
promotes a biphasic dose—response curve and the motor-
activating effects of acute caffeine administration involve
central blockade of both adenosine Ay and Ass receptors.
When caffeine is chronically administered, tolerance to its
locomotor effect develops, probably involving mechanisms
related to adenocsine A, receptors {Karcz-Kubicha et al.,
2003},

Antagonists of NMDA (N-methyl-D-aspartate) receptors,
such as MK-801, phencyclidine and ketamine promote
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hyperlocomotion in rodents and theiwr effects in humans are
similar to several clinical symptoms of schizophrenia, being
considered a pharmacological model for this disorder
{Andine et al., 1999). Studies have shown that adenosine
receptor agonists counteract the effects of NMDA receptor
antagonists in discriminative behavior (Browne and Welch,
1982) and hyperlocomotor activity { Rimondini et al., 1997).
However, chronic treatment with catffeine blunts the hyper-
locomotor effect induced by ME-801 {Dall'lgna <t al.,
2003},

In the immature rat brain, adenosine A receptors can be
detected from the second week of embioyonic period
{(Weaver, 1996; Adén et al., 2001). The distbution of
adenosine A, receptors at 20 days of gestational period is
very similar to that observed in adult rat brain (Weaver,
1996). However, the functionality of adenosine A receptors
in immature brain is unclear. Adén et al (2001) have
suggested poor coupling to G-protein of this receptor at 7
days old post-natal. However, rats exposed dudng the
neonatal perod to CPA (N°-cyclopentyladenosine), an
agonist of adenosine A, receptors, have reduced white
matter, similarly to brain damage observed after hypoxia
{Rivikees et al., 2001; Tumer et al., 2002).

Caffeine is able to cross all biological membranes and
there are neither blood-brain nor placental bamiers to
caffeine (Fedholm et al., 1999). Maternal caffeine intake
promotes controversial effects on the expression of
adenosine receptors in mothers, fetuses and neonates
{Adén et al, 2001; Léon et al, 2002). Considering the
widespread intake of caffeine dunng pregnancy and the
biological properties of caffeine, we investigated the
locomotor activity and the effect of MK-801 in young
rats submitted to the chronic caffeine exposure during
gestational and post-natal life.

2. Material and methods
21 Caffeine treatment

Pregnant Wistar rats were maintined on a 12-h light/
12-h dark cyele (lights on at 7:00 am) and with free
access to food and drinking water Dams were treated
with caffeine solution {1 g/} from gesmtional day 1
onwards dunng the entire gestational and lactational
period. Control pregnant rats received tap water. Pups
submitted to caffeine treatment during the gestational and
lactational perod were divided in two groups: caffeine-
weated group, which received caffeine up to 21 days old,
and washout group, which received caffeine up to 7 days
old. Control pups represented the third group. Expen-
ments were performed with pups at 21 days old (3438
o) between 9:00 am. and 4:00 pam. (light phase).
Procedures for the care and use of animals were adopted
according to the regulatons of Colégio Brasileiro de
Experimentacio Animal (COBEA), based on the guide

for the care and use of lkboratory animals (MNational
Research Council).

2.2, Locomaotor aclivity assessnent

Male rats were allocated to individual black wooden
boxes (50 cmx30 emx30 em, 530 cm high) placed on the
floor of a soundproof and diffusely illuminated room. Motor
activity of eight rats was mecorded simultaneously by a
videocomputerized system, with image analysis at four
frames per second. The software tracked the animals by
distinguishing their white color from the black background
of the floor, registering X and ¥ horizontal coordinates
{Dall’lgna et al, 2003). MK-801 (025 mg'kg, 1 mlkg) or
saling was administered i.p. to rats after habituation to the
boxes during 60 min and locomotor activity was recorded
during the following 70 min.

2.3, Swtistical analysis

Compansons between locomotor activities at different
time points were analyzed using General Linear Model
{GLM) repeated measure (drug treatment versus time) with
time as the repeated measure. Duncan’s post hoe was used
to determine the differences between specific groups. A
value of P<0.001 was considered significant.

3. Results

Caffeine or water conswmption was estimated from the
loss of water from drinking bottles. Caffeine intake of the
caffeine-treated group was 200.51+23.14 mg'day/'kg of
body weight and 22390 +63.67 mg/day’kg of body weight
for washout group. Tap water intake of control group was
20945+26.83 mliday/kg of body weight. Fig. 1 shows
locomotor activity of 21-day-old rats submitted to caffeine
exposure during gestational and lactational periods. As
shown in Fig. 1A, caffeine-treated group did not present
alterations in spontaneous locomotion, which can be
observed during habitation. As expected, MK-801 induced
a significant time-dependent increase in locomotor activity
compared to control group, stating 10 min after admin-
istration and lasting 70 min (Fig. 1A). However, the
development of MEK-801-induced hypedocomotion was
significantly reduced in caffeine-treated group (Fig. 1A
and B) during the whole experiment. In order to observe if
these effects were due to the cross-tolerance or promoted by
adaptive changes induced by caffeine treatment, the
locomotor activity of washout group was analyzed after
the acute administration with MK-801. Interestingly, the
results showed that washout group (n=6) presented a similar
locomotor activity o caffeine-treated group after acute
treatment with MK-801, maintaining a diminished response
to this NMDA receptor antagonist (Fig. 1A and B).
Significant main effects for treatment {(a=9%, P=0.001,
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Fig. 1. Effect of maternal caffeine intake on ME-801-induced hyperlocomotion in pups. Control animals, animals that received caffeine (1 g/1) during the
gestational period until 21 days old and animals that received the same dose of caffeine until 7 dayvs old were tested when 21 dayvs old. Pups were habituated for
60 min and received intmperitoneal injection of ME-801 (0,25 me'ke) or saline, and their locomotory activity was assessed for 70 min A: Locomotion in sets
of 10 min. B: Total locomotion during habituation and after ME-B0L treatment. Values represent meant 8.0 *Significant differences forall groups ( P=<0.001,
GLM repeated measure, post hoe Duncan).

Fe p=9717) and weatment and time interaction (n=9,
P<0001; Fapsps=4.465) were found when comparing
locomotor activites for different groups (Fig. 1A and B).

4. Dviscussion

This study showed that the chronie treatment with
caffeine during gesttional and lactational periods impairs

the hyperlocomotor response to the NMDA receptor
antagonist, MEK-801, without affecting normal locomotion.
These effects reinforce the idea about the specific involve-
ment of adenosine in locomotor alterations induced by ME-
801 (Dall'Tgna et al., 2003). Furthermore, it is possible to
sugeest that permanent and adaptive changes occur in the
brain exposed to caffeine during neurodevelopment, mainly
involving a specific interaction between adenosine and
NMDA receptors.
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In the immature rat brain, adenosine receptor expression
is quite similar to adult rat brain from the third week of post-
natal life {(Weaver, 1990). Investigations about the effect of
adenosine receptor agonists during eardy post-natal period
showed marked ventriculomegaly, demonstrating the sus-
ceptibility of immature brain to pharmacological interven-
tions targeting the adenosinergic system {Rivikees et al,
2001; Turner et al., 2002).

The evaluation of NMDA receptor ontogeny showed
immature receptors at the second week of post-natal life
{Sircar, 2000). NMDA receptors play a relevant role in
synaptic plasticity, being more sensitive in the neonatal than
in the adult rmt brain (Hestrin, 1992). One possible reason
for this higher sensitivity of the developing brain could be a
ransient increase of NMDA receptor density in rat hippo-
campus at & and 10 days post-natal. The density of these
receptors decreases at 13 days toward adult brain levels
{Tremblay et al., 1988). Also, alterations in the functioning
of regulatory/modulatory sites of NMDA receptor take place
during neurodevelopment (Sircar, 20007,

The interaction between adenosine and the glutamatergic
system has been investigated and adenosine is a known
modulator of glitamate release (Sebastidio and Ribeiro,
2000); Ciruela et al., 2001). Activation of adenosine A, and
As, receptor reduces NMD A-receptor-mediated effects (De
Mendonga and Ribeiro, 1997; Sebastido and Ribeiro, 2000
Reinforcing this assumption, activation of NMDA receptor
induces adenosing release in the hippocampus (Manzoni et
al.. 1994) and stnatum (Delaney et al, 1998).

The presence of immature NMDA receptors with higher
sensitivity in the developmental brain may be related to the
lack of MK-801-induced hyperlocomotion after matemal
caffeine treatment. Caffeine exposure during the devel-
opmental period may promote an increased release of
glutamate by lack of inhibitory tonus induced by adeno-
sing. Taken together, the increased glutamate release and
the high sensitivity of NMDA receptor in this phase could
promote desensitization of NMDA receptor. This fact
could induce the persistent lack of sensitization of NMDA
receptors to MK-801 in animals treated with caffeine on
the gesmtional period and first week of post-natal life.

Dall’lgna et al. {2003) have shown cross-tolerance
between MK-801 and caffeine in adul mice. To control this
cross-tolerance in our results, we performed a washout group,
which received caffeine up to 7 days old and were tested 2
weelks later. The similar locomotor profile of washout group
in relation to caffeine-treated animals reinforces the idea that
the impairment of MK-801-induced hyperlocomotion results
from enduring plastic changes rather than a simple pharma-
cological interaction. Dall’lgna et al. {2003) proposed that a
possible mechanism for the stimulant effect of MEK-801 is to
induce an abrupt reduction of adenosine tone, which would
not be relevant after chronic caffeine treatment. Therefore,
both results may be related and underscore the important
maodulating role of adenosineg on the glutamatergic system at
least in terms of locomotor behavior.

In summary, maternal caffeine intake can induce
changes in the immature central nervous system, which
are persistent in the young phase even after caffeine
withdrawal. Such changes can be related to a deficit in
neuromodulaton exerted by adenosine in this intense
phase of formation of neural connections. An aliered
inhibitory tonus of adenosine in this condition could
facilitate the release of several neurotransmitters, such as
ghitamate., These results reinforce the influence of
adenosing durng mammalian neurodevelopment, with
implications for the adult behavioral in response to
NMDA receptor antagonists, particulady in locomotor
activity.
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ABSTRACT
Here we evaluate the effect of maternal caffeine intake on nociception in young and
adult rats. Pregnant Wistar rats received drinking water or caffeine (1g/l) during
gestational and lactational period. Pups were divided into three groups: caffeine-treated
(CAF), washout (WAS), which received caffeine up to 7 days before the experimental
day and control (CTRL) that received tap water. Experiments were performed with male
pups at 14 (P14) and 50 (P50) days of age. Basal nociceptive threshold at P14 and P50
and the stress-induced analgesia (SIA) (at P50) were evaluated by a tail-flick test. CAF
group at P14 developed a higher basal nociceptive threshold than CTRL and WAS
groups. All groups presented a similar basal nociceptive threshold at P50. However, the
SIA in adult rats was similar only between CTRL and CAF groups. The WAS group
presented a reduced analgesic response to stress. These findings pointed to a direct
effect of adenosine receptor blockade on nociception in young rats, which is abolished
in adult rats probably by an adaptative mechanism, such as up-regulation of adenosine
receptors. The lack of caffeine effects on the SIA in adult rats may be related to a

preservation of opioid receptor activity after long-term caffeine intake.

Keywords: adenosine; analgesia; caffeine; development; nociception; stress.



1. INTRODUCTION

Caffeine is a xanthine with psychostimulant effects commonly found in a variety
of beverages and food. The biochemical basis for the effects promoted by caffeine is the
blockade of adenosine receptors (Fredholm et al., 1999). Once in the extracellular space,
adenosine acts via specific G - protein-coupled receptors that include A, Aza, Azg and
Az adenosine receptors (Fredholm et al., 2001). The physiological activation of
adenosine receptors exerts a modulatory role on several neurotransmitter systems, such
as glutamatergic, dopaminergic and cholinergic (Sebastido and Ribeiro, 2001). Among
their effects, adenosine A; and A,s receptors mediate inhibition or facilitation of
neurotransmitter release, respectively (Dunwiddie and Masino, 2001; Fredholm et al.,
2001).

Studies on the effect of adenosine receptor agonists during early post-natal
period showed marked ventriculomegaly, reductions in white matter volume and
neuronal loss, which indicates the susceptibility of immature brain to pharmacological
interventions related to the adenosinergic system (Rivkees et al., 2001; Turner et al.,
2002). Methylxantines are among the most prescribed drugs in neonatal medicine,
mainly as modulators of respiratory activity (Millar and Schimidt, 2004). The
susceptibility of immature brain to caffeine has particular relevance since there are no
biological barriers to caffeine and this drug is widely consumed during pregnancy
(Fredholm et al., 1999). The effects of maternal caffeine intake on physiological and
behavioral parameters in fetus are controversial. Caffeine exposure during gestational
and/or lactational periods shows influence on natural and induced locomotion and
emotional reactivity of males and females (Guillet, 1990; Hughes and Beveridge, 1991).
The total number of A; adenosine receptors of fetus exposed to maternal caffeine intake

was decreased and associated with a significant increase in the affinity of these



receptors (Leon et al., 2002). However, there is no consensus in the literature, since
both up regulation and down-regulation of these receptors have been observed after
maternal caffeine intake (Guillet and Kellog, 1991; Adén et al, 2000; Leodn et al., 2002).

It has been proposed that the activation of adenosine receptors is involved in
physiological pain transmission at the spinal cord level and in opioid antinociception
(Cahill et al., 1995; Sawynok, 1998; Sawynok and Liu, 2003). Activation of u, but not 6
and k opioid receptors, promote adenosine release (Cahill et al., 1995). Animal studies
have demonstrated adenosine-mediated inhibitory influences on presumed nociceptive
reflex responses (Sawynok, 1998), possibly through adenosine A; receptors (Keil and
DeLander, 1996). Adenosine analogs have antinociceptive properties in experimental
and clinical situations, including neuropathic pain, where pain-signaling mechanisms
have been altered (Jarvis and Kowaluk, 2001; Sawynok, 1998; Torres et al., 2003).
However, caffeine, a non-selective antagonist of adenosine receptors, has intrinsic
antinociceptive properties and is used as adjuvant analgesic drug (Sawynok and Yaksh,
1993). Antinociception promoted by caffeine appears paradoxical. It has been assumed
that this effect can be due to an inhibitory action on presynaptic adenosine receptors,
producing an increase of acetylcholine in cholinergic nerve terminals, while adenosine
analogs act at postsynaptic adenosine receptors (Ghelardini et al., 1997; Sawynok and
Reid, 1996). On the other hand, the spinal administration of methylxanthines inhibits
spinal analgesia by morphine (DeLanders and Hopkins, 1986) and p opioids. However,
it has been described that levels of opioid receptors are either increased (8) or unaltered
(1, ¥ and o) in cortical membranes after chronic caffeine ingestion (Shi et al., 1994).

It is well known that individuals exposed to acute stressful conditions, such as
restraint, present an increase in pain threshold called stress-induced analgesia (SIA),

which can be mediated by either opioid or nonopioid receptors (Amir and Amit, 1979;



Blustein et al., 1995; Bodnar, 1986). Since methyxanthines affect opioid analgesia,
manipulations of the adenosinergic system may also lead to different responses to stress
situations, concerning SIA.

Considering that (i) maternal caffeine intake is not avoided during gestational
and lactational periods; (ii) adenosine receptor activation modulates the nociception
signalling and (iii) changes in somatosensory nervous system occur after birth and
determine pain and sensory processing at each developmental stage, the aim of this
study is to evaluate if rats exposed to caffeine during gestational and neonatal life alter

their nociceptive response to a thermal noxious stimulus.

2. MATERIALS AND METHODS

2.1. Animals and caffeine treatment

Pregnant Wistar rats (n=12) were maintained on a 12-h light/12-h dark cycle
(lights on at 7.00 a.m.) and with free access to food and drinking water or caffeine.
Dams were treated with caffeine solution (1g/1) from gestation day 1 onwards during the
entire gestational and lactational period. Control pregnant rats received tap water. Male
pups submitted to caffeine treatment during the gestational and lactational period were
divided in two groups: caffeine-treated group (CAF), which received caffeine up to
experimental day, and washout group (WAS), which received caffeine up to 7 days
before the experimental day. Control pups represent the third group (CTRL).
Experiments were performed with the pups at 14 (P14) or 50 (P50) days of age. For the
P50 group, pups were separated from dams at 21 days of age and continued the
treatment with caffeine solution (1g/l). All behavioural experiments were in accordance
with the National Institutes of Health Guide for Care and Use of Laboratory Animals.

2.2.Tail-flick measurement



Nociception was assessed with the tail-flick apparatus (D’Amour and
Smith, 1941). Rats were wrapped in a towel and placed on the apparatus. The light
source positioned below the tail was focused on a point 2 - 3 cm rostral at the tip of the
tail. Deflection of the tail activated a photocell and automatically terminated the trial.
The tail-flick latency represented the period of time (s) from the beginning of the trial to
the tail deflection. Light intensity was adjusted so to obtain baseline tail-flick latencies
of 3to 4 s (0.4 mA to P14 and 0.7 mA and P50). Light intensity used for P14 was lower
than P50 because nociceptive threshold to thermal stimulation is reduced in newborn
rats (Sternberg et al., 2004). A cut-off time of 10 s was used to prevent tissue damage.
Animals were pre-exposed to the tail-flick apparatus for habituation with the procedure,
since the novelty of the apparatus can itself induce antinociception (Netto et al, 1987).
2.3. Acute restraint stress procedure

Animals were stressed by a 1h restraint at 50 days of age (Ely et al, 1997) by
placing the animal in a 25 x 7-cm plastic tube and adjusting it with plaster tape on the
outside, so that the animal was unable to move. There was a 1-cm hole in the far end for
breathing. The control group was not submitted to stress and animals were kept in their
home cages. The immobilization procedure was always performed between 10:00 a.m.
and 1:00 p.m. The tail-flick measure was conducted before and after the acute restraint
stress procedure as describe above.
2.4. Statistical analysis

Data were expressed as mean = S.E.M and mean + S.D for time latency and
caffeine intake, respectively. Data were analyzed by one-way ANOVA followed by

post-hoc Bonferroni test when P<0.05.



3. RESULTS

Caffeine intake of dams during the gestational and lactational periods (up to 14
days post-natal) was 227.7 + 59.2 mg/day/kg and 182.2 +25.1 mg/day/kg of body
weight for CAF and WAS group, respectively. At P50, caffeine intake was 166.15 +
16.61 and 194.5 £ 32.78 mg/day/kg of body weight for CAF and WAS groups,
respectively. The CTRL group presents a general tap water intake of 210 + 26.83
ml/day/kg of body weight. Daily water intake in all groups of rats was not significantly
different during the period of study (p=0.152).

Regarding tail-flick measurements, rats from CAF group at P14 showed a higher
latency than CTRL (CAF, n= 25; 5.11£1.32 s; CTRL, n= 12; 3.04 £0.21s) and WAS
group (WAS, n= §; 3.58 £ 0.92) [F(2;43)=15.581, P<0.01] (Fig. 1A). This increase
indicates that caffeine promotes an analgesic effect in this developmental phase.

To observe if this analgesic effect of caffeine remains during the development,
we evaluated nociception in rats at P50, which received caffeine during the gestation
and lactation period until experimental day. The results demonstrated similar time
latencies of CAF (n=6; 4.79 £ 0.47 s) in relation to the CTRL (n=8; 4.61 £ 0.25 s) and
WAS (n=6; 4.84 + 0.49 s) groups [F(2;17)=0.106, P=0.9] (Fig. 1B).

Considering the lack of caffeine effects in rats at 50 days of age, we evaluated
the development of analgesia induced by stress in these animals. The latency before 1
hour of restraint was similar between all groups (CTRL, CAF and WAS, P=0.9).
Restraint stress produced a strong analgesic response for the CAF (n=6; 8.47 + 0.75 s)
and CTRL groups (n=8; 9.31 £ 0.30 s). Latency values from the WAS group (n=6; 6.30
+ 1.17 s) were not significantly different from the CAF group (Fig. 2), but were

significantly lower than the CTRL group after restraint [F(2;17)=4.272, P<0.05].



4. DISCUSSION

In this study we showed that rats receiving caffeine during the prenatal period
and until the 14 days of age developed increased antinociception. This effect appears to
be a direct action of caffeine since it was abolished when caffeine was withdrawn.
Caffeine has been regarded as a co-adjuvant of anti-inflammatory drugs, such as aspirin,
and their intrinsic antinociceptive action is a target of pharmacological studies
(Sawynok and Reid, 1996).

Previous studies have shown antinociceptive effects for caffeine (Jarvis and
Kowaluk, 2001; Sawynok, 1998). Caffeine has distinct affinities for adenosine
receptors, exhibiting a Kd of 8.1uM for Azs, 17uM for Asp, 20uM for A; and 190uM
for Aj in rats (Fredholm et al., 1999). Adenosine, mainly by A receptors, can alter pain
transmission by actions on both nociceptive afferent and transmission neurons
(Sawynok and Liu, 2003). Actions mediated by adenosine Aj,, Ay, and Aj receptors
also occur and can produce different effects on pain transmission (Sawynok and Liu,
2003). Activation of adenosine A; receptors located in spinal cord dorsal horn
transmission neurons or interneurons may result in postsynaptic inhibition of excitatory
transmission due to activation of K channels and hyperpolarization, inducing analgesic
effects (Li and Perl, 1994; Patel et al., 2001; Salter et al., 1993). The presence of A, in
the spinal cord and their relation to pain transmission is still controversial (Sawynok and
Liu, 2003). There are several studies indicating the presence of A,a receptors in the
dorsal horn of spinal cord and an up-regulation of A, receptors was verified following
spinal ischemia, however, their relation to pain transmission is still controversial
(Cassada et al., 2002; Choca et al., 1988; DeLanders and Hopkins, 1987; Patel et al.,
2001; Sawynok and Liu, 2003). In electrophysiological studies in spinal cord slices the

administration of CGS21680, an A, receptor agonist, was devoid of activity (Keil and



DeLander, 1996) or exhibited a mix of stimulatory and inhibitory effects (Patel et
al., 2001).

A, and Aja adenosine receptors have opposite effects and a “cross-talk” is
attributed to these receptors (Cunha, 2001a). Thus, activation of Aja adenosine
receptors attenuates A; receptor inhibition, and a specific antagonist of A,, receptor
abolishes this effect (Lopes et al., 1999). This effect was observed in young (six weeks)
but not in old rats. Considering the high affinity of caffeine by A4 receptors, a possible
factor to explain, at least in part, the antinociceptive effect of caffeine may be the lack
of this “cross-talk” between these receptors, favoring an antinociceptive response by A;
adenosine receptor. Caffeine-withdrawal during the 7 days prior to test could promote a
reestablishment of adenosinergic tonus, leading pain threshold back to normal. Our
results demonstrated antinociceptive properties promoted by caffeine in newborn rats
submitted to gestational and lactational caffeine exposure. Additionally, no tolerance
was observed in these animals to the antinociceptive effect of caffeine, which could be a
suggestion that these young animals could be less susceptible to caffeine-induced
tolerance, at least concerning this antinociceptive effect.

No effect of chronically administered caffeine was observed in rats at 50 days of
age. Therefore, contrary to the effects observed in 14 days-old rats, caffeine
administered until 50 days of age leads to tolerance to its analgesic effect. This lack of
effect may be a physiological response to the prolonged administration of an adenosine
receptor antagonist related to changes in the adenosinergic system during development,
or may represent an adaptive mechanism in order to recover the balance related to
adenosine receptor activation and modulation of pain in spinal cord.

Several studies support the hypothesis that adenosine is involved in opioid-

induced antinociception. Since stress-induced analgesia (SIA) presents a strong opioid



component, and since adenosine A; receptors have been proposed to exist as a part

of a p opioid and a-adrenergic multireceptor complex on the basis of a demonstrated
cross antagonism, cross tolerance and cross withdrawal between these systems (Aley
and Levine, 1997), we hypothesized that animals chronically treated with caffeine may
present cross tolerance with the opioid receptor function, leading to a lower
antinociception in response to stress exposure. In this study, whilst exposure to chronic
stress induced an analgesic response in the CTRL group and CAF group, a lower effect
was observed when it was administered the WAS group. The absence of difference
between CTRL and CAF groups suggest that chronically treated animals, although
presenting a different threshold to pain in early life (14 days of age) regain, as adults, a
balance between system controlling pain and are able to respond in an adequate way to
a stressor with an antinociceptive response. Chronic exposure to caffeine could induce
an adaptative response in these animals, which could lead to an up regulation of
adenosine receptors (Johansson et al., 1993; Ralevic and Burnstock, 1998). This
adaptative response, however, does not appear to interfere in other systems involved in
the expression of antinociception in response to stress, suggesting a preservation of
opioid receptor activity after long-term caffeine intake. On the other hand, the WAS
group presented a lower response to stress. This result suggest that there are plastic
alterations induced by caffeine exposure since gestation and through adult life, which
exacerbate one week after caffeine is removed from the diet, at least concerning the
response to stress. Additionally, since adenosine receptors have been linked to anxious
behavior (Giménez-Llort et al., 2002), it is possible that this treatment interferes with
perceiving something as a stressor, and therefore these animals could respond in a less
intensive way to restraint. Further studies are required to evaluate the mechanism

induced by long-term caffeine treatment on stress responses and emotional behavior.



In conclusion, the treatment of caffeine from gestational period promotes
alterations on the regulation of pain. We can divide the main findings of this
investigation in two points: (1) young rats submitted to caffeine treatment have an
enhancement of pain threshold, which is lost in adult life, probably by a reestablishment
of the balance of adenosine receptor activation; (2) stress induced-analgesia is not
altered by caffeine treatment, which may be related to an independent action between
the analgesia induced by adenosine or opioids. However, 7 days of withdrawal after
long-term caffeine exposure alter the response to stress. This study provides additional
support to the controversial question about caffeine intake during developmental period,

indicating the nociception as a parameter that is altered by gestational caffeine intake.
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Legend to Figures

Fig. 1. Effect of caffeine treatment on the basal nociceptive threshold. A: Young rats
(P14); B: Adult rats (P50). CTRL group received water; CAF group received caffeine
1g/1 and WAS group received caffeine 1g/l up to 7 days before the experimental day.

Values are means = S.E.M. * P<0.01 different from CTRL and WAS groups.

Fig. 2. Effect of caffeine treatment on the stress-induced analgesia. CTRL group
received water; CAF group received caffeine 1g/1 and WAS group received caffeine
lg/l up to 7 days before the experimental day. Values are means + S.E.M. White bars
correspond to latency time before restraint (PRE) and black bars correspond to latency

time after (POS) 60 minutes of restraint. * P<0.05 different from CTRL group.
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ABSTRACT

Nervous terminals from central and peripheral nervous system, such as dopaminergic,
serotoninergic and cholinergic nervous terminals, release ATP as a co-transmitter.
Nucleotidase enzymes (E-NTPDases and 5’-nucleotidase) play the inactivation of ATP
signaling, promoting adenosine production, an important neuromodulator. The
immature brain is sensitive to intervention in the adenosinergic system, such as maternal
caffeine intake, since that caffeine is an unspecific blocker of adenosine receptors.
Considering the co-release of ATP and acetylcholine and that ATP degradation by ecto-
nucleotidases is the main source of extracellular adenosine, we evaluated the effects of
rat maternal caffeine intake (1g/1) on acetylcholine and nucleotides degradation in
hippocampus of neonates at ages of 7, 14 and 21 days in caffeine-treated and control
groups. ATP, ADP and AMP hydrolysis predominantly decreased during rat brain
development. Caffeine treatment decreased ATP hydrolysis at 7 (19%) and 14 (57%)
days of age and increased AMP hydrolysis (75% and 32%, respectively) at these ages.
All groups presented an age-dependent increase on acetylcholinesterase (AChE)
activity. The caffeine-treated group had the highest AChE activity (42%) when
compared to control group at 21 days of age. These results confirm that modifications
on these enzyme activities occur during neurodevelopment and that caffeine treatment
of dams can alter neurotransmitter degradation, as well as the extracellular adenosine

production pathway of their pups.

Keywords: acetylcholinesterase; adenosine; caffeine; development; nucleotides;

NTPDase.



1. Introduction

ATP is co-released with several neurotransmitters in neurons from central and
peripheral nervous system, acting as a fast neurotransmitter [9]. Dopamine, glutamate,
nitric oxide, serotonin, acetylcholine and others neurotransmitters are stored and
released with ATP (for review see [9]). Extracelular ATP evokes responses through two
general classes of extracellular receptors, the ionotropic P2X receptors and the
metabotropic P2Y receptors [26]. ATP degradation to adenosine is played by a cascade
of enzymes, composed by E-NTPDases (ecto-nucleoside triphosphate
diphosphohydrolase) and an ecto-5’-nucleotidase [31]. Ecto-5’-nucleotidase is the rate-
limiting enzyme of the cascade, controlling the production of adenosine, an important
neuromodulator [5; 12; 16; 31]. The activation of high affinity adenosine receptors, A,
and Aja, is able to inhibit or stimulate neurotransmitter release, respectively [13].

Cholinergic and purinergic systems closely interact. Acetylcholine and ATP are
co-released and central cholinergic neurons undergo strong adenosine modulation,
mainly via adenosine A; and A4 receptors. Striatal cholinergic nerve terminals exhibit
inhibition of acetylcholine release when adenosine A; receptor is activated and, in
synaptosomal fractions obtained from these neurons, acetylcholine release is stimulated
after activation of adenosine A, receptor [7; 19; 22].

Acetylcholinesterase activity controls acetylcholine levels in the synaptic cleft,
presenting a broad distribution on central and peripheral nervous systems [24]. The
presence of nucleotidases and acetylcholinesterase activities, as well as receptors for
nucleotides and acetylcholine in early phases of neurodevelopment, ha been
documented. Acetylcholinesterase activity from rat brain increases in a time-dependent
manner after birth and attain the stability at 21 days of neonatal life [24]. ATP and ADP

hydrolysis seem to undergo a slight reduction throughout the first two months [8]. At 18



days of fetal life, there is a pattern of adenosine receptor distribution similar to

adult rats [30]. Ventriculomegaly, reduction in white matter volume and neuronal loss
were detected after activation of adenosine receptors during the first two weeks of
neonatal life, which raises the question about the role of adenosine in immature brain
[27; 29].

Caffeine is a behavioral stimulant largely consumed through many beverages
and food, which is not avoided during pregnancy. The behavioral effects of caffeine
follow a biphasic dose-response pattern in humans and animals behavior, with low
doses acting as stimulant and high doses being depressant [18]. The biochemical basis
that underlies caffeine effects is the blockade of adenosine receptors, disrupting
adenosine modulation. Thus, the effects of caffeine during gestational and neonatal
period represent an important question considering the broad actions modulated by
adenosine, mostly in these intense phases of neuronal growing and connection.
Moreover, chronic treatment with caffeine has been shown to produce a slight increase
in adenosine receptor expression [3; 20; 21].

Considering the susceptibility of immature brain to adenosine receptor activation
and the role of enzymatic activities to modulate the purinergic and cholinergic systems,
which interact in the hippocampus, the aim of this investigation is to evaluate the effects
of maternal caffeine intake during gestational and lactational time on nucleotide

hydrolysis and acetylcholinesterase (AChE) activities of neonate rats.

2. Material and Methods



Chemicals

Caffeine, ATP, ADP, AMP, DTNB (5,5’- dithiobis-2-nitrobenzoic acid),
acetylthiocholine iodide and Trizma Base were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). All others chemicals were of analytical grade.

Animals

Thirty adult females Wistar rats (weighting approximately 220g) and their pups
were utilized to perform all experiments. The female rats were allocated with male rats
with free access to food and drinking water. The male rats were removed from the cage
after breeding. The pregnant rats were divided in two groups related with treatment
received: (1) Control group, which received tap water and (2) Caffeine group, which
received caffeine 1.0g/1 diluted in tap water. The pups were killed by decapitation at 7,
14 and 21 days of age, and the structures were separated on a cold surface. Procedures
of care and use of animals were adopted according to the regulations of National
Institutes of Health Guide for Care and Use of Laboratory Animals.

Total homogenates were prepared to AChE assays. The hippocampi were
homogenized in 5 volumes of a buffered solution containing 320 mM Sacarose, 5.0 mM
Hepes and 0.1 mM EDTA. Slices of hippocampi were performed to nucleotidase
assays. The slices were performed transversely with 400 um of thickness by a
Mclllwain chopper tissue and maintained in a buffer containing 115 mM NaCl, 3.0 mM
KCl, 1.2 mM MgSOy, 25 mM NaHCOs3, 2.0 mM CaCl, and 10 mM glucose and
gasified with a mixture of 95% O, and 5% CO,.

Enzyme Assays

Nucleotidase activities were measured following Bruno et al. (2002)[8]. Briefly,
two slices of hippocampus were preincubated for 10 minutes at 37°C with 500 ul of

saline-bicarbonate buffer (described above). The incubation was started by addition of



nucleotide at 2.0 mM (ATP, ADP or AMP). A sample (100ul) from incubation was
mixed to 10% trichloroacetic acid in a proportion 1:1, in order to stop the reaction. The
inorganic phosphate released was measured at 630 nm according to Chan et al. (1986)
[11].

ACHhE activity was measured by method of Ellman et al. (1961) [17]. Briefly, the
homogenate of hippocampus at protein concentration of 0.6 to 0.8 mg/ml was incubated
in a final concentration of 5 to 10 pg in a solution constituted by DTNB and potassium
phosphate buffer (100 mM pH 7.5) at the proportion of 1:4, respectively. The
preincubation time was 2 minutes at 25°C and the enzyme reaction was initiated by
addition of 8.0 mM acetyltiocholine. The absorbance was measured at 412 nm four
times with 30 seconds of interval.

The protein concentration of both enzymatic assays was measured using serum
bovine albumin as standard by Commassie blue method [6].

Statistical Analysis

The results were analyzed by two-way ANOVA considering treatment and age
as factors. For comparison of caffeine or water intake for dams in all groups one-way
ANOVA was used. Main effects were further analyzed by multiple comparisons of
means. Statistical significance was attributed at p<0.05. All data are presented as mean

+ SD.

3. Results

Caffeine treatment of dams promoted distinct alterations in activities of both
nucleotidases and acetylcholinesterease activities from hippocampus preparations of
neonates at 7, 14 and 21 days of age. Time and treatment factors exhibit a significant

interaction to nucleotidases and acetylcholinesterase activities [F (2; 24)=10.65 for ATP



hydrolysis; F (2;12)=11.81 for AMP hydrolysis; F (2;24)=15.16 for acetylcholine
degradation, P<0,05].

Nucleotide hydrolysis data are represented in Fig. 1. ATP hydrolysis in caffeine-
treated group at 7 and 14 days of age were significantly decreased (19% and 57%,
respectively) when compared to control group [F (1; 24)=15.74, P<0,05] (Fig. 1A). In
contrast, the caffeine-treated group presented an increase of AMP hydrolysis (75% and
32%, respectively) in relation to the control group at 7 and 14 days of age [F (1;
12)=22.73, P<0,05] (Fig. 1C). ADP hydrolysis was not modified by caffeine treatment
at all ages tested [F (1; 18)=0.15] (Fig. 1B).

Nucleotides hydrolysis was also modified in accordance to development [F (2;
24)=46.74 for ATP, F (2; 18)=8,76 for ADP; F (2; 12)=11.81 for AMP, P<0,05]. In the
control group, only ATP hydrolysis was decreased (37%) at 14 days of age when
compared to 7 days of age (Fig. 1A). In the caffeine-treated group, at 14 days of age,
ATP (65%), ADP (39%) and AMP (57%) hydrolysis were diminished when compared
to 7 days of age (Fig. 1). At 21 days of age, the control group presented a significant
reduction in ATP (66%) and ADP (37%) hydrolysis in relation to 7 days of age, but
AMP hydrolysis was unaltered (Fig.2). However, caffeine-treated group demonstrated a
decrease in ATP (36%), ADP (51%) and AMP (51%) hydrolysis when compared to 7
days of age.

Caffeine treatment in animals at 7 and 14 days of age did not modify
acetylcholine degradation (Fig. 2). The caffeine-treated group, at 21 days of age,
presented an increase of acetylcholine degradation when compared to control (42%) [F
(1; 24)=10.31, P<0,05] (Fig. 2).

There were age dependent changes in AChE activity in all groups, with

significant increases in AChE activity in control and caffeine-treated groups (31% and



41%, respectively) at 14 compared to 7 days of age in the respective treatment [F

(2; 24)=78.42, P<0,05] (Fig. 2). Furthermore, at 21 days of age, control and caffeine-
treated, groups showed an age-dependent increase on AChE activity (53% and 137%,
respectively) when compared at 7 days of age (Fig. 2). The intake volume in all groups

was not significantly different (p=0.91).

4. Discussion

In this study, maternal caffeine intake altered nucleotidase and AChE activities
from hippocampus of neonate rats in a time- and treatment- dependent manner. Chronic
blockade of adenosine receptors during gestational and lactational time has been
demonstrated to promote alterations in adenosine receptor expression and locomotor
activity in several studies [3; 15; 23]. The alteration of nucleotides and acetylcholine
degradation promoted by maternal caffeine intake on immature brain can affect
neurotransmission and promote modifications that remain up to adult life.

Effects of psychoactive drugs have been studied in a large number of
neurotransmitter systems, including cholinergic and purinergic systems. Barcellos et al.
(1998) [4] have demonstrated that tricyclic antidepressants (imipramine, desipramine
and amitriptyline) were able to inhibit ATP and ADP hydrolysis from cortical
synaptossomes of adult rats, suggesting that the cascade of nucleotide hydrolysis could
be involved in the action of these drugs. Our results demonstrated that ATP and AMP
hydrolysis are oppositely affected by chronic caffeine treatment, suggesting that the
caffeine concentration that achieves the immature brain during the period test is able to
alter the nucleotide hydrolysis. We verified, in previous experiments, that chronic
caffeine treatment (1g/1 for 14 days) was not able to affect nucleotide hydrolysis in

synaptosomes of hippocampus and striatum of adult rats, reinforcing the differences of



susceptibility to caffeine actions between mature and immature brain [14]. Chronic
caffeine treatment can promote a wide spectrum of alterations involving other
neurotransmitter systems. It has been demonstrated that chronic caffeine treatment
(1g/L for 14 days) is able to enhance acetylcholine, dopamine and glutamate release in
adult rat brain, which is modulated by adenosine [2; 25; 28].

Nucleotide hydrolysis in all tested groups (except for AMP hydrolysis in the
control group) declined during rat development, which may be related to the opposite
increase of AChE activity also observed in all groups. Bruno et al. (2002) [8] presented
the characterization of nucleotide hydrolysis (ATP and ADP) in hippocampal slices of
rats at 7, 14, 20-23 and 60 days of age. In that study, a similar profile was observed on
nucleotide hydrolysis during the first 21 days of neonatal development.

In our study chronic caffeine treatment during gestational and lactational time
was able to affect the acetylcholinesterase activity only at rats 21 days old. Cermak et
al. (1999) [10] verified that the spatial and temporal memory were enhanced in adult
rats after supplementation of choline during the gestational time, indicating the
persistent plasticity of cholinergic system in response to embryonic intervention. The
increase of AChE activity over the early 21 days of life tested in intervals of 7 days was
evident in control and caffeine groups, which is in accordance to Abdel-Latif et al.
(1970) [1] and Mortensen et al. (1998) [24].

Different responses of nucleotidases and AChE to drug treatments has been
reported. Barcellos et al. (1998) [4] demonstrated that tricyclic antidepressants, such as
imipramine and diazepam, inhibit acetylcholinesterase and nucleotidase activities, but
desipramine and amitriptyline just affected nucleotidase activity [4]. In our study, the

effects observed by chronic maternal caffeine intake on nucleotides and acetylcholine



activity followed a distinct pattern, suggesting their independent modulation
despite their close interaction.

In summary, maternal caffeine intake promotes alterations on AChE activity in
an age and treatment-dependent manner. Caffeine affected the purinergic and
chollinergic neurotransmitter systems in different ways. Such alterations in the

immature brain could promote alterations in adult life, which must be further evaluated.
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LEGEND TO FIGURES

Fig. 1: Effects of caffeine maternal intake on hippocampal nucleotidase activity of 7, 14
and 21 days old neonate rats. Bars represent mean + standard deviation. (A): ATP
hydrolysis (n=3). (B): ADP hydrolysis (n=4). (C): AMP hydrolysis (n=5). * Represents
significant difference when compared to control at the same age, # represents significant
difference when compared to 7 days at same treatment. Two-way ANOVA was used
considering treatment and age as factors. Main effects were further analyzed by multiple

comparisons of means. p< 0.05 were considered a significant difference.

Fig. 2: Effects of caffeine maternal intake on hippocampal AChE activity of 7, 14 and
21 days old neonate rats. Bars represent mean + standard deviation (n=5). * Represents
significant difference when compared to control at the same age, # represents significant
difference when compared to 7 days of age at same treatment. Two-way ANOVA was
used considering treatment and age as factors. Main effects were further analyzed by

multiple comparisons of means. p< 0.05 were considered a significant difference.
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I1I DISCUSSAO

Durante a fase de desenvolvimento neural existe um intenso conjunto de
transformagdes nas células da neuroectoderme, as quais darao origem aos diversos tipos
celulares do sistema nervoso, tais como os neurdnios, as células da glia, as células
ependimais, as células do plexo corodide e as células de Schwann.

Em seres humanos esta fase de diferenciagdo, migragdo, proliferacdo e
crescimento das células do sistema nervoso tem seu término, aproximadamente, ao fim
do segundo més gestacional (Siegel et al., 1993). Ratos exibem entre os 9 e 12 dias de
vida fetal um desenvolvimento cerebral proximo a um humano recém-nascido, ¢ ao fim
da gestagdo um padrao de desenvolvimento neural semelhante a um neonato humano de
seis meses (Benesova et al., 2001).

Alteragdes durante a fase gestacional e neonatal podem influenciar
significativamente o efeito de drogas através de modificagdes no padrdo de absor¢do,
distribuicdo, formas ativas e excre¢ao do composto (Christian e Brent, 2001). Efeitos no
comportamento adulto também podem ser vistos apds intervencdo durante o
desenvolvimento neural, tais como o observado por Lipska e colaboradores (2002).
Nesta investigacdo, a administragdo de TTX (tetrodotoxina) na por¢do ventral do
hipocampo de ratos aos sete dias de vida promoveu hiperatividade em resposta a
novidade e a inje¢des de salina, anfetamina (1,5 mg/kg) e MK-801 (0,2 mg/kg) na fase
adulta. Estes dados sugeriram que uma perda transitoria da atividade hipocampal
durante a fase de maturacdo neuronal promove modificagdes permanentes nos circuitos
neurais, que mediam comportamentos relacionados aos sistemas dopaminérgico e

glutamatérgico.



A presenga de receptores adenosinérgicos funcionais desde fases iniciais do
desenvolvimento neural sugerem que a a¢do da adenosina possa ser relevante para o
desenvolvimento neural normal. Algumas investigagdes tém apontado que intervencoes
no sistema adenosinérgico durante fases iniciais do desenvolvimento, principalmente
relativas a maturacdo do sistema nervoso central, sdo prejudiciais considerando o
importante efeito modulador da adenosina (Adén et al., 2001; Rivkees et al., 2001;
Turner et al., 2002; Leon et al., 2005).

Desta forma, tornaram-se muito relevantes investigagcdes acerca dos efeitos da
cafeina, um antagonista dos receptores adenosinérgicos, durante as fases gestacional e
neonatal, considerando as propriedades de absorcdo da cafeina e o grande consumo
populacional. Os efeitos da administracdo cronica de cafeina sobre os sistemas de
neurotransmissao ¢ neuromodulagao sdo encontrados na literatura através da analise de
diversos aspectos, entre eles, a liberacdo de neurotransmissores, expressdo de
receptores, bem como parametros comportamentais.

Na primeira investigagdo apresentada nesta tese, contribuimos para o
entendimento dos efeitos exercidos pela cafeina sobre a disponibilidade de adenosina,
através da verificagdo do efeito do tratamento cronico e agudo com cafeina sobre as
atividades nucleotidésicas em hipocampo e estriado de ratos adultos. Foi verificado
neste estudo que a administragdo oral cronica de cafeina (0,3 e 1,0 g/l) na dgua de beber
durante 14 dias foi incapaz de alterar as atividades de hidrdlise dos nucleotideos ATP,
ADP e AMP. Desta forma a importante contribui¢do na manutengdo dos niveis de
adenosina exercida pela agdo destas nucleotidases parece ndo ser alterada pela
administracao cronica de cafeina, o que nos leva a sugerir que um restabelecimento do
sistema adenosinérgico ¢ alcangado em poucos dias de antagonismo dos receptores

adenosinérgicos. Este restabelecimento pode estar envolvido com o aumento da



expressdao dos receptores de adenosina verificado quando antagonistas sdo
administrados. De fato, Johansson e colaboradores (1993), em um experimento
semelhante (1g/l durante 12 dias), demonstraram um aumento da expressdo de
receptores A;. Karcz-Kubicha e colaboradores (2003) verificaram um aumento na
afinidade dos receptores A; no estriado de ratos submetidos a um tratamento
semelhante. Além disto, Svenningsson e colaboradores (1999) verificaram um aumento
de RNAm de receptores A; na amidala lateral de ratos tratados cronicamente com 1g/1
de cafeina durante 14 dias.

Neste mesmo estudo, ao administrarmos cafeina de forma aguda (30 mg/kg)
verificamos um aumento na hidrélise de ATP (50%) e ADP (32%) em sinaptossomas de
hipocampo e estriado, respectivamente. Estes dados apontam para uma resposta
imediata a cafeina na cascata de enzimas que hidrolisam nucleotideos ptricos, talvez
promovendo um aumento nos niveis de adenosina. A administragdo de cafeina
intraperitoneal e intravenosa ¢ capaz de induzir a liberagao de neurotransmissores, tais
como glutamato, dopamina e acetilcolina em diversas regidoes cerebrais (Acquas et al.,
2002; Solinas et al., 2002). A co-liberacao de ATP com outros neurotransmissores como
glutamato, dopamina, acetilcolina, dcido y—aminobutirico foi estabelecida em terminais
nervosos do sistema nervoso central e periférico (Burnstock, 1999). Em nossa
investigacdo, o aumento da atividade de hidrdlise de ATP e ADP ap6s a administragao
aguda de cafeina pode estar relacionado com esta capacidade da cafeina de estimular a
liberagdo de neurotransmissores e, conseqlientemente, de ATP, aumentando a
disponibilidade destes nucleotideos para a via das nucleotidases. O possivel aumento
dos niveis de adenosina poderia competir e contrabalancar a acdo antagdnica da cafeina,

presente em altos niveis apos a administragao aguda desta.



Sabendo da suscetibilidade do cérebro imaturo aos ligantes de receptores
adenosinérgicos e da interacdo existente entre os sistemas adenosinérgicos e
glutamatérgicos, investigamos o efeito da exposi¢do fetal e neonatal a cafeina na
atividade locomotora induzida por um antagonista de receptores glutamatérgicos
NMDA (MK-801) na idade de 21 dias. A locomog¢do basal ndo foi alterada pelo
tratamento com cafeina, estando estes dados de acordo com o desenvolvimento de
tolerancia aos efeitos da cafeina (Fredholm et al., 1999; Svenningsson et al., 1999;
Karcz-Kubicha et al., 2003;). Karcz-Kubicha e colaboradores (2003) sugeriram que o
efeito hiperlocomotor da cafeina ¢ devido ao simultdneo bloqueio dos receptores A; e
Asa, € que a tolerancia a estes efeitos €, principalmente, um resultado do bloqueio dos
receptores Aj.

Em nosso estudo, foi verificado que a exposi¢do por longo tempo a cafeina ¢
capaz de alterar a resposta ao antagonismo de receptores de glutamato do tipo NMDA,
pelo menos no que se refere a hiperlocomocgao classicamente induzida por essa acao
antagdnica. A fim de verificar se a diminuicao a resposta ao MK-801 era relativa a agao
direta da cafeina ou a alguma alteracdo permanente na interagdo dos sistemas
adenosinérgico e glutamatérgico, retiramos a cafeina uma semana antes do experimento.
Este grupo abstido de cafeina por sete dias antes do experimento apresentou locomogao
diminuida em resposta ao MK-801, de forma similar ao grupo que recebeu cafeina até o
dia do experimento. Estes dados sugeriram que a acdo da cafeina de forma direta ndo ¢
o mecanismo pelo qual os efeitos verificados em nossos experimentos poderiam ser
explicados. Uma adaptacdo dos circuitos de modulagao adenosinérgica sobre o sistema
glutamatérgico durante o tratamento pode ser uma possibilidade para os efeitos
verificados. De fato, uma diminuicdo no ténus inibitorio exercido pela adenosina

poderia facilitar a liberagdo de neurotransmissores como o glutamato.



A interacdo entre os receptores adenosinérgicos e glutamatérgicos ¢ bem
estabelecida e envolve controle adenosinérgico da liberagdo de glutamato, da ativagdo
de receptores NMDA, bem como a liberagdo de adenosina, quando receptores NMDA
sdo ativados em hipocampo e estriado de ratos (Manzoni et al., 1994; De Mendonga e
Ribeiro, 1997; Delaney et al., 1998; Sebastido e Ribeiro, 2000; Ciruela et al., 2001;
Solinas et al., 2002). Além disto, De Oliveira e colaboradores (2005) observaram que os
efeitos do antagonismo inespecifico dos receptores de adenosina pela cafeina
prejudicam os efeitos hiperlocomotores do antagonismo dos receptores de glutamato
NMDA, através da administracdo de MK-801. Entretanto, nesta investiga¢do os animais
sdo camundongos adultos. Além disto, o efeito direto da caféina ndo estd descartado
pela auséncia de um grupo abstido de cafeina.

Os receptores NMDA de cérebro de ratos apresentam-se imaturos e mais sensiveis
durante as duas primeiras semanas de vida (Hestrin, 1992; Sircar, 2000), o que pode
estar relacionado com nossos resultados, se considerarmos os efeitos exercidos pela
cafeina sobre a liberagdao de glutamato (Solinas et al., 2002). O aumento dos niveis de
glutamato associados a sensibilidade aumentada dos receptores NMDA poderia levar a
uma desensibilizagdo destes receptores afetando a acdo do antagonismo exercido pelo
MK-801.

A capacidade da cafeina em promover alteragdes no cérebro imaturo, as quais
persistem em animais jovens, foi avaliada também com relagdo ao limiar de dor em
ratos de 14 e 50 dias de vida, bem como a analgesia induzida pelo estresse em ratos
adultos. Nesta investigagdo, verificamos que a presenca da cafeina, através da ingestao
materna, ¢ capaz de afetar a resposta ao estimulo doloroso em ratos de 14 dias de vida.
Esta analgesia observada foi abolida quando a cafeina foi retirada sete dias antes do

teste, sugerindo que a agdo analgésica foi exercida por agdo direta da cafeina. Ratos que



receberam cafeina desde a fase gestacional até a fase adulta ndo exibiram efeito
analgésico quando testados aos 50 dias de vida. Este resultado pode indicar um processo
adaptativo associado ao restabelecimento da modulacdo adenosinérgica, que ¢ relevante
dada a importancia da percep¢do do estimulo doloroso para o organismo. Entretanto,
quando a resposta ao estresse agudo foi avaliada, os animais que receberam cafeina
desenvolveram analgesia semelhante ao grupo controle, o que ndo foi observado nos
animais abstidos de cafeina sete dias antes do teste. A analgesia induzida por estresse
possui um forte componente opidide e a preservagdo da acdo opidde pode estar
relacionada com a inducdo de analgesia apos estresse mesmo na presenga de cafeina.
Entretanto, valores menores de limiar de dor apos estresse observados no grupo abstido
de cafeina podem estar relacionados a promocao de ansiedade verificada em animais
tratados com cafeina (File et al., 1988). Adicionalmente, Giménes-Llort e colaboradores
(2002) demonstraram que animais sem a expressdo de receptores adenosinérgicos A;
sa0 mais ansiosos.

Considerando as alteragdes verificadas na locomog¢dao e¢ no limiar de dor em
animais tratados com cafeina nas fases gestacional e neonatal, aliadas aos efeitos na via
das nucleotidases em animais adultos tratados com cafeina de forma cronica e aguda, foi
realizado uma avaliagdao dos efeitos da ingestdo materna de cafeina sobre as atividades
nucleotidésica e colinesterasica do hipocampo dos ratos filhotes aos 7, 14 e 21 dias. Em
ratos de 7 e 14 dias de vida, a hidrélise de ATP foi menor nos ratos tratados com cafeina
que nos ratos controle, enquanto que nestas mesmas idades a hidrolise de AMP foi
aumentada no grupo tratado com cafeina em relagao ao controle. A hidrdlise de ADP
nao foi alterada pelo tratamento cronico com cafeina. O grupo controle € o grupo que
recebeu tratamento cronico com cafeina exibiram uma reducao tempo-dependente das

atividades de hidrolise de nucleotideos (exceto para a hidrolise do AMP no grupo



controle). O tratamento com cafeina foi capaz de promover alteragcdes sobre a
atividade colinesterdsica somente nos ratos de 21 dias de vida. Um aumento da
atividade colinesterdsica de forma tempo-dependente foi verificado nos grupos controle
e tratado com cafeina. J& foi demonstrado que o bloqueio cronico dos receptores de
adenosina durante o periodo gestacional e neonatal exerce alteracdes na expressdo de
receptores adenosinérgicos e na atividade locomotora dos animais na fase juvenil ou
adulta (Adén et al., 2000; Léon et al., 2002; Da Silva et al., 2005 — Capitulo I1.2). As
alteracdes encontradas nas atividades enzimaticas de degradacdo de nucleotideos e
acetilcolina no cérebro de ratos imaturos promovidas pela ingestdo materna de cafeina
podem afetar os sistemas de neurotransmissdo, bem como promover alteracdes que
permane¢am na vida adulta.

O conjunto de dados obtido nesta tese aponta o sistema adenosinérgico como uma
via modulatoria sensivel a intervengdes farmacoldgicas que produzem alteragdes, as
quais podem ser permanentes. A escolha da cafeina como principal droga utilizada nos
testes tem especial relevancia devido ao seu consumo mundialmente elevado, bem como
suas propriedades farmacocinéticas que permitem a exposi¢ao dos fetos a ingestao desta
durante a gestagao. A utilizacdo da cafeina com propositos terapéuticos ¢ bastante
documentada e a associagdo deste fato com a suscetibilidade neonatal ¢ uma questao a
ser explorada. Metilxantinas estdo entre as drogas mais prescritas na medicina neonatal,
principalmente em deficiéncias respiratorias como a apnéia (Millar e Schimidt, 2004).
Além disto, estudos epidemiologicos apontam uma relagdo inversa entre consumo de
cafeina ¢ risco de desenvolver doenca de Parkinson, semelhante ao verificado com a
utilizacdo de nicotina (Ross e Petrovitch, 2001; Ascherio e Chen, 2003). A
neuroprote¢do relativa a doenga de Parkinson parece ter como alvo principal o

antagonismo dos receptores adenosinérgicos A, (Schwarzschild et al., 2003). A cafeina



também ¢ utilizada como droga com potencial analgésico para inflamagdo e dor
neuropatica (Dickenson et al., 2005). O receptor adenosinérgico A; exerce modula¢do
de receptores NMDA em vias nociceptivas da medula espinhal, o que parece estar
envolvido com o poder modulador da dor em sitios espinhais (Reeve et al., 1998).

Em nossos estudos, verificamos que a administracdo de cafeina durante a fase
neonatal promoveu, na maioria dos parametros testados, um restabelecimento das
condi¢des normais de modulagdo adenosinérgica. Este fato pode ser exemplificado: (1)
pelo desempenho de locomocao inalterado visto nos animais de 21 dias de vida tratados
e abstidos de cafeina, considerando a locomogdo basal destes animais; e (2) pelo
restabelecimento dos padrdes de limiar de dor em animais jovens e adultos, bem como
na indu¢do de analgesia apos estresse. Isto se torna importante visto que estes dois
fatores sdo importantes para o desenvolvimento e sobrevivéncia do organismo.
Entretanto, a indu¢do de hiperlocomog¢ao pela administracdo de MK-801 foi alterada de
forma significativa pela exposicdo a cafeina. Esta alteracdo ndo corresponde a uma
situagdo normal ou basal para o organismo, o que pode identificar uma modificagao em
condi¢des onde ha uma alteracao no tonus exercido pela adenosina.

Os receptores adenosinérgicos de alta afinidade, A; e Aja, sdo ativados pela
adenosina nas concentragdes fisiologicas, proporcionando a manutencdo do tonus
adenosinérgico (Sebastidao e Ribeiro, 2000). As adaptacdes que provavelmente foram
desenvolvidas durante os tratamentos com cafeina realizados nesta tese foram
encontrados em situagdes basais, tais como a locomogao espontanea e o limiar de dor.
As alteracdes encontradas em animais que receberam cafeina estdo relacionadas a
estimulos provocados, tais como a hiperlocomog¢ao induzida por MK-801 e a inducao de

estresse, situagdes nas quais a concentracao de adenosina pode estar alterada.



A agdo direta da cafeina foi capaz de alterar a nocicep¢ao em ratos de 14 dias
expostos a cafeina durante a gestacdo e a lactagdo, o que foi confirmado pelo retorno
aos valores basais de limiar de dor quando a cafeina foi retirada. Em ratos neonatos que
receberam cafeina até os 21 dias de vida, também foi possivel verificar alteracdo na
degradagdo de acetilcolina. Além disto, a administracdo aguda em ratos adultos foi
capaz de alterar a hidrdlise de nucleotideos em sinaptossoma de hipocampo e de
estriado. Isto pode sugerir que a cafeina, quando ainda presente no organismo testado,
pode exercer efeitos diretos, pelo menos nos pardmetros citados (Fredholm et al., 1999;
Aqcuas et al., 2002).

Os efeitos da cafeina tém sido intensamente investigados e existe uma certa
dificuldade em determina-los, visto que sdo suscetiveis ao tratamento realizado, doses
testadas, género do organismo testado, bem como fase do desenvolvimento em que se
encontram. As investigacdes aqui apresentadas contribuem ao entendimento dos efeitos
das intervengdes neonatais em parametros locomotores, de dor e de vias enzimaticas na
vida jovem e adulta.

Investigacdes futuras deverdao ser realizadas com o intuito de adicionar
informacodes ao entendimento da exposi¢do neonatal a drogas que interferem no sistema
adenosinérgico. Estas investigacdes poderdo envolver a andlise da expressao de
receptores de adenosina, da expressao das enzimas envolvidas na producao de
adenosina e seus efeitos sobre outros sistemas de neurotransmissdo. Parametros
comportamentais, tais como comportamento social, ansiedade e agressividade também
sdo importantes aspectos a serem investigados para compor um quadro mais completo

dos efeitos da cafeina durante a fase de desenvolvimento neural.



IV CONCLUSOES GERAIS

Os resultados apresentados nesta tese nos permitem observar que a intervengao
no sistema adenosinérgico, através da administragdo de cafeina durante as fases
gestacional e neonatal, ¢ capaz de promover adaptagdes fisioldgicas na tentativa de
restabelecer o controle modulador adenosinérgico. Estas adaptacdes podem ser
observadas pelo restabelecimento da resposta nociceptiva e locomotora, bem como na
regulacdo dos niveis extracelulares dos neurotransmissores ATP e acetilcolina e do
neuromodulador adenosina. Portanto, nossos resultados permitem apresentar as

seguintes conclusoes:

(1) A administragdo aguda de cafeina na concentragdo de 15mg/Kg em ratos
adultos foi capaz de modificar a hidrélise de ATP e ADP em sinaptossoma
de hipocampo e estriado de ratos adultos, respectivamente. A administragao
cronica de cafeina na agua de beber nas concentragoes de 0,3 e 1,0g/l,
também em ratos adultos, ndo foi capaz de alterar estas atividades de
degradacao de nucleotideos. A degradacdo de AMP ndo foi alterada em
nenhuma das situagoes.

(2) A administracao de cafeina na concentracao de 1g/l na dgua de beber de ratas
maes nao foi capaz de alterar a atividade locomotora espontanea dos ratos
filhotes aos 21 dias de vida. Em ratos em que a cafeina foi retirada quatorze
dias antes do teste, a atividade locomotora permaneceu semelhante ao grupo

controle. A inducao de hiperlocomocao pela administracio de MK-801 foi



prejudicada em animais que receberam cafeina e naqueles que foram
abstidos de cafeina por sete dias antes do teste, em relagcdo ao controle.

(3) Ratos de 14 dias, os quais receberam leite materno de ratas tratadas
cronicamente com cafeina (1g/l), exibiram limiar de dor elevado em relacao
aos animais controle. Esta acdo analgésica do tratamento cronico com
cafeina foi abolida quando o tratamento foi suspenso sete dias antes do teste.
Filhotes que foram desmamados aos 21 dias, e continuaram recebendo o
mesmo tratamento que as ratas maes até os 50 dias de vida, ndo exibiram
diferengas no limiar de dor em relacdo aos controles, mesmo naqueles
animais em que a cafeina foi substituida por dgua sete dias antes do teste. A
avalia¢do da analgesia induzida por estresse foi avaliada no grupo de animais
aos 50 dias de vida e foi verificado que a presenga de cafeina ndo altera
analgesia ap6s inducdo de estresse. Ratos abstidos de cafeina por sete dias
antes dos experimentos exibiram uma leve, porém significativa, diminui¢do
no limiar de dor apds inducao de estresse.

(4) O tratamento cronico com cafeina (1g/1) na agua de beber de ratas maes nao
alterou a elevagdo desenvolvimento-dependente da atividade colinesterasica
em hipocampo de ratos filhotes. A analise dos dois grupos testados (controle,
cafeinado) nas idades de 7, 14 e 21 dias demonstrou que o tratamento com
cafeina foi capaz de aumentar a degradacdao de acetilcolina aos 21 dias de
vida neonatal. A degradacao de nucleotideos em fatias de hipocampo de
ratos controle e que receberam cafeina (1g/1) mostrou-se significativamente
diferente. A hidrélise de ATP foi diminuida em ratos de 21 dias de vida e a

hidrolise de AMP foi aumentada nas idades de 7 e 14 dias de vida, em



relacdo ao controle. A hidrolise de ADP nao foi alterada pelo tratamento

com cafeina em nenhuma das idades testadas.

Este conjunto de conclusdes nos permite verificar que a administracdo cronica
de cafeina promove alteracdes diferenciadas de acordo com a idade em que se
administra o tratamento e na qual ¢ feita a avaliacdo do animal. Isto pode ser
demonstrado quando foi avaliada as atividades de hidrolise de nucleotideos. Em
sinaptossomas de animais adultos que receberam tratamento cronico com cafeina, estas
atividades permaneceram inalteradas e, em animais que receberam tratamento cronico
com cafeina na fase gestacional e neonatal e foram avaliados até a terceira semana de
vida, estas atividades enzimaticas em fatias cerebrais estavam alteradas.
Adicionalmente, quando o limiar de dor foi avaliado em animais jovens e adultos pode-
se notar que animais jovens sob tratamento com cafeina apresentavam analgesia, mas
quando o tratamento era suspenso, o limiar de dor retornava ao normal. Isto ndo foi
observado em animais adultos que sofreram o mesmo tratamento, visto que
independente da presenca do tratamento com cafeina, o limiar de dor foi similar aos
ratos controle adultos.

Na avaliagdo da locomogdo, fica evidente que uma adaptacdo no sistema
adenosinérgico ocorreu, o que alterou a resposta do sitema glutamatérgico frente a um
classico antagonista de receptores NMDA (MK-801). Além disto, esta alteragao ¢
permanente por no minimo quatorze dias, visto que a retirada do tratamento crdénico
com cafeina nao restabeleceu a resposta a este antagonista.

Desta forma, os efeitos do tratamento cronico com cafeina promove alteragdes
diferenciadas de acordo com o tratamento, a idade e o parametro avaliado. Os efeitos da

cafeina verificados aqui nesta tese reafirmam a questdo sobre a importancia, a



suscetibilidade e a plasticidade da neuromodulagdo adenosinérgica durante a fases

iniciais de desenvolvimento neural e suas conseqiiéncias no individuo maduro.
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