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PARTE I



1. RESUMO

O estudo do sistema opidide no neonato tem sido freqiientemente pesquisado. Os
neonatos rotineiramente experimentam dor aguda e cronica causada por procedimentos invasivos
em UTI pediatrica e freqlientemente ndo recebem analgesia adequada. Entretanto, o uso da
analgesia opidide vem aumentando nas ultimas décadas em consequéncia das mudangas e
avancos na compreensao, na identificacdo e no tratamento da dor em criangas. Entretanto, ainda
existe uma caréncia em estudos de seus efeitos especificos sobre uma administracio em longo
prazo nestes pacientes. Adicionalmente, alguns estudos t€ém demonstrado que a exposi¢do as
drogas logo ap6s o nascimento pode ter implicagdes duradouras no sistema nervoso, € que a
exposicdo a morfina pode influenciar no desenvolvimento e na func¢do de alguns sistemas do
neurotransmissores. Existem multiplos sistemas espinhais que modulam a neurotransmissao
nociceptiva no corno dorsal. Propde-se que a adenosina extracelular esteja envolvida no controle
fisiolégico da dor a nivel espinal e na acdo antinociceptiva opidide. Por outro lado, o ATP é um
neurotransmissor liberado dos terminais nervosos sensoriais aferentes para atuar na circuitaria
central da dor. Os nucleotideos extracelulares podem ser hidrolisados por E-NTPDase e por
5’nucleotidase. Esta cascata enzimatica apresenta dupla fun¢do: remover o sinal do ATP e gerar
um segundo, adenosina. Esta dissertacdo teve como objetivos: investigar o efeito da
administracdo repetida da morfina de P8 até P14 nas respostas nociceptiva, inflamatdria,
comportamental e na atividade das ectonucleotidases em medula espinhal e cértex de ratos em
P16, P30 e P60. Além disso, avaliar o efeito de uma segunda exposicao repetida de morfina por
7 dias em P80 na resposta nociceptiva, inflamatéria e comportamental. Os animais que
receberam a morfina por sete dias em P14 ndo desenvolveram tolerancia, porém, quando
avaliados em P80, demonstraram maior analgesia da morfina (administracdo aguda), e apds 7
dias de administrac¢do didria de morfina (P86), desenvolveram o cldssico fendmeno da tolerancia.
No teste da formalina, observou-se aumento na resposta nociceptiva em P30 e em P60, mas ndo
em P16. No desempenho no campo aberto os animais apresentaram alteracdo de alguns
comportamentos, tais como aumento de grooming em P16, e aumento de rearing e locomocao
em P30. Em P88, o grupo que recebeu a morfina diariamente (de P80 até P86) apresentou
aumento de rearing. Nas atividades das E-NTPDases, observou-se em P16 um aumento na
atividade de hidrélise do ATP em sinaptossomas de cortex cerebral, e uma diminui¢do na
atividade de hidrélise do ADP em sinaptossomas de medula espinhal. Nas demais idades
avaliadas (P30 e P60) nao formas observadas diferencas nas atividades de hidrdlises dos
nucleotideos de ambas as estruturas analisadas. O limiar nociceptivo mais elevado observado no
teste da formalina pode ser devido a neuroplasticidade na circuitaria nociceptiva, tais como em
neurotransmissores excitatérios em nivel espinhal. As alteracdes comportamentais observadas
sugerem que a exposi¢do a morfina, logo apés o nascimento, pode desencadear, a curto e longo
prazo, fendOmenos tais como sensibilizagdo comportamental. Em conclusdo, estes resultados
indicam que a exposi¢do a morfina durante a segunda semana de vida pode promover aumento
na resposta nociceptiva e alteragdes comportamentais que perderam ao longo da vida. Os efeitos
observados apds exposi¢ao repetida a morfina em animais podem colaborar com o entendimento
de conseqiiéncias clinicas decorrentes da administracdo em longo prazo de opidides.
Adicionalmente, estes resultados sugerem a necessidade do desenvolvimento de pesquisas que
abordem diferentes sistemas de neurotransmissores objetivando neutralizar tais adaptagdes
comportamentais induzidas pela morfina. Os resultados nas atividades de E-NTPDases destacam
a importancia do sistema purinérgico de ratos infantes submetidos a exposi¢do repetida da
morfina. Essas alteragdes enzimaticas podem constituir um dos mecanismos responsaveis pelos
efeitos secunddrios da retirada opidide.



2. ABSTRACT

The study of the opioid system in the newborn has been frequently researched. The
newborns routinely experiencing acute and chronic pain caused by invasive procedures in
pediatric ICU and often do not receive adequate analgesia. However, the use of opioid analgesia
has been increasing in recent decades as a consequence of changes and advances in the
understanding, in the identification, and treatment of pain in children. However, there is still a
lack of knowledge on their specific effects in a long-term administration for this population of
patients. Additionally, some studies have shown that exposure to drugs soon after birth may have
lasting implications in the nervous system, and that exposure to morphine can influence the
development and function of some systems of neurotransmitters. There are multiple systems that
modulate the spinal nociceptive neurotransmission in the dorsal horn. It has been proposed that
the extracellular adenosine is involved in the physiological control of pain in spinal and action
antinociceptiva opioid. Moreover, the ATP is a neurotransmitter released from sensory afferent
nerve terminals to act in the central circuitaria of pain. The extracellular nucleotides can be
hydrolysates by E-NTPDase and by 5’nucleotidase. This enzyme cascade presents dual function:
remove the signal from the ATP and generating a second, adenosine. This dissertation had the
following objectives: to investigate the effect of repeated administration of morphine from P8 to
P14 in nociceptive responses, inflammatory, and behavioral activity ectonucleotidases in the
cortex and spinal cord of rats in P16, P30, P60. Moreover, to evaluate the effect of one second
repeated morphine exposition per 7 days in P80 in the nociceptive, inflammatory and behaviour
response. Animals that received the morphine for seven days in P14 did not develop tolerance,
but when evaluated in P80, showed greater the morphine analgesia (acute administration), and
after 7 days of daily administration of morphine (P86), developed the classic phenomenon of
tolerance. In the formalin test, it was observed increase in response to nociceptive P30 and P60
but not on P16. In performing in the open field the animals showed some change in behavior,
such as increased grooming in P16, and increase of rearing and locomotion in P30. At P88, the
group that received the morphine daily (from P80 to P86) showed increase of rearing. On the E-
NTPDases activities were observed at P16 increase in the activity of hydrolysis of ATP in
sinaptossomas of cerebral cortex, and a decrease in the activity of ADP in the hydrolysis of
sinaptossomas spinal cord. In other ages evaluated (P30 and P60) it was not observed differences
on nucleotides hydrolysis activity from both structures.analyzed. The higher threshold
nociception observed in the test of formalin can be due to neuroplasticidade in circuitaria
nociceptive, such as neurotransmitters in excitatorios in spinal level. The behavioural changes
suggest that exposure to morphine, soon after birth, can trigger in the short and long term,
phenomena such as behavioral sensitization. In conclusion, these results indicate that exposure to
morphine during the second week of life may promote increase in response nociceptive and
behavioural changes that have lost their lifetime. These behavioural changes indicate the need
for the evaluation of the clinical consequences of long-term opioid administration. Additionally,
these results suggest the need for development of research that address different systems of
neurotransmitters aiming neutralize the behavioral changes induced by opioid. AThe findings on
the E-NTPDases activities highlight the importance of purinergic system of young rats submitted
to the repeated morphine exposure. These alterations activities may constitute one of the
mechanisms that mediate the development of some of the side effects, such as opioid
withdrawal, associated with repeated morphine exposure in early life.



3. LISTA DE ABREVIATURAS

ADP = adenosina 5’ difosfato

AMP = adenosina 5° monofosfato

ATP = adenosina 5’ trifosfato

AMPA = icido a-amino-3-hidréxi-5-metil-4-isoxazolepropionico
ANOVA = Andlise de Variancia (Analysis of Variance, em inglés)
ATP = adenosina trifosfato

E-NPP = Ecto-nucleotideo pirofosfato/fosfodiesterase
E-NTPDase = Ecto-nucleosideo trifosfato difosfohidrolase
GABA = 4acido-y-aminobutirico

1.p. = intraperitoneal

LTP = Potenciagdo de longa duragdo (Long-term Potentiation, em inglés)
NAP = neurdnio aferente primario

NAS = neurdnio aferente secundario

NMDA = N-metil-D-aspartato

PO = dia do nascimento

P7 =7° dia pds-natal

P8 = 8° dia pds-natal

P10 = 10° dia pds-natal

P14 = 10° dia pés-natal

P16 = 16° dia pdés-natal

P30 = 30° dia pds-natal

P60 = 60 ° dia pds-natal



P79 =79° dia p6s-natal

P80 = 80° dia pds-natal

P86 = 86 ° dia pds-natal

P88 = 88° dia pds-natal

RN = recém nascido

s.c. = subcutanea

SEM = erro padrdao da média (standard error of the mean, em inglé€s)
SN = sistema nervoso

SNC = sistema nervoso central

SNP = sistema nervoso periférico

TFL = laténcia para retirada da cauda (Tail Flick Latency, em ingl€s)
UDP = uridina 5’difosfato

UTIs = Unidades de Terapia Intensiva



4. INTRODUCAO

4.1 DOR

4.1.1 Contexto Histoérico

A dor € estudada desde o inicio da humanidade e continua sendo objeto de esforco
onipresente no que se refere ao seu entendimento e controle. Existem evidéncias de que os
humanos sofrem com esse mal ha milhares de anos (Bonica e Loeser, 2001). A descoberta de
esqueletos pré-histéricos demonstra os sinais de enfermidades dolorosas, nos fornecendo
evidéncias do “comec¢o da via dolorosa” humana (Bonica e Loeser, 2001). Aparentemente, 0s
humanos primitivos tiveram pouca dificuldade em entender a dor associada com injuria
acidental. Eles a tratavam por meio de massagem na regido dolorosa ou expondo-a a 4gua de rios
e ap6s ao calor do sol, e por ultimo ao calor do fogo (Keele, 1957). Pressdes também eram feitas
para adormecer a parte dolorosa e assim diminuir a dor. Provavelmente, nesta época, os humanos
aprenderam que a pressdo sobre certas regides (nervos e artérias) tem um efeito mais
pronunciado, embora eles ndo soubessem como (Fulop-Mueller, 1938; Keele, 1957). A causa de
enfermidades dolorosas estava relacionada com a intrusdo de magias e maus espiritos no corpo.
O tratamento consistia em afugentar os espiritos com amuletos e feiticos similares. Em algumas
sociedades a pele era tatuada com sinais de exorcismo para manter estes maus espiritos longe do
corpo (Bonica e Loeser, 2001). Ainda em tempos primitivos, ervas que serviam como alimentos
também eram utilizadas para o alivio da dor. Alguns arquivos relatam o uso de plantas
analgésicas como a papoula, manddgora e canhamo (maconha). As primeiras descobertas deste

uso ocorreram na Babilonia em 2.250 anos antes de Cristo. Papiro de Ebres escreveu em



aproximadamente 1.550 anos antes de Cristo a Farmacopéia Egipcia, com muitas prescri¢oes
para o uso do 6pio, principalmente para o alivio da dor de cabeca. Harvey, em 1628, descobriu a
corrente sangiiinea e acreditava que o coragdo era o sitio da sensacdo de dor. Mas em 1664 foi
publicado um livro de Descartes, L’Homme (Homem), no qual ele considera o cérebro como o
local de sensagdo e funcdo motora. Este conceito ficou conhecido como a Teoria da
Especificidade (Bonica e Loeser, 2001). Na mesma época surgiu a Teoria Intensiva, sugerida por
Darwin: “a dor resulta do estimulo excessivo através do toque”. Em 1894, Goldsheider
desenvolveu uma teoria em que relaciona as determinantes criticas da dor: a intensidade do
estimulo e o somatdrio central. A dltima teoria descrita e, portanto, a mais utilizada é a Teoria da
Comporta por Melzack e Wall. Eles sugerem que a dor ndo € causada pela atividade neural que
reside em trajetérias nociceptivas consideradas especificas para a dor, mas € o resultado da
atividade de vdrias acdes dos sistemas neurais, cada um com sua prépria funcdo especializada
(Melzack e Wall, 1965). Em 1982, eles modificaram sua teoria para incluir as informacoes
adquiridas desde a proposta original (Melzack e Wall, 1982). Esta teoria tem demonstrado ser a
mais importante no campo de pesquisa da dor.

Durante o século XIX significantes avangos ocorreram no campo da terapia da dor. O
mais importante foi o isolamento da morfina a partir do 6pio por Seturner em 1806. Apds, outras
técnicas foram desenvolvidas para o isolamento de outros alcaldides do 6pio, como por exemplo,
a codeina em 1832. Em 1846, Rynd e Wood desenvolveram a agulha e a seringa, o que
possibilitou o uso de injecdes de analgésicos. Em 1884, Karl Koller demonstrou a poténcia
analgésica da cocaina, a qual comegou a ser utilizada para procedimentos cirdrgicos € nao
cirtrgicos. Ainda, durante o século XIX, outras terapias para o alivio da dor foram desenvolvidas
como, por exemplo, a eletroterapia, hidroterapia, termoterapia, as quais sdo amplamente

utilizadas até os dias de hoje (Bonica e Loeser, 2001).



4.1.2 Dor e Nocicepg¢ao

A dor é comum a muitos quadros clinicos, sendo provavelmente a razdo mais
freqliente de procura de auxilio médico. Segundo estatisticas americanas, um ter¢o da populacao
experimenta dor que requer atencdo médica e, em quase 50 milhdes de pessoas, determina
incapacitacdo total ou parcial. A Associacdo Internacional para o Estudo da Dor (International
Association for Study of Pain — 1ASP, 1983) conceitua como ‘“uma experiéncia sensorial e
emocional desagraddvel, relacionada com lesao tecidual real ou potencial, ou descrita em termos
deste tipo de dano” (Baumann e Lehman, 1989; Linton e Skevington, 1999). A partir deste
conceito distingiiem-se dois componentes envolvidos na dor: a sensa¢do dolorosa propriamente
dita ou nocicepg¢ao, e a reatividade emocional a dor. Esta definicdo bem conhecida abrange a
natureza multidimensional da dor, a qual € constituida pelos componentes: motivacional,
cognitivo, afetivo e discriminativo (Curro, 1987). O componente motivacional corresponde a
manifestacdo de fuga, sendo uma reacgao reflexa do individuo. O componente cognitivo envolve
a memoria da experiéncia dolorosa pessoal, e exemplos do componente afetivo sdo: medo,
ansiedade e estresse. O componente discriminativo representa a resposta do Sistema Nervoso
Central (SNC) ao estimulo nocivo, e inclui inicio, duragao, intensidade, qualidade e localizacao
da dor. A reatividade emocional a dor corresponde a interpretacdo afetiva da dor, de caréter
individual e influenciada por estados ou tracos psicoldgicos, experiéncias prévias e fatores
sociais, culturais e ambientais (Taenzer et al., 1986; Jones, 1993; Wall e Melzack, 1994).

O termo nocicepgdo, derivado de noci (dano ou lesdio em latim), € usado para
descrever a resposta neural aos estimulos nocivos. Refere-se a atividade do sistema nervoso
aferente induzida por tais estimulos, que podem ser exdgenos (mecanicos, quimicos, fisicos e

bioldgicos) ou enddgenos (inflamag¢do, aumento do peristaltismo, isquemia cerebral).



Compreende recep¢ao dos estimulos por receptores especificos, conducao até o SNC através das
vias sensoriais € a integracdo da sensacdo dolorosa em niveis talamico e cortical (Loeser et al.,
2001; Ferreira e Torres, 2004). A dor é sempre uma manifestacdo subjetiva. Em experimentos
com animais fala-se de nocicep¢c@o. Em termos clinicos toda nocicep¢do produz dor, mas nem
toda dor resulta de nocicep¢do. Alguns pacientes apresentam o sintoma na auséncia de estimulos
nocivos. A intensidade da dor ndo necessariamente corresponderd a extensdo da lesdo. H4
pessoas que suportam grandes lesdes sem praticamente se queixarem de dor e ha aqueles que
reagem exageradamente mesmo a pequenos ferimentos (Basbaum e Jessel, 2000).

Os estimulos nociceptivos, juntos a experi€ncia subjetiva da dor, servem pra proteger
os tecidos lesionados. Sob diferentes circunstancias, os tecidos s@o protegidos por reflexos de
retirada da regido afetada para longe do fator agressor. Esta relacdo com os comportamentos de
injuria — fuga permite pensar que a dor é uma correlacdo perceptiva das respostas provocadas
pelos estimulos dolorosos (Fields e Basbaum, 1994).

A dor pode ser classificada em aguda ou cronica. A dor aguda representa uma resposta
nociceptiva a agressio, e pode ser causada por traumas, doengas subjacentes ou alteracdes
funcionais musculares ou viscerais. Na maioria dos casos, cessa em alguns dias ou semanas, com
a administracdo de analgésicos. Mas, se persistir diz-se que a dor € cronica. Conforme alguns
autores, a dor cronica pode variar de um a seis meses (Loeser et al., 2001; Morgan e Mikhail,
1996) e pode resultar desde a excitabilidade das fibras nervosas aferentes até mudangas no
fenétipo celular, como a expressao de novas moléculas, incluindo enzimas, neurotransmissores e
receptores (Loeser et al., 2001). A dor cronica associada a disfuncdes do SNC e Sistema
Nervoso Periférico (SNP) é chamada de dor neuropatica. Ocorre ap6s lesdo de nervo periférico

ou lesdao ou perda de neurdnios medulares podendo estar associada a doencas

neurodegenerativas.



4.1.3 Transmissao do Estimulo Nociceptivo

A percepg¢ao de estimulos nocivos ocorre por meio da ativagdo de receptores sensoriais
especializados — os nociceptores, terminacdes nervosas periféricas de fibras nervosas sensoriais
que conduzem impulsos elétricos até a medula espinhal. Tais fibras sdo os axdnios de neurdnios
aferentes primérios (NAP), localizados no corno dorsal da medula espinhal (Loeser et al., 2001).
Os nociceptores sdo classificados em 3 tipos, de acordo com o estimulo doloroso recebido: a)
térmicos: sdo ativados por temperaturas extremas (maiores que 45°C e menores que 5°C) e
formados por fibras AJ (A delta), as quais conduzem o impulso elétrico rapidamente; b)
mecanicos: sdo ativados por pressdo intensa e formados por fibras AJ; ¢) polimodais: sdo
ativados por estimulos quimicos, térmicos ou mecanicos de alta intensidade, e formados por
fibras C, as quais conduzem o impulso elétrico lentamente. Estas 3 classes estdo amplamente
distribuidas na pele e tecidos mais profundos e freqlientemente trabalham em conjunto. Além
dos nociceptores descritos, existem os nociceptores silentes, os quais estdo presentes em visceras

e geralmente sdo ativados quando ha inflamagdo ou dano quimico (Basbaum e Jessel, 2000).
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Figura 1. Via ascendente da nocicepgdo - primeira conexdo. Os axonios das fibras aferentes primadrias transmitem o

impulso nervoso até as laminas superficiais do corno dorsal da medula espinhal. Adaptado de Bear et al., 1996.
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Cada NAP tem um tnico axdnio que se bifurca em “T”, de modo que uma
extremidade termina em tecidos periféricos e a outra, dentro do corno dorsal da medula espinhal.
Assim, o impulso doloroso captado na periferia dirige-se inicialmente ao corpo celular e, apos,
ao corno dorsal (substancia cinzenta ou “H” medular) (Figura 1). No corno dorsal os NAP fazem
sinapse com neurdnios aferentes secundarios (NAS), com interneur6nios e neurénios do corno
ventral motor (Basbaum e Jessel, 2000; Morgan e Mikhail, 1996; Loeser et al., 2001). As
projecdes dos NAP entram no corno dorsal, ascendem alguns segmentos pelo trato pdstero —
lateral (trato de Lissauer) e terminam nas laminas superficiais do corno dorsal (Cervero e Iggo,
1980).

O corno dorsal € subdividido em varias camadas (Iaminas) que podem variar de 6 a 10,
de acordo com as caracteristicas citoldgicas de seus neurdnios. A lamina I (lamina marginal)
recebe somente aferéncias nociceptivas. A lamina II (substancia gelatinosa) é formada quase
exclusivamente por interneurdnios excitatorios e inibitérios, os quais respondem a estimulagdo
nociva e ndo nociva (Basbaum e Jessel, 2000). Os NAS sdo de 2 tipos: nociceptivo, relacionado
a estimulag@o nociva, ou de amplo espectro dinamico (Wyde dynamic range ou WDR em inglés),
relacionado a estimulacdo nociva e ndo nociva (Morgan e Mikhail, 1996; Loeser et al., 2001).

O trato espinotalamico representa a principal via de condug¢do da dor da medula
espinhal ao encéfalo. As fibras aferentes se projetam para o lado contralateral da medula
espinhal, ascendem na substancia branca antero-lateral, terminando no tdlamo. Ha 2 tipos de vias
espinotalamicas: Neoespinotalamica e Paleoespinotalamica (Basbaum e Jessel, 2000; Loeser et
al., 2001). A via Neoespinotalamica tem poucas estacdes sindpticas e se projeta no nicleo
ventral pdstero-lateral do tdlamo, cujos neurdnios recebem o nome de tercidrios. Dai partem
projecdes para o cortex somatossensorial, onde ocorre a percepcio da dor. E o trato responsivel

pela percepcdo da qualidade da dor (ardor ou queimacdo) e de sua localizacdo, intensidade e
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duracdo (Morgan e Mikhail, 1996; Bear et al., 1996). A via Paleoespinotaldmica € possui vérias
estacdes sindpticas e se projeta no tdlamo medial e, dai, difusamente para o coértex de ambos o0s
hemisférios cerebrais. Algumas fibras alcancam o sistema limbico, o qual é responsdvel pela
resposta de alerta e fuga, e respostas emocionais desagradaveis ao estimulo doloroso (Morgan e
Mikhail, 1996; Bear et al., 1996; Loeser et al., 2001; Basbaum e Jessel, 2000). Devido as
multiplas estagOes sindpticas, a via Paleoespinotalamica € a de maior influéncia moduladora de

outros sistemas centrais (Loeser et al., 2001).

4.1.4 Desenvolvimento Neurobiol6gico da Dor

Embora seja dificil de correlacionar desenvolvimento do sistema nervoso entre ratos e
humanos, os animais recém-nascidos possuem um desenvolvimento neuroldgico similar a um
humano de 24 semanas de gestacao (Marsh et al., 1997), com uma semana de vida equivalem a
um humano recém-nascido a termo, e com 3 semanas equivalem a uma crianca de um ano de
idade (Fitzgerald e Anand, 1993).

Virios estudos com humanos hipotetizam a idéia de que neonato, até mesmo pré-
maturo, sdo capazes de sentir dor (Simons e Tibboel, 2006). Embora mudangas nas trajetdrias
nociceptivas sdo estabelecidas de acordo com a idade gestacional, neonatos e pré-maturos sao
capazes de demonstrar comportamentos e reacoes fisiologicas ao estimulo doloroso (Fisk et al.,
2001). Estudos de neurobiologia do desenvolvimento das vias nociceptivas demonstram
considerdvel maturacdo das vias ascendentes periféricas, espinhais e supra-espinhais ja na 26°
semana de gestacdo em humanos. No dia do nascimento, as vias nociceptivas aferentes e suas
conexoes ja estdo bem estabelecidas. Porém, o estabelecimento das vias inibitdérias descendentes

ocorre mais tarde que as excitatorias (Berde e Sethna, 2002).
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H4 alguns anos atrds, o sistema nociceptivo era considerado totalmente imaturo em
humanos neonatos. Estimava-se que eles ndo sentiam dor por serem incapazes de descrevé-la ou
demonstrar os fendmenos subjetivos relacionados. Porém, estudos histoldgicos demonstram que
a densidade e as propriedades neurofisioldgicas dos nociceptores no neonato sdo semelhantes as
do adulto. Os nociceptores se localizam perto da superficie da pele e gradualmente descem para
as camadas mais profundas, de acordo com o desenvolvimento epitelial (Anand e Hickey, 1987;
Anand e Carr, 1989; Fitzgerald, 1991). As fibras densas e mielinizadas, AP (A Beta) e Ad, sdo as
primeiras a se desenvolverem e formarem as primeiras conexdes com as laminas do corno dorsal.
O estimulo nociceptivo na vida fetal é conduzido pelas fibras AP e Ad até a maturacdo das fibras
C ndo mielinizadas. Aos poucos as fibras AP degeneram-se para o desenvolvimento das fibras C
(Deshpande e Anand, 1996). Em estudos eletrofisiolégicos com ratos neonatos expostos ao
estimulo nocivo, as fibras nociceptivas demonstram baixo limiar de impulso e descargas mais
prolongadas quando comparados com ratos adultos. Funcionalmente, neonatos podem apresentar
sensibiliza¢do dos nociceptores, ou seja, os estimulos nocivos passam a apresentar mais dor que
o normal. Estas respostas comportamentais diminuem com a idade (Reynolds e Fitzgerald,
1995).

O desenvolvimento do corno dorsal e dos varios tipos de neurdnios, junto com seu
arranjo laminar e conexdes interneurais, comeca no 1° trimestre de gestacdo e estd completo até a
32% semana em humanos. Inicialmente, os campos receptivos dos neurdnios do corno dorsal sdo
grandes e com extensa sobreposi¢ao entre os campos receptivos dos neurdnios adjacentes. Com a
maturacdo, os campos receptivos individuais diminuem progressivamente € podem ser mais
precisamente definidos (Anand e Hickey, 1987; Anand e Carr, 1989; Fitzgerald, 1991).

A maior parte da neurotransmissao nociceptiva ocorre pela liberacdo do Glutamato, o

qual aparece entre a 8* e 16* semanas de gestacao (Anand e Hickey, 1987; Fitzgerald, 1992). As
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correntes deste neurotransmissor aumentam com a idade, especialmente entre os dias pds-natais
5 (P5) e 10 (P10) (Pattinson e Fitzgerald, 2004). No inicio do desenvolvimento, hd uma maior
expressdo de receptores glutamatérgicos AMPA e Cainato, que diminuem com o avanco da
idade (Stegenga e Kab, 2001). Estes receptores sdo responsaveis pela transmissdo excitatdria
rapida entre as aferéncias primdrias e neurdnios de projecdo do corno dorsal da medula espinhal.
O receptor glutamatérgico NMDA € responsdvel por mudancas de longa duracdo no corno dorsal
do rato jovem, apds estimulacdo de alta freqiiéncia (Randic et al., 1993). Isto reflete o seu
importante papel na reorganizacdo das sinapses e na plasticidade sindptica durante o crescimento
(Loftis e Janowsky, 2003). A transmissdo inibitéria descendente ocorre através da liberagdao dos
neurotransmissores GABA e glicina. No neonato, o sistema GABAérgico parece ser responsavel

pela maior parte da neurotransmissao inibitdria (Baccei e Fitzgerald, 2004).

4.2 SISTEMA OPIOIDE

4.2.1 Sistema Opidide Endégeno e Receptores

“Entre os remédios que o Todo-Poderoso achou conveniente dar ao homem para

aliviar seus sofrimentos, nenhum é tdo difundido e eficaz quanto o 6pio” - Sydenham, 1680.

As preparagdes do suco da papoula (Papaver somniferum) (Figura 2), também
conhecido como 6pio, foram usadas por milhares de anos no alivio da dor e isto prevalece ainda
hoje. A primeira referéncia do uso de 6pio foi encontrada nos escritos de Teofrasto datados do
século III antes de Cristo. Os médicos drabes conheciam bem as utilidades do 6pio e os

comerciantes drabes o introduziram no Oriente, onde era usado principalmente para controlar as
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disenterias (Howard and Huda, 2001). Mas foi em 1803 que ?

Sertiirner isolou uma amostra cristalina do alcal6ide do 6pio, a e
morfina. Este nome foi dado em homenagem ao Deus Grego do
Sonho, Morfeu (Howard and Huda, 2001). Em 1973 os receptores

opidides foram primeiramente descritos (Pert e Snyder, 1973). A

descoberta dos receptores opidides, x4 (mu), d(delta) e x (kappa) foi
Figura 2. Papoula, Papaver

obtida por meio de experimentos farmacolGgicos com agonistas e  somniferum.
antagonistas (Martin et al, 1976). Em 1975, Hughes e
colaboradores, verificaram a existéncia de substancias cerebrais que eram capazes de imitar o
efeito da morfina em outras preparacdes teciduais (Loeser et al., 2001). A partir dai, foram
identificados e estruturalmente determinados os opidides endégenos: encefalinas, endorfinas e
dinorfinas. Estes opidides se ligam aos 3 receptores, mas com afinidades diferentes (Kosterlitz,
1985).

Os efeitos dos opidides sao mediados por alguns mecanismos em todas as areas do
SNC. Pela estimulagdo dos receptores opidides situados pré-sinapticamente, eles reduzem a
liberacdo de neurotransmissores excitatorios envolvidos na nocicep¢do (Hori et al., 1992). A
estimulagdo dos receptores opidides localizados pds-sinapticamente inibe a neurotransmissao por
promover a hiperpolarizacao e assim reduzindo a atividade neuronal evocada pelas fibras Ad e C
(Lombard e Beesson, 1989).

A morfina, opidide semi-sintético, atua através da ligagao nos receptores 4, com maior
afinidade e promovendo a a¢do analgésica esperada, e x; com menor afinidade e promovendo
sinais autondmicos, como depressao respiratoria (Howard and Huda, 2001).

Os receptores opidides ja estdo presentes no 1° dia pds-natal em varias dreas do SNC.

No periodo neonatal em ratos, i e ksdo os receptores predominantes. O receptor O estd presente
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em pouca densidade no nascimento e seu pico de ligagdo ocorre somente na terceira semana pos-
natal. O pico de ligacdo do receptor 1 ocorre no 7° dia pds-natal, e declina gradualmente até a

terceira semana, quando entdo estabelece os niveis de adulto (Kar e Quirion, 1995).

4.2.2 Dor e Morfina em Neonato

Embora o alivio da dor seja um dos principios bédsicos da medicina, na prética, a
analgesia em pacientes com dificuldades de verbalizar sensac¢des e sentimentos € freqiientemente
ignorada. Neonatos rotineiramente experimentam dor aguda e até mesmo crénica por meio de
procedimentos invasivos em UTIs pedidtrica em todo o mundo (Porter et al., 1999; Anand, 2007)
e numerosos estudos indicam que ndo recebem analgesia adequada (Johnston et al., 1997; Kahn
et al., 1998). A dificuldade para reconhecer e avaliar a dor no periodo neonatal constitui um dos
maiores obsticulos ao seu tratamento. Isso se associa ao fato do profissional de saide, muitas
vezes, subestimar as queixas, ao desconhecimento do embasamento farmacolégico, da prescri¢ao
analgésica e ao temor dos riscos da terap€utica (Wanmacher e Ferreira, 2004). Historicamente,
estes profissionais acreditavam que os recém-nascidos nao sentiam dor. Porém, nos dltimos 20
anos esse conceito tem mudado. Vdrios pesquisadores vém esclarecendo os mecanismos da dor
nesta faixa etdria. Eles sugerem que estes pacientes ndo somente experimentam dor e estresse da
mesma maneira que criangas e adultos, mas que suas respostas a estimulacdo dolorosa podem
comprometer sua condi¢do clinica e fisioldgica (Miura e Procianoy, 1997).

A eficicia da morfina em promover analgesia em ratos neonatos ja tem sido
demonstrada. Alguns autores sugerem que a sua poténcia analgésica é maior no neonato e
declina com a idade (Nandi e Fitzgerald, 2005). Outros demonstram que aumenta com a idade

devido a: a) proliferacdo dos receptores opidides (Auguy-Valette et al., 1978; Zhang e Pasternak,
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1981) e b) maturacdo dos mecanismos de modulagdo inibitdria apds 3 semanas pds-natal (Nandi
e Fitzgerald, 2005). Além disso, fatores como regime de dosagem e testes comportamentais
refletem as diferencas da eficdcia analgésica da morfina nestes animais. Varios estudos sugerem
que a morfina produz antinocicepc¢ao relacionada com o aumento da dose em ratos de todas as
idades. Porém, animais mais jovens demonstram uma maior sensibilidade ao opidide (Marsh et
al., 1997). Isto pode ser decorrente da regulacao dos receptores opidides nos neurOnios sensoriais
durante as primeiras semanas pos-natal.

Em relacdo a analgesia opidide em humanos, vdrias pesquisas tém relatado que
neonatologistas ainda estdo relutantes quanto ao seu uso (Johnston et al., 1997). Yaster e
colaboradores, em 1988, estudaram o manejo da dor pedidtrica com opidides e constataram que,
mesmo quando as manifestacoes de dor sdo ébvias, estas ndo sdo tratadas adequadamente. O
grande entrave ao uso adequado destes analgésicos € a excessiva preocupac¢do com seus efeitos
adversos (Anand, 1998; Yaster e Desphande, 1988).

O uso de opidides vem crescendo na ultima década em UTI pedidtricas,
principalmente devido ao avango na identificacdo da dor e seu manejo nestes pacientes (De Lima
et al., 1996; Suresh e Anand, 2001, El Sayed et al., 2007). O ambiente de UTI estd associado a
estresse cronico devido a uma variedade de circunstancias, incluindo a entubagdo e a ventilacao.
Os analgésicos opidides tém sido amplamente usados na tentativa de diminuir a dor e o estresse
nesses recém-nascidos (RN) e na sedacdo e analgesia em RN pré-termos ventilados. Estudos de
Anand e colaboradores (Anand et al.,1999) reforcam a hipétese que esses RN apresentam melhor
prognéstico clinico. Os RN que utilizaram morfina apresentaram menor risco de morte € menor
morbidade neuroldgica, comparado com os RN que receberam outro farmaco potente, o
midazolam. Os autores acreditam que o efeito benéfico da morfina seja devido a diminui¢ao do

estresse, estabilidade da pressdo arterial em sincronia com o ventilador (pela diminuicdo da
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respiracdo espontinea auxiliando a sincronizagdo da respiracao durante a ventilacdo mecanica) e
melhora da oxigenagdo. No entanto, outros autores, como Quinn e colaboradores (Quinn et al.,
1993) ndo observaram diferencas no prognéstico em longo prazo, quando o tratamento com
morfina foi comparado a placebo. Esses estudos ndo incluiram numero suficiente de RN que
possibilitem a exclusdo de efeitos positivos ou negativos em longo prazo e, portanto estudos sao
necessarios para uma conclusao definitiva.

Estudos de efeitos de longo prazo de criangas que receberam analgesia opidide durante
o periodo neonatal em UTI pediatrica demonstram que elas apresentaram uma melhor resposta
cognitiva em comparacdo ao grupo controle (Grunau et al., 2001). MacGregor e colaboradores
realizaram um estudo com criangas entre 5 e 6 anos de idade utilizando alguns testes de
aprendizagem, memoria e raciocinio. Eles relataram que as criangas que receberam morfina em
seguida ao nascimento apresentaram melhor desempenho nestes testes que as outras que nao
receberam esta analgesia (MacGregor et al., 1998).

Outros estudos t€ém demonstrado que o uso prolongado de opidide em animais
neonatos pode levar a tolerancia e a comportamentos caracteristicos de dependéncia (Arnold et
al., 1990). A tolerancia é definida como a resposta fisioldgica ou celular a exposi¢ao repetida aos
opidides, e a dependéncia representa a manifestacdo dos sintomas fisicos que ocorrem apds a
retirada opidide (Richardson et al., 2006). Alguns autores dizem que a tolerancia depende da
idade e do regime de dosagem em que o opidide estd sendo administrado. Hovav e Weinstock
sugerem que o desenvolvimento da tolerdncia depende do grau de ligacdo do farmaco no
receptor (Hovav e Weinstock, 1987). Em animais adultos, a exposi¢ao continuada de opidide por
4 horas d4 inicio ao processo de tolerdncia; visto que em animais mais jovens € dificil notar os
efeitos antes de 72 horas de infusdo continua (Anand et al., 1999; Thorton et al., 1997). Os

sintomas de dependéncia sdo vistos como sintomas de adi¢ao as drogas de abuso, também
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chamados de sensibilizacdo comportamental. Em animais adultos estes sintomas sdo
freqlientemente expressos como aumento da atividade locomotora (Wise e Bozarth, 1987).
Entretanto, em animais neonatos hd dificuldades em demonstrar este fendmeno de sensibilizacgao,

principalmente em longo tempo apds a exposi¢do repetida opidide (Suresh e Anand, 2001).

4.3 SISTEMA PURINERGICO E DOR

4.3.1 O papel das Purinas e dos Purinoceptores no Sistema Nociceptivo

Os nucleotideos extracelulares modulam diversas fun¢des em nosso organismo, como
no desenvolvimento, sistema cardiovascular, secre¢do, inflama¢do e sistema imune
(Zimmermann, 2000). Uma importante modulacdo ocorre no sistema nervoso, modulando a
atividade nociceptiva. Estes nucleotideos sdo capazes de atuar tanto como pré-nociceptivos
como antinociceptivos em nivel de SNC e SNP (Hayashida et al., 2005). Adenosina 5’ trifosfato
(ATP), adenosina 5° difosfato (ADP), adenosina 5° monofosfato (AMP) e adenosina, sdo
nucleotideos e nucleosideo da adenina, respectivamente. Apds serem liberados do terminal
neuronal ou serem hidrolisados por enzimas especificas atuam através da ligacdo em receptores
localizados na membrana celular (Burnstock e Wood, 1996) (Figura 3). A adenosina se liga em
receptores metabotropicos (acoplados a proteina G inibitéria ou estimulatéria) do tipo P1, o qual
¢ subdividido em A, Asa, Az € Az (Ralevic e Burnstock, 1998), enquanto o ATP e ADP se
ligam em receptores do tipo P2, o qual é subdividido em P2X e P2Y. Os receptores P2X sao
ionotropicos, ou seja, canais i0nicos abertos por ligantes, e sdo subdivididos em 7 tipos: P2X 7.
Os receptores P2Y s@o metabotrépicos, ou seja, acoplados a proteina G inibitéria ou

estimulatéria, e sdo de vdrios tipos: P2Y24611-14. Alguns receptores P2Y sdo ativados
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principalmente pelo ADP (P2Y61213) enquanto outros sdo ativados pelo ATP (P2Y;4)
(Burnstock, 2006).

A adenosina parece exercer acdo inibitdria sobre a transmissdo sindptica nociceptiva
em medula espinhal e cérebro de rato (Sollevi, 1997). O efeito antinociceptivo ocorre via
ativacdo dos receptores A; e resulta primariamente de hiperpolarizacdo pds-sindptica por
aumento da condutincia de potdssio e secundariamente por inibi¢ao pré-sindptica da liberacdo da
substancia P e de outros neurotransmissores excitatérios por meio da inibicdo da entrada de
calcio nesses terminais (Ferreira e Torres, 2004). Por outro lado, o ATP esta envolvido em
mecanismos centrais e periféricos da nocicep¢do. O ATP € um neurotransmissor liberado dos
NAP na medula espinhal para atuar no mecanismo central da dor (Burnstock, 2001, 2006). Além
da existéncia em tecidos periféricos (Burnstock, 1997), o receptor P2X ¢ encontrado nos
neurdnios sensoriais de pequeno didmetro do ganglio da raiz dorsal e nos terminais pré-
sindpticos de NAP no corno dorsal da medula espinhal. Os testes electrofisiolégicos mostraram
que o ATP aplicado perifericamente causou um aumento marcado na descarga dos neurdnios
sensoriais (Burnstock e Wood, 1996; Burnstock, 2001) e a ativagao do receptor P2X pelo ATP
provocou a liberacdo espontinea de glutamato. A acdo nociceptiva do ATP ocorre
principalmente através da ligacdo aos receptores P2X3 e P2X,;3, os quais estdo amplamente

expressos nos NAP (Burnstock, 2001).

4.3.2 Morfina e Adenosina

Tanto a morfina como a adenosina, quando administradas sozinhas por via intratecal,
sao capazes de induzir analgesia em humanos (Wang et al., 1979; Rane et al., 1998). Estudos em

animais relatam que existe uma ligacdo entre os receptores opidides e adenosinérgicos, uma vez
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que a ativacao do receptor opidide induz liberacdo de adenosina enddgena, contribuindo para a
acdo analgésica opidide. Isto foi demonstrado através de estudos prévios com sinaptossomas de
medula espinhal que foram incubados com morfina, promovendo uma liberacao de adenosina de
forma dependente da concentracdo de morfina (Sweeney et al., 1987; Cahill et al., 1995). A acao
analgésica da morfina também pode ser antagonizada com a administracdo de antagonistas
adenosinérgicos (Sawynok et al., 1989). Pode-se dizer, entdo, que a liberacdo de adenosina no
corno dorsal contribui para a eficicia de analgésicos opidides (Loeser et al., 2001, Pleuvry e
Lauretti, 1996). Outros estudos relatam que os agonistas de receptor opidide W e de
adenosinérgico A; quando administrados juntos perifericamente produzem poderosa
antinocicep¢do (Aley et al., 1995). Embora quando administrados sozinhos promovam efeito
analgésico, os receptores |L e A parecem nao atuar independentes para produzir esse efeito (Aley
e Levine, 1997). Porém, alguns estudos demonstram que administragcdo sist€mica de Smg/kg de
morfina ndo € alterada em ratos knockout para o receptor A; adenosinérgico, demonstrando que a
poténcia analgésica deste opidide nao necessita da ligagdo de adenosina endgena neste receptor

especifico (Johansson et al., 2001).

4.3.3 Ectonucleotidases

Os nucleotideos extracelulares podem ser hidrolisados por uma variedade de enzimas
localizadas na membrana celular, com seu sitio catalitico voltado ao meio extracelular ou
soliveis no meio intersticial e fluidos biolégicos (Zimmermann, 2001). Trabalhos tém
demonstrado que membros de vdrias familias de ectonucleotidases podem contribuir para a
hidrélise dos nucleotideos. Nucleosideos tri e difosfatados (NTP e DDP) podem ser hidrolisados

por membros das familias de E-NTPDase (Ecto-nucleosideo trifosfato difosfohidrolase, EC
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3.6.1.5), E-NPP (Ectonucleotideo pirofosfatase/fosfodiesterase, EC 3.1.4.1) e fosfatases
alcalinas. Os nucleosideos monofosfatos (NMP) estdo sujeitos a hidrdlise pela Ecto-
5’nucleotidase e pelas fosfatases alcalinas (Zimmermann, 2001). Estas enzimas controlam a
disponibilidade de ligantes (ATP, ADP, AMP e adenosina) para receptores de nucleotideo e
nucleosideo e, conseqiientemente, a duracdo e a extensdo da ativagdo do receptor (Chen e
Guidotti, 2001). Portanto, a cascata de ectonucleotidases € uma via enzimdtica que tem a dupla
funcdo de remover o sinal (ATP) e gerar um segundo (adenosina). Essas enzimas podem também
ter uma func¢do de protecdo pela manutengdo dos niveis extracelulares de ATP/ADP e adenosina
dentro de limites fisiolégicos (Agteresch et al., 1999).

As E-NTPDases representam uma familia de enzimas que hidrolisam os fosfatos dos
nucleosideos tri e difosfatados, porém com especificidades diferentes a cada um. Os membros
desta familia estdo presentes em vdrios organismos vertebrados, invertebrados, plantas e até
protozodrios (Zimmermann e Braun, 1999). Elas sdo representadas por 8§ membros. As E-
NTPDases 1, 2, 3 e 8 sdo proteinas transmembrana, localizadas na superficie celular, com o sitio
catalitico voltado para o meio extracelular. As E-NTPDases 4, 5, 6 e 7 estdo localizadas
intracelularmente, ancoradas nas membranas de organelas intracelulares, com o sitio catalitico
voltado para o Iimen do citoplasma (Robson et al., 2006). A atividade catalitica maxima requer
a presenca dos cdtions divalentes Ca®* e Mg”*, sendo inativas na auséncia destes fons (Kukulski
et al., 2005). Estas enzimas hidrolisam os nucleotideos com diferentes velocidades. A E-
NTPDase 1, também conhecida como apirase, hidrolisa ATP e ADP igualmente bem, enquanto
que a E-NTPDase 2 prefere os nucleosideos trifosfatados, em propor¢ao de 30:1 (ATP/ADP),
por esta razao também € chamada de Ecto-ATPase (Zimmermann, 2001). As E-NTPDases 3 e 8
preferem o ATP ao ADP, em propor¢des de 3:1 e 2:1, respectivamente (Lavoie et al., 2004). A

E-NTPDase 4 prefere UDP e estd ancorada a membrana do aparelho de Golgi. As E-NTPDases 5
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e 6 tém preferéncia pelos nucleosideos difosfatados e possuem um unico dominio
transmembrana proximo ao N-terminal. A forma 5 estd ancorada ao reticulo endoplasmético e a
6 estd ancorada 2 membrana do aparelho de Golgi. Além disso, estas duas enzimas podem sofrer
clivagem proteolitica e serem secretadas em uma forma soldvel (Lavoie et al., 2004). A E-
NTPDase 7 se localiza ancorada em vesiculas intracelulares, e tem preferéncia pelos
nucleosideos trifosfatados (Figura 4).

A Ecto-5’-nucleotidase € outra enzima importante que participa do metabolismo
extracelular dos nucleotideos juntamente com as outras ectonucleotidases. Ela hidrolisa o AMP
ao respectivo nucleosideo adenosina (Zimmermann, 1992). Também € amplamente distribuida
em vdrios organismos, assim como as E-NTPDases. E classificada em 4 grupos de acordo com
sua localizagdo celular e propriedades bioquimicas: uma ecto-5 -nucleotidase ancorada a
membrana plasmatica, uma forma solivel, e duas formas citoplasméticas (Kawashima et al.,
2000). Esta enzima € de grande importancia porque ela catalisa o passo final da degradacdo dos
nucleotideos extracelulares, gerando a adenosina, que tem sido amplamente relacionada aos

processos antinociceptivos (Rane et al., 1998).

E-NTPDases 5 -Nucleotidase
4 R ]

ATP ADP

utp —— UDP —+ AMP —» Adenocsine

1 | | 1
P2 Receptor P2 Receptor P1 Receptor

P2X: ATP P2Y: ADP, UDP Adenosing

P2Y: ATE, UTP

Figura 3. Catabolismo extracelular dos nucleotideos e potencial de ativagdo dos nucleotideos para os receptores P2 e
adenosina para o receptor P1. As E-NTPDases seqiiencialmente convertem ATP em ADP + Pi (fosfato inorganico) e
ADP em AMP + Pi. A hidrélise do AMP ¢é catalisada pela ecto-5’-nucleotidase. O ATP pode ativar ambos receptores
P2X e P2Y. Apés a degradagdo, o ADP pode ativar subtipos adicionais de receptores P2Y. A adenosina formada é
capaz de ativar os quatro subtipos de receptores P1 e pode ser convertida em inosina por desaminacdo ou ser

diretamente reciclada via transportadores de nucleosideos. Adaptado de Robson et al., 2006.
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Figura 4. Arvore filogenética hipotética derivada dos 22 membros selecionados da familia das E-NTPDases (E-
NTPDase 1 a E-NTPDase 8) de rato (r), humano (#) e camundongo (m), seguindo o alinhamento da seqiiéncia de
aminodcidos. O tamanho das linhas indica as diferencas entre as seqiiéncias de aminodcidos. A linha tracejada
indica os tipos de E-NTPDases que apresentam o sitio catalitico voltado ao meio extra ou intracelular. Em adig@o,
a preferéncia aos substratos de cada enzima e a topografia de membrana para cada grupo de enzimas (um ou dois

dominios transmembrana, indicados com barris). Adaptado de Robson et al., 2006.
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6. OBJETIVOS

O objetivo desta dissertagdo foi avaliar os efeitos em curto, médio e longo prazos da
administracio repetida de morfina em ratos infantes nas atividades nociceptiva, comportamental

e ectonucleotidasicas.

Objetivos especificos:

- Avaliar a resposta analgésica da administracdo repetida de morfina durante a
segunda semana de vida (do P8 ao P14), e de uma segunda exposicao repetida na idade adulta
(P80).

- Avaliar os efeitos em curto, médio e longo prazo da administracdo repetida de
morfina durante a segunda semana de vida (do P8 ao P14) sobre a dor neurogénica e

inflamatdria, e sobre atividade comportamental.

- Avaliar o efeito em curto e médio prazo da administracdo repetida de morfina
durante a segunda semana de vida (do P8 ao P14) sobre as atividades de hidrdlises das E-
NTPDases e de Ecto-5’-nucleotidase em sinaptossomas de medula espinhal e cértex cerebral de

ratos.
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Abstract

Neonates, infants and children are often exposed to pain from invasive procedures during
intensive care and during the post-operative period. Opioid anesthesia and post-operative opioid
analgesia have been used in infants and result in clinical benefits. The objectives of this study
were to verify the effect of repeated Sug-morphine administration (subcutaneous), once a day for
seven days in 8-day-old rats, at P8 until P14. To verify the long-term effect of morphine, the
animals were submitted a second exposure of Smg/kg (intraperitoneal) of morphine at P80 until
P86. Animals that received morphine for seven days, at P14 did not develop tolerance, however
at P80, rats demonstrated greater morphine analgesia. At P86, after seven days of morphine
administration, animals showed classical tolerance. These findings may have important
implications for the human neonate, suggesting a possible explanation for the differences in the

requirements of morphine observed in the youngest patients.

Keywords: analgesia, morphine, tail-flick, tolerance, young rats
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Abbreviations

P = Post-natal day

LTP = Long-term of Potentiation
TFL = Tail-Flick Latency

i.p. = intraperitoneal
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Introduction

Evidence suggests that exposure to acute pain in early life leads to long-term
consequences. Neonates undergo considerable maturation of peripheral, spinal and supra-spinal
afferent pain transmission during the early post-natal period and are able to respond to tissue
injury with specific behaviors and with autonomic, hormonal and metabolic signs of stress and
distress (Nandi and Fitzgerald, 2005). Neonates, infants and children are often exposed to pain
from invasive procedures during intensive care and during the postoperative period (Pattinson
and Fitzgerald, 2004). The use of opioid analgesia has increased in the Neonatal Intensive Care
Unit (NICU) in the last decades as a consequence of the changes and advances in the
understanding, identification, and treatment of pain in children (EI Sayed et al., 2007). However,
there is still a lack of knowledge on their specific effects in a long-term administration for this
population of patients (Marsh et al., 1997). Previous studies provide evidence that morphine
requirements may be low in the youngest patients. The efficacy of morphine in reducing pain
behaviour in neonatal animals has already been demonstrated. Nociceptive threshold testing in
rat pups has shown that the analgesic potency of systemic morphine to mechanical stimulation is
significantly greater in the neonate and declines with post-natal age (for review sees Nandi and
Fitzgerald, 2005). In contrast, there are studies that demonstrate that the analgesic potency of
morphine in rat pups increases with maturation, due to (a) the proliferation of opiate receptors
(Auguy-Valette et al., 1978; Zhang et al., 1981) and (b), the maturation of supra-spinal
descending inhibition, which becomes functional at 3 weeks post-natal (Nandi and Fitzgerald,
2005). Although descending inhibitory mechanisms are not still completely formed until the
third week of life (Nandi and Fitzgerald, 2005), morphine and other opiate agonists are effective

analgesics during the early neonatal period due to the presence of spinal opiate receptors at birth
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(Rahman and Dickenson, 1999). The density of u-opioid receptor binding is seen during the first
three post-natal weeks, with peak binding at P7 that falls to adult levels by P21 (Rahman et al.,
1998).

A review (Lidow, 2002) showed long-term effects in young rats with inflammatory
pain, tissue damage, repeated noxious insults, colonic irritation, nerve sectioning or ligation and
neonatal surgery (Sternberg et al., 2005). Most of these experiments presented results in these
animals between post-natal day 0 (PO) and P7. Although it is difficult to make direct correlations
between humans and rodents, at birth rats have a similar neurological development to a 24-week
fetus (Marsh et al., 1997), and there are no studies about long-term analgesic opioid response
with older animals, when the neurological development is similar that of a newborn.

The objectives of this study were to evaluate the effect of repeated morphine
administration at P8 until P14 upon analgesic opioid response. For the study of the long-term
effects of this exposure in early life, the rats were submitted to a second treatment at P80 until

P86.

Materials and methods

1. Animals

Male Wistar rats were utilized. Rats were aged 8 days (P8) at the beginning of the
treatment, according to the experiment. Experimentally-naive animals were housed in home cages
made of Plexiglas material (65 x 25 x 15 cm) with the floor covered with sawdust. Animals were
maintained on a standard 12-h dark/light cycle (lights on between 7.00h — 19.00h) at room
temperature (22 + 2°C). The animals had free access to food and water. Litters were culled to

eight pups per dam, and rat pups were randomly cross-fostered on the day of birth. At 21 days of

33



age the animals were separated from their mothers. The Institutional Research Committee

approved all animal procedures, and measures were taken to minimize pain and discomfort.

2. Tail-flick measurement

Nociception was assessed, for both experiments, with the tail-flick apparatus
(D’ Amour and Smith, 1941). Tail flick latency (TFL) is a spinal response and, therefore, TFL is
a measurement of pain threshold at the spinal level. 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
to 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 (seconds) from the beginning of the
trial to the tail deflection. A cut-off time of 10 s was used to prevent tissue damage. Shortly after
the last session of treatment (40 days) and twenty-four hours before the first measurement, the
animals were exposed to the tail-flick apparatus to familiarize them with the procedure, since the
novelty of the apparatus can itself induce antinociception (Netto et al., 2004). This test was
chosen because it has been related to supra-spinal activation (Tseng and Tang, 1990), and can
detect systemic analgesia (Cepeda et al., 2004). Latency scores were converted to percent

maximum possible effect scores [%MPE = ((latency-BL2)/(cutoff-BL2))* 100].

3. Morphine administration

Wistar rats aged 8-days old at the beginning of the experiment were used. The rats
were divided into two groups: saline-control (n=9) and morphine-treated (n=7). Rats on P8 were
chosen because it is accepted that animals of this age have a similar neurological development to
that of a newborn (Fitzgerald and Anand, 1993), and that they are in a physiologically-immature

state (Pattinson and Fitzgerald, 2004), since this period is characterized by major developmental
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changes in the brain and plasticity of the developing pain system (Bishop, 1982; Kim et al.,
1996; Rabinowicz et al., 1996). Twenty-four hours before the test (P7), the animals were
exposed to the TFL apparatus to avoid novelty. Each animal received saline or morphine (5 pug
s.c. in the midi-scapular area) at P8, once a day for seven days (Bhutta et al., 2001). The
administration occurred at the same time each day (11:00 a.m). Morphine sulfate 1 ml (Dimorf®
10 mg/mL, Cristdlia) was dissolved in 9 ml of 0.9% saline. TFL was measured before (basal),
immediately 30, 60, 90 and 120 minutes after the first dose (P8), and on the seventh day (P14), at
basal, 30, 60, 90 and 120 minutes after morphine injection. Between each measurement (basal,
30, 60, 90 and 120 minutes) the animal was placed with its mother.

For the long-term effect experiment, animals of both groups were subdivided at P80
into control saline/saline (n=7), control morphine/saline (n=10), saline/morphine (n=10) and
morphine/morphine (n=11). At P79, the animals were exposed to TFL apparatus to avoid
novelty, and received saline or morphine (5 mg/kg, i.p.) at P80 once a day for seven days. TFL
was measured immediately before injection (basal), 30, 60 and 90 minutes after. This dose was
administered because all the animals demonstrated analgesia. Other minor doses were tested
(data not shown), but the animals did not present analgesia in the tail-flick test. Indeed, doses for
children are extremely different to those of adults for many drugs, including opiates. The
administration routes (s.c. at P8, and i.p. at P80) were chosen to prevent discomfort and stress in
the animals, at a time when the adult animals possess denser epithelial layers in the midi-

scapular region and, thus, become difficult to manage.

4. Statistical analysis
Data were expressed as means + standard error of the mean. For the evaluation of basal

measurements, one-way ANOVA was performed, followed by multiple comparisons test
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(Bonferroni) or Student’s ¢ test, according to the experiment, when indicated. For the comparison
of the tail-flick latency at the different periods of time, repeated measures ANOVA was
performed followed by multiple comparisons test (Bonferroni) when indicated. Differences were

considered to be statistically significant if P<0.05.

Results

1. Effect of repeated morphine administration between P8-P14 on nociceptive response at P14:
After seven days of daily morphine administration the animals did not demonstrate
any development of tolerance. In the first (P8) and last days (P14) of treatment there was no
difference among groups for basal (Student’s ¢ test, P>0.05; data not shown). At P8 (Figure 1:
horizontal line Al) the morphine effect was observed after 30 minutes of administration in
comparison with the control group. At P14 (Figure 1: horizontal line A2) the duration of the
morphine effect was higher on the seventh day of administration than on the first day (P8). The
analgesic effect was observed until 90 minutes after morphine administration. There was a

significant drug x time interaction (F; 14y= 37.294, P<0.05).

insert Figure 1 about here

2. Effect of a second repeated morphine administration between P80-P86 on nociceptive
response at P86:

In the first (P80) and last days (P86) of treatment, there was no difference among
groups for the basal measurement (one-way ANOVA, P>0.05; data not shown). At P80 (Figure

2: horizontal line A1) the morphine effect was observed after 30 minutes of administration in
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both groups that received morphine (morphine/morphine and control/morphine). However, at 60
min only the morphine/morphine group remained analgesic. There was a significant drug x time
interaction (F347) = 8.209, P<0.05). However, at P86 (Figure 2: horizontal line A2), after seven
days of daily morphine administration, the morphine analgesic effect was not observed in either

of the groups.

insert Figure 2 about here

Discussion

In this study, 8-day-old rats that received the administration of morphine for seven
days did not develop classic tolerance to morphine. In fact, after seven days of morphine
administration, these animals presented a longer duration of analgesia in comparison to the
control group. When these animals were analyzed at P80, both groups (control/morphine and
morphine/morphine) presented analgesia after morphine administration. However, the animal
group that was previously treated with morphine at P8-P14 (morphine/morphine), displayed
analgesia for a longer time in comparison with the control/morphine group. At P86, the groups
that received morphine daily for seven days, showed the classical tolerance effect. It is important
to accentuate that all these data were obtained utilizing the tail-flick test, a measure of pain
threshold at the spinal level; this test is classically utilized for detection of the degree of
analgesia and tolerance to analgesic drugs (D'Amour and Smith, 1941; Levine et al., 1980; Van
Praag and Frenk, 1991; Carstens and Wilson et al., 1993).

These results corroborate other studies that have shown that tolerance to repeated

injections of morphine in pups is less pronounced than in adults, since this tolerance could be
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masked by several processes (Praag and Frenk, 1991). In addition, these results also agree with
studies that suggest that the development of opioid occurs within the first two weeks of life
(Nandi and Fitzgerald, 2005).

In rats, the spinal p-opioid receptors are limited to the dorsal horn at P14, whereas
receptors appear everywhere in spinal grey matter at P7 (Marsh ef al., 1997) and the density of
binding is seen in the first three post-natal weeks, with peak binding at P7 that falls to adult
levels by P21 (Rahman et al., 1998). This abundance of opioid receptors could explain why the
morphine group displayed analgesia instead of tolerance at P14. Rather than a change in p opioid
receptor function or number, this prolongation is likely to be due to a change in
pharmacokinetics, a time at which there is no evidence of that the effectiveness of morphine
changes between the first and last days of treatment. It is possible that the dose of 5 ug,
administered for seven days, was not enough to produce tolerance, probably due to the higher
number of binding sites present in the rat spinal cord and the unsaturation of the receptors.

The analgesic effectiveness of the opioid agonist is likely to be different in neonates,
compared to adults (Rahman and Dickenson, 1999). There is evidence that morphine
requirements may be lower in the youngest patients (Bouwmeester et al., 2003). Nociceptive
threshold testing in rat pups has shown that the analgesic potency of systemic morphine to
mechanical stimulation is significantly greater in the neonate and declines with post-natal age
(Nandi et al., 2004). However, other studies showed that the analgesic potency of morphine in
rat pups increases with maturation, due to (a) the proliferation of opiate receptors (Auguy-
Valette et al., 1978; Zhang et al., 1981) and (b), the maturation of supra-spinal descending
inhibition, which becomes functional at 3 weeks post-natal (Beland and Fitzgerald, 2001). The
changing morphine sensitivity in the post-natal period may be part of a general reorganization in

the structure and function of primary afferent synapses, neurotransmitter/receptor expression and
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function and excitatory and inhibitory modulation from higher brain centers (Fitzgerald and
Beggs, 2001; Fitzgerald and Howard, 2003; Pattinson and Fitzgerald, 2004). Our results agree
with studies that showed potentiation of the morphine effect in rat pups. It may be suggested that
the longer duration of opioid analgesia in P14 animals occurs because the opioid system is under
the maturation process during the treatment period and that the administration of this drug
produced alterations in this response. The potentiation of the morphine effect remained at P80
(only on the 1st day of administration). Previous studies have shown that chronic opiate exposure
during infancy may affect the developing central nervous system, altering the opioid receptor
number and sensibility and, thus, desensitizing animals to opiate analgesia throughout life
(Thornton and Smith, 1998). On the other hand, our data suggest that the administration of
morphine during the period of development of opioid receptor function, seen in the first weeks of
life, may play an important role in the sensitivity of adult rats to p receptor agonists, such as the
higher analgesia observed in these animals. Therefore, repeated morphine exposure in early life
could leave a long-term alteration in opioid response.

In conclusion, animals in the second week of life showed a different response to
prolonged morphine administration, without development of tolerance. However, this response
did not present a longer duration, since these animals present this phenomenon at P80. In
addition, the animals that received morphine administration (P8-P14) showed a longer duration
of morphine analgesia at the same age (P80). These results show that the analgesic response of
repeated morphine exposure may change according to the age studied. As such, these studies
challenge the view that early exposure to opiate results in the subsequent development of altered
analgesic opioid response that can be expressed until adulthood. Additionally, these findings

could provide important information for pain modulation in human neonates and also suggest
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possible explanations for the differences in the requirements of morphine observed in the

youngest patients.
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LEGENDS

FIGURE 1: Effect of repeated morphine administration between P8-14 on nociceptive response
at P14:

Percent maximum possible effect (%MPE) on the first day (P8) - horizontal line Al - and on the
seventh day (P14) - horizontal line A2 - of morphine or saline administration (5 pg subcutaneous
per rat). There was no difference among groups in basal measurement at P8 and P14 (Student’s ¢
test, P>0.05; data not shown). On the first day of treatment (P8) the morphine effect was
observed after 30 minutes of administration in comparison with the control group (repeated
measures ANOVA, Bonferroni test, . P<0.05). On the seventh day (P14) of treatment, the
morphine effect was observed by up to 90 minutes after the administration in comparison with

the control group (repeated measures ANOV A, Bonferroni test, - P<0.05).

FIGURE 2: Effect of a second repeated morphine administration between P80-86 on
nociceptive response at P86:

Percent maximum possible effect (%MPE) on the first day (P80) - horizontal line Al - and on
the seventh day (P86) - horizontal line A2 - of second treatment with morphine or saline (5
mg/kg intraperitoneal). There was no difference among groups in basal measurement at P80 and
P86 (one way ANOVA, P>0.05; data not shown). The morphine effect was observed until 30
minutes after administration in both groups that received morphine (morphine/morphine and
control/morphine), but at 60 minutes only the morphine/morphine group remained analgesic
unlike the other groups (repeated measures ANOVA, Bonferroni test, ~ P<0.05). On the seventh
day (P86) of morphine administration the analgesic effect of morphine was not observed in

either of the groups (repeated measures ANOVA, Bonferroni test, P>0.05).
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2. CAPITULO 2

NEONATAL MORPHINE EXPOSURE ALTERS THE BEHAVIOUR AND

NOCICEPTION IN YOUNG AND ADULT RATS

Artigo submetido para publicacdo na revista Behavioural Brain Research.
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Abstract

Neonates routinely experience acute pain caused by procedures in the Neonatal Intensive Care
Unit and frequently do not receive adequate analgesia. Morphine exposure can have short- and
long-lasting implications on the development and function of some neurotransmitter systems.
The aim of this study was to investigate whether repeated morphine exposure in early life (P8 to
P14) alters the nociceptive and behaviour responses at short- and long-term. From the formalin
test, the morphine group showed an increase in the nociceptive response at P30 and P60, but not
at P16. It is probable that this higher threshold nociception is due to neuroplastic changes in
nociceptive circuits, such as neurotransmitter excitatory in spinal level. During the performance
in the open field apparatus, we observed different behavioural responses, such as increased
grooming at P16, and increased rearing and crossing at P30. At P88, the group that received
morphine daily (P80 to P86) showed a higher rearing. We suggest that morphine exposure during
early life could leave short- and long-term alterations in the opioid system, such as behavioural
sensitization. In conclusion, these studies challenge the view that early exposure to opiate results
in the subsequent development of altered nociceptive and behavioural responses, which may be
expressed until adulthood. These behavioural changes indicate the need for the evaluation of the
clinical consequences of long-term opioid administration. Additionally, these findings suggest a
need for novel studies involving the design of agents that may counteract opiate-induced

behavioural adaptations.

Keywords: morphine, formalin test, behaviour, nociception, analgesic response, pup rats
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Introduction

The study of pediatric pain is an area of increasing importance. Neonates routinely
experience acute pain caused by multiple invasive procedures in the Neonatal Intensive Care
Unit (NICU) [39] and frequently do not receive adequate analgesia [27, 28]. Historically, the
belief that newborns could not feel pain may have accounted, in part, for the low usage of
analgesics. There are data reporting that neonatologists are still reluctant to use opioid analgesics
in newborns [27], and that opioids are underutilized [1, 24, 25]. The use of opioid analgesia has
increased in the NICU over the last decades as a consequence of the changes and advances in the
understanding, identification, and treatment of pain in children [17, 22, 47]. However, there is
still a lack of knowledge on their specific effects during long-term administration for this
population of patients [33].

The efficacy of morphine in reducing pain behaviour in neonatal animals has already
been demonstrated. Although descending inhibitory mechanisms are not still completely formed
until the third week of life [35], morphine and other opiate agonists are effective analgesics
during the early neonatal period, due to the presence of spinal opiate receptors at birth [41].
However, the exposure to analgesic opioids during early life can have short- and long-lasting
implications in the development and function of some neurotransmitter systems in the CNS, such
as glutamatergic and dopaminergic systems [50, 51, 53]. These effects on the developing
nervous system are different from those on the mature system [46]. It well established that
neonates have shown symptoms of opiate withdrawal, also known as neonatal abstinence
syndrome (NAS), but there is difficulty in demonstrating characteristic behavioural symptoms

resulting in animals [6, 47]. Although these effects are described in the literature, the long-term
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behavioural consequences of chronic opioid treatment in neonatal period have not been well
studied.

The formalin test, which evaluates nociception caused by injection of dilute formalin
solution into the hindpaw, has been widely used and is considered one of the standard animal
models of nociception [as described 49]. Injection of formalin into the rat hindpaw produces two
distinct phases of nociceptive behaviour: an early transient phase (phase I; until five minutes
after the injection) and a late persistent phase (phase II; until fifteen-thirty minutes after the
injection). Phase 1 has been considered to reflect direct stimulation of primary afferent fibers,
predominantly C-fibers (neurogenic phase) [34] whereas phase II is dependent on peripheral
inflammation (inflammatory pain) [20, 43, 49]. Thus, the formalin test is considered to be of
greater relevance for clinical situations, since formalin evokes a continuous nociceptive response
generated by tissue damage.

The aim of this study was to investigate whether repeated morphine exposure during
early life alters the neurogenic and inflammatory nociception and short- and long-term

behavioural responses.

2. Materials and Methods

2.1. Animals

Neonate male Wistar rats, aged 8-days-old at the beginning of the experiment were used.
Animals were housed in home cages with their mothers and maintained on a standard 12-h
dark/light cycle (lights on 7:00 a.m.) at room temperature (22 + 2°C). The animals had free

access to food and water. Litters were culled to eight pups per dam, and rat pups were randomly
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cross-fostered on the day of birth. Pups were divided into two groups: Control (C) and Morphine
(M). The Institutional Research Committee approved all animal procedures that were planed to
minimize pain and discomfort. 8-Day-old rats were chosen because it is accepted that animals
with this age have a similar neurological development to that of a newborn child [23], and that

they are in a physiologically immature state [38].

2.2. Morphine administration:

The animals began to receive saline (C) or morphine (M), 5 ug subcutaneous (s.c.), at P8
once a day for seven days [9]. Morphine sulfate (1 ml Dimorf® 10 mg/mL, obtained from
CRISTALIA, Porto Alegre, Rio Grande do Sul, Brazil) was dissolved in 9 ml of 0.9% saline.
The behavioural procedures were performed in 16 (C: n=6; M: n=7), 30 (C: n=11; M: n=17), and
60-day-old rats(C: n=9; M: n=15). For a better data gathering on the long-term effects on adults,
the animals at P80 were exposed again to the repeated exposure of morphine intraperitoneal
(5mg/kg) or saline once a day for seven days. Both groups (control and morphine) were
subdivided into control saline/saline (n=8), control saline/morphine (n=4) and morphine/saline
(n=6) and morphine/morphine (n=6). Two days after termination of repeated morphine

administration, the animals were submitted to behavioural procedures (P88).

2.3. Formalin test

The procedure used for the formalin test was performed, as described previously [48, 49]
with minor modifications. Twenty-four hours before the first test, each animal was placed in the

chamber for observation for for ten minutes to avoid novelty. The animals was injected s.c. into
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the plantar surface of the left hindpaw with 0.17 ml/kg of a 2% formalin solution (Formaldehyde
P.A.®, was obtained from SIGMA-ALDRICH, Sao Paulo, Sao Paulo, Brazil) diluted in 0.9%
saline. This dose was utilized because the weight is different for each age. Each animal was
observed in the cage (the same as for the open field test described below) and the nociceptive
response was recorded for a period of thirty minutes. The summation of time (seconds) spent in
licking, biting and flicking of the formalin-injected hindpaw was recorded in two phases: during
the first five minutes (phase I) and fifteen to thirty minutes (phase II) after the formalin injection.

The formalin test was performed once in each rat.

2.4. Evaluation of behaviour in open field

The evaluation of behaviour was performed in a varnished wood cage, measuring 60 x 40
x 50 cm, with an anterior face of glass. The floor was recovered with linoleum divided into 12
rectangles of 13.0 x 13.0 cm, with dark lines. The animal was gently placed in the left posterior
corner and left free to explore the surroundings for 5 minutes [10, 16]. The following
behavioural components were measured: locomotion (the number of line crossings), rearing
(standing upright on the hind legs), latency and grooming. The number of crossings performed
by each animal was taken as locomotion activity. The latency in leaving the first quadrant was
taken as the anxiety measurement [12, 30]. Rearing was evaluated as exploratory activity [44].
Grooming is a biological function of caring for the body surface [45]. The evaluation of

behaviour in open field test was performed once in each rat.

2.5. Statistical analysis
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Data were expressed as means + standard error of mean (SEM). For the evaluation of the
formalin test and the open field response Student’s ¢ test or one-way ANOVA were performed,
depending on the experiment, followed by a multiple comparisons test (Student’s-Newman-

Keuls), when indicated. Differences were considered statistically significant if P < 0.05.

3. Results

3.1.  Effects on the formalin-induced nociceptive behaviour and inflammatory pain after
repeated morphine administration in pup rats:

The subcutaneous injection of 2% formalin into the plantar region of the hindpaw
resulted in behaviours of biphasic licking, biting, and flicking of the injected paw, in all ages and
groups. At P16, two days after morphine repeated administration, the animals did not
demonstrate differences between the groups for both phases (phase I: Control = 197.67 + 26.13;
Morphine = 172.29 + 41.31, Student’s ¢ test, P>0.05; phase II: Control = 382.33 + 39.4;
Morphine = 370.57 + 41.3, Student’s ¢ test, P>0.05; FIGURE 1 - Panel A).

At P30, the morphine group showed higher nociceptive response in phase II (phase I:
Control = 145.2 + 17.40; Morphine = 173.76 + 15.86; Student’s ¢ test, P>0.05; phase II: Control
=446.1 + 46.37; Morphine = 650.29 + 54.62; Student’s ¢ test, P< 0.05; FIGURE 1 - Panel B). At
P60, the morphine group has presented higher nociceptive response during phase I and phase 11
(phase I: Control = 116.77 + 17.68; Morphine = 201.75 + 12.66; phase II: Control = 339.1 +
85.1; Morphine = 554.8 + 61.5; Student’s ¢ test, P< 0.05 for both phases; FIGURE 1 - Panel C).
At P88, the animals did not show any differences between the groups in both phases (phase I:
Control-saline = 224.13 + 29.6; Morphine-saline = 205.8 + 15.5; Control-morphine = 253.7 +

7.4; Morphine-morphine = 209 + 17.8; one-way ANOVA, P> 0.05; phase II: Control-saline =
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625.5 + 89.1; Morphine-saline = 549.8 + 94.0; Control-morphine = 589.0 + 88.2; Morphine-

morphine = 768.5 + 26.7; one-way ANOVA; P> 0.05 FIGURE 1 - Panel D).

3.2. Effects of repeated morphine administration on the behaviour of pup rats in the open
field:

Seven days after repeated morphine administration, the animals showed alterations in their
behaviour in the open field at P16 and P30. At P16, two days after repeated morphine
administration, the animals demonstrated differences in groups in the time of grooming
behaviour (grooming: Control = 19.72 + 2.06; Morphine = 22.82 + 2.54; Student’s ¢ Test, P<
0.05; latency for leaving the first quadrant: Control = 28.11 + 4.32; Morphine = 34.09 + 4.76;
Student’s ¢ Test, P> 0.05; FIGURE 2 - Panel A; and rearing: Control = 13.05 + 1.26; Morphine =
14.32 + 1.14; crossings: Control = 32.83 + 3.92; Morphine = 34.14 + 4.07; Student’s ¢ Test, P>
0.05 for both behaviours; FIGURE 2 - Panel B).

At P30, the morphine group showed significant differences in the time of grooming
(Control = 16.4 + 2.6; Morphine = 7 + 1.4; Student’s ¢ Test, P< 0.05; FIGURE 2 — Panel C), and
in the number of crossings and rearings (crossings: Control = 75.8 + 4.79; Morphine = 97.87 +
5.83; and rearing: Control = 34.33 + 2.44; Morphine = 47.28 + 3.79; Student’s ¢ Test, P< 0.05
for both behaviours analyzed; FIGURE 2 — Panel D). There were no significant differences in
the latency in leaving the first quadrant (Control = 4.8 + 1.02; Morphine = 4.5 + 0.98; Student’s ¢

Test, P> 0.05; FIGURE 2 — Panel C).
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At P60, no differences were observed between groups for any behaviour analysed
(grooming: Control = 15.82 + 3.33; Morphine = 16.76 + 2.88; latency in leaving the first
quadrant: Control = 5.9 + 0.634; Morphine = 5.2 + 0.53; rearing: Control = 35.41 + 3.39;
Morphine = 28.44 + 2.212; crossing: Control = 69.36 + 4.62; Morphine = 60.8 + 3.97; Student’s
t test, P> 0.05 for all behaviours analysed; FIGURE 2 — Panels E and F, respectively).

At P88, the control-morphine group demonstrated a difference in rearing, however the
groups did not present any difference in other behaviours (latency in leaving the first quadrant:
Control-saline = 3.37 + 0.59; Morphine-saline = 3.29 + 0.93; Control-morphine = 3.5 + 0.42;
Morphine-morphine = 3.63 + 0.49; grooming: Control-saline = 4.37 + 0.56; Morphine-saline =
4.18 + 0.67; Control-morphine = 3.0 + 0,45; Morphine-morphine = 4.18 + 0.67; one-way
ANOVA, P> 0.05 for both behaviours — FIGURE 3 Panel A; rearing: Control-saline = 36.5 +
4.69; Morphine-saline = 33.71 + 5.25; Control-morphine = 53.17 + 6.53; Morphine-morphine =
30.36 + 3.5; crossing: Control-saline = 70.13 + 8.79; Morphine-saline = 74.43 + 10.23; Control-
morphine = 75.17 + 5.90; Morphine-morphine = 60.27 + 4.33; one-way ANOVA, P< 0.05 for

rearing and P>0.05 for crossing; FIGURE 3 - Panel B).

insert Figure-2 and Figure-3 about here

4. Discussion

In the present study, we observed that 8-day-old rats that received morphine
administration for seven days (P8 to P14) did not present changes in their response to the
formalin test at P16. Conversely, the morphine group at P30 and at P60 showed an increase in

inflammatory response (phase II) and, at P60, this group demonstrated also an increased
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neurogenic response (phase I). In addition, a new treatment with morphine at P80 until P86 did
not alter the nociceptive and inflammatory response at P88. These results suggest that repeated
morphine exposure during early life promoted a higher nociceptive response for 60 days.

An increase in phase II formalin-induced nociceptive behaviour suggests that changes
may be in the spinal cord where central sensitization contributes to phase II behaviours [34]. The
neonatal nervous system is both structurally and functionally immature and significant changes
in opioid analgesic mechanisms occur before and after birth [7, 33, 40]. Previous studies have
shown that exposure to drugs in early life can have long-lasting implications on the developing
nervous system, such as permanent alterations in pharmacological responses and cell signaling
[46]. Other studies have investigated that repeated opioid exposure could lead to spinal cord
neuroplasticity [for review see 32] and these adaptations may involve changes in supraspinal
pain modulatory circuits [37]. The formalin test, utilized in this study, produces persistent pain in
animals by supraspinal structures activate. It has been clearly demonstrated that the mechanisms
involved in morphine analgesia in the formalin test are subject to the same problems of tolerance
with chronic opioid administration [18]. Although previous studies have shown that chronic
exposure to opioids induces a latent sensitization in spinal cord neurons that can be manifested as
neuronal hyperactivity during opiate withdrawal [42], other studies have shown that opiate
administration can paradoxically induce hyperalgesia [26]. On the other hand, a number of
studies have recorded several effects of glutamatergic system activation on opioid—mediated
nociception, tolerance, and dependence. Although our laboratory has shown that 8 day old rats,
which receive daily morphine administration during seven days, do not develop classic tolerance
to morphine (Dantas and Rozisky et al., submitted paper). It is probable that this higher threshold

nociceptive at P30 and P60, during the formalin test, is due to neuroplastic changes in
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nociceptive circuits. Other studies have observed that the descending facilitatory pathway plays a
critical role in the sustained morphine—induced hyperalgesia [26, 52].

Consistent with these results, we could suggest that the repeated morphine exposure
during early life promotes neuroplastic changes in excitatory systems, seen in the neurogenic
phase, and central desensitization during the inflammatory phase. Although the animals at P30
are not capable of demonstrating the increase response in phase I, this was probably due to the
fact that the animals are still considered to be juveniles and do not present total maturation in
other physiological systems. Therefore, we suggest that other systems could mask the increased
response during the neurogenic phase. Phase II is considered as an inflammatory phase, which
was observed to increase at both ages. An involvement of excitatory neurotransmitters in
inflammatory nociception is supported by the increase in these neurotransmitter levels in the
dorsal root ganglion and dorsal horn, elicited by chronic inflammation [31, 37, 56]. Thus,
interactions between opioid and excitatory receptors play a significant role in neuroplastic
changes following repeated opioid exposure. Clinical experiences that show that opioids are less
effective and often unreliable for treating neuropathic pain are common; such neuroplastic
changes may underlie the development of pain syndromes and result in the reduction of the
antinociceptive effects of opiates [32].

In addition, after two days of morphine withdrawal (P16), the animals showed increased
grooming in the open-field apparatus. In contrast, at P30, these animals showed an increase in
crossing and rearing and a decrease in grooming. There were no differences in these behaviours
at P60 when compared to controls. When those animals that received a further treatment with
morphine at P80 were analyzed, we observed that the group that received morphine only at P80
until P86 (control-morphine group) showed an increase in rearing when compared to the other

groups. These results suggest that repeated morphine administration during early life promotes
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alterations in behaviour responses in short- and medium-term periods, whereas there are no
changes in the long-term responses.

The animals treated with repeated morphine exposure (P8 to P14) showed some opioid-
withdrawal behaviour symptoms, at P16 and P30, but not at P60. Over recent years, many
studies have described the effects of drug addiction on social behaviour [2, 11, 15]. It well
established that repeated and intermittent exposure to abuse drugs such as cocaine, amphetamine,
and morphine [14] causes sensitization to their stimulant properties in rats. Alterations in gene
and protein expression in several brain regions have been observed after repeated administration
of drugs of abuse [14, 36]. The molecular consequences of exposure to opiates have been studied
most extensively within the mesocorticolimbic system and its neural inputs. Morphine is known
to stimulate dopaminergic transmission, particularly in two areas, the dorsolateral caudate-
putamen and nucleus accumbens [13], and this property is regarded as the substrate for their
motor stimulant effects [5, 19, 29, 57]. This phenomenon is known as a behavioural
sensitization for drugs [29]. Thus, our results, with young animals, corroborate previous studies
that have demonstrated that repeated morphine exposure during early life could lead to
behavioural sensitization in adult animals [13]. This study has shown that animals, during early
life, develop this behaviour two days after morphine withdrawal and that these remain until at
least 30-days-old. Although we observed different behaviours, such as higher grooming at P16,
and higher rearing and crossing at P30, it is probable that these animals develop behavioural
sensitization according to age. It is well known that animals of 16-days-old present immature
nervous systems and are not capable of showing other exploratory behaviours [3], such as
rearing and crossing. Although the use of a grooming paradigm has proved quite useful in the
investigation of neural abnormalities resulting from pharmacological manipulations in animals

[4], grooming is also involved in the exploratory behaviours [45]. Modulation of spontaneous
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grooming was shown to involve the dopaminergic system. Systemic administration of
dopaminergic receptor (D1) agonists enhances the grooming in rats [8, 21, 54, 55], whereas
systemic administration of D1 antagonists suppresses this behaviour [54]. Thus, the grooming
paradigm offers an alternative more discriminating method than locomotion, in the assessment of
behavioural sensitization to morphine in early life. At P88, the group that received morphine
only at P80 until P86 (control-morphine group) showed symptoms of opioid withdrawal. The
group that received a further treatment of morphine in P80 until P86 (morphine-morphine group)
did not present these symptoms. However, these animals, during adult life, were not capable of
showing behavioural sensitization, at least until the second day after morphine withdrawal. We
may suggest that morphine exposure during early life and a second exposure during adult life
could induce an alteration in the dopaminergic system, thus not inducing the symptoms of
behavioural sensitization.

In conclusion, these results showed that the nociceptive and behavioural responses of
repeated morphine exposure can change according to the age studied. Nevertheless, these studies
challenge the view that early exposure to opiate results in the subsequent development of altered
nociceptive and behavioural responses, which may be expressed until adulthood. Taken together,
such studies show that opioids elicit system-level adaptations. These behavioural changes in
response to sustained exposure to morphine during early life indicate the need for the evaluation
of the clinical consequences of long-term opioid administration. Additionally, these findings
suggest a need for novel studies involving the design of agents that may counteract opiate-

induced behavioural adaptations.
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Legends

FIGURE 1

A: Formalin Test at P16, two days after termination of repeated morphine administration. The
animals did not show differences between groups in either phase (Student’s ¢ test, P> 0.05).

B: Formalin Test at P30. The animals did not show differences between the groups in phase II
(Student’s ¢ test, P> 0.05), but during the second phase presented significant difference
(Student’s ¢ test, P< 0.05).

C: Formalin Test at P60. The animals present difference between groups in Phase I and Phase 11
(Student’s ¢ test, P< 0.05, for both phases).

D: Formalin Test at P88, after the second treatment with repeated morphine administration (P80
until P86). The animals did not show differences in any of the groups during either phase (one

way ANOVA, P> 0.05).

FIGURE 2

A: Time spent on grooming and latency in leaving the first quadrant in the Open Field at P16,
two days after termination of repeated morphine administration. The animals showed differences
between groups in the time of grooming behaviour (Student’s ¢ test, P< 0.05). There is no
difference for latency behaviour between the groups (Student’s 7 test, P> 0.05).

B: The absolute number of rearing and crossing behaviours in the Open Field at P16, two days
after repeated morphine administration. The animals did not show difference between groups in

either behaviour (Student’s ¢ test, P>0.05).
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C: Time spent on grooming and latency in leaving the first quadrant in the Open Field at P30.
The animals showed differences between groups in the time of grooming behaviour (Student’s ¢
test, P< 0.05), but not for latency behaviour (Student’s 7 test, P> 0.05).

D: The absolute number of rearing and crossing behaviours in the Open Field at P30. The
animals showed differences between groups for both behaviours (Student’s ¢ test, P< 0.05).

E: Time spent in grooming and latency in leaving the first quadrant in the Open Field at P60.
The animals did not show differences between groups for either behaviour (Student’s ¢ test, P>
0.05).

F: The absolute number in rearing and crossing behaviours in the Open Field at P60. The
animals did not show any differences between groups in either behaviour (Student’s ¢ test, P>

0.05).

FIGURE 3

A: Time spent in grooming and latency in leaving the first quadrant in the Open Field at P88,
after the second treatment with repeated morphine administration (P80 until P86). The animals
did not show differences between groups in either behaviour (one way ANOVA, P> 0.05).

B: The absolute number of rearing and crossing behaviours in the Open Field at P88. The
animals showed differences in rearing behaviour (one way ANOVA, P< 0.05), but not in

crossing behaviour (one way ANOVA, P> 0.05).
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FIGURE 1

Formalin Test 16-day-old
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FIGURE 2

Open Field Test - 16-day-old
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Behaviours - time spent (s)
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FIGURE 3

Open-Field Test- 88-day-old
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3. CAPITULO 3

NEONATAL MORPHINE EXPOSURE ALTERS THE ECTONUCLEOTIDASE
ACTIVITIES FROM SPINAL CORD AND CEREBRAL CORTEX

SYNAPTOSOMES OF RATS

Artigo a ser submetido a publicacio na revista Pharmacology Biochemistry and Behavior.
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Abstract

The issue of neonate opioid system has been frequently researched. Studies have shown that
exposure to drugs in early life can have long-lasting implications on the developing of central
nervous system. There are many spinal systems that modulate nociceptive neurotransmission in
the dorsal horn. It has been proposed that the extracellular adenosine is involved in one of these
mechanisms of modulation, more properly in the physiological control of pain at the spinal cord
level and in opioid antinociception. Otherwise, ATP is a neurotransmitter released from the
spinal cord terminals of primary afferent sensory nerves to act in the central pain pathway.
Extracellular nucleotides can be hydrolyzed by E-NTPDase and 5’nucleotidase. This cascade
presents a double function of removing a signal of ATP and generating a second one, from
adenosine. Here, we evaluated ATP, ADP and AMP hydrolysis in the synaptosomes from the
spinal cord and cerebral cortex of male rats at different ages (P16 and P30) following repeated
morphine exposure in early life (P8 until P14). We observed an increase in ATP hydrolysis
activity in the synaptosomes from cerebral cortex, and a decrease ADP hydrolysis activity in the
synaptosomes from spinal cord at P16. At other ages, P30 and P60, it was not observed
differences on nucleotides hydrolysis activity from both structures. Our findings highlight the
effect of purinergic system of young rats submitted to the repeated morphine exposure. These
alterations of E-NTPDases activities may constitute one of the mechanisms that mediate the
development of some of the side effects, such as opioid withdrawal, associated with repeated

morphine exposure in early life.

Keywords: adenosine, ectonucleotidases, morphine, nociception, pup rats

79



1. Introduction

The issue of neonate opioid system has been frequently researched (Rahman et al.,
1998; Beland and Fitzgerald, 2001; Bouwmeester et al., 2003; Nandi and Fitzgerald, 2005). The
neonatal nervous system is both structurally and functionally immature and significant changes
in nociceptive pathways and opioid analgesic mechanisms occur before and after birth (Marsh et
al., 1997; Rahman et al., 1998; Beland and Fitzgerald, 2001). Previous studies have shown that
exposure to drugs in early life can have long-lasting implications on the developing of central
nervous system, mainly such as permanent alterations in pharmacological responses and cell
signaling (Stanwood and Levitt, 2004).

There are multiple spinal systems that modulate nociceptive neurotransmission in the
dorsal horn. It has been proposed that extracellular adenosine is involved in physiological pain
control at the spinal cord level and in opioid antinociception (Sawynok and Liu, 2003) possibly
through the A; adenosine receptor (Keil and DeLander, 1995). Both 1 opioid and A; adenosine
agonists have been shown to produce a potent antinociception when administered in the
periphery (Aley et al., 1995). Although any of the agonists administered alone produce
antinociception, the mu (u) and A; receptors may not act independently to produce
antinociception, but rather may require the physical presence of the other receptor to produce
antinociception by any one agonist (Aley and Levine, 1997). Other researches that support the
hypothesis that adenosine is involved in opioid — induced — analgesia is that morphine promote
the adenosine release into spinal cord (Sweeney et al., 1987).

On the other hand, it has been widely accepted that adenosine triphosphate (ATP) is
involved in both central and peripheral nociception mechanisms. ATP is a neurotransmitter

released from the spinal cord terminals of primary afferent sensory nerves to act in the central
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pain pathway (Burnstock 2001, 2006). This nucleotide modulates synaptic transmission of
sensory information by activating two families receptors: P2X receptor (ligand — gated ion
channels) and P2Y receptor (G — protein coupled receptors) (Abbrachio e Burnstock, 1994;
Bardoni et al., 1997; Burnstock, 1997). Besides the existence in peripheral tissues (Burnstock,
1997), P2X receptor is also found highly expressed in small — diameter sensory neurons of the
dorsal root ganglion and dorsal horn presynaptic terminals of primary afferent fibers (Burnstock,
2001). Electrophysiological tests showed that peripherally applied ATP caused a marked
increase in the discharge of sensory neurons (Burnstock and Wood, 1996) and activation of
presynaptic P2X receptor by ATP elicited spontaneous glutamate release, followed by an
enhanced postsynaptic response (Burnstock, 2001). The ATP - mediated signaling in
nociception takes place mainly on P2X5; and P2X,;3 receptors, because they are expressed in a
subset of predominantly nociceptive sensory neurons (Burnstock, 2001).

Extracellular nucleotides can be hydrolyzed by a variety of enzymes that are located in
the surface, or may be soluble in the interstitial medium or within body fluids (Zimmermann,
2001). Members of several families of ectonucleotidases can contribute to the extracellular
hydrolysis of nucleotides. Nucleoside 5’— tri— and diphosphates (NTP and NDP) may be
hydrolyzed by members of the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase)
family and alkaline phosphatases (Zimmermann, 2001). These ectonucleotidases, together with
5’nucleotidase, control the availability of ligands (ATP, ADP, AMP and adenosine) for both
nucleotide and nucleoside receptors and, consequently, the duration and extention of receptor
activation (Chen and Guidotti, 2001). Therefore, this cascade formed by ectonucleotidases and
5’nucleotidase is an enzymatic pathway with a double function of removing a signal of ATP and

generating a second one, from adenosine. These enzymes may also have a protective function by

81



keeping extracellular ATP/ADP and adenosine levels within physiological conditions (Agteresch
etal., 1999).

In order to improve the understanding of the opioid and purinergic interaction on
development of antinociception mechanisms, in this study we investigate ATP, ADP and AMP
hydrolysis in the synaptosomes from the spinal cord and cerebral cortex of male rats at different

ages following repeated morphine exposure in early life.

2. Materials and Methods

2.1. Reagents

Nucleotides (ATP, ADP and AMP), Percoll, Trizma base, Coomassie Brilliant Blue G,
EDTA, HEPES were purchased from Sigma, St. Louis, MO, USA. Morphine sulfate (Dimorf®
10 mg/mL) were purchased from CRISTALIA, Porto Alegre, RS, Brazil. All other reagents were

of analytical grade.

2.2. Animals

Neonate male Wistar rats’ 8-days old were used at the beginning of the experiment.
They were in home cages with their mothers and maintained on a standard 12-h dark/light cycle
(lights on 7:00 a.m.) at room temperature (22 + 2°C). The animals had free access to food and
water. Litters were culled to eight pups per dam, and rat pups were randomly cross-fostered on
the day of birth. Pups were divided into two groups: Control (C) and Morphine (M). The

Institutional Research Committee approved all animal procedures that were planed to minimize
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pain and discomfort. Rats of 8-days old were chosen because it is accepted that animals with this
age have a similar neurological development to that of a newborn child (Fitzgerald and Anand,
1993), and that they are in a physiologically immature state (Pattinson and Fitzgerald, 2004),
since this period is characterized by major developmental changes in the brain and plasticity of
the developing pain system (Bishop, 1982; Kim et al., 1996; Rabinowicz et al., 1996). The
experimental assays were performed with sinaptosomes from spinal cord at P16 (C: n= 6; M:
n=6) and P30 (C: n= 12; M: n=9), and also from cerebral cortex at P16 (C: n= 6; M: n=6) and

P30 (C: n= 6; M: n=8).

2.3. Morphine administration:

The animals began to receive saline (C) or morphine (M), (5 ug s.c.), at P8 once a day
for seven days (Bhutta et al., 2001). Morphine sulfate 1 ml was dissolved in 9 ml of 0.9% saline.

At P16 and P30 the animals were killed and they structures were removed for enzyme assays.

2.4. Subcellular Fractionation

The animals were killed by decapitation and the spinal cord and cerebral cortex were
rapidly removed and gently homogenized in 10 vol. of ice-cold medium containing 320mM
sucrose, 0.lmM EDTA, and 5.0mM HEPES, pH 7.5, with a motor driven Teflon-glass
homogenizer. The synaptosomes were isolated as described previously (Nagy et al., 1984).
Briefly, 0.5mL of the crude mitochondrial fraction was mixed with 4.0mL 8.5 % Percoll solution
and layered onto an isosmotic Percoll sucrose discontinuous gradient (10/20% for spinal cord and

10/16% for cerebral cortex). The synaptosomes that banded at the 10/20% and 10/16% Percoll
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interface were collected with wide tip disposable plastic transfer pipette. The material was

prepared fresh daily and maintained at 0-4'C throughout preparation.

2.5. Enzyme Assays

The reaction medium used to assay ATP and ADP hydrolysis was essentially as
described previously (Battastini et al., 1991). The reaction medium contained 5.0mM KCI,
1.5mM CaCl,, 0.1mM EDTA, 10mM glucose, 225mM sucrose and 45mM Tris-HCI buffer, pH
8.0, in a final volume of 200 uL. The synaptosomal fraction (10-20 pg protein) was added to the
reaction mixture and pre-incubated for 10min at 37°C. The reaction was initiated by the addition
of ATP or ADP to a final concentration of 1.0mM and was stopped by the addition of 200 uL
10% trichloroacetic acid. The samples were chilled on ice for 10min, and 100 pL samples were
taken for the assay of released inorganic phosphate (Pi) (Chan et al., 1986).

The reaction medium used to assay the AMP hydrolysis contained 10mM MgCl,, 0.1M
Tris-HCI, pH 7.0 and 0,15M sucrose in a final volume of 200 ul (Heymann et al., 1984). The
synaptosomal preparation (10-20 pg protein) was pre-incubated for 10min at 37°C. The reaction
was initiated by the addition of AMP to a final concentration of 1.0mM and stopped by the
addition of 200uL of 10% trichloroacetic acid; 100 uL of samples were taken for the assay of
released inorganic phosphate (Pi) (Chan et al., 1986).

For both enzyme assays, incubation times and protein concentration were chosen in
pilot studies to ensure the linearity of the reactions. Controls with the addition of the enzyme
preparation after addition of trichloroacetic acid were used to correct non-enzymatic hydrolysis of
the substrates. All samples were run in triplicate. Protein was measured by the Coomassie Blue

method (Bradford, 1976), using bovine serum albumin as standard.
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2.6. Statistical Analysis

Data were expressed as mean + standard error of the mean (S.E.M.). The comparison

among groups was analyzed by Student’t test, considering P < 0.05 as significant.

3. Results

3.1 Ectonucleotidase activities from spinal cord synaptosomes after repeated morphine
administration in pup rats:

After the repeated morphine exposure, at P8 until P14, the ectonucleotidase activities
from spinal cord were compared between the control and morphine groups at P16 and P30. Our
results demonstrated a significant decrease in ADP hydrolysis in morphine group when compared to
control group at P16 (C = 82.55 + 1.64, M = 51.85 + 10.32; Student’s ¢ test, P < 0.05; Figure 1A).
There was no difference in other nucleotides hydrolysis (ATP: C = 155.59 + 10.05, M = 142.35 +
14.05; AMP: C = 8.59 + 1.97, M = 6.54 + 1.14; Student’s ¢ test, P > 0.05; Figure 1A). We also
investigate the hydrolysis activities at P30. There is no difference in all nucleotides hydrolysis
(ATP: C=187.72 + 26.98, M = 166.71 + 31.07; ADP: C = 50.56 + 7.92, M = 37.09 + 8.72; AMP:

C=792+132,M=10.31 + 1.5; Student’s ¢ test, P > 0.05; Figure 1B)

3.2 Ectonucleotidase activities from cerebral cortex synaptosomes after repeated morphine
administration in pup rats:

The ectonucleotidase activities from cerebral cortex, after the repeated morphine
exposure, at P8 until P14, were also compared between the control and morphine groups at P16 and

P30. Our results demonstrated a significant increase in ATP hydrolysis in morphine group when
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compared to control group at P16 (C = 161.65 + 27.52, M = 213.03 + 30.88; Student’s ¢ test, P <
0.05; Figure 2A). There is no difference in other nucleotides hydrolysis (ADP: C = 95.88 + 19.55,
M =104.33 + 17.67; AMP: C =12.44 + 1.97, M = 14.53 + 2.85; Student’s ¢ test, P > 0.05; Figure
2A). There was no difference in all nucleotides hydrolysis at P30 (ATP: C = 238.68 + 34.17, M =
272.93 + 37.19; ADP: C =76.23 + 476, M = 83.21 + 6.97; AMP: C = 19.55 + 5.51, M =22.22 +

3.36; Student’s ¢ test, P > 0.05; Figure 2B).

insert Figure-1 and Figure-2 about here

4. Discussion

In this study, after the repeated morphine exposure at P8 until P14, it was observed an
increase in ATP hydrolysis activity in the synaptosomes from cerebral cortex, and a decrease of
ADP hydrolysis activity in the synaptosomes from spinal cord at P16 (after two days of
morphine withdrawal). At P30 it was not observed differences on nucleotides (ATP, ADP and
AMP) hydrolysis activity from both structures.

Previous studies have shown that ectonucleotidase activities are different in central
nervous system in agreement with development in spinal cord and cerebral cortex (de Paula
Cognato et al., 2005, Torres et al., 2003). The cerebral cortex synaptosomes present a significant
increase in nucleotide hydrolysis at 16 days of age (Cognato et al., 2005). This period coincides
with an intense synaptogenesis and augmentation in the activities of several enzymes involved in

neurotransmitter metabolism and neuronal functions (Fiedler et al., 1987).
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The different activities verified only two days after morphine withdrawal in this study
are possibly due to different E-NTPDases types present in both structures. Since, our results
showed alteration in the ADPase and the ATPase activities in rat spinal cord and in rat cerebral
cortex, respectively in spinal cord synaptosome we observed a decrease of ADP hydrolysis. The
E-NTPDasel, well know by apyrase, stands out for its high preference for nucleoside
triphosphates and nucleoside diphosphates. This enzyme present wide distribution of cell-surface
in the from all cell types of the central nervous system (Nagy, 1997; Zimmermann, 2001, 2006).
When E-NTPDasel is active, extracellular ATP is converted to AMP and then to adenosine by
5’nucleotidase, and ADP is not an appreciable product. However, when E-NTPDasel is
inhibited, as is the case in synaptosomes from spinal cord, ATP is converted to ADP by other
ATPases, and ADP will be relatively stable. In this case, the AMP that is substrate to
5’nucleotidase may be reduced. In addition, in this case, the ADP may accumulate in the sensory
neurons of spinal cord due to decreased ADPase activity. Although, it was not observed change
in the S'nucleotidase activity is difficult infer whether this result, which was measured in vitro,
will or will not result in increased extracellular adenosine in vivo. Conversely, the ATPase
activity did not change probably due to an up-regulation of an ecto-ATPase that is coexpressed
with the ATP diphosphohydrolase in central nervous system (Kegel et al., 1997).

The E-NTPDase2 stands out for its high preference for nucleoside triphosphates over
nucleoside diphosphates. It is expressed in brain rats since embryonic period and thus not only
inactivates ligands for nucleoside triphosphate-sensitive receptors but also generates ligands for
nucleoside diphosphates-sensitive receptors (Zimmermann, 2006). The increased activity in
cerebral cortex synaptosomes observed in this study, after the repeated morphine exposure, was
possible that the enzyme serve to modulate the ATP signal. Although we know that the ATP is

neurotransmitter facilitatory of nociception by the P2X3 receptors binding, these receptors are
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co-localized with the inhibitory receptors of nociception transmission, the P2Y; receptor (Ruan
and Burnstock, 2003). The extracellular nucleoside diphosphates are potent agonist of any P2Y
receptors (Burnstock, 2006; Zimmermann, 2006). These receptors all belong to G protein-
coupled receptors, act on a longer, second timescale, appropriate for the fine-tuning of synaptic
transmission. As for the signal transduction pathways activated by P2Y receptors, the G protein
to stimulate various modulatory mechanisms inside the cell, such as activate phospholipase C
and increase in adenyl cyclase (von Kiigelgen, 2006). On the other hand, others P2Y receptors
are capable to inhibit the enzyme (von Kiigelgen, 2006) and this can promote an inhibition of
neurotransmitter release (Hussl and Boehm, 2006). Previous studies have been showed that the
P2Y activation by ADP, which is generated by the enzymatic degradation of ATP, may be
decrease the excitatory neurotransmission onto secondary sensory neurons and thereby partly
counterbalance the alogenic effect of ATP (Gerevich et al., 2004). Although this hypothesis was
not tested in the present study, we could suggest that this increase activity of ATP hydrolysis in
cerebral cortex synaptosomes have the function of remove the ATP signal and generate a second
signal, mediate by ADP.

Therefore, it is probably that the E-NTPDase 1 and E-NTPDase 2 are carrying through
the same function, one hydrolyzing the ATP more quickly, and to another one more hydrolyzing
slowly, thus increasing the ADP level of in the synaptic cleft. These effects remained for little
time, a time that the activities already are normalized to the 30 and 60 days of age (date not
shown). These results could suggest that the ADP may be neuromodulator in the opioid
withdrawal process due the sustained morphine exposure in early life. Although our laboratory
has been demonstrated that these animals do not present the tolerance to morphine in this age

(Rozisky et al., unpublished results), they present any symptoms of morphine withdrawal
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(Rozisky et al., unpublished results). Thus, it is probable that results are consequences of opioid
modulation on different E-NTPDases activities in central nervous system.

In summary, our findings highlight the importance of purinergic system of young rats
submitted to the repeated morphine exposure. Although, we do not know what the mechanisms
that the ADP is carrying out in the spinal cord and cerebral cortex synaptosomes, we can suggest
that the repeated morphine exposure in early life alters the E-NTPDases activities in these
structures involved in the pain response. These alterations of E-NTPDases activities may
constitute one of the mechanisms that mediate the development of some of the side effects, such
as opioid withdrawal, associated with repeated morphine exposure in early life. Further studies
are required, however, to investigate the ectonucleotidases and the role ADP following the

repeated opioid administration in young rats.
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Legends

FIGURE 1

A: ATP, ADP and AMP hydrolysis in synaptosomes from spinal cord of male rats at 16-days
old. Values are mean + S.E.M. Specific enzyme activities were expressed as nmol Pi min"'mg”
protein. There is difference in ADP hydrolysis between the groups. (Student’s ¢ test, P> 0.05).

# indicates difference between the control (white bars) and morphine-treated group (black bars).
B: ATP, ADP and AMP hydrolysis in synaptosomes from spinal cord of male rats at 30-days
old. Values are mean + S.E.M. Specific enzyme activities were expressed as nmol Pi min'mg™
protein. There was not difference between the control (white bars) and morphine-treated group

(black bars).

FIGURE 2

A: ATP, ADP and AMP hydrolysis in synaptosomes from cerebral cortex of male rats at 16-days
old. Values are mean + S.E.M. Specific enzyme activities were expressed as nmol Pi min™' mg™
protein. There is difference in ATP hydrolysis between the groups. (Student’s  test, P> 0.05).

# indicates difference between the control (white bars) and morphine-treated group (black bars).
B: ATP, ADP and AMP hydrolysis in synaptosomes from cerebral cortex of male rats at 30-days
old. Values are mean + S.E.M. Specific enzyme activities were expressed as nmol Pi min™' mg™
protein. There was not difference between the control (white bars) and morphine-treated group

(black bars).
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FIGURE 1
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FIGURE 2
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PARTE III
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1. DISCUSSAO

Neste estudo, observamos que ratos submetidos a administra¢do didria de morfina por
sete dias, durante a segunda semana de vida, ndo desenvolveram o cldssico fendmeno de
tolerancia 2 morfina. B importante salientar que esses animais, no ultimo dia de tratamento,
apresentaram maior tempo de analgesia quando comparados ao grupo controle. Esses resultados
podem indicar a evolu¢do da maturagdo do SNC desses animais durante o periodo de tratamento,
corroborando com estudos prévios, os quais sugerem que a poténcia analgésica da morfina
aumenta com a idade (Auguy-Valette et al., 1978; Zhang e Pasternak, 1981; Nandi e Fitzgerald,
2005). Também devemos considerar que no dia do nascimento (PO), as vias nociceptivas
aferentes e suas conexdes ja estdo bem estabelecidas. Porém, o estabelecimento das vias
inibitérias descendentes ocorre mais tarde que as excitatérias (Berde e Sethna, 2002).

Quando os animais atingiram a idade de 80 dias foram submetidos novamente ao
tratamento repetido com morfina (por sete dias). Observamos, no primeiro dia de exposi¢ao, que
o grupo que ja havia recebido morfina previamente (grupo morfina-morfina) apresentou maior
periodo de analgesia que os demais grupos. No tultimo dia de exposi¢dao todos os animais que
receberam morfina demonstraram a auséncia de analgesia, ou seja, desenvolveram tolerancia a
morfina.

Considerando esses resultados em conjunto, confirmamos hip6teses de estudos prévios
que demonstram que a tolerancia a administracao cronica de morfina em ratos infantes é menos
pronunciada do que em adultos (Praag and Frenk, 1991). Um dos mecanismos que pode
mascarar a presenga da tolerancia nestes animais € a maior expressdo de receptores opidides,
principalmente receptor 4 nesta idade. O desenvolvimento desses receptores ocorre

principalmente durante a segunda semana de vida (Nandi and Fitzgerald, 2005). Estudos
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demonstram que os receptores (e k estdo presentes desde o nascimento (PO) e o receptor
O aparece somente a partir da segunda semana pés-natal (Rahman and Dickenson, 1999). No rato
recém-nascido o receptor £, principal receptor responsavel pela acdo analgésica da morfina, esta
amplamente distribuido no corno dorsal da medula espinhal. A densidade de ligacdo dos
opidides no receptor i ocorre durante as trés primeiras semanas pds-natal e o pico de ligacdo
ocorre no sétimo dia (P7). No final da terceira semana (P21) a expressdo desse receptor cai e
permanece constante em niveis de adulto (Rahman et al., 1998). Esta abundancia de receptor
pode explicar porque os animais que receberam morfina durante sete dias apresentaram analgesia
ao invés de tolerancia, além de apresentarem maior tempo de analgesia ao final do tratamento
(P14). Podemos considerar também a possibilidade de que a dose de 5 g administrada por sete
dias ndo tenha sido capaz de desencadear tolerancia, provavelmente devido a abundancia de
ligacdo aos receptores opidides presentes na medula espinhal e a ndo-saturacao destes receptores,
uma vez que para que esse fendmeno ocorra é necessdrio que os receptores estejam saturados.
Além disso, € possivel que os mecanismos envolvidos na tolerancia possam estar ocorrendo,
porém, nao foi possivel observar o efeito fisiolégico por meio do teste utilizado nesse estudo.

A eficdcia analgésica dos agonistas opidides parece ser diferente em neonatos e
adultos (Rahman and Dickenson, 1999). Existem evidéncias de que o requerimento de morfina é
menor em pacientes mais jovens (Bouwmeester et al., 2003). Testes de limiar sensorial, nesses
animais, tém demonstrado que a poténcia analgésica a morfina em relacio a estimulagdo
mecanica € significantemente maior no neonato que em adultos e declina com o avango da idade
(Nandi et al., 2004). Entretanto, outros estudos demonstram que a poténcia analgésica da
morfina, em ratos na primeira semana de vida, aumenta com a maturagdo devido a proliferacao
dos receptores opidides (Auguy-Valette et al., 1978; Zhang e Pasternak, 1981) e a maturacdo dos

sistemas modulatérios de inibi¢do descendentes, 0s quais parecem ser totalmente funcionais
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somente a partir da terceira semana pds-natal (Beland and Fitzgerald, 2001). A mudanca na
sensibilidade a morfina durante o periodo pds-natal parece ser parte de uma reorganizacdo na
estrutura e funcao das sinapses aferentes primadrias, expressao e fun¢do de neurotransmissores e
receptores, € modulacdo excitatria e inibitéria descendente a partir do SNC (Fitzgerald and
Beggs, 2001; Fitzgerald and Howard, 2003; Pattinson and Fitzgerald, 2004). Com isto, € possivel
sugerir que o efeito analgésico por um tempo mais prolongado, observado no P14, seja devido
aos processos de maturagdo do sistema opidide durante o periodo do tratamento e que a
administracao repetida do fairmaco possa produzir alteragdes na resposta analgésica a opidides ao
longo da vida. O periodo de analgesia da morfina permanece aumentado no P80, mas somente
quando avaliada a resposta aguda ao farmaco (primeiro dia de administracdo). O grupo que
recebeu dois tratamentos com morfina (do P8 ao P14 e do P80 ao P86), apresentou um maior
tempo de analgesia comparado aos demais grupos no P80. Estudos prévios tém demonstrado que
a exposi¢ao cronica opidide durante a infancia pode afetar o desenvolvimento do SNC, alterando
o numero e/ou sensibilidade dos receptores opidides (Thornton e Smith, 1998). Por outro lado,
esses dados sugerem que a administragao de morfina durante o periodo de desenvolvimento das
funcdes dos receptors opidides, visto nas primeiras semanas de vida, pode exercer uma
importante funcdo na sensibilidade de animais adultos aos agonistas & Conseqiientemente, a
exposicdo repetida de morfina durante as primeiras semanas de vida pode levar a alteragdes a
longo prazo na resposta opidide. No ultimo dia de tratamento (P86), os animais que receberam
morfina por sete dias (grupos morfina-morfina e controle-morfina) ndo apresentaram mais
analgesia caracterizando o fendmeno de tolerancia opidide (para revisdo ler Suresh e Anand,

2001).
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Na andlise dos efeitos a curto, médio e longo prazos da exposic¢ao repetida a morfina,
durante a segunda semana de vida, sobre a resposta nociceptiva e inflamatoria, utilizou-se o teste
da formalina. Neste estudo observou-se que ratos de 8 dias que foram expostos a administragao
repetida de morfina ndo apresentaram mudangas na resposta a formalina dois dias apds o término
do tratamento (P16) quando comparados ao grupo controle. Entretanto, aos 30 e 60 dias de idade
demonstraram aumento de resposta na Fase II do teste da formalina (Fase inflamatéria) a qual
permaneceu até 60 dias, somando-se neste periodo aumento do comportamento nociceptivo na
Fase I (Fase neurogénica). Adicionalmente, o novo tratamento com morfina do P80 ao P86, com
uma dose didria, ndo alterou a resposta nociceptiva e inflamatéria dos animais que receberam
morfina (grupos morfina-morfina e controle-morfina) quando comparados aos grupos controles
(controle-salina e morfina-salina). Estes resultados sugerem que a administracdo repetida de
morfina durante a segunda semana de vida promove um aumento das respostas nociceptivas pelo
menos até os 60 dias de idade, e que um novo tratamento do P80 ao P86, nao promove alteragao
de resposta no P88. O aumento observado nos comportamentos nociceptivos induzidos pela
formalina na Fase II sugere sensibilizagdo central (Martindale et al., 2001). O fendmeno de
sensibiliza¢do central é representado pelo fendmeno de potenciacdo de longa duracdo (“Long-
term of Potentiation” ou “LTP” em inglés) em que os receptores glutamatérgicos NMDA
exercem importante papel no aumento da excitabilidade neuronal na medula espinhal (Loeser et
al., 2001). O SN do neonato € estrutural e funcionalmente imaturo, e significantes mudangas nos
mecanismos de analgesia opidide ocorrem antes e apds o nascimento (Marsh et al., 1997;
Rahman et al., 1998; Beland e Fitzgerald, 2001). Estudos prévios revelam que a exposi¢do a
farmacos durante o periodo neonatal pode desencadear conseqiiéncias no desenvolvimento do
SNC, tais como alteracdes permanentes na resposta farmacoldgica e na sinalizagdo celular

(Stanwood e Levitt, 2004). Outros estudos demonstram que a exposicdo repetida opidide pode
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levar a neuroplasticidade em alguns sistemas de neurotransmissores na medula espinhal (para
revisdo ler Mao e Mayer, 2001) e estas adaptacdes podem envolver mudancas na circuitaria
modulatéria da dor (Ossipov et al., 2005). Embora estudos prévios tenham demonstrado que a
exposicao cronica opidide induz uma latente sensibilizagdo dos neurdnios da medula espinhal,
que pode ser manifestada como hiperatividade neuronal durante a retirada opidide (Rohde et al.,
1997), outros estudos tém demonstrado que a administracdo opidide pode paradoxalmente
induzir hiperalgesia (Gardell et al., 2006). Por outro lado, alguns trabalhos t€m relatado os vérios
efeitos da ativacdo do sistema glutamatérgico na nocicepg¢do, tolerancia e dependéncia mediada
por opidide (Mao e Mayer, 2001). Embora, os animais que receberam o tratamento repetido com
morfina do P8 ao P14 ndo tenham demonstrado os sintomas de tolerdncia, € possivel que este
limiar nociceptivo, no teste da formalina, seja devido a mudangas neuropldsticas na circuitaria
nociceptiva. Ainda, outros estudos relatam que a transmissdo facilitatéria descendente tem
importante funcdo na hiperalgesia induzida por exposicdo cronica a morfina (Gardell et al.,
2006; Vanderah et al., 2001).

Consistente a estes resultados, pode-se sugerir que a exposicao repetida de morfina, do
P8 ao P14, promove neuroplasticidade em sistemas excitatérios, observada principalmente pelo
aumento na resposta neurogénica, e dessensibilizacdo central, observada pelo aumento na
resposta inflamatéria. Os animais aos 30 dias ndo foram capazes de demonstrar alteragdao de
resposta na Fase I, isto pode ser decorrente da imaturidade de outros sistemas fisiol6gicos desses
animais, uma vez que nesta idade ainda sdo considerados animais infantes. Assim, sugere-se que
outros sistemas possam estar mascarando o aumento da resposta neurogénica nestes animais. A
Fase 1II, além de promover sensibilizacao central, também € considerada como fase inflamatéria.
Um envolvimento de neurotransmissores excitatorios na nocicepcdo inflamatéria estd

relacionado com aumento nos niveis desses neurotransmissores no corno dorsal da medula
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espinhal, elicitado pelo processo de inflamagdo cronica (Lofgren et al., 1997; Ossipov et al.,
2005; Wimalawansa, 1996). Assim, a interacdo entre receptors opidides e excitatorios possui
importante fun¢do na neuroplasticidade seguida pela exposi¢do repetida de opidide. Experiéncias
clinicas de que os opidides sdo menos efetivos e freqiientemente incertos para o tratamento de
dor neuropatica é comum. Tal neuroplasticidade pode ser a base do desenvolvimento de
sindromes de dor e do resultado na reducdo dos efeitos antinociceptivos dos opidides (Mao e
Mayer, 2001).

Na anélise das respostas comportamentais resultantes da retirada da morfina, apds sete
dias de tratamento do P8 ao P14, observaram-se respostas alteradas aos 16 e 30 dias, mas nio aos
60 dias. Os seguintes comportamentos foram analisados e medidos: atividade locomotora
(nimero de vezes em que o animal cruza os quadrantes), rearing (nimero de vezes em que o
animal se levanta e se mantém em posi¢ao vertical sobre os pés traseiros), laténcia (tempo em
que o animal demora a sair do primeiro quadrante) e grooming (tempo em que o animal realiza
autolimpeza do corpo). A laténcia representa uma medida de resposta de ansiedade (Lister, 1990;
Britton and Britton, 1981). Observamos que os animais apresentaram alteracdo comportamental
dois dias apds a retirada da morfina (P16), o qual permanece até os 30 dias. Embora diferentes
comportamentos tenham sido analisados nos diferentes periodos, como aumento de grooming
aos 16 dias e aumento de rearing e locomocgao aos 30 dias, sugere-se que o desenvolvimento de
sensibilizacdo comportamental ocorra de acordo com a idade. Os animais de 16 dias ainda
apresentam o SNC imaturo, e como estdo no periodo de amamentacdo, ndo sdo capazes de
demonstrar os comportamentos tipicos de atividade exploratdria (como o rearing € locomocao)
(Arakawa, 2005). Embora o comportamento de grooming tenha demonstrado ser bastante tutil em
investigacdes de anormalidades neurais resultantes de manipula¢des farmacoldgicas em animais

(Aude et al., 2006), também estd envolvido em comportamentos de atividade exploratdria
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(Spruijt et al., 1992). A modulagdo do grooming espontaneo demonstra o envolvimento do
sistema dopaminérgico. A administracdo sist€émica de agonista dopaminérgico estd envolvida
com o aumento de grooming em ratos, enquanto que a administracdo de antagonista suprime este
comportamento (Berridge et al., 2000; Eilam et al., 1992; Van Wimersma Greidanus et al.,
1989; Wachtel et al., 1992). Assim, o grooming oferece um método mais discriminativo do que a
atividade locomotora em animais mais jovens na avaliacdo da sensibilizacdo comportamental a
morfina. Os animais que receberam um novo tratamento com morfina entre P80 ao P86, tiveram
seus comportamentos analisados aos 88 dias, e somente o grupo que recebeu a morfina neste
ultimo periodo (controle-morfina) foi capaz de desencadear respostas de retirada opidide, como o
aumento de rearing. O grupo que recebeu morfina do P8 ao P14 e novamente do P80 ao P86
(grupo morfina-morfina) niao apresentou esses sintomas, por pelo menos até dois dias de retirada.
Pode-se sugerir que a exposicao repetida de morfina durante a segunda semana pds-natal pode
promover alteragdes na resposta opidide, assim nao induzindo os sintomas de sensibilizacao
comportamental, vistos neste estudo, apds um segundo tratamento com morfina na idade adulta.
Nos ultimos anos, muitos estudos t€ém demonstrado os efeitos de adi¢do de drogas
sobre o comportamento social (Andersen et al., 2002; Carlezon et al., 2003; Bolafos et al.,
2003). Eles descrevem que a exposi¢dao repetida ou intermitente as drogas de abuso como a
cocaina, anfetamina e morfina causam uma sensibilizacao dos efeitos estimulantes em ratos
(Carlezon e Nestler, 2002). Alteracdes na expressao génica de proteinas em varias areas do SN
téem sido observadas apés administracdo repetida destas drogas (Nestler, 2001; Carlezon e
Nestler, 2002). As conseqiiéncias moleculares da exposi¢do aos opidides t€m sido estudadas
mais extensivamente em nivel do sistema mesocorticolimbico e suas aferéncias. Sabe-se que a
morfina é capaz de estimular a transmissdo dopaminérgica, particularmente em duas dreas:

putamen-caudado e nicleo accubens (Cadoni e Di Chiara et al., 1999) e esta propriedade tem
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sido relacionada aos efeitos estimulantes da atividade locomotora (Babbini e Davis, 1972; Di
Chiara e Imperato, 1988; Koob, 1992; Wise e Bozarth, 1987). Este fendbmeno € conhecido como
sensibilizacdo comportamental a drogas (Koob, 1992). Assim, os resultados deste estudo, com
animais jovens, corroboram com outros estudos que demonstram que a exposi¢do repetida a
morfina leva a sensibilizagdo comportamental (Cadoni e Di Chiara et al., 1999).

Em conclusdo, estes resultados mostram que as respostas nociceptivas e
comportamentais em relacdo a exposicdo repetida da morfina podem mudar de acordo com a
idade estudada. Além disso, esses dados demonstram que a exposicdo repetida de morfina,
durante a segunda semana de vida dos animais, pode resultar em subseqiiente desenvolvimento
de alteracdes de respostas nociceptivas e comportamentais, as quais podem ser expressas até a
idade adulta. Considerados em conjunto, tais resultados sugerem que a administragdo repetida de
opidides no periodo neonatal, provavelmente promova adaptacdes em nivel de diferentes
sistemas de neurotransmissdao. Estas mudangas comportamentais em resposta a exposi¢ao
repetida a morfina nesta idade indicam a necessidade de avaliagao das conseqii€ncias clinicas da
administracdo em longo prazo. Adicionalmente, estes resultados sugerem uma necessidade para
novas pesquisas com o envolvimento de agentes que podem neutralizar estas adaptagdes
induzidas por opidide.

Na andlise dos efeitos a curto e médio prazo da exposi¢ao repetida de morfina, durante
a segunda semana de vida, sobre a hidrélise dos nucleotideos da adenina em estruturas do SNC,
observaram-se diferencas nas atividades enzimdticas nos animais que receberam morfina. Em
sinaptossomas de cortex cerebral, observou-se um aumento na atividade de hidrélise do ATP e
em sinaptossomas de medula espinhal uma diminui¢do na atividade de hidrdlise do ADP,

diferencas vistas apenas aos 16 dias de idade (dois dias apds a retirada de morfina). Aos 30 dias
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ndo houve diferenca nas atividades enzimdticas entre os grupos analisados em ambas as
estruturas.

Estudos prévios tém demonstrado que as atividades das ectonucleotidases sdo
diferentes em estruturas do SNC, como o cortex cerebral e medula espinhal, de acordo com o
desenvolvimento (de Paula Cognato et al., 2005, Torres et al., 2003). Sinaptossomas de cortex
cerebral apresentam aumento significantivo na hidrélise dos nucleotideos aos 16 dias de idade
(de Paula Cognato et al., 2005). Este periodo coincide com uma intensa sinaptogénese € aumento
nas atividades de vdrias enzimas envolvidas no metabolismo de neurotransmissores e fungdes
neuronais (Fiedler er al., 1987). Apesar disso, as diferencas nas atividades de hidrdlise,
verificadas apds dois dias de retirada opidide observadas neste estudo, podem ser devido a
diferentes tipos de E-NTPDases presentes em ambas estruturas. Desde que, estes resultados
sugerem alteracdo nas atividades ADPdsicas e ATPésicas em medula espinhal e cortex cerebral,
respectivamente. A E-NTPDase 2 apresenta grande preferéncia pelos nucleosideos trifosfatados
sobre os difosfatados. Ela é expressa em cérebro de ratos desde o periodo embriondrio e, dessa
maneira, nao somente inativa ligantes de receptores de nucleosideos trifosfatados, mas também
gera ligantes para os receptores dos nucleosideos difosfatados (Zimmermann, 2006). E possivel
que esta enzima tenha a fun¢dao de modular o sinal do ATP em sinaptossomas de cértex cerebral,
observado por meio do aumento da atividade de hidrélise deste nucleotideo, apds a exposi¢ao
repetida a morfina. Embora ja esteja bem estabelecido que o ATP seja um neurotransmissor
facilitatério da nocicepgdo através da ligacdo aos receptores P2X3, alguns estudos demonstram
que estes receptores estdo co-localizados com receptores inibitérios da nocicep¢do, o receptor
P2Y; (Ruan and Burnstock, 2003). Os nucleosideos difosfatados sdo potentes agonistas de
varios receptores P2Y (Burnstock, 2006; Zimmermann, 2006). Estes receptores estdo acoplados

a proteina G, e atuam por um tempo mais longo, apropriado para um fino ajustamento da
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transmissdo sindptica. Para a transducao do sinal via receptor P2Y, a proteina G estimula vérios
mecanismos modulatérios dentro da célula, tais como ativacdo da fosfolipase C e aumento da
adenilato ciclase (von Kiigelgen, 2006). Por outro lado, outros receptors P2Y sdo capazes de
inibir a adenilato ciclase (von Kiigelgen, 2006), podendo promover uma inibicao da liberagcdo de
neurotransmissores (Hussl and Boehm, 2006). Estudos prévios t€ém relatado que a ativacdao do
receptor P2Y pelo ADP, o qual é gerado pela degradacdo enzimadtica do ATP, pode diminuir a
transmissdo excitatéria nos neurdnios sensoriais secunddrios, e assim parte ird contrabalancear o
efeito algogénico do ATP (Gerevich et al., 2004). Embora essa hipétese ndo tenha sido testada
neste estudo, pode-se sugerir que o aumento da atividade de hidrélise do ATP em sinaptossoma
de cortex cerebral tenha a fun¢do de remover o sinal do ATP e gerar um segundo sinal, mediado
pelo ADP. Por outro lado, em sinaptossoma de medula espinhal, observou-se uma diminui¢ao da
hidrélise do ADP. A E-NTPDase 1, também conhecida como apirase, apresenta preferéncia aos
nucleosideos tri e difosfatados. Esta enzima apresenta ampla distribuicio nas superficies
celulares de todos os tipos de células do SNC (Nagy, 1997; Zimmermann, 2001, 2006). Quando
a E-NTPDase 1 estd ativa, o ATP extracelular € convertido a AMP e ap6s a adenosina pela ecto-
5’nucleotidase, e com isto o ADP nao € um produto aprecidvel. Entretanto, quando a E-NTPDase
1 estd inibida, como € o caso do sinaptossoma de medula espinhal, o ATP pode ser convertido
em ADP também por outras ecto-ATPases, e o ADP pode ser relativamente estdvel. Neste caso,
o AMP que € o substrato da ecto-5’nucleotidase pode estar reduzido. Em adi¢ao, neste caso, o
ADP pode acumular nos neurdnios sensoriais da medula espinhal devido a atividade ADPasica
estar diminuida. Embora alteracdo na atividade da ecto-5’nucleotidase nao tenha sido observada
neste estudo, € dificil inferir se esse ensaio, realizado in vitro, resultard ou nao em aumento de
adenosina extracelular in vivo. Inversamente, a atividade ATPdasica ndo foi alterada

provavelmente devido a uma compensagdo por aumento da atividade de uma outra E-NTPDase
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que pode ser co-expressa com a E-NTPDase 1 no SNC (Kegel et al., 1997). Conseqiientemente,
€ provavel que a E-NTPDase 1 e a E-NTPDase 2 estejam realizando a mesma fun¢do, uma
hidrolisando mais rapidamente o ATP, enquanto a outra hidrolisa mais lentamente o ADP, assim
aumentando o nivel de ADP na fenda sindptica. Estes efeitos permaneceram por dois dias apds a
retirada da morfina, uma vez que as atividades enzimdticas ja estdo normalizadas aos 30 e 60
dias (dados ndo mostrados). Estes resultados podem sugerir uma a¢do moduladora do ADP em
mecanismos de retirada opidide decorrente da exposicdo repetida de morfina durante as
primeiras semanas de vida. Embora, os animais que receberam esse tratamento ndo apresentaram
o fendmeno de tolerancia, eles foram capazes de demonstrar alguns sintomas de retirada opidide.
Assim, é provavel que diferentes E-NTPDases estejam atuando em mecanismos iguais.

Em resumo, estes resultados destacam a importancia do sistema purinérgico em ratos
infantes submetidos a exposicdo repetida de morfina. Embora ainda ndo se conhecam quais os
mecanismos que o ADP executa em sistemas neuromodulatérios em medula espinhal e cortex
cerebral, demonstramos que o tratamento repetido com morfina naquela idade altera as
atividades das E-NTPDases em tais estruturas envolvidas com a resposta da dor. Essas alteragcdes
nas atividades das E-NTPDases podem constituir um dos mecanimos responsdveis por efeitos
secunddrios, tais como retirada opidide, associados com o tratamento repetido com morfina
durante o periodo neonatal. Estudos adicionais sdo requeridos, entretanto, para investigar as
ectonucleotidases e o papel do ADP seguindo a exposicao repetida de morfina em ratos de duas

s€manas.
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2. CONCLUSOES

2.1. Animais de 8 dias expostos ao tratamento repetido com morfina, em dose de Sug, por

sete dias, ndo desenvolvem sintomas de tolerancia opidide.

2.2. Animais de 80 dias, expostos ao tratamento repetido com morfina do P8 ao P14,

apresentam maior tempo de analgesia quando submetidos a administragdo aguda de morfina.

2.3. Animais de 80 dias, expostos ao tratamento repetido com morfina do P8 ao P14, e a

um segundo tratamento do P80 ao P86 apresentam o cldssico fendmeno da tolerancia opidide.

2.4. Animais de 8 dias expostos ao tratamento repetido com morfina, em dose de Sug, por

sete dias apresentam resposta nociceptiva aumentada no teste da formalina aos 30 e 60 dias de

idade.

2.5. Animais de 8 dias expostos ao tratamento repetido com morfina, em dose de 5ug, por
sete dias apresentam sintomas de retirada opidide, vistos como aumento de grooming aos 16 dias

e aumento de locomocgao e rearing aos 30 dias.

2.6. Animais de 88 dias, submetidos ao tratamento prévio com morfina (do P8 ao P14) e
submetidos a um segundo tratamento (do P80 ao P86) ndo demonstram sintomas de retirada
opidide. Porém, os animais que recebem somente o ultimo tratamento apresentam estes sintomas,

vistos como o aumento de rearing.
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2.7. A exposicdo repetida de morfina, do P8 ao Pl4, altera as atividades
ectonucleotidasicas em estruturas do SNC em animais com 16 dias de idade. Em sinaptossomas
de cortex cerebral, hd aumento na atividade ATPésica, enquanto que em sinaptossomas de

medula espinhal ha diminui¢do na atividade ADP4sica.
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PERSPECTIVAS FUTURAS

As perspectivas futuras para continuagdo deste estudo, relacionadas aos processos
neurobioldgicos da resposta nociceptiva e comportamental frente a exposicdo repetida de

morfina, sdo as seguintes:

- Investigar os efeitos da administracdo repetida de morfina em ratos machos em diferentes
intervalos de tempo do P8 ao P14, sobre a resposta analgésica no ultimo dia;

= Investigar os sistemas de neurotransmissores envolvidos com o comportamento alterado de
ratos machos no P16 e P30, ap6s a administragdo repetida de morfina do P8 ao P14;

. Investigar a captacdo e liberacdo de glutamato em medula e cortex cerebral de ratos
machos no P16, P30 e P60, apds a administragdo repetida de morfina do P8 ao P14, uma
vez que este neurotransmissor estd envolvido com a resposta nociceptiva;

. Investigar a concentracdo de substancias pré-inflamatérias em nivel sist€émico de ratos
machos no P16, P30 e P60, apds a administragdo repetida de morfina do P8 ao P14, uma
vez que os animais apresentaram uma resposta aumentada no teste da formalina;

. Verificar o binding de receptores opidides em medula e cortex cerebral de ratos machos no
P16, P30 e P60, apds a administracdo repetida de morfina do P8 ao P14;

] Avaliar a concentragdo de ATP, ADP, AMP e adenosina em medula e cértex cerebral de

ratos machos no P16, P30 e P60, ap6s a administra¢do repetida de morfina do P8 ao P14.
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