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“A utopia esta 14 no horizonte. Me aproximo dois
passos, ela se afasta dois passos. Caminho dez
passos e o horizonte corre dez passos. Por mais que
eu caminhe, jamais alcancarei. Para que serve a
utopia? Serve para isso: para que eu ndo deixe de
caminhar”.

Eduardo Galeano
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A: Representacdo esquematica do caracol M. abbreviatus na primeira fase do
comportamento aversivo. Observar os tentaculos orais e palpos labiais retraidos e
o0 aspecto triangular do complexo cabega-pé quando o caracol ¢ colocado na placa
quente. B: Representagdo esquematica da segunda fase do comportamento
aversivo do caracol M. abbreviatus. Observar que, ap6s protragdo, o caracol exibe
uma elevagao anterior do complexo cabega-pé a 1 cm do substrato, caracterizando
0 COMPOTLAMENTO AVETSIVO....cuviuiuieutitirieetentenitetesteeteentesbe st eatesbeeseetesaesaeensesseeneens 4

A: Esbogo de um caracol pulmonado, em vista lateral, locomovendo-se, para a
visualiza¢do das posicdes relativas dos ganglios bucais (B), cerebrais (C) e do
complexo ganglionar subesofageal (S), unidos entre si pelos conetivos neurais
cérebro-bucal (1), cérebro-pedal (2) e cérebro-pleural (3). B: Representagao
esquematica dos ganglios que constituem o sistema nervoso central. EA, artéria
cefalica; BB, bulbo bucal; CD, corpo dorsal; EA, esofago anterior; PA, ganglios
parietais; PE, ganglios pedais; PL, ganglios pleurais; V, ganglio visceral.
Orientacdo da figura: Dorsal (D), Ventral (V), Anterior (A), Posterior

A: Representagdo esquematica do complexo subesofageano. AC, artéria cefalica;
pe, ganglio pedal; ca, comissura anterior; cp, comissura principal; pl, ganglio
pleural; pa, ganglio parietal; v, ganglio visceral; prolongamento do corpo dorsal
(asterisco branco). B: Representacdo esquematica do ganglio cerebral. mc,
mesocérebro; prc, pro-cérebro, psc, metacérebro: Ipe, lobo pedal; Ipl, lobo pleural;
Ic, lobo comissural; cd, corpo dorsal. A este nivel de sec¢dao ndo se observa a
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A, B and C- Schematic representation of cerebral ganglia from adult snail M.
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Figura 3
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abbreviatus sectioned at different levels, displaying the NADPH-d positive
neurons (black circles) and fibers. cc, cerebral commissure; db, dorsal body; mc,
mesocerebrum;  pmt, pedal lobe of metacerebrum; plmt, pleural lobe of
metacerebrum; prc, procerebrum. D-Medial view of the cerebral ganglia showing
the cerebral commissure (cc), neuropilar areas (NP) with thin fibers and dense
clusters (np) of neuronal and glial processes, medullar mass with little staining
(asterisk), mesocerebrum (mc), pleural lobe of metacerebrum (plmt). Scale bar:
250 um. E-Dorsal section of mesocebrum (mc) showing a cluster of medium
neurons (arrows) NADPH-d positives and the dorsal body (db) whit reactivity.
Scale bar: 100 um. F-Small glial-like cell with a multipolar aspect (asterisk) and
positive processes (arrow) in procerebrum. Scale bar: 10 um........................ 80

A, B and C- Schematic representation of cerebral ganglia from M. abbreviatus
young snail sectioned at different levels, displaying the NADPH-d neurons (black
circles) and fibers. cc, cerebral commissure; db, dorsal body; mc, mesocerebrum;
pmt, pedal lobe of metacerebrum; plmt, pleural lobe of metacebrum; prc,
procerebrum. D- Medial section of pedal lobe of metacerebrum with medium-
sized neurons (arrows) and small-sized neurons (arrowhead) positives. Scale bar:
50 um. E- Dorsal section of the pleural lobe of metacerebrum showing a large
neuron (asterisk) and medium neurons (arrow). Scale bar: 50 um. F- Dorsal
section of mesocerebrum showing a giant neuron (double asterisk) and a cluster
of medium neurons (double arrow). Scale bar: 100 pm...............cccooviiiinnin. 81

A, B, C, D and E- Schematic representation of pedal ganglia from adult M.
abbreviatus sectioned at different levels, displaying the NADPH-d neurons (black
circles) and fibers. Black circles: cytoplasmatic activity; grey circles: nuclear
activity. F- Ventral view of the pedal ganglia showing neuronal clusters with
enzymatic activity in the cytoplasm (double arrowhead) and in the nuclei (arrow).
Scale bar: 100 um. G- Higher magnification showing enzymatic cytoplasmatic
activity and negative nuclei (black asterisk) and enzymatic nuclear activity (white
asterisk). Scale bar: 25 pm. H- Section at level of ventral commissure (vc); note a
giant medial neuron NADPH-d positive (arrow). Scale bar: 250 pm. I-Section at
level of major commissure (MC) with giant neurons (arrows) and large neuron
(arrowhead) in the medial region. Scale bar: 250 um. J- Giant neuron (double
white asterisk) located in the medial region (named Pd4). Scale bar: 100 pm. K-
In the posterior region of the pedal ganglia note a large neurons (black asterisk)
and a giant neuron (white asterisk). Scale bar: 100 um. L- In the anterior region
of the pedal ganglia note a large neuron (asterisk) with a cluster of medium-sized
neurons (arrow) and small-sized neurons (arrowhead). Scale bar: 100 pm. M- In
the lateral region of the pedal ganglia note a large neuron (asterisk) with
processes (arrow) extending to the neuropile (NP). Scale bar: 50 pm.............. 82

A and B- Schematic representation of pleural ganglia (pl), right parietal ganglia
(rpa), left parietal ganglia (Ipa) and visceral ganglion (v) from adult snail
sectioned at different levels, displaying neurons with the NADPH-d cytoplasm
(black circles), the positive nuclei NADPH-d (grey circles) and fibers. C- Section
of pleural ganglia with the neuropilar area (NP) displaying strong activity and
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small neurons in the cytoplasm (arrow) or in nuclei (arrowhead). Scale bar: 100
pm. D- Higher magnification of small-sized neurons of the pleural ganglia
showing the positive nuclear area (asterisk). Scale bar: 10 um. E and F- In the
right parietal ganglia (E) and in the visceral ganglion (F) note the different
positive giant (double asterisk), large (white asterisk) and medium (double arrow)
neurons. Scale bar: 100 [M.......ooeiii i 83

A, B, C, D and E- Schematic representation of the subesophageal complex from
young M. abbreviatus sectioned at different levels displaying NADPH-d neurons
(black circles) and fibers. pe, pedal ganglia; pl, pleural ganglia; rpa, right parietal
ganglia; Ipa, left parietal ganglia; v, visceral ganglion. F- Section of pedal ganglia
showing the neuropilar areas (NP1 and NP2), and neurons in anterior (a), medial
(m) and posterior (p) regions. Scale bar: 250 um. G- Medial area of the pedal
ganglia with higher magnification of the giant Pd4 neuron (asterisk) located.
Scale bar: 50 pm. H- Anterior region of pedal ganglia with large neurons (white
asterisk) and a cluster of medium-sized neurons (mn). Scale bar: 50 um. | and J-
Posterior region of pedal ganglia showing small neurons (double arrow), medium
neurons (arrowhead) and large positive neurons (white asterisk). Scale bar: 100
pm. K- In right parietal ganglia note giant (black asterisk), large (white asterisk)
and medium-sized positive neurons (arrowhead). Scale bar: 100 pm. L- In left
parietal ganglia note giant negative neuron (asterisk) with a trophospongium
(arrowhead) positive. Scale bar: 100 um. M- In visceral ganglion note giant
(black asterisk), large (white asterisk) and medium-sized NADPH-d neurons
(arrows). Scale bar: 100 [N .....ouiiii e 84

A — Schematic representation of NADPH-d positive cell bodies and fibers in the
buccal ganglia from adult (B) and young (C) snail. be, buccal commissure. Scale
bar: 500 um. B and C- Sections showing the neuropilar area (NP), large (asterisk)
and medium (arrow) neurons located similarly in both snail. Scale bar: 100
03 4 DRSPS 85

a: Schematic representation of the pedal ganglia showing the positions of the
sampling boxes (15.050 um?) placed over the analyzed regions: 1- anterior
neurons (an), 2- medial neurons (mn), 3- posterior neurons (pn), 4- lateral neurons
(In), 5- neuropilar area 1 (NPA1) and 6- neuropilar area 2 (NPA2). b: Schematic
representation of the pedal ganglia (pe) sectioned at different levels, displaying
the NADPH-d positive neuronal distribution (circles) and nerve fibers M.
abbreviatus. These figures are representative of young and adult animals. b1l and
b2: ventral sections; b3 and b4: medial sections; b5: dorsal section. Neuropilar 1
(NPA1) and neuropilar 2 (NPA 2) areas. A=Anterior, P=posterior, L=left and
R=right. Scale bar: 400 [m..........cooiiiiiiii 90

Digitized images of the different areas of the pedal ganglia of M. abbreviatus
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Figure 1
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submitted to NADPH-d histochemistry. (&) Ventral area of the pedal ganglia of an
adult animal showing NADPH-d positive neurons in medial region (mn) and
neuropilar areas NPA 1 and NPA 2. Scale bar: 250 um. (b) Section through the
medial region of the pedal ganglia of a young animal. Note the anterior neurons
(double asterisk), posterior neurons (asterisk) and neuropilar areas NPA 1 and
NPA 2. Scale bar: 250 um. (b1) Higher magnification of the boxed area in (b).
Note the giant neuron located in the medial region (named Pd4). Scale bar: 100
pm. () Section through the major pedal commissure (MPC) of the pedal
ganglion, showing the posterior NADPH-d positive neuronal cluster (asterisk).
Scale bar: 250 LM ...t e 91

Optical density (OD) measurements (mean + SD) obtained from different
experimental groups at different periods of survival, showing the effects of
thermal stimulus on the anterior (a and b) and lateral (¢ and d) NADPH-d positive
neurons in the pedal ganglia of M. abbreviatus. In the graphs a = p<0.05 when
compared with control; b = p<0.05 when compared with animals sacrificed 3
hours after stimulus; ¢ = p<0.01 when compared with animals sacrificed 6 hours
after stimulus; d = p<0.05 when compared with animals sacrificed 12 hours after
stimulus; asterisk indicate difference obtained when compared young and adult
animals controls or at same time of survival (¥*p<0.05; ** p<0.01; *** p<0.001)
(two way ANOVA, TUKEY teSt)....euueintiiiiiiiiee e 92

Optical density (OD) measurements (mean + SD) obtained from different
experimental groups at different periods of survival, showing the effects of
thermal stimulus on the medial (a and b) and posterior (¢ and d) NADPH-d
positive neurons in the pedal ganglia of M. abbreviatus. In the graphs a = p<0.05
when compared with control; b = p<0.05 when compared with animals sacrificed
3 hours after stimulus; ¢ = p<0.01 when compared with animals sacrificed 6 hours
after stimulus; d = p<0.05 when compared with animals sacrificed 12 hours after
stimulus; asterisk indicate difference obtained when compared young and adult
animals controls or at same time of survival (*** p<0.001) (two way ANOVA,
015 2 151 93

Optical density (OD) measurements (mean + SD) obtained from different
experimental groups at different periods of survival, showing the effects of
thermal stimulus on the neuropilar areas NPA1 (a) and NPA2 (b) in the pedal
ganglia of M. abbreviatus. In the graphs a = p<0.01 when compared with control;
b = p<0.001 when compared with animals sacrificed 3 hours after stimulus; ¢ =
p<0.01 when compared with animals sacrificed 6 hours after stimulus; d = p<0.01
when compared with animals sacrificed 12 hours after stimulus (two way
ANOVA, TUKEY tES). .ttt 94

Photograph showing M. abbreviatus displaying aversive behavior when submitted
to noxious stimulus (thermal stimulus). HFc, head-foot complex; HP, hot
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RESUMO

O oxido nitrico (NO) € um gas produzido através da acdo da enzima 6xido nitrico sintase (NOS),
€ age como um neurotransmissor no sistema nervoso de moluscos gastropodos adultos. Nao ha
informagdes, at¢ o momento, da presenca de neurdonios contendo NOS em caracois da espécie
Megalobulimus abbreviatus, tanto jovens quanto adultos. Consequentemente, foi utilizada a
técnica histoquimica da NADPH-d para mapear a distribuicdo nitrérgica no sistema nervoso
central (SNC) de animais adultos e jovens. A reagdo foi observada em neuronios e fibras em
todos os ganglios (pedais, pleural direito, pleural esquerdo, parietal direito, parietal esquerdo,
visceral, cerebral e bucal) do SNC de caracdis jovens e adultos, e foi particularmente forte nos
ganglios pedais e cerebral, onde neurdnios positivos foram encontrados agrupados
simetricamente nos ganglios pareados. Estes resultados fornecem evidéncia da existéncia de um
sistema nitrérgico em M. abbreviatus jovens e adultos, onde a NOS foi encontrada em regides
especificas do SNC. Para estabelecer um possivel envolvimento do NO no circuito nociceptivo
neste caracol, usando histoquimica para NADPH-d e andlise semiquantitativa de densidade
optica, foram caracterizados os neurdnios produtores de NO nos ganglios pedais de M.
abbreviatus jovens e adultos, sujeitos a estimulo térmico aversivo. Os animais foram sacrificados
em diferentes tempos (3, 6, 12 e 24h) apos o estimulo. A atividade enzimadtica foi detectada em
diferentes grupos celulares e processos neuronais. Em todas as sub-regidoes dos ganglios pedais
estudadas, a densidade Optica de neurdnios positivos (p<0,05) e da area neuropilar 1 (p<0,01) foi
significativamente diferente em animais tratados quando comparados com os controles. O
aumento na atividade nitrérgica induzida por estimulo nociceptivo sugere o envolvimento do NO
no circuito nociceptivo de M. abbreviatus, o que foi verificado através do estudo da agdo do NO
na resposta de laténcia do caracol M. abbreviatus apds estimulo térmico e quimico, € na
atinocicep¢io mediada por opiodides. Doses do inibidor da NOS N-nitro-L-arginina-metil ester,
L-NAME (1 pg/kg, 10 pgkg e 25 pgkg) e do agente liberador de NO S-nitro-N-
acetilpenicilamida, SNP (1 pg/kg, 10 ug/kg e 25 ng/kg) foram administradas para determinar o
efeito do NO nas respostas de laténcia. Com a dose mais alta de L-NAME (25 ng/kg), a resposta
de laténcia foi significativamente maior (p<0,001) e com a dose mais alta de SNP (25 pg/kg) a
resposta de laténcia foi significativamente menor (p<0,001) quando comparadas com as outras
doses, e com os grupos controle e salina. A dose de 25 pg/kg de L-NAME produziu um efeito
analgésico similar ao da morfina. Também foi observado que a antinocicep¢ao induzida por
morfina foi significativamente potencializada por L-NAME (p<0,05) e reduzida, mas ndo
bloqueada, por SNP (p<0,05) em animais submetidos aos estimulos térmico e quimico,
demonstrando que o NO apresenta um efeito pr6 nociceptivo neste modelo animal.
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ABSTRACT

Nitric oxide (NO) is a gas produced through the action of the enzyme nitric oxide synthase
(NOS) and acts as a neurotransmitter in the nervous system of adult gastropod molluscs. There
appears to be no information on the presence of NOS-containing neurons in adult and young
Megalobulimus abbreviatus. Accordingly, we used NADPH-d histochemistry to map the
nitrergic distribution in the central nervous systems (CNS) of young and adult animals. The
reaction was observed in neurons and fibers in all CNS ganglia of both young and adult snails
(pedal, right pleural, left pleural, right parietal, left parietal, visceral, cerebral and buccal), and
was particularly strong in the pedal and cerebral ganglia where positive neurons were found
clustered symmetrically in the paired ganglia. These results provide evidence for the existence of
a nitrergic signaling system in young and adult M. abbreviatus where NOS was found in specific
regions of the CNS. In order to establish a probably involvement of NO in the nociceptive
circuit in M. abbreviatus, using NADPH-d histochemistry and semi-quantitative optical
densitometry, were characterized the NO-producing neurons in the pedal ganglia of young and
adult Megalobulimus abbreviatus, subjected to aversive thermal stimulus. The animals were
sacrificed at different times (3, 6, 12 and 24h) following stimulus. The enzymatic activity was
detected in different cellular subsets and neuronal processes. In all the studied pedal ganglia sub-
regions, the optical density of positive neurons (p<0.05) and neuropilar area 1 (p<0.01) was
significantly different in treated animals when compared to controls. The increase in nitrergic
activity induced by nociceptive stimulus suggests the involvement of NO in the nociceptive
circuit of M. abbreviatus, which was verified through the study of the action of NO in the latency
response of the snail M. abbreviatus after thermal and chemical stimuli, and in the
antinociception mediated by opioid. Doses of the NO synthase inhibitor NS-nitro-L-arginine-
methyl ester, L-NAME (1 pg/kg, 10 pg/kg and 25 pg/kg) and the NO-releasing agent S-nitro-N-
acetylpenicillamide, SNP (1 pg/kg, 10 pg/kg and 25 pg/kg) were administered to determine the
effect of NO on latency responses. With the highest L-NAME dose (25 pg/kg), the response
latency was significantly longer (p<0.001) and with the highest SNP dose (25 ng/kg) the
response latency was significantly shorter (p<0.001) when compared with the other doses, control
and saline groups. The 25 pg/kg dose of L-NAME produced an analgesic effect similar to that of
morphine. We also observed that morphine-induced antinociception was significantly potentiated
by L-NAME (p<0.05) and reduced, but not blocked, by SNP (p<0.05) in animals submitted to
thermal and chemical stimuli, showing that NO presents a pronociceptive effect in this animal
model.



1. INTRODUCAO



1.1 - NOCICEPCAO EM INVERTEBRADOS

A habilidade de responder a estimulos aversivos do meio ¢ uma caracteristica basica dos
animais. Este comportamento adaptativo implica na presenga de nociceptores ¢ de efetores que
respondem as aferéncias sensoriais com comportamentos reflexos ou ndo reflexos. Os
nociceptores podem ser preferencialmente sensiveis a um estimulo nocivo, podendo codificar a
sua intensidade. Além disso, as respostas dos efetores devem ser apropriadas a informacao dos
receptores ¢ a capacidade de resposta central e/ou periférica deve também estar presente. Assim,
a nocicepgao e o conceito relacionado de estimulagao nociva, sdo definidos mais pela natureza da
resposta do que pela natureza fisica do estimulo (KAVALIERS, 1988a; CHASE, 2002).

E dificil para o observador humano interpretar o comportamento animal de forma
completa e objetiva. Descrigdes de posturas, movimentos e vocalizagdes que estdo associados
com a nocicep¢do podem ser objetivas e quantificaveis, mas a interpretagdo destes
comportamentos esta fortemente associada a conotagdes da experiéncia humana, ¢ muitas
pesquisas em animais de laboratdrio tém considerado explicita e implicitamente “nocicepgao” e
“dor” como equivalentes (SANBERG et al., 1988; KAVALIERS, 1988a). Entretanto, a atividade
induzida em nociceptores € em vias nociceptivas por estimulos nocivos nao deve necessariamente
ser sempre considerada como indicativo de dor (FIORITO, 1986).

Nao ¢ correto assumir que todos os animais devem ter sentimentos conscientes e
sofrimento comparaveis aos humanos tanto em grau quanto em tipo, mas deve se reconhecer que
muitos animais t€ém algum nivel de “sentimento” e “consciéncia”, “expectativa” e “efeito”, e que
existe uma marcada graduagdo e especializacdo entre estes niveis entre os taxons animais, desde
os mais “simples” aos mais “avancados”. Os moluscos estdo incluidos no filo “avancado” de
invertebrados, juntamente com os anelideos, artrépodes e equinodermos, desenvolvendo

comportamentos e respostas a fatores bioldgicos e fisicos relativamente mais sofisticados do que



os filos “simples” de invertebrados, como por exemplo, poriferos, cnidarios e platelmintos. Estas
capacidades corporais ¢ os niveis de discriminacdo ambiental sdo compativeis com o
desenvolvimento e a expressdo de comportamentos defensivos e respostas nociceptivas mais
diversificados (KAVALIERS, 1988a).

A maioria, sendo todos os invertebrados, tem a capacidade de detectar e responder a
estimulos nocivos ou aversivos, exibindo respostas nociceptivas analogas aquelas mostradas por
vertebrados (SMITH, 1991). Além disso, a hipotese de que os invertebrados sentem dor pode ser
suportada pela analogia entre a nocicep¢do como ela ¢ conhecida em humanos e como ela ¢
sugerida em vertebrados superiores. Analogias neurais sdo, entretanto, uma condi¢ao necessaria,
mas insuficiente para inferir que os animais sofrem. Assim, para contar com os invertebrados
como um padrao de referéncia para se basear na estrutura e fun¢do do sistema nervoso destes
animais, parece fundamental procurar indicadores comportamentais de experiéncia de dor.
Embora ndo exista prova conclusiva de que um invertebrado possa experimentar algo parecido
com a dor humana, andlises experimentais de exemplos conhecidos de comportamentos e
fisiologia de invertebrados podem facilitar uma decisdo racional (FIORITO, 1986).

Um processo doloroso pode resultar de uma estimulagdo interna ou externa. O sentimento
ou a percepg¢ao de dor pode produzir uma reagdo para minimizar o estimulo, onde o animal retira
ou neutraliza o agente causador, e age para proteger partes feridas de injurias adicionais. Muitos
tipos de respostas estdo envolvidos neste processo, incluindo retirada, agressdo ou agressao
aprendida (FIORITO, 1986).

Exemplos adicionais do paralelo entre as respostas nociceptivas de mamiferos e moluscos
sdo providos pelo gastropodo Aplysia californica, que responde a estimulagdo nociva mecanica
ou elétrica na superficie do corpo com um conjunto de respostas nociceptivas que incluem

retirada local do corpo e liberagdo de muco, retirada das branquias e do sifao, liberacao de tinta e



opalina, locomocao de fuga e comportamento respiratorio elevado (WALTERS & ERICKSON,

1986; KAVALIERS, 1988a).

Um estimulo térmico a temperaturas elevadas ¢ considerado nocivo para o caracol
Megalobulimus abbreviatus (ACHAVAL et al., 2005), gerando comportamentos defensivos,
semelhante ao comportamento aversivo apos estimulo térmico em moluscos, tais como, Cepaea
nemoralis, Megalobulimus sanctipauli e Aplysia californica (KAVALIERS et al., 1983;
WALTERS et al., 1987; KAVALIERS, 1988; ROMERO et al., 1994). No comportamento

aversivo, os caracois apresentam um comportamento bifasico (Fig. 1) acompanhada de secregao

mucosa (ACHAVAL et al., 2005).
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Figura 1- A: Representacdo esquematica do caracol M. abbreviatus na primeira fase do
comportamento aversivo. Observar os tentaculos orais e palpos labiais retraidos e o aspecto
triangular do complexo cabega-pé quando o caracol ¢ colocado na placa quente. B:
Representacdo esquematica da segunda fase do comportamento aversivo do caracol M.
abbreviatus. Observar que, apds protragdo, o caracol exibe uma elevagdo anterior do complexo
cabega-pé a 1 cm do substrato, caracterizando o comportamento aversivo (Reproduzido de

Achaval et al., 2005).



Quando submetido a um estimulo quimico nocivo, como a exposi¢do tdpica a capsaicina
0,5%, o caracol M. abbreviatus apresenta um marcante comportamento aversivo com retragao do
corpo para dentro da concha, seguido de protragdo e elevacdo da regido anterior do complexo
cabeca-p¢ de maneira muito semelhante ao comportamento apresentado com estimulo térmico.
Porém, as laténcias sdo mais curtas do que as obtidas com estimulo térmico a 50 °C. O
comportamento de retirada da por¢ao anterior do complexo cabeca-pé € muito mais intenso e
rapido com capsaicina 0,5% do que com o estimulo térmico nocivo a 50 °C (KALIL-GASPAR et
al., 2007).

A capsaicina, um produto irritante natural, ¢ o principal ingrediente da pimenta vermelha,
que provoca uma sensacao de dor através da ativacao seletiva de neurdnios sensoriais que enviam
informagdes sobre estimulos nocivos para o SNC (CATERINA et al., 1997). O receptor vanildide
(TRPV1) € o alvo molecular da capsaicina, a qual induz despolarizagdo de membrana e aumenta
o fluxo de calcio, levando ao estimulo nocivo (JULIUS & BASBAUM, 2001). Este receptor

também ¢é ativado com o calor, em temperaturas maiores que 42 °C (CATERINA et al., 1997).

1.2 - CIRCUITOS NEURAIS E NOCICEPCAO EM INVERTEBRADOS

Estudos em Helix lucorum tém mostrado a existéncia de um circuito neural envolvido no
comportamento de retirada apos estimulo nociceptivo (ZAKHAROV et al., 1995; BALABAN et
al., 2001; BALABAN, 2002). Tal circuito estd composto de grupos neuronais diferenciados que
participam do comportamento de retirada: neuronios sensoriais, neurénios motores, neuronios
modulatorios e neurénios de comando. Os neurénios modulatorios sdo serotoninérgicos e estao
localizados nos ganglios pedais, atuando na modulacdo da aferéncia sindptica e da eferéncia

motora durante o reflexo de retirada. Os neuronios de comando sdo nove interneurdnios pré-



motores, localizados nos ganglios pleurais e parietais, que recebem aferéncias sinapticas
convergentes ¢ sdo capazes de disparar os componentes do comportamento de retirada. Tais
neurdnios estdo conectados a receptores periféricos do animal (mecanorreceptores,
termorreceptores, quimiorreceptores e fotorreceptores). Ao serem ativados por um estimulo
nocivo, os neurdnios comando ativam os neuronios motores (BALABAN, 2002).

Desta maneira, nesta espécie de caracol terrestre, um estimulo nocivo promove uma
ativagcdo dos neurOnios sensoriais, 0os quais estimulam os neurdénios comando que, por sua vez,
ativam o0s neurénios motores, promovendo o comportamento de retirada. Todas as etapas
descritas do circuito sdo reguladas pelos neurdnios modulatorios localizados nos ganglios pedais
(BALABAN, 2002). Fazendo parte deste grupo, aparece um neurdnio grande denominado Pd4,
que estaria envolvido na facilitagdo da resposta sindptica nesta rede de comunicagao neural. Esta
célula envia processos através das areas neuropilares e de comissuras até um neurénio comando
gigante de retirada localizado no ganglio parietal deste caracol (BALABAN et al., 2001;
BALABAN, 2002).

Em M. abbreviatus, a imunorreatividade a 5-HT foi detectada em localiza¢do similar a
neuronios serotoninérgicos modulatorios descritos em Helix lucorum (BALABAN et al., 2001;
BALABAN, 2002), tais como os neuronios SHT-ir anteriores nos ganglios pedais € o neurdnio
grande SHT-ir, similar ao neurdnio Pd4, sugerindo que eles possam ser responsaveis pela
modulacdo do comportamento de retirada, participando do circuito nociceptivo neste caracol

(SWAROWSKY et al., 2005).



1.3 - MODULACAO DA RESPOSTA NOCICEPTIVA EM INVERTEBRADOS

Nos vertebrados existem vias descendentes supressoras da dor em diferentes niveis do
SNC, ativadas por opiodides ou por serotonina (5-HT). Estudos tém demonstrado a possibilidade
de medir a analgesia produzida por estas vias, em modelos animais para estudo de dor cronica,
através da estimulagdo elétrica e da administragdo de opidides ou de 5-HT, diminuindo
eficientemente a dor (LEVINE et al., 1980; ABBOTT & MELZACK, 1982; BARDIN et al.,
2000). Existem evidéncias de mecanismos modulatorios basicos que foram filogeneticamente
conservados em gastropodos, destacando-se o envolvimento de peptideos opiodides e de 5-HT na
nocicepg¢ao, de potenciacao de longa duracao (LTP) e a sensibilizagdo de nociceptores, além da
facilitacdo e inibi¢ao de reflexos de retirada (DYAKONOVA et al., 1995; KAVALIERS et al.,
1997).

Peptideos opidides e seus receptores foram identificados em varias espécies de
invertebrados através de andlises comportamentais, eletrofisiologicas e bioquimicas, mostrando
que estas substancias sdo semelhantes as dos vertebrados ¢ estdo envolvidas na mediacao de
respostas comportamentais a estimulos térmicos em alguns gastropodes. Parece que o sistema
opidide presente nos invertebrados ¢ andlogo ao seu correspondente em mamiferos
(KAVALIERS & HIRST, 1984). Assim, sabendo-se das respostas de mamiferos a agentes
estressores, que mostram que seu encéfalo possui sistemas neuroquimicos opidides e nao-
opidides envolvidos na resposta a estimulos ambientais aversivos e nocicepgdo, existem
evidéncias de que os opidides também participem na modulacio de comportamentos € na
fisiologia de invertebrados. Os moluscos podem servir de modelos experimentais nas avaliagdes
dos efeitos comportamentais de peptideos biologicamente ativos encontrados em vertebrados,

bem como de seus analogos sintéticos (KAVALIERS et al., 1983).



Em M. abbreviatus, a administragdo de morfina a diferentes concentra¢es antes do
estimulo térmico promoveu um aumento da resposta de laténcia no comportamento de retirada, o
qual apresenta uma primeira fase comportamental menos intensa do que a observada em animais
sem tratamento, € uma segunda fase com uma parcial protragdo dos palpos e tentaculos orais, os
quais se apresentaram flacidos. Por outro lado, a administragdo de naloxone promoveu uma
diminui¢do na resposta de laténcia do caracol, o qual exibe o comportamento bifasico mais
rapidamente do que o animal que ndo recebe o tratamento. Assim, com a administracdo de
morfina, o caracol aumenta a laténcia ao estimulo aversivo e, no entanto, com naloxone, diminui
esta laténcia (ACHAVAL et al., 2005). A resposta comportamental em Cepaea nemoralis, Limax
maximus e Megalobulimus sanctipauli (KAVALIERS & HIRST, 1986; HIRST & KAVALIERS,
1987; ROMERO et al., 1994) ap6s a administracdo de morfina antes da exposi¢do dos animais ao
estimulo térmico aversivo resultou em um significativo aumento na laténcia do comportamento
aversivo destes caracdis. Além disso, a laténcia aumentada em resultado a administracdo de
morfina apdés o estimulo térmico pode ser suprimida pelo antagonista opidide, naloxone
(KAVALIERS & HIRST, 1986; WALTERS, 1987; ROMERO et al., 1994). Assim, nestes
gastropodes a habilidade do naloxone em produzir um completo bloqueio da analgesia pela
morfina indica que um receptor Mu (u) esta relacionado a tal comportamento (ROMERO et al.,
1994; NESTLER et al., 2001), o que também ¢ sugerido para M. abbreviatus (ACHAVAL et al.,
2005).

Estudos realizados em modelos de invertebrados, incluindo gastropodes, mostram que a
5-HT funciona como um neurotransmissor ¢ neuromodulador no SNC e exerce um importante
papel nas condigdes homeostaticas basicas nestes moluscos, incluindo alimentagdo, reproducao,

locomogdo, secre¢do neuro-hormonal, fun¢do cardiovascular, aprendizado, sensitizacdo e



comportamento de retirada apos estimulo aversivo (ZANCAN, 1996; SWAROWSKY et al.,
2005). Por outro lado, no SNC de humanos a 5-HT atua como neurotransmissor, desempenhando
importantes papéis fisiologicos na modulagdo do humor, impulso, apetite, temperatura corporal,
secrecao neuroendocrina, sono € nocicepcao, encontrando-se também envolvida em disturbios
psiquiatricos, como agressividade, suicidio violento, ansiedade e depressdo, transtornos
obssessivo-compulsivo e do apetite, psicose e outros. Estudos realizados em invertebrados e
vertebrados permitiram chegar a conclusdao de que a 5-HT estd amplamente distribuida nestes
dois grupos animais, mediando inimeras fungdes fisiologicas gracas a multiplicidade de
receptores (WALCOURT-AMBAKEDEREMO & WINLOW, 1994; TIERNEY, 2001).

O comportamento de M. abbreviatus quando tratado com 5-HT e logo apds submetido a
um estimulo térmico aversivo mostra a existéncia de circuitos neurais serotoninérgicos
responsaveis por comportamentos bdsicos, como a resposta a estimulos aversivos. Tal estudo
comprova a existéncia de receptores 5-HT em M. abbreviatus, uma vez que a administracdo desta
substancia promove modificagdes motoras ¢ comportamentais, além de causar uma diminuigao
nas respostas de laténcia do comportamento aversivo deste animal. A utilizagdo de metisergida,
antagonista nao seletivo dos receptores 5-HT, quando administrada isoladamente, também ¢
capaz de diminuir as respostas de laténcia do M. abbreviatus, produzindo também um efeito
nociceptivo, semelhante ao da 5-HT, talvez por se ligar de maneira antagonica e especifica a um
determinado tipo de receptor e facilitar a acdo da 5-HT enddgena sobre os demais tipos de
receptores. Porém, quando associada a 5-HT, a metisergida anula os efeitos nociceptivos da
serotonina, o que pode estar relacionado com o bloqueio da agdo da 5-HT endogena sobre um
tipo especifico de receptor (PENHA, 2001).

A presenga de neurdnios serotoninérgicos ja foi determinada no SNC de M. abbreviatus

em experimentos usando inje¢cdes da neurotoxina agonista 5,7-diidroxitriptamina (5,7-DTH), por
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detecgdo histofluorescéncia usando acido glioxilico (ZANCAN et al., 1997) e por
imunoistoquimica (SWAROWSKY et al, 2005). Assim, os estudos comportamentais e
histoquimicos realizados nesta espécie revelam homologias celulares e comportamentais com
outros moluscos, tais como Aplysia californica, Tritonia diomedea (FICKBOHM et al., 2001),
Helix lucorum (BALABAN et al, 2001; BALABAN, 2002) e Cepaea nemoralis
(DYAKONOVA et al., 1995)

Quando testado se as respostas aversivas induzidas por capsaicina poderiam ser
moduladas por morfina ou naloxone de maneira similar aquela observada em estudos anteriores
com estimulo térmico aversivo, observou-se que a administragdo de morfina antes do estimulo
quimico nocivo com capsaicina promove aumento nas laténcias do comportamento de retirada
em M. abbreviatus, com tentaculos orais e Opticos permanecendo parcialmente retraidos e
flacidos. A administragdo de naloxone promove a ocorréncia de um comportamento aversivo
bifasico muito mais rapido do que aquele observado em animais expostos a capsaicina, sem
tratamento prévio. As respostas aversivas provocadas pela capsaicina foram diminuidas por
morfina. Naloxone, tanto sozinho quanto em combina¢do com morfina, reduz marcantemente as
laténcias aversivas quando comparadas aos controles (KALIL-GASPAR et al., 2007). Este efeito
pré-algésico do naloxone indica a presenga de um mecanismo mediado por receptor opidide nas
respostas induzidas por capsaicina e reforcam um papel analgésico dependente de opidides no

circuito nociceptivo de M. abbreviatus.

1.4 — SISTEMA NERVOSO CENTRAL DO Megalobulimus abbreviatus
O SNC do caracol terrestre M. abbreviatus esta formado por 11 ganglios: 7 formam o

complexo subesofageano (2 ganglios pedais, 2 ganglios pleurais, 2 ganglios parietais e 1 ganglio
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visceral), 2 ganglios cerebrais, conectados ao complexo subesofageano por conetivos cérebro-
pedais e cérebro-pleurais, ¢ 2 ganglios bucais, conectados aos ganglios cerebrais através dos
conetivos cérebro-bucais (Fig. 2). Os ganglios que formam o anel subesofageano estdo
organizados ao redor da artéria cefalica, e encontram-se unidos entre si por conetivos neurais
extremamente curtos. Os ganglios de cada lado sdo geralmente similares em tamanho e forma,
sendo apenas o ganglio parietal direito consideravelmente maior que o esquerdo (ZANCAN,

1996).

Figua 2 — A: Esbogo de um caracol pulmonado, em vista lateral, locomovendo-
se, para a visualizacdo das posicoes relativas dos ganglios bucais (B), cerebrais
(C) e do complexo ganglionar subesofageal (S), unidos entre si pelos conetivos
neurais cérebro-bucal (1), cérebro-pedal (2) e cérebro-pleural (3). B:
Representacdo esquematica dos ganglios que constituem o sistema nervoso
central. EA, artéria cefalica; BB, bulbo bucal; CD, corpo dorsal; EA, esofago
anterior; PA, ganglios parietais; PE, ganglios pedais; PL, ganglios pleurais; V,
ganglio visceral. Orientacdo da figura: Dorsal (D), Ventral (V), Anterior (A),
Posterior (P) (Reproduzido de Zancan, 1996).
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O par de ganglios pedais esta conectado entre si por duas comissuras bastante curtas: uma
central, ou comissura principal, de maior didmetro, € uma menor antero-ventral, ou comissura
anterior (fig. 3-A). Os génglios cerebrais também se encontram unidos por uma curta comissura,
a comissura cerebral, e podem ser divididos em trés areas: prd-cérebro, mesocérebro e
metacérebro. Este ultimo, por sua vez, esta subdividido em lobo comissural, localizado na
posicao postero-medial; lobo pleural, situado entre a area comissural e a emergéncia do conetivo
cérebro-pleural; e o lobo pedal, entre as emergéncias dos conetivos cérebro-pleural e cérebro-

pedal (BULLOCK & HORRIDGE, 1965; ZANCAN, 1996) (fig. 3-B).

Figura 3 — A: Representacdo esquematica do complexo subesofageano. AC, artéria cefalica; pe,
ganglio pedal; ca, comissura anterior; cp, comissura principal; pl, ganglio pleural; pa, ganglio
parietal; v, ganglio visceral; prolongamento do corpo dorsal (asterisco branco). B: Representacao
esquematica do ganglio cerebral. mc, mesocérebro; prec, pro-cérebro, psc, metacérebro: Ipe, lobo
pedal; Ipl, lobo pleural; lc, lobo comissural; cd, corpo dorsal. A este nivel de sec¢do ndo se
observa a comissura cerebral (Adaptado de Zancan, 1996).
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1.5 - MEDIADORES QUIMICOS NO SNC DO Megalobulimus abbreviatus

Os mediadores quimicos estdo divididos em duas classes gerais de sinalizadores: as
aminas, que sdo sintetizadas diretamente de aminoacidos e formadas por reagdes relativamente
simples, e os peptideos, que sdo transcritos por um ou mais genes e sintetizados por uma cascata
de reagoes de transcrigdo e translagao.

Torna-se cada vez mais evidente que as monoaminas e os neuropeptideos exercem um
papel importante no controle e na modulacdo de comportamentos em muitos organismos. Estas
agOes neuromodulatdrias podem variar de efeitos especificos de membrana, os quais alteram o
padrao de atividade de neurdnios determinados ou de vias neuronais, a papéis obrigatorios em
nivel de organismo (KAVALIERS, 1988a).

Entre as aminas metiladas, a mais amplamente difundida em transmissdes sindpticas ¢ a
acetilcolina (ACh), que ¢ encontrada em todos os grupos animais, com exce¢do dos poriferos
(FLOREY, 1963; BULLOCH & HORRIDGE, 1965). O estabelecimento da ACh como mediador
quimico nas sinapses nervo-nervo e nervo-musculo tem sido proposto em diversos grupos de
invertebrados (BULLOCH & HORRIDGE, 1965; WALKER & HOLDEN-DYE, 1989). A
juncao neuromuscular ¢ uma localizagdo comum da ACh, reconhecida como neurotransmissor
excitatorio nestas sinapses em invertebrados como nematodas, anelideos e moluscos (WALKER
& HOLDEN-DYE, 1989). O papel funcional da ACh em invertebrados ¢ bem conhecido, e sua
acdo farmacologica, assim como de seus antagonistas e agonistas, foi amplamente investigada,
sendo que o conhecimento de seus efeitos nos invertebrados ¢ provavelmente tdo antigo quanto
as observagdes de suas agdes nos vertebrados (FLOREY, 1963). A acdo da ACh varia,
dependendo do filo de invertebrados, sendo que nos gastropodes ela atua como mediador quimico
nas sinapses motoras e interneurais (WALKER & HOLDEN-DYE, 1989; ELLIOTT &

KEMENES, 1992). Grande atividade da AChE foi descrita para ganglios nervosos de
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cefalopodes e insetos, onde a concentracdo desta ¢ bem superior a encontrada no SNC de
mamiferos (PROSSER, 1991). Além dos cefalépodes, uma alta concentracdo de ACh também foi
descrita para outros moluscos (GERSCHENFELD, 1973). No SNC de M. abbreviatus foi
demonstrada histoquimicamente a atividade enzimdtica da AChE. Esta reacdo foi observada na
camada neuronal cortical e neuropilo dos ganglios, comissuras, conetivos ¢ nervos, sendo que a
mais forte reacdo positiva neuronal ocorreu nos ganglios pedais e bucais. Também se observou
uma reacdo AChE de intensidade forte através de todo o neuropilo dos ganglios pedais. Estes
dados sugerem que estas areas positivas a AChE estejam envolvidas em circuitos colinérgicos,
sendo que a atividade AChE esta associada a presenca de ACh atuando como neurotransmissor
nestes circuitos (ZANCAN et al., 1994). Estes dados foram confirmados através da detecg¢ao da
AChE em fibras nervosas de diferentes didmetros e ganglios de tamanhos variados por toda a
extensdo da musculatura pediosa deste caracol, além de neuronios positivos distribuidos entre as
células epiteliais no epitélio do pé do animal (FACCIONI-HEUSER, 1999). Assim, pode-se
fazer uma correlag@o da atividade da AChE no plexo pedioso de M. abbreviatus com a presenca
de provaveis circuitos colinérgicos nos ganglios pedais, sugerindo que estruturas nervosas deste
plexo estejam também envolvidas nestes circuitos, promovendo a locomog¢dao (ZANCAN, 1996;
FACCIONI-HEUSER, 1999). Além disso, a presenca de neurdnios positivos a AChE nos
ganglios cerebrais desta espécie de caracol sugere o seu envolvimento no metabolismo de
neuropeptideos (ZANCAN, 1996).

As monoaminas sdo moléculas amplamente conhecidas como neurotransmissores, sendo
derivadas de aminoacidos. Em invertebrados, as monoaminas atuam como neurotransmissores,
neuromoduladores e até como neuro-hormoénios. Entre elas, as catecolaminas sdo amplamente
encontradas nos animais em geral, podendo ser sintetizadas por protozoarios, planarias,

nematodas, trematodas, celenterados, anelideos, moluscos e artrépodes. A catecolamina mais
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importante entre os invertebrados ¢ a dopamina, enquanto que a noradrenalina esta geralmente
ausente ou ocorre em pequenas quantidades (WALKER & HOLDEN-DYE, 1989). No SNC de
M. abbreviatus, corpos celulares catecolaminérgicos foram identificados através do método do
acido glioxilico. Estas células catecolaminérgicas estdo presentes em regides dos ganglios
cerebrais e dos ganglios pedais. Os grupamentos neuronais mostrando catecolaminas no ganglio
cerebral desta espécie de caracol apresentaram uma distribuicdo similar aos neurdnios
imunorreativos a dopamina e a tirosina hidroxilase de Helix pomatia o que, juntamente com o
fato de que a dopamina ¢ a catecolamina mais abundante no SNC de diversas espécies de
gastropodos, sugere que estes neurdnios observados nos géanglios cerebrais de M. abbreviatus
sejam dopaminérgicos. Nos ganglios pedais deste caracol, os neurdnios catecolaminérgicos estao
organizados em colunas localizadas lateralmente, estendendo-se desde a regido dorso-medial até
o nivel da comissura principal do ganglio. Todos os neurdnios catecolaminérgicos do SNC de M.
abbreviatus sdo de pequena dimensdo, e o neuropilo destes ganglios apresenta uma grande
quantidade de fibras catecolaminérgicas, podendo significar um aporte de fibras
catecolaminérgicas originadas de neurdnios sensoriais periféricos (ZANCAN et al., 1997).

Outro neurotransmissor importante nos invertebrados ¢ a serotonina (5-HT), a qual ¢
encontrada tanto no sistema nervoso central (SNC) como no periférico, tendo fungdes biologicas
especificas como neurotransmissor, neuromodulador e neurormonio. Nos mamiferos a 5-HT
desempenha importante papel sobre a inibigdo da transmissdo nociceptiva ao nivel das vias
descendentes bulbo-espinhais, por sua agdo localizada sobre os nociceptores. No SNC de
humanos a 5-HT atua como modulador do humor, do apetite, da temperatura corporal, da
secrecao neuroendocrina, do sono e da nocicepcdo, além de estar envolvida em uma série de
disturbios psiquiatricos. Em diversos gastropodes, a 5-HT tem funcdo neurotransmissora e

neuromoduladora no SNC e desempenha uma importante fungdo nas condigdes homeostasicas
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basicas nesses animais, tais como alimentag¢do, comportamento reprodutor, locomogao, secrecao
neuro-hormonal, fun¢do cardiovascular, aprendizado, sensitizacdo e reflexo de retirada
(PANCHIN et al., 1996; ZANCAN, 1996; ZANCAN et al., 1997).

Existem evidéncias que peptideos estejam envolvidos em varios aspectos relacionados a
nocicepcdo, € consequentemente as respostas aos estimulos nocivos, tanto em invertebrados
quanto vertebrados. Os peptideos podem atuar como neurotransmissores, sendo constituidos de
moléculas grandes com cadeia linear de 5-40 aminoécidos, armazenados e liberados de vesiculas
sinapticas em terminais axonais. Sdo classificados em familias por possuirem seqiiéncias de
aminoacidos e acdes semelhantes. Dentre estas familias podem-se destacar as taquicininas,
secretinas, insulinas, gastrinas e opioides (KANDEL et al., 2000).

Os peptideos pertecentes a familia dos opidides - encefalinas, dinorfinas, opiocortinas,
assim como FMRFamida (KANDEL et al., 2000) estdo envolvidos na regulacdo de varias
fungcdes em moluscos, incluindo locomogdo, transmissdo sensorial tatil, ritmo respiratorio,
alimentacdo e nocicep¢do (ZANCAN,1996). O peptideo FMRFamida (Phe-Met-Arg-Phe-NH,)
foi descoberto inicialmente no ganglios do bivalve Macrocallista nimbosa, e desde entdo uma
variedade de peptideos tem sido identificada em varias outras espécies. A FMRFamida tem sido
implicada na atividade excitatoria de tecidos e neurOnios sensoriais em moluscos, e essa
atividade parece estar associada a modulacdo sensorial, particularmente aquela associada a
nocicepcao (KAVALIERS, 1988a). Também as encefalinas apresentam a capacidade de interagir
com a liberagcdo de outros neurotransmissores, como a dopamina e a substancia P, o que indica o
seu envolvimento na regulacdo de uma variedade de processos biologicos (SCHARRER, 1987).
Outro neuropeptideo amplamente detectado em animais invertebrados ¢ a substancia P (SP), que

faz parte da familia das taquicininas ou neurocininas, cujos diferentes tipos de receptores
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participam na modulacdo da transmiss@o nociceptiva e anti-nociceptiva, e também nas respostas
cardiovasculares (vasoativas) provocadas na medula espinhal (HELKE et al., 1990).

Estudos prévios realizados em nosso laboratério com M. abbreviatus indicaram a
presenca de neurdnios colinérgicos, monoaminérgicos (catecolaminérgicos e serotoninérgicos) e
peptidérgicos no SNC deste animal, envolvidos em varias fungdes fisiologicas (ZANCAN et al.,
1994; ZANCAN, 1996; ZANCAN et al., 1997; MORIGUCHI-JECKEL, 2001; FACCIONI-
HEUSER et al., 2004). Além disso, foram detectadas variagdes na expressdo serotoninérgica em
neuronios e areas neuropilares dos ganglios pedais apos estimulagdo térmica aversiva, sugerindo
o envolvimento da 5-HT no circuito nociceptivo de Megalobulimus abbreviatus (SWAROWSKY

et al., 2005).

1.6- OXIDO NITRICO

O o6xido nitrico (NO) ¢ um gas que se comporta como um radical livre, que além de
outras fun¢des, modula a neurotransmissao e esta envolvido em diferentes comportamentos e nos
processos de aprendizado e memoria em vertebrados e invertebrados (MOROZ et al., 1993;
GELPERIN, 1994; VINCENT, 1994; ELPHICK et al., 1995; GARTHWAITE & BOULTON,
1995; TEYKE, 1996). Ele foi primeiramente descoberto como a molécula responsavel pelas
acoOes tumorais e bactericidas dos macrofagos (GREEN et al., 1981a; GREEN et al., 1981b;
HIBBS et al., 1987; STUEHR et al., 1989). Subsequentemente foi demonstrado que o NO
representava um fator de relaxamento derivado do endotélio que mediava a habilidade de
substancias, tais como a acetilcolina e a bradicinina, de dilatar vasos sanguineos (IGNARRO et
al., 1987 PALMER et al., 1987). Essas a¢0es despertaram o interesse da possibilidade de que o

NO poderia ser formado no encéfalo, sendo essa evidéncia obtida em culturas de células
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cerebelares (GARTHWAITE et al., 1988). A presenga de uma enzima formadora de NO (NO
sintase, ou NOS), também no encéfalo, foi mais tarde confirmada (KNOWLES et al., 1989), ¢
esta enzima foi subsequentemente purificada e seu DNA foi clonado e sequenciado (BREDT et
al., 1991).

A regulacdo da sintese do NO ¢ de fundamental importancia, uma vez que o NO ndo pode
ser armazenado, liberado ou inativado, apds sua liberagdo na sinapse, por nenhum dos
mecanismos regulatorios convencionais (BREDT & SNYDER, 1994). Além disso, o NO
extrapola muitos critérios cldssicos de um neurotransmissor. Por exemplo, neurotransmissores
sdo usualmente armazenados em vesiculas e liberados por exocitose. J& o NO ¢ formado de
acordo com a demanda e simplesmente se difunde entre as células (JAFFREY & SNYDER,
1995). Outro aspecto importante ¢ que os neurotransmissores geralmente agem em locais
receptores especificos nas membranas de células adjacentes, enquanto que o NO se difunde para
dentro das células adjacentes e se liga a inimeras proteinas que servem como alvos receptores,
como a guanilil ciclase. Sendo assim, o NO possui uma grande habilidade para se difundir através
das membranas, permitindo uma rapida movimentacao em todas as direg¢des, desde o local de sua
sintese (XIE et al., 2002). Além disso, neurotransmissores podem ser inativados por mecanismos
enzimaticos ou de recaptacdo, enquanto que o NO ¢ inativado por reagdes quimicas com outras
moléculas, como o superoxido (JAFFREY & SNYDER, 1995).

A quantidade de NO produzido depende da atividade da enzima NOS. Uma vez que, o
NO ndo pode ser estocado em neurdnios, a regulacdo da atividade desta enzima ¢ de crucial
importancia. O NO tem um curto periodo de meia-vida (segundos) e ¢ rapidamente oxidado em
produtos finais estaveis e inativos, como nitrito (NO,") e nitrato (NO;) (LOU & CIZKOVA,

2000).
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A NOS catalisa a reagdo de L-arginina e O, a L-citrulina e NO (VINCENT, 1994) (Fig.

4).
HoNa ' sNH, HN._ 0
T NADPH
NH 0, NH
+ NO
+ +
HN~ ~CO00" HN~" ~CO0"
L-arginina citrulina oxido nitrico

Figura 4. Reacdo catalisada pela 6xido nitrico sintase (Marletta, 1993)

Apds essa descoberta, duas classes distintas de NOS foram identificadas: a NOS
constitutiva calcio/calmodulina dependente (c-NOS) e a NOS induzivel célcio-independente
(INOS, NOS2; (MONCADA et al., 1991). Foram também descritas duas isoformas de ¢cNOS,
chamadas NOS endotelial (eNOS, NOS3) e NOS neuronal (nNOS, NOS1). A nNOS ¢ a mais
abundante isoforma presente no encéfalo, e € co-localizada com neurdnios marcados com
nicotinamida-adenina dinucleotidio-fosfato em sua forma reduzida (NADPH) diaforase
(NADPH-d). Todos os tipos de NOS requerem NADPH e O, como co-substratos para a sua
reacdo (MARLETTA, 1993). Os primeiros neurdnios marcados com a técnica da NADPH-d
foram identificados por Thomas e Pearse em 1961 e 1964, que descobriram neurdnios que se
marcavam de azul escuro na presenca de azul de nitrotetrazolio (nitro blue tetrazolium, NBT) e
NADPH. A atividade da nNOS depende também de outros cofatores, tais como, flavina
mononucleotideo (FMN), flavina adenina dinucleotideo (FAD) e tetrahidro-L biopterina (BH4)
(BREDT& SNYDER, 1994; VINCENT, 1994; LOU & CIZKOVA, 2000). nNOS foi
originalmente encontrada em neurdnios, mas também tem sido identificada em outros tecidos

como musculo esquelético e cardiaco. eNOS foi inicialmente identificada em células endoteliais,
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e estudos recentes sugerem a existéncia do gene para eNOS em neurénios, apontando para a
participacdo desta isoforma na transmissao sinaptica (LOU & CIZKOVA, 2000).

As isoformas nNOS e eNOS sdo constitutivamente expressas € sua ativagdo enzimatica
requer a estimulacdo de vias de sinalizacdo dependentes de célcio/calmodulina. iNOS ndo ¢
tipicamente expressa em células em repouso, porém sua expressdo ¢ induzida em uma grande
variedade de tecidos e células por citocinas, produtos microbiais ou lipopolissacarideos (LPS), e
sua atividade independe de niveis de calcio intracelular (LOU & CIZKOVA, 2000).

A formacao da nNOS ¢ estimulada em resposta ao aumento de niveis intracelulares de
calcio. No encéfalo, o glutamato agindo em receptores NMDA desencadeia um influxo de calcio
que se liga com a calmodulina para ativar a NOS. Dessa maneira, o glutamato pode triplicar a
atividade da NOS em fatias de encéfalo em questdo de segundos, o que gerou um novo modelo
de transducao sinaptica (BREDT & SNYDER, 1989).

Paralelamente aos estudos realizados no sistema nervoso central (SNC) de mamiferos,
foram-se acumulando evidéncias que NOS também se expressa no sistema nervoso de diferentes
invertebrados, indicando que a via de sinalizacdo do NO ¢ filogeneticamente estendida e
conservada através da evolu¢ao (DI COSMO et al., 2000; PALUMBO, 2005). O procedimento
histoquimico para detectar atividade NADPH-d e/ou a detec¢do imunoistoquimica para localizar
NOS foram utilizadas em diferentes espécies de invertebrados. Entre os moluscos gastropodes
foram estudados em Limax maximus (GELPERIN, 1994), Helix aspersa (COOKE et al., 1994),
Helix pomatia (HUANG et al., 1997), Lymnaea stagnalis (MOROZ et al., 1993; 1994). Além
disso, existem evidéncias fisiologicas da atividade do NO: na locomog¢do em Clione limacina
(MOROZ et al., 2000), na regulacao da liberagdo de acetilcolina em Aplysia (MEULEMANS et
al., 1995), na modulagdo da antinocicep¢ao em Cepaea nemoralis (KAVALIERS et al., 1998), no

mecanismo de defesa em Mytilus edulis (STEFFANO & OTTAVIANI, 2002), na memoéria em
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Aplysia (KATZOFF et al., 2002), na facilitacdo sinaptica em Helix lucorum (MALYSHEV &
BALABAN, 1999), na regulagdo do funcionamento do sistema serotoninérgico, como segundo
mensageiro, atuando como um co-transmissor com 5-HT nas aferéncias sinapticas em Helix
lucorum (D’YAKONOVA, 2002), no comportamento alimentar em Lymnaea stagnalis
(STRAUB et al., 2006; KOBAYASHI et al., 2000, SADAMOTO et al., 1998), em
Pleurobranchaea californica (MOROZ & GILLETTE, 1996), e em Clione limacina (MOROZ et
al., 2000). Nos moluscos cefalopodos foram realizados também varios estudos sobre o NO como,
por exemplo, no comportamento de defesa em Sepia officinalis onde esta envolvido “o sistema de
defesa da tinta” adotado pelo animal para confundir ao predador, e a sinalizagdo do NO mediada
pelo GMPc no cérebro de Sepia esta envolvido nos mecanismos redox e particularmente na
nitracdo protéica (DI COSMO et al., 2000; PALUMBO, 2005).

Nos invertebrados, diferentemente dos vertebrados, encontrou-se que em Helix aspersa a
distribui¢ao de neurdnios NOSir diferem em sua localizagdo com os neurdnios com atividade
NADPH-d (COOKE et al., 1994). Peruzzi e colaboradores (2004), estudando o papel do NO no
SNC de Planorbarious corneus e a possivel implicagdo da comunicagdo neurdnio-microglia,
marcaram os neuronios, em cortes alternados, tanto com o procedimento histoquimico para
detectar a atividade NADPH-d, assim como, com o procedimento imunoistoquimico para
visualizar nNOS e iNOS. Neles tampouco encontraram uma completa superposi¢ao dos
neuronios marcados pelas duas reagdes. Existe 60% de co-localizagdao entre nNOS ¢ NADPH-d,
no entanto, 40% foram somente NADPH-d positivos. Quando estudada a diaforase e a iNOS apos
estimulacdo com diferentes ativadores (ATP, lipopolissacarideos) encontrou-se 80% de
superposicao entre as duas reagdes, esta diferenca na co-localizacdo provavelmente deve-se ao

fato que o procedimento para detectar diaforase ndo distingue as duas isoformas de NOS, e que
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os 20% restantes de neurénios NADPH-d positivos poderiam somente ser explicados pela
presenca de diferentes enzimas NADPH-d (BEESLEY, 1995; PERUZZI et al., 2004).

Também foi encontrado no SNC de Helix pomatia uma distribui¢do complementar entre a
atividade NADPH-d e a imunorreatividade a L-arginina, a NADPH-d também se co-expressa
com a imunomarcagio da L--citrulina, apés aumento do Ca’ intracelular, sugerindo que os
neurdnios produtores de NO sdao os mesmos que contém L-arginina (XIE et al., 2002).

Os neurdnios imunorreativos a nNOS (nNOS-ir) no SNC de Helix aspersa encontraram-
se principalmente nos ganglios cerebral e pedal, entretanto, as fibras imunorreativas foram
identificadas apenas em locais restritos, como no neuropilo dos ganglios centrais e nas fibras dos
conectivos interganglionares. No entanto, o0s nervos periféricos ndo apresentaram
imunomarcagdo. Deste modo concluiu-se que os neurdnios nNOS-ir seriam interneuronios
(COOKE et al., 1994). Em Helix pomatia foram encontrados agrupamentos neuronais com
atividade NADPH-d em todos os ganglios centrais, assim como uma distribui¢do semelhante dos
neuronios nNOS-ir, sendo esta co-localizagdo em torno de 60% (HUANG et al., 1997). A
atividade NADPH-d também foi estudada em diferentes caracois opistobranquios tais como
Pleurobranchaea californica, Aplysia californica, Tritonia diomedeia e nos cefalopodos Sepia
officinalis e Rossia pacifica. Todos os opistobranquios mostraram escassos neurdnios positivos
(cerca de 50 somas com reacao fraca e 10 com reacdo intensa) nos ganglios centrais. Por outro
lado, em Pleurobranchaea mais de 500 neurdnios apresentaram reacdo forte, a maioria deles
localizavam-se nos ganglios pedais, bucais e cérebro-pleurais (MOROZ et al., 1996).

Estudos feitos em Pleurobranchaea californica ¢ Aplysia (MOROZ et al., 1996)
demonstraram que a conversao de arginina em citrulina ¢ dependente de NADPH, dependéncia
esta que foi suprimida com o emprego de um inibidor da calmodulina, a trifluoperazina (TFP).

~ . . ~ . . ~ 4+ P ~
No entanto, a producdo da citrulina ndo se modifica pela omissdo do Ca ', com a utilizagdo de
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um quelante de célcio, como o acido etileno glicol tetracético (EGTA), mas foi inibida pela
utilizagdo de um inibidor da NOS, o N®-nitro-L-arginina metil ester (L-NAME), e ndo por
adi¢do da forma destrogira do mesmo composto (ELPHICK et al., 1995).

A auséncia de dependéncia de Ca™ na NOS dos moluscos estudados contrasta com a forte
dependéncia de Ca''/calmodulina encontrada em artrépodos e nas isoformas neuronal e
endotelial de NOS em mamiferos (ELPHICK et al., 1995). No entanto, a susceptibilidade da
atividade enzimatica a TFP sugere que a NOS dos moluscos seria semelhante a forma induzivel
de NOS em mamiferos e poderia unir-se constitutivamente a calmodulina como um forte cofator
sem Ca" (KNOWLES & MONCADA, 1994).

As caracteristicas da atividade da NOS em Pleurobranchaea sugerem que a enzima ¢ uma
isoforma nova, no que tange a combinagdo, a sua origem neuronal, localizagdo subcelular, sua
sensibilidade aos bloqueadores de calmodulina, insensibilidade ao Ca'", e sua natureza
constitutiva. Nos invertebrados outras isoformas constitutivas de NOS independentes de Ca""
foram descritas em tecidos ndo neurais. Em mamiferos algumas isoformas induziveis sao
semelhantes as encontradas em Pleurobranchaea, como as das células granulares do cerebelo e
tecidos ndo neurais, como a microglia e hepatécitos que sio Ca' independentes, mas
dependentes da calmodulina (MOROZ et al., 1996).

Apo6s estimulagdo nociceptiva periférica no rato (VETTER et al., 2001) e no caracol
terrestre Cepaea nemoralis (KAVALIERS et al.,, 1998) e axotomia na tartaruga Trachemys
dorbigni (PARTATA et al., 1999), foi demonstrado um envolvimento do NO no circuito
nociceptivo. Foi observado que o NO ¢ a NOS modulam a antinocicepgao induzida por opidides
e os efeitos inibitorios da exposi¢cdo a um campo magnético de 60-HZ no caracol terrestre Cepaea

nemoralis. A administra¢do do inibidor competitivo L-NAME induz antinocicep¢do, enquanto
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que a administragdo de um agente liberador de NO, a S-nitro-N-acetil-penicilamida (SNP)
provoca uma redugéo da antinocicepgdo em Cepaea nemoralis (KAVALIERS et al., 1998). Esses
dados dao apoio e ampliam os resultados de varios estudos realizados em ratos e camundongos
que mostraram que a inibicdlo da NOS aumenta a analgesia mediada por opidides

(MACHELSKA et al., 1997; PRZEWLOCKI et al., 1993).

1.7- OXIDO NITRICO E NOCICEPCAO

Ainda que as consequéncias biologicas da producdo de NO e seus alvos celulares ndo
sejam totalmente compreendidos, suas funcdes patologicas e fisiologicas estdo sendo descobertas
rapidamente. Muitas evidéncias indicam que a ativagdo nociceptiva aferente, como no caso de
injuria de nervo periférico e inflamagdo, resulta em sensitizacdo central, que ¢ mediada pela
ativacdo de receptores do tipo NMDA (N-metil-D-aspartato), que podem levar a produgdo de
NO. A ativagao de receptores espinhais do tipo NMDA por aumento da liberagao pré-sinaptica de
glutamato resulta em um aumento do calcio intracelular e estimulacio da NOS
calcio/calmodulina dependente. Os efeitos biologicos do NO podem ser mediados através da
interagdo direta com seus alvos ou da ativacdo da guanilato ciclase soluvel e subsequente
producao de guanosina monofostato ciclico (GMPc) (LOU & CIZKOVA, 2000).

Estados hiperalgésicos envolvem uma producdo de NO dependente de calcio. Assim,
qualquer aumento na concentragdo intracelular de GMPc pode produzir alodinia (SOUZA &
PRADO, 2001). Efeitos benéficos no manejo da dor tém sido obtidos em algumas desordens
através da inibicdo da producdo de NO, mas em outros casos através do aumento de sua

produ¢do. Compreender o papel do NO em uma determinada condi¢do, entdo, ¢
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fundamentalmente importante para desvendar o papel do NO na nocicepgdo (LOU & CIZKOVA,
2000).

Mesmo que o NO provavelmente ndo seja um mediador na transducdo de estimulos
periféricos sob condigdes fisiologicas (LIN et al., 1999), muitos estudos farmacoldgicos e
imunoistoquimicos tem sugerido que o NO esta envolvido nos estados de dor apds o dano
tecidual. A inibi¢do da produgdo de NO por inibidores da NOS na maioria dos casos resulta na
supressdao da hiperalgesia induzida por dano tecidual ou estimulacdo quimica. Assim, o NO
modula a hiperexcitabilidade de neurdnios do corno dorsal da medula e exerce um papel pro-
nociceptivo nestes estados de nocicep¢ao. Esta hipotese estd de acordo com os dados de que os
niveis da proteina NOS estdo aumentados em vdarios modelos animais de dor (LOU &
CIZKOVA, 2000).

Alguns estudos, porém, tem sugerido que o NO pode ndo exercer um papel pro-
nociceptivo nos estados de dor (BUDZINSKY et al., 2000). Uma redugdo, mas nao um aumento,
da expressao de NOS tem sido registrado associado com hiperalgesia induzida por inflamagao
cronica (DOLAN et al., 2000). Estas discrepancias podem ser explicadas pelos achados in vitro
de que a expressdao da NOS nos neuronios da medula espinhal, que finalmente leva a producao de
NO, ¢ diferencialmente regulada pela ativagdo de diferentes fibras aferentes, bem como pela
intensidade e duracdo das aferérencias nociceptivas (CALLSEN-CENCIC et al., 1999). Entao, ¢
provavel que o ambiente em torno do local do dano, a severidade da inflamagdo, tipos de
citocinas liberadas e assim por diante, podem ativar aferentes primarios com diferente
intensidade, resultando em regulacdo diferencial da expressdo do gene para NOS (LOU &
CIZKOVA, 2000).

Outra explicagdo para as discrepancias referentes ao papel do NO na nocicepcao induzida

por danos teciduais ¢ que o NO pode ser uma molécula mensageira de diferentes tipos de
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neuronios, incluindo neurénios excitatorios e interneuronios inibitorios (VALTSCHANOFF et
al., 1992; BOGDANOV & WURTMAN, 1997). Dependendo do tipo de neurdnio ativado apds
uma lesdo especifica, a influéncia na produgdo diferenciada de NO na nocicep¢do pode variar
entre modelos de dor animal e doencas humanas. Isto €, a ativacdo de neuronios excitatorios
induzida por NO na via nociceptiva pode resultar em hiperalgesia, ao passo que a ativagao de
interneurdnios inibitdrios induzida por NO pode causar hipoalgesia (LOU & CIZKOVA, 2000).
Estes dados estdo de acordo com estudos in vitro de que o NO pode exercer um duplo papel na
mediacdo da atividade neuronal, podendo aumentar a atividade neuronal na medula espinal
durante a inflamacdo (HALEY et al., 1992) ou diminuir a responsividade dos neurdnios espinhais
aos estimulos nocivos (ZHUO et al., 1993). Além disso, 0 NO produzido em um tipo de neuroénio
pode difundir e influenciar neurdnios proximos que podem ter propriedades opostas (excitatdria
ou inibitoria) e formar contatos sinapticos com neurdnios produtores de NO. Assim, a ativagao
dos neuronios circundantes induzida por NO pode promover uma regulagdo positiva ou negativa
através de alcas de feedaback sobre os neurdnios primarios produtores de NO (LOU &
CIZKOVA, 2000).

Em mamiferos o NO age como um segundo mensageiro que ativa a guanilato ciclase e
entdo aumenta a sintese de GMPc. Muitas evidéncias t€ém mostrado que o NO e o GMPc estdo
envolvidos no processo nociceptivo, mas a controvérsia a respeito dos efeitos pro ou
antinociceptivos do NO e do GMPc também estdo presentes quando se trata da analise desta via.
Possiveis explicagdes para estas aparentes discrepancias sdo que o GMPc, assim como o NO,
também tem diferentes agdes na atividade e excitabilidade neuronal em niveis espinhais e supra-
espinhais e diferentes efeitos anti ou pré-nociceptivos dependendo da sua concentragcdo. O NO
pode induzir efeitos pro-nocieptivos em altas concentragdes e anti-nociceptivos em baixas

concentracdes (HOHEISEL et al., 2005; ZAKARIA et al., 2005).
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Pelo fato da atividade do NO ser intimamente controlada por uma familia de genes da
NOS, cuja expressdo estd sujeita a regulacdo diferencial em tipos celulares especificos e sob
estimulos especificos, o papel do NO na nocicep¢ao pode ser mais complicado do que se espera.
Dados existentes sugerem que a via NO-GMPc ¢ importante na sensitizagdo central induzida por
dano tecidual, provavelmente através de mecanismos mediados pela modula¢do de circuitos
espinhais excitatorios e inibitorios. Entretanto, vias que ndo envolvam o GMPc podem também

participar na nocicep¢ao mediada por NO (LOU & CIZKOVA, 2000).



2. OBJETIVOS
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2.1- OBJETIVO GERAL

Sabe-se que um dos maiores desafios das neurociéncias ¢ a identificagdo funcional de
neuronios envolvidos nos circuitos basicos de certos comportamentos, inclusive da nocicepgao.
Com o objetivo de darmos continuidade a caracterizagcdo dos neurdénios do SNC do modelo
experimental estabelecido em nosso laboratorio, o caracol terrestre Megalobulimus abbreviatus, e
sabendo que o NO e sua enzima de sintese, a NOS, expressam-se muito inicialmente na filogenia,
foi analisada a expressdo e a distribui¢ao do 6xido nitrico utilizando o procedimento histoquimico
da NADPH diaforase. Sabendo que um estimulo térmico a 50 °C ¢ aversivo para o caracol M.
abbreviatus, foram observados os efeitos da estimulag@o térmica aversiva na expressdo do 6xido
nitrico no SNC desta espécie apos diferentes tempos de estimulagdo térmica, mediante 0 mesmo
procedimento de histoquimica. Também foram estudados os efeitos de L-NAME, inibidor de

NOS, assim como, do doador de ON, SNP, na antinocicep¢ao mediado por opiodides induzida por

morfina ap0ds a resposta térmica e quimica.

2.2 - OBJETIVOS ESPECIFICOS

= Localizar mediante o procedimento histoquimico da NADPH-diaforase subpopulacdes

neuronais produtoras de 6xido nitrico no SNC de M. abbreviatus jovens e adultos;

= Estudar semiquantitativamente as provaveis variagdes na atividade da enzima de
sintese do NO, a 6xido nitrico sintase (NOS), através da técnica da NADPH-diaforase,

no ganglio pedal de animais jovens e adultos controle e tratatados (estimulagdo
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térmica aversiva) em diferentes tempos, utilizando o procedimento de densitometria

optica;

Observar os efeitos do inibidor da NOS, L-NAME, bem como do doador de ON, o
SNP, na resposta de laténcia aos estimulos térmico (placa quente) e quimico
(capsaicina topica), bem como na antinocicep¢do mediada por opidides induzida por

morfina durante os estimulos térmico ¢ quimico em animais adultos.



3. MATERIAL E METODOS
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Nesta secdo, sera feita uma breve descricdo da abordagem metodoldgica utilizada em cada
um dos trabalhos que compdem esta tese. A descricdo completa dos materiais € métodos
utilizados encontra-se no corpo de cada trabalho nos capitulos de Artigos submetidos e/ou aceitos
para publicacao.

Todos os animais utilizados foram carac6is jovens e/ou adultos Megalobulimus
abbreviatus coletados no municipio de Charqueadas, RS, mantidos em terrarios telados com ciclo
claro/escuro de 12 h, temperatura controlada (20-25 °C), e alimentados com alface e agua ad
libitum. Os animais utilizados foram coletados em diferentes estagdes do ano (inverno, primavera
e verao).

Os animais adultos foram identificados pela presenca da borda da concha “virada”, de
coloragdo résea, com média do comprimento da concha variando de 7.5 £ 0.5 cm de
comprimento e de 4.0 = 0.2 cm e peso variando entre 41 — 78 g (Fig. 5). Os animais jovens ndo
apresentaram a borda résea na concha e a média de tamanho das mesmas variou entre 4.0 + 0.2

cm de comprimento e de 2.9 + 0.3 cm, com peso variando entre 12 — 24 g (Fig. 6).

Figura 5 — Animal adulto utilizado para
experimentagdo. CP, complexo cabeca-pé;
asterisco, concha; seta, borda virada de
coloragdo rosea; cabega de seta, tentaculos
posteriores; seta dupla, palpos labiais.
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Figura 6 — Animal joven utilizado para
experimentagdo. CP, complexo cabeca-pé;
asterisco, concha.

Todos os procedimentos experimentais foram realizados durante o dia, no periodo entre
14h e 17h, para eliminar variaveis, pois as espécies de gastropodos terrestres apresentam habitos
noturnos (CHASE, 2002). Todos os procedimentos aplicados estiveram de acordo com as Leis

Brasileiras de cuidado e pesquisa animal (Lei n° 11.794).
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3.1-ARTIGO I

3.1.1- Procedimento histoquimico para detecdo de atividade NADPH-diaforase

Nesse experimento foi realizada a técnica histoquimica da NADPH-diaforase (enzima
citosolica dihidronicotinamida adenina dinucleotideo fosfato) — NADPH-d (adaptada de
CARRILLO et al., 2007). Esta técnica utiliza NADPH como substrato e azul de nitrotetrazdlio,
nitro blue tetrazolium (NBT), como cromogeno (que ¢ amarelo), gerando um precipitado azul
escuro insoluvel, denominado formazan pela liberagao de elétrons.

Atualmente sabe-se que a enzima NADPH-d ¢ responsavel por catalizar a seguinte reagao
(HOPE & VINCENT, 1989):

NADPH + NBT ~> NADP" + formazan

Foram utilizados 6 caracois adultos e 6 caracdis jovens para a descricdo das
subpopulagdes neuronais produtoras de NO. Os animais foram anestesiados em uma solugdo
saturada de mentol (Synth, Brasil) em salina para M. abbreviatus durante 30 min (ZANCAN et
al., 1997). Apos a remogdo da concha, o manto anterior ¢ o diafragma foram seccionados,
expondo a porcao anterior do trato digestorio. Os ganglios cerebrais, situados dorsalmente ao
bulbo bucal, foram retirados apds a sec¢ao de nervos e conetivos que se localizam lateralmente e
antero-lateralmente a cada ganglio. Os ganglios bucais, localizados ventralmente ao bulbo bucal
também foram removidos. Para a exposi¢ao dos ganglios subesofageais, o musculo retrator da
radula foi seccionado e o saco radular foi rebatido anteriormente. Apos a sec¢do de nervos e
conetivos neurais, a massa ganglionar subesofageal foi retirada. Todo o material removido foi
fixado por imersdo em paraformaldeido 4%, diluido em tampao fosfato (TF) 0,1M pH 7.4, por 4

horas a temperatura ambiente. Ap6s fixacdo, o material foi crioprotegido em solucao de sacarose
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15% e, logo apds, em solugdo de sacarose 30%, diluidas em TF 0,1M, a 4 °C, sob continua
agitagdo, até os ganglios afundarem. Os ganglios nervosos centrais fixados e crioprotegidos
foram orientados para cortes coronais (ganglios cerebrais) e horizontais — sentido dorso-ventral
(ganglios bucais e complexo subesofageano), em pequenos blocos confeccionados em papel
aluminio e preenchidos com meio de embebigdo (Tissue Tek, USA) para congelamento. Estes
blocos foram rapidamente congelados em isopentano (Synth, Brasil) resfriado em nitrogénio
liquido e colocados por aproximadamente 3 h a -20 °C antes de serem realizadas as sec¢des, para
estabilizar a temperatura dos mesmos. Os tecidos foram seccionados a 50 um em criostato (Leitz
1720 Digital), sendo as sec¢des recolhidas em TF 0,1IM pH 7.4 e processados para o
procedimento histoquimico. Foi realizada uma pré-incubagdo dos cortes a temperatura ambiente
por 10 min em uma solugdo contendo 12uLL de Triton X-100 (Sigma, USA) diluido em 100 mL
de TF 0,1M pH 7,4. Apos, os cortes foram incubados a 37 °C em uma solugdo contendo 5 mg de
NADPH (Sigma) e 3 mg de NBT (Sigma, USA), diluidos em TF 0,1M pH 7,4. O tempo de
incubagdo dos cortes a 37 °C foi de 1 h e 30 min. Apds a reagdo, os cortes foram lavados com TF
0,1M pH 7,4, montados em laminas gelatinizadas, desidratados em uma série alcodlica crescente,
diafanizados em xilol e cobertos com balsamo do Canad4 e laminulas.

Todos os ganglios utilizados foram fixados durante o mesmo periodo de tempo em
solucdes idénticas. Foram igualmente processados ao mesmo tempo, seguindo-se exatamente os
mesmos passos histologicos, bem como incubados nos mesmos meios, pelo mesmo periodo de
tempo. Esses procedimentos foram realizados a fim de reduzir a possibilidade de over reaction,
diferengas na reacdo do cromogeno ou alteragdes nos niveis de fundo dos grupos experimentais.

O controle da técnica foi feito através da incubacdo de alguns cortes sem substrato.

3.2-ARTIGO I
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3.2.1- Estimulo térmico aversivo

Neste experimento foram utilizados 25 caracois adultos e 25 caracois jovens, M.
abbreviatus. Os animais (jovens e adultos) foram divididos em 4 grupos de 5 caracdis e
receberam um estimulo térmico aversivo de 50 °C em uma placa quente (Socrel, modelo-DS37,
Comerio, VA, Italia) (Fig. 7), e foram sacrificados 3, 6, 12 e 24 horas apods o estimulo. O grupo

controle (5 caracois adultos e 5 caracois jovens) ndo foi submetido ao estimulo térmico.

Figura 7 — Modelo da placa quente utilizada para
aplicacdo do estimulo térmico aversivo.

Para minimizar o estresse devido a novidade (KAVALIERS, 1987; 1988b), os caracois
foram hidratados em cdmaras imidas individuais, 2 h antes do experimento. Além disso, para
evitar o provavel efeito da falta de umidade no substrato durante a exposi¢do dos caracois na
placa quente, um filme plastico coberto com 10 ml de dgua foi colocado sobre a placa. Esperava-
se entdo, que a placa readquirisse a temperatura pré-determinada (ACHAVAL et al., 2005;
SWAROWSKY et al., 2005). O limiar nociceptivo dos caracois foi individualmente determinado
por aferi¢do da laténcia de seus comportamentos aversivo ou de retirada ao estimulo térmico

(KAVALIERS & PERROT-SINAL, 1996). A aferi¢cdo da laténcia iniciou-se no momento em que
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o caracol foi colocado na placa quente e terminou imediatamente apds o animal elevar o
complexo CP a, no minimo, 1 cm da placa quente (ACHAVAL et al., 2005; SWAROWSKY et
al. 2005). A seguir, os caracois foram rapidamente removidos da placa quente e devolvidos aos
terrarios até o momento do sacrificio dos mesmos, onde permaneciam nas mesmas condigdes
ambientais e de alimentagdo anteriores ao estimulo. Todos os procedimentos experimentais foram
realizados durante o dia (14-17h), para eliminar varidveis, pois os gastropodos terrestres

apresentam habitos noturnos (CHASE, 2002).

3.2.2- Procedimento histoquimico para detecdo de atividade NADPH-diaforase
Para visualizar os neuronios que produzem oOxido nitrico, a técnica histoquimica da
NADPH-diaforase foi utilizada. O sacrificio dos animais, fixacdo do material e realiza¢do da

técnica foram feitos como descritos para o experimento do artigo 1.

3.2.3. Aquisicéo de dados

A atividade da NADPH-d foi avaliada usando densitometria Optica regional e neuronal
(SWAROWSKY et al., 2005; XAVIER et al., 2005; VASCHENKO, KOTSYUBA 2008; VIOLA
et al., 2009).

O protocolo para medir a densidade Optica da atividade da NADPH-d nos ganglios pedais
foi baseado no estudo realizado previamente por Swarowsky e colaboradores (2005). A
intensidade do produto da reacdo da atividade a NADPH-d foi estudada por uma analise semi-
quantitativa usando um microscopio Nikon Eclipse E-600 (10x) acoplado a uma camera CCD
“Pro-Series High Performance” e o programa “Image Pro Plus Software 6.0” (Media Cybernetics,
EUA). As seccdes foram analisadas e as imagens de diferentes regides dos ganglios pedais foram

capturadas, digitalizadas e convertidas para tons de cinza (0-255; sendo, 0 = branco absoluto e 255
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= negro absoluto). Quadros com 15.050 pm?” (como 4rea de interesse, AOI) foram colocados sobre
0s grupos neuronais anteriores, mediais, laterais e posteriores e sobre as areas neuropilares (NPA1
e NPA2; SWAROWSKY et al., 2005) dos ganglios pedais. Foram analisadas pelo menos 5 sec¢oes
de cada regido dos ganglios pedais, e de cada seccdo, pelo menos 3 areas diferentes tiveram suas
medidas estudadas de densitometria. Para medir a densidade Optica neuronal, uma AOI de 280 pm’
foi colocada sobre o citoplasma de alguns neurdnios (5 células em cada regido dos ganglios; pelo
menos 5 secgcdes em cada grupo). Todas as condigdes de luz e magnificacdes foram mantidas
constantes entre as secgdes e areas, ¢ adicionalmente o investigador ndo foi informado dos grupos
experimentais cujas sec¢des analisadas foram obtidas. Artefatos evidentes foram evitados. Além
disso, para realizar a densitometria, foi necessario que todo o procedimento histoquimico de cada
experimento fosse realizado com todos os grupos ao mesmo tempo, para eliminar varidveis.

Uma area de tecido livre foi determinada e utilizada para corrigir as medidas de densidade
optica, servindo como imagem de background. Foi realizada a subtragcdo de cada fundo marcado
com o fundo de corregdo (XAVIER et al., 2005).

A densidade optica regional e neuronal por campo, em uma calibragcdo padrdo, foi obtida

pela férmula:

DO (x,y) = -log [(Intensidade (x,y) -NA/ Incidente-NA)],

onde: DO = densidade oOptica; (x,y) = coordenadas do “pixel” analisado; Intensidade =
intensidade de luz visivel no “pixel” ; Incidente = intensidade de luz que incide sobre o pixel; e

NA= negro absoluto.
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3.2.4. Andlise Estatistica

Os dados referentes a densitometria Optica regional e a densitometria Optica neuronal da
atividade da NADPH-d, foram comparados através da analise da variancia (ANOVA) de duas vias

seguida pelo teste post hoc de Tukey e o nivel estatistico foi estabelecido a P < 0,05.
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3.3-ARTIGO Il

3.3.1 — Preparo das solugdes e injecao

Capsaicina 0,5% (Sigma, USA) foi dissolvida em dimetil sulfoxido (DMSO; VETEC,
Brasil), conforme protocolo publicado em experimentos anteriores na espécie em estudo (Kalil-
Gaspar et al., 2007). L-NAME (Sigma; USA) e SNP (Sigma; USA) foram dissolvidos em salina
para a espécie (5g/L NaCl, 0.08g/L KCl, 0.06g/LCaCl,) para as concentragdes desejadas (1
ng/kg, 10 pg/kg e 25 pg/kg). Sulfato de morfina (10mg/mL) (Cristalia do Brasil S/A, Sdo Paulo,
SP, Brasil) ndo necessitou diluigao.

As drogas e solu¢do salina foram injetadas na cavidade hemocélica dos animais através da
zona anterior ventral do pé 15 min antes do estimulo aversivo. Todos os animais foram utilizados

apenas uma vez em cada experimento.

3.3.2- Estimulo termico aversivo
O estimulo térmico aversivo ao qual os animais foram submetidos segue o mesmo

protocolo descrito anteriormente para o artigo II.

3.3.3- Estimulo quimico aversivo

Caracois hidratatados individualmente receberam um estimulo quimico com uma solucao
de capsaicina 0,5%. Os animais foram colocados em placas de Petri (10 cm de didmetro), a uma
temperatura ambiente de 22 °C, contendo um filme aquoso de capsaicina (KALIL-GASPAR et
al., 2007). O limiar nociceptivo dos caracdis foi individualmente determinado por aferi¢do da
laténcia de seus comportamentos aversivo ou de retirada ao estimulo térmico. A aferi¢do da

laténcia iniciou-se no momento em que o caracol foi colocado na placa de Petri e terminou
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imediatamente apo6s o animal elevar o complexo CP a, no minimo, 1 cm da placa. A seguir, os
caraco6is foram rapidamente removidos da placa e lavados em adgua corrente para evitar exposi¢ao

excessiva a solucao de capsaicina (KALIL-GASPAR et al., 2007).

3.3.4- Procedimentos experimentais para determinacéo dos efeitos de L-NAME e SNP

O estudo foi dividido em duas fases. A primeira fase teve como objetivo determinar a
dose efetiva de L-NAME e SNP que promovesse respostas de laténcia significativamente
diferentes dos animais controle e salina. Para testar se L-NAME e SNP seriam capazes de evocar
efeitos anti ou pro-nociceptivos, animais adultos (n=10 em todos os casos, com diferentes

caracdis em cada grupo) foram injetados com L-NAME (1 pg/kg, 10 ng/kg ou 25 pg/kg), SNP

(1 pg/kg, 10 pg/kg e 25 pg/kg) ou salina (ImL) e receberam estimulo térmico a 50 °C apos 15
min do tratamento. A Tabela 1 mostra os grupos utilizados nesta primeira fase do experimento e
seus respectivos tratamentos:

Tabela 1- Grupos utilizados para determinar as doses de L-NAME e SNP a ser utilizada nos
experimentos seguintes. As injecdes foram realizadas 15 min antes dos animais serem submetidos

ao estimulo aversivo (térmico ou quimico). Para cada grupo n=10, com diferentes animais em
cada grupo.

Grupos Descricdo do tratamento
Controle Sem nenhum tratamento anterior ao estimulo
Salina Salina para a espécie (5g/L NaCl, 0.08g/L KCl, 0.06g/LCaCl,)

(injetado ImL em cada animal)

L-NAME (1pg/kg) 100 mg L-NAME (Sigma; USA) diluido em 20 mL salina para a
L-NAME (10pg/kg) espécie (e entdo dissolvida para a concentragdo desejada de modo
L-NAME (25ug/Kg) que cada animal recebesse ~1mL da solucao)
SNP (1pg/kg) 100 mg SNP (Sigma; USA) diluido em 20 mL salina para a
SNP (10pg/kg) espécie (e entdo dissolvida para a concentragdo desejada de modo
SNP (25 pg/kg) que cada animal recebesse ~1mL da solucao)

L-NAME e SNP na dose de 25 pg/kg foram escolhidos para os testes seguintes por

promoverem valores significativos de laténcia, sendo medidas como descritas anteriormente.
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Na segunda fase foram testados os efeitos do L-NAME e do SNP na nocicepgao induzida
por estimulos térmico (placa quente a 50 °C) ou quimico (capsaina 0,5%) em animais adultos,
comparando estes resultados com a antinocicepgao induzida por morfina e testando os efeitos do
L-NAME e do SNP nesta antinocicepcao. Os grupos utilizados nesta segunda fase sdo mostrados
na Tabela 2.

Os tratamentos (controle, salina, L-NAME e SNP) aos quais os animais foram submetidos
correspondem aos ja definidos na primeira fase do experimento, com as doses e diluicdes de
drogas ja descritas anteriormente.

Para o grupo tratado com morfina, os animais foram injetados com sulfato de morfina
(Cristalia do Brasil S/A, Sao Paulo, SP, Brasil), na dose de 20 mg/kg de peso corporal.

Tabela 2- Tratamentos aos quais foram submetidos os grupos de animais adultos e o estimulo que
receberam (15 min apo6s a inje¢do). Quando os animais receberam mais de uma droga, a
sequencia apresentada na tabela ¢ fiel a sequéncia injetada, respeitando um intervalo de 5 min

entre uma injecdo e outra. Neste caso, o estimulo aversivo foi aplicado 15 min apés a ultima
inje¢do. Para cada grupo n=20, com diferentes animais em cada grupo.

Animais Grupos Estimulo
Controle
Salina
Morfina (20 mg/kg)
L-NAME (25 pg/kg) Placa quente

SNP (25 pg/kg)

Morfina (20 mg/kg)+ L-NAME (25 pg/kg)
Morfina (20 mg/kg)+ SNP (25ug/kg)

Adultos Morfina (20 mg/kg)+ SNP (25 pg/kg) + L-NAME
(25 pg/kg)

Controle

Salina

Morfina (20 mg/kg)

L-NAME (25 pg/kg) Capsaicina
SNP (25 pg/kg)

Morfina (20 mg/kg)+ L-NAME (25 ng/kg)
Morfina (20 mg/kg)+ SNP (25 pg/kg)

Morfina (20 mg/kg)+ SNP (25 pg/kg) + L-NAME

(25 pg/kg)
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3.3.5. Analise Estatistica
Para todos os grupos, os dados (média + desvio padrdo) foram estatisticamente
comparados através da analise da varidncia (ANOVA) de uma via, seguida pelo teste post hoc de

Tukey. O nivel de significancia foi estabelecido a P < 0,05.
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ABSTRACT

Nitric oxide (NO) is a gas produced through the action of the enzyme nitric oxide synthase
(NOS) and acts as a neurotransmitter in the nervous system of adult gastropod mollusks.
There appears to be no information on the presence of NOS-containing neurons in adult and
young Megalobulimus abbreviatus. Accordingly, we used NADPH-d histochemistry to
map the nitrergic distribution in the central nervous systems (CNS) of young and adult
animals. The reaction was observed in neurons and fibers in all CNS ganglia of both young
and adult snails (pedal, right pleural, left pleural, right parietal, left parietal, visceral,
cerebral and buccal), and was particularly strong in the pedal and cerebral ganglia where
positive neurons were found clustered symmetrically in the paired ganglia. NADPH-d
activity changed in some areas from young to adult animals. Our results provide evidence
for the existence of a nitrergic signaling system in young and adult M. abbreviatus where

NOS was found in specific regions of the CNS.
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INTRODUCTION

Nitric oxide (NO) is a gas that behaves like a free radical, which, among other
functions, modulates neurotransmission and is involved in several different behaviors in
vertebrates and invertebrates (Moroz et al., 1993; Gelperin 1994; Vincent, 1994; Elphick et
al., 1995; Garthwaite and Boulton, 1995; Teyke, 1996).

NO has the capacity to diffuse through membranes, which enables it to rapidly
move in all directions from the site of its synthesis (Xie et al., 2002). The quantity of NO
produced depends on nitric oxide synthase (NOS; EC 1.14.23.39). Given that NO cannot be
stored in neurons, regulation of this enzymatic activity is of crucial importance. In the
presence of oxygen and reduced nicotinamide adenine dinucleotide phosphate (NADPH),
NOS catalyzes the reaction from L-arginine to L-citrulline and NO (Vincent, 1994). Two
classes of NOS have been identified: calcium/calmodulin- dependent constitutive NOS (c-
NOS) and calcium-independent inducible NOS (iNOS; Moncada et al., 1991).
Additionally, two cNOS isoforms have been described; endothelial NOS (eNOS) and
neuronal NOS (nNOS). The nNOS activity also depends on other co-factors such as flavin
mononuceotide, flavine adenine dinucleotide, heme and tetrahydrobiopterine (Bredt and
Snyder, 1994; Vincent, 1994).

Studies have provided evidence to show that NOS is expressed in vertebrate and
invertebrate nervous systems, thus indicating that the NO signaling pathway is
phylogenetically extensive and preserved throughout evolution (Di Cosmo et al., 2000;
Palumbo, 2005). The histochemical procedure for detecting NADPH-d and/or
immunohistochemical detection of the distribution of NOS has been used in different
species of invertebrates, including various gastropod mollusks. Furthermore, there is

physiological evidence that NO is involved in many regulatory functions in mollusks:
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olfactory modulation (Limax maximus, Gelperin, 1994), feeding behavior (Lymnaea
stagnalis, Moroz et al., 1993; Kobayashi et al., 2000), the release of neurotransmitters
(Aplysia, Meulemans et al., 1995; Helix lucorum, D'yakonova, 2002), nociception
inhibition (Cepaea nemoralis, Kavaliers et al., 1998), immunocyte activity (Mytilus edulis,
Steffano and Ottaviani, 2002), associative conditioning and memory (Helix pomatia,
Teyke, 1996; Aplysia, Katzoff et al., 2002), withdrawal behavior (Helix lucorum, Malyshev
and Balaban, 1999) and the ink defense system of Sepia (Di Cosmo et al., 2000; Palumbo,
2005).

In contrast to vertebrates, in invertebrates such as Helix aspersa, NOS neuronal
distribution has been found to differ from that of neurons with NADPH-d activity (Cooke
et al., 1994). The ganglia contained more NADPH-d positive cells than NOS
immunoreactive cells (Moroz et al., 1994; Cooke et al., 1994). Nevertheless, 60% co-
localization of nNOS and NADPH-d has been found in different pulmonate gastropods
(Huang et al., 1997; Peruzzi et al., 2004). In addition, iNOS showed an 80% overlap with
NADPH-d following stimulation with different activators (ATP, lipopolysacharides,
Peruzzi et al., 2004). The fact that the histochemical procedure revealed different NADPH-
dependent enzymes could explain the difference in co-localization between the two NOS
isoforms (Peruzzi et al., 2004; Beesley, 1995). Nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d) is considered to be equivalent to nitric oxide synthase
(NOS), which is the enzyme responsible for nitric oxide (NO) synthesis (Hope et al., 1991).
Hence, the simple histochemical method for NADPH-d detection has been used to
investigate the distribution of neurons containing NOS activity.

While it is clear that NO is necessary for the normal functioning of adult neural

circuitry, little is known about its activity during molluscan development. With the purpose
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of furthering characterization of the neurons in the CNS of Megalobulimus abbreviatus and
in the knowledge that NO and its synthesis enzyme, NOS, are expressed very early in the
phylogenetic record, the expression and distribution of nitric oxide were analyzed using the
NADPH diaphorase histochemical procedure.

The activity of NOS or NADPH-d varies in the nervous system, according to the
ontogenetic developmental stage, as has been described in some aquatic molluscan
gastropods (llyanassa, Lin and Leise, 1996; L. stagnalis, Serfosé and Elekes, 2002). In
order to identify putative NO-producing neurons in a land snail and describe possible
ontogenetic variations, the present study analyzes the NADPH-d histochemistry in the

central nervous system of Megalobulimus abbreviatus at different ages.

MATERIAL AND METHODS
Animals

Young and adult Megalobulimus abbreviatus snails (n=6 in each group) collected
from the county of Charqueadas, RS, were kept in screened terrariums with a 12 h
light/dark cycle, controlled temperature (20-25 °C), with lettuce and water ad libitum. The
experiments were performed in the month of June (Winter) and the animal were sacrificed
at the same mid-period (14-16h).

The adult animals were identified by the presence of a pink coloring around the
edge of the shell, an average shell length of 7.5 + 0.5 cm and width of 4.0 + 0.2 cm, and a
weight from 61 to 78 g. The young animals had no pink coloring around the edge of the
shell, the average length was 4.0 = 0.2 cm and width 2.9 + 0.3 cm, and the weight was 12 to
24 g. All animal procedures were in accordance with the NIH Guide for the Care and Use

of Laboratory Animals and were approved by the local authorities.
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Histochemical Procedure

In order to visualize the neurons that produce nitric oxide, the NADPH-diaphorase
histochemical technique was used. In this technique NADPH (Sigma, USA) is employed as
a substrate and nitro blue tetrazolium (NBT; Sigma, USA) as chromogen, thus producing
an insoluble dark blue precipitate, known as formazan (Hope and Vincent, 1989).

The animals were anesthetized in a menthol solution saturated in snail saline for 30
min (Zancan et al., 1997). Immediately after removal from the shell and sectioning of the
mantle, the various ganglia of the CNS were removed and fixed in 4% paraformaldehyde
diluted in phosphate buffer (PB) 0.1M, pH 7.4, for 4 h at room temperature. They were then
cryoprotected in 30% sucrose in PB at 4 °C until they sank. The ganglia were placed in
Tissue Tek (Sakura, USA) and frozen in liquid nitrogen cooled isopentane (Vetec, Brasil)
and sectioned (50 wm) using a cryostat (Leitz, Germany). The slices were then preincubated
in a solution containing 12 uL of Triton X-100 (Sigma) diluted in 100 mL of PB at room
temperature for 5 min. After, the slices were incubated in a solution containing 5 mg of
NADPH (Sigma) and 3 mg of NBT (Sigma), diluted in PB for 1h and 30 min at 37 °C.
They were then washed in PB, mounted on gelatinized slides, dehydrated in an ascending
series of alcohol, cleared in xylol and covered with Permount and coverlips. The control

technique was carried out by incubating some sections without substrate.

RESULTS
NADPH-d positive neurons and fibers (in form of a blue formazan precipitate) were
detected in the CNS ganglia of both young and adult snails (pedal, right pleural, left pleural,

right parietal, left parietal, visceral, cerebral and buccal). Paired ganglia usually showed
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symmetrical locations of positive neurons. The fibers were identified in a complex pattern
of processes in the ganglionic neuropile. Moreover, commissures and nerves also displayed
activity. The NADPH-d staining was more intense in the neuropile, commissures and
nerves than in the neurons. NADPH-d activity was detected in the neuronal soma, in some
nuclei and processes. Staining was also present surrounding neuronal somata, presumably
due to the presence of nitrergic glial cells. When the substrate was omitted from the
incubation medium, no activity was detected. The number of NADPH-d neuronal bodies
was variable from animal to animal. More neuronal enzymatic activity was observed in the
pedal and cerebral ganglia than in the other ganglia of the CNS of the M. abbreviatus.

In the cortical region of all ganglia, NADPH-d activity was also detected in small
glial cell bodies (6-12 um in diameter) and their processes (5 wm in diameter), which
formed the glial lacunar network and the perineural glial cells. These cells were wrapped
around the neuronal cell body in several overlapping layers, and three or four processes
originated from the glial cell bodies, branched and then extended for several micrometers,
surrounding the neuronal bodies. When the neurons were large or giant, glial-positive
terminal processes invaginated the neuronal bodies, forming the trophospongium.

In M. abbreviatus, the ganglionic neurons were categorized by soma size, according
to reviews from Bullock and Horridge (1965), Dorsett (1986), Chase (2002) and Zancan
and cols (1997). Small neurons (<20 um), medium neurons (21-50 um), large neurons (51-
110 pm) and giant neurons (>110 um) were defined for this pulmonate snail.

NADPH-d reaction product was scattered throughout the ganglionic neuropile of
both young and adult animals. Neuropile NADPH-d activity was found in the fine fibers

with varicosities (3-4 um in diameter) and dense clusters of neuronal and glial processes
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(Figs.1D, 4C, 4D, 5F, 6B, 6C). NADPH-d positive processes showed a parallel
arrangement in commissures, connectives and nerves.

In the mesocerebrum of the cerebral ganglia, dorsal to and at level of the
commissure, a group of medium-sized neurons (23-47 um in diameter) were seen in both
adult and young animals (Figs. 1E, 2F). Exclusively in the young animals, a pair of giant
neurons (190 um in diameter) also displayed positive activity (Fig. 2F). Positive fibers
appeared in the cerebral commissure, with the most reactive fibers being located in the
posterior band that extended through the region.

In dorsal sections to the cerebral commissure, the metacerebral pleural lobe of both
young and adult snails showed positive medium-sized neurons (26-39 um in diameter).
Though in young animals, a pair of large neurons (80 um in diameter) was seen to have
enzymatic activity in this region (Fig. 2E).

In the metacerebral pedal lobe from young animals, dorsal to and at the level of the
commissure, a group of small-sized neurons (7-18 um in diameter), medium-sized neurons
(21-46 pum in diameter) (Fig. 2D) and one large neuron (53 um in diameter) were
identified. However, the large neuron was not found in adult animals. In the procerebrum
from both young and adults animals, innumerable positive fibers were seen between the
negative neuronal bodies.

The neuropile of the cerebral ganglia exhibited a dense network of NADPH-d
reactive fibers in some areas, and a looser network in others. The neuropilar area, medially
to procerebrum (medullar mass) displayed scanty staining. In the antero-lateral and postero-
lateral regions of the cerebral commissure, the intensity of the reaction was stronger (Fig.

1A). The cerebral-buccal, cerebral-pleural and cerebral-pedal connectives showed a similar
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enzymatic distribution pattern in both young and adult animals, with dense clusters of
processes strongly stained and arranged in a parallel form.

NADPH-d positive fine fibers (3 um in diameter) were also found inside the dorsal
body gland located above the esophagous of both young and adult snails.

In the pedal ganglia, in dorsal, medial and ventral sections, positive neurons were
seen in the anterior, medial, lateral and posterior regions, in both young and adult animals.
Most of the stained neurons were found in the anterior, posterior and medial regions of the
medial and ventral sections (Figs. 3, 5). In the anterior region of the ganglia, in medial level
sections, a pair of large positive neurons (108 um in diameter) was found in adult animals
(Fig. 3L), while two pairs of large positive neurons (89 and 100 um in diameter) were
found in young animals (Fig. SH). Besides these cells, a group of medium-sized neurons
(20-25 pm in diameter) and another group of small neurons (13-19 um in diameter) also
exhibited enzymatic activity in both young and adult animals (Figs. 3L, SH).

In young animals, lateral medium-sized neurons (25-32 pm in diameter) were
identified as NADPH-d positive in medial sections of pedal ganglia together with a large
neuron (82 um in diameter). In adult animals, the lateral labeling was very similar (Fig.
3M), though with small positive neurons (9-14 um in diameter).

In the posterior region of ganglia from both young and adult animals, some pairs of
large positive neurons (105-108 um in diameter) were situated in medial sections (Figs. 3K,
5J), while a cluster of medium-sized neurons (40-45 pum in diameter) and small-sized
neurons (14 pum in diameter) were located nearer the neuropile (Fig.5I). Besides these
neurons, a pair of giant positive neurons (158 pum in diameter) was also found. In ventral

sections of the ganglia from adult snails, but not in young animals, a cluster of medium-



56

sized neurons (22-42 um in diameter), nearer to the neuropile, displayed a nuclear
enzymatic activity (Figs. 3F, 3G). In the medial region of the ganglia from both young and
adult animals, 3 pairs of giant positive neurons (133-156 pm in diameter) were also

visualized, together with a cluster of medium-sized neurons (39-41 pm in diameter) (Figs.
31, 3J, 5G).

The neuropile of the pedal ganglia and their nerve trunks exhibited intense activity
in both young and adult animals. NADPH-d fibers were also identified in both pedal
commissures (ventral and principal) (Figs. 3H, 3I). These positive fibers exhibited
moderate to strong activity, and were arranged in a linear, parallel form in the nerves and
commissures. In M. abbreviatus, differential labeling of the neuropile has been reported
using SHT-immunoreactivity (Swarowsky et al., 2005). The same differentiation was
detected in both groups of animals using NADPH-d histochemistry in sections from the
medial, dorsal and ventral regions (Fig. 5F). A larger amount of reactive fibers was found
in the medial neuropile area (neuropile area 1) than in the lateral neuropile (neuropile area
2).

In cortical region of the pleural ganglia from adult animals, positive small (15-18
pum in diameter) and medium-sized NADPH-d neurons (24-40 pum in diameter) were found.
These neurons exhibited cytoplasmatic and nuclear reactivity (Figs. 4C, 4D). The reactive
fibers projected from the neuropile of the pleural ganglia towards the right and left parietal
ganglia. The neuropile of the pleural ganglia displayed a single staining pattern, with the
fibers arranged in a linear form (Fig. 4C). The same fiber distribution pattern was seen in

the ganglia of the young animals, though no positive neurons were detected.
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In the right parietal ganglion, NADPH-d neurons were detected, with the highest
concentration in the posterior region to the neuropile, close to the border with the visceral
ganglion. These neurons (medium — 22-50 pum, large — 53-97 um and giant — 135-157 pum
in diameters) were located in the ventral-medial and medial planes of the ganglion (Fig. 4E,
5K). In this region, there were more large neurons stained in young animals than in the
adults. The neuropile of both the right and left parietal ganglia were intensely stained, as
were the nerves that emerged from them. This fiber distribution pattern was similar in both
young and adult animals, with some fibers randomly scattered in the inner region of the
ganglia between fibers arranged linearly in a parallel form. The latter were also seen
extending from the neuropile of the right parietal ganglion towards the visceral ganglion.

In the left parietal ganglion of young animals a single reactive medium-sized neuron
(46 um in diameter) was detected, while in adult animals, only two neurons (medium — 60
um in diameter and large — 111 um in diameter) were found. Furthermore, in the ganglion
of young animals, NADPH-d glial cells were seen to form the trophospongium around a
giant negative neuron (300 pum in diameter) (Fig. SL). However, in adult snails, no positive
trophospongium was detected.

In the visceral ganglion, a cluster of positive neurons was located in the region
posterior to the neuropile. The distribution pattern of these neurons, as well as their size
(medium — 20-46 um in diameter, large — 76-101 um in diameter and giant — 113-190 um
in diameter) was similar in both young and adult animals, though the number of giant
positive neurons detected in the visceral ganglion of young animals was greater than in

adult snails (Figs. 4F, 5M). The medium-sized neurons were scattered in the ganglionic
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cortex, while the large and giant neurons predominated near to the posterior limit of the
ganglion.

In coronal sections of buccal ganglia, positive neuronal clusters were identified in
both young and adult snails. Beneath the lateral extension of the neuropile, small positive
neuronal groups (17-19 um in diameter) were detected near the cerebral-buccal connective
emergence as in the initial portion of the buccal commissure. In the same region, but near
the ganglionic external rim, NADPH-d large (65-103 pm in diameter) and some giant
neurons (117-119 um in diameter) were also found. Even, in the dorsal portion of the
ganglia, near the buccal commissure, positive medium-sized neurons (22-50 pm in
diameter) were distinguished. Neuropile, nerves and the buccal commissure exhibited an
intense NADPH-d activity, with fibers scattered throughout the inner region of the
neuropile and in a linear parallel form in the commissure and nerves. This distribution of

positive neurons and fibers was similar in both young and adult snails (Fig. 6).

DISCUSSION

Our histochemical study demonstrated the presence of neuronal populations which
stained positively for NADPH-diaphorase, a marker for NOS, in the ganglia of the CNS of
both young and adults M. abbreviatus. Nevertheless, in the same region some cells have not
enzymatic activity. In each ganglion, several differently sized neurons were stained with
NADPH-d. Among the positive neurons the intensity of the staining varied, perhaps due to
different amounts of intracellular NOS (Meulemans at al., 1995). Furthermore, nerve fibers
in the neuropile, commissures, interganglionic connectives and nerves also displayed

enzymatic activity. NADPH-d was located mainly in the neuronal soma and its processes,
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but in some neurons within defined clusters the activity was observed in the nuclei. As no
staining occurred in the absence of f-NADPH in the incubation medium, we can be assured
that the positive histochemical reaction observed in some neurons is f-NADPH-dependent.
In the present study, we cannot explain the nuclear presence of NOS, and more
investigation is necessary to verify this fact.

The intense staining observed in connectives and nerves suggests the presence of
the nitrergic system in the peripheral nervous system (PNS) of both young and adult M.
abbreviatus, but the object of our study was the CNS and not the PNS.

NADPH-d activity has been demonstrated in representative groups of gastropod
land pulmonate (Huang et al., 1997; Cooke et al., 1994) and marine opistobranchs (Moroz
et al., 1996). In Lymnaea, the majority of putative nitrergic neuronal somata were found in
the buccal ganglia (Moroz et al., 1994), in the esophagus (Moroz et al., 1993) and in the
lips (Elphick et al., 1995). In buccal ganglia of Helix a similar distribution has been
observed (Cooke et al., 1994; Huang et al., 1997). In Pleurobranchaea californica, intense
NADPH-d central motoneuron labeling was observed, mainly in the pedal ganglia, though
many positive somata were also found in the buccal ganglia (Moroz and Gillette, 1996).
The mollusk Clione limacina has relatively few NADPH-d positive neurons in its CNS,
which are located mainly in the cerebral ganglia (Moroz et al., 2000). In contrast, in the
CNS of M. abbreviatus, all ganglia in adult animals and most ganglia in the young animals
displayed NADPH-d neurons and neuropiles.

Potential sources of NO in the CNS of M. abbreviatus include specific groups of

NADPH-d neurons located mainly in the cerebral and pedal ganglia. NADPH-d reactive
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neuropilar processes were observed in nearly all central ganglia, suggesting a possible
widespread action of NO within different areas of the CNS.

In the cerebral ganglia of both young and adult animals, the stained neurons were
detected mainly in mesocerebrum and metacerebrum. In mesocerebrum, the location of
positive neurons is similar to that observed in Helix aspersa (Sanchez-Alvarez et al., 1994)
and Helix pomatia (Huang et al., 1997), and it is possible to suggest a certain homology
between the medium-sized neurons found in this same region of these mollusks. These
neurons, in other species of gastropods, are involved in feeding and reproductive behaviors
(Chase, 2000). The pair of giant cerebral neurons in mesocerebrum, detected in young
animals, is known be serotonergic in this species (Zancan et al., 1997), and this evidence
together with their morphological features and similar location in other gastropod species
suggest a role for these neurons in the higher modulation of feeding behavior (Dorsett,
1986). In species such as Lymnaea stagnalis and Helix pomatia the NO is also involved in
this function (Moroz, 2000; Serf6zo et al., 2008).

The positive neurons found in pleural and pedal lobes of metacerebrum in both
young and adult M. abbreviatus are similar to those NADPH-d neurons identified in pedal
and pleural lobes of metacerebrum in H. pomatia (Huang et al., 1997). Unlike the
mesocerebrum and procerebrum, the metacerebrum has no single, or easily characterized,
function (Chase, 2000).

The neuropile of cerebral ganglia in M. abbreviatus, like the cerebral nerves, show
strong staining similar to that of Helix pomatia (Huang et al., 1997) and Clione limacine
(Moroz et al., 2000). In Helix pomatia the lip nerves and tentacle nerves also contained

numerous NADPH- positive nerve fibers, which entered the neuropile of the cerebral
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ganglia (Huang et al., 1997). These data suggest involvement of NO in processing sensorial
mechanisms that occur in the cerebral ganglia in both young and adult M. abbreviatus.

In contrast to the large population of small positive neurons in the lateral part of
procerebrum in H. aspersa (Sanchez-Alvarez et al., 1994) and in H. pomatia (Huang et al.,
1997), in young and adult M. abbreviatus is not distinguished positive neurons. It is well
known that in some gastropods, the procerebrum is involved in the integration of olfactory
information (Chase, 2002). As M. abbreviatus procerebrum does not revealed any positive
neurons, this probably suggest that the neurons involved in the olfactory circuit could be
located in other region of the cerebral ganglia or in some peripheral tissue.

In the pedal ganglia both young and adult M. abbreviatus the different regions
contained positive neurons and neuropile. Small, medium, large and giant neurons show
enzymatic activity, in contrast to Helix pomatia (Huang et al., 1997) and Clione limacine
(Moroz et al., 2000) that display few NADPH-d neurons. Besides other neurons, a pair of
giant NADPH-d neurons was observed in the medial region of the pedal ganglia. These
NADPH-d neurons also have the same location as the giant 5-HT neuron in M. abbreviatus
(Swarowsky et al., 2005) and probably correspond to the Pd4 neuron in H. lucorum
(Balaban et al., 2001), which was shown to be involved in motor behavior and modulation
of withdrawal behavior. It is also possible to suggest a certain homology between the
anterior NADPH-d positive neurons of the pedal ganglia and some serotonergic neurons
described in M. abbreviatus as being involved in the withdrawal response and elicited
facilitation of the withdrawal behavior (Swarowsky et al., 2005).

In order to understand the involvement of the lateral and posterior clusters of
NADPH-d positive neurons found in the pedal ganglia of M. abbreviatus further

investigation is necessary.
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The fact that, in the neuropile of the pedal ganglia the different markers (NADPH-d,
5-HT) identified the same distribution pattern (NP1 and NP2) is quite significant. The NP1
is located adjacent to the anterior NADPH-d positive neurons, extending until the point
where the anterior pedal nerves emerge. Thus, this may represent an area of anterior pedal
nerve synaptic connections and/or projections originating from the foot. We cannot exclude
the possibility that this neuropilar area receives axons from neuronal somata located in
other ganglionic regions and may thus constitute an important area for the integration of the
motor circuit proposed by Swarowsky and cols. (2005). Using retrograde labeling
procedure in M. abbreviatus, Malysz (2002) identified axons that originate from the pedal
musculature, penetrate the ipsilateral pedal ganglion, are distributed within the NP1 and
project through the pedal-cerebral connective to the cerebral ganglion. In addition, positive
fibers extend from NP1 through the pedal-pleural connective to the ipsilateral pleural
ganglion and through the pedal commissures to the contralateral pedal ganglion. Given the
fact that the NP1 has characteristics of an area of synaptic integration of 5-HT neurons and
as it is made up of interganglionic projective fibers, it could be proposed as a possible
integrative area of the aversive behavior neural circuit (Swarowsky et al., 2005). This
hypothesis is supported by the possible homology existing between the SHT-ir elements of
M. abbreviatus and the circuit described in H. lucorum (Balaban, 2002). The NP2, in M.
abbreviatus may be involved in other functions and not directly in the modulation of
withdrawal behavior (Swarowsky et al., 2005). Thus, the distribution of NADPH-d
positive fibers was found in both young and adult a M. abbreviatus, which suggests that
NO is involved in motor behavior. Recently, it has been recognized that there is significant
morphological and functional overlap between 5-HT and NO. This has prompted the

suggestion that NO can modulate presynaptic 5-HT release (Straub et al., 2007).
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As in adult Clione limacine (Moroz et al., 2000), no labeled neuronal somata were
detected in the pleural ganglia of young M. abbreviatus. However, in medial and lateral
regions of the pleural ganglia of adult animals, positive small- and medium-sized NADPH-
d neurons were found. These cells could be homologous to the clusters of small-sized and
medium-sized neurons intensely stained in the left and right pleural ganglia, near to their
neuropile, in Helix pomatia (Huang et al., 1997).

NO is an important signaling molecule in the feeding system of Helix, partially
involved in cooperation with different molluscan neuropeptides in the regulation of both
neuronal and muscular activities (Serf6zo et al., 2008). In Helix lucorum, an anatomical
relationship and functional interaction of NO liberating nerve cells and FMRFamide were
observed, suggesting a regulatory role of FMRFamide in the NO signaling mediated in the
CNS of invertebrates (Roszer et al., 2004). In the pleural ganglia of M. abbrevitus, the
similar distribution of NADPH-d neurons with FMRFamide neurons suggests that
regulation might exist.

In different adult gastropods, the giant neuron of the mesocerebrum is NADPH-d
reactive, however this is not observed in adult M. abbreviatus. Furthermore, this neuron is
positive in young M. abbreviatus. Therefore in young M. abbreviatus the mesocerebral
giant neuron may be involved in the feeding control as in other gastropods. As in adult M.
abbreviatus this neuronal activity recedes, its function may be replaced by the pleural
NADPH-d neurons, only observed in adult animals.

The parietal and visceral ganglia are involved in regulation of the internal
environment in gastropods, controlling the respiratory function and hemolymph circulation
(Chase, 2002). In the right parietal ganglia of both young and adult M. abbreviatus

medium-, large-sized and giant NADPH-d neurons were detected mainly in the region
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posterior to the neuropile, close to the border with the visceral ganglion. In others mollusks,
only small- and medium-sized neurons have been described (Sanchez-Alvarez et al., 1994;
Huang et al., 1997). In the left parietal ganglion of both young and adult animals a few
neurons were detected. In the visceral ganglion, a cluster of positive neurons were located
in the region posterior to the neuropile, and the distribution pattern of these neurons, as well
as their size was similar in both young and adult animals, though the number of giant
positive neurons detected in the visceral ganglion of young animals was greater than the
adult snails. Based on their location and antidromic responses (Zakharov et al., 1995), we
think that these NADPH-d positive neurons are similar to those previously identified as
serotonergic in H. lucorum, where the left parietal and the visceral ganglia may be involved
in controlling the heart and intestinal tract, though their precise function is still unknown
(Zakharov et al., 1995). It is important to highlight that the right parietal neurons were
commanded by the Pd4 neuron located in the pedal ganglia.

The large and giant positive parietal neurons are found in greater number in young
animals. These withdrawal neurons represent the last stage of integration of the sensory
information in the molluscan CNS before motor programming begins (Balaban, 2002).
These data reinforce the idea that the NO is involved in motor behavior.

The NADPH-d positive terminal glial processes invaginated the neuronal body of
the giant neuron in the left parietal ganglion, forming the trophospongium, which suggests
that NO may mediate neuron-glial communication. In addition, NO is among the
substances released by functionally impaired neurons and is known to elicit microglial
activation, and microglial cells themselves produce NO in response to cell activation

stimuli (Peruzzi et al., 2004). Thus, we have assumed a role for NO in the cross-talk
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between neurons and microglia in the CNS of the M. abbreviatus during development,
because the trophospongium only appears positive in young animals.

The buccal ganglia innervate the pharyngeal wall, muscles, salivary gland,
esophagus and stomach. In M. abbreviatus these ganglia displayed many NADPH-d
neurons, and the enzymatic activity was very intense in the neuropilar fibers, which could
proceed from the cerebral ganglia, through to the cerebro-buccal connective. In gastropod
mollusks, the synchronous rhythmic movements of buccal mass command the movements
of feeding behavior, because the buccal ganglia contain the central pattern generator (CPG)
(Yoshida and Kobayashi, 1992).

NO has undoubtedly significant effects on molluscan feeding behavior, and NOS
has been shown to be widely distributed throughout the neuronal networks that underlie the
control and initiation of feeding behavior in mollusks (Moroz et al., 1993; Moroz et al.,
1994; Elphick et al., 1995; Moroz and Gillette, 1995). Whether and in what way these
neurons affect the activity of the feeding circuitry is unknown. NADPH-d reaction product
in the buccal ganglia of both young and adult M. abbreviatus suggests that in these animals
the feeding circuitry could also be modulated by NO.

In the developing nervous system, the location of NADPH-d reactivity suggests that
NO mainly participates in sensory processes (Serfoso et al., 1998). The present paper is the
first to describe and compare putative neurons releasing NO in both young and adult M.
abbreviatus. Most studies in this area have been performed in embryos and juvenile
animals (Cole et al., 2002; Serfozo et al., 1998; Serf6z6 and Elekes, 2002). The production
of NO is a key step for some early phases of neurogenesis, such as neural cell proliferation

and migration, and the position of some positive cells in the urodele amphibian Pleurodeles
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waltl is coincident with that region that is known to be occupied by serotonergic neurons
(Moreno et al., 2002).

The decision to study young animals in the present experiment was based on the
fact that several studies carried out in other species of mollusks have shown that NOS
expression is initiated in the CNS during the developmental stages (Cole et al., 2002;
Serfozo et al., 1998; Serf6z6 and Elekes, 2002). Moreover, it is known that in young snails
serotonin also begins to be expressed after hatching, in later developmental phases
(Zakharov and Balaban, 1987). During development, NO is also involved in axonal
outgrowth and synaptogenesis (Bicker, 2001). It is possible to suggest that in M.
abbreviatus the NO could perform the aforementioned functions.

In previous experiments with M. abbreviatus (Swarowsky et al., 2005), serotonergic
neurons from the CNS were shown to be involved in the nociceptive circuit. Further studies
are necessary in order to verify the probable interaction between the neuronal groups
producing NO and nociceptive circuit in this animal. Thus, considering the involvement of
NO in feeding behavior, together with the similarity of the locations of 5-HT neurons
involved in the nociceptive circuit in M. abbreviatus and the NADPH-d neurons, the
existence of an opiate-modulated system that enhances food intake in the stress responses
evoked by nociceptive stimuli in Lymnaea maximus (Kavaliers and Hirst, 1986), and
comparing the location of enzymatic activity showed in previous studies, which display
similar distribution patterns for enkephalin, substance P and FMRFamide (neuropeptides
involved in nociception; Zancan, 1996; Moriguchi-Jeckel, 2001; Faccioni-Heuser et al.,
2004), the next step in our research is to investigate the probable involvement of the
nitrergic system in nociceptive behavior modulation, in an attempt to elucidate its function

in this signaling pathway.
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LEGENDS

Fig. 1- A, B and C- Schematic representation of cerebral ganglia from adult snail M.
abbreviatus sectioned at different levels, displaying the NADPH-d positive neurons (black
circles) and fibers. cc, cerebral commissure; db, dorsal body; mc, mesocerebrum; pmt,
pedal lobe of metacerebrum; plmt, pleural lobe of metacerebrum; prc, procerebrum. D-
Medial view of the cerebral ganglia showing the cerebral commissure (cc), neuropilar areas
(NP) with thin fibers and dense clusters (np) of neuronal and glial processes, medullar mass
with little staining (asterisk), mesocerebrum (mc), pleural lobe of metacerebrum (plmt).
Scale bar: 250 um. E-Dorsal section of mesocebrum (mc) showing a cluster of medium
neurons (arrows) NADPH-d positives and the dorsal body (db) whit reactivity. Scale bar:

100 pm.

Fig.2- A, B and C- Schematic representation of cerebral ganglia from M. abbreviatus
young snail sectioned at different levels, displaying the NADPH-d neurons (black circles)
and fibers. cc, cerebral commissure; db, dorsal body; mc, mesocerebrum; pmt, pedal lobe of
metacerebrum; plmt, pleural lobe of metacebrum; prc, procerebrum. D- Medial section of
pedal lobe of metacerebrum with medium-sized neurons (arrows) and small-sized neurons
(arrowhead) positives. Scale bar: 50 um. E- Dorsal section of the pleural lobe of
metacerebrum showing a large neuron (asterisk) and medium neurons (arrow). Scale bar:
50 um. F- Dorsal section of mesocerebrum showing a giant neuron (double asterisk) and a

cluster of medium neurons (double arrow). Scale bar: 100 um.
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Fig. 3- A, B, C, D and E- Schematic representation of pedal ganglia from adult M.
abbreviatus sectioned at different levels, displaying the NADPH-d neurons (black circles)
and fibers. Black circles: cytoplasmatic activity; grey circles: nuclear activity. F- Ventral
view of the pedal ganglia showing neuronal clusters with enzymatic activity in the
cytoplasm (double arrowhead) and in the nuclei (arrow). Scale bar: 100 pm. G- Higher
magnification showing enzymatic cytoplasmatic activity and negative nuclei (black
asterisk) and enzymatic nuclear activity (white asterisk). Scale bar: 25 pum. H- Section at
level of ventral commissure (vc); note a giant medial neuron NADPH-d positive (arrow).
Scale bar: 250 pum. I-Section at level of major commissure (MC) with giant neurons
(arrows) and large neuron (arrowhead) in the medial region. Scale bar: 250 pm. J- Giant
neuron (double white asterisk) located in the medial region (named Pd4). Scale bar: 100
pm. K- In the posterior region of the pedal ganglia note a large neurons (black asterisk) and
a giant neuron (white asterisk). Scale bar: 100 um. L- In the anterior region of the pedal
ganglia note a large neuron (asterisk) with a cluster of medium-sized neurons (arrow) and
small-sized neurons (arrowhead). Scale bar: 100 um. M- In the lateral region of the pedal
ganglia note a large neuron (asterisk) with processes (arrow) extending to the neuropile

(NP). Scale bar: 50 pm.

Fig. 4- A and B- Schematic representation of pleural ganglia (pl), right parietal ganglia
(rpa), left parietal ganglia (Ipa) and visceral ganglion (v) from adult snail sectioned at
different levels, displaying neurons with the NADPH-d cytoplasm (black circles), the
positive nuclei NADPH-d (grey circles) and fibers. C- Section of pleural ganglia with the
neuropilar area (NP) displaying strong activity and small neurons in the cytoplasm (arrow)

or in nuclei (arrowhead). Scale bar: 100 um. D- Higher magnification of small-sized
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neurons of the pleural ganglia showing the positive nuclear area (asterisk). Scale bar: 10
um. E and F- In the right parietal ganglia (E) and in the visceral ganglion (F) note the
different positive giant (double asterisk), large (white asterisk) and medium (double arrow)

neurons. Scale bar: 100 pm.

Fig. 5- A, B, C, D and E- Schematic representation of the subesophageal complex from
young M. abbreviatus sectioned at different levels displaying NADPH-d neurons (black
circles) and fibers. pe, pedal ganglia; pl, pleural ganglia; rpa, right parietal ganglia; Ipa, left
parietal ganglia; v, visceral ganglion. F- Section of pedal ganglia showing the neuropilar
areas (NP1 and NP2), and neurons in anterior (a), medial (m) and posterior (p) regions.
Scale bar: 250 um. G- Medial area of the pedal ganglia with higher magnification of the
giant Pd4 neuron (asterisk) located. Scale bar: 50 um. H- Anterior region of pedal ganglia
with large neurons (white asterisk) and a cluster of medium-sized neurons (mn). Scale bar:
50 um. | and J- Posterior region of pedal ganglia showing small neurons (double arrow),
medium neurons (arrowhead) and large positive neurons (white asterisk). Scale bar: 100
um. K- In right parietal ganglia note giant (black asterisk), large (white asterisk) and
medium-sized positive neurons (arrowhead). Scale bar: 100 um. L- In left parietal ganglia
note giant negative neuron (asterisk) with a trophospongium (arrowhead) positive. Scale
bar: 100 um. M- In visceral ganglion note giant (black asterisk), large (white asterisk) and

medium-sized NADPH-d neurons (arrows). Scale bar: 100 um.

Fig 6- A — Schematic representation of NADPH-d positive cell bodies and fibers in the

buccal ganglia from adult (B) and young (C) snail. bc, buccal commissure. Scale bar: 500
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um. B and C- Sections showing the neuropilar area (NP), large (asterisk) and medium

(arrow) neurons located similarly in both snail. Scale bar: 100 um.
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Abstract NADPH-diaphorase (NADPH-d) is a histo-
chemical marker for nitric oxide synthase (NOS), widely
used to identify nitric oxide (NO) producing cells in the
nervous system of both vertebrates and invertebrates.
Using NADPH-d histochemistry and semi-quantitative
optical densitometry, we characterized the NO-producing
neurons in the pedal ganglia of young and adult Megalo-
bulimus abbreviatus, subjected to aversive thermal stimu-
lus. The animals were killed at different times (3, 6, 12 and
24 h) following stimulus. The enzymatic activity was
detected in different cellular subsets and neuronal pro-
cesses. In all the studied pedal ganglia subregions, the
optical density of positive neurons (P < (.05) and neu-
ropilar area 1 (P < 0.01) was significantly different in
treated animals when compared to controls. The increase in
nitrergic activity induced by nociceptive stimulus suggests

the involvement of NO in the nociceptive circuit of

M. abbreviatus, which is well maintained throughout
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evolution, and could be helpful in drawing cellular
homologies with other gastropods.

Keywords NADPH-diaphorase - Nitric oxide -
Nociception - Optical density - Thermal stimulus

Introduction

Nitric oxide (NO) is an important neuromodulator in the
gastropod nervous system and is involved in several dif-
ferent behaviors in vertebrates and invertebrates (Elphick
et al. 1995; Garthwaite and Boulton 1995; Teyke 1996; Xie
et al. 2002). The role of NO in the adaptive responses of an
organism to stress conditions is of special interest. NO
production may be altered by a variety of stressors
including restraint, immobilization, hypoxia, hypo- and
hyperthermia, pain shock and physical training (Vaschenko
and Kotsyuba 2008).

The histochemical procedure for detecting NADPH-d
and/or immunohistochemical detection of the location of
NOS has been used in different species of invertebrates,
including various gastropod molluscs such as Limax max-
imus (Gelperin 1994), Helix aspersa (Cooke et al. 1994),
Helix pomatia (Huang et al. 1997), Lymnaea stagnalis
(Moroz et al. 1994), Pleurobranchea californica (Moroz
and Gillette 1996), and marine bivalve molluscs such as
Ruditapes philippinarum, Callithaca adamasi, Mercenaria
stimpsoni, the brackish-water Corbicula japonica and
the freshwater Nodularia viadivostokensis and Cristaria
tuberculata (Pimenova 2008). Furthermore, there is phys-
iological evidence that NO is involved in many regulatory
functions in molluscs, such as inhibition of nociception
(Cepaea nemoralis, Kavaliers et al. 1998), withdrawal
behavior (Helix [ucorum, Malyshev and Balaban 1999) and
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ink defense system of Sepia (Palumbo 2005), among other
functions.

Nociception is a sensation resulting from injuries or
potentially damaging stimuli, which produces a range of
behavior to protect the injured tissues, such as avoidance
reflex, escape or immobilization of the damaged area
(Fields 1987).

Most invertebrates can detect and respond to nociceptive
or aversive stimuli and exhibit nociceptive responses sim-
ilar to those of vertebrates (Smith 1991). Aplysia califor-
nica has responses similar to those found in mammals.
Mechanical or electrical nociceptive stimulation applied to
the integument of this snail produced a series of responses
including local body withdrawal, mucus liberation. siphon
and gill withdrawal, opaline and ink liberation, escape
locomotion and increased respiratory behavior (Kandel
1979; Walters and Erickson 1986). Nociceptive thermal
stimulus has been shown to produce defensive behavior in
the snail Megalobulimus abbreviatus (Achaval et al. 2005)
and in other snails such as Aplysia californica, Cepaea
nemoralis, Megalobulimus sanctipauli, Helix [ucorum,
Helix aspersa, Helix pomatia, Limax maximus (Burrowes
et al. 1983; Kavaliers et al. 1983; Walters 1987; Kavaliers
1989; Romero et al. 1994; Dyakonova et al. 1995).

Knowledge of NO distribution and function in inverte-
brates is much less comprehensive. The available data
suggest that NO is an evolutionarily ancient signaling
molecule occurring in many invertebrate groups and that in
invertebrates its function is similar to that seen in mammals
(Stefano and Ottaviani 2002; Palumbo 2005). In a previous
study, the snail M. abbreviatus was submitted to non-
functional (22°C) and non-thermal hot-plate stress (30°C)
and only showed exploratory behavior. Nevertheless, the
snails submitted to thermal stimulus (50°C) displayed
biphasic avoidance behavior (Achaval et al. 2005).

One of the great challenges in neuroscience is the
identification of the neurons involved in basic circuits of
some behavior, including nociception. The location of
NADPH-d activity in Lymnae suggests that NO participates
in sensorial processes (Serfozo et al. 1998). Involvement of
NO was demonstrated in the nociceptive circuits following
peripheral nociceptive stimulation in the land snail Cepaea
nemoralis (Kavaliers et al. 1998) and was found in sensory
areas both in the central nervous system and the peripheral
organs of and
Pleurobranchaea californica (Moroz et al. 1993; Elphick
et al. 1995; Moroz and Gillette 1996; Moroz 2006). NO
seems to play a key role in sensory processing mechanisms.

Lymnea stagnalis, Aplysia californica

Thus, in order to establish a morphofunctional approach
in the nociceptive circuit in M. abbreviatus, our aim was to
identify the NADPH-d activity in neurons, neuronal sub-
sets and nerve fibers after thermal aversive stimuli (3, 6,
12, 24 h) in different regions of the pedal ganglia of
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M. abbreviatus, using NADPH-diaphorase histochemistry.
A semi-quantitative analysis of NADPH-d activity in dif-
ferent ganglionic areas is proposed, in an attempt to
determine the variation of NO in the nociceptive circuit. In
order to precisely locate the NADPH-d activity, optical
density was measured within the neuronal body and in the
neuropilar areas.

Materials and methods
Animals

Young and adult M. abbreviatus (25 adults and 25 young)
collected from the county of Charqueadas, RS, were kept in
screened terrariums with a 12-h light/dark cycle, controlled
temperature (20-25°C), with lettuce and water ad libitum.
The experiments were performed in
November (Spring).

The adult animals were identified by the presence of a
pink coloring around the edge of the shell, an average shell
length of 7.5 £ (.5 cm and width of 4.0 + 0.2 cm and
weight from 61 to 78 g. The young animals had no pink

the

coloring around the edge of the shell, the average length
was 4.0 = 0.2 em and width 2.9 = 0.3 ¢m and the weight
was 12-24 ¢. Every effort was made to minimize dis-
comfort and the number of animals used. All procedures
employed are in accordance with Brazilian Laws con-
cerning animal research (Law nr 11.794).

Experimental procedures
Thermal aversive stimulus

Experiments were performed on 25 adult snails and 25
young snails, M. abbreviatus. The snails (adult and young)
were divided into 4 groups of 5 snails and received a
thermal stimulus of 50°C on a hot plate (Socrel, model-
DS37, Italy) and were killed 3, 6, 12 and 24 h after the
stimulus. The control groups (5 adult snails and 5 young
snatls) were not submitted to thermal stimulus. To mini-
mize the stress due to novelty, the snails were allowed to
rehydrate in individual humid chambers, 2 h prior to the

experiments. Additionally, to avoid the probable effect of

the lack of humidity on the substrate during the exposure
of snails on the hot plate, a plastic film covered with 10 ml
of water was placed over the plate. It was then necessary to
wait for the plate to reacquire the predetermined temper-
(Achaval et al. 2005: Swarowsky et al. 2005).
Nociceptive thresholds of individual snails were deter-

ature

mined by measuring the latency of their avoidance or
withdrawal behaviors to thermal stimuli. The measurement
of the latency started at the moment when the snail was

month of
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placed on the hot plate and ended immediately after the
animal lifted the head—foot (HF) complex to a minimum of
1 cm above the plate (Achaval et al. 2005; Swarowsky
et al. 2005). Then, the snails were quickly removed from
the hot plate. All the experimental procedures were carried
out during daylight hours. The animals were stimulated at
different times in order that they could all be killed at the
same mid-period (14—17 h), in order to eliminate variables,
because terrestrial gastropod species have nocturnal habits
(Chase 2002).

Histochemical procedure

In order to visualize the neurons that produce nitric oxide,
the NADPH-diaphorase histochemical technique was used.
Briefly, animals were anesthetized in a menthol solution for
30 min. Then, the ganglia of the CNS were removed and
fixed in 4% paraformaldehyde diluted in 0.1 M phosphate
buffer (PB), pH 7.4, for 4 h at room temperature. After
which, they were cryoprotected in 30% sucrose in PB at
4°C until they sank. The ganglia were sectioned (50 pm)
using a cryostat (Leitz, Germany). The slices were then
preincubated in a solution containing 12 pL. of Triton
X-100 (Sigma, USA) diluted in 100 ml of PB at room
temperature for 5 min. After, the slices were incubated in a
solution containing 5 mg of NADPH (Sigma, USA) and
3 mg of NBT (Sigma, USA), diluted in PB for 1 h and
30 min at 37°C. They were then washed in PB. mounted on
gelatinized slides, dehydrated in alcohols, cleared in xylol
and covered with Permount and coverslips. The control
technique was carried out by incubating some sections
without substrate.

Regarding the present study, some technical factors
should be taken into account. We agree that an association
of NADPH-diaphorase histochemistry with NOS immu-
nohistochemistry is the best choice to show NO-positive
neurons and observe changes in nitrergic activity. How-
ever, in our laboratory, exhaustive attempts were made to
perform NOS immunohistochemistry in the pedal ganglia
of M. abbreviatus using different antibodies and different
concentrations, without success.

Optical densitometry

The NADPH-d activity was evaluated using
and neuronal semi-quantitative optical densitometry
(Swarowsky et al. 2005: Xavier et al. 2005; Vaschenko
and Kotsyuba 2008: Viola et al. 2009). Regional densi-
tometry is a measurement of absorbance generated by the
NADPH-d reaction product, formazan, in all the tissues,
including neurons, glia and fibers, while neuronal optical
densitometry is the same measurement performed only in
the neuronal cytoplasm (Swarowsky et al. 2005; Xavier
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et al. 2005; Vaschenko and Kotsyuba 2008; Viola et al.
2009). For this purpose, a Nikon-Eclipse E-600 micro-
scope (500x: Japan) was employed together with Image
Pro-Plus Software 6.0 (Media Cybernetics, USA). Digi-
tized images of sections were obtained from the selected
arcas using a high-resolution CCD camera (Pro-Series
High Performance). A 15.050 umz sampling box (AOI-
area of interest) was placed over the anterior, medial,
lateral and posterior neuronal subsets and the neuropilar
areas (NPA1 and NPA2) of the pedal ganglia (Fig. 1a),
and the RGB (Red Green Blue) images obtained were
converted into black and white digital images (8 bits-256
gray scale). In an attempt to measure the neuronal optical
densitometry, a 280 |.m12 AQI was placed over the cyto-
plasm of some neurons (5 cells in each section) in these
areas. All lighting conditions and magnifications were
held constant between sections and areas; additionally, the
investigator was unaware of the experimental groups from
which the analyzed sections were obtained. The back-
ground correction was performed according to the formula
previously described (Xavier et al. 2005). Additionally,
the neuronal diameter of NADPH-d-positive neurons was
measured using the same software.

Statistical analysis

Data are presented as means £+ SD. The differences in the
latency time between young and adult snails were analyzed
using a f-test (P < 0.05). The regional and neuronal optical
density measurements obtained from the aforementioned
regions were compared between young and adult animals
and at different times of survival after thermal stimulation
versus the control group, using a two-way analysis of
variance (ANOVA), followed by the Tukey test post hoc
(P < 0.05). All statistical procedures were performed in
SPSS 11.5 software.

Results

In M. abbreviatus, the ganglionic neurons were categorized
by soma size, according to reviews from Zancan et al. (1997).
Small neurons (<20 pm), medium neurons (21-50 pm),
large neurons (51-110 pm) and giant neurons (>110 pm)
were defined in this pulmonate snail.

No staining occurred in the absence of f-NADPH in the
incubation medium; thus, we can be assured that the
positive histochemical reaction observed in some neurons
is i-NADPH-dependent.

To observe the activity of the NADPH-d-positive neu-
rons, three representative horizontal areas were chosen from
the pedal ganglia of both young and adult M. abbreviatus and
the connective tissue septa (containing vessels) that
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Fig. 1 a Schematic representation of the pedal ganglia showing the
positions of the sampling boxes (15.050 pm:) placed over the
analyzed regions: |- anterior neurons (an). 2- medial neurons (mn),
3- posterior neurons (pn), 4- lateral neurons (In), 5- neuropilar area 1
(NPA1) and 6- neuropilar area 2 (NPA2). b Schematic representation
of the pedal ganglia (pe) sectioned at different levels, displaying the
NADPH-d-positive neuronal distribution (circles) and nerve fibers
M. abbreviatus. These figures are representative of young and adult
animals. b1 and b2: ventral sections; b3 and b4: medial sections; b5:
dorsal section. Neuropilar 1 (NPA1) and neuropilar 2 (NPA2) areas.
A Anterior, P posterior, L left and R right. Scale bar 400 pm

subdivided the different regions of neuronal bodies. The first
area was located ventrally to the major pedal commissure
(MPC), the second area comprised this commissure and the
third area was located dorsally to the same commissure
(Swarowsky et al. 2005). In the first area, some sections were
taken ventral and through the minor pedal commissure
(mPC) (Fig. Ib). In addition, the connective tissue septa
subdivided the pedal ganglion into different anatomical
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regions: an anterior region with NADPH-d-positive neurons;
a lateral region consisting of an NADPH-d-positive NPA1
and some positive neurons in the lateral border of the ganglia;
a posterior region containing NADPH-d-positive NPA2 and
positive posterior neurons. In front of this region, a further
medial region containing an NADPH-d-positive neuronal
group was detected (Figs. 1b, 2b). These positive neurons
were distributed bilaterally and symmetrically in the pedal
ganglia of both young and adult animals.

In the anterior region of the ganglia, at medial level
sections, a pair of large positive neurons (108 pm in
diameter) was found in adult animals, while two pairs of
large positive neurons (89 and 100 pm in diameter) were
found in young animals. Besides these cells, a group con-
taining approximately 30 cells (20-25 pm in diameter) and
another group (approximately 10 cells) of small neurons
(13-19 um in diameter) also exhibited enzymatic activity
in both young and adult animals (Figs. 1b, 2b). The latter
neuronal group was in continuity with the anterior positive
neuronal subset observed in ventral sections. Immediately
dorsal to the MPC, two pairs of NADPH-d-positive large
neurons (108 pm in diameter) were identified in the ante-
rior medial region in both young and adult animals.

In the lateral region of the pedal ganglia of young ani-
mals. approximately 15 medium-sized neurons (25-32 pm
in diameter) together with a single large neuron (82 pm in
diameter) were identified as NADPH-d-positive in medial
sections of pedal ganglia. In adult animals, the lateral
labeling was very similar, though with approximately 10
small positive neurons (9-14 pm in diameter), besides the
large neurons.

In the posterior region of ganglia from both young
and adult animals, three pairs of large positive neurons (105-
108 pm in diameter) were situated in ventral sections, while
a cluster of 20 medium-sized neurons (4045 pm in diam-
eter) and 15 small-sized neurons (14 um in diameter) were
located nearer the neuropile (Figs. Ib, 2c). Besides these
neurons, a pair of giant positive neurons (158 pm in diam-
eter) was also found in medial sections. At the most dorsal
point from the MPC, an NADPH-d neuronal subset (20 cells)
of small-sized neurons (15 pm in diameter) was detected,
together with another pair of large positive neurons (107 pm
in diameter).

A larger NADPH-d-positive subset was also identified
on the medial region of the ventral sections, surrounding
the anterior and posterior margins of the MPC, which
contained approximately 40-50 neurons (3941 pm in
diameter) (Figs. 1b, 2a). Within this group, three pairs of
giant positive neurons (133-156 pm in diameter) were also
visualized (Fig. 2b). More dorsally to the MPC, approxi-
mately 20 small- (15 pm in diameter) and 20 medium-
sized NADPH-d neurons (23-49 pm in diameter) were
found on the medial surface of the ganglion.
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Fig. 2 Digitized images of the
different areas of the pedal
canglia of M. abbreviatus
submitted to NADPH-d
histochemistry. a Ventral area
of the pedal ganglia of an adult
animal showing NADPH-d-
positive neurons in medial
region (mn) and neuropilar
arecas NPA1 and NPA2. Scale
bar 250 pm. b Section through
the medial region of the pedal
ganglia of a young animal. Note
the anterior neurons (double
asterisk), posterior neurons
(asterisk) and neuropilar arcas
NPAL and NPA2. Scale bar
250 pm. (bI) Higher
magnification of the boxed area
in (b). Note the giant neuron
located in the medial region
(named Pd4). Scale bar

100 pm. ¢ Section through the
major pedal commissure (MPC)
of the pedal ganglion, showing
the posterior NADPH-d-positive
neuronal cluster (asterisk).
Scale bar 250 pm

The neuropile of the pedal ganglia and their nerve trunks
exhibited intense activity in both young and adult animals.
NADPH-d fibers were also identified in both pedal com-
missures (ventral and principal). The same differentiation
was detected in both groups of animals using NADPH-d
histochemistry in sections from the medial, dorsal and
ventral regions, where the neuropilar area of the pedal
eanglion displayed two NADPH-d-positive regions: NPAI
and NPA2 (Fig. 2a, b). NPAl was located behind the
anterior neuronal region, extending from the lateral border
to the medial surface of the ganglion. It was continuous
with the point of emergence of the anterior pedal nerve.
NPA2 was posterior to the NPAL. In sections through the
MPC, both neuropilar areas lay behind the commissure,
and the NPA1 was confined to a small lateral area.

The nocicepetion induction protocol was effective in
all tested animals, showing no differences in latency
time between young and adult snails (young, Mean =
290.2 s, SD = 4.1 s; adults, Mean = 30.7 s, SD = 3.8 s)
(P = 0.05).

The anterior neurons of the pedal ganglia of the young
animals stimulated at 50°C and killed at 3, 6 and 12 h after
aversive  stimulus  displayed a significant increase
(P < 0.01) in NADPH-d activity when compared with the
control groups using both regional and neuronal optical
density (OD). In the same region of the ganglia, a signifi-
cant increase in the regional NADPH-d activity was found
in adult animals killed 3, 6 and 24 h after thermal stimulus
(P < 0.001). When we analyzed the neuronal NADPH-d

activity in adult animals, we observed increases 6, 12 and
24 h after thermal stimulus (P < 0.01) (Fig. 3a, b). Com-
paring the NADPH-d activity in the anterior neurons of

pedal ganglia of young and adult animals, a significant
decrease in regional optical density was found in the adult
animals killed 3 h (P < 0.01) and 12 h (P < 0.001) after
stimulus and an increase in NADPH-d activity in the adult
animals killed 24 h after stimulus (P < 0.001). Analyzing
the neuronal optical density in the anterior neurons of pedal
ganglia, decreases in NADPH-d activity were observed in
the adult animals, in the groups: control (P < 0.001); 3 h
(P <0.000); 6h (P<0.01) and 12 h (P <0.001). As
observed with regional optical density, a significant
increase in neuronal NADPH-d activity was found in the
adults killed 24 h after stimulus (P < 0.001) (Fig. 3a, b).

In the lateral region, the regional NADPH-d activity of
the young snails submitted to thermal stimulus and killed
6 h after stimulation exhibited a significant increase in
relation to the control animals (P < 0.01). The neuronal
OD in young animals also displayed a significant increase
at 3 and 6 h after stimulus (P < 0.05). In adult animals, in
this same area of the pedal ganglia, the regional OD was
significantly lower in the control group when compared
with animals killed 3, 6 and 24 h after stimulus (P < 0.05),
and neuronal OD was significantly higher in animals killed
3, 6, 12 and 24 h after the stimulus when compared with
controls (P < 0.05) (Fig. 3c, d).

Analyzing the differences between NADPH-d activity in
the lateral neurons of pedal ganglia of young and adult
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Fig. 3 Optical density (OD) measurements (mean £ SD) obtained
from different experimental groups at different periods of survival,
showing the effects of thermal stimulus on the anterior (a and b) and
lateral (¢ and d) NADPH-d-positive neurons in the pedal ganglia of
M. abbreviatus. In the graphs a = P < 0.05 when compared with
control; b = P < 0.05 when compared with animals killed 3 h after

animals, a decrease was observed in the values of regional
optical density in the adult animals killed 6 h (P < 0.05)
and 12 h (P < 0.001) after stimulus while an increase was
seen in NADPH-d activity in the adult animals killed 24 h
after stimulus (P < 0.001). With the neuronal OD mea-
surements obtained from the same region, a decrease was
found in the OD of control adult animals and adult animals
killed 6 h after stimulus (P < 0.001) while an increase was
seen in the NADPH-d activity of adult animals 24 h after
stimulus (P < 0.001) when compared with young animals
submitted to the same treatment (Fig. 3¢, d).

The regional OD in medial neurons from the pedal
ganglia of young animals displayed a significant increase in
NADPH-d activity in animals killed 3 and 6 h after stim-
ulus (P < 0.01), and the neuronal OD was significantly
increased at 3, 6 and 12 h after stimulus (P < 0.001).
In adult animals, regional OD displayed a significant
increase at 6 and 24 h after stimulus (P < 0.001) and there
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stimulus; ¢ = P < 0.01 when compared with animals killed 6 h after
stimulus; d = P < 0.05 when compared with animals killed 12 h
after stimulus; asrerisks indicate the difference obtained when young
and adult animals with the same treatment were compared
(*P < 0.05; **P < 0.01: ‘P < 0.001) (two-way ANOVA, Tukey
test)

was an increase in neuronal NADPH-d activity at 3, 6, 12
and 24 h after stimulus (P < 0.001) (Fig. 4a, b).

Comparing the regional OD in the medial neurons of
pedal ganglia of young and adult animals, we noticed a
significant decrease in the adult animals killed 6 h after
stimulus and an increase in the OD of adult animals 24 h
after stimulus (P < 0.001). In relation to the neuronal opti-
cal density, in adult animals were observed decreases in the
NADPH-d activity 3, 6 and 12 h after stimulus and an
increase of this activity 24 h after stimulus, when these were
compared with young animals (P < 0.001) (Fig. 4a, b).

In the posterior neurons of the pedal ganglia of young
animals killed 6 and 12 h after aversive stimulus, regional
OD revealed a significant increase in NADPH-d activity
(P < 0.01). In addition, in young animals killed 3, 6 and
12 h after aversive stimulus the neuronal OD was signifi-
cantly higher when compared with the control group
(P < 0.001), the young animals that were killed 24 h after
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Fig. 4 Optical density (OD) measurements (mean £ SD) obtained
from different experimental groups at different periods of survival.
showing the effects of thermal stimulus on the medial (a and b) and
posterior (¢ and d) NADPH-d-positive neurons in the pedal ganglia of
M. abbreviatus. In the graphs @ = P < 0.05 when compared with
control; b = P < (.05 when compared with animals killed 3 h after

stimulus presented a decrease in the neuronal OD in rela-
tion to the respective control group. In this region, when
analyzing the regional OD of adult animals, an increase
was detected in NADPH-d activity at all the tested times
when compared with control (P < 0.01), and in the anal-
ysis of neuronal OD of adults in the same region an
increase was observed in NADPH-d activity of animals
killed 3, 6 and 24 h after stimulus (P < 0.001) (Fig. 4c, d).

Comparing the regional OD

in the posterior neurons
from pedal ganglia of young and adult animals, a decrease
was observed in the OD of adult animals killed 12 h after
stimulus and an increase in the OD of adult animals 24 h
after stimulus (P < 0.001). When analyzing the neuronal
OD in adult animals, decreases were observed in the con-
trol group and animals killed 3, 6 and 12 h after stimulus
(P < 0.001) (Fig. 4c, d).

In NPAL, intense NADPH-d activity was detected, with
a significant increase in both young and adult animals
stimulated with hot plate and killed 6 and 12 h after
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stimulus; ¢ = P < 0.01 when compared with animals killed 6 h after
stimulus; d = P < 0.05 when compared with animals killed 12 h
after stimulus; asterisks indicate the difference obtained when young
and adult animals with the same treatment compared
(5P < 0.001) (two-way ANOVA, Tukey test)

were

stimulus (P < 0.01). In NPA2, no significant increase in
NADPH-d activity was observed and there were no dif-
ferences between young and adult animals, submitted to the
same treatment (Fig. 5).

Discussion

Using the NADPH-d histochemical procedure, we dem-
onstrated that the distribution of nitrergic neurons from the
pedal ganglia is very similar in both young and adult
M. abbreviatus. These nitrergic neuronal elements were
present in the anterior, lateral, medial and posterior regions
of the ganglia, while nitrergic fibers were also identified in
the neuropilar areas. When the snails were submitted to
thermal stimulus and killed some hours after, we observed
that in some areas of the pedal ganglia, such as NPA1,
anterior, medial, lateral and posterior neurons present
modified NADPH-d activity in relation to nociceptive
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Fig. 5 Optical density (OD) measurements (mean & SD) obtained
from different experimental groups at different periods of survival,
showing the effects of thermal stimulus on the neuropilar areas NPA1
(a) and NPA2 (b) in the pedal ganglia of M. abbreviatus. In the
graphs a = P < 0.01 when compared with control; b = P < (0.001

stimulus. In young animals, a pattern of NADPH-d activity
was found, showing increases in the act

ity of this enzyme
3, 6 and 12 h after stimulus and a decrease in this activity,
returning to the basal levels 24 h after stimulation. In
patterns  of NADPH-d
in relation to young snails; however, a distinct

adults, similar activity were

observed

increase in NADPH-d activity was found 24 h after
stimulus.
When analyzing our results it is possible to conclude

that in the pedal ganglia the distribution of the NADPH-d
neurons is very similar to that of the 5-HT-labeled neurons,
which was previously described by Swarowsky et al
(2005). With the exception of the neuronal subset from the
lateral area, all other NADPH-d-positive areas found in our
study (anterior neurons, medial neurons, posterior neurons,
NPA1 and NPA2) were also positive for serotoninergic
activity in the study from Swarowsky’s. Moreover, as in the
immunohistochemical procedure for 5-HT (Swarowsky
et al. 2005), the NPA1 is strongly labeled with the
NADPH-diaphorase.

In the medial region of the pedal ganglia of both young
and adult M. abbreviarus, besides other neurons, a pair of
giant NADPH-d neurons observed in the medial region of
the pedal ganglia is of special interest. These NADPH-d
neurons also have the same location as the giant 5-HT
neuron in M. abbreviatus (Swarowsky et al. 2005) and
probably correspond to the Pd4 neuron in H. lucorum
(Balaban et al. 2001), which was shown to be involved in
motor behavior and modulation of withdrawal behavior.

A certain homology may be suggested between the
anterior NADPH-d-positive neurons of the pedal ganglia
and some serotonergic neurons described in M. abbreviatus
as both are involved in the withdrawal response and elic-
ited facilitation of the withdrawal behavior (Swarowsky
et al. 2005).

In H. lucorum, the existence of a neural circuit involved
in the withdrawal behavior after nociceptive stimulus has
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when compared with animals killed 3 h after stimulus; ¢ = P < 0.01
when compared with animals killed 6 h after stimulus: d = P < 0.01
when compared with animals killed 12 h after stimulus (two-way
ANOVA, Tukey test)

been demonstrated (Balaban et al. 2001; Balaban 2002).
This circuit is composed of differentiated neurons: sensory,
motor, modulatory (pedal ganglion) and command (pleural
and parietal ganglia) neurons that participate in the with-
drawal behavior. A nociceptive stimulus from the periph-
ery activates the command neurons that in turn activate the
motor neurons that elicit the behavioral withdrawal reac-
tion. In addition, the 5-HT-ir pedal neurons (located in the
anterior region) are capable of modulating the synaptic
input of the command neurons. Within this neuronal group,
a large Pd4 neuron sends its processes to the pedal, pleural
and parietal ganglionic neuropiles. On the other hand, the
Pd4 neurons send peripheral processes and receive synaptic
inputs from the anterior 5-HT-ir neurons. Each of these
cells sends a process to the peripheral nerves (Balaban
2002), which facilitates synaptic response in the underlying
network.

The aforementioned components of the neural circuit
have been demonstrated in M. abbreviatus (Swarowsky
et al. 2005). Thus, this may suggest the involvement of NO
in this circuit, given that the pedal anterior serotonergic
neurons and the giant 5-HT-ir neurons are also NADPH-d
positive. Furthermore, this anterior group and these giant
neurons were labeled using the method of retrograde
transport of cobalt into the pedal nerves (Malysz 2002).
Hence, demonstrating that both neuronal elements send
processes to the periphery and therefore provide further
evidence that these cells are homologous. However, to
satisfy the necessary criteria for establishing such neuronal
homology, it would be necessary to obtain the electrical
recordings of these neurons in future studies (Bulloch and
Ridgway 1995).

It is possible to suggest the involvement of the lateral
and posterior clusters of NADPH-d-positive neurons found
in the pedal ganglia of M. abbreviatus in the nociceptive
circuit, given that these regions display a significant
increase in NADPH-d activity after thermal stimulus.
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In the neuropile, the fact that in the pedal ganglia the
different markers (NADPH-d and 5-HT) identified the
same distribution pattern (NPA1 and NPA2) is quite
significant. In relation to NPAI, both young and adult
animals stimulated at 50°C and killed 6 and 12 h after
stimulation presented more NADPH-d activity than the
control group. The NPAI is located adjacent to the ante-
rior NADPH-d-positive neurons, extending until the point
where the anterior pedal nerves emerge. Thus, this may
represent an area of anterior pedal nerve synaptic con-
nections and/or projections originating from the foot. We
cannot exclude the possibility that this neuropilar area
receives axons from neuronal somata located in other
ganglionic regions and may thus constitute an important
area for the integration of the motor circuit proposed by
Swarowsky et al. (2005). In relation to NPA2, no signif-
icant differences in NADPH-d activity were found in the
course of time. As there was also no increase in 5-HT-ir
after nociceptive stimuli (Swarowsky et al. 2005), NPA2
may be involved in other functions and not directly in the
modulation of withdrawal behavior. However, the distri-
bution of NADPH-d-positive fibers was found in both
young and adult M. abbreviatus, which suggests that NO
is involved in the motor behavior. Recently, it has been
recognized that there is a significant morphological and
functional overlap between 5-HT and NO. This has
prompted the suggestion that NO may modulate presyn-
aptic 5-HT release (Straub et al. 2007).

NO is evidently tonically involved in forming the
background activity of serotonergic neurons, mediates or
enhances the excitatory actions of serotonin or serotonergic

neurons and appears to be involved in the mechanism of

synaptic transmission from the common train input or has a
role in generating endogenous train activity by presynaptic
neurons. It is possible that NO is a second messenger for
the excitatory action of serotonin. This is supported by data
showing that the effects of serotonin are imitated by NO

donors and that these effects are suppressed by blockade of

NO synthesis (D’yakonova 2002).

Serotonin and NO may be co-transmitters in the pre-
synaptic neurons. Thus, serotonin and NO may directly
regulate the functioning of the serotonergic system in the
snail CNS. They have excitatory effects on all the seroto-
nergic neurons investigated in H. lucorum and synchronize
their activity, acting on the common synaptic inputs which,
apparently, are also serotonergic (D’yakonova 2002). It
may be suggested that, in M. abbreviatus, the same
co-transmission exist, given that the 5-HT-ir neurons

described in this species are found in a similar location to
the NADPH-d-positive neurons. Moreover, the increase in
5-HT-ir (Swarowsky et al. 2005) and NADPH-d activity
was very similar, with the highest expression being seen
6 h after nociceptive stimulus.

In mammals NO acts as a second messenger that acti-
vates the guanylyl cyclase and thus increases the synthesis
of cyclic guanosine monophosphate (¢cGMP). Several lines
of evidence have shown that NO and cGMP are involved in
nociceptive proces
regarding the pronociceptive or antinociceptive effects of

ing, but there is some controversy

NO and ¢GMP. Possible explanations for these apparent
discrepancies are that NO and ¢cGMP have different actions
on neuronal background activity and excitability, different
actions at the spinal and supraspinal level and different
anti- or pro-nociceptive effects depending on their con-
centration. NO may induce pronociceptive effects at low
concentrations and antinociceptive ones at higher concen-
trations (Hoheisel et al. 2005; Zakaria et al. 2005).

The differences found in NADPH-d intensity between
young and adult control groups could suggest that NO is
necessary in the development in M. abbreviatus, given that in
young animals this activity was more intense. In the devel-
oping nervous system, the location of NADPH-d reactivity
suggests that NO mainly participates in sensory processes
(Serfozo et al. 1998; Serftz6 and Elekes 2002). The pro-
duction of NO is a key step for some early phases of neu-
rogenesis, such as neural cell proliferation and migration, and
the position of some positive cells in the urodele amphibian
Pleurodeleswaltlis coincident with that region that is known
to be occupied by serotonergic neurons (Moreno et al. 2002).
Several studies carried out in other species of molluscs have
shown that NOS expression is initiated in the CNS during the
developmental stages (Serfozo et al. 1998; Serf6z6 and
Elekes 2002). During the development, NO is also involved
in axonal outgrowth and synaptogenesis (Bicker 2001). It is
possible to suggest that in M. abbreviatus NO could perform
the aforementioned functions.

Our study was the first to associate a semi-quantitative
evaluation of NADPH-d activity and nociception in
M. abbreviatus. Thus, information about NADPH-d activ-
ity in this animal model is non-existent, and there is no
previous information about the differences between young
and adult animals in the literature. In fact, more studies are
needed to understand these differences, but we can con-
sider some hypotheses about our findings that could be
tested in future studies: One is that there is a difference in
the NOS activity between young and adult snails that could
be due to differences in the channel composition of the
plasma membrane, this phenomenon is well documented in
some brain areas of humans and other vertebrates, in which
changes were found in the number and types of calcium
channels with aging, these differences are probably asso-
ciated with changes in NOS activity (Surmeier 2007);
another hypothesis is that increases in the nitrergic activity
found in young animals could be related to the increased
adaptability of the nervous system in these animals, since
NO is involved in axonal outgrowth and the formation of

(2 Springer
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new synapses during development (Bicker 2001) and
probably after some stimulus, such as nociceptive stimulus.

In conclusion, the histochemical experiments on NOS
distribution point to a central role for NO in nociceptive
regulation in M. abbreviatus, and it may be suggested that
the areas of the pedal ganglia directly involved in the
modulation of the nociceptive behavior are NPA1, anterior,
medial, lateral and posterior neurons, as they present
modification to NADPH-d activity in relation to nocicep-
tive stimulus.

We recognize that further studies of the pedal ganglia of
M. abbreviatus are necessary to achieve a better under-
standing of the basic processes underlying the nitrergic
action in the nociceptive circuit.
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ABSTRACT

We study the involvement of nitric oxide (NO) in the latency response of the snail
Megalobulimus abbreviatus after thermal and chemical stimuli and in the antinociception
mediated by opioid receptors. Doses of the NO synthase inhibitor N%-nitro-L-arginine-
methyl ester, L-NAME (1 pg/kg, 10 pg/kg and 25 pg/kg) and the NO-releasing agent S-
nitro-N-acetylpenicillamide, SNP (1 pg/kg, 10 pg/kg and 25 pg/kg) were administered to
determine the effect of NO on latency responses. With the highest L-NAME dose (25
ng/kg), the response latency was significantly longer (p<0.001) and with the highest SNP
dose (25 pg/kg) the response latency was significantly shorter (p<0.001) when compared
with the other doses in control and saline groups. The 25 pg/kg dose of L-NAME produced
an analgesic effect similar to that of morphine. We also observed that morphine-induced
antinociception was significantly potentiated by L-NAME (p<0.05) and decreased, but not
blocked, by SNP (p<0.05) in animals submitted to thermal and chemical stimuli. Thus, our
study is the first to demonstrate in M. abbreviatus an interaction between NO and opioid

systems, showing that NO has a pronociceptive effect in this animal model.

Keywords: antinociception, morphine, nitric oxide, nociception, noxious stimulus, snail
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1. Introduction

Nitric oxide (NO) is an unstable gas that acts as a messenger molecule in a variety
of systems (Cole et al., 2002). It has been shown to be involved in several different
behaviors in vertebrates and invertebrates, such as nociception and modulation of opioid-
induced analgesia (Przewlocki et al., 1993; Kawabata et al., 1994; Machelska et al., 1997,
Kavaliers et al., 1998; Xie et al., 2002).

Invertebrates are widely used as animal models for neuroscience studies (Cristino et
al., 2008; Gotow and Nishi, 2008; Grinkevich et al., 2008; Faust et al., 2009). When
compared to vertebrates, gastropod mollusks are particularly useful for this kind of
research, because they have a very simple nervous system, are easy to maintain, have very
large neurons that can be easily accessed because they are located immediately under the
connective tissue and, in addition show some important behavior patterns with a high
degree of reproducibility, such as the withdrawal reflex (Kandel, 1979; Chase, 2002;
Achaval et al., 2005; Swarowsky et al., 2005; Kalil-Gaspar et al., 2007; Feng et al., 2009).

Megalobulimus is a native South American genus, originally from Argentina,
Brazil, Columbia and Uruguay that has spread to various parts of the Caribbean region,
including Jamaica, Martinique and Barbados. It is widely used as a pet and, for the
aforementioned reasons, increasingly employed as an animal model in neuroscience
research (Romero et al., 1994; Zancan et al., 1994; Faccioni-Heuser et al., 2004; De Fraga
et al., 2004; Dos Santos et al., 2005; Noblega et al., 2006). Recently, it has been used to
investigate nociception induced by thermal and/or chemical stimuli (Achaval et al., 2005;
Swarowsky et al., 2005; Kalil-Gaspar et al., 2007).

There are strong neurochemical similarities between the nociceptive processes that
occur in vertebrates and mollusks, for example, NO is involved in many regulatory
functions, such as inhibition of nociception (Cepaea nemoralis, Kavaliers et al., 1998), and
withdrawal behavior (Helix lucorum, Malyshev and Balaban, 1999). Additionally, opioid
peptides are involved in the modulation of various functions, including thermal avoidance
behaviors (nociceptive responses) in mollusks such as Cepaea nemoralis, Limax maximus,
Megalobulimus sanctipauli and M. abbreviatus. The administration of morphine sulfate,
methionine-enkephalin or B-endorphin resulted in a significant increase in the latency of

thermal avoidance behavior in mollusks (Romero et al., 1994; Achaval et al., 2005).
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However, some studies into the role of NO in nociception, using rodents as animal
models, have presented conflicting results, in part due to the complexity of both the
behavior patterns and the nervous system in vertebrates. One example of this lack of
consensus, is related to the pronociceptive effects of NO (Boettger et al., 2007; Tang et al.,
2007; Gomaa et al., 2009; Miyamoto et al., 2009) or antinociceptive effects of NO
(Menéndez et al., 2007; Gomaa et al., 2009; Hervera et al., 2009; Miclescu and Gordh,
2009) and their relation with the opioid system, in the vertebrate nervous system
(Przewlocki et al., 1993; Machelska et al., 1997; Hervera et al., 2009; Leanez et al., 2009).
In some of these cases, studies with mollusks, which have a very simple nervous system
and well defined behavior patterns, can shed some light on the role of NO in nociception of
invertebrates and vertebrates.

The aims of our study were to evaluate the effects of the NO synthase inhibitor, L-
NAME, and the NO-releasing agent, SNP, on the behavioral responses to thermal (hot
plate) and chemical (capsaicin) stimuli and to analyze the interaction between the analgesia
induced by the opioid system and NO in the snail M. abbreviatus after thermal and

chemical avoidance behaviors.

2. Material and Methods
2.1 - Animals

Our study involved the use of 420 adult snails Megalobulimus abbreviatus,
collected in the south of Brazil (latitude -29° 57' 17" longitude 51° 37' 31"), which were
kept in screened terrariums with a 12 h light/dark cycle, controlled temperature (20-25°C),
with lettuce and water ad libitum. The experiments were performed in the month of
December (summer).

Every effort was made to minimize discomfort and the number of animals used. All
procedures employed are in accordance with Brazilian Laws concerning animal research
(Law nr 11.794).

All the experimental procedures were carried out during daylight hours, at the same
mid-period (14-17 h), in order to eliminate variables, because terrestrial gastropod species

have nocturnal habits (Chase, 2002).
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2.2 - Experimental Procedures

Our study was divided in two phases. The first phase consisted of finding the
effective doses of L-NAME (Sigma; USA) and SNP (Sigma; USA) in response latency; in
the second phase we tested the effect of L-NAME and SNP in the thermal (hot plate) and
chemical (capsaicin) induced nociception, comparing the results with the antinociception
induced by morphine and testing the effects of L-NAME and SNP in the antinociception
generated by morphine. In the first phase the animals were divided into two main groups:
L-NAME and SNP. The L-NAME group was subdivided into five subgroups according to
the L-NAME doses (ng/kg) (Control, Saline, L-NAME 1 pg, L-NAME 10 pg and L-
NAME 25 pg) and the SNP group was subdivided into five subgroups according to the
SNP doses (ug/kg): Control, Saline, SNP 1ug, SNP 10pug and SNP 25ug, in this first phase
of the study, 10 animals were used in each subgroup. In the second phase the animals were
divided into two main groups according to the nociceptive stimulus: hot plate and
capsaicin, these groups were subdivided into eight subgroups according to the treatment: 1-
Control; 2-Saline; 3-Morphine (Cristalia do Brasil S/A, Sao Paulo, SP, Brazil) (20 mg/kg);
4-L-NAME (25 pg/kg); 5-Morphine (20 mg/kg) + L-NAME (25 ng/kg); 6-SNP (25 pg/kg);
7- Morphine (20 mg/kg) + SNP (25 pg/kg) and 8-Morphine (20 mg/kg) + L-NAME (25
ng/kg) + SNP (25 pg/kg), 20 animals were employed per subgroup. The drugs were
injected into the intrahemocelic cavity through the anterior ventral zone of the foot, 15 min
prior to aversive stimulus. Five minutes was the interval between the drug injections in the

groups 5, 7 and 8. Each animal was used just once.

2.2.1- Thermal aversive stimuli

Individual hydrated snails were placed on a hot plate (Socrel, model-DS37,
Comerio, VA, Italy) at a stressful thermal condition of 50°C and the latency response of
their avoidance behavior was determined. Additionally, to avoid the probable effect of the
lack of humidity on the substrate during the exposure of snails on the hot plate, a plastic
film covered with 10 ml of water was placed over the plate. It was then necessary to wait
for the plate to reacquire the predetermined temperature (Achaval et al., 2005; Swarowsky
et al., 2005). Nociceptive thresholds of individual snails were determined by measuring the

latency of their avoidance or withdrawal behaviors to thermal stimuli. The measurement of
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the latency started at the moment when the snail was placed on the hot plate and ended
immediately after the animal lifted the head-foot (HF) complex to a minimum of 1 cm
above the plate (Achaval et al., 2005; Swarowsky et al., 2005) (Fig. 1). Then, the snails

were quickly removed from the hot plate.

2.2.2 — Chemical aversive stimuli

Individual hydrated snails received a chemical stimulus with 0.5% capsaicin
solution (Sigma; USA) dissolved in dimethyl sulphoxide (DMSO; VETEC, Brazil). The
snails were tested in Petri dishes (10 cm diameter) containing capsaicin aqueous films, at a
room temperature of 22°C (Kalil-Gaspar et al., 2007). Nociceptive thresholds of individual
snails were determined by measuring the latency of their aversive or withdrawal behavior.
Measurement of the latency started at the moment when the snail was placed on a Petri dish
and ended immediately after the animal lifted the head-foot complex to a minimum of 1 cm
above the plate. The animals were then quickly washed in fresh water to avoid excessive

exposure to capsaicin solution (Kalil-Gaspar et al., 2007).

2.3 - Statistical analysis
For all groups, data (means = SD) were statistically compared using one-way
analysis of variance (ANOVA) followed by the post hoc Tukey test (p<0.05), in SPSS 11.5

software.

3. Results
3.1 Dose determination of L-NAME and SNP

Using the hot plate protocol to evaluate the most effective doses of L-NAME and
SNP, we found that only the 25 pg/kg dose of L-NAME was able to increase the response
latency when compared with controls (p<<0.001). The other tested doses (1 and 10 pg/kg)
were ineffective (Fig. 2). Similarly, the 25 pg/kg dose of SNP was the only one that
induced an increase in the nociception, represented by decreases in the time of response
latency (p<0.001) (Fig. 3). Thus, we chose 25 ug/kg doses of L-NAME and SNP as a
standard doses, to test the effects of nitric oxide in nociception of the terrestrial snail M.

abbreviatus.

Fig. 1

Fig. 2

Fig. 3




106

3.2 Effects of L-Name and SNP on nociception

As expected, in M. abbreviates, the use of morphine induced an antinociceptive
effect in the thermal and chemical stimuli, this antinociceptive effect was represented by
significant increases in the response latency when animals that received morphine were
compared with control and saline groups (p<0.001) (Figs. 4 and 5).

The L-NAME presents the same antinociceptive effect as morphine, increasing the
response latency in these animals in relation to control and saline groups (p<0.001) (Figs. 4
and 5).

The effects of co-administration of L-NAME, five minutes after morphine
administration showed that L-NAME is able to potentiate the basal morphine effects,
promoting a strong increase in the antinociception when these animals were compared with
control, saline, morphine and L-NAME groups in both nociception protocols, hot plate and
capsaicin (p<0.001) (Figs. 4 and 5).

The animals that received only a nitric oxide donor, SNP, displayed a reduced
response latency in relation to the control groups, after thermal and chemical stimulation
(p<0.05) (Figs. 4 and 5).

The group that was treated with morphine and received SNP five minutes after,
presented a significant decrease in the latency time when compared with the animals that
received only morphine, in both protocols, hot plate (p<0.001) and capsaicin (p<0.01)
(Figs. 4 and 5).

When SNP and LNAME were injected 5 and 10 minutes, respectively, after
morphine administration, we noticed the determinant role of endogenous nitric oxide in
nociceptive regulation in this snail. In the hot plate protocol, there was no significant
difference in the latency time between the animals that received morphine + SNP + L-
NAME and those that received morphine + L-NAME. In the protocol used to test the
nociceptive response to chemical stimuli we found an increase in the latency time in the
morphine + SNP + L-NAME group when compared with animals that received morphine +
L-NAME (p<0.001). Additionally, the use of L-NAME after morphine and SNP induces a
significant increase in the response latency when compared with animals that received

morphine and SNP, in both stimuli (p<0.001) (Figs. 4 and 5).

Fig. 4

Fig. 5
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4. Discussion

The results from the first phase of this study showed that the effects of a NOS
inhibitor, L-NAME and a NO donor, SNP, are dose-dependent. Lower doses failed to
induce significant changes in the response latency in our animal model. The minimal doses
necessary to induce significant changes in the withdrawal behavior in the M. abbreviatus
was 25 pg/kg of L-NAME and SNP. In the literature, there is very little information on
drug doses used for nociceptive modulation by NO. However, our study shows that this
dose (25 pg/kg) is much smaller than the doses used in another terrestrial mollusk, Cepaea
nemoralis. In this mollusk, doses of 1000 pg/kg of L-NAME and SNP were required to
change avoidance behavior using a hot plate protocol, doses of 100 pg/kg of L-NAME and
SNP proved ineffective in this species (Kavaliers et al., 1998). The efficacy of the use of
low doses of NO modulators probably indicates that nociceptive modulation by nitric oxide
is more effective in M. abbreviatus than Cepaea nemoralis, characterizing M. abbreviatus
as a very interesting model for this kind of study.

In our study we found that thermal and chemical stimuli are able to induce very
similar withdrawal behavior in M. abbreviatus, these results indicate that both can be used
to elicit nociception in this animal model. This may indicate that this mollusk has a single
primitive nociceptive pathway that is used to detect both stimuli. Previous studies, using the
same animal model suggest that this nociceptive pathway is modulated by opioids and the
transient receptor potential channel-vanilloid 1 (TRPV1), a member of the transient
receptor potential superfamily, a non selective cation channel which promotes calcium
influx in vertebrate neurons when activated by vanilloids and noxious stimuli (Van der Stelt
et al., 2004; Szolcsanyi, 2004; Kalil-Gaspar et al., 2007; Miyamoto et al., 2009).

Our results show that morphine is able to promote analgesia in M. abbreviatus after
thermal and chemical stimulation. This finding is very similar to those previously published
regarding M. abbreviatus (Achaval et al, 2005., Kalil-Gaspar et al., 2007) and other
terrestrial mollusks such as Megalobulimus sanctipauli (Romero et al., 1994) and Cepaea
nemoralis (Kavaliers, 1992).

In our study the NOS blocker, L-NAME, was shown to produce an isolated anti-

nociceptive effect, represented by significant increases in the response latency found in the
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animals in the L-NAME group when submitted to the nociception protocols, this finding
indicates that nociception is increased by NO production in M. abbreviatus. These findings
are similar to those reported for Cepae nemoralis using L-NAME, in which there was an
increase in avoidance behavior 15 minutes after L-NAME injection (Kavaliers et al., 1998).
The results that we found using L-NAME are probably associated to the previously
described hyperexcitability of dorsal horn neurons mediated by NO in vertebrates (Paul-
Clark et al., 2001; Vetter et al., 2001), the increases of NOS levels in different animal pain
models (Lou and Cizkova, 2000) and the tissue damage and consequent pain induced by
NO (Levy and Zochodne, 2004; Calabrese et al., 2007).

One of the main findings of our study was the potentiation of morphine analgesia by
NOS blockage. These results are similar those found in mammals, in which the inhibition
of NO synthase enhances morphine and mu and delta opioid-mediated analgesia
(Przewlocki et al., 1993; Kawabata et al.,, 1994; Machelska et al., 1997) and in
disagreement with studies performed in humans and mice that demonstrated that co-
administration of nitric oxide donors with opioids was beneficial in the treatment of pain
(Lauretti et al., 2002; Sen et al., 2006; Hervera et al., 2009).

We also observed a clear pronociceptive effect of the NO-donor, SNP. Experiments
using NO or NO-donors in mammals or human subjects have given conflicting results. Our
results, obtained using M. abbreviatus, are in accordance with studies that have shown a
hyperalgesic effect of NO and the fact that some hyperalgesic states involve a calcium-
dependent production of NO which is responsible for increases in the intracellular
concentration of cGMP that, in turn, induce allodynia (Boettger et al., 2007; Tang et al.,
2007; Xu et al., 2007; Gomaa et al., 2009; Miyamoto et al., 2009). We believe that our
findings and the similar results reported by other researchers are very reliable. However, we
cannot ignore those studies that show a reduction in pain after NO release (Berrazueta et
al., 1995; Pittrof et al., 1996; Lauretti et al., 1999). In fact, in snails NO presents a
pronociceptive effect, this was earlier proposed in Cepaea nemoralis using thermal
stimulus (Kavaliers et al., 1998) and confirmed in our study using both thermal and
chemical stimulus.

The reduction of morphine analgesia induced by SNP that we found was similar to

that previously described in rats (Machelska et al., 1997) and in Cepaea nemoralis
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(Kavaliers et al., 1998). When we injected SNP and L-NAME after morphine
administration, the pronociceptive effect of SNP was completely suppressed by the
analgesic affects of morphine and L-NAME. This finding can be explained in several ways.
One is that the endogenous NOS activity is more important than exogenous NO in the
modulation of nociception. Another is that the NO released by SNP was already
significantly reduced at the time the L-NAME was administered and therefore the
predominant effect was a reduction in NO, in our point of view, the second hypothesis is
more feasible.

In summary, the main contributions of our study using M abbreviatus, submitted to
both thermal and chemical stimulus, were: 1- The analgesia induced by the NO blocker, L-
NAME; 2- The potentiation of opioid analgesia using L-NAME, and 3- A clear
demonstration of the pronociceptive effects of NO. We believe that the use of this animal
model associated to other approaches, such as histochemistry for NADPH diaphorase and
immunohistochemistry for NOS and other substances could be useful to solve some

important questions that remain regarding the role of NO in nociception.
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Legends

Fig. 1 — Photograph showing M. abbreviatus displaying aversive behavior when submitted

to noxious stimulus (thermal stimulus). HFc, head-foot complex; HP, hot plate.

Fig. 2 — M. abbreviatus’ response latency to hot plate stimuli, 15 min after intrahemocelic
injection of saline solution, 1 pg/kg, 10 pg/kg and 25 pg/kg of L-NAME. Data are

presented as mean + SD (*** corresponds to p < 0.001).

Fig. 3 — M. abbreviatus’ response latency to hot plate stimuli, 15 min after intrahemocelic
injection of saline solution, 1 pug/kg, 10 png/kg and 25 ug/kg of SNP. Data are presented as

mean + SD (*** corresponds to p < 0.001).

Fig. 4 — M. abbreviatus’ response latency to thermal stimulus, 15 min after different

[P 4]

treatments. “a” corresponds to P < 0.05 when compared with control. “b” corresponds to P

(IS4

< 0.05 when compared with saline. “c” corresponds to P < 0.05 when compared with
morphine. “d” corresponds to P < 0.001 when compared with L-NAME. “e” corresponds to
P < 0.05 when compared with morphine plus L-NAME. “f” corresponds to P < 0.001 when

(Il

compared with SNP. “g” corresponds to P < 0.001 when compared with morphine plus
SNP.

Fig. 5 - M. abbreviatus’ response latency to chemical stimulus, 15 min after different

(1P

treatments. “a” corresponds to P < 0.005 when compared with control. “b” corresponds to

P < 0.005 when compared with saline. “c” corresponds to P < 0.001 when compared with
morphine. “d” corresponds to P < 0.001 when compared with L-NAME. “e” corresponds to
P < 0.001 when compared with morphine plus L-NAME. “f’ corresponds to P < 0.005

when compared with SNP. “g” corresponds to P < 0.001 when compared with morphine

plus SNP.
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1. Os resultados do estudo histoquimico para deteccao de possiveis neurdnios produtores de
NO no SN do caracol terrestre M. abbreviatus demonstraram a presenga de populagdes
neuronais positivamente marcadas pela técnica da NADPH-diaforase, um marcador para

NOS, em todos os ganglios do SNC de caracois jovens e adultos;

2. Em cada ganglio, muitos neuronios de diferentes tamanhos foram identificados, e entre
estes neurdnios positivos a intensidade de marcagdo foi diferenciada, sugerindo a presenga

de diferentes quantidades de NOS intracelular;

3. Fibras nervosas nos neuropilos dos ganglios, comissuras, conetivos interganglionares e
nervos também apresentaram atividade enzimatica, sugerindo a presenca deste sistema

nitrérgico também no sistema nervoso periférico de M. abbreviatus jovens e adultos;

4. Os processos neuropilares NADPH-d positivos observados na proximidade de todos os
ganglios centrais sugere uma provavel acdo difusa do NO dentro de diferentes areas do

SNC deste modelo animal;

5. Fontes potenciais de NO no SNC de M. abbreviatus incluem grupos especificos de
neuronios localizados principalmente nos ganglios cerebrais e pedais, por apresentarem um

grande nimero de neurdnios NADPH-d positivos;

6. Os neurénios NADPH-d positivos de tamanho médio encontrados nos ganglios cerebrais
de animais jovens e adultos localizados no mesocérebro podem estar envolvidos com o

comportamento alimentar e reprodutivo deste caracol, uma vez que apresentam
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similaridade de localizagdo e tamanho com grupos de neurdnios envolvidos nestas
atividades ja descritos em outras espécies de moluscos. Além disso, o par de neurdnios
gigantes encontrados nesta mesma regido dos ganglios cerebrais de animais jovens ja foi
descrito em M. abbreviatus por Zancan e cols. (1997) como sendo serotoninérgico, e
também por localizagdo similar com outros gastropodos foi sugerido seu papel na

modulag¢do do comportamento alimentar em M. abbreviatus;

7. O neuropilo dos ganglios cerebrais de M. abbreviatus, bem como os nervos cerebrais,
mostraram intensa marcacdo com NADPH-d, o que permite sugerir o envolvimento do NO
no processamento de mecanismos sensoriais que ocorrem nos ganglios cerebrais de animais

jovens e adultos;

8. Na regido do pro-cérebro de animais jovens e adultos nenhum neurdnio NADPH-s
positivo foi encontrado, diferentemente do que acontece em outras espécies de gastropodos.
Sabe-se que esta regido do ganglio estd envolvida com a integragdo de informagdes
olfatérias. Assim, é provavel que em M. abbreviatus os neurdnios envolvidos no circuito
olfativo estejam localizados em outra regido do ganglio cerebral ou em algum tecido

periférico;

9. O par de neurdnios gigantes NADPH-d positivos observado na regido medial do ganglio
pedal apresenta a mesma localiza¢do dos neurdnios gigantes serotoninérgicos descritos em
M. abbreviatus por Swarowsky e cols. (2005) e provavelmente corresponde ao neurdnio
Pd4 descrito em Helix lucorum por Balaban e cols. (2001), os quais mostram estar

envolvidos no comportamento motor ¢ na modulagdo do comportamento de retirada.
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Assim, € provavel que o NO esteja envolvido na resposta de retirada e na facilitagdo do

comportamento de retirada na espécie estudada;

10. O semelhante padrdo de marcacdo nas areas neuropilares do ganglio pedal (NPA1 e
NPA?2) encontrado com as técnicas de NADPH-d por este estudo, e imunoistoquimica para
5-HT por Swarowsky e cols. (2005), indica que a area NPA1, de onde emergem os nervos
pedais anteriores, pode representar uma regido de conexdes e/ou projegdes que se originam
do pé do caracol, além de representar uma area para a integragdo de importantes
informagdes para a integracdo do circuito motor, uma vez que recebe axonios de somas
neuronais localizados em outras regides ganglionares, possivelmente integrando fungdes do
circuito de comportamento aversivo de M. abbreviatus. Desta forma, a distribui¢do de
fibras NADPH-d positivas encontradas em animais jovens e adultos sugere que o NO esteja

envolvido no comportamento motor;

11. A falta de neuronios NADPH-d positivos nos ganglios pleurais de animais jovens e sua
presenca em animais adultos pode indicar que os neurdnios produtores de ON envolvidos
em um determinado comportamento podem ser alterados durante o desenvolvimento de M.
abbreviatus. Os neurdnios encontrados nos ganglios pleurais de animais adultos estavam
localizados em regides que sugerem serem os mesmos também FMRFamidérgicos por
Moriguchi-Jeckel (2001). Em outras espécies de gastropodos, foi demonstrada uma
interagdo anatdmica e funcional de células nervosas liberadoras de NO ¢ FMRFamida,
sugerindo um papel regulatério da FMRFamida na sinalizagdo mediada por NO no SNC de

invertebrados. A distribui¢do similar de neurdnios nitrérgicos ¢ FMRFamidérgicos nos
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ganglios pleurais de M. abbreviatus adultos sugere que esta regulagdo pode existir neste

modelo animal;

12. A marcagdo neuronal nos ganglios pleurais de animais adultos e sua auséncia em
animais jovens pode explicar a auséncia de marcagdo do par de neurOnios gigantes do
mesocérebro em animais adultos, verificada neste estudo. Como em M. abbreviatus adultos
a atividade nitrérgica nos neurdnios gigantes do mesocérebro parece retroceder, sua funcao
pode ser substituida pelos neurdnios pleurais NADPH-d positivos, observados apenas em

adultos;

13. Os ganglios parietais e viscerais estdo envolvidos na regulacdo de ambientes internos
em gastropodos, controlando fungdes respiratorias e circulacio da hemolinfa. Como a
distribuicdo de neurénios NADPH-d positivos em animais jovens e adultos foi muito
similar, tomando como base na sua localizagdo semelhante em Helix lucorum (Zakharov et
al., 1995), possivelmente o NO esteja envolvido no controle do coragdo e do trato
gastrointestinal. O fato de que os neurdnios do ganglio parietal direito sdo comandados pelo

neurdnio Pd4 localizado no ganglio pedal, também produtor de NO, reforca esta idéia;

14. Os neurdnios positivos parietais grandes e gigantes encontrados em animais jovens €
adultos, que representam o ultimo estagio da integracao da informacao sensorial no SNC de
moluscos, segundo Balaban (2002), reforgam a idéia do envolvimento do NO no

comportamento motor;
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15. Pode-se assumir a existéncia de um papel do NO mediando a comunicacdo entre
neuronios ¢ microglia no SNC de M. abbreviatus durante o desenvolvimento, uma vez que
o trofospdngio que circunda o neurdnio gigante do ganglio parietal esquerdo apenas aprece

NADPH-d positivo em animais jovens;

16. A intensa atividade da NOS encontrada nos neuronios, neuropilo e nervos dos ganglios
bucais de caracdis jovens e adultos indica que nestes animais o circuito alimentar pode
também ser modulado por NO, semelhante ao que acontece em outros moluscos, uma vez
que estes ganglios inervam a parede faringeal, musculos, glandulas salivares, esofago e

estomago;

17. Analisando apenas os ganglios pedais de animais jovens e adultos submetidos a um
estimulo térmico a 50°C, verificou-se que a area neuropilar 1 e os neurdnios anteriores,
mediais, laterais e posteriores apresentaram aumento na atividade nitrérgica, representada
por uma densidade Optica significativamente maior nestas regides em comparagao com 0s

grupos controle;

18. Certa homologia pode ser sugerida entre os neuronios anteriores NADPH-d positivos
do géanglio pedal e alguns neurdnios serotoninérgicos descritos em M. abbreviatus,
apontando para o envolvimento do NO na resposta de retirada e na facilitacdo deste
comportamento, uma vez que sua produgdo parece aumentar quando os animais recebem

um estimulo nocivo;
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19. A agdo do NO no circuito nociceptivo de M. abbreviatus jovens e adultos parece
acontecer também através dos grupos de neurdnios laterais e posteriores dos ganglios
pedais, uma vez que estas regides apresentaram um significativo aumento na atividade da

NADPH-d ap6s estimulo térmico;

20. A area neuropilar 1 confirma seu envolvimento no circuito de nocicepg¢ao, contribuindo
para a conclusdo de que o NO parece ser um mediador quimico envolvido neste processo,
pois, a semelhanga de estudos anteriores em M. abbreviatus com serotonina, esta regido
apresentou um aumento na atividade nitrérgica ap6s estimulo térmico em animais jovens e

adultos;

21. Em M. abbreviatus, pode ser proposta uma co-transmissdo de serotonina e NO, uma vez
que neurdnios 5-HTir descritos nesta espécie sdo encontrados em localizagdo similar aos
neurdnios NADPH-d positivos, podendo o NO regular o funcionamento do sistema
serotoninérgico no SNC deste caracol, semelhante ao que ocorre em outras espécies de
gastropodos. Estes dados sdo reforcados pelo aumento na atividade da NADPH-d
principalmente em 6h apods o estimulo térmico, semelhante ao que foi descrito para a

atividade serotninérgica por Swarowsky e cols. (2005);

22. As diferengas encontradas na intensidade da NADPH-d entre grupos controle jovens e
adultos pode sugerir que o NO seja necessario durante o desenvolvimento em M.
abbreviatus, uma vez que em animais jovens esta atividade ¢ mais intensa. Como ele se

mantém maior em diferentes tempos de sobrevivéncia apos o estimulo, também ¢ possivel
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sugerir que o ON participe em processos sensoriais, semelhante a outras espécies de

moluscos, onde ele estd envolvido no crescimento axonal e na sinaptogénese;

23. Alteragdes nos niveis de NO promovem alteragcdes no comportamento de retirada de M.
abrreviatus submetido a estimulo térmico e quimico, demonstrando uma provavel a¢do do

NO como agente pro-nociceptivo nesta espécie;

24. Inibidores da NOS, como o L-NAME, produzem um efeito antinoceptivo isolado
representado por um significativo aumento na resposta de laténcia encontrada em animais
submetidos a estimulo térmico e quimico, indicando que a nocicep¢do ¢ aumentada pela

producdo de NO em M. abbreviatus;

25. A inibicdo da produgdo de NO, por inibicio da NOS, também promove uma
potencializagdo da analgesia mediada por morfina nesta espécie, representada por um
aumento na resposta de laténcia destes animais frente a estimulos térmico e quimico,

indicando uma possivel acao do ON no sistema de opidides;

26. Doadores de NO apresentam um claro efeito pro-nociceptivo em M. abbreviatus,
representado pela diminui¢ao na resposta de laténcia destes animais quando submetidos aos

estimulos térmico e quimico;

27. A antinocicep¢ao mediada por morfina € reduzida com a utilizagcdo de doadores de NO,

reforgando o papel deste mediador quimico como pro-nociceptivo em M. abbreviatus;
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28. A atividade da NOS andoégena parece ser mais importante do que o NO exogeno na
modulacdo da nocicep¢do, uma vez que a administracdo de SNP apds morfina e L-NAME
ndo apresentou o efeito pro-nociceptivo registrado quando o mesmo foi administrado sem o

bloqueador da NOS.



7. PERSPECTIVAS
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1. Verificar o provavel envolvimento do NO no sistema nervoso periférico de M. abbreviatus;

2. Investigar o papel da atividade nuclear do NO, uma vez que nticleos apresentaram NADPH-d

positivos em neuronios de algumas regides ganglionares;

3. Estudar a fun¢do do metacérebro de M. abbreviatus, identificando a fungdo dos neurdnios

nitrérgicos presentes nesta regiao;

4. Identificar os grupos neuronais produtores de NO envolvidos no circuito olfatorio da espécie

estudada, uma vez que nao foram localizados neuronios nitrérgicos no pro-cérebro;
5. Estabelecer o envolvimento dos grupos neuronais laterais e posteriores, produtores de NO, no
circuito nociceptivo de M. abbreviatus, identificando se produzem outros mediadores quimicos

envolvidos na nocicepgao.

6. Pesquisar as func¢des da area neuropilar 2, descrevendo o envolvimento do NO nestes possiveis

Processos;

7. Identificar a(s) via(s) através da(s) qual(is) o NO atua como agente pro-nociceptivo;

8. Descrever o envolvimento do NO na modulagio do sistema de opidides em M. abbreviatus.
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