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Abstract

The blockade of GABA-mediated Cl™ influx with pentylenetetrazol (PTZ) was used in the present work to induce seizures in animals.
The neurotransmission in the postictal period has been the focus of many studies, and there is evidence suggesting antinociceptive
mechanisms following tonic—clonic seizures in both animals and men. The aim of this work was to study the involvement of acetylcholine in
the antinociception induced by convulsions elicited by peripheral administration of PTZ (64 mg/kg). Analgesia was measured by the tail-flick
test in eight albino Wistar rats per group. Convulsions were followed by significant increases in tail-flick latencies (TFLs) at least for 120 min
of the postictal period. Peripheral administration of atropine (0.25, 1 and 4 mg/kg) caused a significant dose-dependent decrease in the TFL in
seizing animals, as compared to controls. These data were corroborated by peripheral administration of mecamylamine, a nicotinic
cholinergic receptor blocker, at the same doses (0.25, 1 and 4 mg/kg) used for the muscarinic cholinergic receptor antagonist. The recruitment
of the muscarinic receptor was made 10 min postconvulsions and in subsequent periods of postictal analgesia, whereas the involvement of the
nicotinic cholinergic receptor was implicated only after 30 min postseizures. The cholinergic antagonists caused a minimal reduction in body
temperature, but did not impair baseline TFL, spontaneous exploration or motor coordination in the rotarod test at the maximal dose of 4 mg/
kg. These results indicate that acetylcholine may be involved as a neurotransmitter in postictal analgesia.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The neuroanatomical basis of analgesia and the neural
substrates involved in the generation and propagation of
epileptic activity in the central nervous system are the focus
of many investigations in the field of neuroscience and
experimental neurology (Frenk et al., 1978; Basbaum and
Fields, 1984; Guieu et al.,, 1992; Garcia-Cairasco et al.,
1996; Rosa et al., 1998; Dos Santos et al., 2000).
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Recent findings have demonstrated antinociceptive pro-
cesses in experimental models of pentylenetetrazol (PTZ)-
or electroshock-induced seizures, in which opioid, seroto-
nergic 5-HT, and cholinergic receptors may be involved
(Coimbra et al., 2001a; Portugal-Santana et al., 2004). Other
recent investigations have used invasive methods for
studying the neural bases of experimental epilepsy (Peterson
et al., 2000; Omori et al., 2001). In fact, some structures and
neural networks of the brainstem, such as the periaqueductal
gray matter, the dorsal raphe nucleus, the nucleus raphe
magnus, the anterior pretectal nucleus, the nucleus retic-
ularis gigantocellularis, pars alpha, have endogenous
opioid-, monoamine- and acetylcholine-mediated mecha-
nisms involved in the control of pain (Basbaum and Fields,
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1984; Rosa et al., 1998; Guimaraes and Prado, 1999;
Oliveira and Prado, 2001; Leite-Panissi et al., 2003), in the
elaboration of defensive behavior (Monassi et al., 1997;
Eichenberger et al., 2002, Osaki et al., 2003; Monassi and
Menescal-de-Oliveira, 2004; Borelli et al., 2004) and
epilepsy (Brodie and Proudfit, 1984; Ribak et al., 1997,
Peterson et al., 2000; Azami et al., 2001; Omori et al.,
2001).

Many of these nuclei are interconnected and send
projections to the dorsal horn of the spinal cord controlling
the synaptic connection between the first and the second
neurons of the spinal-thalamic nociceptive pathways
(Basbaum and Fields, 1984; Roychowdhury and Fields,
1996; Azami et al., 2001). In addition, the cholinergic
system in the dorsal horn of the spinal cord is involved in
antinociception, and a recent report showed that neuronal
bodies of the dorsal horn express the muscarinic acetylcho-
line receptor (Stewart and Maxwell, 2003). In fact,
muscarinic and nicotinic cholinergic receptor subtypes are
involved in peripheral and central antinociception (Sahley
and Berntson, 1979; Bartolini et al., 1992; Marubio et al.,
1999; Wess et al., 2003). Neuronal nicotinic receptors
appear to function at both pre- and postsynaptic membranes
to modulate the release of acetylcholine and to mediate
synaptic neurotransmission, respectively, in cell culture
(Girod et al., 2003) and also in the spinal cord (Kommalage
and Hoglund, 2003).

A mapping of presynaptic nicotinic cholinergic receptor
has been recently described (Girod et al., 2003), and
cholinergic receptors are involved in many behavioral
functions (Oliveira and Prado, 1994; Leite-Panissi et al.,
2003), as well as in antinociceptive mechanisms (Metys et
al., 1969; Guimaraes and Prado, 1999; Li et al., 2002) and
epilepsy (Berdiev et al.,, 2003). In addition, cholinergic
neurons of the medial septum that project to the hippo-
campus, the cingulate cortex and the entorhinal cortex
(Metys et al., 1969) receive inputs from a variety of
brainstem and midbrain areas that participate in defensive
behavior, arousal and neurovegetative reactions (De Lima
and Rae, 1991), as well as in antinociceptive responses
(Basbaum and Fields, 1984). These cholinergic pathways
may represent a neural hodology eventually implicated in
the generation and propagation of epilepsy (Peterson et al.,
2000) and in the control of the perception of nociceptive
stimuli during and after convulsive reactions in mammals
(Coimbra et al., 2001a). In fact, PTZ-induced seizures in
immature rats provokes endogenous acetylcholine-induced
interictal-like discharges in adult hippocampal CA3 (Meil-
leur et al., 2003), and muscarinic analgesia may be mediated
by M, and M, cholinergic receptors at both spinal and
supraspinal structures (Duttaroy et al., 2002).

In this work, we demonstrate the effect of peripheral
pretreatment with the specific muscarinic pharmacological
antagonist atropine, and a nicotinic cholinergic receptor
blocker, mecamylamine, on postictal analgesia induced by
seizures elicited by a systemic blockade of Cl™ channels

linked to GABAergic synapses in the central nervous
system.

2. Materials and methods
2.1. Subjects

Male albino Wistar rats (n=6—8, per group), weighing
200-250 g, from the animal facility of the Campus of
Ribeirdo Preto of the University of Sdo Paulo (USP) were
used. They were housed in groups of four per cage, under a
12:12 dark/light cycle (lights on at 0700 h) at 23+1 °C, and
given free access to food and water throughout the experi-
ment. All experiments reported in this work were performed
in compliance with the recommendation of the Brazilian
Society for Neuroscience and Behavior (SBNeC), which are
based on the US National Institutes of Health Guide for
Care and Use of Laboratory Animals.

2.2. Nociceptive testing

All rats had their nociceptive thresholds compared using
the tail-flick test. Each animal was placed in a restraining
apparatus (Stoelting, Wood Dale, IL) with acrylic walls, and
its tail was placed in a heating sensor (tail-flick Analgesia
Instrument; Stoelting), whose calorimetric progressive
elevation was automatically interrupted at the moment in
which the animal removed its tail from the apparatus. The
current raised the temperature of the coil (Ni/Cr alloy; 26.04
cm in length and 0.02 ¢cm in diameter) at the rate of 9 °C/s
(Prado and Roberts, 1985), starting at room temperature
(approximately 20 °C). A small current intensity adjustment
could be made, if necessary, at the beginning of the
experiment, aiming to obtain three consecutive tail-flick
latencies (TFLs) between 2.5 and 3.5 s. If the animal did not
remove its tail from the heater within 6 s, the apparatus was
turned off to prevent damage to the skin. Three baselines of
control TFLs were taken at 5-min intervals. TFLs were also
measured following seizures elicited by peripheral admin-
istrations of PTZ.

Behavioral tests were made by placing the rats in the
interior of a circular arena, whose walls, made of transparent
acrylic, measured 60 cm in diameter and 50 cm in height.
This arena was located in an experimental compartment and
illuminated by a fluorescent lamp (350 Ix at the arena floor
level). The evaluation of the effects of drug administration
(PTZ, atropine, mecamylamine and saline) was made with
the rats inside the arena.

3. Procedure for epileptic and antinociceptive reactions
record

First, a baseline of the tail-flick test was recorded in
every animal of each group. Independent groups received
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either intraperitoneal (IP) administration of saline, PTZ (64
mg/kg), salinet+saline or saline+PTZ. After the pretreat-
ment, the animals were placed in the arena until the end of
seizures (PTZ) or during 10 min (after saline), when their
withdrawal reflexes (TFL) were determined. There were
three different groups pretreated with saline+PTZ as
independent control groups for random comparison with
each pharmacological treatment (PTZ, atropine and meca-
mylamine groups).

Independent groups of animals received peripheral
injections of atropine or mecamylamine followed by IP
PTZ (64 mg/kg) after 10 min. The nociceptive responses
(TFL) were measured immediately after seizures, 10, 20, 30,
40, 60, 90, 120, 150 and 180 min after the convulsive
reactions.

3.1. Rotarod test

The motor performance of the rodents was evaluated in
the rotarod test for rats (Ugo Basile Rota-Rod, Stoelting).
After receiving IP injections of physiological saline,
saline+saline, PTZ (64 mg/kg), saline+PTZ, the animals
were taken to the rotarod treadmill (62.5x50%x45 cm),
rotating at a gradually increasing speed from 11 to 18 rpm
for 120 s and maintained for another 30-s period at 18 rpm,
in which the time spent on cylinder was recorded in
independent groups of animals after seizures (or 10 min
after saline administration) and 10, 20, 30, 40, 60, 90, 120,
150 and 180 min after the IP administration of saline (NaCl,
0.9%), salinet+saline, PTZ (64 mg/kg) or saline+PTZ (64
mg/kg). Other groups of animals were pretreated with IP
administration of physiological salinetsaline, mecamyla-
nine (4 mg/kg)+saline or atropine (4 mg/kg)+saline, and
they were submitted (after 15 min) to the same rotarod
device described above. In these last groups, the time of
falling, vertical and horizontal movements were recorded in
only one measurement, taking into account that cholinergic
mechanisms may influence visual attention, cognition and
spatial working memory (Gold, 2003; Bentley et al., 2004;
Elvander et al., 2004).

3.2. Core temperature record

The changes produced by the IP administration of
cholinergic antagonists were measured by means of a
digital pen-type thermometer (CE0044; Pro Check), with
measurement accuracy of approximately 0.1 °C between
34 and 42 °C at ambient temperature of 18 to 28 °C. The
clinical thermometer (tip with 0.6x0.3 cm) was carefully
inserted in the rectal channel of the animals (n=6). Three
baselines of control body temperature were taken at 5-min
intervals. The animals then were pretreated with physio-
logical saline+saline, atropine (4 mg/kg)+saline or meca-
mylamine (4 mg/kg)+saline. Fifteen minutes after the
pharmacological treatment, the rectal temperature was
recorded.

3.3. Drugs

Pentylenetetrazol (Sigma), atropine (Sigma) and meca-
mylamine (Sigma) were each dissolved in physiological
saline (NaCl; 0.9%) shortly before use. Physiological saline
also served as the vehicle control.

Drugs were administered in the following doses: atropine
(0.25, 1 and 4 mg/kg), mecamylamine (0.25, 1 and 4 mg/kg)
and PTZ (64 mg/kg).

3.4. Analysis of results

Data from experiments in which there were repeated
measures of TFL were submitted to a repeated-measure
MANOVA. In case of significant treatmentxtime interac-
tion, one-way ANOVA followed by the Duncan test at each
time interval were performed. Data from experiments
performed to evaluate the effect of cholinergic antagonists
on the motor performance in the rotarod test and core
temperature were submitted to a one-way ANOVA and to
paired Student’s z-test, respectively. A level of p<0.05 was
used to confirm statistically significant differences.

4. Results

PTZ induced severe tonic—clonic seizures in all animals.
Convulsions were not preceded by wild running, and lasted
from 1 up to 130 s, with an average of 89.7 s, considering
the total number of crises (Table 1).

Control animals, submitted to the tail-flick test and
placed also in the experimental situation for 10 min without
receiving any type of drug afterwards, did not display
significant changes in the nociceptive threshold at the time
studied (»>0.05 in all cases).

There was a significant effect of treatment [F(3,28)=
902.16; p<0.001], time [F(9,20)=367.42; p<0.001] and
treatmentXtime interaction [F(27,56)=119.66; p<0.001].
One-way ANOVA showed a significant treatment effect
from 0 to 120 min [ £(3,28) varying from 15.56 to 1234.16;
p<0.0001; n? and estimate of explained variance ranging
from 4.72 to 76.88 and from 0.63% to 1.01%, respectively].
Post hoc analyses showed that the saline pretreatment, used
in another experimental group, also did not induce any
significant change in the nociceptive threshold during the
time observed, from 10 min after saline administration to
180 min after the drug, when compared to the control group
(Fig. 1).

However, after the generalized tonic—clonic seizures
induced by PTZ, we observed a strong analgesia,
supported by increased TFLs recorded immediately after
the end of seizures and from 10 to 120 min after seizures.
The effect of the seizures on TFLs did not cause analgesia
after 150 min post tonic—clonic convulsions, when
compared to the control group (Fig. 1). There also was
a significant treatment effect on TFLs after the saline
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Table 1
Behavioral characterization, incidence and duration of tonic—clonic seizures evoked by intraperitoneal administration of pentylenetetrazol (64 mg/kg)
Latency (s) of ~ Number and duration (s) of each Total Intensity of tonic—clonic seizures Period of
tonic—clonic tonic—clonic seizure time (s) time (min)
seizures First Second Third  Fourth ~ Of SSIZUrS  pigy Second Third Fourth ~ rom the
first to last
seizure
Rat I 90 50 5 - - 55 Intermediate ~ Weak - - 4
Rat II 60 30 50 40 - 120 Intermediate ~ Weak Intermediate  — 10
Rat IIT 240 1 3 1 5 10 Weak Weak Weak Weak 4
Rat IV 60 43 27 - - 70 Weak Weak - - 3
Rat V 60 21 25 25 - 77 Weak Weak Weak - 4
Rat VI 86 130 16 - - 146 Strong Weak - - 5
Rat VII 120 21 45 84 - 150 Weak Intermediate ~ Intermediate ~ — 7

Blank spaces in the table mean absence of seizure.

pretreatment followed 10 min later by peripheral admin-
istration of PTZ. In fact, the pretreatment with the vehicle
of the pharmacological antagonists, followed by the
ionophore blockade of Cl~ channel linked to GABA
receptor, made as an additional control in this experiment,
showed an expressive postictal analgesia recorded imme-
diately after the end of seizures and from 10 to 120 min.
These data are shown in Fig. 1.

Considering the experiments made with the aim of
investigating the involvement of muscarinic cholinergic
receptors in postictal analgesia, there was a significant effect
of treatment [F(3,27)=23.13; p<0.001] and time
[F(9,19)=105.80; p<0.001] and a significant treat-
mentxtime interaction [F(27,53)=9.20; p<0.001]. One-
way ANOVA showed a significant treatment effect from
10 to 120 min [ F(3,27) varying from 4.34 to 24.83; p<0.05;
n* and estimate of explained variance ranging from 1.2 to
29.44 and from 0.33% to 0.73%, respectively]. Post hoc
analyses showed that the peripheral administration of
atropine at the minor doses (0.25 or 1 mg/kg) used in the

6.5 -

present work decreased TFLs 40 min (atropine: 0.25 mg/kg)
and 30 min (atropine: 1 mg/kg) after seizures, as well as
from 60 to 120 min postseizures. However, atropine
pretreatment at the highest dose (4 mg/kg) was effective
in antagonizing the postictal analgesia recorded from 10 to
120 min postseizures. Post hoc analyses also showed
significant differences between the three doses of muscar-
inic antagonist from 10 to 60 min. These data followed a
dose-dependent effect and are shown in Fig. 2.

These results were corroborated by peripheral admin-
istration of mecamylamine, but the blockade of nicotinic
cholinergic receptors was effective in antagonizing the
postictal analgesia recorded only in later stages, as
compared to the effect of the blockade of muscarinic
receptors. There was a significant effect of treatment
[F(3,28)=23.93; p<0.01] and time [F(9,20)=544.67;
p<0.001] and a significant treatmentxtime interaction
[F(27,56)=4.61; p<0.001]. One-way ANOVA showed
significant treatment effects from 10 to 120 min [ F(3,28)
varying from 6.69 to 16.66; p<0.01; 5 and estimate of
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0 10 20 30 40 60 %0 120 150 18 {min)

—0— Saline 0.9%
—&— Saline 0.9% + Saline 0.9%

——-PTZ (64my/kg)
—O— Saline 0.9% + PTZ (64mg/kg)

Fig. 1. Effects of administration of saline (O-0), pentylenetetrazol (PTZ; m—M; 64 mg/kg, i.p.), saline (NaCl; 0.9%)+saline (@—®), and saline+PTZ (O-O) on
nociceptive threshold. N=8 in all groups. Increases in nociceptive thresholds were presented in means of tail-flick latencies+S.E.M. *Statistically significant
differences ( p<0.05, according to Duncan test) as compared to physiological saline group; *Statistically significant differences as compared to saline+saline

group.
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0 10 20 30 40

—{}Saline + PTZ (64mg/kg)
—&— Alropine (1mg/kg) + PTZ (64mg/kg)

60 a0 120 150 180  (min)
—l— Atropine (0.25mg/kg) + PTZ (64mg/ikg)
—O— Alropine (4mg/kg) + PTZ (64mg/kg)

Fig. 2. Effect of administration of saline (NaCl; 0.9%) followed by pentylenetetrazol (PTZ; O-0; 64 mg/kg, i.p.), and effect of peripheral (i.p.) injections of
atropine at doses of 0.25 mg/kg (H—M; N=7), 1 mg/kg (@-®; N=8) or 4 mg/kg (O-O; N=8), followed by PTZ (64 mg/kg, i.p.) on nociceptive threshold.
*Statistically significant differences (»<0.05, according to Duncan test) as compared to saline+PTZ group; “Statistically significant differences as compared to
0.25 mg/kg atropine+PTZ group; s Statistically significant differences as compared to 1 mg/kg atropine plus PTZ group. Increases in nociceptive thresholds

were presented in means of tail-flick latencies+S.E.M.

explained variance ranging from 2.34 to 11.31 and from
0.42% to 0.64%, respectively]. Post hoc analyses showed
that there was a lack of effect of both the minor doses (0.25
or 1 mg/kg) and the highest dose (4 mg/kg) of mecamyl-
amine in antagonizing the postictal analgesia recorded
immediately after seizures or recorded at 10 or 20 min after
convulsive reactions, in all cases, although the blockade of
nicotinic cholinergic receptors (at both 1 and 4 mg/kg) was
effective in antagonizing the postictal analgesia from 30 to
120 min postseizures. There were significant statistical
differences between doses from 30 to 90 min of the postictal
period. Particularly in the group treated with mecamylamine
at 4 mg/kg, the convulsive reactions after the blockade of

6.5 q

5.5 4

4.5 4

3.5 A

Nociceptive Thresholds (s)

25 + T + T + T + T

GABA-mediated ClI™ influx with PTZ were more expres-
sive. These data are shown in Fig. 3.

These effects are not independent of the epileptic crisis
induced by the blockade of the GABA-mediated Cl™ influx,
because the peripheral administration of atropine or
mecamylamine at the highest dose (4 mg/kg) did not cause
any statistically significant effect on nociceptive thresholds
[p>0.05 in all cases, as compared to the control; F(2,21)
varying from 0.38 to 3.44; p>0.05 in all cases; > and
estimate of explained variance ranging from 0.14 to 0.93
and from 0.03% to 0.34%, respectively; Fig. 4].

The evaluation of the motor performance of animals
submitted to the rotarod test showed no statistically

0 10 20 30 40

—{1 Saline + PTZ (64mg/kg)
—&— Mecamylamine (1mg/kg) + PTZ (64mg/kg)

60 90 120 150 180 (min)

—— Mecamylamine (0.25mg/kg) + PTZ (64mg/kg)
—O— Mecamylamine (4mg/kg) + PTZ (64mg/kg)

Fig. 3. Effects of administration of saline followed by pentylenetetrazol (PTZ; O-0O; 64 mg/kg, i.p.), and effect of peripheral (i.p.) injections of mecamylamine
at doses of 0.25 mg/kg (m—m; N=8), 1 mg/kg (@-@; N=8) or 4 mg/kg (O-O; N=8), followed by PTZ (64 mg/kg, i.p.) on nociceptive threshold. *Statistically
significant differences (»<0.05, according to Duncan test) as compared to saline+PTZ group; *Statistically significant differences as compared to 0.25 mg/kg
mecamylamine+PTZ group. Increases in nociceptive thresholds were presented in means of tail-flick latencies=S.E.M.
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5.5 1

4.5 4

3.5 1

Nociceptive Thresholds (s)

25

0 10 20 30
=—{1—Saline + Saline

—8— Atropine (4mg/kg) + Saline

180 (min)
- Mecamylamine (4mg/kg) + Saline

60 90 120 150

Fig. 4. Lack of effect of peripheral (i.p.) administration of saline (NaCl; 0.9%)+saline (O-0), atropine (4 mg/kg)+saline (@—®), and mecamylamine (4 mg/
kg)+saline (H—M) on nociceptive thresholds of Wistar rats (N=8; p>0.05 in all cases, according to Duncan test, as compared to controls). Data were presented

as means of tail-flick latencies+S.E.M.

significant difference among TFLs observed immediately
after seizures and from 10 to 180 min of the postictal period
[ F(3,28) varying from 0.20 to 2.52; p>0.05 in all cases; n*
and estimate of explained variance ranging from 8.84 to
75.59 and from 0.02% to 0.21%, respectively; Fig. 5].
Both atropine (at 4 mg/kg)+ physiological saline
(Student’s z-test: =4.70; p<0.01) and mecamylamine (at 4
mg/kg)+saline (Student’s z-test: 1=2.58; p=0.049) groups,
but not the salinetsaline group (Student’s t-test: =2.13;
p>0.05) showed a very small but significant decrease in
core temperature. One-way ANOVA showed significant
differences between delta values [ F(2,15)=4.19; p<0.05;
1n°=3.62; estimate of explained variance=0.36%; Table 2].
The pretreatment of animals with cholinergic antagonists
at the highest dose (4 mg/kg) did not affect their motor
performance in the rotarod test. In fact, atropine caused a
significant increase in the time spent on the rotarod
[F(2,15)=4.41; p<0.05; n°=82194.78; estimate of explained

Time (s)
3

10

variance=0.37%] and in horizontal [ F(2,15)=4.73; p<0.05;
177=94693.44; estimate of explained variance=0.39%], but
not vertical motor behavior [F(2,15)=1.43; p>0.05;
n°=34.33; estimate of explained variance=0.16%]. The
mecamylamine-treated group did not differ from controls.
These data are shown in Table 2.

5. Discussion

In the current work, PTZ caused tonic—clonic seizures,
followed by antinociception, and acetylcholine may be
involved as a neurotransmitter in this antinociceptive
process induced by GABA-mediated Cl1™ influx. Interest-
ingly, a recent report showed that pretreatment with
bicuculline partially prevented nicotine-induced antinoci-
ception, suggesting that the GABA , receptor may contrib-
ute to the mechanisms involved in cholinergic-induced

—- Saline 0.9%
—&— Saline 0.9% + Saline 0.9%

0 10 20 30 40

60 90 120 150 180 (min)
—— PTZ (84mglkg)
—O— Saline 0.9% + PTZ (64mg/kg)

Fig. 5. Lack of effect of peripheral (i.p.) administration of saline (NaCl; 0.9%; O-0), saline+saline (®—®), pentylenetetrazol (PTZ; m—m; 64 mg/kg. i.p.), and
saline+PTZ (O-O) on motor performance of Wistar rats in the rotarod test (N=8; p>0.05 in all cases, according to Duncan test, as compared to the controls).

Data were presented as means of time (seconds) spent on the cylinder+S.E.M.
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Table 2

Effects of atropine and mecamylamine administered 15 min before testing on motor activity, rotarod performance and body temperature in Rattus norvegicus

n Vertical activity Horizontal activity Latency to fall (s) Rectal temperature (°C) Rectal temperature
counts counts Control After drugs 4°0)
Salinetsaline 6 4.67+2.18 57.5+£40.64 64.83+42.75 36.61+0.14 37.17£0.17 0.55+0.26
Atropine 6 1.33+£0.42 234.00+£28.54* 229.68+36.34* 36.68+0.12 36.27+0.15" —0.43+0.009*
(4 mg/kg)+saline
Mecamylamine 6 2.50+1.02 163.33+£50.27 160.33+38.88 36.90+0.22 35.2240.59" —0.37+£0.37*

(4 mg/kg)+saline

Data were presented as means+S.E.M. The control absolute values of the rectal temperature correspond to the average of three rectal temperatures recorded at

5-min intervals.

* Significantly different from saline (p<0.05), according to one-way ANOVA, followed by Duncan test.
# Significantly different from control, according to Student’s #-test for dependent samples.

analgesia (Mui et al.,, 1997), and the GABAergic system
may modulate nicotinic receptor-mediated seizures (Dobelis
et al., 2003).

Our results strongly suggest the involvement of the
cholinergic system in seizure-induced analgesia. Acetylcho-
line seems to be released as a neurotransmitter in the
synaptic connectivity of the neural network responsible for
the elaboration of postictal analgesia in the initial steps of
this phenomenon. Both muscarinic and nicotinic receptors
are recruited in this postictal antinociceptive process.
Although there is no evidence of a crucial involvement of
the nicotinic receptor in the initial stage of postictal
analgesia, this cholinergic receptor seems to be recruited
in a later stage, after the first 30 min of postconvulsive
antinociceptive reactions. However, the muscarinic receptor
may be recruited shortly after the elicitation of tonic—clonic
convulsive reactions.

The present work suggests the involvement of the
muscarinic cholinergic receptor in this initial postictal
period and is in accordance with previous findings obtained
in our laboratory suggesting that, during postictal analgesia,
acetylcholine and 5-HT,/5-HT;c monoaminergic mecha-
nisms may be initially recruited after tonic—clonic con-
vulsions, while endogenous opioid peptides, such as
enkephalin and p-endorphin, would have a place in a later
stage of postseizure antinociception, considering the first 30
min after tonic—clonic seizures (Coimbra et al., 2001a).

Curiously, after 30 min of postictal analgesia, mecamyl-
amine at the intermediate dose (1 mg/kg) produced a
stronger effect compared to the highest dose (4 mg/kg). This
paradoxical effect may be related to the severity of
convulsive reactions observed in the group of animals
pretreated with the highest dose of this nicotinic cholinergic
receptor antagonist.

Considerable evidence now points to muscarinic and
nicotinic receptors as targets of cholinergic control of the
perception of nociceptive stimuli in other kinds of anti-
nociceptive reactions in both experimental animal and
human models (Decker and Meyer, 1999; Irusta et al.,
2001). There is also evidence that many of these mecha-
nisms are centrally mediated in different species (Grau et al.,
1991; Oliveira and Prado, 1994; Leite-Panissi et al., 2003).

The lack of effect of the pretreatment with muscarinic or
nicotinic antagonists on TFLs recorded immediately after
seizures cannot be related to a sudden motor deficit caused
by either postictal depression or an eventual unexpected
influence of cholinergic receptor blockade on motor ability,
considering that previous treatment with saline, PTZ,
atropine or mecamylamine+saline did not cause a motor
deficit in the rotarod test. Interestingly, both cholinergic
antagonists at the highest dose used in the present work
increased the time spent on the rotarod. These data are
corroborated by previous experiments investigating the
possible effect of PTZ and cholinergic compounds on motor
tasks (Decker et al., 1998; Coimbra et al., 2001a).

In addition, the lack of effect of pretreatment with
mecamylamine and atropine (at all doses used in the present
work) in postictal antinociception at the first period of
seizure-induced analgesia does not seem to be related to
postictal depression effects, as it has been demonstrated that
acetylcholine may contribute to epileptogenesis in immature
neocortex (Potier and Psarropoulou, 2001).

Although recent studies implicated the cholinergic
regulation of body temperature (Takahashi et al., 2001a,b),
the positive effect of the pharmacological antagonists used
in the present work on postictal analgesia cannot be related
to the small decrease in core body temperature, eventually
affecting the responsiveness to the painful stimulus, con-
sidering that the pretreatment of the animals with the highest
dose of each antagonist used in this work did not alter
baseline TFLs compared to control.

In fact, previous findings suggest that decreases in skin
temperature do not influence the peripheral effect of
cholinergic antagonists, such as atropine and mecamyl-
amine, on TFLs, considering that mecamylamine but not
atropine antagonizes carbachol-induced antinociception
from the dorsal periaqueductal gray matter, without signifi-
cant changes in TFLs baseline values (Guimardes and
Prado, 1999).

Nicotinic receptors do not only exist on neuronal cell
bodies and dendrites but are also located on axon terminals
and are involved in the modulation of multiple neuro-
transmitter releases (Wonnacott et al., 1989; Todorov et al.,
1991; Wilkie et al., 1996; Vizi and Lendvai, 1999). Thus,
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other chemical mediators may be involved in postictal
analgesia in the different steps of this process.

We cannot discount the involvement of coreleased
neurotransmitters in the organization of postictal analgesia.
In fact, a recent report showed that presynaptic muscarinic
cholinergic mechanisms and GABAg receptors may influ-
ence cholinergic analgesia (Li et al., 2002; Rashid and Ueda,
2002). In addition, spinal endogenous acetylcholine may
mediate at least part of the analgesic effect of systemic
morphine through both muscarinic and nicotinic receptors
(Chen and Pan, 2001).

It is possible that different opioid systems, probably ;-
opioid receptor-mediated, may be involved in the delayed
stage of postictal analgesia, as suggested in previous
experiments using PTZ- or electro-convulsive shock-
induced analgesia (Urca et al., 1981; Coimbra et al.,
2001b; Portugal-Santana et al., 2004).

The present results, suggesting that muscarinic and
nicotinic cholinergic receptors are involved in the modu-
lation of painful stimulus-induced reactions during epilep-
tic-like attacks, are in agreement with previous reports
showing that scopolamine blocks both brief shock-induced
and conditioned hypoalgesia on the tail-flick test (Grau et
al., 1991).

The involvement of the cholinergic system is also related
to the generation and elaboration of epilepsy. In fact, a
recent report suggests that the muscarinic M; receptor may
have a critical role in the development of kindling epileptic
activity (Eskazan et al., 1999), and the involvement of this
receptor on the initiation of cholinergically induced epileptic
seizures in the brain was already considered by another
study (Cruickshank et al., 1994).

However, we do not exclude the possibility of involve-
ment of other neuronal circuitry on the elaboration of
postictal analgesia and epilepsy. The varicose monoaminer-
gic, glutamatergic and cholinergic axons are equipped with
neuronal nicotinic acetylcholine receptors. These nonsynap-
tically localized receptors are of high affinity, and the
receptor activation itself causes depolarization of the
neuron, releasing chemical transmitter or may result in
modulation of neurotransmitter release initiated by axonal
firing (Wonnacott et al., 1989).

The modulation of presynaptic nicotinic receptors in
synaptic and nonsynaptic neurochemical circuitry in the
brain may provide a cholinergic mechanism recruiting other
nuclei of the brainstem involved with monoaminergic
descending control of the pain and activating complex
neuronal assemblies that elaborate epileptic activity in the
central nervous system and postictal analgesia (Coimbra et
al., 1998a,b; Coimbra et al., 2001a,b; Shouse et al., 2001).

The nucleus raphe magnus may contribute at least partly
in this complex neural circuitry (Abe et al., 2002; De
Oliveira, 2003), and cholinergic excitatory innervations of
the neurons of this brainstem structure may be important in
the regulation of pain sensitivity (Brodie and Proudfit,
1984). In fact, a recent report showed immunohistochemical

evidence suggesting the involvement of nonserotonergic
brainstem neurons involved in picrotoxin-induced analgesia
(Koyama et al., 2000).

The dorsal horn of the spinal cord is another crucial
target for the action of cholinergic antagonists, considering
strong evidence of the involvement of the spinal muscarinic
M, receptor subtype in cholinergic mechanisms of analgesia
(Mulugeta et al., 2003), as well as the property of the
nicotinic acetylcholine receptor in stimulating spinal nor-
epinephrine release (Li and Eisenach, 2002).

Despite the interesting report showing that nociceptive
threshold seems to be spontaneously high in patients with
temporal lobe epilepsy (Guieu et al., 1992), many patients
with either occipital lobe epilepsy or temporal lobe epilepsy
have related headache (Ito et al., 1999, 2000, 2004). In fact,
headache and epilepsy are a common comorbidity in
childhood, and occur mostly in children older than 10
years with idiopathic epilepsy (Yamane et al., 2004). The
paradoxical findings reported above reinforce the impor-
tance of future research on the neurochemical bases of
pain- and analgesia-induced mechanisms after tonic—clonic
seizures.

In this respect, the study of the acetylcholine-mediated
system in seizure-induced antinociception is relevant to
understanding the neural hodology and the chemical
mediation of the postictal phenomenon. The complete
elucidation of the neurochemistry of the antinociceptive
process evoked by convulsive crises may represent an
important step for understanding the neural basis of the
control of pain- and epilepsy-related mechanisms.
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