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Abstract:

The present study focused on the evaluation of a role of opioid system in nicotine-induced antinociception and physical dependence

in mice. The results indicate that nicotine (3 mg/kg) produced a significant antinociception in the hot plate test. Additionally, the

opioid receptor antagonist naloxone (0.5 and 1 mg/kg), dose-dependently attenuated this effect. Our second experimental protocol

consisted in intermittent administration of nicotine (2.5 mg/kg, sc) four times daily for 7 days. In order to precipitate nicotine

abstinence, mice were given one injection of mecamylamine (3 mg/kg) or naloxone (1 mg/kg) one hour after the last nicotine

injection on the test day (day 8) in the morning. Interestingly, our findings revealed that both drugs precipitated somatic withdrawal

signs in mice, with a slight difference in their influences on the intensity of several signs. These data support the hypothesis that

similar opioid-cholinergic interactions are involved in nicotine-induced antinociception and nicotine withdrawal syndrome.
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Introduction

Despite well documented risk, tobacco smoking re-

mains a major health problem. Nicotine, one of the

active components of cigarettes, exhibits several phar-

macological actions in the central and peripheral

nervous system and releases numerous neurotransmit-

ters [2]. It causes drug seeking behaviors in rats dem-

onstrated using self-administration and place prefer-

ence test [19]. Nicotine acts as positive reinforcer and

produces changes in several somatic behaviors such

as locomotor activity, anxiety, body temperature, no-

ciception, memory and learning. In addition, chronic

tobacco use or chronic administration of nicotine re-

sults in the development of physical dependence [3,

16, 21]. Many of the pharmacological effects of nico-

tine are mediated by the activation of the nicotinic

acetylcholine receptors (nAChRs) [7]. They are lo-

cated mainly presynaptically and their stimulation en-

hances the release of dopamine, noradrenaline, acetyl-

choline, glutamate and �-aminobutyric acid (GABA)

[24]. It is worth mentioning that this effect depends on

the entry of calcium ions into the nerve terminals via

voltage-dependent calcium channels. Accordingly,

some investigations have revealed that calcium chan-

nel antagonists acting at L-type calcium channels,

probably by blocking the fusion of the synaptic vesi-

cles and release of neurotransmitters, are capable of

attenuating many of the rewarding and sensitizing ef-

fects of drugs, including nicotine [4, 5].

Recently, it has become evident that nicotine can

produce many of its behavioral effects by activating
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the opioid system [3]. Accordingly, it has been shown

that several behavioral and pharmacological actions,

including rewarding properties, dependence and

antinociception, are shared by nicotine and morphine

[21, 26, 28]. The rewarding effects may be connected

with their ability to facilitate dopaminergic transmis-

sions indirectly, via an activation of nAChRs or

mu-opioid receptors, respectively [8, 22]. It has also

been revealed that morphine induces antinociception

through the activation of the opioid receptors, but also

cholinergic mechanisms may be involved in this effect.

Interestingly, cigarette smoking reduces pain in humans

and activation of cholinergic pathways by nicotine may

also produce antinociception in laboratory animals [27].

It is well established that nicotine can induce depend-

ence in humans as well as in laboratory animals. In ro-

dents, nicotine withdrawal occurs after cessation of

chronic nicotine administration, or can be precipitated

by injecting an nAChR antagonist like mecamylamine

[15] and the signs of nicotine withdrawal in rodents, in-

cluding: jumping, front paw tremor, wet dog shakes and

ptosis, are similar to those of morphine withdrawal, but

of lower intensity [14]. Moreover, there were reports

suggesting that nicotine may alleviate some morphine

abstinence signs and may suppress naloxone-induced

jumping in morphine-dependent mice [26]. Addition-

ally, administration of morphine and nicotine for a long

period may result in the development of tolerance (if

a drug is given as a constant infusion) or sensitization

(after intermittent chronic drug exposure) to their phar-

macological actions, e.g. hypothermia, antinociception

or locomotor activity. Interestingly, it has been also re-

vealed that both cross-sensitization and cross-tolerance

between morphine and nicotine to their behavioral ef-

fects can be observed in animal models [6, 25].

In our study, in order to further examine the implica-

tion of the opioid system in the nicotine effects, we in-

vestigated the influence of the opioid receptor antagonist

naloxone on the acute nicotine antinociception measured

in the hot plate test in mice. Additionally, we determined

the participation of the opioid system in nicotine de-

pendence. For this purpose, we established a model of

nicotine dependence in mice. The drug was adminis-

trated four times daily for seven days. Afterwards, in or-

der to precipitate the withdrawal signs, chronically

nicotine-treated mice received an injection of meca-

mylamine or naloxone. The results are discussed in the

context of the influence of opioid receptors on the acute

and chronic long-lasting molecular and behavioral

changes induced by nicotine treatment.

Materials and Methods

Animals

The experiments were carried out on naive male

Swiss mice (Farm of Laboratory Animals, Warszawa,

Poland) weighing 20–25 g at the beginning of the ex-

periments. The animals were maintained under stan-

dard laboratory conditions (12-h light/dark cycle with

lights on at 07:30; room temperature 21 ± 1°C), with

free access to tap water and laboratory chow (Bacutil,

Motycz, Poland) and were adapted to the laboratory

conditions for at least one week. Mice were 8–10

weeks old at the time of the experiments and drug-

naive. Each experimental group consisted of 8–12

animals. All experiments were carried out according

to the standard ethical guidelines (National Institutes

of Health Guidelines for the Care and Use of Labora-

tory Animals, and the European Community Council

Directive for Care and Use of Laboratory Animals)

and approved by the local ethics committee (The

Medical University of Lublin Committee on the Use

and Care of Animals).

Drugs

The following compounds were tested: (–)-nicotine

hydrogen tartrate (Sigma, St. Louis, MO, USA), mor-

phine hydrochloride (Polfa, Kutno, Poland), naloxone

hydrochloride (Sigma, St. Louis, MO, USA), meca-

mylamine hydrochloride (Sigma, St. Louis, MO,

USA). The drugs were dissolved in physiological sa-

line (0.9% NaCl). All doses were expressed as respec-

tive salts. Naloxone and mecamylamine were admin-

istered intraperitoneally (ip), morphine and nicotine

were injected subcutaneously (sc) in a volume of

0.01 ml/kg. Control groups received saline injections.

Experimental procedure

Nicotine-induced antinociception

The hot plate test was performed as described previ-

ously [9], 30 min after nicotine (3 mg/kg, sc), mor-

phine (10 mg/kg, sc) or saline injection. These doses

were chosen accordingly to our previous experiments

indicating that nicotine at the dose of 3 mg/kg and

morphine at the dose of 10 mg/kg provoked signifi-

cant antinociception under our experimental condi-
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tions. The heated surface of the plate (Porfex,

Bia³ystok, Poland) was kept at a constant temperature

of 52°C and the latency of pain response (paw licking,

jumping) was measured by an observer unaware of

the treatment. The cut-off time of 30 s was used to

prevent tissue damage. The second experiment was

designed to investigate whether pretreatment with

a mu-opioid receptor antagonist naloxone modifies

the antinociceptive effects of nicotine. For this pur-

pose, naloxone (0.5 and 1 mg/kg, ip) was given

15 min before nicotine injection.

Nicotine withdrawal syndrome

Nicotine dependence was induced by its repeated sc

injections, four times daily, at an interval of 4 h start-

ing at 8.00, for 7 days. The control groups were

treated with saline according to the same schedule.

On the test day (day 8), mice received one nicotine in-

jection in the morning. In order to precipitate nicotine

abstinence, mice were given the nicotine receptor an-

tagonist mecamylamine (3 mg/kg, ip) or the opioid re-

ceptor antagonist naloxone (1 mg/kg, ip) an hour after

the last nicotine injection. The somatic signs of with-

drawal were evaluated for 30 min, immediately after

mecamylamine or naloxone administration. The

number of the following behavioral signs was counted

over 5-min periods: front paws tremor, jumping and

wet dog shakes. Body tremor, ptosis, piloerection and

chewing were scored: one score point for appearance

or 0 for non-appearance of each sign within the obser-

vation period of 5 min.

Statistical analysis

The data were analyzed by the analysis of variance

(ANOVA) followed, when appropriate, by post-hoc

comparison using Tukey test. The confidence limit of

p < 0.05 was considered as statistically significant.

Antinociceptive effects were expressed as latency (in

seconds) of the licking or jumping responses. For

nicotine withdrawal signs, the results were expressed

as the scores (body tremor, chewing, ptosis, piloerec-

tion) or the total number of abstinence signs (wet dog

shakes, jumping, paw tremor). The data are presented

as the means ± SEM.

Results

Nicotine-induced antinociception

The antinociceptive responses after acute nicotine ad-

ministration (3 mg/kg, sc) in mice were assessed in

the hot plate test and compared with morphine-

induced antinociception (10 mg/kg, sc). Injections of

nicotine were preceded by the injection of naloxone

(0.5 and 1 mg/kg, ip) or saline. The ANOVA showed

a significant treatment effect (F(12,91) = 6.919,

p < 0.0001) indicating the development of the antino-

cicepive effects of nicotine and morphine. Post-hoc

individual comparison indicated that naloxone, at the

dose of 1 mg/kg but not 0.5 mg/kg, administered 15

min prior to nicotine injection, antagonized nicotine-

induced antinociception (p < 0.01) (Fig. 1). These

data suggest the important role of opioid receptors in

the expression of nicotine-induced antinociception

measured in the hot plate test in mice.

Nicotine withdrawal sings

After chronic intermittent administration of nicotine

(2.5 mg/kg, 7 days, 4 injections/day) physical depend-

ence has been developed in mice. In a set of experi-

ments, we evaluated the infuence of different doses of
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mecamylamine (1 and 3 mg/kg, ip) and naloxone

(0.5 and 1 mg/kg, ip) on the severity of nicotine with-

drawal signs. We revealed that neither mecamylamine

at the dose of 1 mg/kg nor naloxone at the dose of

0.5 mg/kg provoked any withdrawal signs in nicotine-

treated mice (data not shown). Interestingly, both me-

camylamine at 3 mg/kg and naloxone at 1 mg/kg pre-

cipitated the significant somatic signs of nicotine

withdrawal. No behavioral signs related to nicotine

withdrawal were observed in any groups of animals

injected with naloxone or mecamylamine in saline-

treated mice (Fig. 2). The subgroup of nicotine-

treated animals receiving an injection of meca-

mylamine, displayed statistically significant increases

in the appearance of all withdrawal symptoms, such

as: wet dog shakes, jumping, paw tremor, body

tremor, chewing, ptosis and piloerection (p < 0.001,

Tukey test after ANOVA) in comparison with control

saline-treated animals. After an injection of naloxone

in nicotine-treated mice, the increase in the appear-

ance of some of the main nicotine withdrawal signs

was observed including: wet dog shakes, jumping and

ptosis (p < 0.01) and paw tremor (p < 0.001) (Fig. 2).

There were no statistically significant effects of na-

loxone on body tremor, chewing and piloerection as

compared to saline-treated control.

Discussion

In our study, antinociception measured in the hot plate

test, in which heat is the noxious stimulus and higher

supraspinal central nervous system (CNS) regions are

responsible for reaction, has been used to determine

antinociceptive effects induced by nicotine in mice.

The present results demonstrate that nicotine, like

morphine, induces antinociception in the hot plate
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test. In agreement with our data, this effect of nicotine

has already been reported using the tail flick test and

formalin test [27]. Moreover, the opioid receptor an-

tagonist naloxone dose-dependently abolished nico-

tine antinociception and this effect of naloxone was

similar to that already described for morphine-

induced antinociception [10, 18]. These results may

further support a functional interaction between

opioid system and nicotinic cholinergic mechanisms

in mediating antinociception. Additionally, the pres-

ent studies provide evidence that after chronic sc ad-

ministration of nicotine, a single dose of the nAChR

antagonist mecamylamine as well as the opioid recep-

tor antagonist naloxone precipitated somatic with-

drawal signs. This nicotine withdrawal syndrome in

mice resembled that shown in rats after a 7-day infu-

sion of almost equal dose of nicotine tartrate

(9 mg/kg/day) via an osmotic minipumps [14]. In our

experiments, nicotine-withdrawn mice appear more

sensitive to nAChR antagonist than to the opioid recep-

tor antagonist suggesting that at least some common

mechanisms underlie opiate and nicotine dependence.

There is a strong evidence suggesting that nico-

tine-induced antinociception is mediated by an activa-

tion of nAChRs in the nociceptive pathways and spe-

cific regions of the CNS (thalamus, medulla, nucleus

raphe, spinal cord) [13]. It has been well established

that nAChR activation enhances release of many neu-

rotransmitters including acetylcholine, noradrenaline,

serotonin or glutamate as well as endogenous opioid

peptides. These processes are largely dependent on

extracellular calcium and may provide a possible

mechanism for nicotine antinociception at different

sites of the CNS. The close relationship between cho-

linergic and opioid mechanisms can be discussed in

relation to the augmentation of the release and biosyn-

thesis of enkephalins and beta-endorphin after

nAChR activation [12]. In support of this hypothesis,

some reports have shown the co-localization of

nAChRs and mu-opioid receptors in several CNS re-

gions implicated in the control of nociception, such as

thalamus and spinal cord [17]. Accordingly, it has

been revealed that both the acute nicotine antinocicep-

tive responses and nicotine withdrawal signs were re-

duced in mu-opioid receptor knock-out mice [3].

Besides the acute antinociceptive effects of mor-

phine and nicotine discussed above, some common

mechanisms underlying opioid and nicotine depend-

ence have been suggested recently [15]. Both mor-

phine and nicotine addiction is a complex behavioral

phenomenon dependent on several neurotransmitter

pathways, especially on the activation of the meso-

limbic dopaminergic system. These effects are known

to be mediated by the mu-receptors or nAChRs, re-

spectively, located on the dopaminergic neurons [24].

Evidence available so far indicates that the negative

aspects of nicotine withdrawal are also regulated by

a number of different pathways, besides the choliner-

gic system, and are mediated by different neuroana-

tomical substrates. It has been documented that spon-

taneous and antagonist-precipitated nicotine and mor-

phine withdrawal produced marked deficits in

dopamine release, especially in the nucleus accum-

bens and in the amygdala [11]. The data mentioned

above pointed out that some common neurobiological

substrates underlie opiate and nicotine dependence

and that opioid pathways play a role in mediating

smoking behavior. Accordingly, in humans, the opioid

antagonist naltrexone is known to reduce the tobacco

consumption rate.

In an animal model, it has been shown that mor-

phine reversed withdrawal signs in nicotine-

dependent rats [15] while nicotine abolished

naloxone-precipitated opioid withdrawal as well as

place aversion induced by naloxone in morphine-

pretreated rats [1, 26]. As nAChR stimulation induces

release of opioid peptides, after prolonged nicotine

exposure an up-regulation of mu opioid receptors [23]

causes an opioid-like dependence state. Interestingly,

previous electrophysiological studies have also re-

ported that the nicotinic receptor may be a target

through which opioid compounds might regulate di-

rectly nAChR-mediated functions [20]. Thus, it has

been shown that nicotine-induced catecholamine se-

cretion was inhibited by naloxone in cultured bovine

chromaffin cells resulting from the direct interaction

of this opioid antagonist with the nAChR itself. Al-

though in our behavioral study we have not really in-

vestigated this type of direct interaction, we might

suggest that by directly blocking cholinergic receptors

naloxone precipitated nicotine withdrawal also in our

experimental procedure. These data further reveal an

interaction between cholinergic and opioid receptors

in regulating the development of physical dependence

and could explain at least some of our findings.

In summary, our results emphasize a possible role

of an interaction between opioid and cholinergic

mechanisms in mediating acute antinociceptive effect

of nicotine as well as aversive consequence of nico-

tine withdrawal in mice.
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