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The present study examined the functional selectivity of nicotine for nicotinic
acetylcholine receptors in the stimulation of the hypothalamic-pituitary-adrenal
(HPA) axis, the effect of social crowding stress on HPA response to nicotine and the
involvement of prostaglandins synthesized by constitutive cyclooxygenase (COX-1)
and inducible cyclooxygenase (COX-2) in the nicotine-induced HPA response in rats
crowded (24 per a box instead 7) for 7 days. Nicotine (2.5-5.0 mg/kg i.p.) significantly
increased plasma ACTH and corticosterone levels measured 1 h after administration.
Mecamylamine (50 mg i.c.v.), a selective nicotinic receptor antagonist, atropine 
(0.1 mg/kg i.p.) a non-selective cholinergic receptor antagonist, or COX inhibitors
were injected 15 min prior to nicotine and the rats were decapitated 1 h after the last
injection. Mecamylamine abolished the nicotine-induced ACTH response and
significantly diminished corticosterone response. Atropine did not alter ACTH
response and modestly diminished corticosterone response to nicotine. Crowding
stress significantly impaired the nicotine-evoked ACTH and corticosterone secretion.
Pretreatment with piroxicam (0.2-2.0 mg/kg), a COX-1 inhibitor, considerably
diminished the nicotine-induced ACTH and corticosterone secretion in control and
crowded rats. Compound NS-398 (0.2-5.0 mg/kg), a selective COX-2 blocker, did not
markedly alter the nicotine-induced hormones secretion in either control or stressed
rats. Indomethacin (2 mg/kg), a non-selective COX inhibitor diminished significantly,
but to a lesser extent than piroxicam, the nicotine-stimulated ACTH and
corticosterone response. These results indicate that systemic nicotine stimulates the
HPA axis selectively via nicotinic acetylcholine receptors. Chronic social stress
significantly impairs the nicotine stimulated ACTH and corticosterone secretion.
Prostaglandins, generated by COX-1- but not by COX-2- isoenzyme, are of crucial
significance in the nicotine-induced ACTH and corticosterone secretion in both
control and stressed rats.
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INTRODUCTION

Acetylcholine is one of several neurotransmitters that play key roles in
synaptic transmission throughout the central nervous system (1). Both nicotinic
and muscarinic receptors are widely distributed in the central nervous system (2,
3) including structures controlling the activity of HPA axis (4, 5). Acetylcholine
stimulates corticotropin-releasing hormone (CRH) secretion from the
hypothalamus via both nicotinic and muscarinic acetylcholine receptors. Nicotine
acts via central mechanisms to stimulate the release of ACTH from the anterior
pituitary corticotrops (6). We have found that both carbachol and nicotine, a
muscarinic and nicotinic acetylcholine receptor agonists, given systemically
considerably increase ACTH and corticosterone secretion in rats (7, 8). Nicotine
appears to increase this secretion by a selective stimulation of nicotinic
acetylcholine receptors.

Nicotine is a potent stimulus for the secretion of the stress-responsive
hormones of the hypothalamic-pituitary-adrenal axis. Stressful stimuli also
stimulate central cholinergic system which affects the HPA activity. Acute
restraint stress for 1 h elevates acetylcholine content in the hippocampus within
15 min of the onset (9). A chronic stress can produce subsensitivity to the
nicotine-induced thermic response in the rat (10). Repeated daily immobilization
stress for 2 weeks causes down-regulation of the nicotinic receptors in the rat
brain and chronic nicotinie treatment may block stress activated nicotinic
receptor-mediated neurotransmission (11). We found that chronic social crowding
stress impaired the muscarinic receptor stimulated HPA response (8, 12). It is
likely that there are some interactions between the effects of nicotine and stress
in the brain and HPA system. Both stress and nicotine exert their steroidogenic
action via the release of ACTH from the pituitary gland.

Prostaglandins (PGs) are known to mediate stimulatory signaling in the
neurotransmitter and neuropeptide activation of the HPA system. Under basal
conditions PGs increase the CRH-induced ACTH secretion (13). Prostaglandins
could also be involved as a messenger in the hypothalamic CRH secretion
induced by cholinergic agonists and cytokines (14, 15).

Prostaglandins are derived from arachidonic acid by phospholipase A2 and
two cyclooxygenase isoforms. Initial evidence suggested that under basal
conditions PGs are generated by a constitutive cyclooxygenase (COX-1) which is
expressed within many tissues. In contrast inducible cyclooxygenase (COX-2)
was thought not to be expressed normally but induced by inflammatory stimuli.
However, it is now apparent that COX-2 is expressed constitutively in the brain
(16, 17) and basal expression of COX-2 appears to be regulated by natural
synaptic activity in the developing and adult brain (18). Under basal conditions
indomethacin inhibits the nicotine-evoked ACTH secretion (19).

It is not yet clear whether chronic social stress, affects the HPA response to
nicotine in rats and whether PGs participate in the process of adaptation of the HPA
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response to nicotinic receptor stimulation. In the present study the functional
selectivity of nicotine for nicotinic acetylcholine receptors in the stimulation of HPA
axis was examined. A further objective of the study was to determine whether social
crowding stress induces adaptive response in the nicotine-induced HPA response.
Moreover, a possible involvement of prostaglandins generated by COX-1 and COX-
2 in social stress adaptive nicotine-induced HPA response was also investigated.

MATERIALS AND METHODS

Male Wistar rats with initial body mass of 180-210 g were maintained under a 12-h light, 12-h
dark artificial cycle with light on 7.00 a.m.-7.00 p.m. at an ambient temperature of 20±2°C. The
animals were housed 7 per cage and were provided with unlimited access to commercial food and
water. The animals were given a one-week acclimation period before the onset of experimentation.
Animal care and handling throughout the experimental procedures were in accordance with the
Helsinki Declaration. The experimental protocols were approved by the local Ethics Committee.

Treatment

Experiments were carried out in three separate groups. First group of experiments was
performed to determine the in vivo selectivity of nicotine in activation of nicotinic acetylcholine
receptors involved in the stimulation of pituitary-adrenocortical axis. Atropine (0.1 mg/kg i.p.), a
non-selective cholinergic receptors antagonist, and mecamylamine (50 µg i.c.v.), a selective
nicotinic receptor antagonist (20, 21), were used to block muscarinic and nicotinic receptors during
stimulation of HPA axis by nicotine (5 mg/kg i.p.).

In further experiment the rats were randomly assigned to control and social crowding stress
group. The control rats were housed in groups of 7 per cage (52x32x20 cm) and remained in their
home cages until scheduled for treatment. The stressed rats were crowded in groups of 24 per cage
of the same size for 7 days, since after such a period we found a potent impairement of the HPA
responsiveness to some neurotransmitter receptors stimulation (12). The effects of cyclooxygenase
blockers on the nicotine-induced ACTH and corticosterone responses in crowded rats were compared
with the effects in control animals. For this purpose both control and crowded rats were pretreated
with indomethacin a non-selective cyclooxygenase inhibitor (2 mg/kg i.p.), piroxicam (0.2 and 2
mg/kg i.p.), a constitutive cyclooxygenase (COX-1) blocker and compound NS-398 (0.2 and 2 mg/kg
i.p.), an inducible cyclooxygenase (COX-2) blocker, 15 min before nicotine (2 mg/kg i.p.).

ACTH and corticosterone determinations

One hour after the last injection the rats were decapitated immediately after their removal from
the cage and their trunk blood samples were collected on ice in plastic conical tubes containing 200
µl of a solution of 5 mg/ml EDTA and 500 TIU of aprotinin (Sigma). Control rats were decapitated
concurrently with the experimantal group. Plasma was separated by centrifugation in a refrigerated
centrifuge within 30 min and frozen at -80°C until the time of assay. Plasma ACTH concentrations
were measured using the double antibody 125I radioimmunoassay obtained from CIS Bio
International and calculated as pg/ml of plasma. The concentration of serum corticosterone was
measured fluorometrically and expressed as µg per 100 ml. To avoid circadian variability, all
experiments were performed between 10-11 a.m. and all decapitations between 11-12 a.m., when
plasma hormones are at a relatively low levels.
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Preparation of drugs

Drugs used in this study were:(-)-Nicotine([-]-1-methyl-2-[3-pyridyl] pyrrolidine) hydrogen tartrate
salt, atropine sulphate, mecamylamine hydrochloride, indomethacin, piroxicam (Sigma) and compound
NS-398 (Cayman Chemical Co). Piroxicam was prepared for injection by sonication in 1% Tween
solution, compound NS-398 was dissolved in dimethyl sulfoxide (DMSO, Sigma) and remaining drugs
were dissolved in saline. Solutions were prepared immediately before use. The required doses of drugs
or solvents were injected i.p. in a volume of 2 ml/kg or i.c.v. in a volume of 10 µl.

Statistics

The results were calculated as a group mean ±standard error of the mean. Statistical evaluation
was performed by an analysis of variance, followed by individual comparisions with Duncan`s test.
The results were considered to be significantly different when p<0.05.

RESULTS

Effect of mecamylamine and atropine on nicotine-induced ACTH and
corticosterone secretion
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Fig. 1. Effect of mecamyla-
mine and atropine on the
nicotine-induced ACTH and
corticosterone secretion.
Mecamylamine 50 µg i.c.v. and
atropine 0.1 mg/kg i.p. were
injected 15 min before nicotine
(5 mg/kg i.p.) One hour after
the last injection the rats were
decapitated. In Fig. 1-6 values
represent the mean ±SEM of 6
rats. ++p<0.01 vs. saline
control; *p<0.05 and **p<0.01
vs. nicotine-treated group.



Nicotine (5 mg/kg) given i.p. considerably increased the secretion of ACTH
and corticosterone measured 1 h later. Nicotine raised the plasma ACTH level to
230 pg/ml from 85,6 pg/ml control level. Mecamylamine a selective nicotinic
receptor blocker, given 15 min before nicotine, totally abolished the nicotine-
induced rise in ACTH secretion. Pretratment with atropine (0.1 mg/kg i.p.) did
not affect the nicotine-induced ACTH secretion. The nicotine-evoked significant
increase in corticosterone secretion from 6.7 to 36.5 µg/dl in control rats was
significantly diminished (to 24.6 µg/dl) but not abolished by pretreatment with
mecamylamine. Atropine slightly decreased (to 30.9 mg/dl) the nicotine-induced
increase in corticosterone secretion (Fig. 1).

Social crowding stress impairs the nicotine-induced ACTH and corticosterone
secretion

Crowding stress for 7 days resulted in a significant diminution of the nicotine-
induced ACTH response by 20, 31.8 and 36% and corticosterone response by
29.5, 24 and 21.5%, respectively, in group of rats treated with indomethacin,
piroxicam and compound NS-398 (Figs. 2-4).
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Fig. 2. Effect of indomethacin
on the nicotine-induced ACTH
and corticosterone secretion.
Indomethacin (2.0 mg/kg) was
injected i.p. 15 min before i.p.
nicotine (2.5 mg/kg). One hour
after the last injection the rats
were decapitated. ++p<0.01
vs. solvent-treated group;
**p<0.01 vs. indomethacin-
treated group; ^p<0.05 vs.
nicotine-treated non-stressed
group.



Effect of indomethacin on nicotine-induced HPA response

In non-stressed rats indomethacin (2 mg/kg i.p.), a non-selective COX
inhibitor, resulted in a significant diminution of the nicotine-induced ACTH and
corticosterone secretion (by 33 and 22%, respectively). In crowded rats in which
the nicotine-induced ACTH and corticosterone secretion was significantly
diminished, indomethacin only slightly further decreased this secretion, by 3 and
12%, respectively (Fig. 2).

Piroxicam impairs the nicotine-induced HPA response in control and crowded rats

Piroxicam (0.2 and 5.0 mg/kg i.p.), a COX-1 inhibitor given 15 min before
nicotinie (2.5 mg/kg i.p.) to non-stressed rats resulted in a significant, dose-
dependent diminiution of the nicotine-evoked secretion of ACTH (by 37 and
51%) and corticosterone (by 31 and 51%). In stressed rats piroxicam in a larger
dose (5 mg/kg i.p.) also considerably reduced the nicotine-elicited ACTH and
corticosterone secretion, by 44 and 37%, respectively, while in a smaller dose it
did not affect this secretion (Fig. 3).
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Fig. 3. Effect of piroxicam on
the nicotine-induced ACTH
and corticosterone secretion.
Piroxicam (0.2 and 5.0 mg/kg)
was injected i.p. 15 min before
i.p. nicotine (2.5 mg/kg). One
hour after the last injection the
rats were decapitated.
++p<0.01 vs. solvent-treated
group; **p<0.01 vs. nicotine-
treated group; ^p<0.05 and
^^p<0.01 vs. nicotine-treated
non stressed group.



Effect of NS-398 on nicotine-induced HPA response in control and crowded rats

Compound NS-398 (0.2 and 5.0 mg/kg i.p.) a selective COX-2 inhibitor, given
15 min prior to nicotine (2.5 mg/kg i.p.) to non-stressed rats slightly diminished
the nicotine-evoked secretion of ACTH (up to 12.7%) and corticosterone (up to
6%). Pretreatment with compound NS-398 of crowded rats markedly reversed the
inhibitory effect of stress on the nicotine-induced ACTH and corticosterone
secretion. In NS-398 pretreated stressed rats the ACTH and corticosterone levels
did not significantly differ from these hormone levels in control rats (Fig. 4).

DISCUSSION

In the present experiment nicotine administered i.p. to conscious rats resulted in
a significant increase in ACTH and corticosterone secretion 1 h later. After
peripheral administration nicotine penetrates easily the blood-brain barrier and can
activate brain structures involved in the regulation of HPA axis. In order to
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Fig. 4. Effect of compound NS-
398 on the nicotine-induced
ACTH and corticosterone
secretion. NS-398 (0.2 and 5.0
mg/kg) was injected i.p. 15 min
before i.p. nicotine (2.5
mg/kg). One hour after the last
injection the rats were decapi-
tated. ++p<0.01 vs. solvent-
treated group; ^p<0.05 vs.
nicotine-treated non-stressed
group.



determine the functional selectivity of i.p. nicotine for the stimulation of nicotinic
acetylcholine receptors that may play a role in the activation of HPA axis,
cholinergic antagonists were used. Mecamylamine is known to selectively inhibit
nicotine-induced central and peripheral effects involved in the regulation of HPA
axis, like the increased release of [3H] noradrenaline from rat hippocampal slices
(20) and dopamine in the nucleus accumbens (21). Mecamylamine also completely
inhibits the ACTH and β-endorphin response to choline, precursor of acetylcholine,
whereas atropine fails to alter these effects (22). In the present experiment i.c.v.
mecamylamine totally abolished while atropine did not alter, the nicotine-induced
increase in ACTH secretion. This finding suggests that systemically administered
nicotine selectively stimulates central nicotinic acetylcholine receptors which are
responsible for CRH release and ACTH secretion. Nicotine may act directly at the
hypothalamic paraventricular nucleus (PVN), the site of the CRH neurons crucial
to the regulation of ACTH. Nicotinic acetylcholine (nACh)-like immunoreactivity
is also present in the cell membranes of the axon terminals in the median eminence
and some of these terminals contain CRH-like dense glanural vesicles. Therefore,
nicotine may act on nAChR in axon terminals to release CRH (23). In our
experiment mecamylamine significantly diminished (by 32,6%), but did not abolish
the nicotine-induced corticosterone secretion. Also atropine moderately decreased
this secretion (by 15.4%) while it did not alter ACTH secretion. This suggests, that
i.p. nicotine may stimulate corticosterone secretion directly, or via release of
acetylcholine. Under physiological conditions nicotinic stimulation may lead to
acetylcholine release which may also activate muscarinic receptors. While the
possibility of substantial muscarinic receptor stimulation of CRH-containing
neurons in the hypothalamic PVN in our experiment seems unlikely, the nicotine-
induced release of acetylcholine in adrenal cortex may, in part, be responsible for
atropine-sensitive corticosterone secretion observed in the present experiment.

Nicotine is known to stimulate central adrenergic and peripheral sympathetic
nervous system and liberate catecholamines which activate HPA axis. In our present
experiment the nicotine-induced increase in ACTH and corticosterone secretion
was significantly diminished by pretreatment with i.c.v. prazosin, an α1-adrenergic
receptor agonist (24). In the present experiment mecamylamine was able to totally
inhibit the nicotine-induced ACTH secretion, since this blocker is known to result
in reduction of noradrenaline release from terminals in the PVN, and a concomitant
reduction in plasma ACTH (6). Only partial inhibition by i.c.v. mecamylamine of
the nicotine-evoked corticosterone response may suggest a direct strong stimulation
by nicotine of the peripheral sympathetic nervous system and release of
catecholamines which augment corticosterone secretion from adrenal glands.

The present experiments show that social crowding stress for 7 days evoked a
significant impairement of the nicotine-induced ACTH and corticosterone secretion,
by up to 36 and 29.5%, respectively. The mechanism of this adaptation is not clear.
It may result from down regulation of nicotinic receptors or an impairement of the
nicotinic receptors-mediated neurotransmission. Chronic social stress may affect
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signal transmission from membrane nicotinic receptors of different subtypes through
ion channels into the cell (25). The exposure of rats to social stress for 7 days like to
nicotine induces an adaptation of the ACTH and corticosterone response. It is not
clear if the mechanisms for adaptation to crowding stress and nicotine are common
or separate to both. Nicotine and psychological stress probably act upon the HPA
axis functionally separate pathways at the level of the CRH neuron (26).

Nicotine and its major metabolite, cotinine, is known to increase PGE2

synthesis in polymorphonuclear leukocytes and in whole blood. Eicosanoid
synthesis in vivo is higher in smokers (27). In the present experiment the
stimulatory effect of nicotine on ACTH and corticosterone secretion under basal
conditions was significantly diminished (by 33 and 22%, respectively) by
pretreatment with indomethacin a non-selective COX blocker. Piroxicam
appeared to be a much stronger inhibitor of COX-1 isoenzyme than indomethacin
since it reduced the nicotine-induced ACTH and corticosterone responses, by
51,4 and 51,6%, respectively. By contrast, COX-2 isoenzyme blocker, compound
NS-398, only slightly decreased the nicotine-evoked ACTH secretion, by 12,7%,
and did not substantially diminish corticosterone secretion. This finding suggests
that under basal conditions PGs generated by inducible cyclooxygenase do not
markedly affect this response. These results contrast with our earlier findings that
PGs generated by COX-2 are significantly invovled in the α-adrenergic-induced
HPA stimulation (28, 29). Prostaglandins are involved in an acute psychological
stress-induced ACTH response during cage-switch stress or swimming exercise
in rats (30, 31). Our results show that during chronic social crowding stress HPA
axis adapts to nicotinic acetylcholine receptor stimulation. The present finding
suggests that prostaglandins generated by COX-2 are not involved in the
mechanisms of the HPA axis adaptation to nicotinic stimulation.
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