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Abstract

Male Wistar rats were trained to discriminate (−)-nicotine (0.4 mg/kg) from saline under a two-lever, fixed-ratio 10 schedule of water
reinforcement. During test sessions the following drugs were coadministered with saline (substitution studies) or nicotine (0.025–0.4 mg/kg;
combination studies): the α4β2 nicotinic acetylcholine receptor subtype antagonist dihydro-β-erythroidine (DHβE), the non-selective nicotinic
acetylcholine receptor subtype antagonist mecamylamine, the α7 nicotinic acetylcholine receptor subtype antagonist methyllycaconitine (MLA),
the α4β2 nicotinic acetylcholine receptor subtype agonist 5-iodo-3-(2(S)-azetidinylmethoxy)pyridine (5-IA), the cannabinoid CB1 receptor
antagonist/partial agonist rimonabant, the cannabinoid CB2 receptor antagonist N-[(1S)-endo-1,3,3-trimethylbicyclo-[2.2.1]heptan-2-yl]5-(4-
chloro-3-methyl-phenyl)-1-(4-methybenzyl)pyrazole-3-carboxamide (SR 144528), the cannabinoid CB1/2 receptor agonists (−)-cis-3-[2-
hydroxy-4-(1,1-dimethylheptyl)-phenyl]-trans-4-(3-hydroxy-propyl)cyclohexanol (CP 55,940) or R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)
methyl]-pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-(1-naphthalenyl)-methanone mesylate (WIN 55,212-2), the endogenous cannabinoid agonist and
non-competitive α7 nicotinic acetylcholine receptor subtype antagonist anandamide, the anandamide uptake and fatty acid amide hydrolase
inhibitor N-(4-hydroxyphenyl)-5Z,8Z,11Z,14Z-eicosatetraenamide (AM-404), the fatty acid amide hydrolase inhibitor cyclohexylcarbamic acid
3′-carbamoyl-biphenyl-3-yl ester (URB 597), AM-404+anandamide or URB 597+anandamide. 5-IA (0.01 mg/kg) fully substituted for
nicotine, while other drugs were inactive. In combination studies, DHβE and mecamylamine dose-dependently attenuated the discriminative
stimulus effects of nicotine and the full substitution of 5-IA, while MLA, rimonabant, SR 144528, CP 55,940, WIN 55,212-2, and URB 597
did not alter the nicotine cue. Pretreatment with AM-404+anandamide or URB 597+anandamide weakly enhanced nicotine-lever responding.
Our pharmacological analyses demonstrates that the expression of nicotine discrimination is under the control of nicotinic acetylcholine
receptor subtypes composed of α4β2 (but not of α7) subunits. Furthermore, we excluded the involvement of either cannabinoid CB1 and CB2

receptors or increases in the endocannabinoid tone in the nicotine discrimination.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nicotine is one of the main psychoactive constituents of
tobacco smoke and studies with nicotine have demonstrated
positive subjective effects in humans (Goldberg and Henning-
field, 1988). In animal studies, exposure to nicotine alters loco-
motor activity and induces behavioral sensitization (Miller et al.,
2001), conditioned place preference (Shoaib et al., 1994), in-
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travenous self-administration (Corrigall and Coen, 1989) or can
serve as a discriminative stimulus (Rosecrans and Villanueva,
1991).

It has been demonstrated that nicotine acetylcholine receptors
identified in mammalian brain form pentameric, heteromeric or
homomeric ion-channels that are composed of different (α2–α7,
α9–α10, and β2–β4) transmembrane subunits (Millar, 2003). All
these receptor subtypes are potential targets for pharmacolog-
ically administered nicotine, however, the most widely distrib-
uted in the brain are heteromeric α4β2 or homomeric α7

pentamers and it is thought that they mediate behavioral effects
of nicotine (Gotti et al., 2006; Picciotto et al., 2000).
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It was established that the nicotine-mediated discriminative
cue is primarily mediated through receptors located in the central
nervous system since a peripherally acting nicotinic acetylcho-
line receptor agonist did not substitute for nicotine (Desai et al.,
1999) and nicotine given into the brain substituted for the sys-
temic drug injection (Ando et al., 1993; Miyata et al., 2002;
Shoaib and Stolerman, 1996). Pharmacological blockade with
the non-selective nicotinic acetylcholine receptor antagonist
mecamylamine (Brioni et al., 1994; James et al., 1994; Stoler-
man et al., 1984; Zakharova et al., 2005) or with a blocker
selective at α4β2 receptor subtype (e.g. Shoaib et al., 2000;
Stolerman et al., 1997) attenuated the nicotine-stimulus prop-
erties, while selective ligands of α7 receptor subtype were in-
active in this respect (Gommans et al., 2000; van Haaren et al.,
1999). Conversely, nicotine analogues (Brioni et al., 1994; Pratt
et al., 1983; Stolerman et al., 1984) or metabolites (Desai et al.,
1999; Goldberg et al., 1989; Takada et al., 1989) fully or partially
mimicked nicotine in substitution studies. Partly supporting
pharmacological analyses, genetic studies showed a role of β2

subunit in the nicotine discrimination since mutant mice failed to
discriminate nicotine from its vehicle (Shoaib et al., 2002), while
the α7 subunit does not contribute to the discriminative stimulus
of nicotine (Stolerman et al., 2004).

Recently, the existence of a specific functional interaction
between nicotine and the cannabinoid system, composed of the
endogenous substances that interact with at least two cannabi-
noid receptor subtypes, CB1 and CB2, has been demonstrated
(for reviews see: Cohen et al., 2002; Mackie, 2006). Several
studies point to a key role of cannabinoid CB1 receptors in this
interaction, since the cannabinoid CB1 receptor antagonist ri-
monabant inhibited nicotine self-administration (Cohen et al.,
2002), nicotine-evoked conditioned place preference (Le Foll
and Goldberg, 2004) and the reinstatement of nicotine-seeking
behavior induced by the drug-associated stimulus (Cohen et al.,
2005b; De Vries et al., 2005), while genetic invalidation of
cannabinoid CB1 receptor resulted in alteration of the mo-
tivational effects of nicotine (Castane et al., 2002; Cossu et al.,
2001). Contrary, activation of cannabinoid CB1 receptors is
critical for the short-term expression of nicotine-induced con-
ditioned place preference (Forget et al., 2005).

The present study focused on the effects of different can-
nabinoid ligands in the discriminative stimulus effects of nic-
otine in rats. Since the cannabinoid receptors can be engaged
directly by antagonists and agonists, or indirectly by manipu-
lating endocannabinoid metabolism, we used the cannabinoid
CB1 receptor antagonist/partial agonist rimonabant (Rinaldi-
Carmona et al., 1995), the cannabinoid CB2 receptor antagonist
N-[(1S)-endo-1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl]5-(4-
chloro-3-methylphenyl)-1-(4-methybenzyl)pyrazole-3-car-
boxamide (SR 144528; Rinaldi-Carmona et al., 1998), the
non-selective cannabinoid CB1/2 receptor agonists (−)-cis-3-
[2-hydroxy-4-(1,1-dimethylheptyl)-phenyl]-trans-4-(3-hydro-
xypropyl)-cyclohexanol (CP 55,940; Thomas et al., 1998) and
R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo
[1,2,3-de]-1,4-benzoxazin-6-yl]-(1-naphthalenyl) methanone
mesylate (WIN 55,212-2; Herzberg et al., 1997), the
endocannabinoid anandamide (Devane et al., 1992), the
anandamide uptake and fatty acid amide hydrolase inhibitor
N-(4-hydroxyphenyl)-5Z,8Z,11Z,14Z-eicosatetraenamide
(AM-404; Beltramo et al., 1997; Lambert and Fowler, 2005) and
the selective fatty acid amide hydrolase inhibitor cyclohexylcar-
bamic acid 3′-carbamoyl-biphenyl-3-yl ester (URB 597;
Kathuria et al., 2003) and studied their ability to substitute for
or alter the nicotine discrimination.

To link the nicotine interaction to a specific receptor subtype
we used 5-iodo-3(2(S)-azetidinylmethoxy)pyridine (5-IA; Koren
et al., 1998), a novel and preferentialα4β2 nicotinic acetylcholine
receptor subtype agonist (Ki =10–225 pM; Mogg et al., 2004;
Mukhin et al., 2000) with 25000-fold higher selectivity for α4β2

subunit vs. α7 subunit and more than a 5000-fold selectivity for
α4β2 subunit vs. α3β4 subunits (Mogg et al., 2004; Mukhin et al.,
2000). Finally, in order to extend previous observations that
nicotinic acetylcholine receptors modulate the discriminative
stimulus effects of nicotine (e.g. Brioni et al., 1994; Gommans et
al., 2000; James et al., 1994; Shoaib et al., 2000; Stolerman et al.,
1984, 1997; van Haaren et al., 1999) we used the non-selective
nicotinic acetylcholine receptor subtype antagonist mecamyl-
amine (Varanda et al., 1985), the selective α4β2 nicotinic ace-
tylcholine receptor subtype antagonist dihydro-β-erythroidine
(DHβE; Reavill et al., 1988) and the α7 nicotinic acetylcholine
receptor subtype antagonist methyllycaconitine (MLA; Turek et
al., 1995).

All doses and pretreatment times of the drugs used are in
agreement with the previously published studies. Thus, 5-IA at
a dose range of 0.001–0.01 mg/kg induced α4β2-related hypo-
thermic responses in rodents (Kleefstra et al., 2004) and is
devoid of convulsive activity (A.C. McCreary, unpublished
observations). MLA in the range 2.5–10 mg/kg was previously
reported to selectively block the α7 nicotinic acetylcholine
receptor subtype-mediated responses (Turek et al., 1995).
DHβE (1–4 mg/kg) and mecamylamine (0.25–1 mg/kg) were
effective in blocking the discriminative stimulus effects of
nicotine (Shoaib et al., 2000; Zakharova et al., 2005). AM-404
at a dose (10 mg/kg) was shown to prevent the apomorphine-
induced stereotypic yawning (Beltramo et al., 2000), or induce
anxiolytic-like activity in conditioned fear (Chhatwal et al.,
2005), or enhance the hypothermic responses of the exoge-
nously applied anandamide (Fegley et al., 2004), all these
effects being blocked by a cannabinoid CB1 receptor antagonist.
Anandamide was tested at 2.5–5 mg/kg doses that were found
to induce a cannabimimetic-related hypothermia in rats (Fegley
et al., 2004; Kathuria et al., 2003), but not potent decreases in
locomotor activation or catalepsy (Costa et al., 1999). URB 597
(0.3 mg/kg) was shown to elevate brain levels of the
endogenous cannabinoid anandamide (Kathuria et al., 2003)
and when used in combination with anandamide potentiated its
several cannabimimetic responses (Fegley et al., 2005; Kathuria
et al., 2003). CP 55,940 and WIN 55,212-2 share behavioral
properties with naturally occurring cannabinoids such as Δ9-
tetrahydrocannabinoid (Compton et al., 1992; Little et al.,
1988); CP 55,940 at a dose of 0.1 mg/kg served as a dis-
criminative stimulus in rats and was blocked by a cannabinoid
CB1 receptor antagonist (Frankowska et al., 2005; Wiley et al.,
1995), or fully substituted for Δ9-tetrahydrocannabinoid (Gold
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et al., 1992), while its higher dosesN0.2 mg/kg induced cata-
lepsy in rats (Anderson et al., 1996). WIN 55,212-2 in a dose-
range 3–10 mg/kg completely substituted for CP 55,940 (Wiley
et al., 1995) and for Δ9-tetrahydrocannabinoid discrimination
(Compton et al., 1992), and in a dose of 6 mg/kg it was shown to
attenuate the cocaine-evoked hyperactivity in rats without
affecting the basal locomotor activity (Przegaliński et al., 2005).
Rimonabant was used in doses ≥5 mg/kg, since 5 mg/kg
effectively counteracted a cannabinoid CB1 receptor agonist-
mediated suppression of horizontal activity (Järbe et al., 2002;
2004) or CP 55,940-induced discrimination (Frankowska et
al., 2005), and blocked the extinction of fear in rats (Chhatwal
et al., 2005). SR 144528 was tested at the same dose (3 mg/kg)
as used by Järbe et al. (2004, 2006) in drug discrimination
model in rats.

2. Materials and methods

2.1. Animals

Male Wistar rats (derived from licensed animal breeder T.
Górzkowska, Warszawa, Poland) weighing 280–320 g at the
beginning of the experiment were used. The animals were
housed in groups of 2/cage (38×25×15 cm) in a colony room
maintained at 21±1 °C and 40–50% humidity on a 12-h light–
dark cycle (the lights on at 0600 h). Rodent chow was available
ad libitum; the amount of water that an animal received was
restricted to that given during daily training sessions (5–6 ml/
rat/session), after test sessions (15 min) and on weekends (36 h).
All the experiments were conducted during the light phase of
the light–dark cycle (between 0800 and 1400 h), in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and the approval of the Bioethics
Commission (compliant with Polish Law (21 August 1997)).

2.2. Drugs

The following drugs were used (supplier): anandamide
(Tocris, UK) and N-(4-hydroxyphenyl)-5Z,8Z,11Z,14Z-eicosa-
tetraenamide (AM-404; Tocris, UK), (−)-cis-3-[2-hydroxy-4-(1,
1-dimethylheptyl)-phenyl]-trans-4-(3-hydroxypropyl)-cyclo-
hexanol (CP 55,940; Tocris, UK), R(+)-[2,3-dihydro-5-methyl-
3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-6-
yl]-(1-naphthalenyl)methanone mesylate (WIN 55,212-2;
Sigma Chemicals, St. Louis, USA), dihydro-β-erythroidine
(DHβE; Solvay Pharmaceutical Research, Weesp, Nether-
lands), 5-iodo-3-(2(S)-azetidinylmethoxy)pyridine hydrochlo-
ride (5-IA; Solvay Pharmaceutical Research, Weesp,
Netherlands), mecamylamine hydrochloride (Solvay Pharma-
ceutical Research, Weesp, Netherlands), methyllycaconitine
citrate (MLA; Solvay Pharmaceutical Research, Weesp, Nether-
lands), (−)-nicotine bitartrate (Solvay Pharmaceutical Research,
Weesp, Netherlands), rimonabant (Solvay Pharmaceutical
Research, Weesp, Netherlands), N-[(1S)-endo-1,3,3-trimethyl-
bicyclo[2.2.1]heptan-2-yl]5-(4-chloro-3-methylphenyl)-1-(4-
methybenzyl)pyrazole-3-carboxamide (SR 144528; Solvay
Pharmaceutical Research, Weesp, Netherlands) and cyclohex-
ylcarbamic acid 3′-carbamoyl-biphenyl-3-yl ester (URB 597;
Solvay Pharmaceutical Research, Weesp, Netherlands). AM-
404 and rimonabant were given at 60 min, CP 55,940 at 45 min,
URB 597 at 40 min, mecamylamine, MLA, SR 144528 and
WIN 55,212-2 at 30 min, DHβE at 20 min, anandamide at 16
min, and 5-IA and nicotine at 60, 30 or 15 min before tests. AM-
404 and anandamide were dissolved in Tocrisolve 100 (Tocris,
UK) and diluted to required dose in distilled water. CP 55,940
and WIN 55,212-2 were dissolved in 15% and 19% 2-hy-
droxypropyl-β-cyclodextrin (MP Biomedicals, France), respec-
tively. DHβE, 5-IA, mecamylamine, MLA and nicotine were
dissolved in 0.9% saline. Rimonabant was dissolved in a
mixture of 1:1:10 ethanol, cremophor and 19% 2-hydroxypro-
pyl-β-cyclodextrin. SR 144528 was dissolved in a mixture of
1:1:18 ethanol, cremophor and saline. URB 597 was dissolved
in 2–3 drops of ethanol and diluted as required in 1% Tween 80
(Sigma-Aldrich, USA). In case of 5-IA, MLA, nicotine, ri-
monabant, URB 597 and WIN 55,212-2 pH was neutralized to
7.0 using 20% NaOH. All the drugs were administered in a
volume of 1 ml/kg intraperitoneally (i.p.) except for DHβE, 5-
IA, mecamylamine and nicotine that were administered sub-
cutaneously (s.c.). The drug doses refer to the weight of the
respective salts, while doses of nicotine are expressed as that of
a free base.

2.3. Apparatus

Commercially available, two-lever operant chambers (MedAs-
sociates, St. Albans, USA) were used. Each chamber was
equipped with a water-filled dispenser mounted equidistantly
between two response levers on the wall and housed in a light-
and soundproof cubicle (MedAssociates). Illumination came
from a 28-V house light; ventilation and masking noise were
supplied with a blower. A computer with MedState software
was used to program and record all the experimental events.

2.4. Discrimination procedure

Standard two-lever, water-reinforced drug discrimination
procedures were utilized (Filip et al., 2006). A group of rats
(n=16) was trained to discriminate (−)-nicotine (0.4 mg/kg,
s.c.) from saline (1 ml/kg). The training dose of (−)-nicotine
(0.4 mg/kg) and the route of administration was chosen on the
basis of the literature (Schechter, 1995). Daily sessions lasted
15 min and were conducted on Mondays through Fridays. In the
initial “errorless training” phase, only the stimulus-appropriate
(drug or saline) lever was present. Training began under a fixed
ratio 1 (FR 1) schedule of water reinforcement and the FR
requirement was incremented until all the animals were respond-
ing reliably under the FR 10 schedule for each experimental
condition. For half of the rats, right-lever responses were re-
inforced after (−)-nicotine (0.4 mg/kg) administration, whereas
left-lever responses were reinforced after saline administration;
the conditions were reversed for the remaining rats. During the
phase of training, (−)-nicotine and saline were administered
irregularly with the restriction that neither condition prevailed for
more than three consecutive sessions. After the responding was



Fig. 1. Substitution studies with nicotine and 5-IA in rats trained to discriminate
nicotine (0.4 mg/kg) from saline. Symbols show the mean percentage of
nicotine-lever responses (±S.E.M.; closed symbols) and the mean number of
responses/s (±S.E.M.; open symbols). Performance is shown after injection of
saline (SAL; 1 mg/kg; circle dotted), nicotine (circles) or 5-IA (triangles). All the
data points represent the means of data from 7–8/8 rats [n/N, number of rats (n)
completing the FR 10 on either lever out of the number of rats tested (N)].
Asterisks denote performance during test sessions which was significantly
different from that observed after the preceding maintenance training saline
session (Pb0.05).
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stabilized, discrimination training was initiated and both levers
were presented simultaneously during 15-min sessions. The rats
were trained to respond on the stimulus-appropriate (correct)
lever in order to obtain water reinforcement, and there were no
programmed consequences of responding on the incorrect lever.
That phase of training continued until the performance of all the
trained rats met the criterion (defined as mean accuracies of at
least 80% correct for 10 consecutive sessions).

When the rats achieved the criterion of accuracy, test ses-
sions were initiated and conducted once or twice per week with
training sessions intervening during the remaining days. The
rats were required to maintain accuracies of at least 80% correct
for the saline and nicotine maintenance sessions which im-
mediately preceded a test. During test sessions, the animals
were placed in the chambers and, upon completion of 10 re-
sponses on either lever, a single reinforcer was delivered and the
house lights were turned off. The test sessions were terminated
after 15 min if the rats did not complete 10 responses on either
lever. Then the rats were removed from the chamber, returned to
the colony and allowed free access to water for 15 min begin-
ning 15–30 min after the end of each test.

Several pharmacological manipulations were performed
during the test sessions. In substitution (generalization) tests,
the rats were examined for lever responses after various doses
of the training drug, AM-404+anandamide, anandamide, CP
55,940, DHβE, 5-IA, mecamylamine, MLA, rimonabant, SR
144528, URB 597, URB 597+anandamide, WIN 55,212-2. In
combination (antagonism or potentiation) tests, doses of AM-
404+anandamide, CP 55,940, DHβE, mecamylamine, MLA,
rimonabant, SR 144528, URB 597, URB 597+anandamide or
WIN 55,212-2 were administered prior to the different doses of
nicotine (0.025–0.4 mg/kg).

2.5. Data analysis

During training sessions, accuracy was defined as the
percentage of correct responses to total correct responses before
the delivery of the first reinforcer; during test sessions, per-
formance was expressed as the percentage of nicotine-appro-
priate responses to total responses before the delivery of the first
reinforcer. Response rates (responses per second) were eval-
uated during training and test sessions (as a measure of be-
havioral disruption). For training sessions, the response rate was
calculated as the total number of responses emitted on either
lever before completion of the first FR 10 on the stimulus
appropriate-lever divided by the number of seconds taken to
complete that FR 10. During test sessions, the response rate was
calculated as the total number of responses before the com-
pletion of 10 responses on either lever divided by the number of
seconds necessary to complete the FR 10.

A drug was considered to substitute for nicotine if it evoked at
least 80% till 100% (maximum) drug-appropriate lever respond-
ing; while an antagonism was claimed to occur when minimum
(no more than 20%) drug-lever responding occurred after
pretreatment with a dose of potential antagonist given in com-
bination with nicotine (0.4 mg/kg). Student's t-test for repeated
measures was used to compare the percentage of drug-lever
responding and response rate during test sessions with the
corresponding values for either the previous saline or nicotine
session (substitution and antagonism tests). A two-way analysis
of variance (ANOVA) for repeated measures was used to find out
whether the percentage of nicotine-lever responding and re-
sponse rates observed for several doses of nicotine differed in the
presence vs. absence of a fixed dose of the test drug (combination
tests); post hoc comparisons for each dose of nicotine with and
without the test drug were made using Dunnett's test. Log-probit
analyses were used to estimate the dose of nicotine predicted to
elicit 50% drug-appropriate responding (ED50) and 95%
confidence limits (CL) for each treatment combination as well
as the dose of nicotinic acetylcholine receptor antagonists pre-
dicted to reduce nicotine (0.4 mg/kg)-lever responding by 50%
(ID50) and 95% CL (Tallarida and Murray, 1987). All com-
parisons were made with an experimentwise type I error rate (α)
set at 0.05.

3. Results

3.1. Nicotine (0.4 mg/kg)-saline discrimination

Acquisition of the nicotine (0.4 mg/kg) vs. saline discrim-
ination was met in an average of 30 sessions (range: 25–36).
Administration of nicotine (0.025–0.4 mg/kg) to rats produced
a dose-dependent increase in the nicotine-appropriate respond-
ing, whereas saline administration resulted in b10% nicotine-
lever responding (Fig. 1, left). The drug-lever responding after
0.025 and 0.05 mg/kg of nicotine was significantly different
from the preceding nicotine training session (Pb0.05). The



Table 1
Substitution studies with AM-404, AM-404+anandamide, anandamide, CP
55,940, DHβE, mecamylamine, MLA, rimonabant, SR 144528, URB 597, URB
597+anandamide or WIN 55,212-2 in rats trained to discriminate nicotine
(0.4 mg/kg) from saline

Drug (mg/kg) % Nicotine-lever responding Response rate responses/s

AM-404 (10)+
anandamide (2.5)

0±0 0.32±0.06

Anandamide (2.5) 0±0 0.47±0.11
CP 55,940 (0.1) 3±1.9 0.34±0.07
DHβE (4) 0±0 0.42±0.09
Mecamylamine (1) 20±20 0.45±0.13
MLA (5) 20.7±15.1 0.33±0.07
Rimonabant (10) 34.9±20.7 0.42±0.05
SR 144528 (3) 18.2±16.4 0.54±0.08
URB 597 (0.3) 0±0 0.45±0.11
URB 597 (0.3)+
anandamide (2.5)

6.6±4.3 0.23±0.04

WIN 55,212-2 (6) 0±0 0.45±0.07

Performance during test sessions were not significantly different from the
preceding saline maintenance session.

100 M. Zaniewska et al. / European Journal of Pharmacology 540 (2006) 96–106
dose of nicotine predicted to elicit 50% nicotine-lever
responding (ED50) in rats was 0.07 mg/kg (Table 2). Response
rates for all the test doses of nicotine and saline did not differ
from those obtained during the immediately preceding saline or
nicotine maintenance session (Fig. 1, left).

The nicotine-lever responding after a training dose of a drug
was time-dependent and 30 and 60min after injection of nicotine
the drug-lever responding significantly lowered in comparison
with the preceding nicotine training session (Pb0.05; Fig. 2,
left). The response rates were unaltered except for the pre-
treatment time 30 min (Pb0.05; Fig. 2).

3.2. Substitution studies

The α4β2 nicotinic acetylcholine receptor subtype agonist
5-IA (0.001–0.01 mg/kg) caused substitution for nicotine (a
maximum of 100% drug-lever responding at a dose of
0.01 mg/kg; Fig. 1, right). The drug-lever responding at
0.001 and 0.003 mg/kg, but not 0.01 mg/kg, of 5-IA was
significantly different from the preceding nicotine mainte-
nance session (Pb0.05). The dose of 5-IA predicted to elicit
50% nicotine-lever responding in rats (ED50 95% CL) was
0.0025 (0.0011–0.0058) mg/kg. Any dose of 5-IA did not
affect the response rates (Fig. 1, right). The substitution of 5-
IA (0.01 mg/kg) for nicotine was time-dependent and 60 min
after drug injection nicotine-lever responding lowered in
comparison with the preceding nicotine training session. The
response rates did not change (Fig. 2, right).

AM-404+anandamide, CP 55,940, WIN 55,212-2, DHβE,
mecamylamine, MLA, SR 144528, URB 597, or URB 597
+anandamide, at the doses tested evoked no more than 20%
drug-lever responding when given alone; rimonabant (10 mg/
kg) alone elicited ca. 35% nicotine-lever responding (Table 1).
Fig. 2. Time-course effect of nicotine or 5-IA on the nicotine-lever responding.
Performance is shown after injection of nicotine (0.4 mg/kg; circles) or 5-IA
(0.01 mg/kg; triangles). All the data points represent the means of data from 8/
8 rats. Asterisks denote performance during test sessions which was
significantly different from that observed after the preceding maintenance
training drug session (Pb0.05). For more details see Fig. 1.
None of the drugs used altered the response rates of animals as
compared to previous saline and nicotine sessions (Table 1).

3.3. Combination studies

Pretreatment with DHβE (1–4 mg/kg) caused a dose-
dependent attenuation in the nicotine (0.4 mg/kg)-lever respond-
ing (Fig. 3, left). A statistically significant reduction of nicotine
discrimination was seen for a combination of DHβE (2 or 4 mg/
kg) and nicotine (Pb0.05), and these results did not differ from
the previous saline maintenance session. The dose of DHβE
predicted to reduce nicotine (0.4 mg/kg)-lever responding by
Fig. 3. Combination studies with DHβE, mecamylamine or MLA in rats trained
to discriminate nicotine (0.4 mg/kg) from saline. Performance is shown after
injection of nicotine alone (NIC; 0.4 mg/kg; circles), or preceded by injection of
DHβE (1–4 mg/kg; triangles), or mecamylamine (0.1–1 mg/kg; squares), or
MLA (2.5–10 mg/kg; diamonds). All the data points represent the means of data
from 7–8/7–8 rats. Asterisks denote performance during test sessions which was
significantly different from that observed after the preceding maintenance
training drug session (Pb0.05). For more details see Fig. 1.



Fig. 4. Combination studies with DHβE or mecamylamine injected before 5-IA
in rats trained to discriminate nicotine (0.4 mg/kg) from saline. Performance is
shown after injection of 5-IA alone (5-IA; 0.01 mg/kg; white bar) or preceded by
injection of DHβE (2 mg/kg; hatching bar) or mecamylamine (1 mg/kg;
hatching bar). All the data points represent the means of data from 8/8 rats.
Asterisks denote performance during test sessions which was significantly
different (Pb0.05) from that observed after 5-IA.

Table 2
ED50 values for nicotine obtained in rats trained to discriminate nicotine
(0.4 mg/kg) from vehicle and pretreated with cannabinoid drugs

Pretreatment and dose (mg/kg) ED50 (95% CL) (mg/kg)

Vehicle 0.07 (0.04–0.12)
AM-404 (10)+anandamide (2.5) 0.04 (0.02–0.07)
CP 55,940 (0.1) 0.06 (0.03–0.12)
Rimonabant (5) 0.04 (0.02–0.09)
Rimonabant (10) 0.07 (0.02–0.27)
SR 144528 (3) 0.07 (0.03–0.15)
URB 597 (0.3) 0.09 (0.05–0.14)
URB 597 (0.3)+anandamide (2.5) 0.04 (0.02–0.08)
WIN 55,212-2 (6) 0.08 (0.05–0.12)
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50% (ID50 95% CL) was 1.46 (0.54–3.95) mg/kg. Response
rates were not affected by any treatment combinations (Fig. 3,
left).

Pretreatment with mecamylamine (0.1–1 mg/kg), in combi-
nation with nicotine (0.4 mg/kg), produced a dose-dependent
attenuation in nicotine-lever responding (Fig. 3, center); a
significant decrease in nicotine discriminability was observed at
doses of mecamylamine 0.25 and 1 mg/kg (Pb0.05) and these
results did not differ from the previous saline maintenance
session. The dose of mecamylamine predicted to reduce nicotine
(0.4 mg/kg)-lever responding by 50% (ID50 95%CL) was 0.37
(0.1–1.21) mg/kg. Following administration of all doses of
mecamylamine together with nicotine, no alteration in the
response rates was observed (Fig. 3, center).
Fig. 5. Combination studies with AM-404+anandamide, URB 597 or URB 597+
Performance is shown after injection of vehicle (circles), or AM-404 (10 mg/kg)+an
URB 597 (0.3 mg/kg)+anandamide (2.5 mg/kg; diamonds) in combination with nico
shown (circle dotted). The nicotine dose–response curve has been replotted from Fig.
performance during test sessions which was significantly different from that observ
Combined administration of the fixed dose of DHβE (2 mg/
kg) or mecamylamine (1 mg/kg) together with 5-IA (0.01 mg/
kg), that alone evoked a 100% substitution for nicotine, produced
a statistically significant reduction in drug-lever responding
(Pb0.05; Fig. 4) that was not different from the previous saline
maintenance session. The response rates after combination of
DHβE or mecamylamine with 5-IAwere unaltered (5-IA: 0.42±
0.04 responses/s; DHβE+5-IA: 0.4±0.08 responses/s; mecamyl-
amine+5-IA: 0.48±0.1 responses/s).

Administration of MLA (2.5–10 mg/kg) together with
nicotine (0.4 mg/kg) altered neither the nicotine-lever respond-
ing nor response rates (Fig. 3, right).

Pretreatment with AM-404 (10 mg/kg)+anandamide (2.5 mg/
kg) with nicotine (0.025–0.1 mg/kg) neither altered the nicotine
discrimination (F(1,12)=1.36) (Fig. 5, left) nor changed the
ED50 value for nicotine (Table 2). The response rates were not
altered after a combination of AM-404+ananadamide and
nicotine (F(1,12)=1.52) (Fig. 5, left).
anandamide in rats trained to discriminate nicotine (0.4 mg/kg) from saline.
andamide (2.5 mg/kg; triangles), or URB 597 (0.3 mg/kg; reversed triangles), or
tine (0.025–0.2 mg/kg). For comparison, performance after saline (SAL) alone is
1. All the data points represent the means of data from 7/7 rats. Asterisks denote
ed after the appropriate dose of nicotine (Pb0.05). For more details see Fig. 1.



Fig. 6. Combination studies with CP 55,940, or WIN 55,212-2, or rimonabant, or SR 144528 in rats trained to discriminate nicotine (0.4 mg/kg) from saline.
Performance is shown after injection of vehicle (circles), or CP 55,940 (0.1 mg/kg; triangles), or WIN 55,212-2 (6 mg/kg; reversed triangles), or rimonabant (5 mg/kg;
diamonds), or rimonabant (10 mg/kg; squares), or SR 144528 (3 mg/kg; hexagons) in combination with nicotine (0.05–0.4 mg/kg). For comparison, performance after
saline (SAL) alone is shown (circle dotted). All the data points represent the means of data from 7/7 rats. For more details see Fig. 1.
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The fixed dose of URB 597 (0.3 mg/kg) in combination with
various doses of nicotine (0.05–0.2 mg/kg) did not alter the
nicotine-lever responding (F(1,12)=0.006) (Fig. 5, center) or
the ED50 value for nicotine (Table 2). The combination of URB
597 and nicotine (0.1 mg/kg) did not change significantly the
response rates (F(1,12)=2.78) (Fig. 5, center).

Pretreatment with URB 597 (0.3 mg/kg) +anandamide
(2.5 mg/kg) did not alter the nicotine (0.025–0.1 mg/kg) dis-
criminative stimulus effects (F(1,12)=1.93) (Fig. 5, right) or the
ED50 value for nicotine (Table 2); however, following a com-
bination of URB597+anandamide+nicotine (0.05 mg/kg) a
weak enhancement in nicotine-lever responding was observed.
The combinations of URB 597+anandamide with nicotine
significantly reduced the response rates (F(1,12) = 9.72,
P=0.008); the decreases were seen for low doses of nicotine,
0.025–0.1 mg/kg (Fig. 5, right).

Administration of the fixed dose of CP 55,940, 0.1 mg/kg
(Fig. 6, left), or WIN 55,212-2, 6 mg/kg (Fig. 6, center left) with
various doses of nicotine (0.05–0.2 mg/kg) did not alter the
discriminability of nicotine (F(1,12)=0.33 or F(1,12)=0.001,
respectively), nor did it significantly change the ED50 value for
nicotine (Table 2). The response rates were not altered after a
combination of CP 55,940 (Fig. 6, left) or WIN 55,212-2 (Fig. 6,
center left) and nicotine (F(1,12)=2.11 or F(1,12)=0.06,
respectively).

Pretreatment with rimonabant (5–10 mg/kg) before nicotine
(0.05–0.4 mg/kg) did not alter the nicotine-lever responding (F
(2,18)=1.55) (Fig. 6, center right), nor did it change the ED50

value for nicotine (Table 2). The response rates were not sig-
nificantly altered after rimonabant (5–10 mg/kg) and nicotine
(F(2,18)=3.17) (Fig. 6, center right).

Pretreatment with SR 144528 (3 mg/kg) before nicotine
(0.05–0.2 mg/kg) did not change the nicotine-lever responding
(F(1,12)=0.07) (Fig. 6, right) or the ED50 value for nicotine
(Table 2). The response rates were not significantly altered after a
combination of SR 144528 and nicotine ((F(1,12)=3.03) (Fig. 6,
right).

4. Discussion

In this study nicotine served as a discriminative stimulus in
rats, as has been demonstrated previously (e.g. Pratt et al., 1983;
Schechter, 1995). The calculated ED50 value for nicotine
(ED50=0.07 mg/kg) was in a similar dose-range to that de-
termined by Schechter (1995) when using the same training dose
and route of administration (ED50=0.11 mg/kg). Our present
pharmacological analyses using several nicotinic acetylcholine
receptor and cannabinoid ligands provide new insights into the
mechanism of the discriminative stimulus effects of nicotine. To
summarize, we extended and confirmed previous observations
that nicotinic acetylcholine receptors composed of α4β2 (but not
α7) subtypes are important for the expression of the subjective
effects of nicotine. Additionally, we showed that neither can-
nabinoid CB1 and CB2 receptors, nor their pharmacological
stimulation, nor increases in the endocannabinoid tone exhibited
significant interactions with the nicotine discrimination.

Stimulation of any one or a combination of nicotinic
acetylcholine receptor subtypes could elicit the discriminative
stimulus effects of nicotine. Accordingly with some previous
findings (e.g. Brioni et al., 1994; Stolerman et al., 1984, 1997;
Zakharova et al., 2005), the present study shows that blockade
with mecamylamine (a non-selective nicotinic acetylcholine
receptor antagonist; Khan et al., 1994) or DHβE (a selective
antagonist of α4β2 nicotinic acetylcholine receptor subtypes;
Reavill et al., 1988) attenuated the stimulus effects of nicotine.
To further support the role of α4β2 nicotinic acetylcholine
receptor subtype in the nicotine subjective effects we employed
5-IA, a high affinity and potent agonist (Koren et al., 1998;
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Mukhin et al., 2000) and used at doses that induced α4β2-
related hypothermic responses (Kleefstra et al., 2004). In sub-
stitution studies 5-IA engendered a dose-dependent and
complete generalization for nicotine with a high potency
(ED50=0.0025 mg/kg). Furthermore, the 5-IA-evoked substi-
tution for nicotine was potently blocked by both mecamylamine
and the selective α4β2 nicotinic acetylcholine receptor subtype
antagonist DHβE. It should be also mentioned that in an in vitro
functional assay 5-IA activated α6β2 nicotinic acetylcholine
receptors (Mogg et al., 2004), the response abolished by MLA,
a selective α7 nicotinic acetylcholine receptor antagonist (Turek
et al., 1995) which in vitro possessed a relatively potent anta-
gonistic activity toward α6β2 subunits (Mogg et al., 2002).
However, in the present behavioral study the role of α6β2

nicotinic acetylcholine receptors in the effects of 5-IA should be
excluded since this agonist completely generalized for nicotine,
the nicotine cue was not altered by MLA (see below), and
nicotine alone has at least 13-fold higher affinity for α4β2 than
for α6β2 subunits (Vailati et al., 2003; Wei et al., 2003). Apart
from nicotine discrimination, other behavioral responses of this
drug are correlated with the selective stimulation of hetero-
dimeric nicotinic acetylcholine receptors composed of α4β2

subunits. In fact, chronic administration of both nicotine and the
α4β2 subtype selective agonist SIB 1765F resulted in an en-
hanced locomotor response to acute challenge with either
nicotine or SIB 1765F (cross-sensitization) (Grottick et al.,
2000). On the other hand, selective blockade of α4β2 nicotinic
acetylcholine receptors by DHβE (Grottick et al., 2000; Watkins
et al., 1999) or erysodine (Mansbach et al., 2000), or genetic
depletion of β2 subunit (Picciotto et al., 1998) reduced nicotine
self-administration. Moreover, in mice with a deletion of the β2

subunit reinstatement of operant responding was seen after intra-
tegmental lentiviral administration β2 subunit mRNA (Maskos et
al., 2005). Recent studies also demonstrated an alleviation of
nicotine sensitization following DHβE (Grottick et al., 2000) or
point mutation of the α4 subunit (Tapper et al., 2004).

The investigations with MLA, a selective antagonist at α7

nicotinic acetylcholine receptor subtype, pointed no role of this
subtype for the expression of the nicotine discrimination
(Grottick et al., 2000; present study). Such observations are
further supported by nicotine's low affinity to α7 receptor
subtype (Briggs et al., 1995) and the lack of generalization for
nicotine following a selectiveα7 nicotinic acetylcholine receptor
subtype agonist (van Haaren et al., 1999). Furthermore, ad-
ditional findings show a negligible role ofα7 subunit in nicotine-
induced hyperlocomotion and reward in the rat (Grottick et al.,
2000; Liu et al., 2003). Moreover, pharmacological stimulation
of α7 homomeric receptors failed to alter both the initiation and
expression of nicotine sensitization (Grottick et al., 2000).

Several recent findings indicate bi-directional interactions
between nicotine and cannabinoid system. Thus, nicotinic
acetylcholine receptors colocalize with cannabinoid CB1 re-
ceptors within certain brain regions (Herkenham et al., 1990;
Picciotto et al., 2000; Tsou et al., 1998), nicotine evoked an
increase of endogenous cannabinoids (Cohen et al., 2005a;
Gonzalez et al., 2002) and the activation of cannabinoid CB1

receptors augmented the rewarding effects of nicotine (Cohen et
al., 2005a). Moreover, rimonabant (0.3–3 mg/kg) blocked the
rewarding effects of nicotine (Cohen et al., 2002; Rinaldi-
Carmona et al., 1995) and nicotine-seeking behavior induced by
conditioned cues in rats (Cohen et al., 2005b; De Vries et al.,
2005). Recently rimonabant was postulated as a potential
smoking cessation therapy (Cohen et al., 2005a) and clinical
studies with this drug are encouraging (Ducobu, 2005).

Taken together the above findings prompted us to determine
potential interaction between cannabinoid drugs and the nic-
otine discrimination. Contrary to the nicotine rewarding effects
in a self-administration model (see above), we observed no role
of cannabinoid CB1 receptors in the discriminative stimulus
effects of nicotine since rimonabant (5 and 10 mg/kg) failed to
substitute for nicotine or antagonize the nicotine-lever respond-
ing. It should be added that, when administered alone at a dose
of 10 mg/kg, rimonabant produced a weak (ca. 35% drug-lever
responding) substitution for nicotine, the effect probably
reflecting its potential “partial agonist-like” profile in vivo (cf.
De Vry and Jentzsch, 2004). Our results with rimonabant
showing that it neither substituted for nicotine nor antagonized
the nicotine cue support some previous studies (Cohen et al.,
2002; Le Foll and Goldberg, 2004), although those authors
examined much lower doses of rimonabant (0.3–3 mg/kg) in
the nicotine discrimination.

Recently, using immunohistochemical analyses brain local-
ization of cannabinoid CB2 receptors has been reported in rat
(Gong et al., 2006). Therefore, to study the involvement of
cannabinoid CB2 receptors in nicotine discrimination we used
the cannabinoid CB2 receptor antagonist SR 144528 (Pertwee,
2005). SR 144528 (3 mg/kg) failed to antagonize the nicotine
cue, suggesting that cannabinoid CB2 receptors do not modulate
the discriminative stimulus properties of nicotine. Furthermore,
we found that direct stimulation of cannabinoid receptors by
synthetic or endogenous agonists did not mimic nicotine or alter
the dose–response curve for nicotine. In fact, neither the CP
55,940 nor WIN 55,212, the non-selective cannabinoid receptor
agonists showing high intrinsic activities at cannabinoid CB1/2

receptors (Pertwee, 2005) substituted for nicotine when given
alone or altered the nicotine dose–response curve. Similarly no
effects in substitution and combinations experiments toward the
nicotine discrimination were demonstrated after administration
of URB 597, an irreversible inhibitor of fatty acid amide hy-
drolase (for review: Pertwee, 2005) that acts rapidly (b15 min)
and persistently (N6 h), URB 597 (0.3 mg/kg) was shown to
elevate brain levels of the endogenous cannabinoid anandamide
(Kathuria et al., 2003).

When used in combination with anandamide URB 597 po-
tentiated the cannabinomimetic-related responses (Fegley et al.,
2005; Kathuria et al., 2003). In the present study we dem-
onstrated that the combination of URB 597 or AM-404
(anandamide uptake and fatty acid amide hydrolase inhibitors;
Lambert and Fowler, 2005) with exogenously applied ananda-
mide did not evoke substitution for nicotine, extending our
findings with direct cannabinoid CB1/2 receptor agonists about
no role of cannabinoid receptors in the discriminative stimulus
effects of nicotine. However, the above treatment combinations
produced a weak (nonsignificant) enhancement of nicotine-
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lever responding. An upward shift was seen especially
following URB 597+anandamide or AM-404+anandamide
with a low dose of nicotine (0.05 mg/kg). The use of higher dose
of anandamide (5 mg/kg) together with URB 597 (0.3 mg/kg)
resulted in a potent reduction of response rates (when combined
with 0.1 mg/kg of nicotine) or even total disruption of animals'
behavior (when combined with 0.2 mg/kg of nicotine)
(Zaniewska et al., unpublished observations). The present
pharmacological manipulations lead to the conclusion that en-
docannabinoid tone only weakly, if at all, modulates the nic-
otine discrimination. It should be added that anandamide, apart
from being a cannabinoid agonist, interacts with α7 nicotinic
acetylcholine receptors (Oz et al., 2005) and is regarded as an
non-competitive antagonist of this subtype (Oz et al., 2003).
However, the interaction between anandamide and nicotine in
our drug discrimination model via α7 nicotinic acetylcholine
receptors seems to be excluded due to the fact that the selective
α7 nicotinic acetylcholine receptor subtype antagonist MLA did
not alter the discriminative stimulus effects of nicotine (Grottick
et al., 2000; present study).

In conclusion, our detailed pharmacological analyses dem-
onstrate that the expression of nicotine discrimination is under
control of nicotinic acetylcholine receptor subtypes composed of
α4β2 (but not of α7) subunits. Furthermore, we excluded the
involvement of either cannabinoid CB1 or CB2 receptors, their
pharmacological stimulation or increases in the endocannabi-
noid tone in the nicotine discrimination.
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