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Abstract:

Agmatine [2-(4-aminobutyl)guanidine], is a novel endogenous ligand at a-adrenoceptors, imidazoline and N-methyl-D-asparate
receptors, as well as a nitric oxide synthase inhibitor. The present study tested whether agmatine (5-40 mg/kg, sc¢) modulated the lo-
comotor, sensitizing, and discriminative stimulus effects of nicotine in male Wistar rats. Agmatine (10-40 mg/kg) affected neither
the basal locomotor activity, nor the nicotine (0.4 mg/kg, sc)-evoked hyperactivation. A challenge with saline or nicotine (0.4 mg/kg,
sc) on day 10 to rats treated repeatedly (for 5 days) with nicotine (0.4 mg/kg, sc; and exposed to experimental chambers), resulted in
the expression of nicotine-evoked conditioned hyperlocomotor response or behavioral sensitization. Given on day 10, agmatine at
a dose of 40 mg/kg (but not 20 mg/kg) attenuated nicotine-induced conditioned hyperactivity. However, when this dose was admin-
istered to the nicotine-sensitized rats, agmatine failed to alter the effect of the challenge dose of nicotine. In rats trained to discrimi-
nate nicotine (0.4 mg/kg, sc) from saline in a two-lever water-reinforced fixed ratio 10 task, agmatine (20 or 40 mg/kg) did not
substitute for the training dose of nicotine. In combination studies, pretreatment with agmatine (5-40 mg/kg) did not affect the nico-
tine (0.4 mg/kg) discrimination and the fixed dose of agmatine (20 mg/kg) did not change the effects of the lower doses of nicotine
(0.05-0.2 mg/kg).

Our pharmacological analyses indicate that agmatine does not affect the locomotor, sensitizing, or subjective effects of nicotine.
However, these data do show an inhibitory effect of agmatine over the expression of nicotine-induced conditioned hyperlocomotion.
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reinforcing effects in humans [21], and its repeated
administration to laboratory animals produces self-
administration [11], behavioral sensitization [31], con-
ditioned place preference (CPP) [52], and discrimina-
tive stimulus effects [46].

Nicotine exerts its effects mainly through a direct
interaction with nicotinic acetylcholine receptors
(nAChRs) [36], which are widely distributed through-
out the brain and periphery [23]. However, the psy-
choactive actions of nicotine are mediated centrally
via the activation of nAChRs. In addition to nAChRs,
certain neurotransmitter systems such as glutamatergic
or adrenergic systems appear to regulate the behavioral
effects evoked by nicotine [19]. In fact, it was shown
in preclinical studies that antagonists of N-methyl-D-
asparate receptors (NMDARs) or a,-adrenoceptors,
as well as nitric oxide synthase (NOS) inhibitors, may
participate in the attenuation of the behavioral (e.g.
hyperactivity, behavioral sensitization, CPP, or with-
drawal) effects of nicotine [1, 33, 35, 49-51, 66]. Fur-
thermore, nicotine has been demonstrated to interact
with NMDARs and it blocks receptor-induced re-
sponses [2].

Recently, the endogenous polyamine, agmatine,
has been identified in the rat brain and periphery [15,
16, 22, 34, 42-44, 67]. This putative neurotransmitter
shows an interesting receptor binding profile and
regulates a variety of receptor and enzyme functions.
Of note, the affinity of agmatine at o,-adrenoceptors
(K; =4 uM) [27, 32, 41] and imidazoline receptors
(K;=1uM) [27, 40, 41, 68] is in the low micromolar
range. Agmatine also antagonizes NMDARs (K; =
14.8 uM) [8, 20, 45, 63] and possesses NOS inhibi-
tory activity [9, 12, 18].

Among its different physiological actions, agma-
tine has also been implicated in processes related to
addiction [6, 39, 54]. Interestingly, exogenously ad-
ministered agmatine reduces tolerance to morphine
and symptoms associated with morphine abstinence
syndrome [4, 7, 29, 30, 62], as well as the behavioral
(locomotor) and biochemical (FosB and dynorphin
expression or extracellular dopamine release) expres-
sion of morphine sensitization in rats [57, 58]. On the
other hand, agmatine potentiates the effects of mor-
phine-induced CPP [55, but in contrast see 57] and
analgesia in rodents [25, 28, 47, 64]. In addition, an
inhibitory effect of agmatine on ethanol withdrawal
symptoms has also been demonstrated in rats [56].

In light of these reports, we expected that agmatine
might also influence nicotine-induced responses, but
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until now this hypothesis has not been investigated.
Therefore, we tested whether agmatine modulated the
behavioral effects of acute nicotine, nicotine-induced
sensitization, conditioned locomotor activity, or dis-
criminative stimulus effects in rats.

Materials and Methods

Animals

Male Wistar rats (derived from the licensed animal
breeder T. Gorzkowska, Warszawa, Poland) weighing
180-280 g at the beginning of the experiment were
used. The animals were housed 7-8 per cage (loco-
motor activity studies) or 2 per cage (drug discrimina-
tion studies) in a colony room maintained at 21 + 1°C
and 40-50% humidity under a 12-h light-dark cycle
(the lights were on at 06:00 h). Rodent chow and wa-
ter were available ad libitum, except for in the drug
discrimination studies, where water that an animal re-
ceived was restricted to that given during daily train-
ing sessions (5—6 ml/rat per session), after the test ses-
sions (15 min), and on weekends (36 h). All the ex-
periments were conducted during the light phase of
the light-dark cycle (between 08:00 and 14:00 h), and
in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
and the approval of the Bioethics Commission (com-
pliant with the Polish Law of August 21, 1997).

Drugs

The following drugs were used: agmatine sulfate (1-
amino-4-guanidinobutane sulfate; Sigma-Aldrich Chemi-
cals, St. Louis, MO, USA) and (—)-nicotine bitartrate
(Sigma-Aldrich Chemicals, St. Louis, MO, USA).
Agmatine and nicotine were dissolved in 0.9% saline.
In case of nicotine, the pH was adjusted to 7.0 using
20% NaOH. All doses and pretreatment times of the
drugs are in agreement with previously published
studies [3, 65]. The agmatine doses refer to the weight
of the respective salt, while doses of nicotine are ex-
pressed as that of the free base. Both agmatine and
nicotine were administered in a volume of 1 ml/kg
subcutaneously (sc).
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Locomotor activity studies

Apparatus and measurements

The locomotor activity was recorded individually for
each animal in Opto-Varimex cages (Columbus In-
struments, Columbus, OH, USA) linked on-line to
a compatible IBM-PC. Each cage (43 x 44 x 25 cm)
was surrounded with a 15 x 15 array of photocell
beams located 3 cm from the floor surface as reported
previously [17, 38]. Interruptions of the photobeams
resulted in horizontal locomotor activity, defined as
a distance traveled, and was expressed in cm. Meas-
urements of locomotor activity began immediately af-
ter saline or nicotine injection, and were recorded and
divided into 15 min time intervals for a total of
60 min. Agmatine was administered 30 min before
the injection of saline or nicotine.

Acute treatment (basal and nicotine-induced
locomotor activity)

Before locomotor activity was recorded, rats were
habituated in the experimental cages for 120 min/day
for 2 days before the start of the experiment, and
on the test day for 30 min before the start of experi-
ment. Locomotor activity was recorded in animals
which received either saline (1 ml/kg) or agmatine
(10-40 mg/kg) combined with either saline or nico-
tine (0.4 mg/kg).

Nicotine repeated treatment (expression of
nicotine-evoked conditioned locomotor activity
and sensitization)

Rats were given repeated pairings of a distinct test en-
vironment (experimental chamber) with either nico-
tine (0.4 mg/kg) or saline (1 ml/kg) for 5 days. Rats
remained in their home cages during days 6-9 of
the experiment. Animals were then challenged on day
10, with saline (expression of conditioned locomotor
activity) or nicotine (0.4 mg/kg, expression of nico-
tine sensitization) in experimental chambers. Agma-
tine (20 and 40 mg/kg) was given on day 10 of the
experimentation before injection of saline (condi-
tioned locomotor activity) or nicotine (nicotine sensi-
tization).

Nicotine discrimination

Apparatus

Commercially available, two-lever operant chambers
(MedAssociates, St. Albans, VT, USA) were used.
Each chamber was equipped with a water-filled dis-
penser mounted equidistantly between two response
levers on the wall and housed in a light- and sound-
proof cubicle (MedAssociates). Illumination came
from a 28 V house light, while ventilation and mask-
ing noise were supplied with a ventilation fan. A com-
puter with MedState software was used to program
and record all the experimental events.

Nicotine discrimination procedure

Standard two-lever, water-reinforced drug discrimina-
tion procedures were utilized [65]. Drug naive rats
(n = 8) were trained to discriminate nicotine (0.4
mg/kg) from saline (1 ml/kg). Both nicotine and sa-
line were administered 15 min before the start of the
training session. 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. Train-
ing began under a fixed ratio (FR) 1 schedule of water
reinforcement and the FR requirement was incremen-
tally adjusted until all the animals were responding re-
liably under the FR 10 schedule for each experimental
condition. For half of the rats, right-lever responses
were reinforced after nicotine administration, whereas
left-lever responses were reinforced after saline ad-
ministration; the conditions were reversed for the re-
maining rats. During the training phase, nicotine and
saline were administered irregularly with the restric-
tion that neither condition prevailed for more than
three consecutive sessions. After responses were sta-
bilized, 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.
This phase of training continued until the perform-
ance of all the trained rats met the criterion (defined
as mean accuracies of at least 80% correct for 10 con-
secutive sessions).

When the rats achieved the accuracy criterion, test
sessions were initiated and conducted once or twice
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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 immediately
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 deliv-
ered and the house lights were turned off. The test ses-
sions 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 col-
ony, and allowed free access to water for 15 min be-
ginning 15-30 min after the end of each test.

Several pharmacological manipulations were per-
formed during the test sessions. In substitution (gen-
eralization) tests, the rats were examined for lever
responses after various doses of the training drug
(nicotine), or doses of agmatine (20 and 40 mg/kg).
In combination (antagonism or potentiation) tests,
agmatine (5-40 mg/kg) was administered prior to
nicotine (0.4 mg/kg), or a fixed dose of agmatine
(20 mg/kg) was given before different doses of nico-
tine (0.05-0.2 mg/kg). Agmatine was given at 30 min,
and nicotine at 15 min before tests.

Data analyses

Locomotor activity

The data are expressed as a mean horizontal locomo-
tor activity (+ SEM) for the 60 min observation period
and for the 15 min time intervals. The acute treatment
data were analyzed using two-way analysis of vari-
ance (ANOVA) for the factors of pretreatment
(0 mg/kg and different doses of agmatine), treatment
(0 and 0.4 mg/kg nicotine), and the pretreatment
x treatment interaction, followed by a post-hoc
Newman-Keuls test used to evaluate the treatment
group effects. The nicotine-repeated treatment data
were analyzed using a one-way ANOVA, followed by
post-hoc Dunnett’s tests applied to evaluate the treat-
ment group effect.

Nicotine discrimination

The average sessions that were needed for the training
are presented with SEM. During training sessions, ac-
curacy was defined as the percentage of correct re-
sponses to total responses before the delivery of the
first reinforcer. During the test sessions, performance
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was expressed as the percentage of nicotine-appro-
priate responses to total responses before the delivery
of the first reinforcer. Response rates (responses per s)
were evaluated during training and test sessions (as
a measure of behavioral disruption). For the 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 appro-
priate lever divided by the number of seconds taken to
complete that FR 10. During test sessions, the re-
sponse rate was calculated as the total number of re-
sponses before the completion of 10 responses on
either lever divided by the number of seconds neces-
sary to complete the FR 10. The data from all animals
during test sessions were used.

A drug was considered to substitute for nicotine if
it evoked at least 80-100% (maximum) of the drug-
appropriate lever responses. The Student’s #-test for
repeated measures was used to compare the percent-
age of drug-lever responses and the response rate dur-
ing test sessions with the corresponding values for ei-
ther the previous saline or nicotine session (substitu-
tion and combination tests). A two-way ANOVA for
repeated measures for the factors of pretreatment (0
mg/kg or 20 mg/kg agmatine), treatment (0 mg/kg
and different doses of nicotine), and the pretreatment
x treatment interaction was used to find out whether
the percentage of nicotine-lever responses and the re-
sponse rates observed for several doses of nicotine
differed in the presence vs. absence of a fixed dose of
agmatine (combination tests). All comparisons were
made with an experiment wise type I error rate (o) set
at 0.05.

Results

Locomotor activity studies

Acute treatment

Nicotine (0.4 mg/kg) in combination with saline dur-
ing the 60 min observation period significantly in-
creased the rats’ basal locomotor activity by approxi-
mately 8-fold compared to the group that received sa-
line in combination with saline (Fig. 1A).

An overall effect of the treatment [F(1, 51) = 102.07,
p < 0.001] was seen for the total (60 min) locomotor
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Fig. 1. Effects of agmatine (AGM) on the basal and acute nicotine
(NIC; 0.4 mg/kg)-stimulated locomotor activity in rats. All the data
represent the horizontal locomotor activity means (+ SEM) of data
from 7-8 rats. (A) Total (60 min session) horizontal activity mean after
administration of saline (SAL) or AGM (10-40 mg/kg) followed by in-
jection of SAL (white bars) or NIC (hatched bars). * p < 0.01 vs. SAL +
SAL group. The time course of horizontal locomotor activity plotted in
15 min time intervals across the 60 min session is depicted for basal
(B) and NIC-stimulated (C) locomotor activity

activity in groups pretreated with agmatine (10—40
mg/kg), while neither a significant effect of a pretreat-
ment [F(3, 51) = 1.24] nor pretreatment x treatment
interaction [F(3, 51) = 0.42] was observed. Agmatine
(1040 mg/kg) did not change either the rats’ basal lo-
comotor activity or acute nicotine response (Fig. 1A).
When the separate 15 min time intervals were exam-
ined for the effects of agmatine on basal locomotion,
a significant effect of the treatment [F(3, 78) = 30.96,
p < 0.001] was seen. In contrast, no significant effect
of the pretreatment [F(3, 26) = 0.20] or of the pretreat-
ment x treatment interaction [F(9, 78) = 0.50] was ob-
served (Fig. 1B). Again, when the separate 15 min
time intervals were examined for the effects of agma-
tine on acute nicotine administration, a significant
effect of treatment [F(3, 75) = 83.40, p < 0.001] was
observed, while there was no significant effect of pre-
treatment [F(3, 25) = 0.82] or pretreatment X treat-
ment interaction [F(9, 75) = 1.07] (Fig. 1C).
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Fig. 2. Effects of agmatine (AGM) on the expression of nicotine
(NIC; 0.4 mg/kg)-evoked conditioned locomotor activity (A) and sen-
sitization (B). Rats were treated repeatedly (days 1-5) with saline
(SAL; white bars) or NIC (0.4 mg/kg; hatched bars). All the data rep-
resent the horizontal locomotor activity means (+ SEM) of data from
6-8 rats. A: On day 10, the animals were given a challenge dose of
SAL + SAL or AGM (20 or 40 mg/kg) + SAL. *p < 0.05, ** p < 0.01 vs.
SAL-treated and SAL + SAL-challenged group; * p < 0.05 vs. NIC-
treated and SAL + SAL-challenged group. B: On day 10, the animals
were given a challenge dose of SAL + NIC (0.4 mg/kg) or AGM (20 or
40 mg/kg) + NIC (0.4 mg/kg). ** p < 0.01 vs. SAL-treated and SAL +
NIC-challenged group. The time course of horizontal locomotor activ-
ity plotted in 15 min time intervals across the 60 min session is de-
picted for (NIC)-evoked conditioned locomotor activity (C) and sensi-
tization (D). For C: * p < 0.05, *** p < 0.001 vs. SAL-treated and SAL +
SAL-challenged group; # p < 0.05 vs. NIC-treated and SAL + SAL-
challenged group

Nicotine repeated treatment

On day 10, the saline challenge of rats treated repeat-
edly (days 1-5) with nicotine (0.4 mg/kg) significantly
enhanced the total locomotor activity compared to the
effect of saline-treated (days 1-5) animals (approxi-
mately 2-fold) in experimental chambers (conditioned
locomotor activity; Fig. 2A).

On day 10, when agmatine (40, but not 20 mg/kg)
was given to nicotine-treated rats, a significant de-
crease in total locomotor activity was observed in
comparison to nicotine-treated and saline-challenged
rats [F(3, 25) = 5.15, p < 0.01] (Fig. 2A). Locomotor
activity scorings during the 0-15 [F(3, 25) = 5.48,
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p < 0.01], but not 16-30 [F(3, 25) = 0.35], 31-45
[F(3, 25) = 0.66], or 46-60 [F(3, 25) = 1.18] min
time intervals showed an inhibitory effect of agmatine
(40 mg/kg) on saline challenge in nicotine treated rats
(Fig. 2C).

On day 10, administration of a challenge dose of
nicotine (0.4 mg/kg) to animals that received repeated
(days 1-5) nicotine (0.4 mg/kg) treatments produced
a significant (approximately 1.6-fold) increase in the
total locomotor activity compared to the effect of
acute nicotine injection to saline-treated (days 1-5)
animals (nicotine sensitization; Fig. 2B).

On day 10, agmatine (20 and 40 mg/kg) given in
combination with nicotine (0.4 mg/kg), produced no
alteration in total locomotor activity as compared to
nicotine treated and nicotine challenged rats [F(3, 20)
= 3.72, p < 0.05] (Fig. 2B). Similarly, locomotor
activity scorings during the 15 min time intervals
(0—15 min: [F(3, 20) = 2.99]; 16-30-min: [F(3, 20) =
2.54]; 31-45 min: [F(3, 20) = 1.11]; 46-60-min:
[F(3, 20) = 2.83) did not demonstrate any significant
effect of agmatine on nicotine challenge in nicotine
treated rats (Fig. 2D).

Nicotine discrimination

Acquisition of the nicotine (0.4 mg/kg) vs. saline dis-
crimination was reached in an average of 29 + 4 ses-
sions.

Substitution studies

Administration of nicotine (0.025-0.4 mg/kg) to rats
produced a dose-dependent increase in the nicotine-
appropriate responses (Fig. 3B), whereas saline ad-
ministration resulted in < 10% of nicotine-lever re-
sponses (Fig. 3A). The drug-lever responses after
doses of 0.025 and 0.05 mg/kg of nicotine were sig-
nificantly different from the preceding nicotine train-
ing session (p <0.001), and these lower doses of nico-
tine did not fully substitute for the nicotine training
dose (0.4 mg/kg) (Fig. 3B). Response rates for all
the test doses of nicotine and saline did not differ
from those obtained during the immediately preced-
ing nicotine or saline maintenance sessions (Fig. 3).
At the doses tested, agmatine (20 and 40 mg/kg)
(Tab. 1) or its vehicle (saline) evoked no drug-appro-
priate lever responses when given alone, which indi-
cated no substitution for the nicotine training dose
(0.4 mg/kg). None of the doses tested (Tab. 1) nor the
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Fig. 3. Substitution studies with nicotine in rats trained to discrimi-
nate nicotine (0.4 mg/kg) from saline (SAL). Symbols show the mean
percentage of nicotine-lever responses (+ SEM; closed symbols)
and the mean number of responses/s (+ SEM; open symbols). Per-
formance is shown after injection of SAL (A) (1 ml/kg; squares) or
nicotine (B) (0.025-0.4 mg/kg; circles). All the data points represent
the means of data from 7-8/7-8 rats [n/N, number of rats (n) complet-
ing the FR 10 on either lever out of the number of rats tested (N)].
*p < 0.001 vs. preceding nicotine training session

Tab. 1. Substitution studies with agmatine in rats trained to discrimi-
nate nicotine (0.4 mg/kg) from saline

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

responses (responses/s)
Saline 7.39 +4.81* 0.32+0.05
Agmatine (20) 0.00 + 0.00* 0.55+0.08
Agmatine (40) 0.00 + 0.00* 0.48 + 0.08

* Denotes performance during test sessions which were significantly
different (p < 0.001) from the preceding nicotine maintenance ses-
sions that indicated no substitution for nicotine

vehicle (saline) affected the response rates of animals
as compared to previous nicotine and saline training
sessions.

Combination studies

Pretreatment with agmatine (540 mg/kg) in combi-
nation with nicotine (0.4 mg/kg) altered neither the
nicotine-lever responses [F(4, 29) = 1.16], nor the re-
sponse rates [F(4, 29) = 0.81] (Fig. 4A).

A fixed dose of agmatine (20 mg/kg) administered
together with lower doses of nicotine (0.05-0.2 mg/kg)
did not change the nicotine-lever responses (overall
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Fig. 4. Combination studies with agmatine in rats trained to discrimi-
nate nicotine (0.4 mg/kg) from saline. (A) Effects of agmatine
(5-40 mg/kg) on the nicotine (0.4 mg/kg)-induced discriminative
stimulus effects. Performance is shown after injection of nicotine pre-
ceded by injection of agmatine (circles). (B) Effects of agmatine
(20 mg/kg) on the nicotine (0.05-0.2 mg/kg)-induced discriminative
stimulus effects. Performance is shown after injection of saline (cir-
cles), or agmatine (squares) in combination with nicotine. All the data
points represent the means of data from 6-8/6-8 rats. For more de-
tails see Figure 3

effects of pretreatment [F(1, 13) = 2.04], treatment
[F(2, 26) = 1.16], or pretreatment x treatment interac-
tion [F(2, 26) = 1.87] were not observed), and re-
sponse rates were similarly unaffected (overall effects
of a pretreatment [F(1, 13) = 4.01], treatment [F(2, 26)
= 1.32], or pretreatment x treatment interaction [F(2, 26)
= 0.40] were not observed) (Fig. 4B).

Discussion

Agmatine is an endogenous drug that has been estab-
lished to act via several receptors, including a,-adren-
oceptors [27] and imidazoline receptors [27, 41], and
displays inhibitory actions at NMDARs [8, 20, 45,
63] and NOS [9]. Based on such a binding and func-
tional profile, agmatine seems to be a good candidate
for the attenuation of the behavioral effects of several
addictive substances.

In the present study, we found that exogenously ad-
ministered agmatine displayed little potency in affect-
ing acute or repeated nicotine treatments in rats. In

fact, agmatine administered only at the highest dose
(40 mg/kg) attenuated the nicotine-induced condi-
tioned locomotor activity, without affecting either the
locomotor (acute and sensitizing) or discriminative
stimulus effects of nicotine.

Specifically, using agmatine at a dose-range of
10-40 mg/kg caused no changes in either basal loco-
motion or hyperactivation to acute nicotine (0.4 mg/kg)
treatment.

In the next set of experiments, when the rats were
given nicotine (0.4 mg/kg; unconditioned stimulus)
paired with the environment (conditioned stimulus;
experimental chambers) for 5 days and were chal-
lenged with the same dose of nicotine on day 10 of the
experiment, the locomotor activity of the animals was
about two times higher than that observed in saline-
treated animals challenged with nicotine (an expres-
sion of nicotine sensitization). Sensitization arises as
a consequence of repeated intermittent nicotine ad-
ministration and may be considered as a valid animal
model of craving and relapse [13]. Here, we demon-
strate that agmatine administered at a dose of 20 or
40 mg/kg before the challenge dose of nicotine does
not counteract the expression of nicotine sensitization.

We have previously demonstrated the responses to
a discriminative stimulus mediated by nicotine in rats
[65], and now we have shown that agmatine does not
influence this paradigm. In fact, agmatine (540 mg/kg)
did not substitute for or change the expression of
nicotine discrimination.

Presently, the lack of effect of agmatine on nico-
tine-induced locomotor or subjective effects is diffi-
cult to explain, but it is certain that the tested doses of
this drug were in the correct concentration range and
pretreatment time. To support this claim of efficacy,
10 mg/kg (sc) of agmatine was sufficient to enhance
morphine analgesia and attenuate the morphine toler-
ance in mice [25]. Administration to rats, at similar
dose ranges as those used here (20-40 mg/kg), dem-
onstrated effective blockade of morphine [7] or etha-
nol withdrawal syndromes [56]. Similarly, the 30 min
pretreatment time was shown to be sufficient in de-
creasing immobility time in the forced swim test and
in enhancing the time spent in the open arms of the
elevated plus maze test [3].

The other possible reason for the observed ineffec-
tiveness of agmatine might be due to its relatively
short duration of action (10-30 min) as reported by
Roberts et al. [45]. However, detailed examinations of
our locomotor activity scorings during the 0-15 or
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16-30 min time intervals did not show any effect of
agmatine on either acute nicotine injection or nicotine
challenge in nicotine-treated rats. Similarly, the stud-
ied effect of agmatine in the nicotine discrimination
paradigm was within the proposed time course of ag-
matine’s action (< 15 min).

Additional evidence supporting that the lack of ef-
fect of agmatine on nicotine-evoked hyperactivity, ex-
pression of sensitization, and stimulus discrimination
is not related to its pharmacokinetics is that agmatine
administered at a dose of 40 mg/kg significantly re-
duced conditioned locomotion induced by nicotine. In
the latter model, repeated (5 days) pairings of nicotine
(0.4 mg/kg) with an environment (experimental cham-
bers) evoked the expression of conditioned locomotor
activity (i.e., the enhancement of activity occurs fol-
lowing saline injection in the group of rats treated re-
peatedly with nicotine, but not with saline). Here, we
confirm that environmental factors have a major in-
fluence on the effects of nicotine [26]. Furthermore,
these findings establish for nicotine a link with previ-
ously published data demonstrating the existence of
conditioned hyperactivity in rodents in an environ-
ment previously paired with another drug of abuse,
such as cocaine [10]. This model of conditioning al-
lows the investigation of one of the withdrawal symp-
toms, craving, which in human addicts is evoked by
the exposure to the conditioned stimulus associated
with drug consumption [53]. Hence, the idea here be-
ing that nicotine is withdrawn, but the animals are
tested in the experimental cages associated with pre-
vious nicotine administrations [14]. A question arises
as to whether agmatine’s effect on nicotine-associated
cues results from its modulatory action on motiva-
tional (due to previous pairing of the drug with the en-
vironment) or emotional consequences of nicotine ex-
posure (e.g., anxiety and depression). It must be noted
that agmatine at the dose required to reduce the nico-
tine cue, did not affect the animals’ basal locomotor
activity or the response rate in the nicotine discrimi-
nation paradigm. Agmatine’s effect does not seem to
be related to an attenuation of motivational behavior,
since it did not alter the subjective effects of nicotine
(Fig. 4). However, studies examining the effect of ag-
matine on nicotine self-administration are missing
from the literature. The fact that agmatine increased
the caloric intake in satiated, but not hungry, rats [37]
may account for its inhibitory effect on environmen-
tally triggered cravings. To address this issue, further
studies with food self-administration are needed. On
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the other hand, agmatine’s anti-depressive-like and
anxiolytic effects [3] may have some association with
its attenuating effect on nicotine-evoked cravings.

Agmatine has been shown to be effective in attenu-
ating the withdrawal symptoms of morphine [4, 7, 29,
30, 62]. Some earlier results demonstrated that imida-
zoline receptor antagonists abolish the attenuating ef-
fects of agmatine on naloxone-precipitated morphine
withdrawal [30, 59-61]. Likewise, others reported
that NOS might be a mediator of morphine abstinence
symptoms [5, 29, 62]. In terms of the rewarding prop-
erties of morphine (tested in the CPP task), agmatine
was proposed to act via a mechanism associated with
NO and of a,-adrenoceptors [24, 55].

It is difficult to conclude whether agmatine binds
a specific target to mediate its effects on nicotine
craving. Some literature indicates that NMDARs are
key receptors in the attenuation of expression of nico-
tine-induced conditioned responses or CPP [33, 35].
In contrast, a nonselective NOS inhibitor, L-NAME
[NG-nitro-L-arginine methyl ester], has been shown to
reduce nicotine abstinence signs [1]. However, to fur-
ther explain the roles of NMDARs or NO signaling in
the inhibitory actions of agmatine toward the nico-
tine-evoked conditioned hyperlocomotion will require
additional studies.

In conclusion, the findings of the present study in-
dicate that agmatine has a weak regulatory effect on
the behavioral properties of nicotine.
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