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Abstract:

In this study, we investigated the effects of acute administration of nicotine on memory-related behavior in mice using the elevated

plus maze test. In this test, the time necessary for mice to move from the open arm to the enclosed arm (i.e., transfer latency) was used

as an index of memory. Our results revealed that nicotine (0.035 and 0.175 mg/kg, base, sc) shortened the transfer latency relative to

the saline-treated group. Moreover, we investigated the effects of bupropion (10, 20 and 40 mg/kg, ip) and L-type voltage-dependent

calcium channel antagonists (nimodipine, flunarizine, verapamil, diltiazem – 5, 10 and 20 mg/kg, ip) on memory-related behavior.

At all tested doses, bupropion, did not significantly affect transfer latency. However, flunarizine and verapamil (both at 10 mg/kg) re-

sulted in a slight decrease in transfer latency, whereas nimodipine (10 mg/kg) increased transfer latency. Interestingly, both

bupropion (20 mg/kg) and calcium channel blockers (5 mg/kg) attenuated the improvement of memory induced by nicotine.

Our findings indicate that the cholinergic nicotinic system may play an important role in memory consolidation, and that neural

calcium-dependent mechanisms can be involved in the modulation of memory-related responses induced by nicotine. The results of

these studies have revealed neuronal mechanisms that are important for nicotinic modulation of cognition and will be useful for the

treatments of human disorders in which cholinergic pathways have been implicated, such as psychiatric disorders and addiction.
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– voltage-dependent calcium channels

Introduction

Nicotine, the primary psychoactive component in to-

bacco smoke, is responsible for the development of

dependence leading to harmful consequences. Suc-

cessful smoking cessation is difficult to achieve be-

cause nicotine causes both physical and psychological

addiction. The nicotine abstinence syndrome in hu-

mans is generally unpleasant and includes irritability,

anxiety, depressed mood, restlessness, concentration

difficulties and nicotine craving [29]. The pharmaco-

logical properties of nicotine are complex and poorly

understood and the effects of this drug have been ex-

tensively investigated, not only in humans, but also in

animals. It has been reported that nicotine can affect
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many aspects of animal behavior including reward

and dependence, aggression, anxiety, antinociception,

locomotor activity or memory and learning processes

[3, 5, 8, 12, 21, 44, 58]. It is well known that nicotine

exerts its behavioral effects through a direct action on

the neuronal nicotinic acetylcholine receptors

(nAChRs) [57]. Nicotine, which functions through the

activation of presynaptic nAChRs, causes the release

of a number of neurotransmitters including acetylcholine,

catecholamines, gamma-aminobutyric acid (GABA), se-

rotonin and glutamate, which are involved in the

modulation of various neural functions, e.g., memory-

related responses [27, 40]. The strong correlation be-

tween central cholinergic pathways and learning and

memory, and influence of the nicotinic cholinergic

system on memory-related behavior has been de-

scribed in the literature [27, 35, 36, 38].

With respect to the influence of nicotine on memory

functions, experimental studies in animals and humans

have yielded contradictory results. In humans, many stud-

ies have described deficits, or the improved efficiency of

cognitive processing after nicotine administration [29,

37]. In animals, some researchers have argued that nico-

tine improved memory function, while others have re-

ported non-contributory or negative effects [38, 40].

Based on the results previously mentioned, our ex-

periments were designed to further investigate the

possible mechanisms of nicotine-induced memory-

related behavior in mice using the elevated plus maze

(EPM) test. Recently, this test, originally developed to

estimate anxiety in rodents, was modified to evaluate

spatial learning and memory [20, 31, 33, 34, 47, 53].

Briefly, this simple method consists of measuring of

the time necessary for the animal to move from the

open to the enclosed arm, i.e., the transfer latency

(TL). A reduction in TL using the retention trial repre-

sents an improvement in learning and memory and

has been interpreted as the ability for animals to re-

member the location of the enclosed arms, and escape

from the unsafe open and high space faster on the sec-

ond retention trial. On the contrary, increases in TL

during retention testing could be used to indicate im-

pairments in memory induced by drugs that possess

amnesic properties. This method has been success-

fully used in studies investigating the involvement of

different neurotransmitter systems, including cho-

linergic pathways, on learning and memory processes.

For instance, amnesic properties of scopolamine,

a muscarinic receptor antagonist, were evaluated. In-

deed, scopolamine increased the TL time, while phy-

sostigmine decreased the TL values on the second re-

tention trial and reversed the effects of scopolamine

[30, 31, 33, 34, 47, 53].

Additionally, we compared the influence of

bupropion, a drug currently used as first-line pharma-

cotherapy for smoking cessation in humans, with cal-

cium channels blockers specific for the L-type

voltage-dependent calcium channels (VDCCs) on

nicotine’s effects. Bupropion has been established as

an antidepressant, which alleviates the symptoms of

nicotine withdrawal in rodents as well as in humans,

e.g., depression, irritation and difficulty with concen-

tration [13, 44, 54]. However, the actions underlying

the therapeutic efficacy of bupropion as a smoking

cessation agent are still unknown. It has been pro-

posed that its pharmacological characteristics are me-

diated by two different mechanisms. One proposed

mechanism suggests that bupropion inhibits mono-

amine uptake [41], but this antidepressant may also

act as a non-competitive antagonist of nAChRs [54].

Additionally, based on previous findings implicating

a role for calcium ions and L-type VDCCs on numerous

cell functions, including several aspects of drug re-

ward, addiction, anxiety and memory [3, 4, 6, 7, 16],

we investigated the influence of VDCC antagonists

on acute memory-related effects of nicotine. VDCC

antagonists of various classes including dihydropyri-

dines (e.g., nimodipine), diphenylalkylamines (e.g.,

flunarizine), phenylalkylamines (e.g., verapamil), and

benzothiazepines (e.g., diltiazem) were used. These

compounds are specific for L-type VDCC, although

they bind to three distinct binding sites [56, for re-

view]. Dihydropyridine derivatives interact directly

with the dihydropyridine binding site on the calcium

channel, while other antagonists induce allosteric

changes. 1,4-Dihydropyridines have also shown activ-

ity on N-type channels, which is less pronounced than

that exhibited at L-type VDCC. Overall, results from

this study demonstrate a potential role for calcium ho-

meostasis on nicotine-induced cognitive processing.

Materials and Methods

Animals

The experiments were conducted using adult naive

Swiss mice (Farm of Laboratory Animals, Warszawa,

Poland) weighing 20–30 g. The animals were main-
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tained under standard laboratory conditions (12-h

light/dark cycle, room temperature 21 ± 1°C) with

free access to tap water and laboratory chow (Bacutil,

Motycz, Poland) in their home cages, and adapted to

the laboratory conditions for at least one week. Each

experimental group consisted of 7–12 animals. All

behavioral experiments were performed between 8:00

and 14:00, and were conducted according to the

National Institute of Health Guidelines for the Care and

Use of Laboratory Animals and to the European Com-

munity Council Directive for the Care and Use of Labo-

ratory Animals of 24 November 1986 (86/609/EEC),

and approved by the local ethics committee.

Drugs

The compounds tested were: (–)-nicotine hydrogen

tartrate (0.035, 0.175 and 0.35 mg/kg reported in free-

base nicotine weight; Sigma-Aldrich, St. Louis, MO,

USA); bupropion hydrochloride (10, 20 and 40 mg/kg,

Sigma-Aldrich, St. Louis, MO, USA), nimodipine (5,

10 and 20 mg/kg, RBI, Natick, MA, USA), flunariz-

ine dihydrochloride (5, 10 and 20 mg/kg, Sigma-

Aldrich, St. Louis, MO, USA), verapamil (5, 10 and

20 mg/kg, Isoptin, Knoll, Germany), and diltiazem

hydrochloride (5, 10 and 20 mg/kg, RBI, Natick, MA,

USA).

Verapamil was diluted to an adequate concentration

using saline (0.9% NaCl). Other drugs were dissolved

in saline solution and, except for nicotine, refer to the

salt forms. The pH of the nicotine solution was ad-

justed to 7.0. All agents were administered intraperi-

toneally (ip) or subcutaneously (sc) at a volume of

10 ml/kg. Control groups received saline injections at

the same volume and by the same route. The doses of

all drugs were selected according to those commonly

used in the literature, including our previous study

which examined the cognitive effects of nicotine in

mice [3, 5, 10, 16, 38].

Apparatus

Memory and learning responses were measured using

the elevated plus maze (EPM) test. The experimental

apparatus was shaped like a “plus” sign and consisted

of a central platform (5 × 5 cm), two open arms (5 ×

30 cm) and two enclosed arms (5 × 30 × 15 cm) oppo-

site to each other. The maze was made of dark Plexi-

glas. The whole apparatus was elevated 50 cm above

the floor and illuminated by a dim, red light.

Experimental procedure

The mice were placed individually at the end of one

open arm facing away from the central platform. Each

group was submitted to the same procedure twice (in-

terval between trials of 24 h). On the first trial (acqui-

sition trial), the time each mouse took to move from

the open arm to either of the enclosed arms was re-

corded, and defined as transfer latency (TL1). If the

mice failed to enter the enclosed arm within 90 s, they

were placed at an enclosed arm and permitted to ex-

plore the plus maze for an additional 60 s. In such

cases, TL1 was recorded as 90 s. On the next trial (re-

tention trial), 24 h later, the test was performed in the

same manner as the first trial and the TL was recorded

(TL2). If the mouse did not enter the enclosed arm

within 90 s, the test was stopped and TL2 was re-

corded as 90 s. Any animal that fell off the maze was

excluded from the experiment.

In the EPM test, we used the TL2 values on the re-

tention trial as an index of memory and learning ef-

fects. Generally, an improvement in memory is indi-

cated by reduction in the time necessary for the mouse

to move from the open arms to either of the enclosed

arms on the second day (TL2), relative to the control

group. Impairments in memory and learning were

characterized by increases in these measures.

Treatment

The first experiment was designed to investigate the

influence of nicotine, bupropion or calcium channel

inhibition on memory-related responses using the

EPM in mice. Nicotine (0.035, 0.175 and 0.35 mg/kg,

sc), bupropion (10, 20 and 40 mg/kg, ip), or saline

was administered 30 min before the first acquisition

trial. Calcium channel antagonists, i.e., nimodipine (5,

10 and 20 mg/kg, ip), flunarizine (5, 10 and 20 mg/kg,

ip), verapamil (5, 10 and 20 mg/kg, ip), diltiazem (5,

10 and 20 mg/kg, ip), or saline were administered

15 min before the acquisition trial. Each mouse was

tested using the EPM test 15 or 30 min post-injection,

respectively, and 24 h later in the second step.

The next experiment was designed to investigate

the influence of bupropion or calcium channel antago-

nists on memory-related responses induced by acute

nicotine administration. Bupropion (10 and 20 mg/kg,

ip), nimodipine (5 mg/kg, ip), flunarizine (5 mg/kg,

ip), verapamil (5 mg/kg, ip), diltiazem (5 mg/kg, ip),

or saline was administered 15 min prior to nicotine
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(0.035 or 0.175 mg/kg, sc), tested 30 min later using

the EPM test, and re-tested 24 h later.

Statistics

The data were expressed as the means ± SEM. For the

EPM test, we measured TL, i.e., the time necessary

for the mice to move from the open arm to either of

the enclosed arms. The statistical analyses were per-

formed using the two-way analyses of variance

(ANOVA) with concentration and treatment as fac-

tors. Also, one-way ANOVA was used where appro-

priate for additional analysis. A post-hoc comparison

of means was conducted using the Tukey test for mul-

tiple comparisons, where appropriate; p < 0.05 was

considered statistically significant.

Results

In the acquisition trial, there were no significant dif-

ferences in the TL1 between the nicotine-treated and

control group.

In the retention trial, the acute sc doses of nicotine

(0.035 and 0.175 mg/kg) significantly decreased TL2

[F(3,31) = 3.957; p = 0.0169] as compared to the

saline-treated mice indicating that nicotine improved

memory and learning processes (Fig. 1). The highest

dose of nicotine (0.35 mg/kg) did not affect this para-

digm. It should be noted that, at any dose tested,

bupropion did not significantly alter TL (Fig. 2). For

the next experiments, in which the combined admini-

stration of bupropion and nicotine was performed, an

acute ip injection of bupropion, 15 min prior to the

acute sc injection of nicotine (0.035 and 0.175 mg/kg),

increased TL2 as compared to the nicotine control
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group in a significant and dose-dependent manner.

Accordingly, two-way ANOVA revealed an interac-

tion effect [F(4,89) = 5.792, p = 0.0003], but not

a treatment effect [F(4,89) = 1.502, p = 0.21] (Fig. 3).

Indeed, in this retention trial, bupropion (20 mg/kg)

prevented memory improvement after 0.035 mg/kg of

nicotine [one-way ANOVA: F(3,35) = 3.071, p = 0.04]

and after 0.175 mg/kg of nicotine [F(3,36) = 3.628,

p = 0.02], resulting in an increased TL2 (Fig. 3).

The calcium channel antagonists, at a dose of

5 mg/kg, did not provoke any memory-related effects

on the EPM paradigm (Fig. 4). However, flunarizine

and verapamil, at a dose of 10 mg/kg, resulted in re-

duction in TL2 (p < 0.05), whereas nimodipine

(10 mg/kg) provoked an opposite effect, i.e., an in-

crease in the value of TL2 (p < 0.01) (Fig. 4). Finally,

for the experiments in which combined administration

of calcium channel blockers and nicotine was tested

(Fig. 5 and 6), the data revealed that pre-treatment

with nimodipine, flunarizine, verapamil and dilti-

azem, at a dose of 5 mg/kg, significantly increased

TL2, i.e., the time necessary for the mouse to enter the

enclosed arm in the second (retention) trial, as com-

pared with the nicotine control group. Indeed, two-

way ANOVA revealed an interaction effect [F(7,126)

= 2.136, p = 0.044], but not a treatment effect

[F(7,126) = 1.241, p = 0.28]. Actually, nimodipine

(5 mg/kg), flunarizine (5 mg/kg), verapamil (5 mg/kg)
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and diltiazem (5 mg/kg) significantly reversed the

nicotine-induced improvement in memory, at a dose

of 0.035 mg/kg [one way ANOVA: F(5,46) = 2.630,

p = 0.049], as well as at the dose of 0.175 mg/kg

[F(5,48) = 2.082, p = 0.042] (Fig. 5 and 6).

Discussion

In the present study, the effects of nicotine on

memory-related responses were investigated in the

mouse EPM test. This paradigm was originally devel-

oped to measure anxiety in rodents [42]. However,

recent reports suggest that this model may also be

useful in the evaluating of learning and memory in

rodents [30, 31, 33, 34, 47, 53]. Results of our experi-

ments confirm our previous data [5], which demon-

strated that an acute administration of nicotine short-

ened transfer latency in the retention trial (TL2). Ad-

ditionally, we revealed that both bupropion and

VDCC antagonists attenuated the improvement in

memory induced by an acute nicotine injection.

Although research investigating the effects of nico-

tine has yielded contradictory findings, many studies

have demonstrated that nicotine enhances hippo-

campus-dependent learning and memory, including

spatial learning in the radial-arm maze and Morris

water maze, avoidance conditioning, and contextual

fear conditioning [17, 19, 38, 58]. Moreover, research

in humans has consistently demonstrated that neutral

environmental cues, smoking-related and contextual

stimuli can be associated with smoking [21, 24, 36].

Together, these data and our present findings suggest

that nicotine enhances learning and memory in both

humans and animal models.

The central effects of nicotine have been the sub-

ject of many experimental studies but the precise

mechanisms responsible for the enhancement of

learning and memory induced by nicotine have not

been elucidated. As previously mentioned, nicotine

exerts its behavioral effects acting at the nAChRs

[57]. Among all central nAChR subtypes, both the

�4�2 combination and �7 subunits seem to play an

important role in memory-related responses [11]. In-

terestingly, clinical investigations of Alzheimer dis-

ease patients have demonstrated a significant reduc-

tion in nAChRs density in the cerebral cortex and hip-

pocampus, two major areas involved in learning and

memory [11, 39].

Although the cholinergic system and direct interac-

tion of nicotine with the nAChRs play a crucial role in

nicotine-induced memory-related behavior, a growing

body of evidence suggests that these effects can also

result from the release of a number of other neuro-

transmitters. As indicated, nicotine, by activation of

the presynaptic nAChRs, induces the release of ace-

tylcholine, as well as dopamine, GABA, noradrena-

line, adrenaline, serotonin and glutamate, which are

also involved in the drug-induced memory modula-

tion [27, 40, 57]. These pharmacological properties of

nicotine, especially reinforcing and locomotor effects,

have been most strongly linked to the release of dopa-

mine [20]. A number of lines of evidence have sug-

gested that dopaminergic mechanisms also affect

learning, and brain dopamine plays a crucial role in

memory processes [2, 9, 32]. For example, the activa-

tion of both dopamine D1 and D2 receptors in the pre-

frontal cortex or hippocampus has been reported to fa-

cilitate performance in different working memory

tasks in monkeys or rats [2]. In turn, some results sug-

gest that dopamine D3 receptors exert an inhibitory

effect on memory consolidation [9, 32]. In addition, it

has been reported that the D1 dopamine receptor an-

tagonist SCH 23390, but not the D2 receptor antago-

nist sulpiride, increases the effects of nicotine on pas-

sive avoidance learning. As a result, it is possible that

dopaminergic mechanisms through the D1 receptors

exert a negative influence on the improvement of re-

trieval induced by nicotine [2, 32].

In the next experiment, we evaluated the influence

of bupropion on the memory-related responses in-

duced by nicotine. To our knowledge, this kind of

study has not been elucidated. Results from our ex-

periment indicate that an acute injection of bupropion

prior to acute doses of nicotine significantly increased

TL during the retention trial, as compared to the nico-

tine control group, while bupropion itself did not af-

fect TL2 values.

Bupropion is a first-line agent for the treatment of

smoking cessation in humans as this drug alleviates

the symptoms of nicotine withdrawal in humans [23,

54]. In animal models of nicotine addiction, recent

studies discovered that acute bupropion administra-

tion decreases nicotine self-administration in rats

[52], and reduces somatic signs of nicotine with-

drawal in rats including gasp, writhing, teeth chatter-

ing, chewing, tremors and ptosis [13, 44]. Moreover,
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the effects of bupropion on deficits in learning and

memory that occur during nicotine withdrawal have

been investigated, and the data revealed that

bupropion reversed nicotine withdrawal-associated

deficits in contextual fear conditioning [50].

The mechanisms underlying the behavioral effects

of bupropion and its combination with nicotine are

still unclear. Many investigations suggest that the ef-

fectiveness of bupropion in reducing effects induced

by nicotine is independent of its antidepressant prop-

erties [46]. Bupropion can act by two different mecha-

nisms. First, it inhibits the reuptake of monoamines,

especially dopamine in the mesolimbic system, i.e.,

the nucleus accumbens (NAC), but also of noradrena-

line in the hippocampus [23, 41, 55]. Other research-

ers showed that bupropion induced a dose-dependent

attenuation of adrenergic and serotoninergic neuronal

spontaneous firing rates, without altering the firing

rate of dopaminergic neurons in the mesolimbic/corti-

cal regions [22]. The alternative mechanism of

bupropion activity is mediated by nAChRs. This anti-

depressant has been reported to be a non-competitive

nicotinic-receptor antagonist at rat �3�2, �4�2 [54],

and at �3�4 ganglionic-type of nicotinic receptors ex-

pressed in a human neuroblastoma cell lines [25, 54].

Therefore, the presynaptic action of bupropion on

monoamine release mentioned above can be also

nAChR-mediated [50]. The influence of bupropion on

nicotine effects may also be attributed to its major

metabolite hydroxybupropion, which is behaviorally

active [45]. Overall, the results of our study further

suggest that the effects of bupropion on dopamine and

noradrenaline reuptake and nAChR function may

counteract the memory-related effects of nicotine, but

the exact mechanisms are still unknown.

Additionally, in view of previous findings showing

that calcium ions and VDCCs are important in several

aspects of drug reward, addiction and anxiety-related

behavior [3, 5, 8, 43], we investigated the influence of

pre-treatment with L-type VDCC antagonists of vari-

ous classes on memory-related responses induced by

nicotine. The results from our investigations demon-

strated that VDCC antagonists, at the non-active dose,

suppress the improvement of memory and learning in-

duced by acute nicotine in the EPM memory task.

Calcium ions act as an important second messenger

in many cell functions [26, 43]. The pharmacological

properties of VDCC antagonists support the effi-

ciency of these drugs in the therapy of various central

nervous system disorders. This possibility has been

verified in animal models of dementia, epilepsy, de-

pression and cerebral ischemia [1]. Additionally, it

has been suggested that L-type VDCCs also play an

important role in learning and memory through their

involvement on the synaptic plasticity (long term po-

tentiation, LTP) of the hippocampal dentate gyrus by

activating intracellular signaling pathways [35]. How-

ever, little data are available about the cognitive ef-

fects of calcium channel antagonists, as only nimo-

dipine has been thoroughly studied with respect to its

effects on memory and learning processes [26]. Acute

and/or chronic administration of L-type VDCC an-

tagonists has been revealed to facilitate memory from

several types of learning in adult animals and improve

retention in aged mice [51]. Thus, nifedipine, nimo-

dipine and clentiazem significantly reduced retention,

and/or acquisition of memory-related processes [26].

This effect was also confirmed in the present study for

one intermediate dose of verapamil and flunarizine,

while nimodipine had an opposite effect.

Moreover, in the context of our study, there is some

evidence supporting a great role for Ca2+ and L-type

VDCCs on the signaling processes of nAChRs, and

behavioral effects of nicotine [3, 8, 16]. Pre-treatment

with VDCC antagonists (nimodipine and nifedipine

given intrathecally) significantly reduced antinocicep-

tion induced by nicotine [16]. Recent studies also

demonstrated that VDCC antagonists suppressed

nicotine-induced place preference, locomotor sensiti-

zation, expression of nicotine-induced withdrawal

signs in rodents [3, 6, 16, 43], and attenuated cross-

sensitization to the rewarding and locomotor effects

of nicotine and other drugs [7, 8]. The results of the

present studies are also in agreement with these data

and further suggest the functional association of

nAChRs with L-type VDCCs [14]. Accordingly, L-

type calcium channels are found on the nerve termi-

nals in the basal forebrain. The activation of nAChRs

that are highly permeable to calcium ions [28, 57], in-

creases neuronal membrane calcium conductance and

modulates the release of neurotransmitters [27, 40,

49, 57]. The blockade of these mechanisms by cal-

cium channel antagonists can impair neuroadaptive

changes, which determine memory formation and

drug dependence [48].

Recently, it has been discovered that there is a sub-

stantial convergence of both the molecular pathways

and the neural circuits associated with learning, mem-

ory and drug addiction. These two phenomena share

intracellular signaling cascades and are associated
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with similar changes in synaptic plasticity, especially

LTP [48]. Moreover, several lines of evidence indicate

that the brain regions involved in learning and mem-

ory (e.g., hippocampus) and those underlying drug

addiction (e.g., mesolimbic dopaminergic system)

may overlap [4, 48]. Nicotine, through the activation

of nAChRs, causes channel opening and depolariza-

tion responses with an influx of Ca2+ ions, and such

an effect is sufficient to activate calcium dependent

protein kinases, like calcium-dependent protein kinase

II, leading to the induction of LTP. Interestingly, VDCC

antagonists have been shown to inhibit nicotine-induced

LTP in the hippocampal CA1 region [28].

In conclusion, our data indicate that nicotine is ca-

pable of producing significant improvements in mem-

ory effect after an acute injection in the EPM test.

Moreover, we revealed that both bupropion and cal-

cium channel antagonists attenuate nicotine-induced

improvement in memory. Taking all these results to-

gether it is possible to speculate on the influence of

calcium homeostasis on the adaptive changes under-

lying the cognitive effects of nicotine. Based on our

investigations we believe that bupropion and calcium

channel antagonists can provide new perspectives for

promising therapeutic in the treatment of human dis-

orders, in which cholinergic transmission has been

implicated, including nicotine dependence.
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