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( Abstract

~

Background: Addiction is a chronic condition characterized by persistent, uncontrolled drug seeking and use despite
harmful consequences. Nicotine and caffeine are among the most widely used psychoactive substances worldwide, largely due
to the high prevalence of tobacco smoking and coffee consumption. Moreover, use of these two substances commonly overlaps
within the same individuals.

Objectives: This study examined whether caffeine modulates the acquisition and expression of nicotine-induced conditioned
place preference (CPP) in male mice.

Methods: The CPP apparatus consisted of two spacious conditioning chambers. For each mouse, the time spent in the
chamber associated with drug exposure was measured during the preconditioning and postconditioning sessions. The CPP
score was calculated by subtracting the time spent in the drug-associated chamber before conditioning from the
corresponding time recorded after conditioning. Male mice were randomly assigned to eight groups (n = 6 per group), and the
study was conducted in two phases: acquisition and expression. During the CPP acquisition phase, mice received subcutaneous
injections of caffeine at three doses (5, 10, or 20 mg/kg) concurrently with nicotine (0.5 mg/kg) during conditioning. During the
CPP expression phase, nicotine was administered during conditioning, whereas caffeine was administered on the test day.

Results: A significant difference was observed between the saline and nicotine groups, indicating that nicotine induced a
significant CPP (P < 0.05). During the acquisition phase, coadministration of caffeine (5 mg/kg, s.c.) prevented the development
of nicotine-induced CPP. Furthermore, during the expression phase, caffeine administration reduced the expression of
nicotine-induced CPP.

Conclusions: Although the present study did not demonstrate a synergistic interaction between caffeine and nicotine, the

\

findings indicate that caffeine can attenuate the rewarding effects of nicotine in the CPP model.
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1. Background

Addiction is a chronic disorder characterized by an
inability to control the use of psychoactive substances
despite adverse consequences. It involves impaired control
over substance use and persistent drug-seeking and drug-
taking behaviors, often accompanied by physiological and
psychological dependence. Addiction can disrupt neural

circuits underlying reward, motivation, and behavioral
control. Prolonged exposure to addictive substances
induces persistent neuroadaptations in the brain’s reward
pathways, altering the structure and function of neurons
and synapses in regions involved in motivation, reward
processing, and decision-making. These neurobiological
changes can contribute to a range of biological,
physiological, psychological, and social consequences.
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The principal reward centers in the brain include the
ventral tegmental area (VTA) and the nucleus accumbens
(NAc) (1). Several neurotransmitters, including GABA,
glutamate, and dopamine, are involved in reward and
addiction (2).

Tobacco smoking is among the most prevalent forms of
substance use associated with nicotine dependence.
Nicotine is a potent psychoactive substance that exerts
profound effects on neural circuits involved in reward,
motivation, and behavior (3).

Caffeine is a widely consumed central nervous system
stimulant that primarily exerts its effects by antagonizing
adenosine receptors. In addition to its effects on the
adenosinergic system, caffeine can modulate several other
neurotransmitter

systems, including dopaminergic,

serotonergic, and cholinergic signaling pathways (4).

The widespread consumption of tobacco and coffee has
made nicotine and caffeine two of the most commonly
used psychoactive substances in many societies, and their
use frequently occurs concurrently. Smokers and former
smokers have been reported to have a greater tendency to
consume caffeine (5).

Although the relationship between caffeine and
nicotine has received research attention, the available
evidence remains relatively limited (6, 7). Previous
investigations have identified a positive association
between caffeine intake and the consumption of stimulant
substances, with particularly strong co-use patterns
reported between caffeine consumption and nicotine
exposure through tobacco use (5, 6, 8). Given that caffeine
acts primarily as an antagonist at adenosine receptors and
can modulate acetylcholine levels in the hippocampus and
cerebral cortex (9-11), a modulatory interaction between
the adenosinergic and cholinergic systems may contribute
to nicotine- and caffeine-induced behavioral effects.

Research has indicated that prolonged exposure to
caffeine can enhance the behavioral and neurochemical
effects of nicotine (6, 12). One study examined the
combined impact of nicotine and caffeine on dopamine
release, showing an additive effect in the NAc and a
synergistic effect in the medial prefrontal cortex (13).

2. Objectives

Despite extensive research on the independent effects
of nicotine and caffeine on neural function, their potential

interactions and combined effects remain insufficiently

understood. Given the frequent concurrent use of these
substances, this study investigated whether caffeine
modulates the acquisition and expression of nicotine-

induced conditioned place preference (CPP) in male mice.

3. Methods

3.1. Animals

The subjects were healthy adult male NMRI mice (8
weeks old) weighing 25 - 30 g and obtained from the Amol
Institute, Iran. They were housed four per cage in standard
laboratory cages containing sawdust bedding, with ad
libitum access to tap water and laboratory chow. The mice
were maintained at a controlled temperature of 23 + 2 °C
under a 12/12-hour light/dark cycle (7:00 - 19:00).

All animals were allowed at least 1 week of
acclimatization to laboratory conditions before the
experiments. In addition, each mouse was handled for 5

minutes daily.

All procedures were performed during the light phase,
starting at 8 AM, with the noon shift beginning at 12 PM.
Mice were monitored daily, with increased observation
during the post-treatment period, for signs of distress or
adverse drug-related effects. Monitoring included body
weight, food and water intake, grooming, locomotor
activity, injection-site reactions, neurological or behavioral
abnormalities, and overall appearance.

This work was approved by the Animal Use Ethics
Committee at Mazandaran University of Medical Sciences
(ethics IR.MAZUMS RIB.REC.1402.099), and all
procedures complied with the NIH Guide for the Care and

code:

Use of Laboratory Animals (8th edition, 2011).

The treatment order, cage order, and CPP testing order
were randomized on the first day and maintained on
subsequent days to ensure that each mouse was tested at a
consistent time of day. All investigators were blinded
during treatment administration, behavioral scoring, and
data analysis, as appropriate for the study design.

To minimize potential cage-related effects, cage-change
frequency and bedding volume were standardized across
groups. The location of the behavioral testing apparatus
was kept constant throughout the experiment. In addition,
animals were handled daily for one week before the start of
the experiments and throughout the study to minimize

handling-related stress.
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Humane endpoints were predefined and included
severe weight loss, inability to eat or drink, persistent
recumbency, severe respiratory distress, self-mutilation,
uncontrolled seizures, or any other condition associated
with unrelieved pain or distress. Animals reaching a
predefined humane endpoint were humanely euthanized
in accordance with the institutional Animal Care and Use
Committee guidelines. Appropriate supportive care and
veterinary consultation were provided whenever adverse
effects or signs of distress were observed.

At the end of the study, all mice were humanely
euthanized in a CO, chamber in accordance with the

institution’s animal ethics committee approval and
applicable national animal welfare guidelines. Death was
confirmed by the absence of respiration, heartbeat, and
reflexes. Carcasses were then disposed of according to the
institution’s approved biohazard waste management
procedures.

3.2.Drugs

Caffeine anhydrous and nicotine hydrogen tartrate salt
(Sigma-Aldrich, Germany) were dissolved in saline and
administered subcutaneously at an injection volume of 1
mL/kg (s.c.).

3.3.Apparatus

The CPP apparatus consisted of two large conditioning
compartments (A and B) that were identical in size but
differed in design and were connected by a guillotine door.
A smaller connecting tunnel (C) linked the two chambers

through a removable wall.

3.4. Experiments

3.4.1. Conditioned Place Preference Procedure

A biased CPP method was used (more effective with
(14-16). The
experiments were conducted over 5 days and included

nicotine than an unbiased approach)

preconditioning, conditioning, and postconditioning

phases.

3.4.1.1. Preconditioning (Introduction Period)

Iran ] Psychiatry Behav Sci. 2026; 20(4): 173353

On day 1, mice were placed in compartment C with the
doors open for 10 minutes to explore all chambers. The
time spent in each chamber was recorded, and each
determined. The
chamber in which a mouse spent the most time was

mouse’s chamber preference was

designated as the preferred chamber.

Mice that spent more than 80% of the total time in
either compartment would have been excluded; however,
none of the mice in the present study met this criterion.

3.4.1.2. Conditioning (Acquisition Period)

From days 2 to 4, the animals underwent six 20-minute
sessions (three drug-pairing sessions and three vehicle
sessions), with a 4-hour interval between sessions. During
each session, the doors were closed to restrict movement.
On the mornings of days 2 and 4, animals received a saline
injection and were placed in the preferred chamber; in the
evening, they received nicotine and caffeine in the non-
preferred chamber. On day 3, the drugs were administered
in the morning (non-preferred side), and saline was
administered in the evening (preferred side).

3.4.1.3. Postconditioning (Testing Period)

On day 5, animals were placed in compartment C with
the doors open and allowed to explore for 10 minutes.
Preference change, used as the CPP index, was calculated as
the difference between the time spent in the drug-paired
compartment after and before conditioning (14, 15, 17).

In the CPP expression phase, nicotine was administered
during conditioning on days 2, 3, and 4, whereas caffeine
was administered during the test phase on day 5.

After each experiment, the entire apparatus was
thoroughly cleaned with alcohol. All experiments were
conducted in a dedicated testing room in which
environmental conditions, including ambient noise,
odors, and apparatus positioning, were standardized and
carefully controlled.

3.5. Experimental Design

The study comprised two parts: acquisition and
expression (Figure 1). In the acquisition phase of CPP,
nicotine and different doses of caffeine were administered
subcutaneously during conditioning.
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Figure 1. An experimental timeline showing preconditioning,
conditioning, drug administration, and testing.

In the expression phase, nicotine was administered
during conditioning, and caffeine at different doses was
administered during the test phase.

Animals were randomly assigned to eight experimental
groups (n = 6 per group). The experimental groups and
treatment schedules were as follows:

1) Saline control group: Animals received subcutaneous
injections of saline on days 2, 3, and 4.

2) Nicotine control group: Animals received

subcutaneous injections of nicotine on days 2,3, and 4.

3) Nicotine (0.5 mg/kg) + caffeine (5 mg/kg) acquisition
group: Animals received simultaneous subcutaneous
injections of nicotine (0.5 mg/kg) and caffeine (5 mg/kg) on
days 2,3, and 4.

4) Nicotine (o5 mglkg) + caffeine (10 mglkg)
acquisition group: Animals received simultaneous
subcutaneous injections of nicotine (0.5 mgfkg) and
caffeine (10 mg/kg) on days 2,3, and 4.

5) Nicotine (o5 mglkg) + caffeine (20 mglkg)

acquisition group: Animals received simultaneous
subcutaneous injections of nicotine (0.5 mg/kg) and
caffeine (20 mg/kg) on days 2, 3, and 4.

6) Nicotine (0.5 mg[kg) + caffeine (5 mg/kg) expression
group: Animals received subcutaneous injections of
nicotine (0.5 mg/kg) on days 2, 3, and 4, followed by a
subcutaneous injection of caffeine (5 mg/kg) on day 5.

7) Nicotine (0.5 mg/kg) + caffeine (10 mg/kg) expression
group: Animals received subcutaneous injections of
nicotine (0.5 mg/kg) on days 2, 3, and 4, followed by a

subcutaneous injection of caffeine (10 mg/kg) on day 5.

8) Nicotine (0.5 mg/kg) + caffeine (20 mg/kg) expression
group: Animals received subcutaneous injections of
nicotine (0.5 mg/kg) on days 2, 3, and 4, followed by a
subcutaneous injection of caffeine (20 mg/kg) on day 5.

To minimize the number of animals used, the saline and
shared between the

nicotine control groups were

acquisition and expression experiments.

3.6. Statistical Analysis

Data were analyzed using one-way ANOVA followed by
post hoc Tukey tests. Data are presented as mean + SEM. P
values < 0.05 were considered statistically significant.

4. Results

4.1. Impact of 0.5 mg/kg Nicotine on Conditioned Place Preference

Nicotine at 0.5 mg/kg significantly increased preference
compared with saline (P < 0.05), indicating that this dose
induced CPP (Figure 2).

200 T

150 +

100 +

Change of preference (sec)

Saline Nicotine

Figure 2. Nicotine injection's effect on CPP acquisition (n = 6 per group).
Preference change was measured as the difference in time spent on the
5th day versus the 1st day within the drug-paired zone. Data are shown
as mean + SEM. The error bars represent the standard error of the mean
(SEM). *P < 0.05 indicates significance from the saline group.

4.2. Effects of Various Caffeine Doses on Nicotine-Induced
Conditioned Place Preference Acquisition

A significant difference was observed between the
nicotine control group and the Caff-5 group; however, no
significant differences were found between the nicotine
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control group and the Caff-1o or Caff-20 groups [F(4, 29) =
5.889, P =0.0018] (Figure 3).
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Figure 3. The impact of different caffeine doses on nicotine-induced CPP
acquisition (n = 6 per group). Preference change was determined as the
difference in time spent on the 5th versus the 1st day in the drug zone.
Data are mean + SEM. The error bars represent the standard error of the
mean (SEM). *P < 0.05 indicates significance from the saline-control
group. +++P < 0.001 indicates significance from the nicotine-control
group.

4.3. Effects of Caffeine Doses on the Expression of Nicotine-
Induced Conditioned Place Preference

Significant differences were observed between the
nicotine control group and the Caff10 and Caff-20 groups
[E(4,29)=19.446, P=0.0001] (Figure 4).
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Figure 4. Impact of caffeine doses on the expression of nicotine-induced
CPP (n = 6 per group). Preference change was calculated as the difference
between time spent on the 5th and 1st days in the drug zone. Data are
mean * SEM. The error bars represent the standard error of the mean
(SEM). *P < 0.05 indicates significance from the saline-control group.
+++P < 0.001 indicates significance from the nicotine-control group.
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5. Discussion

This study examined how nicotine and caffeine interact
to influence the acquisition and expression of CPP in male
mice. The results from the acquisition phase indicated that
a subcutaneous injection of 5 mg/kg caffeine reduced the
acquisition of nicotine-induced CPP. However, this
reduction with doses of 10 and 20 mg/kg caffeine was not
statistically significant, indicating the absence of a
monotonic dose-response pattern.

The findings
demonstrated that caffeine injection reduced nicotine-
induced CPP and inhibited its established expression.

from the expression phase also

Drug interactions may have important implications for
addiction and its treatment. The interaction between
caffeine and nicotine is particularly relevant because these

substances are widely consumed together.

Numerous studies have shown an additive effect of
nicotine consumption on CPP induction (18, 19); in 2015,
Kutlu et al. showed that nicotine induces CPP by activating
the brain reward pathway, leading to dopamine release.
This dopamine release contributes to rewarding effects
that become associated with the environment in which
nicotine is consumed, thereby strengthening preference
for that environment over time (20).

Consistent with previous studies (14, 15), our findings
showed that 0.5 mg/kg nicotine produced a significant
conditioned place preference.

Nicotine affects motivational and aversive responses
mainly by activating VTA nicotinic acetylcholine receptors,
which are present in both dopamine and non-dopamine
neurons (21). The rewarding effects of nicotine result from
the balanced regulation of inhibitory and excitatory inputs
to VIA dopamine neurons, which increases glutamatergic
excitation and reduces GABAergic inhibition (22).

Activation of VTA cholinergic receptors then controls
dopamine release into the NAc, contributing to its

reinforcing effect (23).

It has been previously reported that administration of
caffeine (24) and nicotine (22) alone increases glutamate
release and glutamatergic neurotransmission. The
interaction between caffeine and nicotine might alter
signaling,

glutamatergic potentially affecting brain

glutamate concentrations.
Recent research has also shown that coadministration
of nicotine and caffeine reduces cortical levels of
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neurotransmitters such as glutamate, glycine, aspartate,
and taurine, while significantly increasing GABA levels.
EEG analysis revealed increased delta wave power and
decreased theta, beta-1, and beta-2 waves following nicotine
and caffeine treatment (25).

These findings may explain our observation that
caffeine inhibits nicotine-elicited CPP acquisition and
expression.

Similarly, coadministration of ethanol and caffeine
significantly altered ethanol conditioning outcomes (26),
although some studies indicate that caffeine combined
with ethanol does not affect ethanol-induced CPP (27, 28).

Variations in experimental design—such as different
administration routes, animal strains, timing, number of
postconditioning tests, and stimulus exposure intervals—
likely account for these discrepancies.

Overall, low doses of caffeine combined with nicotine
prevented the acquisition of conditioned place preference,
and medium to high doses of caffeine during the
postconditioning phase inhibited nicotine-induced CPP
expression.

Our results do not support a synergistic interaction
between caffeine and nicotine; instead, caffeine appears to
diminish nicotine’s effects in the CPP model. When
administered together, caffeine seems to block nicotine’s
ability to establish place conditioning, suggesting that it
can interfere with nicotine conditioning effects.

These findings align with previous research showing
that caffeine reduces the acquisition (26) and expression
(29) of ethanol-induced CPP, likely by disrupting cognitive

processes involved in conditioned responses.

5.1. Conclusions

These findings provide additional insight into the
interaction between caffeine and nicotine. They suggest
that the
warrants

interaction between caffeine and nicotine

further investigation to understand the
mechanisms underlying these interactions. The findings
also emphasize the importance of understanding the
specific circumstances influencing nicotine and caffeine
interactions to prevent misconceptions about their

combined use.

5.2. Study Limitations

The limitations of this study include the use of an

animal model, the small sample size, the inclusion of only

male mice, limitations inherent to the behavioral model,

and uncertain clinical applicability.
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