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Abstract:

Caffeine is the psychostimulant substance consumed in greatest quantities in the world. The repeated administration of psychostimu-
lants can either decrease or increase the drug effect, inducing tolerance or sensitization, respectively, depending on administration
procedure. Not only the dose and regimen, but also the environment where drug is administered, seem to modulate the changes in lo-
comotor activity following repeated psychostimulant administration. The purpose of the present study was to examine the influence
of the environmental context on caffeine-induced psychomotor stimulation following repeated administration of this drug. Our re-
sults showed that repeated caffeine induced psychomotor sensitization when drug injections were paired with the environment in
which the animals were subsequently tested, whereas tolerance occurred when the animals received repeated caffeine in an environ-
ment different from that where the tests were performed. In conclusion, the present results demonstrated that the environmental con-
text where caffeine is administered is a key factor modulating the adaptations of the organism to drug effects.
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Introduction

Caffeine is the psychostimulant substance most com-
monly used as a regular component of the diet. It is
present in coffee, tea, soft drinks, food and medica-
tions [15, 16]. For many centuries, the effects of caf-
feine in reducing fatigue and increasing wakefulness
and alertness have been recognized. Currently, exist-
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ing nonprescription medications, energy drinks and
supplements that contain caffeine add further oppor-
tunities for people to consume caffeine as an ergo-
genic (work-enhancing) aid [6]. In rats, the psycho-
stimulant effect of caffeine can easily be assessed by
measuring locomotor activity, which is increased in
response to the administration of small to moderate
doses of this drug [17, 27, 44].
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Repeated administration of psychostimulants can
either decrease or increase the drug effect, inducing
tolerance or sensitization, respectively, depending on
the administration procedures used [19, 39]. Admin-
istration of caffeine through drinking water generally
engenders tolerance of drug-induced locomotor activ-
ity [8, 45]. Also, Lau and Falk [24] showed evidence
of caffeine tolerance following a long period of daily
intraperitoneal (ip) drug injections. Development of
tolerance has been related to neuroadaptations respon-
sible for withdrawal symptoms when the repeated ad-
ministration of psychostimulants is discontinued [29,
41]. In contrast, it has been shown that an ip injection
of caffeine on alternate days for two weeks induces
sensitization to its psychomotor stimulation [7, 42].
Psychomotor sensitization is a common outcome of
chronic administration of psychostimulants, such as
amphetamine and cocaine, and has been related to
neuroadaptations implicated in drug addiction [32, 33,
37]. The environment in which drugs are adminis-
tered modulates the development of psychomotor sen-
sitization to these drugs as well as the subsequent sen-
sitized response [32, 34]. Sensitization to ampheta-
mine or cocaine is easily observed when the drug is
injected in an environmental context different from
that of the home cage [4, 38]. Moreover, the sensitiza-
tion is more robust if the locomotor effects of these
drugs are tested in the same context (paired environ-
ment) as in previous administrations [2, 25, 48].

In this study we examined the influence of the en-
vironmental context on caffeine-induced behavioral
alterations (sensitization and tolerance) following re-
peated drug treatment. To this end, rats were repeat-
edly treated with caffeine in the home cage or in an
activity box. Locomotor activity in response to caf-
feine was then tested in the activity box and results
were analyzed relating environmental pairing to
drug-induced alterations in locomotor activity.

Materials and Methods

Subjects and drugs

Subjects were male Wistar rats (180-200 g) obtained
from the animal breeding facility of the Sdo Paulo
State University — UNESP. Groups of 3—4 animals
were housed in plastic cages [32 (width) x 40 (length)
x 16 (height) cm] in a room maintained at 23 + 2°C.

Rats were kept in a 12:12 h light/dark cycle (lights on
at 7:00 a.m.) and were allowed free access to food and
water. Each animal was used in only one experimental
procedure. All experiments were performed during
the light phase between 8:00 a.m. and 5:00 p.m., and
animals were randomly tested across this time period.
The experimental protocol (07/2008) was approved
by the Ethical Committee for use of Human or Animal
Subjects of the School of Pharmaceutical Sciences —
UNESP and the experiments were conducted according
to the principles of the Brazilian College of Animal
Experimentation — (COBEA), based on NIH Guide-
lines for the Care and Use of Laboratory Animals.

Anhydrous caffeine (Purifarma, Sdo Paulo-SP, Bra-
zil) was diluted in 0.9% NaCl (saline) and ip injected
at 1 ml/kg.

Behavioral apparatus

Activity monitoring chamber (Columbus Instruments,
Columbus, OH, USA) consisted of a Plexiglas box
measuring 44 (width) x 44 (length) x 20 (height) cm.
It contained 10 pairs of infrared photocells, which
were used to measure the horizontal locomotor activ-
ity. The consecutive interruption of two beams was re-
corded as one unit of locomotion count.

Experiment 1: Caffeine locomotor effect in the
environment paired with repeated treatment

The experiment was based on that of Simola et al. [42,
43] and consisted of two phases: treatment phase,
when drug was repeatedly administered, and test
phase, when behavior in response to the drug was re-
corded. The treatment phase lasted 13 days and caf-
feine was administrated on alternate days (one injec-
tion every 48 h; total of seven injections). On each
day of drug administration, rats were transported in
their home cages from the animal facility to a nearly
room, where they were kept for 40 min, after which
they received ip injections of caffeine (15 mg/kg) or
saline and were placed in the activity monitoring
chamber for 20 min. The floor and walls of the cham-
ber were cleaned with 70% ethanol and dried with pa-
per towels between each rat exposure. Three days af-
ter the last scheduled administration of caffeine or sa-
line, the test phase was performed. First, the rats were
transported from the animal facility to the room where
the treatment was performed as described above.
Next, rats were individually placed in the activity-
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monitoring chamber and left for 30 min for habitua-
tion. Following this period, rats received ip injections
of caffeine (10 mg/kg) or saline and returned to the
activity monitoring-chamber for another 30 min (n =
9-10 animals per group). Locomotor activity was re-
corded during the 30 min of habituation and also in
each 5-min interval following the caffeine or saline
injection.

The 10 mg/kg test dose of caffeine was chosen on
the basis of previous dose-effect studies performed in
our laboratory. This dose increased locomotor activity
but produced a sub-maximal effect [27].
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Fig. 1. Locomotor activity during habituation in the paired (A) or non-
paired (B) environments. Data represent the mean + SEM of locomo-
tor activity accumulated in 30 min in the activity box (n = 16-19 ani-
mals per group); * p < 0.05 compared to the repeated saline treat-
ment group (Student’s t-test)
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Experiment 2: Caffeine locomotor effect in
the environment not paired with the repeated
treatment

This experiment consisted of two phases as described
in Experiment 1. However, during the treatment phase
rats received repeated injections of caffeine (15
mg/kg, ip) or saline immediately after their removal
from their home cages in the animal facility. After the
injections, animals were returned to their home cages.
Thus, in this experiment rats received the same drug
treatment as previously, but were never exposed to the
environment (activity monitoring chamber) in which
caffeine-induced locomotor activity was tested (n = 8
animals per group).

Statistical analyses

The habituation data were analyzed by Student’s #-test
for independent samples, comparing caffeine and
saline treatments. The behavioral data after the caf-
feine test injection were first analyzed by three-way
ANOVA, considering the factors: treatment (saline %
caffeine 15 mg/kg), test (saline x caffeine 10 mg/kg)
and time (5 min intervals during 30 min session, re-
peated variable). As the time factor did not display
significant interaction with treatment or test, the total
locomotion count during the 30-min session was fur-
ther analyzed by two-way ANOVA, for only the treat-
ment and test factors. In cases where ANOVA showed
significant differences (p < 0.05), the results were
analyzed by the Newman-Keuls post-hoc test, to
check the differences between pairs of groups.

Results

Habituation to test environment

The Student #-test for locomotor activity during the
habituation period prior to injections showed that rats
repeatedly treated with caffeine in the same environ-
ment as the test (activity chamber) showed higher lo-
comotion counts than rats treated with saline (t =
—2.17; p < 0.05). However, rats repeatedly treated
with caffeine in the home cages did not show en-
hanced locomotor activity in the activity chamber
compared to saline group (t=1.03; p=10.31) (Fig. 1).
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Fig. 2. Caffeine locomotor effect in the environment paired with
repeated treatment. Data represent the mean + SEM of locomotor
activity accumulated during 30 min following ip injection of caffeine
(10 mg/kg) or saline (n = 9-10 animals per group); * p < 0.001 com-
pared to saline test injection and the same repeated treatment, # p <
0.01 compared to caffeine test injection after repeated saline (New-
man Keuls’ test)

Caffeine locomotor effect in the environment
paired with repeated treatment

Two-way ANOVA on total locomotor counts in the 30 min
session revealed significant differences for treatment
[F (1,34)=6.01; p <0.05] and test [F (1, 34) = 81.83;
p < 0.001] factors. In addition, a significant interac-
tion was detected between treatment and test factors
[F (1, 34) = 6.31; p < 0.01]. The Newman-Keuls test
revealed that caffeine test injection increased the lo-
comotor activity in rats that had been repeatedly
treated with saline or caffeine (p < 0.001). Moreover,
rats repeatedly treated with caffeine displayed in-
creased locomotor activity following the caffeine test
injection (p < 0.01), suggesting the presence of loco-
motor sensitization when the test was performed in
the environment paired with the repeated treatment

(Fig. 2).

Caffeine locomotor effect in the environment
not paired with repeated treatment

Two-way ANOVA on total locomotor counts in the
30 min session revealed significant differences for
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Fig. 3. Caffeine locomotor effect in the environment non-paired with
repeated treatment. Data represent the mean + SEM of locomotor ac-
tivity accumulated during 30 min following ip injection of caffeine
(10 mg/kg) or saline (n = 8 animals per group); * p < 0.001 compared
to saline test injection and the same repeated treatment, # p < 0.001
compared to caffeine test injection after repeated saline (Newman
Keuls’ test)

treatment [F (1, 27) = 4.80; p < 0.05] and test
[F (1, 27) = 98.22; p < 0.001] factors. Also, a signifi-
cant interaction was detected between treatment and
test [F (1, 27) = 15.19; p < 0.001]. The Newman-Keuls
post-hoc test revealed that caffeine challenge increased
the locomotor activity in rats that were previously
treated with either saline or caffeine (p < 0.001).
Moreover, caffeine-induced locomotor activity was
lower in the rats repeatedly treated with caffeine than
in those repeatedly treated with saline (p < 0.001),
suggesting the presence of tolerance to the locomotor
effect of caffeine when the test was performed in the
environment not paired with the repeated treatment

(Fig. 3).

Discussion

Chronic administration of drugs of abuse results in
neuroadaptations that can be expressed as behavioral
sensitization or tolerance [37]. It has been clearly
demonstrated that repeated intermittent injections of
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psychostimulants such as cocaine or amphetamine
produce an enhanced locomotor response to a subse-
quent injection of the drug; a phenomenon generally
termed behavioral sensitization [18, 26, 28]. Interest-
ingly, whereas repeated daily ip injections of cocaine
(15 mg/kg) induce psychomotor sensitization, the
continuous administration of this drug at the same
dose per day by osmotic pump produces tolerance
[19]. Besides the dose and regimen of drug admini-
stration, the environment in which the drug is given
seems to modulate the changes in locomotor activity
following repeated psychostimulants [32, 34]. Our re-
sults showed that administration of 15 mg/kg of caf-
feine caused behavioral sensitization when the injec-
tions were performed in the same environment as that
where the animals were subsequently tested (3 days af-
ter the last injection). Similarly, Simola et al. [42, 43]
showed that rats treated with 15 mg/kg of caffeine (ip)
on alternate days, i.e., one injection every other day, for
14 days (seven administrations in total) showed an en-
hanced locomotor response when challenged with caf-
feine or amphetamine in the same context in which
these drugs had been repeatedly administered.

The environment in which the drug is administered
strongly regulates the behavioral alterations of other
psychostimulant treatments. In this sense, it has been
demonstrated that amphetamine or cocaine challenge
injections in a novel environment, different from the
home cage, produce a more robust behavioral sensiti-
zation than drug administration in the home cage [4,
5, 14]. It is hypothesized that learned associations de-
velop between drug effects and contextual stimuli dur-
ing repeated drug administration, to produce a form of
sensitization called context-specific sensitization [2,
11, 25]. Our results showed that, similarly to am-
phetamine and cocaine, caffeine psychomotor sensiti-
zation is modulated by the environmental context of
the administration.

The neuroadaptations related to behavioral sensiti-
zation have been implicated in the development of
drug addiction and also in the relapse to drug-seeking
behavior [10, 22, 31, 36]. Considering that caffeine
behavioral effects are sensitized when the drug is
tested in the same environment as the repeated treat-
ment, this drug induces a similar process observed to
other psychostimulant drugs. This result corroborates
other studies suggesting that caffeine might induce
addiction because its consumption fulfils some of the
criteria for drug addiction and it shares some specific
types of action, such as behavioral sensitization, with
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amphetamine and cocaine [21, 30]. However, Satel
[40] supports the view that caffeine consumption pat-
terns are too inconsistent to describe it as addictive.

This study also showed that spontaneous locomotor
activity during habituation period in the environment
previously paired with the repeated injections was
higher in caffeine- than saline-pretreated rats. This ef-
fect occurs possibly because of the development of
a conditioned response to the activity box resulting
from pairing injections to this environment. This hy-
pothesis is corroborated by the observation that an in-
crease in locomotion during habituation did not occur
in the animals that received caffeine or saline in their
home cages (not paired groups). Interestingly, this
conditioned response did not appear following saline
injections in the test day, indicating that it was re-
stricted to the first 30 min in the environment and did
not interfere with the heightened caffeine response.

Our data also demonstrated that caffeine adminis-
trated by the same route, dose and schedule, but in an
environment distinct from the one where the animals
were tested, produced tolerance to its locomotor ef-
fect. The expression of tolerance when caffeine was
tested in the environment not paired with the repeated
treatment is similar to that observed by Aquas et al.
[1]. They revealed tolerance to caffeine-induced loco-
motion after caffeine injections (25 mg/kg, ip, twice
daily) for 7 days in the home cages. In addition, toler-
ance to the psychostimulant effect of caffeine is gen-
erally observed when this drug is administrated
through drinking water [8, 45], subcutaneous mini-
pumps [23] or a long period of daily ip injections
[24]. These studies and the present data have in com-
mon the fact that tolerance to caffeine psychomotor
stimulation seems to be evident when environmental
cues during the test session are not the same as those
present during the repeated treatment.

Drug tolerance following the repeated administra-
tion of drugs of abuse can result from neuroadapta-
tions that are related to the withdrawal syndrome seen
when the drug is discontinued [29, 37]. In rodents,
common effects of caffeine withdrawal are decreased
locomotor activity and reinforcement threshold for
electrical brain stimulation [23, 30]. Withdrawal syn-
drome in humans comprises a variety of symptoms,
including apathy, weakness, headaches, anxiety,
decreased motor behavior, tremor and nausea [16].
Caffeine dose administered in the test injections
(10 mg/kg) to rats correspond to about 2 to 3 cups of
coffee in human weighing 70 kg [16].
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Caffeine is predominantly an adenosine A and Ajx
receptor antagonist on doses generally consumed by
humans [3, 46]. The antagonism of adenosine re-
ceptors mediates alterations in the mesocorticolimbic
dopaminergic system that is associated to the psycho-
motor effects of caffeine [12, 13]. It has been demon-
strated in microdialysis studies that systemic admini-
stration of moderate doses of caffeine (10-30 mg/kg,
ip) increases extracellular levels of dopamine in the
nucleus accumbens of rats [44]. However, De Luca et
al. [9] showed that similar doses of caffeine increase
extracellular levels of dopamine preferentially in the
medial prefrontal cortex and not in the nucleus ac-
cumbens. Caffeine locomotor sensitization has been
associated with a decreased A,a receptor in the nu-
cleus accumbens [47], a sensitized response to dopa-
minergic indirect agonists [7, 42] and increased dopa-
mine tissue levels in the striatum [20]. Caffeine toler-
ance is associated with decreased binding sites on the
A, adenosine receptor and increased binding on the
same receptor during withdrawal [8, 23]. Also, caf-
feine tolerance is accompanied by decreased D; dopa-
mine receptors binding sites in the nucleus accumbens
and caudate putamen [35]. Thus, we can hypothesize
that environmental context might modulate the altera-
tions on adenosinergic and dopaminergic neurotrans-
mission systems related to sensitization or tolerance
of caffeine locomotor effect after repeated drug ad-
ministration.

Conclusion

In our study, we demonstrated that caffeine, adminis-
tered by the same route, dose and schedule, induced
opposite behavioral adaptations following repeated
treatment, depending on the environmental context of
treatment. This highlights the key modulation of the
outcome of chronic caffeine administration by the en-
vironment surrounding the drug treatment.
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