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Alcohol abuse and dependence are importantmedical, social and economical problems, affectingmillions of peo-
ple. A relatively recent habit among young people is mixing alcohol with energy drinks (ED), in spite of the risks
involvedmay be higher than those associatedwith alcohol consumption alone. Themixture of alcohol and ener-
gy drinks, both with stimulant properties, may alter the perception of intoxication and could lead individuals to
believe they are less drunk and can drinkmore or for longer periods of time. In animals, the repeated administra-
tion of ethanol can lead to a progressive increase of the locomotor stimulant effect, known as behavioral sensiti-
zation, a drug-dependent behavioral plasticity associatedwith vulnerability to addiction. As well as for addiction,
there are clear individual differences in the level of sensitization to ethanol among species and even among indi-
viduals from the same strain. The present study assessed how ED affects the expression of ethanol sensitization.
Femalemice chronically treatedwith ethanol (2.4 g/kg)were classified as low-sensitized or high-sensitized. Two
days later, different groups of mice were submitted to saline + water, ethanol + water or ethanol + ED
systemic challenges. As expected, only the high-sensitized group expressed clear sensitization after ethanol
administration. However, the administration of ethanol + ED triggered the sensitization expression in the
low-sensitized group. These data indicate that the combined use of ED and ethanol can potentiate the stimulant
and, consequently, the reward effects of ethanol in previously treated mice. If a similar process occurs in human
beings, the use of ED can increase the risk of developing alcohol abuse or dependence.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Considering that the harmful use of alcohol results in the death of 2.5
million people annually (WHO, Global status report on alcohol and
health)many efforts and studies have been conducted in order to deter-
mine the factors which facilitate the transition from occasional use to
abuse or dependence. Recently, there has been an increase in the com-
bined consumption of alcohol and energy drinks (ED — such as Red
Bull®, Flying Horse®, Burn® etc). These beverages contain caffeine
and have been marketed as providing increased alertness (Miller,
2008; Reissig et al., 2009; Seifert et al., 2011). Some concerns on the
combined use of alcoholic beverages and energy drinks (AED) have
been expressed, since recent studies with college students suggest
AED consumption increases the probability of binge drinking and
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dependence development (Marczinski, 2011). There are reports on the
use of ED to reduce the depressant effects of ethanol and to extend the
duration, or even to increase the intensity, of its stimulant effects
(Ferreira et al., 2004a, 2004c). In a previous study, we showed ED signif-
icantly reduced the subjective sensations of alcoholic intoxication, al-
though when objectively evaluated they did not reduce the harmful
effects of alcohol on visual reaction time, motor coordination and phys-
ical performance (Ferreira et al., 2004b). Although some reports did not
detect an association between the use of ED and alcohol dependence de-
velopment (Verster et al., 2012), significant methodological differences
must be taken into account. Arria et al. (2011) showed that ED con-
sumption is associated with increased risk of development of alcohol
addiction. Recently, other authors (Cheng et al., 2012; Marczinski
et al., 2012, 2013) demonstrated thatmixing energy drinkswith alcohol
may increase the motivation to drink and the vulnerability to develop
alcohol dependence.

Ethanol reinforcing properties have been associated with the stimu-
lation of the dopaminergic mesocorticolimbic pathway (Wise and
Bozarth, 1987). The repeated exposure to drugs of abuse, such as etha-
nol, progressively increases their psychomotor stimulant effects, a phe-
nomenon known as behavioral sensitization and considered a form of
drug-dependent behavioral plasticity associated with addiction vulner-
ability (Masur and dos Santos, 1988; Masur et al., 1986; Segal and
Mandell, 1974; Vanderschuren and Kalivas, 2000). Psychomotor or
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behavioral sensitization to ethanol has been suggested as a behavioral
marker for alcohol preference and/or abuse liability in both animals
(Grahame et al., 2000; Lessov et al., 2001) and humans (Newlin and
Thomson, 1999). This suggests that those individuals whose develop
sensitization may be more vulnerable to develop addiction. Besides,
there are evidences that behavioral sensitization is associated with re-
lapse in drug addiction (for review see Steketee and Kalivas, 2011).

It is important to note that not all animals from the same species and
strain present stimulation after ethanol (Masur anddos Santos, 1988) or
develop sensitization. In Swiss mice, it is possible to observe important
individual variability in the development and expression of behavioral
sensitization to ethanol (Souza-Formigoni et al., 1999).Wehave recent-
ly demonstrated that variations in the development of ethanol sensiti-
zation reflect individual differences in addiction vulnerability since
ethanol sensitized mice voluntarily drink more ethanol than non-
sensitized or saline-treated control mice (Abrahao et al., 2013). Despite
the evidence of interaction between the stimulant effects of ethanol and
ED, there are few studies on the behavioral effects of AED in animal
models of the rewarding properties of drugs of abuse (Ferreira et al.,
2004c). Considering that ED can increase the stimulant effect of ethanol,
we hypothesized that ED administration could also increase the intensi-
ty of behavioral sensitization, as well as the proportion of mice that ex-
press it.

2. Methods

2.1. Animals

Albino Swiss female mice, from the Departamento de Psicobiologia-
UNIFESP, 35–50 g, aged 75 days at the beginning of the experiment,
were housed in plastic cages (44 × 34 × 16 cm, 18–22 animals/cage)
with free access to Purina chow and water (lights on 07:00 a.m. and
off 07:00 p.m., 22 ± 2 °C). The research project was approved by the
Committee of Ethics in Research of UNIFESP (563/01). The procedures
were carried out in accordance with international norms of the Guide
for the care and use of laboratory animals (1996).

2.2. Behavioral sensitization protocol

In order to induce sensitization to the stimulant effects of ethanol, we
adopted previously described procedures (Quadros et al., 2005; Souza-
Formigoni et al., 1999). For the assessment of their baseline locomotor
activity, all the animals were initially evaluated in one 15 min session
in a drug free situation, in Opto-Varimex cages (Columbus Instruments,
Columbus, Ohio; 47.5 × 25.7 × 20.5 cm),which detect locomotor activ-
ity by the interruption of horizontal photoelectric beams. From one day
after the baseline test on, seventy six mice were daily treated i.p. with
saline (n = 30) or 2.4 g/kg ethanol (n = 46, 15.0% p/v, Synth®) for
21 days and their activitywasweekly evaluated for 15 min in locomotor
activity cages (Opto-Varimex Mini, Columbus Instruments, Ohio), im-
mediately after the drug administration. Based on their locomotion on
day 21, ethanol-treatedmicewere classified into two groups: the lowest
half was considered as low-sensitized and the highest half as high-sen-
sitized. This classification was used to define two profiles of locomotor
response after the ethanol chronic treatment, allowing us to evaluate
possible factors associated with the individual variability.

2.3. Challenge phase

On day 23, the three subgroups (saline, low-sensitized and high-
sensitized) were divided into three challenge groups. The groups were
separated taking into account their levels of activity during the develop-
ment of behavioral sensitization to ethanol, making sure there were no
baseline differences among them before the challenges. Different sub-
groups of mice were challenged with saline i.p. + water p.o; ethanol
i.p. + water p.o. or ethanol i.p. + ED p.o. The ED Red Bull® (Fuschl/
Austria— commercially available) was administered in a dose equiv-
alent to 3 cans (250 ml/can) for a 70 kg human being (10.71 ml/kg).
It is important to point out that this dose contains 3.43 mg/kg of caf-
feine, an important stimulant constituent of Red Bull. After the ad-
ministration of the drugs, the activity was evaluated for 15 min
immediately after drug administrations.
2.4. Data analyses

The locomotor activity counts during the 15 min tests, weekly
performed during the treatment, were analyzed by two-way analysis of
variance (ANOVA) for repeated measures, being group (saline, low-
sensitized and high-sensitized mice) the independent factor and time
(the days of tests) the repeated measure factor. The data from the chal-
lenge phase were also analyzed by a two-way analysis of variance
(ANOVA) with group (saline, low-sensitized and high-sensitized mice)
and challenge (saline + water, ethanol + water or ethanol + ED) as in-
dependent factors. The Newman–Keuls tests for multiple comparisons
were used for post-hoc analyses.

In order to evaluate whether ED administration would change the
proportion of stimulated mice, we computed the number of stimulated
mice in each challenge test.We considered “stimulated” thosewhose lo-
comotor activity levelswere above the 95%upper limit of the confidence
interval of the high-sensitized group levels on the ethanol + water
challenge. In the saline + saline challenge no mice were considered
stimulated according to this criterion. The statistical comparison of pro-
portions was made using the test of proportions.

The level of significance adoptedwas5% for all analyses.Weused the
Statistica® v9.0 software for all analyses.
3. Results

Regarding the development of behavioral sensitization phase, the
ANOVA, considering the factors group (saline, low-sensitized and high-
sensitized) and time of treatment (days 1, 7, 14, 21) detected significant
effects of group (F2,73 = 64.28, P b 0.001), time (F3,219 = 106.53,
P b 0.001) and their interaction (F6,219 = 41.87, P b 0.001) (Fig. 1A).
High-sensitized mice presented higher locomotor activity levels than
the other groups on days 14 and 21 (P b 0.05) and higher locomotion
on day 21 than on days 1 and 7 (P b 0.05), demonstrating the develop-
ment of behavioral sensitization to the stimulant effect of ethanol
(Fig. 1A).

The challenge phase of the experiment was performed in order to
compare saline, low-sensitized and high-sensitized mice locomotor
stimulation after ethanol or the combined administration of ED and eth-
anol. No differences among groups were found under saline + water
challenge (F2,21 = 0.82). As expected, in the ethanol + water challenge
(F2,23 = 6.33, P b 0.05), only the high-sensitized group presented
higher activity levels than controls, demonstrating the expression of be-
havioral sensitization only in thosemice that had developed high levels
of sensitization to ethanol. However, when the mice received
ethanol + ED (F2,23 = 10.90, P b 0.05), higher activity levels were ob-
served both in the low and in the high sensitized groups when com-
pared to saline pre-treated control mice (Fig. 1B).

Using the criteria of stimulation effect described in Section 2.4,
we analyzed the percentage of mice considered stimulated after
drug administration. From the high-sensitized group, 87.5% of the
mice were considered stimulated after ethanol + water challenge
(expression of behavioral sensitization), but after ethanol + ED the
percentage of stimulated mice reached the total sample (100%,
P = 0.06). Considering the low-sensitized mice, there were only
25% stimulated mice in the ethanol + water challenge, but the ad-
ministration of ethanol + ED induced stimulation in 75% of the
low-sensitized mice (P b 0.01) (Fig. 1C).
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4. Discussion

Confirming our hypothesis, the administration of ethanol associated
with ED significantly increased the intensity of behavioral sensitization
expression and the proportion of “stimulated”mice. It is worth stressing
that the administration of energy drink increased the locomotion of an-
imals classified as low sensitized to ethanol, leading them to similar
levels of stimulation as those observed in the highly sensitized. These
data indicate that the acute administration of ED combinedwith ethanol
increases the expression of behavioral sensitization to the stimulant ef-
fect of ethanol.

Some authors have proposed that sensitization to drugs of abuse can
be used as an indirect measure of the neural adaptations related to the
transition from controlled or occasional to compulsive drug use and ad-
diction (Robinson andBerridge, 1993; Vanderschuren et al., 1999). There
are similarities between sensitization and the reinstatement of drug use,
since they share the same neural circuitry and some neurochemical
changes induced by drug administration (Steketee and Kalivas, 2011).
In previous studies, we have also demonstrated that sensitization is not
observed in all ethanol-treated animals (Abrahao et al., 2009; Quadros
et al., 2005; Souza-Formigoni et al., 1999). The individual variability in
this behavioral response to drugs of abuse may be an important charac-
teristic to be considered in the studies of neuroadaptation associated
with chronic exposure to drugs. Besides, we have recently demonstrated
that variations in the development of ethanol sensitization reflect indi-
vidual differences in addiction vulnerability since ethanol sensitized
mice voluntarily drink more ethanol than non-sensitized or saline-
treated control mice (Abrahao et al., 2013).

ED are a mixture of caffeine, taurine, carbohydrates and vitamins of
the B complex. Some studies in the literature suggest that caffeine and
taurine might alter the physiological and behavioral effects of ethanol
(Aragon and Amit, 1993; Aragon et al., 1992; Azcona et al., 1995;
Mackay et al., 2002; Miquel et al., 1999; Nuotto et al., 1982;
Quertemont et al., 2003). Caffeine effects on locomotor activity have
been studied for a long time. Hilakivi et al. (1989) reported that caffeine
doses up to 30 mg/kg did not change the locomotor activity of Swiss
male mice while 60 mg/kg induced a depressant effect. The same au-
thors foundno interactions between the acute administration of ethanol
(2.0 g/kg) and caffeine (up to 30 mg/kg) (Hilakivi et al., 1989).

The pretreatment with stimulant drugs is able to enhance the expres-
sion of behavioral sensitization to ethanol. Cocaine chronic treatment in-
duces a clear behavioral sensitization and also cross-sensitization to an
acute administration of ethanol (Lessov and Phillips, 2003). Besides, nico-
tine pretreatment significantly enhanced the ethanol-induced locomotor
stimulation (Johnson et al., 1995). In the present study,we did not find an
important acute effect of the co-administration of ethanol and ED in those
mice that received a chronic treatment with saline. We showed that pre-
vious chronic treatmentwith ethanolmay induce someneuroadaptations
which are not associatedwith the development of high levels of sensitiza-
tion to ethanol (low-sensitized group). However, after an acute adminis-
tration of ED, it was possible to observe the expression of high levels of
locomotor activity after ethanol administration in the low-sensitized
group of mice.

This paper is thefirst demonstration of the increase in the expression
of sensitization to ethanol after ED administration. It is important to
consider that ethanol and the components of the ED, for example caf-
feine (for review see Butler and Prendergast, 2012), have overlapping
neuropharmacology mechanisms. In vivo data suggest changes in the
sensibility of adenosinergic A2A receptors (mainly target of caffeine)
which become desensitized with prolonged ethanol exposure (Nagy
et al., 1989). Besides, caffeine reduces hypnotic effects of alcohol
Fig. 1. A. Locomotor activity (means ± S.E.M.) in the tests performed on days 1, 7, 14 and
21, evaluated for 15 minon each test, ofmice treatedwith salineor 2.4 g/kg ethanol. Based
on the order of the activity levels on the last test day, ethanol-treated mice were classified
into two groups: the lowest half was considered “low-sensitized” and the highest half
“high-sensitized”. * higher than the saline and the low-sensitized groups in the same
test (P b 0.05) and than their own levels on test 1 (P b 0.05). B. Locomotor activity
(means + S.E.M.) of the saline, low-sensitized and high-sensitized groups in the chal-
lenges: saline + water; ethanol + water or ethanol + ED, evaluated for 15 min on
each test. # significantly higher than the saline group in the same challenge (P b 0.05).
C. The graph represents the change in the proportion of stimulatedmice in each subgroup
(saline, low-sensitized and high-sensitized). We considered “stimulated” those mice
whose locomotor activity levels were above the 95% upper limit of the confidence interval
of the high-sensitized group levels on the ethanol + water challenge. In the
saline + saline challenge, nomice were considered stimulated according to this criterion.
Regarding the low-sensitized mice, there were only 25% stimulated mice in the
ethanol + water challenge, but the administration of ethanol + ED induced stimulation
in 75% of the low-sensitized mice (black line — P b 0.01). From the high-sensitized
group, 87.5% of themicewere considered stimulated after ethanol + water challenge (ex-
pression of behavioral sensitization), but after ethanol + ED the percentage of stimulated
mice reached the total sample (100%, P = 0.06).
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through adenosine A2A receptor blockade (El Yacoubi et al., 2003) and
A2A receptor deficiency leads to an increased sensitivity to the
locomotor-stimulant effects of ethanol (Houchi et al., 2008). Thus, ED
may enhance the stimulant effect of ethanol by the effect of caffeine in
block adenosinergic receptors. Wemay hypothesize that low sensitized
mice have higher levels of adenosinergic receptor that could mask the
stimulant effect of ethanol. However, after ED administration and the ef-
fect of the caffeine on the adenosinergic receptors, ethanol is able to in-
duce the high stimulant effect observed in the low-sensitized group. It is
important to point out that other components of ED may also affect the
stimulant effect of ethanol in low-sensitized mice.

Considering that the psychostimulant effect of drugs may be associ-
ated with its reinforcement properties (Wise and Bozarth, 1987), the
data of the present study indicate that the combined administration of
ethanol and ED may trigger rewarding effects in mice that were not
stimulated by ethanol alone. Our data can be of clinical relevance,
since if a similar phenomenon occurs in humans, onewill be able to ob-
serve an increase in the number of individualswho experience the stim-
ulant (reinforcing) effects of alcohol. This could lead to an increase in
the odds of developing an abusive use of and/or dependence on this
drug.
5. Conclusion

In the present study, the administration of ethanol alone or ED com-
bined with ethanol induced an increase of the locomotor activity in
mice that had developed clear levels of behavioral sensitization to the
stimulant effect of ethanol. On the other hand, despite the administra-
tion of ethanol alone had not induced a clear locomotor stimulation in
somemice (low sensitized group) the addition of ED to the same proto-
col caused a clear stimulant effect unmasking the expression of behav-
ioral sensitization.
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