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Smoking and consumption of alcoholic beverages are frequently associated during adolescence. This association could be explained by

the cumulative behavioral effects of nicotine and ethanol, particularly those related to anxiety levels. However, despite epidemiological

findings, there have been few animal studies of the basic neurobiology of the combined exposure in the adolescent brain. In the present

work we assessed, through the use of the elevated plus maze, the short- and long-term anxiety effects of nicotine (NIC) and/or ethanol

(ETOH) exposure during adolescence (from the 30th to the 45th postnatal day) in four groups of male and female C57BL/6 mice: (1)

Concomitant NIC (nicotine free-base solution (50 mg/ml) in 2% saccharin to drink) and ETOH (ethanol solution (25%, 2 g/kg) i.p. injected

every other day) exposure; (2) NIC exposure; (3) ETOH exposure; (4) Vehicle. C57BL/6 mice were selected, in spite of the fact that

they present slower ethanol metabolism, because they readily consume nicotine in the concentration used in the present study. During

exposure (45th postnatal day: PN45), our results indicated that ethanol was anxiolytic in adolescent mice and that nicotine reverted this

effect. Short-term drug withdrawal (PN50) elicited sex-dependent effects: exposure to nicotine and/or ethanol was anxiogenic only for

females. Although neither nicotine nor ethanol effects persisted up to 1 month postexposure (PN75), the coadministration elicited an

anxiogenic response. In spite of the fact that generalizations based on the results from a single strain of mice are prone to shortcomings,

our results suggest that the deficient response to the anxiolytic effects of ethanol in adolescents co-exposed to nicotine may drive higher

ethanol consumption. Additionally, increased anxiety during long-term smoking and drinking withdrawal may facilitate relapse to drug use.
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INTRODUCTION

Tobacco and ethanol are the most commonly abused drugs
and, as indicated by epidemiological studies, tobacco
smoking and alcohol drinking very often occur concomi-
tantly. The majority (between 80 and 95%) of alcoholics
smoke and 70% of alcoholics are heavy smokers, compared
with the 10% in the population as a whole. In addition,
smokers consume twice as much alcohol as do nonsmokers
and alcoholics who smoke consume more cigarettes than do
nonalcoholic smokers (Carmody et al, 1985; Dawson, 2000;
DiFranza and Guerrera, 1990; Larsson and Engel, 2004;

Patten et al, 1996). Adolescence is the critical period during
which most smokers begin their habit (National Institute on
Drug Abuse, 1998; Nelson et al, 1995). Exploratory alcohol
use also typically occurs during adolescence (Spear, 2000).
Perhaps most importantly, there is a strong correlation
between onset of tobacco consumption at an early age and
alcohol addiction, characterizing adolescence as a period of
vulnerability (Grant, 1998). Accordingly, a better under-
standing of the frequent association between nicotine and
alcohol consumption during adolescence is an important
area of research, since it could help elaborate intervention
strategies to decrease the co-abuse.

Studies of adult smokers have shown that tobacco can
reduce anxiety, suggesting that smokers continue smoking
to regulate anxiety state (Gilbert et al, 1989; Picciotto et al,
2002; Pomerleau, 1986). In contrast, adolescent smokers
report increased levels of anxiety during exposure, even
though it has been suggested that anxiety is also a symptom
of nicotine withdrawal (Hughes et al, 2000; Parrot, 2003).
Since it has been hypothesized that anxiety levels play a role
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in the maintenance of smoking, it is reasonable to suggest
that anxiety levels associated with smoking and smoking
abstinence may play an important role in adolescent tobacco
use. Studies in animal models have reported both anxiolytic
(Brioni et al, 1993) and anxiogenic (Ouagazzal et al, 1999)
effects of nicotine. In accordance with the aforementioned
differences between adolescent and adult human smokers,
these conflicting patterns of response seem to depend on the
age (adolescence vs adulthood) (Elliott et al, 2004; Smith
et al, 2006). In addition, the regimen of administration,
nicotine dose, sex, species/strain, and the method of
assessing anxiety may also play a role (Adriani et al, 2004;
Balerio et al, 2006; Cheeta et al, 2001; Elliott et al, 2004;
Marco et al, 2006; Slawecki et al, 2003; Smith et al, 2006).

The anxiolytic-like profile of alcohol has been widely
recognized as an important factor in alcohol abuse.
Excessive alcohol consumption by anxious patients, pre-
sumably due to the anxiolytic properties of alcohol, has led
to the hypothesis that anxiety could be a critical factor in
the etiology of alcohol drinking (Colombo et al, 1995). The
anxiolytic-like effects of ethanol associated with forced and
acute administration (Bilkei-Gorzo et al, 1998; Ferreira et al,
2000; Hall et al, 1998; Martijena et al, 2001; Varlinskaya and
Spear, 2002) or voluntary ethanol consumption (Colombo
et al, 1995; Gallate et al, 2003) have been extensively
described in different rodent tests. In addition, in contrast
to the effect described during exposure, the occurrence of
an anxiogenic-like effect during ethanol withdrawal has
been reported (Kliethermes, 2005). Recent studies have
demonstrated that the effects of ethanol are dependent on
the age of exposure, so that ethanol exposure differentially
affects adolescents and adults. Adolescent rodents may be
hyposensitive to ethanol effects that may serve as cues to
modulate intake, such as anxiolysis during exposure and
anxiogenic manifestations of withdrawal (Doremus et al,
2003; Spear and Varlinskaya, 2005; Varlinskaya and Spear,
2004), however, effects of ethanol on anxiety-related
behaviors are still controversial. Particularly, in contrast
to these previous findings, recent studies have shown that
ethanol elicits a more prominent anxiogenic response after
adolescent exposure (Popovic et al, 2004; Slawecki et al,
2004; Slawecki and Ehlers, 2005).

In spite of the epidemiological findings indicating a
frequent association between tobacco and alcohol con-
sumption (Carmody et al, 1985; Dawson, 2000; DiFranza
and Guerrera, 1990; Grant, 1998; Larsson and Engel, 2004;
Patten et al, 1996), there is scant information as to the
behavioral consequences of interactions of nicotine and
ethanol during adolescence. Accordingly, the purpose of the
current study was to examine the effects of adolescent
nicotine and/or ethanol administration on anxiety levels
during drug administration and withdrawal. Regular
smokers tend to smoke intermittently in order to maintain
blood levels of nicotine above a minimum effective
concentration during their active period, therefore, we
chose to give animals free access to a nicotine solution in
the drinking water, which allows for consumption during
their active time. As for ethanol, we chose a moderate dose
to be injected (i.p.) every other day, mimicking adolescents
binge drinking. The elevated plus maze (EPM), a reliable
instrument for the analysis of anxiety-like behavior
(Carobrez and Bertoglio, 2005) was used to assess anxiety

levels during drug exposure and at different ages up to 1
month after the initiation of withdrawal.

METHODS

Animal Treatment and Behavioral Testing

All experiments were carried out in accordance with the
declaration of Helsinki and with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by
the National Institutes of Health. C57BL/6 mice were chosen
because prior reports demonstrate that adult and peri-
adolescent mice from this strain consume nicotine in the
concentration used in the present study (Klein et al, 2003,
2004; Sparks and Pauly, 1999). All mice were bred and
maintained in our laboratory. The animals were kept in a
temperature-controlled room on a 12 h light/dark cycle
(lights on at 0200). Access to food and water was ad lib. On
the first postnatal day (PN1), litters were culled to a
maximum of eight mice to ensure standard nutrition. At
weaning (PN25), animals were separated by sex and allowed
free access to food and water.

On PN29, pups from 55 litters (128 females and 135 males)
were individually housed. Single housing may influence
animals’ behavior (Douglas et al, 2003; Vanderschuren et al,
1997), however, it allowed for accurate measurement
of fluid intake/nicotine consumption for each animal.
Animals were exposed to nicotine and/or ethanol from
PN30 to PN45, the approximate age range during which
animals of both genders and most breeding stock exhibit
adolescent-typical behavioral characteristics and particular
neurochemical and endocrine patterns when compared to
adulthood and prepubertal periods (Spear, 2000). During
this period, (–)-nicotine freebase (50 mg/ml) (Sigma, St
Louis, MO) in 2% saccharin or 2% saccharin only was
administered in the drinking water (the sole source of fluid)
in order to mimic continuous nicotine consumption; while
25% ethanol (2 g/kg) solution (v/v) in saline or saline only
was injected (i.p.) every other day in order to mimic cyclical
patterns of alcohol consumption. Accordingly, male and
female mice from each litter were distributed into four
treatment groups: VEH (oral saccharin + injected saline),
NIC (oral nicotine/saccharin + injected saline), ETOH (oral
saccharin + injected ethanol), and those receiving the
combined treatment: NIC + ETOH (oral nicotine/saccharin
+ injected ethanol). Bottles were cleaned and refilled daily.
Loss due to leakage was measured from a bottle placed in an
empty cage (‘blank’) and subtracted from fluid consump-
tion data. Body weights and fluid consumption were also
measured every day. Since body weight increases signifi-
cantly during adolescence, daily fluid intake data were
obtained by dividing the absolute values of fluid intake of
each animal by its own body weight.

Animals were submitted to the EPM at three different
time points, one at the end of the drug administration
period (PN45), and the other two at 5 days and 1 month
after the end of the drug exposure period (PN50 and PN75,
respectively). For mice assigned to the PN45 group, in order
to avoid acute effects due to drug exposure, such as motor
impairment, the last ethanol injection was administered 1
day before the test. The EPM is shaped like a plus sign and
consists of two ‘open’ (no walls, 5� 29 cm) and two ‘closed’
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(5� 29� 15 cm) arms arranged perpendicularly and ele-
vated 50 cm above the floor. The test began with the animal
being placed on the center of the equipment, facing a closed
arm. Each test lasted 10 min and all testing sessions were
performed between 0300 and 0700 in a sound attenuated
room. All tests were videotaped and the total time spent in
the open arms (Time OA), the percentage of time spent in
the open arms (%Time OA: the time spent in open arms
divided by time spent in open + closed arms), and the
number of open arms entries (Entries OA) were used as
anxiety measures (Elliott et al, 2004; Ferandes and File,
1996; Hogg, 1996; Rodgers and Dalvi, 1997). Considering
that Entries OA is related to levels of locomotor activity, and
that locomotor activity may be affected by activation or
suppression effects of nicotine and ethanol, the percentage
of open arms entries (%Entries OA: the number of entries in
open arms divided by number of entries in open + closed
arms (Entries OA + CA), an index that corrects for altered
locomotor activity, was also used as a measure of anxiety
(Elliott et al, 2004; Ferandes and File, 1996; Hogg, 1996;
Rodgers and Dalvi, 1997). Entries OA + CA was used as a
measure of activity. All the variables were scored using the
video images of the tests.

Data Analysis

Data are compiled as means and standard errors. To reduce
the likelihood of type 1 statistical errors that might result
from repeated testing of the global data set, results of
longitudinal studies were evaluated first by a global
repeated-measures analyses of variance, rANOVA, (data
log transformed whenever variance is heterogeneous) on all
factors (nicotine and/or ethanol TREATMENT, AGE, SEX).
For nicotine consumption, effects of nicotine and/or ethanol
TREATMENT on body weights and on fluid intake divided
per body weight (fluid intake/body weight), DAY was
considered the within-subjects factor. The ANXIETY
MEASURES (Time OA, %Time OA, Entries OA, %Entries
OA) were also treated as repeated measures, since each was
obtained from the same animal at each age.

Appropriate lower-order ANOVAs were utilized whenever
significant interactions of TREATMENT with other factors
were detected. These determinations were made before
deciding whether to pool values from animals of both sexes
within each treatment group. Individual group or age
differences were evaluated post hoc by Fisher’s protected
least significant difference (FPLSD). However, whenever
treatment effects did not interact with other factors, only the
main effect was recorded. Significance is assumed at the
level of Po0.05 for main effects and at Po0.1 for
interactions. We also examined whether lower-order main
effects were detectable after subdivision of the interactive
factors (Snedecor and Cochran, 1967).

The study design required two different ways of regarding
treatment factors. To compare the effects of nicotine expo-
sure alone, ethanol exposure alone, or the combined expo-
sure to controls or to each other, the four treatment groups
were considered as a one-dimensional factor (TREATMENT)
in the statistical design. To determine whether the effects of
nicotine exposure and ethanol exposure were interactive, the
treatment factors were changed to a two-dimensional design
(two factors: NICOTINE treatment and ETHANOL treat-

ment). In this formulation, more-than-additive (synergistic)
and less-than-additive effects appear as significant interac-
tions between the two treatment dimensions, whereas simple,
additive effects do not show significant interactions (Abreu-
Villaça et al, 2004a, b; Rhodes et al, 2003).

Activity effects (Entries OA + CA) were evaluated with
analysis of variance (ANOVA) (nicotine and/or ethanol
TREATMENT, AGE, SEX were used as factors).

Considering that animals had ad lib access to the nicotine
solution, variations in the amount of nicotine received were
to be expected. The normality of the distributions of average
daily nicotine consumption per animal was assessed by
means of Kolmogorov–Smirnov one-sample tests (K–S). In
order to verify whether there were significant associations
between the total amount of nicotine received and the
behavioral variables, Kendall’s correlation coefficients (t)
were calculated. The analysis was carried out initially using
the entire data set and subsequently segmenting the data set
into TREATMENT (NIC and NIC + ETOH); AGE (PN45,
PN50, and PN75); and SEX groups.

RESULTS

Effects on Fluid Intake/Body Weight, Nicotine
Consumption, and Body Weight

As indicated by the rANOVA, fluid intake/body weight
increased throughout the experiment (DAY: F¼ 90.6,
df¼ 14, Po0.0001; days 1 through 5: 0.2670.004 ml/g; days
6 through 10: 0.3270.003 ml/g; days 11 through 15:
0.3570.003 ml/g). Overall fluid intake/body weight was
affected by TREATMENT (F¼ 8.4, df¼ 3, Po0.0001) in a
sex-dependent way (TREATMENT� SEX interaction:
F¼ 3.3, df¼ 3, Po0.02). After separation by sex, we found
significant TREATMENT effects only for females (F¼ 8.5,
df¼ 3, Po0.0001) with a rank order of VEH4NIC¼
ETOH4NIC + ETOH. Nicotine exposure elicited a signifi-
cant reduction in fluid intake/body weight relative to the
VEH group (Po0.004, FPLSD), suggestive of an aversive
taste effect specific for females. A reduction of similar
magnitude (since NIC¼ ETOH, P¼ 0.43, FPLSD) was also
identified for the ETOH when compared to the VEH group
(Po0.02, FPLSD), indicating that ethanol injections also
negatively affected fluid intake. Females receiving the
combined treatments showed a significant fluid intake/
body weight reduction relative to the NIC (Po0.04, FPLSD),
ETOH (Po0.02, FPLSD) and VEH (Po0.0001, FPLSD)
groups that reflected additive nicotine and ethanol effects
(no interaction of NICOTINE� ETHANOL treatments in
the two-dimensional design ANOVA) (Table 1).

Similarly, nicotine consumption significantly increased
(DAY: F¼ 39.1, df¼ 14, Po0.0001) throughout the experi-
ment (days 1 through 5: 12.470.2 mg/kg; days 6 through 10:
15.270.2 mg/kg; days 11 through 15: 16.570.2 mg/kg). We
also found interactions of TREATMENT� SEX (F¼ 2.8,
df¼ 1, Po0.1) and of DAY�TREATMENT� SEX (F¼ 1.5,
df¼ 14, Po0.09). After separation of the values by sex, we
also found significant TREATMENT effects only for females
(F¼ 4.9, df¼ 1, Po0.04), reflecting reductions in nicotine
consumption for the NIC + ETOH when compared to the
NIC group restricted to the third (Po0.004, FPLSD) and
ninth (Po0.03, FPLSD) days of exposure. As expected, daily
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nicotine consumption in the NIC and NIC + ETOH groups
varied from animal to animal. The distributions of
consumption data were clearly normal for both groups
(NIC K–S: Z¼ 0.6, P40.1; NIC + ETOH K–S: Z¼ 0.7,
P40.1). The analysis of the Kendall’s correlation coeffi-
cients indicated that the variations in the amount of
nicotine that the animals (NIC and NIC + ETOH groups)
consumed were not associated with any of the behavioral
variables (to0.1, P40.1 in all cases).

In spite of treatment and sex differences in fluid intake/
body weight and in nicotine consumption, body weight gain
was not affected by TREATMENT (no effect or interactions
were observed).

Overall Statistical Analysis of Anxiety Measures

Considering the four treatments in a one-dimensional
design rANOVA, we found significant interactions of
TREATMENT�AGE, TREATMENT�ANXIETY MEASURES,
TREATMENT�ANXIETY MEASURES�AGE. With the
NICOTINE and ETHANOL treatments considered as
separate factors in a two-dimensional design, we again

found interactions indicative of NICOTINE- or ETHANOL-
selective effects. Furthermore, NICOTINE and ETHANOL
treatments interacted with each other, and with ANXIETY
MEASURES. Given the interaction of each treatment with
the type of measurement, and age, we separated the data
into the individual anxiety measures and age and then
reexamined the results. Treatments were also interactive
with sex, so after subdividing the data, we kept this variable
in the analysis to see whether treatment interactions
remained detectable (Table 2).

Anxiety Effects

On PN45 (Figure 1a–d), with TREATMENT considered as a
one-dimensional factor, main TREATMENT effects on Time
OA (F¼ 3.3, df¼ 3, Po0.03) and on %Entries OA (F¼ 3.7,
df¼ 3, Po0.02) were detected. Ethanol exposure elicited an
increase in Time OA (Po0.02, FPLSD) and %Entries OA
(Po0.01, FPLSD) relative to the VEH group; thus, ethanol
elicited an anxiolytic response. Animals receiving the
combined treatment showed reduced Time OA (Po0.007,
FPLSD) and %Entries OA (Po0.003, FPLSD) values when
compared to the ETOH group. There was also a trend
for decreased Time OA in the NIC + ETOH when compared
to the NIC group (P¼ 0.06, FPLSD). Using the two-
dimensional design (NICOTINE and ETHANOL treatments
considered as separate factors in the ANOVA), we found
NICOTINE� ETHANOL interactions for all anxiety mea-
sures: Time OA (F¼ 9.1, df¼ 1, Po0.004), %Time OA
(F¼ 6.7, df¼ 1, Po0.02), Entries OA (F¼ 7.4, df¼ 1,
Po0.009), and %Entries OA (F¼ 8.9, df¼ 1, Po0.004),
indicative of less-than-additive effects of NICOTINE and
ETHANOL: the anxiolytic effects of ethanol were reduced by
nicotine co-exposure. There were no SEX effects or
TREATMENT� SEX interactions.

For Entries OA + CA (Figure 1e), the ANOVA detected a
main TREATMENT effect (F¼ 4.3, df¼ 3, Po0.008). In
keeping with previous data (Saito et al, 2005; Ulusu et al,
2005), nicotine exposure alone elicited increased locomotor
activity (NIC4VEH, Po0.02; NIC4ETOH, Po0.005;
FPLSD). However, ethanol treatment reversed the nicotine-
induced increase in locomotor activity as indicated by the
significant difference between values for the nicotine and
combined exposure groups (NIC4NIC + ETOH, Po0.002;
FPLSD) and by the less-than-additive effect of NICOTINE
and ETHANOL detected by the NICOTINE� ETHANOL

Table 1 Fluid Intake/Body Weight, Nicotine Consumption, and
Body Weight Data

Measure VEH NIC ETOH NIC+ETOH

Fluid intake/body weight (ml/g)

Male 0.3170.01 0.2970.01 0.3170.01 0.2970.01

Female 0.3770.02 0.3270.02a,b 0.3270.01a,b 0.2870.01a

Nicotine consumption (mg/kg)

Male F 14.770.50 F 14.670.45

Female F 15.770.75b F 13.870.45

Body weight (g)

Male 14.570.45 14.770.48 13.870.44 14.270.43

Female 13.270.35 13.170.39 12.470.34 12.770.33

Abbreviations: ETOH, ethanol exposure group; NIC, nicotine exposure group;
NIC+ETOH, nicotine and ethanol exposure group; VEH, vehicle group.
aValues for which there were significant differences when compared to the VEH
group.
bValues for which there were significant differences when compared to the
NIC+ETOH group (mean7SEM).

Table 2 Overall Analysis of Anxiety Effects

Effect One-dimensional design Effect Two-dimensional design

Treatment� age F¼ 3.6, df¼ 6, Po0.002 Ethanol treatment� age F¼ 2.6, df¼ 2, Po0.08

Treatment� age� sex F¼ 2.0, df¼ 6, Po0.06 Ethanol treatment� age� sex F¼ 2.4, df¼ 2, Po0.09

Treatment�measures F¼ 2.0, df¼ 9, Po0.04 Ethanol treatment�measures� age� sex F¼ 2.3, df¼ 6, Po0.04

Treatment�measures� age F¼ 3.3, df¼ 18, Po0.0001 Nicotine treatment�measures F¼ 2.2, df¼ 3, Po0.09

Treatment�measures� age� sex F¼ 2.1, df¼ 18, Po0.007 Nicotine treatment�measures� age� sex F¼ 2.0, df¼ 6, Po0.07

Ethanol� nicotine treatment F¼ 3.9, df¼ 1, Po0.05

Ethanol� nicotine treatment�measures F¼ 3.0, df¼ 3, Po0.04

Measures refer to the four anxiety measures (Time OA, %Time OA, Entries OA, %Entries OA). The main effects and interaction terms that showed no significant
differences are not shown in the table.
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interaction in the two-dimensional design (F¼ 3.4, df¼ 1,
Po0.06).

On PN50 (Figure 2a–d), with TREATMENT considered as
a one-dimensional factor, the ANOVA detected significant
TREATMENT� SEX interactions for Time OA (F¼ 2.3,
df¼ 3, Po0.09) and %Time OA (F¼ 2.5, df¼ 3, Po0.07).
After separation by sex, we found significant TREATMENT
effects only for females: Time OA (F¼ 3.6, df¼ 3, Po0.03);
%Time OA (F¼ 4.2, df¼ 3, Po0.02). Females receiving
nicotine (Time OA: Po0.01, %Time OA: Po0.005, FPLSD);
ethanol (Time OA: Po0.02, %Time OA: Po0.01, FPLSD);
or the combined treatment (Time OA: Po0.05, %Time OA:
Po0.03, FPLSD) presented reduced values when compared
to the VEH group, thus indicating a consistent anxiogenic
response. With NICOTINE and ETHANOL treatments
considered as two dimensions, females presented NICOTINE�
ETHANOL interactions for Time OA (F¼ 5.0, df¼ 1,
Po0.03) and %Time OA (F¼ 5.9, df¼ 1, Po0.02), thus
indicating less-than-additive effects of NICOTINE and
ETHANOL. There were no significant alterations on the
activity measure (Entries OA + CA; Figure 2e).

On PN75, 1 month after the end of treatment (Figure
3a–d), with a one-dimensional arrangement of the TREAT-
MENT factors, the ANOVA detected significant TREAT-
MENT effects for all anxiety measures: Time OA (F¼ 3.2,
df¼ 3, Po0.03); %Time OA (F¼ 3.0, df¼ 3, Po0.04);
Entries OA (F¼ 3.5, df¼ 3, Po0.02); and %Entries OA
(F¼ 2.8, df¼ 3, Po0.05). Animals receiving the combined
treatment presented reduced values when compared to the
VEH (Time OA: Po0.02, %Time OA: Po0.04, Entries OA,
and %Entries OA: Po0.03, FPLSD); NIC (Time OA:
Po0.02, %Time OA: Po0.009, Entries OA: Po0.003,
%Entries OA: Po0.02, FPLSD); and ETOH (Time OA and
%Entries OA: Po0.02, FPLSD) groups, thus indicating a
consistent anxiogenic response due to the combined

exposure. Expanding the analysis to consider NICOTINE
and ETHANOL treatments as two separable factors, we
identified significant NICOTINE� ETHANOL interactions
for Time OA (F¼ 2.8, df¼ 1, Po0.1); Entries OA (F¼ 3.5,
df¼ 1, Po0.07); and %Entries OA (F¼ 3.3, df¼ 1, Po0.08).
The significant interaction of the two treatments indicated
that the effect of combined nicotine and ethanol treatment
could not be statistically accounted for by the summation of
the two individual sets of effects: although neither nicotine
nor ethanol alone elicited significant changes on anxiety
measures when compared to the vehicle group (VEH), there
was significant reductions in Time OA (F¼ 2.8, df¼ 1,
Po0.1); Entries OA (F¼ 3.5, df¼ 1, Po0.07); and %Entries
OA (F¼ 2.9, df¼ 1, Po0.08) due to the combined exposure,
revealing a synergistic effect of NICOTINE and ETHANOL.
The effect of the combined treatment on %Time OA was
indistinguishable from a simple additivity of the effects of
nicotine and ethanol exposure.

For Entries OA + CA (Figure 3e), the ANOVA detected a
main TREATMENT effect (F¼ 2.9, df¼ 3, Po0.04). Nico-
tine exposure alone elicited increased locomotor activity
when compared to the NIC + ETOH group (Po0.007;
FPLSD), however, there were no further significant differ-
ences between groups. The two-factor analysis of the
treatment variables indicated no significant interaction of
NICOTINE� ETHANOL, connoting the fact that the effects
of combined exposure were undistinguishable from simple
additivity of the effects of nicotine and ethanol.

DISCUSSION

Tobacco and alcohol consumption are the most commonly
abused drugs by teenagers. In spite of the epidemiological
association of these drugs in humans, little is known about
the possible interactions between them, mainly at the
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critical developmental period of adolescence. The present
study provides experimental evidence for functional inter-
actions between nicotine and ethanol in the regulation of
behavioral responses, particularly anxiety-related behaviors
in adolescent mice.

Methodological Issues

Rats and some strains of mice have a taste aversion to
nicotine. C57BL/6 mice were chosen because prior reports
demonstrate that adult and periadolescent mice from this
strain consume nicotine in the concentration used in the
present study. In fact, oral nicotine has also been shown to
be effective in eliciting behavioral (Adriani et al, 2002, 2004;
Gaddnas et al, 2001) and neurochemical alterations,
including nicotinic receptors upregulation (Nuutinen et al,
2005; Sparks and Pauly, 1999), altered monoamine levels,
and metabolism (Gaddnas et al, 2000; Tammimaki et al,
2006; Vihavainen et al, 2006) as well as altered expression of
genes implicated in synaptic plasticity induced by drugs of
abuse (Marttila et al, 2006) and in Alzheimer’s disease
(Gutala et al, 2006) in this and other mouse strains. This
strain of mice is known to present particular features, such
as higher voluntary ethanol consumption (Crawley et al,
1997), which should be taken into consideration in studies
that involve the administration of this substance, even
though the bases underlying these strain-specific character-
istics remain poorly understood (Crabbe et al, 1999). As a
result, generalizations should be made with care. In spite of
the peculiarities of this strain, significant differences
between groups were observed in our study. This fact
clearly indicates that there is some fundamental aspect of

the neurobiology of these animals that has been differen-
tially affected by the treatment, which should be amenable
to further investigation. Accordingly, future studies on the
biological bases of ethanol and nicotine interactions are
necessary and the use of other strains and species may
provide valuable data.

Though nicotine concentration may seem high in the
drinking solution, nicotine absorption from the buccal
cavity yields cotinine plasma levels (Klein et al, 2003, 2004;
Sparks and Pauly, 1999) comparable to those found in
adolescent smokers (Binnie et al, 2004; Caraballo et al, 2004;
Wood et al, 2004). As for ethanol, according to previous
studies in adolescent rodents, even the moderate doses used
in the present study result in blood levels well above the
legal driving limit (Silveri and Spear, 2000). Ethanol plasma
levels are reduced among animals that are simultaneously
exposed to ethanol and nicotine (Chen and Harle, 2005;
Gilbertson and Barron, 2005; Nowak et al, 1987; Scott et al,
1993). Accordingly, it may be suggested that the less-than-
additive effects of the combined exposure to nicotine and
ethanol described in the present study could be due to a
reduction in ethanol plasma levels. However, this reduction
was only described in animals that received oral ethanol,
which led to the suggestion that it is related to a nicotine-
induced delay in gastric emptying (Chen and Harle, 2005;
Gilbertson and Barron, 2005; Nowak et al, 1987; Scott et al,
1993), causing an increased ethanol metabolization by the
gastric alcohol dehydrogenase (Oneta et al, 1998). In fact,
other studies indicated that chronic nicotine does not
change ethanol concentration if ethanol is infused intra-
venously (Hisaoka and Levy, 1985). Although we cannot rule
out the presence of metabolic nicotine–ethanol interactions;
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since in the present study we used i.p. ethanol injections, it
is unlikely that such metabolic interactions alone can
explain the current findings. Additional evidence that
nicotine and ethanol interactions do not have a pharmaco-
kinetic origin comes from studies which show that nicotine
does not influence the elimination rate of ethanol and vice
versa (Collins et al, 1988).

Both nicotine and ethanol exposure elicited a sex-
dependent female-only reduction in the fluid intake/body
weight measure. Furthermore the reduction observed in the
nicotine + ethanol group reflected additive effects, which
indicated that the female nicotine + ethanol group received
somewhat less nicotine than the female nicotine only group.
Although we cannot rule out the possibility that these group
differences in nicotine consumption influenced the results,
only for Time OA and %Time OA in PN50 were the results
of males different from those of females, as indicated by
significant TREATMENT� SEX interactions. However, for
both variables, no differences were found between NIC and
NIC + ETOH groups in both sexes (Figure 2). Furthermore,
the absence of sex effects or interactions on all other anxiety
measures, the presence of synergistic effects of the
combined exposure on PN75, the absence of body weight
differences, and the lack of association between the
variations in total amount of nicotine consumed and the
behavioral variables support the assumption that altered
anxiety levels described in the present study cannot be
explained by group differences in fluid intake/body weight
and/or nicotine consumption.

Our results agree with previous studies that showed that
mice are sensitive to the locomotor activating effects of
nicotine (Saito et al, 2005; Ulusu et al, 2005). We were
concerned that altered activity could influence anxiety

measures; accordingly, in addition to using the absolute
number of open arms entries as a measure of anxiety, we
used the percentage of open arms entries. Whenever we
found significant alterations of the absolute number of open
arms entries, we also found similar alterations in the
percentage of open arms entries, therefore, we are confident
that the observed changes in anxiety measures do not reflect
changes in locomotor activity.

Anxiolytic Effects during Adolescent Exposure

The anxiolytic effects of ethanol have been extensively
described (Bilkei-Gorzo et al, 1998; Colombo et al, 1995;
Ferreira et al, 2000; Gallate et al, 2003; Hall et al, 1998;
Martijena et al, 2001; Martin-Garcia and Pallares, 2005;
Varlinskaya and Spear, 2002). In fact, although a previous
study indicated that adolescent rats may be less sensitive
than adults to the anxiolytic effects of ethanol (Varlinskaya
and Spear, 2002), a recent study (Hefner and Holmes, 2007)
showed that adolescent C57BL/6J mice exhibit increased
sensitivity to anxiolytic-like effects of ethanol when
compared to adults. Our current results also indicate that
ethanol reduces anxiety during adolescence, reinforcing the
hypothesis that anxiety could be a critical factor in the
etiology of alcohol drinking (Colombo et al, 1995) and
extending the period of susceptibility to include adoles-
cence, when alcohol use typically begins. Nicotine exposure
has been described as both anxiogenic and anxiolytic
(Adriani et al, 2004; Brioni et al, 1993; Cheeta et al, 2001;
Elliott et al, 2004; Marco et al, 2006; Ouagazzal et al, 1999;
Slawecki et al, 2003). Although we found a trend toward
anxiolytic effects of nicotine during adolescent exposure,
this failed to reach statistical significance. Previous findings
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in adolescent mice indicate that a lower dose of oral
nicotine elicits an anxiogenic response (Adriani et al, 2004).
However, our results seem to corroborate recent findings
describing that adolescent nicotine does not alter the
anxiety state in rats (Marco et al, 2006). However, our
results further indicate that the anxiolytic effects of ethanol
were reduced by co-exposure with nicotine during adoles-
cence. In light of previous studies on ethanol–nicotine
interactions in adult rodents suggesting additive or
synergistic anxiolytic effects (depending on the genotype)
(Cao et al, 1993); and of contrasting little evidence of
interactive effects of nicotine and ethanol during the second
postnatal week (Gilbertson and Barron, 2005), our findings
provide evidence for adolescence as a critical window for
nicotine and ethanol interactions, with unique effects when
compared to adulthood and prepubertal periods. More to
the point, adolescent nicotine exposure seems to counter-
mand the anxiolytic effect of ethanol consumption. This
result raises the question of whether adolescents that co-
abuse tobacco and ethanol end up consuming more ethanol
in order to attain the desired level of anxiolysis. In this
regard, experimental studies in rodents have shown that
nicotine increases ethanol self-administration and that this
response is suppressed by the nicotinic antagonist meca-
mylamine (Le et al, 2000), which provides evidence for the
involvement of nicotinic receptors in the modulation of
ethanol consumption.

Anxiogenic Effects during Withdrawal

Anxiety was suggested to be a symptom of tobacco
withdrawal (Hughes et al, 2000; Parrot, 2003). In this sense,
the lack of an anxiety effect in males during the 5-day
withdrawal due to nicotine or ethanol exposure was
somewhat surprising. Regarding nicotine, behavioral altera-
tions in males were expected since it has been already
demonstrated that they show more persistent modifications
in cholinergic systems, the primary targets of nicotine, after
adolescent exposure (Trauth et al, 1999, 2000a). Conversely,
our findings show that anxiety levels in females are clearly
affected during short-term nicotine withdrawal, a result that
is in line with previous findings in rats exposed to this drug
during adolescence (Trauth et al, 2000b). Moreover,
prospective studies of smokers suggest that lapses during
a quit attempt may be a function of anxiety only for females
(Dudas et al, 2005). As for ethanol, it is well established that
its withdrawal causes anxiogenic responses (File et al, 1993;
Kliethermes, 2005). However, despite the fact that adoles-
cents may be hyposensitive to the anxiogenic manifestations
of withdrawal, this finding was not described as sex
dependent (Doremus et al, 2003; Varlinskaya and Spear,
2004), which is in contrast with the fact that our results
show that anxiety levels were only noticeably increased in
females. In view of sex differences described above, our
results suggest that adolescent female mice are more
susceptible to nicotine and ethanol-induced alterations in
anxiety levels. Future studies are needed to determine which
neurochemical changes are associated with these sex-
dependent behavioral effects. One possibility is that
female-only effects may be hormone dependent. In fact,
neuronal cell turnover and plasticity, and hence the effects
of agents that affect cell replication, differentiation, and

neurite outgrowth, are responsive to estrogen (Tanapat
et al, 1999).

Similarly, the combined nicotine + ethanol exposure
increased anxiety levels as compared to the VEH only in
females. Since nicotine and ethanol exposure elicited
anxiogenic profiles, when both drugs were used together,
an anxiogenic effect greater than when either drug was used
alone could be expected. In spite of this, we found a less-
than-additive effect of nicotine and ethanol. If similar
effects occur in human adolescents who co-abuse tobacco
and ethanol, then cumulative anxiogenic effects may not
play an increased role in relapse to drug use during a short-
term simultaneous smoking and drinking withdrawal.

It is interesting that our results further indicate that
nicotine failed to elicit long-lasting changes in anxiety
levels, given that previous studies have recently reported
that the anxiogenic response to adolescent nicotine
persisted up to 1 month postexposure (Slawecki et al,
2003; Smith et al, 2006). However, studies looking at long-
term effects of nicotine when administered in adolescents
have used rats, as opposed to mice, and these species may
differ in the time course of their response to nicotine. As for
ethanol, the occurrence of an anxiogenic-like response
during long-term withdrawal has been reported in adult
rodents (Kliethermes, 2005; Rasmussen et al, 2001; Valdez
et al, 2002). However, previous studies either reported long-
term increases in anxiety (Slawecki et al, 2004) or
hyposensitivity to ethanol effects (Spear and Varlinskaya,
2005) due to exposure during adolescence. The absence of
anxiety effects 1 month post-ethanol exposure supports the
later finding and are in line with the fact that adolescents
differ behaviorally from older animals (Spear, 2002).

In contrast to the lack of effect elicited by either drug,
nicotine + ethanol caused an anxiogenic response 1 month
after exposure, revealing a synergistic effect of nicotine and
ethanol. As a matter of fact, to our knowledge these results
constitute the first experimental evidence that the co-abuse
does not have a simple additive effect in anxiety levels after
long-term withdrawal. In spite of the fact that inherent
differences between species make generalization to adoles-
cent human population prone to shortcomings, it is
conceivable that if a similar effect occurs after adolescents
co-abuse of tobacco and ethanol, the synergistic effect may
facilitate relapse to drug use at long-term simultaneous
smoking and drinking withdrawal.

Neurobiology of Nicotine vs Ethanol Interactions

Brain development continues into adolescence, being
characterized by continued maturation of neural systems,
which encompasses neuroproliferation, apoptosis, and a
severe loss of synaptic connections (Altman and Bayer,
1990; Bayer et al, 1982; Bayer, 1983; Huttenlocher, 1990;
McWilliams and Lynch, 1983; Rakic et al, 1994). More
specifically, the maturation of central cholinergic systems
involved in learning, memory, and psychostimulant re-
sponses is consolidated during the periadolescent period
(Matthews et al, 1974; Nadler et al, 1974; Zahalka et al,
1993), and an important aspect of this period is that
neuronal stimulation induces synaptic rearrangement
(Scheetz and Constantine-Paton, 1994), which indicates
that adolescent brain is vulnerable to central nervous

Combined exposure to nicotine and ethanol
Y Abreu-Villaça et al

606

Neuropsychopharmacology



system stimulants. As an acetylcholine analog, the nicotinic
acetylcholine receptors are the primary cellular mediators of
nicotine’s effects (Abreu-Villaça et al, 2003, 2004b). As for
ethanol, it directly influences the function of various ligand-
gated ion channels, including nicotinic receptors (for
review: Grant, 1994). Accordingly, the nicotinic receptor is
a site at which nicotine and ethanol may interact.
Corroborating this suggestion, it has been demonstrated
that ethanol enhances agonist-induced ion flux through
nicotinic receptors (Aistrup et al, 1999; Cardoso et al, 1999)
and that ethanol-induced stimulation of mesolimbic dopa-
mine systems involves the activation of nicotinic receptors
(Soderpalm et al, 2000). Despite these findings, there have
been relatively few animal studies of the basic neurobiology
of the combined nicotine and ethanol exposure, and while
some studies suggest that nicotine has a modulatory effect
on ethanol effects through its cholinergic actions, others
show no marked interactions and still others show
augmented effects (Bachtell and Ryabinin, 2001; Penland
et al, 2001; Tizabi et al, 2002, 2003). Accordingly, the role of
cholinergic systems in the anxiety alterations associated
with nicotine and ethanol adolescent exposure needs to be
tested in subsequent studies. Additionally, neurochemical
evidence to date supports the hypothesis that other
neurobiological substrates might also underlie adolescent
nicotine and ethanol effects on anxiety. In this regard, both
ethanol and nicotine (Cousins et al, 2002; Grant, 1994;
Slotkin, 2002; Valenzuela, 1997) were shown to interfere
with GABAergic and serotonergic systems, and both
systems are proposed to partially mediate anxiety effects
(Cryan and Kaupmann, 2005; Lowry et al, 2005). Brain
regions affected by adolescent nicotine (Abreu-Villaça et al,
2003; Slawecki and Ehlers, 2002; Trauth et al, 2000a) and
ethanol (Pascual et al, 2007; White and Swartzwelder, 2004)
exposure include the cortex and hippocampus. In fact,
several studies have demonstrated that serotonergic and
GABAergic systems in the dorsal hippocampus and cortex
partially mediate anxiety effects in animal models (Menard
and Treit, 1999; Rex et al, 1997; Serra et al, 1999), which
suggest that neurotransmitter function alterations in these
brain regions could contribute to the behavior alterations
observed in the present study. It is also important to note
that a growing body of evidence implicates the cortico-
tropin-releasing factor (CRF) systems in the amygdala in
anxiety responses. In fact, enhanced CRF release in the
amygdala represents a mechanism underlying the anxio-
genic and aversive consequences of withdrawal (Menard
and Treit, 1999; Merali et al, 1998; Wiersma et al, 1995)
common to drugs of abuse such as nicotine (Slawecki et al,
2005) and ethanol (Merlo Pich et al, 1995; Rivier, 1996).

The fact that both nicotine and ethanol target similar
neurotransmitter systems raises the possibility of less-than-
additive or synergistic interactions between the two
treatments, and indeed, we observed both types of effects.
In general, during exposure, the combined treatment
elicited less-than-additive effects: the anxiolytic effects of
ethanol were reduced by co-exposure with nicotine. During
withdrawal, initially, the combined exposure elicited
increased anxiety levels which, still, reflected less-than-
additive effects, however, 1 month postexposure, the
anxiogenic results mainly reflected synergistic effects of
nicotine and ethanol.

Conclusions

Human adolescent tobacco and ethanol consumption are
severe public health issues, the effects of which are
detectable into adulthood. Accordingly, it is important to
characterize behavioral alterations shared by these two
drugs as a step toward understanding the mechanisms of
nicotine and ethanol coadministration. Our results show
that ethanol is anxiolytic in adolescent mice and that
nicotine reverts this effect. Therefore, it is possible that,
contrasting with previous suggestions (Cao et al, 1993;
deFiebre and Collins, 1992), in our experimental setup, the
association between nicotine and ethanol consumption may
not be explained by cumulative anxiety effects. In spite of
the fact that generalization to the adolescent human
population should be carried out with care due to inherent
differences between species, it would be interesting to study
in adolescent humans, who may adjust their consumption
according to their will, whether the blunted anxiolytic effect
of ethanol caused by co-exposure to tobacco drive higher
ethanol consumption.

Additionally, although neither nicotine nor ethanol effects
persisted up to 1 month postexposure, our data provide
evidence that adolescents who combine nicotine and
ethanol consumption become anxious adults in the
prolonged absence of these drugs. Anxiety is a critical
factor for nicotine and ethanol use due to its motivating
force for a continued consumption (Colombo et al, 1995;
Gilbert et al, 1989; Picciotto et al, 2002; Pomerleau, 1986).
Accordingly, our present findings indicate that nicotine and
ethanol interact during adolescence altering anxiety levels
throughout life. The C57BL/6 strain of mice is known to
present peculiar features in both behavior and neuro-
biology. As a result, generalizations should be made with
care. In any case, if a similar effect occurs after adolescents
co-abuse of tobacco and ethanol, then it may facilitate
relapse to drug use at long-term simultaneous smoking and
drinking withdrawal.
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