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Abstract

Either tobacco smoking or alcohol consumption during pregnancy sex-selectively increases
susceptibility to drugs of abuse later in life. Considering that pregnant smoking women are fre-
quently intermittent consumers of alcoholic beverages, here, we investigated whether a short-
term ethanol exposure restricted to the brain growth spurt period when combined with chronic
developmental exposure to tobacco smoke aggravates susceptibility to nicotine in adolescent
and adult mice. Swiss male and female mice were exposed to tobacco smoke (SMK; research
cigarettes 3R4F, whole-body exposure, 8 h/daily) or ambient air during the gestational period
and until the tenth postnatal day (PN). Ethanol (ETOH, 2 g/Kg, 25%, i.p.) or saline was injected
in the pups every other day from PN2 to PN10. There were no significant differences in cotinine
(nicotine metabolite) and ethanol serum levels among SMK, ETOH and SMKþ ETOH groups.
During adolescence (PN30) and adulthood (PN90), nicotine (NIC, 0.5 mg/Kg) susceptibility
was evaluated in the conditioned place preference and open field tests. NIC impact was more
evident in females: SMK, ETOH and SMKþ ETOH adolescent females were equally more sus-
ceptible to nicotine-induced place preference than control animals. At adulthood, SMK and
SMK þ ETOH adult females exhibited a nicotine-evoked hyperlocomotor profile in the open
field, with a stronger effect in the SMK þ ETOH group. Our results indicate that ethanol
exposure during the brain growth spurt, when combined to developmental exposure to tobacco
smoke, increases nicotine susceptibility with stronger effects in adult females. This result rep-
resents a worsened outcome from the early developmental dual exposure and may predispose
nicotine use/abuse later in life.

Introduction

Ethanol and tobacco are widely used and abused by women of childbearing age1–3. Even though
smoking rates are decreasing worldwide4, this general trend has not always been evident among
women5. Regarding ethanol, 32% of women are current drinkers and, among those, 20% are
heavy episodic drinkers6. Pregnancy is perceived by many women as a window of opportunity
to quit drugs of abuse4,7–9. Despite that, smoking rates and alcohol drinking prevalence during
pregnancy have not changed substantially over the last 2 decades3,10. Recent prevalence values
are 8.5%–14.5% of smokers during gestation10–12 whereas 11%–20% of women drink alcoholic
beverages while pregnant3,13–15. Both drugs disrupt the development of the nervous system, pro-
ducing long-lasting neurological and behavioral outcomes in the offspring16–18. These include
increased risk of attention deficit hyperactivity disorder19–21, learning and memory deficits22–24

and impaired sensory processing25–27.
Of special interest to this work, both prenatal ethanol and tobacco smoke exposure may pre-

dispose offspring to subsequent drug use and abuse. Maternal smoking increases the risk of early
tobacco experimentation22, tobacco use28 and accelerates the progress to regular daily smoking
in the offspring29 with evidence of a faster transition in women30. Besides, Electronic Nicotine
Delivery Systems (ENDS) such as e-cigarettes are becoming progressively more popular at a fast
rate31–33 and maternal smoking during gestation may play a role in this burst in consumption34.
Regarding ethanol, there is a positive association between prenatal exposure and problematic
ethanol consumption in adolescents and young adults35,36, as well as evidence for a cross talk, in
that prenatal ethanol exposure also increases the risk for tobacco and illicit drug addiction37.
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Parallel evidence from animal models corroborates these findings
and suggests that early exposure to nicotine or ethanol increases
the reinforcing effects of the drug later during postnatal life38–40.

There is a strong association between smoking and alcohol
drinking. Accordingly, the prevalence of smoking combined with
intermittent consumption of alcoholic beverages is high among
reproductive-age women41,42 and even during pregnancy43–45.
This is particularly worrisome since shared detrimental effects of
smoking and drinking could lead to worsened outcomes in the off-
spring. In this regard, our group has recently shown that the dual
exposure to nicotine and ethanol during early development of mice
leads to more consistent hyperlocomotor effects, memory/learning
deficits and cAMP and cGMP signaling disruption than either drug
on its own46. Other consequences of tobacco smoke and ethanol dual
exposure, such as the possibility of increased susceptibility to drugs
of abuse later in life, still need to be investigated.

Studies in experimental models of co-exposure have
specifically assessed negative consequences of combined nicotine
þ ethanol46–48. However, tobacco smoke contains thousands of
components and there has been a growing body of evidence that
identifies important contributions of non-nicotine components
to tobacco smoke effects in the central nervous system49–60.
Accordingly, an alternative approach to more closely investigate
the impact of smoking is to use animal models of tobacco smoke
exposure. Despite that, there are scant experimental studies on the
effects of tobacco smoke and ethanol co-exposure. This lack of
information is particularly disconcerting when one considers that
pregnant women who smoke cigarettes as well as drink alcoholic
beverages expose themselves and their babies to a substantial
number of substances that are present in the tobacco smoke and
that may interact with nicotine and/or ethanol in affecting the
developing central nervous system.

Considering that: 1) pregnant smoking women may also be
intermittent consumers of alcoholic beverages, 2) both epidemio-
logical and animal models suggest that early exposure to nicotine/
tobacco or to ethanol increases the susceptibility to drugs of abuse
later in life and, 3) exposure to both nicotine/tobacco and ethanol
may lead to worsened outcomes when compared to exposure to
either drug on its own; here, we investigated the possibility that
even an early short-term intermittent exposure to ethanol when
combined to chronic exposure to tobacco smoke aggravates sus-
ceptibility to nicotine re-exposure later in life. Ethanol exposure
was limited to the brain growth spurt, a neonatal period which,
in rodents, roughly corresponds to the third trimester of human
gestation. As for tobacco smoke, the animals were exposed during
the period equivalent to the entire human gestation. Regarding nic-
otine re-exposure, ENDS such as e-cigarettes are becoming pro-
gressively more popular at a fast rate, particularly among
adolescents31–33. Currently, ENDS are three times more common
among adolescents and young adults than among older adults61.
ENDS contain nicotine as the addictive ingredient62,63, which,
despite some controversy64, has been shown to differentially
impact adolescent and adult brain65. Accordingly, here, nicotine
susceptibility was evaluated both during adolescence and adult-
hood in the open field (OF) and conditioned place preference
(CPP) tests. Considering that the male–female differences in drugs
of abuse consumption and associated disorders have decreased
over the last decades66, plus the evidence of significant gender
differences in drugs of abuse susceptibility67–70, the examination
of potentially sex-selective consequences of early tobacco and etha-
nol dual exposure is critical; therefore, bothmales and females were
tested.

Methods

Animals and treatment

All Swiss mice were bred and maintained in our animal facility at
21°C–22°C on a 12:12 h light/dark cycle (lights on at 1:00 a.m.).
Food and filtered water were available ad libitum.Male Swiss mice
were paired with females (1:2) and daily exposed either to tobacco
smoke or to ambient air. Once pregnancy was confirmed, female
mice were housed singly and daily exposure continued until birth.
After birth (postnatal day 1= PN1), dams and pups were exposed
until PN10. Tobacco smoke was generated from the burning of
reference research cigarettes (University of Kentucky, Lexington,
KY, USA) type 3R4F (nicotine= 0.73 mg/cigt; total particulate
matter= 11.0 mg/cigt; tar= 9.4 mg/cigt; carbon monoxide =
12.0 mg/cigt). Whole body exposure was for 8 h/d, from
8:00 a.m. to 4:00 p.m., 7 d/week, in a chamber that received the
smoke generated in an automatic tobacco smoking machine
(Teague Enterprises, Davis, CA, USA). The smoking machine gen-
erates a single 35-ml, 2-s puff per min, containing 89% sidestream
smoke (smoke released from the burning end of a cigarette) and
11% mainstream smoke (smoke from the puff stream), as a surro-
gate for active smoking49–51,71,72. The pattern of tobacco smoke
exposure used in this study72 generates cotinine (nicotine metabo-
lite) serum levels that are within the range of those found in
smokers73–76. Control mice were exposed to ambient air in a cham-
ber identical to the one used for smoke exposure. As for ethanol
exposure, from PN2 to PN10, pups received a single injection of
ethanol (5 mg/Kg, i.p., 10% in saline solution) every other
day77–80. The ethanol dose was chosen based on previous
studies72,78,81, which have shown that it generates blood ethanol
concentrations within the range that a human fetus would be
exposed to after maternal ingestion of a moderate to heavy dose
of ethanol82. Control mice were exposed to equivalent volumes
of saline. Accordingly, mice were distributed into four exposure
groups: VEH (air þ saline), ETOH (air þ ethanol), SMK (tobacco
smokeþ saline) and those receiving the combined treatment: SMK
þ ETOH (tobacco smoke þ ethanol).

The period of exposure to tobacco smoke intended to parallel
human exposure during gestation. In this regard, the prenatal
development of rodents roughly corresponds to the first two tri-
mesters of human pregnancy, while the third trimester comprises
the first 10-day period of postnatal life in mice and rats, a period
during which the brain undergoes a growth spurt83,84. Nicotine
interferes with neurogenesis and early synaptogenesis during ges-
tation, as well as with dendritic arborization, late synaptogenesis
and migration of multiple neuronal populations, which occur in
great intensity during the first 10 days following birth in
mice85–87. Despite evidence that most women stop drinking when
they verify that they are pregnant, it is frequent to resume
consumption during the third trimester88. Given this epidemi-
ological finding, together with evidence of cell loss, reduced
neurogenesis89,90, locomotor hyperactivity and memory/learning
deficits in animal models of intermittent exposure to ethanol during
the third trimester equivalent of human gestation46,78,81,91, here,
ethanol exposure was restricted to the early postnatal period.
Exposure on alternate days was chosen to mimic episodic drinking.

At weaning (PN21), animals from each litter were separated by
sex and housed in groups of 2–5 mice by cage. Body mass of the
dams and pups was monitored every other day during ethanol
exposure (PN2–PN10). Offspring body mass was also measured
at PN30 and PN90. The timeline of the experiment is shown
in Fig. 1.
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Behavioral tests

Mice from each litter were semi-randomly assigned to the OF or
CPP test either during adolescence (PN30) or adulthood
(PN90). No more than one male and one female from each litter
were assigned to each experimental group, age and behavioral tests.
For each experimental group, age and sex, 7 to 12 animals were
examined. All tests were performed in a sound attenuated room
and the test apparatus was cleaned with paper towels soaked in
35% ethanol and dried before each test.

Nicotine Conditioned Place Preference
The CPP test is a widely accepted model to study the rewarding
properties of addictive drugs in rodents92,93. In this test, the animals
are conditioned to associate the effects of the drug with the envi-
ronment where the drug is administered. The CPP apparatus
(Insight, SP, Brazil) consists of a box with three distinct chambers.
Briefly, the animals received, for 2 consecutive days (habituation
period), one i.p. injection of saline. On the following day, the ani-
mals received the i.p. injection of saline and were allowed to freely
explore the apparatus for 15 min (Pre-test). The time spent in each
chamber except the central one during the Pre-test was used to
determine the preferred and non-preferred chambers. For the next
8 days (conditioning period), mice from each group were ran-
domly assigned into nicotine or saline groups. The nicotine groups
(VEHNIC, ETOHNIC, SMKNIC and SMKþ ETOHNIC) were admin-
istered (challenged with) nicotine (0.5 mg/Kg) paired with the
non-preferred side (biased design) in one session and, in the other
session, received saline paired with the preferred side. The
sequence was alternated along the conditioning period. The saline
groups (VEHSAL, ETOHSAL, SMKSAL and SMK þ ETOHSAL)
received saline in both sessions/chambers. Immediately after each
injection, mice were confined to the appropriate chamber for
15min. On the 9th day (Test day), no injections were administered.
The animals were placed in the central chamber and freely
explored the CPP apparatus for 15 min. The time spent in each
chamber was quantified. The CPP extended from PN28 to
PN39 (adolescents) or from PN88 to PN99 (adults).

The CPP effect is expressed as an increase in the time the animal
spends in the non-preferred chamber after the conditioning ses-
sions. Both for the Pre-test and the Test, the place preference values
ware calculated as follows: %Time NPref = time in the non-pre-
ferred chamber in the session/total session time. Considering that
the percentage of time spent in the non-preferred chamber in the

Pre-test varies as a function of the experimental group, age, sex etc.,
in order to visualize more clearly differences between groups in the
figures, the %Time NPref values of the Test session will be
expressed as a function of the values in the Pre-test session (calcu-
lated as follows: %Time NPref Test/%Time NPref Pre-test).
Therefore, Pre-test values for all groups will be normalized to
100% and Test values (and S.E.M.) will be corrected accordingly.

Open Field test
Nicotine administration enhances locomotor activity and this
effect is associated with dopamine release in striatum/nucleus
accumbens94,95. In this sense, locomotor activity in the OF repre-
sents a useful model to evaluate the acute reinforcing effects of nic-
otine. The OF arena (Insight, SP, Brazil) consists of a transparent
acrylic box that is equippedwith infrared beams. At PN30 or PN90,
each animal that was assigned to the OF received an i.p. injection
(challenge) of nicotine (0.5 mg/Kg, VEHNIC, ETOHNIC, SMKNIC

and SMK þ ETOHNIC groups) or saline (VEHSAL, ETOHSAL,
SMKSAL and SMK þ ETOHSAL groups). Immediately after the
injection, mice were individually placed in the center of the arena
and were allowed to explore it for 5 min. Spontaneous locomotor
activity was determined on the basis of the traversed distance.

Cotinine and ethanol serum levels

Cotinine and ethanol levels were assessed in a separate group of
mice. These animals were not used for the behavioral analyses.

To evaluate tobacco exposure, immediately after the last day of
exposure (PN10), the animals were individually removed from the
exposure chamber, decapitated and trunk blood was collected from
SMK (10 males and 10 females) and SMKþ ETOH (10 males and
10 females) mice for cotinine (the most important nicotine
metabolite in mammalian species) quantification. Cotinine serum
levels were determined using a cotinine assay kit from Orasure
Technologies (Pennsylvania, USA) in accordance with the manu-
facturer’s recommendations.

On PN10, 1 h (ETOH: 7 males and 3 females, and SMK þ
ETOH: 13 males and 14 females) and 18 h (ETOH: 6 males and
5 females, and SMKþ ETOH: 6 males and 8 females) after the last
ethanol injection, the animals were decapitated and trunk blood
was collected. Ethanol serum levels were determined using an
enzymatic kit from Alcohol Reagent Set from Pointe Scientific
Inc. (Michigan, USA) in accordance with the manufacturer’s
recommendations.

Fig. 1. Timeline of the experiment.
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Data analysis

The Kolmogorov–Smirnov one sample test (K–S) was used to
assess the normality of the distributions of each of the variables.
Results on each variable were evaluated first by a global analysis
of variance (ANOVA) or a repeated-measures analysis of variance
(rANOVA). ANOVAs were performed for adolescent and adult
body mass and locomotor activity in the OF. rANOVAs were per-
formed for the analyses of dams’ and pups’ postnatal bodymass, as
well as %Time NPref data (within-subject factor: Day). Exposure
(VEH, SMK, ETOH and SMK þ ETOH), Challenge (SAL and
NIC), Age and Sex were between-subject factors. Whenever Age
or Sex interactions were identified, lower-order ANOVAs on each
age and sex were performed. With this one-dimensional design
(1-d), in which just one factor accounts for all groups of
Exposure, lower-order ANOVAs were followed by planned
Fisher’s Protected Least Significant Difference (FPLSD) post hoc
tests to investigate which groups were affected by the early drugs of
abuse exposure and paired t tests whenever applicable. In order to
assess the possibility that tobacco smoke and ethanol interacted,
resulting in effects that were either more-than-additive (synergis-
tic) or less-than-additive, a two-dimensional (2-d) ANOVA design
was used46,47,52,96,97 (for details, see supplementary materials). In
this design, Smoke (exposed: SMK and SMK þ ETOH; non-
exposed: VEH and ETOH) and Ethanol (exposed: ETOH and
SMK þ ETOH; non-exposed: VEH and SMK) are used as two
independent between-factors in the analyses.

Data are compiled as means and standard errors of the means.
For the body mass analysis, data from males and females of the
same litter were averaged separately within each exposure/chal-
lenge group to minimize litter effects and avoid over-sampling98.
Effects were considered significant when p < 0.05 (two-tailed).

Results

Body mass

Body mass data are shown in Table 1. Dams exposed to cigarette
smoke were lighter than VEH ones (e.g. PN2: −8%; PN10: −14%) at
all time points evaluated here (Exposure: F(1,112)= 24.1; p < 0.001;
Exposure ×Day: F(3.2,366.9)= 19.1; p < 0.001).

Regarding the offspring, bodymass increased during the first 10
postnatal days (Day: F(4,448)= 370.7, p < 0.001). However, this
increase was not similar among groups (Exposure: F(3,112)= 6.8,
p < 0.001). Body mass gain was reduced in the SMK group when
compared to VEH (e.g. PN2: −10%; PN10: −21%) and ETOH (e.g.
PN2: −10%; PN10: −16%) ones. Similar reductions were identified
in the SMK þ ETOH group when compared to VEH (e.g. PN2:
−10%; PN10: −18%) and ETOH (e.g. PN2: −10%; PN10: −12%)
ones (Table 1).

At PN30, no significant differences were observed among
groups, indicating a post-exposure recovery in body mass.
However, at PN90, a late-emergent sex-dependent effect was iden-
tified (Exposure × Sex: F(3,362)= 3.2; p < 0.05). While in females
(Exposure: F(3,180)= 2.8; p < 0.05), ETOH mice were lighter than
VEH (−8%) and SMK ones (−7%), in males (Exposure:
F(3,182)= 4.1; p < 0.01), SMK mice showed increased body mass
when compared to VEH (þ5%), ETOH (þ6%) and SMK þ
ETOH (þ6%) ones (Table 1).

Cotinine and ethanol serum levels

Cotinine levels did not differ between SMK (females: 91.8± 8.0 ng/ml;
males: 93.8 ± 8.5 ng/ml) and SMK þ ETOH (females: 100.7 ± 9.8
ng/ml; males: 100.1± 10.1 ng/ml) offspring.

At 1 h post-injection, ethanol serum levels did not differ
between ETOH (females: 151.7 ± 10.4 mg/dL; males:
150.6 ± 10.2 mg/dL) and SMK þ ETOH mice (females:
164.2 ± 12.4 mg/dL; males: 181.2 ± 11.0 mg/dL). There were only
trace levels of ethanol 18 h post-injection (ETOH – females:
5.8 ± 2.2 mg/dL; males: 6.9 ± 4.3 mg/dL; SMKþ ETOH – females:
6.6 ± 2.3 mg/dL; males: 4.7 ± 2.3 mg/dL).

For both cotinine and ethanol serum levels, there were no sex-
dependent Exposure effects (no Exposure × Sex interactions).

Conditioned place preference test

The higher-order 1-d rANOVA for the %Time NPref in the
Pre-test and Test sessions identified significant Age and Sex
interactions (Challenge ×Age × Sex: F(1,274)= 4.4; p= 0.036;
Exposure ×Day × Sex: F(3,274)= 5.7; p= 0.05; Challenge ×Day ×
Age × Sex: F(1,274)= 5.7; p= 0.017). Accordingly, each age was
analyzed separately.

Table 1. Body mass (g)

DAMS

PN2 PN4 PN6 PN8 PN10

VEH 45.8 ± 0.8 46.1 ± 0.8 46.8 ± 0.8 47.6 ± 0.8 48.8 ± 0.8

SMK 42.3 ± 0.7** 41.9 ± 0.6*** 42.1 ± 0.6*** 41.8 ± 0.6*** 41.9 ± 0.9***

OFFSPRING

PN30 PN90

PN2 PN4 PN6 PN8 PN10 Female Male Female Male

VEH 2.0 ± 0.04 2.9 ± 0.13 3.7 ± 0.11 4.7 ± 0.15 6.1 ± 0.58 21.2 ± 1.2 24.1 ± 1.7 38.8 ± 1.1 43.7 ± 1.5

ETOH 2.0 ± 0.05 2.9 ± 0.07 3.7 ± 0.10 4.8 ± 0.17 5.7 ± 0.24 21.6 ± 1.2 21.5 ± 1.4 35.5 ± 0.7*# 43.4 ± 1.2#

SMK 1.8 ± 0.04** 2.3 ± 0.07*** 3.1 ± 0.11** 3.9 ± 0.13** 4.8 ± 0.16** 20.7 ± 0.8 24.1 ± 1.1 38.3 ± 0.8 46.1 ± 1.2**

SMK þ ETOH 1.8 ± 0.04** 2.4 ± 0.08** 3.2 ± 0.14** 4.2 ± 0.17* 5.0 ± 0.22* 21.3 ± 0.9 24.4 ± 1.4 36.8 ± 1.0 43.4 ± 0.8#

Means ± SEM.
PN, postnatal day; VEH, control group; ETOH, ethanol exposure group; SMK, tobacco smoke exposure group; SMK þ ETOH, tobacco smoke and ethanol exposure group.
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 vs. VEH group; #p ≤ 0.05 vs. SMK group.
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Lower-order analyses (1-d rANOVAs) on each age confirmed
that in adolescent mice, there were sex-selective effects
(PN30 – Challenge× Sex: F(1,134)= 4.6; p= 0.033; Challenge ×
Day× Sex: F(3,143)= 5.8; p= 0.017), therefore, male and female data
were analyzed separately. The analysis of adult mice failed to show
significant effects and interactions. However, due to a trend toward a
significant Exposure ×Day× Sex interaction (PN90 – F(3,131)= 2.6;
p= 0.051), lower-order analyses were performed.

Subsequent analyses on each age and sex indicated that inter-
actions between early exposure to tobacco smoke and/or ethanol
and nicotine challenge later in life were only present in adolescent
female mice (Exposure × Challenge ×Day: F(3,73)= 3.5; p= 0.019;
Challenge ×Day: F(1,73)= 8.7; p= 0.004). Separate analysis for
each challenge group indicated that, as expected, there were no sig-
nificant differences in saline-challenged animals (data not shown).
Distinctively, the analysis of nicotine-challenged adolescent
females (Exposure ×Day: F(3,34)= 2.9; p= 0.05) indicated that
SMKNIC and SMK þ ETOHNIC ones significantly increased the
time spent in the nicotine-paired chamber after the conditioning

sessions (paired t tests, Fig. 2A). For ETOHNIC females, the
increase in time spent in the nicotine-paired chamber was close
to significant (p= 0.07, paired t test). In addition, ETOHNIC,
SMKNIC and SMK þ ETOHNIC adolescent females spent more
time in the non-preferred chamber in the Test session than
VEHNIC ones (Fig. 2A). Consistent with the similar nicotine con-
ditioning profile in all three groups early-exposed to the drugs of
abuse, the effect of the combined exposure reflected a less-than-
additive outcome (Smoke × Ethanol: F(1,34)= 6.5; p= 0.016 in
the 2-d design). This result indicates that the effect of SMK þ
ETOH on nicotine-induced CPP was equivalent to the effect
caused by either drug.

There were no significant main effects or interactions in ado-
lescent males (Fig. 2B) and in adult males and females (Figs. 2C
and 2D).

Open field test

The higher-order 1-d ANOVA for locomotor activity identified
significant Age (Challenge ×Age: F(1,242)= 18.3; p < 0.0001;

Fig. 2. %Time NPref data in the Conditioning place preference (CPP) test. Mice were exposed to tobacco smoke throughout the gestational period until PN10 and/or to ethanol
(i.p. injection) every other day from PN2 to PN10. Animals were tested in the CPP either during adolescence (A: females; B: males) or at adulthood (C: females; D: males). Only data
pertaining to animals that were nicotine-challenged during the CPP are shown. VEH, control group; ETOH, ethanol exposure group; SMK, tobacco smoke exposure group; SMKþ
ETOH, tobacco smoke and ethanol exposure group. %Time NPref data in the Test session is shown as a function of respective Pre-test data, which was normalized to 100%. Values
are means ± SEM. *p< 0.05, significant difference between Test and Pre-test data within each experimental group. #p< 0.05, vs. VEH Test data. Differences revealed by FPLSD and
paired t-tests.
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Exposure × Challenge ×Age: F(3,242)= 2.9; p= 0.034) and Sex
(Exposure × Challenge ×Age × Sex: F(3,242)= 3.5; p= 0.015) inter-
actions. Accordingly, each age was analyzed separately.

Lower-order analyses (1-d ANOVAs) on each age further con-
firmed that in adolescent (PN30 – Exposure: F(3.115)= 3;
p= 0.034; Challenge: F(1,115)= 61.5; p < 0.0001; Exposure × Sex:
F(3,115)= 3.0; p= 0.037) and adult (PN90 – Exposure ×
Challenge: F(3,127)= 3.4; p= 0.019; Exposure ×Challenge × Sex:
F(3,127)= 2.8; p= 0.045) mice, the impact of early exposure to
the drugs of abuse and nicotine re-exposure on locomotor activity
was sex-selective, therefore male and female data were analyzed
separately.

In adolescent females, early exposure to the drugs of abuse
failed to affect basal locomotion. However, as expected, the nico-
tine challenge resulted in a hyperlocomotor effect (VEHSAL <
VEHNIC, Fig. 3A). Early exposure to the drugs of abuse interfered
with this effect of nicotine: both tobacco smoke and the dual SMK
þ ETOH early exposures reduced the hyperlocomotor effect of the
nicotine challenge (VEHNIC > SMKNIC, VEHNIC > SMK þ
ETOHNIC, respectively, Fig. 3A). The increase in locomotion
was still significant in the SMK group (SMKSAL < SMKNIC) but
not in the ETOH and SMK þ ETOH ones (ETOHSAL=
ETOHNIC; SMK þ ETOHSAL= SMK þ ETOHNIC) (Fig. 3A).
This is consistent with the 2-d analysis, which showed that the
effect of the dual exposure reflected the summation of the effects
of tobacco smoke and ethanol (lack of Smoke × Ethanol
interaction).

In adolescent males, early postnatal exposure to ethanol elicited
a reduction in ambulation (ETOHSAL < VEHSAL, ETOHSAL <
SMK þ ETOHSAL, Fig. 3B). There were no differences in locomo-
tor activity between VEH and SMK þ ETOH groups
(VEHSAL = SMK þ ETOHSAL, Fig. 3B), which, together with the
less-than-additive outcome of the 2-d analysis
(Smoke × Ethanol: F(1,28) = 9.2, p = 0.005) indicate that the dual
exposure mitigated the effect of early ethanol exposure. Early expo-
sure to the drugs of abuse failed to interfere with the hyperlocomo-
tor effect of nicotine. Indeed, irrespective of the early exposure
status, locomotor activity of adolescent male mice challenged with
nicotine was higher than that of mice that were challenged with the
saline injection (NIC vs. SAL groups, Fig. 3B), In addition, there
were no significant differences between groups challenged with
nicotine (VEHNIC= SMKNIC, ETOHNIC and SMK þ
ETOHNIC, Fig. 3B.

In adult females, there were no lasting effects of early exposure
to the drugs of abuse on basal locomotor activity
(VEHSAL = SMKSAL, ETOHSAL and SMK þ ETOHSAL, Fig. 3C).
However, early exposure still interfered with the response to the
nicotine challenge, notwithstanding the pattern of effects was dis-
tinct from that identified in adolescent mice. While the nicotine
challenge failed to result in a hyperlocomotor effect in control
females (VEHSAL=VEHNIC), early exposure to the drugs of abuse
potentiated nicotine effects: Both SMK and SMKþ ETOH groups
when exposed to acute nicotine, exhibited an hyperlocomotor
profile (VEHNIC < SMKNIC, VEHNIC < SMK þ ETOHNIC,

Fig. 3. Locomotor activity assessed as distance travelled in the Open Field test. Mice were exposed to tobacco smoke throughout the gestational period until PN10 and/or to
ethanol (i.p. injection) every other day from PN2 to PN10. Animals were challenged with nicotine or saline and tested in the OF either during adolescence (A: females; B:males) or at
adulthood (C: females; D: males). VEH, control group; ETOH, ethanol exposure group; SMK, tobacco smoke exposure group; SMK þ ETOH, tobacco smoke and ethanol exposure
group. SAL, saline challenge; NIC, Nicotine challenge. *p < 0.05, significant difference between SAL and NIC mice within each experimental group. #p < 0.05, comparisons among
NIC-challenged animals. &p < 0.05, comparisons among SAL-challenged animals. Differences revealed by FPLSD.
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respectively) (Fig. 3C). The 2-d analysis further indicated that the
effect of the dual exposure reflected the summation of the effects of
tobacco smoke and ethanol (lack of Smoke × Ethanol interaction).
These results suggest increased susceptibility to nicotine due to
early tobacco smoke and ethanol dual exposure.

In adult males, there were no significant alterations (Fig. 3D).

Discussion

Despite evidence that pregnant smoking women are frequently
intermittent consumers of alcoholic beverages43,44 and that devel-
opmental exposure to either tobacco smoke or ethanol predisposes
offspring to subsequent drug use22,28–30, only limited information
exists regarding the consequences of early co-exposure later in life.
To the best of our knowledge, this is the first study that investigated
the impact of a dual early developmental exposure to tobacco
smoke and ethanol on a re-exposure to (challenge with) nicotine
during adolescence and adulthood. The assessment of nicotine sus-
ceptibility is particularly relevant considering the fast increase of
ENDS use among adolescents and young adults32,33,61. We showed
that even a short-term intermittent exposure to ethanol, limited to
the period which, in rodents, roughly corresponds to the third tri-
mester of human gestation, when combined to chronic exposure to
tobacco smoke during the period equivalent to the entire
human gestation, increases nicotine susceptibility in a sex- and
age-dependent manner, with stronger effects in adult females.

Body mass, cotinine and ethanol levels

There is an inverse correlation between maternal cotinine blood
levels, cotinine in umbilical cord and birth weight. Ivorra and col-
laborators99 described that infants born to moderate smoking
mothers have, on average, a 250 g reduction in body mass99. In
the same direction, in our animal model, pups exposed to tobacco
smoke (SMK and SMK þ ETOH) weighted less and showed less
body mass gain during postnatal exposure when compared to con-
trols (VEH and ETOH). Nicotine is known to increase energy
expenditure through sympathomimetic actions and suppress food
intake by increasing leptin actions in the hypothalamus100.

It should also be noted that dams exposed to tobacco smoke
were lighter than control ones, which, per se, may have impacted
the offspring response to nicotine. In this regard, there is evidence
that, in rats, dams’ undernourishment during the offspring perina-
tal development leads to an increased response of the mesocorti-
colimbic dopaminergic pathway to the rewarding effects of
cocaine101 and morphine at adulthood102. Despite that, nicotine
susceptibility was not increased in adolescent mice103. Even though
the models of undernutrition used in the aforementioned studies
led to more severe effects on body mass than the small to moderate
reductions identified in dams exposed to tobacco smoke in the cur-
rent study, future studies are needed to investigate whether mater-
nal and offspring undernutrition played a role in our results.
Despite the deficits in body mass identified in the offspring during
postnatal development, at adulthood, SMK males were heavier
than controls. This finding mirrors epidemiological findings of
increased body mass index in the offspring born to smoking
mothers104, possibly representing a programming effect. In this
regard, the pathophysiology of nicotine-elicited obesity has been
associated to hypothyroidism at adulthood105. While, in ETOH
females, a small decrease in body mass was identified at PN90,
there were no effects during exposure or at adolescence, which
again suggests a programming effect of early exposure.

The assessment of cotinine levels confirmed that the level of
exposure to tobacco smoke used in this study is equivalent to that
of smokers73–76. As for ethanol blood concentrations, they are com-
parable to those a human fetus would be exposed to after maternal
ingestion of a moderate to heavy dose of ethanol83. Most impor-
tantly, cotinine and ethanol levels did not differ between exposed
groups, which indicate that pharmacokinetic interactions do not
play a significant role in the outcomes of SMKþ ETOH exposure.
Interestingly, Lkhagvadorj and collaborators106 described a male-
only increased nicotinemetabolism in both neonate and adultmice
exposed to tobacco smoke throughout prenatal development106. In
neonates, this effect was accompanied by a higher Cyp2a5 gene
expression, which was correlated with higher DNA methylation.
Besides, there is also evidence that hepatic drug metabolism
may be altered in low birth weight rats, with reports of both
increased and decreased P450 enzymes expression107–109. Despite
the fact that our data failed to indicate pharmacokinetic inter-
actions between SMK and ETOH by the end of exposure, consid-
ering that there is a positive association between nicotine
metabolism and nicotine addiction110,111, whether there are
differences in nicotine pharmacokinetics between SMK and
SMK þ ETOH mice during adolescence and adulthood is worth
further investigation.

Sex- and age-selective effects of both combined and single
tobacco smoke and ethanol developmental exposures

Studies in animal models suggest a mechanistic link between early
developmental exposure to nicotine or ethanol and the offspring’s
susceptibility to drugs of abuse. The ionotropic nicotinic acetylcho-
line receptors (nAChRs) are the primary cellular mediators of nic-
otine’s effects and ethanol influences directly the function of
various ligand-gated ion channels, including nAChRs112. In mice,
functional nAChRs are identified as early as the tenth gestational
day113. Consistent with these receptors roles in many events that
occur during the development of the central nervous system,
including the modulation of cell proliferation, neuronal differen-
tiation, synapse formation and maturation and neurotransmitter
release, there is evidence of significant structural, functional and
behavioral alterations evoked by developmental exposures to nic-
otine/tobacco smoke and ethanol114–116.

Lasting effects of early exposure either to nicotine or ethanol in
the mesocorticolimbic system have been reported117,118, with
potential profound impact in the response of this reward system
to a second exposure later in life38,119. Nicotine-induced dopamine
release in the nucleus accumbens is mediated, at least in part, by
nAChRs120. Besides, it has been described that ethanol-induced
stimulation of locomotor activity and mesolimbic dopamine sys-
tem also involves nAChR activation121,122. Accordingly, inappro-
priate stimulation of the cholinergic system by exposure to
tobacco smoke and ethanol could disrupt the normal course of
brain development, particularly the dopamine reward system,
leading to alterations in drug susceptibility later in life. To our
knowledge, only two studies focused on the combined exposure
to nicotine and ethanol and its consequences on nicotine self-
administration and on the mesocorticolimbic system. Matta and
Elberger123 demonstrated that co-exposure during the period that
corresponds to human pregnancy evokes a more intense nicotine
self-administration at adulthood than early exposure to either nic-
otine or ethanol123. Subsequently, Roguski and collaborators124

suggested that these effects are associated with the disrupted con-
trol of ventral tegmental dopaminergic circuitry by N-methyl-D-
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aspartate (NMDA) receptors of adolescent animals124. Both behav-
ioral and neurochemical analysis of adolescent mice failed to
include nicotine- and ethanol-only groups of exposure.
Therefore, whether the combined exposure evoked stronger effects
than either nicotine or ethanol still needs further investigation.

Our current study demonstrated that adolescent males and
females early exposed to either tobacco smoke or ethanol were sus-
ceptible to the nicotine challenge; however, the impact of nicotine
in SMK þ ETOH mice was either equivalent or diminished when
compared to that identified in mice early-exposed to either drug.
Distinctively, at adulthood, an increased susceptibility to nicotine
was identified only in females and only in the experimental groups
that were early exposed to tobacco smoke. This effect was more
pronounced inmice from the dual exposure group, which provided
evidence that even an early short-term intermittent exposure to
ethanol when combined to chronic exposure to tobacco smoke
aggravates susceptibility to nicotine re-exposure later in life. A
recent study from our group used an experimental protocol of early
developmental exposure equivalent to the one used in the current
study except that instead of tobacco smoke, mice were exposed to
nicotine (chronic developmental exposure to nicotine combined
with an intermittent ethanol exposure restricted to the brain
growth spurt period)46. We demonstrated worsened outcomes of
the dual exposure for some behavioral and neurochemical varia-
bles (locomotor activity, cortical cAMP and cortical and hippo-
campal cGMP levels) while, for others (memory/learning and
hippocampal cAMP levels), the outcomes reflected less-than-
additive effects46. These results suggest that, in the current study,
nicotine present in tobacco smoke, per se, play a role in both the
worsened and diminished responses in the dual exposure group
when compared to either tobacco smoke or ethanol ones.
However, the role of nonnicotine components of tobacco smoke
cannot be ruled out49–60 and, even though the large number of sub-
stances present in tobacco smoke and the lack of data on their
psychoactive properties have been delaying progress in this area,
recent evidence indicates that tobacco smoke components may
interact with nicotine and/or ethanol in affecting the central nerv-
ous system52,71,72. In this regard, exposure of adult male rats to a
cocktail of tobacco smoke minor alkaloids (nornicotine, cotinine,
myosmine, anatabine, and anabasine), β-carbolines (harman and
norharman) and acetaldehyde did not significantly enhance
nicotine self-administration. However, tranylcypromine, an irre-
versible inhibitor of MAO-A and MAO-B, increased nicotine
self-administration independent of other smoke constituents125.
Exposure of rats to both ethanol and tobacco-specific nitrosamine
synergistically decreased myelinated fiber density in the frontal
cortex126. Interestingly, exposures restricted to the brain growth
spurt resulted in adverse effects on cerebellar development and
function; however, tobacco-specific nitrosamine and ethanol
exerted independent effects which, in most cases, were not
additive127. Considering that tobacco smoke contains thousands
of components, these results underscore the need of further studies
aiming to identify components of tobacco smoke that interact with
nicotine and/or ethanol.

Sex differences in response to drugs of abuse, likely emerge as a
result of the sexual differentiation of the brain, which begins during
prenatal development and extends until the end of adolescence128.
While the exact mechanisms underlying females’ unique sensitiv-
ity are poorly understood, there is a growing body of evidence that
drugs of abuse impact organizational effects of gonadal hormones
on brain cells structure and function117. Interestingly, ligand-gated
ion channels are influenced by gonadal hormones. Progesterone

inhibits function of α4 containing nAChRs129 and 17β-estradiol
increases α7 nAChR subunit expression130, providing potential
mechanisms for both nicotine and ethanol nAChR-mediated
sex-dependent effects. Consistent with this possibility, there is
evidence that nicotine inhibits aromatase activity in human
trophoblast131 as well as in the brain of male offspring exposed dur-
ing prenatal development132,133. Nicotine direct action on the adre-
nal gland during the prenatal development of rats leads to
increased corticosterone levels, which, in turn, diminishes the piv-
otal testosterone surge during the perinatal period132,133. Increased
corticosterone levels were also identified in adolescent females
exposed to ethanol during prenatal development, with a positive
correlation between corticosterone and estradiol levels134.

Common targets of nicotine and ethanol suggest that the
increased nicotine susceptibility of adult females submitted to a
dual tobacco smoke and ethanol exposure during early develop-
ment is due to the additive effects of these drugs, which have
already been demonstrated when other behavioral and neuro-
chemical endpoints were investigated46. As discussed above, sex
steroid hormones may be important mediators of both tobacco
smoke and ethanol differential effects through sex-dependent
interactions during critical periods of development, possibly lead-
ing to relevant organizational alterations of gonadal hormones on
neuronal function in brain regions important to motivation and
reward. Future studies are needed to investigate the mechanisms
involved. There is evidence that the phase of the estrous cycle could
impact behavioral outcomes135,136. However, the fact that the age of
vaginal opening and of first estrous in small rodents typically occur
between PN32 and PN36 indicates that in the current study, it
would only be meaningful to verify the phase of the cycle in adult
females. In this case, the extra manipulation (to collect the vaginal
smears) only of adult females would add an undesirable con-
founding factor to the analysis. Despite this limitation of the study,
there was no evidence that female data variability was higher than
that observed for males. In addition, most of our results were
female-only. Considering the aforementioned, it seems that any
putative variation in behavior associated with the estrous cycle that
might have been present in our study was not sufficient to hinder
the results from being identified.

Conclusions

Adult female mice exposed to ethanol during the brain growth
spurt and to tobacco smoke during the period equivalent to human
gestation are more susceptible to nicotine re-exposure at adult-
hood, representing a worsened outcome from the dual exposure.
In spite of the fact that generalizations based on the results from
preclinical studies should be considered with care, our data suggest
that if a similar effect occurs in humans, smoking and drinking
alcoholic beverages during gestation may predispose the use/abuse
of nicotine later in life. In this regard, future studies that aim to
investigate whether maternal exposure to these drugs of abuse dur-
ing gestation contributes to the burst of ENDS use worldwide are
warranted.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S2040174420001191
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