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Abstract
Prenatal ethanol exposure significantly increases later predisposition for alcohol intake, but the
mechanisms associated with this phenomenon remain hypothetical. This study analyzed (Exp. 1)
ethanol intake in adolescent inbred WKAH/Hok Wistar rats prenatally exposed to ethanol (2.0 g/
kg) or vehicle, on gestational days 17–20. Subsequent Experiments (2, 3 and 4) tested several
variables likely to underlie the effect of gestational ethanol on adolescent ethanol preference,
including ethanol-induced locomotor activation (LMA), ethanol-induced emission of ultrasonic
vocalizations (USVs) after exposure to a rough exteroceptive stimulus, and induction of the
immediate early gene C-fos in brain areas associated with processing of reward stimuli and with
the retrieval and extinction of associative learning. Prenatal ethanol induced a two-fold increase in
ethanol intake. Adolescents exhibited significant ethanol-induced LMA, emitted more aversive
than appetitive USVs, and postnatal ethanol administration significantly exacerbated the emission
of USVs. These effects, however, were not affected by prenatal ethanol. Adolescents prenatally
exposed to ethanol as fetuses exhibited reduced neural activity in infralimbic cortex (but not in
prelimbic cortex or nucleus accumbens core or shell), an area that has been implicated in the
extinction of drug-mediated associative memories. Ethanol metabolism was not affected by
prenatal ethanol. Late gestational exposure to ethanol significantly heightened drinking in the
adolescent offspring of an inbred rat strain. Ethanol-induced LMA and USVs were not associated
with differential ethanol intake due to prenatal ethanol exposure. Prenatal ethanol, however,
altered basal neural activity in the infralimbic prefrontal cortex. Future studies should analyze the
functionality of medial prefrontal cortex after prenatal ethanol and its potential association with
predisposition for heightened ethanol intake.
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1. Introduction
Problematic use of ethanol during adolescence is a worldwide health problem. In the U.S.,
lifetime prevalence of alcohol consumption is 72.3% in adolescents (Johnston et al, 2009).
Ethanol use and abuse during adolescence is also a major problem in European and Latin-
American countries. A study revealed risky drinking in one-quarter of Spanish college
students (Mota et al., 2010), similar to the number identified for Argentinian students
(SEDRONAR, 2011).

Epidemiological (Baer et al., 1998; 2003, Yates et al, 1998) and animal studies have
indicated that prenatal ethanol exposure increases the probability of alcohol-use disorders
later in life. The overall finding after in-utero ethanol exposure in rats (for reviews see Abate
et al., 2008; Chotro et al., 2007; Spear & Molina, 2005) has been increased ethanol intake in
preweanling (e.g., Dominguez et al., 1998) or adult subjects (Nash et al., 1984). There have
been fewer studies that tested this effect during adolescence, particularly using restricted
developmental timing of exposures that better mimic moderate patterns of ethanol exposure.
Some studies have found heightened adolescent ethanol intake in rats reared by dams given
ethanol during late gestation (Chotro & Arias, 2003; Díaz-Cenzano & Chotro, 2010). Other
studies, in turn, failed to show significant effects of prenatal ethanol exposure on adolescent
intake (Reyes et al., 1985), or required substantial postnatal ethanol exposure for the effect
to emerge (Honey & Galef, 2003).

The mechanisms underlying the effects of prenatal ethanol on later ethanol preference
remain largely hypothetical. It is possible that fetal ethanol promotes either familiarization to
ethanol’s sensory properties (i.e., the “mere exposure” hypothesis; Spear and Molina, 2005),
or associative learning between the chemosensory cues of ethanol and the appetitive,
pharmacological component of the drug (Abate et al., 2008; Arias & Chotro, 2005). Another
possibility is that prenatal alcohol makes subjects more sensitive to the appetitive effects of
ethanol or less sensitive to ethanol’s aversive consequences. Early work indicated that
prenatal ethanol induced tolerance to the hypothermic effects of ethanol (Abel et al., 1981),
which has been identified as one component of the aversive state of intoxication. Another
early study (Becker et al., 1995) suggested that prenatal experience with ethanol could
enhance the behavioral stimulant effect of ethanol, which is considered a proxy for ethanol’s
positive rewarding effects

The aim of the present study was to further analyze the effects of prenatal ethanol exposure
on subsequent responsiveness to ethanol during adolescence. To our knowledge the few
studies that reported a facilitative effect of adolescent ethanol intake following prenatal
ethanol exposure have employed outbred rat strains. It was, therefore, important to analyze
if this phenomenon could generalize to an inbred strain (Experiment 1). After establishing
that this gestational ethanol exposure reliably enhances ethanol acceptance in inbred rats,
subsequent experiments tested several variables likely to underlie the effect of prenatal
ethanol exposure on adolescent ethanol preference, including acute effects of ethanol upon
locomotor and emotional patterns. Experiment 2 analyzed -- in adolescents prenatally
exposed or not exposed to ethanol -- spontaneous and ethanol-induced locomotor activity
(LMA) as well as the emission of ultrasonic vocalizations (USVs) when animals were
exposed to a novel and rough exteroceptive cue.
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A few studies have assessed the effects of novelty or ethanol exposure in neuronal activity
of the adolescent brain (Vilpoux et al, 2011). To our knowledge, none of these studies have
analyzed if prenatal exposure to moderate ethanol doses can modulate ethanol-induced
neuronal activity. In Experiments 2 and 3 the brains of adolescents exposed or not to ethanol
during pregnancy were examined for neuronal activation in areas of the mesocorticolimbic
pathway related to the reward system (Faria et al., 2008) and involved in the extinction of
associative learning (Millan et al., 2011). Specifically, the immediate early gene (IEG) C-
fos, indicative of changes in cellular activity, was measured in infralimbic and prelimbic
cortex (IL and PrL, respectively), nucleus accumbens core and nucleus accumbens shell
(AcbC and AcbSh, respectively).

Blood ethanol levels (BELs) in adolescents reared by dams given ethanol or vehicle during
gestation were also examined (Experiment 4).

2. Materials and Methods
2.1 Experimental designs and hypotheses

Experiment 1 assessed the effects of alcohol exposure during late gestation [gestational days
(GDs) 17–20] on ethanol consumption at adolescence [postnatal days (PDs) 36–39], in an
inbred rat strain [Wistar-King Aptekman Hokkaido (WKAH/Hok)]. The few studies that
have assessed the effects of prenatal ethanol on adolescent ethanol intake have used outbred
stocks of rats (Diaz-Cenzano & Chotro, 2010). Therefore, the rationale for using WKAH/
Hok rats was to assess if the facilitative effect of prenatal ethanol on later adolescent intake
generalizes to an inbred strain. Moreover, it has been suggested that experiments that use
inbred rats are better equipped to detect subtle effects and less prone to have type II errors
(Festing, 2010).

The experimental design of Experiment 1 was a 2 (prenatal treatment: ethanol or vehicle, PE
or PV groups, respectively) × 2 (sex: male or female) factorial, with 7–8 data points in each
group. To control for potential litter effects, when more than one male and one female of a
same litter were tested, their data were averaged across sex. The hypothesis was that
prenatal ethanol exposure would significantly increase ethanol drinking at adolescence.

In Experiment 2, spontaneous or ethanol-induced motor activity (LMA) and ultrasonic
vocalizations (USVs) in adolescence were measured in animals prenatally exposed to
alcohol or vehicle. Experiment 2 was defined by a 2 (prenatal treatment: PE or PV)×2 (sex)
× 3 (postnatal treatment: ethanol, vehicle or untreated) factorial, with 6–8 animals in each
group. Preweanling rats emit USVs when stressed or isolated from familiar conspecifics
(Blumberg & Alberts, 1990; Kraebel et al., 2002). USVs have been more often studied in
older rats after aversive stimuli and are typically found in the 20–30 khz range, but these
animals also emit USVs in the 50–60 khz range following appetitive stimuli (Panksepp &
Burdogf, 2003). LMA was selected as a dependent variable on the basis of previous research
indicating its association with ethanol-mediated reinforcement (Acevedo et al., 2012) and
ethanol intake (Tarragón et al., 2012). Animals with greater spontaneous LMA exhibit,
when compared with counterparts featuring lower LMA, enhanced ethanol intake (Bisaga &
Kostowski, 1993) and an attenuation of ethanol-induced conditioned taste aversion (Arias et
al., 2009). Sensitivity to ethanol-induced LMA during adolescence has been also associated
with greater predisposition for ethanol intake (Acevedo et al., 2010).

Based on previous studies (Shea et al, 2012), we expected to find enhanced spontaneous and
ethanol-induced motor behavior after prenatal ethanol. We also expected greater emission of
USVs after the postnatal intubation with 2.5 g/kg ethanol and a reduction in the anxiogenic
effect of this intubation in animals that had been exposed to the drug in-utero. USV emission
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was further categorized as aversive or appetitive (20–30 or 50–60 khz range). An additional
hypothesis was that ethanol-induced appetitive USVs would be increased by prenatal
exposure to ethanol.

In Experiment 2, five subjects were randomly selected from each group. The brains of these
animals were preserved to examine C-fos activation in IL, PrL, AcbC and AcbSh, following
exposure to the novel environments of the open-field and the sandpaper-lined chamber
employed for USV measurement. Substantial C-fos expression is known to occur after
exposure to novel stimuli (Ryabinin et al. 1997). The main aim of Experiment 2 was to
assess if overall level of novelty-induced C-fos expression was altered by prenatal ethanol
exposure and whether postnatal ethanol also altered this pattern of IEG expression.

Experiment 3 replicated the prenatal and postnatal treatments of Experiment 2. Animals,
however, did not undergo behavioral testing or exposure to new environments prior to
injections, brain preservation and subsequent inmunohistochemical analysis. Due to the lack
of sex-dependent effects in the previous Experiments, only males were employed and groups
had 4–5 animals.

BELs after 2.5 g/kg ethanol were measured in Experiment 4, which employed a 2 (prenatal
treatment: PE or PV) × 2 (sex) × 3 (post-administration time of sampling: 30, 90 or 120 min)
factorial, with 5 to 7 animals in each group.

2.2 Subjects
A total of 237 Wistar rats (WKAH/Hok) inbred strain, 119 males and 60 females],
representative of 35 litters, were employed in Experiments 1, 2 and 4. In Experiment 1, 61
adolescent animals (28 male and 33 female) PD 36 at the beginning of the experiment were
obtained from 16 female Wistar rats [8 pre-treated with ethanol (PE litters) and 8 treated
with vehicle (i.e., water) during late gestation (PV litters]. This experiment employed only 2
males and 2 females from a given litter. Three animals were lost due to procedural errors.

Experiment 2 employed 103 animals (52 males, 51 males) representative of 9 and 10 PE and
PV litters, respectively, whereas 73 rats (34 males and 39 females, derived from 10 PE and
10 PV litters) were used in Experiment 4. Thirty male adolescent outbred Wistar rats,
representative of 5 PE and 5 PV litters, were employed in Experiment 3. An outbred Wistar
strain was used in Experiment 3 because the supplier was not able to provide an inbred stock
of animals.

Animals were born and reared in a temperature-controlled vivarium of the Instituto de
Investigaciones Médicas M. y M. Ferreyra (INIMEC-CONICET, Córdoba, Argentina). The
colony room was kept under a 12-h light/12-h dark cycle (lights onset at 0800). Female rats
were time-mated to provide subjects for this study and were maintained in standard
maternity cages with food (Cargill, Buenos Aires) and water ad-libitum. Dams remained
undisturbed until the beginning of prenatal treatment on GD 17 (GD 0 presence of sperm in
vaginal smear). Births were examined daily, and the day of parturition was considered PD0.
Weaning was performed at PD21; at that instance animals from the same litter were housed
in same-sex groups of 4 until the end of the experiment. Experimental procedures complied
with the Guide for the Care and Use of Laboratory Animals (National Research Council,
1996) and were approved by the Institutional Animal Care and Use Committee at INIMEC-
CONICET.

2.3 Prenatal treatment (Experiments 1, 2, 3 and 4)
From GD17 to GD20 pregnant dams received one daily intragastric (i.g.) administration of
0.015 ml/g of a 16.8% v/v ethanol solution (vehicle: tap water; ethanol dose: 2.0 g/kg) or a
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similar volume of vehicle. The i.g. administrations were performed by gently introducing a
polyethylene cannulae (PE 50; Clay Adams, Parsippany, New Jersey, USA) through the oral
cavity into the stomach. The tubing was connected to a 5cc syringe mounted with on a 21 G
needle (Becton Dickinson & Co., Rutheford, N.J). The whole procedure took approximately
20 sec per animal. The dose was selected based on previous studies that suggested its
effectiveness in promoting heightened postnatal ethanol acceptance (Díaz-Cenzano &
Chotro, 2010) and greater ethanol-induced reinforcement (Pautassi et al., 2012).

2.4 Adolescence Intake Test (Experiment 1)
On PD 35, animals derived from dams given ethanol or vehicle during late gestation had a
24-hr home-cage adaptation session to graded tubes filled with tap water. During this
session, animals were housed in groups of four and exposed to four graded tubes per cage.
The reason to expose the animals to four graded tubes was to provide a 1:1 ratio between
number of animals and number of available tubes in each cage. The adaptation session was
meant to facilitate the transition between drinking from the standard bottles to drinking from
the novel tubes of ethanol intake sessions. During ages PD 36–39, voluntary ethanol
consumption was tested using a standardized two-bottle ethanol intake test protocol (see
Acevedo et al., 2010; Pepino et al., 2004; Ponce et al., 2004; 2008). Animals underwent
daily 2-h intake sessions preceded by a 22-h water deprivation period. Rats were weighed
before each session. During drinking sessions animals were placed in standard individual
wire mesh cages with two graded tubes, one filled with tap water and the other with the
ethanol solution (3% v/v on the first day and increasing 1% on subsequent days until
reaching 6% v/v on the last testing day on PD39). After each test period rats were returned
to their home cages. The volume consumed from each tube was assessed at 20, 60 and 120
min. Tubes were never touched or removed during intake tests. The position of the ethanol
and water tubes was varied across sessions to prevent place-preference effects. The
dependent variables under analysis were ethanol intake in grams per kilogram (g/kg) and
percent selection of ethanol [(consumption of ethanol/overall liquid ingestion) × 100].

This intake protocol has been extensively used to detect the influence of early alcohol
exposure, mediated by maternal consumption during breastfeeding (Pepino et al., 2004;
Ponce et al., 2011), operant-self administration (Ponce et al., 2008) or passive intubations
(Acevedo et al., 2010), on later alcohol acceptance. Preliminary studies conducted in our lab
(Fabio et al., unpublished) indicate that, without liquid deprivation, adolescent Wistar rats
drink very little ethanol, even when ethanol is provided in an intermittent basis. Ethanol
acceptance can be facilitated by adding sweeteners (e.g., sucrose) to the ethanol solution, yet
this adds the possibility that rats might respond for sensory or caloric properties of the
sweetener rather than for ethanol. The deprivation schedule employed in the present work
promotes fast absorption and distribution of ethanol and therefore rapid perception of its
postabsorptive effects (Ponce et al., 2004; Pepino et al., 2004).

2.5 Adolescence alcohol administration procedures (Experiments 2, 3 and 4)
On PD 36, Animals from PE or PV groups received an i.g. administration of a 0.015 ml/g of
a 21% v/v ethanol solution (vehicle: tap water; ethanol dose: 2.5 g/kg; hereinafter referred as
2.5 Group), a similar volume of vehicle (0.0 group) or were left untreated (UT group). The
intubations were accomplished following similar procedures as those utilized during
prenatal treatment. The ethanol dose was selected on the basis of previous studies (Acevedo
et al., 2010) that suggested its effectiveness in promoting ethanol intake and inducing
significant ethanol-induced locomotor activity in adolescents.

Fabio et al. Page 5

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.6 Assessment of ethanol-induced locomotor activity (LMA) and ultrasonic vocalizations
(USVs) (Experiment 2)

Five minutes after intubation, animals were tested for motor activity in square chambers
(50×50×50cm) connected to an automatic activity monitoring system (ITCOMM, Córdoba,
Argentina). Each chamber was surrounded by photocell beams that generated a matrix. The
system tracked the rat’s movement in real-time basis and recorded the distance traveled (cm)
during a 5-min test (i.e., post-administration time 5–9 mins). Vertical movement of the
animal broke a photocell beam located about 12 cms from the floor of the chamber. Total
number of these beams broken was considered a measure of rearing. Dependent variables
are expressed in a minute-by-minute basis (i.e., five 1-min bins). Testing was conducted in a
room equipped with two fluorescent lamps located in the center of the room, about 2.5
meters above the testing chambers. Immediately following the motor activity test, animals
were individually placed into a sound-attenuating chamber (Med Associates, St Albans, VT)
with sandpaper lining the floor (60 grit, Norton, Rio Grande do Sul, Brazil). Exposure to the
rough sandpaper surface was meant to be a mild stressor. Previous pilot studies had
indicated total absence of USV emissions in similarly aged adolescent rats tested in a plain
Plexiglas chamber. The sound-attenuating chambers were located in the same room as the
automatic activity monitoring system. Ultrasonic vocalizations were recorded for 5 min
using a ANL 817-1B vocalization detector (Med Associates, St Albans, VT). Vocalizations
in the range 20–30 khz and 40–50khz were separately measured and analyzed to generate
total number of USVs for each range across the five-min test.

2.7 Assessment of C-fos activity (Experiments 2 and 3)
The immunohistochemistry protocol was similar to that described in de Olmos et al. (2009)
and Faria et al. (2008). Ninety minutes after intubation with 2.5 g/kg ethanol the adolescents
were anesthetized with i.p injections of Chloral hydrate (dose: 0.7 mls/100 mg of body
weight) and perfused transcardially with 0.9% heparinized saline and 4% paraformaldehyde
(PFA) in 0.1-M phosphate buffer (PB; pH 7.4). Brains were left overnight in the skull and
subsequently removed and placed in 30% sucrose for at least 72 h. Frozen brains were then
sectioned through a freezing microtome. Four series of 40μm sections were obtained and
placed in 0.1-M PB. Two series were stored at 4�C and employed in other studies. The
other series, in turn, was immediately used for immunohistochemistry. Peroxidase reaction
was blocked by incubating the brains for 60 min in a solution composed of 1% H2O2, 10%
methanol and 0.01 PB. Brains were then washed three times in PB and incubated in a
blocking solution of 5% normal horse serum (NHS, Invitrogen, New Zealand) for 1 hour.
Afterwards, the brain sections were first incubated free-floating overnight at room
temperature and under continuous agitation, with a rabbit monoclonal antibody against the
C-fos protein (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:2000 in PB containing
0.3% Triton X-100 plus 1% of NHS. Brains were washed three times in 0.01 PB, incubated
60 min with biotinylated donkey anti-rabbit secondary antibody (Jackson Laboratories, West
Grove, PA) diluted 1:500 in 1% NHS, and washed again three times in PB. The sections
were then incubated for 60 min with the avidin–biotin–peroxidase complex (ABC Elite Kit;
Vector Labs, Burlingame, CA) diluted in 1% NHS. Sections were subsequently incubated
for 5 min with a solution containing 0.05% 3–3=-diamino-benzidine tetra hydrochloride
(DAB, SigmaAldrich, St. Louis, MO, USA) and 0.01% hydrogen peroxidase. The sections
were then mounted on a gelatinized slide, dehydrated and covered with DPX glue.

Three slices were selected per animal in each of the brain regions under analysis (please see
Figure 1). Following the delineation of Paxinos and Watson (2007), slices for IL and PrL
were taken at bregmas 3.34, 3.00 and 2.76 mm; whereas AcbC and AcbSh were taken from
bregmas 1.68, 1.44 and 1.08 mm. A Primo Star iLed microscope, equipped with an Axicam
ERc 5s Microscope camera (Zeiss, Jena, Germany), was used to acquire the photographs.
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The mean number of cells with activated nuclei in each structure was counted by means of
the software FIJI Is Just Image J (Schindelin et al., 2012). Data from the three sections were
averaged for the subsequent statistical analysis.

2.8 Determination of Blood Ethanol levels (Experiment 4)
Animals were given 2.5 g/kg of ethanol and trunk blood ethanol samples (2 ul) were taken
30, 90, or 120 minutes after ethanol administration, through a heparinized capillary tube.
Only one sample was collected from each animal. The vials containing the blood were
stored at −70° C for later analysis. BELs were obtained through head-space gas-
chromatography (Hewlett Packard 5890, Wilmington, DE). Blood samples were incubated
into a hot water bath (60° C) for 30 min. The volatile component was then injected into the
chromatographer through gas-tight syringes (Hamilton Co., Reno, NV). The temperature of
the column, oven and detector was set at 60° C, 150° C and 250° C, respectively. The carrier
gas was nitrogen (speed: 15 ml/min). BELs were expressed as milligrams of ethanol per
deciliter of body fluid (mg/dl = mg %).

2.9 Statistical Analysis
Body weights, overall liquid intake (ml/100g), ethanol intake on a gram per kilogram basis
and percent selection were examined using separate two-way mixed analyses of variance
(ANOVAs). Prenatal treatment (water or ethanol) and sex were between-group factors, and
days of assessment (sessions 1, 2, 3, and 4) were repeated measures. Maximum daily
amount of absolute ethanol intake was analyzed through a factorial ANOVA (prenatal
treatment and sex). This variable reflects the highest level of ethanol consumption (g/kg)
achieved by each animal across testing days.

Ethanol-induced motor activity [distance traveled (cm), Experiment 2] was analyzed through
a three-way mixed ANOVA, which included the between factors sex, prenatal treatment and
postnatal ethanol treatment (0.0 g/kg ethanol, 2.5 g/kg ethanol or untreated). Bin of
assessment (bins 1–5) was considered a within subject measure. A similar ANOVA was
employed to analyze rearing scores. Total number of ultrasonic vocalizations in each band
(20–30 khz and 40–50khz) across the test was separately analyzed through an ANOVA that
included sex, prenatal treatment and postnatal ethanol treatment as between factors.

The dependent variable for the immunohistochemistry studies in Experiments 2 and 3 was
the total number of C-fos positive cells in each brain structure (IL, PrL, AcbC AcbSh).
Number of positive cells in each brain region was analyzed through separate factorial
ANOVAs (sex×prenatal treatment×postnatal treatment, Experiment 2; prenatal
treatment×postnatal treatment, Experiment 3).

BELs were analyzed through a factorial ANOVA [sex × prenatal treatment × sampling time
(30, 90, and 120 minutes after ethanol administration)].

Across analysis, the loci of significant main effects or interactions were further examined
using pair-wise comparisons (Tukey’s post hoc tests or planned comparisons). Tukey was
used to further analyze main effects or interactions comprising “between” factors.
Orthogonal planned comparisons were used to analyze the significant interactions involving
between-by-within factors. Values of p < 0.05 were considered statistically significant.
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3. Results
3.1 Experiment 1

The ANOVA for body weight indicated a significant main effect of day of assessment, F3, 81
= 17.21; p < .001. Body weight was significantly higher in PD36 than in the subsequent
testing days and was not affected by prenatal manipulations or sex. The mean ± SEM body
weight (g) in animals that were exposed to ethanol during gestation was 85.36 ± 7.01, 80.21
± 11.77, 77.84 ± 11.00 and 79.15 ± 12.72, whereas the mean ± SEM in subjects reared by
vehicle-treated dams was 84.82 ± 9.95, 80.33 ± 7.24, 78.35 ± 6.88 and 78.02 ± 6.77 in
postnatal days 36, 37, 38 and 39, respectively.

Overall liquid intake (ml/100g) was found to be similar across prenatal conditions and
exhibited a significant increase across test days, F3, 81 = 11.07; p < .001. Across prenatal
treatment and sex, overall intake values were as follows: PD 36, 6.32 ± 0.32; PD 37, 7.68 ±
0.32; PD 38, 8.55 ± 0.48 and PD 39, 8.35 ± 0.39.

Means and standard error for ethanol intake across sessions are depicted in figure 2 (left
panel: gram per kilogram; right panel: percent preference). Intake on a gram per kilogram
basis was fairly constant across sessions, with a peak on session 2 when animals were
exposed to a 4% v/v ethanol solution. Percent preference for ethanol was higher in the first
two sessions and seemed to decrease during the last sessions. Prenatal ethanol treatment
significantly heightened ethanol consumption across sessions and this facilitative effect of
prenatal ethanol was fairly similar for both measures of ethanol intake. The ANOVAs
confirmed these impressions. The ANOVAs for ethanol intake measured in g/kg and percent
preference revealed significant main effects of prenatal treatment (F1, 27 = 9.86; p < .005,
F1, 27 = 11.82; p < .005, respectively) and session (F3,81 = 3.38; p < .005, F3, 81 = 6.54; p < .
001, respectively). Post-hoc comparisons indicated significantly greater consumption of
ethanol in animals exposed to ethanol during gestation than in counterparts reared by
vehicle-treated dams. Ethanol intake was significantly greater in the second test session than
in the remaining sessions.

Prenatal ethanol also affected the maximum amount of absolute ethanol intake on a given
day. This variable reflects the highest daily level of ethanol consumption (g/kg) achieved by
each animal across testing days. The ANOVA yielded a significant main effect of prenatal
treatment, F1,27 = 7.67; p < .05. Adolescents exposed to ethanol in utero exhibited
significantly higher maximum intake scores (0.84 ± 0.08 g/kg) than control counterparts
(0.52 ± 0.08 g/kg).

3.2 Experiment 2
This Experiment tested acute responsiveness to ethanol, in terms of LMA and emission of
USVs, in adolescent rats exposed to ethanol prenatally through the drug administration
schedule that, in Experiment 1, resulted in greater ethanol intake. The brains of a sub-sample
of these animals were analyzed for expression of the immediate early gene C-fos.

The ANOVA for LMA scores indicated significant main effects of postnatal ethanol
treatment and bin of assessment [F2,78 = 28.46; p < .0001, F4,312 = 57.55; p < .0001] as well
as a significant interaction between these factors, F8,312 = 2.90; p < .005. As depicted in
Figure 3 and confirmed by planned comparisons, ethanol induced significant behavioral
stimulation during the first four minutes of testing. Untreated and vehicle-treated controls
exhibited fairly similar LMA scores across test. The ANOVA for rearing scores revealed
only a significant main effect of bin of assessment, F4,312 = 48.74; p < .0001. Rearing scores
(mean ± SEM) in testing bins 1, 2, 3, 4 and 5 were as follows: 16.59 ± 1.17, 12.31 ± 0.98,
7.78 ± 0.93, 5.94 ± 0.86, 6.21 ± 1.04 and 16.00 ± 1.18, 11.73 ± 0.93, 8.38 ± 0.89, 7. 18 ±
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0.82, 5.42 ± 0.99, for adolescents exposed to ethanol or vehicle as fetuses. Prenatal
treatment exerted no significant main effect nor was it involved in significant interactions.

As expected, animals emitted many more aversive than appetitive USVs when exposed to
the rough sandpaper surface. Overall frequency of USVs was 13.88 ± 1.60 and 2.84 ± 0.43,
for the aversive and appetitive band respectively.

Postnatal administration of 2.5 g/kg ethanol induced a two-fold increase in the emission of
USVs in the aversive range (20–30 khz), suggesting that this high ethanol dose had a
pharmacological effect 10 minutes following administration, perhaps anxiogenic, that added
to the stress of the testing situation (see figure 4, top panel). This effect of ethanol seemed
similar across adolescents exposed to ethanol in utero or exposed to only vehicle. The
ANOVA confirmed these impressions and yielded only a significant main effect of postnatal
ethanol treatment, F2,78 = 10.22; p < .0001. Post-hoc tests indicated significantly greater
aversive USV emission in adolescents given 2.5 g/kg shortly before testing than in
counterparts treated with vehicle or those that remained untreated. The two latter groups, in
turn, did not differ between each other.

The bottom panel of Figure 4 depicts frequency of emission of appetitive USVs (50–60 khz
range). Postnatal treatment with 2.5 g/kg significantly enhanced the emission of these
vocalizations, F2,78 = 10.22; p < .0001. Although visual inspection seems to indicate that
this facilitative effect was greater in adolescents exposed to the drug in utero than in non-
exposed controls, the two-way interaction between prenatal and postnatal ethanol treatment
did not achieve significance, F2,78= 2.50; p = .09.

Exposure to the open field and UVS test chamber seemed to result in a substantial number
of C-fos positive cells in all brain structures. Postnatal ethanol treatment neither reduced nor
enhanced this novelty-induced C-fos expression. Moreover, prenatal ethanol did not exert a
significant main effect nor was it involved in any significant interaction in C-fos expression
at PrL, AcbC or AcbSh. Interestingly, a significant main effect of prenatal ethanol exposure
was detected when analyzing infralimbic cortex, F1,47 = 6.79; p < .05. Adolescents with a
history of ethanol exposure in the womb exhibited significantly fewer positive C-fos cells in
IL than counterparts derived from vehicle-treated dams. Overall mean was 40.39 ± 5.38 and
71.66 ± 9.68, for PE and PV adolescents, respectively. Table 1 presents the number of C-
fos-positive cells in each brain area under analysis as a function of prenatal and postnatal
treatments. The top panel of figure 5 shows images of C-fos positive nuclei in IL of
adolescent rats with or without prenatal exposure to ethanol and given ethanol, vehicle or no
treatment (i.e., untreated group) on postnatal day 36.

3.3 Experiment 3
The result replicated the pattern observed in the previous Experiment. The ANOVA for C-
fos positive cells in infralimbic cortex yielded a significant main effect of prenatal treatment,
F1,20 = 4.84; p < .05. PE adolescents exhibited significantly less neuronal activation in this
area than PV counterparts (22.32 ± 4.66 vs. 38.16 ± 4.43, respectively) and this pattern was
not significantly altered by postnatal treatment. The ANOVAs for PrL, AcbC AcbSh
revealed neither significant main effects nor significant interactions involving sex, prenatal
treatment or postnatal treatment. Table 1 depicts number of C-fos-positive cells for each
brain area as a function of prenatal and postnatal treatments. Fig. 5 (lower panel) depicts C-
fos positive nuclei in IL of adolescent rats as a function of prenatal and postnatal treatments.

3.4 Experiment 4
Adolescents exposed to ethanol or vehicle during gestation exhibited similar blood ethanol
levels after intubation with 2.5 g/kg ethanol. The ANOVA revealed a lack of significant
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main effects or significant interactions between sex, prenatal treatment or sampling interval.
Blood ethanol level (mean ± SEM) in terms of mg% at 30, 90 and 120 min post
administration was as follows: 126.74 ± 6.04, 119.23 ± 16.35, 114.63 ± 11.25 and 120.71 ±
11.22, 117.81 ± 9.87, 112.08 ± 13.44, for adolescent exposed to ethanol or vehicle during
late gestation.

4. Discussion
Brief exposure to ethanol during late gestation (2.0 g/kg, daily intubations on GDs 17–20)
significantly enhanced ethanol intake in the adolescent offspring of inbred WKAH/Hok
Wistar rats. Prenatal ethanol induced a substantial, two-fold increase in adolescent drug
intake when measured on a gram-per-kilogram basis and in percent selection. Maximum
daily level of intoxication achieved throughout testing was also significantly higher in
adolescents derived from ethanol-exposed dams.

These results are congruent with studies indicating heightened ethanol consumption in
preweanling rats after moderate ethanol exposure during late gestation (e.g Abate et al,
2008; Chotro et al., 2007). The present study adds that the facilitative effect of prenatal
ethanol on ethanol intake occurs clearly in adolescent inbred rats, whereas most studies
focused their attention in early infancy and employed outbred strains (e.g., Dominguez et al.,
1998).

There has been, however, some evidence of prenatal ethanol significantly enhancing alcohol
intake in adolescent, outbred Wistar rats, assessed through one- or two-bottle intake tests.
Chotro & Arias (2003) found heightened adolescent ethanol intake in rats reared by dams
given ethanol (1–2 g/kg) on gestational days 17–20. The effect was gender and dose-
dependent, with males exhibiting enhanced ethanol intake after 2.0, but not 1.0 g/kg,
ethanol, and vice versa for females. Díaz-Cenzano & Chotro (2010) observed that just two
administrations of ethanol on gestational days 19–20 increased ethanol intake when
measured a few days after weaning, at postnatal day 26–27. Some interesting comparisons
can be drawn between these studies and the present results. Ethanol intake in terms of
percent preference of fluids available during tests was very similar in Chotro & Arias (2003)
and in the first testing day of the present study (i.e., around 30%). Unlike Chotro & Arias
(2003), however, we found that the facilitative effect of gestational exposure to ethanol on
later ethanol intake was similar in male and females.

It is unlikely that gross morphological teratology could account for the increased ethanol
intake observed in the present work. There were no body weight differences across prenatal
treatments and previous studies indicate that daily, prenatal ethanol intubations from
gestational days 17 to 20 did not alter maximum cerebral hemisphere width or length, body
weight of the fetuses, placenta weight, cerebellar width (Dominguez et al, 1996), nor did it
alter cell number in the granular cell layer or in the main olfactory bulb (Pueta et al., 2011).
Moreover, the offspring of dams exposed to moderate doses of ethanol during late gestation
exhibit normal patterns of habituation when exposed to chemosensory stimuli (Abate et al.,
2000; Arias & Chotro, 2005), suggesting that this prenatal ethanol protocol does not alter
processing of basic sensory stimulation or learning abilities. Teratogenic effects expressed in
deficits in habituation to novel stimuli have been reported after prenatal exposure to ethanol,
yet they were associated with relatively high ethanol doses, chronically administered during
the brain growth spurt period (Hofmann et al., 2005).

Differences observed in this study might be hypothesized to be due to a change in ethanol
metabolism following prenatal ethanol exposure. Behavioral and neurochemical
examination of ethanol’s effects was followed by a pharmacokinetic experiment which

Fabio et al. Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



indicated that blood ethanol metabolism was not affected by prenatal exposure to the drug.
This pharmacokinetic study also indicated that ethanol levels induced by intubation with 2.5
g/kg ethanol remained stable across the 30–120 min post-administration interval. The mode
of drug administration used can explain this pattern. When relatively high doses of ethanol
are administered intragastrically the blood ethanol curve exhibits a more delayed and
persistent peak than that induced by intraperitoneal administration. These results are
consistent with those found in outbred Wistar rats (Walker & Ehlers, 2008).

The 22-h water deprivation period before the drinking procedure likely promoted stress.
Moreover, water deprivation probably resulted in rapid perception of ethanol’s
pharmacological effects, due to a greater rate of ethanol’s absorption and distribution.
Therefore, it is possible that heightened ethanol drinking following prenatal ethanol
exposure was driven by the negative reinforcing, anxiolytic effects of ethanol (Kushner et
al., 2000; Pautassi et al., 2006).

Experiment 2 tested adolescents with or without prenatal ethanol exposure in terms of
several variables likely to underlie the facilitated intake effect observed in Experiment 1,
including acute effects of ethanol upon locomotor and emotional reactivity patterns.
Emotional reactivity was measured in terms of emission of ultrasonic vocalizations
following exposure to a mildly aversive stimulus (i.e., a novel environment featuring rough-
textured flooring). Ethanol-induced locomotion was selected on the basis of previous
research indicating some overlap between the neurobiological systems mediating drug-
induced behavioral stimulation and those involved in drug-mediated reinforcement
(Tzschentke & Schmidt, 2000). Ethanol induced significant behavioral stimulation during
the onset of the post-administration interval, when blood ethanol levels are rising and the
appetitive effect of ethanol is presumably maximal, yet this effect was similar across
prenatal treatments. Similar to the present study,Arias et al. (2008) assessed acute sensitivity
to ethanol-induced locomotion in preweanling rats derived from dams given 0.0 or 2.0 g/kg
ethanol on GDs 17–20. Ethanol induced motor activating and depressing effects, and acute
tolerance to the sedative effect was observed. Similar to the present findings with adolescent
rats (Experiment 2), however, these effects on infant rats were not affected by prenatal
ethanol exposure.

Our expectation of greater emission of aversive than appetitive USVs after exposure to the
rough sandpaper texture was confirmed and postnatal intubation with 2.5 g/kg ethanol
significantly exacerbated the emission of both appetitive and aversive USVs, although the
effect seemed greater for the aversive vocalizations. As inPautassi et al. (2006), the 2.5 g/kg
ethanol dose seemed to exert aversive or anxiogenic effects that summated with the mild
stress of the test. This effect of ethanol, however, was not affected by exposure to the drug
in-utero. One caveat of the present study is that a single ethanol dose was used during
testing. It is possible that prenatal effects of ethanol would have been seen using other
ethanol doses.

Immediate early genes, such as C-fos, indicate neural response after several stimuli,
including exposure to novelty. For instance, rats exposed to a novel chamber exhibited a
two-fold increase of C-fos activity in several brain areas, when compared to home cage
controls (Ryabinin et al., 1997). In Experiment 2 rats exposed to the novel environments of
the motor activity arena and the USV chamber box exhibited substantial C-fos expression
across the brain areas analyzed. Between-experiment comparisons indicate a two-fold
greater number of positive C-fos cells in Experiment 2 than in Experiment 3, in which
animals were not exposed to distinctive novel stimulation. New information derived from
the present study is that adolescents prenatally exposed to ethanol exhibited a significant
reduction in the number of C-fos positive cells in the infralimic prefrontral cortex, but not in
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pre-limbic cortex nor in nucleus accumbens core or shell, when compared to counterparts
exposed to vehicle in utero. It could be argued that this effect may be an artifact derived
from the substantial manipulations experienced by the animals during LMA and USV tests.
This explanation, however, seems unlikely, as significantly less C-fos labeling in PE than in
PV adolescents was replicated in Experiment 3, when neither behavioral testing nor
exposure to new environments occurred.

The infralimbic cortex (IL) has a key role in the extinction of learned associations induced
by conventional reinforcers or drugs (for reviews see Millan et al., 2011). It has been
observed that electrical stimulation of IL neurons reduces conditioned fear (Vidal-Gonzalez
et al., 2006). Pharmacological activation of IL resulting from microinjections of D1 or D2-
like antagonists prevented cocaine reinstatement (Sun et al., 1005), but inactivation of IL
through muscimol and baclofen facilitated cocaine-induced reinstatement (Peters et al.,
2008). Similarly, infralimbic infusion of an N-methyl-D-aspartate receptor antagonist made
subjects more resistant to the extinction of conditioned fear task (Burgos-Robles, 2007) but
had no effect on its acquisition. Moreover, expression of extinction has been associated with
protein synthesis (Santini et al., 2004) and greater number of positive C-fos cells in IL
(Knapska & Maren, 2009). In concert with these previous studies, the main result of
Experiments 2 and 3 (i.e., reduced basal neural activity in infralimbic cortex after gestational
ethanol) suggests that moderate prenatal ethanol exposure may be associated with extinction
deficits during adolescence. The implications may be particularly important when framed
under theories (Spear and Molina, 2005) suggesting that prenatal ethanol induces associative
learning between the odor/taste of ethanol and the appetitive effects of the drug.

Previous studies indicate that acute ethanol intoxication induces dose-dependent C-fos
activation in several brain areas, including prefrontral cortex and nucleus accumbens,
whereas desensitization in the amplitude of the response is often observed after chronic
exposure to ethanol (Chang et al., 1995; Faria et al. 2008). Based on these studies it could be
hypothesized that prenatal ethanol exposure may have resulted in a desensitization of
ethanol-induced C-fos activation. On the present study, however, ethanol did not affect IEG
expression in any of the areas under analysis, neither in Experiment 2 nor in Experiment 3.
Some procedural differences could explain this lack of effect. These previous studies (Chang
et al., 1995; Faria et al. 2008) employed i.p. ethanol injection, whereas i.g. intubations were
employed in the present work. These two modes of administration are known to result in
significantly different blood ethanol levels (Nizhnikov et al., 2009) and different patterns of
C-fos induction (Vilpoux et al., 2009). Moreover, according to previous studies (Walker and
Ehlers, 2009) BELs induced by doses around 3.0 g/kg peak earlier for i.p. than for i.g.
administration (15 vs. 30 min post-administration, respectively) and, therefore, it is likely
that the timing of C-fos measurement in the present study was not optimal for detection of
ethanol-induction of C-fos.

In summary, late gestational exposure to moderate doses of ethanol significantly heightened
drinking in the adolescent offspring of an inbred rat strain. Emotional and unconditioned
motor responses mediated by ethanol were not directly associated with differential ethanol
intake resulting from prenatal ethanol exposure. Prenatal ethanol, however, altered basal
neural activity in infralimbic prefrontal cortex, an area implicated in the extinction of drug-
mediated associative memories. These results are relevant when considering that ethanol
seeking, which commonly begins during adolescence (DeWit et al., 2000), is significantly
regulated by drug-associated cues (Hyman, 2005). Future studies should further analyze the
functionality of medial prefrontral cortex after prenatal ethanol exposure as well as its
potential association with predisposition for heightened ethanol intake.

Fabio et al. Page 12

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
This work was a collaborative project between the Research Foundation of SUNY Binghamton and Instituto
Ferreyra and was supported by National Institute on Alcohol Abuse and Alcoholism grants AA011960, AA013098,
AA015992, and AA017823 to NES and AA018164 to MN and grants PIP CONICET 2010-2012, SECYT
2010-2012 and PICT-PRH 246 (Argentina) to RMP.

References
Abate P, Pepino MY, Domínguez HD, Spear NE, Molina JC. Fetal associative learning mediated

through maternal alcohol administration. Alcohol Clin Exp Res. 2000; 24:39–47. [PubMed:
10656191]

Abate P, Pueta M, Spear NE, Molina JC. Fetal learning about ethanol and later ethanol responsiveness:
evidence against"safe" amounts of prenatal exposure. Exp Biol Med. 2008; 233:139–154.

Abel EL, Bush R, Dintcheff BA. Exposure of rats to alcohol in utero alters drug sensitivity in
adulthood. Science. 1981; 212:1531–1533. [PubMed: 7233243]

Acevedo MB, Molina JC, Nizhnikov ME, Spear NE, Pautassi RM. High ethanol dose during early
adolescence induces locomotor activation and increases subsequent ethanol intake during late
adolescence. Dev Psychobiol. 2010; 52:424–440. [PubMed: 20373327]

Acevedo MB, Nizhnikov ME, Spear NE, Molina JC, Pautassi RM. Ethanol-induced locomotor activity
in adolescent rats and the relationship with ethanol-induced conditioned place preference and
conditioned taste aversion. Dev Psychobiol. 2012

Arias C, Chotro MG. Increased palatability of ethanol after prenatal ethanol exposure is mediated by
the opioid system. Pharmacol Biochem Behav. 2005; 82:434–442. [PubMed: 16257045]

Arias C, Chotro MG. Interactions between prenatal ethanol exposure and postnatal learning about
ethanol in rat pups. Alcohol. 2006; 40:51–59. [PubMed: 17157720]

Arias C, Molina JC, Mlewski EC, Pautassi RM, Spear N. Acute sensitivity and acute tolerance to
ethanol in preweanling rats with or without prenatal experience with the drug. Pharmacol Biochem
Behav. 2008; 89:608–622. [PubMed: 18374972]

Baer JS, Barr HM, Bookstein FL, Sampson PD, Streissguth AP. Prenatal alcohol exposure and family
history of alcoholism in the etiology of adolescent alcohol problems. J Stud Alcohol. 1998; 59:533–
543. [PubMed: 9718105]

Baer JS, Sampson PD, Barr HM, Connor PD, Streissguth AP. A 21-year longitudinal analysis of the
effects of prenatal alcohol exposure on young adult drinking. Arch Gen Psychiatry. 2003; 60:377–
385. [PubMed: 12695315]

Becker HC, Weathersby RT, Hale RL. Prenatal ethanol exposure alters sensitivity to the effects of
apomorphine given alone and in combination with ethanol on locomotor activity in adult male
mouse offspring. Neurotoxicol Teratol. 1995; 17:57–64. [PubMed: 7708020]

Bisaga A, Kostowski W. Individual behavioral differences and ethanol consumption in Wistar rats.
Physiol Behav. 1993; 54:1125–1131. [PubMed: 8295952]

Blumberg MS, Alberts JR. Ultrasonic vocalizations by rat pups in the cold: an acoustic by-product of
laryngeal braking? Behav Neurosci. 1990; 104:808–817. [PubMed: 2244987]

Burgos-Robles A, Vidal-Gonzalez I, Santini E, Quirk GJ. Consolidation of fear extinction requires
NMDA receptor-dependent bursting in the ventromedial prefrontal cortex. Neuron. 2007; 53:871–
880. [PubMed: 17359921]

Chang SL, Patel NA, Romero AA. Activation and desensitization of Fos immunoreactivity in the rat
brain following ethanol administration. Brain Res. 1995; 679:89–98. [PubMed: 7648269]

Chotro MG, Arias C. Prenatal exposure to ethanol increases ethanol consumption: a conditioned
response? Alcohol. 2003; 30:19–28. [PubMed: 12878271]

Chotro MG, Arias C, Laviola G. Increased ethanol intake after prenatal ethanol exposure: Studies with
animals. Neurosci Biobehav Rev. 2007; 31:181–191. [PubMed: 17010438]

de Olmos S, Bender C, de Olmos JS, Lorenzo A. Neurodegeneration and prolonged immediate early
gene expression throughout cortical areas of the rat brain following acute administration of
dizocilpine. Neuroscience. 2009; 164:1347–1359. [PubMed: 19772897]

Fabio et al. Page 13

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DeWit DJ, Adlaf EM, Offord DR, Ogborne AC. Age at first alcohol use: a risk factor for the
development of alcohol disorders. Am J Psychiatry. 2000; 157:745–750. [PubMed: 10784467]

Díaz-Cenzano E, Chotro MG. Prenatal binge ethanol exposure on gestation days 19–20, but not on
days 17–18, increases postnatal ethanol acceptance in rats. Behav Neurosci. 2010; 124:362–369.
[PubMed: 20528080]

Dominguez HD, Lopez MF, Molina JC. Neonatal responsiveness to alcohol odor and infant alcohol
intake as a function of alcohol experience during late gestation. Alcohol. 1998; 16:109–117.
[PubMed: 9665312]

Dominguez HD, Lopez MF, Chotro MG, Molina JC. Perinatal responsiveness to alcohol's
chemosensory cues as a function of prenatal alcohol administration during gestational days 17–20
in the rat. Neurobiol Learn Mem. 1996; 65:103–112. [PubMed: 8833099]

Faria RR, Lima Rueda AV, Sayuri C, Soares SL, Malta MB, Carrara-Nascimento PF, et al.
Environmental modulation of ethanol-induced locomotor activity: Correlation with neuronal
activity in distinct brain regions of adolescent and adult Swiss mice. Brain Res. 2008; 1239:127–
140. [PubMed: 18789904]

Festing MFW. Inbred Strains Should Replace Outbred Stocks in Toxicology, Safety Testing, and Drug
Development. Toxicol Pathol. 38:681–690. [PubMed: 20562325]

Hyman SE. Addiction: A Disease of Learning and Memory. Am J Psychiatry. 162:141–122.

Hofmann CE, Patyk IA, Weinberg J. Prenatal ethanol exposure: sex differences in anxiety and
anxiolytic response to a 5-HT1A agonist. Pharmacol Biochem Behav. 2005; 82:549–558.
[PubMed: 16359722]

Johnston, LD.; O’Malley, PM.; Bachman, JG.; Schulenberg, JE. Monitoring the Future: National
Results on Adolescent Drug Use—Overview of Key Findings 2008. Bethesda: National Institute
on Drug Abuse; 2009.

Knapska E, Maren S. Reciprocal patterns of C-fos expression in the medial prefrontal cortex and
amygdala after extinction and renewal of conditioned fear. Learn Mem. 2009; 16:486–493.
[PubMed: 19633138]

Kushner MG, Abrams K, Borchardt C. The relationship between anxiety disorders and alcohol use
disorders: a review of major perspectives and findings. Clin Psychol Rev. 2000; 20:149–171.
[PubMed: 10721495]

Kraebel KS, Brasser S, Campbell JO, Spear LP, Spear N. Developmental differences in temporal
patterns and potentiation of isolation-induced ultrasonic vocalizations: influence of temperature
variables. Dev Psychobiol. 2002; 40:147–159. [PubMed: 11857329]

Millan EZ, Marchant NJ, McNally GP. Extinction of drug seeking. Behav Brain Res. 2011; 217:454–
462. [PubMed: 21073904]

Mota N, Alvarez-Gil R, Corral M, Rodríguez Holguín S, Parada M, Crego A, et al. Risky alcohol use
and heavy episodic drinking among Spanish University students: a two-year follow-up. Gac Sanit.
2010; 24:372–377. [PubMed: 20656378]

Nash SM, Weaver MS, Cowen CL, Davis SF, Tramill JL. Taste preference of the adult rat as a
function of prenatal exposure to ethanol. J Gen Psychol. 1984; 110:129–135. [PubMed: 6699626]

National Institute of Health. Guide for the Care and Use of Laboratory Animals. Washington, DC:
National Academy Press; 1996. Institute of Laboratory Animal Resources, Commission on Life
Sciences. National Research Council.

Nizhnikov ME, Pautassi RM, Truxell E, Spear NE. Opioid antagonists block the acquisition of
ethanol-mediated conditioned tactile preference in infant rats. Alcohol. 2009; 43:347–358.
[PubMed: 19671461]

Panksepp J, Burgdorf J. '"Laughing" rats and the evolutionary antecedents of human joy? Physiol
Behav. 2003; 79:533–547. [PubMed: 12954448]

Pautassi RM, Nizhnikov ME, Spear NE, Molina JC. Prenatal ethanol exposure leads to greater ethanol-
induced appetitive reinforcement. Alcohol. 2012; 46:585–593. [PubMed: 22698870]

Pautassi RM, Nizhnikov ME, Molina JC, Boehm SL 2nd, Spear NE. Differential effects of ethanol and
midazolam upon the devaluation of an aversive memory in infant rats. Alcohol. 2007; 41:421–431.
[PubMed: 17936511]

Fabio et al. Page 14

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pautassi RM, Sanders S, Miller S, Spear NE, Molina JC. Early ethanol's anxiolytic effects assessed
through an unconditional stimulus revaluation procedure. Alcohol Clin Exp Res. 2006; 30:448–
459. [PubMed: 16499485]

Pepino MY, Abate P, Spear NE, Molina JC. Heightened Ethanol Intake in Infant and Adolescent Rats
After Nursing Experiences With an Ethanol- Intoxicated Dam. Alcohol Clin Exp Res. 2004;
28:895–905. [PubMed: 15201632]

Peters J, LaLumiere RT, Kalivas PW. Infralimbic prefrontal cortex is responsible for inhibiting
cocaine seeking in extinguished rats. J Neurosci. 2008; 28:6046–6053. [PubMed: 18524910]

Ponce LF, Pautassi RM, Spear NE, Molina JC. Ethanol-mediated operant learning in the infant rat
leads to increased ethanol intake during adolescence. Pharmacol Biochem Behav. 2008; 90:640–
650. [PubMed: 18571224]

Ponce LF, Pautassi RM, Spear NE, Molina JC. Nursing from an ethanol-intoxicated dam induces
short- and long-term disruptions in motor performance and enhances later self-administration of
the drug. Alcohol Clin Exp Res. 2044; 28:1039–1050. [PubMed: 15252290]

Pueta M, Rovasio RA, Abate P, Spear NE, Molina JC. Prenatal and postnatal ethanol experiences
modulate consumption of the drug in rat pups, without impairment in the granular cell layer of the
main olfactory bulb. Physiol Behav. 2011; 102:63–75. [PubMed: 20951715]

Reyes E, Garcia KD, Jones BC. Effects of the maternal consumption of alcohol on alcohol selection in
rats. Alcohol. 1985; 2:323–326. [PubMed: 4015853]

Robinson TE, Berridge KC. The neural basis of drug craving: an incentive-sensitization theory of
addiction. Brain Res Brain Res Rev. 1993; 18:247–291. [PubMed: 8401595]

Ryabinin AE, Criado JR, Henriksen SJ, Bloom FE, Wilson MC. Differential sensitivity of C-fos
expression in hippocampus and other brain regions to moderate and low doses of alcohol. Mol
Psychiatry. 1997; 2:32–43. [PubMed: 9154216]

Santini E, Ge H, Ren K, Peña de Ortiz S, Quirk GJ. Consolidation of fear extinction requires protein
synthesis in the medial prefrontal cortex. J Neurosci. 2004; 24:5704–5710. [PubMed: 15215292]

SEDRONAR. Encuesta Nacional sobre consumo de sustancias psicoactivas en estudiantes del Nivel
Medio. Buenos Aires: Secretaría de Programación para la Prevención de la Drogadicción y la
Lucha contra el Narcotráfico; 2011.

Shea KM, Hewitt AJ, Olmstead MC, Brien JF, Reynolds JN. Maternal ethanol consumption by
pregnant guinea pigs causes neurobehavioral deficits and increases ethanol preference in offspring.
Behav Pharmacol. 2012; 23:105–112. [PubMed: 22157142]

Spear NE, Molina JC. Fetal or infantile exposure to ethanol promotes ethanol ingestion in adolescence
and adulthood: A theoretical review. Alcohol Clin Exp Res. 2005; 29:909–929. [PubMed:
15976517]

Sun W, Rebec GV. The role of prefrontal cortex D1-like and D2-like receptors in cocaine-seeking
behavior in rats. Psychopharmacology. 2005; 177:315–323. [PubMed: 15309375]

Tarragon E, Baliño P, Aragon CM. Dantrolene blockade of ryanodine receptor impairs ethanol-
induced behavioral stimulation, ethanol intake and loss of righting reflex. Behav Brain Res. 2012;
233:554–562. [PubMed: 22677274]

Tzschentke TM, Schmidt WJ. Functional relationship among medial prefrontal cortex, nucleus
accumbens, and ventral tegmental area in locomotion and reward. Crit Rev Neurobiol. 2000;
14:131–142. [PubMed: 11513242]

Vidal-Gonzalez I, Vidal-Gonzalez B, Rauch SL, Quirk GJ. Microstimulation reveals opposing
influences of prelimbic and infralimbic cortex on the expression of conditioned fear. Learn Mem.
2006; 13:728–733. [PubMed: 17142302]

Vilpoux C, Warnault V, Pierrefiche O, Daoust M, Naassila M. Ethanol-sensitive brain regions in rat
and mouse: a cartographic review, using immediate early gene expression. Alcohol Clin Exp Res.
2009; 33:945–969. [PubMed: 19302091]

Walker BM, Ehlers CL. Age-related differences in the blood alcohol levels of Wistar rats. Pharmacol
Biochem Behav. 2009; 91:560–565. [PubMed: 18940195]

Yates WR, Cadoret RJ, Troughton EP, Stewart M, Giunta TS. Effect of fetal alcohol exposure on adult
symptoms of nicotine, alcohol, and drug dependence. Alcohol Clin Exp Res. 1998; 22:914–920.
[PubMed: 9660322]

Fabio et al. Page 15

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Research Highlights

• Prenatal ethanol exposure heightened drinking in adolescent inbred rats.

• Postnatal ethanol induced motor stimulation.

• Postnatal ethanol increased emission of appetitive and aversive ultrasonic
vocalizations.

• Unconditioned effects of ethanol were not affected by prenatal ethanol
exposure.

• Prenatal ethanol reduced basal neural activity in infralimbic prefrontal cortex.
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Figure 1.
Schematic diagrams of brain sections adapted from the rat brain atlas of Paxinos & Watson
(2007). The figures represent the approximate antero-posterior levels (to Bregma) where
select brain regions were analyzed. The location and size of the analyzed area for each
region [PrL (prelimbic cortex), IL (infralimbic cortex), AcbSh (accumbens nucleus, shell)
and AcbC (accumbens nucleus, core)] is indicated with a grey square.
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Figure 2.
Absolute ethanol intake (g/kg) and percent ethanol preference scores (left and right panels,
respectively) in adolescent rats as a function of intake test session (sessions 1, 2, 3 and 4)
and prenatal treatment experienced during gestational days 17 to 20 (2.0 g/kg or vehicle: tap
water, mediated by maternal intoxication). In each daily intake test (duration: 120 min)
animals had access to a bottle of water and a bottle of ethanol (ethanol concentration: 3, 4, 5
or 6% v/v, sessions 1 to 4; respectively). Data were collapsed across sex (male or female).
The sex factor did not exert a significant main effect or significantly interact with the
remaining variables. The statistical analysis indicated that prenatal ethanol treatment
significantly heightened ethanol consumption across sessions and that this effect was similar
for both measures of ethanol intake Vertical lines indicate SEM.
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Figure 3.
Locomotor activity (distance traveled, cm) in male and female adolescent rats derived from
dams given ethanol (2.0 g/kg) or vehicle during late gestation. On postnatal day 36, the
adolescents were given ethanol (2.5 g/kg, i.g.) or its vehicle (tap water) or remained
untreated before locomotor activity was measured during post-administration time 5–9 min
(bins 1–5, corresponding to testing minutes 5, 6, 7, 8 and 9). Data were collapsed across sex
(male or female). The sex factor did not exert a significant main effect or significantly
interact with the remaining variables. The statistical analysis indicated that postnatal ethanol
induced significant locomotor activity during the first 4 minutes of testing, and that this
effect was similar for animals exposed to ethanol or vehicle during late gestation. The
vertical bars indicate SEM.
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Figure 4.
Frequency of emission of aversive and appetitive ultrasonic vocalizations (USVs) in the 20–
30 khz range and in the 50–60 khz range (top and bottom panels, respectively), in male and
female adolescent rats derived from dams given ethanol (2.0 g/kg) or vehicle during
gestational days 17 to 20. On postnatal day 36, adolescents were given ethanol (2.5 g/kg,
i.g.) or vehicle (0.0 g/kg, tap water) or remained untreated. Locomotor activity was assessed
during post-administration time 5–9 min and emission of USVs was measured during post-
administration time 10–14 min. Data were collapsed across sex (male or female). The sex
factor did not exert a significant main effect or significantly interact with the remaining
variables. Asterisks (*) indicate significant differences between the group administered
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ethanol on postnatal day 36 and the groups administered vehicle or untreated (p < 0.05). The
vertical bars indicate SEM.

Fabio et al. Page 21

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Photograph of brain sections from adolescent rats employed in Experiment 2 and 3 (upper
and lower panels, respectively). Photographs were taken at the level of the prefrontal
infralimbic cortex. Rats were derived from dams given ethanol (2.5 g/kg) or vehicle
administrations on gestational days 17 to 20. On postnatal day 36 rats were given 2.5 g/kg
ethanol, vehicle (i.e., 0.0 g/kg), or were untreated. In Experiment 2, but not in Experiment 3,
adolescents were tested for ethanol-induced motor activation and emission of ultrasonic
vocalizations before preservation of the brains. In both experiments the statistical analysis
indicated decreased C-fos in adolescent rats exposed to ethanol in-utero when compared to
adolescents derived from dams given only vehicle during gestation.
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