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Background and Purpose: Alcohol exposure in utero may lead to a wide range of
long-lasting morphological and behavioural deficiencies known as fetal alcohol spec-
trum disorders (FASD), associated with a higher risk of later developing neuropsychi-
atric disorders. However, little is known about the long-term consequences of
cocaine use and abuse in individuals with FASD. This study aimed to investigate the
effects of maternal binge alcohol drinking during prenatal and postnatal periods on
cocaine reward-related behaviours in adult offspring.

Experimental Approach: Pregnant C57BL/6 female mice were exposed to an experi-
mental protocol of binge alcohol consumption (drinking-in-the-dark test) from gesta-
tion to weaning. Male offspring were subsequently left undisturbed until reaching
adulthood and were tested for cocaine-induced motivational responses (conditioned
place preference, behavioural sensitization and operant self-administration). Protein
expression of dopamine- and glutamate-related molecules was assessed following
cocaine-induced reinstatement.

Key Results: The results show that prenatal and postnatal alcohol exposure enhanced
the preference for the cocaine-paired chamber in the conditioned place preference
test. Furthermore, early alcohol-exposed mice displayed attenuated cocaine-induced
behavioural sensitization but also higher cocaine self-administration. Furthermore,
alterations in glutamatergic excitability (GluA1/GIluA2 ratio) and AFosB expression
were found in the prefrontal cortex and the striatum of alcohol-exposed mice after
cocaine-primed reinstatement.

Conclusion and Implications: Our findings demonstrate that maternal binge-like alco-
hol consumption during gestation and lactation alters sensitivity to the reinforcing
effects of cocaine in adult offspring mice. Together, such data suggest that prenatal
and postnatal alcohol exposure may underlie an enhanced susceptibility of alcohol-

exposed offspring to develop drug addiction later in adulthood.

Abbreviations: AMPAR, AMPA receptor; CPP, conditioned place preference; CREB, cAMP-response element binding; DARPP-32, dopamine- and cAMP-regulated phosphoprotein of 32 kDa;
DAT, dopamine transporter; DID, drinking in the dark; FASD, fetal alcohol spectrum disorders; NAc, nucleus accumbens; PAE, prenatal alcohol exposure; PD, postnatal day; PFC, prefrontal
cortex; PLAE, prenatal and lactation alcohol exposure; PR, progressive ratio; SA, self-administration; STR, striatum; VTA, ventral tegmental area.
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1 | INTRODUCTION

Alcohol use during pregnancy interferes with fetal development,
resulting in physical and mental abnormalities known as fetal alcohol
spectrum disorders (FASD; Dorrie, Focker, Freunscht, & Hebebrand,
2014). It is estimated that, globally, 9.8% of pregnant women consume
alcohol, with the highest prevalence in Europe (25.2%), according to
the World Health Organization (Popova, Lange, Probst, Gmel, &
Rehm, 2018). Furthermore, approximately 3% of women reported to
have engaged in a binge pattern of alcohol consumption during gesta-
tion (Popova, Lange, Probst, Parunashvili, & Rehm, 2017).

Previous clinical studies have suggested that alcohol exposure in
utero may increase the risk for later alcohol abuse and other drug
dependencies (Alati et al., 2006; Baer, Sampson, Barr, Connor, &
Streissguth, 2003). Preclinical research also shows that animals prena-
tally exposed to drugs of abuse are more responsive to such drugs
and also to other psychotropic substances, suggesting that the reward
system may be altered. Animal studies indicate that intrauterine drug
exposure may lead to increased self-administration (SA; Glantz &
Chambers, 2006). Furthermore, perinatal alcohol exposure increases
alcohol preference, intake (Brancato et al., 2018; Spear & Molina,
2005) and alcohol-induced reward later in life (Barbier et al., 2008;
Cantacorps, Gonzalez-Pardo, Arias, Valverde, & Conejo, 2018; Parker
et al,, 2016).

Such findings support the hypothesis that prenatal alcohol expo-
sure (PAE) may give rise to an increased risk of drug addiction. Never-
theless, available clinical and preclinical evidence has focused
predominantly on the effects of PAE on alcohol abuse, as opposed to
other drugs of abuse. In the context of illicit drugs, cocaine is the sec-
ond most widely consumed after cannabis (UNODC, 2019). Cocaine is
a psychostimulant that increases dopaminergic neurotransmission
through the blockade of dopamine transporters (DATs) at the synap-
tic level in the mesocorticolimbic system (Dong & Nestler, 2014;
Everitt & Robbins, 2005).

The neurobiological substrates involved in the vulnerability to
drug abuse and attributable to early life alcohol exposure, are still not
fully understood. The main hypotheses often focus on the dysfunction
of mesocorticolimbic neurocircuitry, the brain reinforcement system
(Koob & Le Moal, 2001). It has been suggested that impairments in
the dopaminergic projections from the ventral tegmental area (VTA)
to the nucleus accumbens (NAc) and prefrontal cortex (PFC) may
influence drug sensitivity (Pierce & Kumaresan, 2006).

PAE diminished dopaminergic activity in the VTA, which could be
restored by psychostimulant administration in rats (Choong & Shen,
2004a). Also, behavioural alterations in response to psychostimulants
have been described in rodent models of FASD. An increased sensitiv-
ity to cocaine-induced conditioned place preference (CPP) and aug-
mented cocaine consumption in a free two-bottle choice paradigm
(Barbier et al., 2008), in addition to enhanced locomotor sensitization
to cocaine and amphetamine, were reported in adult male offspring
rats exposed to alcohol (Barbier et al., 2009). Recent studies have also
shown that PAE facilitates the acquisition of amphetamine induced
CPP (Wang et al., 2019).
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What is already known
o Alcohol exposure in utero leads to wide range of behav-

ioural and physical abnormalities.

What this study adds
e Prenatal and lactation alcohol exposed mice show gluta-
matergic alterations associated with increased cocaine

consumption.

What is the clinical significance
e Children with fetal alcohol spectrum disorders have

increased risk to develop cocaine addiction in adulthood.

Molecular mechanisms underlying the behavioural alterations
caused by psychostimulants in PAE animals remain to be elucidated. It
is known that cocaine may elicit persistent neural adaptive changes in
the brain's reward system, potentially leading to heightened drug-
seeking behaviour in rodents, such as by modulating glutamatergic
excitatory synapses (Engblom et al., 2008; Lischer & Bellone, 2008).
The ionotropic excitatory glutamate activated AMPA receptors
(AMPARs) mediate the excitability in neurons. As for their subunit
composition, a shift in the AMPAR subunit composition, from
calcium-impermeable  GluA2-containing to  calcium-permeable
GluA2-lacking AMPARs, has been reported to facilitate AMPAR cur-
rents (Woodward Hopf & Mangieri, 2018). Changes in GluA1/GIluA2
ratio may be associated with addictive-like conduct, such as the incu-
bation of cocaine-seeking behaviour (Wolf, 2016). In addition, several
drugs of abuse up-regulate the cAMP pathway and cause cAMP-
response element binding (CREB) protein activation in the NAc,
although such changes are generally short. In contrast, AFosB levels
accumulate following chronic drug exposure and remain high after a
long period, regulating complex behaviours related to the addiction
process (McClung & Nestler, 2003; Nestler, 2008). Furthermore, the
dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-
32) plays a central role in integrating both dopaminergic and gluta-
matergic signalling in the striatum (STR) and is required for cocaine
actions (Gould & Maniji, 2005; Zachariou et al., 2006).

In the present study, we investigated if maternal binge-like alco-
hol consumption during gestation and lactation periods could lead to
an increased risk of psychostimulant addiction. We particularly
focused on cocaine intake, as few preclinical studies had previously
addressed this issue. Thus, pregnant female mice were subjected to
the drinking-in-the-dark (DID) test to model binge-like alcohol expo-
sure during developmen, and adult male offspring mice were tested
for their behavioural responses to cocaine. Moderate and high doses
of cocaine were chosen to study the hyperlocomotion elicited by
repeated treatment of this drug in prenatal and lactation alcohol
exposed (PLAE) and control mice. Then we assessed whether early

alcohol exposure could enhance the rewarding effects of cocaine
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using the CPP. Next, we evaluated the reinforcing effects on the SA
paradigm, which better resembles human drug-taking behaviour.
Hence, different behavioural procedures (sensitization, CPP and SA)
were performed to characterize the liability for cocaine abuse in adult
PLAE mice. Furthermore, brain areas involved in the processing of
drug rewarding effects were extracted after cocaine priming-induced
reinstatement in order to study the underlying mechanisms of behav-
ioural response to cocaine alterations found in PLAE offspring mice.
We examined the expression of GIuA1l and GIuA2 AMPAR subunits,
D;- and D,-type dopamine receptors (D1R and DR, respectively),
AFosB, in addition to changes in phosphorylation of CREB and
DARPP-32, key molecular substrates altered by cocaine, in the PFC
and the STR, two main areas of the mesocorticolimbic system.

2 | METHODS

21 | Animals

Twelve-week-old male and female C57BL/6 inbred mice were pur-
chased from Charles River (Barcelona, Spain) and shipped to our ani-
mal facility (UBIOMEX, PRBB). Upon arrival, they were all housed in
standard cages at a constant temperature (21 + 1°C) and humidity
(55 £ 10%), with a reverse light-dark cycle (white lights on
20:00-08:00 hr). After 1 week of acclimatization, breeding pairs were
mated, and pregnant females were observed daily for parturition. For
each litter, the date of birth was designated as postnatal day

(PD) 0. Pups remained with their mothers for 21 days and were then

Days M T W Th
DID test

20% EtOH m ol
access

GDO PDO

weaned (PD21). After weaning, male offspring were housed in groups
of four. Female offspring were used for other experiments. Food and
water were provided ad libitum except during the DID procedure, as
described below. Every effort was made to minimize the number of
animals used and their suffering. All animal care and experimental pro-
cedures were approved by the local ethics committee (CEEA-PRBB)
and conducted in accordance with the European Union Directive
2010/63/EU on the protection of animals used for scientific pur-
poses. Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and
with the recommendations made by the British Journal of Pharmacol-
ogy (McGrath & Lilley, 2015).

22 | DID test

This procedure was conducted as previously reported (Cantacorps
et al., 2017, 2018) to model a binge pattern of alcohol drinking, which
is defined as the consumption of four or five alcoholic drinks
(in women or men, respectively) on a single occasion, resulting in
blood alcohol concentrations greater than 0.8 g-L™! (NIAAA, 2016).
Two days after mating, pregnant female mice were randomly assigned
to two groups: alcohol and water exposed (control). In short, the food
was removed, and the water bottles were replaced with 10-ml gradu-
ated cylinders fitted with sipper tubes containing either 20% (v/v)
alcohol in tap water or only tap water 3 hr after the lights were turned
off. Following a 2-hr access period, individual intake was recorded,

and the original water drinking bottles and food were returned to the

PD21 PD60

}~ Week1 — Week2 — Week3 ~‘~ Week4 — Week5 — Week 6 %

Prenatal period

(" Food-induced CPP
(control, n =21; PLAE, n = 15).

—— Food deprivation — Pretest - Conditioning - Test

Postnatal period

Cocaine-induced CPP

Separate groups of
P g P (control, n = 35; PLAE, n =30).

adult (PD60) offspring

male C57BL/6 mice Cocaine-induced

sensitization
(control, n =48; PLAE, n =4T7).

Cocaine operant SA
\_ (control, n =22; PLAE, n =27).

FIGURE 1 Schematic representation of experimental timeline

—— Habituation

Pretest - Conditioning - Test

— Acquisition Challenge ——

- Surgery - Acquisiton - PR - Extinction - Reinstatement -
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home cage. During this period, female mice were individually housed
and each corresponding male breeding pair was removed from the
home cage for the DID procedure. This procedure was repeated on
Days 2 and 3, and fresh fluids were provided each day (from Monday
to Wednesday). On Day 4 (Thursday), alcohol or water cylinders were
left for 4 hr, and fluid intakes were recorded. Two empty control
cages (water and alcohol) were placed in the rack to measure general
liquid loss (leakage/evaporation) and drip values were subtracted from
the drinking values. Fluid intakes (g-kg™* body weight) were calculated
on the basis of average 2-day body weight values, as dams were
weighed at 2-day intervals (Mondays and Wednesdays). The proce-
dure was maintained throughout the gestation and lactation periods.
As previously reported (Cantacorps et al., 2017), blood alcohol con-
centration for dams reached levels of ~0.8 g-L™? after the last binge
drinking session (4-hr access) of the gestation and lactation periods.
Our model has previously been used to reproduce an episodic
pattern of excessive alcohol drinking during pregnancy and lactation
periods, mimicking a realistic human situation, as most mothers who
drink during pregnancy continue to do so when breastfeeding. As
behavioural and neurochemical alterations have been reported in off-
spring mice, DID was therefore proposed as a useful FASD model
(Cantacorps et al., 2017, 2018). The effects of developmental alcohol
exposure in the following cocaine-related behaviours were assessed
in different groups of mice, as outlined in Figure 1. The weight of
adult offspring mice prior starting the behavioural testing ranged from
21.2 to 25.7 g in control group and from 20.9 to 25.8 g in PLAE group,

with no statistical differences between groups.

2.3 | Food- or cocaine-induced CPP
Adult offspring mice (PD60) were tested for the conditioned rein-
forcement of food or cocaine using an unbiased CPP paradigm. Differ-
ent sets of animals were used for each experiment. The apparatus
consisted of two equally sized compartments (30 x 29 x 35 cm), dif-
fering in terms of visual and tactile cues, connected by a corridor
(14 x 29 x 35 cm; Cibertec S.A., Madrid, Spain). One compartment
had white-painted walls with prismatic textured flooring, while the
other had black walls with a smooth floor. Both compartments were
equipped with IR emitter/detector pairs, which allowed us to record
the position of the animal and its crossings between compartments.
For the food-induced CPP, mice were first food deprived to
80-85% of their baseline body weight with limited access to standard
chow pellet (2-3 g-day™! per animal) for 4 days prior to commencing
preconditioning and throughout the procedure, as previously
described with some minor modifications (Valverde et al., 2004). The
CPP procedure consisted of three different phases: preconditioning
(one session), conditioning (six sessions), and testing day (one session).
During preconditioning, mice could freely explore both compartments
for 20 min. Mice showing strong unconditioned aversion (<33% of the
session time) or preference (>67%) for either compartment were
excluded from the study. Conditioning training began on the following

day. Food-paired mice were confined, for 30 min, to one
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compartment, in which they had access to palatable food (1 g;
Cheerios) on Days 2, 4 and 6. On alternate days (3, 5 and 7), mice
were confined to the other chamber with no food available. Food-
unpaired mice were alternatively placed in each compartment without
receiving any food. During conditioning, the central area was blocked
by guillotine doors. Finally, the testing session (Day 8) was conducted
under the same conditions as in the preconditioning phase.

The same procedure was followed for cocaine-induced CPP, but
in this case, mice were not food deprived, as previously described
(Lujan, Castro-Zavala, Alegre-Zurano, & Valverde, 2018). The condi-
tioning phase consisted of four pairings: Mice received an
i.p. injection of 5 or 10 mg-kg™? cocaine immediately prior to confine-
ment to the drug-paired compartment for 30 min on Days 2, 4, 6 and
8, while on alternate days (3, 5, 7, and 9) mice received physiological
saline before being confined to the vehicle-paired compartment for
30 min. Treatments were counterbalanced between compartments.
Non-drug-paired mice were administered saline prior to confinement
to one of the two compartments every day. The testing session took
place on Day 10.

Time spent in each compartment was recorded during the
preconditioning and testing sessions. The CPP score for each subject
was calculated as the difference between the time spent in the drug-

paired compartment during the test and the preconditioning phase.

24 | Cocaine-induced behavioural sensitization

The sensitization to hyperlocomotor responses elicited by cocaine
was assessed in adult offspring mice (PD60) as previously described
with some minor modifications (Gracia-Rubio et al., 2016). The sensiti-
zation procedure consisted of three phases: habituation, acquisition
and challenge. In the habituation phase, mice were placed individually
into locomotor activity boxes (24 x 24 x 24 cm; LE881 IR, Panlab s.I.
u., Barcelona, Spain) for 30 min immediately after receiving an
i.p. saline injection. On the following 5 days (acquisition phase), mice
were treated daily with cocaine (7.5 or 10 mgkg™?, i.p.) or saline
immediately prior to confinement in the locomotor activity boxes for
30 min. Following a drug-free period of 8 days after the last cocaine
treatment, mice were injected with cocaine (7.5 or 10 mg-kg’l, i.p.),

and the locomotor activity was recorded for 30 min (challenge phase).

2.5 | Cocaine operant self-administration (SA)

2.5.1 | Catheter implantation surgery

An indwelling Silastic catheter was surgically implanted into the right
jugular vein under isoflurane anaesthesia (1.5-2.0%). During surgery,
mice were treated with an analgesic (Meloxicam; Metacam,
Boehringer Ingelheim, Barcelona, Spain; 0.5 mg-kg™! injected in a vol-
ume of 0.1 ml-10 gfl, s.c.) and an antibiotic solution (Enrofloxacin;
Baytril, Bayer, Barcelona, Spain; 7.5 mg-kg™! injected in a volume of

0.03 ml-10 g%, i.p.). Following surgery, mice were individually housed
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and allowed to recover for at least 3 days prior to commencing SA
training. During recovery, mice were treated daily with the analgesic
and the antibiotic solutions previously described. The home cages
were placed upon thermal blankets to avoid post-anaesthesia
hypothermia.
2.5.2 | Acquisition of SA

The SA experiment was carried out in mouse operant chambers
(Model ENV-307A-CT, Med Associates, Inc. Cibertec S.A.), as previ-
ously described with some minor modifications (Lopez-Arnau et al.,
2017; Lujan et al., 2018; Soria, Barbano, Maldonado, & Valverde,
2008). The chambers were housed in sound- and light-attenuated
boxes and contained two holes, one of which was defined as active
and the other as inactive. Nose-poking into the active hole produced
a cocaine infusion (reinforcement) that was paired with a stimulus
light placed above the active hole. Nose-poking into the inactive hole
had no consequences. The side on which the active/inactive hole was
situated was counterbalanced.

Mice were trained for 2 hr-day™! to nose-poke in order to receive
a cocaine infusion (0.75 mg-kg™!) under a fixed ratio 1 schedule of
reinforcement for 10 consecutive days (acquisition phase). When mice
responded on the active hole, cocaine was delivered in a 20-pl infu-
sion over 2 s via a syringe mounted on a microinfusion pump (PHM-
100A, Med-Associates, Georgia, VT, USA) connected via Tygon tubing
(0.96-mm outer diameter, Portex Fine Bore Polythene Tubing, Portex
Limited, UK) to a single-channel liquid swivel (375/25, Instech Labora-
tories, Plymouth Meeting, PA, USA) and to the intravenous catheter
implanted in the mice. Each infusion was followed by a 15-s time-out
period during which nose-poking on the active hole had no conse-
quences. Each acquisition-phase session began with a priming infusion
of the drug, with the box light turned on for 3 s and then deactivated
for the rest of the session.

Acquisition criteria were met when (a) mice performed at least
five cocaine infusions per session, (b) 265% of responses were
received at the active hole, and (c) the number of reinforcements devi-
ated less than 20% from the mean number of reinforcements in two
consecutive days. After 10 days of training, mice achieving the acqui-
sition criteria were moved to a progressive ratio (PR) session. In the
PR session (2 hr), the response requirement to earn an injection esca-
lated throughout the following series: 1-2-3-5-12-18-27-40-60-
90-135-200-300-450-675-1,000.

The number of cocaine infusions received on the last day of the
acquisition phase was used as the baseline to determine extinction
criteria in each mouse. Non-acquiring animals were excluded from
the study.
2,53 | Extinction and reinstatement
Once acquisition criteria were met, the cocaine was removed and mice
were tested for latency to extinguish nose-poking behaviour over suc-
cessive once-daily 2-hr sessions. During the extinction phase, nose-

pokes into the active hole produced neither cocaine infusion nor

stimulus light presentation. Extinction criteria were met when
response levels decreased to <40% of the acquisition baseline levels
in two consecutive days for each mouse. Twenty-four hours after
achieving the extinction criteria, mice underwent a cocaine-primed
reinstatement session. Mice were confined to the operant chambers
for 2 hr immediately after being administered cocaine (10 mg-kg™?,

i.p.). Nose-poking had no consequences in any of the holes.

26 |
blotting

Tissue sample preparation and western

Animals were killed 30 min after the cocaine-primed reinstatement ses-
sion, and PFC and STR were extracted, quickly frozen in dry ice and
stored at —80°C until used for western blotting, as previously described
(Moscoso-Castro, Lépez-Cano, Gracia-Rubio, Ciruela, & Valverde,
2017). In addition, PFC and STR were extracted in cocaine-naive ani-
mals to analyse GIuAl and GIluA2 levels at basal conditions (see
Supporting Information). Tissue was first homogenized in 30 pl of lysis
buffer (0.15 NaCl, 1% TX-100, 10% glycerol, 1-mM EDTA, 50-mM Tris,
pH = 7.4, and a phosphatase and protease inhibitor cocktail [complete
ULTRA Protease Inhibitor Cocktail Tablets and PhosSTOP Inhibitor
Cocktail Tablets, respectively; Roche, Basel, Switzerland]) per milligrams
(wet weight). Homogenates were centrifuged at 1,000x g for 20 min at
4°C, and the resulting supernatants were collected for protein quantifi-
cation. The lysate protein concentration was determined using a stock
solution of 5 mg:ml~? BSA as a protein standard. Equal amounts of pro-
tein (16 pg) for each sample were mixed with loading buffer (153-mM
Tris, pH = 6.8, 7.5% SDS, 40% glycerol, 5-mM EDTA, 12.5% 2-p-
mercaptoethanol, and 0.025% bromophenol blue), loaded onto 10%
polyacrylamide gels and transferred to PVDF sheets (Immobilion-P,
MERCK, Burlington, USA). Membranes were blocked with 5% BSA in
Tris-buffered saline (100 mmol-L=* NaCl, 10 mmol-L™* Tris, pH = 7.4)
and 0.1% Tris-buffered saline Tween-20 for 1 hr and then immuno-
blotted using the primary antibodies listed in Table 1 overnight at 4°C.
Finally, membranes were incubated for 1 hr with their respective sec-
ondary fluorescent antibodies: anti-mouse (1:2,500, IRDye
800, Rockland, Cat# 610-132-121, RRID: AB_10703265) and anti-
rabbit (1:2,500, IRDye 680, Rockland, Cat# 611-144-002, RRID:
AB_2713919). Protein expression was quantified using a LI-COR Odys-
sey scanner and software (LI-COR Biosciences, Lincoln, USA). Protein
densities were normalized to the detection of the housekeeping control
gene in the same samples and expressed as a fold change of the control
group. The Immuno-related procedures used comply with the recom-
mendations made by the British Journal of Pharmacology (Alexander
et al., 2018).

2.7 | Dataand analysis

The data and statistical analysis comply with the recommendations on
experimental design and analysis in pharmacology (Curtis et al., 2018).
Statistical analysis was performed when group size was at least n = 5.
The declared group size is the number of independent values. Animals

were randomly assigned to an experimental group, and during the
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Primary antibodies

TABLE 1

RRID

Catalogue number
#ab11959
#04-767

Company

Dilution
1:250
1:500
1:500
1:500

Host

Description
Delta FosB

Primary antibody

AB_298732

Abcam

Mouse

AFosB
CREB
D4R
DoR

AB_1586959

AB_445306

MERCK
Abcam

Rabbit
Rabbit
Rabbit
Rabbit

cAMP-response element binding protein

AB_10681601

#ab20066
#324393
#2306

Dopamine receptor 1

AB_823479

MERCK

Dopamine receptor 2

AB_10847862

Cell Signaling

1:1,000
1:2,500
1:1,000
1:1,000
1:1,000
1:1,000
1:5,000
1:1,000

Dopamine- and cAMP-regulated phosphoprotein

DARPP-32
GAPDH
GluAl
GluA2
pCREB

AB_2721164

#sc-365062
#ABN241

Santa Cruz Biotechnology

MERCK
MERCK
MERCK
MERCK

Mouse

Glyceraldehyde-3-phosphate dehydrogenase

AB_2313802

Rabbit

AMPA receptor subunit 1

AB_310153

#AB1768-1
#06-519

Rabbit
Rabbit
Rabbit

AMPA receptor subunit 2
Phosphorylated CREB

AB_347689

AB_396360

#ab9206

Phosphorylated DARPP-32(th34

B-Tubulin

pDARPP-32(Thr34)

B-Tubulin

AB_2210370

#556321

#ab6046

BD PharMingen

Abcam

Mouse

Rabbit

Class Ill p-tubulin

B-Tubulin
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behavioural manipulations, researchers were not aware of the pre-
treatment that each animal had received.

Data obtained from the DID test and maternal body weight were
analysed using two-way ANOVA with repeated measures analysis.
We analysed the results of the CPP using two-way ANOVA with
group (control and PLAE) and treatment (0, 5, or 10 mg-kg™? cocaine;
presence or absence of food) as between-subject factors. We calcu-
lated a three-way ANOVA with repeated measures for the locomotor
sensitization with group and treatment as between-subject factors and
day of test as a within-subject factor. To analyse the acquisition,
extinction, and reinstatement of the SA, a three-way ANOVA with
repeated measures was performed with group as a between-subject
factor and day of training and nose-poke (active vs. inactive holes) as
within-subject factors. When F values reached the levels of statistical
significance required and no significant variance in homogeneity was
observed, ANOVA analyses were followed by Bonferroni post hoc
tests. The unpaired two-tailed Student's t --test was used to analyse
the differences between groups in the total of active nose-pokes, total
of cocaine consumption, day of acquisition, PR test, and day of extinc-
tion. The AUC was calculated for extinction curve and compared
between groups using the Student's t-test. Protein expression was
also analysed by the Student's t-test. Technical replicates in the west-
ern blot were used to ensure the reliability of single values.

Statistical analyses were performed using SPSS Statistics v23.
Data were expressed as mean + SEM. The a level of statistical signifi-
cance was set at P < .05. The exact group size for the individual exper-

iments is shown in the corresponding figure legends.

2.8 | Materials

Ethyl alcohol was purchased from Merck Chemicals (Darmstadt, Ger-
many) and diluted in tap water in order to obtain a 20% (v/v) alcohol
solution. Cocaine hydrochloride was provided by the Spanish National
Institute of Toxicology and prepared in sterile 0.9% NaCl (physiologi-

cal saline, pH = 7.4) for injection immediately before administration.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).

3 | RESULTS

3.1 |
weight

Maternal alcohol consumption and body

Dams were randomly assigned to either water or alcohol experimental

groups and were given access to either water or 20% alcohol,
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following the DID weekly schedule. Daily water and alcohol consump-
tion were recorded throughout the gestation and lactation periods.
Maternal alcohol intake during the 6-week DID procedure is represen-
ted in Figure 2a. Analysis of averaged daily alcohol intake during 2-
and 4-hr sessions showed a significant effect of the session duration,
revealing a significantly greater oral intake during the 4-hr sessions
(Figure 2b). Also, an increase in voluntary alcohol consumption was
observed during the last 3 weeks (lactation) compared with the first
3 weeks (gestation) of exposure.

Analysis of maternal body weight (Figure 2c) revealed a significant
effect of time, but no significant effect of alcohol exposure. Thus, in
agreement with previous studies (Cantacorps et al., 2017; Wilcox
et al., 2014), our results show that alcohol consumption during the

DID procedure does not affect maternal body weight.

3.2 | Effects of prenatal and postnatal alcohol
exposure on cocaine-induced CPP in adulthood

Results for cocaine- and food-induced CPP are presented in Figure 3.
Analysis showed a significant effect of group, cocaine treatment and
interaction between these factors. There was a significant difference
between 5 and 10 mgkg™! cocaine-treated mice and saline-treated
mice in both groups. Also, an enhanced preference towards the
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5 mg-kg™? cocaine-paired compartment in PLAE mice compared with
the control group was revealed (Figure 3a).

Such effects were cocaine specific, since no between-group dif-
ferences were found in food-induced CPP (Figure 3b). There was a
significant effect of treatment, but no significant effect of group and
no interaction between these factors.

3.3 | Cocaine-induced behavioural sensitization is
attenuated in PLAE mice

3.3.1 | 10 mgkg ! cocaine-induced behavioural
sensitization

The effects of prenatal and postnatal alcohol exposure on cocaine-
induced behavioural sensitization were tested on locomotor activity
boxes following the experimental procedure shown in Figure 4. Fol-
lowing saline administration on the habituation day, no significant
between-group differences were found in basal locomotor activity
(data not shown). Cocaine (10 mg-kg™2) induced sensitization acquisi-
tion (Figure 4b) showed a significant effect of day and treatment,with
significant interaction between Day x Treatment factors, but no signif-
icant Day x Group interaction, Group x Treatment interaction or
Day x Group x Treatment interaction. There were significant

—_
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B Weeks 4—-6
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FIGURE 2 Maternal alcohol intake. (a) Representation of daily alcohol intake during DID procedure throughout gestation and lactation
periods. (b) Average alcohol intake during 2-hr sessions (first to third day of each week) and 4-hr sessions (fourth day of each week). (c) Body
weight of dams was measured twice weekly during the 6-week-long procedure (n = 14 per group)
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FIGURE 3 Cocaine-induced conditioned place preference (CPP) increased in PLAE offspring mice. (a) Cocaine-induced CPP score (control
saline-treated group, n = 10; control 5 mg-kg™? cocaine-treated group, n = 12; control 10 mg-kg™! cocaine-treated group, n = 13; PLAE saline-
treated group, n = 9; PLAE 5 mg-kg™* cocaine-treated group, n = 9; PLAE 10 mg-kg~* cocaine-treated group, n = 12). Bonferroni ‘P < .05
treatment comparisons; *P < .05 control versus PLAE mice treated with 5 mg-kg™* cocaine. (b) Food-induced CPP score (control no-food
conditioning group, n = 10; control food-conditioned group, n = 11; PLAE no-food conditioning group, n = 7; PLAE food-conditioned group,

n = 8). 'P < .05 treatment effect
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FIGURE 4 Effects of early alcohol exposure on cocaine-induced locomotor sensitization. (a) Schematic representation of experimental
procedure. (b) Five-day acquisition of 10 mg-kg™! cocaine-induced locomotor sensitization (control saline-treated group, n = 16; control

10 mg-kg~? cocaine-treated group, n = 15; PLAE saline-treated group, n = 18; PLAE 10 mg-kg™?! cocaine-treated group, n = 17). (c) Three-day
comparison of 10 mg-kg™! cocaine-induced locomotor sensitization (acute cocaine [Day 1], repeated cocaine [Day 5] and cocaine challenge [Day
14)). (d) Five-day acquisition of 7.5 mg-kg™* cocaine-induced locomotor sensitization (control saline-treated group, n = 8; control 7.5 mg-kg™*
cocaine-treated group, n = 9; PLAE group, n = 6). (e) Three-day comparison of 7.5 mg-kg™* cocaine-induced locomotor sensitization (acute
cocaine [Day 1], repeated cocaine [Day 5] and cocaine challenge [Day 14]). Data are presented as mean + SEM of cumulative breaks per 30 min in
locomotor activity boxes. Bonferroni post hoc comparisons: *P < .05 comparison of each day versus Day 1 (in panels b and d) or day effects as
indicated by lines (in panels ¢ and e); &P < .05 comparison between groups (control vs. PLAE) on the same day; ‘P < .05 treatment effect (saline
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differences between Day 2, Day 3, Day 4 and Day 5 versus Day 1 in
cocaine-treated mice, whereas there was no significant differences
between Day 2, Day 3, Day 4 and Day 5 versus Day 1 in mice receiv-
ing saline.

Comparison of Days 1, 5 and 14 of 10 mg-kg™* cocaine-induced
sensitization (Figure 4c) revealed a significant effect of day and treat-
ment, but no significant effect of group. Also, there was a significant
interaction between Day x Treatment factors, but no significant inter-
actions between Day x Group factors, Group x Treatment factor or
interaction Day x Group x Treatment were found. Locomotor activity
due to cocaine treatment in control mice was significantly increase on
Days 1, 5 and 14. Likewise, an increase on Days 1, 5, and 14 in loco-
motor activity after cocaine treatment in PLAE mice was osserved.
Furthermore, a significant increase in locomotor activity was observed
between Days 1 and 5 in both the control group and the PLAE group,

(@) Acquisition (FR1)

Cocaine (0.75 mg-kg~" per infusion PR Extinction

which also showed a significant increase on Day 14 compared with
Day 5.

332 | 7.5mgkg? cocaine-induced behavioural
sensitization

Cocaine (7.5 mg-kg™?) induced sensitization (Figure 4d) showed a sig-
nificant effect of day and treatment, but no significant effect of group.
In addition, significant interactions between Day x Group, Day x Treat-
ment and Day x Group x Treatment factors were observed. However,
no significant interaction between Group x Treatment factors was
found. Subsequent post hoc comparisons indicated significant differ-
ences between Day 2, Day 3, Day 4 and Day 5 versus Day 1 within

the control group, in addition to differences between Day 2, Day
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PLAE mice show enhanced cocaine-seeking behaviour in the SA paradigm. (a) Schematic representation of the behavioural

procedures carried out. (b) Acquisition of cocaine (0.75 mg-kg™? per infusion, i.v.) SA in control and PLAE offspring adult mice. A number of active
(infusions) and inactive nose-pokes in 2-hr sessions over 10 consecutive days of animals reaching acquisition criteria are represented. Bonferroni
post hoc comparisons: “P < .05 active versus inactive nose-pokes; *P < .05 control versus PLAE group on active nose-pokes. (c) Total number of
active nose-pokes throughout the acquisition phase. (d) Total amount of cocaine infused during the whole acquisition phase. (e) Average day in
which animals reached acquisition criteria. (f) Proportion of animals reaching acquisition criteria in control and PLAE groups. Student's t test,

“P < .05 control versus PLAE group (control group, n = 17 and PLAE group, n = 22). FR1, fixed ratio 1
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3 and Day 4 versus Day 1 within the PLAE group. Moreover, signifi-
cant differences between control and PLAE cocaine-treated mice
were found on Days 4 and 5, suggesting that PLAE mice show an
attenuated acquisition of 7.5 mg-kg™* cocaine-induced sensitization.
Again cocaine (7.5 mg-kg™?) induced sensitization comparing the
first and last day of acquisition with the challenge day (Figure 4e)
showed a significant effect of day and treatment, but no significant

g 3

Number of nose-pokes
w H
2
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effect of group. Furthermore, significant interactions between
Day x Group factors, Day x Treatment and triple interaction
Day x Group x Treatment were also observed. Interaction between
Group x Treatment factors was not significant. Cocaine treatment
increased locomotor activity on Days 1, 5 and 14 in both groups of
mice. Also, a significant increase in locomotor activity was found
between Day 1 and Day 5 in both the control group and the PLAE

(b)
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FIGURE 6 PLAE mice show attenuated extinction of cocaine-seeking behaviour and cocaine-primed reinstatement. (a) Nose-poke activations
during the extinction training sessions. All animals are represented, regardless of achieving extinction criteria (n = 15-22 per group). (b) AUC of
the active nose-pokes made throughout the extinction phase, showing only mice that extinguished. Student's t-test, 'P < .05 control versus PLAE
group (control group, n = 8 and PLAE group, n = 13). (c) Proportion of animals reaching extinction criteria in control and PLAE groups. (d) Average
of the day of extinction. (e) Cocaine-induced (10 mg-kg™2, i.p.) reinstatement of self-administration behaviour in a 2-hr session, 24 hr after
reaching extinction criteria. Only mice reaching extinction criteria are represented (control group, n = 8 and PLAE group, n = 13). Three-way
ANOVA and Bonferroni post hoc analysis. ‘P < .05 group comparisons in active nose-pokes; *P < .05 active versus inactive nose-pokes;

&p < .05 day effect
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group. In addition, there was a significant increase on Day 14 com-
pared with the final day of acquisition in control and PLAE mice.
Moreover, PLAE mice showed an attenuated locomotor sensitization
compared with the control group on both the last day of acquisition

and the challenge day.

3.4 | PLAE mice show increased drug-seeking and
drug-taking behaviour during cocaine SA acquisition
3.4.1 | Acquisition and PR

Adult offspring were tested for 0.75 mg-kg™! cocaine infusions SA in
operant boxes on 10 consecutive days (Figure 5). Infusions during the
acquisition phase (Figure 5b) yielded significant effects of group, indi-
cating an effect of developmental alcohol exposure on the acquisition
of cocaine SA behaviour. Both groups of mice acquired as indicated

by an effect of the day of training and they were able to discriminate
between active and inactive nose-pokes as revealed by the nose-poke
factor. There were also significant interactions between Day of train-
ing X Nose-poke and Group x Nose-poke factors . No other interac-
tions were found between Day x Group factors or triple interaction
Day x Group x Nose-poke. However there was a significant discrimi-
nation between active and inactive holes from Day 3 onwards and
then each day until Day 10. Furthermore, differences were detected
between the PLAE and control groups in terms of active nose-poking
during the 10-day training phase.

In addition, a significant increase in the total number of active
nose-pokes (Figure 5c) was found in the PLAE group and also in terms
of total cocaine consumption (Figure 5d) during the acquisition phase.
Furthermore, PLAE mice acquired faster than their control littermates,
as the average day of acquisition was lower in the PLAE group
(Figure 5e), while the percentage of animals reaching acquisition

criteria was similar in both groups, with 77.27% recorded in the
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FIGURE 7 GIuA1/GIuA2 ratio and striatal AFosB expression were altered in PLAE mice after cocaine-primed reinstatement session. (a-f)
Western blot analyses of GluA1/GIluA2, pCREB/CREB, pDARPP-32/DARPP-32, AFosB, D1R, and D2R protein expression in the PFC and STR of
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control group and 81.48% in the PLAE group (Figure 5f). However, no
significant between-group differences were found in the breaking

point achieved in the PR session (data not shown).

3.4.2 | Extinction and cocaine-primed
reinstatement

As shown in Figure 6, nose-poking behaviour was extinguished by
both groups of mice. Although the AUC (Figure éb) of the extinction
phase was reduced in the PLAE group, no significant differences were
found in the proportion of animals, in either of the groups, reaching
extinction criteria (53.33% in the control group and 59.09% of PLAE
mice; Figure 6c) or on the day of extinction (Figure 6d). Analysis of
nose-poking behaviour on the first and final days of extinction and in
the reinstatement session (Figure 6e), showed a significant effect of
day, group and nose-poke. Also, significant interactions between
Day x Group, Day x Nose-poke and interaction Day x Group x Nose-
poke were observed. No significant interaction between
Group x Nose-poke factors were found. There was also significant
discrimination between active and inactive nose-pokes during both
the first day of extinction and reinstatement in both groups of mice.
Moreover, significant differences were appreciated in terms of active
nose-pokes of the last day of extinction compared with the first day
of extinction and reinstatement. Furthermore, PLAE mice showed a
reduction of active nose-pokes compared with the control group on

the first day of the extinction phase and in the reinstatement session.

3.5 | Altered expression of GIuA1/GIuA2 ratio is
found in PLAE mice after cocaine-induced
reinstatement in the self-administration (SA)

PFC and STR brain areas were extracted 30 min after cocaine-induced
reinstatement in the SA procedure. GIuA1/GIuA2 ratio expression
(Figure 7a) in the PFC was greater in PLAE mice compared with the
control group, while it decreased in the STR of PLAE mice, No
changes were found in the phosphorylation of CREB (Figure 7b) in the
PFC or the STR either in the phosphorylation of DARPP-32
(Figure 7c) in the PFC or in the STR.

Although the expression of AFosB (Figure 7d) was unchanged in
the PFC, a significant decrease was observed in the STR of PLAE mice.
We also measured the protein expression of D1R (Figure 7e) in both
brain structures, but no changes were found, either in the PFC or in
the STR, as a result of developmental alcohol exposure. Similar results
were obtained for D2R expression (Figure 7f) in the PFC and the STR.

4 | DISCUSSION
Fetal alcohol spectrum disorders (FASD) can be a risk factor for the
later use and abuse of drugs in life, such as cocaine or other

psychostimulants. In this study, we evaluated the long-term effects of
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maternal binge-like alcohol drinking during gestation and lactation on
the reinforcing effects of cocaine in adult offspring. To our knowl-
edge, this is the first study to demonstrate increased vulnerability to
cocaine-taking behaviour in an FASD mouse model.

Our results demonstrate increased cocaine-induced CPP in PLAE
animals when compared to their counterparts, based on the lowest
dosage of cocaine assessed (5 mg-kg_l), whereas no differences were
found in 10 mg-kg™? cocaine-induced CPP, since it is a highly effective
rewarding dose. Instead, the 5 mg-kg™* dose of cocaine elicits a lower
rewarding effect, thus allowing differences in the conditioned
response between groups to be observed. Hence, the degree by
which cocaine produces approaching behaviours towards conditioned
contexts was affected by developmental alcohol exposure, while it did
not alter food induced CPP, which is a natural reward. Such results
would indicate that PLAE mice do not show anhedonia-like behaviour,
as, like their counterparts, they are capable of displaying an enhanced
motivation towards the food-paired compartment. Furthermore, we
also observed differences in cocaine-induced locomotor sensitization
in terms of the PLAE mice. An attenuated behavioural sensitization to
the lowest dose of cocaine used (7.5 mg-kg™1) was also observed in
animals exposed to alcohol during early development, while both
groups of animals were similarly sensitized to a repeated treatment of
10 mg-kg™! cocaine. The findings obtained in the CPP paradigm dem-
onstrate that developmental alcohol exposure induces a long-lasting
increase in the conditioned rewarding effects of cocaine. Thus, we
subsequently evaluated an operant response in the cocaine SA para-
digm, allowing us to study drug-seeking and drug-taking behaviour,
hallmarks of addictive behaviour in humans. In the cocaine SA proce-
dure, we appreciated increased drug-seeking and drug-taking behav-
iour during the acquisition phase in PLAE mice receiving cocaine
infusions of 0.75 mg-kg~1. However, no differences were found in the
PR session, which is an indicator of the effort level each subject is
willing to exert in order to gain another drug infusion. PLAE animals
extinguished drug-seeking behaviour and relapsed after a 10 mg-kg™*
cocaine priming, similarly to the control group. Nevertheless, the num-
ber of active nose-pokes on the first day of extinction and in the rein-
statement session was lower in the PLAE mice than the controls.

Our results would therefore suggest that alcohol exposure dur-
ing the gestation and lactation periods increases the reinforcing
effects of cocaine in adulthood but diminishes cocaine-induced loco-
motor sensitization. Such findings are not contradictory, given that
different neural substrates are involved in the drug-induced behav-
ioural sensitization and associative learning processes that lead to
CPP or drug SA (Runegaard et al, 2018). Therefore, the drug's
rewarding properties are not associated with the sensitivity to its
locomotor stimulation effects (Carr, Phillips, & Fibiger, 1988). In
agreement with our results, previous research has shown increased
cocaine intake and cocaine-induced CPP in adult offspring rats
exposed to alcohol during gestation and lactation periods (Barbier
et al., 2008). Likewise, increased sensitivity in the CPP, induced by a
psychostimulant drug such as amphetamine, was observed in PAE
rats upon reaching adulthood (Wang et al., 2019). Moreover, rats
receiving  alcohol self-administered  more

during  gestation
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amphetamine and exerted greater effort to obtain the drug under a
PR schedule (Hausknecht et al., 2015; Wang et al., 2018). In contrast
to our findings, increased locomotor sensitization to psychos-
timulants, such as cocaine and amphetamine, was described in adult
PLAE offspring rats (Barbier et al., 2009).

In order to elucidate the neural mechanisms underlying the
behavioural alterations found in response to cocaine in PLAE mice,
molecular changes in the PFC and the STR, brain areas involved in the
mesocorticolimbic dopamine (DA) system, were assessed after
cocaine-induced reinstatement. Our findings revealed an increased
GIuA1/GIuA2 ratio in the PFC of PLAE mice, suggesting an enhanced
glutamatergic excitability, and a reduction was found in the STR, indi-
cating diminished neuronal excitability therein. There is good evidence
regarding glutamatergic synaptic plasticity evoked by drug exposure
in the brain's reward circuitry (Cooper, Robison, & Mazei-Robison,
2017; Luscher, 2016). Indeed, neuroadaptations in the PFC to
enhance excitatory output have been related with drug-seeking
behaviour (Van den Oever, Spijker, Smit, & De Vries, 2010). Gluta-
matergic neurons in the mPFC have been linked with cocaine-
associated memories (Zhang et al, 2019). Also, GluA2-lacking
AMPAR:s in the NAc regulate the incubation of cocaine craving after
prolonged withdrawal (Conrad et al., 2008). In an FASD rat model,
Hausknecht et al. (2015) reported a persistent augmentation of
calcium-permeable AMPAR expression in VTA DA neurons, which
could lead to an enhanced excitatory synaptic strength. Also, binge
alcohol exposure during the third trimester-equivalent period to
human pregnancy increased the frequency of spontaneous excitatory
glutamatergic postsynaptic currents in the basolateral amygdala of
offspring rats (Baculis, Diaz, & Fernando Valenzuela, 2015).

In our study, no changes in the phosphorylation of CREB were
found in PLAE mice, but surprisingly, a decreased protein expression
of AFosB in the STR was revealed. Drugs of abuse induce a short-
term CREB activation, whereas AFosB induction after chronic drug
treatment in the NAc persists after weeks of withdrawal (McClung &
Nestler, 2003). We speculated that alcohol exposure during develop-
ment would induce the accumulation of AFosB in the NAc, thus
resulting in greater cocaine-induced reward and intake. Nevertheless,
we found a decreased AFosB expression in the STR in terms of
PLAE mice. However, we should consider that brain areas were
extracted after cocaine-induced reinstatement, and this was lower in
PLAE mice. We cannot therefore conclude that AFosB is not
involved in the heightened sensitivity to cocaine reinforcing effects
in PLAE mice, even though other mechanisms might well be
involved.

Furthermore, addictive drugs stimulate striatal dopaminergic
receptors inducing changes in intracellular pathways that may underlie
functional and structural neuroplasticity (Philibin, Hernandez, Self, &
Bibb, 2011). Here, no significant differences were found in the protein
expression of Dy and D, receptors or in the phosphorylation of
DARPP-32 protein between PLAE and control mice. Notwithstanding,
other dopaminergic receptors, such as D3 receptors which is involved
in drug reward (Kong, Kuang, Li, & Xu, 2011; Leggio et al., 2019),
might be playing a role in the altered drug sensitivity in PLAE mice.

As for molecular changes in the DA system, previous studies
show that PAE causes a persistent reduction in the spontaneous elec-
trical activity of midbrain DA neurons in adult mice (Choong & Shen,
2004b) and a lower frequency of evoked action potentials in VTA DA
neurons, which could lead to decreased excitability (Wang, Haj-
Dahmane, & Shen, 2006). Furthermore, an imbalance between D4 and
D, receptors has been found in the dorsolateral STR of PAE rats,
impairing the development and maturation of corticostriatal synaptic
plasticity (Zhou, Wang, & Zhu, 2012). However, inconsistent findings
have been described regarding D, and D, receptors expression and
activity. On one hand, Boggan, Xu, Shepherd, and Middaugh (1996)
reported an elevation of D4 receptror binding in adolescent PAE mice,
but not in adulthood, while D, receptor binding was not affected. On
the other hand, decreased D, binding in the STR and increased D,
receptor mRNA levels were observed in adult PLAE rats (Barbier et al.,
2008). Furthermore, a report in rhesus monkeys showed that moder-
ate alcohol exposure during early gestation reduced the striatal D,
receptor binding to DA synthesis ratio in adulthood, whereas middle-
to-late alcohol gestation exposure heightened dopaminergic function,
suggesting a timing-dependent effect (Schneider et al., 2005). An
increased expression of DAT in the PFC and STR of PAE mice has also
been reported (Kim et al., 2013), while a decrease in DAT binding in
the STR was found in PAE rats (Barbier et al., 2009). Interestingly,
higher DA levels in the NAc were found in rats treated prenatally with
alcohol when compared to controls, which could be due to a down-
regulation of postsynaptic receptors or desensitization of presynaptic
receptors (Mufioz-Villegas, Rodriguez, Giordano, & Judrez, 2017).
Adolescent PAE rats also displayed greater dopaminergic activity in
the VTA after a postnatal alcohol challenge than controls (Fabio,
Vivas, & Pautassi, 2015). Moreover, a lower baseline level of striatal
dopaminergic activity has been reported in other models of FASD
(Carneiro et al., 2005). Thus, as Fabio et al. (2015) stated, it is probable
that animals exposed to alcohol during gestation and breastfeeding
have a similar or lower dopaminergic function compared to controls
and, when re-exposed to the drug, they would exhibit heightened DA
activity.

In summary, we have demonstrated that alcohol exposure during
pregnancy and breastfeeding in a mouse model leads to increased
sensitivity to the reinforcing effects of cocaine and increased drug-
seeking and drug-taking behaviour, as assessed in the cocaine-induced
CPP and cocaine SA paradigms, respectively. Furthermore, PLAE mice
showed an attenuation of the locomotor sensitization induced by
repeated cocaine treatment. We have also shown adaptations in glut-
amatergic neurotransmission related with the behavioural alterations
found in PLAE mice.

Taken together, our results demonstrate that binge-like alcohol
exposure during critical periods for brain development alters the
response of the mesocorticolimbic pathway increasing the vulnerabil-
ity to later cocaine addiction.
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