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 ABSTRACT  

Alcohol interferes with foetal development and prenatal alcohol exposure can lead to adverse 

effects known as foetal alcohol spectrum disorders. We aimed to assess the underlying 

neurobiological mechanisms involved in alcohol intake and withdrawal in adolescent mice 

exposed to alcohol during early life stages, in discrete brain areas. Pregnant C57BL/6 female mice 

were exposed to binge alcohol drinking from gestation to weaning. Subsequently, alcohol 

seeking and taking behaviour were evaluated in male adolescent offspring, as assessed in the 

two-bottle choice and oral self-administration paradigms. Brain area samples were analysed to 

quantify AMPAR subunits GluR1/2 and pCREB/CREB expression following alcohol 

selfadministration. We measured the expression of mu and kappa opioid receptors both during 

acute alcohol withdrawal (assessing anxiety alterations by the EPM test) and following 

reinstatement in the two-bottle choice paradigm. In addition, alcohol metabolism was analyzed 

by measuring blood alcohol concentrations under an acute dose of 3 g/kg alcohol. Our findings 

demonstrate that developmental alcohol exposure enhances alcohol intake during adolescence, 

which is associated with a decrease in the pCREB/CREB ratio in the hippocampus, prefrontal 

cortex and striatum, while the GluR1/GluR2 ratio showed a decrease in the hippocampus. 

Moreover, PLAE mice showed behavioural alterations, such as increased anxiety-like responses 

during acute alcohol withdrawal, and higher BAC levels. No significant changes were identified 

for mu and kappa opioid receptors mRNA expression. The current study highlights that early 

alcohol exposed mice increased alcohol consumption during late adolescence. Furthermore, a 

diminished CREB signalling and glutamatergic neuroplasticity are proposed as underpinning 

neurobiological mechanisms involved in the sensitivity to alcohol reinforcing properties.  

Keywords:  alcohol exposure, prenatal and lactational periods, reward, neuroplasticity.  
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ABBREVIATIONS  

2BC: two bottle choice  

AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor  

AMY: amygdala  

BAC: blood alcohol concentration  

CNS: central nervous system  

CREB: cyclic adenosine monophosphate response element binding protein  

DID: drinking in the dark  

EPM: elevated plus maze  

FAS: foetal alcohol syndrome  

FASD: foetal alcohol spectrum disorders  

FR: fixed ratio  

GD: gestational day  

HPC: hippocampus  

KOR: kappa opioid receptor  

MOR: mu opioid receptor  

NAc: nucleus accumbens  

PAE: prenatal alcohol exposure  

PD: postnatal day  

PFC: prefrontal cortex  

PLAE: prenatal and lactational alcohol exposure  

PR: progressive ratio  

STR: striatum  

VTA: ventral tegmental area  
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1. Introduction  

Alcohol can interfere with foetal development (Goodlett and Horn, 2001). Thus, prenatal alcohol 

exposure (PAE) may lead to adverse effects on the foetus (Bandoli et al., 2019). Such effects are 

globally known as foetal alcohol spectrum disorders (FASD), including the most severe type, the 

so-called foetal alcohol syndrome (FAS) (Stratton et al., 1996). FAS is characterized by facial 

abnormalities, growth retardation, central nervous system (CNS) dysfunction and 

neurobehavioural disabilities (Stratton et al., 1996). The prevalence of FASD, in the United States 

and Western Countries, might number as high as 1 to 5 per 100 school children, although it could 

be completely prevented by abolishing alcohol consumption during pregnancy (May et al., 

2018). The percentage of women who drink alcohol during pregnancy has increased in the past 

years (Denny et al., 2017), and specially, the number of pregnant women reporting binge alcohol 

drinking (NIAAA, 2016). Binge drinking, an excessive but episodic alcohol consumption pattern, 

constitutes a Public Health problem (EMCDDA, 2018). It has become a regular practice during 

adolescence and youth, which is of special concern, since these periods of life are characterized 

by a heightened vulnerability to the neurotoxic effects of alcohol and addictive substances 

(Jones et al., 2018).   

Human studies have reported a link between gestational alcohol exposure and the increased 

probability of alcohol abuse and illicit drugs during adolescence (Alati et al., 2006; Baer et al., 

2003; Pfinder et al., 2014) and adulthood (Goldschmidt et al., 2019; Pfinder et al., 2014). 

Preclinical studies in rodent models reported PAE to raise alcohol palatability in adolescent 

animals by diminishing the aversion to its smell, taste and oral irritation (Glendinning et al., 

2012). Numerous studies in animal models have also hypothesized that alterations in the 

pharmacological reinforcing properties of alcohol following PAE might be underlying the 

increased postnatal alcohol acceptance (Pautassi et al., 2012). However, the exact mechanisms 

by which early alcohol exposure predisposes an individual to alcohol dependence later in life are 

still not well understood.    

Exposure to drugs of abuse, including alcohol, induces aberrant plasticity leading to the 

development of addictive processes (Koob and Volkow, 2016). The glutamatergic system plays 

a crucial role in learning processes and neuroplasticity, constituting one of the neurobiological 

substrates altered by drugs of abuse (Hopf, 2017). In particular, the ionotropic glutamatergic N-

methyl-D-aspartate receptor is clearly involved in the acute and chronic effects of alcohol. 

Nevertheless, the role of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs) in mediating the effects of alcohol is still unclear. AMPARs composed of GluR1–4 

subunits are one of the three types of ionotropic receptors, whose main function is related to 
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the mediation of excitatory glutamatergic signalling at the hyperpolarized physiological resting 

potential in neurons (Hopf, 2017). Alcohol exposure or intake leads to the expression of calcium-

permeable AMPARs in different brain nuclei, which have been linked to heavy alcohol use (Koob 

and Volkow, 2016; Vranjkovic et al., 2017). The calcium-permeable AMPARs were reported to 

increase in the nucleus accumbens (NAc) of rodents when subjected to a number of behavioural 

conditions such as alcohol or cocaine exposure, stress or novelty (Hopf and Mangieri, 2018). 

Thus, alcohol-related neuroadaptations in AMPA glutamate receptors are of great interest since 

their role in alcohol abuse is not fully understood.  

Previous studies demonstrated that opioid neurotransmission modulates alcohol intake. Indeed, 

the activation of the opioid system constitutes the initial mechanism responsible for the 

rewarding effects of alcohol. Specifically, both mu- (MOR) and delta-opioid receptors have been 

involved in the reinforcing effects of alcohol (Becker et al., 2002; Di Chiara et al., 1996; Koob, 

2003; van Rijn et al., 2012) by mediating alcohol-induced dopamine release in the ventral 

tegmental area (VTA) (Herz, 1997). Fabio et al. (2015) showed that alcohol exposure during the 

early developmental period enhanced relative MOR mRNA expression in the VTA, leading to 

increased alcohol-induced dopaminergic activity. Furthermore, the blockade of MOR inhibited 

the facilitating effect of PAE on alcohol preference and intake (Chotro and Arias, 2003; Díaz-

Cenzano and Chotro, 2010). The dynorphin/kappa opioid receptor (KOR) system has also been 

reported to mediate the motivational and dysphoric effects of alcohol (Walker and Koob, 2008). 

Moreover, KOR plays a key regulatory function in alcohol-related stress (Anderson et al., 2016). 

Indeed, Nizhnikov et al. (2014) revealed a down-regulation of synaptosomal KOR expression 

following antenatal alcohol exposure in brain areas involved in the motivational effects of the 

substance, such as the NAc, the amygdala (AMY) and the hippocampus (HPC). In addition, KOR 

antagonism partially reversed the effects induced by PAE on postnatal alcohol acceptance (Díaz-

Cenzano et al., 2014).   

The intracellular pathways activated by opioid and glutamatergic signalling converge in the 

modulation of the cyclic adenosine monophosphate response element binding protein (CREB), 

which is a transcriptional factor implicated in many aspects of CNS functions, including longterm 

memory formation, synaptic plasticity and drug consumption (Alberini, 2009; Barrett and Wood, 

2008; Carlezon et al., 2005). Alterations in the regulation of activated/phosphorylated CREB 

(pCREB) have been detected in several brain areas during alcohol exposure and withdrawal 

(Moonat et al., 2010). However, the regulation of these proteins by alcohol differs depending on 

the brain region and experimental conditions. An increase in pCREB expression in the AMY was 

observed after acute alcohol exposure in adult rats, while withdrawal after chronic alcohol 
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treatment decreased CREB expression (Pandey et al., 2008). Nevertheless, hippocampal 

expression of CREB as well as pCREB was significantly reduced by developmental alcohol 

exposure in animal models (Dong et al., 2014; Krahe et al., 2009; Subbanna et al., 2014).  

The aim of the present study is focused on the evaluation of the molecular mechanisms 

underlying the increased likelihood to alcohol dependence in adolescent male mice exposed to 

the drug during early-life developmental stages. Binge-like alcohol exposure took place from the 

beginning of the gestation period until the end of the lactation period, since the last trimester 

of the human pregnancy occurs during the first postnatal days (PD) in mice (Patten et al., 2014), 

thus covering the whole human-equivalent prenatal development. Then, alcohol intake and 

preference were evaluated using the self-administration (SA) and the two-bottle choice (2BC) 

paradigms in prenatal and lactation alcohol exposed (PLAE) mice and its counterparts during 

adolescence. To assess the possible mechanisms by which developmental alcohol exposure 

could be affecting the future responsiveness towards alcohol in offspring mice, the expression 

of AMPAR subunits GluR1 and GluR2 and molecular factors related to neuroplasticity 

(pCREB/CREB) were evaluated in the prefrontal cortex (PFC), HPC and striatum (STR), key 

mesolimbic brain structures known to be involved in the regulation of alcohol intake and 

reinforcement, in addition to their role in the formation of contextual memories encompassing 

drug experiences (Gilpin and Koob, 2008; Luo et al., 2011). Furthermore, the mRNA expression 

of MOR and KOR was analysed during alcohol withdrawal stage and after reinstatement in the 

2BC paradigm in the PFC and the STR, but also in the AMY, due to its important role in the 

regulation of negative emotional and stress-related states, particularly associated with the 

suppression of alcohol consumption (Gilpin et al., 2015). In addition, the opioid transmission 

within the AMY has been described as an important mediator of contextinduced alcohol seeking 

behaviour (Marinelli et al., 2010). Possible alterations of alcohol metabolism that could have an 

impact on alcohol’s effects in our mouse model of FASD were also assessed.  

2. Material and methods  

2.1. Animals  

10 to 12 week-old male and female C57BL/6 inbred mice, an alcohol-preferring strain (Fuller,  

1964) (Charles River, Barcelona, Spain) arrived at our animal facility (UBIOMEX, PRBB) to be used 

as breeders. The mice were housed in couples in standard cages and in controlled laboratory 

conditions, with a temperature of 21 ± 1 °C and 55 ± 10% humidity. Mice were allowed to 

acclimatize to the new environmental conditions for at least 1 week prior to the experiments. 

All tests took place during the first few hours of the dark phase of a reversed light/dark cycle 

(lights off at 08:00 h and on at 20:00 h). After successful mating, pregnant females were observed 
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daily for parturition. For each litter, the date of birth was designated as PD-0. Pups remained 

with their mothers for 21 days and were then weaned (PD-21). After weaning, male offspring 

were housed in groups of four. Female offspring were used for other experiments. Food and 

water were available ad libitum, except when water was substituted by alcohol according to the 

drinking in the dark (DID) procedure and during the behavioural testing of the offspring. 

Investigators were blinded to the experimental conditions of the subjects in each experiment. 

All procedures were conducted in compliance with the guidelines of the European Communities 

Directive 86/609/EEC regulating animal research and were approved by the local ethics 

committee (CEEA-PRBB).  

2.2. Drugs  

Alcohol (Ethyl alcohol, EtOH) was purchased from Merck Chemicals (Darmstadt, Germany) and 

diluted in tap water to obtain a 20% (v/v) alcohol solution for the DID test, and 10% (v/v), 15% 

(v/v) and 20% (v/v) alcohol solutions for the two-bottle choice paradigm. For the oral 

selfadministration procedure, absolute alcohol (Merck, Madrid, Spain) was dissolved in water 

using a w/v percentage, i.e. a 6% (w/v) alcohol solution equivalent to a 7.6% (v/v) alcohol 

solution. Saccharin sodium salt (Sigma, Madrid, Spain) was diluted in water.  

2.3. Drinking in the dark (DID) test  

This procedure was conducted as previously reported, with some minor modifications 

(Cantacorps et al., 2017; 2018), commencing two days after mating. Pregnant females were 

randomly assigned to two groups: alcohol- and water-exposed (control). Briefly, food was 

removed, and the water bottles were replaced with 10-ml graduated cylinders fitted with sipper 

tubes containing either 20% (v/v) alcohol in tap water or only tap water 3 h after the lighting was 

deactivated. Following a 2 h-access period, individual intakes were recorded, and food and water 

bottles were returned to the home cage. During this period, mice were individually housed, and 

each corresponding male breeding pair was removed from the home cage. The procedure was 

repeated on days 1 to 3, and fresh fluids were provided each day (from Tuesday to Thursday). 

On day 4 (Friday), alcohol or water cylinders were left for 4 h and fluid intakes were recorded. 

Fluid intakes (g/kg body weight) were calculated from average 2day body weight values as dams 

were weighed at 2-day intervals. The procedure was maintained throughout the 3-week 

gestation and/or 3-week lactation periods (gestation day (GD)-1 to PD-21). As previously 

reported (Cantacorps et al., 2017), blood alcohol concentration (BAC) for dams reached levels of 

~80 mg/dL after the last binge drinking session (4-hr access) of the gestation and lactation 

periods following the same procedure. Thus, we assume that similar levels were reached by 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tap-water
https://www.sciencedirect.com/topics/medicine-and-dentistry/tap-water
https://www.sciencedirect.com/topics/medicine-and-dentistry/tap-water
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethanol
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethanol
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ethanol
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/saccharin-sodium
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/saccharin-sodium
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/saccharin-sodium
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females in the current study. In addition, no alterations in litter size or pup’s body weight have 

been reported using this model (Cantacorps et al., 2019). Male offspring of each litter were 

randomly distributed to the different experimental conditions to avoid litter effects. The effects 

of developmental alcohol exposure on the following alcoholrelated behaviours were assessed in 

different groups of mice, as outlined in Figure 1.  

2.4. Oral alcohol self-administration (SA)  

Our procedure was based on the model used by Navarrete et al. (2014) with some modifications. 

Oral ethanol SA was carried out in 7 modular operant chambers (Med Associates, Inc.) and Med-

PC IV software controlled stimuli and fluid delivery and recorded operant responses. The 

chambers had two small holes with adjacent photocells to detect nose-poke responses. The 

active nose-poke delivered 37 μl of fluid combined with a 0.5s stimulus light and a 0.5s buzzer 

beep, which was followed by a 6s time-out period, whilst inactive nose-pokes had no 

consequences.  

To evaluate the effects of alcohol exposure on alcohol SA, animals underwent a 3-phase 

experiment: training, saccharin substitution and 6% alcohol consumption.  

Training phase (8 days)  

Two days prior to the experiment, access to the standard diet was restricted to 1 h per day. 

Before the first training session, water was withdrawn for 24 h, and food allotment was provided 

1 h prior to the 1-h eating session to increase lever-pressing motivation. On the following 3 days, 

water was provided ad libitum, except during the 1-h food-access period prior to the start of 

each session, in which the water bottle was removed from the cages (postprandial). On the 

following four days, and for the rest of the experiment, food access was provided for 1 h after 

each daily session and water was available ad libitum to avoid alcohol consumption due to thirst 

(pre-prandial). The food restriction schedule produced a weight loss in the mice of around 15% 

of their free-feeding weight. The mice were trained to press on the active lever to receive 37 μl 

of 0.2% (w/v) saccharin reinforcement.  

Saccharin substitution (9 days)  

The saccharin concentration was gradually decreased as the alcohol concentration was gradually 

increased (Samson, 1986; Roberts et al., 1998). Both solutions were administered for three 

consecutive days with the following concentrations (0.15% Saccharin − 2% EtOH; 0.10% 

Saccharin − 4% EtOH; 0.05% Saccharin − 6% EtOH).  
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Alcohol consumption (6% w/v) (6 days)  

The aim of the last phase was to evaluate the number of responses on the active lever, the 6% 

alcohol (w/v) intake and the motivation to drink. To achieve this goal, during the last phase, the 

number of effective responses and alcohol consumption (ml) were measured under fixed ratio 

1 (FR1) for 5 daily consecutive sessions. The learning task criteria for FR1 were: (1) reaching ≥ 

70% of preference for the active hole; (2) ≥ 10 reinforced trials by session, and (3) ≤ 30% 

deviation in the number of reinforced trials, all during three consecutive days. Animals that 

achieve these criteria underwent to a progressive ratio (PR) schedule of response. The response 

requirement to achieve reinforcements escalated in accordance with the following series: 1-2-

3-5-12-18-27-40-60-90-135-200-300-450-675-1000. To evaluate motivation for alcohol 

consumption, the breaking point for each animal was calculated as the maximum number of 

consecutive responses to achieve one reinforcement, on the basis of the previous scale. Each 

session lasted 1 h, except for the PR schedule of reinforcement session that lasted 2 h.   

2.5. Two-bottle choice (2BC) paradigm  

This procedure, adapted from Portero-Tresserra et al., (2018), involved escalating alcohol 

concentrations. Animals were initially habituated to the procedure by allowing them free access 

to two drinking bottles filled with water for three days. After habituation, mice were allowed to 

choose between water and alcohol solutions, the concentration (v/v) of which was progressively 

increased every three days in three phases (10%, 15% and 20%). After the final alcohol-20% 

session, the animals were alcohol-deprived for three days (abstinence period), and were then 

provided with 10%-alcohol, corresponding to the reinstatement stage. Water and alcohol 

consumptions were measured every 24h, and the locations of drinking bottles were switched in 

order to control for possible position preference. The average alcohol intake (g/kg/day) and 

alcohol preference ratio, representing alcohol consumption (ml/day) as a percentage of total 

fluid consumption, were calculated every day.  

2.6. Elevated plus maze (EPM)  

EPM was performed in the offspring during the abstinence period, 24h after the final session of 

the 2BC (Gracia-Rubio et al., 2016). The apparatus (Panlab s.l.u., Barcelona, Spain) consisted of 

a black maze with four arms (16 × 5 cm) set in the form of a cross from a neutral central square 

(5 × 5 cm). Two of the arms were enclosed by high walls (closed arms), while the other two 

perpendicular arms were open and exposed (open arms). The maze was situated 30 cm above 

the floor in dim lighting conditions (30 lux). At the outset of the 5-min observation session, each 

mouse was placed in the central area, facing an open arm. The total number of entries (placing 
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all four paws into the arm) and the time spent in the open and closed arms (as a percentage of 

the total test time) were recorded by automated tracking software (Smart, Panlab s.l.u., 

Barcelona, Spain).  

2.7. Alcohol metabolism evaluation  

The alcohol metabolism was measured using a standard protocol (Ehringer et al., 2009). Mice 

were moved to the testing room and allowed to acclimate for at least 30 min prior to receiving 

an alcohol injection (3 g/kg; i.p.). Tail blood was collected at 30, 60 or 120 minutes after the 

injection in heparin coated tubes kept in ice and centrifuged at 13,000 rpm for 10 min at 4ºC. 

Supernatant (cell-free plasma) was stored at -80ºC until the quantification analysis was 

performed. BAC was measured using the EnzyChrom™ Ethanol Assay Kit (Bioassay Systems, 

USA), following the manufacturer’s instructions.  

2.8. Preparation of tissue extract  

Three different groups of mice (n=4-6 per group) were sacrificed by cervical dislocation for the 

tissue extraction at three different time points. The first cohort of animals was sacrificed 

immediately after the PR session in the SA procedure and the PFC, HPC and STR were dissected. 

The second cohort of animals was separated in two sets of mice. One of them was sacrificed 24h 

after the last 2BC session (alcohol 20%), during the alcohol withdrawal stage, while the other set 

of mice was sacrificed 24 h after being exposed to alcohol 10% (reinstatement) in the 2BC (Figure 

1). The PFC, STR and AMY structures were dissected from the second cohort of animals. After 

extraction, brains were placed in the trough of the brain slicer matrix for the dissection of 

discrete brain regions. During use, the cutting block was kept cold on crushed ice. Blades (kept 

also on ice) were carefully inserted through the cutting channels slicing the brain at right angles 

to the sagittal axis (channel used adds 1 mm to the thickness of the slice). The initial razor blade 

sliced through the coronal plane of the brain at the level of the body of the anterior commissure. 

The position of the initial razor blade served as a reference point from which brain sections were 

obtained (Heffner et al., 1980). Individual brain areas were dissected from the slices formed. All 

nuclei were dissected following this procedure and then stored in dry ice at -80ºC on an ice-cold 

plate. A diagram showing the stereotaxic coordinates at which brain areas were dissected is 

included in Figure 1.  

2.9. Sample preparation and western blot analyses  

Brain tissues of the PFC, HPC and STR were first homogenized in cold lysis buffer (0.05M Tris- HCl 

pH7.4, 0.15M NaCl, Triton X-100 1%, Glycerol 10% and EDTA 0.001M). Homogenates were kept 
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on ice for 30 min and centrifuged at 15,000 rpm for 15 min, and the supernatant was collected 

to determine the protein concentration. The lysate protein concentration was detected by 

means of the DC TM Protein Assay (Bio-Rad; Barcelona, Spain). Membranes were incubated 

overnight at 4 ºC with primary antibodies: Anti-β-Tubulin (anti-mouse, 1:5000, BD Biosciences), 

anti-phospho CREB (anti-rabbit, 1: 1000, Merck Milipore, Spain), anti-CREB (anti- rabbit, 1: 500, 

Merck Milipore, Spain), anti-GluR1 and anti-Glur2 (anti-rabbit, 1:1000, Merck Milipore, Spain). 

After washing with TBS/T, blots were incubated with their respective fluorescent secondary 

antibodies: anti-mouse (1:2500, Rockland) and anti-rabbit (1:2500, Rockland). Blots were 

quantified using a LI-COR Odyssey scanner and software (LI-COR Biosciences, Lincoln, USA). For 

comparative purposes, control values were normalized to 100%, and the respective protein 

expression values were adjusted according to the normalization factor.  

 2.10.  Gene expression analyses. Real time PCR   

Total RNA was extracted from brain tissue nuclei (PFC, HPC and AMY) and purified using the 

RNeasy Lipid Tissue Mini Kit (Qiagen). 1 μg of total RNA was reverse-transcribed using the 

Applied Biosystems High-Capacity cDNA Reverse Transcription kit. Quantitative RT-PCR analysis 

was performed on an Applied Biosystems Prism 7900 System using Power SYBR Green PCR 

Master Mix (Applied Biosystem). Transcripts were amplified by means of the following forward 

and reverse primers: GAC CGC TAC ATT GCT GTG TG and GCA AGG AGC ATT CAA TGA CA for 

kappa opioid receptor; GTG TAG TGG GCC TCT TTG GA and CCA CGT TCC CAT CAG GTA GT for 

mu opioid receptor; and AGC ATA CAG GTC CTG GCA TC and TTC ACC TTC CCA AAG ACC AC for 

cyclophilin A. Cyclophiline A was used as the endogenous normalizer. Amplifications were 

carried out in triplicate and the data for each target gene were normalized to the endogenous 

reference gene, and the fold-change in target gene mRNA abundance was determined using the 

2(-ΔΔCt) method (Livak and Schmittgen, 2001).  

 2.11.  Statistics  

Two-way ANOVA with repeated measures was calculated to analyse alcohol intake during the 

DID test with Group (Water-Alcohol) as between-subject factors and Day as a within-subject 

factor. One-way ANOVA with repeated measures was used to analyse alcohol intake in the 

alcohol-drinking group of dams during the DID test. Data obtained from the SA (FR1) tests were 

evaluated using a repeated measures two-way ANOVA with Group (Water-Alcohol) as between-

subject factors and Day as a within-subject factor. For the 2BC paradigm, a three-way ANOVA 

with repeated measures, with Group (Control-PLAE) as a between variable and Day (1, 2 and 3) 

and Alcohol concentration (10%, 15% and 20%) as within variables. The BAC data were analysed 
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by means of a two-way ANOVA with Group (Water-Alcohol) as a between subject factor and 

Time (30 min- 60 min- 120 min) as a within variable. Subsequent post-hoc comparisons were 

calculated using the Bonferroni test when required. The unpaired twotailed Student’s t-test was 

performed for the PR (breaking point and 6% alcohol consumption) in the SA paradigm, the 10% 

alcohol preference in the 2BC reinstatement phase, the biochemical analyses and the transcript 

expression. Pearson's correlation analysis was used to explore correlations between the 

variables. Results are expressed as the mean ± SEM, and statistical significance was set at p<0.05. 

Statistical analyses were performed using SPSS Statistics v23.   

3. Results  

3.1. DID test in dams  

As shown in Figure 2, dams were exposed to alcohol under the DID test procedure from the 

gestational period GD-1 to PD-21 in order to mimic voluntary binge alcohol drinking. Two-way 

ANOVA analysis of water and alcohol consumption (ml) during DID testing showed a significant 

effect of Day [F(23,391) = 16.555; p<0.001], Group [F(1,17) = 50.188; p<0.001] and 

betweenfactor interaction [F(23,391) = 8.543; p < 0.001]. Bonferroni post-hoc comparisons 

revealed a significant increase in fluid consumption from days 16 to 24, corresponding to the 

lactational period when compared to the other days (1 to 15) (p<0.05). In this period, all mice 

consumed more water than alcohol, from days 17 to 24 of the test (p<0.05, for all cases) (Figure 

2a).  

One-way ANOVA with repeated measures analysis of alcohol intake (gEtOH/kg) (Figure 2b) 

showed a significant effect of Day [F(23,230)= 4.048; p<0.001]. Post-hoc comparisons revealed 

significant differences between the 4-h drinking sessions compared with the 2-h sessions on days 

1 to 3, in the first (p<0.01), second, fourth and sixth week (p<0.05, in all cases).  

3.2. Effects of PLAE on oral alcohol SA   

The two-way ANOVA for the number of responses (nose-pokes) (Figure 3a) in the FR1 for alcohol-

induced SA revealed a significant effect of Group [F(1,42)=5.333; p<0.05] and Days 

[F(4,168)=2.913; p<0.05] with no interaction between the two factors. PLAE mice responded to 

a higher extent when compared to the control group (p<0.05). The statistical analysis for alcohol 

consumption in the FR1 (Figure 3b) revealed a significant effect for the variable Group 

[F(1,42)=5.103; p<0.05] and Days [F(4,168)=2.898; p<0.05] with no between-factor interaction 

(Figure 3b). The PLAE-group mice showed higher alcohol consumption compared to the control 

group (p<0.05). (Figure 3a and 3b).   
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The PR evaluated motivation for alcohol consumption, the breaking point for each animal was 

calculated as the maximum number of consecutive responses to achieve one reinforcement 

following the scale presented in the methodology section. The unpaired Student’s t-test showed 

that the animals exposed to alcohol during the developmental stage presented higher breaking 

point values and higher 6%-alcohol intake than their water-exposed counterparts (t42=2.104, 

p<0.05 and t42=2.402, p<0.05, respectively) (Figures 3c and 3d).  

3.3. Maternal binge-like alcohol drinking increased alcohol intake in the 2BC paradigm.  

We evaluated alcohol consumption using the 2BC paradigm to determine the preference for 

alcohol intake compared to water in the offspring mice (Figure 4a).  Three-way ANOVA showed 

an effect of Group [F(1,23) = 39.865; p<0.01], Alcohol concentration [F(2,46) = 8.116; p<0.01] 

and the interaction Alcohol concentration x Day [F(4,92) = 4.051; p<0.01]. PLAE mice consumed 

more alcohol than their control-group counterparts (p<0.01). The highest percentage of alcohol 

concentration consumption corresponded to the 10% (p<0.01). Furthermore, in the 10% of 

alcohol concentration, animals drank more liquid in the first day when compared with the third 

one (p<0.05); however, in the 15% of alcohol concentration the second day mice drank less when 

compared with the first and the third days (p<0.01 in both cases).  

Following the 2BC procedure, the animals were subjected to three days of abstinence, before 

being exposed once more to 10%-alcohol (reinstatement phase). The unpaired Student’s t-test 

calculated for alcohol consumption during the reinstatement phase indicated a higher alcohol 

preference for the PLAE mice when compared to the control group (t21= -2.267, p<0.05) (Figure 

4b).  

3.4. Alcohol-exposed offspring mice presented increased anxiety-like behaviour  

Offspring mice were assessed for anxiety-like behaviour in the EPM after 24h of alcohol 

withdrawal in the 2BC (Figure 5). The Student’s t-test revealed significant differences for the 

percentage of time spent in the open arms (t15= 2.856, p<0.05), showing that the PLAE mice 

spent less time there compared to the control group (Figure 5a). No changes in the number of 

total entries were found after PLAE (Figure 5b).  

3.5. PLAE mice showed higher BAC than control mice after 3 g/kg alcohol administration  

The BAC of the offspring mice was measured at 30, 60 and 120 min after alcohol (3g/kg) 

administration. Two-way ANOVA with repeated measures showed an effect of Group [F(1,9) = 

27.60; p<0.001] with no effect of Time or between-factor interaction. Thus, mice exposed to 
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PLAE presented higher levels of BAC than the control animals at each experimental time point 

(Figure 6).  

3.6. GluR1/GluR2 expression was altered in PLAE mice  

The GluR1/GluR2 expression was assessed in the PFC (Figure 7a), HPC (Figure 7b) and STR (Figure 

7c) of the offspring mice. When the PFC was analysed, the Student’s t-test did not show any 

significant differences for GluR1, GluR2 or the GluR1/GluR2 ratio. The Student’s t-test showed 

an effect in the STR for GluR2 (t10= 2.134, p=0.05), decreasing the levels of GluR2 in PLAE animals 

when compared to the control group, and a tendency in the GluR1/GluR2 ratio (t10= -1.989, 

p=0.07). Furthermore, a significant effect for the GluR1/GluR2 ratio in the HPC (t8= 2.218, 

p=0.05) was found, showing that mice exposed to PLAE exhibited a lower GluR1/GluR2 

expression compared to the control group.   

In addition, Pearson's correlation analyses were performed between data obtained from the 

biochemical studies of offspring and each corresponding maternal alcohol intake (mean of binge 

sessions), as shown in Figure 8.  The expression of GluR1 (p=0.06) and GluR1/GluR2 ratio in the 

HPC positively correlated with the maternal alcohol intake.   

3.7. PLAE mice showed diminished pCREB/CREB protein ratio expression   

pCREB/CREB protein expression was assessed in the PFC, HPC and STR of the offspring mice 

(Figure 7; lower panel). When the PFC was analysed, the unpaired Student’s t-test revealed an 

effect for CREB (t10=- 2.638, p<0.05), increasing its levels in PLAE animals when compared with 

the control group. In addition, when the pCREB/CREB protein ratio expression was measured in 

the same structure, the PLAE mice showed a lower pCREB/CREB protein expression in 

comparison with the control group (t10= 2.861, p<0.05). Furthermore, decreased levels of pCREB 

and a reduction in the pCREB/CREB ratio protein expression in PLAE animals were found in the 

STR (t9= 2.126, p=0.05 and t8= 2.478, p<0.05), respectively. The Student’s t-test showed an effect 

in the HPC for pCREB (t10= 4.317, p<0.01) and the pCREB/CREB protein expression (t9= 2.418, 

p<0.05), and the PLAE mice showed a protein decrease when compared to the control group.  

A significant correlation between CREB and pCREB/CREB expression in the PFC with the maternal 

alcohol intake was found. pCREB expression in the HPC negatively correlated with the maternal 

alcohol intake (Figure 8). Correlations among the other factors analysed were not statistically 

significant.  
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3.8. Mu and Kappa opioid receptor mRNA expression was not altered in PLAE mice  

The effects of PLAE on MOR (Figure 9; upper panel) and KOR (Figure 9; lower panel) mRNA 

expression were evaluated in the PFC, STR and AMY structures at two different time points: 24 

h after the last 2BC session (access to 20% alcohol) during the acute withdrawal period and 24 h 

after the reinstatement phase (access to 10% alcohol). The unpaired Student t-test showed no 

significant differences for the mRNA expression of these receptors in any of the brain structures 

analysed at either of the time points.  

4. Discussion  

The CNS function is highly vulnerable to the effects of alcohol exposure during prenatal and early 

postnatal developmental stages (Caputo et al., 2016). In this context, our findings demonstrate 

that exposure to alcohol during pregnancy and lactation periods, heightens alcohol intake during 

adolescence as assessed by different paradigms including the oral alcohol SA, the 2BC and 

following abstinence (after intensive alcohol exposure in the 2BC). Moreover, PLAE mice showed 

behavioural alterations, such as increased anxiety-like responses during acute alcohol 

withdrawal. The molecular analysis of discrete brain areas after alcohol consumption in the 

operant SA paradigm showed a decrease in the GluR1/GluR2 ratio of AMPARs in the HPC, 

followed by a reduction in the pCREB/CREB ratio in the PFC, STR and HPC. Finally, no significant 

changes were identified in the mRNA expression of MOR and KOR in the PFC, STR and AMY 

during alcohol withdrawal and after reinstatement.  

In our study, a voluntary mouse model of binge-like alcohol drinking during pregnancy and 

lactation was used (Cantacorps et al., 2017; 2018). Using this procedure, mice can reach BAC 

levels of intoxication (~80 mg/dl) (NIAAA, 2016), like previously reported (Cantacorps et al., 

2017). We have previously demonstrated that maternal binge-like alcohol drinking induces long-

lasting cognitive, emotional and motivational impairments in offspring mice, increases pro-

inflammatory factors and decreases the expression of myelin proteins in different brain areas 

(Cantacorps et al., 2017; 2018; 2020). According with previous studies (Cantacorps et al., 2017; 

Montagud-Romero et al., 2019), we observed an escalation in the consumption of water during 

the lactation period when compared to the prenatal period in water-exposed dams during the 

DID test, which has been linked to an increased fluid demand to support milk production.   

In utero alcohol exposure produces persistent alterations in brain areas controlling motivational 

and reward circuits. Furthermore, alcohol exposure during the prenatal developmental period 

seems to be predictive of adolescent alcohol use and misuse (Baer et al., 2003; Popova et al., 

2016). Premature exposure to alcohol in rodents may induce a heightened affinity for the drug 
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in later stages of life (Spear and Molina, 2005). In addition, PAE has been reported to increase 

alcohol tolerance and sensitization to ulterior alcohol intake (Barbier et al., 2008; 2009), while 

decreasing  the sensitivity to the aversive effects of alcohol, such as hypothermia and sedation, 

in young adult animals (Abel et al., 1981; Barbier et al., 2009; Gore-Langton and Spear, 2019). 

Although there is a vast body of preclinical, clinical and epidemiological evidence supporting the 

link between early alcohol exposure and later alcohol use from adolescence to adulthood, the 

mechanisms underlying such deleterious effects call for further understanding (Gaztañaga et al., 

2020; Popova et al., 2016). Recently, Cantacorps and colleagues (2018) have shown that the 

degree by which alcohol can induce approaching behaviours towards a conditioned context is 

reduced in PLAE mice, as assessed using the conditioned place preference paradigm. Such results 

may indicate a shift to the right in the dose-response curve for alcohol-induced conditioned 

place preference in PLAE mice, suggesting a development of tolerance following developmental 

alcohol exposure. Similarly, Pautassi et al. (2012) showed that PAE makes subjects more tolerant 

to the motivational effects of alcohol. These data are consistent with our results, showing an 

increase in alcohol consumption in the 2BC and SA models that would seem to indicate a lower 

sensitivity to alcohol’s reinforcing effects. In other words, PLAE mice would need to consume 

higher amounts of alcohol to elicit the same rewarding effect than in control group. Accordingly, 

PLAE mice responded to a higher extent at nose-poking behaviour when compared to the control 

group during the FR1 schedule of reinforcement, showing higher alcohol consumption. When 

the schedule of reinforcement in the alcohol SA changed to the PR, in which the effort required 

to obtain a single dose of alcohol is progressively increased, we also obtained a significant 

difference between PLAE and control group. PLAE mice showed a higher breaking point and 

consumed more alcohol during the PR session than their counterparts, indicating an increased 

motivation or ‘wanting’ to obtain the drug. Similarly, March et al. (2009) reported an enhanced 

acquisition of response-stimulus associations when alcohol is given as an intraoral reinforcer in 

animals prenatally exposed to alcohol. Preclinical findings also showed that a single binge-like 

exposure to alcohol in mice, during a period equivalent to the third trimester of neural 

development, would seem to be enough to exacerbate dependence-like alcohol consumption in 

mice (Bosse et al., 2018). Hence, there is a large body of evidence supporting the link between 

maternal alcohol drinking and increased alcohol intake later in life, together with the appearance 

of alcohol-related problems.   

In addition, we analysed the BAC (30, 60 and 120 min) after administering a 3 g/kg alcohol 

treatment to assess the impact of maternal alcohol drinking on offspring’s alcohol metabolism. 

The acute dose of 3 g/kg alcohol yielded higher BAC levels in PLAE than control mice, suggesting 

alterations in the mechanisms involved in alcohol’s metabolism and clearance as a result of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3902470/#R23
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developmental alcohol exposure. Likewise, Popoola et al. (2017) reported higher BACs in rats 

prenatally exposed to alcohol following alcohol i.p. injections (3.5-4.5 g/kg) at PD-42, together 

with a reduced sensitivity to alcohol’s hypnotic effects. Also, pups derived from alcohol-treated 

dams had slower elimination rates of alcohol from the blood than control groups when treated 

with identical doses of alcohol (Nizhnikov et al., 2006). Notwithstanding, other preclinical studies 

have shown a lack of effect of PAE on alcohol pharmacokinetics (Becker et al., 1993; Arias et al., 

2008) or even higher metabolic rates in alcohol-exposed offspring (Perez et al., 1983; Sze et al. 

1976). These discrepancies might be due to differences on alcohol dosage, developmental timing 

of alcohol exposure or time of assessment. Thus, the higher BAC levels observed in PLAE mice 

after a challenging dose of alcohol could be related with a reduction in their sensitivity to 

alcohol’s sedative effects, which may account for differences observed in operant paradigms of 

alcohol intake. Indeed, low sensitivity to alcoholinduced hypnosis has been strongly associated 

with high-risk alcohol consumption patterns (Naassila et al., 2002; Spear, 2014; Towner and 

Varlinskaya, 2020).   

A history of binge alcohol-drinking, in both humans and laboratory animals, enlarges symptoms 

of negative affect and dysphoria during periods of abstinence (Lee et al., 2017). PAE has been 

associated with alterations of social behaviour and anxiety disorders. Furthermore, PAE may 

result in altered behavioural responsiveness to stressful and anxiety-provoking test situations, 

including the EPM in rodents (Díaz et al., 2016). Previous findings have shown increased anxiety 

levels in PLAE mice (Cantacorps et al., 2018; Montagud-Romero et al., 2019). Nevertheless, 

experimental findings are rather inconsistent and show both increased and decreased anxiety-

like behaviour in the EPM after chronic gestational alcohol exposure (Kleiber et al., 2011; Liang 

et al., 2014). Our results obtained in the EPM 24 h after the last day of alcohol (20%) 

consumption in the 2BC paradigm, that is during the withdrawal period, show a reduction in the 

percentage time spent in the open arms in PLAE group compared with their counterparts. 

Therefore, we could assume that PLAE mice showed an increase in anxiety-like behaviour. 

However, we could not rule out that the effect observed during the acute withdrawal phase (24h 

after 2BC) was not a consequence of early alcohol exposure, as PLAE mice has been reported to 

already show increased basal levels of anxiety-like behaviour. Therefore, the effects observed in 

the present work could be attributed to a combination of both, PLAE and withdrawal-induced 

effects. Exposure to alcohol during prenatal and lactation stages produces changes in the 

neurobiological substrates that modulate emotional responses, which at the same time could 

influence the rewarding effects to ethanol, as the neurobiological systems controlling motivation 

and emotional responses are interconnected, providing a higher vulnerability to drug abuse 

(Koob and Schulkin, 2018).  
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We have also analysed molecular parameters that may underlie some of the behavioural effects 

observed. Glutamatergic neurotransmission has been involved in neuroplasticity, learning and 

memory (Bell et al., 2016). Ionotropic glutamate receptors (such as the AMPARs) are ligand-

gated ion channels involved in fast excitatory transmission in the CNS and they also play a role 

in conditioned alcohol-seeking responses (Backstrom and Hyytia, 2004; SanchísSegura et al., 

2006). Our results reveal a decreased GluR1/GluR2 ratio expression in PLAE mice when 

compared to the control group in the HPC. This reduction of GluR1/GluR2 expression in the HPC 

may indicate a reduction in the excitatory neurotransmission, possibly affecting the processes 

involved in learning and memory. Compelling evidence in rodent models has shown 

hippocampal cognitive defects produced by alcohol consumption during pregnancy in which a 

role of glutamatergic synaptic transmission has been described (Mira et al., 2020). In addition, it 

has been found that alcohol consumption increases synaptic levels of GluR1 and GluR2 in AMPAR 

currents in the dorsal-medial STR (Wang et al., 2012). Furthermore, acute alcohol drinking 

increased the synaptic expression of GluR1 and led to a long-lasting enhancement in the function 

of GluR2-lacking AMPARs in the NAc (Beckley et al., 2016). In accordance, our study shows a 

tendency (p=0.07) to an increased GluR1/GluR2 in the STR of PLAE mice, which may also 

contribute to the enhancement of the neuroplasticity routes attributed to alcoholseeking 

behaviour. Indeed, it is thought that long-term brain plasticity adaptations lead to aberrant 

engagement of normal learning processes that over-consolidate the transition from goal-

directed behaviours to habits related with drug addiction (Robbins and Everitt, 1999).   

Our results also demonstrate that PLAE mice show a decreased ratio of pCREB/CREB proteins 

expression when compared to the control group in the three brain structures analysed (PFC, STR 

and HPC). The diminished expression of the pCREB/CREB protein ratio expression in these areas 

could mediate the increase of alcohol consumption observed in PLAE mice by enhancing their 

desire to seek and take the drug. CREB is a molecular key factor for synaptic plasticity and 

neuronal functions addressed to control gene transcription underlying long-term potentiation 

and memory formation, storage and retrieval (Bartolotti and Lazarov, 2019). The 

phosphorylation of CREB (pCREB) plays a major role in memory acquisition and consolidation  

(Bartolotti and Lazarov, 2019) and it is inhibited by alcohol exposure (Pandey et al., 2001). 

Decreased pCREB and reduced expression of CREB-related genes (such as brain-derived 

neurotrophic factor and corticotrophin-releasing factor) have been observed in cortical 

structures of alcohol-withdrawn/deprived rodents (Moonat et al., 2010; Pandey et al., 2001). 

Moreover, Dominguez and colleagues (2014) found that alcohol exposure and withdrawal 

reduce dorsal CA1 region pCREB expression, suggesting that the hippocampal CREB function may 

contribute to the behavioural deficits commonly observed during alcohol exposure and 
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abstinence. In addition, a large body of evidence associates CREB with the acquisition and 

continued dependence on drugs of abuse (Carlezon et al., 2005; Nestler, 2014). CREB activation 

in the NAc has been linked to a variety of emotional responses (Barrot et al., 2002; Carlezon et 

al., 2005). Moreover, drugs of abuse other than alcohol induced the reduction of CREB activity 

in specific brain structures related to the rewarding system, a mechanism that may be involved 

in the hypohedonic state associated with protracted abstinence (Misra et al., 2001). Additionally, 

it has been previously demonstrated that CREB function modulates NMDAR transmission and 

perturbs levels of AMPA subunits (Huang et al., 2008; Marie et al., 2005; Middei et al., 2013). 

The increased adolescent alcohol consumption of PLAE mice could be a confounding factor in 

the results obtained in the biochemistry studies, as it makes it difficult to discern whether 

changes observed are due to mere in utero alcohol exposure, or are due to a combination of 

both prenatal and adolescent alcohol exposure. However, the significant correlations between 

the expression of the different factors and each corresponding maternal alcohol intake supports 

the notion that PLAE induces long-lasting alterations in GluR1 and GluR2 expression, as well as 

pCREB and CREB expression.   

Alcohol reinforcement mechanisms involve, at least partially, the activation of the endogenous 

opioid system. Alcohol modifies opioid transmission at different levels, including the binding of 

endogenous ligands to opioid receptors (Mendez and Morales-Mulia, 2008). Opioid activity is 

modulated during alcohol withdrawal and previous studies have shown changes in endogenous 

opioid peptides (Anderson et al., 2017). For instance, alcohol consumption was significantly 

reduced in the absence of β-endorphins in mice (Racz et al., 2008), and mice lacking pre-

prodynorphin showed a decrease in alcohol consumption (Blednov et al., 2006). In our 

experimental conditions, no changes were identified in mRNA expression of the opioid receptors 

during alcohol withdrawal and after reinstatement in the 2BC paradigm, while other studies have 

shown an activation of the endogenous opioid system following moderate foetal alcohol 

exposure and the involvement of opioid activity in the reinforcing effects of alcohol (Gaztañaga 

et al., 2015; Miranda-Morales et al., 2020). Wille-Bille et al. (2018, 2020) reported increased 

mRNA levels of KOR in the VTA, the PFC and AMY of adolescent offspring prenatally exposed to 

alcohol, as well as increased levels of prodynorphin. Notwithstanding, effects upon mRNA 

expression do not necessary reflect the same changes on protein. For instance, a reduced 

expression of MOR and KOR proteins was found in the NAc of PAE offspring rats, while no 

changes in mRNA expression were described (Bordner and Deak, 2015). The opioid receptors 

can be regulated through desensitization mechanisms mediated by β-arrestin proteins, which in 

turn, have been shown to modulate alcohol consumption (Björk et al., 2008; Lamberts and 

Traynor, 2013). Hence, even though our results suggest that PLAE does not have an impact on 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5098406/#R24
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5098406/#R24
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5408019/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5408019/#B14
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the expression MOR and KOR transcripts, we cannot discard that developmental alcohol 

exposure may have an impact on functional changes of these receptors by modulating their 

protein redistribution on the cell surface. In addition, it should be noted that epigenetic 

mechanisms owing to developmental alcohol exposure, which have been previously described 

in our mouse model (Cantacorps et al., 2019), might be playing a role here.   

  

5. Conclusion   

The present study highlights the involvement of glutamatergic neuroplasticity and CREB 

signalling adaptations in key brain areas for the regulation of drug’s reinforcing effects as 

putative mechanisms underlying the increased likelihood for ulterior alcohol intake and 

preference in adolescent offspring mice exposed to binge alcohol during early ontogeny. The 

enhanced appetitive reinforcing properties of alcohol, together with the development of 

tolerance and reduced sensitivity to the aversive effects might be underpinning the heightened 

drug-seeking behaviour and motivation for alcohol consumption in PLAE mice. Even though no 

changes in opioid receptors transcripts were found, protein trafficking of MOR and KOR could 

be playing a role in the future responsiveness towards alcohol in animals prenatally exposed to 

the substance. Understanding the mechanisms by which foetal alcohol exposure favours the 

later alcohol consumption will let the development of strategies to mitigate the behavioural 

effects resulting from early-life exposure to the drug.  

Conflict of interest  

The authors declare no conflicts of interest.  

  

Funding  

This work was supported by the Ministerio de Economía y Competitividad (SAF2016-75966-

RFEDER and SAF-85679-R-FEDER), and the Ministerio de Sanidad, Consumo y Bienestar Social  

(Plan Nacional sobre Drogas 2018/007, Retic-ISCIII-RD16/0017/0010 and Retic-

ISCIIIRD16/0017/0007). SM-R received a postdoctoral fellowship from the Conselleria 

d´Educació, Investigació, Cultura i Esport (APOSTD/2017/102), Generalitat Valenciana, Spain. LC 

received an FPI grant (BES-2014-070657) from the Ministerio de Economía y Competitividad. The 

Department of Experimental and Health Sciences (UPF) is a “Unidad de Excelencia María de 

Maeztu” funded by the AEI (CEX2018-000792-M). The authors thank Gerald-Patrick Fannon for 

his English proofreading and editing of the manuscript. The authors declare no conflicts of 

interest.  

  



 

   21  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

References  

Abel, E. L., Bush, R., Dintcheff, B. A., 1981. Exposure of rats to alcohol in utero alters drug 

sensitivity in adulthood.  Science., 212, 1531 - 1533. https://doi.org/10.1126/science.7233243.  

Alati, R., Al Mamun, A., Williams, G. M., O'Callaghan, M., Najman, J.M., Bor, W., 2006. In utero 

alcohol exposure and prediction of alcohol disorders in early adulthood: a birth cohort study. 

Arch Gen Psychiatry., 63, 1009-1016. https://doi.org/10.1001/archpsyc.63.9.1009.  

Alberini, C. M., 2009. Transcription factors in long-term memory and synaptic plasticity. Physiol 

Rev., 89, 121-145. https://doi.org/10.1152/physrev.00017.2008.  

Allan, A. M., Goggin, S. L., Caldwell, K. K., 2014. Prenatal alcohol exposure modifies glucocorticoid 

receptor subcellular distribution in the medial prefrontal cortex and impairs frontal cortex-

dependent learning. PLoS One., 9, e96200. https://doi.org/10.1371/journal.pone.0096200.  

Anderson, R.I., Becker, H.C., 2017. Role of the Dynorphin/Kappa Opioid Receptor System in the  

Motivational  Effects  of  Ethanol.  Alcohol  Clin  Exp  Res.,  41, 

 1402-1418. https://doi.org/10.1111/acer.13406.  

Anderson, R.I., Lopez, M.F., Becker, H.C., 2016. Stress-Induced Enhancement of Ethanol Intake 

in C57BL/6J Mice with a History of Chronic Ethanol Exposure: Involvement of Kappa Opioid 

Receptors. Front Cell Neurosci., 23, 10-45. https://doi.org/10.3389/fncel.2016.00045.  

https://doi.org/10.1126/science.7233243
https://doi.org/10.1126/science.7233243
https://doi.org/10.1152/physrev.00017.2008
https://doi.org/10.1152/physrev.00017.2008
https://doi.org/10.1371/journal.pone.0096200
https://doi.org/10.1371/journal.pone.0096200
https://doi.org/10.1111/acer.13406
https://doi.org/10.1111/acer.13406
https://doi.org/10.3389/fncel.2016.00045
https://doi.org/10.3389/fncel.2016.00045


 

   22  

Arias, C., Molina, J.C., Mlewski, E.C., Pautassi, R.M., Spear, N., 2008. Acute sensitivity and acute 

tolerance to ethanol in preweanling rats with or without prenatal experience with the drug. 

Pharmacol Biochem Behav., 89(4), 608-22. d https://doi.org/10.1016/j.pbb.2008.02.017.  

Bäckström, P., Hyytiä, P., 2004. Ionotropic glutamate receptor antagonists modulate cueinduced 

reinstatement of ethanol‐seeking behavior. Alcohol Clin Exp Res., 28, 558-565. 

https://doi.org/10.1097/01.ALC.0000122101.13164.21.  

Baer, J. S., Sampson, P. D., Barr, H. M., Connor, P.D., Streissguth, A.P., 2003. A 21-year 

longitudinal analysis of the effects of prenatal alcohol exposure on young adult drinking. Arch 

Gen Psychiatry., 60, 377-385. https://doi.org/10.1001/archpsyc.60.4.377.  

Bandoli, G., Coles, C. D., Kable, J. A., Wertelecki, W., Yevtushok, L., Zymak-Zakutnya, N., Wells, 

A., Granovska, I.V., Pashtepa, A.O., Chambers, C.D., CIFASD., 2019. Patterns of Prenatal Alcohol 

Use That Predict Infant Growth and Development. Pediatrics., 143, e20182399. 

https://doi.org/10.1542/peds.2018-2399.  

Barbier, E., Houchi, H., Warnault, V., Pierrefiche, O., Daoust, M., Naassila, M., 2009. Effects of 

prenatal and postnatal maternal ethanol on offspring response to alcohol and psychostimulants 

in long evans rats. Neuroscience., 161, 427-440. https://doi.org/10.1016/j.neuroscience.2009. 

03.076.  

  

Barbier, E., Pierrefiche, O., Vaudry, D., Vaudry, H., Daoust, M., Naassila, M., 2008. Long-term 

alterations in vulnerability to addiction to drugs of abuse and in brain gene expression after early 

 life  ethanol  exposure.  Neuropharmacology.,  55,  1199-1211. 

https://10.1016/j.neuropharm.2008.07.030.  

Barrett, R. M., Wood, M. A., 2008. Beyond transcription factors: the role of chromatin modifying 

enzymes in regulating transcription required for memory. Learn Mem., 15, 460-467. 

https://doi.org/10.1101/lm.917508.  

Barron, S., Hawkey, A., Fields, L., Littleton, J. M., 2016. Animal models for medication 

development and application to treat fetal alcohol effects. Int Rev Neurobiol., 126, 423-440. 

https://doi.org/10.1016/bs.irn.2016.02.002.  

Barrot, M., Olivier, J. D., Perrotti, L. I., DiLeone, R.J., Berton, O., Eisch, A.J., Impey, S., Storm, D.R., 

Neve, R.L., Yin, J.C., Zachariou, V., Nestler, E.J., 2002. CREB activity in the nucleus accumbens 

shell controls gating of behavioral responses to emotional stimuli. Proc Natl Acad Sci USA., 99, 

11435-11440. https://doi.org/10.1073/pnas.172091899.  

Bartolotti, N., Lazarov, O., 2019. CREB signals as PBMC-based biomarkers of cognitive 

dysfunction: a novel perspective of the brain-immune Axis. Brain Behav Immun., 78, 9-20.  

https://doi.org/10.1016/j.bbi.2019.01.004.  

Becker, A., Grecksch, G., Kraus, J., Loh, H. H., Schroeder, H., Höllt, V., 2002. Rewarding effects of 

ethanol and cocaine in µ opioid receptor-deficient mice. Naunyn-Schmiedeberg's Arch 

Pharmacol, 365, 296–302.  https://doi.org/10.1007/s00210-002-0533-2.  

https://doi.org/10.1016/j.pbb.2008.02.017
https://doi.org/10.1016/j.pbb.2008.02.017
https://doi.org/10.1016/j.pbb.2008.02.017
https://doi.org/10.1016/j
https://doi.org/10.1101/lm.917508
https://doi.org/10.1101/lm.917508
https://doi.org/10.1016/bs.irn.2016.02.002
https://doi.org/10.1016/bs.irn.2016.02.002


 

   23  

Becker, H.C., Hale, R.L., Boggan, W.O., Randall, C.L., 1993. Effects of prenatal ethanol exposure 

on later sensitivity to the low-dose stimulant actions of ethanol in mouse offspring: possible role 

of catecholamines. Alcohol Clin Exp Res,17(6), 1325-36. 

https://10.1111/j.15300277.1993.tb05249.x  

Beckley, J. T., Laguesse, S., Phamluong, K., Morisot, N., Wegner, S. A., Ron, D., 2016. The first 

alcohol drink triggers mTORC1-dependent synaptic plasticity in nucleus accumbens dopamine 

D1 receptor neurons. J Neurosci., 36, 701-713. https://doi.org/10.1523/JNEUROSCI.2254- 

15.2016.  

Bell, R. L., Hauser, S. R., McClintick, J., Rahman, S., Edenberg, H. J., Szumlinski, K. K., McBride, W. 

J., 2016. Ethanol-associated changes in glutamate reward neurocircuitry: a minireview of clinical 

and preclinical genetic findings. Prog Mol Biol Transl Sci., 137, 41-85. 

https://doi.org/10.1016/bs.pmbts.2015.10.018.  

Björk, K., Rimondini, R., Hansson, A.C., Terasmaa, A., Hyytiä, P., Heilig, M., Sommer, W.H., 2008. 

Modulation of voluntary ethanol consumption by beta‐arrestin 2. FASEB J., 22, 2552– 2560. 

https://doi.org/10.1096/fj.07-102442.  

Blednov, Y. A., Walker, D., Martinez, M., Harris, R. A., 2006. Reduced alcohol consumption in 

mice lacking preprodynorphin. Alcohol., 40, 73-86. https://doi.org/10.1016/j.alcohol. 

2006.12.002.  

Bordner, K., Deak, T., 2015. Endogenous opioids as substrates for ethanol intake in the neonatal rat: 

The impact of prenatal ethanol exposure on the opioid family in the early postnatal  period.  Physiol 

 Behav.,  148,  100–110. https://doi.org/10.1016/j.physbeh.2015.02.013.  

Bosse, K. E., Chiu, V. M., Lloyd, S. C., Conti, A. C., 2019. Neonatal alcohol exposure augments 

voluntary ethanol intake in the absence of potentiated anxiety-like behavior induced by chronic 

intermittent ethanol vapor exposure. Alcohol., 79, 17-24. 

https://doi.org/10.1016/j.alcohol.2018.10.011.  

Cantacorps, L., Alfonso-Loeches, S., Guerri, C., Valverde, O., 2019. Long-term epigenetic changes in 

offspring mice exposed to alcohol during gestation and lactation. J Psychopharmacol., 33, 1562–

1572. https://doi.org/10.1177/0269881119856001.  

Cantacorps, L., Alfonso-Loeches, S., Moscoso-Castro, M., Cuitavi, J., Gracia-Rubio, I., LópezArnau, R., 

Escubedo, E., Guerri, C., Valverde, O., 2017. Maternal alcohol binge drinking induces persistent 

neuroinflammation associated with myelin damage and behavioural dysfunctions in offspring 

 mice.  Neuropharmacology.,  123,  368-384.  

https://doi.org/10.1016/j.neuropharm.2017.05.034.  

Cantacorps, L., González-Pardo, H., Arias, J. L., Valverde, O., Conejo, N.M., 2018. Altered brain 

functional connectivity and behaviour in a mouse model of maternal alcohol binge-drinking. Prog 

Neuropsychopharmacol Biol Psychiatry., 84, 237-249. https://doi.org/10.1016/j. 

pnpbp.2018.03.006.  

Cantacorps, L., Montagud‐Romero, S., Luján, M.Á., Valverde, O., 2020. Prenatal and postnatal 

alcohol exposure increases vulnerability to cocaine addiction in adult mice. Br J Pharmacol., 

14901. https://doi.org/10.1111/bph.14901.  

https://10.0.4.87/j.1530-0277.1993.tb05249.x
https://10.0.4.87/j.1530-0277.1993.tb05249.x
https://10.0.4.87/j.1530-0277.1993.tb05249.x
https://doi.org/10.1016/j.alcohol.%202006.12.002
https://doi.org/10.1016/j.alcohol.%202006.12.002
https://doi.org/10.1016/j.alcohol.%202006.12.002
https://doi.org/10.1016/j.neuropharm.2017.05.034
https://doi.org/10.1016/j.neuropharm.2017.05.034
https://doi.org/10.1016/j.%20pnpbp.2018.03.006
https://doi.org/10.1016/j.%20pnpbp.2018.03.006
https://doi.org/10.1016/j.%20pnpbp.2018.03.006
https://doi.org/10.1016/j.%20pnpbp.2018.03.006


 

   24  

Caputo, C., Wood, E., Jabbour, L., 2016. Impact of fetal alcohol exposure on body systems: A 

systematic review. Birth Defects Res C Embryo Today., 108, 174-180. 

https://doi.org/10.1002/bdrc.21129.  

Carlezon, Jr., W. A., Duman, R. S., Nestler, E. J., 2005. The many faces of CREB. Trends Neurosci., 

28, 436-445. https://doi.org/10.1016/j.tins.2005.06.005.  

Centers for Disease Control and Prevention (CDC)., 2012. Alcohol use and binge drinking among 

women of childbearing age--United States, 2006-2010. MMWR Morb Mortal Wkly Rep., 61, 534.  

Chotro, M. G., Arias, C., 2003. Prenatal exposure to ethanol increases ethanol consumption: a 

conditioned response? Alcohol., 30, 19-28. https://doi.org/10. 1016/S0741-8329(03)00037-5.  

Denny, L., Coles, S., Blitz, R., 2017. Fetal Alcohol Syndrome and Fetal Alcohol Spectrum Disorders. 

Am Fam Physician., 96, 515-522.  

Di Chiara, G., Acquas, E., Tanda, G., 1996. Ethanol as a neurochemical surrogate of conventional 

reinforcers: the dopamine-opioid link. Alcohol., 13, 13-17. https://doi.org/10.1016/0741-

8329(95)02034-9.  

Díaz, M. R., Mooney, S. M., Varlinskaya, E. I., 2016. Acute prenatal exposure to ethanol on 

gestational day 12 elicits opposing deficits in social behaviors and anxiety-like behaviors in 

Sprague Dawley rats. Behav Brain Res., 310, 11-19. https://doi.org/10.1016/j.bbr.2016.05.003.  

Díaz-Cenzano, E., Chotro, M. G., 2010. Prenatal binge ethanol exposure on gestation days 19– 

20, but not on days 17–18, increases postnatal ethanol acceptance in rats. Behav Neurosci., 124, 

362. https://doi.org/10.1037/a0019482.  

Díaz-Cenzano, E., Gaztañaga, M., Chotro, M.G., 2014. Exposure to ethanol on prenatal days 1920 

increases ethanol intake and palatability in the infant rat: involvement of kappa and mu opioid 

receptors. Dev Psychobiol., 56, 1167–78. https://doi.org/10.1002/dev.21162.  

Dominguez, G., Dagnas, M., Decorte, L., Vandesquille, M., Belzung, C., Beracochea, D., Mons, N., 

2016. Rescuing prefrontal cAMP-CREB pathway reverses working memory deficits during 

withdrawal from prolonged alcohol exposure. Brain Struct Funct., 221, 865-877. 

https://doi.org/10.1007/s00429-014-0941-3.  

Dong, W., Wu, Z., Xu, L., Fang, Y., Xu, Y., 2014. Maternal supplementation of nucleotides 

improves the behavioral development of prenatal ethanol-exposed mice. Cogn Affect Behav 

Neurosci., 14, 879-890. https://doi.org/10.3758/s13415-013-0218-y.  

Ehringer, M. A., Hoft, N. R., Zunhammer, M., 2009. Reduced alcohol consumption in mice with 

access to a running wheel. Alcohol., 43, 443-452. https://doi.org/10.1016/j.alcohol.2009.06.003.  

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA), 2018. European Drug 

Report. http://www.emcdda.europa.eu/edr2018_en.  

Fabio, M. C., Macchione, A. F., Nizhnikov, M. E., Pautassi, R. M., 2015. Prenatal ethanol increases 

ethanol intake throughout adolescence, alters ethanol‐mediated aversive learning, and affects 

μ but not δ or κ opioid receptor mRNA expression. Eur J Neurosci., 41, 1569-1579. 

https://doi.org/10.1111/ejn.12913.  

https://doi.org/10.1002/bdrc.21129
https://doi.org/10.1002/bdrc.21129
https://doi.org/10.1016/j.tins.2005.06.005
https://doi.org/10.1016/j.tins.2005.06.005
https://doi.org/10
https://doi.org/10.1002/dev.21162
https://doi.org/10.1002/dev.21162
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
https://doi.org/10.1007/s00429-014-0941-3
http://www.emcdda.europa.eu/edr2018_en
http://www.emcdda.europa.eu/edr2018_en
https://doi.org/10.1111/ejn.12913
https://doi.org/10.1111/ejn.12913


 

   25  

Fuller, J. L., 1964. Measurement of alcohol preference in genetic experiments.  J Comp Physiol 

Psychol., 57, 85–88. https://doi.org/10.1037/h0043100.  

Gaztañaga, M., Angulo-Alcalde, A., Chotro, M.G., 2020. Prenatal Alcohol Exposure as a Case of 

Involuntary Early Onset of Alcohol Use: Consequences and Proposed Mechanisms From Animal 

Studies. Front Behav Neurosci., 5, 14-26. https://doi.org/10.3389/fnbeh.2020.00026.   

Gaztañaga, M., Aranda-Fernández, P.E., Chotro, M.G., 2015. Prenatal exposure to vanilla or 

alcohol induces crawling after these odors in the neonate rat: The role of mu and kappa opioid 

receptor systems. Physiol Behav., 148, 58–64. https://doi.org/10.1016/j.physbeh.2014.12.046.  

Gilpin, N. W., Koob, G. F., 2008. Neurobiology of alcohol dependence: focus on motivational 

mechanisms. Alcohol Res Health., 31(3), 185.  

Gilpin, N.W., Herman, M.A., Roberto, M., 2015. The central amygdala as an integrative hub for 

anxiety and alcohol use disorders. Biol Psychiatry., 77(10), 859-869. 

https://doi.org/10.1016/j.biopsych.2014.09.008.  

Glendinning, J. I., Simons, Y. M., Youngentob, L., Youngentob, S. L., 2012. Fetal ethanol exposure 

attenuates aversive oral effects of TrpV1, but not TrpA1 agonists in rats. Exp Biol Med 

(Maywood)., 237, 236-240. https://doi.org/10.1258/ebm.2011.011345.  

Goldschmidt, L., Richardson, G. A., De Genna, N. M., Cornelius, M. D., Day, N. L., 2019. Prenatal 

alcohol exposure and offspring alcohol use and misuse at 22 years of age: a prospective 

longitudinal study. Neurotoxicol Teratol., 71, 1–5. https://doi.org/10.1016/j.ntt.2018.11.001.  

Goodlett, C. R., Horn, K. H., 2001. Mechanisms of alcohol-induced damage to the developing 

nervous system. Alcohol Res Health., 25, 175-184.  

Gore-Langton, J.K., Spear, L.P., 2019. Prenatal ethanol exposure attenuates sensitivity to the 

aversive effects of ethanol in adolescence and increases adult preference for a 5% ethanol 

solution in males, but not females. Alcohol., 79, 59-69. 

https://doi.org/10.1016/j.alcohol.2018.12.004.  

Gracia-Rubio, I., Martinez-Laorden, E., Moscoso-Castro, M., Milanés, M. V., Laorden, M. L., 

Valverde, O., 2016. Maternal separation impairs cocaine-induced behavioural sensitization in 

adolescent mice. PloS One., 11, e0167483. https://doi.org/10.1371/journal.pone.0167483.   

Heffner, T. G., Hartman, J. A., Seiden, L. S., 1980. A rapid method for the regional dissection of 

the rat brain. Pharmacol Biochem Behav., 13, 453-456. 

https://doi.org/10.1016/00913057(80)90254-3.  

Herz, A., 1997. Endogenous opioid systems and alcohol addiction. Psychopharmacology (Berl)., 

129, 99-111. https://doi.org/10.1111/gbb.12348.  

Hopf, F. W., 2017. Do specific NMDA receptor subunits act as gateways for addictive behaviors? 

Genes Brain Behav., 16, 118-138. https://doi.org/10.1111/gbb.12348.  

Hopf, F. W., Mangieri, R. A., 2018. Do Alcohol-Related AMPA-Type Glutamate Receptor 

Adaptations Promote Intake? Handb Exp Pharmacol., 248, 157-186. 

https://doi.org/10.1007/164_2018_105.  

https://psycnet.apa.org/doi/10.1037/h0043100
https://psycnet.apa.org/doi/10.1037/h0043100
https://doi.org/10.1016/j.biopsych.2014.09.008
https://doi.org/10.1016/j.biopsych.2014.09.008
https://doi.org/10.1016/j.ntt.2018.11.001
https://doi.org/10.1016/j.ntt.2018.11.001
https://doi.org/10.1016/j.alcohol.2018.12.004
https://doi.org/10.1016/j.alcohol.2018.12.004
https://doi.org/10.1007/164_2018_105
https://doi.org/10.1007/164_2018_105


 

   26  

Huang, Y.H., Lin, Y., Brown, T.E., Han, M.H., Saal, D.B., Neve, R.L., Zukin, R.S., Sorg, B.A., Nestler, 

E.J., Malenka, R.C., Dong, Y., 2008. CREB modulates the functional output of nucleus accumbens 

neurons: a critical role of N‐methyl‐D‐aspartate glutamate receptor (NMDAR) receptors. J Biol 

Chem., 283, 2751– 2760. https://doi.org/10.1074/ jbc.M706578200.  

Jones, S. A., Lueras, J. M., Nagel, B. J., 2018. Effects of binge drinking on the developing brain:  

studies in humans. Alcohol Res., 39, 87-95.  

Kleiber, M.L., Wright, E., Singh, S.M., 2011. Maternal voluntary drinking in C57BL/6J mice: 

advancing a model for fetal alcohol spectrum disorders. Behav Brain Res., 223, 376–87. 

https://doi.org/10.1016/j.bbr.2011.05.005.  

Koob, G. F., 2003. Alcoholism: allostasis and beyond. Alcohol Clin Exp Res., 27, 232-243.  

https://doi.org/10.1097/01.ALC.0000057122.36127.C2.  

Koob, G. F., Volkow, N. D., 2016. Neurobiology of addiction: a neurocircuitry analysis. Lancet 

Psychiatry., 3, 760-773. https://doi.org/10.1016/S2215-0366(16)00104-8.  

Koob, G.F., Schulkin, J., 2018. Addiction and stress: An allostatic view. Neurosci Biobehav Rev., 

S0149-7634, 30218-5. http://doi.org/10.1016/j.neubiorev.2018.09.008.  

Krahe, T. E., Wang, W., Medina, A. E., 2009. Phosphodiesterase inhibition increases CREB 

phosphorylation and restores orientation selectivity in a model of fetal alcohol spectrum 

disorders. PloS One, 4, e6643. https://doi.org/ 10.1371/journal.pone.0006643.  

Lamberts, J., Traynor, J., 2014. Opioid Receptor Interacting Proteins and the Control of Opioid  

Signaling.  Curr  Pharm  Des  19,  7333–7347. 

https://doi.org/10.2174/138161281942140105160625.  

Lee K. M., Coelho M. A., Class M. A., Szumlinski, K.K., 2017. mGlu5-dependent modulation of 

anxiety during withdrawal from binge drinking in adult and adolescent male mice. Drug Alcohol 

Depend., 184, 1–11. https://doi.org/10.1016/j.drugalcdep. 2017.10.031.  

Liang, J., Shen, Y., Shao, X.M., Scott, M.B., Ly, E., Wong, S., Nguyen, A., Tan, K., Kwon, B., Olsen, 

R.W., Spigelman, I., 2014. Dihydromyricetin prevents fetal alcohol exposure-induced behavioral 

and physiological deficits: the roles of GABAA receptors in adolescence. Neurochem Res., 39, 

1147–61. https://doi.org/10.1007/s11064-014-1291-5.  

Livak, K. J., Schmittgen, T. D., 2001. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2− ΔΔCT method. Methods., 25, 402-408. 

https://doi.org/10.1006/meth.2001.1262.  

Luo, A. H., Tahsili-Fahadan, P., Wise, R. A., Lupica, C. R., Aston-Jones, G., 2011. Linking context 

with reward: A functional circuit from hippocampal CA3 to ventral tegmental area. Science., 333, 

353–357. https://doi.org/10.1126/science.1204622.  

March, S.M., Abate, P., Spear, N.E., Molina, J.C., 2009. Fetal exposure to moderate ethanol doses: 

heightened operant responsiveness elicited by ethanol-related reinforcers. Alcohol Clin Exp Res., 

33(11), 1981-93. https://doi.org/10.1111/j.1530-0277.2009.01037.x.   

https://doi.org/
https://doi.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104956/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104956/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104956/
https://doi.org/10.1097/01.ALC.0000057122.36127.C2
https://doi.org/10.1097/01.ALC.0000057122.36127.C2
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/


 

   27  

Marie, H., Morishita, W., Yu, X., Calakos, N., Malenka, R.C., 2005. Generation of silent synapses 

by acute in vivo expression of CaMKIV and CREB. Neuron., 45, 741– 752. 

https://doi.org/10.1016/j.neuron.2005.01.039.  

Marinelli, P.W., Funk, D., Juzytsch, W., Lê, A.D., 2010. Opioid receptors in the basolateral 

amygdala but not dorsal hippocampus mediate context-induced alcohol seeking. Behav Brain 

Res., 211(1), 58-63. https://doi.org/10.1016/j.bbr.2010.03.008.  

Marquardt, K., Brigman, J. L., 2016. The impact of prenatal alcohol exposure on social, cognitive 

and affective behavioral domains: insights from rodent models. Alcohol., 51, 1-15. 

https://doi.org/10.1016/j.alcohol.2015.12.002.  

  

May, P. A., Chambers, C. D., Kalberg, W. O., Zellner, J., Feldman, H., Buckley, D., Kopald, D., 

Hasken, J.M., Xu, R., Honerkamp-Smith, G., Taras, H., Manning, M.A., Robinson, L.K., Adam, M.P., 

Abdul-Rahman, O., Vaux, K., Jewett, T., Elliott, A.J., Kable, J.A., Akshoomoff, N., Falk, D., Arroyo, 

J.A., Hereld, D., Riley, E.P., Charness, M.E., Coles, C.D., Warren, K.R., Jones,K.L., Hoyme, H.E., 

2018. Prevalence of fetal alcohol spectrum disorders in 4 US communities. Jama., 319, 474-482. 

https://doi.org/10.1001/jama.2017.21896.  

Mendez, M., Morales-Mulia, M., 2008. Role of mu and delta opioid receptors in alcohol drinking 

behaviour. Curr Drug Abuse Rev., 1, 239-252. https://doi.org/10.2174/ 1874473710801020239.  

Middei, S., Houeland, G., Cavallucci, V., Ammassari‐Teule, M., D'amelio, M., Marie, H., 2013. 

CREB is necessary for synaptic maintenance and learning‐induced changes of the ampa receptor 

GluA1 subunit. Hippocampus, 23, 488-499. https://doi.org/ 10.1002/hipo.22108.  

Mira, R.G., Lira, M., Tapia-Rojas, C., Rebolledo, D.L., Quintanilla, R.A., Cerpa, W., 2020. Effect of 

Alcohol on Hippocampal-Dependent Plasticity and Behavior: Role of Glutamatergic Synaptic 

Transmission. Front Behav Neurosci., 13, 288. https://doi.org/10.3389/fnbeh.2019.00288.   

Miranda-Morales, R.S., D'Aloisio, G., Anunziata, F., Abate, P., Molina, J.C., 2020. Fetal Alcohol  

Programming of Subsequent Alcohol Affinity: A Review Based on Preclinical, Clinical and  

Epidemiological  Studies.  Front  Behav  Neurosci.,  14,  33.  

https://doi.org/10.3389/fnbeh.2020.00033.  

Misra, K., Roy, A., Pandey, S. C., 2001. Effects of voluntary ethanol intake on the expression of 

Ca2+/calmodulin-dependent protein kinase IV and on CREB expression and phosphorylation in 

the rat nucleus accumbens. Neuroreport., 12, 4133-4137. 

https://doi.org/10.1097/00001756200112210-00054.  

Montagud-Romero, S., Cantacorps, L., Valverde, O., 2019. The histone deacetylases inhibitor 

Trichostatin A reverses anxiety-like symptoms and memory impairments induced by maternal 

binge alcohol drinking in mice. J Psychopharmacol., 33, 1573-187. 

https://doi.org/10.1177/0269881119857208.  

Moonat, S., Starkman, B. G., Sakharkar, A., Pandey, S. C., 2010. Neuroscience of alcoholism: 

molecular and cellular mechanisms. Cell Mol Life Sci., 67, 73-88. 

https://doi.org/10.1007/s00018-009-0135-y.  

https://doi.org/10.1016/j.neuron.2005.01.039
https://doi.org/10.1016/j.neuron.2005.01.039
https://doi.org/10.1016/j.alcohol.2015.12.002
https://doi.org/10.1016/j.alcohol.2015.12.002
https://doi.org/10.1001/jama.2017.21896
https://doi.org/10.1001/jama.2017.21896
https://doi.org/
https://doi.org/
https://doi.org/10.3389/fnbeh.2019.00288
https://doi.org/10.3389/fnbeh.2019.00288
https://doi.org/10.3389/fnbeh.2019.00288
https://doi.org/10.3389/fnbeh.2020.00033
https://doi.org/10.3389/fnbeh.2020.00033
https://doi.org/10.1097/00001756-200112210-00054
https://doi.org/10.1097/00001756-200112210-00054
https://doi.org/10.1097/00001756-200112210-00054
https://doi.org/10.1097/00001756-200112210-00054


 

   28  

Naassila, M., Ledent, C., Daoust, M., 2002. Low ethanol sensitivity and increased ethanol 

consumption in mice lacking adenosine A2A receptors. J Neurosci, 22, 10487e10493. 

https://doi.org/10.1523/JNEUROSCI.22-23-10487.2002.  

National Institute on Alcohol Abuse and Alcoholism (NIAAA), 2016. Drinking Levels Defined 

(2016). https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-

consumption/moderatebinge-drinking.  

  

Navarrete, F., Rubio, G., Manzanares, J., 2014. Effects of naltrexone plus topiramate on ethanol 

self‐administration and tyrosine hydroxylase gene expression changes. Addict Biol., 19, 862-873. 

https://doi.org/10.1111/adb.12058.  

Nestler, E. J., 2014. Epigenetic mechanisms of drug addiction. Neuropharmacology., 76, 259268. 

https://doi.org/10.1016/j.neuropharm. 2013.04.004.  

Nizhnikov, M.E., Molina, J.C., Varlinskaya, E.I., Spear, N.E., (2006). Prenatal ethanol exposure 

increases ethanol reinforcement in neonatal rats. Alcohol Clin Exp Res, 30(1), 34-45. 

https://doi.org/10.1111/j.1530-0277.2006.00009.x  

Nizhnikov, M.E., Pautassi, R.M., Carter, J.M., Landin, J.D., Varlinskaya, E.I., Bordner, K.A., Werner, 

D.F., Spear, N.E., 2014. Brief prenatal ethanol exposure alters behavioral sensitivity to the kappa 

opioid receptor agonist (U62,066E) and antagonist (Nor-BNI) and reduces kappa opioid receptor 

expression. Alcohol Clin Exp Res., 38(6), 1630-1638. https://doi.org/10.1111/acer.12416.   

Pandey, S. C., Roy, A., Mittal, N., 2001. Effects of chronic ethanol intake and its withdrawal on 

the expression and phosphorylation of the creb gene transcription factor in rat cortex. J 

Pharmacol Exp Ther., 296,  857-868. https://doi.org/10.1046/j.1471-4159.2001.00309.x.  

Pandey, S. C., Ugale, R., Zhang, H., Tang, L., Prakash, A., 2008. Brain chromatin remodeling: a novel 

 mechanism  of  alcoholism. J.  Neurosci., 28,  3729  -  3737. 

https://doi.org/10.1523/JNEUROSCI.5731-07.2008.  

Patten, A.R., Fontaine, C.J., and Christie, B.R., 2014. A comparison of the different animal models 

of fetal alcohol spectrum disorders and their use in studying complex behaviors. Front Pediatr., 

2, 93. https://doi.org/10.3389/fped.2014.00093.  

Pautassi, R.M., Nizhnikov, M.E., Spear, N.E., Molina, J.C., 2012. Prenatal ethanol exposure leads 

to greater ethanol-induced appetitive reinforcement. Alcohol., 46, 585–593. 

https://doi.org/10.1016/j.alcohol.2012.05.004  

Perez, V.J., Gonzalez, G.E. Jr., Smith, C.J., 1983. Exposure to ethanol during pregnancy in mice: 

potential importance of dose for the development of tolerance in offspring. Physiol Behav., 

30(3), 485-488.  

Pfinder, M., Kunst, A. E., Feldmann, R., van Eijsden, M., Vrijkotte, T.G., 2014. Educational 

differences in continuing or restarting drinking in early and late pregnancy: role of psychological 

and physical problems. J Stud Alcohol Drugs., 75, 47-55. 

https://doi.org/10.15288/jsad.2014.75.47.  

https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://doi.org/10.1111/acer.12416
https://doi.org/10.1111/acer.12416
https://doi.org/10.1016/j.alcohol.2012.05.004
https://doi.org/10.1016/j.alcohol.2012.05.004


 

   29  

Pfinder, M., Liebig, S., Feldmann, R., 2014. Adolescents' use of alcohol, tobacco and illicit drugs 

in relation to prenatal alcohol exposure: modifications by gender and ethnicity. Alcohol., 49(2), 

143-153. https://doi.org/10.1093/alcalc/agt166.  

Popoola, D.O., Nizhnikov, M.E., Cameron, N.M., 2017. Strain-specific programming of prenatal 

ethanol  exposure  across  generations.  Alcohol.,  60,  191-199. 

https://doi.org/10.1016/j.alcohol.2017.01.002.  

  

Popova, S., Lange, S., Shield, K., Mihic, A., Chudley, A.E., Mukherjee, R. A. S., Bekmuradov, D., 

Rehm, J., 2016. Comorbidity of fetal alcohol spectrum disorder: a systematic review and 

metaanalysis. Lancet., 387,  978-987. https://doi.org/10.1016/S0140-6736(15)01345-8.  

Portero-Tresserra, M., Gracia-Rubio, I., Cantacorps, L., Pozo, O.J., Gómez-Gómez, A., Pastor, A., 

López-Arnau, R., de la Torre, R., Valverde, O., 2018. Maternal separation increases 

alcoholdrinking behaviour and reduces endocannabinoid levels in the mouse striatum and 

prefrontal cortex. Eur Neuropsychopharmacol., 28, 499-512. 

https://doi.org/10.1016/j.euroneuro. 2018.02.003.  

Racz, I., Schürmann, B., Karpushova, A., Reuter, M., Cichon, S., Montag, C., Fürst, R., Schütz, C.,  

Franke, P.E., Strohmaier, J., Wienker, T.F., Terenius, L., Osby, U, Gunnar, A., Maier, W., 

BilkeiGorzó, A., Nöthen, M., Zimmer, A., 2008. The opioid peptides enkephalin and β-endorphin 

in alcohol dependence. Biol Psychiatry., 64, 989-997. https://doi.org/10.1016/j.biopsych. 

2008.05.008.  

Richard, S., Flamant, F., 2018. Regulation of T3 availability in the developing brain: the mouse 

genetics contribution. Front Endocrinol (Lausanne)., 9 , 265. https://doi.org/  

10.3389/fendo.2018.00265.  

Robbins, T. W., Everitt, B. J., 1999.  Drug addiction: Bad habits add up. Nature, 398, 567–570.  

Sanchis-Segura, C., Borchardt, T., Vengeliene, V., Zghoul, T., Bachteler, D., Gass, P., Sprengel, R., 

Spanagel R., 2006. Involvement of the AMPA receptor GluR-C subunit in alcohol-seeking 

behavior and relapse. J Neurosci., 26, 1231-1238. https://doi.org/10.1523/JNEUROSCI.4237- 

05.2006.  

Spear, L.P., 2014. Adolescents and alcohol: acute sensitivities, enhanced intake, and later 

consequences. Neurotoxicol Teratol., 41, 51-59. https://doi.org/10.1016/j.ntt.2013.11.006.  

Spear, N. E., Molina, J. C., 2005. Fetal or infantile exposure to ethanol promotes ethanol ingestion 

in adolescence and adulthood: a theoretical review. Alcohol Clin Exp Res., 29, 909929. 

https://doi.org/10.1097/01.ALC.0000171046.78556.66.  

Squeglia L. M., Spadoni A. D., Infante M. A., Myers, M.G., Tapert, S.F., 2009. Initiating moderate 

to heavy alcohol use predicts changes in neuropsychological functioning for adolescent girls and 

boys. Psychol Addict Behav., 23, 715–722. https://doi.org/10.1037/a0016516.  

Stratton, K., Howe, C., Battaglia, F. C. (Eds.), 1996. Fetal alcohol syndrome: Diagnosis, 

epidemiology, prevention, and treatment. National Academies Press.  

https://doi.org/10.1016/j.alcohol.2017.01.002
https://doi.org/10.1016/j.alcohol.2017.01.002
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/
https://doi.org/10.1016/
https://doi.org/10.1097/01.ALC.0000171046.78556.66
https://doi.org/10.1097/01.ALC.0000171046.78556.66


 

   30  

Subbanna, S., Nagre, N. N., Umapathy, N. S., Pace, B. S., Basavarajappa, B. S., 2015. Ethanol 

exposure induces neonatal neurodegeneration by enhancing CB1R Exon1 histone H4K8 

acetylation and up-regulating CB1R function causing neurobehavioral abnormalities in adult 

mice. Int J Neuropsychopharmacol., 18, 1-15. http://doi.org/10.1093/ijnp/pyu028.  

Sze, P.Y., Yanai, J., Ginsburg, B.E., 1976. Effects of early ethanol input on the activities of ethanol-

metabolizing enzymes in mice. Biochem Pharmacol, 25(2), 215-217.  

Towner, T.T., Varlinskaya, E.I., 2020. Adolescent Ethanol Exposure: Anxiety-Like Behavioral 

Alterations, Ethanol Intake, and ¡ Sensitivity. Front Behav Neurosci., 14, 45. 

http://doi.org/10.3389/fnbeh.2020.00045.  

Valenza, M., DiLeo, A., Steardo, L., Cottone, P., Sabino, V., 2016. Ethanol-related behaviors in 

mice lacking the sigma-1 receptor. Behav Brain Res., 1, 297, 196-203. 

https://doi.org/10.1016/j.bbr.2015.10.013.  

van Rijn, R.M., Brissett, D.I., Whistler, J.L., 2012. Emergence of functional spinal delta opioid 

receptors after chronic ethanol exposure. Biol Psychiatry, 71(3), 232-238. 

https://doi.org/10.1016/j.biopsych.2011.07.015.  

Vranjkovic, O., Pina, M., Kash, T. L., Winder, D. G., 2017. The bed nucleus of the stria terminalis 

in drug-associated behavior and affect: a circuit-based perspective. Neuropharmacology., 122, 

100-106. https://doi.org/10.1016/j. neuropharm.2017.03.028.  

Walker, B. M., Valdez, G. R., McLaughlin, J. P., Bakalkin, G., 2012. Targeting dynorphin/kappa 

opioid receptor systems to treat alcohol abuse and dependence. Alcohol., 46, 359-370. 

https://doi.org/10.1016/j.alcohol.2011.10.006.  

Walker, B.M., Koob, G.F., 2008. Pharmacological evidence for a motivational role of kappaopioid 

systems in ethanol dependence. Neuropsychopharmacology, 33(3), 643-652. 

https://doi.org/10.1038/sj.npp.1301438.  

Wang, J., Hamida, S. B., Darcq, Zhu, W., Gibb, S.L., Lanfranco, M.F., Carnicella, S., Ron, D., 2012. 

Ethanol-mediated facilitation of AMPA receptor function in the dorsomedial striatum: 

implications for alcohol drinking behavior. J Neurosci., 32, 15124-15132. 

https://doi.org/10.1523/jneurosci.2783-12.2012.  

Wille-Bille, A., Bellia, F., Jiménez García, A.M., Miranda-Morales, R.S., D’Addario, C., Pautassi, 

R.M., 2020. Early exposure to environmental enrichment modulates the effects of prenatal 

ethanol exposure upon opioid gene expression and adolescent ethanol intake. 

Neuropharmacology., 165, 107917. https://doi.org/doi:10.1016/j.neuropharm.2019.107917.  

Wille-Bille, A., Miranda-Morales, R.S., Pucci, M., Bellia, F., D’Addario, C., Pautassi, R.M., 2018. 

Prenatal ethanol induces an anxiety phenotype and alters expression of dynorphin & 

nociceptin/orphanin FQ genes. Prog Neuro-Psychopharmacology Biol Psychiatry, 85, 77–88. 

https://doi.org/10.1016/j.pnpbp.2018.04.005.  

  

  

https://doi.org/10.1016/j.biopsych.2011.07.015
https://doi.org/10.1016/j.biopsych.2011.07.015
https://doi.org/10.1016/j.%20neuropharm.2017
https://doi.org/10.1016/j.%20neuropharm.2017
https://doi.org/10.1523/jneurosci.2783-12.2012
https://doi.org/10.1523/jneurosci.2783-12.2012
https://doi.org/10.1523/jneurosci.2783-12.2012


 

   31  

  

  

FIGURE LEGENDS  

Figure 1. Experimental timeline. Schematic representation of the experimental timeline and 

stereotaxic coordinates for the brain areas dissected.  

  

Figure 2. Maternal DID (drinking in the dark) test. Data are expressed as (mean ± SEM) (a) 

Volume of water and alcohol consumed (ml) during DID procedure during prenatal and lactation 

periods (n=15 per group). *p<0.05 Day effect; #p<0.05 Group effect, (b) Alcohol intake 

(gEtOH/kg) during DID test (n=15). *p<0.05, **p<0.01 compared with the 2h session during the 

week, Bonferroni post-hoc test.   

  

Figure 3. Effects of prenatal and postnatal alcohol exposure in alcohol self-administration (SA). 

Data are expressed as (mean ± SEM) (n=20-22 per group). (a) The number of effective responses 

(nose-pokes) during FR1 (fixed ratio 1) (b) The volume of 6% EtOH consumption during FR1 (c) 

Breaking point achieved during PR (progressive ratio) schedule of responses (d) 6% alcohol 

consumption during PR (progressive ratio) schedule.  Student’s t-test *p < 0.05 in relation to the 

control group.  

  

Figure 4. Effects of early alcohol exposure on the two-bottle choice (2BC) procedure. Data are 

expressed as (mean ± SEM) (n=11-15 per group). (a) Percentage of alcohol preference daily, 

across the three alcohol solutions. Bonferroni post-hoc test **p<0.01 in relation to 15% and 20% 

alcohol. (b) Alcohol (10% v/v) intake following three days of abstinence, Student’s t-test # p<0.05 

compared to the control group.  

  

Figure 5. Effects of prenatal and postnatal alcohol exposure on the elevate-d plus maze (EPM) 

after 24 h of alcohol abstinence. Data are expressed as (mean ± SEM) (n=8-9 per group). (a) 

Percentage of time spent in the open arms of the maze was assessed in the offspring. *p<0.05 

compared to the control mice (Student’s t-test). (b) Total number of entries.  

  

Figure 6.  The blood alcohol concentration (BAC) levels at 30 min, 60 min and 120 min after the 

injection of alcohol (3 mg/kg). Data are expressed as (mean ± SEM) (n=8-11 per group).  

**p<0.01 compared to the control mice (Group main effect).  
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Figure 7. GluR1,GluR2, CREB and pCREB levels in the prefrontal cortex (PFC), striatum (STR) 

and hippocampus (HPC) of the gestational and lactational alcohol- or water-exposed mice 

after SA. Data are expressed as (mean ± SEM) (n=4-6). (a) GluR1, GluR2 levels and GluR1/GluR2 

ratio in the PFC, (b) STR and, (c)  HPC (upper panel); (d) pCREB, CREB levels and pCREB/CREB 

ratio in the PFC, (e) STR and, (f) HPC (lower panel). *p≤0.05, **p<0.01, compared to the control 

group (Student t-test).  

  

Figure 8.  Pearson’s correlation analyses with maternal alcohol intake. Correlations between 

GluR1, GluR2, GluR1/GluR2, pCREB, CREB and pCREB/CREB expression in the PFC, STR and HPC 

and each corresponding mean of maternal alcohol intake during binge sessions. Colour of each 

cell represents the degree of each corresponding r value, as shown on the right panel, from -1 

(blue) to 1 (red). Significant correlations are indicated by *p<0.05; **p<0.01.   

  

Figure 9. Mu opioid receptor (MOR) and kappa opioid receptor (KOR) levels in the prefrontal 

cortex (PFC), striatum (STR) and amygdala (AMY) of the gestational and lactational 

alcohol/water exposed mice in the 2BC   paradigm. Data are expressed as (mean ± SEM) (n=46). 

(a) Evaluation of mu opioid receptor levels 24h after the last exposure to 20% alcohol in the 2BC, 

during the acute withdrawal phase. (b) Mu opioid receptor levels assessed during the 

reinstatement phase (10% alcohol) in the 2BC paradigm. (c) Kappa opioid receptor levels 24h 

after the last exposure to the 20% of alcohol in 2BC paradigm. (d) Kappa opioid receptor levels 

during the alcohol (10%) reinstatement phase.  
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