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Adolescent binge alcohol drinking is a serious health concern contributing to adult alcohol abuse often associated
with anxiety disorders. We have used adolescent intermittent ethanol (AIE) administration as a model of binge
drinking in rats in order to explore its long-term effect on the basolateral amygdala (BLA) responsiveness to
alcohol and anxiety-like behavior. AIE increased the number of BLA c-Fos positive cells in adult Wistar rats and
anxiety-like behavior assessed by the open field test (OFT). Additionally, in adult female rats receiving AIE BLA

over expression of miR-182 was found. Therefore, our results indicate that alcohol consumption during
adolescence can lead to enduring changes in anxiety-like behavior and BLA susceptibility to alcohol that may be
mediated by sex-dependent epigenetic changes. These results contribute to understanding the mechanisms
involved in the development of alcohol use disorders (AUD) and anxiety-related disorders.

1. Introduction

Alcohol abuse is a serious health problem often associated with
anxiety disorders. Comorbidity between alcohol use disorders (AUD)
and neuropsychiatric disorders related to anxiety has been described
(Stoychev et al., 2021). Amongst various factors, alcohol exposure
during adolescence contributes to the emergence of these disorders,
serving as a significant factor in promoting the later-life comorbidity of
anxiety and AUD (Pandey et al., 2017).

Adolescence is a challenging phase of life characterized by the
transition from childhood dependence to adult independence (Spear,
2000). Elevated anxiety levels during adolescence have been linked to
alcohol consumption (Pandey et al., 2017; Spear, 2018). In general, the
consumption of alcohol amongst adolescents is characterized by epi-
sodes of heavy drinking followed by periods of abstinence. In rodents,
the adolescent intermittent ethanol (AIE) model is used to explore the
consequences of ethanol exposure similar to that induced by adolescent
binge-drinking. It involves administering ethanol intermittently via
different routes including either voluntary drinking or forced
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administration to mimic the binge pattern. Previous research has
demonstrated that this model yields long-lasting effects (Crews et al.,
2019, 2016). Using this model, it has been found that exposure to
alcohol during adolescence leads to increased alcohol consumption
(Gilpin et al., 2012; Maldonado-Devincci et al., 2010; Spear, 2013;
Strong et al., 2010) and anxiety-like behavior in adulthood (Coleman
et al., 2014; Crews et al., 2019; Healey et al., 2022).

The impact of adolescent alcohol on brain development underlies
these behavioral changes that are evident long after adolescence. During
this late developmental period, the brain circuits critical for processing
rewards and affective stimuli undergo significant changes, making them
highly vulnerable to alcohol. Hence, alcohol produces enduring func-
tional modifications in the brain areas responsive to alcohol and
stressful stimuli (Spear, 2018). The basolateral amygdala (BLA) is a
major candidate, as it is highly vulnerable to alcohol (Ernst and Fudge,
2009; Wassum and Izquierdo, 2015) and has been proposed as a key
region in the ontogeny of both alcoholism and stress/anxiety disorders
(Agoglia and Herman, 2018). These disorders exhibit sex-specific vul-
nerabilities that can arise from the differential organizing effects of the
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sex hormones acting in BLA during sensitive developmental periods
(Price and McCool, 2022).

Basolateral amygdala has been extensively studied for its involve-
ment in fear conditioning (McDannald and Galarce, 2011) and other
anxiety and stress responses (Rau et al., 2015). Although its role in
alcohol intake is not well-understood, the BLA seems to be involved in
the acquisition of motivational properties (Millan et al., 2015) as well as
in the seeking of alcohol (Butler et al., 2014). The BLA is sensitive to
prolonged alcohol exposure, which leads to synaptic remodeling and
alterations in neurotransmission (Christian et al., 2012; Diaz et al., 2011;
Kyzar et al., 2019). This impact is even more pronounced as studies on
AFosB expression have found that alcohol induces higher BLA activity
during this period than in adulthood (Wille-Bille et al., 2017). Alcohol
exposure during adolescence also induces persistent synaptic alterations
in adulthood. An overpopulation of wide spines in the BLA following AIE
has been reported (Jury et al., 2017). The fact that functional modifi-
cations in the adolescent BLA may be responsible for increased adult
alcohol consumption is supported by lesion studies. Moaddab et al.
(2017) found that BLA lesions reduce alcohol consumption in adults
with a history of adolescent alcohol use. Hence, these authors proposed
that BLA hyperactivity is comorbid with anxiety and alcohol use disor-
ders. Nevertheless, the nature of the changes and the processes involved
in the long-term effects of alcohol binge drinking on the BLA during
adolescence remain largely unknown.

Various epigenetic processes have been proposed to play a role in the
reprogramming of the amygdala by alcohol exposure during adoles-
cence, making adults more vulnerable to alcohol and anxiety (Kyzar and
Pandey, 2015; Pandey et al., 2017; Spear, 2013). It has been demon-
strated that AIE results in chromatin alterations, including histone
acetylation and DNA methylation in the amygdala. These changes have
been associated with anxiety-related behavior and alcohol consumption
in adulthood (Kokare et al., 2017; Kyzar et al., 2017; Pandey et al., 2015;
Sakharkar et al., 2014, 2019). Additionally, another emerging epige-
netic mechanism of interest is microRNAs which are small non-coding
RNAs of 21 to 33 nucleotides in length that regulate mRNA translation
(Bartel, 2009). Whilst several studies have investigated the effects of
adolescent alcohol exposure on miRNA in other brain areas, such as the
hippocampus (Vazquez-Agredos et al., 2022, for a review), research
specifically focused on the BLA is scarce. The only published study
observed increased miR-137 levels in the amygdala of adult rats exposed
to AIE. It is worth noting that the authors concentrated on tissue
encompassing the central and medial amygdala, whilst only a small
portion of the BLA was included (Kyzar et al., 2019). Regarding other
miRNAs, miR-182 down regulation has been linked to promote long-
term fear memory formation in the amygdala (Griggs et al., 2013).
Changes in this miRNA expression have also been related with ethanol
intoxication in humans (Ibanez et al., 2020) as well as stress and
depression-like behaviors (Li et al., 2016).

Therefore, our objective was to investigate the impact of alcohol
administration during adolescence on both the adult BLA responsiveness
to alcohol and the BLA miRNA expression, as well as its effects on
anxiety-like behavior. To achieve this, we used AIE in rats as a model of
binge drinking (Spear and Swartzwelder, 2014). Once the rats reached
adulthood, we performed immunohistochemistry to assess c-Fos
expression as an indicator of BLA activity, anticipating hyper-activation
in response to acute alcohol administration. As a control for assessing
potential AIE-induced cell loss Cresyl violet staining was used. We
evaluated miRNA expression through an epigenome-wide analysis using
tissue primarily composed of the BLA, although small portions of other
amygdala nuclei could not be ruled out. We expected changes in miRNA
expression that have previously been associated with alcohol con-
sumption or stress in other brain areas (Vézquez-Agredos et al., 2022).
Finally, we also obtained behavioral measures of anxiety using an open
field test (OFT) in adult rats in order to confirm the effectiveness of AIE.
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2. Materials and method
2.1. Animals

Six timed-pregnant Wistar rats were obtained from Charles River
Laboratories (Wilmington, MA, USA) and housed individually. A total of
59 pups from the six litters (30 males; 29 females) were weaned on
postnatal day (PND) 21 and group-housed with males and females in
separate cages. The rats were maintained on a 12/12 h light/dark cycle
with ad libitum access to food and tap water. They were randomly
assigned to either the adolescent intermittent ethanol (AIE) or the
adolescent intermittent saline (AIS) group. Both sex and litter origin was
counterbalanced so that the litter effect was avoided. They were exposed
to either adolescence intermittent ethanol injections (2 g/kg, i.p.; AIE, N
= 29) or volume-matched saline (AIS, N = 30) on a 2-day on/off
schedule from PND28 to PND41, resulting in a total of eight injections
(Fig. 1). The ethanol dose applied is widely used (Kyzar et al., 2019;
Robinson et al., 2020; Sakharkar et al., 2019) to achieve blood ethanol
concentration levels exceeding 0.10 g/dL (Bloom et al., 1982; Sakharkar
et al., 2014) similar to those defining binge drinking in humans (Crews
et al., 2019). All injections were administered in the rats’ home cages.
The animals were humanely euthanized using sodium pentobarbital
(100 mg/kg, i.p.) when they reached adulthood at PND98-102.

A sub-set of both AIS (n = 20) and AIE (n = 19) adult rats were
randomly selected to undergo c-Fos immunohistochemistry in adult-
hood whilst miRNA expression was evaluated in the rest of the animals
(AIS, n = 10; AIE, n = 10). Those assigned to c-Fos immunohisto-
chemistry were previously tested in the OFT as shown in Fig. 1. The OFT
was assessed in an open box made of black painted wood (52 x 52 x 40
cm). Overhead lighting illuminated the testing area reducing room
context information. Each animal was allowed to freely explore the
empty open-field arena for 5 min after previous handling and room
acclimatization. The dimensions of the center of the box were set at 25
x 25 cm. Sessions were recorded with an overhead video camera. One of
the AIE videos was lost leading to a reduced number of samples (n = 18).
The Smart Video Tracking System 3.0 software (Panlab, Harvard) was
used to automatically calculate the following parameters: number of
entries into the center, time spent in the center, speed, distance traveled
and rearing behavior.

Then, all the animals belonging to AIE and AIS groups were exposed
to an acute injection of 2 g/kg, i.p. ethanol (PND101-PND102) prior to
sacrifice, which occurred 90 min after injection for c-Fos
immunohistochemistry.

The procedures were approved by the University of Granada Ethics
Committee for Animal Research and by the Regional Ministry of Agri-
culture, Fisheries, and Rural Development of Andalusia (1/06/2022/
078).

2.2. Tissue collection

For c-Fos immunohistochemistry and Cresyl violet staining, animals
belonging to AIE and AIS groups were euthanized 90 min after the acute
injection of ethanol. They were deeply anesthetized with sodium
pentobarbital (100 mg/kg, i.p.). The brains were removed and placed in
a 4 % paraformaldehyde solution for 72 h at 4 °C before being trans-
ferred to a 30 % sucrose solution until they sank for cryoprotection.
Coronal sections of 20 pm were cut at —3.36 relative to Bregma using a
cryostat (Leica CM1900).

For microRNA analysis, the brains of rats belonging to AIE (n = 11)
and AIS (n = 10) groups were immediately extracted, and the amygdala
was freshly dissected at —3.36 relative to Bregma, according to The Rat
Brain in Stereotaxic Coordinates, Fourth Edition Atlas (Paxinos, 1998).
The tissue included BLA, although small portions of other amygdala
nuclei could not be excluded. The tissue was flash frozen in liquid ni-
trogen and stored at —80 °C until processed.
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Fig. 1. Timeline of the adolescent intermittent ethanol administration. Intraperitoneal (i.p.) injections of ethanol (AIE group) or volume-matched saline (AIS group)
were applied following a 2-days-on, 2-days-off schedule from the postnatal day (PND) 28 to 41. The open-field test (OFT) was applied at PND98 in those animals
selected to undergo c-Fos immunohistochemistry and Cresyl violet staining. The challenge ethanol injection was applied at PND102 both to the subjects belonging to

the c-Fos immunohistochemistry and the mi-RNA studies.

2.3. C-Fos immunohistochemistry

The tissue sections, floating freely, were washed with phosphate-
buffered saline (PBS 0.01 M, pH 7.4), treated with 3 % hydrogen
peroxide for 15 min, washed again, and then incubated in a solution
containing 3 % normal goat serum and 0.4 % Triton X-100 in PBS for 30
min. The sections were then exposed overnight at 4 °C to a primary
antibody against c-Fos (1:5000; Anti-c-Fos ABE-457, Millipore). After
rinsing with PBS, the sections were incubated with a secondary antibody
(Goat Anti-Rabbit IgG Antibody, 1:500; Millipore) for 120 min at room
temperature. The primary and secondary antibody solutions were
combined with a mixture of 2 % normal goat serum, 0.4 % Triton X-100,
and PBS. Subsequently, the sections were rinsed, subjected to the ABC
kit (Vector Laboratories, Burlingame, CA), and the reaction was visu-
alized using the peroxidase substrate kit DAB (Vector Laboratories,
Burlingame, CA). Finally, the sections were rinsed, mounted on gelatin-
coated slides, dehydrated with ethanol and xylenes and covered with a
cover slip.

2.4. Cresyl violet staining

The mounted sections underwent a series of ethanol solutions with
decreasing concentrations, including 100 %, 96 %, 70 %, and ultimately
50 %, to ensure proper hydration. Following the ethanol treatment, the
sections were rinsed thoroughly with distilled water to remove any re-
sidual ethanol. The tissue sections were immersed in a Cresyl violet
solution (0.2 g in 200 mL of distilled water) for 10 min to allow for
optimal staining. Post-staining, the sections were once again rinsed in
distilled water and briefly exposed to a solution of acetic acid (20 mL in
200 mL of distilled water) ensuring that excess Cresyl violet was
removed. To complete the procedure, the sections were dehydrated
using ethanol and treated with xylene and then covered with a cover slip
for preservation.

2.5. Transcriptome sequencing

RNA was extracted from BLA samples through homogenization using
the RNeasy Lipid Tissue Mini Kit (Qiagen). Total cDNA was synthesized
using the High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, USA). For reverse transcription, 200 ng of total RNA was
used from each sample. A solution-phase assay was carried out (Applied
Biosystems). The extraction of small RNA was performed using the
MiRNAe Micro Kit (Qiagen), and the purity and integrity of the RNA
were checked using Nanodrop (Thermo Fisher) and Bioanalyzer (Agi-
lent), respectively. The preparation of the small RNA library involved
several enzymatic steps to include only the small RNA fragments in the
final library. Sequencing of multiplexed libraries was performed using
the NextSeq 500 equipment (Illumina). FastQs were obtained using
Illumina’s bel2fastq software. The quality of the sequences was assessed
using fastQC and multiQC (Ewels et al., 2016). First, the raw sequence
adapters were removed using the cutadapt software (Martin, 2011).
Then, 4 bps and low-quality bps (<20 in Phred scale) at each end were

trimmed. The expression of miRNA was obtained using the miARma-Seq
pipeline (Andrés-Leon et al., 2016), and the sequences were aligned
using bowtie2 (Langmead and Salzberg, 2012). The miRNAs were an-
notated using the miRbase database (Kozomara et al., 2019).

2.6. Data acquisition

After excluding damaged tissue, sections containing the basolateral
amygdala (BLA) (AIE n = 11; AIS n = 12) were identified using an op-
tical microscope (Olympus B x 41) and the Stereo Investigator Software
(mbf Bioscience) from a coronal section approximately at —3.36 mm
relative to Bregma, according to Paxinos and Watson (Paxinos, 1998).
Within each section, six microphotographs at 40x magnification were
captured for the BLA, following a dorso-ventral-medio-lateral axis to
cover the entire extent. The microphotographs were labeled with a
sequential number (ranging from 1 to 6) to indicate their position (Fig. 2
(A)). As a control area, we selected the perirhinal cortex (PRh) located in
the same section as BLA. To analyze this area, we captured 2 micro-
photographs at 40x magnification for each section whilst following a
dorso-ventral-medio-lateral axis to cover the entire extent (Fig. 2 (A)).

The number of cells positive for c-Fos was determined using Image J
Software (National Institute of Mental Health). In each microphoto-
graph, objects meeting specific criteria (black circular dots on a white
background), including a defined size range (35-150 pm?) and circu-
larity values (0.50-1.00), were automatically identified by the software
as c-Fos positive cells. To standardize the microphotographs and mini-
mize background noise, they were converted to 8-bit images, and the
background was brightened by 50.0 pixels. Representative micropho-
tographs from different experimental groups are shown in Fig. 2 (B). As
the immunohistochemical mounting procedure on slides did not allow
determination of the hemisphere to which brain slices belonged, the
mean number of c-Fos positive cells was calculated for both hemispheres
in each section, adopting a randomized approach to mitigate potential
confounding effects. For a general morphological study, some of the
brain slices from each age group (AIE n = 3, AIS n = 4) were randomly
selected to be stained with Cresyl violet. The acquisition and processing
of the microphotographs was performed in the same manner as the c-Fos
images. Representative microphotographs stained with Cresyl violet are
displayed in Fig. 2 (B).

We used miRNA target gene prediction software miRTarBase and
DianaTarBase to identify experimentally validated miRNA target genes
and miRDB to identify predicted miRNA target genes. We combined the
results of this database and we specifically excluded gene targets with a
target prediction score lower than 80. Additionally, we conducted Gene
Ontology (GO) enrichment analysis using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) software to elucidate
the functions of these target genes. The analysis encompassed three
distinct categories: biological process (BP), cellular component (CC),
and molecular function (MF). Furthermore, we used the same set of
target genes to perform a Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, also using the DAVID software. The purpose
of the KEGG pathway analysis was to predict the metabolic pathways



. Véazquez-Agredos et al.

A

c-Fos BLA

c-Fos PRh

Cresyl violet BLA

re' v,

Pharmacology, Biochemistry and Behavior 238 (2024) 173741

® < o
-
.".‘ e % -
- ¥ "‘ o, . * .
o [
- = > g A
o s 8
.
. a
-
T S -
v N
» 2ot =
. g .
‘ ¥
\ .‘ . o
- =
> - o~ = — o~
B £ . ASSET TP
- v . (S : £
PR S - ‘ >~ s N ._1,"
22 SR ' e =T %
- .;- TR B ; !_'ie -4
e X ). 2 X %
S e e )
- R KR ~
s, b o 2 + e\ T s
- < oy s a” g s S .

Fig. 2. (A) Schematics of the microphotographs (40x) of the basolateral amygdala and the perirhinal cortex. The images were numbered following a dorso-ventral
and medio-lateral axis. (B) Representative microphotographs obtained at 40x magnification of c-Fos immunohistochemistry of the basolateral amygdala and the
perirhinal cortex in the different groups. Representative microphotographs obtained at 40 x magnification of Cresyl violet staining of the basolateral amygdala in the
different groups. (AIE: adolescent intermittent ethanol; AIS: adolescent intermittent saline).

associated with the gene products by mapping the target genes to rele-
vant biological pathways.

2.7. Statistical analysis

Data corresponding to c-Fos immunohistochemistry and Cresyl violet
staining as well as the OFT were analyzed using the JAMOVI software
(The Jamovi Project, 2022). A two-factor analysis of variance (ANOVA)
(sex x group) or t-test was used, or a Kruskal-Wallis test was used if the
normality or homoscedasticity criterions were not met. Statistical sig-
nificance was set at p < 0.05.

Regarding the analysis of differentially significant miRNAs, the
expression was normalized with NOISeq (Tarazona et al., 2011)
following the approach of Trimmed Mean of M (Gu et al., 2016). Prin-
cipal component analysis (PCA) was performed by visually representing
the variance of the data and evaluating quality issues such as contami-
nated samples, processing errors, or anomalous measurements. Differ-
ential expression analysis was performed following the default
recommendations of DESeq2 (Love et al., 2014). DESeq2 performs in-
ternal normalization for each gene, fits negative binomial generalized
linear models for each gene and uses the Wald test for significance
testing (Love et al., 2014). All the plots were generated using ggplot2
(Wickham, 2016). A miRNA was considered differentially expressed
when the 10g2FC was >+1.5, and the adjusted p-value was <0.05.
Enrichment analysis in GO and KEGG was conducted using the DAVID
software, and we used the Benjamini-Hochberg p-value < 0.05 in order
to correct for multiple comparisons.

3. Results
3.1. AIE increases c-Fos activity in the adult basolateral amygdala

The normality of the data was assessed using the Shapiro-Wilk
showing a normal distribution (W = 0.932 p = 0.124) and the homo-
geneity of variance was also assessed using Levene’s test, which yielded
non-significant results (F(3,19) = 0.523, p = 0.672). Then, we con-
ducted a 2 x 2 two-way ANOVA (Group x Sex) to investigate differences
in c-Fos positive cell counts within the adult BLA between the AIE and

AIS groups. The results of the ANOVA unveiled a significant main effect
of group (F(1,19) = 21.869; p < 0.001; nzp = 0.535) (Fig. 3 (A)), indi-
cating that animals exposed to AIE exhibited a notably higher number of
active c-Fos-positive cells in the BLA compared to the AIS group. How-
ever, no statistically significant effects were observed for sex, nor did we
find any significant interaction between group and sex.

To identify whether this hyperactivation is specific to the BLA or to a
general activation, we analyzed c-Fos in the PRh as a control area. Once
the assumptions of normality (Shapiro-Wilk = 0.947, p = 0.251) and
homogeneity of variance (Levene’s test yielded (F(3,19) = 2.76, p =
0.070)) had been verified, we conducted a 2 x 2 two-way ANOVA
(group x sex) to investigate differences in c-Fos positive cell counts
within the adult PRh between the AIE and AIS groups. The result of this
analysis revealed no significant effect associated with either factor (sex
or group), nor did it indicate any interactions between these factors (all
p-values > 0.1) (Fig. 3B), indicating that the activation of this area had
not been affected by the alcohol procedure.

3.2. Cresyl violet staining indicates no effect of AIE on cell number

A semi-random selection process was used to choose a sub-set of
brains for cell quantification, resulting in the inclusion of 7 Cresyl violet
stained brains (4 from the AIE group and 3 from the AIS group). We
conducted an independent-means t-test to evaluate potential disparities
in the number of Cresyl violet stained cells within the BLA between AIS
and AIE rats. The normality of the data was confirmed using the Shapiro-
Wilk (W = 0.956 p = 0.781). Levene’s Test to analyze the homogeneity
of variance, which also yielded non-significant results (F(1,5) = 0.978; p
= 0.368).

Remarkably, the outcome of this analysis did not reveal any signif-
icant effect associated with ethanol exposure (t(5) = —0.148, p = 0.888)
(Fig. 4). This absence of statistical significance implies that there were
no discernible differences in the total number of stained cells within the
BLA between the AIS and AIE groups. Consequently, this finding permits
us to confidently exclude the possibility that the discrepancies observed
in the number of c-Fos positive cells between the two groups were
attributable to variations in tissue quality.

The normality of the data collected from the OFT was confirmed
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Fig. 3. (A) Mean (+ SEM) of c-Fos positive cells in the basolateral amygdala for both groups adolescence intermittent ethanol administration (AIE) and adolescence
intermittent saline (AIS). (B) Mean (+ SEM) of c-Fos positive cells in the perirhinal cortex for AIE and AIS group. AIE: adolescent intermittent ethanol; AIS: adolescent

intermittent saline. * = p < 0.05.
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Fig. 4. Mean (+ SEM) of Cresyl violet stained cells in the basolateral amygdala
for both groups, adolescence intermittent ethanol administration (AIE) and
adolescence intermittent saline (AIS).

using the Shapiro-Wilk test for the following variables: entries into the
center, center time, total distance traveled and average speed.

We also performed a Levene’s Test to analyze the homogeneity of
variance which yielded non-significant results. Entries into the center (F
(3,34) = 0.764; p = 0.522); total distance traveled (F(3,34) = 0.090; p =
0.965) and average speed (F(3,34) = 0.091; p = 0.964). We conducted a
two-way ANOVA (Group x Sex). The results of this analysis revealed
significant group effects for entries into the center (F(1,34) = 4.902;p =
0.034; n2p = 0.126), total distance traveled (F(1,34) = 4.7506; p =
0.036; 11°p = 0.123), and average speed (F(1,34) = 4.7455; p = 0.036;
nzp = 0.122), indicating group-related differences (Fig. 5 (A), (B), (C)).
These findings show that the AIE group entered the center fewer times,
traveled a shorter total distance and had a lower average speed than the
AIS group, suggesting higher levels of anxiety-like behavior.

Additionally, sex had a significant effect on total distance traveled (F
(1,34) = 22.1286; p < 0.001; nzp = 0.394) and Average speed (F(1,34)
= 22.1884; p < 0.001; 1%p = 0.395), but no interactions were observed
(Fig. 5 (B), (C)). These results indicate that females traveled longer
distances and at a higher speed than the males. For center time and
rearing, the Kruskal-Wallis test was used, revealing no significant dif-
ferences in center time but significant differences in rearing concerning
sex (H = 6.17, p = 0.013) (Fig. 5 (D), (E)). The females exhibited a
greater number of rearing behaviors than the males. These findings offer
valuable insights into the influence of AIE on OFT behavioral measures,
along with discerning sex-related distinctions.

3.3. Principal component analysis (PCA) of the expressed miRNA

Five amygdala samples were taken from each group, one per animal.

Principal component analysis (PCA) is shown in Fig. 6. PCA is a statis-
tical valuable for data visualization, noise reduction, feature selection,
and detecting relationships within the data. The results of our PCA
analysis highlight the presence of distinct patterns in miRNA expression
within our dataset. PC1 (46.85 %) and PC2 (29.04 %) collectively
explain a substantial proportion of the variance (75.89 %), suggesting
that these components are biologically meaningful and might reflect
underlying regulatory mechanisms of cellular responses.

3.4. AIE induce miR-182 overexpression in adult amygdala of female rats

Given the pivotal role of miRNAs in gene regulation, this study delves
into miRNA expression to uncover potential molecular mechanisms
underlying the observed behavioral and functional differences induced
by the AIE procedure. Regarding sex-dependent effects, we found no
differentially expressed miRNAs between the AIE and AIS groups in
adult males. However, a noteworthy distinction emerged in adult female
rats subjected to the AIE procedure. Specifically, miR-182 exhibited
significant differential expression in the amygdala when compared to
their AIS counterparts, with a marked overexpression (log2FC = 2.15,
padj = 0.03) (Fig. 7).

To elucidate the potential downstream effects of miR-182, we per-
formed miRNA target gene prediction using specialized software and
subsequently performed comprehensive GO and KEGG pathway ana-
lyses on these target genes. As depicted in Fig. 8 (A), the analysis
revealed the top 10 significant GO terms across biological processes,
cellular components, and molecular functions (p < 0.05). Furthermore,
our KEGG pathway analysis identified the top 15 significant pathways,
as illustrated in Fig. 8 (B).

4. Discussion

In this study, we have used the AIE administration model to inves-
tigate the long-term changes induced by adolescent alcohol exposure,
which alter the adult BLA responsiveness to alcohol and cause anxiety-
like behavior. Several findings can be highlighted.

Firstly, AIE leads to significant BLA hyperactivation in response to
acute alcohol injection, observed in both male and female adult rats, as
indicated by c-Fos expression. To the best of our knowledge, this is the
first report of increased BLA Fos reactivity to alcohol in adult rats
exposed to AIE administration during adolescence. Previous research
found that adolescent rats exhibited a greater number of ethanol-
induced AFosB-positive cells in the BLA compared to adults in
response to voluntary drinking during two-bottle intake sessions (Wille-
Bille et al., 2017). However, long-lasting AIE impact on adult responses
to alcohol was not explored. Moreover, that study identified differences
between adolescent and adult rats in alcohol consumption, with a pro-
gressive escalation observed in adolescents. This aligns with previous
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Fig. 6. Principal component analysis (PCA) of the expressed miRNA in adult
rats. The results highlight the presence of distinct patterns in miRNA expression
within our dataset. The first principal component (PC1), accounted for a sub-
stantial portion of the variance in miRNA expression, explaining approximately
46.85 % of the total variance. The second principal component (PC2),
contributed significantly to the overall variance in miRNA expression,
explaining approximately 29.04 % of the variance. PC1 and PC2 collectively
explain a substantial proportion of the variance, suggesting that these compo-
nents are biologically meaningful.

results in our lab, which demonstrated higher voluntary alcohol intake
in adolescent compared to adult rats using a four-bottle procedure
(Garcia-Burgos et al., 2009). In this study the forced i.p. administration
method allowed a precise control over adolescent alcohol exposure,
thereby mitigating the potential influence of variability in voluntary

consumption. The administration route which is well documented and
widely used also allowed us to apply a lower dose than alternative routes
such as vapor inhalation or intra gastric administration. The increased
number of c-Fos positive cells in response to ethanol injection that we
have found in the adult BLA of rats exposed to alcohol during adoles-
cence suggests an enhanced sensitivity and reactivity of the BLA to
alcohol following early alcohol exposure in a binge-like regime. In fact,
the impact of intermittent adolescent alcohol exposure overshadows the
potential novelty effect that could increase BLA activity. Thus, the
absence of a control group exposed to a saline adult injection, which
could be considered a limitation in order to control the novelty effect,
does not prevent the conclusion that increased adult BLA sensitivity to
alcohol occurs after intermittent adolescent exposure. Neither can we
exclude that AIE has increased BLA response to any aversive event such
as the i.p. injection. However, this does not decrease the relevance of the
results reported. Even if the long-term effect of AIE on BLA hyper-
activation is non-specific affecting any adult challenge, it is clearly
evident in response to alcohol. Considering that the BLA integrates
sensory cues associated with alcohol and subsequently modulates
reward-seeking behavior as well as emotional responses (Chaudhri et al.,
2013; Tavares et al., 2023; Wassum and Izquierdo, 2015), its hyper-
activation may contribute to the reinforcing properties of alcohol.
Moreover, regarding the anatomical organization of the BLA, it has been
reported that specific cellular groups respond to stimuli of opposing
valence (Kim et al., 2016). Specifically, the anterior BLA has been
involved in processing negative emotional experiences, whilst the pos-
terior BLA appears to be associated with responses to positive valence
stimuli. Accordingly, we found increased activation of the posterior BLA
in adulthood after AIE. This supports the long-lasting effects of early
intermittent alcohol exposure on the positive emotional and rewarding
effects of alcohol. Our results do not allow us to draw conclusions on the
specific cell type responsible for the increased BLA activity reported in
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the AIE group. However, it is feasible that activation of excitatory glu-
tamatergic pyramidal cells would play a critical role since they represent
the majority of the total BLA cell population. It has been reported that
chronic ethanol and withdrawal alters the balance between gluta-
matergic and GABAergic local circuits regulating BLA pyramidal excit-
ability (Diaz et al., 2011). Acute alcohol decreases pyramidal cells
activity as a result of GABAergic activation (Perra et al., 2008). This has

been associated with its anxiolytic effect. If the increased BLA activity in
this study is attributable to pyramidal cell activity, our results would
indicate a long-lasting facilitating effect of AIE on pyramidal cell
excitability. A similar increase in BLA pyramidal cell excitability has
been found after adolescent chronic stress induced by social isolation
(Rau et al., 2015). Consequently, a heightened rewarding effect of
alcohol, combined with increased anxiety responses following AIE
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exposure, may promote alcohol consumption in adulthood. This finding
is consistent with previous results showing that neurotoxic BLA lesions
disrupt the voluntary alcohol drinking in adult rats that had access to
alcohol during adolescence (Moaddab et al., 2017). Hence, it can be
proposed that alcohol-induced BLA plasticity during development may
underlie an elevated risk of adult alcohol consumption. Further research
using voluntary consumption models is needed to confirm the influence
of the BLA activity changes induced by adolescent intermittent alcohol
exposure on adult behavior.

Secondly, AIE results in increased anxiety-related behavior in
adulthood, as assessed in OFT. Although decreased distance traveled
and speed can reflect the effect of early alcohol on adult locomotion
activity, the fact that AIE also reduced the number of center entries also
supports enhanced anxiety. This finding is consistent with previous re-
ports using various behavioral tests (Coleman et al., 2014; Crews et al.,
2019; Healey et al., 2022; Van Skike et al., 2015). It is plausible to
suggest that the enhanced anxiety observed in adulthood is attributable
to the AIE-induced hyperactivation of the BLA. In accordance with this,
the BLA has been implicated in the regulation of anxiety and fear re-
sponses, and its hyperactivation may contribute to the development of
anxiety disorders, which frequently co-occur with alcohol use disorders
(Agoglia and Herman, 2018; Silberman et al., 2009; Tye et al., 2011). In
fact, biological and hormonal factors may interact with alcohol exposure
during critical BLA developmental periods to shape individual vulner-
abilities and excitability (Price and McCool, 2022). This explains the sex
differences that we found in OFT performance. Females exhibited lower
levels of anxiety, as evidenced by measures such as total distance,
average speed, and the number of rearing instances in the OFT. Never-
theless, these sex-related differences did not show any significant
interaction with AIE exposure. Some studies have reported sex-
dependent behavioral effects of AIE exposure (Matthews et al., 2022).
Regarding anxiety-like behavior, however, the scarce evidence indicates
that the sex differences in adult behavior resulted from early alcohol
exposure are consistently observed. These differences appear to depend
on the task involved, being more evident in those tasks that induce
higher anxiety, such as restrain-induced stress (Healey et al., 2023) and
elevated plus maze (Healey et al., 2022). We can hypothesize that OFT
performance is sensitive to sex differences in exploratory behavior but
may not detect sex-dependent effects of AIE due to its relatively safe
testing environment. This would be in accordance with the sex-related
differences in OFT behavioral parameters irrespective of alcohol
adolescent exposure. We found sex differences only in total distance,
average speed, and number of rearing instances that might indicate
motion/arousal differences but not in center time or entries that reflect
anxiety. This is a common finding in most of the previous studies
although there are some reporting sex differences in all the OFT pa-
rameters (Knight et al., 2021). These authors propose the size of the
groups as the explanation for this discrepancy. They used a larger group
size (47 animals per group) whilst we have included 5 animals per group
as is usual in most of the studies. Therefore, in our study we cannot
exclude the presence of anxiety-like behavior sex differences.

Finally, we found sex-dependent changes in adult BLA miRNA
expression as a result of AIE exposure. The dysregulation observed in the
BLA following AIE may be associated with alterations in its neuro-
transmission. Previous studies have reported changes in various
neurotransmitter systems, including glutamate and gamma-
aminobutyric acid (GABA), within the BLA in response to alcohol
exposure (Gass et al., 2011; Marron Fernandez De Velasco et al., 2023;
Nimitvilai-Roberts et al., 2023). Amongst the molecular and cellular
alterations induced by alcohol, epigenetic dysregulation during the
adolescent critical developmental period plays a crucial role in modu-
lating amygdala synaptic plasticity (Kyzar and Pandey, 2015; Pandey
et al., 2017). In fact, the reprogramming of the amygdaloid circuitry
through epigenetic interventions has been shown to restore the long-
term effects of AIE (Teague and Nestler, 2022). It is interesting to note
that most studies were centered on the central and medial amygdala.
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Some of these epigenetic processes are regulated by changes in miRNA
expression. Accordingly, AIE increased miR-137 expression in adult
amygdala. This was related to AIE-induced altered alcohol drinking and
anxiety-like behavior that were restored after infusion of miR-137
antagomir in the central nucleus of the amygdala (Kyzar et al., 2019).
Although to the best of our knowledge there are no previous reports of
selective AIE effects on adult BLA, our results indicate that modulation
of miRNA expression may be involved in the epigenetic remodeling of
this amygdala region.

In our study, adult females with a history of AIE exhibited and
overexpression of miR-182 in the amygdala. We did not find, however,
any changes in microRNA expression in adult males. To the best of our
knowledge, this research represents the first attempt to conduct an
epigenome-wide analysis of miRNAs in the context of AIE. We attribute
our results primarily to the BLA, as the extracted tissue contained mainly
this region. Although the technique used does not allow us to entirely
exclude the presence of small portions of other amygdala nuclei, their
potential contribution appears to be negligible given the larger size of
the BLA in comparison. The identification of miR-182 as significantly
overexpressed in the BLA of adult females with AIE provides novel in-
sights into the molecular pathways associated in AlE-related changes.
Previous reports linked miR-182 overexpression with long-term fear
memory formation in the amygdala (Griggs et al., 2013) and depression-
like behavior which can be prevented by miR-182 inhibition (Li et al.,
2016). Interestingly, our findings are consistent with a previous report
demonstrating a sex-dependent miR-182 overexpression in the hippo-
campus of AIE-exposed mice (Pascual et al., 2021). Regarding the sex
effect, however, it is noteworthy that the impact of adolescent alcohol
exposure seems to be opposite in the hippocampus and BLA. Whilst the
effect was evident in the hippocampus of males (Pascual et al., 2021), we
observed a significant effect in the BLA of females. This points to a sex-
dependent vulnerability of the hippocampus and amygdala possibly
related to different developmental trajectories. Also sex differences in
miR-182 expression throughout development that might modify the
influence of alcohol exposure cannot be ruled out. Although data on sex-
dependent miR-182 expression during adolescence are scarce, lower
levels in human plasma have been reported.

The fact that AIE increased BLA hyperactivation both in male and
female adult rats whilst only females exhibited BLA miR-182 over-
expression suggests that they are independent effects. However, the
possibility that they are linked cannot be ruled out, at least in females,
through processes not detected by c-Fos immunohistochemistry. It is
well known that c-fos expression is a marker of neuronal activation
whilst inhibition might be the process regulated by miR-182. Regarding
OFT, the effect of AIE was not sex-dependent, but there were sex dif-
ferences in anxiety-like behavior. Females exhibited lower levels of
anxiety. Interestingly, miR-182 has been implicated not only in alcohol-
related processes but also in stress responses in various brain regions
(Kamens et al., 2021; McCreary et al., 2016; Pascual et al., 2021). The
overexpression of miR-182 in adult female rat could be related with the
behavioral differences in OFT cannot be ruled out. In fact, its multi-
faceted role suggests that miR-182 may serve as a critical regulator of
the interaction between alcohol consumption and stress reactivity,
potentially contributing to the development of AUDs. Moreover,
exploring the GO terms associated with miR-182 targets revealed
intriguing patterns related to developmental processes, including brain
development, cell migration and cerebral cortex neuron differentiation.
This finding suggests that the dysregulation of miR-182 in the BLA
during AIE may disrupt normal developmental trajectories, ultimately
leading to long-term consequences on brain function and behavior. Our
findings complement the results reported by Kyzar et al. (2019), who
observed increased miR-137 expression in the adult amygdala following
AIE exposure.

To sum up, our study underscores the enduring impact of intermit-
tent alcohol consumption during adolescence on the BLA, potentially
heightening susceptibility to alcohol consumption and the development
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of AUD in adulthood. This connection may also be linked to the co-
morbidity between AUD and anxiety disorders. Gaining a deeper un-
derstanding of the relationship between BLA hyperactivity and anxiety-
related behavior is crucial for unraveling the complex interplay amongst
alcohol exposure, amygdalar function and the development of comorbid
psychiatric disorders. Future research in this area would greatly benefit
from a focus on investigating the specific neurochemical alterations that
underlie the hyperactivation observed in our study. This would provide
a more comprehensive understanding of the neurobiological mecha-
nisms that drive the long-term consequences of AIE exposure. Further-
more, our results contribute to the growing body of research on the
effects of AIE and highlight the significance of studying epigenetic
mechanisms, particularly the involvement of miR-182 in mediating
alcohol-induced brain alterations. This finding enhances our compre-
hension of the neurobiological foundations of alcohol-related behavior
and suggests that epigenetic dysregulation in the BLA may play a crucial
role in the initiation and persistence of AUDs. Further research in this
field is essential for advancing our knowledge and addressing the
complex interactions between alcohol, behavior, epigenetics and brain
function.
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