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Abstract
The brain is particularly vulnerable to ethanol effects during its growth spurt. 
Outcomes of early ethanol exposure such as hyperactivity have been extensively 
investigated; however, persons with fetal alcohol spectrum disorder frequently have 
social impairments and are heavy drinkers. Despite that, scant information is avail-
able regarding the neurobiological basis of these latter behavioral issues. Here, Swiss 
mice exposed to ethanol (Etoh, 5 g/kg i.p., alternate days) or saline during the brain 
growth spurt [postnatal day (PN) 2 to 8] were used to assess social behavior after an 
ethanol challenging during adolescence. At PN39, animals were administered with 
a single ethanol dose (1 g/Kg) or water by gavage and were then evaluated in the 
three-chamber sociability test. We also evaluated corticosterone serum levels and 
the frontal cerebral cortex serotoninergic system. Etoh males showed reductions in 
sociability. Ethanol challenging reverted these alterations in social behavior, reduced 
corticosterone levels, and increased the 5-HT2 receptor binding of male Etoh mice. 
No alterations were observed in 5-HT and 5-HIAA contents. These data support the 
idea that ethanol exposure during the brain growth spurt impacts social abilities dur-
ing adolescence, alters ethanol reexposure effects, and suggests that stress response 
and serotoninergic system play roles in this phenomenon.
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1 |  INTRODUCTION

Ethanol is a potent teratogenic agent and, despite the known 
harmful effects on the offspring's health, ethanol consump-
tion prevalence during pregnancy has not changed consider-
ably over the past two decades (CDC, 2009; Denny, Acero, 
Naimi, & Kim, 2019). Indeed, 13%–20% of pregnant women 
consume alcoholic beverages at some point during gestation 
(Tatiana et al., 2013). Fetal exposure to alcohol remains a 
major preventable cause of infant morbidity. Early exposure 
to alcohol is associated with a multitude of long-term adverse 
effects collectively named under the umbrella term fetal al-
cohol spectrum disorder (FASD) (Marquardt & Brigman, 
2016). Hyperactivity, deficits in cognition and in social be-
havior are among the most common adverse behavioral out-
comes observed in children with FASD (Niccols, 2007).

Alterations in the social domain have a great impact on per-
sonal life. FASD individuals have problems with social cues 
and display difficulties in forming and maintaining recipro-
cal friendships (Rasmussen, Becker, Mclennan, Urichuk, & 
Andrew, 2011; Roebuck, Mattson, & Riley, 1999). FASD in-
dividuals also have increased ethanol-related problems later 
in life, including ethanol-induced social conflicts and aggres-
sive behavior (Momino et al., 2012; Niccols, 2007). Evidence 
that developmental ethanol exposure is associated with defi-
cient social behavior later in life (Momino et al., 2012) and 
that ethanol consumption during adolescence per se increases 
social disruptive behavior (Diestelkamp et al., 2015) raises 
the possibility that individuals with FASD show a worsened 
social deficit as a consequence of  ethanol exposure during 
adolescence. This problem is compounded by the fact that 
ethanol exposure during development is also associated with 
the development of alcohol use and abuse during adolescence 
(Alati et al., 2008; Malone, Mcgue, & Iacono, 2011), a period 
when exploratory ethanol use typically begins (Spear, 2000).

Scant  information  exists concerning the neural mecha-
nisms implicated in the behavioral consequences of early 
ethanol exposure  on the social domain.  The frontal cortex 
is decisively associated with the cognitive processes of so-
cial behavior (Hamilton et al., 2014). Serotoninergic abnor-
malities seem to be a contributing factor regarding social 
impairment. Imaging studies demonstrate reductions in se-
rotonin transporters in the cortex of individuals with autism 
(Makkonen, Riikonen, Kokki, Airaksinen, & Kuikka, 2008; 
Nakamura et al., 2010). In addition, postmortem studies indi-
cate an increase in the number of cortical serotonergic termi-
nals in individuals diagnosed with autism (Azmitia, Singh, & 
Whitaker-Azmitia, 2011) as well as an association between 
reduced 5-HT2A receptor binding and abnormal social com-
munication in Asperger's syndrome patients (Murphy et al., 
2006). Long-term serotonergic neuronal deficits are also 
caused by prenatal alcohol exposure in mice. Sari and Zhou 
(2004) demonstrated that ethanol exposure early in gestation 

reduces the number and delays the migration of serotonergic 
neurons in the raphe nuclei of these animals (Sari & Zhou, 
2004). So, long-term alterations in serotonergic neurotrans-
mission may play a role in early alcohol exposure-evoked 
social impairment. Interestingly, Hofmann, Ellis, Yu, and 
Weinberg (2007) demonstrated that prenatal ethanol exposure 
has differential long-term effects on the 5-HT2A-mediated re-
sponse in the hypothalamic–pituitary–adrenal axis (Hofmann 
et al., 2007). Since alterations in hypothalamic–pituitary–ad-
renal (HPA) axis functions are associated with the develop-
ment of antisocial behavior in children, the social behavior 
impairment generated by early ethanol exposure may also be 
influenced by the direct modulation of HPA axis activity by 
ethanol. In fact, early ethanol exposure alters the develop-
ment of the HPA axis (Hellemans et al., 2010, https://doi.
org/10.1016/j.neubi orev.2009.06.004). Furthermore, social 
stress is a major trigger in the initiation and maintenance of 
ethanol consumption (Morrow, Porcu, Boyd, & Grant, 2006). 
Considering the aforementioned, the effect of ethanol con-
sumption on HPA function in FASD individuals constitutes 
an important issue to be investigated.

The outcomes of developmental ethanol exposure are highly 
dependent on the window of time within which exposure occurs. 
Particularly, ethanol exposure during the period of the brain 
growth spurt has significant deleterious effects. This period is 
characterized by rapid increases in brain size, associated with 
intense neurogenesis, neural cell migration, and synaptogenesis 
(Bandeira, Lent, & Herculano-Houzel, 2009). In humans, the 
brain growth spurt occurs during the third trimester of gestation, 
while, in rodents, it happens during the first 10 postnatal days 
(PN). Animal models demonstrate that ethanol exposure during 
this period induces cell death and reduced neurogenesis (Gil-
Mohapel, Boehme, Kainer, & Christie, 2010; Olney et al., 2002) 
and evokes adverse behavioral outcomes characteristic of FASD, 
such as locomotor hyperactivity and memory/learning deficits 
(Abreu-Villaça et al., 2018; Filgueiras, Krahe, & Medina, 2010; 
Nunes et al., 2011). Ethanol exposure during the brain growth 
spurt also has epidemiological relevance. Despite evidence that 
most women stop drinking when they verify that they are preg-
nant, the consumption of ethanol by pregnant women during the 
third trimester of gestation is frequent (Ethen et al., 2009). In 
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the present study, we assessed the effects of ethanol exposure 
during the brain growth spurt period on social behavior in male 
and female mice during adolescence. In addition, we investi-
gated the effects of acute ethanol reexposure at this age. We also 
evaluated the effects on corticosterone serum levels and sero-
tonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) con-
centrations in the frontal cerebral cortex. Finally, we assessed 
the 5HT2 receptor and presynaptic 5HT transporter bindings. 
Our hypothesis is that the brain growth spurt is a critical period 
concerning ethanol-induced deficits in social behavior and that 
ethanol reexposure during adolescence may mitigate these defi-
cits. Considering that social anxiety disorder as a risk factor for 
alcohol use disorders (Buckner & Turner, 2009), if the present 
hypothesis is corroborated, alterations on a social domain could 
represent a relevant factor for the development of alcohol use 
and abuse during adolescence in FASD individuals.

2 |  MATERIALS AND METHODS

All experiments were carried out under institutional approval 
of the Animal Care and Use Committee of the Universidade 
do Estado do Rio de Janeiro (CEUA/006/2018). All Swiss 
mice were bred and maintained in our animal facility. The 
animal colony was kept under controlled temperature (around 
21°C) on a 12:12 hr light/dark cycle (lights on at 1:00 a.m.). 
Access to food and water was unrestricted. All behavioral 
tests were carried out in a sound-attenuated room adjoining 
the animal facility. The day of parturition was considered 
postnatal Day 1 (PN1). Ethanol (Etoh, 5  g/kg, i.p., 25%, 
v/v) or saline (Cont) was injected in the pups every other 
day from PN2 to PN8. We have previously demonstrated 
that this ethanol exposure model generates blood ethanol 
concentrations within the range that a human fetus would 
be exposed to after the maternal ingestion of a moderate to a 
heavy dose of ethanol (about 170 mg/dl (Filgueiras, Ribeiro-
Carvalho, Nunes, Abreu-Villaça, & Manhães, 2009). Body 
mass was assessed every other day from PN2 to PN8 and we 
also evaluated the period of teeth eruption as well as ears and 
eye openings. We only used litters that, at birth, had 8 to 12 
pups. Whenever applicable, data from males or females of 
the same litter were averaged within each group to minimize 
litter effects and avoid over-sampling. At weaning (PN23), 
animals were separated by sex in groups of two to five mice 
and allowed free access to food and water. At PN39, the be-
havioral tests were performed during the lights-on period 
(8:00–10:00 hr).

2.1 | Three-chamber sociability test

The apparatus is a rectangular clear plexiglass box divided 
into three chambers. The chambers are 12 cm (width) × 26 cm 

(length) × 50 cm (height) with 10-cm wide openings into the 
two end chambers. The chambers are isolated with two divid-
ing plexiglass walls. In each side chamber, there is a cylinder 
made of grid bars (1-cm distance between adjacent grid bars). 
The social side was the side in which one mouse (“unfamil-
iar”) was placed and the other was an empty cylinder. The 
“unfamiliar” mouse was of the same sex and age of the ex-
perimental animal and the social side was randomly assigned. 
The experimental mouse was habituated in the middle cham-
ber for 5 min and then allowed to explore the entire apparatus 
for 10 min. The percent time in the social side ((social side/
social side + empty side) * 100) and the latency for a first 
entry into the social side were measured. The mouse was con-
sidered to be in a given chamber when its head and four paws 
had entered the chamber. The chambers were thoroughly 
cleaned with 35% ethanol between tests. To reduce the likeli-
hood that the ethanol odor would affect mice behavior, after 
the ethanol solution, the chambers were washed with water 
and dried out before the next testing session. One hour before 
the test, the experimental animals were administered with a 
low ethanol dose (1 g/Kg) or water by gavage, a procedure 
that resulted in four experimental groups: animals from the 
Cont (Cont–water, n = 8 for females and n = 7 for males) 
and Etoh groups that received water (Etoh–water, n = 7 for 
females and n  =  7 for males) and animals from the Cont 
(Cont–etoh, n = 9 for females and n = 6 for males) and Etoh 
(Etoh–etoh, n = 8 for females and n = 7 for males) groups 
that received ethanol. The low ethanol dose was chosen be-
cause it did not induce nonspecific motor effects (such as 
locomotor stimulation) and seemed to affect social behavior 
in mice (Favoretto, Macedo, & Quadros, 2017; López-Cruz 
et al., 2016). Two hours after the gavage, blood and frontal 
cerebral cortices were collected and stored at −80°C for hor-
mone and serotoninergic evaluation.

2.2 | Serum corticosterone levels

Blood samples were centrifuged (3,500× g, 10 min) to ob-
tain serum, which was stored at −80°C. Total corticoster-
one levels were measured using a commercially available 
corticosterone EIA kit (Corticosterone Elisa Kit ab108821, 
Abcam) in accordance with the instructions provided by the 
manufacturer.

2.3 | Serotonergic evaluation

2.3.1 | High-performance liquid 
chromatography analysis

5HT and 5HIAA contents were analyzed in the frontal cer-
ebral cortex by High-Performance Liquid Chromatography 
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(HPLC), using a fluorescence detector (Shimadzu Prominence 
LC-20AT, RF-20A detector). Our methodology was adapted 
from Yoshitake et al. (2004). In summary, each tissue was 
thawed and homogenized with 200 μl of HClO4 (0.1 M) plus 
sodium ascorbate (20 μM) (Precellys, BERTIN Technologies, 
Montigny-le-Bretonneux, France), diluted in 4 vols of Milli-Q 
water and centrifuged at 5,200× g for 30 min (4°C). The super-
natant was filtrated in a 0.22 μm PVDF filter (Millipore) and 
5HT and 5HIAA derivatization reaction was accomplished 
using 10 μl of standard solution or tissue sample with 50 µl of 
HCl 0.1 M plus glycine 0.1 M and more 50 µl of benzylamine 
derivatization reagent solution (3  M benzylamine/0.3  M 
CAPS buffer pH 10.0/60 µM potassium hexacyanoferrate III/
methanol, proportion of 2:6:2:24, v/v). After 3 min in ambient 
temperature, a 20 μl of portion of the final reaction mixture 
was injected into the chromatograph. The detector wave-
lengths of excitation/emission were 345 nm/480 nm. The mo-
bile phase was a gradient formed by acetonitrile and acetate 
buffer (20 mM, pH = 4.5) with EDTA (0.5 mM). We used 
a 0.1 ml/min flow rate and column temperature of 30°C. A 
reverse-phase column (150 mm × 2.6 mm i.d., packed with 
C 18 silica, 3 μm) was used for separation. 5HT and 5HIAA 
concentrations were calculated based on respective standard 
calibration curves and corrected by diluting factors. Results 
were converted and expressed as nmoL/g of the brain tissue. 
The precision of the method is less than 10% SD and the infe-
rior limit of quantification is 0.1 pmoL per injection.

2.3.2 | Binding analysis of 5HT2 
receptors, and 5HT transporter

The binding method has been described in detail in previous 
papers (Lima et al., 2011, 2013). Briefly, tissues were thawed 
and homogenized (Ultra-Turrax T10 basic, IKA, São Paulo, 
SP) in 20 volumes of ice-cold 50 mM Tris–HCl (pH 7.4), the 
homogenates were sedimented at 40,000× g for 10 min, and 
the supernatant solution was discarded. The membrane pel-
let was resuspended (Ultra-Turrax) in the previous volume 
of buffer, resedimented, and the pellet was resuspended in 10 
volumes (based on the mass of the tissue) of the same buffer 
using a smooth glass homogenizer fitted with a Teflon pestle. 
Aliquots were withdrawn for the measurements of binding and 
membrane protein evaluation (Bicinchoninic Acid kit). The 
serotonergic biomarkers were evaluated using 0.4  nM [3H]
ketanserin for 5HT2 receptors and 85 pM [3H]paroxetine for 
presynaptic 5HT transporter. For 5HT2 receptors, incubations 
lasted for 15 min at 37ºC in 50 nM Tris (pH 7.4) and specific 
binding was displaced with 10 μM methysergide. For bind-
ing to the presynaptic 5HT transporter, incubations lasted for 
120 min at 20ºC in a buffer consisting of 50 mM Tris (pH 7.4), 
120 mM NaCl, and 5 mM KCl; 100 μM 5HT was used to dis-
place specific binding. Labeled membranes were trapped by 

rapid vacuum filtration onto glass fiber filters that were pre-
soaked in 0.15% polyethyleneimine. Data were obtained by 
calculating the specific binding per mg of membrane protein.

2.4 | Materials

Bovine albumin, BCA kit, serotonin, methysergide, and pol-
yethyleneimine were purchased from Sigma Chemical Co. 
(St. Louis, MO). Radioisotopically labeled compounds were 
purchased from PerkinElmer Life Sciences (Boston, MA). 
VETEC Química Fina Ltda (Rio de Janeiro, RJ) was the 
source for all other reagents.

2.5 | Statistics

Body mass data were evaluated using repeated measuares 
analyses of variance (rANOVA). Exposure to ethanol during 
the brain growth spurt was considered the between-subjects 
factor. The day was considered the within-subjects factor. A 
separated univariate ANOVA (uANOVA) was performed for 
body mass at the behavioral test day; in this case, Sex was 
also used as a between-subjects factor. For the percent time 
in the social side and the latency for the first entry into the so-
cial side in the three-chamber sociability test as well as for all 
serotonergic variables, Treatment (Cont–water, Etoh–water, 
Cont–etoh and Etoh–etoh) and Sex were considered between-
subjects factors. Post hoc analyses were carried out by Fisher's 
Protected Least Significant Difference (FPLSD) tests. All data 
are shown as mean ± SEM (unless otherwise mentioned).

3 |  RESULTS

3.1 | Somatic development

Early ethanol affected the pups' body mass (Treatment × Day: 
F(1.3;32.5)  =  8.3, p  <  .001). Although body mass increased 
in all groups (Day: F(1.3; 32.5) = 800.4, p < .001), from PN4 

T A B L E  1  Body mass (g)

  Cont Etoh % of Difference

PN2 2.1 ± 0.06 2.0 ± 0.04 4.8

PN4 3.0 ± 0.11 2.7 ± 0.09* 10.0

PN6 4.2 ± 0.16 3.7 ± 0.12* 11.9

PN8 5.6 ± 0.21 4.9 ± 0.13** 12.5

At weaning 16.2 ± 0.83 14.6 ± 0.58 9.9

PN39 33.1 ± 0.80 31.3 ± 0.80 5.5

Note: % of Reduction was calculated by the percent change between Cont and 
Etoh groups.
*p < .05; **p < .01 versus Cont. 
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onward, ethanol-exposed pups showed less mass gain when 
compared to controls (Table  1). This difference was miti-
gated after weaning (Table 1). As expected, males were heav-
ier than females at PN39 (F(1,49) = 59.0, p < .001), but there 
were no Sex × Treatment interactions. No significant differ-
ences in other developmental characteristics were observed 
between the groups (data not shown).

3.2 | Social behavior

Ethanol exposure during the development affected social be-
havior only in males (Figure 1). The Etoh group showed a re-
duction in the % Time in the social side (F(3,26) = 3.6, p < .05; 
Cont–water  >  Etoh–water, p  <  .01) and increase latency 
for the first entry into the social side (F(3,26) = 3.6, p < .05; 
Cont–water < Etoh–water, p < .01). Acute ethanol reexpo-
sure reverted these effects (Figure 1b,d). No differences were 
observed among groups in females (Figure 1a,c,e).

3.3 | Corticosterone levels

Regarding corticosterone levels, we also only observed sig-
nificant differences among the groups in males (F(3,18) = 4.4, 
p  <  .05). In this case, acute ethanol exposure during ado-
lescence reduced corticosterone levels, but this effect only 
reached statistical significance in animals that were exposed 

to ethanol during the development (Figure  2). In control 
mice, there was only a trend toward reduced corticosterone 
levels in mice acutely exposed to ethanol (p <  .09). These 
results indicate that ethanol exposure during the brain growth 
spurt potentiates ethanol-induced reduction in corticosterone 
levels in adolescent males.

3.4 | Serotoninergic measures

Ethanol exposure during the development or ethanol gav-
age during adolescence did not affect serotonin, 5-HIAA 
content or 5-HIAA/5-HT ratio in the frontal cerebral cortex 
(Table  2). Regarding 5-HT2 receptor binding, we observed 
significant differences among the groups in males (Figure 3, 
F(3,22) = 4.2, p < .05). Ethanol gavage during adolescence pro-
moted the upregulation of 5-HT2 receptor in animals that were 
exposed to ethanol during the development (Figure 3b; Etoh–
etoh > Cont–water, p < .01; Etoh–etoh > Etoh–water, p < .01; 
and Etoh–etoh  >  Cont-etoh, p  <  .05). No differences were  
observed among the groups for 5-HTT binding (Figure 3c,d).

4 |  DISCUSSION

Social disruptive behaviors are among the most common ad-
verse outcomes observed in individuals with FASD. In the 
present study, we demonstrated that ethanol exposure during 

F I G U R E  1  Effects of ethanol exposure during the brain growth spurt period on social behavior in female (a and c) and male (b and d) mice 
during adolescence after a challenge with either water or ethanol. (a) and (b) percent of time on the social side; (c) and (d) latency for a first entry 
into the social side. Values are means ± SEM. *p < .05; **p < .01

(a) (b) 

(d) (c) 
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the brain growth spurt reduces adolescent male sociability. 
Interestingly, early ethanol-exposed male mice responded 
distinctively to acute low ethanol reexposure. In males, etha-
nol reexposure during adolescence reverted the alterations in 
social behavior, reduced corticosterone levels, and increased 
5-HT2 receptor binding in the frontal cerebral cortex. These 
mice also showed a reduction in body mass gain during the 

period of early ethanol exposure. However, this reduction 
was reverted at weaning.

The aforementioned effects were not accompanied by de-
velopmental alterations such as altered time-course of teeth 
eruption, ears and eye openings. Other studies further showed 
that, in the FASD model used here, the great majority of the 
animals survive until adolescence and the mortality rates do 
not differ between the experimental groups (Filgueiras et al., 
2009; Nunes et al., 2011). An additional methodological 
issue resides in the possibility that the i.p. injections used in 
our model, irrespective of the presence of saline or ethanol 
in the syringe, could have generated, on its own, an inflam-
matory response and/or an increased stress level that would 
constitute confounding factors in the analysis of our results. 
The  inclusion of a naïve group in the experimental design 
could have helped in addressing this issue, however it should 
be pointed out that mice injected with i.p. saline are usually 
the only control animals in studies that specifically analyze 
the response to inflammatory stimuli (e.g., Barth et al., 2016; 
Bolognese et al., 2018; Li, Ke, Peng, Wu, & Song, 2018), 
which indicates that this control group (i.p. saline) does not 
show untoward responses that could compromise the proper 
assessment of ethanol effects  in our experimental model 
(Abreu-Villaça et al., 2018; Krahe, Filgueiras, & Medina, 
2016; Nunes et al., 2011). Given the multiple procedures 
needed to create our control group (separation from the dam 
and littermates, manipulation by the experimenter, actual in-
jection, etc.), the use of a naïve group would not have allowed 
us to clearly define which factor (or factors) was (were), in-
deed, relevant in causing eventual differences among groups, 
making the use of naïve animals less justifiable.

Several effects of developmental exposure to ethanol 
are sexually dimorphic. Despite the fact that it has been de-
scribed that females are more vulnerable than males to the 
inflammatory effects of binge ethanol exposure (Pascual 
et al., 2017), our findings show that the effects of early 
ethanol exposure on both social interaction and corticoste-
rone levels were restricted to male mice. These data are in 

F I G U R E  2  Effects of ethanol exposure during the brain growth 
spurt period on corticosterone levels in female (a) and male (b) mice 
during adolescence after a challenge with either water or ethanol. 
Values are means ± SEM. **p < .01, Etoh–etoh versus Cont–etoh. The 
post hoc analysis also indicated that the Etoh–etoh group is statistically 
different from Cont–water (p < .01) and Etoh–water (p < .05)

 

Cont Etoh

Females Males Females Males

H2O gavage

5-HT (nmol/g) 1.6 ± 0.2 1.7 ± 0.2 1.93 ± 0.1 1.6 ± 0.3

5-HIAA (nmol/g) 2.1 ± 0.2 2.0 ± 0.2 2.0 ± 0.3 2.1 ± 0.3

5-HIAA/5-HT 1.4 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.6 ± 0.2

Etoh gavage

5-HT (nmol/g) 1.7 ± 0.2 1.7 ± 0.2 1.6 ± 0.1 2.0 ± 0.2

5-HIAA (nmol/g) 2.2 ± 0.2 2.1 ± 0.2 2.2 ± 0.2 1.9 ± 0.1

5-HIAA/5-HT 1.4 ± 0.2 1.4 ± 0.3 1.4 ± 0.1 1.0 ± 0.1

Abbreviations: 5-HIAA, 5-hydroxyindole acetic acid; 5-HT, serotonin.

T A B L E  2  Serotonin and 
5-hydroxyindole acetic acid and 5-HIAA/ 
5-HT ratio in the frontal cerebral cortex
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accordance with studies demonstrating that alterations on 
social behavior and structural plasticity are more apparent 
in males than females (Diaz, Mooney, & Varlinskaya, 2016; 
Hamilton et al., 2010; Mooney & Varlinskaya, 2011). It is 
possible to speculate that hormonal fluctuations during the 
estrous cycle contribute to the absence of effects of etha-
nol in females. However, no clear differences in variability 
between males and females were observed. Interestingly, 
sex-dependent effects of early ethanol exposure on stress 
response can already be seen before puberty. Girls show 
greater changes in heart rate and negative affect and boys 
in cortisol levels during the still-face procedure (Haley, 
Handmaker, & Lowe, 2006). In fact, the sexually dimor-
phic effects of developmental exposure to ethanol seem 
to be dependent on the functional domains of the brain 
that were evaluated. For example, acute ethanol exposure 
during neurulation increases the activity in the elevated 
plus-maze in male mice, while, in females, it increases ex-
ploratory behavior in the open field and transiently impairs 
rotarod performance (Fish et al., 2016).

The impact of ethanol in social behavior varies as a func-
tion of the timing of exposure (For a review see, [Marquardt 
& Brigman, 2016]). Lugo, Marino, Cronise, and Kelly 
(2003) demonstrated that exposure to ethanol from the first 
gestational day to PN10 (a period considered equivalent 
to the entire gestational period in humans) increase social 
interactions during the adolescence of rats (Lugo et al., 
2003). However, when ethanol exposure was restricted to 
the rats' gestation (first and second trimester equivalent to 
human gestation), it reduced social interactions in male rats 
(Hellemans, verma, et al., 2010, https://doi.org/10.1111/
j.1530-0277.2009.01132.x). In the present study, ethanol 
exposure during the third trimester equivalent of human 
gestation decreased the sociability of adolescent male mice. 
This outcome was associated with an increase in latency 
to the first entry on the chamber that has the “unfamiliar” 
animal in the three-chamber paradigm test, a finding sug-
gestive of social anxiety. Accordingly, some studies have 
shown that third trimester-equivalent ethanol exposure in-
creases anxiety-like behaviors (Baculis, Diaz, & Fernando 
Valenzuela, 2015; Mantha, Kleiber, & Singh, 2013). Mice 
exposed to ethanol at PN4 and PN7 spend significantly less 
time than control ones in the center zone of the open-field 
arena (Mantha et al., 2013). Interestingly, in the same study, 
it was demonstrated that ethanol exposure during the second 
trimester-equivalent decreases anxiety levels (Mantha et al., 
2013). The increase in anxiety observed in rats exposed to 
ethanol during the equivalent to the last trimester of human 
pregnancy has been associated with a persistent increase in 
excitatory inputs to pyramidal neurons in the basolateral 
amygdala (Baculis et al., 2015). The possible relationship 
between social impairment and anxiety in FASD is an inter-
esting issue to be investigated in the future.

In the present study, the acute low-dose ethanol reex-
posure reverted early ethanol effects on social domain. We 
hypothesized that ethanol exposure during the brain growth 
spurt increases social anxiety, which could be counteracted 
by the anxiolytic effects of the acute ethanol exposure during 
adolescence. Since corticosterone levels in control mice were 
not affected by ethanol gavage, our results suggest that alter-
ations in HPA axis function do not play a role in the reduction 
of social interaction in early ethanol-exposed males, but that 
the decreased corticosterone levels in response to the ethanol 
challenge during adolescence could explain, at least in part, 
the reversion of the reduced social interaction caused by early 
ethanol exposure. Epidemiological studies indicate a frequent 
co-occurrence of social anxiety and alcohol use disorders 
(Chow et al., 2018; Smith & Randall, 2012). In addition, al-
cohol drinking is believed to reduce tension in social contexts 
(Gilles, Turk, & Fresco, 2006). In mice, chronic social stress 
increases ethanol consumption during adolescence, suggest-
ing that social stress at this age is an important risk factor for 
later alcohol use (Caruso et al., 2018). Here, both increases in 
social anxiety and the anxiolytic effects of the acute ethanol 
exposure could represent a reason for the development of al-
cohol use disorder during adolescence in FASD individuals.

Serotoninergic abnormalities in the frontal cortices seem to 
be a contributing factor to social impairment in FASD individ-
uals. Our data did not show alterations in the basal levels of 
serotonin and 5-HIAA content, as well as 5-HTT binding in the 
frontal cortex. However, acute ethanol induced 5-HT2 upregu-
lation in the cerebral cortex of male mice exposed to ethanol 
during the brain growth spurt. Even though we did not observe 
alterations in the basal levels of serotonin, microdialysis studies 
have indicated that ethanol induces enhancements in serotonin-
ergic neurotransmission (meta-analysis from Brand, Fliegel, 
Spanagel, & Noori, 2013). Persistent stimulation of 5-HT2 re-
ceptors results in time-dependent desensitization and increases 
in binding only 2 hr after serotonin or agonist administration 
(Akiyoshi, Hough, & Chuang, 1993). Here, we speculate that 
exposure to ethanol during the brain growth spurt increases this 
serotonin effect on 5-HT2 receptor binding. Alterations in neu-
ronal intracellular signaling could play a role in these aforemen-
tioned effects. In fact, our previous findings using the FASD 
model used here indicated reductions in cAMP and cGMP lev-
els in the cerebral cortex that were linked to hyperactivity and 
memory/learning deficits (Abreu-Villaça et al., 2018; Nunes 
et al., 2011). In this sense, exposure to ethanol during the brain 
growth spurt promotes long term disruption of neuronal intra-
cellular signaling that could affect receptor metabolism and af-
finity. It should be noted that these alterations could also affect 
other neurotransmitter systems and participate in FASD patho-
physiology. In this regard, the cholinergic system undergoes an 
intense period of maturation during the postnatal period and 
disturbances of its function in the prefrontal cortex is associated 
with social impairment caused by the prenatal administration of 

https://doi.org/10.1111/j.1530-0277.2009.01132.x
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valproic acid (Kim et al., 2014), which raises the possibility that 
it might be susceptible to early ethanol exposure.

In conclusion, our data indicate that ethanol exposure during 
the brain growth spurt impairs social behavior in adolescent 
male mice. We also demonstrate that early exposure to ethanol 
increases susceptibility to the acute effects of ethanol during 
adolescence. Reexposure reduced corticosterone levels, evoked 
5-HT2 receptors upregulation in the frontal cerebral cortex, and 
reverted the social impairment generated by early ethanol ex-
posure. These data support the idea that developmental ethanol 
exposure during the brain growth spurt alters ethanol effects 
later in life and suggests that stress response mechanisms and 
the serotoninergic system play roles in this phenomenon.
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