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Abstract: Maternal alcohol consumption is one of the strong predictive factors of alcohol use and
consequent abuse; however, investigations of sex differences in response to prenatal alcohol exposure
(PAE) are limited. Here we compared the effects of PAE throughout gestation on alcohol preference,
state anxiety and mRNA expression of presynaptic proteins α-, β- and γ-synucleins in the brain of
adult (PND60) male and female Wistar rats. Total RNA was isolated from the hippocampus, midbrain
and hypothalamus and mRNA levels were assessed with quantitative RT-PCR. Compared with naïve
males, naïve female rats consumed more alcohol in “free choice” paradigm (10% ethanol vs. water). At
the same time, PAE produced significant increase in alcohol consumption and preference in males but
not in females compared to male and female naïve groups, correspondingly. We found significantly
lower α-synuclein mRNA levels in the hippocampus and midbrain of females compared to males
and significant decrease in α-synuclein mRNA in these brain areas in PAE males, but not in females
compared to the same sex controls. These findings indicate that the impact of PAE on transcriptional
regulation of synucleins may be sex-dependent, and in males’ disruption in α-synuclein mRNA
expression may contribute to increased vulnerability to alcohol-associated behavior.

Keywords: prenatal alcohol exposure; synucleins; alcohol consumption; free-choice; hippocampus;
midbrain; mRNA expression; α-synuclein; rats

1. Introduction

Alcohol use disorder (AUD) is a severe and etiologically complex disease associated
with high morbidity and mortality rates. Although the development of alcohol dependence
has a strong genetic component [1], there are a wide variety of environmental factors that
impact the vulnerability to AUD through epigenetic modifications [2].

Maternal alcohol drinking leading to prenatal alcohol exposure (PAE) is one of the
strong predictive factors of AUD [3]. Neurobehavioral disorder associated with prenatal
alcohol exposure can occur in children following even low to moderate levels of maternal
ethanol consumption during pregnancy and touch on the basic components of cognition—
learning, memory, executive functions, affective state anxiety and depression, and addictive
behavior later in life [4,5]. To date the epigenetic mechanisms underlying high risk of
drug abuse which arise from maternal consumption of alcohol are unclear. It is well
known that alterations in presynaptic regulation of neurotransmission are among key
mechanisms involved in the long-lasting ethanol effects, excessive drinking and ethanol
abuse [6]. Central component of the presynaptic neurotransmitter release machinery
is soluble NSF attachment protein receptor complex, which in turn is under regulatory
control of synucleins—small presynaptic proteins that are expressed from three genes (α-,
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β- and γ-synuclein) and may modify neurotransmitter release [7]. α-Synuclein has been
previously studied as a potential player in alcohol addiction due to its role in dopamine
(DA) neurotransmission [8]. Genome-wide association studies have found α-synuclein
to be one of the candidate gene for alcoholism, and single-nucleotide polymorphisms in
intron 4 of the α-synuclein gene (Snca) have been linked to alcohol craving [9]. It has been
found that variability in Snca which affects its expression may contribute to the high risk of
alcohol abuse [10]. It was shown that elevated α-synuclein mRNA levels are associated
with craving in patients with alcoholism [11,12]; transgenic mice expressing human mutant
A30P α-synuclein were characterized by higher motivation for ethanol and attenuated
context- and cue-induced reinstatement of alcohol-seeking behavior [13]. At the same
time, alcohol-dependent subjects had higher frequencies of the shortest 267 bp allele of the
α-synuclein-repeat 1 marker, associated with decreased expression of α-synuclein in the
autopsy samples of human prefrontal cortex [10]. These and other data have inspired the
α-synuclein deficit hypothesis: low basal levels of α-synuclein in some brain regions may
predispose to enhanced DA activity in response to alcohol and as a result alcohol cravings
and excessive alcohol consumption, leading in turn to increases in α-synuclein [9]. This
hypothesis is in accordance with the fact, that α-synuclein expression is downregulated in
the frontal cortex and caudate–putamen of inbred alcohol preferring rats prior to ethanol
exposure [14].

β-Synuclein—a pre-synaptic protein that co-localizes with α-synuclein, can act as
α-synuclein inhibitor [15] and suggested to have neuroprotective properties [15]. Mam-
malian γ-synuclein is mainly expressed in the peripheral nervous system (primary sensory,
sympathetic and motor neurons), but also detected in the brain [16]. The normal cellular
function of γ-synuclein still remains unknown. Interestingly, γ-synuclein knockout mice
were hypoactive in a novel environment [17], whereas α- and γ-synuclein double-null
knockout mice were hyperactive due to the hyperdopaminergic phenotype detected by
two-fold increase in the extracellular concentration of dopamine after electrical stimulation
of striatum [18].

Considering that dopaminergic imbalance in the brain can be one of the determinants
of high alcohol motivation [19,20], and synucleins may be critically involved in regulation
of dopaminergic neurons [8] here we studied alterations in synucleins mRNA level in
specific brain areas of adult male and female rats affected by prenatal alcohol exposure. It
was of particular importance to focus on the sex-dependent alterations in gene expression
which might provide more insight into the problem of sex differences in response to alcohol
intake both in humans [21,22] and animal models of alcoholism [23,24].

2. Materials and Methods
2.1. Animals

Adult (postnatal day 60; PND60) male and female Wistar rats were supplied by
Stolbovaya Animal Farm (Moscow region, Russia) and group-housed 5 per a cage in
a 12/12-h light/dark cycle, 19–22 ◦C and 55% humidity with free access to water and
standard lab chow. Following a one-week acclimation period in the animal facility two
female rats were matched with one male for 72 h, thus the number of rats in one cage was 3
(2♀+ 1♂). In the current experiment conception occurred 1–2 days following male-female
pairing. After confirmation of pregnancy by the presence of a vaginal plug male partners
were removed and females were singly housed until giving birth. In this case, 20 female rats
were distributed into two groups equally (10 animals/group): ethanol-exposed (received
10% (v/v) ethanol as the only fluid, E2-birth, n = 10) and intact (received water as the
only fluid all the time, n = 10). A gestational period “E2-birth” is analogous to the first
two trimesters of human gestation [25]. The human third trimester equivalent occurs in
rodents following birth (PND 1–10) [26,27], thus, in accordance with the goal of the study
(prenatal alcohol exposure study) during this period, the offspring/dams did not receive
ethanol. Offspring were weaned at PND21 and housed 5 rats of the same sex in one cage.
At postnatal day 60 (PND 60) male and female offspring were divided into three groups and
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used for: (1) test for anxiety (“light-dark box”), (2) test for alcohol preference, (3) analysis of
mRNA expression. For each test we used equal number of rats per sex per litter from both
PAE and control groups. Each experimental group consisted of no more than 3 littermates.
A scheme of the experimental design is shown in Figure 1.
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Figure 1. Scheme of the experimental design. EtOH—ethanol. PAE—prenatal alcohol exposure.
PND—postnatal day.

2.2. Two-Bottle “10% Alcohol vs. Water” Choice Drinking Paradigm (Voluntary
Alcohol Consumption)

At PND 60 rats were housed individually in standard cages (43.5 × 28 × 16 cm) and
presented with 2 bottles containing diluted ethanol (10% v/v) and the other containing
water, providing a 24-h continuous free-choice alcohol access. Alcohol and water intake
were carefully measured by weighing the bottles every 24 h at 8 a.m. (0.1 g accuracy).
The calculated parameters were daily intake levels of water, 10% Alcohol and total fluid.
Alcohol preference was estimated as a ratio of 10% Alcohol vs. total daily fluid consumed
(10% Alcohol/Alcohol + water). There were four groups: control male offspring from intact
dams (C-m, n = 11), PAE male offspring (PA-m, n = 10), control female offspring from intact
dams (C-f, n = 8), PAE female offspring (PA-f, n = 10).

2.3. Light-Dark Box

Anxiety-like behavior was measured via light-dark box test (TSE, Berlin, Germany).
Each rat was initially placed in the middle compartment (length× width × height,
13 × 21 × 35 cm) and monitored for 15 min in the box with free choice to move be-
tween and within brightly illuminated (left) and dark (right) compartments (both 21 ×
21 × 35 cm). The following parameters were detected for each of the box compartments:
number of entrances (full-body transitions between chambers), total distance, and the total
spent time. There were four groups: control male offspring from intact dams (C-m, n = 9),
PAE male offspring (PA-m, n = 9), control female offspring from intact dams (C-f, n = 9),
PAE female offspring (PA-f, n = 9).

2.4. Tissue Collection

The animals from control male offspring from intact dams (C-m, n = 9), PAE male
offspring (PA-m, n = 9), control female offspring from intact dams (C-f, n = 9) and PAE
female offspring (PA-f, n = 9) were euthanized by decapitation and the following brain
morphological structures were isolated on ice: hippocampus (HPC), hypothalamus (HPY)
and midbrain (MID). The structures were immediately frozen in liquid nitrogen.

2.5. RNA Extraction, cDNA Synthesis and Quantitative RT-PCR

Total RNA was extracted using Extract RNA (Evrogen, Moscow, Russia) according to
the standard phenol-chloroform protocol. DNAse (Thermo Scientific, Mundelein, IL, USA)
was used for RNA purification and 1µg of total RNA was used for cDNA synthesis. Reverse
transcription was performed using the MMLV-RT kit (Evrogen, Moscow, Russia) with
random hexamer primers. Gene expression levels were analysed via real-time polymerase
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chain reaction (qRT-PCR) using qPCRmix-HS SYBR (Evrogen). The reaction was carried
out in a BioRad CFX96 thermal cycler (Bio-Rad Laboratories Inc., California, USA). Relative
gene expression values were obtained by using 2−∆∆CT method with β-actin as a reference
gene. Primer sequences are shown in Table 1.

Table 1. Oligonucleotide sequences for primers used in the qRT-PCR.

Gene
Primers

Forward Reverse

β-actin 5′-cactgccg-catcctcttcct-3′ 5′-aaccgctcatt-gccgatagtg-3′

Snca (α-synuclein) 5′-tgtcaagaaggaccagatg-3′ 5′-caggctcatagtcttggtag-3′

Sncb (β-synuclein) 5′-agttccccacagacctgaag-3′ 5′-ttacgcctctggctcgtattc-3′

Sncg (γ-synuclein) 5′-aaacatcgtggtcaccacc-3′ 5′-tctagtctcctccactcttg-3′

2.6. Data Analysis

The data were represented as the mean ± standard deviation (SD) and analyzed with
the Statistica 12 software (StatSoft Inc., Tulsa, OK, USA). The datasets were tested for
normality with the Shapiro-Wilk test (W-test) and the parametric analysis was applied
if p > 0.05. The data obtained in the “alcohol intake” test were analyzed with repeated
measures ANOVA. For the other data sets the two-way ANOVA was applied. The post-hoc
Duncan’s multiple range test was used when appropriate.

3. Results
3.1. Observation of Pregnant Dam and Offspring

The mean maternal ethanol consumption was recorded daily throughout pregnancy
and was 2.6 ± 0.72 g/kg per 24 h. This moderate ethanol exposure did not affect maternal
weight gain and pregnancy outcomes—litter size, number of pups born, postnatal mortality
or offspring birth weight compared to control group (data not shown).

3.2. Voluntary Alcohol Consumption

Alcohol drinking groups had access to 10% ethanol and water in two-bottle-choice
paradigm for 7 days.

Statistically significant impact of PAE (F1,35 = 4.5, p = 0.04), sex (F1,35 = 13.7, p = 0.007),
and interaction of alcohol consumption dynamics and sex (F6,210 = 3.8, p = 0.001) on alcohol
consumption were found (Figure 2a). Estimation of daily ethanol intake indicated that C-f
group of rats demonstrated higher alcohol consumption at Days 1, 2, 4, 5, and 6 (264%,
p = 0.004; 209%, p = 0.009; 200%, p = 0.005; 314%, p = 0.004; 152%, p = 0.03, respectively)
compared to C-m rats. The differences between the PA-f and PA-m groups were not found.
At the same time, there was apparent difference in ethanol consumption between PAE and
control (naïve) males, but not between PAE and naïve females. PA-m rats demonstrated
significantly higher alcohol consumption at Day 3 and Day 7 of the experiment (180%,
p = 0.04 and 135%, p = 0.009, respectively) compared to C-m rats. Among all experimental
groups only PA-m rats showed a 101% (p = 0.0005) increase in alcohol consumption from
Day 1 to Day 7 of the experiment.

Effects of PAE (F1,35 = 8, p = 0.008), sex (F1,35 = 14.5, p = 0.006), and interaction of alcohol
preference dynamics and sex (F6,210 = 5.7, p = 0.00002), alcohol consumption dynamics, PAE
and sex (F6,210 = 2.2, p = 0.04) on alcohol preference were found (Figure 2b). Estimation
of daily drinking activity indicated that female rats in both PAE (only at the beginning of
testing) and C groups prefer ethanol to water to a greater extent than males. C-f group of
rats demonstrated higher alcohol preference at Days 1, 2, 4, 5, and 6 (249%, p = 0.007; 215%,
p = 0.008; 196%, p = 0.008; 331%, p = 0.003; 146%, p = 0.046, respectively) compared to C-m
rats. The differences between the PA-f and PA-m groups were somewhat less pronounced:
PA-f group of rats demonstrated higher alcohol preference at Day 1—on 94% (p = 0.03),
but lower at Day 7—(41%, p = 0.025) compared to PA-m rats. At the same time, there
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was apparent difference in the percentage preference for ethanol between PAE and naïve
males, but not between PAE and naïve females. PA-m rats demonstrated significantly
higher alcohol preference at Day 3 and Day 7 of the experiment (200%, p = 0.02 and 178%,
p = 0.0005, respectively) compared to C-m rats. Along with the detected increase in alcohol
consumption, PA-m rats showed a 133% (p = 3 × 10−6) increase in alcohol preference from
Day 1 to Day 7 of the experiment, whereas for other groups, no statistically significant
change in the dynamics of alcohol preference was found.
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Figure 2. Two-bottle-choice paradigm. Data present as mean ± SD. (a)—alcohol consumption, g/kg
of absolute ethanol per day; (b)—alcohol preference, coefficient: the ratio of alcohol consumed
volume to total volume of alcohol and water consumed. C-m—male naïve rats, n = 11; PA-m—male
PAE rats, n = 10; C-f—female naïve rats, n = 8; PA-f—female PAE rats, n = 10. Rats were provided
with 24 h/day access to two-bottle choice drinking (one bottle contained 10% alcohol, the other
contained water) for 7 days. Asterisk (*) indicates a significant difference between naïve and PAE rats
of the same sex: *—p < 0.05, ***—p < 0.001; post hoc Duncan’s test. Hash (#) indicates a significant
difference between groups of the same name of different sex: #—p < 0.05; ##—p < 0.01; post hoc
Duncan’s test. Ampersand (&) indicates a significant difference between Day 1 and Day 7 inside a
group: &&&—p < 0.001; post hoc Duncan’s test.
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3.3. The “Light-Dark Box” Test

The following statistically significant differences were found in the “light-dark box”
test: number of entries into the dark compartment (F1,32 = 6.1, p = 0.02; PAE and sex factor
interaction), distance in the dark compartment (F1,32 = 4.2, p = 0.049; PAE and sex factor
interaction), number of entries into the middle compartment (F1,32 = 8.2, p = 0.007; PAE and
sex factor interaction). An effect of PAE (F1,32 = 5.8, p = 0.02) and PAE and sex factor interaction
(F1,32 = 6.6, p = 0.015) was found, when total distance in all compartments was analyzed.

There were no significant differences between PA-m and C-m rats. At the same
time, PA-f rats characterized by lower number of entries (66.5%, p = 0.03, Figure 3a) and
distance (67%, p = 0.01, Figure 3b) in the dark compartment, number of entries into the
middle compartment (70%, p = 0.015, Figure 3c) and total distance in all compartments
(70%, p = 0.002, Figure 3d) compared to C-f rats. Meanwhile, C-f rats demonstrated higher
number of entries into the middle compartment (143%, p = 0.01) and total distance in all
compartments (126%, p = 0.03) compared to C-m rats.
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Figure 3. Light-dark box. Data present as mean + SD. (a)—entries into the dark compartment; (b)—
distance in the dark compartment, scores; (c)—entries into the middle compartment; (d)—total distance
travelled in all compartments, scores. C-m—male naïve rats, n = 9; PA-m—male PAE rats, n = 9; C-f—
female naïve rats, n = 9; PA-f—female PAE rats, n = 9. Asterisk (*) indicates a significant difference between
naïve and PAE rats of the same sex: *—p < 0.05; post hoc Duncan’s test. Hash (#) indicates a significant
difference between groups of the same name of different sex: #—p < 0.05; post hoc Duncan’s test.
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3.4. Synucleins mRNA Expression

In HPC effect of PAE (F1,32 = 7.7; p = 0.009) and sex (F1,32 = 135; p = 5.29 × 10−13)
factors on α-synuclein mRNA level was found. The expression level of Snca was 25.7% lower
(p = 0.0046) in PAE-m mice compared to C-m mice. At the same time, both groups C-f and
PAE-f have, respectively, 78% (p = 0.00006) and 60% (p = 0.00006) lower expression level of Snca
compared to C-m and PAE-m mice groups, respectively. When mRNA level of β-synuclein
was analyzed, only sex effect was found (F1,32 = 89; p = 9.4 × 10−11). Both C-f and PAE-f
groups of mice had, respectively, 69% (p = 0.00006) and 62% (p = 0.00006) lower β-synuclein
mRNA level compared to corresponding groups of male mice: C-m and PAE-m, respectively.
The analysis of Sncg expression level revealed significant effects: PAE (F1,32 = 21; p = 0.00006),
sex (F1,32 = 45; p = 1.4 × 10−7) and PAE-sex interaction (F1,32 = 13; p = 0.0009). The expression
level of Sncg was 132% higher (p = 0.0001) in PAE-m mice compared to C-m mice. At the
same time, both C-f and PAE-f groups of mice had, respectively, 49% (p = 0.046) and 71%
(p = 0.00006) lower mRNA expression level of β-synuclein compared to corresponding groups
of male mice: C-m and PA-m, respectively (Figure 4a).
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Figure 4. The mRNA expression levels of synucleins. (a)—the hippocampus; (b)—the hypothalamus;
(c)—the midbrain. The corresponding members of the synuclein family are indicated by Latin letters:
α, β and γ. C-m—male naïve rats, n = 9; PA-m—male PAE rats, n = 9; C-f—female naïve rats, n = 9;
PA-f—female PAE rats, n = 9. Asterisk (*) indicates a significant difference between naïve and PAE
rats of the same sex: *—p < 0.05; **—p < 0.01; ***—p < 0.001; a post hoc Duncan’s test. Hash (#)
indicates a significant difference between groups of the same name of different sex: #—p < 0.05; ##—
p < 0.01; ###—p < 0.001; post hoc Duncan’s test.
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In HYP effect of sex (F1,32 = 11.5; p = 0.002) on β-synuclein mRNA expression level
was found. The expression level of Sncb was 116% higher (p = 0.001) in C-f mice compared
to C-m group of mice. The analysis of Sncg expression level revealed significant effect of
only PAE (F1,32 = 5.4; p = 0.03). γ-synuclein mRNA level was 51% (p = 0.02) lower in PAE-f
group compared to C-f group of mice (Figure 4b).

In MID effect of PAE (F1,32 = 10.6; p = 0.003), sex (F1,32 = 27; p = 0.00001) and their inter-
action (F1,32 = 14.6; p = 0.0006) on α-synuclein mRNA content was found. The expression
level of Snca was 44% lower (p = 0.0002) in PA-m mice compared to C-m mice. At the same
time, the expression level of Snca was 56% lower (p = 0.00006) in C-f mice compared to
C-m group of mice. For β-synuclein mRNA statistically significant interaction of PAE and
sex effects was found (F1,32 = 5.3; p = 0.028). A tendency to increase in β-synuclein mRNA
level (26%, p = 0.055, Duncan post-hoc test; p = 0.038, Fisher LSD post-hoc test) in PAE-m
group compared to C-m group of mice was detected (Figure 4c).

4. Discussion

In humans, ethanol exposure during pregnancy is one of predictive factors of future
ethanol use in the offspring [28]. Rodents exposed to alcohol prenatally are also known
to exhibit high ethanol preference as well as neurodevelopmental, physiological, and
behavioral deficits reviewed in [25,29]. We showed that prenatal ethanol exposure increased
ethanol consumption and ethanol preference in the male but not in female offspring
compared to controls. Moreover, PAE males demonstrated progressive escalation of ethanol
consumption and preference of male offspring. Previous studies have shown that prenatal
ethanol exposure may influence the acceptance of ethanol’s taste. The authors suggested
that prenatal ethanol increases the risk to be engaged in alcohol abuse later in life because
of increased preference for ethanol’s smell and taste [30]. No effect of sex of the pups on
sensory responsiveness was revealed, which allowed to pool the data for both sexes [31].
Surprisingly, we found striking differences in voluntary alcohol consumption between the
sexes as a response to prenatal alcohol exposure. Importantly, females of control group
drank more alcohol than males. These data are in line with previously reported results of
tests for alcohol intake in rats using different experimental paradigms [32]. Earlier studies
suggested that sex differences in ethanol intake in rats may be due to the sex differences in
brain dopamine systems believed to mediate ethanol’s reinforcing properties [33].

Here we asked whether fetal ethanol exposure can alter mRNA expression of presy-
naptic proteins—α-, β- and γ-synuclein known to be involved in regulation of dopamine
release particularly in the mesolimbic system. We focused on three brain areas critically
involved in mechanisms of alcohol-associated long-term effects—HPC, HYP and MID.
Unexpectedly, PAE males had lower level of Snca expression in HPC and MID compared
to control males, whereas no effect of PAE was found for female offspring. Interestingly,
both control and PAE (to a much lesser extent) females demonstrated significantly higher
levels of alcohol preference and lower levels of Snca expression in HIP and MID compared
to males. Sex-associated difference in Snca expression in the brain may be explained by the
effect of sex hormones including estrogen [34]. However, effect of PAE can be attributed
to epigenetic alterations such as Snca intron 1 methylation [35]. Indeed, the inhibition of
methylation in this region of Snca resulted in increased mRNA expression, while hyperme-
thylation had the opposite effect [35]. One of the mechanisms involved in the regulation
of Snca expression is dependent on the activity of DNA (cytosine-5)-methyltransferase 1
(DNMT1) [36]. This assumption is consistent with the previous results, which showed
DNMT1 mRNA level is increased in the mesolimbic areas of adult PAE male rats [37].
Thus, our current data testifies that α-synuclein may be among the targets of prenatal
alcohol and suggests that sex-specific long-term changes in Snca expression may impact
the manifestation of neurobehavior disorders caused by PAE. We hypothesized several
possible mechanisms behind this, which we will consider below.

It is known that α-synuclein knock-out mice have hyperdopaminergic phenotype,
and knock-out of both α- and γ-synuclein genes potentiates this effect [18]. It has been
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estimated that the level of knockdown of endogenous α-synuclein correlates with the
amount of nigral neuron loss [38]. On the contrary, decrease in α-synuclein mRNA using
siRNA treatment did not cause any dramatic changes in survival of dopamine neurons or
monoamine metabolism in primates [39]. These conflicting results probably reflect different
levels of reduction in endogenous α-synuclein. Notably, transgenic rats overexpressing the
full-length human Snca locus are also characterized by age-dependent degeneration of the
dopaminergic system, which is preceded by the hyperdophaminergic phenotype at young
age [40]. Despite early ideas about the exclusive role of the hypodopaminergic status, it
is currently believed that both hypo- and hyperdopaminergia are states of vulnerability
to relapse and increase context- and cue-induced alcohol-seeking behavior [41–43]. At
the same time, literature data indicate that alcohol-dependent subjects are characterized
by bidirectional changes in the content of α-synuclein [9,10]. Thus, a decrease in Snca
expression and the predicted subsequent imbalance of the dopaminergic system may lead
to a reduction in reward threshold and an increase in both alcohol preference at first
presentation and the risk of relapse in the future.

A change in Snca expression was detected in HPC—one of the most-explored brain
areas involved in complex processes such as learning and memory and emotional behav-
ior [44]. Effects of alcohol on HPC are dependent on the developmental stage, producing
pronounced alterations during gestation. It is well established that children with FASD
show impaired cognition and intellectual abilities, deficient self-regulation, adaptive skills
and low ability to apply the learned rules and information in the new context [45]. Hip-
pocampal defects produced by maternal alcohol consumption during pregnancy had been
well described in rodents [46,47] and can be due to a decrease in the number of neurons, an
altered dendritic structure, and/or a reduced number of synapses [48,49]. In mice, an acute
ethanol exposure during synaptogenesis produces apoptotic neurodegeneration in specific
areas including HPC, cortex and striatum [50]. According to the findings from the animal
studies α-synuclein plays an important role in the early development of synapses [51]
and might act as a modulator of the size of the presynaptic vesicular pool in HPC [52].
Importantly, α-synuclein is highly expressed in the excitatory synapses marked by vesicular
glutamate transporter-1 [53,54] and believed to be involved in mobilization of glutamate
from the reserve pool [55]. Since glutamate plays a principle role in alcohol seeking, alcohol
addiction and relapse [56–58] and chronic alcohol treatment promotes abnormal synaptic
transmission that may lead to hippocampal cell death resulted from glutamate excitotoxic-
ity after ethanol withdrawal [59]. Taking into account that α-synuclein knockout mice have
cognitive impairments [60] we can suggest that the identified effect of downregulation of
α-synuclein mRNA in HPC, perhaps, may be partly responsible for cognitive deficit which
is typical for PAE offspring [61,62].

MID became another brain structure in which a change in the expression of Snca was
detected. According to our previous data downregulation of α-synuclein mRNA expression
was detected in MID of adult male rats with high initial ethanol preference [63]. It is known,
a loss of α-synuclein due to the low mRNA expression or pathological aggregation may
increase DA synthesis [64]. As mentioned above, this shift of the DA homeostasis to the
hyperdopaminergic status may be partly responsible for hyperactivity reported in animal
models of PAE [65].

We did not find any differences between PAE and control males in unconditioned
anxiety-like behavior in the light-dark box. These results do not contradict the literature
data, showing no significant differences in anxiety between PAE and control rats, but a
pronounced increase in anxiety level in PAE males subjected to postnatal chronic mild
stress [66]. At the same time, we observed decreased anxiety level in PAE females compared
to control females. It should be noted that we observed this effect of PAE using the
“light-dark box” test and further studies are needed to confirm the effects of PAE using a
wider range of behavioral tests related to anxiety including open field and elevated plus
maze. There is not much data on synucleins and anxiety behavior. It had been found that
expression of α-synuclein is increased in the hippocampus HPC of rats with high levels
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of innate anxiety [67], however α-synuclein knock-out mice had similar to naïve mice
anxiety level [68]. It looks likely that changes in α-synuclein expression are not critically
involved in modulation of anxiety-related behavior. On the contrary, γ-synuclein knock-out
mice characterized by decreased state anxiety and have enhancing exploratory behavior
and cognitive abilities in several behavior paradigms [69], and γ-synuclein mRNA level
was decreased in the HYP of PAE female rats. Thus, γ-synuclein may be responsible for
alterations of emotional status of PAE female rats.

Compare to α-synuclein β- and γ-synucleins are largely understudied in the field of
neuronal basis of alcohol and drug addiction. The majority of studies used overexpression
or knock-out of these genes and meet difficulties in interpreting the data. It was found, that
β-synuclein is upregulated in MID of mice lacking alpha-synuclein, γ-synuclein, or both α-
and γ-synuclein, γ-synuclein is upregulated in mice lacking both α- and β-synuclein [70].
Even though deficiency of α-synuclein cannot be completely compensated by other mem-
bers of the family [71], transcriptional activation β-synuclein in MID and γ-synuclein
in HPC can be suggested as neuroadaptive mechanism. However, the opposite effect is
also possible. It has been shown that increased expression of β- and γ-synuclein reduces
synaptic vesicle binding of α-synuclein [72]. Relying on data that loss of α-synuclein could
contribute to synaptic dysfunction in the aging brain [73], changes in the expression of β-
and γ-synuclein in male PAE offspring can be interpreted as a synergistic effect leading to
more pronounced synaptic dysfunction. At the same time, overexpression of γ-synuclein
decreases DA neurotransmission in the nigrostriatal and mesocortical pathways, and in-
creased γ-synuclein levels in the midbrain DA system correlated with an impaired cognitive
function [74], which are typical for PAE offspring.

5. Conclusions

Our data show sex-specific changes in alcohol preference and mRNA expression of
synucleins in rats prenatally exposed to alcohol. These facts point to the idea that alcohol
consumption during gestation could alter the mechanisms of synaptic vesicle trafficking
and neurotransmission in the selected brain areas, and these alterations could manifest
during adulthood. Finding out how PAE changes the gene-environment interactions and
determines behavioral profiles of adults including postnatal vulnerability for developing
patterns of alcohol use and abuse appears to be a major goal of animal models in future
research.
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