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A B S T R A C T

Background: Prenatal alcohol exposure (PAE) induces a wide range of neurodevelopmental disabilities that are 
grouped under the term ‘fetal alcohol spectrum disorders’ (FASD). The effects of PAE on brain development are 
dependent on complex neurochemical events, including modification of AMPA receptors (AMPARs). We have 
recently found that chronic ethanol (EtOH) exposure decreases AMPA-mediated neurotransmission and 
expression through the overexpression of the specific microRNA (miR)137 and 501-3p, which target GluA1 
AMPA subunit, in the developing hippocampus in vitro. Here, we explored how PAE mice may alter AMPAergic 
synapses in the hippocampus, and its effects on behavior.
Methods: To model PAE, we exposed C57Bl/6 pregnant mice to 10 % EtOH during during the first 10 days of 
gestation (GD 0–10; equivalent to the first trimester of pregnancy in humans). AMPA subunits postsynaptic 
expression in the hippocampus, electrical properties of CA1 neurons, memory recognition, and locomotor 
functions were then analyzed in adolescent PAE-exposed offspring.
Results: PAE adolescent mice showed dysregulation of AMPAergic neurotransmission, and increased miR 501-3p 
expression, associated with a significant reduction of spontaneous AMPA currents and intrinsic somatic excit
ability. In addition, PAE reduced the phosphorylation of AMPAR-containing GluA1 subunit, despite an increase 
in its total levels. Of note, the total levels of GluA2 and GluA3 AMPA receptors were enhanced as well. 
Consistently, at behavioral level, PAE reduced object recognition without altering locomotor activity.
Conclusions: Our study shows that PAE leads to dysfunctional formation of AMPAergic synapses that could be 
responsible for neurobehavioral impairments, contributing to the understanding of the pathogenesis of FASD.

1. Introduction

Prenatal alcohol exposure (PAE) affects brain development, 
increasing the risk for negative outcomes that persist into adulthood, 
resulting in delayed neurodevelopment and impairment of cognitive 
functions including mental retardation (Charness et al., 2016; O’Leary 
et al., 2013). Since there is no safe amount level of PAE (Charness et al., 
2016), the international guidelines recommend zero alcohol during 
pregnancy (National Health and Medical Research Council, 2020). 

However, recent epidemiological studies report that about 10 % of 
pregnant women are exposed to alcohol worldwide (Popova et al., 2018, 
Popova et al., 2017) causing the occurrence of birth defects grouped 
under the term fetal alcohol spectrum disorders (FASD). FASD is a global 
public health problem, with an estimated prevalence in the general 
population of about 1–2 cases per 1000 individuals (1 % to 20 % among 
children) (May et al., 2015; Popova et al., 2023). PAE can interfere with 
both embryonic and fetal development, producing a wide range of 
outcomes, such as characteristic facial dysmorphology, growth 
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deficiencies, neurocognitive deficits, self-regulatory and adaptive func
tion impairments (Anthony et al., 2010; Bower et al., 2013; Lisdahl 
et al., 2013; Mattson et al., 2011; Murawski et al., 2015; Norman et al., 
2009; Spadoni et al., 2007). These effects largely depend on the pattern 
of exposure, which varies based on the amount, frequency, duration and 
timing of exposure (Wozniak et al., 2019). Studies on animals indicated 
that ethanol (EtOH)-induced facial dysmorphology patterns are corre
lated and depend on the level of EtOH exposure (Lipinski et al., 2012), 
particularly during the initial gestational period (Godin et al., 2010; 
Kietzman et al., 2014; Sulik et al., 1981).

The effects of PAE on brain development rely on multiple mecha
nisms, including glutamate neurotransmission and mitochondrial func
tion, disruption of neuronal-glial interactions (Darbinian et al., 2021; 
Rubert et al., 2006), and inflammatory changes (Kane and Drew, 2021), 
which are particularly vulnerable to alterations during the develop
mental stage. Additionally, PAE may promote alteration of epigenetic 
gene regulation and selected microRNAs (miRNAs) expression 
(Cantacorps et al., 2019; Gutherz et al., 2022; Mews et al., 2019). 
Exposure to EtOH during key stages of fetal development can lead to 
significant alterations in miRNA expression profiles, contributing to the 
pathophysiology of FASD. For example, studies have identified the 
downregulation of miRNAs such as miR-21, miR-9, and miR-153 in 
response to EtOH exposure, which can interfere with normal neuronal 
development and function (Sathyan et al., 2007; Balaraman et al., 
2013). Moreover, decreased expression of miR-335 and miR-9 has been 
reported in developing PAE fetus (Sathyan et al., 2007), while brain 
upregulation of miR-26b induced by PAE has shown also to target the 
cannabinoid receptor 1 (Stringer et al., 2013). Moreover, other reports 
have revealed that these miRNA changes can impair critical processes 
like neurogenesis, synaptic plasticity, and neural network formation 
(Pappalardo-Carter et al., 2013; Tsai et al., 2014). Interestingly, long 
term alcohol consumption by fathers also affects the offsprings mental 
health (Ricci et al., 2017; Anifandis et al., 2014). Collectively, these 
effects result in altered neural circuits and decreased neuronal plasticity 
that are responsible for mental defects in adulthood. Nowadays, there is 
no cure for FASD children, and the exploration of the brain mechanisms 
altered in response to PAE becomes fundamental to better understand
ing how homeostatic imbalance and different long-term neuro
behavioral impairments become manifest.

Interestingly, the role of AMPA receptors (AMPARs) was recently 
highlighted in PAE-induced brain alterations. In fact, fetal EtOH expo
sure leads to decreased AMPA receptor-mediated synaptic transmission 
in CA1 neurons (Bellinger et al., 2002; Puglia and Valenzuela, 2009; 
Wijayawardhane et al., 2007). Moreover, it has been shown that anir
acetam, an allosteric modulator of AMPARs, improves AMPAR- 
mediated neurotransmission and reverses learning and memory defi
cits induced by PAE in adolescent rats (Vaglenova et al., 2008; 
Wijayawardhane et al., 2008, Wijayawardhane et al., 2007). However, 
the mechanisms underlying EtOH-induced changes in AMPAR func
tionality are poorly investigated. In this regard, we recently proposed a 
mechanism by which EtOH alters the expression of AMPA (Gerace et al., 
2023, Gerace et al., 2016). Specifically, immature organotypic hippo
campal slices displayed downregulation of postsynaptic AMPARs, 
through a mechanism involving mGlu5-dependent translational 
repression of the AMPA subunit GluA1 and the upregulation of miR 137 
and 501-3p that specifically target GluA1.

In the present paper, we examined the effects of PAE on hippocampal 
AMPAR functionality in C57Bl/6 adolescent mice from a molecular, 
electrophysiological and behavioral point of view. To this end, we 
generated an in vivo model of PAE based on the literature (Kaminen- 
Ahola et al., 2010b, Kaminen-Ahola et al., 2010a; Petrelli et al., 2018), 
in order to resemble alcohol consumption during gestation in women. 
Indeed, the drinking patterns observed in among 10 % of pregnant 
women worldwide (Popova et al., 2017) indicate that around 54 % drink 
during the first trimester, when women may not know they are pregnant 
or have unplanned pregnancies (Muggli et al., 2016), thus making the 

first gestational period at high risk of harmful PAE. Therefore, C57Bl/6 
pregnant mice were exposed to 10 % EtOH during gestation and AMPA 
subunits protein postsynaptic expression, electrical properties of CA1 
neurons, recognition memory, and locomotor functions were then 
analyzed in the hippocampus of adolescence offspring.

2. Materials and methods

Male and female C57Bl/6 mice were obtained from Charles River 
(MI, Italy). Animals were housed at 23 ± 1 ◦C under a 12 h light-dark 
cycle (lights on at 07:00). Standard laboratory diet and tap water were 
provided ad libitum. The experimental protocol was approved by the 
Italian Ministry of Health (Authorization number 545/2018) and 
adhered to the European Communities Council Directive 2010/63/EU 
for the use of laboratory animals.

2.1. Materials

Unless otherwise specified, reagents were purchased from Merck 
(Saint-Louis, MO, USA). The following NMDA and GABA antagonists 
were used: D/L-APV (50 μM) and Gabazine (10 μM; Tocris Bioscience, 
Bristol, UK). For electrophysiological experiments, all drugs were 
diluted from 100 to 1000× stock solutions to the final concentration in 
the recording artificial cerebrospinal fluid (aCSF).

2.2. Prenatal ethanol exposure (PAE) protocol in mice

The PAE protocol was adapted with minor modifications from 
(Kaminen-Ahola et al., 2010b). For the present study, C57Bl/6 male and 
female mice were mated during the weekend and then separated in 
different cages. Pregnant mice (n = 8) were exposed to 10 % (v/v) 
voluntary consumption of EtOH solution during gestation (GD 0–10) 
(equivalent to the first trimester of pregnancy in humans). Control 
(CTRL) mice (n = 8) were given water instead of EtOH. Pregnant females 
were allowed free access to the drinking bottle and food at all times. 
Mice and drinking tubes were weighed daily to monitor intake. EtOH 
intake was calculated as grams of 100 % EtOH solution consumed in 24 
h/mouse weight (g/kg). (Supplementary fig. 1). Each pregnancy pro
duced approximately 6–7 littermates, which were then divided into 
subgroups and used for biochemical (protein expression and miRNA 
dosage), electrophysiological and behavioral experiments.

2.3. Craniofacial dysmorphology

The offspring were analyzed for craniofacial dysmorphic features, to 
characterize the phenotype of these animals (n = 13 pups randomly 
selected from 3 different litters). The images were acquired at postnatal 
day 1 (PND) by a Canon 1100 D model camera, equipped with Canon EF- 
S 55–250 mm lens + extension tubes (13 + 21 + 31 mm, with high 
resolution accompanied by graph paper. For each mouse, the following 
images were acquired: full frontal view (to measure nose width and 
external and internal eye distance), left or right lateral profile (to mea
sure length and skull width). A total of 5 morphometric measurements 
were performed for each animal. Facial measurements were achieved by 
taking reference parameters previously studied for FASD diagnosis in 
humans (Murawski et al., 2015) and adapted from the work of (Anthony 
et al., 2010). All 2D images were acquired using a Canon 1100 D camera, 
equipped with a Canon EF-S 55–250 mm lens + extension tubes (13 +
21 + 31 mm). The analysis of the facial measurements was carried out 
using an image analysis program (Image-Pro Plus, Media Cybernetics), 
which allowed us to quantify the morphometric measurements outlined 
above in the areas of interest. The measurements were expressed in 
millimeters, through the calibration of the software on graph paper. The 
individual values obtained from the measurements per animal were then 
expressed as mean ± SEM and the statistical significance of the differ
ences between the two groups (CTRL, n = 13 and PAE, n = 13) was 
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evaluated using the Student’s unpaired t-test (Supplementary fig. 2).

2.4. Growth curve

Offspring were left with their mothers until weaning (at 4 weeks of 
age) weighed and monitored daily. The growth curve was assessed by 
measuring body weight expressed in grams. Mice (CTRL = 50 and PAE 
= 52) were weighed once a week from the first day after birth to PND 28. 
The values obtained from the weighing of each animal were expressed 
individually and as mean ± SEM for each point in the timeline (0 PND, 7 
PND, 14 PND and 28 PND) (Supplementary fig. 3). The statistical sig
nificance of the differences between the two groups (controls, n = 50 
and PAE, n = 52) was assessed using the Mann-Whitney U test.

2.5. Preparation of midbrain slices and electrophysiological recordings

Control (n = 8) and PAE (n = 8) mice (30 PND) were anesthetized 
with isoflurane and decapitated for brain collection. Midbrain hori
zontal slices (250 μm) containing the hippocampi were cut with a 
vibroslicer (Leica VT1000S, Leica Microsystem, Wetzlar, Germany) in a 
slicing solution composed of (in mM): NMDG (92), HEPES (20), glucose 
(25), NaHCO3 (30), NaH2PO4 (1.25), KCl (2.5), MgSO4 (10), CaCl2 
(0.5). The solution was ice-cold and carbo‑oxygenated with a 95 % O2 
+ 5 % CO2 gas mixture. Slices were allowed to recover in a low-calcium 
aCSF solution, composed of (in mM): NaCl (130), KCl (3.5), NaH2PO4 
(1.25), NaHCO3 (25), glucose (10), CaCl2 (1) and MgSO4 (2), at 
34–35 ◦C with constant oxygenation for about 1 h before the experi
ment. Slices were individually transferred to the recording chamber of 
the patch clamp set up and continuously perfused with warm 
(32–33 ◦C), carbo‑oxygenated aCSF solution, composed of (in mM): 
NaCl (130), KCl (3.5), NaH2PO4 (1.25), NaHCO3 (25), glucose (10), 
CaCl2 (2) and MgSO4 (1). Patch pipettes were made from thin-walled 
borosilicate capillaries (Harvard Apparatus, London, UK) with a verti
cal puller (Narishige PP830, Narishige International Ltd., London, UK) 
back-filled with the following intracellular solution (in mM): K+ Glu
conate (120), KCl (15), HEPES (10), EGTA (0.1), MgCl2 (2), Na2Ph
osphoCreatine (5), Na 2GTP (0.3) and MgATP (2), resulting in a bath 
resistance of 3–5 MΩ for the recording of spontaneous excitatory post
synaptic currents (sEPSCs). Signals were sampled at 10 kHz and low- 
pass filtered at 3 kHz with an Axon Multiclamp 700B (Molecular De
vices, Sunnyvale, CA, USA). The slice was visualized with an inverted 
microscope (Nikon Eclipse E600FN) equipped for infrared video- 
microscopy. All data were analyzed using pCLAMP (Axon Instruments) 
and GraphPad Software (San Diego, CA). The NMDA receptor blocker 
AP5 (10 μM) and the GABA blocker gabazine (10 μM) were added to the 
external solution to isolate sEPSCs AMPAergic currents. Moreover, the 
passive properties of CA1 neurons were evaluated in CTRL and PAE 
hippocampi by measuring membrane capacitance, membrane resis
tance, and resting membrane potential. Finally, to study the effects on 
the whole intrinsic excitability, increasing steps of depolarizing current 
(from − 10 pA to 210 pA, Δ 20 pA, 500 msec stimulus) were imposed in 
current-clamp configuration to CA1 neurons to measure the number and 
threshold of evoked action potentials (APs).

2.6. Real-time PCR (qPCR) for miR-501-3p expression

miRNA from hippocampi were extracted as previously described in 
(Gerace et al., 2023). Total RNA was isolated from mice hippocampi 
(CTRL = 9 and PAE = 9) using the TRIzol Reagent (Invitrogen) ac
cording to the manufacturer’s instructions. RNA was quantified by using 
the NanoPhotometer® (Implen, Munich, Germany) measuring the 
absorbance at 260 nm. cDNA was synthesized using the miRCURY LNA 
RT kit (Qiagen, Hilden, Germany). cDNA samples were stored at − 20 ◦C. 
RT-quantitative PCR (qPCR) was performed using miRCURY LNA SYBR 
Green PCR kit (Qiagen) according to the manufacturer’s instructions. 
The following primers from miRCURY LNA miRNA PCR Assays were 

used: (mir-501-3p: GeneGlobe ID - YP00205037, Quiagen; RNU6b: 
GeneGlobe ID - YP00203907, Qiagen). The analyses were performed 
using the Rotor-Gene Q thermal cycler (Qiagen). Each sample was tested 
in triplicate. RNU6b was selected as reference due to its stability across 
samples. The calculation of relative expressions was performed using the 
2 − ΔΔCt formula.

2.7. Preparation of protein extracts and western blot analyses

Another batch of mice (CTRL = 6 and PAE = 6), exposed to the same 
protocol described in 2.2, was used for molecular analysis and animals 
rapidly decapitated at PND30. Proteins from hippocampi were extracted 
as previously described with minor modifications (Caffino et al., 2018; 
Gerace et al., 2023, Gerace et al., 2021). Briefly, mice hippocampi were 
homogenized in a teflon-glass homogenizer in cold 0.32 M sucrose 
buffer pH 7.4 containing 1 mM HEPES, 1 mM MgCl2, 1 mM NaHCO3 
and 0.1 mM PMSF, in presence of commercial cocktails of protease 
(Roche) and phosphatase (Sigma-Aldrich) inhibitors and an aliquot of 
each homogenate was then sonicated. The remaining homogenate was 
centrifuged at 13,000g for 15 min obtaining a pellet. This pellet was 
resuspended in a buffer containing 75 mM KCl and 1 % Triton X-100 and 
centrifuged at 100,000g for 1 h. The resulting pellet, referred as post- 
synaptic density (PSD) or Triton X-100 insoluble fraction (TIF), was 
homogenized in a glass–glass potter in 20 mM HEPES, protease and 
phosphatase inhibitors and stored at − 20 ◦C in presence of glycerol 30 
%. Total proteins have been measured in the total homogenate and in 
the TIF fraction according to the Bradford Protein Assay procedure (Bio- 
Rad Laboratories, Italy), using bovine serum albumin as calibration 
standard. Equal amounts of proteins of the homogenate (6 μg) and of TIF 
fraction (5 μg) were run on criterion TGX precast gels (Bio-Rad Labo
ratories) under reducing conditions and electrophoretically transferred 
onto nitrocellulose membrane (Bio-Rad Laboratories). The entire 
nitrocellulose blot was cut close to the molecular weight at which pro
tein bands are expected to be detected, as indicated by their specific 
molecular weight and the information depicted in the antibody data
sheet. Blots were blocked 1 h at room temperature with I-Block solution 
(catalogue number: # T2015, Life Technologies, Italia, Italy) in TBS +
0.1 % Tween-20 buffer and incubated with antibodies against the pro
teins of interest. The conditions of the primary antibodies were the 
following: anti mGluR5 (1:1000, Millipore, RRID: AB_2295173); anti 
GRIP (1:2000, Synaptic System, RRID: AB_10804287); anti GluA1 
(1:1000, Cell Signaling Technologies, RRID: AB_2732897); anti 
phospho-GluA1 S831 (1:1000, Cell Signaling Technologies, RRID: 
AB_2113594); anti GluA2 (1:1000, Cell Signaling Technologies, RRID: 
AB_10622024); anti GluA3 (1:1000, Merck Millipore, RRID: 
AB_2113897); anti SAP97 (catalogue number: #ab2057181:1000; 
Abcam); anti Rab5 (1:1000, Cell Signaling Technologies, RRID: 
AB_832625); anti Rab11 (1:1000, Cell Signaling Technologies, RRID: AB 
_10693925); anti vGluT1 (1:1000, Cell Signaling Technologies, RRID: 
AB_2732897); anti GLT1 (1:1000, Merck Millipore, RRID: AB_941782); 
anti xCT (1:1000, Abcam, RRID: AB_943744) and anti β-Actin (1:10.000, 
Sigma, RRID: AB_477593). Results were standardized using β-actin as 
the control protein, which was detected by evaluating the band density 
at 43 kDa. Immunocomplexes were visualized by chemiluminescence 
using the Chemidoc MP Imaging System (RRID: SCR_019037, BioRad 
Laboratories) and analyzed using the Image Lab software (Bio-Rad 
Laboratories). Gels were run three times each, and the results represent 
the average from two different runs. A correction factor was used to 
average different gels: correction factor gel B = average of (OD protein 
of interest/OD b-actin for each sample loaded in gel A)/(OD protein of 
interest/OD β-actin for the same sample loaded in gel B); correction 
factor gel C = average of (OD protein of interest/OD b-actin for each 
sample loaded in gel A)/(OD protein of interest/OD b-actin for the same 
sample loaded in gel C) (Caffino et al., 2018). Full-size original cropped 
immunoblots related to the protein expression levels evaluated in the 
study are presented in supplementary fig. 5 and representative 
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immunoblots for each protein are shown in Figs. 5, 6, 7.

2.8. Behavioral tests

2.8.1. Novel Object recognition test
This paradigm was performed as previously reported (Costa et al., 

2022; Provensi et al., 2016; Rani et al., 2021). Briefly, the novel object 
recognition (NOR) test consisted of 10 min habituation (T0) to the 
empty arena (45 × 45 × 50 cm), in which the animals familiarized with 
the test environment. The day after, the mice were placed in the same 
arena containing two identical plastic objects (cubes or pyramids) for 5 
min (training session; T1) followed by a 5 min test session (T2) per
formed 1 h later, during which one of the familiar objects was replaced 
by a novel one. The position of the familiar and novel objects (left/right) 
was randomized to prevent biases. Exploration was defined as sniffing or 
touching the objects with the nose and/or forepaws. Sitting on or 
turning around the objects was not considered exploratory behavior. To 
analyze recognition memory, the exploration time (%) was calculated 
as: [Time exploring the novel object (s) X 100 / total time of objects 
exploration (s)]. The discrimination index (DI) is calculated as follows: 
[(Time spent Novel Object:Total exploration time)-(Time spent Familiar 
Object:Total exploration time) X 100]. Control animals are expected to 
spend more time exploring the novel object than the familiar one, as 
index of intact short-term memory. Mice behavior was filmed and videos 
analyzed by an experienced observer unaware of the treatments.

2.8.2. Open field
This paradigm was performed as previously reported in (Costa et al., 

2022; Rani et al., 2021). Mice locomotor activity and anxiety-like level 
were tested in an open arena (45 × 45 × 50 cm) where a virtual zone (20 
× 20 cm) was delimited in the center of the arena. Mice were allowed to 
freely explore the arena for 10 min. In between observations, the arena 
was cleaned with 30 % ethyl alcohol in water to remove possible scent 
cues left by the animal. Time spent and number of entries at the center 
and periphery of the open field and total distance travelled were 
measured and analyzed using the video tracking system Any-maze 
software (Any-Maze v7.15).

2.8.3. Sucrose preference test
Another batch of mice (CTRL = 13 and PAE = 9), exposed to the 

same protocol described in 2.2, was used for Sucrose preference test. The 
experimental paradigm was performed as previously reported in (Ilari 
et al., 2022). Mice were individually housed in single cages with 
continuous access to water for the first 2 days (habituation) and with 
continuous access to water and a solution of sucrose at 5 % (w/v) for the 
last 2 days (sucrose preference test). The bottles were weighed and 
switched every day, to prevent development of side preference. Sucrose 
preference was calculated as the intake of sucrose solution/total fluid 
intake (%).

2.9. Statistical analysis

Data are presented as means ± SEM of n experiments from inde
pendent animals. Data were analyzed using pCLAMP (Axon In
struments) and Prism 8 software (GraphPad Software, San Diego, CA, 
USA). The statistical significance of differences between Western blot 
optical densities, miRNA levels, body weight and craniofacial dysmor
phic features was evaluated by performing Student’s t-test or Mann- 
Whitney U test, as appropriate. For electrophysiological experiments 
and behavioral analysis, statistical significance was evaluated by per
forming Student’s t-test, or one- or two-way ANOVA followed by Bon
ferroni post hoc tests for unpaired samples and two-way ANOVA 
followed by Sidak’s post hoc tests for paired samples, as appropriate. 
Differences were considered significant for *p < 0.05, **p < 0.01, ***p 
< 0.001 and ****p < 0.0001. All statistical calculations were performed 
using GRAPH-PAD PRISM v.8 for Windows (GraphPad Software).

3. Results

In the present paper, C57Bl/6 pregnant mice were exposed to 10 % 
(v/v) voluntary EtOH during gestation (GD 0–10) and then, they were 
exposed to water for the rest of pregnancy (Fig. 1). The average daily 
consumption of EtOH intake resulted in 12.95 ± 0.91 g of EtOH/kg body 
weight/day (Supplementary Fig. 1). The offspring were then analyzed 
for craniofacial dysmorphic features. We observed only a slight reduc
tion of the nose length in PAE mice respect to controls (Fig. 2 and 
Supplementary Fig. 2). Unexpectedly, no differences were observed in 
the growth curve (expressed as body weight) between PAE and control 
mice (Supplementary Fig. 3), indicating that these animals did not 
display marked physical characteristics.

Significant changes were observed in the functional properties of 
hippocampal CA1 neurons from PAE adolescent mice compared to 
controls. Specifically, no differences were observed in the basal pa
rameters, such as membrane capacitance, membrane resistance and 
resting membrane potentials (Fig. 3, panel A), whereas a decreased 
number of total action potentials was found (AP) (Fig. 3, panel B and C), 
which did not affect the threshold (Fig. 3, panel D). In addition, both 
frequency and amplitude of AMPA sEPSCs were significantly decreased 
(Fig. 4), indicating a permanent impairment of the AMPAergic circuitry. 
Accordingly, we found that the expression of miR-501-3p (one of the 
microRNAs which translationally represses the AMPA subunit GluA1, 
Fig. 5, panel A), is upregulated in the hippocampi of PAE mice compared 
to CTRL (Fig. 5, panel B), indicative of defective expression and changes 
in subunit composition of AMPA channels. This effect was paralleled by 
increased expression of mGluR5 in PAE mice (Fig. 5, panel C).

Therefore, we analyzed the expression of the main AMPA subunits 
(GluA1, GluA2 and GluA3) and their specific scaffolding proteins (GRIP 
and SAP97), which anchor receptors at the membrane, thus allowing 
physiological neurotransmission, in the total homogenate (Supplemen
tary Table 1) and in the post-synaptic density (PSD). The expression of 
GluA1, GluA2 and GluA3 AMPAR subunits (Fig. 6, panel A, B and C) and 
their scaffolding proteins GRIP and SAP97 (Fig. 6, panel G and H) were 
enhanced in PAE mice compared to controls. In addition, in line with our 
electrophysiological results showing reduced amplitude of AMPA- 
isolated sEPSCs (Fig. 4), the phosphorylation (activation) levels of the 
GluA1 subunit were significantly decreased (Fig. 6, panel D), suggestive 
of AMPA dysfunction. To further understand whether PAE alters AMPA 
receptor subunit composition, we measured the GluA1/GluA2 and 
GluA2/GluA3 ratio in the postsynaptic density. PAE increased the 
GluA1/GluA2 ratio (Fig. 6, panel E), while no changes were observed in 
the GluA2/GluA3 ratio (Fig. 6, panel F). To investigate whether PAE- 
induced increase in AMPA receptor subunits localization in the PSD 
might involve endocytic mechanisms, we evaluated the expression of 
molecular determinants of intracellular vesicular trafficking related to 
AMPA endocytosis, i.e. Rab5, a GTPase required for membrane receptor 
internalization and early endosome generation, and Rab11, a marker for 
recycling endosomes (Zerial and McBride, 2001). Interestingly, both 
Rab5 (Fig. 6, panel I) and Rab11 (Fig. 6, panel L) expression levels were 
reduced in PAE mice, suggesting that the increased AMPA retention 
might be due to a PAE-induced alterations in the endocytotic machinery.

Furthermore, examining the expression of the main glutamate 
transporters (vGluT1, GLT1 and xCT), we found increased levels of both 
vesicular and astrocytic glutamate transporters, vGluT1 and GLT1, 
respectively (Fig. 7, panel A and B), thus suggesting that an increased 
release of glutamate is balanced by an increased reuptake, likely unaf
fecting glutamate concentration in the synaptic cleft. Conversely, the 
expression of the cystine/glutamate antiporter xCT, which mediates the 
uptake of extracellular cystine in exchange for glutamate, was signifi
cantly decreased in PAE hippocampi (Fig. 7, panel C), suggestive a 
reduced release of glutamate at extrasynaptic sites.

To unveil whether the observed molecular alterations might 
contribute to alter cognitive function, we performed the novel object 
recognition test, to assess short-term recognition memory in our 
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animals. PAE mice spent less time exploring the novel object than the 
familiar one compared to control animals, indicating that PAE impaired 
memory recognition (Fig. 8, panel C). These effects are not due to al
terations in general locomotor activity, indeed no differences were 
observed in the total distance travelled by PAE and control mice during 
the open field test (Fig. 9, panel B). Moreover, the time spent and the 
number of entries at the center (Fig. 9, panel E) and periphery zone 
(Fig. 9, panel D) of the open field arena were not different between the 
two groups, indicating that our mice did not manifest a significant state 
of anxiety. Finally, we performed the sucrose preference test and we 
found no differences in the haedonic tone between the two experimental 
groups (Supplementary Fig. 4).

4. Discussion

Our findings demonstrate that PAE causes molecular, electrophysi
ological and cognitive dysfunctions in the hippocampus of adolescent 
mice, adding a novel piece to the puzzle of the changes set in motion by 
PAE and corroborating our previous in vitro findings.

We generated an in vivo model of PAE, by exposing C57Bl/6 preg
nant mice to 10 % EtOH during gestation (GD 0–10). Under our exper
imental conditions, the animals do not display a marked phenotype, 
which is acceptable taking into consideration the wide range of FASD 
cases. Indeed, facial dysmorphology may not be prominent in FASD 
individuals and the morphological deficits observed early in life are 
often no longer recognizable (Wozniak et al., 2019). Specifically, we 
noted a minor decrease in nose length, with no notable variances in 
other morphological traits or in growth trajectory between PAE and 
control mice. However, despite the lack of gross changes, we found that 
PAE exerted a significant effect on cognition, as witnessed by a signifi
cant impairment in recognition memory. In fact, PAE mice spent less 
time exploring the novel object, indicating impaired recognition mem
ory, an effect that cannot be traced back to alterations in locomotor 
activity, as evidenced by the open field test. Impaired cognition has been 
already shown after PAE. In fact, it has been observed an increased 
escape latency in PAE offspring that persist in older pups (An and Zhang, 
2015; Gianoulakis, 1990; Matthews and Simson, 1998) as well as al
terations in avoidance learning and the object–place paired-associate 

Experimental paradigm:

Adapted from Kaminen-Ahola et al., 2010
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Fig. 1. Experimental protocol showing C57Bl/6 pregnant mice exposed to 10 % EtOH during gestation (GD 0–10; PAE) and then to water for the entire period of 
pregnancy or to water throughout the entire gestation period (CTRL). The offspring were then analyzed for: craniofacial dysmorphic feature (PND 1), growth curve 
(PND 0–28), protein expression in postsynaptic compartment and electrical properties from CA1 neurons (PND 28–30) and behavioral test to assess memory and 
locomotor activity (PND 40–55).
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task in rats (Mira et al., 2020; Sanchez et al., 2019). Furthermore, it has 
been shown that mice exposed to EtOH are predisposed to exhibit traits 
of anxiety and depression in adulthood (Abbott et al., 2016; Hellemans 
et al., 2010). Nevertheless, our PAE mice showed neither anxiety nor 
depression-like symptoms. However, we must consider that the open 

field test is not the best for measuring anxiety and that the sucrose test 
only reflects the more strictly hedonic aspect of depression and not other 
characteristic traits of this disease.

We found significant changes in the functional properties of hippo
campal CA1 neurons from PAE adolescent mice compared to controls. 
Specifically, we found a decreased number of the total AP, indicating a 
reduced neuronal excitability. Furthermore, examining the excitatory 
responses particularly focusing on AMPARs, whose activity is associated 
to learning and memory, we observed a significant reduction of both 
frequency and amplitude of AMPA sEPSCs in CA1 neurons, suggesting 
that PAE elicits a long-term impairment of the AMPAergic circuitry. 
Notably, these data confirm our previous in vitro results. In fact, 
immature organotypic hippocampal slice chronically exposed to EtOH 
during maturation display a significant reduction in either frequency or 
amplitude of AMPA-mediated synaptic transmission (Gerace et al., 
2023). The present data support that EtOH-induced repression of AMPA 
transmission is a long-lasting mechanism that is present and maintained 
in PAE litters. In addition, also the up-regulation of miR-501-3p in the 
hippocampus of PAE adolescent mice confirms our previous in vitro 
results (Gerace et al., 2023) pointing to the levels of miR-501-3p as a 
critical, long-term mechanism of PAE.

It is important to note that both electrophysiological and miRNA data 
are suggestive of defective expression and changes in the subunit 
composition of AMPA channels. Opposite to the EtOH-induced reduc
tion in the AMPA subunits observed in vitro, in vivo we found increased 
expression of AMPAR subunits in PAE hippocampi compared to controls, 
an effect similarly observed by other authors in comparable experi
mental conditions (Dettmer et al., 2003; Takahashi et al., 2021). In 
detail, increased GluA2 density was observed in cerebral cortex of 
guinea pigs exposed to alcohol during gestation (Dettmer et al., 2003) 
and alcohol enhanced AMPAR subunits in the dentate gyrus of adult rats 
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(Takahashi et al., 2021). These molecular alterations were correlated to 
attention (Louth et al., 2016) and cognitive (Vaglenova et al., 2008) 
deficits in offspring. Thus, we may suggest that such persistent increase 
in the expression of the main AMPA receptor subunits may result in 
exaggerated strengthening of synapses, thus overriding the physiolog
ical functioning of synaptic networks, leading to less plastic synapses 
and, ultimately, to impaired response in a cognitive-demanding test such 
as NOR.

Moreover, our electrophysiological and miRNA data are corrobo
rated by the reduced phosphorylation of the major AMPAR subunit 
GluA1. Notably, such reduction occurs despite the enhanced total levels 
of this subunit, strongly suggesting its inactivation. It is important to 
note that also the GluA2 and GluA3 AMPA subunits were significantly 
upregulated, suggesting an overall, long-lasting effect of PAE. Interest
ingly, when measuring the ratio GluA1/GluA2, we found an increase 
that may be indicative of a PAE-induced reorganization of AMPAR 
subunit composition; in fact, such effect may suggest a more excitable 
synaptic network since GluA1/GluA2 containing AMPA receptors move 
into the PSD as a consequence of synaptic plasticity to sustain neuronal 
activity (Shi et al., 2001). In addition, the increased ratio suggests that 
PAE has induced a switch toward GluA2-lacking AMPA receptors, in line 
with the strengthening of the synapses above mentioned. This is further 
substantiated by the evidence that the increased expression of AMPA 
receptors in the PSD is accompanied by an increased expression of their 
main scaffolding proteins GRIP and SAP97. This indicates that these 
receptors are tightly retained at the membrane thus preventing the 
normal shuttling between synaptic and extra-synaptic sites. Another 
piece of information in line with this interpretation derives from the 
evidence that PAE alters the mechanisms subserving endosomal sorting. 
In fact, the reduced expression of Rab5, a marker of early endosome that 
regulate AMPAR endocytosis (Bucci et al., 1992; Hausser and Schlett, 
2019) and Rab11, a key regulator of AMPAR recycling to the membrane 
surface to facilitate synaptic plasticity (Brown et al., 2007), further 
strengthen the possibility that the reduced AMPAR expression is pri
marily due to AMPAR internalization in the hippocampus of PAE mice, 
thus contributing to alter hippocampal synaptic properties.

The investigation of the effects of PAE on presynaptic glutamate 
mechanisms suggests an increase of glutamate evoked by increased 
levels of vGluT1; interestingly, this might be buffered by the increased 
reuptake into astrocytes mediated by the increased GLT1. This is 
important since we found increased expression of mGluR5 receptors, 
which are primarily expressed at extra-synaptic sites and astrocyte 

(Luján et al., 1996). Since mGluR5 positively regulates the expression of 
GLT1 (Vermeiren et al., 2005), it is tempted to speculate that PAE- 
induced expression of mGluR5 is a defensive strategy to counteract 
the increased glutamate release, as evidenced by vGluT1 up-regulation. 
This balance in glutamate homeostasis is further supported by the 
reduced expression of the Cystine/glutamate antiporter xCT− contrib
uting to lowering glutamate spillover at extra-synaptic sites (Bridges 
et al., 2012), thus preventing its excitotoxic activity.

In summary, our findings demonstrate that PAE causes a general 
dysregulation of the AMPAergic synapse, resulting in the formation of 
less functional AMPAergic synapses. The synaptic changes observed in 
our PAE model could represent an aberrant form of synaptic plasticity 
that may underlie hippocampal-dependent memory deficit. While our 
study integrates molecular, functional, and behavioral analyses, it also 
has some limitations. Although our experimental paradigms partially 
mimic the effects observed in children with PAE, exhibiting minimal 
physical changes but significant neurobiological alterations, it is worth 
noting that, in the present protocol, EtOH exposure in pregnant mice is 
voluntary, albeit restricted to a single bottle choice. Furthermore, we 
chose not to segregate males and females, as we did not detect notable 
functional or behavioral gender disparities. Additionally, despite we 
demonstrated in vitro a direct relationship between miRNA 501-3p and 
AMPARs, we cannot infer the same conclusion from this study; in fact, 
we lack the ability to elucidate the precise connection between the 
upregulated miR501-3p and the ineffective suppression of GluA1. We 
can hypothesize that PAE induces heightened expression of hippocam
pal miR-501-3p during the fetal stage, thereby constraining GluA1 
expression and proper AMPA neurotransmission in the early phases of 
life. Consequently, in an effort to rebalance the excitatory/inhibitory 
transmission, AMPAR subunits become overexpressed via reduced ac
tivity of the endocytic machinery; however, these newly formed 
AMPARs, an effect that persists at least until adolescence, exhibit 
dysfunctional properties that may contribute to alter synaptic plasticity, 
thus modifying the maturational trajectory of the brain and conse
quently impairing behavioral outputs. Further research is required to 
identify the temporal window of miR-501-3p to fully understand this 
intricate mechanism.

Overall, our findings provide valuable insights into the mechanisms 
induced by PAE and their associations with molecular, functional, and 
memory processes. These insights are crucial for understanding the long- 
term effects of PAE, including cognitive deficits, psychiatric disorders, 
and susceptibility to alcohol addiction in adulthood. Our results 

* *

Fig. 5. PAE-induced upregulation of miR-501-3p and mGluR5 protein expression in the hippocampus. (A) Graphical scheme representing a) the experimental 
timeline and b) the regulation of miR-501-3p induced by PAE in offspring. B) Real-time PCR was performed to assess miR-501-3p expression in the hippocampus of 
CTRL and PAE mice. Data are expressed as 2 − ΔΔCt. Bars represent the mean ± SEM of 9 hippocampi from independent mice. (Data are expressed as percentage of 
CTRL protein levels (white column). (C) mGluR5 protein expression was measured in the homogenate of PAE (N = 6) and CTRL (N = 6) hippocampi. Bars represent 
the mean ± SEM of six hippocampi from independent mice. *p < 0.05 versus CTRL (Mann-Whitney U test).
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Fig. 6. PAE alters the expression of AMPA subunits and related scaffolding proteins in the Post Synaptic Density (PSD) and of endosomal markers in the homogenate 
of the hippocampus. Experiments were conducted as described in Fig. 1. The main AMPA receptor subunits GluA1 (A), GluA2 (B) and GluA3 (C) and their specific 
scaffolding proteins glutamate receptor-interacting protein (GRIP; G) and synapse-associated protein 97 (SAP97; H) are significantly increased in the hippocampal 
PSD of PAE mice respect to CTRL. The GluA1 phosphorylation levels (D) were significantly decreased in PAE hippocampi versus CTRL. The ratio GluA1/GluA2 (E) 
but not GluA2/GluA3 (F) is significantly increased in PAE mice. Rab5 (I) and Rab11 (L) expression, markers of early and of recycling endosome respectively, was 
significantly reduced in the homogenate of PAE hippocampi. (M) Representative immunoblots of the proteins of interest are shown in the lower panel. Data are 
expressed as percentage of CTRL protein levels (white column). Bars represent the mean ± SEM of six hippocampi from independent mice **p < 0.01 and *p < 0.05 
versus CTRL (Mann-Whitney U test).
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underscore the importance of addressing PAE as it significantly in
creases the risk of psychiatric conditions, such as harmful alcohol use 
and psychostimulant addiction, in adolescents and adults (Wang et al., 
2019; Duko et al., 2020).
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