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a b s t r a c t

Alzheimer's disease (AD) is the most common cause of dementia, affecting approximately 50 million
people worldwide. Early life risk factors for AD, including prenatal exposures, remain underexplored.
Exposure of the fetus to alcohol (ethanol) is not uncommon during pregnancy, and may result in physical,
behavioral, and cognitive changes that are first detected during childhood but result in lifelong chal-
lenges. Whether or not prenatal ethanol exposure may contribute to Alzheimer's disease risk is not yet
known. Here we exposed a mouse model of Alzheimer's disease (3xTg-AD), bearing three dementia-
associated transgenes, presenilin1 (PS1M146V), human amyloid precursor protein (APPSwe), and hu-
man tau (TauP301S), to ethanol on gestational days 13.5e16.5 using an established binge-type maternal
ethanol exposure paradigm. We sought to investigate whether prenatal ethanol exposure resulted in a
precocious onset or increased severity of AD progression, or both. We found that a brief binge-type
gestational exposure to ethanol during a period of peak neuronal migration to the developing cortex
resulted in an earlier onset of spatial memory deficits and behavioral inflexibility in the progeny, as
assessed by performance on the modified Barnes maze task. The observed cognitive changes coincided
with alterations to both GABAergic and glutamatergic synaptic transmission in layer V/VI neurons,
diminished GABAergic interneurons, and increased b-amyloid accumulation in the medial prefrontal
cortex. These findings provide the first preclinical evidence for prenatal ethanol exposure as a potential
factor for modifying the onset of AD-like behavioral dysfunction and set the groundwork for more
comprehensive investigations into the underpinnings of AD-like cognitive changes in individuals with
fetal alcohol spectrum disorders.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
condition characterized clinically by cognitive impairment,
including memory and language deficits, and pathologically by
synaptic loss, tau neurofibrillary tangles, amyloid b plaques, and
glial activation (Hardy & Selkoe, 2002; Knopman et al., 2021;
Naseri, Wang, Guo, Sharma,& Luo, 2019). Alzheimer's disease is the
most common cause of dementia, currently affecting an estimated
50 million people worldwide, and cases are expected to triple by
2050 (Patterson, 2018). Both genetic and environmental factors

have been reported to increase the risk for developing AD, though
studies of environmental risk factors have largely focused on life-
style choices and comorbidities in adulthood (Edwards, Gamez,
Escobedo, Calderon, & Moreno-Gonzalez, 2019; Pimenova, Raj, &
Goate, 2018). In this light, early risk factors for AD remain largely
underexplored (Seifan, Schelke, Obeng-Aduasare,& Isaacson, 2015;
Yu et al., 2020). Identifying early risk factors for AD may contribute
to extending the period for modifying disease progression. In the
least, it will increase the time that affected individuals and their
potential caregivers have to plan for the future (Rasmussen &
Langerman, 2019).

Prenatal exposure to ethanol is common: One in 9 pregnant
women in the United States report having consumed ethanol in the
last 30 days and, of those, approximately one-third report binge
drinking (Denny, 2019). This exposure can result in considerable
physical, cognitive, and behavioral impairments in the progeny that
persist into adulthood (Wozniak, Riley, & Charness, 2019).
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Outcomes following a prenatal exposure to ethanol depend upon
factors such as drinking pattern, dose, and timing of ethanol
exposure, all of which can contribute to developing fetal alcohol
spectrum disorder (FASD) (Jacobson et al., 2021; May & Gossage,
2011; Wozniak et al., 2019). Individuals with FASD experience
challenges in learning, memory, language skills, and comprehen-
sion, which contribute to difficulties in academic performance, as
well as social and professional challenges across their lifespans
(Davis, Gagnier, Moore, & Todorow, 2013; Mattson, Crocker, &
Nguyen, 2011; Rasmussen, 2005).

Alcohol exposure during adulthood is a risk factor for AD pa-
thology in humans (Heymann et al., 2016; Huang, Zhang, & Chen,
2016; Koch et al., 2020; Peng et al., 2020). Remarkably, many
cognitive impairments identified in FASD individuals are reminis-
cent of those identified as early-life risk factors for AD. Indeed,
there is a growing appreciation that prenatal ethanol exposuremay
also increase risk for developing adult-onset diseases, including
heart disease, type II diabetes, autoimmune diseases, and certain
cancers (Lunde et al., 2016; Moore & Riley, 2015). However,
whether prenatal ethanol exposure may influence any aspect of AD
pathogenesis during aging is not yet known. In this study, we asked
whether and how prenatal exposure to ethanol might be a risk
factor for contributing to the development or progression, or both,
of AD.

We examined the effects of a brief ethanol exposure in utero on
spatial learning/memory, behavioral flexibility, synaptic function,
interneuron number, and the disposition of b-amyloid histopa-
thology in a transgenic mouse model of AD (3xTg-AD). We have
previously shown that an exposure to ethanol during embryonic
days (E) 13.5e16.5 results in altered neuronal migration, synaptic
activity, and behavior in neonatal, adolescent, and young adult
mice (Delatour, Yeh, & Yeh, 2019a, 2019b; Skorput, Gupta, Yeh, &
Yeh, 2015; Skorput, Lee, Yeh, & Yeh, 2019). Here we applied the
same prenatal ethanol exposure paradigm to pregnant 3xTg-AD
mice, which harbor three dementia-associated transgenes encod-
ing presenilin1 (PS1M146V), human amyloid precursor protein
(APPSwe), and human tau (TauP301S), under the Thy1 promoter
(Campsall, Mazerolle, De Repentingy, Kothary, & Wallace, 2002;
Oddo et al., 2003). In contrast to other mouse models of AD, 3xTg-
AD mice develop A-b and tau pathology concurrently with the
onset of spatial memory deficits by 6 months of age (Billings, Oddo,
Green, McGaugh, & LaFerla, 2005; Mastrangelo & Bowers, 2008;
Oddo et al., 2003). Notably, ethanol exposure has been reported to
modify both the AD neuropathology and behavior of adult 3xTg-AD
mice (Barnett et al., 2022; Hoffman et al., 2019; Mu~noz et al., 2015).
Based on findings in this study, we report that a brief prenatal
exposure to ethanol during a period of peak neuronal migration in
the embryonic cortex (embryonic day [E] 13.5e16.5) results in a
precocious emergence of spatial memory deficits and behavioral
inflexibility in 4-month-old 3xTg-AD mice, but does not exacerbate
their severity in 6-month-old 3xTg-AD mice. In addition, this pre-
cocious onset of behavioral abnormality is associated with changes
in synaptic connectivity and number of parvalbumin-expressing
(PVþ) GABAergic interneurons, and degree of b-amyloid deposi-
tion in the medial prefrontal cortex (mPFC). Thus, our findings
suggest that prenatal alcohol exposure may modify the suscepti-
bility of 3xTg-AD mice to the pathological progression of AD.

Methods

Transgenic mice

B6129SF1/J (B6129) (Jackson Labs #101045) and B6;129-
Tg(APPSwe,tauP301L)1Lfa Psen1tm1Mpm/Mmjax (3xTg-AD) mice
(MMRC# 034830-JAX) were bred and maintained following the

guidelines and procedures prescribed by NIH Guide for Animal Care
and Use, and approved by Dartmouth College's Institutional Care
and Use Committee. Animals were housed on a 12-h light/dark
cycle with light periods occurring between 7:00 AM and 7:00 PM.

Ethanol exposure paradigm and experimental timeline

In line with a previously described binge-type ethanol exposure
paradigm (Delatour et al., 2019a, 2019b; Skorput et al., 2015, 2019),
single pairs of male and female mice were housed overnight for
breeding with the following day designated as embryonic day (E)
0.5 (Fig. 1A).

Pregnant dams were allowed access ad libitum to either 5% (w/
w) ethanol in liquid diet or lab chow (5V5M, ScottPharma Solu-
tions) from E13.5 to E16.5. We have previously compared control
groups fed ad libitum with those pair-fed an isocaloric maltose
liquid diet and detected no significant differences (Cuzon, Yeh,
Yanagawa, Obata, & Yeh, 2008). Thus, for the sake of efficiency,
the pair-fed diet control group was excluded. Dams were weighed
and liquid diet was replaced daily, with water available ad libitum.
E13.5 to 16.5 is a critical gestational time span for the peak of
migration of primordial GABAergic interneurons and pyramidal
neurons into the cortical plate of the embryonic cortex (Batista-
Brito & Fishell, 2009; Clancy, Darlington, & Finlay, 2001).

3xTg-AD dams drank to a mean blood ethanol concentration
(BEC) of 49.17 mg/dL ± 14.03 mg/dL, as measured at 11:00 PM on
E15.5 using an Analox AM1 series III analyzer (Analox Instruments)
(Fig. 1B). Our previous assessment of transgenic mice on congenic
C57BL6J background using the same drinking paradigm resulted in
binge levels of ~80 mg/dL (Skorput et al., 2015). Background strain
dramatically affects ethanol preference, sensitivity, andmetabolism
(Bachmanov, Tordoff, & Beauchamp, 1996; Downing, Balderrama-
Durbin, Broncucia, Gilliam, & Johnson, 2009; Lim, Zou, Janak, &
Messing, 2012). In contrast to C57BL6J mice, 129/J mice tend to
have lower alcohol preference and are less susceptible to the
teratogenic effects of prenatal ethanol exposure, suggesting po-
tential differences in ethanol metabolism or genetic disposition.
Hybrid B6129mice also show decreased ethanol preference relative
to C57BL6J mice (Bachmanov et al., 1996; Downing et al., 2009; Lim
et al., 2012). Differences in ethanol preference, sensitivity or
metabolism could also account for the decreased BEC measured in
3xTg-AD dams, given their hybrid B6129 background, relative to
that attained by congenic C57BL6J transgenic mice.

After birth, mice were maintained to 4 months or 6 months of
age, then subjected to the 10-day Barnes maze behavioral testing
paradigm (see below). Following the 2-week behavioral testing, the
mice were sacrificed for electrophysiology and immunohisto-
chemistry experiments at ~4.5 and ~6.5 months, respectively
(Fig. 1A). Each animal was used for behavioral testing at a single
time point: 4 months or 6 months. Body weight did not differ be-
tween B6129 control or 3xTg-AD or 3xTg-AD þ EtOH experimental
cohorts at either 4-month or 6-month time points (two-way
ANOVA, F(2,50) ¼ 0.5151, 0.6006) (Fig. 1C).

Modified Barnes maze testing

Barnes maze testing was conducted as described by Skorput
et al. (2015, 2019), based on a modified Barnes maze protocol
(Koopmans, Blokland, van Nieuwenhuijzen, & Prickaerts, 2003).
The Barnes maze consists of 12 holes equally spaced around a
circumferential circular wall (diameter ¼ 95 cm), with spatial cues
(large red letters) between each hole. Briefly, mice were single-
housed for 3e7 days prior to initiation of the 10-day behavioral
testing paradigm. Mice underwent 4 days of training during which
they learned to associate escape from the maze through one of the
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12 holes, referred to as the “escape hole”, while all other holes were
plugged. This acquisition phase was followed by 2 days of rest, then
2 days of testing for memory of the original escape hole, followed
by 2 days of testing for reversal learning. In reversal learning, the
escape hole was reversed to the quadrant of the maze opposite
from the original escape hole (Fig. 2B). Memory of the escape hole
was reinforced by the anxiolytic effects of returning mice to their
home cage following completion of each trial. Escape holes were
assigned randomly to each individual mouse and changed between
mice completing testing during the same time period. Escape la-
tency and number of errors (nose pokes in a non-escape hole) were
recorded by blinded observers over 4 trials per mouse per day,
lasting until a mouse poked its nose into the escape hole or a
maximum of 4 min. An overhead video camera driven by video
tracking software (Videomex-one, Colburn Instruments) was used
to determine total distance traveled during each trial. At the
beginning of each trial, the mouse was placed at the center of the
modified Barnes maze and covered, with the cover removed at the
initiation of a given trial. Between trials, the mazewas cleaned with
Clidox (Pharmacal Research). Testing was completed daily between
9:00 AM and 12:00 PM at the beginning of the light period.

Electrophysiology

Behaviorally tested mice were anesthetized with 4% isoflurane
and euthanized by decapitation. The cerebral cortex was hemi-
sected, with the left half used for electrophysiology experiments
and the right half immerse fixed in 4% paraformaldehyde (PFA)/

0.1 M phosphate-buffered saline (PBS) for immunohistochemistry
experiments. The left hemisphere was cut to 250-mm sections with
a Leica vibratome in oxygenated (95% O2, 5% CO2) ice-cold cutting
solution ([in mM] 3 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 28
NaHCO3, 8.3 D-glucose, 110 sucrose, pH 7.4 [adjusted with 1 N
NaOH]), followed by at least a 1-h incubation at room temperature
in oxygenated artificial cerebrospinal fluid (aCSF) ([in mM] 124
NaCl, 5.0 KCl, 2.0 MgCl2, 2.0 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 D-
glucose, pH 7.4 [adjusted with 1 N NaOH]) prior to electrophysio-
logical recording.

Acute brain slices containing mPFC were placed in a custom-
made acrylic recording chamber maintained at 32 #C and contin-
uously perfused (0.5e1.0 mL/min) with oxygenated aCSF. Slices
were visualized using a fixed-stage upright fluorescence micro-
scope (Olympus BX51W1) with Hoffman Modulation Contrast op-
tics. Whole-cell recordings were conducted using a MultiClamp
700B amplifier (Axon Instruments), and borosilicate glass (Sutter
Instrument; OD: 1.5 mm; ID: 0.86 mm) recording electrodes were
pulled with a Flaming Brown Micropipette Puller (Sutter Instru-
ment Model P80 PC). The resistance of the recording pipettes
ranged between 7 and 10 MU as measured in bath aCSF.

A cesium methanesulfonate-based internal solution ([in mM]
130 Cs-methanesulfonate, 10 HEPES, 0.5 EGTA, 8 NaCl, 10 Na-
phosphocreatine, 1 QX-314, 4 Mg2þ ATP, and 0.4 Na þ GTP
adjusted to pH 7.3 with 1 N CsOH) was used for whole-cell
recording of spontaneous excitatory (sEPSC) and inhibitory
(sIPSC) postsynaptic currents from Layer V/VI pyramidal neurons in
the mPFC. sEPSCs and sIPSCs were isolated at holding potentials

Fig. 1. Experimental timeline, blood ethanol concentration (BEC) in 3xTg-AD pregnant dams, and group-dependent differences in body weight. (A) Pregnant 3xTg-AD dams were
exposed to ethanol during a period of peak tangential migration of GABAergic interneurons from the medial ganglionic eminence into the developing cortex: embryonic day (E)
13.5eE16.5. Mice were then aged to (a) 4 months or (b) 6 months, at which point they completed the 10-day modified Barnes maze testing paradigm. Subsequently, mice were
sacrificed in the 2 weeks following behavioral testing for immunohistochemistry and/or electrophysiology experiments at (c) 4.5 months or (d) 6.5 months. (B) Pregnant 3xTg-AD
dams drank liquid food containing ethanol (5% w/w) and yielded a mean BEC of 49.17 mg/dL at 11:00 PM on E15.5 (N ¼ 3 dams) when allowed on E13.5eE16.5, while BECs had
dropped to a mean of 2.66 mg/dL at 9:00 AM on E16.5 (N ¼ 2 dams) (C) Body weight did not differ significantly in 4-month-old mice: B6129 (empty black dots, N ¼ 6, n ¼ 6 M, 3
litters); 3xTg-AD (empty blue dots, N ¼ 11, n ¼ 4 F, 7 M, 3 litters); 3xTg-AD þ EtOH (empty red dots, N ¼ 7, n ¼ 4 F, 3 M, 2 litters); 6-month-old: B6129 (filled black dots, N ¼ 17,
n ¼ 9 F, 8 M, 5 litters); 3xTg-AD (filled blue dots, N ¼ 6, n ¼ 2 F, 4 M, 4 litters); 3xTg-AD þ EtOH (filled red dots N ¼ 12, n ¼ 3 F, 9 M, 5 litters). N ¼ total number of mice per group,
n ¼ total number of mice by sex: F (female), M (male).
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of $70 mV and 0 mV, respectively. Recordings were filtered with a
10-kHz low pass filter (Clampex Version 9.2) and digitized at
25 kHz (Digidata 1320A; Molecular Devices). Holding potential was
corrected for junction potential.

Average frequency, amplitude, and charge from 2-min epochs
after a 2-min baseline stabilization period at each holding potential
were determined using MiniAnalysis Software (Version 6.0, Syn-
aptosoft). Pyramidal neurons were identified in acute live brain
slices by the relatively large size and laminar location of their soma.
Each electrophysiologically recorded cell was also filled with
recording solution containing 2% neurobiotin (Vector Laboratories)
during recording (Fig. 3A, right panel). The slices containing

neurobiotin-filled neurons were fixed after processing as described
previously (Delatour et al., 2019b). Briefly, acute slices were fixed
overnight in 4% PFA/0.1 M PBS, cryopreserved overnight in 30%
sucrose/0.1 M PBS, permeabilized with 30% H2O2/0.1 M PBS,
blocked in 10% normal goat serum (NGS)/0.4% Triton X 100, and
incubated overnight at 4 #C in 10 mg/mL Streptavidin DyLight 594
(Vector Labs).

Immunohistochemistry, imaging, and image analysis

Following immersion fixation overnight in 4% PFA/0.1M PBS, the
right hemispheres were cryopreserved overnight first in 15%

Fig. 2. Prenatal ethanol exposure results in an earlier onset of spatial memory deficits in 3xTg-AD mice, as well as deficits in reversal learning. (A, B) 4-month-old and 6-month-old
mice completed the 10-day modified Barnes maze testing paradigm, consisting of a 4-day training phase, 2-day testing phase, and 2-day reversal phase (C, D) Mean latency to
correctly identify the escape hole (sec, n ¼ 4 trials) for B6129 (black dots connected by black lines), 3xTg-AD (blue dots connected by blue lines), and ethanol-exposed 3xTg-AD mice
(red dots connected by red lines) in 4-month-old (C) and 6-month-old mice (D). (E, F) Mean errors per trial (nose pokes not in the escape hole) for B6129 (black dots connected by
black lines), 3xTg-AD (blue dots connected by blue lines), and ethanol-exposed 3xTg-AD mice (red dots connected by red lines) in 4-month-old (E) and 6-month-old mice (F). (C)
* ¼ p < 0.05 B6129 vs. 3xTg-AD þ EtOH, ** ¼ p < 0.01 B6129 vs. 3xTg-AD þ EtOH, # ¼ p < 0.05 B6129 vs. 3xTg-AD, two-way repeated-measures ANOVA with Bonferroni post hoc
tests. For sample sizes by experimental group see Table 1.
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sucrose/0.1 M PBS, then 30% sucrose/0.1 M PBS. Thirty-micron
sections were obtained using a sliding microtome and collected
into 0.1 M PBS. Sections were permeabilized for 30 min by incu-
bating in 0.25% Triton X-100/10% NGS solution then overnight at
4 #C in primary antibody: rabbit anti-parvalbumin (Abcam,
ab11427, 1:1000) in 0.1 M PBS, or mouse anti-b amyloid (Ab), amino
acid residue 11e16/amyloid precursor protein (APP) (6E10, Bio-
Legend #803001, 1:200) in 0.25% Triton X-100/10% NGS. The
following day, sections underwent two 30-min washes in 1X PBS,

followed by overnight incubation in secondary antibody: goat anti-
rabbit Alexa Fluor-488 or goat anti-mouse Alexa Fluor-555 (Invi-
trogen, 1:1000) in 0.1 M PBS at 4 #C. Prior to mounting, sections
were washed overnight in PBS and counterstained with DAPI
(Roche, 10236276001). Sections were coverslipped with FluorSave
reagent (Millipore, 345789).

Images were captured by a CCD camera (Hamamatsu) using a
10 % 0.3 NA objective (Olympus) fit to a spinning disk confocal
microscope (BX61WI, Olympus) and digitized using cellSens

Fig. 3. Prenatal ethanol exposure decreases the frequency and increases the charge of spontaneous excitatory post-synaptic currents (sEPSCs) in the medial prefrontal cortex
(mPFC) of 4-month-old 3xTg-AD mice. (A, left panel) 40% magnification Hoffman Modulated Contrast image of a Layer V/VI pyramidal neuron in the mPFC from a 4-month-old
mouse during recording. (A, right panel) Image of a neurobiotin-filled pyramidal neuron after recording; scale bar ¼ 50 mM. (B) Representative traces recorded under whole-cell
voltage clamp of sEPSCs recorded at a holding potential $70 mV from Layer V/VI pyramidal neurons in acute mPFC slices from 4-month-old: B6129 (black), 3xTg-AD (blue), and
3xTg-AD þ EtOH (red) mice; scale bar ¼ 250 ms % 20 pA. (C) Cumulative distribution of sEPSC inter-event intervals (s) recorded from Layer V/VI pyramidal neurons of 4-month-old:
B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red). (inset): Mean sEPSC frequency of Layer V/VI pyramidal neurons of mPFC of 4-month-old: B6129 (black dots), 3xTg-AD
(blue dots), and 3xTg-AD þ EtOH (red dots) mice. (D) Cumulative distribution of sEPSC amplitude intervals (s) recorded in Layer V/VI pyramidal neurons of 4-month-old: B6129
(black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red). (inset): Mean sEPSC amplitude of Layer V/VI pyramidal neurons of mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue
dots), and 3xTg-AD þ EtOH (red dots) mice. (E) Mean sEPSC amplitude of Layer V/VI pyramidal neurons of mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-
AD þ EtOH (red dots) mice. (C) * ¼ p < 0.05, B6129 vs. 3xTg-AD þ EtOH, $ ¼ p < 0.05 3xTg-AD vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests (E)
*** ¼ p < 0.001, B6129 vs. 3xTg-AD þ EtOH, # ¼ p < 0.05, one-way ANOVA with Bonferroni post hoc tests. For all measures: B6129 (N ¼ 14 cells, n ¼ 4 F, 5 M, 6 litters); 3xTg-AD
(N ¼ 15 cells, n ¼ 5 F, 5 M, 6 litters); 3xTg-AD þ ETOH (N ¼ 15 cells, n ¼ 3 F, 7 M, 7 litters). N ¼ total number of cells per group (dots) from n ¼ total number mice by sex: F (female), M
(male).
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software (Olympus). Images were then montaged using Photoshop
CS2 software for a complete view of the mPFC, and cells were
counted using FIJI ImageJ Cell Counter analysis plug-ins by re-
searchers blinded to experimental group (Schindelin et al., 2012).
Cells were counted in 10 equivalent serial sections from the mPFC
defined rostrally by the slice where all five cortical layers of the
mPFC were first observable and caudally by the presence of the
corpus callosum. Relative APP/Ab fluorescence intensity in the
mPFC was assessed again from 10 serial sections from the mPFC,
using FIJI ImageJ software. Calculations of relative fluorescence
intensity were made as follows: relative fluorescence
intensity ¼ (APP/Ab fluorescence intensity $ Baseline fluorescence
intensity)/Baseline fluorescence intensity, where fluorescence
intensity ¼ raw integrated density/area or region of interest (mm2).
Baseline fluorescence intensity measurements were made per slice
for 10 equivalent serial sections.

Data analysis and statistics

Data derived from both male and female mice were pooled, and
analyses were performed by experimenters blinded to genotype,
exposure, and age of mice. Multifactor ANOVAs were performed
using IBM SPSS statistics (version 28.0.1.0), followed by one- or
two-way ANOVAs with Bonferroni post hoc tests where Bartlett's
test for equal variances indicated data experimental groups had
equal variances, and KolmogoroveSmirnov tests demonstrated
that data were normally distributed, while KruskalleWallis tests
with Dunn's multiple comparisons post hoc tests were used when
unequal variances were identified using GraphPad Prism (version
5.03). Repeated-measure ANOVAs were used to compare the per-
formance (escape latency, errors, and total distance traveled) of
individual mice over the course of the 4-day training, 2-day testing,
and 2-day reversal periods. For behavioral experiments and counts
of parvalbumin-immunoreactive cells, comparisons were made
between mice from at least three litters. For electrophysiology ex-
periments, comparisons were made between neurons from mice
from at least three litters, with no more than three neurons per
mouse. p < 0.05 was considered significant and group means pre-
sented as mean ± standard error of the mean for all analyses.

Results

Prenatal ethanol exposure results in precocious onset of spatial
memory deficits and alters reversal learning in 3xTg-AD mice
without exacerbating AD-like behavioral symptoms

The modified Barnes maze is a behavioral task that assesses
spatial learning, memory, and behavioral flexibility over the course
of three testing phases: training, testing, and reversal (Fowler et al.,
2013; Koopmans et al., 2003; Vetreno & Crews, 2012). During the
preliminary 4-day training phase, mice are asked to use spatial cues
to identify one of the 12 holes within the Barnes maze setup as an
“escape hole” (Fig. 2A and B). Following a 2-day break from expo-
sure to the maze, memory of the original escape hole is assessed
during the 2-day testing period. Mice are then asked during the
reversal phase to learn to identify a novel escape hole in the maze
placed on the opposite side of the original escape hole. Previous
work using the same 3-day ethanol exposure paradigm uncovered
a deficit in reversal learning in young adult (~2-month-old) mice in
themodified Barnesmaze task (Skorput et al., 2015, 2019). Here, we
tested 4- and 6-month-old B6129 (control), 3xTg-AD, and 3xTg-
AD þ EtOH (experimental) cohorts to assess age- and ethanol
exposure-dependent persistent deficits in spatial learning and
memory, and behavioral flexibility (Table 1; Fig. 2CeF).

At 4 months of age, neither the control (B6129) nor the exper-
imental groups (3xTg-AD or 3xTg-AD þ EtOH) displayed altered
escape latencies, total distance traveled (cm), or number of incor-
rect nose pokes (mean errors/trial) during the 4-day training
(acquisition) phase of the modified Barnes maze paradigm (two-
way repeated-measures ANOVA, escape latency: F(2,147) ¼ 2.630,
p ¼ 0.0822; total distance traveled: F(2,147) ¼ 2.064, p ¼ 0.1379;
errors: F(2,147) ¼ 3.067, p ¼ 0.0556) (Fig. 2C, E; Supplementary
Fig. 1A). Although the B6129 mice escaped the Barnes maze more
quickly than 3xTg-AD mice on Training Day 1 (B6129:
132.9 ± 15.39 s; 3xTg-AD: 184.6 ± 11.3 s, t ¼ 2.806, p < 0.05) and
trended toward an improved initial performance vs. 3xTg-
AD þ EtOH mice (179.9 ± 12.58 s), these data suggested that,
regardless of control or experimental groups, 4-month-old mice do
not differ significantly in their overall ability to learn to perform the
Barnes maze task.

Figure 2C illustrates that group-dependent differences in escape
latency became evident in 4-month-old mice during both testing
and reversal phases (two-way repeated-measures ANOVA, testing:
F(2,49) ¼ 4.881, p ¼ 0.0117; reversal: F(2,49) ¼ 4.397, p ¼ 0.0175).
Bonferroni post hoc tests revealed that, while B6129 and 3xTg-AD
mice differed on Testing Day 1 alone (B6129: 117.1 ± 11.38 s; 3xTg-
AD: 161.2 ± 13.52 s, t ¼ 2.565, p < 0.01), 3xTg-AD þ EtOH mice
required significantly more time to escape the Barnes maze on both
testing days relative to B6129 mice (Test Day 1:
B6129:117.1 ± 11.38 s;, 3xTg-AD þ EtOH: 165.9 ± 11.61 s, t ¼ 3.574,
p < 0.05; Test Day 2: B6129:112.3 ± 10.85 s; 3xTg-AD þ EtOH:
162.1 ± 10.57 s, t ¼ 2.583, p < 0.05) (Fig. 2C). In addition, the 3xTg-
AD þ EtOH cohort displayed increased escape latency relative to
B6129 mice on Reversal Day 1, pointing to a deficit in reversal
learning (Bonferroni post hoc, B6129: 88.74 ± 8.914 s; 3xTg-
AD þ EtOH: 152.9 ± 17.81 s, t ¼ 4.397, p < 0.01) (Fig. 2C). This in-
crease in escape latency was not accompanied by an overall in-
crease in the number of errors (F(2,49) ¼ 1.155, p ¼ 0.3234) (Fig. 2E),
but coincided with a decrease in total distance traveled by 3xTg-
AD þ EtOH mice relative to B6129 mice on Test Day 1 (two-way
repeated-measures ANOVA, testing: F(2,49) ¼ 3.529, p ¼ 0.037;
Bonferroni post hoc, B6129: 300.2 ± 25.72 cm; 3xTg-AD þ EtOH:
218.0 ± 33.23 cm, t ¼ 2.621, p < 0.05). No differences in total dis-
tance traveled were observed during the reversal phase
(F(2,49) ¼ 1.929, p ¼ 0.1562) (Supplementary Fig. 1A). These data
suggest that, in contrast to the unexposed 3xTg-AD mice, the
ethanol-exposed 3xTg-AD mice have more severe spatial memory
deficits and a deficit in reversal learning at 4 months.

Consistent with the performance of 4-month-oldmice, no group
differences in escape latency were identified in 6-month-old mice
during the training phase (two-way repeated-measures ANOVA,
F(2,147) ¼ 2.064, p ¼ 0.1379) or mean errors/trial (F(2,159) ¼ 1.364,
p ¼ 0.2645). This suggests that the ability to learn the Barnes maze
task was not altered in the 6-month-old experimental groups over
the 4-day acquisition phase (Fig. 2D). In addition, although they did
not differ in escape latency, 6-month-old mice did demonstrate
group-specific differences in total distance traveled during the
training phase (F(2,159) ¼ 13.82, p < 0.0001). Bonferroni post hoc

Table 1
Age, genotype/exposure, and sex of behaviorally tested animals

Age B6129 3xTg-AD 3xTg-
AD þ EtOH

F M F M F M

4 months 10 (3) 9 (3) 10 (3) 10 (3) 7 (3) 6 (3)
6 months 9 (3) 11 (3) 10 (3) 11 (4) 5 (3) 10 (3)

n (N) where n ¼ number of mice tested; N ¼ number of litters included.
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tests indicated that B6129 mice traveled significantly more than
3xTg-AD mice during Training Day 1 and 2 (Training Day 1: B6129,
550.4 ± 82.50 cm; 3xTg-AD, 240.9 ± 28.61 cm, t ¼ 5.726, p < 0.001,
t ¼ 2.565, p < 0.01; Training Day 2: B6129, 370.2 ± 37.88 cm; 3xTg-
AD, 222.6 ± 39.49 cm, t ¼ 2.731, p < 0.05), and 3xTg-AD þ EtOH
mice on Training Day 1 (3xTg-AD þ EtOH: 256.1 ± 36.38 cm,
t ¼ 4.982, p < 0.001) (Supplementary Fig. 1B).

In contrast to the 4-month-old mice, no significant differences
were detected in escape latency between B6129, 3xTg-AD, and
3xTg-AD þ EtOH mice during the testing and reversal phases,
although 3xTg-AD þ EtOH mice tended to display longer escape
latencies during testing and reversal phases (Testing Day 1:
138.5 ± 18.54 s; Testing Day 2: 155.7 ± 21.17 s, Reversal Day 1:
131.4 ± 16.88 s; Reversal Day 2: 122.9 ± 12.04 s) relative to B6129
mice (Testing Day 1: 127.5 ± 14.29 s; Testing Day 2: 127.3 ± 15.32 s;
Reversal Day 1: 93.39 ± 13.59 s; Reversal Day 2: 95.34 ± 13.24 s)
and 3xTg-AD (Testing Day 1: 138.5 ± 18.54 s; Testing Day 2:
132.1 ± 14.57 s; Reversal Day 1: 116.8 ± 12.04 s; Reversal Day 2:
126.4 ± 12.04 s) mice (Testing: F(2,53) ¼ 0.8528, p ¼ 0.5619;
Reversal: F(2,53) ¼ 2.136, p ¼ 0.1282) (Fig. 2D). No group-dependent
differences in total distance traveled or number of errors were
identified during the testing or reversal phases (Errors: Testing:
F(2,53) ¼ 0.8881, p ¼ 0.4175; Reversal: F(2,53) ¼ 1.069, p ¼ 0.3505;
Total distance traveled: Testing: F(2,53) ¼ 1.363, p ¼ 0.2646;
Reversal: F(2,53) ¼ 0.1803, p ¼ 0.8355) (Fig. 2F; Supplementary
Fig. 1B).

Overall, these data suggest that, although 6-month-old 3xTg-
AD þ EtOH mice tend to have the poorest performance during the
testing and reversal phases of the Barnes maze task, the differences
are less dramatic at 6 months than at 4 months of age. These
findings are consistent with the notion of a precocious appearance
of spatial memory deficits without exacerbating their severity in
3xTg-AD mice exposed prenatally to ethanol.

Ethanol exposure results in age-dependent changes in glutamatergic
and GABAergic synaptic inputs to Layer V/VI pyramidal neurons in
the mPFC

Synaptic loss and dysfunction precede the onset of the protein-
based biomarkers of AD and have been reported to be more pre-
dictive of cognitive performance than levels of tau or b-amyloid
deposition (Arendt, 2009; DeKosky & Scheff, 1990; Scheff, Price,
Schmitt, & Mufson, 2006; Selkoe, 2002). Our ethanol exposure
paradigm results in altered synaptic connectivity in the mPFC of
young adult mice (Skorput et al., 2015). Thus, we sought to deter-
mine whether there were differences in synaptic function between
B6129, 3xTg-AD, and 3xTg-AD þ EtOH mice. We recorded sponta-
neous postsynaptic glutamatergic (sEPSC) and GABAergic (sIPSC)
currents from layer V/VI pyramidal neurons in the mPFC of the
same 4-month-old and 6-month-old mice that were tested
behaviorally. Pyramidal neurons were identified online under
Hoffman Modulation Contrast optics based on their laminar loca-
tion and large size of the cell bodies relative to neighboring cells.
Their morphology was also confirmed post hoc following intracel-
lular filling with neurobiotin (Fig. 3A). Glutamatergic and
GABAergic sPSCs were isolated from individual cells by recording at
holding potentials of $70 mV and 0 mV, respectively, and analyzed
separately by age to explore the effects of prenatal ethanol on the
onset vs. progression of AD-related changes in synaptic
transmission.

Both mean sEPSC and sIPSC frequency were significantly
affected in pyramidal neurons recorded in the mPFC of 4-month-
old mice (one-way ANOVA, sEPSC frequency: F(2,40) ¼ 4.702,
p ¼ 0.0147; sIPSC frequency: F(2,40) ¼ 3.842, p ¼ 0.0298). However,
only sIPSC frequency was significantly affected at 6 months of age

(one-way ANOVA, sEPSC frequency: F(2,40) ¼ 1.984, p ¼ 0.1523;
sIPSC frequency: F(2,40) ¼ 5.822, p ¼ 0.0063) mice (Figs. 3C, 4A, 5A,
and 6A). Bonferroni post hoc tests indicated that cells from 4-
month-old 3xTg-AD þ EtOH mice displayed decreased sEPSC fre-
quency and a distinct rightward shift in the cumulative frequency
distribution, reflecting increased inter-stimulus interval (sEPSC
frequency: 4.649 ± 0.8420 Hz) relative to those recorded from
B6129 mice (sEPSC frequency: 8.044 ± 1.110 Hz, t ¼ 2.517, p < 0.05)
and 3xTg-AD mice (sEPSC frequency: 8.356 ± 0.9183 Hz, t ¼ 2.749,
p < 0.05) (Fig. 3A). sIPSC frequency differed between cells from 4-
month-old B6129 and 3xTg-AD þ EtOH mice, with cells from
3xTg-AD þ EtOH mice showing a decrease in frequency and a
rightward shift in the cumulative distribution of interstimulus in-
terval (B6129: 8.766 ± 0.8418 Hz; 3xTg-AD þ ETOH:
5.973 ± 0.5527 Hz, t ¼ 2.758, p < 0.05). sEPSC and sIPSC frequency
did not differ in cells recorded from 3xTg-AD (sEPSC frequency:
8.356 ± 0.9183; sIPSC frequency: 7.570 ± 0.7561 Hz) and B6129
mice (sEPSC frequency: 8.044 ± 1.110 Hz; sIPSC frequency:
8.766 ± 0.8418 Hz) (Fig. 4A).

In the mPFC of 6-month-old 3xTg-AD þ EtOH mice, Layer V/VI
pyramidal neurons trended toward decreased sEPSC frequency
(3.889 ± 09879 Hz) relative to B6129 (5.962 ± 0.9879 Hz) and
3xTg-AD mice (6.433 ± 0.1.028 Hz), but did not reach statistical
significance (Fig. 5A). sIPSC frequency significantly decreased in
3xTg-AD and 3xTg-AD þ EtOH mice (5.692 ± 0.6343 Hz and
5.23 ± 0.8729 Hz, respectively) relative to those monitored in 6-
month-old B6129 mice (9.055 ± 0.9925 Hz) (Fig. 6A). These data
suggest an age-dependent diminution of presynaptic GABAergic,
but not glutamatergic, inputs to mPFC pyramidal neurons in
3xTg-AD mice at both 4 and 6 months of age (Supplementary
Fig. 4).

Experimental condition significantly affected mean sIPSC
amplitude in 4-month-old mice (one-way ANOVA, F(2,40) ¼ 5.788,
p ¼ 0.0063), with cells from 3xTg-AD mice demonstrating an in-
crease in sIPSC amplitude and leftward shift in the cumulative
distribution of amplitude relative to cells recorded from both B6129
and 3xTg-ADþ EtOHmice (Bonferroni post hoc, 3xTg-AD vs. B6129:
t ¼ 2.903, p < 0.05; 3xTg-AD vs. 3xTg-AD þ EtOH: t ¼ 2.989,
p < 0.05) (Fig. 4B). By 6 months of age, though sIPSCs amplitudes
recorded from 3xTg-ADmice tended to be larger (16.35 ± 1.380 pA),
differences from B6129 (12.53 ± 0.5269 pA) and 3xTg-AD þ EtOH
(12.49 ± 0.6462 pA) mice were no longer significant (Krus-
kalleWallis test, p ¼ 0.0610) (Fig. 6B). sEPSC amplitude did not
differ in cells from either 4-month-old (B6129: 8.871 ± 0.4151;
3xTg-AD: 9.697 ± 0.5884 pA; 3xTg-AD þ ETOH: 8.808 ± 0.2695 pA)
or 6-month-old mice (B6129: 8.539 ± 0.4814 pA; 3xTg-AD:
8.526 ± 0.4833 pA; 3xTg-AD þ ETOH: 8.76 ± 0.5294 pA) (one-way
ANOVA, 4-month-old: F(2,40) ¼ 1.276, p ¼ 0.2903; 6-month-old:
F(2,40) ¼ 0.070, p ¼ 0.9329) (Figs. 3D and 5B). The increase in sIPSC
amplitude in 3xTg-AD mice relative to B6129 and 3xTg-AD þ EtOH
mice suggests that prenatal ethanol exposure may prevent layer V/
VI pyramidal neurons in 3xTg-AD mice from compensating for pre-
synaptic deficits related to AD pathology with an increase in the
number or function of postsynaptic GABAergic receptors.

Experimental condition also significantly affected the mean
sEPSC charge in layer V/VI mPFC pyramidal neurons from 4-month-
old mice (KruskalleWallis test, p < 0.0001). Layer V/VI pyramidal
neurons recorded from 4-month-old 3xTg-AD þ EtOH mice dis-
played a significant increase in charge relative to those from 3xTg-
AD mice and B6129 mice (3xTg-AD þ EtOH:, 36.67 ± 2.497 pA$ms;
3xTg-AD: 23.03 ± 2.497 pA$ms; B6: 19.65 ± 2.110 pA$ms; Dunn's
multiple comparison test, B6129 vs. 3xTg-AD þ EtOH, p < 0.001;
3xTg-AD vs. 3xTg-AD þ EtOH, p < 0.01). This increase in charge was
associated with significant increases in both rise and decay time in
cells from 4-month-old 3xTg-AD þ EtOH mice (rise time:
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2.887 ± 0.1267 ms; decay time: 2.981 ± 0.1817 ms) relative to those
from B6129 mice (rise time: 1.946 ± 0.1771 ms; decay time:
1.644 ± 0.1843ms) and 3xTg-ADmice (rise time: 2.160 ± 0.1764ms;
decay time: 1.798 ± 0.1484 ms), while sEPSC amplitude was unaf-
fected by experimental conditions at 4 months of age (one-way
ANOVA, rise time: F(2,40) ¼ 1.364, p ¼ 0.2683; decay time:
F(2,40) ¼ 2.428, p ¼ 0.1160; amplitude: F(2,40) ¼ 1.276, p ¼ 0.2903)
(Fig. 3D and Supplementary Figs. 2A and B). No group-dependent
effects were observed in sIPSC charge at 4 months (one-way
ANOVA, F(2,40) ¼ 1.364, p ¼ 0.1190), nor sEPSC or sIPSC charge at 6
months of age (KruskalleWallis test, sEPSC charge: p¼ 0.0625, one-
way ANOVA; sIPSC charge: p ¼ 0.0574) (Figs. 4C, 5C and 6C). The
differences in mean glutamatergic and GABAergic frequency,
amplitude, and charge were not accompanied by changes in the
overall excitatory:inhibitory ratio at either the 4-month or 6-month
timepoints (one-way ANOVAs, 4-month-old: frequency:
F(2,40) ¼ 2.512, p ¼ 0.0938; amplitude: F(2,40) ¼ 1.856, p ¼ 0.1679;
charge: F(2,40) ¼ 1.480, p ¼ 0.2398; 6-month-old: frequency:
F(2,40) ¼ 2.102, p ¼ 0.1366; amplitude: F(2,40) ¼ 3.079, p ¼ 0.0579;
charge: F(2,40) ¼ 0.8732, p ¼ 0.4260) (Supplementary Fig. 3).

Our results suggest that prenatal ethanol exposure hastens the
onset of deficits in presynaptic GABAergic inputs to Layer V/VI py-
ramidal neurons in the mPFC of 3xTg-AD mice (Supplementary
Fig. 4). In addition, ethanol-exposed 3xTg-AD þ EtOH mice lack
the postsynaptic changes to GABAergic synapses observed in 3xTg-
AD mice. The changes to GABAergic synaptic properties coincided
with a decrease in glutamatergic synaptic inputs.

3xTg-AD mice exposed prenatally to ethanol have fewer PVþ
GABAergic interneurons in the mPFC

Given the decrease in GABAergic synaptic inputs to Layer V/VI
mPFC pyramidal neurons in 3xTg-AD þ EtOH mice, we next asked
whether the number of GABAergic interneurons in the mPFC might
be affected by AD genotype and whether the differences would be
exacerbated by prenatal exposure to ethanol. We focused our
assessment on parvalbumin-expressing (PVþ) GABAergic in-
terneurons that play an essential role in cortical network activity
and cognitive function (Nahar, Delacroix, & Nam, 2021). GABAergic
interneurons are susceptible to both AD pathology and prenatal
ethanol exposure (Bird, Taylor, Pinkowski, Chavez, & Valenzuela,
2018; Cuzon et al., 2008; Madden et al., 2020; Marguet et al.,
2020; Skorput et al., 2015; Xu, Zhao, Han, & Zhang, 2020). In this
light, we assessed the disposition of PVþ interneurons in the mPFC
of 4- and 6-month-old behaviorally tested B6129, 3xTg-AD, and
3xTg-AD þ EtOH mice.

Both AD transgenes and prenatal ethanol exposure significantly
decreased the number of PVþ GABAergic interneurons in 4-month-
old mice (one-way ANOVA F(2,21) ¼ 8.426, p < 0.01). While a 29.1%
decrease in the number of PVþ GABAergic interneurons was
observed in 4-month-old 3xTg-AD mice (83.10 ± 8.1 cells) when
compared to their B6129 counterparts (117.3 ± 12.4 cells; Bonfer-
roni post hoc, t ¼ 2.668, p < 0.05), 3xTg-AD þ EtOH mice displayed
an even more dramatic decrease of more than 50% of PVþ cells
(58.52 ± 5.3 cells; Bonferroni post hoc, t ¼ 4.025, p < 0.01) (Fig. 7B).

Fig. 4. Prenatal ethanol exposure decreases the frequency of spontaneous inhibitory post-synaptic currents (sIPSCs) in the medial prefrontal cortex (mPFC) of 4-month-old 3xTg-AD
mice. (A) Representative traces of whole-cell voltage clamp recordings of sIPSCs recorded at a holding potential 0 mV from Layer V/VI pyramidal neurons in acute mPFC slices from
4-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red) mice; scale bar ¼ 250 ms % 20 pA. (B) Cumulative distribution of sIPSC inter-event intervals (s) recorded
Layer V/VI pyramidal neurons of 4-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red) mice. (inset): Mean sIPSC frequency of Layer V/VI pyramidal neurons of
mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (C) Cumulative distribution of sIPSC amplitude intervals (s) recorded from
Layer V/VI pyramidal neurons of 4-month-old B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red) mice. (inset): Mean sIPSC amplitude of Layer V/VI pyramidal neurons of
mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH mice (red dots). (D) Mean sIPSC amplitude of Layer V/VI pyramidal neurons of mPFC of 4-
month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (B) * ¼ p < 0.05, B6129 vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post
hoc tests. (D) # ¼ p < 0.05, 3xTg-AD vs. B6129, $ ¼ p < 0.05, 3xTg-AD vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests. For all measures: B6129 (N ¼ 14 cells,
n ¼ 4 F, 5 M, 6 litters), 3xTg-AD (N ¼ 15 cells, n ¼ 5 F, 5 M, 6 litters), and 3xTg-AD þ ETOH (N ¼ 15 cells, n ¼ 3 F, 7 M, 7 litters). N ¼ total number of cells per group (dots) from
n ¼ total number mice by sex: F (female), M (male).
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By 6 months of age, both 3xTg-AD (59.4 ± 5.3 cells, 24.2%
decrease) and 3xTg-AD þ EtOH (50.71 ± 4.8 cells, 35.3% decrease)
mice displayed decreases in PVþ GABAergic interneurons relative
to B6129 mice at 4 months (78.4 ± 9.6 cells; one-way ANOVA,
F(2,21) ¼ 4.514, p < 0.05). Differences at 6 months of age were less
pronounced, with only 3xTg-ADþ EtOHmice displaying significant
differences relative to control mice (Bonferroni post hoc, t ¼ 2.974,
p < 0.05) (Fig. 8A and B).

Our findings point to an earlier decrease in the number of PVþ
GABAergic interneurons in the mPFC of 3xTg-AD mice exposed
prenatally to ethanol. In addition, while the control B6129 mice
demonstrated a 33% loss of PVþ GABAergic interneurons in the
mPFC between 4 and 6 months of age (Bonferroni post hoc,
t¼ 3.247, p< 0.01), this age-dependent decrease is not significant in
the 3xTg-AD (28.5% decrease) and 3xTg-AD þ EtOH (13.3%
decrease) mice (Supplementary Fig. 4).

Prenatal ethanol exposure results in region-specific and cortical
layer-specific decreases in PVþ GABAergic interneurons in 3xTg-AD
mice

Different layers and regions of the mPFC differ dramatically in
cell composition and function, and afferent and efferent connec-
tions (Anastasiades & Carter, 2021). To assess whether AD pathol-
ogy and the effects of prenatal ethanol exposure on the number of
PVþ GABAergic interneurons in the mPFC might be specific to a
particular cortical layer (Layer I, II/II, V, or VI), or region (anterior

cingulate [ACC], prelimbic [PL], and infralimbic [IL]), as identified by
DAPI counterstaining, we first performed a three-way ANOVAwith
experimental group, region, and layer as factors. We identified a
significant experimental group % layer % region interaction
(F(30,504) ¼ 11.196, p < 0.05). Thus, cortical layer-specific differences
were assessed in each region of the mPFC at 4 months and 6
months using two-way ANOVAs with group and layer as factors.

A significant effect of experimental groupwas found in the PL and
IL regions of the mPFC in 4-month-old mice (PL: F(2,84) ¼ 7.338,
p ¼ 0.0012; IL: F(2,84) ¼ 14.46, p < 0.0001), but not in the ACC
(F(2,84) ¼ 2.199, p¼ 0.1173). Bonferroni post hoc analyses of 4-month-
old mice revealed significant differences in Layer V of the IL region
between both 3xTg-AD (7.608 ± 1.075 cells, t ¼ 3.450, p < 0.01) and
3xTg-ADþ EtOH (6.333 ± 1.537 cells, t¼ 3.896, p < 0.001) relative to
B6129 mice (12.07 ± 1.668 cells). Similarly, at 4 months, there were
significantly fewer cells in Layer VI of the IL region in both 3xTg-AD
(5.219 ± 0.88 cells, t ¼ 2.658, p < 0.05) and 3xTg-AD þ EtOH
(4.567 ± 1.061 cells, t ¼ 2.778, p < 0.05) relative to B6129 controls
(8.657 ± 1.243 cells) (Fig. 7C). Significant differences were also
observed between 4-month-old B6129 and 3xTg-ADþ ETOHmice in
Layer II/III of the ACC (B6129: 29.52 ± 10.05 cells; 3xTg-AD þ EtOH:
13.82 ± 5.135 cells, t ¼ 2.577, p < 0.05), PL (B6129: 15 ± 3.933 cells;
3xTg-AD þ EtOH: 7.517 ± 2.256 cells, t ¼ 2.840, p < 0.05), and IL
(B6129: 7.235 ± 0.6739 cells; 3xTg-AD þ EtOH: 3.45 ± 0.8902 cells,
t ¼ 2.571, p < 0.05) as well as Layer V of the PL regions (B6129:
14.08 ± 1.976 cells; 3xTg-AD þ EtOH: 7.233 ± 1.575, t ¼ 2.598,
p < 0.05) (Fig. 7C).

Fig. 5. Prenatal ethanol exposure does not alter the frequency, amplitude, or charge of spontaneous excitatory post-synaptic currents (sEPSCs) in the medial prefrontal cortex
(mPFC) of 6-month-old 3xTg-AD mice. (A) Representative traces of whole-cell voltage clamp recordings of sEPSCs recorded at a holding potential $70 mV from Layer V/VI pyramidal
neurons in acute mPFC slices from 6-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red) mice. (B) Cumulative distribution of sEPSC inter-event intervals (s)
recorded from Layer V/VI pyramidal neurons of 6-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red). (inset): Mean sEPSC frequency of Layer V/VI pyramidal
neurons of mPFC of 6-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (C) Cumulative distribution of sEPSC amplitude intervals (s)
recorded Layer V/VI pyramidal neurons of 6-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH mice (red). (inset): Mean sEPSC amplitude of Layer V/VI pyramidal
neurons of mPFC of 6-month-old B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (D) Mean sEPSC amplitude of Layer V/VI pyramidal neurons of mPFC
of 6-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. For all measures: B6129 (N ¼ 13 cells, n ¼ 4 F, 4 M, 5 litters), 3xTg-AD (N ¼ 13 cells,
n ¼ 4 F, 6 M, 3 litters), and 3xTg-AD þ ETOH (N ¼ 14 cells, n ¼ 4 F, 6 M, 5 litters). N ¼ total number of cells per group (dots) from n ¼ total number mice by sex: F (female), M (male).
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In 6-month-old mice, consistent with observations in their 4-
month-old counterparts, a significant effect of experimental
group was observed only in the PL and IL mPFC regions (PL:
F(2,84) ¼ 11.18, p < 0.0001; IL: F(2,84) ¼ 9.577, p ¼ 0.0002). Again, no
differences were observed between groups in the ACC
(F(2,84) ¼ 2.004, p ¼ 0.1412). Post hoc analyses identified differences
between both 3xTg-AD and 3xTg-ADþ EtOHmice relative to B6129
controls in Layers V and VI of the PL mPFC (Layer V, B6129:
12.74 ± 2.146 cells; 3xTg-AD: 8.175 ± 1.095 cells; 3xTg-AD þ EtOH:
7.7 ± 0.9245; B6129 vs. 3xTg-AD: t ¼ 3.578, p < 0.01; B6129 vs.
3xTg-AD þ EtOH: t ¼ 4.067, p < 0.001; Layer VI, B6129:
8.829 ± 0.9564 cells; 3xTg-AD: 5.425 ± 0.4617 cells; 3xTg-
AD þ EtOH: 5.256 ± 0.5242 cells; B6129 vs. 3xTg-AD: t ¼ 2.673,
p < 0.05; B6129 vs. 3xTg-AD þ EtOH: t ¼ 2.882, p < 0.05) (Fig. 8C).
Differences specific to 3xTg-AD þ EtOH vs. B6129 mice were
observed in Layer V and VI of IL mPFC (Layer V, B6129:
12.86 ± 1.724 cells; 3xTg-AD þ EtOH: 7.289 ± 1.386 cells, t ¼ 4.060,
p < 0.001; Layer VI, B6129: 10.96 ± 1.2 cells; 3xTg-AD þ EtOH:
6.056 ± 1.109 cells, t ¼ 3.574, p < 0.01) (Fig. 8C).

Overall, 3xTg-AD mice displayed a trend toward decreased PVþ
interneurons in the PL and IL of the mPFC independent of prenatal
ethanol exposure. However, with prenatal ethanol exposure, the
decrease in PVþ interneurons was more widespread and severe,

particularly in the deeper layers V and VI in the mPFC of 3xTg-AD
mice. These differences were most apparent in 4-month-old mice,
whereas fewer regions were affected in 3xTg-AD þ EtOH mice at 6
months.

Prenatal ethanol exposure results in an earlier onset of b-amyloid
pathology in 3xTg-AD mice

Pathological accumulation of b-amyloid and tau proteins co-
incides with the development of GABAergic interneuron dysfunc-
tion in animal models of AD and in human AD patients (Ali,
Baringer, Neal, Choi, & Kwan, 2019; Li et al., 2016; Tampellini,
2015). In 3xTg-AD mice, accumulation of intraneuronal b-amyloid
occurs by 4 months of age, coinciding with onset of cognitive def-
icits and preceding the formation of amyloid plaques by 6 months
of age, as well as the onset of pathological tau neurofibrillary tan-
gles, the latter not detected until 12e18 months of age (Billings
et al., 2005; Espa~na et al., 2010). Here we asked whether PAE
altered the accumulation of intraneuronal b-amyloid pathology in
4-month-old and 6-month-old 3xTg-AD mice. We measured the
relative intensity of APP/Ab immunofluorescence with 6E10, a
mouse monoclonal antibody to human APP/Ab driven by transgene
expression.

Fig. 6. Prenatal ethanol exposure decreases the frequency of spontaneous inhibitory post-synaptic currents (sIPSCs) in the medial prefrontal cortex (mPFC) of 6-month-old 3xTg-AD
mice. (A) Representative traces of whole-cell voltage clamp recordings of sIPSCs recorded at a holding potential 0 mV from Layer V/VI pyramidal neurons in acute mPFC slices from
6-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red). (B) Cumulative distribution of sIPSC inter-event intervals (s) recorded from Layer V/VI pyramidal neurons of
6-month-old: B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH (red) mice, (inset): Mean sIPSC frequency of Layer V/VI pyramidal neurons of mPFC of 6-month-old: B6129 (black
dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (C) Cumulative distribution of sIPSC amplitude intervals (s) recorded Layer V/VI pyramidal neurons of 6-month-old:
B6129 (black), 3xTg-AD (blue), and 3xTg-AD þ EtOH mice (red). (inset): Mean sIPSC amplitude of Layer V/VI pyramidal neurons of mPFC of 6-month-old: B6129 (black dots), 3xTg-
AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (D) Mean sIPSC amplitude of Layer V/VI pyramidal neurons of mPFC of 6-month-old: B6129 (black dots), 3xTg-AD (blue dots),
and 3xTg-AD þ EtOH mice (red dots). (B) # ¼ p < 0.05, 3xTg-AD vs. B6129, * ¼ p < 0.05, B6129 vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests. (D)
### ¼ p < 0.001, 3xTg-AD vs. B6129, $$$ ¼ p < 0.001, 3xTg-AD vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests. For all measures: B6129 (N ¼ 13 cells, n ¼ 4 F,
4 M, 5 litters), 3xTg-AD (N ¼ 13 cells, n ¼ 4 F, 6 M, 3 litters), and 3xTg-AD þ ETOH (N ¼ 14 cells, n ¼ 4 F, 6 M, 5 litters). N ¼ total number of cells per group (dots) from n ¼ total
number mice by sex: F (female), M (male).
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A two-way ANOVA with age and group as factors revealed a
significant effect of group on APP/Ab relative fluorescence intensity
(F(2,12) ¼ 10.49, p < 0.01). In 4-month-old mice, post hoc analysis
revealed both diffuse and intraneuronal APP/Ab fluorescence in
3xTg-AD (0.1436 ± 0.0252) and 3xTg-AD þ EtOH (0.1655 ± 0.010)
mice. However, only 3xTg-AD þ EtOH mice had significantly
increased APP/Ab fluorescence relative to B6129 animals
(0.1094 ± 0.0174) (Bonferroni post hoc, B6129 vs. 3xTg-AD þ EtOH:
t ¼ 2.724, p < 0.05). Alternatively, at 6 months of age, both 3xTg-AD
(0.1738 ± 0.011) and 3xTg-AD þ EtOH (0.1059 ± 0.007) mice
showed significantly increased APP/Ab fluorescence relative to
B6129 animals (Bonferroni post hoc, B6129 vs. 3xTg-AD: t ¼ 3.303,
p < 0.05; B6129 vs. 3xTg-AD þ EtOH: t ¼ 3.361, p < 0.05). This again
suggested that PAE may hasten the onset of AD phenotypes in
3xTG-ADmice. In addition, b-amyloid staining did not appear to co-
localize with parvalbumin þ GABAergic interneurons, consistent
with previous reports that intraneuronal human b-amyloid is
preferentially expressed in pyramidal neurons, likely due to Thy1.2
promoter-driven transgene expression in 3xTg-AD mice (Espa~na
et al., 2010) (Supplementary Fig. 5).

Discussion

In this study, we provide the first preclinical evidence that
prenatal ethanol exposure can contribute to AD pathology. Pre-
natal ethanol exposure alters developing neurocircuits and can
result in differences in behavior and cognition in children that
persist into adulthood (Delatour & Yeh, 2017; Jacobson et al.,
2021; Wozniak et al., 2019). How prenatal ethanol exposure may
contribute to neurocircuit-level and cognitive changes during
aging in general, and specifically to the risk and/or progression of
AD, is uncertain. The major finding of this study is that prenatal
ethanol exposure resulted in a precocious onset of spatial memory
deficits and reversal learning deficits in 4-month-old 3xTg-AD
mice, while differences were less severe in 6-month-oldmice. This
is consistent with the notion that prenatal ethanol exposure may
alter the onset but not the severity of AD symptoms. These
changes coincided with age-dependent alterations in gluta-
matergic and GABAergic synaptic activity, as well as a progressive
decrease in PVþ GABAergic interneurons and an accumulation of
b-amyloid in the mPFC.

Fig. 7. Prenatal ethanol exposure results in more widespread diminution of parvalbumin immunoreactive (PVþ) GABAergic interneurons in the medial prefrontal cortex (mPFC) of
4-month-old 3xTg-AD mice. (A) Example PVþ cells (green) in coronal sections of mPFC of 4-month-old: B6129, 3xTg-AD, and 3xTg-AD þ EtOH mice with DAPI-counterstain (blue);
scale bar ¼ 100 mM. White lines demarcate the cortical layers: I, II/III, V, VI and subregions of the mPFC: anterior cingulate cortex (ACC), prelimbic cortex (PL), infralimbic cortex (IL).
(B) Total number of PVþ cells in the mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH mice (red dots). (C) Number of PVþ cells in layers I, II/II, V,
and VI of the ACC, PL, and IL regions of the mPFC of 4-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (B) # ¼ p < 0.05 B6129 vs. 3xTg-AD,
* ¼ p < 0.05 B6129 vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests. (C) # ¼ p < 0.05 B6129 vs. 3xTg-AD, * ¼ p < 0.05 B6129 vs. 3xTg-AD þ EtOH, two-way
ANOVAwith Bonferroni post hoc tests. For all measures: B6129 (N ¼ 8 brains, n ¼ 4 F, 4 M, 5 litters), 3xTg-AD (N ¼ 10 brains, n ¼ 4 F, 4 M, 5 litters), and 3xTg-AD þ ETOH mice (N ¼ 6
brains, n ¼ 3 F, 3 M, 3 litters). N ¼ total number of brains per group (dots) from n ¼ total number brains by sex: F (female), M (male).
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3xTg-AD mice exposed to ethanol in utero develop cognitive deficits
earlier, but do not show differences in the progression or severity of
the deficits

We demonstrated that while 4-month-old 3xTg-AD mice dis-
played some spatial memory deficits, 3xTg-AD þ EtOH mice had
more severe spatial memory impairment and behavioral flexibility.
Alternatively, while 6-month-old 3xTg-AD þ EtOH mice continued
to perform the most poorly in the modified Barnes maze task,
group-dependent differences in task performance were no longer
significant. The lack of observed differences between B6129 and
3xTg-AD mice stands in contrast to previous work that demon-
strated spatial memory deficits using the modified Barnes maze
task in 6-month-old 3xTg-AD animals (Mu~noz et al., 2015; Stover,
Campbell, Van Winssen, & Brown, 2015). The more subtle differ-
ences between 6-month-old 3xTg-AD and 3xTg-AD þ EtOH groups
suggests that mice may employ different strategies at different ages
that may account for the observed decrease in severity in spatial
memory.

The potential for age-dependent differences in behavioral task
strategy is supported by differences in the onset of cognitive defi-
cits in 3xTg-AD mice, observed depending on the method of
behavioral assessment and the type of cognition assessed (Billings
et al., 2005; Clinton et al., 2007; Pietropaolo, Feldon, & Yee, 2008;
Stevens & Brown, 2015). The possibility cannot be ruled out that
prenatal ethanol exposure could have increased the severity of AD
symptoms later in disease progression hadwe employed a different
learning and memory behavioral paradigm. Indeed, given the
continued progression of decrease in PVþ GABAergic interneurons,
synaptic deficits, and subtle differences in spatial memory behavior
in 6-month-old mice, future work should assess 3xTg-AD mice
using more complex spatial memory tasks, testing alternate types
of memory, and at older ages.

In addition, given the lack of observed differences in ethanol-
exposed or ethanol-unexposed 6-month-old 3xTg-AD mice rela-
tive to control mice, or between 3xTg-AD and 3xTg-AD þ EtOH
groups at either time point, it is possible that the differences we
observed in the modified Barnes maze task performance of 4-

Fig. 8. Prenatal ethanol exposure results in layer-specific and region-specific diminution of immunoreactive (PVþ) GABAergic interneurons in the medial prefrontal cortex (mPFC)
of 6-month-old 3xTg-AD mice. (A) Example PVþ cells (green) in coronal sections of mPFC of 6-month-old: B6129, 3xTg-AD, and 3xTg-AD þ EtOH mice with DAPI-counterstain
(blue); scale bar ¼ 100 mM. White lines demarcate the cortical layers: I, II/III, V, VI and subregions of the mPFC: anterior cingulate cortex (ACC), prelimbic cortex (PL), infra-
limbic cortex (IL). (B) Total number of PVþ cells in the mPFC of 6-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH (red dots) mice. (C) Number of PVþ cells
in layers I, II/II, V, and VI of the ACC, PL, and IL regions of the mPFC of 6-month-old: B6129 (black dots), 3xTg-AD (blue dots), and 3xTg-AD þ EtOH mice (red dots). (B) * ¼ p < 0.05
B6129 vs. 3xTg-AD þ EtOH, one-way ANOVA with Bonferroni post hoc tests. (C) # ¼ p < 0.05 B6129 vs. 3xTg-AD, * ¼ p < 0.05, *** ¼ p < 0.001 B6129 vs. 3xTg-AD þ EtOH, two-way
ANOVAwith Bonferroni post hoc tests. For all measures: B6129 (N ¼ 7 brains, n ¼ 4 F, 3 M, 4 litters), 3xTg-AD (N ¼ 7 brains, n ¼ 3 F, 4 M, 4 litters), and 3xTg-AD þ ETOH (N ¼ 7 brains,
n ¼ 4 F, 5 M, 4 litters). N ¼ total number of brains per group (dots) from n ¼ total number brains by sex: F (female), M (male).
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month-old 3xTg-AD þ EtOH mice represents an effect of prenatal
ethanol exposure on cognition rather than a modification of the
progression of AD pathology. Our past work suggests that young
adult mice of a C57B6 background strain exposed prenatally to
ethanol demonstrated reversal learning deficits but no alterations
in spatial learning or memory on the modified Barnes maze task
(Skorput et al., 2015). Prenatal ethanol exposure to mice of the
B6129 background strain may result in spatial memory deficits in
addition to reversal learning deficits in modified Barnes maze task
performance, or alternatively memory deficits may appear in older
adult animals exposed prenatally to ethanol regardless of back-
ground strain.

While strain differences in the physical effects of prenatal
ethanol exposure have been observed, less is known about whether
these differences alter cognitive and behavioral performance (Chen,
Ozturk, Ni, Goodlett, & Zhou, 2011; Downing et al., 2009; Ogawa,
Kuwagata, Ruiz, & Zhou, 2005). Future work should address
whether strain differences extend to differences in spatial learning
and memory, and alternatively explore the progression of cognitive
differences in aging mice exposed prenatally to ethanol. However,
given the parallels in age-related differences of 3xTg-AD and 3xTg-
AD þ EtOH mice relative to control mice, in cognitive performance,
presence of synaptic dysfunction, changes in PVþ GABAergic
interneuron numbers, and the degree of amyloid deposition, we
believe it is likely that these cognitive deficits we observed in 4-
month-old mice reflect an earlier onset of AD pathology (Fig. 9,
Supplementary Fig. 5). Alternatively, employing a heavier binge or
longer time course of prenatal ethanol exposuremay amplify subtle
differences we observed between 3xTg-AD and 3xTg-AD þ EtOH
mice.

Spatial memory deficits and behavioral inflexibility in ethanol-
exposed 3xTg-AD mice coincide with age-dependent changes in
synaptic connectivity

We found precocious progression of presynaptic GABAergic
deficits in 3xTg-AD þ EtOH mice. Dysfunction of inhibitory syn-
apses has been reported in mouse models of AD as well as post
mortem tissue from human AD patients (Kiss et al., 2016; Kurucu
et al., 2021; Li et al., 2021; Mitew, Kirkcaldie, Dickson, & Vickers,
2013; Palop & Mucke, 2016; Prince et al., 2021; Verret et al.,
2012). Conversely, recent work suggests that modifying GABAer-
gic function can improve cognitive outcomes in mouse models of
AD (Hijazi et al., 2019; Martinez-Losa et al., 2018). Several mecha-
nisms could account for the differences in sPSC frequency,
including change in the number of synapses, in the release prob-
ability of vesicles in response to changes in intracellular calcium
levels, or in the number of vesicles present presynaptically. These
may result from differences in action potential-driven or sponta-
neous vesicle release events (Ramirez & Kavalali, 2011). Both
ethanol exposure and AD pathology have been shown to alter
presynaptic function and intracellular calcium dynamics (Barthet&
Mulle, 2020; Catlin, Guizzetti, & Costa, 1999; Lee, Yeh, & Yeh, 2022;
Leslie, Brown, Dildy, & Sims, 1990; Lovinger, 2018; Siggins, Roberto,
& Nie, 2005; Tong, Wu, Li, & Cheung, 2018). Our findings under-
score the importance of considering changes in GABAergic inter-
neuron function as a potential mechanism underlying early AD
pathology in general, and specifically the effects of prenatal ethanol
exposure on AD onset.

The enhanced postsynaptic GABA responses observed in 4-
month-old 3xTg-AD mice are suggestive of increased postsynaptic
receptor number or function. Altered postsynaptic GABA responses
have been observed in young 3xTg-AD mice and other mouse
models of AD (Chen et al., 2021; Hijazi et al., 2019; Li et al., 2021).
Whether or not 3xTg-AD þ EtOH mice develop postsynaptic

GABAergic changes at earlier timepoints, and how postsynaptic
changes may be affected at later timepoints, remains to be
elucidated.

Changes in glutamatergic event kinetics could reflect alterations
in composition of glutamate receptor subunits or glutamate re-
ceptor modulators (Hansen, Yuan, & Traynelis, 2007; Iacobucci &
Popescu, 2018; Koike, Tsukada, Tsuzuki, Kijima, & Ozawa, 2000;
Milstein & Nicoll, 2008; Stincic & Frerking, 2015). Both acute and
chronic ethanol exposure have been shown to alter presynaptic
glutamate release and glutamate receptor function in adult mice.
However, further investigation into the mechanisms contributing
to altered glutamatergic synaptic transmission in 3xTg-AD þ EtOH
is needed (Lovinger, 2018; M€oykkynen& Korpi, 2012; Roberto et al.,
2006; Roberto & Varodayan, 2017; Siggins et al., 2005). Overall,
continued inquiry into the mechanisms underlying the pre- and
post-synaptic changes in GABAergic and glutamatergic synaptic
activity e could shed light on possible novel therapeutic targets for
intervention at early stages of AD progression.

Altered GABAergic synaptic activity coincides with decreased
number of PVþ GABAergic interneurons in ethanol-exposed 3xTg-
AD mice

A diminution in PVþ GABAergic interneuron number and syn-
aptic inputs was already present in 3xTg-AD mice at 4 months of
age, but was more severe and widespread in 3xTg-ADþ EtOHmice.
It remains to be determined when changes in interneuron number
first appear, and relatedly whether such changes are due to dif-
ferences in the embryonic proliferation, migration of GABAergic
interneurons in the mPFC, or the result of cell loss in adulthood.
Migrating embryonic cortical neurons are susceptible to the effects
of prenatal ethanol exposure (Cuzon et al., 2008; Delatour et al.,
2019a; Lee et al., 2022; Skorput et al., 2015, 2019). Decreased
numbers of GABAergic interneurons have also been identified in
post mortem tissue from human AD patients (Arai, Emson,
Mountjoy, Carassco, & Heizmann, 1987; Brady & Mufson, 1997;
Sanchez-Mejias et al., 2020). In addition, several ADmouse models,
including 3xTg-AD mice, have age-, region-, and mouse strain-
dependent changes in interneuron number. As a case in point,
loss of GABAergic interneurons in the hippocampus in particular
has been associated with spatial memory deficits (Albuquerque
et al., 2015; Andrews-Zwilling et al., 2010; Cheng et al., 2019;
Leung et al., 2012; Murray et al., 2011; Sanchez-Mejias et al., 2020;
Takahashi& Yamanaka, 2006; Verret et al., 2012). Neuroanatomical
information regarding whether the loss of GABAergic interneurons
in the 3xTg-AD mice is limited to the mPFC or may be manifest in
other brain areas will provide insight into the pathological changes
underlying observed spatial memory deficits.

Synaptic dysfunction and diminished numbers of PVþ
GABAergic interneurons parallel increased accumulation of b-am-
yloid pathology in the mPFC of 3xTg-AD þ EtOH mice

We observed an increased severity of b-amyloid pathology in 4-
month-old 3xTg-AD mice exposed to ethanol when compared to
unexposed animals. At 6 months of age, both 3xTg-AD and 3xTg-
AD þ EtOH mice demonstrated differences from control mice.
Consistent with previous work, we observed the deposition of both
diffuse and intraneuronal b-amyloid immunofluorescence in 4-
month-old 3xTg-AD mice that appears to progress in 6-month-
old mice regardless of ethanol exposure. These data provide further
support for the hypothesis that prenatal ethanol exposure may
modify the progression of AD phenotype in 3xTg-AD mice. Our
findings also concur with work suggesting that prenatal stress can
exacerbate early b-amyloid pathology in mouse models of AD
(Jafari et al., 2019).
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Intraneuronal b-amyloid accumulation has been demonstrated
to precede that of phosphorylated tau and development of neuro-
fibrillary tangles in the cortex of 3xTg-AD mice and post mortem
brain tissue from individuals with AD (Oddo et al., 2003;
Welikovitch et al., 2018). Intraneuronal b-amyloid deposition has
been observed in the cortex of 3xTg-AD mice as young as 3 weeks
old, while phosphorylated tau is not observed until animals reach
12 months of age (Billings et al., 2005; Oddo et al., 2003; Oh et al.,
2010). Futureworkwill address whether prenatal ethanol exposure
alters the timing of onset or severity of tau pathology in older 3xTg-
AD mice, and how this may be connected to the onset of b-amyloid
pathology.

Progressive increases in intraneuronal b-amyloid have also been
shown to coincide with the onset of cognitive deficits and synaptic
dysfunction in several rodent models of AD (Billings et al., 2005;
Chui et al., 1999; Gouras, Tampellini, Takahashi, & Capetillo-Zarate,
2010; Iulita et al., 2014; Leon et al., 2010; Takahashi et al., 2002). In
considering how this accumulation of b-amyloid may relate to
synaptic changes, diminution of GABAergic interneurons, and
spatial memory performance of 3xTg-AD þ EtOH mice, it is
essential to consider when transgenic amyloid, presenilin, and tau
proteins may first be present during development. The Thy1 pro-
moter is first expressed embryonically in dividing neural precursor
cells in the ventricular zone (Campsall et al., 2002; Caroni, 1997).
However, reports vary in the developmental onset of Thy1-driven
transgene expression (Campsall et al., 2002; Caroni, 1997). To
begin to understand the complex relationship between network

level dysfunction and b-amyloid proteinopathy in the 3xTg-AD
model after prenatal ethanol exposure, it is prerequisite to deter-
mine when transgene expression, and related b-amyloid/tau pa-
thology, are first detectable during development and how this may
relate to the synaptic dysfunction as well as changes in cognition
and behavioral flexibility later in life.

Implications in FASD

This study provided the first preclinical evidence of an associ-
ation between prenatal alcohol exposure and AD risk. However,
clinical and epidemiological studies have yet to explore how this
may relate to the experiences of aging individuals with FASD. The
clinical association between AD and other neurodevelopmental
disorders, including autism spectrum disorder (ASD) and Down
syndrome (DS), is already under investigation (Ballard, Mobley,
Hardy, Williams, & Corbett, 2016; Head et al., 2003; Vivanti, Tao,
Lyall, Robins, & Shea, 2021). It has been nearly 50 years since the
first diagnosis of fetal alcohol syndrome (FAS), and appreciation of
the diverse presentation of disorders with the FASD spectrum is
still evolving and growing (Benz, Rasmussen, & Andrew, 2009;
Jones & Smith, 1973; Wozniak et al., 2019). As increasing numbers
of individuals with FASD begin to reach ages for assessing the onset
of dementia and AD progression, further studies will enlighten and
identify clinical needs to provide support throughout the aging
process.

Fig. 9. Prenatal ethanol exposure increases amyloid precursor protein/beta amyloid (APP/Ab) immunoreactivity in the medial prefrontal cortex (mPFC) of 4-month-old 3xTg-AD
mice. (A) Representative images of APP/Ab immunostaining (red) in coronal sections of mPFC of 4-month-old: B6129, 3xTg-AD, and 3xTg-AD þ EtOH mice with DAPI-counterstain
(blue); scale bar ¼ 100 mM. White lines demarcate the cortical layers: I, II/III, V, VI and subregions of the mPFC: anterior cingulate cortex (ACC), prelimbic cortex (PL), infralimbic
cortex (IL). (C) Example diffuse and intraneuronal APP/Ab immunostaining (red) in Layers IeVI of the PL cortex of a 6-month-old 3xTg-AD þ EtOH mPFC. (D) Relative APP/Ab
immunofluorescence intensity in the mPFC of 4-month-old: B6129 (filled black dots), 3xTg-AD (filled blue dots), and 3xTg-AD þ EtOH (filled red dots) mice, and 6-month-old:
B6129 (empty black dots), 3xTg-AD (empty blue dots), and 3xTg-AD þ EtOH (empty red dots) mice. * ¼ p < 0.05, 4-month-old B6129 vs. 4-month-old 3xTg-AD þ EtOH, two-way
ANOVA with Bonferroni post hoc tests, # ¼ p < 0.05, 6-month-old B6129 vs. 6-month-old 3xTg-AD and 6-month-old B6129 vs. 6-month-old 3xTg-AD þ EtOH. 4-month-old B6129
(N ¼ 3 brains, n ¼ 1 F, 2 M, 3 litters), 4-month-old 3xTg-AD (N ¼ 3 brains, n ¼ 2 F, 1 M, 3 litters), 4-month-old 3xTg-AD þ ETOH (N ¼ 3 brains, n ¼ 2 F, 1 M, 2 litters), 6-month-old
B6129 (N ¼ 3 brains, n ¼ 2 F, 1 M, 3 litters), 6-month-old 3xTg-AD (N ¼ 3 brains, n ¼ 1 F, 2 M, 3 litters), and 6-month-old 3xTg-AD þ ETOH (N ¼ 3 brains, n ¼ 1 F, 2 M, 3 litters).
N ¼ total number of brains per group (dots) from n ¼ total number brains by sex: F (female), M (male).
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Conclusion

The experimental model and investigative approaches
employed in this study provide a propitious opportunity to begin to
understand how prenatal ethanol exposure may accelerate the
onset of cognitive deficits in AD. Our findings reinforce the need to
consider the long-term health outcomes of developmental expo-
sures in general, and specifically the implications of in utero ethanol
exposure on long-term cognitive function and AD risk.
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