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Abstract

Developmental exposure to ethanol leads to a constellation of cognitive and behavioral
abnormalities known as Fetal Alcohol Spectrum Disorders (FASDs). Many cell types throughout
the central nervous system are negatively impacted by gestational alcohol exposure, including
inhibitory, GABAergic interneurons. Little evidence exists, however, describing the long-term
impact of fetal alcohol exposure on survival of interneurons within the hippocampal formation,
which is critical for learning and memory processes that are impaired in individuals with FASDs.
Mice expressing Venus yellow fluorescent protein in inhibitory interneurons were exposed to
vaporized ethanol during the third trimester equivalent of human gestation (postnatal days 2-9),
and the long-term effects on interneuron numbers were measured using unbiased stereology at
P90. In adulthood, interneuron populations were reduced in every hippocampal region examined.
Moreover, we found that a single exposure to ethanol at P7 caused robust activation of apoptotic
neurodegeneration of interneurons in the hilus, granule cell layer, CAl and CA3 regions of the
hippocampus. These studies demonstrate that developmental ethanol exposure has a long-term
impact on hippocampal interneuron survivability, and may provide a mechanism partially
explaining deficits in hippocampal function and hippocampal dependent behaviors in those
afflicted with FASDs.
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INTRODUCTION

Gestational exposure to ethanol (EtOH) is one of the leading preventable causes of
cognitive, physiological, and behavioral deficiencies in children around the world (Autti-
Ramd and Granstrém, 1991; Hamilton et al., 2003; Kodituwakku, 2007; Mattson and Riley,
1999; Mattson et al., 2013; Riley et al., 2011; Simmons et al., 2010). Collectively, deficits
induced by EtOH exposure during development are categorized under the umbrella
diagnosis of Fetal Alcohol Spectrum Disorders (FASDs), which includes Fetal Alcohol
Syndrome, partial FAS, and alcohol-related neurodevelopmental disorders (Chasnoff et al.,
2010; May et al., 2014). Despite educational outreach efforts to inform the public on the
dangers of exposing the developing fetus to EtOH, a relatively high percentage (2-5%) of
children in the United States are exposed to some amount of alcohol during gestation (May
et al., 2014), and in some populations up to 63% of children are exposed to EtOH in the
womb (Miguez et al., 2009). Children afflicted with FASDs present with an assortment of
problems in learning and memory processes, which result, at least in part, from dysfunction
within the hippocampal region of the brain (Berman and Hannigan, 2000; Hamilton et al.,
2003; Mattson et al., 1996; Uecker and Nadel, 1996, 1998). The hippocampus receives input
via the perforant path from superficial layers of the entorhinal cortex, which synapse onto
dendrites from granule cells of the dentate gyrus. Granule cells then project mossy fibers to
CAZ3 pyramidal cells, which in turn synapse onto CA1 pyramidal neurons via Schaffer
collaterals (Ribak and Shapiro, 2007). This well-characterized tri-synaptic circuit is
intricately regulated by inhibitory, gamma-aminobutyric acid (GABA) expressing
interneurons (Kullmann, 2011). Interneurons represent a minority of neurons in the
hippocampus (10-20%) (Freedman et al., 1993; Olbrich and Braak, 1985), but because of
their dense axonal arborization, they can innervate hundreds of postsynaptic target dendrites
(Lubke et al., 1998; Muller and Remy, 2014; Savanthrapadian et al., 2014), providing tight
regulation of circuit level signaling within the hippocampus (Cobb et al., 1995).

GABAEergic interneurons are particularly vulnerable to a variety of insults, including
excitotoxicity (Shetty et al., 2009; Shetty and Turner, 2001), ischemic events (Bering et al.,
1997; Johansen, 1993), and traumatic brain injury (Lowenstein et al., 1992; Schiavone et al.,
2017). Previous research has also demonstrated that interneurons in a variety of brain
regions are susceptible to damage by both developmental and postnatal EtOH exposure
(Andrade et al., 1992; Moore et al., 1998). Developmental exposure to EtOH reduces
interneuron populations in cortical areas (Miller, 2006; Moore et al., 1998; Smiley et al.,
2015), and in the cerebellum (Nirgudkar et al., 2016). Relatively little information exists,
however, on the impact of developmental EtOH exposure on hippocampal interneuron
populations. (Miki et al., 2000) demonstrated that exposure to EtOH during the third
trimester equivalent of human gestation in the rat reduced the number of neurons in the hilus
of the dentate gyrus, which is an area that contains an abundance of interneurons, but did not
specifically identify interneurons in their study. Another set of experiments demonstrated
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that a single postnatal EtOH exposure led to long-term reductions in parvalbumin (PV)-
expressing interneurons in the CA1 region of the mouse brain (Sadrian et al., 2014).

Developmental EtOH exposure causes robust activation of programmed cell death via
apoptotic signaling pathways in a variety of cells throughout the brain (Ikonomidou et al.,
2000; Olney et al., 2002), including the hippocampus (Camargo Moreno et al., 2017). Until
recently, it has remained unknown whether reductions in interneurons caused by
developmental EtOH exposure are a result of apoptosis. A recent short report demonstrated
that a single dose of EtOH during the early postnatal period increases the expression of
cleaved caspase-3, a marker of apoptosis, in interneurons of the hippocampus (Ogievetsky et
al., 2017). In the present study, we sought to further understand the effects of early postnatal
EtOH exposure on hippocampal interneurons. Using a transgenic mouse model that
expresses Venus fluorescent protein in GABAergic interneurons throughout the brain (Wang
et al., 2009), mice were exposed to EtOH during the third trimester equivalent of human
gestation, which mimics an exposure pattern observed in humans (Ethen et al., 2009). This
period of development is also critical for refinement of neuronal circuits impacted by
GABAergic signaling (Cellot and Cherubini, 2013; Le Magueresse and Monyer, 2013). We
measured the density of interneurons expressing a marker of activated apoptosis in different
hippocampal regions, and assessed the number of surviving interneurons in aged mice to
understand the long-term trajectory of interneuron numbers in the hippocampus following
developmental EtOH exposure.

EXPERIMENTAL PROCEDURES

Subjects

Breeding

All experimental procedures described adhered to the U.S. Public Health Service policy on
humane care and use of laboratory animals and were approved by the Institutional Care and
Use committee of the University of New Mexico Health Sciences Center. For all the
experiments described below, experimenters were blinded to treatment group assignment.

Venus-VGAT mice were generated as described (Wang et al., 2009). These mice express
Venus fluorescent protein (a yellow fluorescent protein variant developed by Dr. Atsushi
Miyawaki at RIKEN in Wako, Japan) under control of the vesicular GABA transporter. This
leads to Venus expression in virtually every GABAergic and glycinergic neuron throughout
the brain (Wang et al., 2009). A breeding colony was established at the University of New
Mexico Health Sciences Center Animal Resource Facility. Mice were maintained as
heterozygous for the Venus-VGAT transgene (hereafter referred to as Venus-VGAT™), and
offspring were group-housed with littermates of the same sex at 22°C on a reverse 12-hr
light/dark cycle (lights on at 2000 hours) with standard chow and water available ad /ibitum.

60 to 180 day old wild type C57BL/6 or Venus-VGAT* female mice were paired with a
Venus-VGAT* male or a wild type C57BL/6 male breeder, respectively. After pregnancy
was evident, the male mice were removed from the cage. Following parturition, postnatal
day (P) 1-P2 pups were screened for the presence of the Venus-VGAT transgene by exposing
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them to 460-495 nm wavelength light and observing yellow fluorescence emitted by the
brain with a 520-550 nm filter using a “miner’s lamp” (Biological Laboratory Equipment
Maintenance and Service LTD, Budapest, Hungary).

Tissue collection

To collect tissue, mice were anesthetized with ketamine (250 mg/kg i.p.) and perfused
transcardially with 32°C phosphate buffered saline (PBS) containing procaine hydrochloride
(1g/L; Sigma-Aldrich, St. Louis, MO) and heparin (LUSP unit/mL; Sagent Pharmaceuticals,
Schaumburg, IL) for 2 min, followed by room-temperature (~21°C) 4% paraformaldehyde
(PFA; Sigma-Aldrich) in PBS for 2 min, then with ice cold 4% PFA in PBS for 5 min.
Extracted brains were incubated in 4% PFA in PBS for 48 h at 4°C with gentle shaking, then
cryoprotected in 30% sucrose in PBS for 48 h. Brains were embedded in Optimal Cutting
Temperature compound (Fisher Healthcare, Houston, TX) and frozen in isopentane (Avantor
Performance Materials, Center Valley, PA) cooled with a bath of 95% EtOH and dry ice.
Brains were kept frozen at —80°C until sectioned in the parasagittal plane on a cryostat
(Microm Model HM 505E, Waldorf, Germany) at 50 um. Floating sections were kept at
-20°C in freezing medium (0.05 M phosphate buffer pH 7.4, 25% glycerol and 25%
ethylene glycol).

Experiment 1: Analysis of activated caspase-3 expression in mouse hippocampal
interneurons following a single dose of EtOH during the third trimester equivalent of
human gestation

Single P7 EtOH vapor chamber exposure—Venus-VGAT* pups along with the dam
were randomly assigned to one of two treatment groups. Specifically, mice were exposed to
either vaporized EtOH or air for 4 h during a single exposure session on P7. This
developmental time point in the mouse takes place during the equivalent of the third
trimester of human gestation (West, 1987). EtOH vapor or air exposures took place in
custom built EtOH vapor chambers described previously (Morton et al., 2014). EtOH vapor
concentrations were measured using a breathalyzer (Intoximeters, St. Louis, MO) and were
7-8 g/dl. Animals were perfused and brains were collected 8 h after the end of the 4-h vapor
chamber exposure, which previous research has determined is the optimal time point for
observing activated caspase-3 expression after P7 EtOH exposure (Olney et al., 2002). To
measure blood EtOH concentrations (BECs) in pups, a separate litter of Venus-VGAT* pups
were subjected to the above-described vapor chamber exposure paradigm but were
anesthetized with isoflurane immediately following the 4-h vapor chamber exposure. Pups
were decapitated and trunk blood collected. BECs were measured using an alcohol
dehydrogenase-based assay described previously (Galindo and Valenzuela, 2006), expressed
as mg/dl. For reference, the legal BEC limit for driving in the United States is 80 mg/dl.

Activated caspase-3 immunohistochemistry and exhaustive cell counting—
Activated caspase-3 expression was examined using immunochistochemistry as described
previously (Topper et al., 2015), with small alterations. Briefly, eight parasagittal sections
250 pm apart through the dorsal hippocampus of 5 air-exposed and 5 EtOH-exposed P7
brains were chosen for immunohistochemistry. The landmark for the starting medial section
was the first section in which the superior and inferior granule cell layer blades of the dorsal
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dentate gyrus could be clearly identified. The landmark for the most lateral section was the
last section before the dorsal and ventral granule cell layers joined together. This is roughly
equivalent to image 227 to image 315 in the atlas of the developing P7 mouse brain provided
by the Allen Brain Institute (please see Web References for URL). Sections were incubated
in PBS containing 1% bovine serum albumin (Sigma-Aldrich), 0.2% Triton X-100 (Sigma-
Aldrich), and 5% donkey serum (Jackson ImmunoResearch, West Grove, PA) for 2 h.
Sections were then incubated with a 1:400 dilution of anti-cleaved caspase 3 antibody (Cell
Signaling cat #9661, Danvers, MA) for 72 h at 4°C with gentle shaking. Donkey anti-rabbit
IgG Alexa Fluor 555 antibody (cat# A-31572, ThermoFisher, Waltham, MA) was then
applied to the tissue sections at a 1:1000 dilution for 2 h, and then rinsed with PBS. Tissue
sections were next incubated with 600 nM 4’6-diamidino-2-phenylindole hydrochloride
(DAPI, Sigma-Aldrich) solution for 20 min, rinsed in PBS, mounted on Superfrost plus
slides (VWR, Radnor, PA), coverslipped with Vectashield mounting media (\ector
Laboratories, Burlingame, CA), and sealed with nail polish.

Sections were imaged on a Nuance spectral imaging system (PerkinElmer, Hopkinton, MA)
as described previously (Noor et al., 2017) at the University of New Mexico Health Sciences
Center Fluorescence Microscopy Shared Resource. Images of P7 hippocampi were acquired
using a 10x objective on a Nikon TE-200 U inverted fluorescence microscope. High
magnification images were taken using a 40x objective. Uneven field illumination and other
artifacts were removed using flat-field correction to generate a uniform illumination during
image acquisition. Pure labels for each fluorophore were created by generating a spectral
library from single-labeled control slides and an unlabeled, autofluorescence slide. The
computed spectrum for each label was produced by subtracting the autofluorescence from
the single-labeled spectrum. Experimental images were then un-mixed using the computed
single-labeled spectrums to obtain composite images containing the labels of interest.
Images of the hippocampus that were larger than the field of view were stitched together
using the Pairwise Stitching plugin (Preibisch et al., 2009) in NIH Image J software
(Schneider et al., 2012). An experimenter blinded to the experimental conditions then
exhaustively counted the number of Venus-VGAT positive cells (green channel), the number
of activated caspase-3 positive cells (red channel), and the number of colocalized activated
caspase-3 positive Venus-VGAT cells in each section and each region of the hippocampus
(CA1, CA3, granule cell layer (GCL), and the hilus). A separate experimenter performed a
separate count of a subset of sections to confirm the first experimenter’s accuracy (results
were within 15% of each other). The number of DAPI nuclei were estimated in each tissue
section and hippocampal region using the Find Maxima process in Image J.

In P7 animals, we did not use unbiased stereology due to the relatively small number of cells
that were positive for either activated caspase-3 or both activated caspase-3 and Venus in
hippocampal regions of interest. Under these conditions, we would have been unable to
obtain an acceptable Gundersen coefficient of error by using the optical fractionator method.
Therefore, we opted to exhaustively count the number of cells in every 8t section, similar to
a procedure that has been previously used to characterize the developmental effect of ethanol
on cortical interneurons (Smiley et al., 2015).
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Experiment 2: Analysis of long-term interneuron viability using unbiased stereology in
mice exposed to EtOH during the third trimester equivalent of human gestation

P2-P9 third trimester-equivalent vapor chamber exposure—\Venus-VGAT* mouse
pups along with their dam were randomly assigned to either air or EtOH exposure
conditions as described in Experiment 1, with the following modifications. Animals were
exposed to air or EtOH for 4 h/day from P2-P9, which encompasses the majority of the third
trimester-equivalent period of human gestation (West, 1987). Vapor chamber EtOH levels
were gradually increased as follows: 3-4 g/dl at P2-3, 5-6 g/dl at P4-5 and 7-8 g/dl at P6-9.
BECs were measured (as described above) midway through the exposure paradigm at P5 in
a separate cohort of animals. Pups were weaned at P21, and group-housed with littermates
of the same sex. On P90, air and EtOH exposed mice were cardiacally-perfused and brains
collected, as described above.

Assessment of pup development

To assess acquisition of developmental milestones, pups from each vapor chamber-exposure
condition were monitored daily to determine what postnatal day they acquired a righting
reflex, opened their eyes, displayed an auditory startle reflex, or displayed an ear twitch in
response to tactile stimulation (Chi et al., 2016; Wu et al., 1997). Pups were also weighed on
P1, P5, P9, and P16 to monitor development. Maternal care was assessed following vapor
chamber exposure on P2 and P5 by displacing a pup from the nest and measuring how long
it took the dam to navigate to and retrieve the pup, as well as measuring the latency to
rebuild a disrupted nest.

Unbiased Stereology

Stereological estimation of total Venus™ interneurons was performed on P90 animals.
Sections used for stereology were washed 4 times for 5 min with PBS, and then incubated
with 600 nM DAPI in PBS for 20 min. Sections were again washed 4X in PBS before being
mounted on Superfrost plus slides and coverslipped with Vectashield mounting media.
Coverslips were sealed around the edges with clear nail polish. Stereology was performed by
means of the optical fractionator probe of unbiased stereological cell counting method using
Stereoinvestigator software (Microbrightfield Bioscience, Williston, VT). Sections were
imaged using an Olympus 1X-81 DSU spinning disk confocal microscope at the University
of New Mexico Health Sciences Center Fluorescence Microscopy Shared Resource. Every
5t parasagittal section through the dorsal hippocampus (lateral 0.36 to 2.52 mm according
to the Paxinos adult mouse brain atlas (Paxinos and Franklin, 2013)) was counted. If any
section was torn or damaged, the closest intact section was used instead. Contours were
manually drawn around the following hippocampal regions: CA1, CA3, GCL, and the hilus.
For all regions examined, the dissector height was 12 ym with a 4 um guard zone. \enus-
VGAT populations were estimated in the CA1 and CA3 using a 70 x 70 um counting frame
and a 140 x 140 pm sampling grid. For the GCL and hilus, Venus expressing cells were
counted using a 70 x 70 pm counting frame with a 100 x 100 pm sampling grid. For all cell
counts, the Gundersen coefficient of error was less than the recommended upper limit value
of 0.10 (Gundersen et al., 1999). The volumes of CA1, CA3, GCL and the hilus were
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estimated using the contours drawn around the hippocampal subregions as reported by the
planimetry output from Stereolnvestigator.

Statistical analyses

RESULTS

Data are presented as mean £ SEM in all cases. Statistical analyses were performed using
SPSS version 24 for Windows (IBM, Armonk, NY) and Prism 7 (GraphPad Software, San
Diego, CA). An alpha of 0.05 was adopted for all analyses. Differences in the 2D area,
DAPI nuclei count, Venus™ cell count, activated caspase-3* cell count, colocalized Venus*/
caspase-3* cell count, percentage of caspase-3* cells per total DAPI count, and the
percentage of caspase-3* interneurons between vapor chamber exposure conditions in each
hippocampal subregion were analyzed using repeated measures ANOVA. The eight levels of
the within-subjects factor were the medial-lateral parasagittal tissue sections, and the
between subjects factor was the vapor chamber exposure condition. Statistical values
reported from the repeated measures ANOVA include F ratio, p value, and effect size
reported as partial eta squared (npz). For any repeated measures that violated assumptions of
sphericity, Greenhouse-Geisser corrected p values and F ratios are reported. Within-subjects
effects of medial to lateral tissue section, and interaction of medial to lateral tissue section
with vapor chamber exposure condition are reported for the percentage of total cells with
activated caspase-3 and the percentage of total interneurons with activated caspase-3. Pup
weights were analyzed using a two-way ANOVA with age and vapor chamber exposure
condition as the fixed factors. Acquisition of developmental milestones and maternal care
measures were analyzed using two-tailed, unpaired t-tests. For P90 unbiased stereology
experiments, data were first analyzed using a univariate factorial ANOVA using either
volume or Venus™ cell count as the dependent variable, with vapor chamber exposure
condition, hippocampal subregion, and sex as the fixed factors. Results were then analyzed
with an univariate ANOVA within each hippocampal subregion, again using either volume
or Venus* cell count as the dependent variable, and vapor chamber exposure condition and
sex as the fixed factors. To examine the effect of vapor chamber exposure condition in each
hippocampal subregion within level of sex, post-hoc multiple comparisons were run to
further explore significant exposure effects and Sidak adjusted p-values are presented.
Hedges’ g effect sizes are reported for multiple comparisons and t-tests to allow for
comparison of the size of differences between group means (Hedges and Olkin, 1985).
Hedges’ g is analogous to Cohen’s d (Cohen, 1988) for effect size, but corrects for bias
caused by using smaller sample sizes (Cumming, 2012; Lakens, 2013). Standard
benchmarks for small (ny? = 0.01; g = 0.2), medium (n,? = 0.06; g = 0.5); and large (n,?=
0.14; g= 0.8) effect sizes can be inferred based on the work of Cohen (1988).

Experiment 1: EtOH exposure at P7 activated apoptotic pathways in hippocampal
interneurons

To ascertain if hippocampal interneurons are vulnerable to EtOH during early postnatal
development, mouse pups along with their dams were exposed to a single air or EtOH vapor
chamber exposure session at P7. BECs were collected in a separate cohort of pups
immediately following the 4-h vapor chamber exposure paradigm. The mean BEC in pups
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was 297.2 = 19.0 mg/dl (n = 5 pups). Eight hours after the cessation of the vapor chamber
exposure session, brains were collected from pups and processed to examine cleaved
caspase-3 expression as a marker of activation of apoptotic pathways (representative images
from an EtOH-exposed animal appear in Figure 1A-G). The area, number of DAPI nuclei,
number of interneurons, number of cells with activated caspase-3, number of caspase-3
positive interneurons, the percentage of total cells with activated caspase-3, and the
percentage of total interneurons with activated caspase-3 were measured in each medial to
lateral section through the following regions of the dorsal hippocampus: the hilus of the
dentate gyrus, the GCL, CA1, and CA3. Data from the combined hippocampal regions are
also presented. Results were analyzed using a repeated measures ANOVA, with medial to
lateral parasagittal section as the within subjects measure, and vapor chamber exposure
condition as the between subjects measure.

The total area of each hippocampal region was not affected by the single EtOH exposure at
P7 (Figure 1H, hilus F(1,8) =0.382, p = 0.55, npz =0.046; GCL F(1,8) =0.256, p = 0.63,
np? = 0.031; CAL F(1,8) = 1.349, p = 0.28, np2 = 0.144; CA3 F(1,8) = 2.948, p = 0.12, ,? =
0.269; combined regions F(1,8) = 0.186; p = 0.68; np2: 0.085). There was also no effect of
EtOH exposure on the number of DAPI nuclei within each hippocampal region (Figure 11,
hilus F(1,8) = 0.433, p = 0.53, npz =0.051; GCL F(1,8) = 0.171, p = 0.69, T1p2 =0.021; CAl
F(1,8) =1.349,p=0.28, np2 =0.144; CA3 F(1,8) = 0.557, p = 0.48, np2 = 0.065; combined
regions F(1,8) < 0.001, p > 0.99, np2< 0.001). Likewise, there was no effect of vapor
chamber exposure condition on the total number of interneurons in any region (Figure 1J,
hilus F(1,8) = 0.324, p = 0.32, np2 =0.121; GCL F(1,8) = 0.004, p = 0.95, npz <0.001; CA1
F(1,8) =2.345, p=0.16, npz =0.227; CA3 F(1,8) =1.170, p = 0.31, npz =0.128; combined
regions F(1,8) = 1.788, p = 0.22, npz =0.183).

Exposure to vaporized EtOH at P7 caused caspase-3 activation throughout the entire
hippocampus compared to air-exposed controls (Figure 1K). In the hilus, EtOH exposure led
to a roughly eight-fold increase in the number of cells undergoing apoptosis compared to air
controls (F(1,8) = 14.707, p = 0.005, np2 = 0.648). There was also a 5-fold increase in
activated caspase-3* cells in the GCL (F(1,8 = 37.946, p < 0.001, np2 = 0.826), an 8-fold
increase in the CAL (F(1,8) = 11.615, p = 0.009, an: 0.592) and a 4-fold increase in the
CA3 (F(1,8) =28.414, p = 0.001, npz = 0.780). In the combined hippocampal subregions
examined in this study, there was a 6-fold increase in activated caspase-3* cells in EtOH-
exposed animals compared to air-exposed controls (F(1,8) = 18.092, p = 0.003, an =0.693).

We also measured activated caspase-3 expression as a percentage of the total DAPI positive
cells in each hippocampal subregion (Figure 1L). Using this measure of activated caspase-3
expression, there was again an effect of vapor chamber exposure condition in every
hippocampal region examined. In the hilus, EtOH exposure activated caspase-3 in
approximately 0.98% of all cells, compared to air exposed animals in which only 0.13% of
all cells expressed activated caspase-3 (F(1,8) = 13.666, p = 0.006, np2 =0.631). EtOH
exposure activated caspase-3 in 0.16% of GCL cells vs. 0.03% in the air exposure group
(F(1,8) = 33.095, p < 0.001, T1p2 =0.805), in 0.52% of CAL cells vs. 0.06% in the air
exposure group (F(1,8) = 11.427, p = 0.010, np2 =0.588), and in 0.39% of CA3 cells vs.
0.10% in the air exposure group (F(1,8) = 29.596, p = 0.001, npz =0.787). In combined
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regions, EtOH exposure activated caspase-3 in 0.45% of all cells, compared to 0.07%
activation in air-exposed animals (F(1,8) = 19.092, p = 0.002, npz =0.704).

We next ascertained if a single EtOH exposure at P7 activated apoptotic pathways in
hippocampal interneurons by measuring the number of Venus + cells expressing activated
caspase-3 in each of the hippocampal regions (Figure 1M). In each region of the
hippocampus, EtOH exposure caused a significant increase in the number of activated
caspase-3 positive interneurons compared to air controls (hilus F(1,8) = 11.751, p = 0.009,
np? = 0.595; GCL F(1,8) = 8.641, p = 0.019, np2 = 0.519; CA1 F(1,8) = 12.650, p = 0.007,
npz =0.686; CA3 F(1,7) = 14.664, p = 0. 006, an: 0.6771; combined regions F(1,7) =
14.910, p = 0.006, np2 = 0.613). We also measured the number of the caspase-3 postitive
interneurons as a percentage of the total number of Venus+ cells (Figure 1N). We observed a
significant effect of vapor chamber exposure condition on the percentage of interneurons
with activated caspase-3 in every hippocampal region. In the hilus, EtOH exposure activated
caspase-3 in 5.53% of all interneurons, compared to 0.39% activation in interneurons of air-
exposed animals (F1,8) = 12.678, p = 0.007, npz =0.613). EtOH exposure activated
caspase-3 in 2.24% of GCL interneurons vs. 0.22% in the air exposure group (F1,8) = 8.150,
p =0.021, an =0.505), in 3.28% of CA1 interneurons vs. 0.19% in the air exposure group
(F(1,8) = 13.198, p = 0.007, T1p2 = 0.623), and in 2.95% of CA3 interneurons vs. 0.18% in
the air exposure group (F(1,8) = 15.905, p = 0.004, npz = 0.665. In combined regions, EtOH
exposure activated caspase-3 in 3.47% of all interneurons, compared to 0.22% activation in
all interneurons of air-exposed animals.

In the hilus of EtOH exposed animals, roughly 70% of all cleaved caspase-3 positive cells
were interneurons. In the other regions of the hippocampus, cleaved caspase-3 positive
interneurons also comprised large proportions of the total number of apoptotic cells in EtOH
exposed animals (GCL 40%, CA1 45%, and CA3 36%). In all regions of the hippocampus
examined, interneurons comprised 45% of all cleaved caspase-3 positive cells. These results
indicate that interneurons of the hippocampus are particularly vulnerable to the effects of
developmental EtOH exposure.

Using our within-subjects study design, we also examined the effect of medial to lateral
tissue section and vapor chamber exposure condition on the percentage of activated
caspase-3 positive cells and the percentage of activated caspase-3 positive interneurons in
the dorsal hippocampus of P7 mice. Within subjects, there was no effect of medial to lateral
tissue section on the percentage of activated caspase-3 positive cells in the hilus (Figure 2A,
section F(2.362,18.897) = 1.434, p = 0.26, npz =0.152; section*exposure F(2.362,18.897) =
2.113,p=0.14, npz =0.209) or in the GCL (Figure 2B, section F(7,56) = 1.207, p = 0.31,
np? = 0.131; section*exposure F(7,56) = 1.521, p = 0.18, n,% = 0.160). In the CA1 (Figure
2C section F(2.178,17.422) = 3.999, p = 0.034, npz = 0.333; section*exposure
F(2.178,17.422) = 3.969, p = 0.035, T1p2: 0.332), the CA3 (Figure 2D, section
F(2.932,23.453) = 4.596, p = 0.012, npz = 0.365; section*exposure F(2.932,23.453) = 1.574,
p=0.22, an =0.164), and the combined hippocampal regions (Figure 2E, section F(7,56) =
10.482, p < 0.001, npz = 0.567; section*exposure F(7,56) = 7.579, p < 0.001, npz =0.486)
there was a higher percentage of cells with activated caspase-3 in medial sections compared
to lateral sections. There was no effect of medial to lateral tissue section on the percentage
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of activated caspase-3 positive interneurons in the hilus (Figure 2F, section F(2.187,17.496 =
0.663, p = 0.54, npz = 0.077; section*exposure F(2.187,17.496) = 1.099, p = 0.36, T1p2 =
0.121) the GCL (Figure 2G, section F(2.455,19.638) = 0.452, p = 0.68, npz =0.053;
section*exposure F(2.455,19.638) = 0.669, p = 0.55, npz =0.077) or the CAL (Figure 2H,
section F(1.788,14.306) = 3.148, p = 0.078, T]p2 = 0.282; section*exposure F(1.788,14.306)
=3.489, p = 0.062, np2 = 0.304). The percentage of activated caspase-3 positive
interneurons was higher in medial sections compared to lateral sections in the dorsal CA3
(Figure 2I, section F(2.028,16.227) = 11.112, p = 0.001, npz = 0.581; section*exposure
interaction F(2.028,16.227) = 8.259, p = 0.003, npz =0.508) and the combined hippocampal
regions (Figure 2J, section F(7,56) = 26.671, p < 0.001, an = 0.770; section*exposure
interaction F(7,56) = 16.684, p < 0.001, npz =0.676).

Experiment 2: Third trimester-equivalent EtOH exposure causes a long-term decrease in
hippocampal interneuron numbers

To model EtOH exposure during the third trimester equivalent of human gestation, Venus-
VGAT+ litters along with their dams were exposed to either air or vaporized EtOH from P2
to P9. BECs were measured from a separate cohort of pups midway through the exposure
paradigm at P5. The mean BEC at P5 was 221.6 + 18.3 mg/dl (n = 6 litters). One of the
goals of our study was to determine if our developmental EtOH exposure paradigm resulted
in any significant changes in normal pup development, which may confound interpretation
of subsequent analyses. Mice were weighed before (P1), during (P5 and P9), and after (P16)
the vapor chamber exposure paradigm to determine if EtOH exposure had a significant effect
on normal pup growth in Venus-VGAT* mice (Figure 3A). There were no differences in pup
weights between vapor chamber exposure conditions (exposure F(1,64) = 0.016, p = 0.90,
npz < 0.001; age F(3,64) = 282.682, p < 0.001, npz = 0.930; age*exposure F(3,64) = 0.257,
p = 0.86, an: 0.012). We also obtained other measures to ascertain if EtOH exposure has a
significant effect on the normal trajectory of pup development. Six litters of pups from each
vapor chamber exposure condition were monitored daily to determine the postnatal day that
they acquired developmental milestones (Figure 3B). There were no effects of vapor
chamber exposure condition on the day at which pups achieved the following milestones:
surface righting (t(10) = 0.36, p = 0.73, g = 0.20), open field traversal (t(10) = 0.32, p = 0.76,
g=0.17), eye opening (t(10) = 0.66, p = 0.53, g= 0.53), auditory startle (t(10) = 1.21,p =
0.25, g=0.65), and ear twitch (t(10) = 0.55, p = 0.59, g=0.29).

A separate factor that could have influenced pup development and confound interpretation of
subsequent results concerns maternal care following exposure to EtOH in the vapor
chambers. To determine if EtOH exposure had a significant effect on how well dams cared
for their pups, we performed three separate measurements on developmental days P2 and
P5. For the first two measurements, we assessed how long it took dams to navigate to pups
displaced from their nests, and then how long it took the dams to return the pups to the nest.
The other aspect of maternal care that was measured concerned how long it took a dam to
rebuild a disrupted nest. There were no differences between vapor chamber exposure
conditions at either P2 or P5 for: the latency to navigate to a displaced pup (P2 t(10) = 0.36,
p=0.73, g=0.19; P5t(10) = 0.17, p = 0.87, g = 0.09), the latency to retrieve a displaced
pup (P2 t(10) = 0.10, p = 0.92, g=0.05; P5 t(10) = 0.64, p = 0.53, g = 0.34), or the latency
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to rebuild a disrupted nest (P2 t(10) = 1.29; p = 0.23, g=0.69; P5 t(10) = 1.20; p = 0.26, g=
0.64) (Table 1). These findings indicate that subsequent significant effects discussed in this
manuscript are not due to deficits in maternal care caused by EtOH vapor chamber exposure.

After determining that interneurons of the hippocampus are vulnerable to the effects of
EtOH exposure during the third trimester equivalent of human gestation, the next goal of this
study was to ascertain if caspase 3 activation in interneurons following EtOH exposure
translates into a loss of hippocampal interneurons in the long-term. To accomplish this goal,
we exposed Venus-VGAT* mice of both sexes to air or EtOH from P2 to P9 in vapor
chambers, and collected brains at P90. Sections throughout the entire dorsal hippocampus
were collected and counterstained with DAPI, and unbiased stereology was utilized to count
the total number of surviving Venus-VGAT positive interneurons in, and the total volume of,
each of the hippocampal regions of interest (representative images from a P90 air-exposed
brain appear in Figure 4A-C).

Data collected from unbiased stereology was first analyzed using a factorial, univariate
ANOVA using either volume or interneuron cell count as the dependent variable, and vapor
chamber exposure condition, sex, and hippocampal subregion as the fixed factors. Using this
approach, there was a single significant effect of hippocampal subregion on the volume
measured, which was expected because the different hippocampal subregions have different
morphological characteristics. There was no effect of vapor chamber exposure condition or
sex on volume, and no significant interactions between any of the fixed factors. There were
significant effects of exposure (F(1,112) = 31.443, p < 0.001, an =0.219), sex (F(1,112) =
8.959, p = 0.003, T1p2 =0.074) and region on the number of Venus™ interneurons measured.
There were no significant interactions of any of the fixed factors on interneuron counts.

We next analyzed the data separately within each hippocampal subregion, using vapor-
chamber exposure condition and sex as the fixed factors. In addition, we also examined the
effect of vapor chamber exposure condition in each hippocampal subregion within level of
sex using post hoc multiple comparisons analyses. There were no long-term consequences of
P2-P9 EtOH exposure on the volume of the hilus (Figure 4D, sex*exposure F(1,28) = 0.120,
p=0.73 npz =0.004; sex F(1,28) = 0.421, p = 0.52, npz = 0.015; exposure F(1,28) = 1.788,
p =0.19, an: 0.060), on the volume of the CA1 (Figure 4F, sex*exposure F(1,28) = 0.646,
p = 0.43, np2 = 0.023; sex F(1,28) = 0.737, p = 0.40, % = 0.026; exposure F(1,28) = 2.250,
p = 0.15, an: 0.074), on the volume of the CA3 (Figure 4G, sex*exposure F(1,28) = 1.185,
p =0.29, npz =0.41; sex F(1,28) = 1.999, p = 0.17, npz = 0.067, exposure F(1,28) = 0.004, p
=0.95, T]p2< 0.001), or on the volume of the combined regions (Figure 4H, sex*exposure
F(1,28) = 0.613, p = 0.43, npz =0.021; sex F(1,28) = 0.915, p = 0.35, npz =0.032; exposure
F(1,28) = 2.353, p = p.14, npz =0.078). P2-P9 EtOH exposure did cause a significant
decrease in volume in the GCL at P90 (Figure 4E, sex*exposure F(1,28) = 0.550, p = 0.46,
npz =0.019; sex F(1,28) = 0.359, p = 0.55, npz =0.013; exposure F(1,28) = 5.265, p =
0.029, npz = 0.158). This effect was not significant within sex following post hoc multiple
comparison analysis (male p = 0.080, g=1.01, female p = 0.48, g= 0.52).

Third trimester-equivalent EtOH exposure had a number of effects on the population of
hippocampal interneurons at P90. In the hilus, EtOH exposure decreased interneuron
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numbers by 15.1% compared to air-exposed animals (Figure 41, sex*exposure F(1,28) =
0.65, p = 0.43, npz =0.023; sex F(1,28) =0.12, p=0.73, Tlp2 = 0.004; exposure F(1,28) =
6.89, p =0.014, np2 = 0.197). Within sex, EtOH exposure caused a significant decrease in
hilar interneuron number in males (19.2% decrease, p = 0.043, g= 1.08), but not in females
(p =0.38, g=0.65). In the GCL, females had a larger population of interneurons compared
to males. EtOH exposure significantly reduced the population of interneurons in the GCL by
15.8% (Figure 4J, sex*exposure F(1,28) =0.14, p = 0.71, npz =.005; sex F(1,28) =4.52,p =
0.043, n?= 0.139; exposure F(1,28) = 7.56, p = 0.010, ny? = 0.213). However, there was no
significant effect of EtOH exposure on the population of interneurons within sex in the GCL
at P90 (male p = 0.070, g=0.99; female p = 0.20, g= 0.84). EtOH vapor chamber exposure
significantly decreased surviving interneuron numbers in the CA1 by 12.7% (Figure 4K,
sex*exposure F(1,28) = 0.21, p = 0.65, npz =0.007; sex F(1,28) = 3.62, p = 0.067, npzz
0.115; exposure F(1,28) = 11.52, p = 0.0021, npz = 0.292). Within sex in the CA1, there was
a significant effect of vapor chamber exposure condition in males (14.8% decrease, p =
0.022, g=1.16) that was absent in females (p = 0.092, g=1.12). In the CA3, EtOH
exposure significantly decreased the number of interneurons by 11.1% compared to air-
exposed animals. Females also had a larger population of interneurons compared to males in
the CA3 regardless of vapor chamber exposure condition (Figure 4L, sex*exposure F(1,28)
=0.77,p=0.39, an =0.027; sex F(1,28) = 4.92, p = 0.035, an: 0.149; exposure F(1,28) =
6.23, p = 0.019, npz = 0.182). Within sex in the CA3, there was only an effect of vapor
chamber exposure in males (15.5% decrease, p = 0.048, g=0.99; female p = 0.46, g=0.64).
When the results from each of the hippocampal regions were combined, ethanol exposure
resulted in an overall decrease in the population of interneurons by 13.2% (Figure 4M,
sex*exposure F(1,28) = 0.609, p = 0.44, npz =0.021; sex F(1,28) = 3.839, p = 0.060, npz =
0.120; exposure F(1,28) = 13.443, p = 0.001, npz = 0.324). Within sex for the combined
hippocampal regions, there was a significant effect of vapor chamber exposure condition on
interneuron counts in males (16.4% decrease, p = 0.008, g = 1.28), with no significant effect
in females (p = 0.099, g = 1.20). These results demonstrate that third trimester-equivalent
EtOH exposure has a lasting impact on the surviving population of hippocampal
interneurons, and that males are particularly vulnerable to this effect.

DISCUSSION

This study provides evidence that third-trimester equivalent EtOH exposure results in a long-
term reduction in hippocampal interneuron populations throughout the hippocampus. During
the third trimester equivalent of human gestation, a single dose of EtOH caused a robust
activation of apoptosis throughout the hippocampus as evidenced by increased cleaved
caspase-3 expression, replicating results previously seen in other studies (Camargo Moreno
etal., 2017; Ikonomidou et al., 2000; Ogievetsky et al., 2017; Olney et al., 2002). As was
seen in the study by Ogievetsky et al, the population of interneurons undergoing apoptosis
was significantly elevated in all the hippocampal regions that were examined. In the
hippocampal regions measured in this study, approximately 0.45% of cells expressed
activated caspase-3 after exposure to EtOH on P7. Of those cells, almost half were
interneurons. Interneurons of the hilus of the dentate gyrus seemed to be particularly
vulnerable to the effects of developmental EtOH exposure. Degenerating interneurons
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accounted for roughly 70% of all the activated caspase-3 positive cells in the hilus. In the
other hippocampal regions examined, at least 36% of the degenerating cells were
interneurons. Given that roughly 20% of cells in the hippocampus are interneurons
(Freedman et al., 1993; Olbrich and Braak, 1985), these results suggest that hippocampal
interneurons are more susceptible than other cell types of the hippocampus to the deleterious
effects of third trimester-equivalent EtOH exposure. Based on these facts, it is likely that in
previous studies that examined how developmental ethanol exposure activated apoptotic
neurodegeneration, a large proportion of degenerating neurons in the hippocampus were
interneurons (Camargo Moreno et al., 2017; Ikonomidou et al., 2000; Olney et al., 2002). It
is improbable that interneurons had already degenerated and lost Venus fluorescence before
we counted their populations, as the number of Venus+ cells and the total number of DAPI
nuclei were not significantly different between exposure conditions in any of the
hippocampal regions examined. Cells in the medial sections of the dorsal CA1, CA3 and
combined hippocampal regions were more vulnerable to EtOH exposure than more lateral
sections. The reason for this vulnerability gradient is unknown and is an interesting topic for
further study. Mice were only exposed to a single EtOH vapor chamber exposure to assess
activation of the apoptotic cell death pathway in this study, paralleling the methodology of
Olney et al. (2002), who characterized how postnatal EtOH exposure causes apoptotic
neurodegeneration. Olney et al. chose P7 as their exposure time point based on the fact that
this is the day when the peak of synaptogenesis occurs (Semple et al., 2013). It remains
unknown, however, as to what particular postnatal day hippocampal interneurons are the
most susceptible to EtOH exposure. GABAergic signaling on postsynaptic neurons in the
rodent brain progressively changes from depolarizing to hyperpolarizing during the first
postnatal week, a well-characterized phenomenon known as the “GABA switch” (Ben-Axri,
2014; Valeeva et al., 2013). The excitatory actions of GABA during early development have
been proposed to be critical for synchronization of hippocampal network activity (Ben-Ari et
al., 2012), therefore, specific loss of GABAergic interneurons by developmental EtOH
exposure could have profound impacts on the development and function of the hippocampus
and interconnected brain areas depending on the precise timing of when apoptotic
neurodegeneration takes place (Galindo et al., 2005; Kajimoto et al., 2016; Rodriguez et al.,
2016a; Wilson et al., 2011).

Activated caspase-3 expression, in this study, was used as a marker of apoptotic
neurodegeneration. The role of caspase-3 in both the intrinsic and extrinsic apoptotic cell-
death pathways has been well studied. For both of these apoptotic pathways, upstream
signaling events lead to activation of caspase-3, which in turn activates various
endonucleases and proteases (for review, see EImore, 2007). This results in degradation of
chromosomal DNA, nuclear and cytoskeletal proteins, and ultimately leads to the formation
of apoptotic bodies that are engulfed by phagocytic cells (Hochreiter-Hufford and
Ravichandran, 2013). Caspase-3 activation, however, has other functional roles in neurons
unrelated to apoptosis (D’Amelio et al., 2010). Long-term depression of synaptic activity is
dependent on caspase-3 activity, which regulates dendritic spine density and dendritic
morphology without causing apoptotic cell death (Erturk et al., 2014). Other groups have
proposed that caspase-3 is required for long-term potentiation in the CA1 of the
hippocampus (Gulyaeva et al., 2003), and have found that inhibition of caspase-3 activity is
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detrimental to learning and memory processes (Huesmann and Clayton, 2006; Stepanichev
et al., 2005). Given that previous research examining the effects of P7 EtOH exposure using
analogous exposure paradigms to ours have found activated apoptosis in the hippocampus by
other methodologies, including silver-stain (Ikonomidou et al., 2000) and TUNEL staining
(Camargo Moreno et al., 2017), it is likely that activated caspase-3 positive cells observed in
this study are undergoing apoptotic neurodegeneration.

At P90, there was only a single effect of third trimester-equivalent EtOH exposure on
hippocampal volume, which was a small reduction of GCL layer volume independent of sex.
Reduced GCL volume at P90 could reflect reduced adult hippocampal granule cell
neurogenesis, which has been shown to be caused by developmental EtOH exposure
(Hamilton et al., 2011; Klintsova et al., 2007). This reduction in GCL volume may also be
due to reduced GCL dendritic arborization caused by EtOH exposure (Staples et al., 2015).
While there was only one effect of developmental exposure on hippocampal volume at P90,
there were numerous effects on the number of surviving hippocampal interneurons as
measured by unbiased stereology. EtOH vapor chamber exposure reduced interneuron
populations in the hilus, CA1, CA3, and GCL. This long-term loss of hippocampal
interneurons could have many implications on hippocampal dependent behaviors.
Developmental alcohol exposure has repeatedly been demonstrated to have detrimental
effects on hippocampal dependent learning and memory processes (Rodriguez et al., 2016b;
Varaschin et al., 2010). Hippocampal interneurons play an important role in both the
consolidation (Ognjanovski et al., 2017) and retrieval (Andrews-Zwilling et al., 2012) of
memory; therefore, it is possible that deficits in long-term interneuron survival observed in
this study could partially explain deficits in learning and memory in animal models of
FASD:s. In this study, significant effects of vapor chamber exposure condition on long-term
interneuron viability within level of sex were limited to male mice, with no effects observed
in females. Sexually dimorphic effects are frequently observed in studies of FASDs in both
human subjects and animal models (Bird et al., 2017; Hellemans et al., 2010; Thanh et al.,
2014; Varlinskaya and Mooney, 2014). It is possible that sex-specific effects observed in
studies of FASDs are due to expression of protective genes containing estrogen responsive
elements that may compensate for the detrimental effects of EtOH exposure in females as
they age into sexual maturity (Tunc-Ozcan et al., 2017).

There exist limitations of the present study that warrant further discussion. The sample sizes
for both the P7 single EtOH exposure experiment, as well as for the P90 unbiased stereology
study, were both relatively small. This is unlikely to affect outcomes for the P7 EtOH
experiment, as results were highly significant despite the small sample size. In the P90 cell
counting experiment, we used a sample size of eight animals per vapor chamber exposure
condition and sex to detect differences in volume and interneuron count in hippocampal
subregions. Analysis of these data resulted in significant post hoc effects in the number of
interneurons for males in many of the hippocampal regions, but not females. Females did
show similar trends as males with regard to these measures, so our experiments may have
suffered from type 1l statistical error due to undersampling of subjects. Future studies will
confirm the sex effects observed in this study, and if males really are more vulnerable to the
effects of developmental EtOH exposure on interneuron viability.
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The results from this study motivate further examination of how interneurons of the
hippocampus are affected by developmental alcohol exposure. Specifically, an intriguing
avenue for future research would be to study what, if any, subtype of interneuron is most
susceptible to the damaging effects of EtOH. The hippocampus contains multiple subtypes
of interneurons that can be classified by their morphology, physiological properties, or
histological markers that they express (Maccaferri and Lacaille, 2003). The hilus of the
dentate gyrus is enriched in the presence of somatostatin (Sst)-expressing interneurons,
which project axons to the outer molecular layer of the dentate gyrus and synapse onto
granule cell dendrites and modulate input from the perforant path (Savanthrapadian et al.,
2014). These hilar perforant path associated cells have been proposed to play a role in
pattern separation, an important hippocampal dependent process that allows an animal to
distinguish between two similar contexts (Myers and Scharfman, 2009). In this study, some
of the largest effects of alcohol exposure on interneuron loss were observed in the hilus,
leading to the possibility that alcohol exposure during gestation may be particularly harmful
to Sst-expressing interneurons. Deficits in spatial pattern separation have previously been
described in mice exposed to EtOH during development (Kajimoto et al., 2013), and it is
possible that reductions in Sst interneuron survival could be contributing to these deficits by
altering network activity within the hippocampus. Future experiments using Sst-Cre driven
optogenetic strategies could allow for the study of this possibility, with the caveat that these
Sst-Cre mice have recently been shown to have diminished Sst expression that caused
altered behavioral phenotypes and other confounding effects (Viollet et al., 2017). The death
of other interneuron cell types within the hippocampus should also be taken into account
when designing future studies, as other work has shown that long-term survival of PV
interneurons in the CA1 is negatively affected by developmental EtOH exposure (Sadrian et
al., 2014). A careful histological characterization of interneuron subtypes affected by EtOH
exposure will be critical to inform the direction for future studies examining the functional
outcomes of interneuron physiology in animal models of FASDs.

In conclusion, the work presented in this manuscript provides evidence for long-term
consequences of developmental EtOH exposure on interneuron viability within the
hippocampus. The death of hippocampal interneurons early in development could have life-
long impacts on the function of the hippocampus, and may partially explain deficits in
learning and memory processes observed in animal models of FASDs, as well as in humans
afflicted with this disease.
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HIGHLIGHTS
We studied the effects of third trimester ethanol exposure on interneurons

Venus-VGAT mice were exposed to ethanol in vapor chambers (postnatal
days 2-9)

At postnatal day 7 ethanol activates caspase-3 in hippocampal interneurons

At postnatal day 90 ethanol reduced hippocampal interneurons numbers in
males

Significant effects in males at P90 were seen in the hilus, CA1, and CA3
subfields
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Exposure to EtOH at P7 activates apoptotic pathways in interneurons of the mouse
hippocampus. An example of activated caspase-3 immunohistochemistry from an EtOH-
exposed Venus-VGAT* mouse is presented in A-D (10x objective; scale bar = 100pm), with
a high magnification image of an activated-caspase-3 expressing Venus* interneuron shown
in E-G (40x objective, scale bar = 10 um). (A) Venus fluorescence driven by VGAT
promoter in hippocampal interneurons. (B) Activated caspase-3 immunochemistry. (C)
DAPI staining of nuclei within the hippocampus, along with contours used for counting
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interneurons, cleaved caspase-3 positive cells, and cleaved caspase-3 positive interneurons.
(D) Merged image used for colocalization. The arrow points to the cell used for high
magnification images shown in E-G. (E) Venus fluorescence at high magnification. (F)
Cleaved caspase-3 immunofluorescence at high magnification. (G) Merged Venus and
cleaved caspase-3 demonstrating colocalization at high magnification. (H) The total area in
um? of each hippocampal region analyzed for both vapor chamber exposure conditions is
presented. (1) The total number of DAPI* nuclei in each hippocampal region. (J) The
number of Venus positive interneurons in the hippocampus. (K) Cleaved caspase-3 positive
cells in each hippocampal region. (L) Cleaved caspase-3 positive cells as a percentage of
total DAPI nuclei in the hippocampus. (M) Number of activated-caspase-3 expressing Venus
* interneurons in the hippocampus. (N) Percent of Venus+ cells that were positive for
activated caspase-3. Data are presented as mean + SEM. Black bars represent air-exposed
mice, red bars represent EtOH-exposed mice. Asterisk(*) denotes a significant between-
subjects effect of vapor chamber exposure condition within region from repeated measures
ANOVA at p <0.05, ** p < 0.01, *** p < 0.001. n =5 mice per vapor chamber exposure
condition.
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Figure 2.
Medial to lateral gradient of activated caspase-3 positive cells and interneurons in the

hippocampus at P7. (A-E) The percent of activated caspase-3 positive cells as a percentage
of total DAPI nuclei in every medial (section 1) to lateral (section 8) section in the hilus (A),
GCL (B), CA1 (C), CA3 (D), and combined hippocampal regions (E). (F-J) The percent of
activated caspase-3 positive interneurons as a function of total Venus- * cells in every medial
to lateral section in the hilus (F), GCL (G), CA1 (H), CA3 (l), and combined hippocampal
regions (J). Black circles represent air-exposed mice, red squares represent EtOH-exposed
mice. Asterisk(*) denotes a significant within-subjects effect of medial to lateral tissue
section on the percentage of either activated caspase-3 positive cells or activated caspase-3
positive interneurons at p < 0.05, ** p < 0.01, *** p < 0.001. Dagger(") denotes a significant
interaction of medial to lateral tissue section and vapor chamber exposure condition on the
percentage of activated caspase-3 positive cells at p < 0.05, T p < 0.01, 7" p<0.001.n=5
mice per vapor chamber exposure condition.
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Figure 3.

Similar development of Venus-VGAT™ pups between vapor chamber-exposure conditions.
(A) Pups weights (mean + SEM) from both vapor chamber exposure condition before (P1)
during (P5 and P9) and after (P16) vapor chamber exposure to monitor pup growth over
time. P1: air n = 12 litters, EtOH n = 10 litters; P5: air n = 6 litters, EtOH n = 6 litters; P9:
air n = 11 litters, EtOH n = 9 litters; P16: air n = 10 litters, EtOH = 8 litters. (B) The day
(mean + SEM) pups acquired the following developmental milestones: surface righting
reflex, ability to cross an open field, eye opening, display of an auditory startle reflex, and
ear twitch in response to tactile stimulation. Black bars represent air-exposed mice, red bars
represent EtOH-exposed mice. n = 6 litters per vapor chamber exposure condition.
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Figure 4.

Third trimester-equivalent EtOH exposure causes a long-term reduction in the population of
hippocampal interneurons measured at P90. An example of a DAPI counterstained
hippocampus from an air-exposed male Venus-VGAT* mouse brain is presented in A-C.
Scale bar = 200 um. (A) Venus+ interneurons. (B) DAPI stained nuclei. (C) Merged image
with example contours used for unbiased stereological measurements. (D-H) Volumes in
um? are presented for the hilus (D), granule cell layer (GCL) (E), CA1 (F), CA3 (G), and
combined regions (H) of the hippocampus from both sexes and vapor chamber exposure
conditions. (I-M) Stereological estimation of total Venus-VGAT interneuron populations
from both exposure conditions in the hilus (1), GCL (J), CAl (K), CA3 (L), and combined
regions (M) of the hippocampus from both sexes and exposure conditions. Graphs are
presented as mean + SEM. Black bars represent air-exposed mice, red bars represent EtOH-
exposed mice. Asterisk(*) denotes a significant effect from Sidak post hoc analysis of vapor
chamber exposure condition within sex and region at p < 0.05, ** p < 0.01. Dagger(")
denotes a significant effect of vapor chamber exposure condition within region at T p < 0.05,
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T p < 0.01. Double dagger (*) denotes a significant effect of sex on interneuron count within
region at p < 0.05. n = 8 mice per sex and vapor chamber exposure condition.
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Maternal care measures. Immediately following vapor chamber exposure on P2 and P5, maternal care was

assessed in mouse dams from both vapor chamber exposure conditions. Data presented are mean(SEM)
latency measured in seconds. n = 6 litters per vapor chamber exposure condition.

Parameter measured Air EtOH
Dam latency to displaced pups P2 9.00(2.78) 7.80(1.87)
Dam latency to displaced pups P5 8.16(1.33) 7.83(1.47)
Dam latency to retrieve displaced pups P2 | 43.5(18.41) | 41.17(14.21)
Dam latency to retrieve displaced pups P5 | 23.17(7.02) 30.50(8.94)
Dam latency to rebuild nest P2 119.7(23.28) | 154.2(13.06)
Dam latency to rebuild nest P5 156.3(27.71) | 116.7(17.90)
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