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Abstract

Prenatal alcohol exposure (PAE) can induce physical malformations and behavioral abnormalities
that depend in part on the developmental timing of alcohol exposure. The current studies
employed a mouse FASD model to characterize the long-term behavioral and brain structural
consequences of a binge-like alcohol exposure during neurulation; a first-trimester stage when
women are typically unaware that they are pregnant. Time-mated C57BL/6J female mice were
administered two alcohol doses (2.8 g/kg, four hours apart) or vehicle starting at gestational day
8.0. Male and female adolescent offspring (postnatal day28-45) were then examined for motor
activity (open field and elevated plus maze), coordination (rotarod), spatial learning and memory
(Morris water maze), sensory motor gating (acoustic startle and prepulse inhibition), sociability
(three-chambered social test), and nociceptive responses (hot plate). Regional brain volumes and
shapes were determined using magnetic resonance imaging. In males, PAE increased activity on
the elevated plus maze and reduced social novelty preference, while in females PAE increased
exploratory behavior in the open field and transiently impaired rotarod performance. In both males
and females, PAE modestly impaired Morris water maze performance and decreased the latency to
respond on the hot plate. There were no brain volume differences; however, significant shape
differences were found in the cerebellum, hypothalamus, striatum, and corpus callosum. These
results demonstrate that alcohol exposure during neurulation can have functional consequences
into adolescence, even in the absence of significant brain regional volumetric changes. However,
PAE-induced regional shape changes provide evidence for persistent brain alterations and suggest
alternative clinical diagnostic markers.
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1. Introduction

It is well known that alcohol exposure during pregnancy can harm the developing fetus. Yet,
many pregnant women continue to drink alcohol and alcohol exposure during pregnancy
remains the single most preventable cause of birth defects. The constellation of physical and
behavioral abnormalities that are caused by prenatal alcohol exposure (PAE) are classified
under the term fetal alcohol spectrum disorders (FASDs), which ranges in severity from fetal
alcohol syndrome (FAS) to alcohol-related neurodevelopmental disorder (ARND) or
neurobehavioral disorder associated with prenatal alcohol exposure (ND-PAE). While
distinctive facial features are critical to the diagnosis of FAS, the vast majority of individuals
with PAE are not facially dysmorphic but can nonetheless suffer from persistent and
pervasive behavioral impairments, including attention, memory, and executive function
deficits (Mattson et al., 2011) as well as hyperactivity and motor incoordination (Jones and
Smith, 1973, Hanson et al., 1976, Glass et al., 2014). Additionally, prenatal alcohol-exposed
individuals are more susceptible to developing externalizing behavioral and mood disorders
related to anxiety, depression, and substance abuse (Mattson and Riley, 2000, O’Connor and
Paley, 2006, Alati et al., 2006). Unfortunately, the behavioral outcomes following PAE are
extremely variable, frustrating attempts at consistent and comprehensive diagnosis.

The wide variety of physical and behavioral manifestations of FASDs is likely due to the
interaction between factors such as genetics, maternal nutrition, and the amount, pattern and
timing of alcohol exposure (Bailey et al., 2004, Riley et al., 2011). Since many of these
variables are difficult to delineate in human studies, animal models are invaluable to
understanding specific contributions to the overall FASD phenotype. The C57BL/6J (C57)
mouse has proven especially useful for understanding the importance of the developmental
timing of early acute binge-like alcohol exposure and studies in this strain have
demonstrated that gastrulation and neurulation are two early developmental periods when
the embryo is critically sensitive to alcohol (Sulik, 2005). In human development, these
periods occur in the middle of the third week of gestation and end of the third week to early
fourth week of gestation, respectively, times before most women realize that they are
pregnant. Thus, even if a woman abstains from drinking alcohol once she realizes she is
pregnant, inadvertent alcohol exposures during gastrulation and neurulation are likely.

During gastrulation, acute binge-like alcohol exposure can cause the loss of midline facial
and brain structures, defects that fall within the holoprosencephaly spectrum (Godin et al.,
2010a, Godin et al., 2011) and are recognized as the classic FAS face (Sulik et al., 1981). In
contrast, alcohol exposure during neurulation induces subtle defects of the fetal face and
brain, most notably a smaller cerebellum and right hippocampus, and a relatively expanded
hypothalamic/diencephalon area, septal region, pituitary and cerebral ventricles, as well as
shape alterations in the cortex, hippocampus, and striatum (Parnell et al., 2009, O’Leary-
Moore et al., 2010, Parnell et al., 2013). The variety of effects of early gestational PAE on
the fetal brain suggests that there may also be complementary behavioral changes.
Unfortunately, the severity of brain defects following gastrulation PAE precludes a thorough
examination because many of these mice do not survive after birth.
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A few studies have examined the consequences of acute neurulation-stage alcohol exposure
on a limited number of postnatal behavioral outcomes. Some studies have shown evidence
for delayed sensorimotor development (Endres et al., 2005, Schambra et al., 2015), altered
exploratory behavior (Endres et al., 2005) impaired spatial learning or memory during
adolescence or adulthood (Summers et al., 2006, Incerti et al., 2010, Minetti et al., 1996,
Summers et al., 2008), suggesting altered hippocampal function, but others have not
(Sadrian et al., 2014). The research described herein was designed to further understand the
consequences of neurulation alcohol exposure by examining a comprehensive battery of
behavioral tests in adolescent male and female C57 mice that were exposed to acute alcohol
injections on GD8, the beginning of neurulation. Based on the structural changes observed
in the fetal brain, particularly the expansion of the septum and reduction of the cerebellum
and hippocampus, it was hypothesized that GD8 alcohol exposure would affect measures of
motor coordination, exploratory behavior, learning, and social behavior. In addition, to
determine if the structural changes in the fetal brain would persist into adolescence, brain
regional volumes and shapes were analyzed by magnetic resonance imaging.

2. Materials and methods

2.1. Mice

All experiments were conducted following the guidelines of the National Institutes of Health
using methods approved by the Institutional Animal Care and Use Committee of the
University of North Carolina at Chapel Hill. Female C57BL/6J mice (n=41treated dams)
were obtained from The Jackson Laboratory (Bar Harbor, ME), weighed approximately 20g
upon arrival, and were housed in groups of five or fewer in standard polycarbonate cages
with cob bedding and cotton nesting material. Rodent chow (Isopro RMH 3000; Purina, St.
Louis, MO) and tap water were freely available through the cage lid. Timed matings with
male C57BL/6J mice began three hours into the light cycle and lasted one to two hours;
gestational day 0, 0 hr (GDQ) was defined as the beginning of the breeding period in which a
copulation plug was detected. At GD8, separate groups of pregnant dams were administered
two intraperitoneal (i.p.) injections, 4 hrs apart, of 23.7% (v/v) ethyl alcohol (Pharmaco-
Aaper, Brookfield, CT) in a lactated Ringer’s solution at a dose of 2.8 g/kg, or the equivalent
volume of the vehicle alone. Peak blood alcohol levels following this procedure have been
shown to be approximately 380 mg/dl, 30 min after the second alcohol injection (Parnell et
al., 2009). Alcohol- and control-treated litters were housed with their dams, culled to a
maximum of 8 pups/litter at postnatal day 3 (PD3), and left undisturbed until weaning at
PD28 when they were housed in same sex groups with their littermates. To control for litter
effects, one to two male and female mice were randomly selected from each litter for
subsequent behavioral experiments conducted between PD28-45 or for ex vivo imaging
conducted at PD45.

2.2. Procedures

Behavioral experiments were conducted every weekday in the UNC Behavioral Phenotyping
Core during the light portion of the 12:12hr light:dark schedule by experimenters who were
blinded to the treatment conditions. The behavioral testing battery was performed in 14 male
(8 litters) and 14 female (8 litters) vehicle-exposed mice and 12 male (8 litters) and 12
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female (8 litters) prenatal alcohol-exposed mice. All mice were tested in the following
testing order: rotarod trials 1-3; elevated plus maze; open-field; rotarod trials 4 and 5;
acoustic startle/pre-pulse inhibition; Morris water maze acquisition; Morris water maze
reversal; hot plate. Social behaviors were available from separate mice (Veh males n=11;
PAE males n=12; Veh females n=11; PAE females n=11) tested on PD 28.

2.2.1. Rotarod—To measure motor coordination and balance, mice were placed on a
rotating barrel of a rotarod apparatus (Ugo-Basile, Stoelting Co., Wood Dale, Il) which
progressively accelerated from 3 rpm to 30 rpm during the maximum of a 5-min test. An
observer recorded the latency to fall off or rotate around the top of the barrel during three
repeated trials on the first day of testing and two repeated trials on the second day of testing.
Each trial was separated by about 45 s.

2.2.2. Elevated Plus Maze—To measure exploration of an environment containing
typically preferred and avoided spaces, mice were placed in the center of a metal maze
elevated 50 cm above the floor that contained two open arms (30 cm length) and two closed
arms (20 cm high walls). During the 5-min test, an observer recorded the number of entries
and time spent in each of the arms. These data were used to calculate the percent of open
arm time [(open arm time/total arm time) x 100], the total arm entries, and the percent of
open arm entries [(open arm entries/total arm entries) x 100].

2.2.3. Open Field—To measure spontaneous motor activity and exploration of a novel
environment, the mice were placed in the corner of an illuminated open field (41x41x30 cm)
housed within a sound-attenuated chamber. The open field was equipped with upper and
lower grids of photobeams for the detection of both horizontal and vertical activity as well as
the position of the mouse in the chamber (Versamax System: Accuscan Instruments,
Columbus, OH) which were calculated at 5-min intervals over the 60-min test. The primary
measures reported were the time spent, and distance traveled, in the center of the chamber.

2.2.4. Acoustic Startle/Prepulse Inhibition—To measure the whole body startle
response to a sudden loud noise and the effects of a preceding, less intense noise on the
startle response, mice were tested with the San Diego Instruments SR-Lab system consisting
of a Plexiglass cylinder atop of a piezoelectric transducer housed in a sound attenuating
chamber containing a houselight, fan, and loudspeaker for the presentation of acoustic
stimuli (background 70 dB). The transducer quantified vibrations caused by the mouse’s
movements in the cylinder. Following a 5-min habituation period, the test session had 42
trials (six repetitions of seven different types): no-stimulus baseline trials; acoustic startle
alone (40ms; 120dB); and prepulse trials (20ms; 74, 78, 82, 86, or 90dB) beginning 100ms
before the startle stimulus. Trial types were presented randomly with an average inter-trial
interval of 15 s (range: 10-20 s). The startle amplitude for each trial was the peak response
during a 65-ms sampling window from the onset of the startle stimulus.

2.2.5. Morris Water Maze—To measure the ability to learn and remember the location
of a hidden platform to escape from an aversive environment, mice were placed in one of
four quadrants of a large, opaque water-filled, circular pool (122 cm diameter) in a room
with distinct visual cues. The pool contained an escape platform (12 cm diameter) in a fixed
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location submerged just beneath the surface of the water. Each mouse had 60 s to find the
platform and received 4 trials per day for 5 days to learn the location of the platform. If the
platform was not found in 60 s, the mouse was placed on the platform for 10 s and then
given the next trial. Each trial began in a different quadrant in a randomized order. Following
acquisition of the platform location, a 60-s probe trial was conducted with the platform
removed. During the reversal phase, the platform location switched to the opposite quadrant
and the mice learned the new location over five days and a second probe trial was conducted.
Movements of the mice were measured using video tracking (Ethovision, Noldus
Information Technology, Wageningen, the Netherlands), calculating the latency to find the
platform, swimming speed, and the durations of time spent near the wall or in the center of
the pool. Latency to find the platform on each day and the percent of time spent in each
quadrant of the probe trials were calculated as the primary dependent variables.

2.2.6. Hot Plate—To measure the sensitivity to a noxious, thermal stimulus, mice were
placed on a 55 °C hot plate (1ITC Life Science, Woodland Hills, CA) for a maximum of 30
s, while an observer recorded the latency for the mouse to lift or lick one of its hind legs
from the surface.

2.2.7. Social Preference Testing—To measure the preference for a social stimulus
over a non-social stimulus and the preference for a novel social stimulus over a familiar
social stimulus, mice were placed in the center of a three-chamber Plexiglass box (60 x 42 x
20 cm) fitted with retractable doorways in the dividing walls. During an initial 10-min
habituation phase, the doors were removed and the mice were allowed to freely explore the
chambers. In the 10-min sociability phase, an unfamiliar same sex adult C57 mouse was
placed in a wire screened protective cage in one of the side chambers while an empty
protective cage was placed in the other side. In the final 10-min social novelty phase, a
second unfamiliar conspecific was placed in the empty protective cage. Time spent in each
chamber and the numbers of chamber entries were recorded using customized data
acquisition software.

2.2.8. Image Processing—C57 male and female mice (\eh males=6;PAE males=5;
Veh females= 5; PAE females= 6; from a total of 13 litters) were weaned at PD 28 and left
undisturbed until GD45. They were deeply anesthetized with tribromo-ethanol (250 mg/kg,
i.p.) and perfused with heparinized physiological saline followed by 10% formalin
containing the MR contrast agent ProHance (10:1 formalin:ProHance). The brains were
post-fixed in formalin overnight at 4°C and rehydrated in 0.1M phosphate buffered saline
with ProHance (100:1 PBS:ProHance) at 4°C until they were scanned on a 9.4T magnet at
the Duke University Center for /n Vivo Microscopy. The field of view was 22mm x 11mm x
11mm, the TR was 100ms, and the TE was 11.82ms.

The data were processed using an in-house pipeline consisting of unbiased, atlas based,
regional segmentation (Budin et al., 2013). The images were rigidly aligned (translation and
rotation) (Johnson et al., 2007) to an external template for the C57 mouse (The C57
Brookhaven Atlas, Ma et al., 2005) and then skull-stripped using an atlas-based tissue
classification method (Oguz et al., 2011). After skull-stripping, the images were deformably
co-registered in a group-wise manner to compute an unbiased population average with
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diffeomorphic non-rigid registration using Advanced Normalization Tools (ANTS) (Avants
et al., 2009). The C57 Brookhaven atlas (Ma et al., 2005) segmentation was then registered
to the population average and then propagated to the individual subjects for region based
analysis of volume. Each subject’s final segmentation was carefully checked by an
anatomical expert for quality control.

2.3. Statistical Analysis

Behavioral data from male and female mice were analyzed separately because prenatal
alcohol exposure was the primary independent variable of interest. Unpaired t-tests
compared prenatal alcohol- and vehicle-exposed mice for the percentage of open arm time,
percentage of open arm entries, and total arm entries on the elevated plus maze as well as the
response latency on the hot plate. For all other measures two-way, mixed analyses of
variance (ANOVASs) were performed with prenatal exposure as the between- and time or trial
as the within- subjects factors. The data from the rotarod trials 1-3 were analyzed separately
from trials 4-5. Significant F-tests were further analyzed with post-hoc Bonferroni
comparisons with alpha levels set at p<0.05.

Region-based statistics were calculated for each subject and included volumes, means, and
standard deviations of the intensity in the segmented regions or over the whole mask.
Regions of interest (ROIs) used for this study include: cerebellum; corpus callosum;
hippocampus; hypothalamus; septum; striatum; thalamus; and 3" ventricle. Spherical
HARMonic representation Point Distributed Models (SPHARM-PDM)(Styner et al., 2006)
were used to generate 3D meshes of the ROIs which were extracted from each subject’s atlas
segmentation. ROIs were used as inputs to generate first a spherical harmonic representation
of 3D shape and then a correspondent triangulated surface. After ensuring data integrity and
correspondence establishment, individual PDMs of regions were grouped by treatment
condition (data from male and female brains were combined). 3D models were separated
into different treatment groups and compared using a permutation testing-based multivariate
analysis of covariance (Paniagua et al., 2009). The outputs of these analyses include heat
maps indicating areas of statistically significant shape differences and color-coded
projections of those differences between the mean 3D shape of control and ethanol-exposed
subjects groups. P-value maps were corrected for false positives using a false-discovery rate
(FDR) correction (a=0.05) applied for multiple comparisons. The magnitude and direction
of these shape changes were visualized in Shape Population Viewer and in-house open
source software for the visualization of 3D shapes (https://www.nitrc.org/projects/
shapepopviewer/).

3. Results

3.1. Gross morphology

PAE did not affect post-natal body weights in either sex. The average body weights across
test days for male mice were: 18.9+0.3 and 18.9+0.5 for vehicle- and alcohol-exposed mice,
respectively; and 16.0+0.3 and 16.0+0.2 for vehicle- and alcohol-exposed females,
respectively. No gross morphological or neurobehavioral anomalies were observed in any of
the mice.
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3.2. Rotarod

The latency to fall off the rotarod apparatus increased over successive trials for all groups of
mice (Table 1). PAE did not affect rotarod performance in the male mice. However, in the
female mice, there was a significant interaction between prenatal exposure and trial on the
first day of testing (F2 48 = 4.5; p=0.02; Table 1) such that PAE reduced the latency to fall off
the rotarod during the first trial only (p=0.02).

3.3. Elevated plus maze and open field

PAE increased the total number of entries made by male mice into the open and closed arms
(to4= 2.1; p=0.048; Fig 1A), but did not affect the total entries made by the female mice (Fig
1B). However, in the female mice PAE decreased the percent of open arm entries (tp4= 2.5;
p=0.019; Fig 1A) but did not affect the duration of time spent on the open arms (Fig 1A and
Fig 1B). On the open field test, PAE did not affect any activity measure in the male mice
(Fig 1C). However, as indicated by significant main effects of PAE in the female mice, PAE
increased the amount of time spent (F1 264 = 5.6, p=0.03; Fig 1D), and the distance traveled
(F1,264 = 4.7, p=0.04; Fig 1D), in the center of the open field. PAE did not significantly
affect any other open field activity measure.

3.4. Social preference

In the sociability test, all groups of mice spent more time on the chamber side with the social
partner than they did with the empty cage; there were no significant effects of PAE on
sociability (Fig 2A and 2B). However, in the social novelty preference test, there was a
significant interaction between prenatal exposure and the time spent in each side for male
(F1,20 = 7.22; p=0.01; Fig 2C), but not female mice. Subsequent post-hoc analysis revealed
that vehicle-treated adolescent male spent significantly more time on the side with the novel
partner than with the familiar partner (p<0.001), while prenatal alcohol exposed mice did
not. As compared to vehicle exposure, PAE significantly decreased the time spent on the
side with the novel partner (p<0.001). There were no significant effects of PAE in adolescent
female mice (which did not prefer the novel partner).

3.5. Acoustic startle/Prepulse inhibition

All mice reacted to the acoustic startle stimulus and demonstrated inhibition of startle
responses with presentation of aprepulse, dependent on the decibel level (Table 2). PAE did
not significantly affect any measure of startle reactivity or pre-pulse inhibition.

3.6. Morris water maze

During the acquisition phase, all groups of mice found the location of the hidden platform
(quadrant 1) faster on the 5™ day of testing than they did on the 15t day. While PAE did not
affect the latency to find the hidden platform in the male mice (Fig 3A), there was a
significant interaction between PAE and test day in the female mice (F4 g6 = 3.4; p=0.01; Fig
3C). Post-hoc analysis revealed that PAE increased the latency to find the hidden platform
on the second and fourth test days. When the location of the hidden platform was switched
to the opposite quadrant, there was a significant interaction between PAE and test day in the
male (F4 96 = 4.2; p=0.004; Fig 3A) but not the female mice (Fig 3C). Post-hoc analysis
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revealed that PAE significantly decreased the latency to find the hidden platform on the first
test day. During the acquisition probe test, there was a trend for an interaction between PAE
and quadrant (p=0.066) and a significant main effect of quadrant in the female mice (F3 72 =
12.6: p<0.001; Fig 3D) but not the male mice (Fig 3B). Post-hoc analysis revealed that when
collapsed across prenatal treatment, female mice spent more time in the quadrant that
previously contained the hidden platform (quadrant I) as compared to quadrants Il and I1I.
During the reversal probe, neither the male nor female mice spent significantly more time in
the quadrant that had been the new location of the hidden platform (Figure 3B and 3D).

3.7. Hot plate

PAE significantly reduced the latency to lift or lick the hindpaw on the hot plate test in both
the male (tp4=3.2; p=0.003; Fig 4) and female (t4=2.8; p=0.01; Fig 4) mice.

3.8. Brain volumes and shapes

PAE did not significantly affect the volume of any of the brain regions analyzed (Table 3) in
either the male or female mice. However, when the data from both sexes were combined,
PAE was found to significantly affect the shape of the striatum, hypothalamus, cerebellum,
and corpus callosum. In the cerebellum, PAE, as compared to vehicle treatment, significantly
reduced the anterior medial area, on both left and right sides of the aqueduct and central
gray, while it significantly increased the posterior lower medial area of the cerebellum
(Figure 5A). PAE significantly also increased the size of the ventral edge of the left striatum
and an area near the medial preoptic area on the anterior face of the hypothalamus (Figure 5
B&C). In the corpus callosum, PAE significantly increased the size of the splenium and the
ventral surface of the midbody of the corpus callosum (Fig 6A) while it significantly
decreased the size of the dorsal surface of the midbody (Fig 6B). PAE also significantly
increased the dorsal surface of the genu, while it significantly decreased the ventral surface
of the genu (Fig 6C).

4. Discussion

The current results demonstrate that acute, binge-like alcohol exposure during the early
gestational phase of neurulation can have consequences on several types of adolescent male
and female mouse behavior. Exploratory and social behaviors were most affected by GD8
PAE, while the significant changes in motor coordination, learning and memory, and
reactivity to a noxious stimulus were relatively minor. Interestingly, while GD8 PAE did not
induce significant changes in regional brain volumes during adolescence, the detection of
shape changes in major structures suggests that brains were indeed altered and illustrates the
fact that an apparent absence of structural abnormalities on clinical neuroimaging
assessments does not preclude the possibility of brain damage. Taken together with the
results of prior fetal brain imaging studies, the current results suggest that GD8 PAE-induced
malformations of the fetal brain initiate a course of heterogeneous behavioral alterations that
can be measured in adolescent male and female mice.
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4.1 GD8 PAE Effects on Exploration

Exploratory behavior is an essential component of an animal’s behavioral repertoire and
alterations in activity are frequently observed developmental consequences of prenatal
teratogen exposures. The two exploratory behavior assays included in the current test battery
were the elevated plus maze and open field test, both of which have regions that mice tend to
prefer (i.e. closed arms and the edges of the open field) or avoid (i.e. open arms and the
center of the open field). In the female mice, PAE disinhibited the avoidance of the center of
the open field, as indicated by a greater time spent, and distance travelled (ca. 80% for each
measure), in the center of the open field. There was no change detected in the open field
exploratory behavior of male mice, perhaps because of the already high level of baseline
exploration. However, PAE increased total activity on the elevated plus maze by about 25%.
A trend for increased elevated plus maze activity was also observed in the prenatal alcohol
exposed female mice and the lower percent of open arm entries reflects an increased number
of closed arm entries. Although hyperactivity is often a symptom of FASD, the fact that the
activity increase in the male and female mice was specific to different tests, and therefore a
different set of environmental stimuli, suggests that GD8 alcohol exposure alone does not
induce general hyperactivity. Behavior on the elevated plus maze and in the center region of
the open field can be interpreted as related to fear and anxiety and it is possible that PAE
may impair the evaluation of novel stimuli as safe or threatening. Similar phenotypes of
disinhibited activity have been observed in mouse models for novelty seeking and
impulsivity (e.g. Matzel et al., 2008, Loos et al., 2009) and may be related to the tendency of
prenatal alcohol-exposed people to engage in high risk behaviors such as drug abuse.

4.2 GD8 PAE Effects on Social Behaviors

Social deficits are increasingly recognized as being common in individuals who have been
prenatally exposed to alcohol (Kully-Martens et al., 2012). In animal models, a variety of
PAEs affect mother-pup interactions, play behavior, aggressive behavior, sexual behavior
and social preferences (Kelly et al., 2000). In the current study, the three-chambered social
test was selected because of its demonstrated sensitivity to the influences of genetic
mutations, especially those related to autism spectrum disorders (Kas et al., 2014). All
groups of mice spent more time with the social partner than they did the non-social object
indicating that PAE did not affect “sociability”. However, in the social novelty phase, which
requires more complex sensory processing, PAE inhibited the preference for social novelty
partner in male mice by about 35%. Surprisingly, neither group of female mice preferred the
novel mouse, precluding the ability to detect a suppressive effect of PAE. The selective
effect of PAE on social novelty in the male mice is similar to a number of mouse models for
neurodevelopmental disorders (e.g. Brunssen et al., 2013, Ey et al., 2011) in which sensory
processing and social motivations have been impaired. The neural circuitry associated with
altered social behavior in prenatal alcohol-exposed rodents is thought to include the
somatosensory cortex, frontal cortex, amygdala, and nucleus accumbens (Lawrence et al.,
2008, Hamilton et al., 2010a, Hamilton et al., 2010b). Although specific volume defects
were not observed following GD8 alcohol exposure, shape defects of the corpus callosum
suggest some abnormal wiring may have occurred that would impact function. Hemispheric
connectivity has been associated with altered social behavior both in humans and other
mouse studies (Minshew and Williams, 2007, Brunssen et al., 2013). Additionally, the
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expansion of the third ventricle in the fetal brain studies as well as the shape changes
currently observed in the adolescent anterior hypothalamus indicate that hypothalamic
function may be compromised which would also likely alter social motivations. Further in
depth analyses of adolescent brains will help uncover cytoarchitectural changes associated
with changes in social preferences.

4.3 GD8 PAE Effects on Sensory Reactivity

Sensory processing defects have been noted in FAS and FASD individuals (Jirikowic et al.,
2008) and the current experiments tested whether GD8 alcohol exposure affected acoustic
startle, pre-pulse inhibition, and hindpaw response to a thermal stimulus. Although PAE did
not affect acoustic startle or pre-pulse inhibition, PAE significantly reduced the latency to
react to the thermal stimulus of the hot plate in male and female mice by about 14%. This
apparent increased nociceptive sensitivity is similar to findings in adolescent rats that had
been exposed to alcohol during the postnatal period (Rogers et al., 2004), suggesting that
prenatal alcohol exposure can alter the perception of and/or reactivity to noxious stimuli.
However, adult C57 mice that had been exposed to alcohol during early gestation were not
more sensitive to thermal stimulation (Sanchez Vega et al., 2013, Fish et al., 2015) indicating
that recovery of nociceptive thresholds following PAE, like other teratogens exposure, may
be possible with age and/or environmental experience (Schneider et al., 2006). Hyper-
responsiveness to stressors has been shown in adults following fetal alcohol exposure and it
is possible that the altered nociceptive thresholds observed in the current study are related to
exaggerated stress reactivity (e.g. Weinberg et al., 2008).

4.4 GD8 PAE Effects on Motor Coordination

Motor coordination impairments are frequently observed symptoms of FAS and FASD and
these can be observed in other animal models of prenatal alcohol exposure (Schneider et al.,
2011). Based on cerebellar volumes in the fetal brain, GD8 alcohol was expected to induce
deficits on the rotarod test. In the current study, prenatal alcohol exposed female mice fell
off the rotarod about 44% faster than did the vehicle exposed female mice, on the first
rotarod trial only. Since the rotorod was the first test of the battery, it is possible that the
reactivity to the novelty of being handled by the experimenter could have influenced motor
performance selectively in the prenatal alcohol exposed female mice. Performance improved
equally in all groups of mice over successive trials, indicating that the initial deficit could be
overcome with practice. This also suggests that more severe motor defects may have been
present earlier in postnatal life and that these could have ameliorated with repeated motoric
experiences. Surprisingly, unlike the fetal brains, there were no differences in the cerebellar
volumes of adolescent mice, suggesting a compensatory growth occurred during the late pre-
natal, and/or post-natal periods. Post-natal structural recovery of several brain regions has
been shown in a mouse model of alcohol exposure throughout pregnancy and, in that study,
motor deficits were detected in the absence of concurrent structural defects (Abbott et al.,
2016). As was suggested by those authors, structural defects that are apparent very early in
development may be most predictive of later behavioral impairments. The changes in
cerebellar shape imply possible alterations in migration patterns and while these may have
influenced motor coordination, further detailed histological studies as well as tests of finer
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motor function (EIl Shawa et al., 2013, Abbott et al., 2016) will be necessary to precisely test
the significance of the fetal cerebellar deficits and adolescent cerebellar shape changes.

4.5 GD8 PAE Effects on Learning and Memory

Learning deficits are a hallmark of FAS and FASD and in the current study there was
evidence that GD8 alcohol exposure produced aminor impairment of Morris water maze
performance. Mice can use both spatial and non-spatial strategies to find the hidden platform
location and the relatively poor performance of both the male and female mice during the
probe trials suggests that these adolescent mice relied heavily on non-spatial strategies
(Schenk, 1985). Nonetheless, during the acquisition phase of the procedure prenatal alcohol-
exposed females took significantly longer (ca. 35%) to find the hidden platform on two of
the test days, indicating a performance deficit. Following acquisition, when the location of
the platform was switched to the opposite quadrant, prenatal alcohol-exposed male mice
took about 32% less time to find the hidden platform than did the vehicle-exposed mice.
This suggests that PAE could have impaired memory retention for the previously correct
quadrant and/or shifted the male mice to a more aggressive search strategy which would
increase the probability of finding the platform in its new location. Continued evaluation of
altered learning and memory in prenatal alcohol exposed mice will require experimentally
naive mice and tests such as fear-conditioning (Brady et al., 2012, Caldwell et al., 2014)
which may be less affected by potential differences in motor ability. It is also noteworthy
that while GD8 alcohol exposure reduced the size of the hippocampus in fetal mice, neither
volume nor significant shape changes were detected in the adolescent hippocampus
indicating this region’s capacity for post-natal recovery.

4.6 Sex Differences

Male and female offspring often have different responses to teratogens (for review see,
DiPietro and Voegtline, 2015), and in animal models, there are several reports that show sex
differences in the behavioral and neuroendocrinological measures after PAE (e.g. McGivern
et al., 1984, Zimmerberg et al., 1991, Weinberg et al., 2008, Varlinskaya and Mooney, 2014,
Wieczorek et al., 2015). Although not statistically significant, vehicle-treated female mice in
the current study tended to be more active on the elevated plus maze, less active in the center
of the open field, and have less social novelty preference, as compared to vehicle-treated
male mice. PAE essentially diminished these baseline sex differences in exploratory and
social behaviors; PAE increased the activity of male mice on the elevated plus to the level of
female mice, increased the activity of female mice in the center of the open field to the level
of the male mice, and reduced the social novelty preference of male mice to the level of
female mice. A possible explanation for why one sex showed an effect of PAE and why the
other did not, is that ceiling and floor effects limited the behavioral variability of each test. It
is possible that adjusting the testing parameters to minimize the baseline sex differences
could enable PAE effects to be detected equally in both male and female mice. However, this
would not explain the sex difference in performance on the rotarod or in the water maze.
Moreover, sex differences following acute GD7 alcohol exposure were observed in adult
mice even in the absence of baseline behavioral differences between males and females on
the elevated plus maze, forced swim test, and light:dark box activity (Wieczorek et al.,
2015).
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The sex differences in adolescent behavior following early gestational alcohol are likely due
to the interaction between the initial sensitivity of female and male embryos to alcohol and
the altered sensitivity to future developmental events (e.g. development of the genital ridge,
Sry expression, and prenatal androgen exposure). Structural abnormalities in the
hypothalamus and pituitary are common in young fetuses after early gestational alcohol
(Godin et al., 2010b, O’Leary-Moore et al., 2010, Parnell et al., 2013) and these may
become functional differences as sexual differentiation takes place. Since the sex differences
detected in the current study were observed before the typical onset of puberty, they are
more likely to reflect interaction between PAE and /in utero hormone exposure, rather than
the levels of gonadal steroids circulating at the time of testing. There is evidence that alcohol
exposure throughout gestation can alter the sensitivity to /n utero androgen exposure
(McGivern et al., 1988), which can “masculinize” and “feminize” brain regions and behavior
measured as early as PD3 in rats (Zimmerberg and Reuter, 1989). Whether PAE during
neurulation, a time well before the peak of fetal androgen exposure (Ward and Weisz, 1980),
alters subsequent prenatal sensitivity to steroids to initiate a sex-specific behavioral
trajectory is not known and is an important area for future study. Finally, there is evidence
during neurulation that male mouse embryos are older, as determined by somite number,
than are female mouse embryos (Seller and Perkins-Cole, 1987, Brook et al., 1994),
suggesting that acute alcohol exposure could alter different developmental events in males
and females solely on the basis of age. Studies aimed at understanding the immediate
consequences of acute alcohol exposure during neurulation will help further interpret the sex
differences in adolescent behavioral outcomes.

5. Conclusions

The results of these experiments are clinically significant in two important ways. First, it is
necessary to recognize and disseminate the fact that a single binge-like alcohol exposure
during the early embryonic period, a time before women typically recognize that they are
pregnant, can have lasting behavioral consequences in a mouse model. Second, the finding
of PAE-induced neurofunctional abnormalities in the absence of gross brain volumetric
changes (albeit with shape alterations) further substantiates the need for more research on
the full spectrum of PAE’s effects on behavior and cognition. That functional deficits can
occur without major structural changes suggests that children with potential PAE cannot be
examined by neuroimaging techniques alone. Additionally, this study aids in discovering the
pathological mechanisms that underlie the behavioral deficits. For example, the cerebellar
abnormalities in alcohol-exposed mice are likely the result of cell death along the rostal
rhombic lip (Dunty et al., 2001). However, cell death is unlikely to be the causative
mechanism for the alcohol-rostral midline enlargements observed in both the fetal and
adolescent brain. Continued analysis of the pathological events following binge-like
exposures will provide possible mechanisms for these structural and functional defects.
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Highlights

. An acute neurulation stage alcohol exposure affected motor activity and
social behavior, and had minor effects on Morris water maze performance
and hot plate reactivity in adolescent male offspring

. An acute neurulation stage alcohol exposure affected motor activity, and
had minor effects on Morris water maze performance and hot plate
reactivity in adolescent female offspring

. The behavioral effects occurred in the absence of differences in regional
brain volumes as measured by MRI

. The shapes of the cerebellum, hypothalamus, striatum and corpus callosum
were significantly altered in neurulation stage alcohol-exposed adolescents
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The effects of GD8 alcohol exposure on elevated plus maze and open field behavior. A and
B. In each panel the /eft pairs of bars represent the percentage of time on the open arms and
correspond to the /eft y-axis. The center pairs of bars represent the percentage of total arm
entries that were made onto the open arms and correspond to the /eft y-axis. The total arm
entries are represented by the right pair of bars and correspond to the right y-axis. C and D.
In each panel the /eft pairs of bars represent the total time that was spent in the center of
open field and correspond to the /eft y-axis. The right pairs of bars represent the total time
distance (cm) that was travelled in the center of open field and correspond to the right y-axis.
All data are means + 1 SEM and asterisks denote significance vs. Veh, p<0.05.
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Fig. 2.

Tr?e effects of GD8 alcohol exposure on social behaviors in the three-chambered test. A and
B. In each panel, the /eft and right pairs of bars represent the time spent on the side that
contained the non-social, or the social stimulus, respectively. C and D. In each panel, the /eft
and right pairs of bars represent the time spent on the side that contained the familiar, or
novel, social stimulus, respectively. All data are means + 1 SEM. Carets denote significance
vs. Empty or Familiar and asterisks denote significance vs. Veh, p<0.05.
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The effects of GD8 alcohol exposure on Morris water maze performance. A and C. The /eft
and right panels represent the latency (s) to find the hidden platform during the acquisition
and reversal phases, respectively. B and D. The /eftand right panels represent the percentage
of time spent in each quadrant during the probe trials for the acquisition and reversal phases,
respectively. All data are means + 1 SEM and asterisks denote significance vs. Veh, while
the caret denotes a significance vs. other quadrants, p<0.05. The horizontal dotted lines
represent a 15 s criterion during the hidden trials and an equal quadrant preference during
the probe trials. Shaded bars highlight the correct quadrant for each phase.
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Fig. 4.

The effects of GD8 alcohol exposure on the latency to respond on the hot plate. The /eftand
right pairs of bars represent the latency to lift or lick the hindpaw for male and female mice,
respectively. All data are means + 1 SEM and asterisks denote significance vs. Veh.
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Fig. 5.

Tr?e effects of GD8 alcohol exposure on regional brain shapes. 7op panel. Areas portrayed in
blue are statistically unchanged from vehicle, while areas in other colors are significantly
different between alcohol and vehicle treated mice. a and b) portray the anterior and
posterior views of the cerebellum. ¢ and d) portray the left and right striatum. e) portrays the
anterior view of the hypothalamus. f, g, and h) portray the anterior, ventral, and dorsal views
of the corpus callosum The colored bars indicate levels of significance. Bottom panel.
Parasagittal and horizontal MRI images of a PD 45 mouse brain highlighting regions in
which significant shape changes had occurred.
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Effects of GD8 Alcohol Exposure on Regional Brain Volumes in Adolescent Male and Female Mice

Table 3

Treatment Group

Brain Region Veh Males | ALC Males | Veh Females ALC Females
Cerebellum 53.8+0.9 522+1.2 526+22 50.1+3.0
Corpus callosum | 0.92+0.03 | 0.96 +0.08 0.98 + 0.06 1.0+0.07
Hippocampus 228+0.8 223+0.6 226+1.0 229+0.7
Hypothalamus 84+04 88+0.3 79+04 7.7+0.2
Septum 2.1+0.08 2.1+0.07 2.3+0.09 2.1+0.08
Striatum 215+0.6 219+08 221+0.6 222+05
Thalamus 24007 23.6+0.2 23.3+0.8 23.8+04
Third ventricle 0.47+0.06 | 041+0.1 0.46 + 0.06 0.53 +0.06

All data are reported in mm

3
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and expressed as the mean + SEM.
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