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ABSTRACT OF THE DISSERTATION 

 
 

Postnatal Neuro-Behavioral Effects of Prenatal Ethanol Exposure in a Mouse 
Model 

 
 

by 
 
 

Olga Kozanian 
 
 
 

Doctor of Philosophy, Graduate Program in Psychology 
University of California, Riverside, August 2016 

Dr. Kelly Huffman, Chairperson 
 
 

Alcohol consumption during pregnancy can produce developmental 

abnormalities in offspring brain and behavior that often persist into adulthood, 

resulting in lifelong neurobehavioral anomalies. Fetal alcohol spectrum disorders, 

or FASD, is an umbrella term that describes a range of adverse developmental 

conditions caused by prenatal alcohol, or ethanol exposure (PrEE), with 

epidemiological studies recently reporting up to 5% of children being diagnosed 

with some form of FASD. PrEE can manifest in a host of physical, cognitive, 

emotional and behavioral impairments, arising from underlying neurobiological 

damage in various brain regions, including the neocortex. In order to study the 

affects of PrEE on brain biology and behavior, our laboratory created a CD-1 

mouse model of FASD, implementing a maternal voluntary consumption of 25% 

ethanol solution paradigm throughout gestation. In preliminary studies, our 
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laboratory was first to demonstrate disrupted targeting of ipsilateral 

intraneocortical connections (INCs) within sensori-motor regions of neocortex, 

altered gene expression patterns, coupled with altered cortical thickness and 

subcortical anatomy in newborn PrEE mice and abnormal behavior in older PrEE 

mice (El Shawa et al., 2013; Abbott et al., 2016). Chapter one of this dissertation 

extends initial studies investigating structural differences between newborn PrEE 

and control mice by examining the long-term effects of PrEE on brain anatomy 

throughout development, in weanling and early adult PrEE mice, with results 

revealing long-term alterations in cortical anatomy and abnormal subcortical 

development from the in utero ethanol exposure. Furthermore, we examine and 

discuss behavioral implications of PrEE-induced cortical and subcortical damage 

in young adult mice. In chapter two, we investigate whether aberrant INCs and 

altered gene expression patterns found in the PrEE newborn are transient or 

persist into prepubescence. Here, we discuss the maintenance of PrEE-induced 

changes in gene expression and altered behavior through prepubescence, albeit 

recovery of ectopic cortical connectivity observed at birth. Finally, chapter three 

evaluates the impact of PrEE on components of brain and behavior involved in 

fear learning and memory recall. Specifically, we assess the long-term effects of 

early ethanol exposure on a Pavlovian fear-conditioning paradigm, with results 

indicating that PrEE significantly alters learning and memory of aversive stimuli in 

adulthood when conditioned earlier in development. In addition, we review the 
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outcome of PrEE on brain regions involved in fear learning and emotion 

regulation in adulthood.  

Further identification of the biological and behavioral phenotypes resulting from 

PrEE in this dissertation will contribute greatly toward discerning solutions in 

minimizing the severity and/or ameliorating ethanol-induced neurobehavioral 

damage.  
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General Introduction 
 
Fetal Alcohol Spectrum Disorder (FASD) 
 

FASD is an umbrella term used to describe a broad range of 

neurobiological, physical and cognitive abnormalities arising from in utero 

exposure to alcohol. The term, first coined by Jones and colleagues in the early 

1970’s, was based on studies involving a pattern of birth anomalies, including 

growth retardation, developmental delay or mental deficiency, craniofacial 

anomalies and cardiac defects shared by a group of infants and children born to 

women clinically recognized to be alcohol abusers during the time of their 

pregnancy (Jones and Smith 1973, Jones et al., 1975). Currently, there are 

several commonly used diagnostic schemas for prenatal alcohol related 

disorders, including partial FAS (pFAS), Alcohol-Related Neurodevelopmental 

Disorder (ARND) and Fetal Alcohol Syndrome (FAS) (Chudley et al., 2005). 

Despite differences among them, all schemas rely on anomalies in three distinct 

areas; prenatal and/or postnatal growth deficiency, central nervous system 

(CNS) dysfunction and a characteristic pattern of facial abnormalities. The range 

of physical and behavioral outcomes are variable among individuals subjected to 

prenatal alcohol exposure, with animal experimentations identifying a number of 

factors that could influence the outcome, including ethanol dose, timing of 

exposure, genetic factors, and nutritional status of the mother (Riley, 2011; May 

et al., 1983; Jacobson et al., 1996; May and Gossage, 2011). The less severe 

classification of pFAS is used for children possessing CNS dysfunction and two 
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out of three craniofacial abnormalities, while ARND diagnoses are usually 

classified as expressing CNS dysfunction without growth deficiencies or facial 

abnormalities. 

 

FASD and the brain 

For decades, studies have indicated that prenatal ethanol exposure 

(PrEE) is the leading known preventable cause of mental retardation in the 

western culture (Abel and Sokol, 1986; Sampson et. al., 1997). Exposure to 

ethanol early in development can affect all stages of brain maturation, through a 

variety of mechanisms, with the cerebral cortex being one of the key structures 

being affected by ethanol’s teratogenicity (El Shawa et al., 2013).  

The neocortex is a complex structure in the nervous system of mammals 

that contains a unique set of functional and anatomical properties. This structure 

is responsible for the complex integration of naturally occurring cognitive 

demands in the everyday environment, including language, decision-making, 

motivation and sensori-motor processing. During development, sensory and 

motor areas are formed in the neocortex through a process called arealization. 

The mechanisms responsible for cortical area development, or arealization, have 

been debated for years, with recent evidence indicating that the development of 

cortical areas involves a rich array of signals with considerable interplay between 

mechanisms intrinsic to the neocortex, characterized by transcription factors 

expressed by cortical progenitor cells and morphogens expressed by 
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telencephalic patterning centers within cortex, as well as mechanisms extrinsic to 

the cortex that require neuronal activity from the peripheral senses (for review 

see Sur and Rubenstein, 2005; Krubitzer and Dooley, 2013). Thus, the 

mammalian neocortex is subject to anatomical and functional reorganization, 

whereby normal developmental trajectories may be shifted, resulting in abnormal 

cortical patterning and behavior, following insults from the environment.  

Exposure to environmental toxins during critical periods of early 

development has been shown to cause profound effects on the neurobiology of 

the neonate (Lidow, 1995; Chang et al., 2004; Lu et al., 2012). Similarly, prenatal 

exposure to ethanol has been exhibited to cause cortical dysfunction, including 

migrational defects, apoptosis and changes in cortical thickness (Miller, 1993; 

Sampson et al., 1994; Ikonomidou et al., 2000; O’learly-Moore et al., 2010; 

Abbott et al., 2016). Recent studies have also demonstrated PrEE-induced 

disruptions in normal patterns of cortical development, including defects in 

connectivity, gene expression, and DNA methylation levels (Aronne et al., 2008; 

El Shawa et al., 2013; Abbott et al., 2016).  

Moreover, damage to the developing brain caused by in utero ethanol 

exposure can lead to altered cognitive, emotional and behavioral phenotypes.  

Cognitive deficits in FASD include; hyperactivity, learning disabilities, poor 

judgment and reasoning, as well as problems with attention and memory 

(www.nofas.org). Prenatal ethanol exposure may also cause impaired brain 

function that leads to delayed motor development, poor coordination, and 
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problems with sensorimotor integration, resulting in diminished motor skills, and 

increased reaction time and response latencies (Streissguth et al., 1984; Lopez-

Tejero et al., 1986; Carmichael-Olsen et al., 1998; Burd et al., 2003; Connor et 

al., 2006). Symptoms of anxiety and depression have also been shown to 

underlie behavioral deficits stemming from in utero alcohol exposure (Mattson 

and Riley, 1998; El Shawa et al., 2013).  

 Our laboratory has previously conducted an extensive life-span analysis of 

cortical development, including cortical gene expression and INC development, 

in the CD-1 mouse strain (Dye et al., 2011a; 2011b). We, therefore, created a 

PrEE model in this strain in order to study effects of PrEE on brain and behavior 

development. In our preliminary studies, offspring exposed to a 25% ethanol 

solution throughout gestation revealed PrEE-induced shifts in intraneocortical 

development that correlated with altered gene expression patterns at birth. 

Specifically, altered sensorimotor integration in postnatal day (P) 20 PrEE mice 

was correlated with disrupted targeting of motor and sensory intraneocortical 

connections (INCs) and increased expression of RZR-β in newborn PrEE mice 

(El Shawa, 2013). In subsequent studies, we have reported widespread 

structural abnormities in cortical and subcortical brain regions resulting from in 

utero ethanol exposure at birth, including alterations in motor and sensory 

cortical thickness and reductions in basal ganglia, CA3 and corpus callosum size. 

This dissertation extends our laboratory’s initial findings by first examining 

the ontogeny of prenatal ethanol exposure on neocortical and subcortical 
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anatomical development, correlating these findings with behavioral function in 

adulthood. We then investigate whether aberrant INCs and altered gene 

expression patterns found in the PrEE newborn are transient or persistent into 

later development. In a third novel study, we speculate the effect of ethanol 

exposure during gestation on the amygdala, a key brain region for fear learning, 

emotion and anxiety regulation. We subsequently explore the potential link 

between PrEE-induced alterations in various amygdala nuclei development with 

fear conditioning and memory recall deficits in early and late adulthood. Results 

from this dissertation provide novel insight into short- and long-term anatomical, 

molecular and behavioral phenotypes underlying brain dysfunction in 

development as a result of ethanol exposure during neonatal life, with potential 

implications in identifying large-scale neurobiological changes observed in 

human FASD cases.   
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Chapter 1: The impact of prenatal ethanol exposure on 
neuroanatomical and behavioral development in mice. 
 

Introduction 

Fetal alcohol spectrum disorders (FASD) describe a continuum of 

deleterious effects on offspring from in utero ethanol exposure. Individuals with 

FASD often exhibit neurological, craniofacial, skeletal, cardiovascular and 

cognitive-behavioral deficits (Clarren et al., 1978; Murawski et al., 2015). Fetal 

Alcohol Syndrome, or FAS, represents the most severe form of FASD where the 

child is physically, cognitively and/or behaviorally impaired from prenatal ethanol 

exposure (PrEE). FAS epidemiological data show an incidence rate of 0.5-2.0 

cases per 1,000 births (May and Gossage, 2001). However, rates of the 

spectrum, where all levels of exposure-related deficits are included, are believed 

to be much higher, as 18.6% of U.S. pregnant women age 35-44 reported 

drinking during pregnancy (Tan et al., 2015). According to the World Health 

Organization, PrEE is the leading cause of preventable mental retardation in the 

Western world.  Despite this, the biological mechanisms that lead to altered brain 

development in offspring prenatally exposed to ethanol are not fully understood. 

Identification of brain regions susceptible to the effects of in utero ethanol 

exposure in humans and animal models provide critical insight that can be 

applied to future diagnoses and treatments in people with FASD. 

The Collaborative Initiative on Fetal Alcohol Spectrum Disorders (CIFASD) 

has provided support for links between prenatal ethanol exposure and 
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anatomical irregularities in the human brain. For example, PrEE-related 

reductions in brain volume have been identified using human brain imaging 

(Archibald et al., 2001; Norman et al., 2009; Lebel et al., 2011). MRI studies in 

humans have revealed abnormalities in corpus callosum, with high variability in 

structural form persisting into adulthood (Bookstein et al., 2002; 2007), reduced 

basal ganglia (Mattson et al., 1996) and left-right hippocampal asymmetry 

(Riikonen et al., 1999).  The neocortex is differentially affected by PrEE (Riikonen 

et al., 1999; Archibald et al., 2001; Sowell et al., 2002) with cortical thinning 

reported in middle-frontal, inferior-occipital and paracingulate areas (Zhou et al., 

2011), and thickening reported in inferior-parietal, anterior-frontal and orbital-

frontal cortex of subjects exposed to ethanol during gestation (Sowell, et al. 

2002a; Sowell et al., 2002b; Yang et al., 2011). Abnormal hippocampal and 

cortical information processing may largely underlie reported disabilities of 

learning, memory, and behavior as result of early exposure to alcohol 

(Streissguth et al., 1994; Granato et. al., 2006, El Shawa et al., 2013).  

Many experimental studies in animal models have also demonstrated the 

risk of maternal ethanol consumption during pregnancy.  Drinking while pregnant 

significantly impacts the offsprings’ brain development, with the cerebral cortex 

being one of the key structures damaged by prenatal exposure to ethanol. PrEE 

leads to varying levels of cortical dysfunction, including defects in neuronal 

migration, changes in apoptosis or cell death, alterations in cortical thickness, 

callosal connectivity and selective reduction of GABA neurons (Miller 1993; 
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Sampson et al., 1994; Ikonomidou et al., 2000; O’leary-Moore et al., 2011; Cao 

et al., 2014; Smiley et al., 2015). In our CD-1 mouse model of FASD, PrEE 

generated ectopic neocortical gene expression and disrupted targeting of 

intraneocortical connections (El Shawa et al., 2013). These atypical features of 

brain development were correlated with behavioral deficits around weaning.  

Other studies have identified non-cortical damage to the developing nervous 

system from PrEE.  For example, West and colleagues described abnormal 

development in the hippocampus, cerebellum and corpus callosum following 

prenatal ethanol exposure in a rat model of FASD (Maier and West, 2001; Livy et 

al., 2003; Livy and Elberger, 2008). 

 We have previously documented PrEE-induced anatomical irregularities in 

cortical and subcortical brain regions in the newborn mouse, including: thickening 

of the frontal, somatosensory and visual cortices, thinning in prelimbic and 

auditory cortices, and decreases in basal ganglia, CA3 and corpus callosum 

gross anatomy. In order to assess the ontogeny of PrEE-induced brain anatomy, 

in this study, we measure cortical thickness, cortical and subcortical structures in 

PrEE and control mice at two developmental timepoints in a novel mouse model 

of FASD: P20 (weanling) and P50 (young adult). We predicted that moderate 

PrEE in the developing CD-1 mouse would result in abnormal region-specific 

neocortical thickness as well as altered cortical and sub-cortical structural 

development. Furthermore, we speculated that these PrEE-induced brain defects 

would persist across development, from weanling age to early adulthood. By 
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assessing multiple locations throughout the brain at different stages of 

development we were able to map transient and persistent changes in the 

neuroanatomy of mice exposed to ethanol in utero. 

 

Materials and methods 

Animal care 

All experimental procedures conducted were approved by the University of 

California, Riverside Institutional Animal Care and Use Committee. Ten-week-old 

Female CD-1 mice were bred with non-sibling males, and housed alone during 

the entire gestational period following confirmation of a vaginal plug (gestational 

day, GD, 0.5). Dams were weight-matched, separated into ethanol-treated and 

control groups, and provided ad libitum access to standard mouse chow. A series 

of dam measures have been previously reported in order to validate our 

exposure model (El Shawa, et al., 2013; Abbott et al., 2016). Upon birth, post-

natal day (P) 0 male mice were cross-fostered with ethanol-naïve dams until age 

P20. P20 male weanlings were weight-matched, euthanized or weaned and 

raised to P50, when they were euthanized after behavioral testing. All mice were 

euthanized via a lethal dose of sodium pentobarbital (100mg/kg) and 

transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in 

PBS (PFA, pH: 7.4).  
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Ethanol Administration 

Ethanol administration in the CD-1 model was carried out as described 

previously (El Shawa et al., 2013). Dams received either 25% EtOH in water 

(experimental), or an isocaloric maltodextrin solution (control). Both solutions 

were available ad libitum alongside standard mouse chow for the entirety of 

gestation.  

 

Tissue Processing 

After euthanasia and perfusion, brains were collected and weighed at two 

ages (P20, and after behavioral experiments at P50) and cryoprotected in a 

sucrose solution for 1-3 days. Tissue was cryosectioned at 30µM in the coronal 

plane, mounted onto glass slides, stained for Nissl and imaged using a Zeiss 

Microscope and Zeiss Axiocamera. 

 

Anatomical Measures 

Gross dorsal views of P20 and P50 control and PrEE brains were imaged 

using Zeiss microscopy. Regions of interest (ROI) in individual tissue sections 

were measured across all cases using an electronic micrometer in ImageJ by a 

trained researcher blind to the treatment. Cortical thickness measures in sections 

stained for Nissl substance were taken along a line perpendicular to the cortical 

sheet extending between the most superficial portion of layer I to the deepest 
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portion of layer VI. These included prelimbic cortex (PL), frontal cortex (FC), 

primary auditory cortex (A1), primary somatosensory cortex (S1) and primary 

visual cortex (V1). ROIs were identified with the Paxinos atlas using specific 

cortical and subcortical landmarks such as the genu of the corpus callosum, the 

anterior commissure, the fimbria of hippocampus and the superior colliculus. 

Corpus callosum (CC) thickness was measured from the midline region. 

Measures of hippocampal subfield thickness were taken in CA3. Measures of 

basal ganglia (BG) were limited to caudate putamen, globus pallidus, and ventral 

pallidum. Boundaries for dorsal lateral geniculate nucleus (dLGN) measures 

were taken using specific anatomical landmarks surrounding the dLGN, 

including: the intergeniculate leaf (IGL) for the ventral lateral border, the external 

medullary lamina (EM) for the ventral medial border, the lateral posterior nucleus 

(LP) for the dorsal border, and the brachium of the superior colliculus (BSC) for 

the dorsal lateral border of the dLGN. Basal Ganglia and dLGN volumes were 

calculated by drawing borders around the BG and dLGN in serial sections at a 

fixed magnification using ImageJ. Cell packing density within these ROIs was 

measured as follows: A trained experimenter, blind to condition, counted cell 

nuclei in order to quantify cell packing density within an ROI. Bright-field Z-stack 

images of 30µM thick coronal sections stained for Nissl were collected and 

analyzed using the ITCN plugin for ImageJ. Volumetric measurements were 

made by calculating the distance between top and bottom sections of the stack, 

and then multiplied by ROI area (P20 PrEE n = 17; P20 Control n = 17; P50 
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PrEE n = 14; P50 Control n = 14).  Cortical thickness measures were as follows: 

P20 PrEE n = 12 and P20 Control n = 12; P50 PrEE n = 12 and P50 Control n = 

15. Subcortical measures were as follows: P20 PrEE n = 8 and P20 Control n = 

8; P50 PrEE n = 8 and Control n = 8).   See Table 1 for a list of abbreviations. 

 

Behavioral assays 

 The effects of PrEE on sensorimotor integration, balance and anxiety-like 

behaviors were measured at P50 using two behavioral assays: the Suok test and 

the platform test. These tests have been used previously in this PrEE mouse 

model (Kalueff et al., 2008; Glajch et al., 2012; El Shawa et al., 2013). The Suok 

apparatus was constructed, and testing performed in accordance with 

specifications published previously (El Shawa et al., 2013). Animals were placed 

in the center of a 2m long aluminum rod and allowed to explore the apparatus for 

5 minutes. Any animals that fell were immediately placed back on the rod in the 

same orientation. Trained researchers blind to condition recorded measures of 

motor function including falls per segment crossed, as well as measures of 

anxiety-like behavior: directed exploration, latency to leave center, stereotyped 

cephalo-caudal grooming, and time spent immobile. Subjects were then assayed 

on the platform test. Here, individual mice were placed upon a 2.5 cm platform 30 

cm above a cushioned landing platform and allowed to balance for up to 60 s. 

Time to fall was recorded as a measure of balance. Control n = 16, PrEE n = 17. 
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Statistical Analyses 

Two sample t-tests assuming unequal variance were used to establish 

significant differences between all brain and behavior measures of PrEE and 

control mice. For data displayed as percent change, mean baseline corrected 

control was set as 100%, with experimental measures expressed as percentage 

variation from that mean.  

 

Results  

Body and brain weights of PrEE and control mice 

Body weights were significantly decreased at both developmental timepoints in 

PrEE mice (Figure 1A; P20, control 9.882 ± 0.428 and PrEE 7.953 ± 0.375, 

p<0.0001; P50, control 32.27 ± 1.446 and PrEE 25.04 ± 0.990, p<0.0001). Brain 

weight measurements revealed significant differences between control and PrEE 

mice at P20 (Figure 1B; control 0.438 ± 0.018 and PrEE 0.377 ± 0.024; p<0.01) 

and P50 (Figure 1B; control 0.590 ± 0.010 and PrEE 0.457 ± 0.014; p<0.0001), 

with PrEE animals having significantly lower brain weights. Consistent with body 

and brain weight reductions, visual assessment of brain size across conditions 

and ages revealed that PrEE mice are born with smaller brains than age-

matched controls, which persists into early adulthood (dorsal view images of 

brains shown in Figure 2). 
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Cortical thickness in PrEE and control mice  

Frontal cortex: Significant thickening of frontal cortex was observed in P20 

(Figure 3A1-A3, control 100 ± 3.305 %, PrEE 116.7 ± 2.254 %, p<0.01) and P50 

(Figure 4A1-A3, control 100 ± 3.869 %, PrEE 108.8 ± 3.134 %, p<0.05) PrEE 

mice. 

 Prelimbic cortex: Significant thickening in the PL was found in P20 PrEE 

mice (Figure 3B1-B3, control 100 ± 4.460%, PrEE 115.9 ± 1.301%, p<0.05), with 

the PL reverting to substantial thinning in experimental groups by P50 (Figure 

4B1-B3, control 100 ± 0.8254 %, PrEE 87.80  ± 1.094, p<0.001).  

Somatosensory cortex: PrEE inhibited cortical thinning in somatosensory 

cortex at P20 (Figure 3C1-C3, control 100 ± 4.091 %, PrEE 117.8 ± 3.692 %, 

p<0.01). The absence of developmental thinning of S1 was reversed by early 

adulthood with PrEE generating significant thinning at P50 (Figure 4C1-C3, 

control 100 ± 0.4849 %, PrEE 95.29 ± 2.144 %, p<0.05).  

Auditory cortex: At P20, PrEE induced significant thickening of auditory 

cortex (Figure 3D1-D3, control 100 ± 3.910 %, PrEE 121.4 ± 5.567 %, p<0.05). 

Significant changes persisted into early adulthood, with PrEE brains having 

significantly thinner A1 (Figure 4D1-D3, control 100 ± 1.260%, PrEE 91.18 ± 

2.018%, p<0.05). 

Visual cortex: No significant differences were found in visual cortex 

development between P20 and P50 control and PrEE mice (Figure 3E1-E3, p > 

0.05; Figure 4E1-E3, p > 0.05).  
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Dorsal lateral geniculate nucleus 

A reduction in size of dLGN was present at P20 in PrEE mice (Figure 5A1-

A3, control 100 ± 3.567 %, PrEE 84.99 ± 1.673 %; p<0.05). Analysis of P50 PrEE 

and control dLGN revealed no differences in nuclear size (Figure 6A1-A3; p > 

0.05). 

 

Basal ganglia 

Analyses of BG in weanling and early adult mice revealed no significant 

variance between treatments (Figure 5B1-B3; p > 0.05; Figure 6B1-B3, p > 

0.0.0).  

 

Hippocampus  

Analysis of the CA3 region of the hippocampus revealed significant 

thickening in P20 PrEE mice (Figure 5C1-C3, p<0.05).  Significant thickening of 

CA3 observed in P20 PrEE brains was maintained in early adulthood, when 

compared to controls (Figure 6C1-C3, control 100 ± 1.963 %, PrEE 108.1 ± 

0.826 %, p<0.05).  

 

Corpus Callosum  

PrEE mice had a significantly thinner CC at P20 (Figure 5D1-D3, control 

100 ± 2.347 %, PrEE 92.20 ± 1.049 %, p<0.01). However, CC thinning in P20 

PrEE mice was no longer evident in young adult brains (P50). Instead, a 
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statistically significant, dramatic increase in thickness was observed at P50 in 

PrEE mice as compared to controls (Figure 6D1-D3, p<0.05). 

 

Cell packing density 

To determine if altered cortical thickness observed in PrEE mice was 

generated by varied total cell number or degree of compaction, cell nuclei 

packing density was measured at P20 and P50 (table 2). Regional cell packing 

density in cortex did not significantly differ at any of the developmental time 

points measured. Thus, the varied region-specific volumetric changes in cortical 

thickness are not simply caused by a change in cell packing density. 

 

Behavioral analyses 

Performance on the Suok and platform apparatus was recorded at P50, 

revealing increased anxiety and reduced balance and sensorimotor integration in 

PrEE mice compared to age-matched controls. Balance, as defined by 

performance on the platform test, was significantly different across treatments 

(Fig 7A, control 45.07 ± 5.056 s, PrEE 29.18 ± 5.538 s; p<0.05). Falls per 

segment crossed, a measure of sensorimotor integration, revealed a pronounced 

deficit in PrEE mice when compared to controls (Figure 7B, control 0.015 ± 

0.005, PrEE 0.04 ± 0.007; p<0.01). Rearing and stereotyped cephalo-caudal 

grooming was reduced significantly in PrEE animals indicating increased anxiety 

(Figure 7C, control 0.9375 ± 0.309, PrEE 0.1250 ± 0.085; p<0.05). Additional 
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anxiety-like behaviors were detected in measures on the Suok apparatus 

including an increased latency to leave the central portion of the apparatus 

(Figure 7D, control 6.817 ± 1.471 s, PrEE 25.03 ± 7.114 s; p<0.05), increased 

time spent immobile (Figure 7E, control 23.07 ± 4.947 s, PrEE 55.73 ± 11.04 s; 

p<0.05) and reduced directed exploration (Fig 7F, control 100.1 ± 4.352, PrEE 

80.53 ± 6.187; p<0.05).  

 

Discussion  

 In this report we describe structural abnormalities in PrEE mice at 

postnatal days 20 and 50, with behavioral analyses performed at P50. By 

detailing developmental changes in the neuroanatomy of PrEE mice, we gain a 

more complete understanding of ethanol’s impact on the trajectory of cortical 

thinning, nuclear size and structural features during development. Furthermore, 

measuring behavioral dysfunction in the same animals at P50 suggests that 

these changes may underlie some commonly observed cognitive and behavioral 

impairments observed in children with FASD. 

Effects of PrEE on offspring body and brain weights.  

In this study, we found that both weanling and young adult PrEE mice had 

decreased brain weights when compared to controls, although brain to body 

weight ratio remained unchanged following prenatal ethanol exposure, 

suggesting that we are non-selectively inhibiting CNS development (data not 

shown). Neuronal loss in the cortex, coupled with reports of specific loss of 
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cerebellar and hippocampal neurons, and decreased white matter in the brain as 

a result of ethanol exposure during development, could account for the overall 

loss of brain mass observed in children diagnosed with FASD (Bauer-Moffett and 

Altman, 1977; Goodlett et al., 1990; Ikonomidou et al., 2000). In addition to our 

PrEE mice displaying lower brain weights throughout development when 

compared to their control counterparts, ethanol exposed mice also had 

decreased body weights at birth (Abbott et al., 2016), an effect that was 

maintained through early adulthood (P50). Decreased body weight across 

development in our mouse model is consistent with outcomes observed in 

humans and rodents exposed to ethanol via maternal consumption during 

pregnancy (Margret et al., 2005; Chappell et al., 2007; May et al., 2014). 

Interestingly, however, despite PrEE mice having significantly lower body weights 

throughout development, average growth rates were marginally accelerated in 

weanling (P20) and young adult (P50) PrEE animals when compared to controls. 

The time period between weanling through young adulthood is considered a 

sensitive developmental time-period, as the brain undergoes considerable 

maturation. Though a growth spurt that may mirror some sort of recovery during 

this time period in PrEE mice may positively contribute to development, 

alterations outside of normal programmed growth rates may have long-term 

adverse consequences where the rapid growth spurt may negatively impact 

programmed developmental mechanisms.  
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PrEE and cortical thickness 

Prenatal ethanol exposure disrupts the normal cortical developmental trajectory, 

beginning with a significant thickening of FC, S1 and V1 and thinning of PL and 

A1 at P0 (Abbott et al. 2016). In control P20 mice, developmental cortical 

thinning is usually observed across cortical areas; however, in the PrEE mice, all 

cortical areas except V1 are thicker than controls, suggesting a delay in area 

maturation. By P50, PrEE PL, S1 and A1 exhibit distinct thinning, while FC 

shows thickening and V1 show no observable changes in thickness compared to 

controls. The observation of reduced developmental cortical thinning during a 

time related to ‘middle childhood’ in children and a maintained perturbation 

during early adulthood in our model is reminiscent of variation seen in humans 

with FASD. For example, these changes mark an alteration to an essential 

developmental process thought to be broadly driven by arealization, and in 

particular, the refinement of neuronal networks, white matter myelination and 

synaptic pruning (Sowell et al., 2004; Treit et al., 2014). The process of cortical 

thinning, beginning in early development and carrying through to adulthood, 

proceeds at varying rates dependent upon brain region, with frontal and prelimbic 

regions thinning at lower rates in humans (Tamnes et al., 2010). The persistence 

of thickened FC in PrEE mice throughout early development is stereotaxically 

consistent with dysregulated intraneocortical connections previously reported by 

our laboratory (El Shawa et al., 2013). The failure to prune these aberrant 

connections may be involved in delayed cortical thinning, with these alterations 
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potentially underlying the impaired coordination and increased anxiety we 

observed in P50 PrEE mice. Further evidence demonstrating the dysfunctional 

impact of inhibited FC thinning can be found in human studies which have 

demonstrated that FC thickness during development is increased in individuals 

with both attention-deficit/hyperactivity disorder and FASD when compared to 

those suffering from FASD alone, a finding they attribute to immature brain 

development (Fernández-Jaén et al., 2011).  

Prenatal ethanol exposure alters the development of sensory areas in the 

neocortex and thus impacts sensory processing. One area altered by PrEE is the 

V1 cortical retinotopic map, which is the recipient of projections from the dLGN. 

Studies show a lack of connectional and electrophysiological refinement in 

response to prenatal ethanol exposure in V1 (Lantz et al., 2014). Somatosensory 

and auditory information show similar multi-leveled processing deficits ranging 

from thalamic defects to altered cortical pyramidal cell morphology and function 

(Mooney and Miller, 2010; Church et al., 2012; De Giorgio and Granato, 2015). 

Taken together, these findings suggest that impaired higher-order cortical 

processing and integration of auditory, somatosensory and visual information 

may contribute to balance and motor control impairments in our mouse model of 

FASD. 

Cortical thickness is influenced by a number of factors including 

cytoarchitecture, organization and overall cell number (Dunty et al., 2001; Miller, 

1988). Analysis of cell packing density in the present study revealed no 
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significant change amongst treatments. This suggests that the maintenance of 

cortical thickness in PrEE animals occurs independently of cell packing density of 

specific cortical populations. Instead, it is probable that these changes occur at 

least partially through a comprehensive change in cell number, possibly 

generated via up/down regulation of migration or proliferation pathways, which 

maintain cortical cell packing density despite altered cortical thickness. 

  

Extra-Neocortical brain structures altered by PrEE 

Commensurate with PrEE induced changes in brain size and cortical thickness, 

widespread extra-neocortical abnormalities have been detected in both mice 

exposed to ethanol during gestation and children with FASD, with neuroimaging 

studies revealing the largest variation residing in BG, CA3 regions of the 

hippocampus and the CC (Derauf et al., 2009; Norman et al., 2009; Godin et al., 

2011). As such, these regions, along with the dLGN, were investigated from 

childhood to early adulthood. 

 

dLGN: Our data demonstrate a reduction in the size of dLGN in P20 PrEE mice 

when compared to controls; however, this effect is not present at either P0 

(Abbott et al., 2016) or P50.  We believe the observed change is two-fold: 

reduction of the dLGN in the PrEE animals may result from altered expression of 

ephrin A5 in the nucleus, as its development is linked to the expression (Dye et 
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al., 2012).  We also suggest that PrEE, in addition to disrupting other 

developmental programs, induces a developmental delay.  

 

Basal Ganglia: We initially observed decreased volume of the PrEE BG at P0, 

with recovery by P20, which persisted into early adulthood. While measures of 

BG volume typically reveal an overall reduction, these changes are commonly 

measured only during early postnatal and adolescent periods (Mattson et al., 

1996; Godin et al., 2011). Our data demonstrates an increase in both anxiety-like 

behavior and deficits in motor function in PrEE mice at P50, behaviors 

associated with BG function, without persistent anatomical variation of BG size 

across PrEE and control mice at this age. Perturbations in early development 

may be sufficient for the generation of long-lasting behavioral consequences, 

even in the absence of persistent anatomical change. 

 

Hippocampus: Clinical investigations have established a distinct association 

between gestational ethanol consumption and learning and memory deficits in 

exposed offspring (Willford et al., 2004). Owing to this vulnerability even 

moderate levels of ethanol exposure during development are sufficient to reduce 

hippocampal CA1 and CA3 pyramidal cell number, and alter dendritic 

morphology. Furthermore, timing of exposure has been demonstrated to play a 

role in both the persistence, and magnitude of effect (Maier and West, 2001; Livy 

et al., 2003). Measurements of the CA3 region of hippocampus had previously 
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revealed an initial reduction in CA3 thickness at birth in PrEE mice (Abbott et al., 

2016). However, by weaning and persisting to early adulthood, a significant 

thickening was observed in PrEE mice compared to controls. It is likely that the 

early reduction detected at P0 results from a combination of factors including 

reduced neurogenesis, synaptogenesis and decreased cell and spine density 

(Tarelo-Acuna et al., 2000; Livy et al., 2003; Cullen et al., 2014). Later recovery, 

and thickening observed in CA3 suggests the possibility of a preliminary period of 

a reversible neurodegenerative process, such as cell swelling due to the acute 

toxic effect of ethanol, which could become exacerbated following cessation of 

ethanol administration to the dams (Paula-Barbosa et al., 1993).  

 

Corpus Callosum: Midline callosal hypoplasia detected in P0 (Abbott et al., 2016) 

persisted in P20 PrEE mice, consistent with previous studies in both human and 

mouse that demonstrate an association between prenatal ethanol exposure and 

shape abnormalities with volumetric changes in the CC (Livy and Elberger, 2008; 

Gautam et al., 2014).  Our results show an initial thinning of the CC at birth, 

lasting through P20, due to PrEE.  However, by P50, we observe a recovery of 

the phenotype that led to increased thickness of the CC in early adulthood. 

These results have been observed in humans with FASD, and may be 

associated with deficits in executive function (Bookstein et al., 2002).  

 

 



	   24	  

PrEE impacts behavior in Early Adulthood. 

Sensory/motor cortical and extra-neocortical development is disrupted by PrEE 

with effects on behavior lasting into early adulthood. These results corroborate 

with similar findings reported previously in P20 PrEE mice (El Shawa et al., 

2013). Furthermore, our results are consistent with cognitive and behavioral 

deficits described in children with FASD (Vernescu et al., 2012; Jirikowic et al., 

2013).  

Some anatomical measures show recovery of PrEE-related phenotypes 

by adulthood at P50 in our model (for example, the BG, dLGN, V1) without 

rescue of behavioral effects.  We suggest that ectopic connectivity, as shown in 

our previous report (El Shawa et al., 2013), persists into adulthood.  Despite a 

recovery in volume of some structures, a persistence of abnormal connectivity 

could account for the maintenance of the behavioral phenotype.  

 In summary, we report alterations to developmental cortical thinning 

across functionally diverse regions of cortex, and altered development of extra-

neocortical structures, with correlative behavioral deficits in early adulthood. The 

observed group of PrEE-induced alterations is consistent with documented 

human patterns of birth defects present at early developmental stages. By 

extending our findings into childhood and early adulthood, we identify possible 

markers, which if investigated using non-invasive methods, such as MRI, could 

prove informative for clinical diagnosis of individuals with FASD. 
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Chapter 2: Postnatal neuro-behavioral effects of prenatal ethanol 
exposure in a mouse model of FASD. 
 
 
Introduction  
 

Neuronal plasticity, often defined as the brain’s ability to be shaped by 

experience, is an essential part of proper brain development. Several types of 

external insults, including prenatal ethanol exposure (PrEE), can affect neuronal 

plasticity and programmed developmental trajectories, resulting in a range of 

abnormalities in exposed offspring. Fetal alcohol spectrum disorders (FASD) is 

an umbrella term that describes a wide range of adverse developmental 

conditions stemming from underlying neurobiological insults caused by alcohol, 

or ethanol, exposure during gestation and early brain development. Children 

diagnosed with FASD exhibit a host of deleterious phenotypes including but not 

limited to; growth retardation, craniofacial dysmorphology, neurological 

anomalies, cognitive impairments and behavioral deficits (Clarren et al., 1978; 

Murawski et al., 2015). Epidemiological studies have indicated an incidence rate 

of 0.5-2.0 cases of fetal alcohol syndrome (FAS), the most severe form of FASD, 

per 1,000 births. Aside from incidence rates of FAS alone, an alarming 18.6% of 

pregnant women between the ages of 35-44 in the US reported drinking during 

pregnancy, contributing to much higher rates of PrEE related abnormalities (Tan 

et al., 2015). Despite efforts against alcohol consumption during pregnancy by 

The American Medical Association, Centers for Disease Control and Prevention 

and the Food and Drug Association, many women continue to use and/or abuse 
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alcohol while pregnant. Thus, understanding the biological mechanisms 

underlying altered brain and behavior function arising from PrEE remains of high 

significance for the advancement of science and human health.  

Given the cognitive and behavioral deficits observed in children diagnosed 

with FASD, the palette of PrEE-related deficits in humans has led to hypotheses 

centered around neocortical dysfunction. The neocortex has distinctive functional 

and anatomical properties, as well as precise internal patterns of neuronal 

connectivity that are reflected in specific electrophysiological functions.  The 

patterning of the neocortex into sensory and motor areas in development is 

believed to be regulated by cortical gene expression and serves as the 

foundation for integration of cognition, emotion and behavior in the developing 

brain (Dye et al., 2011a,b). The mammalian neocortex is responsible for complex 

higher order processes, features that seem to be disrupted in people with FASD 

(El Shawa et al., 2013; Abbott et al., 2016). Disruption in neocortical 

development via exposure to teratogens from the environment can result in 

developmental disorders where these higher-order processes are altered. 

Animal model and human studies through the years have revealed 

widespread neuronal effects of in utero alcohol exposure leading to cortical 

dysfunction, including migrational defects, lowered glucose utilization, apoptosis, 

reductions in terminal arborization of thalamocortical and corticothalamic 

projections and changes in cortical thickness (Miller and Dow-Edwards, 1988; 

Miller, 1993; Sampson et al., 1994; Santarelli et al., 1995; Ikonomidou et al., 
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2000; O’leary-Moore et al., 2011; Abbott et al., 2016). Developmental studies in 

rodent FASD models have also revealed alterations in cortical gene expression, 

including transcription factors involved in mammalian neocortical patterning and 

important developmental processes (Aronne et al., 2008; El Shawa et al., 2013). 

Considering the aforementioned literature, the neocortex is a brain region 

susceptible to ethanol-induced damage during development. Thus, our laboratory 

was first to demonstrate the disruption of this network of cortical connectivity 

within the sensory regions of neocortex in a CD-1 mouse model at birth after 

ethanol exposure during embryogenesis. Specifically, disrupted targeting of 

somatosensory and visual intraneocortical connections (INCs) as well as altered 

gene expression was observed in newborn PrEE mice (El Shawa et al., 2013). In 

a more recent study, we also reported atypical anatomical development in 

sensory and motor cortices that persists from birth to young adulthood, a long-

term alteration in cortical anatomy that is thought to be driven by atypical cortical 

thinning resulting from PrEE (Abbott et al., 2016).  

The current study extends our initial findings in newborn and young mice 

by examining the effects of PrEE on INC development, gene expression, and 

behavior later in development. Specifically, we investigated whether aberrant 

INCs and altered gene expression patterns that are found in the PrEE newborn 

are transient or persist into pre-pubescence at 20 days of age. We also 

implemented a battery of behavioral assays in order to correlate cortical 

development after PrEE with behavioral outcomes. Results from these 
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experiments help identify large-scale neurobiological and behavioral effects of 

PrEE and allow neurobiologists to better understand different genetic and 

behavioral phenotypes underlying PrEE.  

 

Materials and methods 

FASD mouse model  

All studies were conducted under a research protocol approved by the 

Institutional Animal Care and Use Committee at the University of California, 

Riverside. All control and experimental mice used in this study were of CD1 

background, originally purchased from Charles River Laboratories International, 

Inc., Wilmington, Massachusetts, USA. Once 8-10 week old female and male 

mice were mated and vaginal plug was confirmed, male mice were removed from 

the home-cage and pregnant females were singly housed. Dams were then 

weight-matched and divided into two groups: ethanol-treated and controls. 

Ethanol-treated dams were given a 25% ethanol in water solution from noon of 

the day of vaginal plug confirmation (GD 0.05) throughout gestation and until 

birth (GD 19.5) with standard mouse chow ad libitum. Control dams were 

provided with isocaloric maltodextrin solution and standard mouse chow ad 

libitum. All experimental and control mice were housed under normal animal-

facility illumination (12-hour light/dark cycle). The assurance of proper maternal 

nutrition in our FASD mouse model including, weight gain, food and liquid intake, 
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blood ethanol content, and blood osmolality has been previously documented (El 

Shawa et al., 2013; Abbott et. al., 2016). Upon birth (P0), pups from ethanol-

treated dams were cross-fostered with control dams, while control pups remained 

with their dam. Both cross-fostered dams and control dams were given water and 

mouse chow ad libitum until P20, when all animals were subjected to behavioral 

testing, sacrificed and brains taken for anatomical and molecular examination.  

Tissue preparation 

After behavioral testing, PrEE and control animals were given a lethal 

dose of sodium pentobarbital (100 mg/kg) and transcardially perfused with 4% 

paraformaldehyde (PFA) in 0.1M phosphate buffer (pH 7.4). Brains were then 

extracted from the skull, post-fixed in PFA for 24-hours and hemisected. One 

hemisphere of each brain was reserved for postmortem anatomical dye tracing, 

while the opposite hemisphere was dehydrated in methanol for in situ RNA 

hybridization experiments and stored at -20°C.  

Gene expression assays and analyses  

Standard non-radioactive free-floating in situ RNA hybridization methods 

were used to visualize patterns of RZRβ expression in PrEE and control 

neocortical tissue. Hemispheres stored in methanol at -20°C were rehydrated, 

embedded in gelatin-albumin and sectioned at 100µm in the coronal plane using 

a Vibratome. All sections were mounted in glycerol onto glass slides, cover 
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slipped and photographed with a digital high resolution Zeiss Axio camera using 

Axiovision software (Version 4.7). Both experimental and control sections were 

analyzed using a bright field on a Zeiss Stereo Discovery V12 stereomicroscope. 

Gene expression from ISH techniques was used as a qualitative measure for 

positional expression in PrEE and control neocortex via side-by-side 

comparisons of expression levels in exact or near-exact anatomical levels of all 

brains. ImageJ software was used to statistically analyze transcript density levels 

between experimental groups. Briefly, raw control and PrEE images were 

converted to a binary format and adjusted to a threshold. A region of interest 

(ROI) was then drawn over rostral somatosensory cortex where transcript signal 

was measured, and reported as area fraction of total ROI. Control N = 7, PrEE N 

= 7.  

Anatomical tracing techniques and analyses  

Ipsilateral patterns of intraneocortical connections in control and PrEE 

mice were examined by placing single DiI and DiA crystals in somatosensory and 

visual cortices. Dye crystal placement reliability across experimental and control 

cases was promoted by using a dye placement grid in order to position crystals in 

a morphologically defined area.  Following dye placement, brains were re-

immersed in 4% PFA and stored in room temperature for 8-12 weeks to allow for 

transport of the tracer. Prior to sectioning, the medial side of the hemisected-

injected brains was examined under a florescent microscope to confirm the 
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transport of dye to the thalamus, as internal capsule and thalamic labeling 

observed through the near-translucent tissue is indicative of the retrograde tracer 

reaching the thalamic nuclei. PrEE and control tissue was then embedded in 5% 

low melting point agarose and sectioned in the coronal plane at 100µm using a 

Vibratome. Sections were then counterstained with crystallized 4’,6-diamidine-2-

phenylindole dihydrochloride (DAPI; Roche, Nutley, NJ, USA), mounted onto 

glass slides, coverslipped using Vectashield mounting medium for fluorescence 

(Vector Laboratories, Inc., Burlingame, CA, USA) and photographed with a digital 

high resolution Zeiss Axio camera using Axiovision software (Version 4.7). 

Anatomical tracing sections were analyzed using a Zeiss Axio Imager Upright 

Microscope equipped with fluorescence at 4x magnification. All fluorescent 

sections were digitally imaged three times for analysis of dye tracing experiments 

using three filters: blue for DAPI counterstain, red for DiI and green for DiA 

labeling. Captured images were then combined in a high-resolution format for 

analysis. To analyze the effects of PrEE on INCs, sections from experimental 

and control brains were matched using anatomical landmarks. Control N = 9, 

PrEE N = 12.  

Behavioral methods and analyses  

Accelerated rotarod: The rotarod is a behavioral assay that is used to measure 

motor coordination, balance and learning ability in mice (Jones and Roberts, 

1968; Pritchett and Mulder, 2003). Motor coordination is measured by comparing 
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the latency to fall on the first trial between experimental conditions, while 

increased latency to fall over time between the first trial and subsequent trials is 

indicative of motor learning aptitude (Lalonde et al., 2003; Buitrago et al., 2004). 

The Accelerated Rotarod apparatus (Jone and Roberts) is composed of a 

rotating rod separated into 5 lanes by 4 plastic dividers. On day of testing, mice 

were brought into the behavioral testing room in their home-cage and acclimated 

for 1 hour prior to testing. Post-acclimation, both control and PrEE mice were 

tested on the rotating rod, which accelerates from 4-40 rpm over a 5-minute trial 

period. Latency to fall from the bar was recorded for each animal during 4 

consecutive 5-minute trials, with each test trial being separated by a 30-minute 

interval. Repeated-measures analyses of variance (ANOVAs) with Tukey’s post-

hoc were used for statistical analysis of rotarod activity. A P-value of less than 

0.05 was used to establish significance between groups. Control N = 12, PrEE N 

= 14.  

 

Adhesive removal test: The adhesive removal test is a method previously used in 

mice to assess sensorimotor deficits following brain trauma (Starkey et al., 2005; 

Bouet et al., 2007; Freret et al., 2009). The animal’s somatosensory and motor 

function is evaluated by measuring the time needed to sense and remove 

adhesive tape strips from the snout (Fleming et al., 2013). Animals were 

assessed on the adhesive removal test approximately 30 minutes after 
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undergoing the rotarod test. A clean cage was used to place cage-mates in while 

the mouse being tested remained in the home-cage. The test mouse was 

scruffed by the experimenter, followed by the placement of an adhesive label 

onto the snout with the use of small forceps and released. Latency to remove the 

label with the forepaws was recorded. In the case where the mouse did not 

remove the sticker within 60 seconds, the trial was ended and the experimenter 

removed the sticker manually. The test mouse was then placed in the clean cage 

with cage-mates and the next testing mouse was removed and positioned in the 

home-cage followed by aforementioned procedures. All mice received 3 trials, 

with each trial separated by a 10-minute interval. Repeated-measures analyses 

of variance (ANOVAs) with Tukey’s post-hoc were used for statistical analysis of 

adhesive removal. A P-value of less than 0.05 was used to establish significance. 

Control N = 12 and PrEE N = 14.  

 

Forced swim test: The forced swim test is a common test used for evaluation of 

behavioral and neurobiological manipulations, particularly depressive-like states 

(Petit-Demouliere et al., 2005). The forced swim apparatus consisted of an 

acrylic glass cylinder, approximately 30 cm in height and 13 cm in diameter. Two-

thirds of the cylinder was filled with room temperature water, with a video camera 

placed directly adjacent to the apparatus. Approximately 30 minutes after the 

adhesive removal test, each animal was placed in the center of the tank by their 
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tail and recorded for 6 minutes. At the end of the testing period, mice were 

removed from the tank, dried with paper towel and placed back into their home-

cage. Although both control and PrEE mice were assessed for a total of 6 

minutes, the first 2 minutes of activity was considered an adaptive period, 

therefore the last 4 minutes of the testing session was analyzed. Scoring the total 

amount of mobility time and subtracting it from the 240 seconds of testing time 

determined immobility time. Mice that were immobile for increased periods of 

time were classified as displaying hopelessness in escaping the stressful 

environment, which was associated with greater depression-like behaviors. Two-

sample independent t-tests were used to compare depressive-like behaviors 

between control and PrEE animals. A P-value of less than 0.05 was used to 

determine significance. Control N = 16 and PrEE N = 15.  

 

Elevated plus maze: The elevated plus maze test is a useful method employed to 

assess anxiety related behaviors in rodents. Measures utilized in the elevated 

plus maze is dependent upon the animals’ unconditioned fear of heights and 

predisposition toward enclosed areas (Pellow et al., 1985). The plywood elevated 

plus maze apparatus was elevated 50 cm above the floor and consisted of four 

arms, 54 cm wide and 30 cm long aligned perpendicularly. Two arms were 

enclosed by 15 cm high-walls and the other two arms were exposed. The maze 

was placed in the center of the behavioral testing room with a video camera 
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located directly above it. Prior to testing, both control and PrEE mice were placed 

in the testing room with their home-cage for 1 hour to allow habituation to the 

testing room. Post-habituation, each animal was placed in the center of the 

elevated plus maze facing an open arm, and left on the maze for a 5-minute 

testing period. Time spent in the open arm, closed arm and center, as well as 

number of arm entries were scored from the video recordings. Two-sample 

independent t-tests were conducted to analyze plus maze activity between 

experimental groups. A P-value of less than 0.05 was used to establish 

significance. Control N = 12 and PrEE N=12.  

 

Results 

PrEE alters gene expression in prepubescence  

 At postnatal day 20, RZRβ transcripts in control and PrEE animals were 

observed in primary motor (Figure 8A1-C1), somatosensory (Figure 8A2-C2, 

8A3-C3), auditory (Figure 8A3-C3) and visual areas (Figure 8A4-C4). Strong 

RZRβ expression was predominately seen in gradients throughout layers 2/3 and 

4 in both control and PrEE neocortex. In the PrEE animals, however, RZRβ 

transcripts were detected at much lower levels in rostral somatosensory cortex 

when compared to controls (compare arrows in Figure 8A2 with Figure 8B2-C2). 

Further quantification of transcript density between control (Figure 9A1) and 
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PrEE (Figure 9B1-C1) rostral somatosensory cortex ROI (Figure 9D1) revealed 

significantly lower levels of transcripts in PrEE brains when compared to controls 

(Figure 9E1; Control 48.40 ± 2.15%; PrEE 27.92 ± 0.76%, P < 0.05).  

PrEE-induced altered cortical connectivity observed at birth is rescued by  

prepubescence  

 The effect of in utero ethanol exposure on INC development in prepubescence 

was determined by placing DiA and DiI crystals in postmortem brains of P20 

control and PrEE mice. DiA (green) placement in P20 control somatosensory 

cortex revealed retrogradely labeled cells in positions both rostral and caudal 

(Figure 10A1-A3) to the dye placement location (DPL, starred, Figure 10A2). DiI 

(red) visual cortex DPL in P20 control mice resulted in INCs rostral (Figure 10A3-

A5) and caudal (data not shown) relative to the DPL (starred, Figure 10A5). 

Similar patterns of INCs were seen in P20 experimental animals where DiA 

placement in PrEE somatosensory cortex labeled cells in rostral and caudal 

locations (Figure 10B1-B3, C1-C3) relative to the DPL (starred, Figure 10B2, 

C2), and DiI injections in PrEE visual cortex resulted in INCs labeled in both 

rostral (Figure 10B3-B5, C3-C5) and caudal (data not shown) sections relative to 

the DPL (starred, Figure 10B5, C5). 
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Behavioral data 

 In order to test PrEE induced behavioral outcomes in our prepubescent 

animals, we examined motor coordination and learning, sensorimotor integration, 

anxiety-like and depressive-like behaviors by implementing 4 behavioral assays: 

accelerated rotarod, adhesive removal test, forced swim test and the elevated 

plus maze. The accelerated rotarod was implemented to assess motor 

coordination and learning deficits between control and PrEE mice. Experimental 

animals were significantly less proficient in motor coordination and experienced 

learning discrepancies across trials when compared to their control counterparts 

[Figure 11A, F(1,23) = 6.084, P < 0.05]. Post-hoc analysis revealed trial 1 and 

trial 3 to be the main source of variation between PrEE and control animal 

performance (P < 0.05). Deficits in sensorimotor integration were measured 

using the adhesive removal test by assessing the time required for animals to 

remove the adhesive tape from the snout with their paw. Latency to remove the 

sticker was significantly different between groups, with PrEE animals showing 

increased time to sense and remove the adhesive compared to controls [Figure 

11B, F(1,20) = 5.924, P < 0.05]. Tukey’s post-hoc analysis of performance 

across trials revealed increased latency for PrEE animals to remove the sticker in 

trials 1 and 2 (P < 0.05). Depressive-like behavior was determined by scoring 

time spent immobile during the forced swim test. Statistical analysis revealed 

PrEE induced significant differences in depressive-like behaviors between control 

and PrEE mice, with PrEE animals showing increased time spent immobile 
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(Figure 11C, control, 4.688 ± 1.106 and PrEE, 62.933 ± 8.620, P < 0.0001). The 

elevated plus maze was used to assess anxiety-like behaviors, as well as 

locomotor activity, as defined by the amount of time spent in the open and closed 

arms, and number of overall arm entries, respectively. Statistical analysis 

showed PrEE induced anxiolytic behaviors, with PrEE mice spending more time 

in the open arms (Figure 11D, control, 38.014 ± 5.625 and PrEE, 144.540 ± 

41.805, P < 0.05) and less time in the closed arms (Figure 11E, control, 170.317 

± 10.346 and PrEE, 94.020 ± 30.560, P < 0.05). PrEE mice also exhibited 

significantly less locomotor activity when compared to controls based on the total 

number of open and closed arm entries (Figure 11F, control, 9.750 ± 0.807 and 

PrEE 5.400 ± 1.087, P < 0.01).  

 

Discussion  

Despite public opinion and the plethora of misinformation readily found on 

Google, human and rodent studies demonstrate that PrEE disrupts various 

aspects of brain development and can generate significant damage to the 

developing nervous system (Chen et al., 2003; Guerri et al., 2009; O’leary-Moore 

et al., 2011). In this study, we conducted multi-method analyses of neocortical 

patterning and behavior using a prenatal ethanol exposure paradigm in a CD-1 

mouse model. Specifically, we determined how gene expression, circuitry and 

behavior are impacted through prepubescence after ethanol exposure during 
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prenatal period of brain development. By combining neurobehavioral 

methodologies, we determined whether or not the newborn PrEE phenotype of 

ectopic INCs and gene expression persisted into prepubescence. We also 

assessed how anatomical and molecular changes are read-out in behavioral 

function in prepubescent mice exposed to ethanol prenatally.  

 

PrEE-induced changes in newborn gene expression are present in prepubescent 

mice 

In our previous study, we reported changes in gene expression patterns of 

RZRβ in newborn mice after prenatal ethanol exposure. Specifically, we found 

robust PrEE- induced increases of RZRβ expression, particularly a medial 

expansion, in rostral and caudal parietal cortices. Interestingly, this phenotype is 

reversed in prepubesence, where we find a decrease in RZRβ expression in 

rostral somatosensory cortex.  

One potential mechanism underlying PrEE induced changes in neocortical 

gene expression could be associated with alterations in DNA methylation, an 

epigenetic modification that plays an essential role in cell differentiation, gene 

imprinting, embryonic development and gene expression (Moore et al., 2013). In 

mammals, DNA methylation predominately occurs within promoter regions of 

CpG islands (DNA regions of genome containing a high frequency of CG 

dinucleotides), at the fifth position of cytosine (5mC, 5-methylcytosine), and is 

catalyzed by DNA methyltransferase 1 (DNMT1), DNMT3A and DNMT3B. 
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DNMT3A and DNMT3B, establish initial patterns of DNA methylation by 

transferring a methyl group from S-adenyl methionine (SAM) to the cytosine 

residue forming 5-mC, whereas DNMT1 is responsible for the maintenance of 

these methyl marks in normal development (Wu and Zhang, 2010; 

Basavarajappa and Subbanna, 2016). Methyl-binding proteins (MeCP), often 

acting as gene repressors, then recognize and bind to 5-mC sites, controlling 

gene transcription by recruiting transcriptional corepressor complexes (i.e., 

histone deacetylases, HDACs) (Nan et al., 1998). DNA demethylation is another 

important epigenetic mediator of gene transcription that can be regulated by ten-

eleven translocation (TET) proteins oxidizing 5-mC to 5-hydroxymethylcytosine 

(5-hmC). Recent findings suggest that with the facilitation of TET, 5-hmC can 

achieve both passive DNA demethylation, by not recognizing DNMT1 and 

maintaining a symmetric CpG methylation during DNA replication, and active 

DNA demethylation, by acting as an intermediate that leads to the replacement of 

5-mC with C via various enzymatic processes (Valinluck and Sowers, 2007; Wu 

and Zhang, 2010; Guo et al., 2011)  

Research over the last decade suggests that external insults, such as 

environmental exposures and experiences, have the ability to alter DNA 

methylation patterns, leading to epigenetic remodeling that can alter gene 

transcription and induce developmental abnormalities (Szyf, 2012; Szyf, 2013a; 

Szyf, 2013b). Thus, ethanol exposure can have multiple affects on methyl donors 

during development, which could, in turn, lead to downstream epigenetic 
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modifications in the developing brain (Haycock et al., 2009). Thus, deficiencies in 

enzymes responsible for driving DNA methylation patterns can result in profound 

developmental defects including changes in gene expression (Goll and Bestor, 

2005; Reik, 2007). Highlighting ethanol’s effect on epigenetic modifications, 

particularly DNA methylation, Liu et al., have shown PrEE-induced DNA 

hypermethylation profiles of genes on chromosomes 10 and X at neurulation in 

the embryo that correlated with neural tube defects (Liu et al, 2009). Consistent 

with these reports, we have recently documented decreases in gene-specific 

DNA methylation that was shown to be inversely correlated with gene transcript 

levels in our newborn PrEE mice (Abbott et al., 2016).  

Although DNA methylation has been thought to be a long-term and 

relatively stable epigenetic mark, recent developmental studies have revealed 

that this modification is not as static as once thought (Wu and Zhang, 2010). In 

an elegant series of studies examining activity-induced epigenetic changes in the 

adult mouse hippocampus in vivo, Guo et al., showed a notable upregulation of 

DNMT3a, suggesting its potential role in de novo methylation in the mature brain 

(Guo et al., 2011). Given that DNA methylation regulates gene expression in a 

highly context-dependent manner, with increased methylation of promoters 

correlating with low transcription (Suzuki and Bird, 2008), Guo et al., further 

demonstrated activity-induced increases in CpG methylation to be negatively 

correlated with changes in associated gene expression (Guo et al., 2011). 

Therefore, it is possible that although we see PrEE-induced decreases in DNA 
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methylation with corresponding upregulation in gene expression at birth, an 

increase in DNA methylation driven by neuronal activity may be underlying the 

decrease seen in transcript levels in prepubescent PrEE neocortex likely due to 

the secession of ethanol’s direct effect by P20. In line with this idea, Govorko et 

al., have reported gene-specific hypermethylation of pro-opiomelanocortin 

(Pomc) that resulted in reduced Pomc gene expression in the adult 

hypothalamus even though ethanol exposure was limited to the prenatal period 

(Govorko et al., 2012). Further studies examining gene-specific DNA methylation 

status during prepubescence will further confirm ethanol’s effect on the 

developing neocortex.  

 

PrEE-induced ectopic cortical connectivity observed at birth is rescued by 

prepubescence  

INC development within sensory and motor regions is well characterized 

throughout life in the CD-1 mouse (Dye et al., 2011a, 2011b). In normal 

development, visual and somatosensory INCs begin to delineate areal 

boundaries at E16.5 and continue to change until the first postnatal week, where 

they maintain an adult-like pattern. Somatosensory and visual DPLs generate 

non-overlapping retrogradely labeled cells both rostral and caudal to the 

respective DPLs in the control mouse from embryonic life to adulthood (Dye et 

al., 2011a). In our previous newborn mouse study, we documented PrEE-

induced disruption in the segregation of these cells labeled from somatosensory 
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and visual cortical dye placements, where we observed overlapping labeled cells, 

indicating loss of modality specific organization (El Shawa et al., 2013). In the 

present study, however, examining INC development in the PrEE prepubescent 

mouse revealed control-like patterns of connectivity and labeled cells stemming 

from somatic and visual areal dye placements. It is possible that the ectopic 

connections seen in the PrEE newborn are nonfunctional, and thus pruned 

throughout development. The use of more functional methodologies, such as 

electrophysiology, could potentially provide further insight into the functionality of 

these ectopic-labeled cells seen in the newborn. Such methods, however, are 

extremely challenging in very young mice.  

It is also important to note that in our initial study, PrEE mice were 

sacrificed and examined at birth, presumably still under the direct effect of 

ethanol exposure. Here, animals were sacrificed and examined 20 days (P20) 

after in utero ethanol exposure, warranting the idea of withdrawal-induced 

neurotoxicity leading to cell death of ectopic connections seen in the newborn by 

prepubescence.  In addition to ethanol’s effect on calcium growth cone signaling 

leading to abnormal neuromorphogenesis, altered calcium signaling as a result of 

ethanol exposure in neurons may also contribute to neurotoxic effects of ethanol 

withdrawal (Mah et al., 2011). Withdrawal-induced changes in cell survival may 

have also played a role in the development of cortical area borders after birth, 

allowing for PrEE cortical connectivity patterns to closely mirror that of controls 

(Lindsley and Clarke, 2004).  
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Despite ectopic cortical connectivity being rescued by prepubesence, PrEE mice 

still show significant deficits in behavior 

Prenatal ethanol exposure can cause direct CNS anomalies that often 

manifest in a host of neurobehavioral impairments, including delayed and 

diminished motor and sensory development leading to poor coordination, 

increased reaction time and response latencies, as well as, problems with 

cognitive and emotional deficits resulting in poor judgment and reasoning, 

hyperactivity, anxiety and depression (Streissguth et al., 1984; Lopez-Tejero et 

al., 1986; Carmichael-Olsen et al., 1998; Mattson and Riley, 1998; Burd et al., 

2003; Connor et al., 2006). Here, we assessed how changes in cortical gene 

expression and connectivity after in utero ethanol exposure are read-out in 

behavioral function. Although ectopic cortical connectivity, as seen in the PrEE 

newborn, is not present at P20, prepubescent PrEE mice endure deficits in motor 

coordination and learning, sensorimotor integration, and locomotor activity. PrEE 

mice also exhibit decreased anxiety and depressive-like behaviors, as measured 

on the elevated plus maze and forced swim test, respectively. These findings are 

consistent with the broad range of behavioral alterations seen in rodent FASD 

models including, locomotion, exploration, and anxiety. Ethanol-exposed mice 

have shown to display differences in locomotion and exploration in youth and 

adulthood, as compared to their control counterparts, when examined on an 

open field and holeboard test (Vega et al., 2013). Our laboratory has also 

previously demonstrated PrEE-induced deficits in sensorimotor integration, motor 
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coordination and anxiety in weanling and young adult mice, using the Suok, 

ledge and platform tests (El Shawa et al., 2013; Abbott et al., 2016). Taken 

together, these studies suggest that ethanol exposure during early brain 

development can cause sufficient brain damage that can lead to long lasting 

deleterious behavioral impairments in prepubescence and adulthood.  
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Chapter 3: The impact of prenatal ethanol exposure on fear 
memory recall and amygdala development in adulthood. 
 
Introduction  
 

Maternal consumption of alcohol during pregnancy can often cause 

deleterious effects on offspring brain and behavior during development. Fetal 

alcohol spectrum disorders (FASD) is an umbrella term that describes a range of 

physical, cognitive, emotional, and neurobehavioral effects of in utero alcohol 

exposure, with fetal alcohol syndrome (FAS) being on the most severe end of the 

spectrum. Epidemiological studies report about 1% of live births in the U.S 

resulting in FAS, and an even more alarming 2-5% of children being diagnosed 

with FASD (May et al., 2009; 2014). Consistent with the prevalence of FASD, 

10% of women over the age of 18, and close to 20% of women between 35-44 

years old report drinking during pregnancy (CDC behavioral risk factor 

surveillance, 2011-2013; Tan et al., 2015). Despite warnings, alcohol 

consumption during pregnancy is the number one preventable cause of mental 

retardation and birth defects in the United States (Abel and Sokol, 1986; 

Sampson et. al., 1997). 

Human neuroimaging studies have consistently found morphological 

alternations in brain development including, overall reductions of the cranial vault 

and brain size, as well as volumetric abnormalities in the frontal, parietal and 

temporal lobes and cerebellum following in utero ethanol exposure (Archibald et 

al., 2001; Sowell et al., 2001; Riley and McGee, 2005; Goodlett et al., 2005; 
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McGee and Riley, 2006; Ashtley et al., 2009; de Zeeuw et al., 2012). Overall 

white matter hypoplasia, along with corpus callosum agenesis and alterations in 

size and shape has also been documented in individuals with FASD (Riley et al., 

1995; Clark et al., 2000; Archibald et al., 2001; Sowell et al., 2001; Roussotte et 

al., 2012). Similarly, prenatal ethanol exposure has caused significant reductions 

in basal ganglia, thalamic, and hippocampal volume when compared to non-

exposed cases (Coles et al., 2011; Nardelli et al., 2011; Roussotte et al., 2012; 

Treit et al., 2013).  

Furthermore, animal models of FASD have been extensively used to 

mirror many of these ethanol-induced brain and behavioral anomalies seen in 

human cases including, reduced brain and body weight, and differential effects of 

PrEE on sensory and motor cortical thickness throughout development (Miller 

and Dow-Edwards, 1988; El Shawa et al., 2013; Abbott et al., 2016). Abnormal 

development and gross volumetric reductions in the basal ganglia, thalamus, 

hippocampus and corpus callosum outcomes as a result of PrEE have also been 

documented (Livy and Elberger, 2008; Abbott et al., 2016). Moreover, PrEE has 

notable apoptotic effects on several brain regions, obliterating large numbers of 

neurons in rodent cortex, cerebellum and hippocampus (Goodlett et al., 1990; 

Ryabinin et al., 1995; Ikonomidou et al., 2000; Maier and West, 2001; Livy et al., 

2003).  

Children diagnosed with FASD endure alcohol-induced cognitive, 

emotional and behavioral impairments throughout development that often persist 
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into adulthood. Cognitive deficits often include, learning disabilities, poor 

judgment and reasoning, and problems with attention and memory, while 

emotional and behavioral dysregulation include, symptoms of anxiety and 

depression, as well as aggressive-irritable and risk taking behaviors (Brown et 

al., 1998; Mattson and Riley, 1998; Riley and McGee, 2005; Greenbaum et al., 

2009). Despite ample evidence of adverse brain and behavior outcomes 

stemming from in utero ethanol exposure, some aspects of brain development 

still warrant investigation. For example, little is known about the effects of PrEE in 

some brain structures and circuitry involved in social-emotional learning and 

regulation, such as the amygdala. Interestingly, it has been shown that social 

withdrawal, pathological shyness, explosive and inappropriate emotionality, and 

inability to form normal emotional attachments are related to alterations in the 

amygdala during development (Joseph, 1999; Karl and Herzog, 2007; Munson et 

al., 2006). Hence, examining and understanding the long-term effects of PrEE on 

different components of the amygdala could provide us with insight into some 

neuropathological bases of FASD.  

In this study, we sought to examine the effects of in utero ethanol 

exposure on fear memory recall and amygdala development in early and late 

adulthood. Fear conditioning is a useful classical conditioning paradigm used to 

assess learning and memory, where an aversive unconditioned stimulus (US) is 

repeatedly presented with a conditioned stimulus, such as a tone. With enough 

CS-US pairings, the test subject learns to fear, or prepare for, the approach of 
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the US by displaying defensive freezing in the presence of the CS alone 

(Fanselow, 1980). A neuroanatomical structure that is involved in conditioned 

fear includes the amygdala, as it plays an essential role in the acquisition and 

consolidation of information about the CS, as well as, the expression of CS fear 

(Cousens and Otto, 1998; Maren, 1999; Sacchetti et al., 1999). Here, we 

investigate the impact of PrEE on fear conditioning to aversive stimuli at two 

developmental time points, young (P50) and late (P80+) adulthood. We then 

examine whether PrEE significantly alters components of brain circuitry 

associated with emotional regulation, fear conditioning and fear memory recall. 

Specifically, we assess the long-term effects of PrEE on the gross anatomy and 

cell packing density of several amygdala nuclei, including the basolateral 

complex (BLA), basomedial nucleus (BMA) and central nucleus (CA). By 

examining  brain structures that regulate fear memory recall at different time 

points in adult PrEE mice, we were able to correlate the PrEE-induced 

neuroanatomical effects on the amygdala with learning and memory 

development.  
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Materials and methods 

FASD Mouse Model (PrEE)  

All experimental procedures were approved by the University of California, 

Riverside Institutional Animal Care and Use Committee. Eight to ten-week-old 

CD-1 female mice were paired with non-sibling males and singly housed for the 

entire gestational period once vaginal plug was confirmed (gestational day, GD, 

0.5). Ethanol self-administration in the CD-1 model was carried out as described 

previously (El Shawa et al., 2013; Abbott et al., 2016). Briefly, dams were weight-

matched, divided into ethanol-treated and control groups, and provided with ad 

libitum access to standard mouse chow and either a 25% EtOH in water solution 

(experimental), or an isocaloric maltodextrin solution (control). On the day of birth 

(P0), experimental and control mice were cross-fostered with ethanol-naïve 

dams. At P20, both control and PrEE mice were weaned and raised to either P50 

or P80+ with ad libitum access to standard mouse chow and water until 

commencement of behavioral experiments.  

 

Behavioral assays  

Two consecutive days prior to behavioral testing, all mice were brought to 

the experimental room, handled by trained experimenters and individually placed 

into training chambers for a 12-minute acclimation period. At P50, both control 

and PrEE mice were fear conditioned in a standard sound attenuated chamber 

(context A). Initial 180s of baseline activity was recorded to measure basal level 
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of freezing, followed by 4 CS (tone), at 75dB and 2.8 kHz, and US (0.75 mA foot-

shock) pairings that co-terminated. The US was delivered amid the last 2 

seconds of the 30s CS duration. Each fear acquisition trial was performed 180s 

apart. A second group of P80+ PrEE and control animals were fear conditioned 

with aforementioned procedures. Animals that were fear conditioned at P50 were 

tested for tone fear retrieval on P52 in a sound-proof training chamber with new 

wall inserts (context B). 180s of baseline activity was recorded to measure basal 

levels of freezing, followed by the onset of 3 tones (CS) with no foot-shock (US) 

in order to measure levels of freezing to each tone. Each tone fear retrieval trial 

was performed 180s apart. All control and experimental animals fear conditioned 

at P50 and tested for fear retrieval at P52 were tested again for fear retrieval at 

P70+. Control and experimental animals fear conditioned at P80+ were tested for 

tone fear retrieval at P82+. Fear conditioning and memory was measured by 

freezing behavior, expressed as “% freezing” calculated as % of freezing time per 

total time spent in the training or testing chamber. See figure 12 for behavioral 

analysis timeline. P50 Control N = 18, PrEE N = 17; P70+ Control N = 18, PrEE 

N = 17; P80+ Control N = 15, PrEE N = 14.  

 

Tissue processing 

Once behavioral experiments were completed, all mice were euthanized 

via a lethal dose of sodium pentobarbital (100mg/kg) and transcardially perfused 

with 0.9% saline followed by 4% paraformaldehyde in PBS (PFA, pH: 7.4). A 
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separate cohort of untrained PrEE and control mice were raised to P50 and 

euthanized for anatomical analysis. After euthanasia and perfusion, brains were 

collected and cryoprotected. Tissue was cryosectioned at 30µM in the coronal 

plane, mounted onto glass slides, stained for Nissl and imaged using a Zeiss 

Microscope and Zeiss Axiocamera.  

 

Anatomical measures 

 To test whether PrEE significantly affects components of brain circuitry 

associated with fear conditioning and fear memory recall, we examined gross 

anatomy of several amygdala nuclei including, the basolateral complex (BLA), 

comprising of the lateral nucleus (LA) and basolateral nucleus (BL), the 

basomedial nucleus (BMA) and the central nucleus (CA) in control and PrEE 

brains. Regions of interest (ROI) in individual Nissl stained tissue sections were 

measured across all cases using an electronic micrometer in ImageJ by a trained 

researcher blind to treatment group. ROIs were identified with the Allen Brain 

Mouse Atlas. Specific amygdala nuclei volumes were calculated by drawing 

borders around the BLA, BMA and CA in serial sections at a fixed magnification 

using ImageJ. Cell packing density within these ROIs was analyzed using the 

ITCN plugin for ImageJ. P50 Control N = 6, PrEE N = 6; P70+ Control N = 7, 

PrEE N = 8; P80+ Control N = 6, PrEE N = 7.  
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Results  

Behavioral analyses  

Auditory fear conditioning and tone fear retrieval  

To determine whether our model produces deficits in learning and 

memory, we analyzed tone fear-conditioning and retrieval in PrEE and control 

adult mice at two developmental time points; P50 and P80+. PrEE and control 

mice conditioned at P50 for fear acquisition showed no significant differences on 

training day, albeit PrEE mice generally showing lower freezing levels (Figure 

13A, P > 0.05). Forty-eight hours following training, young adult PrEE mice, 

tested on tone fear retrieval showed lower baseline levels of freezing and 

significantly lower levels of fear memory recall at P52, as measured by notably 

lower freezing levels when compared to control freezing behavior (Figure 13B, 

control 19.52 ± 4.111%, PrEE 3.892 ± 1.161%, P < 0.01). Mice fear conditioned 

at P50 and tested for fear recall 2 days later continued to show significantly 

impaired levels of fear memory recall in later development, as noted by 

significant differences in freezing levels between P70+ PrEE and control animals 

when presented with the CS during tone retrieval testing (Figure 13C, control 

22.39 ± 4.253%, PrEE 8.8184 ± 3.111%, P < 0.05). Mice conditioned later in 

adulthood (P80+) displayed no significant differences in experimental groups 

when trained on the fear-conditioning task (Figure 14A, P > 0.05). These data 

were reflected on test day, with no significant differences seen in fear memory 
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recall between PrEE and control animals, as determined by similar freezing 

behavior after CS presentation (Figure 14B, P > 0.05).     

 

Neuroanatomical Analyses  

Amygdalar nuclei  

At P50, significant reductions were observed in PrEE BLA when compared 

to controls (Figure 15A1-A3, control 100 ± 3.391%, PrEE 71.21 ± 3.109%, P < 

0.001). Similarly, the BMA of P50 PrEE mice were significantly reduced when 

compared to their control counterparts (Figure 15B1-B3, control 100 ± 1.907%, 

PrEE 83.31 ± 4.716%, P < 0.05). Conversely, there were no significant 

differences in CA size between P50 PrEE and control animals (Figure 15C1-C3, 

P > 0.05). There were no significant differences in P70 PrEE BLA, BMA and CA 

as compared to control brains (Figure 16A1-A3, B1-B3, C1-C3, P > 0.05). P80 

BLA was significantly increased in mice exposed to ethanol in utero when 

compared to controls (Figure 17 A1-A3, control 100 ± 1.760%, PrEE 115.8 ± 

2.473%, P < 0.01). There were, however, no differences in BMA and CA size 

between P80 PrEE and control brains (Figure 17B1-B3, C1-C3, P > 0.05). 

 

Amygdalar nuclei cell packing density  

To determine the total cell packing density or varied cell number within 

each nuclei, we measured cell packing density in the BLA, BMA and CA in P50, 

P70+ and P80+ animals. Cell packing density in P50 control and PrEE BLA, BMA 
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and CA was significantly different, with PrEE mice showing significant increases 

in all nuclei measures (Figure 15A4, BLA: control 92544 ± 2085, PrEE 102261 ± 

1380, P < 0.01; Figure15B4, BMA: control 92435 ± 2938, PrEE 102500 ± 1328, P 

< 0.05; Figure 15C4, CA: control 88073 ± 3866, PrEE ± 100528 ± 645.6, P < 

0.01). There were no significant differences in P70+ BLA, BMA and CA cell 

packing density between PrEE and control mice (Figure 16A4-C4, P > 0.05). 

Although analysis of P80 BLA cell packing density showed significant decreases 

in PrEE brains (Figure 17A, control 74210 ± 759.6, PrEE 72092 ± 430.3, P < 

0.05), there were no further differences in PrEE and control BMA and CA (Figure 

17B4-B5, P > 0.05).  

	  

Discussion  

Fear conditioning in early adulthood disrupts auditory fear memory recall in PrEE 
mice 

 

We evaluated the impact of PrEE on fear conditioning and memory recall 

at two developmental time points. PrEE mice, fear conditioned at P50, showed 

significantly lower levels of fear expression when tested on fear memory recall 48 

hours post-conditioning and in later adulthood (P70+) compared to controls. 

Interestingly, PrEE mice fear-conditioned later in development (P80+) displayed 

similar levels of fear expression as controls when tested on fear memory recall. 

Results from our PrEE mice conditioned in late adulthood (P80+) are consistent 

with previous studies examining auditory fear memory recall in prenatally 
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exposed adult rats between P130-P170. Specifically, Weeber et al., investigated 

fear recall following conditioning to an acoustic stimulus which resulted in the 

proper association of the tone (CS) with the footshock (US), showing no 

significant differences in freezing behavior in exposed subjects when compared 

to control animals (Weeber et al., 2001).  Conversely, in a more recent study, 

Brady et al., reported deficits in freezing to the CS (tone) in P90-P150 PrEE mice 

compared to controls. Furthermore, in their study, Brady et al., examined the 

effects of in utero ethanol exposure on tone fear retrieval in a novel context 

between groups that underwent a fear conditioning training period and untrained 

litter mates of control and PrEE mice (Brady et al., 2012). Although trained PrEE 

animals showed decreased freezing levels to the CS tone on test day, untrained 

PrEE and control animals exhibited equal levels of freezing, suggesting that the 

deficits seen in trained and exposed mice to be dependent on the learning of the 

CS-US association (Brady et al., 2012). The opposing results seen here may be 

due to procedural differences. In our FASD mouse model, dams were subjected 

to a voluntary consumption of ethanol solution once vaginal plug was detected at 

GD 0.5, Brady et al. (2012), however, exposed female mice to voluntary 

consumption of ethanol over one week prior to mating and throughout mating 

and gestation, implementing a pre- and post-pregnancy ethanol consumption 

paradigm.   

Despite, PrEE animals showing similar freezing behavior as controls on 

test day when conditioned in late adulthood, PrEE mice showed deficits in 
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freezing levels to the CS tone on test day when fear-conditioned earlier in 

development. It is possible that PrEE may delay the development of the brain 

circuitry associated with fear conditioning and fear memory recall. Similarly, 

Berman and Hanningan examined age-dependent spatial learning and memory 

in prenatally ethanol-exposed rats using the radial arm maze. In solving the 

eight-arm radial maze task, adult (P90) rats generally implement highly variable, 

random patterns of arm selection that is indicative of the use of spatial mapping 

strategy, whereas young (P21) rats tend to adopt the adjacent arm choice 

strategy. Thus, adult rats prenatally exposed to ethanol showed a pattern of arm 

choice that indicated adoption of an adjacent arm strategy, similar to the strategy 

observed in younger animals, supporting the notion of prenatal alcohol exposure 

delaying CNS development (Berman and Hanningan, 2000). Other studies have 

also indicated that ethanol-exposed rodents require significantly more trainings 

trials, relative to controls, to reach criterion and enter all eight arms of the maze, 

further suggesting ethanol-induced spatial learning deficits (Reyes et al., 1989; 

Picket et al., 1993). In addition, similar deficits in spatial learning have been 

shown using the Morris water maze in young PrEE rats, with ethanol-exposed 

animals taking longer circuitous paths and latencies to reach the escape platform 

(Blanchard et al., 1987; Goodlett et al., 1987). Therefore, it possible that young 

adult mice exposed to ethanol in utero may need additional training trials to learn 

CS-US associations in order to perform at control levels when tested for tone fear 

retrieval.  
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PrEE alters amygdalar gross anatomy and cell packing density  

In this study, we assessed the effect of PrEE on various amygdalar nuclei 

at three developmental time points; P50, P70+ and P80+. Statistical analysis of 

the BMA and BLA in untrained young adult (P50) gross anatomy indicated a 

reduction in BMA and BLA size, with increased cell packing density when 

compared to controls. There were, however, no significant differences between 

P50 PrEE and control CA size albeit reduced cell-packing density. Interestingly, 

there were no significant differences in amygdala nuclei by P70+ between PrEE 

and control animals that underwent fear conditioning training and fear memory 

recall earlier in development. Furthermore, when amygdalar nuclei were 

examined in PrEE and control animals fear conditioned and tested for tone fear 

retrieval later in adulthood (P80+), PrEE mice showed to have a bigger BLA and 

decreased cell packing density than controls, with no other significant differences 

in BMA and CA measures between groups.    

Based on current data, it is clear that some aspects of amygdala 

development are vulnerable to the neurotoxic effects of prenatal ethanol 

exposure. It is important to point out that the amygdala is a key brain structure 

involved in emotional and social behavior, and it is probable that alternations 

seen in gross anatomy and cell packing density in various amygdala nuclei could 

be related to some disturbances observed in FASD. Corroborating with this 

notion, past literature has associated amygdala volume reduction with symptoms 
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of depression, anxiety, and autism, including impairments in social and 

communicative skills (Munson et al., 2006; Karl and Herzong, 2007). 

Interestingly, a large majority of subjects prenatally exposed to ethanol endure 

several of these disorders (Streissgurth et al., 1996). The importance of long-

term effects of early amygdala damage has been documented in studies 

involving lesions to the amygdala in the first postnatal week of rodent life, 

equivalent to day of birth in the human. Specifically, lesions to the basolateral 

and central amygdala early in life resulted in a variety of adverse outcomes, 

including deficits in social interactions and stereotypic-like behaviors in adulthood 

(Wolterink et al., 2001; Gerrits et al., 2006). These data suggest that the 

teratogenic effects of ethanol on amygdalar nuclei reported here could have 

functional consequences leading to impairments in cognitive function.  

Data showing reductions in BMA and BLA size at P50 in PrEE animals 

and a recovery by late adulthood may be due to ethanol-induced delay in 

development. Just as amygdala obliteration in early development has been 

shown to have long-lasting effects on brain and behavior function in adulthood, 

abnormal rearing conditions and early life experiences can also lead to deficits 

similar to those seen in cases of direct damage. The amygdala can be adversely 

affected when normal “experience-expectancies” are not met, implying that these 

nuclei require certain control levels of stimulation during early life for proper 

development, and if that stimulation is insufficient or abnormal, they could fail to 

function or develop normally, thus producing disturbances in social-emotional 
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interactions (Joseph, 1998). Therefore, as seen here, it is likely that in utero 

ethanol exposure has adverse effects on proper amygdala development, which 

may in turn lead to poor early life experiences and abnormal environmental 

interactions, resulting in a developmental delay in brain regions involved in social 

interactions, emotion regulation and cognitive function seen in FASD.  

 

The role of PrEE-induced changes in amygdala nuclei and fear conditioning  

In tone fear conditioning, tone (CS) – foot shock (US) associations are 

directly encoded through synaptic plasticity in the amygdala, which receives 

direct auditory inputs (Medina et al., 2002). Different nuclei in the amygdala have 

different functional properties in the circuitry involved in fear memory learning 

and conditioning. The lateral nucleus (LA) within the basolateral complex is the 

main sensory input station of the amygdala for thalamic and cortical information 

about the CS, whereas the central nucleus (CA) is the output region that 

contributes most amygdala projections to brainstem fear effectors (Davis, 2000; 

LeDoux, 2000). There are, however, no direct connections between the main 

input (LA) and output (CA) stations. Thus, basal nuclei including, the basolateral 

nuclei (BL) and basomedial nuclei (BMA), serve to relay CS-related information 

from the LA to the CA, bridging the gap between main sensory inputs to the 

amygdala and subsequent output to the brainstem (Amano et al., 2011). Studies 

examining the role of basal nuclei in fear conditioning circuitry have reported a 

reduction of conditioned freezing with combined BL-BMA inactivation, 
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highlighting the importance of basal amygdala nuclei in both the acquisition and 

expression of conditioned fear (Amano et al., 2011).  Moreover, BMA neurons 

have been found to differentiate safe and aversive environments, with BMA 

activity suppressing fear-related freezing and elevated-anxiety states (Adhikari et 

al., 2015). Thus, considering the brain circuitry involved in fear conditioning and 

memory, it could be possible that the PrEE-induced anatomical alterations seen 

in the BLA, BMA and CA earlier in adulthood could have functional 

consequences, leading to deficits in acquisition of aversive stimuli and 

subsequent fear expression in early and late adulthood. Furthermore, we see 

substantial recovery in PrEE amygdala nuclei later in development. It is likely that 

the observed recovery seen in adult BMA and CA could account for the proper 

learning and expression of fear memory when conditioned later in adulthood, 

leading to comparable freezing behavior between PrEE and control animals 

when tested on fear memory recall.  In conclusion, it is plausible that alcohol 

consumption during pregnancy can lead to learning deficits associated with 

amygdala dysfunction in the offspring. Results from this study help better 

understand the long-lasting alterations in learning and memory that are 

associated with FASD.  

 

 

 

 



	   62	  

General conclusions  

 
This dissertation encompasses the examination of a broad collection of 

neurobiological and behavioral abnormalities stemming from in utero ethanol 

exposure. We conducted multi-level, multi-method analyses of neocortical 

patterning, brain development and behavior using a prenatal ethanol exposure 

paradigm in a CD-1 mouse model. Specifically, we determined how anatomy, 

gene expression, neocortical circuitry and behavior are impacted throughout the 

life of the animal following ethanol exposure during embryogenesis. By 

combining anatomical, molecular and behavioral methodologies, the following 

goals were accomplished: First, we determined whether the newborn PrEE 

phenotype of neocortical and subcortical structural irregularities, ectopic INCs 

and gene expression persist into later stages in development; second, we 

analyzed whether abnormal behaviors previously observed in P20 PrEE mice 

persists into adulthood; third, we implemented a battery of novel behavioral 

assays to further assess the plethora of behavioral deficits manifesting from 

PrEE-induced impaired brain development; and finally, we examined the long-

term effects of PrEE on brain regions involved in socio-emotional regulation and 

fear learning and memory.  

In conclusion, this dissertation identifies long-lasting effects of early life 

alcohol exposure on neurobehavioral development throughout life. Although 

absolute abstinence of alcohol consumption during pregnancy is the most 

effective approach in preventing CNS dysfunction and maladjustment in the 
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developing offspring, understanding the ontogeny of prenatal ethanol exposure 

will help facilitate protective measures in ameliorating the apparent breadth of 

alcohol-induced problems in individuals with FASD.    
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Tables and Figures:  
 
Table 1. List of abbreviations. Abbreviations listed for brain regions identified in 
the text and figures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  
Abbreviation Structure 
A1 Primary auditory cortex 
BG Basal ganglia 
CA3 Cornu ammonis region 3, hippocampus 
CC Corpus callosum 
dLGN Dorsal lateral geniculate nucleus 
FAS Fetal alcohol syndrome 
FASD Fetal alcohol spectrum disorders 
FC Frontal cortex 
P Postnatal day 
PL Prelimbic cortex 
PrEE Prenatal ethanol exposure 
S1 Primary somatosensory cortex 
V1 Primary visual cortex 
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Table 2. Cortical cell packing density. Cell packing density in PrEE and control 
mice expressed in Cells × 103 /mm3  as Mean ± SEM. There were no significant 
changes in cell packing density between experimental conditions.  
 
 
 
Table 2  
Cortical cell packing density in PrEE and control mice expressed in cells x 
103/mm3 as mean ± s.e.m.  
  

 
 

PL dFC S1 A1 V1 

Con PrEE Con PrEE Con PrEE Con PrEE Con PrEE 

P20 87.8 
± 3.5 

89.5 
± 0.9 

89.8 
± 1.8 

89.9 
± 2.7 

94.0 
± 1.5 

98.9 
± 3.2 

91.1 
± 0.9 

92.1 
± 3.0 

95.3 
± 1.5 

98.1 
± 3.8 

P50 89.0 
± 0.2 

86.5 
± 2.2 

83.5 
± 0.8 

88.1 
± 2.2 

86.0 
± 0.4 

86.6 
± 0.2 

86.3 
± 1.2 

87.7 
± 0.6 

90.4 
± 1.6 

93.0 
± 1.5 

 
Note: PL, prelimbic cortex; dFC, dorsal frontal cortex; S1, primary somatosensory 
cortex; A1, primary auditory cortex; V1, primary visual cortex. 
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Figure 1. Body and brain weight measures. (A) Average body weight was 
significantly reduced in prenatal ethanol exposure (PrEE) animals at all time 
points (postnatal day 20 (P20), Control: n = 17, PrEE: n = 17 ***p < 0.0001; P50, 
Control: n = 17, PrEE: n = 17, ****p < 0.0001). (B) A significant reduction in 
average brain weight was observed in PrEE mice at all time points (P20, Control: 
n = 17, PrEE: n = 17, **p < 0.01; P50, Control: n = 17, PrEE: n = 17, ****p < 
0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   67	  

Figure 2. Dorsal views of whole brains. Brain size at P20, and P50. Dorsal 
images of control and prenatal ethanol exposure (PrEE) mice brains. PrEE brains 
are reduced in size when compared to age-matched controls. Scale bar = 2 mm. 

 

 



	   68	  

Figure 3. Cortical thickness measures in postnatal day 20 (P20) prenatal ethanol 
exposure (PrEE) and control mice. Coronal sections of representative control 
(top row) and PrEE (middle row) tissue. Arrows indicate area of measure. PrEE 
mice exhibited significantly thicker frontal (A3; **p < 0.01), pre- limbic (B3; *p < 
0.05), somatosensory (C3; **p < 0.01), and auditory cortices (D3; *p < 0.05). No 
significant variation was detected in visual cortex of PrEE animals (E3; p > 0.05). 
Data are expressed as mean percent of control ` SEM. Dorsal (D) up, lateral (L) 
to the right. Scale bar = 500 µm. Control: n = 12, PrEE: n = 12. 
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Figure 4. Cortical thickness measures in postnatal day 50 (P50) prenatal ethanol 
exposure (PrEE) and control mice. Coronal view of representative sections in 
P50 control (top row) and PrEE mice (middle row). Arrows indicate area of 
measure. Significant thinning of PrEE cortical tissue was found in prelimbic (B3; 
***p < 0.001), somatosensory (C3; *p < 0.05), and auditory cortices (D3; *p < 
0.05). Significant variation was found in frontal (A3; *p < 0.05), but not visual 
cortices (E3; p > 0.13) of PrEE animals. Data are expressed as mean percent of 
baseline corrected control ` SEM. Dorsal (D) up, lateral (L) to the right. Scale bar 
= 500 µm. Control: n = 12, PrEE: n = 12. 
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Figure 5. Anatomical volume and thickness measures in postnatal day 20 (P20) 
prenatal ethanol exposure (PrEE) and control mice. Representative coronal 
sections in control (top row) and PrEE mice (middle row). Outlines and arrows 
indicate area of measure. Significant reductions were detected in dorsal lateral 
geniculate nucleus (dLGN) (A3; *p < 0.05) and corpus callosum (D3; **p < 0.01). 
CA3 pyramidal layer thickness was significantly increased in PrEE animals (C3; 
*p < 0.05). PrEE basal ganglia (B3; p > 0.11) did not differ significantly from that 
of controls. Data are expressed as mean percent of baseline corrected control ` 
SEM. Dorsal (D) up, lateral (L) to the right. Scale bar = 500 µm. Control: n = 8, 
PrEE: n = 8. 
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Figure 6. Anatomical volume and thickness measures in postnatal day 50 (P50) 
prenatal ethanol exposure (PrEE) and control mice. Representative coronal 
sections in P50 control (top row) and PrEE mice (middle row). Outlines and 
arrows indicate area of measure. No significant variance was detected in dorsal 
lateral geniculate nucleus (dLGN) (A3; p > 0.05) or basal ganglia (B3; p > 0.5). 
Pyramidal layer thickness increased within CA3 of PrEE animals (C3; *p < 0.05). 
A significant increase of callosal thickness was detected at the midline of PrEE 
corpus callosum (D3; *p < 0.05). Data are expressed as mean percent control ` 
SEM. Dorsal (D) up, lateral (L) to the right. Scale bar = 500 IM. Control: n = 8, 
PrEE: n = 8. 
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Figure 7. Behavioral measures in young adult mice. In the platform test (A) 
prenatal ethanol exposure (PrEE) mice exhibited a significant reduction in 
balance compared to control (*p < 0.05). In the Suok test PrEE animals fell 
significantly more for each segment crossed, a measure of sensorimotor inte- 
gration (B; **p < 0.01). Anxiety-like behaviors including rearing/cephalo-caudal 
grooming (C), latency to leave central zone (D), time spent immobile (E), and 
directed exploration all indicated increased anxiety in PrEE mice (*p < 0.05). 
Control: n = 16, PrEE: n = 17. 
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Figure 8. Neocortical expression of RZRβ. Rostral to caudal series of coronal 
sections of P20 Control (A1-A4) and PrEE (B1-B4, C1-C4) brain hemispheres 
following free-floating nonradioactive in situ hybridization with a probe directed 
against RZRβ. RZRβ is predominately expressed in layer 4 of control and PrEE 
frontal (Control, A1; PrEE, B1 and C1), somatosensory (Control, A2-A3; PrEE 
B2-B3, C2-C3) and visual cortices (Control, A4; PrEE B4, C4). Decreased levels 
of RZRβ gene transcripts were detected in PrEE rostral parietal cortex when 
compared to controls (compare black arrows in A2 with B2 and C2). Sections 
oriented dorsal (D) up and lateral (L) right. Scale bar = 1MM 
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Figure 9. Analysis of neocortical expression of RZRβ. High magnification 100µ 
coronal sections of control (A1) and PrEE (B1-C1) rostral somatosensory cortex. 
Arrows in control (A1) and PrEE (B1-C1) cortex denote area of decreased RZRβ 
gene expression in PrEE mice relative to controls. Statistical analysis of ROI 
within somatosensory cortex (D1) revealed significant reductions in RZRβ in 
PrEE animals when compared to controls (E1; *P < 0.05). Sections oriented 
dorsal (D) up and lateral (L) right. Scale bar = 1MM 
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Figure 10. PrEE does not alter INCs in P20 brains. Rostral and caudal series of 
coronal 100µ sections of P20 hemispheres following placement of DiA or DiI 
crystals in somatosensory or visual cortices to label INCs in control (A1-A5) and 
PrEE brains (B1-B5, C1-C5). In both control and PrEE brains, retrogradly labeled 
cells from a DPL in the somatosensory cortex (control A2, PrEE B2-C2, 
respectively) are seen in rostral and caudal regions relative to the DPL (control 
A1-A3, PrEE B1-B3, C1-C3). A DPL in control (A5) and PrEE (B5, C5) visual 
cortex resulted in labeled cells rostral (control A3-A5, PrEE B3-B5, C3-C5) and 
caudal (data not shown) to the DPL, with no apparent ectopic-labeled cells in 
PrEE motor cortex. Sections oriented dorsal (D) up and lateral (L) right. Scale bar 
= 1MM 
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Figure 11. Behavioral measures in control and PrEE P20 mice. (A) Significant 
group differences were found in motor coordination and learning, with PrEE 
animals having poor motor coordination and motor learning deficits compared to 
controls (P < 0.05). (B) Significant differences in sensorimotor integration were 
detected between groups, with PrEE mice taking longer latencies to detect and 
remove the adhesive compared to controls (P < 0.05). (C) PrEE mice exhibited 
significant depressive-like behavior relative to controls (P < 0.0001). PrEE also 
induced anxiolytic-like behaviors, evident in PrEE animals spending a longer time 
in open arms (D) and a shorter time in closed arms (E) when compared to 
controls on the elevated plus maze (P < 0.05). (F) Locomotor analysis revealed 
PrEE animals having significantly decreased locomotion on the elevated plus 
maze, as measured by number of arm entries on the elevated plus maze during 
the testing period (P < 0.01).   
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Figure 12. Timeline labeling age groups used in fear conditioning experiments. 
Group 1: PrEE and control mice were fear conditioned at P50 and tested for fear 
memory recall at P52. Same group of mice were retested for fear retrieval later in 
adulthood, at P70+. Group 2: PrEE and control adult mice were fear conditioned 
at P80+ and tested on the fear retrieval task at P82+.  
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Figure 13. P50 fear conditioning and tone retrieval task. (A) There were no 
significant differences in freezing behavior between P50 PrEE and control mice 
when trained on the fear-conditioning task, albeit PrEE mice generally showing 
lower levels of freezing behavior (P > 0.05). (B) P52 PrEE mice showed 
significantly lower levels of fear memory recall when tested on the tone fear 
retrieval task both at baseline levels and when presented with the CS as 
compared to controls (P < 0.01). (C) PrEE mice fear conditioned at P50 retained 
their fear memory, as there were significant differences between P70+ PrEE and 
control animals when presented with the CS during tone retrieval testing (P < 
0.05).  
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Figure 14. P80+ fear conditioning and tone retrieval task.  (A) Adult control and 
PrEE mice showed no significant differences in freezing levels when trained on 
the fear-conditioning task (P > 0.05). (B) Performance of control and PrEE mice 
during tone fear retrieval after 2-day delay (P > 0.05).  
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Figure 15. P50 amygdala size and cell packing density. Nissl stained coronal 
sections of control (A1-C1) and PrEE (A2-C3). Outlines indicate area of measure.  
PrEE BLA was significantly smaller than controls (A3, P < 0.001), and had 
significantly higher cell packing density (A4, P < 0.01). PrEE BMA was 
significantly smaller when compared to controls (B3, P < 0.05), and had higher 
cell packing density (B4, P < 0.05). There were no significant differences 
between control and PrEE CA size (C3, P > 0.05), however, PrEE CA had higher 
cell packing density (C4, P < 0.01). 
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Figure 16. P70+ amygdala size and cell packing density. Nissl stained coronal 
sections of control (A1-C1) and PrEE (A2-C3) brains. Outlines indicate area of 
measure.  There were no significant differences between control and PrEE in all 
measures of amygdala nuclei volume (A3-C3, P > 0.05) and cell packing density 
(A4-C4, P > 0.05). Sections oriented dorsal (D) up and lateral (L) right. Scale bar 
= 1MM 
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Figure 17. P80+ amygdala size and cell packing density. Coronal sections of 
control (A1-C1) and PrEE (A2-C2) Nissl stains. Outlines indicate area of 
measure. PrEE BLA was significantly bigger than controls (A3, P < 0.01) and had 
lower cell packing density (A4, P < 0.05). There were no significant differences 
between control and PrEE BMA and CA size (B3-C3, P > 0.05) and cell packing 
density (B4-C4, P > 0.05). Sections oriented dorsal (D) up and lateral (L) right. 
Scale bar = 1MM 
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