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 ABSTRACT 

 

 

Prenatal alcohol exposure can contribute to fetal alcohol spectrum disorders 

(FASD), characterized by a myriad of developmental impairments affecting behavior 

and cognition. Studies show many of these functional impairments are associated with 

the hippocampus, a structure exhibiting exquisite vulnerability to developmental alcohol 

exposure and critically implicated in learning and memory, however mechanisms 

underlying alcohol-induced hippocampal deficits remain poorly understood. Utilizing a 

high-throughput RNA-Seq approach to address the neurobiological and molecular basis 

of prenatal alcohol-induced hippocampal functional deficits, we hypothesized that 

chronic binge prenatal alcohol exposure alters gene expression and global molecular 

pathways in the fetal hippocampus. Timed-pregnant Sprague Dawley rats were randomly 

assigned to a pair-fed control (PF) or binge-alcohol treatment (ALC) group on 

gestational day (GD) 4. ALC dams acclimatized from GD 5-10 with a daily treatment of 

4.5 g/kg alcohol and subsequently received 6 g/kg on GDs 11-20. PF dams received a 

once-daily maltose dextrin gavage on GDs 5-20, isocalorically matching ALC 

counterparts. On GD 21, bilateral hippocampi were dissected, flash frozen, and stored at 

-80°C. Total RNA was then isolated from homogenized tissues. Samples were 

normalized to ~4nM and pooled equally. Sequencing was performed by Illumina 

NextSeq 500 on a 75 cycle, single end sequencing run. RNA-Seq identified 13,388 

genes, of these, 76 genes showed a significant difference (P < 0.05, log2 fold change > 
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2) in expression between the PF and ALC groups. 49 genes showed sex-dependent 

dysregulation, of which, 23 were significantly altered in ALC-exposed females, 26 were 

altered in ALC-exposed males, and 2 were altered in both ALC-exposed males and 

females compared with PF offspring. We conclude that chronic binge alcohol exposure 

during pregnancy dysregulates fetal hippocampal gene expression in a sex-specific 

manner. Identification of subtle, transcriptome-level dysregulation in hippocampal 

molecular pathways offers potential mechanistic insights underlying FASD 

pathogenesis. 
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CHAPTER I  

INTRODUCTION  

 

 

Fetal Alcohol Syndrome 

Alcohol’s teratogenic effects have become widely publicized in today’s society, 

and partly because of federal public health initiatives, scientific reports on alcohol’s 

harmful effects during pregnancy are readily accessible to the general public. However, 

prior to 1973, there was limited scientific evidence describing the teratogenic effects of 

alcohol, and gestational alcohol exposure was not linked to congenital birth defects until 

the late 1960’s. In 1968, Dr. Paul Lemione, a French pediatrician, was the first to 

document the negative effects of prenatal alcohol exposure (PAE) that could manifest as 

craniofacial dysmorphia and growth restriction in children (O'Malley, 2007, Lemione et 

al., 1968). Five years later, Jones and Smith combined the patterns of craniofacial 

dysmorphia and growth restriction with new evidence of abnormal brain development 

following an autopsy of an affected newborn, coining the term Fetal Alcohol Syndrome 

(FAS) (Jones and Smith, 1973). The first diagnostic criteria for FAS in the United States 

was developed in 1989, comprising of the following (Sokol and Clarren, 1989): 

1. Pre-/postnatal growth restriction 

2. Dysfunction of the central nervous system (CNS): 

a. Neurological  

b. Development 
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c. Intelligence 

3. Craniofacial dysmorphia 

a. Microcephaly 

b. Short palpebral fissures 

c. Thin upper lip 

d. Elongated, flattened maxilla zone 

e. Poorly-defined philtrum 

As PAE became more widely researched, and as awareness increased, there was a 

realization that not all children exposed to alcohol in utero expressed all of the hallmark 

phenotypes of FAS. Thus, new terms were created to encompass varying combinations 

of effects: Partial FAS (pFAS), Alcohol-related Neurodevelopmental Disorder (ARND), 

and Alcohol-related Birth Defect(s) (ARBD). In 2003, the diagnostic criteria describing 

pFAS, ARND, and ARBD were later consolidated and catalogued with FAS as unique 

sub-categories of Fetal Alcohol Spectrum Disorders (FASD) (Sokol et al., 2003a). 

Description criteria for all four subcategories along with FASD continue to be refined as 

understanding is gained through advances in research. A brief summary of the latest 

guidelines in the Unites States are as follows (Hoyme et al., 2016):  

1. FAS (with or without knowledge of PAE) 

a. Pre-/postnatal growth restriction 

b. Stunted brain growth, morphology, or dysregulated neurophysiology 

c. Neurobehavioral impairment 

d. Characteristic facial dysmorphia 
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2. pFAS 

a. With knowledge of PAE 

i. Characteristic facial dysmorphia 

ii. Neurobehavioral impairment 

b. Without knowledge of PAE 

i. Pre-/postnatal growth restriction or stunted brain growth, 

morphology, or dysregulated neurophysiology 

ii. Neurobehavioral impairment 

iii. Characteristic facial dysmorphia 

3. ARND 

a. Knowledge of PAE 

b. Neurobehavioral impairment 

4. ARBD 

a. Knowledge of PAE 

b. Anatomic malformation(s) known to be caused by PAE 

 

Fetal Alcohol Spectrum Disorders 

Fetal Alcohol Spectrum Disorders (FASD) is an umbrella term that comprises  

all the possible pathological outcomes resulting from PAE, including and in addition to, 

FAS, pFAS, ARND, and ARBD (Riley et al., 2011b, Sokol et al., 2003a). As more 

studies discerning the teratogenic effects of alcohol were conducted, the extensive 

effects of gestational alcohol exposure were found to depend on an array of contributing 
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factors, such as exposure dose, timing, exposure pattern, maternal nutrition, maternal 

and fetal genetic susceptibility, and parental history of substance abuse (Smith et al., 

2014a, May and Gossage, 2011a, May et al., 2013b, Maier and West, 2001b). A recent 

study found that individuals affected by FASD are at an increased risk for susceptibility 

to over 400 comorbid conditions, as a consequence of in utero alcohol exposure, than the 

rest of the general population (Popova et al., 2016b). Among these comorbid conditions, 

functional abnormalities of the peripheral nervous system (PNS), chronic/acute serous 

otitis media, visual impairment, congenital malformations of the spine, and 

hypertelorism had a higher prevalence among individuals with FASD (Popova et al., 

2016b). 

Simultaneously with efforts to ascertain the effects of PAE, the scientific 

community has made concerted efforts to raise community awareness of the harmful 

consequences of alcohol exposure during pregnancy. Despite these efforts and 

statements from the United States Surgeon Generals recommending that pregnant 

women or women who may become pregnant abstain from alcohol, 1 in 10 pregnant 

women reported alcohol consumption within the past 30 days (Health and Services, 

1981, Health and Services, 2005, Tan et al., 2015b). Studies have estimated 

approximately 30-40% of pregnancies in the United States are affected by alcohol 

consumption (Ethen et al., 2009b). Accurately assessing FASD prevalence is difficult, 

due in part to the subtler effects of in utero alcohol exposure, missed diagnoses, 

misdiagnoses, and incomplete or inaccurate maternal self-reported histories as a result of 

the societal stigma accompanying alcohol use in pregnancy. Previous studies indicated 
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FASD prevalence in the United States was about 2-5% (May et al., 2009, May et al., 

2014), however, the most recent estimates may be as high as 3-9% (May et al., 2018b). 

The congenital defects resulting from PAE can be costly, as affected individuals 

often require lifelong, multifaceted services to meet their needs. The annual financial 

cost per individual with FASD has been estimated to be approximately $24,300 for 

adults and $22,800 for children, with an estimated lifetime cost of $1.4 million per 

individual and an annual societal cost exceeding $4 billion (Greenmyer et al., 2018, 

Lupton et al., 2004). These costs do not include any approved pharmacologic therapy, as 

there currently are none. At present, the only approved existing treatments focus on the 

secondary effects of PAE, mainly symptoms such as cognitive deficits, attention deficit 

hyperactivity disorder (ADHD), depression, anxiety, and language delays (Spohr and 

Steinhausen, 2008b, Wilhoit et al., 2017). Targets of PAE and its pharmacokinetics are 

complex in nature, and thus to date, the molecular mechanisms underlying FASD 

pathogenesis remain insufficiently understood (Burd, 2016b). Despite the limited 

understanding, researchers from around the globe have continued to investigate the 

teratogenic effects of alcohol and uncover the etiological mechanisms underlying 

developmental alcohol-mediated damage. With successful completion of each FASD 

investigation, novel facets of the disease are being discovered, and each scientific 

contribution advances our understanding of PAE’s teratogenic mechanisms of action on 

distinct organ systems, most notably of which is the fetal brain.  
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Prenatal Alcohol Exposure and the Brain 

The developing brain is one of the most, well-studied targets of gestational 

alcohol exposure. Out of all of the developing organs, studies collectively designate the 

fetal brain as the target most susceptible to the teratogenic effects of alcohol exposure 

(Caputo et al., 2016a).  As a result, alcohol-induced damage to the developing brain has 

been extensively documented. The following synopsis provides a small glimpse of what 

has been ascertained thus far with respect to alcohol-mediated pathogenesis of deficits in 

the developing brain in both human and animal model studies. 

 

Clinical and Human Studies 

Human autopsy studies of children heavily exposed to alcohol in utero have 

revealed reduced brain volumes and abnormal brain development (Jones and Smith, 

1973). Magnetic resonance imaging (MRI) studies of individuals affected by PAE have 

revealed similar abnormalities, with additional findings. With regards to brain structure, 

two consistent observations were: 1) reduced whole-brain volume and 2) reduced grey 

and white matter volumes across the cerebral cortex (Archibald et al., 2001, Nardelli et 

al., 2011, Donald et al., 2015). Alterations to the corpus callosum have been consistently 

described across neurodevelopmentally-centered FASD studies, with reports of alcohol-

induced alterations to both the shape and area of this structure to varying extents (Yang 

et al., 2012, Riikonen et al., 1999, Riley et al., 1995). Analogously, hippocampi of 

children exposed to alcohol in utero exhibit reductions in volume (Nardelli et al., 2011, 

Willoughby et al., 2008b, Archibald et al., 2001). Functional MRI studies have been 
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pivotal in revealing subtle changes in brain activity in multiple domains, the most widely 

investigated being working memory (Norman et al., 2013, Spadoni et al., 2009, Malisza 

et al., 2005, Diwadkar et al., 2013). Activated brain areas were noted to be dissimilar 

between unexposed control and PAE groups, and alterations to blood flow regulation 

were also noted (Spadoni et al., 2009, Malisza et al., 2005). Additional MRI-based PAE 

studies have detected white matter microstructure abnormalities of the corpus callosum, 

which indicate a disruption of inter-hemispheric functional connectivity (Wozniak et al., 

2009, Wozniak et al., 2011). Children exposed to alcohol in utero also exhibited 

increased characteristic path lengths and lower global efficiency, further substantiating 

the vulnerability of the developing brain’s neural circuitry to PAE (Wozniak et al., 

2013). Although the clinical relevance of the observations from Wozniak and colleagues 

were not completely understood, alcohol’s effects on the cerebral network were inferred 

to have negative functional implications on conscious/subconscious operations. More 

recently, alcohol’s effects on the brain’s neurochemistry across different regions have 

been made apparent by use of proton magnetic resonance spectroscopy (1H-MRS), 

which detected alterations in abundances of N-acetyl aspartate, glutamine, glutamate, 

and choline-containing and creatine-containing neurometabolites (Astley et al., 2009, 

Cortese et al., 2006, Fagerlund et al., 2006, du Plessis et al., 2014). The observations 

from different research groups gave emphasis to the gestational period as a critical 

developmental window for investigating neurometabolic changes due to their role in 

brain development (Bluml et al., 2013, Donald et al., 2015).  
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Non-Human Primates 

In non-human primate studies, the striatal dopamine system has been shown to be 

another vulnerable target of alcohol. PAE beginning in early gestation and persisting 

throughout the remainder of pregnancy induced a decreased ratio of dopamine (D2) 

receptors to dopamine levels in the striatum of young adult moneys (Schneider et al., 

2005). Alcohol exposure limited to late gestation alone resulted in an increased ratio of 

D2 receptors to dopamine levels. A follow up study identified an effect of sex, where 

dopamine (D1) receptor binding was increased in males exposed to alcohol in utero 

(Converse et al., 2014). This disruption of receptor/dopamine ratios was believed to be a 

major contributing factor towards the alterations of cognitive function and behavioral 

response seen in subjects of PAE (Schneider et al., 2005, Arnsten, 1997, Berridge and 

Robinson, 1998, Redgrave et al., 1999). In baboons, an increase in fetal cerebral blood 

flow was documented following gestational alcohol exposure (Kochunov et al., 2010). 

However, other studies utilizing a primate model to measure hemodynamics in fetal 

anterior and middle cerebral arteries reported alcohol-induced decreases in peak systolic 

velocity (Seleverstov et al., 2017, Tobiasz et al., 2018). Moreover, acceleration and time-

velocity integral were decreased in the alcohol-exposed group, suggesting a suppressive 

effect on the function of fetal brain vasculature. 

 

Ovine 

Sheep is an another clinically relevant model for understanding alcohol’s 

pathogenesis on the developing brain, based on their ability to account for maternal/fetal 
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interactions during all three trimester-equivalents of brain development, and because 

maternal weight and fetal weight correlate with those of humans, and the ovine 

gestational length is relatively long (approximately 147 days), and therefore more 

comparable to humans than those of smaller animal models.  Ovine model studies have 

revealed alcohol exposure in utero modulates fetal cerebral blood flow activity pre- and 

postnatally in response to environmental insults such as hypoxia (Mayock et al., 2007, 

Gleason et al., 1997). Furthermore, alcohol exposure during the first trimester alone 

decreased levels  of vasoactive intestinal peptide (VIP), a potent vasodilator, in neurons 

of the fetal brain (Anderson et al., 2008). This alcohol-induced deficiency of the VIP 

vasodilator in cerebral neurons has been linked with having a substantial role in the 

chronic attenuation of fetal cerebral blood flow in response to hypoxic conditions. 

Another ovine model study investigating the persistent effects of alcohol exposure on the 

fetal brain reported an increase in the reactivity of intracerebral arterioles to VIP during 

adulthood of the alcohol-exposed offspring (Ngai et al., 2008). Alcohol exposure limited 

to the third trimester equivalent of brain development specifically targeted and increased 

blood flow in the cerebellum, and was accompanied by a loss of Purkinje cell neurons 

within this brain region (Parnell et al., 2007). Increases in arterial stiffness was another 

alcohol-induced cerebral vascular adaptation that has been reported in this model as a 

response to PAE (Parkington et al., 2014). The elastic modulus in these vessels increased 

and was linked with arterial wall compositional changes.  In cortical white matter of the 

fetal brain, gestational alcohol exposure increased the size of microglia-macrophage-rich 
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regions and this change was associated with increased cortical white matter vulnerability  

(Watari et al., 2006). 

 

Rodent 

Rodent models are widely utilized in the FASD field, as their brain and 

behavioral patterns are extensively characterized. Studies on rat brain morphology 

following PAE noted reductions in total brain volume, in alignment with similar reports 

of brain volume reductions in children with PAE (Zimmerberg and Reuter, 1989). 

Additionally, motor cortex neuron generation was delayed and defects in neuronal 

migration were observed (Miller, 1986). In rat pup whole brains, alcohol exposure 

induced degradation of radial glial fibers and accelerated the astrocyte transformation 

process from radial glia (Miller and Robertson, 1993). In the cerebellum, Bergmann glia 

development, which is critical process for supporting proper granule cell migration, was 

impeded by gestational alcohol exposure (Shetty and Phillips, 1992). Purkinje and 

granule cells within the developing rat cerebellum were also severely affected by alcohol 

exposure during development, with exquisite vulnerability observed during the third 

trimester-equivalent of brain development (West et al., 1990). Of the two types of 

aforementioned neurons, Purkinje cells were the most susceptible to the teratogenic 

effects of alcohol, resulting in greater cell death and significant cell loss in comparison 

with the cerebellar granule cell population. Interestingly, the distinct lobes comprising 

the cerebellum have exhibited varying windows of vulnerability during development to 

alcohol exposure (West et al., 1990). Lobes I, II, IX, and X were among the most 
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vulnerable during postnatal days (GD) 4-9, with West and colleagues suggesting it may 

due to the timing of the insult taking place during a particular window of neuronal 

maturation (Sawant et al., 2013, West et al., 1990). With regards to brain vasculature, 

PAE impaired cerebral arteriole response to eNOS and nNOS-dependent agonists and 

was suspected to result in dysregulated oxygenation and nutrition (Bukiya and Dopico, 

2018, Cananzi and Mayhan, 2019). 

 

Prenatal Alcohol Exposure and Behavior 

Behavioral deficits comprise a cardinal feature of FASD, and human and animal 

studies on alcohol exposure in utero have observed a myriad of alcohol-related 

behavioral deficits across various domains (Mattson et al., 2019). Cognitive abilities are 

the most commonly reported alcohol-induced behavioral impairment, with vitiated social 

behavior unmistakably becoming an increasingly prevalent sequelae of developmental 

alcohol exposure (Steinhausen, 1996). The effects of PAE on behavior are lifelong and 

diverse manifestations have been observed from infancy through adulthood in human 

clinical studies and in animal models (O'Connor et al., 1992, O’Connor, 1996, 

Goldschmidt et al., 1996, Streissguth et al., 1991). Below is a brief review describing the 

variety of behavioral deficits that have been reported in offspring following alcohol 

exposure during development.  
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Early infancy  

In one of the first clinical studies which assessed the effects of alcohol on 

behavior, infants exposed to PAE expressed alterations in their ability to form maternal 

attachment, attachment being a component of a social behavior system between mother 

and infant (Bowlby, 1969). Impaired responses were also observed in a subsequent 

study, whereupon after separation from their mothers, infants previously exposed to 

alcohol in utero displayed heightened responses of conflicted and disoriented behavior 

(O'Connor et al., 1992). Infants exposed to alcohol prenatally were likewise noted to 

express increased levels of irritability, which has been shown to negatively affect 

attachment behavior (Coles and Platzman, 1993, Meares et al., 1982). Alcohol-induced 

impairment of feeding pattern have been observed, with exposed newborns having 

altered nursing behaviors (Sundelin-Wahlsten et al., 2017, Ouellette et al., 1977, Martin 

et al., 1979).  

Animal models of PAE assessing neonatal behaviors report comparable early life 

behavioral aberrations. In a PAE study that utilized macaques, neonates exposed to 

alcohol in utero expressed aberrant hyperactive behaviors, and concurrently exhibited 

symptomatic tremors (Elton and Wilson, 1977). A similar study assessed cognitive 

function in macaque infants prenatally exposed to alcohol. These neonates were 

observed to have reduced visual orientation ability and attention capacity (Schneider et 

al., 1997).  Rat neonates exposed to alcohol in utero had impaired suckling behavior 

when compared with controls. At birth, these alcohol-exposed pups took significantly 

longer time to adequately latch to the dam’s nipple (Chen et al., 1982). Another alcohol-
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induced behavioral alteration previously reported in rat neonates is timing delay of 

vocalization in response to a physical separation from their respective dams (Barron et 

al., 2000).   

 

Periadolescence 

Human studies concentrating on the periadolescent period have yielded further 

insights into alcohol-mediated behavioral deficits. Studies have reported children 

prenatally exposed to alcohol were more inclined to develop academic difficulties in 

school, with a higher probability of having lower standardized test scores in fundamental 

subjects, such as arithmetic and reading (Glass et al., 2017, Howell et al., 2006, 

Goldschmidt et al., 1996). Children affected by alcohol in utero have been observed to 

have difficulties in interacting with others in social situations and display patent deficits 

in interpersonal skills (Thomas et al., 1998, Rasmussen et al., 2011, Whaley et al., 2001). 

Moreover, children known to be prenatally exposed to alcohol in utero were rated by 

their teachers to be more aggressive and destructive compared to their classmates 

(Brown et al., 1991). Impulsivity and distractibility have been widely reported in young 

adolescent children with FAS, with about 60% having problems with the law (Furtado 

and Roriz, 2016, Streissguth et al., 1996, Rasmussen and Wyper, 2007).  

In periadolescent rats prenatally exposed to alcohol, alterations in affiliative 

behaviors have been observed, such as the play and/or parental subdomains (Boschen et 

al., 2014). In one study, alcohol-exposed males did not display as much playful behavior 

as their control male counterparts (Meyer and Riley, 1986). Moreover, females within 
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the alcohol treatment group demonstrated increases in play-related behaviors compared 

to those females in the control group. Conventionally, males display a higher frequency 

of playful behavior than do females (Kelly et al., 2000). With regards to induced parental 

behavior, juvenile male and female rats exposed to alcohol during early development 

had an increased latency of pup retrieval compared to the control male and female 

groups after being presented with rat pups (Barron and Riley, 1985, Wilson et al., 1996).   

 

Late adolescence and adulthood 

FASD behavioral deficits have been shown to persist beyond childhood. A study 

of adults and adolescents near adulthood exposed to alcohol in utero reported multiple 

deficits in social behavior (Streissguth et al., 1991). Affected individuals failed to 

adequately take into consideration the potential consequences of their actions. The 

inability to recognize and properly react to social cues and reciprocate friendship were 

noted characteristics of young adults who were exposed to alcohol in utero (Rangmar et 

al., 2015, Streissguth et al., 1991). Social withdrawal, high anxiety, and delinquent 

behaviors were also observed in exposed individuals. Reports on adults with histories of 

in utero alcohol exposure noted findings similar to those of children during 

periadolescence with respect to trouble with the law (Streissguth et al., 1991). 

Animal models have corroborated that the behavioral-related effects of 

developmental alcohol exposure persist into adulthood. In adult rats prenatally exposed 

alcohol, an exacerbation of aggressive behavior has been observed, with exposed 

animals expressing an increase in the frequency of attacking, biting, and/or displaying 
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more aggressive postures in contrast to controls (Royalty, 1990, Hamilton et al., 2014). 

Another rodent model study observed impairment of social recognition behaviors in 

male and female rats exposed during the third trimester-equivalent (Kelly and Tran, 

1997). Two studies demonstrated feminization of adult male rat sexual behavior as a 

consequence of PAE (Dahlgren et al., 1991, Hard et al., 1984). PAE in female rats has 

been shown to delay behavioral estrus and the timing of vaginal opening, indicating a 

disruption by alcohol in pubertal maturation processes (Creighton-Taylor and Rudeen, 

1991, McGivern et al., 1992, Lan et al., 2009). The long-term effects of PAE were 

likewise manifested in adult female rats by their display of deficits in maternal instinct 

behaviors (Barron and Riley, 1985, Hard et al., 1985). Aberrant behaviors of these 

prenatally exposed dams included building nests of comparatively reduced quality and 

noticeable pup negligence, with extra preference given to eating, drinking, and grooming 

themselves. 

 

Utilization of Animal Models for FASD Etiology 

When alcohol exposure was first linked with congenital birth defects in the late 

1960s and early 1970s, many individuals in the scientific community were skeptical of 

this association (Cudd, 2005). The predominant thought was that alcohol had been 

consumed for millennia, and with congenital defects only recently linked to alcohol, the 

shared belief was that these defects were likely caused by an alternative environmental 

insult. Contrary to this initial skepticism, the use of animal models in gestational alcohol 

studies proved to be vital in providing irrefutable evidence that substantiated alcohol’s 
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teratogenic nature (Uban et al., 2011). Further investigative use of animal models 

revealed an extensive array of malignant consequences due to PAE and helped to 

identify specific sites targeted by alcohol during fetal development. As human studies 

were and remain limited due to ethical concerns, the importance of these findings 

gleaned from animal models were critical for discerning the teratogenic effects seen in 

individuals exposed to alcohol in utero. Presently, animal models are used to identity 

and further investigate mechanisms of alcohol-mediated damage in various target organs 

of PAE; development of protective and/or ameliorating strategies are also being 

strategically investigated by means of animal studies.  

Experiments that utilize animal models allow for controlled experimental 

conditions and offer manifold advantages (Cudd, 2005). Human PAE studies are limited 

by a plethora of confounding variables, such as exposure timing, dose, and pattern, 

which can inconsistently influence the outcomes observed in each individual affected by 

alcohol in utero. Furthermore, the unreliability of maternal self-reports and co-

environmental insults that may accompany alcohol use during pregnancy make it 

difficult to discern which outcomes observed are definitively alcohol-derived. Additional 

confounding variables that complicate human studies include divergence in plane of 

nutrition and genetics. Another advantage of animal models are their capacity to 

investigate additional dependent variables. However, it is critical to understand the 

differences of each species as they compare to humans. Investigators must take into 

account the dissimilarities, plan a successful design accordingly, and implement their 
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study designs. This will ensure efficacy in using animal models to accurately assess the 

teratogenic effects of PAE. 

Accounting for species-specific differences is of paramount importance when 

investigating alcohol’s effects on the developing brain. This in part is due to each 

species’ varying windows of accelerated brain growth and development during gestation 

(Dobbing and Sands, 1979). Structures developing during the brain’s growth spurt 

exhibit greater vulnerability to alcohol’s teratogenic effects compared to other time 

points in gestation (Goodlett et al., 1990).  Consequently, consideration of the following 

factors is essential when selecting a species model for evaluating alcohol’s harmful 

effects: developmental timing of the structures of interest (i.e. hippocampus, cerebellum, 

olfactory bulbs, etc.), the window of development during which to administer alcohol, 

and period of development during which to collect dependent measurements (Cudd, 

2005). A common example of species differences is the ‘brain growth spurt’ timing 

divergence between humans and rats. In humans, this period of accelerated development 

occurs during the third trimester of gestation and reaches peak velocity at parturition, 

whereas in rats, the maximum brain growth velocity takes place postnatally, on postnatal 

day(s) (PND) 1-10 (Dobbing and Sands, 1979). Therefore, the use of rat models to 

investigate the negative effects of PAE on brain structures during this exquisitely 

sensitive developmental window occurs postnatally during the ‘third trimester-

equivalent’ of brain development, to correspond appropriately with the third trimester in 

humans. In other animal models, such as non-human primates and guinea pigs, 

accelerated brain development takes place earlier in gestation compared to humans, 
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highlighting the importance of careful planning in order to suitably investigate the 

effects of PAE on the brain and properly extrapolate findings from animal models and 

infer these findings to humans (Dobbing and Sands, 1979). The following are brief 

abstracts of the advantages of various animal models. 

 

Rodent models 

The rat has been a widely used animal model for the study of FASD. A popular 

example is the use of rat models to explore the effects of PAE on the cerebellum during 

its most profound period of growth (PND 1-10) that corresponds with the third trimester 

of human pregnancy (West et al., 1990). The sheer volume of knowledge known on the 

animal’s physiology, anatomy, reproduction, and teratology makes it an optimal model 

for strategically designing studies that focus their investigation on a particular region of 

interest. This vast knowledge base is a considerable advantage of utilizing this model in 

an alcohol study. Moreover, rats are a well-suited animal model for FASD behavioral 

studies because of their simplified and extensively documented behaviors compared to 

other models and the existing established measures of these behaviors for both rats and 

humans (Kelly et al., 2009a). Eye-blink conditioning learning measures are frequently 

used to assess associative learning, whereas the Morris water maze can effectually 

evaluate spacial learning and memory (Stanton and Goodlett, 1998, Vorhees and 

Williams, 2006). Furthermore, dam interactions with their offspring litters can model 

some human maternal behaviors (Wilson and Cudd, 2011). Metabolic studies in rats can 

also be used to identify biomarkers that form as metabolites resulting from 
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developmental alcohol exposure (Laposata et al., 2000). Economically, rats are relatively 

inexpensive to house and properly maintain, with less labor required for their upkeep 

compared to the larger mammalian animal models. 

The mouse is another useful model for the study of FASD. Similar to the rat, the 

mouse model has multiple advantages that should be taken into consideration when 

designing FASD experiments.  The extensive literature regarding the many domains 

studied, including physiology and reproductive teratology, allow for investigations that 

provide further insights into the effects of alcohol in utero.  With regards to cost, mice 

are less costly to acquire and house than most other animals, i.e. the sheep model, and 

have a shorter gestational period, making data acquisition timely and efficient. The 

genetic manipulation potential in mice is another added benefit, as there are multiple 

strains available for use, depending on the experimental needs and focus of a particular 

project. Mice are among the limited number of animal models that display the 

characteristic facial dysmorphology seen in fetal alcohol syndrome (FAS), making it 

possible to study this alcohol-induced phenotype (Sulik et al., 1981). Similar to the rat, 

mice are economically and environmentally friendly to house and maintain. 

The guinea pig offers different advantages when used as a model for the study of 

FASD. The gestational period of the guinea pig is notably longer compared to the rat and 

mouse, presenting the advantage of being able to study more precisely different time 

periods in fetal development. One notable aspect is the occurrence of the brain’s growth 

spurt, which happens in utero in contrast to rats and mice, allowing for third trimester-

equivalent brain studies to take into account maternal and fetal interactions at the 
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placental interface. Biomarkers of prenatal alcohol exposure can also be reliably 

investigated, as the guinea pig model has successfully demonstrated the use of fatty acid 

ethyl ester detection for this purpose (Caprara et al., 2005). Growth restriction in the 

brain and total body weight coinciding with hyperactive offspring and deficits in the 

cerebral cortex, hippocampus, and cerebellum all demonstrate that the guinea pig is a 

useful model for alcohol studies, as this is frequently observed in clinical studies of 

children exposed to alcohol in utero (Cudd, 2005). Similar to rats and mice, guinea pigs 

are also very economical.   

 

Porcine model 

The pig is a larger mammalian animal model that has also successfully been used 

to study FASD. Similar to that which occurs in humans, the peak brain growth spurt in 

pigs occur at parturition. Another incentive for using the porcine model is that the pig 

brain is gyrencephalic, with structure and function resemblant to human brains, making 

this an ideal candidate model for neuroimaging studies. Complete atlases that detail the 

brain activation regions are another advantage when studying the effects of alcohol on 

the developing brain (Saikali et al., 2010, Watanabe et al., 2001). One noteworthy 

benefit of utilizing this species is its unique trait of having a predilection for alcohol, 

unlike any other animal model. The pig model has been successfully used to replicate the 

characteristic traits of FAS such as growth restriction, microcephaly, and cleft palate 

(Dexter et al., 1976). While the number of behavioral studies conducted using this model 

is relatively small, pigs have been efficaciously used to investigate alcohol-mediated 
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effects on offspring behavior (Backus, 2013). Studies assessing the effects of alcohol on 

maternal and fetal cell structure in various tissue targets have also used the pig model 

(Romert and Matthiessen, 1984).  

 

Ovine model 

The sheep model has also been widely used to study FASD. Due to the extensive 

amount of work done employing this model to characterize fetal physiology for over 50 

years, established, long-term, instrumentation techniques can be implemented in this 

model to investigate the myriad effects of gestational alcohol exposure. The distinctive 

advantage of long-term instrumentation in fetal sheep allows for a wide range in depth 

studies to assess the following: brain metabolism, alcohol disposition in maternal and 

fetal compartment, fetal brain activity, fetal cerebral blood flow, fetal brain 

neurotransmitter activity, fetal hypothalamus pituitary adrenal axis function, and 

maternal and fetal thyroid hormone responses following prenatal alcohol exposure 

(Richardson et al., 1985, Brien et al., 1985, Patrick et al., 1985, Gleason and Hotchkiss, 

1992, Reynolds et al., 1995, Cudd et al., 2001b, Cudd et al., 2002). Levels of carbon 

dioxide, blood pH, and lactate can also be detected in real time in developing fetuses in 

response to alcohol (Cudd et al., 2001a, Bocking et al., 1993). The substantially longer 

gestation period in sheep (147 days) also benefits studies that aim to address temporal 

vulnerabilities and investigate mechanisms of damage across different organ systems, 

and this gestational period is more comparable to humans than those of many other 

animal models. Nutrient availability following alcohol exposure, such as maternal and 
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fetal plasma amino acid levels, can be investigated in sheep, allowing insight into how 

alcohol exposure during gestation affects the maternal compartment and how this in turn 

may have an effect on micro and macro nutrient bioavailability in the developing fetus 

(Ramadoss et al., 2008). 

 

Non-Human Primate Models   

The non-human primate model offers distinct advantages for assessing alcohol-

mediated teratogenic outcomes due to the animals’ high intelligence, analogous human-

like behavior, and high degree of overlapping homologous genes in comparison to 

humans. Non-human primate models are ideal for conducting cognitive function studies, 

as they are exceedingly effective for investigating various domains of memory and 

learning (Harlow, 1959, Gunderson et al., 1989).  Attention deficits, hyperactivity, and 

temperamental responses following alcohol exposure can also be studied and are well-

documented (Elton and Wilson, 1977, Clarren et al., 1992, Schneider and Suomi, 1992). 

Since non-human primates have comparable gestation periods and undergo rapid brain 

growth in utero, FASD studies exploiting this model can be directed at mechanisms 

altered by alcohol exposure during this particular window of development. Furthermore, 

the generation interval of non-human primates is truncated, facilitating longitudinal 

studies of the effects from PAE (Schneider et al., 2002). 
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Genomic Technology 

Alcohol exposure has been observed to have an effect on the expression of 

various genes in the developing brain by means of transcriptome analysis. The 

technology used to assess alterations in gene expression between treatment and control 

groups has been critical for understanding the exquisite vulnerability of the developing 

brain and consequently for the advancement of the FASD field. Below is a brief 

summation of some of the most widely-used genomic methods.  

 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)  

RT-qPCR is among the earliest methods used to assess gene expressions in a 

sample. One advantage in utilizing RT-qPCR is its sensitivity, allowing the 

quantification of target genes that are low in number (Fey et al., 2004). Furthermore, it is 

widely regarded as the most accurate of all methods that quantify gene expression levels 

(Gilliland et al., 1990, Wang and Brown, 1999).  RT-qPCR is relatively inexpensive 

compared to other methodologies, such as microarray and the NanoString nCounter 

system. One disadvantage is its inherent limited range of transcript detection. Moreover, 

RT-qPCR utilizes hybridization, which presents variability that must be accounted for in 

the samples ran. Lastly, the use of amplification is another disadvantage, as it introduces 

bias (Hurd and Nelson, 2009). 
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Microarray 

Microarray is a high-throughput technique used in studies to observe alterations 

in gene expression.  It has the advantage of being able to measure a plethora of gene 

expression levels simultaneously, making it an unequivocally more powerful tool than 

RT-qPCR (Narrandes and Xu, 2018). Another advantage of microarray is its high 

reproducibility and well-defined analysis guidelines. Furthermore, there is the 

convenience of having ready-to-use commercial ‘chips,’ which can be customized 

according to the particular bent of a study, reducing the amount of time and labor 

required to run samples. However, there are some disadvantages to using microarray, 

which are important for consideration when using this technology. The variability that 

can be present in sources, such as dye labeling and hybridization, is one downside 

(Jaluria et al., 2007). Furthermore, cross-hybridization between similar sequences 

complicates the analysis of related genes. The use of amplification is another 

disadvantage as it introduces bias into samples (Hurd and Nelson, 2009).  Microarrays 

also have difficulty detecting low transcript levels and splice variants. Lastly, their 

reliance on an established genome sequence makes microarray unfit to detect novel 

transcripts in target tissue.   

 

NanoString nCounter System 

NanoString nCounter System (NanoString) is a method that relies on the direct 

imaging of tripartite structures that consist of color-coded probe pairs that are hybridized 

with specific target mRNAs. NanoString has multiple advantages when assessing gene 
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dysregulation, such as the elimination of amplification and cloning. Furthermore, it has a 

large transcript detection range, which is notably larger than microarrays. Another 

advantage is its accuracy in detecting differentially expressed genes, which was 

demonstrated to be more accurate than microarray (Geiss et al., 2008). Lastly, 

NanoString’s digital readout reduces the amount of background signal, making analysis 

less ambiguous. There are some disadvantages to consider when utilizing NanoString 

technology (Chatterjee et al., 2015). First, detection is limited to pre-existing screening 

panels, which also hinders the discovery of novel RNA molecules. Second, this method 

may become prohibitively expensive, especially when running a relatively large number 

of samples.  

 

RNA sequencing (RNA-seq) 

The development of high-throughput sequencing resulted in novel way to map 

and quantify transcriptomes. Commonly known as ‘RNA-seq,’ it utilizes deep-

sequencing technology that sequences a genomic region multiple times and offers many 

advantages over earlier generation transcriptomic approaches (Wang et al., 2009b). First, 

in contrast to hybridization-based methods, RNA-seq can detect novel transcripts 

without needing an existing genomic sequence for reference. When compared to 

microarrays, RNA-seq has low, if any, background levels to take into account upon 

analysis. Furthermore, this technology has a considerably more expansive transcript 

detection range than microarrays or Nanostring. RNA-seq is robust in its capacity to 

accurately quantify gene expression levels, which has been recurrently validated by 
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quantitative PCR (qPCR) (Nagalakshmi et al., 2008). Lastly, only a small amount of 

RNA sample is required to undergo a sequencing run. As with other genomic 

technologies, there are some disadvantages worth considering when using RNA-seq. 

First, unlike smaller RNA molecules, such as microRNA, larger RNA molecules must be 

fragmented in order to be sequenced, which creates bias in the results. Secondly, library 

construction may be laborious and time-consuming.  

 

Genomic technology in FASD brain-related studies 

The technologies available for detecting alterations in the transcriptome have 

been used in various target tissues with great success. In alcohol studies, the brain has 

been investigated by using various approaches. From older, targeted methods to newer 

high-throughput methods, the results have helped to increase our understanding of the 

mechanisms of alcohol-mediated neuropathogenesis by way of pinpointing differentially 

expressed genes. The following summaries provide a brief review of the work done in 

alcohol-induced transcriptomic alterations in the brain using two different methods: 

targeted and high-throughput.  

 

Gene expression outcomes from targeted approaches 

Utilizing targeted approaches, PAE has been observed to have an effect on the 

expression of certain genes in either whole or specific regions of the developing brain, 

with long-term alterations also being noted. Hard and colleagues noted six alcohol-

induced downregulated genes in their study of fetal mice whole brains: Tissue Inhibitor 
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of Metalloproteinase 4 (Timp4), Bone morphogenic protein 15 (Bmp15), Ring finger 

protein 25 (Rnf25), RAC-alpha serine/threonine-protein kinase (Akt1), Tubby-related 

protein 4 (Tulp4), and (Dexamethasone-induced Ras-related protein 1) Dexras1 (Hard et 

al., 2005). Timp4 is known to regulate the degradation of the extracellular matrix and 

may also mediate hormone signaling and tissue remodeling, but its specific role in brain 

development is not currently known (Leco et al., 1997). Bmp15 encodes for a paracrine 

signaling molecule involved in regulating cellular differentiation and apoptosis, but 

currently has no known significance in the developing fetal brain. Rnf25 facilitates post-

translational modification most notably via E2-dependent ubiquination, however 

modulation of NF-κB-mediated transcription activity has been observed (Lorick et al., 

1999). Akt1 is well documented in its role mediating signal transduction, that affects cell 

growth and survival, particularly in the context of neurons (Lawlor and Alessi, 2001). 

Tulp4 brain function is not known, but may be involved in mediating ubiquination and 

subsequent proteasomal degradation. Dexras1 is widely expressed in many tissue types, 

and has been linked with several functions. Notably, it is induced in the brain in response 

to various types of stress (i.e. glucocorticoid or osmotic), and expression is suspected to 

modulate cellular proliferation and suppression of aberrant cell growth; its function has 

also been implicated in playing a role in nitric oxide signaling (Fang et al., 2000). In 

pooled fetal rat whole brains, Cellular retinol-binding protein-1 (Crbp) and Retinoic acid 

receptor (Rar) expression was affected by alcohol exposure (Grummer and Zachman, 

1995). Crbp is involved in transportation and delivery of vitamin A by means of its 

encoded protein; in non-neural tissue, it has a role in maintenance of cellular 
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differentiative states  (Folli et al., 2001). Rar has been critically implicated in 

differentiation and development and cellular matrix homeostasis (Collins, 2002). In one 

study, alcohol exposure during gestation dysregulated the expression of Solute carrier 

family 6 member 4 (Slc6a4) in male and female fetal mice hippocampi and hypothalami 

(Ngai et al., 2015). Slc6a4 encodes for serotonin transporters that regulate serotonergic 

signaling, and dysregulation of this gene has been linked with anxiety and obsessive 

compulsive disorders (Lesch, 2011). In pooled fetal rat forebrains, Neuroblastoma 

apoptosis-related RNA-binding protein 3 (Napor3) expression was downregulated in the 

ethanol treatment group (Naha et al., 2009). Napor3 is reported to affect the regulation 

of RNA processing events within the cell nucleus and cytoplasm (Choi et al., 1998, 

Zhang et al., 2002, Ladd and Cooper, 2004). It is also involved in central nervous system 

development (Oppenheim, 1991).  

In the developing whole brain of rat pups, expression of Glial fibrillary acidic 

protein (Gfap) was altered by alcohol exposure (Valles et al., 1997). Gfap encodes for a 

protein that provides structural stability for astrocytes and is involved in synaptic 

plasticity, neurite outgrowth, and neuronal migration. (Weinstein et al., 1991, Chen and 

Liem, 1994, Middeldorp and Hol, 2011). In the developing neocortex of neonatal mouse 

pups, the expression of three genes were altered: Retinoid Z receptor beta (Rzrβ), 

Cadherin 8 (Cdh8), and Inhibitor of DNA binding 2 (Id2). These genes are involved in 

the regulation of circadian rhythm, synaptic adhesion, and inhibition of transcription 

factor function, respectively (Greiner et al., 1996, Suzuki et al., 1991, Ward et al., 2010). 

One study found gene alterations in various brain regions of rat pups and adolescents 
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exposed to alcohol in utero (Wille-Bille et al., 2018). In the rat pups, Prodynorphin 

(Pdyn) expression was altered in the brain’s ventral tegmental area and nucleus 

accumbens. In the adolescent rats, Pdyn expression was decreased in the nucleus 

accumbens. kappa opioid receptor (Kor) was altered in the prefrontal cortex of neonates 

and in the ventral tegmental area in adolescents. Pdyn encodes a precursor protein that is 

eventually processed to form endogenous opioids (Cox, 1982). Kor encodes an opioid 

receptor for endogenous ligands (Yuferov et al., 2004). A study in the developing male 

rat hippocampus following third trimester-equivalent alcohol exposure observed an 

increase in the expression of Brain-derived neurotrophic factor (Bdnf) (Boschen et al., 

2015). Bdnf  is a member of the canonical neural growth factors, which promote neuron 

survival and development (Binder and Scharfman, 2004). Li and colleagues observed 

altered Gamma-aminobutyric acid beta receptor 1 (Gabbr1) expression in rat pup 

forebrains following PAE (Li et al., 2005). Gabbr1 is implicated in calcium 

concentration modulation in cells and various modes of synaptic inhibition (Kaupmann 

et al., 1998, Obrietan and van den Pol, 1998). One study observed an altered expression 

of Complexin-1 (Cplx1) and Complexin-2 (Cplx2) in various developing brain regions of 

rat pups. The hippocampus had a reduced Cplx2 expression. The anterior cingulate 

cortex, prefrontal cortex, frontoparietal cortex, caudate nucleus and putamen all had a 

reduced Cplx2 expression. Cplx1 and Cplx2 encode proteins that play a role in the 

release of transmitters from neurons via exocytosis of synaptic vesicles (Brose, 2008). 

 In juvenile rat cerebella exposed to alcohol in utero, a reduced expression of 

Wingless-type MMTV integration site family, member 5A (Wnt5a), Frizzled class 
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receptor 6 (Fzd6), DIX domain containing 1 (Dixdc1), and Axis inhibition protein 2 

(Axin2) was observed (Tong et al., 2013). Wnt5a encodes for signaling proteins that are 

critical in the regulation of development (Zhou et al., 2017). Fzd6 encodes for a protein 

subunit in a membrane receptor that is involved in cell migration (Zou et al., 2017). 

Dixdc1 encodes for proteins that positively regulate the Wnt signaling pathway (Shiomi 

et al., 2003). Axin2 is involved in the negative regulation of the Wnt signaling pathway 

(Mai et al., 1999). 

A study of adult male mice exposed to alcohol in utero were reported to have an 

increased expression of Solute carrier 17 family A6 (Slc17a6) in the hippocampus 

(Zhang et al., 2015). Similarly, the increased expression Slc17a6i was also noted in a 

latter study (Zhang and Chong, 2016). Slc17a6 mediates uptake of glutamate in 

presynaptic neurons (Schweizer et al., 2014). In another study, gene expression of Dual 

Specificity Phosphatase 6 (Dusp6) and Adaptor related protein complex 1 subunit sigma 

2 (Ap1s2) were upregulated in the prefrontal cortex of adult female rats exposed to 

alcohol in utero, with Regulator Of G Protein Signaling 13 (Rgs13) observed to be 

upregulated in the hippocampus (Lussier et al., 2015a). Dusp6 has been associated with 

bipolar disorder and promotes apoptosis (Kim et al., 2012). Ap1s2 is linked with 

intellectual impairment and autism spectrum disorder and plays a role in 

neurodevelopment (Borck et al., 2008). Rgs3 is involved in glucose output regulation 

(Raab et al., 2005). Gangisetty and colleagues observed dysregulation of the following 

genes in adult female rat pituitary glands that were prenatally exposed to alcohol: 

Dopamine receptor D2 (D2r), DNA (cytosine-5)-methyltransferase 1 (Dnmt1); DNA 
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(cytosine-5-)-methyltransferase 3 beta  (Dnmt3b); Methyl CpG binding protein 2 

(Mecp2); Histone deacetylase 2 (Hdac2); Histone deacetylase 2 (Hdac4); Euchromatic 

histone lysine methyltransferase 2 (G9a); and SET domain containing lysine 

methyltransferase 7 (Set7) (Gangisetty et al., 2015). D2r encodes for the dopamine 

receptor D2 (Usiello et al., 2000). Dnmt1, Dnmt3b, Mecp2, Hdac2, Hdac4, G9a, and 

Set7 are a group of genes that essentially regulate post-translational modification via 

DNA methylation and histone modification (Esteve et al., 2009, Bertos et al., 2001, 

Hervouet et al., 2018). In the medial frontal cortex of adult mice prenatally exposed to 

alcohol, Peptidylprolyl isomerase A (CypA) was observed to have decreased expression 

levels in the medial frontal cortex (Caldwell et al., 2008). Within the same study, 18s 

rRNA, had increased expression levels in the hippocampal formation. Bdnf was 

dysregulated in the medial frontal cortex and the hippocampal formation. CypA and 18s 

rRNA are both housekeeping genes. Specifically, CypA encodes for proteins that catalyze 

protein folding (Hoffmann and Schiene-Fischer, 2014). The 18s rRNA gene encodes for 

rRNA that make up the small subunit (40s) of eukaryotic ribosomes within the cell 

(Hayashi, 2014, Henras et al., 2015). As stated previously, Bdnf encodes for brain-

derived neurotrophic factor, which is a central promoter of neuron survival (Binder and 

Scharfman, 2004). Adult rats exposed to alcohol in utero had six altered gene 

expressions in three brain regions compared to control animals (Zink et al., 2011). These 

regions were the hippocampus Vesicular glutamate transporter (Vglut1), Excitatory 

amino acid transporter 1 (Eaat1), N-methyl-D-aspartate receptor 2 alpha (Nr2a), N-

methyl-D-aspartate receptor 2 beta (Nr2b), and N-methyl-D-aspartate receptor 2 delta 
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(Nr2d), anterior cingulate cortex (Vglut1), and prefrontal cortex (Vglut1, Eaat1, and 

Nr2c). Vglut1 is associated with synaptic vesicle membranes and glutamate transport 

(Shen et al., 2009). Eaat1 encodes for an amino acid transporter that plays a role in 

glutamate removal from the synaptic cleft (Arriza et al., 1994). Nr2a, Nr2b, Nr2c, and 

Nr2d encode for protein subunits in the N-methyl-D-aspartate (NMDA) receptor that 

contributes to long-term potentiation (Traynelis et al., 2010). 

A study on chicken embryo brains following alcohol exposure observed 

dysregulated gene expressions of Insulin-like growth factor 1 (Igf1) and Glucose 

transporter 1 (Glut1) (Tan et al., 2013). Igf1 mediates neuronal energy utilization and 

development in the brain (Cheng et al., 2000). Glut1 plays a major role in glucose 

transportation and uptake in the brain, which is an essential process for neuronal 

function (Yu et al., 2008b, Fladeby et al., 2003).  

 

Gene expression outcomes from high-throughput methods 

Utilizing high-throughput methods, PAE has been observed to have an effect on 

the expression of multiple genes in either whole or specific regions of the brain. One 

study identified over 250 differentially expressed genes in pooled fetal mouse 

hippocampi (Mandal et al., 2015). Genes of interest altered by PAE were analyzed and 

observed to be involved in nervous system development [NOVA alternative splicing 

regulator 1 (Nova1), Netrin-G1 (Ntng1), Galanin (Gal), Neurogenin-2 (Neurog2), 

Neurogenic differentiation factor 2 (Neurod2), and FEZ Family zinc finger 2 (Fezf2)] 

and calcium signaling pathways [Calcium/Calmodulin Dependent Protein Kinase II 
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Delta (Camk2d), Epidermal growth factor receptor 3 (Erbb3), Neurotensin receptor type 

1 (Ntsr1), and Inositol 1,4,5-trisphosphate receptor type 1 (Itpr1)]. The long-term effects 

of PAE on gene expression were investigated in adult male mouse whole brains, with 

163 genes observed to be differentially expressed (Kleiber et al., 2012). Genes 

implicated in learning, memory, and intellectual disability [Acetylcholinesterase (Ache), 

B-cell lymphoma 2 (Bcl2), Cullin-4B (Cul4b), Dyskerin (Dkc1), and Somatostatin 

receptor type 3 (Sstr3)] that were relevant to FASD had an altered expression. 

Furthermore, some differentially expressed genes in this study were associated with 

human psychopathology [Nuclear receptor binding SET domain protein 1 (Nsdh1), 

Wilms tumor protein 1 (Wt1), and Pituitary homeobox 3 (Pitx3)]. Another study 

assessed the effects of PAE on fetal and adult male mouse whole brains (Mantha et al., 

2014). They observed a total of 116 genes that were altered. In fetal whole brains, 

altered genes of interest [B Cell Receptor Associated Protein 31 (Bcap31), Hippocalcin 

(Hpca), Thymine-DNA glycosylase (Tdg), MicroRNA 99a (mir-99), Zinc Finger 

CCCH-Type Containing 18 (Zc3h18), cAMP responsive element modulator (Crem), 

MicroRNA 379 (mir-379), Leukocyte Associated Immunoglobulin Like Receptor 1 

(Lair1), Junction Mediating And Regulatory Protein (Jmy), C-C Motif Chemokine 

Ligand 3 (Ccl3), Neuromedin-B receptor (Nmbr), and RING1 and YY1 binding protein 

(Rybp)] were implicated in cell death and free radical scavenging pathways. In adult 

whole brains, altered genes of interest were implicated in neurological disease: Early 

growth response 3 (Egr3); Polypeptide n-acetylgalactosaminyltransferase 7 (Galnt7); 

Histone H2B type 1-N (Hist1h2bn); Homer protein homolog 1 (Homer1); X-Box 
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binding protein 1 (Xbp1); DnaJ heat shock protein family member B11 (Dnajb11); Heat 

shock protein family A member 5 (Hspa5); Integrin subunit alpha 4 (Itga4); Protein 

tyrosine phosphatase non-receptor type 22 (Ptpn22); Dynein light chain tctex-type 1 

(Dynlt1); Heat shock protein 90, alpha (cytosolic), class A member 1 (Hsp90aal); Tu 

translation elongation factor, mitochondrial (Tufm); and Prolyl 4-hydroxylase subunit 

alpha 1 (P4ha1).  

 

Gaps in knowledge 

To date, despite the genomic studies performed on the developing brain exposed 

to alcohol in utero, much is still unknown regarding the alcohol-induced changes in gene 

expression and the resulting downstream effects, especially in animal models. Initially, 

in vitro studies investigated the transcriptome of different brain neuron populations 

exposed to alcohol, revealing alterations in select genes. Although this work has been 

critical for expanding our understanding of the negative effects of alcohol, cell culture 

studies do not take into account many physiological factors in a mammalian organism 

that may yield an altered or completely different outcome. It is therefore crucial to 

continue using animal models in innovative ways to build upon what has been 

previously established. This will allow for our understanding of alcohol’s teratogenic 

mechanisms to further develop and result in clinical applications that can aid affected 

individuals during different stages of life, especially during gestation and early 

development. 
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An in-depth search of the literature reveals that a great majority of genomic 

studies on the alcohol-exposed developing brain utilized older methods (i.e. non-high 

throughput) such as RT-qPCR. Although RT-qPCR technology is incredibly accurate 

and has the sensitivity to detect and quantify the target genes that are low in number, it 

can only be used in targeted mechanistic investigations. Studies utilizing this method are 

limited by its ability to investigate only a relatively small number of genes at a time. 

Newer technology that has emerged within the last two decades provides a greater 

dynamic range while retaining the accuracy of detecting differentially expressed genes. 

Furthermore, these technologies have continued to develop at a rapid pace, becoming 

even more robust in terms of the technological innovations during the last decade. 

Despite these incredible advances, however, there are a limited number of FASD animal 

model studies that have utilized the available state-of-the-art, high-throughput 

sequencing technologies, especially to investigate gene expression in the developing 

brain. Some studies, which have utilized methods such as microarray, have revealed up 

to hundreds of differentially expressed genes in developing brain alcohol studies. Yet, by 

current standards, this method is rapidly being regarded as outdated and is now used less 

frequently, due to its inherent flaws. For example, microarray has a relatively low 

dynamic range and is known for having an inherent bias due to its hybridization 

methods. Such flaws are a major drawback that may affect the observed outcome and 

must be taken into consideration when drawing conclusions.  

A large number of genomic studies have assessed gene expression in mature 

offspring exposed to alcohol in utero, a stage in life when additional outcomes such as 
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learning and behavior can be effectively assessed. These studies performed on the gene 

expression patterns in the mature brain has provided some insights on the long-term 

mechanistic consequences of PAE that may be linked to the learning and behavioral 

deficits seen in adults living with FASD. Gestational alcohol studies have also 

investigated the differential genome expression in brains of neonatal and adolescent 

animal models. Data gleaned from these studies have revealed outcomes that may be 

associated with the learning and behavioral challenges observed in humans during these 

age-equivalent periods that persist into adulthood. However, these approaches do not 

inform us of the gene expression alterations that are present in the fetal brain. 

Consequences of PAE observed during the third trimester-equivalent and in adult animal 

models are important to investigate, but a re-emphasized focus must be made on the first 

two trimester equivalents. The effect of PAE on the transcriptome of the developing fetal 

brain in animal models has been investigated to certain extent, but not to the degree of 

neonatal and adult brain studies. By understanding how alcohol affects the mechanisms 

in the brain when the uterus and the placenta are intact, more strategies can be devised to 

target and ameliorate the damage(s) caused during this period of gestation that often 

persists into adulthood.  

In addition to the limited number of fetal brain FASD studies, less is known 

regarding the effect of PAE on the transcriptome of the various fetal brain regions. 

Because each brain region is important in regulating different physiological functions, it 

is important to further study how the gene expressions in each area are affected by 

gestational alcohol exposure. It is widely known that each region of the developing brain 
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is differentially affected by alcohol, but some regions are in particular are more 

sensitive. The hippocampus, which is associated with learning, memory, and behavior, 

has been demonstrated to have an exquisite vulnerability to alcohol during development 

in various animal models. This vulnerability has led FASD investigators to study the 

genes expressed in this region following PAE. Some of the work done utilized targeted 

approaches, which resulted in observations of small groups of altered genes at a time. 

These targeted hippocampal studies were eventually followed up by using early high-

throughput methods like microarray, which was able to reveal more than 100 altered 

genes in this region in response to developmental alcohol exposure. These discoveries 

provided some insights that increased our understanding of the hippocampal 

transcriptome alterations that could be initiated by PAE. However, there is an 

insufficiency of hippocampal FASD studies that use modern high-throughput state-of-

the-art technologies. The use of such technology would greatly expand upon what is 

known, as these methods offer substantial insights into alcohol’s effects on the 

transcriptome. 

Consolidation of the knowledge gaps described above reveals the need to further 

advance our understanding of alcohol-induced dysregulation of the hippocampal 

transcriptome during early development so that targeted intervention strategies may be 

effectively applied as soon as possible. By utilizing next generation (next gen) RNA-Seq 

as a novel means for investigating the multi-mechanistic actions of alcohol on the 

holistic gene expression of the hippocampus, a more thorough range of differentially 

expressed genes can be detected.  Since alcohol has been shown to affect various aspects 
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of fetal hippocampal development, it is imperative to further discern how gestational 

alcohol exposure alters this structure at the level of the transcriptome so that we may 

understand mechanisms underlying neuropathogenesis and formulate appropriately 

targeted intervention strategies.  

Previously, our FASD model has shown dysregulation of amino acid homeostasis 

and protein expression in the fetal hippocampus (Lunde-Young et al., 2018, Davis-

Anderson et al., 2018b). The purpose of this thesis was to discern the alterations of fetal 

hippocampal gene expression and their associated pathways following maternal alcohol 

exposure. We hypothesized that chronic binge gestational alcohol exposure altered fetal 

hippocampal gene expression and, consequently, their related global canonical 

pathways. 
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CHAPTER II  

HIPPOCAMPAL TRANSCIRPTOME REVEALS NOVEL TARGETS OF FASD 

PATHOGENESIS* 

 

 

Introduction 

Fetal Alcohol Spectrum Disorders (FASD) collectively describes an array of 

physical abnormalities, central nervous system disruptions, and cognitive and behavioral 

deficits induced by prenatal alcohol exposure (Sokol et al., 2003b, Riley et al., 2011a). 

In the United States, more than 30%  of pregnancies are estimated to be affected by 

prenatal alcohol exposure (Ethen et al., 2009a), and  1 in 10 pregnant women report 

alcohol consumption in the past 30 days (Tan et al., 2015a). A recent study estimates 

that FASD prevalence in the U.S. populations may range from 3% up to 9% (May et al., 

2018a). A myriad of factors influence phenotypic severity within FASD, including 

timing, dose, and duration of exposure, as well as maternal nutrition, genetic 

susceptibility of both the mother and fetus, and parental history of substance use disorder 

(Maier and West, 2001a, Smith et al., 2014b, May and Gossage, 2011b, May et al., 

2013a). These variables, coupled with the fact that in utero alcohol exposure impairs 

nearly every developing organ system, attribute to the wide-ranging variation in 

                                                 

* Reprinted with permission from “Hippocampal Transcriptome Reveals Novel Targets of FASD 
Pathogenesis” by Raine Lunde-Young1, Josue Ramirez1, Vishal Naik, Marcus Orzabal, JeHoon Lee, 
Kranti Konganti, Andrew Hillhouse, David Threadgill, and Jayanth Ramadoss, 2019. Brain and Behavior, 
Volume 9, e01334, Copyright 2019 by The Authors. 
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presentation and severity of FASD phenotypes among affected individuals (Hofer and 

Burd, 2009, Popova et al., 2016a, Caputo et al., 2016b). Birth defects resulting from 

prenatal alcohol exposure are persistent and lifelong, with profound socioeconomic 

consequences (Thanh et al., 2011); currently no approved pharmacologic therapy exists 

(Spohr and Steinhausen, 2008a). Targets of prenatal alcohol exposure and its 

pharmacokinetics are complex in nature, and thus to date, the molecular mechanisms 

underlying FASD pathogenesis remain insufficiently understood (Burd, 2016a).  

The fetal brain is one of the most well studied targets of gestational alcohol 

exposure. Human and animal model studies have implicated the developing 

hippocampus, a structure associated with learning and memory function, as exquisitely 

vulnerable to alcohol-induced developmental damage (Lewis et al., 2015, Dudek et al., 

2014). In animal models, gestational alcohol-induced alterations to hippocampal 

synaptic plasticity have been extensively studied (Fontaine et al., 2016, Bhattacharya et 

al., 2015), as well as alcohol-induced alterations to hippocampal synaptic activity 

(Kajimoto et al., 2016) and regional and cellular morphology (Perez et al., 1991, Berman 

and Hannigan, 2000, Ramos et al., 2002). In humans, prenatal alcohol exposure 

produces asymmetrical reduction in hippocampal volume, impaired spatial recall, 

delayed reproduction of a spatial figure, impaired place learning,  delayed recognition, 

and verbal learning tasks relative to controls (Willoughby et al., 2008a, Autti-Rämö et 

al., 2002, Hamilton et al., 2003).  

A limited number of FASD animal model studies have reported alterations in the 

hippocampal transcriptome using DNA microarray analysis (Chater-Diehl et al., 2016, 
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Mandal et al., 2015, Lussier et al., 2015b). One study reported that developmental 

alcohol dysregulates several genes implicated in in nervous system development (Nova1, 

Ntng1, Neurog2, and Fexfs) (Mandal et al., 2015), and another reports that alcohol alters 

hippocampal gene expression, DNA methylation, and histone methylation in free radical 

scavenging networks in offspring 70 days after birth (Chater-Diehl et al., 2016). FASD 

studies have also shown altered hippocampal DNA methylation and gene expression on 

postnatal day (PND) 28 corresponding with asymmetrical hippocampal volume on PND 

60 in offspring exposed to alcohol during early neurulation (GD 0.5-8) (Marjonen et al., 

2015), and that alcohol exposure on GD 8-21 dysregulates several candidate genes 

(Gabrb3, Ube3a, Mecp2, and SLC25a12) that overlap with autism spectrum disorders 

and concurrently produces adverse hippocampal learning outcomes in adult offspring 

(Tunc‐Ozcan et al., 2013, Tunc-Ozcan et al., 2018).  

These studies largely utilize microarrays to assess gene expression in mature 

offspring, a time when hippocampal-based learning outcomes can be effectively 

assessed. Our study is unique as it is the first to utilize high-throughput next-generation 

(next-gen) RNA deep-sequencing (RNA-seq) to examine a more thorough, dynamic 

range of transcriptome-wide effects of chronic prenatal binge alcohol exposure on the 

developing hippocampus. Alcohol-induced dysregulation to the hippocampal 

transcriptome during pregnancy could substantially impair hippocampal development, 

and associated adverse consequences may impair juvenile learning outcomes that could 

persist into adulthood. It is essential to understand fully alcohol-induced hippocampal 

transcriptome dysregulation early in life so that targeted intervention strategies may be 
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effectively applied as soon as possible. However, microarray analysis is limited in its 

ability to detect differentially expressed genes due to factors such as high background 

levels caused by cross-hybridization and signal saturation, and also lacks sensitivity for 

genes with very high or low expression levels (Wang et al., 2009a). By utilizing next gen 

RNA-Seq as a strategic means for investigating multi-mechanistic actions of alcohol on 

holistic gene expression of target organ structures, a much larger dynamic range of 

differentially expressed hippocampal genes can be detected (Wang et al., 2009a). Since 

alcohol has been shown to affect various aspects of fetal hippocampal development, 

(Mantha et al., 2013, Boschen and Klintsova, 2017, Gil-Mohapel et al., 2011), it is 

imperative to further discern how gestational alcohol exposure alters this structure at the 

level of the transcriptome so that we may understand mechanisms underlying 

neuropathogenesis and develop appropriately targeted intervention strategies.  

Our model of FASD has previously shown distinct dysregulation of  amino acid 

homeostasis and  the protein signature in the fetal hippocampus (Davis-Anderson et al., 

2018a). The purpose of the study herein was to discern the alterations of fetal 

hippocampal gene expression and their associated pathways in response to maternal 

alcohol exposure. We hypothesized that chronic gestational alcohol exposure alters fetal 

hippocampal gene expression and their related global canonical pathways.  
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Materials and Methods  

Animals  

All experimental procedures were in accordance with National Institutes of 

Health guidelines (NIH Publication No. 85–23, revised 1996) with approval by the 

Animal Care and Use Committee at Texas A&M University. Timed pregnant Sprague–

Dawley rats were purchased from Charles River (Wilmington, MA), and were housed in 

a temperature-controlled room (23°C) with a 12:12-hour light–dark cycle. Rats were 

assigned to a pair-fed control (PF) group (n = 6 dams) or an alcohol (ALC) treatment 

group (n = 6 dams) on GD 4. The ALC-treated animals acclimatized via a once daily 

orogastric gavage of a 4.5 g/kg (22.5% wt/v, peak BAC, 216 mg/dl) alcohol dose from 

GD 5-10, and progressed to a 6 g/kg dose (28.5% wt/v, peak BAC, 289 mg/dl) (Davis-

Anderson et al., 2018a) from GD 11-20. The PF animals were isocalorically matched to 

the ALCs by daily dosing with a gavage of maltose dextrin to account for calories 

derived from alcohol. The exposure regimen utilized in this study is based on both 

reported binge alcohol consumption patterns in pregnant women and binge exposure 

patterns implemented across FASD animal models (Caetano, Ramisetty‐Mikler, Floyd, 

& McGrath, 2006; Church & Gerkin, 1988; Cudd, Chen, & West, 2002; May et al., 

2013; Ryan, Williams, & Thomas, 2008; Thomas, Idrus, Monk, & Dominguez, 2010).  

All rats were weighed prior to the start of the study, and each treatment animal was 

yoked with a control animal of similar weight throughout the duration of the study. Feed 

intake in both groups was measured daily and the amount of diet consumed by the ALC 
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animals was matched to the diet administered to PF animals. There was no significant 

maternal weight difference between treatment groups. Animals were sacrificed on GD 

21, one day after the last alcohol exposure.  

 

Fetal Hippocampal Isolation 

  Fetal brain tissue was collected from an equal number of male and female 

offspring within each treatment group. Brains were extracted under a dissection 

microscope via craniotomy and were serially washed in cold phosphate buffered saline 

(PBS), meninges were removed, and bilateral hippocampi were micro-dissected in ice-

cold HEPES buffer. Individual samples were then flash frozen and stored at -80 ◦C until 

analyses. One pair of male or female hippocampi from each dam was utilized for 

analysis.  

 

Sample preparation 

Each tissue sample was homogenized in TRIzol® Reagent and total RNA was 

isolated according to manufacturer’s protocol (Invitrogen; Carlsbad, CA). Prior to 

analysis, RNA quality was assessed using an Agilent TapeStation RNA assay. Whole-

genome RNA transcripts were quantified via Qubit Fluorometric assay and 

subsequently, all samples were normalized to an equivalent starting concentration. 

Sequencing libraries were prepared using the TruSeq Stranded mRNA Library Prep kit 

(Illumina; San Diego, CA). Each sample was uniquely indexed (barcoded) to allow for 
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pooling of all samples in a single sequencing run. Library size and quality were then 

assessed with an Agilent TapeStation D1000 DNA assay. Samples were normalized to 

~4nM and pooled equally. Sequencing was performed on an Illumina NextSeq 500 

running with a 75 cycle, single end sequencing run. 

 

Bioinformatics 

Raw RNA-sequence data was analyzed to identify significant differences in gene 

expression between the PF and ALC treatment groups, sex-dependent expression 

differences between these treatment groups, and the global biological pathways 

associated with disruption of these hippocampal genes. A total of approximately 142 

million reads were evaluated and trimmed of all adapter sequences and low quality bases 

using Trimmomatic read trimmer (Bolger et al., 2014). Using Trimmomatic and the 

corresponding adapter sequences file for Illumina, reads were scanned with a sliding 

window of 5, cutting when the average quality per base drops below 20, then trimming 

reads at the beginning and end if base quality dropped below 20, and finally dropping 

reads if the read length was less than 50. This resulted in 131 million filtered reads 

(approximately 92%), out of which a total of 128 million filtered reads (approximately 

97%) mapped to the Rattus norvegicus (rn5) genome assembly. Read mapping for our 

samples was performed using HISAT genomic analysis software platform version 2.0.5 

(Kim et al., 2015). Transcript-wise counts were generated using the featureCounts tool 

from the SUBREAD high-performance read alignment package (Liao et al., 2013). 

Differential gene expression tests were then performed using DESeq2 software 
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following the guidelines recommended by Love and colleagues (Love et al., 2014). A 

heat map and volcano plots were generated from this processed data using the R 

programming language. The resulting gene expression values for genes that met 

statistical significance criteria were uploaded to INGENUITY® Pathways (QIAGEN, 

Venlo, Netherlands; Application Build 261899, Content Version 18030641) for 

biological pathway analysis. A core analysis was used to identify top canonical pathways 

effected by the alcohol treatment. Filters utilized for this analysis include species, 

confidence, mutation, and molecule type. 

 

Statistical Analyses 

Raw read counts for each gene in each hippocampal sample were utilized as 

input into DESeq2, which modeled the read counts as following a negative binomial 

distribution, with a mean representing the read concentration per gene. This mean was 

scaled by a normalization factor (median-of-ratios) to account for differences in 

sequencing depth between samples. During independent filtering, DESeq2 used the 

average expression strength of each gene, across all samples as its filter criteria, and 

omitted all genes with mean normalized counts below a filtering threshold from multiple 

testing adjustments. The gene-set that satisfied -2 > log2(fold change) > 2 and  P < 0.05 

was deemed differentially expressed. Median-of-ratios for each gene was determined as 

a raw count of the gene divided by the row-wise geometric mean to yield a ratio and a 

median of ratios for all genes in each sample, thus producing a normalization factor for 

the sample. After normalized counts were calculated for each gene in each sample, a 
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generalized linear model (GLM) with a logarithmic link was fit in order to test for 

treatment effects (alcohol vs control) and conditional effects (sex), which returned the 

coefficients indicating overall expression strength of a gene and log2(fold change) 

between the treatment groups. After GLMs were fit for each gene, DESeq2 utilized a 

Wald test for significance (to test the null hypothesis that the logarithmic fold change 

between the treatment and control group is exactly zero for a given gene’s expression), 

and the resulting Wald test P values of a subset of genes that pass independent filtering 

were adjusted for multiple testing using the Benjamini-Hochberge procedure. During 

independent filtering, DESeq2 used the average expression strength of each gene, across 

all samples, as its filter criteria, and omitted all genes with mean normalized counts 

below a filtering threshold from multiple testing adjustments. By default, DESeq2 chose 

a threshold that maximized the number of genes found at a user-specified target false 

discovery rate (FDR; 0.05). Gene sets that satisfied log2(fold change) > 2.0 and an FDR 

adjusted P-value < 0.05 were considered differentially expressed. 

 

Results 

High-throughput RNA deep sequencing analysis identified 13,388 hippocampal 

genes, of which, 76 showed significant dysregulation following chronic binge 

gestational alcohol exposure (P < 0.05; log2(fold change) > 2.0). Of these dysregulated 

genes, 37 exhibited downregulation and 39 expressed upregulation. A heat map 

illustrates these alterations (Fig 1); expression values based on Pearson correlation 

values determined the hierarchical clustering structure. Within this group of dysregulated 
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genes, a subset of 49 genes showed sex-dependent expression differences (P < 0.05; 

log2(fold change) > 2.0), with 23 genes in alcohol-exposed females and 26 genes in 

alcohol-exposed males showing expression differences when compared to respective PF 

offspring. Only 2 genes, ATP synthase F1 subunit (Atp5f1) and Smad nuclear interacting 

protein 1 (Snip1) exhibited significant dysregulation in both alcohol-exposed females 

and males. Interestingly, Atp5f1 expression increased in ALC females but decreased in 

ALC males. Snip1 expression decreased in ALC female and male offspring.  

Among the 26 hippocampal genes exhibiting expression changes in ALC 

females, 9 displayed upregulation and 16 displayed downregulation (Fig 2). Two 

downregulated genes, aldehyde dehydrogenase 18 family, member A1 (Aldh18a1, ↓) and 

microRNA 410 (Mir410, ↓), have gene-chemical interactions with choline, an essential 

nutrient and methyl donor which has been shown to be dysregulated following 

developmental alcohol exposure and is critically implicated in hippocampal-based 

learning tasks (Ryan et al., 2008, Monk et al., 2012). Two other downregulated genes, 

myosin light chain 2 (Myl2, ↓) and phosphorylase kinase catalytic subunit gamma 2 

(Phkg2, ↓), have gene-chemical interactions with ethanol. Proprotein convertase 

subtilisin/kexin type 1 inhibitor (Pcsk1, ↑) has previously been identified as involved in 

brain development, and is also implicated in neuroendocrine signaling. Other genes of 

interest include neuraminidase 2 (Neu2, ↓), for which response to ethanol is a biological 

process and solute carrier family 6 member 13 (Slc6a13, ↓) which is involved in 

neurotransmitter transport and binding.  
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Among female offspring, Bioinformatic INGENUITY® Pathway Analysis (IPA®; 

Fig 3) identified dysregulation of 24 global biological pathways involving differential 

expression of hippocampal genes following chronic binge gestational alcohol exposure. 

IPA® determined the top canonical pathways dysregulated in ALC female hippocampi 

were Proline Biosynthesis I (P = 0.0056), Regulation of Actin-based Motility by Rho (P 

= 0.0058), PAK Signaling (P = 0.0079), RhoA Signaling (P = 0.011), and Citruline 

Biosynthesis (P = 0.012).  

Of the 28 male hippocampal genes exhibiting major changes described above, 12 

genes showed upregulation and 16 exhibited downregulation (Fig 4). Seven of these 

dysregulated genes have a known gene-chemical interaction with choline: Aldehyde 

Dehydrogenase 1 Family Member A3 (Aldh1a3, ↓), glutathione S-transferase, mu 5 

(Gstm5 ↑), programmed cell death 5 (Pdcd5, ↑), RUN and FYVE domain containing 2 

(Rufy2, ↓), saccharopine dehydrogenase (putative) (Sccpdh, ↑), sperm associated antigen 

4 (Spag4, ↑), SCO-spondin (Sspo, ↑), zinc finger protein 14 (Zfp14, ↓). Gstm5 (↑) and 

mitogen activated protein kinase kinase 3 (Map2k3, ↓) have known gene-chemical 

interactions with ethanol. Other genes of interest include Sspo, involved in cell 

differentiation and nervous system development; reactive oxygen species modulator 1 

(Romo1, ↑), involved in the response to reactive oxygen species, and Mitochondrial 

Fission Factor (Mff, ↓), disease annotations for which include developmental disabilities 

and mitochondrial encephalomyopathy.  

Among male offspring, IPA® (Fig 5) identified dysregulation of 32 global 

biological pathways involving differential expression of hippocampal genes following 
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chronic binge gestational alcohol exposure. IPA® determined the top canonical 

pathways dysregulated in ALC male hippocampi were Xenobiotic Metabolism Signaling 

(P = 0.0003), Anandamide Degradation (P = 0.0012), Alanine Biosynthesis III (P = 

0.0012), CD27 Signaling in Lymphocytes (P = 0.0019), and Molybdenum Cofactor 

Biosynthesis (P =0.0049). 

 

Discussion 

To our knowledge, this is the first investigation of the fetal hippocampal 

transcriptome utilizing next-gen high-throughput RNA-seq following chronic binge 

gestational alcohol exposure. Three salient findings can be gleaned from this study: 1) a 

chronic binge paradigm of gestational alcohol exposure dysregulates hippocampal gene 

expression, 2) this gene dysregulation manifests differently between male and female 

hippocampi, and 3) gene disruption following our exposure paradigm implicates key 

global pathways essential for healthy fetal development. Collectively, high-throughput 

RNA deep-sequencing identified 76 hippocampal genes with a significant expression 

difference between the pair-fed control and alcohol-treated groups, and within this 

group, a subset of 49 of these genes exhibited sex-dependent dysregulation.  

Among female hippocampi, IPA® determined alcohol dysregulated 24 global 

canonical pathways following our chronic binge exposure, and includes the following 

pathways of interest: proline biosynthesis I, citrulline biosynthesis, and the 

superpathway of citrulline metabolism.  Aldh18a1 encodes for the catalytic enzyme 
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delta-1-pyrroline-5-carboxylate synthetase (P5CS), which is critical for de novo proline 

synthesis. Emerging data implicate proline’s critical role as a neuroprotectant (Sareddy 

et al., 2015, Andrade et al., 2018) through opposition to intracellular accumulation of 

reactive oxygen species (Delwing et al., 2007, Krishnan et al., 2008), which has been 

extensively documented as a response to alcohol exposure in the developing brain. 

Taken in conjunction with proline’s established roles as an antagonist to abiotic stressors 

(Dall’Asta et al., 1999, Ignatova and Gierasch, 2006, Wondrak et al., 2005) and an 

apoptotic regulator (Rivera and Maxwell, 2005, Liu et al., 2006b), alcohol-induced 

dysregulation of proline biosynthesis I may contribute to alcohol’s pathogenesis in the 

developing hippocampus. Interestingly, Aldh18a1 is also critically implicated in 

citrulline biosynthesis and the superpathway of citrulline metabolism. Citrulline 

biosynthesis occurs downstream from the amino acid precursors glutamate, proline, and 

arginine, and as arginine is converted to citrulline, nitric oxide (NO) is produced. 

Interestingly, NO is essential for healthy physiological nervous system regulation and 

has been shown to have critical roles in synaptic plasticity, learning, and memory 

(Susswein et al., 2004, Feil and Kleppisch, 2008). It is possible that alcohol-induced 

dysregulation of citrulline-related biochemical pathways observed in the female 

hippocampus is reflective of dysregulation of nitric oxide synthase (NOS) activity in this 

region. Aldh18a1 downregulation among females may lead to accumulation of its 

substrate, glutamate, implicating a role for amino acid homeostasis in female 

hippocampal FASD pathogenesis. Although Aldh18a1 dysregulation has been linked 
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with learning disabilities and neurodevelopmental deficits, hippocampal dysregulation in 

the context of FASD remains unknown.    

Other genes of interest dysregulated by alcohol among female hippocampi 

include Mir410, Myl2, Phkg2, Pcsk1, and Slc6a13. Two downregulated genes, Myl2 and 

Phkg2, have gene-chemical interactions with ethanol, but to our knowledge have not 

been previously linked with FASD. Phkg2, a regulator of neural and hormonal 

regulation of glycogen breakdown,  has been shown to be downregulated in whole brain 

analysis following prenatal alcohol exposure, but has not been localized to the 

hippocampus in FASD (Laufer, 2016). Pcsk1, a highly expressed gene in the 

hippocampus that encodes for a serine protease responsible for processing neuropeptides 

and prohormones, has previously been identified as involved in brain development and is 

implicated in neuroendocrine signaling (Demoures et al., 2018). In Alzheimer’s patients 

with severe neurodegeneration, the hippocampus is the most vulnerable region of Pcsk1 

dysregulation (Hokama et al., 2013).  Neu2, for which response to ethanol is a biological 

process, has shown dysregulation in human embryonic stem cells exposed to alcohol 

(Khalid et al., 2014) and has been shown to be dysregulated in humans with alcohol 

dependence (Lingjun et al., 2015). Slc6a13 (solute carrier family 6 member 13), which is 

involved in neurotransmitter transport and binding, has also been linked by multiple 

reports with alcohol use disorders (Hagerty et al., 2016, McClintick et al., 2015, 

McClintick et al., 2016), but to our knowledge, its relationship to FASD has not been 

explored.  
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  Among male hippocampi, IPA® determined alcohol dysregulated 31 global 

pathways following our chronic binge exposure. Pathways of interest include xenobiotic 

metabolism signaling, anandamide degradation, alanine biosynthesis III, and 

molybdenum cofactor biosynthesis. Xenobiotic metabolism signaling describes a cellular 

stress response to xenobiotic exposure and a concomitant metabolism response to 

detoxify drugs and other organic compounds (Omiecinski et al., 2010). Genes 

differentially expressed that are associated with this pathway include Aldh1a3, Gstm3, 

Map3k7, Map2k3. Interestingly, Gstm3 and Map2k3 have known gene-chemical 

interactions with ethanol. Gstm3 is a major detoxification enzyme shown to play a role 

in the breakdown of xenobiotics including a wide array of drugs and genetic variation is 

reported to influence susceptibility to toxins (Mei et al., 2008, Dasari et al., 2018). 

Recent microarray analysis reported dysregulation of glutathione pathways in the 

synaptoneurosome transcriptome of the mouse amygdala following a chronic alcohol 

exposure (Most et al., 2015). Anandamide is an endogenous neurotransmitter and Faah, 

a key gene within this pathway chiefly responsible for enzymatic breakdown of 

anandamide, was dysregulated by alcohol. Anandamide dysregulation is associated with 

hippocampal-based memory in rats and has been previously speculated to underlie 

FASD behavioral pathology (Basavarajappa, 2015, Mallet and Beninger, 1996).  

Molybdenum cofactor biosynthesis and alanine biosynthesis III are directly related, and 

cysteine desulfurase (Nfs1) is implicated in each. Xanthine oxidoreductases are a class of 

molybdenum cofactor enzymes implicated in cellular responses to senescence and 

apoptosis (Garattini et al., 2003), and the conversion of cysteine to alanine (alanine 
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biosynthesis III) through sulfuration of xanthine oxidoreductase  renders this class of 

enzymes catalytically active (Schwarz, 2005). In humans, dysregulation of this process 

is associated with progressive neurological damage (Johnson, 2001). Collectively, these 

pathways and their associated genes previously implicated in critical 

neurodevelopmental processes may play a role in FASD hippocampal pathogenesis 

observed in male offspring.  

Other genes of interest dysregulated among males include: Sspo, involved in cell 

differentiation and nervous system development and has previously been identified as 

differentially expressed in autism spectrum disorders, bipolar disorder, and 

schizophrenia (Kember et al., 2015; Krumm et al., 2015; Takata, Ionita-Laza, Gogos, 

Xu, & Karayiorgou, 2016); Romo1, involved in the response to reactive oxygen species 

and TNF-induced apoptosis (Bae, Oh, Rhee, & Do Yoo, 2011; Lee et al., 2010; Redza-

Dutordoir & Averill-Bates, 2016); and Mff, which is essential for embryonic 

development and synapse formation disease and annotations for which include 

developmental disabilities and mitochondrial encephalomyopathy (Ishihara et al., 2009). 

Seven dysregulated genes (Aldh1a3, Gstm5, Pdcd5, Rufy2, Sccpdh, Spag4, and Sspo) 

have a known gene-chemical interaction with choline. Prenatal alcohol-induced 

dysregulation of choline bioavailability is associated with impaired hippocampal 

development, learning, and memory (Niculescu, Craciunescu, & Zeisel, 2006), and we 

conjecture that these choline-interacting genes play an underlying role in this established 

alcohol-induced neuropathology. Though these genes have been previously implicated in 
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alcohol-related neurological dysfunction, their roles in FASD hippocampal deficits 

remain to be explored. 

Sex-based differences identified in the brain, and specifically in the 

hippocampus, have been shown to differentially affect susceptibility to disease, 

neurological function, and behaviors (Ngun et al., 2011). Collaborative reports 

investigating FASD models have implicated abundant alcohol-induced sex-specific 

hippocampal effects. Hippocampal neuroimmune response measured in offspring on 

PND 5 and 8 demonstrated a sex-dependent response to a developmental alcohol 

challenge (Ruggiero et al., 2018). Adolescent hippocampal functional assessment 

revealed N-methyl-D-aspartate long-term potentiation reduced by 40% in adolescent 

males prenatally exposed to alcohol compared to adolescent females, which interestingly 

exhibited increased hippocampal glutamine synthetase expression (Sickmann et al., 

2014). Prenatal alcohol exposure has also been shown to have sex-specific hippocampal 

effects lasting into adulthood, as Uban and colleagues demonstrated that PND 60 

females exhibit a reduced proportion of newly produced neurons and glia in the dentate 

gyrus compared with males (Uban et al., 2010).  These studies indicate alcohol has the 

potential to affect this brain region differentially based on sex, however, a knowledge 

gap persists regarding differences in hippocampal gene expression profiles between male 

and female rats alone and even more so in the context of FASD (Schneider et al., 2011, 

Tunc‐Ozcan et al., 2013, Van den Hove et al., 2013). An understanding of these 

differential outcomes at the transcriptome level is fundamental for developing novel 
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therapeutic strategies that account for these sex-based differences for maximum 

effectiveness. 

 

Perspectives and significance 

Thus far, the effects of chronic binge gestational alcohol exposure on 

hippocampal transcriptome-wide gene expression have remained largely limited to 

microarray analyses. The majority of hippocampal microarray analyses in animal models 

of FASD has been performed on: 1) adolescent or adult animals exposed to alcohol 

during development (Chater-Diehl et al., 2016, Lussier et al., 2015b, Marjonen et al., 

2015), or 2) on animals whose exposure paradigm did not mimic a chronic binge 

exposure paradigm throughout pregnancy (Mandal et al., 2015). To our knowledge, no 

microarray has analyzed rat hippocampal gene expression using a chronic binge model 

of gestational alcohol exposure. By utilizing next-gen high-throughput RNA-seq, our 

goal was to elucidate novel molecular targets underlying FASD hippocampal deficits to 

better understand FASD pathogenesis. In summary, our results indicate a chronic binge 

paradigm of gestational alcohol exposure differentially alters hippocampal gene 

expression, and that this alcohol-induced gene expression exhibits sex-specific variation 

in the developing hippocampus, as do their associated global canonical pathways. 

Detection of subtle gene expression changes within specific brain regions such as the 

hippocampus through advances in next-generation sequencing may yield critical new 

understanding of vulnerable genes and genetic networks underlying FASD 

neuropathogenesis.  Insights acquired from this advanced genomic technology offer 
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novel findings essential for pinpointing targets of developmental alcohol exposure 

necessary for the development of urgently needed, targeted therapeutic intervention 

strategies.   

 

Data availability statement: The data that support the findings will be available in U.S. 

National Library of Medicine, NCBI Sequence Read Archive (SRA) following an 

embargo that ends on February 14, 2020 (Ramadoss, 2019).  
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CHAPTER III  

SUMMARY AND CONCLUSIONS 

 

 

FASD and the Hippocampus 

Much of the behavioral, learning, and memory deficits observed in FASD are 

linked to alcohol’s effect on the developing hippocampus. Outcomes observed in 

children and adults with known alcohol exposure in utero are consistent with animal 

models of FASD. These deficits are largely attributed to unknown etiological 

mechanisms that alter the developing hippocampus at cellular and gross structural levels.  

Alcohol’s mechanisms of action, which are complex, are known to have an 

exquisite detrimental effect on the developing hippocampus. Morphological alterations 

in the mitochondria are evident and the distribution of rough endoplasmic reticulum 

within pyramidal cells is also affected (Smith and Davies, 1990, Tanaka et al., 1983). 

Pyramidal and granule cell numbers of the developing hippocampal formation are 

reduced as a consequence of alcohol exposure (Perez et al., 1991). Furthermore, alcohol 

exposure has been shown to reduce the area of certain regions of the hippocampus 

proper, such as CA1 (Greene et al., 1992). Abnormal branching is observed in the CA3 

region of the hippocampus proper, where mossy fiber invasion and hyper-development 

are evident (West et al., 1981, West and Hodges-Savola, 1983). Alcohol exposure stunts 

dendritic arborization in the CA1 region and decreases the density of dendritic spines 

across the pyramidal cells of the developing hippocampus proper (Davies and Smith, 
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1981, Perez et al., 1991). Abnormal hippocampal electrophysiology is also observed, 

such as alterations in theta brain wave activity (Cortese et al., 1997).  

The result of neuroanatomical and electrophysiological alterations of the 

hippocampus are linked to deficits in reverse learning, acquisition, and spacial learning. 

Animal models have observed findings consistent with individuals with FASD. PAE in 

mice resulted in deficits in reverse learning (Wainwright et al., 1990). Alcohol exposure 

pre- and postnatally impaired acquisition in the treatment group (Zimmerberg et al., 

1991, Thomas et al., 1996, Thomas et al., 1997). Goodlett and colleagues tested spatial 

learning and memory in juvenile rats exposed during the third trimester-equivalent, with 

deficits observed in both male and females (Goodlett et al., 1987).  

In brief, the alcohol-induced damage to the developing hippocampus is long-

lasting and affects multiple domains that are observed in the FASD phenotype. 

Understanding why the hippocampus is such a delicate target compared to other brain 

regions warrants future studies. 

 

Sex differences in FASD 

The effects of alcohol exposure during development can be influenced by sex, 

however, the factors underlying these sex differences have yet to be thoroughly 

understood. For instance, animal models of FASD have observed male rats to have a 

greater impairment of spatial memory (Blanchard et al., 1987). In contrast, a different 

study using one episode of PAE observed females having a greater deficit in retention 

learning (Minetti et al., 1996). Similar to Minetti and colleagues, females in the alcohol 
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treatment group had greater learning deficits in a binge-like alcohol model (Kelly et al., 

1988). One study observed deficits in social recognition that were significantly different 

in male rats exposed to alcohol in utero (Kelly et al., 2009b). In the same study, female 

rats only exhibited deficits when the tasks were of greater difficulty. PAE in macaque 

monkeys resulted in male offspring having an increased binding to dopamine (D1R) 

receptors (Converse et al., 2014). Hippocampal cell survival was reduced in alcohol-

exposed male rat offspring, with no significant effects observed in females (Sliwowska 

et al., 2010, Uban et al., 2010).  Long-term potentiation (LTP) was reduced in the 

dentate gyrus of alcohol exposed male offspring (Titterness and Christie, 2012). Tonic 

seizure prevalence was increased in male offspring prenatally exposed to alcohol, but not 

females (Cho et al., 2017). Corticotropic-releasing hormone (CRH) was increased in 

male rats exposed to alcohol in utero (Gabriel et al., 2005). Glucocorticoid receptor 

mRNA levels were increased following PAE in male offspring (Redei et al., 1993). With 

respect to functional connectivity, a greater number of alcohol-induced alterations were 

observed in males compared to females (Rodriguez et al., 2016). PAE reduced the 

number of neurons from the medial septum in female offspring (Moore et al., 1997).  

The differences between male and female physiology and how alcohol affects 

each sex is not fully understood. The wide array of outcomes due to these differences 

add another layer of complexity that will require additional investigation in FASD 

studies.  
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Temporal/Regional Effects of Alcohol 

The magnitude of alcohol’s effect on the developing brain depends on many 

factors, two of which are the most important: timing and dosing. Regions of 

neurogenesis and development juxtaposed with specific windows of vulnerability 

compound alcohol’s already complex effects, especially in the hippocampus, cortex, and 

cerebellum (Riley and McGee, 2005). Rodent models of gestational alcohol exposure, 

such the chronic binge alcohol model used in this study, replicate human brain 

development during a period when the uterus and the placenta are intact. Transient 

alcohol exposure, such as one day of treatment, alters amino acid availability within the 

maternal plasma and the shapes of various brain regions (Padmanabhan et al., 2002, Fish 

et al., 2016). Chronic exposure to alcohol during gestation results in disruption of cell 

migration and synapse formation (Cuzon et al., 2008). Amino acid availability is also 

affected and fetal brain regions are altered (Lunde-Young et al., 2018).  These 

anatomical changes are detrimental to brain function as alcohol impairs memory, spatial 

navigation, and nociceptive response (Sutherland et al., 1997, Zimmerberg et al., 1991, 

Fish et al., 2016, Blanchard et al., 1987, Reyes et al., 1989). In rodent models, the first 

week of the postnatal period is approximate to the third trimester in humans. During this 

period of development, the brain undergoes a growth spurt and its sensitivity to alcohol 

is reflected by the reduction of brain volume and loss of cortical, hippocampal, and 

cerebellar neurons due to exposure (Coleman et al., 2012, Maier et al., 1999, Bonthius 

and West, 1990, Livy et al., 2003). Alcohol exposure during this period also impairs 

adult-onset dentate gyrus neurogenesis and is responsible for triggering neuronal 
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apoptosis (Klintsova et al., 2007, Ikonomidou et al., 2000). These long-term disruptions 

in the brain’s circuitry are associated with deficits in behavior that persist into adulthood 

(Sadrian et al., 2013). Furthermore, alcohol exposure in the postnatal model is linked to 

spatial memory deficits, and learning and memory impairment (Savage et al., 2010, 

Wozniak et al., 2004). Despite the body of literature cataloguing the consequences of 

alcohol exposure in the developing brain, many questions remain. In particular, the 

underlying mechanisms of alcohol-induced neuropathogenesis in highly vulnerable brain 

regions. 

 

Alcohol-Affected Global Pathways 

Citrulline biosynthesis and the superpathway of citrulline metabolism are two 

canonical pathways shown to be dysregulated in the hippocampi of males in response to 

our chronic gestational alcohol exposure paradigm. Dysregulation of citrulline 

biosynthesis by means of inhibition in a rat model has previously been linked with 

severe growth restriction, a hallmark feature of FASD that was also observed in our 

study (Fig 6) (Hoogenraad et al., 1985). A noteworthy component of the citrulline 

biosynthesis pathway is the production of nitric oxide (NO), a potent vasodilator, by the 

conversion of L-arginine to L-citrulline by the enzyme nitric oxide synthase (NOS). In 

addition to playing important roles in endothelial-derived vasodilation, and in embryonic 

cardiac and vascular development, nitric oxide is a key regulator in blood flow to the 

developing brain and is an important signaling molecule in neurotransmission (Michell 

et al., 2004, Duncan and Heales, 2005, Stojanovic et al., 2003, Stojanovic et al., 2004, 
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Yamamoto et al., 2015, Yassin et al., 2014, Džoljić et al., 2015). Dysregulation of 

citrulline biosynthesis aligns with findings from previous FASD studies showing alcohol 

exposure during gestation dysregulates eNOS expression and vascular function, and we 

conjecture this dysregulation is linked with dysregulation of citrulline biosynthesis, as 

observed in this study (Ramadoss and Magness, 2012, Naik et al., 2016, Naik et al., 

2018, Subramanian et al., 2014, Ramadoss et al., 2011). Dysregulation of NO has also 

been linked with neuroprotective and neurotoxic effects, and thus dysregulation of 

citrulline biosynthesis during development could lead to marked neuropathological 

outcomes in the fetal brain (Boje, 2004, Akyol et al., 2004, Colasanti and Suzuki, 2000).  

Xenobiotic metabolism signaling is an essential pathway comprised of a network 

of receptors and enzymes whose main purpose is to serve as a coordinated defense 

system by means of drug metabolism and clearance in response to endogenous and 

exogenous cellular stimuli. However, more recent studies have implicated xenobiotic 

metabolism signaling in cellular processes beyond its primary conventional function, 

including tissue injury and repair, energy homeostasis, inflammation, cell proliferation, 

and immune response (Mackowiak et al., 2018). Dysregulation of this pathway has been 

previously linked with Parkinson’s disease, Alzheimer’s disease, and neurodegenerative 

disorders, but this pathway has not been previously linked to the brain in the context of 

FASD (McFadden, 1996). As alcohol is a xenobiotic, dysregulation of the ability to 

metabolize xenobiotic substrates may translate into an impaired defense response to 

these at the cellular level. Dysregulation of functional roles such as cellular proliferation 

may be particularly harmful to hippocampal development.  
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The anandamide degradation pathway was also shown to be dysregulated in the 

fetal hippocampus in response to chronic binge gestational alcohol exposure. 

Anandamide is a fatty acid neurotransmitter that binds with CB1 cannabinoid receptors 

in the central nervous system and has been previously implicated to affect working 

memory, feeding behavior patterns, and anxiety, often with beneficial results. However, 

one study of particular interest showed that an overabundance of anandamide resulted in 

hippocampal cellular toxicity (Cernak et al., 2004).  In a separate study, Subbanna and 

colleagues noted increased levels of anandamide in the hippocampus following PAE, 

noting neurodegeneration and impaired synaptic plasticity in treatment animals 

(Subbanna et al., 2013). These findings indicate the anandamide degradation pathway 

may play a crucial role in negative effects seen in the developing hippocampus. 

 

Review of Altered Genes 

The following sections provide a brief overview of the literature that describes 

the general physiological processes of the genes observed to be altered in fetal male and 

female hippocampi following alcohol exposure. In addition, associated diseases of these 

genes are briefly mentioned.  

 

Fetal Male Specific Alterations in our study 

Aldh1a3 is involved in the oxidation of retinal to retinoic acid (Zhao et al., 1996). 

In pregnancy, retinoic acid from Aldh1a3 encoded enzymes contributes to the 

development of various organs such as skin, brain, lungs, kidneys, seminal vesicles, eyes 



 

65 

 

and skeletal muscle (Niederreither et al., 2002, Dupe et al., 2003, Everts et al., 2004). 

More recently, Aldh1a3 has been implicated in the differentiation or maintenance of 

placental cells (Outhwaite et al., 2015).  

Bmp15 is involved various processes such as the positive regulation of 

transcription and regulation of cell apoptosis (Gaudet et al., 2011). Bmp15 also plays a 

role in granulosa cell proliferation and regulation of steroid hormones (Juengel and 

McNatty, 2005, Chang et al., 2013). Mutation or deletion of Bmp15 has been associated 

with subfertility (Dixit et al., 2006). There is also evidence of Bmp15 being involved in 

germ cell development during the process of oogenesis (Lochab and Extavour, 2017). 

Ebna1bp2 encodes a dynamic scaffolding protein that is required for 27S pre-

rRNA processing (Hirano et al., 2009). Downregulation of this gene is seen during 

pregnancy, specifically in the endometrium upon implantation of the embryo (Kashiwagi 

et al., 2007). 

Echs1 is involved in fatty acid beta oxidation (Yamada et al., 2015). Echs1 

deficiency in children results in delayed milestones, dystonia, and basal ganglia 

abnormalities in the brain (Yamada et al., 2015).  

Faah plays a role in negatively regulating blood vessel diameter (Baranowska-

Kuczko et al., 2016). It is also involved in fatty acid metabolic processes such as the 

degradation of bioactive fatty acid amides (Giang and Cravatt, 1997). Initially inactive, 

expression is first detected in the blastocyst stage of embryonic development (Paria et 

al., 1999). Active Faah is suggested to serve as a method to regulate local uterine levels 
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of endogenous cannabinoids, which are known to interfere with implantation and be 

detrimental for embryonic development (Paria et al., 1999).   

Gstm5 encodes proteins that are involved in the metabolic processing of 

glutathione (Patskovsky et al., 1999). During development, Gstm5 expression in fetuses 

is high prenatally and gradually decreases postpartum in neonates (Cui et al., 2010). Cui 

and colleagues have postulated that there is a special function during gestation to explain 

this pattern of expression. Interestingly, Gstm5 is upregulated in the myometrium during 

pregnancy (Rehman et al., 2003). In the placenta, Gstm5 is assumed to be upregulated as 

a protective mechanism response against high levels of reactive oxygen species during 

pregnancy (Alexander et al., 2018). 

Haus1 is involved in the cell division cycle by contributing to mitotic spindle 

assemble (Lawo et al., 2009). Encoded Haus1 proteins are involved in the regulation of 

cellular migration, polarization, and neuronal development (Cunha-Ferreira et al., 2018). 

Hiat1 encodes for proteins that play a role in transmembrane transport 

(Sreedharan et al., 2011). Hiat1 has recently been implicated in spermatogenesis (Doran 

et al., 2016). Hiat1 expression was also been shown to be affected by nutrient 

availability, mainly the lack of amino acids (Lekholm et al., 2017).   

Hist1h2ail is hypothesized to be involved in the regulation of gene silencing 

according to various genome databases. To our knowledge, there are no scientific studies 

on this gene’s role. 
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Hnrnpab is suspected to be involved in editing apolipoprotein B mRNA (Lau et 

al., 1997). Adequate expression is essential for the maintenance of neuronal connectivity 

(Berson et al., 2012).  

Loc680489 is predicted by genome databases to be involved in membrane 

structure and play a role in bicellular tight junctions. To our knowledge, there is no 

further investigation on this gene.  

Map2k3 (Mkk3) is involved in the positive regulation of endothelial cell 

migration of blood vessels and protein kinase activity (Pin et al., 2012). Map2k3 also 

stimulates the signal cascade that leads to the induction of TNFα in microglia (Yoshino 

et al., 2011). Map2k3 is required for the modification of actin cytoskeletons in 

endothelial cells (Wang et al., 2005). Map2k3 is responsible for the stimulation of 

wound closure (Bulat et al., 2009). 

Map3k7 plays a role in the positive regulation of macroautophagy and production 

of T-cell cytokines (Sun et al., 2004). During pregnancy, Map3k7 in the embryo is 

sensitive to maternal diabetes and is associated with neural tube defects (Salbaum and 

Kappen, 2010). Intake of low or high amounts of protein in the diet has been observed to 

dysregulate Map3k7 expression prenatally (Oster et al., 2011, Oster et al., 2012b). 

Mff is involved in the regulation of mitochondrial and peroxisomal organization 

and fission (Gandre-Babbe and van der Bliek, 2008). Mff malfunction has been 

associated with encephalopathy that may be present as neurological regression, 

intellectual disability, and/or microcephaly, among other clinical features (Nasca et al., 

2018).  
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Miip is involved in the negative regulation of cell migration and suspected to 

play a role in the inhibition of cancer progression (Song et al., 2003). Overexpression of 

Miip has an inhibitory effect on cell growth and delays mitosis (Ji et al., 2010, Wang et 

al., 2011). 

 Nfs1 encoded proteins catalyze the removal of elemental sulfur to make alanine 

from cysteine (Li et al., 2006). Infantile mitochondrial complex II/III deficiency has 

been linked to Nfs1, as depletions of its transcript and protein levels have been observed 

in affected children (Farhan et al., 2014).  

Pdcd5 encoded proteins are involved in the negative regulation of cellular 

proliferation (Chen et al., 2006). Additionally, Pdcd5 plays a role in the positive 

regulation of apoptosis (Liu et al., 1999). Osteoarthritis and rheumatoid arthritis 

pathogenesis have been linked to Pdcd5 dysregulation (Cheng et al., 2004, Li et al., 

2014). Pdcd5 therapy has been demonstrated to promote apoptosis in cancer cells with 

low transcript levels (Wang et al., 2016). Pdcd5 has been demonstrated to be important 

for placenta development and embryonic viability (Li et al., 2017).  

 Polr2l encodes a protein subunit of a polymerase that is involved in synthesizing 

mRNA (Forget et al., 2013). Polr2l has been observed to have a sensitivity to high 

protein intake during gestation (Oster et al., 2012a). Polr2l participates in Huntington’s 

disease pathway.  

Romo1 activity positively regulates cell proliferation and the metabolic process 

of reactive oxygen species (Na et al., 2008, Chung et al., 2006). Romo1-encoded proteins 

have antibacterial activity via bacterial membrane destruction, indicating an antibiotic 
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potential (Sha et al., 2012). It is considered to be crucial for the proliferation and 

invasion of cancer cells, with high expression related to recurrence and poor prognosis in 

patients (Wu, 2006). Complications during pregnancy has been observed to alter Romo1 

expression (Baptista et al., 2019). 

Rufy2 is involved in the regulation of endocytosis and suspected to play a role in 

neurodegenerative diseases such as Alzheimer’s (Yang et al., 2002, Kitagishi and 

Matsuda, 2013).  

Sccpdh encoded enzymes oxidize saccharopine in the metabolic pathway of 

lysine. These enzymatic proteins protect mitochondrial dynamics and functions from the 

pathological accumulation of saccharopine (Leandro and Houten, 2019). 

Serpina11 is involved in the negative regulation of endopeptidase activity 

(Gaudet et al., 2011). 

Slc10a6 is involved in sodium-dependent sulfated bile acid and steroid hormone 

transportation (Gaudet et al., 2011, Claro da Silva et al., 2013). Inflammation has been 

shown to elicit an upregulation of Slc10a6 expression (Kosters et al., 2016). It is 

postulated that Slc10a6-encoded proteins in the placenta are involved in DHEA transport 

and progesterone synthesis (Geyer et al., 2007). More recently, Slc10a6 hormonal 

transportation activity has been discovered in male germ cells and throughout the 

different stages of sperm development (Fietz et al., 2013). 

Spag4 plays an important role in cytokinesis and is upregulated to protect against 

formation of tetraploid cells (Shoji et al., 2013). Spag4 is involved in the process of 

sperm cell maturation and maintenance of the nuclear envelope (Shao et al., 1999, 
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Gaudet et al., 2011). Expression of Spag4 correlates with cancer prognosis (Shoji et al., 

2013).  

Sspo-encoded proteins play a role in neuronal development, presumably in axon 

growth and/or guidance (Meiniel, 2001, Gobron et al., 1999). During embryonic 

development, Sspo-encoded proteins promote neuronal differentiation in the 

diencephalon and mesencephalon by binding to their respective neuroepithelial cells 

(Vera et al., 2013).  

Zfp14 has been associated with amyotrophic lateral sclerosis (Morello et al., 

2018). In the aged brain, Zfp14 was found to be among the top differentially expressed 

genes (Pardo et al., 2013).  

 

Female Specific Alterations in our study 

Aldh18a1 encodes for enzymes involved in the processes of proline, ornithine, 

and arginine biosynthesis (Scriver et al., 1983, Phang, 1995, Hu et al., 2008). Abnormal 

Aldh18a1 activity can present with clinical features such as facial dysmorphism (Fischer 

et al., 2014). Cutis laxa has been associated with Aldh18a1 deficits, with patients 

commonly presenting with features such as microecphaly, retinopathy, and 

developmental delay (Pardo et al., 2013, Wolthuis et al., 2014). In addition, intrauterine 

growth restriction and white matter abnormalities are two unique features observed in a 

clinical setting (Bicknell et al., 2008).  

Cwh43 plays a critical role in cellular nutrient metabolism and lipid homeostasis, 

with a possible involvement in cytokinesis and overall cell proliferation (Nakazawa et 
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al., 2018, Nakazawa et al., 2019). During the endometrium’s receptive period necessary 

for blastocyst implantation, Cwh43 is upregulated (Moreno-Moya et al., 2014). Cwh43 

methylation is associated with maternal plasma folate levels (Joubert et al., 2016). 

Cysltr2 is involved in the immune response mechanism (Takasaki et al., 2000). 

In certain tissues, Cysltr2 is postulated to produce vasodilation responses through a 

pathway involving nitric oxide (Secrest et al., 1988, Allen et al., 1992, Evans, 2002). In 

the lung, Cysltr2-encoded proteins are involved in asthma via a pulmonary 

vasoconstriction and bronchoconstriction response (Haeggstrom and Funk, 2011). High 

Cysltr2 expression is associated with a good prognosis in cancer patients (Magnusson et 

al., 2010). During the late luteal phase, Cysltr2 expression is upregulated in the 

endometrium (Korzekwa et al., 2016).  

Dmrt2 is one of many genes involved in transcription regulation (Herrera et al., 

2010). During gestation, Dmrt2-encoded proteins play a role in somite differentiation 

and patterns the axial skeleton during embryonic development (Seo et al., 2006). In 

addition, Dmrt2 is involved in a developmental cascade that is responsible for the onset 

of myogenesis (Sato et al., 2010). 

Efemp1 negatively regulates chondrocyte differentiation by inhibiting the 

formation of cartilage nodules, the production of proteoglycans and, modulating matrix 

gene expression (Wakabayashi et al., 2010). Efemp1 encoded proteins make up part of 

the extracellular matrix in the aorta (Didangelos et al., 2010). Efemp1 participates in 

cancer development and is considered to be a better diagnostic marker for prostate 

cancer than prostate-specific antigen (PSA) (Shen et al., 2017). Efemp1 is also involved 
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in the regulation of body weight (Weedon et al., 2008). Efemp1 is associated with uterine 

leiomyomas, and benign tumors that present with multiple symptoms such as recurrent 

pregnancy loss. (Pritts et al., 2009, Marsh et al., 2016)  

Faim is involved in the positive regulation of neurogenesis and neurite outgrowth 

(Sole et al., 2004). Furthermore, Faim protects neurons by antagonizing the stimulus for 

cell death and is posited to be involved as a modulator during embryonic neuron 

development (Segura et al., 2007). Faim also plays a role in the negative regulation of 

lymphocyte and hepatocyte apoptosis (Gaudet et al., 2011, Huo et al., 2009). In the 

incidence of early pregnancy loss, Faim expression in placental villi has been observed 

to be decreased (Liu et al., 2006a). 

Fat2 is involved in cellular adhesion and epithelial cell migration (Matsui et al., 

2007). Fat2 is associated with spinocerebellar ataxia (Nibbeling et al., 2017). 

Fscn2 is involved in cell polarity establishment, migration and actin filament 

assembly (Gaudet et al., 2011). Fscn2 plays a role in photoreceptor disk morphogenesis 

and visual perception (Tubb et al., 2000). 

Ism1 is critical for the generation of hematopoietic stem and progenitor cells 

(Berrun et al., 2018). Ism1-encoded proteins are involved in lymphocyte function and 

may play a role in immune response (Valle-Rios et al., 2014). Ism1 activity inhibits 

angiogenesis and is a tumor suppressor (Yuan et al., 2012). Ism1 is expressed in various 

embryonic structures and suspected to be crucial for proper development of tissues and 

organs, such as the brain (Osorio et al., 2014). Furthermore, Ism1 plays a role in clefting 

and craniofacial development (Lansdon et al., 2018).  
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MGC94199 is crucial for the development of photoreceptor structure formation 

and alignment (Sharif et al., 2018). MGC94199 mutations have been linked to Bardet 

Biedl syndrome, characterized by phenotypes such as photoreceptor degeneration and 

cognitive impairment (Heon et al., 2016, Kerr et al., 2016).  

Milr1 is involved in the suppression of mast cells activation and suspected to 

play a role in negatively regulating hypersensitivity responses to allergens (Nagai et al., 

2013).  

Mir410 negatively regulate angiogenesis by suppressing Vegfr2 (Su et al., 2017). 

Mir410 functions as a glioma tumor suppressor (Chen et al., 2012). Downregulation of 

Mir410 is involved in proliferation and invasion of oral cancer (Shiah et al., 2014). 

Myl1-encoded proteins comprise a structural constituent of fast-twitch skeletal 

muscle and are involved in muscular contraction via filament sliding (Barton and 

Buckingham, 1985).  

Myl2 is involved in the negative regulation of cell growth (Maina et al., 2005). 

Myl2 also plays a role in cardiac tissue morphogenesis (Poetter et al., 1996). During 

early development, Myl2 is involved in the formation and function of the heart (Sheikh 

et al., 2015). 

Neu2 plays a role in myoblast and neuronal differentiation (Sato and Miyagi, 

1996, Fanzani et al., 2004). Neu2 is suspected to be involved in muscle hypertrophy 

(Fanzani et al., 2012). In cancer cells, Neu2 expression induces apoptosis (Tringali et al., 

2007). Neu2 is involved in controlling membrane structural properties (Rondelli et al., 

2017). 
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Pcsk1n inhibits enzyme activity that regulates neuroendocrine precursor cleavage 

(Fricker et al., 2000). Pcsk1n is suspected to be involved in development due to its 

expression being present in the forming embryonic brain, with pituitary expression 

evident later in gestation (Morgan et al., 2005). 

Phkg2 is involved in generating precursor metabolites and energy (Maichele et 

al., 1996). Furthermore, Phkg2 plays a role in positive regulation of glycogen breakdown 

(Brushia and Walsh, 1999). Phkg2 is associated with the hepatic phenotype observed 

within glycogen storage disease type IX (Albash et al., 2014). 

Pnpla1 is involved in biosynthesizing a key lipid component of the skin’s 

permeability barrier (Hirabayashi et al., 2017). Furthermore, expression of this gene is 

required for the differentiation of epidermal keratinocytes (Hirabayashi et al., 2019). 

Pnpla1 also plays a role in the catabolism of triglycerides (Gaudet et al., 2011). Pnpla1 

is linked with autosomal recessive congenital ichthyosis (Traupe et al., 2014, Grall et al., 

2012).  

Rps9-encoded proteins are required for cell proliferation (Lindstrom and Zhang, 

2008). Inhibition of Rps9 is suspected to reinitiate differentiation or apoptosis in 

proliferating cancer cells (Lindstrom and Nister, 2010).  

Slc13a4 encoded proteins regulate sterol uptake (Ness et al., 2001). Slc13a4 

negatively regulates filamentation (Foster et al., 2013). Slc13a4 is suspected to be 

involved in sulfate transport across the placenta to be utilized by the fetus (Girard et al., 

1999). Fetal development and viability is dependent on placental Slc13a4 (Rakoczy et 

al., 2015).  
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Slc6a13 contributes to oxidative stress resistance by uptake of hypotaurine across 

the plasma membrane (Nishimura et al., 2018). Slc6a13-encoded proteins serve as major 

taurine transporters in the liver (Zhou et al., 2012).  

Slco4c1-encoded proteins transport digoxin, thyroid hormones, ouabain, and 

cAMP (Mikkaichi et al., 2004). Moreover, Slco4c1 is involved in the elimination of 

uremic toxins, decreases renal inflammation, and attenuates hypertension (Toyohara et 

al., 2009). Modulation of Slco4c1 expression has been proposed as a therapeutic 

approach in preventing chronic renal disease (Suzuki et al., 2011).  

Wdr63 activity enhances osteogenic differentiation in apical papilla stem cells 

(Diao et al., 2015). Wdr63 is suspected to play a role in encephalocele formation during 

development (Hofmeister et al., 2018). Wdr63 expression in the lung may contribute to 

ciliogenesis (Lonergan et al., 2006). During pregnancy, Wdr63 expression in the 

maternal endometrium is altered (Zhou et al., 2008). 

 

Shared Gene Fetal Male and Female Alterations in our study 

Atp5f1 is involved in the lipid metabolism, ATP metabolism, and electron 

transport chain pathways (Gaudet et al., 2011). Inadequate intake of maternal dietary 

riboflavin during development downregulates Atp5f1 expression, which impairs 

oxidative phosphorylation and plays a role in the total deficit of ATP that is lethal for 

embryos (Tang et al., 2019). Gestational exposure to smoking has also been shown to 

affect Atp5f1 expression in placenta (Huuskonen et al., 2016). 
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Snip1 is involved in microRNA (miRNA) biosynthesis (Gaudet et al., 2011, Yu 

et al., 2008a). In addition to miRNA biosynthesis, Snip1-encoded proteins regulate cell 

proliferation and embryonic fibroblast transformation (Fujii et al., 2006, Roche et al., 

2004). Over-expression of Snip1 has been observed to result in gene silencing (Kim et 

al., 2000). Snip1 expression is important for embryonic viability during development 

(Yu et al., 2008a). Snip1-encoded proteins play a crucial role in brain development; 

absence of these proteins result in structural brain defects and cell death (Fernandez et 

al., 2018). 

 

Future Direction And Perspectives  

The biological activities of each gene, as mentioned in the literature, make the 

results gleaned from our study of the fetal hippocampus following PAE, quite intriguing. 

New questions are raised with regards to certain physiological roles during development 

and they cannot be answered due to the glaring gaps in the literature. Moreover, 

technological advances in the field of genetics have revealed novel insights regarding 

interactions between PAE and gene expression that pose new questions. Future studies 

are recommended to investigate the novel findings of our work. 

One physiological area of emphasis that needs to be expanded upon is gene 

expression and their roles during development. A majority of the studies performed on 

gene function are described within the context of mature organisms. For example, some 

of the previously described genes have been observed to have activity in the maternal 

endometrium during early pregnancy. Logically, functions such as cell proliferation, 
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differentiation, or migration make sense within the context of the developing 

embryo/fetus. However, there is limited, if any, evidence to validate these suspicions. 

Therefore, it is of great importance to expand our understanding on embryonic/fetal gene 

expression and their roles in various tissues by using robust and replicable methods. An 

increased physiological comprehension will aid in deducing alcohol’s effects on the 

genomic activity of the embryo/fetus, especially in the developing brain.  

In addition to the gaps of knowledge in gene function during development, 

literature on targeted gene expression and their roles in certain organs, such as the brain, 

is limited. At the time of this writing, approximately 80% of the genes detected in our 

study have not been described in the brain, much less the developing hippocampus. Thus 

future investigation in this area is recommended. Some of the gene functions from our 

study can logically be applied within the context of brain growth and development (e.g. 

cell polarity, neuronal differentiation, and cell migration). However, to our knowledge, 

no evidence exists that validates and describes the gene functions and processes in the 

brain. Without a thorough physiological understanding of these genes, it becomes 

difficult to ascertain what mechanisms in the developing brain could be affected by 

alcohol exposure in utero.  

Lastly, we advocate for investigating the associated pathways of the altered 

genes in the hippocampus. In doing so, novel insights for understanding how these 

physiological mechanisms of the hippocampus are affected by alcohol will be gleaned. 

We suspect that alterations of these pathways play a critical role in the FASD phenotype. 
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The future direction in FASD is a massive undertaking that will require a 

collaborative effort. In doing so, not only will our physiological understanding during 

development be greatly improved, but novel ideas may be synthesized to further the 

cause of understanding the mechanistic etiologies of alcohol during development. 

Moreover, advances in FASD research may carry over into the clinical setting and allow 

the incorporation of appropriate strategies for all current subcategories of FASD (Fig 7). 
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APPENDIX A 

FIGURES* 

  

                                                 

* Reprinted with permission from “Hippocampal Transcriptome Reveals Novel Targets of FASD 
Pathogenesis” by Raine Lunde-Young1, Josue Ramirez1, Vishal Naik, Marcus Orzabal, JeHoon Lee, 
Kranti Konganti, Andrew Hillhouse, David Threadgill, and Jayanth Ramadoss, 2019. Brain and Behavior, 
Volume 9, e01334, Copyright 2019 by The Authors. 
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Figure 1: Heat map of RNA-Seq transcriptome analysis of significantly altered 
hippocampal genes following our chronic binge prenatal alcohol paradigm. Heat 
map representation of 76 differentially expressed genes in the fetal hippocampus 
between Pair-Fed Control and Alcohol treatment groups, with 37 genes exhibiting 
downregulation and 39 genes exhibiting upregulation. Map was constructed from 
the normalized and log-transformed expression values and subtracted from the row 
means for each treatment group (P < 0.05, and log2(fold change) > 2.0). 
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Figure 2: Volcano plot representation of female hippocampal gene expression 
between the Pair-Fed Control and Alcohol groups. In alcohol-exposed females, 25 
hippocampal genes exhibited sex-specific alcohol-induced dysregulation, of which 9 
were upregulated and 16 were downregulated. Dotted lines denote selection criteria 
for significance (P < 0.05, and log2(fold change) > 2) and separate differentially 
expressed genes and similarly expressed genes. 
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Figure 3: INGENUITY® Pathway Analysis of female hippocampal differentially 
expressed genes. In alcohol-exposed females, 24 global pathways were altered 
compared to the Pair-Fed Control group (P < 0.05). Ratio represents number of 
molecules affected to total number of molecules in each pathway. 
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Figure 4: Volcano plot representation of male hippocampal gene expression 
between the Pair-fed Control and Alcohol groups. In alcohol-exposed males, 28 
hippocampal genes exhibited sex-specific alcohol-induced dysregulation, of which 
12 genes were upregulated and 16 genes were downregulated. Dotted lines denote 
selection criteria for significance (P < 0.05, and log2(fold change) > 2) and separate 
differentially expressed genes and similarly expressed genes. 
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Figure 5: INGENUITY® Pathway Analysis of male hippocampal differentially 
expressed genes. In alcohol-exposed males, 32 global pathways were altered 
compared to the Pair-Fed Control group (P < 0.05). Ratio represents number of 
molecules affected to total number of molecules in each pathway. 
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Figure 6: Effect of chronic binge alcohol exposure on fetal weight. Measurements 
were obtained on gestation day (GD) 21. Following prenatal alcohol exposure, mean 
fetal body weight was significantly decreased compared with that in the Pair-Fed 
Control group. Values are mean + SEM (P<0.05).  
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Figure 7: Clinical criteria of Fetal Alcohol Syndrome (FAS), partial FAS, Alcohol-
related Neurodevelopmental Disorder, (ARND) and Alcohol-related Birth Defects 
(ARBD) as described by Hoyme et al, 2016. 
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