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Abstract 

Fetal Alcohol Spectrum Disorder (FASD) is a serious public health concern affecting 

3.6% of the US population. One avenue to achieve a decrease in the prevalence of FASD 

is for scientific research to identify cellular mechanisms of action of imbibed alcohol and 

propose solutions to treat or prevent the damage done. Here we present our investigation 

into the molecular consequences of ethanol exposure in mouse brain cells and mouse 

neural stem cell cultures. Specifically, we tested the hypothesis that p53 mediates the 

neurogenomic response to ethanol exposure in brain cells in the somatosensory cortex, 

hippocampus and neural stem cells. p53 is a versatile transcription factor well known for 

inducing cell death in cancer cells. We identified the apoptosis pathway as being changed 

in a p53-related manner only in the CA1 subregion of the hippocampus, based on 

expression changes in Casp2, Cdk1, and Stat1. Overall, the regions interrogated revealed 

that p53’s cellular response is heterogeneous. In the somatosensory cortex and 

hippocampus a subset of gene expression changes occurred depending on both ethanol 

exposure and the presence of p53: Ephb1in layer 2/3; Ctgf in layer 5; Camk1 in layer 6; 

Cdk1, Casp2, Cdk1, and Stat1 in the CA1; and Camk1 in the DG. In regards to the 

specific mRNAs that changed, they differed in the brain regions and cell cultures, but we 

did observe that neuronal and developmental genes were the most significantly changed 

upon ethanol exposure. In addition, we also identified that the category of genes whose 

methylation pattern was changed after ethanol exposure are related to basic neuronal 

functions. Neural cells also appeared to be engaged in a challenging response to ethanol 

because DNA repair proteins Ercc1, Hus1, and Rad51 alter their DNA binding after 

ethanol exposure. In addition, we identified that p53 transcription factor changes its DNA 
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binding in response to ethanol exposure. In conclusion, we identified that neural p53 

signaling is measurably perturbed by ethanol exposure. 
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Society and Alcohol. Alcoholic beverages have not been around as long as humans. 

Nevertheless, these human inventions, never to have been labeled a necessity, are 

entrenched in society. The estimates for alcohol drinking in the United States per county 

are 11% to as high as 78.7% based on an analysis of data from the Behavioral Risk Factor 

Surveillance System (BRFSS)(Dwyer-Lindgren et al., 2015). The BRFSS is a national 

self-report survey and riddled with underreporting compared to annual alcohol sales 

(Dwyer-Lindgren et al., 2015), (Miller et al., 2004). Alcohol use can be associated with 

both positive and negative effects on human health. Moderate drinking of alcohol can be 

associated with decreased heart disease and better outcome in traumatic brain injuries 

(Sadrian, Wilson, & Saito, 2013), (Jankala et al., 2005). Whereas, excessive alcohol 

drinking can have the opposite effect - and its most devastating and severe consequence 

is mortality. Worldwide, among 20-39 year olds about 25% of deaths are alcohol 

attributable according to the World Health Organization 

(http://www.who.int/mediacentre/factsheets/fs349/en/). Across all age groups 

“worldwide, 3.3 million deaths every year result from harmful use of alcohol, this 

represents 5.9% of all deaths, ” (http://www.who.int/mediacentre/factsheets/fs349/en/). 

Besides mortality, alcohol consumption can lead to more than 200 annotated disease and 

injury conditions, including liver disease, cancers, heart disease, domestic violence, child 

abuse, road collisions, etc. (Dwyer-Lindgren et al., 2015), (Naimi et al., 2003). 

Binge Drinking. One particularly harmful form of alcohol consumption is binge 

drinking, defined as having more than four drinks in two hours for women or more than 

five drinks in two hours for men, which lead to a typical blood alcohol concentration 

(BAC) >200g/dL. Binge drinking is estimated to be the cause of half of all injuries due to 
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alcohol (Miller et al., 2004). Binge drinking is such an important public health issue that 

reducing the incidence of binge drinking is a high priority federal goal. Specifically, the 

U.S. Department of Health and Human Services, has set a goal of lowering the 

prevalence of binge drinking from 27.1% (in 2008 and 2012 BRFSS) by ten percent to 

24.4% by the year 2020 (www.healthypeople.gov).  According to an analysis of two 

national surveys, the BRFSS and the National Household Survey on Drug Abuse 

(NHSDA), the majority (roughly 75%) of binge drinkers in the US are white males 

(Dwyer-Lindgren et al., 2015), (Miller et al., 2004). The lowest binge drinking 

prevalence rates are for Black males and females (Naimi et al., 2003). Over the span of 8 

years during the turn of century, there has been a trend for increased binge drinking 

(+35%) in the US, as well as an increased number of binge episodes that an individual 

reports (+17%) (Naimi et al., 2003). Notably, binge drinking has also recently increased, 

with an increase of +18.9% binge drinking in females and +7.3%. in males (Dwyer-

Lindgren et al., 2015). 

Fetal Alcohol Spectrum Disorder. The binge drinking trends for females are especially 

alarming because this is occurring in a reproductive age group. Maternal alcohol 

consumption can lead to Fetal Alcohol Spectrum Disorder (FASD), which is a lifelong 

disorder without a known cure. The prevalence rate of FASD in the US as measured by 

assessing school age children is 3.6% (May et al., 2014) (May et al., 2009). Diagnosis is 

complicated by the variability in the phenotype of FASD, underreporting, and lack of 

questioning about occurrence of gestational alcohol consumption. It is thought that the 

similarities between FASD, autism, and attention deficit hyperactivity disorder (ADHD) 

facilitates a diagnosis of autism or ADHD even if there was gestational alcohol 
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consumption (Marquardt & Brigman, 2016), (Meurk, Lucke, & Hall, 2014). There may 

also be a social bias in how FASD is diagnosed. Children in a lower socioeconomic status 

(SES) may be more likely to be diagnosed with FASD while those with a higher SES are 

diagnosed as having autism (Meurk et al., 2014). There is no definitive diagnostic test for 

FASD nor are there specific diagnostic criteria for FASD. Extreme cases of FASD where 

health is greatly impaired are called Fetal Alcohol Syndrome (FAS). Fortunately, there 

are specific diagnostic criteria for FAS: “prenatal and/or postnatal growth deficiency, the 

3 cardinal facial features reduced palpebral fissure length, smooth philtrum, and thin 

upper vermillion lip border, and any of a range of recognized structural, neurologic, 

and/or functional central nervous system deficits,” (Williams & Smith, 2015). Notably, 

the neurological deficits in FAS are highly variable, including:                                                                                                                   

“..impairments in memory, attention, reaction time, visuospatial abilities, fine and 

gross motor skills, social and adaptive functioning, abnormal activity, reactivity, 

hyperactivity, attention deficits, lack of inhibition, impaired learning, reduced 

habituation, feeding difficulties, gait abnormalities, developmental delays, 

impaired motor skills, hearing abnormalities, and poor state regulation (sleep, 

jitteriness, and arousal abnormalities),” (Wilson & Cudd, 2011). 

Preventing FASD. The key to reducing the multifaceted problem of FASD is prevention, 

which is the mantra of public health work. To this end, research articles have suggested 

various tractable options to prevent maternal alcohol consumption especially binge 

drinking. Implementing policy that safeguards people’s health from excessive drinking 

such as raising liquor taxes, limiting the density of liquor licenses in communities, 

maintaining accurate and accountable alcohol marketing, and creating high profile 
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campaigns to educate about the dangers of drinking when pregnant, among others 

(Casswell et al., 2016), (Skov, 2009). These steps could all reduce the prevalence of 

FASD. Also as important in limiting the harm of FASD, is the act of keeping track of 

binge drinking and FASD by the federal government health protection institutions. 

Quantifying the extent of a health problem is one of the first steps in addressing the 

health issue. There are serval government health organizations that currently take 

measures of health conditions and binge drinking if one of health concerns being 

measured by for example the Health and Human Services Department. Another 

governmental agency is the Centers for Disease Control and their alcohol program 

mission is “to strengthen the scientific foundation for preventing excessive alcohol 

consumption, (www.cdc.gov).” Accordingly, basic science research can play an 

important role in mitigation of the health damage that maternal alcohol consumption can 

have, particularly in regards to FASD. We now review the most recent findings in the 

field related to this to help establish the context for our studies. 

There are many clinical variabilities in the phenotype of FASD, and many different 

organs are affected. Among these, the brain appears particularly vulnerable to excessive 

maternal alcohol consumption. Similarly, there are many molecular events in neurons 

that are perturbed by ethanol exposure: metabolism, oxidation, membrane integrity, 

insulin, excitation and inhibition of synaptic function, cell death, and cell migration  

(Olney, 2004) (Deitrich & Erwin, 1995). Of all the effects that alcohol has on the 

developing brain, one of the most consistent is the apoptotic cell death that ensues 

following a binge level of ethanol exposure (Goodlett & Horn, 2001). There are many 
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research labs throughout the world that are aiming to decipher the molecular mechanism 

by which this observed apoptosis occurs (Moreno, Ignacio, Burke, & Middleton, 2016).  

FASD and p53. How is ethanol causing neurons to undergo apoptosis? A plausible 

molecule of interest in this biological search is the transcription factor p53, known as the 

guardian of the genome, which protects the integrity of cellular DNA under stressful 

conditions. When the cellular damage is irreparable p53 signals for apoptosis, promoting 

the expression of such canonical pro-apoptosis genes as p53 Upregulated Modulator of 

Apoptosis (PUMA), Noxa, and Bax. As well-known as it is for protecting the genome, 

p53 is lethal when it is constitutively uninhibited (Xiong, Van Pelt, Elizondo-Fraire, Liu, 

& Lozano, 2006). This suggests that cell death signaling may be a dominant function of 

basal p53. Though p53 has been identified to play a key role in apoptotic signaling, it also 

impacts many other cellular pathways such as senescence, autophagy, and cell 

differentiation, which could lead to embryonic lethality as well (Sullivan, Gallant-Behm, 

Henry, Fraikin, & Espinosa, 2012). Nonetheless, it is p53’s role in apoptosis signaling 

that researchers have proposed to be involved in the process of neuronal apoptosis 

following ethanol exposure (see Tables 1 and 2).  

Neuronal Cell Culture p53 FASD Studies. Multiple studies have shown that p53 

mRNA and/or protein increases in response to ethanol exposure. Most of these studies 

have been performed in cell culture with dissociated cells that are more homogenous than 

a brain tissue cell population. Some of the cell lines used were stem cells or central 

nervous system derived cancer cells: E14 dorsal root ganglia neural stem cells, primitive 

neuroectodermal tumor 2 cells derived from the central nervous system, or PC 12 neural 

crest tumor cells (see Tables 1 and 2). At time zero after ethanol, de la Monte et al. 



23 

 

(2000) found an increase in cellular p53 levels versus control in serum-starved primitive 

neuroectodermal cells as measured using microtiter immunocytochemical ELISA . Yet 

when de la Monte et al. (2000) measured p53 protein using western blot they reported no 

difference between ethanol exposed cells versus control at time zero of their serum-

starved experiment. In contrast Meng et al. (2006) detected p53 only in ethanol exposed 

PC 12 cells and not control cells as measured using immunofluorescence and flow 

cytometry. This finding is supported more recently by research which reported increases 

in p53 protein, phosphorylated-p53, as well as p53 mRNA in neural crest cells exposed to 

100mM ethanol for 24 hours (Yuan et al., 2016). Not identifying p53 in control 

conditions stands in contrast to other literature that shows that there are basal levels of 

p53 activity even in unperturbed cells (Zilfou et al., 2009, Kruse et al., 2009, Vierboom et 

al., 2000). 

Brain p53 FASD Studies. In addition to the cell culture experiments there are several 

whole brain studies that have also identified an increase in p53 following ethanol 

exposure (see Tables 1 and 2). For example, significant increases in p53 mRNA levels 

were detected in the cerebellum of 1 day old Long Evans pups that received 26% or 37% 

ethanol by caloric content during gestation (day 6 to delivery) (Chu, Monte, & Tong, 

2007). In contrast, pups exposed to lower doses of ethanol did not show an increase in 

p53 mRNA on the day after their birth. Another study which utilized cultured embryos 

for ethanol exposure after harvesting at gestational day 6, showed an increase in total 

embryonic p53 and phosphorylated-p53 expression as measured by western blot 

(Anthony, Zhou, Ogawa, Goodlett, & Ruiz, 2008). However, this study lost power and 

specificity by pooling six whole embryonic specimens together to obtain the p53 protein 
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measurements. A third study which showed brain-related increases in p53 was done on 

adolescent and adult male Wistar rats and showed an increase in p53 protein in the 

prefrontal cortex by western blot (Duncan et al., 2016). Finally, in a more extensive time 

course characterization of p53 responses to ethanol in developing brain one study showed 

a p53 protein increase in the rostral third of the forebrain following gestational 

administration of ethanol from GD6 to GD21 by using western blot, followed by 

decreases in the seven out of the nine time points measured. In fact, Kuhn and Moller 

reported that “The postnatal expression of the 58-kDa p53 protein was halved following 

prenatal exposure to ethanol,” This was particularly notable for being the single study to 

have identified a decrease in brain p53 protein levels following a developmental ethanol 

exposure. To note, there was a single outlier study that reported no change in p53 protein 

as measured with immunohistochemistry in the prefrontal cortex of animals of animals 

given 5g/kg for four days, three times a day (Charles, Patrick, & Godwin, 2016). This 

study was in adult male Wistar rats instead of developing rats like the other studies of 

interest. 

A more conclusive finding in regards to p53 protein expression in whole brain in 

response to ethanol and specifically to its involvement in apoptosis was demonstrated by 

Ghosh et al. (2009). This study utilized C57BL/6J mice with p53 knock out that were 

administered ethanol on postnatal day 7 given by two injections 2 hours apart of 2.5g/kg 

body weight and sacrificed 6 hours post treatment. Given that the mice did not express 

functional p53 protein the authors were able to assess whether the complete lack of p53 

caused a decrease in apoptosis. If p53 is involved in apoptotic signaling then the lack of 

p53 should have diminished apoptosis. Yet this is not what the researchers found. Instead, 
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the Ghosh et al. (2009) reported increased apoptotic events as measured by the density of 

active caspase 3 immunopositive cortical cells, and no difference in p53 null mice 

compared to controls post ethanol exposure. Ideally, this study would need to be 

replicated to show reliability in demonstrating that the measured apoptotic events were 

not dependent upon p53 signaling. In prior studies, in addition to active caspase 3 

immunohistochemistry, two other widely-accepted indicators of apoptosis, annexin V and 

terminal deoxynucleotidyl transferase (TUNEL) staining, have been used to quantify 

increased apoptosis in ethanol exposed cells (de la monte et al., 2000) (Meng et al., 2006) 

(see Tables 1 and 2).  

FASD p53-related mRNA Changes in Brain. Besides cell culture models that have 

generally supported the association between increased p53 and apoptosis following 

ethanol exposure, mRNA studies of well-differentiated brain tissue have provided the 

greatest evidence for the putative causative relationship. These studies have identified the 

p53 pathway as containing genes that are differentially expressed in ethanol treatments. 

Interestingly, however, while p53 mRNA is not usually changed in these ethanol 

exposures, many of the genes in annotated p53-related pathways exhibit striking changes 

in expression, and therefore the pathway as a whole is regarded as a target of ethanol (see 

Tables 1 and 2). For example, Hashimoto-Torii et al. (2011) specifically described a p53 

pathway feedback loop in their developmental ethanol exposure model using Panther 

gene ontology program on embryonic whole cortex . They used a maternal model of 

ethanol exposure and injected pregnant CD-1 mice with 2.0g/kg once a day from 

embryonic day 14-16 and collected tissue on embryonic day 16, three hours post 

injection. It was not stated whether p53 was differentially expressed. Hashimoto-Torii et 
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al. (2011) also pooled their embryonic samples which diminished their power to assess 

differences between ethanol experimental and control specimen. Mantha et al. (2014) 

also performed an ethanol developmental study similar to Hashimoto-Torii by twice 

injecting 2.5g/kg  into dams two hours apart on gestational day 16. They found that the 

p53 related apoptosis pathway (using the Ingenuity Pathway Analysis v.9 gene ontology 

program) showed significant expression differences compared to controls despite the fact 

that p53 mRNA itself was not differentially expressed in their whole brain samples. Like 

Hashimoto-Torii and colleagues, the Mantha group also pooled three of their samples per 

group, thus diminishing their study’s power. The third study, by Kleiber et al. (2014) also 

pooled their samples . This study involved two injections on postnatal day seven 

C57BL/6J mice with a concentration of 2.5g/kg ethanol and then sacrificed the animals 

four hours after the first injection. Analyzing pooled whole brain specimens, they found 

that one of the most significantly affected pathways is p53 signaling as identified using 

Ingenuity Pathway Analysis ontology program. In this differentially changed group of 

eight genes, p53 was not one of differentially expressed genes. This finding is similar to 

the findings of the studies from Mantha and colleagues and Hashimoto-Torii and 

colleagues. In addition to not finding p53 mRNA to be differentially expressed in their 

ethanol exposure group, another similarity between the Mantha and Hashimoto-Torii 

studies is that they both used adult animals who were exposed to ethanol 

developmentally, to assess mRNA changes in adult brain (postnatal day 60 and 70, 

respectively). 

p53 Responses to Ethanol in the Liver.  Though the focus of this review is the effects 

of ethanol on developing brain, the work on other tissues has clearly yielded important 
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insights regarding p53 (see Tables 1 and 2).  For example, a seminal study on p53 and 

ethanol exposure was done on the liver by the Pani group (Pani et al., 2004). They 

administered adult p53-deficient and wildtype C57Bl/6 mice 10%-20% ethanol over 21 

days as their only source of drinking fluid and reported that ethanol-induced apoptosis 

was completely inhibited by the lack of p53 as measured using both propidium iodide 

staining and TUNEL staining.  Notably, other studies involving adult mouse liver also 

showed increased p53 following ethanol exposure (Derdak et al., 2011) (Li et al., 2014) 

(Yeon, Califano, Xu, Wands, & De La Monte, 2003), although some of these increases 

were claimed to be strain-specific. For example, while Long Evans rats showed p53 

increases after ethanol exposure, Sprague Dawley and Fisher rats did not. There was also 

one study that showed a decrease in p53 protein in liver following ethanol exposure 

(Nevzorova et al., 2016). Overall, there appears to be some consensus in the liver field 

that p53 protein is changed (usually increased) upon ethanol exposure and that p53 plays 

a specific role in promoting apoptosis in the liver. 

p53 as a Transcription Modulator. It may well be that p53 acts as a transcription factor 

that binds to hundreds of genes to modify their expression (see Figure 1).  Moreover, p53 

could also be activating different gene networks and pathways in the brain than in the 

liver. There is some evidence that it is involved in apoptotic signaling by association, 

though there are not always changes in p53 expression levels. On the other hand, there is 

also particularly strong evidence from the Ghosh et al. (2009) study that p53 in mouse 

whole brain does not protect from apoptosis. This begs the question of what are the 

proteins, genes, and mRNA impacted by p53 that are involved in signaling for apoptosis? 

This has not been an easy question to answer in the developing brain because the brain 
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contains much more heterogenous cell populations than the liver. A possible approach to 

answering this question could be to analyze specific areas of the brain individually 

instead of homogenizing the whole brain. In addition, studying ethanol induced apoptosis 

in the brain is further complicated by the fact that developmental neuronal apoptosis is a 

normal event (termed Naturally-Occurring Neuronal Death) that needs to occur for 

normal brain development (Johnson & Deckwerth, 1993). Thus, one would not want to 

inhibit this necessary pruning step by developing therapies whose sole goal was to 

prevent all apoptosis. On the contrary, understanding the mechanism(s) by which ethanol 

induces neuronal apoptosis may help identify targets that could redress the damage 

ensuing from developmental ethanol consumption as manifested in the clinical spectrum 

of FASD. 

Laboratory Models of FASD. There are numerous laboratories worldwide studying 

maternal ethanol consumption and models of this behavior. In the US, an entire institute 

of the National Institute of Health is devoted to alcohol studies: the National Institute on 

Alcohol Abuse and Alcoholism (NIAAA). Through studies funded by the NIAAA, much 

progress has been made in identifying many of the cellular effects of alcohol. 

Nonetheless, there still remains room for improving our knowledge of biomarkers that 

accurately identify FASD, as well as potential biological points of intervention to reduce 

the damage of FASD (Marquardt & Brigman, 2016). Laboratory studies of FASD allow 

for a clear determination of alcohol dose and exposure duration which are both important 

in assessing a causal effect. Also, genetic and environmental factors can be controlled in 

laboratory studies. Animals models are also used to unambiguously show that alcohol is 

teratogen (Marquardt & Brigman, 2016) (Patten, Fontaine, & Christie, 2014) (Jones & 
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Smith, 1973). A well-established paradigm of the human third trimester ethanol exposure 

is used in rodents. The development that occurs as a growth spurt in humans’ third 

trimester happens during the first ten days postnatally in rodents (Patten et al., 2014), 

though there is also some second trimester growth happening postnatally in rodents as 

well (Rice & Barone, 2000). This means that third trimester equivalent experiments are 

performed on postnatal pups not in utero. In this model of third trimester ethanol 

exposure, postnatal pups are exposed directly to alcohol but not to the metabolites from 

the mother. Nonetheless blood alcohol levels that represent binge intoxication levels of 

>200mg/dL can be replicated in rodent models with two intraperitoneal injections of 

2.5g/kg injections two hours apart. Such an ethanol exposure paradigm has been used to 

establish FASD molecular mechanisms, and changes in motor skills, executive function, 

learning and memory, social behavior, and olfaction in rodent models (Patten et al., 

2014). 

Current Knowledge Gaps. There are important contributions that have been made in the 

p53 and ethanol field that we have reviewed here and in the next chapters. Nonetheless 

there are many critical gaps in information. First. there is a need to identify regional and 

cellular specificity in the neurogenomic response to ethanol. For example, previous work 

has not been done to comprehensively examine neurogenomic responses in different 

regions or cell layers or of the cerebral cortex. The closest approach was performed by 

Hashimoto-Torii and colleagues (2011). In that study the authors reconstituted a tentative 

expression map of whole region gene expression response based on previously annotated 

protein measures.  In the present study, we therefore chose to meticulously obtain RNA 

from dissected regions and layers of the cortex and hippocampus. In addition, we also 
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chose to utilize one of the most powerful genetic tools available to examine the role of 

p53 in the apoptotic response of these different brain regions- the p53 knock out mouse 

model used by Ghosh and colleagues (2009) and Pani and colleagues (2004). 

Furthermore, because prior studies have neglected to consider the effects of modified 

baseline genomic responses in untreated p53 KO mice compared to wild type mice, it is 

imperative to repeat some of the earlier exposure paradigms using a complete full-

factorial experimental design to accurately assess the independent effects of p53 

genotype and ethanol and their interaction. Thus, we will use a 2 way (Genotype x 

Treatment) ANOVA in four treatment groups: 1) p53 WT-saline, 2) p53 WT-ETOH, 3) 

p53 KO-saline, and 4) p53 KO-ETOH. In addition, we propose to assess the contributing 

variability of each individual mouse specimen by not using pooled samples. It is 

important not to mask sample variability in order to accurately assess the neurogenomic 

response in brain cells. The previous gene expression papers that considered both p53 and 

ethanol treatment have pooled their samples to decrease variability which decreases their 

power to identify actual changes that have occurred in the specimens (Anthony et al., 

2008), (Hashimoto-Torii et al., 2011) (Mantha et al., 2014) (Kleiber et al., 2014). Thus, 

results from this study may have more variability, but should more accurately describe 

the gene expression changes that have occurred. Lastly, prior studies have typically used 

three samples per study group. Here we utilized six mice per study group in our in vivo 

studies for a total of 24 mice specimens yielding increased power to detect effects. 

To model the effects of a binge level dose of ethanol on neurodevelopment in vitro stage 

our lab and others use non-immortalized neural stem cells. This design is structured to 

more accurately reflect in vivo neural responses to ethanol, though many labs do continue 
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to use neuroblastoma cell lines. We have chosen not use a cancer cell model in the 

present work in order to prevent an accumulation of scientific artifacts as any in vitro 

model already is predisposed to do, which would likely be heightened by the known role 

of p53 in cancer biology. Rather, we will refine the use of neuronal stem cells for 

developmental alcohol exposure and assess whether we can obtain comparable results to 

ethanol exposure in vivo. We will perform the same whole transcriptome and targeted 

RNA sequencing for the same genes in both NS5 cells and brain cells isolated from P7 

mice exposed to ethanol. The customized panel has genes related to p53 pathways of 

interest including, cell cycle, apoptosis, DNA repair, and neuronal signaling. We predict 

that in these previously examined NS5 cells that ethanol will damage the DNA and that 

DNA repair genes will exhibit significant transcriptional responses. In addition, we plan 

to test the transcriptional function of p53 in ethanol exposure by conducting a chromatin 

immunoprecipitation assay followed by sequencing, which has not been done previously 

in the field. We predict that both p53 and DNA repair proteins are activated in response 

to ethanol exposure as measured using chromatin immunoprecipitation.  

Hypothesis. Previous literature has not considered our specific questions in the context 

of p53 or ethanol. However, a review of the literature reveals a need to consider these 

questions to better elucidate the mechanisms of ethanol damage. Toward this aim, the 

studies presented here will test the general hypothesis that p53 moderates apoptosis, 

DNA damage, DNA repair, and cell cycle changes upon ethanol exposure using in vivo 

and in vitro models of FASD. Our interest is to further investigate the molecular 

mechanisms by which alcohol affects cells.  We propose that p53 may be a central hub in 

the neurogenomic response to ethanol exposure. We explore this question in a third 
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trimester in vivo mouse model of FASD and in an in vitro neural stem cell culture model 

of gestational ethanol exposure. We focus exclusively on the brain as it is an organ 

especially susceptible to damage from alcohol exposure. 

Dissertation Hypotheses: Developmental ethanol exposure changes the neurogenomic 

state of brain cells, a response that is mediated by p53. 

I. In a mouse model of FASD we predict that p53 affects the transcriptional 

response to ethanol exposure.  

1. We expect to identify differences in brain gene expression in p53 KO 

and WT mice.  

2. We predict reduced apoptosis and apoptotic gene response in p53 KO 

animals. 

3. We predict changes may be different in different brain areas. 

II. In a neuronal stem cell culture model of binge-level developmental alcohol 

exposure, we predict that p53 plays a role in many genomic responses. 

1. We expect to identify DNA damage. 

2. We predict p53 signaling genes (including DNA repair genes) will be 

significantly changed. 

3. We predict that changes in DNA repair protein binding and p53 

transcription factor binding will be measurable using chromatin 

immunoprecipitation. 

4. We expect that some neural stem cell responses will closely resemble 

some of the in vivo responses to ethanol due to shared proliferative 

features. 
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Overall in this study, we plan to address the aforementioned gaps in information 

regarding the role of p53 in ethanol exposure by studying specific brain regions and brain 

cell culture models of developmental ethanol exposure. We expect to contribute to the 

FASD field and to elucidate some of the neurogenomic response to alcohol exposure. In 

the next chapter we provide a more detailed overview of the large question of apoptosis 

in neural ethanol exposure as well as some of our lab’s prior unpublished research in 

adolescent rat models in this area and how this provides a context for the p53 research we 

have undertaken and reviewed here.   
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Figure 1. Domain Structure of p53. Numbers at the top denote the final amino acids of 

each exon. Note that Exon 1 is not expressed. Also note the existence of five identified 

functional domains (shown in different colors).  The final amino acid of each domain is 

shown.  The p53 KO mouse that is used in Chapter 3 has a deletion of Exons 1 – 8, 

therefore eliminating the first three functional domains.  Adapted and modified from 

Freed-Pastor and Prives (2012). 

 

  



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 

 

 

 

 

 

 

 

Amino acid 

 

Amino acid 

domain 



36 

 

Table 1: Review of literature examining ethanol exposure and p53 measures 

 Reference p53 finding Apoptosis Tissue Exposure 

Dose/Time 

    BRAIN  

1 Kuhn and 

Miller, 1998 

↓ Protein  

 

Not measured Rostral third of 

forebrain  

Liquid ethanol diet 

2.2%-6.7%  

E6-E21 

2 Chu et al., 2007 ↑ mRNA in pups of 

dams 26%, and 37% 

ethanol 

↑8-OHdG and 

↑HNE  

Cerebellum liquid ethanol diet 

from ethanol 

E6 to delivery 2% or 

9.25% v/v 

3 Ghosh et al., 

2009 

Lack of p53 does not 

protect from 

apoptosis 

↑active caspase 

3 in unspecified 

cortical tissue 

Brain 2 injections of 

ethanol- 2.5g/kg 

P7 

4 Hashimoto-Torii 

et al., 2011 

p53 pathway 

feedback loop 2 

p=0.0416 

Panther 

apoptosis 

signaling 

pathway 

p=0.0047 

Mouse 

embryonic 

whole cortex 

Human 

embryonic 

whole cortex 

Human cortices: 235 

mg/dL, Gestational 

Week 15-18 

Mice: injected with 

2.0g/kg once a day, 

E14-E16 

5 Mantha et al., 

2014 

No significant RNA 

change detected 

But p53 related IPA 

apoptosis pathway 

detected 

Yes - RNA 

related apoptosis 

pathway 

Brain E16 and 

Brain P70 

injected s.c. with 

2.5g/kg of ethanol at 

0 and 2hrs, 

E16 dams 

6 Kleiber et al., 

2014 

The most 

significantly affected 

pathways include 

p53 signaling 

(p=0.0002) 8/89 

genes altered 

Gene category 

showed a 

positive 

regulation of 

apoptosis 

Whole brain  2.5g/kg at 0h and 2h, 

P4 and P7 

7 Mantha et al., 

2014 

E16 mice showed 

p53 is a hub gene 

with more than 10 

gene interactions; 

RNA not changed  

Not measured  Whole brain two hrs apart two 

injections of 2.5g/kg, 

Short term: E16 

Long term: E14 and 

E16 

8 Charles et al., 

2016 

No change in protein  ↑ Histological 

measure of 

neurodegenerati

on  

Prefrontal 

cortex 

3 times per day 

orogastric tube 5g/kg 

for 4 days, age not 

mentioned 

9 Duncan et al., 

2016 

↑ p53 protein Not measured Prefrontal 

cortex 

28 days 2.5%-6.4% 

liquid diet, starting at 

1 month, 4month, or 

9 months of age 

10 De la Monte et 

al., 2000 

↑protein in ethanol 

followed by serum 

starvation treated 

cells 

↑ apoptosis 10-

20%  as 

measured by 

TUNEL 

Primitive 

neuroectoderma

l tumor 2 cells 

derived from 

CNS 

100mM ethanol, 4 

days 

 

11 Meng et al., 

2006 

↑ protein  ↑ Annexin V 

staining 

 

PC 12 cell 

culture neural 

crest tumor 

cells 

150mmol/L ethanol, 

24hrs 
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12 Anthony et al., 

2008 

↑ protein in embryos, 

↑ ser 20 

phosphorylated 

protein  

↑ PI staining; 

more diffuse in 

the neural tube  

E14 dorsal root 

ganglia neural 

stem cells, 

cultured mouse 

embryos 

200mg/dl and 

400mg/dl, 48hrs 

13 Yuan et al., 2016 ↑ protein, ↑ p-p53, ↑ 

mRNA 

↑ active caspase 

3  

Neural crest 

cells 

100 mM ethanol,  

24hrs 

    LIVER  

14 Lumpkin et al., 

1995 

Similar RNA levels 

at time zero of 

surgery 

Not measured Liver70% 

partial 

hepatectomy 

 

Gavaged with 

ethanol 3g/kg  

 

15 Yang et al., 1998 Slight decrease of 

mRNA p53 in 

northern blot  

Not measured Liver partial 

hepatectomy 

36% ethanol diet 

16 Zhang et al., 

2000 

p53 RNA no change 

at time zero of 

surgery (northern 

blot) 

Not measured Liver 70% 

hepatectomy 

1g/kg i.p. q 4h 

 

17 Yeon et al., 2003 Increased nuclear 

p53 (western blot) 

↑ caspase 3, ↑ 

TUNEL 

Liver Liquid diet 8 weeks 

11.8-35.4% 

18 Pani et al., 2004 Lack of p53 in mice 

prevents apoptosis in 

liver and MEK cells 

regardless of ethanol 

Very little 

TUNEL staining 

in p53-/- 

In MEF cell 

culture more PI 

staining in p53 

+/+ cells  

Liver and rat 

suprachiasmatic 

nucleus Ras 

transformed 

cell line or 

mouse MEF 

cells 

Ethanol and 20% 

sucrose solution as 

only source of 

drinking fluid for 3 

weeks 

Cell culture: 500mM, 

48hr 

19 Lieber et al., 

2008 

↑ mRNA, protein 

unchanged but ↑ 

acetylation  

Not measured Liver 28 day ethanol liquid 

diet 

 

20 Derdak et al., 

2011 

Nuclear ↑ protein in 

Long Evans rats but 

not significantly in 

Sprague-Dawley nor 

Fischer 

↑ active caspase 

3 (ratio to total 

protein) 

increased in 

Long Evans rats 

but not Fischer 

nor Sprague-

Dawley rats 

Liver 10 weeks of ethanol 

fed diet 

21 Li et al., 2014 ↑protein ↑acetylated 

protein ↑fold change 

of acetyl-p53 to total 

p53 also increases 

↑ TUNEL  Liver  6g/kg ethanol was 

administered i.g. 

every 12h for 3 days  

22 Lu et al., 2016 ↑ mRNA in liver and 

↑ protein in cell 

culture 

Not measured Liver  

Human 

hepatocyte LO2 

cells 

56% v/v ethanol by 

gavage every day for 

4 weeks  

cell culture: 

100 mM ethanol  

23 Nevzora et al., 

2016 

↓ Protein in 4 week 

ethanol treatment 

Not measured 

In ethanol 

withdrawal there 

was similar 

TUNEL staining  

Liver  Mice: 4 weeks liquid 

ethanol diet 2-4% 

Humans: Liver of 

patients with 

alcoholic liver 

disease 
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24 Stiuso et al., 

2016 

↑ protein ↓ caspase 3, no 

change caspase 9 

HepG2 cells 1M ethanol 4 hr  

    Other Organs  

25 Guo et al., 1997 ↓ protein levels (very 

blotchy blot non-

specific binding); 

no change in RNA in 

0 time, 100mM 

200mM 

Not measured Human 

epithelial cells 

RKO cells 

colon 

carcinoma 

100mM 200mM for 

0,2,4,6,8, or 10hrs 

26 Eid et al., 2000 ↑ protein in IHC in 

alcohol fed rats 

TUNEL staining 

increases  

Spleen Wistar rats adult 36% 

ethanol liquid diet for 

7 wk 

27 Zhu et al., 2000 Increased p53 RNA Increased 

TUNEL 

Testes Male Sprague 

Dawley rats liquid 

ethanol diet for 9 

weeks 

28 Nakahara et al., 

2003 

mRNA was not 

significantly different 

between 6 weeks 

alcohol vs control in 

males nor females 

nor in males in acute 

treatment 

Not measured Skeletal muscle Male and female 

Wistar rats (0.1-

0.15kg) 

6-7 weeks 35% 

ethanol liquid diet 

2.5hr ethanol as 75 

mmol/kg body i.p. 

29 Jankala et al., 

2005 

↑ RNA No change RNA 

of Bcl, or Bax;   

Cytosolic DNA 

fragmentation,  

apoptotic 

nucleasomes 

Free walls of 

left ventricles 

in heart 

12% v/v only water 

source, from age 3 

months to 24 months 

old 

 

30 Gundogan et al., 

2010 

↓ protein,  ↓RNA  ↑Bax  ↑Bak  

↓Bcl-2  

E16 placenta 24% liquid ethanol 

diet for ten days, E6-

E16  

31 Hicks et al., 

2012 

no change in RNA in 

human lymphoblasts, 

↓RNA in human 

leukocytes 

Apoptosis not 

measured 

Peripheral 

blood 

leukocytes 

human and rat, 

neural stem 

cells, cultured 

human 

lymphoblasts 

2.2%-6.7% ethanol 

in diet PN day 29 for 

30 days 

neural stem cells: 

400mg/dL 48hrs 

32 Ignacio et al., 

2015 

p53 not measured but 

implicated in IPA 

mapping of network 

of RNAi functions 

cell death path 

implicated 

Serum Young subjects with 

alcohol use disorder 

E, embryonic age (days); HNE, Hydroxynonenal; i.g., intragastric; i.p., intraperitoneal; 8-

OHdG, 8-Hydroxydeoxyguanocine; P, postnatal age (days); PI, Propidium iodide; s.c., 

subcutaneous; ser, Serine 
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Table 2: Summary of Table 1 findings from brain, liver, and other organs. 

 p53 RNA p53 protein Apoptosis 

Brain ↑///↑ ↓/↑↑↑↑↑↑↑ ↑↑↑↑↑↑↑↑↑↑ 

Liver /↓/↑↑ ↑/↑↑//↑↑↑↓↑ ↑/↑↑↓ 

Other Organs ↑/↑↓/↓ ↓↑↓ ↑↑/↑↑ 

↑ = increased, ↓ = decreased, / = no change 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

References 

Anthony, B., Zhou, F. C., Ogawa, T., Goodlett, C. R., & Ruiz, J. (2008). Alcohol 

exposure alters cell cycle and apoptotic events during early neurulation. Alcohol 

Alcohol, 43(3), 261-273.  

Casswell, S., Callinan, S., Chaiyasong, S., Cuong, P. V., Kazantseva, E., Bayandorj, T., 

Huckle, T., Parker, K., Railton, R., Wall, M. (2016). How the alcohol industry 

relies on harmful use of alcohol and works to protect its profits. Drug Alcohol 

Rev. 35(6):661-664.  

Charles, O. A., Patrick, I. S., & Godwin, A. O. (2016). Jobelyn(R) Supplement Lowered 

Neuronal Degeneration: Significance of Altered p53 and -Enolase Protein 

Expressions in Prefrontal Cortex of Rat Exposed to Ethanol. Ann Neurosci, 23(3), 

139-148.  

Chu, Jennifer, Monte, Suzanne M., & Tong, Ming. (2007). Chronic ethanol exposure 

causes mitochondrial dysfunction and oxidative stress in immature central 

nervous system neurons. Acta Neuropathologica, 113, 659-673.  

de la Monte, S. M., Ganju, N., Banerjee, K., Brown, N. V., Luong, T., & Wands, J. R. 

(2000). Partial rescue of ethanol-induced neuronal apoptosis by growth factor 

activation of phosphoinositol-3-kinase. Alcohol Clin Exp Res, 24(5), 716-726.  

Deitrich, Richard A, & Erwin, V Gene. (1995). Pharmacological effects of ethanol on the 

nervous system (Vol. 32). Boca Raton, Florida, CRC Press.  

Derdak, Z., Lang, C. H., Villegas, K. A., Tong, M., Mark, N. M., de la Monte, S. M., & 

Wands, J. R. (2011). Activation of p53 enhances apoptosis and insulin resistance 

in a rat model of alcoholic liver disease. J Hepatol, 54(1), 164-172.  



41 

 

Duncan, J. W., Johnson, S., Zhang, X., Zheng, B., Luo, J., Ou, X. M., Stockmeier, C.A., 

Wang, J. M. (2016). Up-Regulation of PKR Signaling Pathway by Ethanol 

Displays an Age of Onset-Dependent Relationship. Alcohol Clin Exp Res, 40(11), 

2320-2328.  

Dwyer-Lindgren, L., Flaxman, A. D., Ng, M., Hansen, G. M., Murray, C. J., & Mokdad, 

A. H. (2015). Drinking Patterns in US Counties From 2002 to 2012. American 

Journal of Public Health, 105(6), 1120-1127.  

Freed-Pastor,  W.A., Prives, C. (2012). Mutant p53: one name, many proteins. Genes 

Dev. 26(12):1268-86.  

Ghosh, A. P., Walls, K. C., Klocke, B. J., Toms, R., Strasser, A., & Roth, K. A. (2009). 

The proapoptotic BH3-only, Bcl-2 family member, Puma is critical for acute 

ethanol-induced neuronal apoptosis. J Neuropathol Exp Neurol, 68(7), 747-756.  

Goodlett, C. R., & Horn, K. H. (2001). Mechanisms of alcohol-induced damage to the 

developing nervous system. Alcohol Res Health, 25(3), 175-184.  

Hashimoto-Torii, Kazue, Kawasawa, Yuka Imamura, Kuhn, Alexandre, & Rakic, Pasko. 

(2011). Combined transcriptome analysis of fetal human and mouse cerebral 

cortex exposed to alcohol. Proceedings of the National Academy of Sciences, 

108(10), 4212-4217.  

Jankala, H., Eriksson, P. C., Eklund, K., Sarviharju, M., Harkonen, M., & Maki, T. 

(2005). Effect of chronic ethanol ingestion and gender on heart left ventricular 

p53 gene expression. Alcohol Clin Exp Res, 29(8), 1368-1373.  

Johnson, E. M., Jr., & Deckwerth, T. L. (1993). Molecular mechanisms of developmental 

neuronal death. Annu Rev Neurosci, 16, 31-46.  



42 

 

Jones, K. L., & Smith, D. W. (1973). Recognition of the fetal alcohol syndrome in early 

infancy. Lancet, 302(7836), 999-1001.  

Kleiber, M. L., Laufer, B. I., Stringer, R. L., & Singh, S. M. (2014). Third trimester-

equivalent ethanol exposure is characterized by an acute cellular stress response 

and an ontogenetic disruption of genes critical for synaptic establishment and 

function in mice. Dev Neurosci, 36(6), 499-519.  

Li, M., Lu, Y., Hu, Y., Zhai, X., Xu, W., Jing, H., Tian, X., Lin, Y., Gao, D., Yao, J. 

(2014). Salvianolic acid B protects against acute ethanol-induced liver injury 

through SIRT1-mediated deacetylation of p53 in rats. Toxicol Lett, 228(2), 67-74.  

Mantha, K., Laufer, B. I., & Singh, S. M. (2014). Molecular Changes during 

Neurodevelopment following Second-Trimester Binge Ethanol Exposure in a 

Mouse Model of Fetal Alcohol Spectrum Disorder: From Immediate Effects to 

Long-Term Adaptation. Dev Neurosci, 36(1), 29-43.  

Marquardt, K., & Brigman, J. L. (2016). The impact of prenatal alcohol exposure on 

social, cognitive and affective behavioral domains: Insights from rodent models. 

Alcohol, 51, 1-15.  

May, P. A., Baete, A., Russo, J., Elliott, A. J., Blankenship, J., Kalberg, W. O., Bukley, 

D., Brooks, M., Hasken, J., Abdul-Rahman, O., Adam, M.P., Robinson, L.K., 

Manning, M., Hoyme, H. E. (2014). Prevalence and characteristics of fetal 

alcohol spectrum disorders. Pediatrics, 134(5), 855-866.  

May, P. A., Gossage, J. P., Kalberg, W. O., Robinson, L. K., Buckley, D., Manning, M., 

& Hoyme, H. E. (2009). Prevalence and epidemiologic characteristics of FASD 



43 

 

from various research methods with an emphasis on recent in-school studies. Dev 

Disabil Res Rev, 15(3), 176-192.  

Meng, Xian-fang, Zou, Xiao-jing, Peng, Bin, Shi, Jing, Guan, Xin-min, & Zhang, Chun. 

(2006). Inhibition of ethanol-induced toxicity by tanshinone IIA in PC12 cells. 

Acta Pharmacol Sin, 27(6), 659-664.  

Meurk, Carla, Lucke, Jayne, & Hall, Wayne. (2014). A bio-social and ethical framework 

for understanding fetal alcohol spectrum disorders. Neuroethics, 7(3), 337-344.  

Miller, J. W., Gfroerer, J. C., Brewer, R. D., Naimi, T. S., Mokdad, A., & Giles, W. H. 

(2004). Prevalence of adult binge drinking: a comparison of two national surveys. 

Am J Prev Med, 27(3), 197-204.  

Moreno, Maria Camargo, Ignacio, Cherry, Burke, Patrick, & Middleton, Frank A. (2016). 

Chapter 4 - Alcohol Intake and Apoptosis: A Review and Examination of 

Molecular Mechanisms in the Central Nervous System A2 - Patel, Vinood B 

Molecular Aspects of Alcohol and Nutrition (pp. 45-61). San Diego: Academic 

Press. 

Naimi, T. S., Brewer, R. D., Mokdad, A., Denny, C., Serdula, M. K., & Marks, J. S. 

(2003). Binge drinking among US adults. JAMA, 289(1), 70-75.  

Nevzorova, Y. A., Cubero, F. J., Hu, W., Hao, F., Haas, U., Ramadori, P., Gassler, N., 

Hoss, M., Strnad, P., Zimmermann, H.W., Tacke, F., Trautwein, C., Liedtke, C. 

(2016). Enhanced expression of c-myc in hepatocytes promotes initiation and 

progression of alcoholic liver disease. J Hepatol, 64(3), 628-640.  

Olney, J. W. (2004). Fetal alcohol syndrome at the cellular level. Addict Biol, 9(2), 137-

149. 



44 

 

Pani, G., Fusco, S., Colavitti, R., Borrello, S., Maggiano, N., Cravero, A. A., Farre, S. M., 

Galeotti, T., Koch, O. R. (2004). Abrogation of hepatocyte apoptosis and early 

appearance of liver dysplasia in ethanol-fed p53-deficient mice. Biochem Biophys 

Res Commun, 325(1), 97-100.  

Patten, A. R., Fontaine, C. J., & Christie, B. R. (2014). A comparison of the different 

animal models of fetal alcohol spectrum disorders and their use in studying 

complex behaviors. Front Pediatr, 2, 93.  

Rice, D., & Barone, S., Jr. (2000). Critical periods of vulnerability for the developing 

nervous system: evidence from humans and animal models. Environ Health 

Perspect, 108 Suppl 3, 511-533.  

Sadrian, B., Wilson, D. A., & Saito, M. (2013). Long-lasting neural circuit dysfunction 

following developmental ethanol exposure. Brain Sci, 3(2), 704-727.  

Skov, S. J. (2009). Alcohol taxation policy in Australia: public health imperatives for 

action. Med J Aust, 190(8), 437-439.  

Sullivan, K. D., Gallant-Behm, C. L., Henry, R. E., Fraikin, J. L., & Espinosa, J. M. 

(2012). The p53 circuit board. Biochim Biophys Acta, 1825(2), 229-244.  

Williams, J. F., & Smith, V. C. (2015). Fetal Alcohol Spectrum Disorders. Pediatrics, 

136(5), e1395-1406.  

Wilson, S. E., & Cudd, T. A. (2011). Focus on: the use of animal models for the study of 

fetal alcohol spectrum disorders. Alcohol Res Health, 34(1), 92-98.  

Xiong, Shunbin, Van Pelt, Carolyn S., Elizondo-Fraire, Ana C., Liu, Geng, & Lozano, 

Guillermina. (2006). Synergistic roles of Mdm2 and Mdm4 for p53 inhibition in 



45 

 

central nervous system development. Proceedings of the National Academy of 

Sciences of the United States of America, 103(9), 3226-3231.  

Yeon, J. E., Califano, S., Xu, J., Wands, J. R., & De La Monte, S. M. (2003). Potential 

role of PTEN phosphatase in ethanol-impaired survival signaling in the liver. 

Hepatology, 38(3), 703-714.  

Yuan, F., Chen, X., Liu, J., Feng, W., Wu, X., & Chen, S. Y. (2016). Up-regulation of 

Siah1 by ethanol triggers apoptosis in neural crest cells through p38 MAPK-

mediated activation of p53 signaling pathway. Arch Toxicol.  

 

 

 

 

 

 

 

 

  



46 

 

Chapter 2 

Alcohol Intake and Apoptosis: A Review and Examination of Molecular 

Mechanisms in the Central Nervous System 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter appears as published in:  

Moreno, Maria Camargo, Ignacio, Cherry, Burke, Patrick, & Middleton, Frank A. (2016). 

Chapter 4 - Alcohol Intake and Apoptosis: A Review and Examination of Molecular 

Mechanisms in the Central Nervous System A2 - Patel, Vinood B Molecular Aspects of 

Alcohol and Nutrition (pp. 45-61). San Diego: Academic Press. 

Acknowledgment of Contributions: Maria Camargo is the main contributor of this work. 

Feeding of the animals was done by Julie Richie and Patrick Burke. Cherry Ignacio 

contributed IPA network analysis figure. Frank Middleton contributed significantly to the 

statistical analysis. 

  



47 

 

Summary 

 

 In this chapter, we review the major pathways for apoptosis and summarize the 

evidence for their involvement in the cellular responses to ethanol exposure. We focus on 

the role of apoptosis in the central nervous system as a possible consequence of ethanol 

administration. Emerging evidence suggests that the developmental timing of ethanol 

exposure has a major influence on the degree of apoptosis that is observed, either directly 

or indirectly. Thus, the consequences of fetal, adolescent, and adult exposures may not be 

equivalent in regards to apoptosis, despite the potential for significant deleterious effects 

from each. We present data from our recent studies of the molecular effects of daily 

ethanol consumption in the hippocampus, cerebellum, and peripheral blood of adolescent 

rats. These data reveal the presence of robust and widespread pro- and anti-apoptotic 

responses, indicating that although apoptosis is increased there are also cellular attempts 

to compensate and overcome the exposure.  

 

Key Facts 

• Chronic or high levels of ethanol exposure lead to apoptosis in widespread 

tissues, but the brain in particular  

• Apoptosis in the brain is most consistently detected following fetal exposures, but 

also seen to varying degrees following adolescent and adult exposures 

• Ethanol damages cells through acetaldehyde formation, increased reactive oxygen 

species formation, DNA adduct formation, and single and double strand break 

formation in DNA  
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• Along with protein and DNA markers of apoptosis, molecular profiling reveals a 

diverse set of molecular adaptations that are both pro- and anti-apoptotic in 

nature, indicating that many cells may attempt to actively inhibit this process 

following ethanol exposure 

  

Introduction 

The focus of this review is on the effect of alcohol consumption on cell death in 

the brain and central nervous system (CNS). Although some level of cell death is 

considered normal and indeed necessary for proper organ and tissue development, 

widespread increases in cell death following chronic ethanol exposure can be harmful or 

lethal to the organism. This is particularly true for cell death in the CNS. Unlike many of 

the other cells and tissues affected by ethanol, cells in the CNS are unable to regenerate 

or be replaced if they are lost. Thus, regulating cell death within the CNS is critically 

important to cell and tissue viability. 

 

Cell death through necrosis and apoptosis 

One way that cells regulate cell death is through the activation or inhibition of two 

specific cell signaling pathways, termed necrosis and apoptosis. Before discussing the 

evidence that either of these processes occurs as a consequence of ethanol exposure, it is 

first helpful to briefly distinguish them from each other.  

 

Necrosis. The process of necrosis is considered a somewhat disorganized cellular or 

tissue response to a direct injury or major insult, such as physical trauma, infection, or 

anoxia. The steps involved in necrosis include release of lysosomal enzymes, 
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fragmentation of the cell membrane, release of cytosolic contents to the extracellular 

space and initiation of a potent inflammatory response to the local area.  

 

Apoptosis. In contrast to necrosis, when cells experience more subtle challenges, or 

simply as a consequence of normal changes in tissue development, they often initiate the 

process of programmed cell death or apoptosis.1,2 Apoptosis is distinguished from 

necrosis in that cells undergoing apoptosis rarely cause an inflammatory response in the 

surrounding cells and tissue. However, as necessary as apoptosis is to multicellular 

organisms (and to some single cell organisms like yeast) it can also lead to detrimental 

effects if it occurs in excess. In the case of ethanol exposure to humans the well-known 

increase in apoptosis is highly detrimental to the organism, regardless of the organ the 

apoptosis has been measured in. 3-9 

 

In this review, we consider much of the evidence for apoptosis in the CNS as a 

possible consequence of exposure to nutritionally relevant (i.e., physiological) 

concentrations of ethanol.  Indeed, there is ample evidence that apoptosis can and does 

occur in this context. The specifics of how ethanol damages cells have been extensively 

investigated and are now recognized as including single and double strand DNA breaks 

and DNA adduct formation, acetaldehyde formation, reactive oxygen species (ROS) 

formation, and increased NADH:NAD+ ratio formation.10-12 Despite general agreement 

about the consistency of these particular events, the cellular pathways activated in cell 

death are still being determined. Thus, as will become evident, the rate at which apoptosis 
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occurs and whether there is also any accompanying necrosis depends on many variables 

and experimental conditions. 

 

There are three main pathways that can be activated for a cell to reach an 

apoptotic state: intrinsic, extrinsic, and granzyme/perforin. There is also a fourth non-

caspase pathway mediated by the release of the mitochondrial Apoptosis Inducing Factor, 

but this has been much less studied in regards to ethanol exposure.13-15 Importantly, the 

three main pathways each have their own subpathways and specific positive and negative 

regulators, but share the final steps in common: activation of proteases (specifically the 

effector caspases -3, -6, and -7), activation of endonucleases, chromatin condensation and 

marginalization, cell shrinkage, plasma blebbing, DNA fragmentation, flipping of 

phosphatidylserine to expose the negatively charged hydrophilic head to the extracellular 

space, and formation of apoptotic bodies which are engulfed by neighboring cells and by 

specialized macrophages such as Kupffer cells in the liver or microglia in the CNS 

(Figure 1).2   

 

 Although they share many later events in common, the onset of apoptosis is 

actually distinct in the three main pathways. The extrinsic pathway is distinguished by 

activation of initiator caspases -8 and -10. These caspases are themselves activated by the 

formation of the death inducing signaling complex (DISC). DISC is turned on by the 

binding of extracellular cytokines FAS L, TNF-α, TWEAK, TRAIL, and APP to their 

respective death receptors, FAS, TNF-R1, TRAMP, TRAIL-R1, TRAIL-R2, and DR6.4 

Binding of the ligand to one of these death receptors produces a conformational change in 
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the cytosolic part of the complex that promotes procaspase -8 and -10 binding along with 

the adaptor proteins FADD or TRADD.16 This binding is what leads to the formation of 

DISC and ensuing activation of caspase -8 and -10 (Figure 1). 2 

 

In contrast to the extrinsic pathway, one of the two intrinsic pathways is 

distinguished by the activation of caspase -9 when it forms part of the apoptosome. The 

two other proteins that comprise the apoptosome are the mitochondria-released proteins 

APAF1 and cytochrome c.2,17 The intrinsic pathway is notable because of the 

mitochondrial outer membrane permeabilization (which allows for cytochrome c and 

APAF1 release along with calcium). Nonetheless, this feature alone is not unique to the 

intrinsic pathway since the other two main apoptosis pathways can also lead to 

mitochondrial outer membrane permeabilization via the truncation of the BID protein 

(Figure 1).18   

 

The second intrinsic pathway is triggered by the activation of caspase -2 and 

several subpathways have been identified that can promote this activation, including the 

controversial formation of a PIDDosome by PIDD and RAIDD proteins.19,20 Finally, the 

last main apoptosis pathway, termed the granzyme/perforin pathway is activated by 

cytotoxic T lymphocytes, a type of white blood cell. This pathway has been extensively 

characterized in peripheral tissues. However, this immune-cell triggered apoptosis is not 

seen as the starting point of ethanol induced apoptosis. 
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In addition to the three main pathways, of particular interest is the less 

characterized process of anoikis.  It is defined as apoptosis induced by cell signals that 

occur as a result of detachment from the extracellular matrix. Integrins, transmembrane 

proteins, and cytoskeletal rearrangements all transduce information from the extracellular 

matrix to both the intrinsic and extracellular apoptotic pathways to induce anoikis.21  It is 

important to note that the type of anchorage dependence to the extracellular matrix varies 

considerably in different cells and tissues. Thus, anoikis uses different signal transduction 

pathways depending on the local environment.22 

 

Ethanol activated apoptosis in the CNS. Downstream of the initiation events, there is 

more consensus as to the apoptotic pathways activated by ethanol. In the CNS, it has 

traditionally been  thought that the intrinsic apoptotic pathway is primarily activated by 

ethanol exposure. In contrast, in the gastrointestinal tract and liver, studies largely 

support activation of the extrinsic pathway after ethanol exposure.4,8  Notably, the 

evidence for the intrinsic pathway is mainly based on increases in active caspase 3 and 

the absence of increases in active caspase 8 following exposures.23 However, because 

caspase 3 is an effector caspase that is activated by the extrinsic, intrinsic, or 

granzyme/perforin pathways, its presence alone cannot be viewed as solely supporting 

the involvement of the intrinsic pathway. Along these lines, it is important to point out 

that there are in vitro studies that have reported greater extrinsic pathway activation based 

on Fas and FasL expression,24-27 as well as at least one study reporting increased caspase 

-2,-3,-8 and -9 activity following ethanol exposure.28  Thus, at least some data support 
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activation of both intrinsic and extrinsic pathways, and the differences in outcomes may 

depend on the tissue and cell types, as well as timing, dose, and routes of exposure. 

 

The upstream signaling mechanisms that lead to increased apoptosis following 

ethanol exposure are still being debated. Some of the candidate signaling pathways that 

have been closely examined in this regard include neurotrophins, PI3K, p53, PTEN, 

GABA & glutamate receptors and recycling machinery, among others.1,29 While it is not 

possible to review all of this evidence here, we will highlight the major findings relevant 

to ethanol exposures covering one or more developmental periods: gestation, 

adolescence, and adulthood (Table 1). 

 

 

Fetal alcohol exposure 

The etiology of Fetal Alcohol Spectrum Disorder (FASD), though variable, is 

well known. However, our understanding of the molecular mechanisms through which 

alcohol exposure produces the FASD phenotype is incomplete, as is the explanation for 

why maternal alcohol consumption exerts its most detrimental effects on brain 

development and subsequent measures of brain function, despite the fact that the entire 

embryo is exposed.30 Moreover, within the CNS, although there are indications that the 

teratogenic effects of ethanol are widespread and affect “almost the entire brain" in both 

humans and animal models,31,32  there appears to be an enhanced vulnerability to cell 

death and apoptosis in certain brain areas. These more sensitive areas include the anterior 

vermis, hippocampus, corpus callosum, caudate, and regions of the frontal, parietal and 
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temporal lobes.31,32 Notably, however, the timing and duration of the exposure clearly 

influences these findings. Consequently, identifying possible explanations for the 

regional and temporal gradients in vulnerability to cell death following ethanol exposure 

has been a subject of considerable interest and study. Several mechanisms already 

mentioned have been implicated in such findings, including differences in cell-cell 

interactions, gene expression and epigenetic responses, relative differences in oxidative 

stress, DNA damage and cell cycle regulation, and differences in the availability for 

trophic support from growth factors.33  

 

Third trimester models. As noted previously, two of the brain regions most affected in 

human FASD are the cerebellum, particularly the anterior vermis, and the hippocampus. 

For this reason, most of the early research work using FASD models focused on these 

structures. That research also importantly identified the third trimester as one of 

heightened vulnerability to ethanol.34 In rodent models, early studies by Bauer-Moffat 

and Altman35 showed that there was enhanced reduction in cerebellar weight compared to 

whole brain weight, reduced thickness of the cerebellar cortex, and decreases in both 

Purkinje cell number and granule cell number, due to alcohol exposure. Subsequent 

research by West and colleagues confirmed that high blood alcohol levels (BALs), 

especially from small concentrated doses (i.e., binge drinking), lead to decreased 

numbers of granule cells and Purkinje cells36 as well as decreased neurons in two major 

sources of input to the cerebellum - the inferior olive and trigeminal nucleus - but no 

decreases in hippocampal cell number, except in the CA1 region at the highest BAL.37,38  
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A pathway for the observed decreases in cell number and volume measures is 

apoptosis as detected by the identification of active caspase -3 immunohistostaining. 

Following up on these seminal studies, single binge third trimester alcohol exposure 

models in rodents have been developed that use two 2.5g/kg subcutaneous injections 

given two hours apart on day postnatal day 7 (P7). This corresponds to the third trimester 

in humans based on the equivalent patterns of brain and physiological development. In 

these single day exposures widespread increases in silver staining of neurons are reported 

throughout the brain, indicating compromised cell membranes and neuronal 

degeneration.39,40 Increased caspase 3 was also observed in the rostral forebrain and the 

cerebral cortex in the parietal lobe immediately superior to the hippocampus (which is 

where the scientists focused their analysis).40,41 

 

  Some of the more recent work on apoptosis due to fetal alcohol exposure has been 

done using third trimester binge drinking models in non-human primates. Burke et al.42 

found that the offspring of Vervet monkeys who binge-drank four times per week during 

the third trimester had decreased numbers of neurons in the frontal cortex at two years of 

age. The authors interpreted their data as supporting the evidence for impairments in 

frontal lobe functions, such as executive function, in children with FASD. Building on 

these findings, Farber and colleagues43 looked at whether single 8 hr exposures to ethanol 

at doses producing BALs of 300-400 mg/dL in pregnant Cynomologous monkeys 

(equivalent to binge drinking levels seen in humans) was sufficient to cause apoptosis at 

various timepoints throughout the third trimester (gestational days 105-155 in macaque). 

In this case, apoptosis was assessed immediately after the end of the 8 hour alcohol 
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exposure. The authors found that the alcohol-exposed fetal brains had more than 60-fold 

higher active caspase -3 staining than the saline-exposed controls, and this was observed 

in various regions throughout the brain.43 Moreover, despite the generally widespread 

nature of the increased apoptosis, it did appear that different brain regions were affected 

during the earlier part of the third trimester (from G105-G135) compared to the later part 

of the third trimester (G140-G155). The areas with earlier susceptibility included the 

cerebellum, subiculum and entorhinal cortex, as well as the striatum, thalamus, and 

inferior colliculus. In contrast, superficial cortical layers (which are the last to develop) 

appeared to be more susceptible to later exposures.43  

 

 As already mentioned, numerous molecules and processes have been found to 

contribute to apoptosis in the CNS following ethanol exposure, including BAX, GABA 

agonists, glutamate antagonists, insulin like growth factor 1, superoxide anion generation, 

lipid peroxidation, acetaldehyde, cyclic AMP, and 4-hydroxynonenal.13,33,39,44-52 One way 

to identify whether the involvement of the molecules are essential to ethanol-induced 

apoptosis is to knock-down or knock-out that gene in mice and observe if apoptosis levels 

decrease. This what Young and colleagues47 did using Bax-null (homozygous Bax -/-) 

and Bax-deficient (Bax -/+) mice in a third trimester exposure paradigm. Using active 

caspase-3 staining, they reported a complete lack of apoptosis in the null Bax -/- mice but 

no change in apoptosis in deficient (Bax+/-) mice compared to wild-type mice following 

ethanol exposure. This is striking evidence for the critical involvement of Bax and the 

mitochondria in ethanol-induced apoptosis, since Bax translocates from the cytosol to the 
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outer membrane of the mitochondria and increases mitochondrial permeability as part of 

cellular apoptosis. 

 

 Additional molecules specific to neurons have also been identified that play a role 

in neuronal ethanol induced apoptosis. Ethanol is a well-characterized GABA agonist and 

glutamate antagonist. Since excessive amounts of GABA agonists and glutamate 

antagonists have been found to cause widespread apoptosis in the brain,39,49 these types of 

compounds can be compared with ethanol to test the critical involvement of their 

signaling pathways in ethanol-induced apoptosis. It was already known that the addition 

of N-methyl-D-aspartate (NMDA), glycine, or glutamate (at non-excitotoxic levels) had  

trophic effects on cultures of postnatal day 6-8 (P6-P8) cerebellar granule neurons. 

However, Wegelius & Korpi53 and Bhave et al.48 both correlated ethanol induced 

apoptosis to a decrease in the effectiveness of NMDA to serve as a trophic factor. These 

authors proposed that the effect of ethanol on apoptosis was therefore “mediated, at least 

in part, by inhibition of NMDA receptor function.”48  

 

In similar studies, ethanol exposure was also determined to contribute to apoptosis 

through inhibition of another molecule with trophic effects: Insulin-like Growth factor 1 

(IGF-1).54 Addition of 100mM ethanol for 24hr exposure to primary cultured P7-P8 

cerebellar granule neurons inhibited the neurotrophic action of IGF-1, with cell viability 

decreasing from 90% to 35% as measured by trypan blue staining, and confirmation of 

apoptotic morphology with Hoechst staining. Notably, however, the tropic effects of IGF-

1 were subsequently proposed by Zhang and colleagues45 to be dependent on PI3-kinase, 
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since inhibition of PI3-kinase using LY294002 also lead to increases in apoptosis 

regardless of the presence of IGF-1 

 

Additional in vitro studies of third trimester models of ethanol exposure have also 

coupled increased apoptosis following ethanol or ethanol metabolite exposure with DNA 

damage. Holownia et al.50 used primary cultures of rat astrocytes from newborn rat pups 

to show that there was more DNA fragmentation after exposure to ethanol (4.1%) but 

even greater increases in DNA fragmentation after exposure to the ethanol metabolite 

acetaldehyde (17.9%). Notably, in this study, the authors quantified DNA fragmentation 

using the random oligonucleotide primed synthesis (ROPS) assay, and compared 20mM 

ethanol exposure with .448mM acetaldehyde concentration as measured by HPLC. They 

also showed that maintaining levels of acetaldehyde (by co-culturing with ADH 

transfected CHO cells) caused increased DNA fragmentation greater than a 4 day 

exposure to ethanol alone, and thus could represent the putative cause of apoptosis in 

ethanol exposures 

 

First trimester models. In addition to third trimester models of FASD there have also 

been several studies of alcohol-induced apoptosis during the first trimester and second 

trimester, including work in non-rodent species.55-57 For example, Cartwright and 

colleagues55 used a chick embryo model of FASD to determine ethanol increased 

apoptosis in neural crest cells when ethanol was applied at the gastrulation stage (HH4) 

but not when applied after neural crest migration commenced (HH12). Such findings 

were thought to provide a possible mechanistic explanation for early ethanol exposures to 
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give rise to the facial phenotype of FASD (flat groove between nose and upper lip, thin 

upper lip, and small eye width) through effects on facial progenitor cells. Other studies 

using first and second trimester ethanol exposure models in mice also provided clear 

evidence of increased apoptosis, but demonstrated that the sites most affected were 

distinct to the timing of ethanol injections.56,57 For example, loss of pre-migratory cranial 

neural crest cell populations affecting the hindbrain and trigeminal, sensory and motor 

nuclei was detected when mice were exposed to ethanol at GD8.56  

 

In addition to measuring total levels of apoptosis, some first trimester fetal 

alcohol exposure studies have also sought to identify the specific molecules involved in 

increasing apoptosis. Kotch et al., reported increased superoxide formation conciding 

with increased apoptosis in first trimester mouse embryo explants exposed to ethanol 

versus controls or versus embryos exposed to ethanol and the antioxidant superoxide 

dismutase.44 De et al.,51 noted that ethanol is known to reduce endogenous levels of di-

butyryl cyclic AMP (Bt2cAMP) and tested whether adding it to cell cultures could be 

neuroprotective. They reported that addition of Bt2cAMP reduced levels of ethanol-

induced cell death (to ~36% from ~46%) in primary fetal (G19-21) hypothalamlic cell 

cultures, although it was still greater than that of controls (~18%).51 While their data 

supported a connection between ethanol-induced neuronal apoptosis and cAMP, those 

authors also pointed out that increased cAMP levels have been shown to promote 

apoptotic cell death in other cell types, including thymocytes and lymphoid cell lines. 
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Other notable molecular events implicated in early gestational FASD models 

include direct DNA damage and formation of 4-hydroxynonenal (HNE), a byproduct of 

ethanol-enhanced lipid oxidation. For example, using centrifugation and fluorometric 

HPLC techniques, Holowinia et al.50 and Ramachandran et al.13 reported 25% increased 

DNA fragmentation and 23% increased HNE formation after in utero exposure of G17 

and G18 embryos to ethanol versus an isocaloric dextrose solution.   Ramachandran et 

al.58 subsequently demonstrated that in vitro addition of HNE increased Cytochrome c 

and AIF release from fetal mitochondria. Thus, both DNA damage and HNE formation 

are implicated in ethanol-induced neuronal apoptosis, and could be triggers for other 

molecular events. 

 

Stem cell and slice culture models. There has been considerable interest in evaluating 

the possible effects of early gestational exposures of ethanol on cell proliferation and cell 

migration in the developing cerebral cortex. Indeed, the precise coordination of these two 

processes are critical to normal brain development and directly affect cell fate. During 

corticogenesis, cells that will become projection neurons have to exit the cell cycle at a 

precise time and attach to a radial glial fiber that they use to translocate to the outermost 

lamina. Once the neurons arrive, they then have to detach from the radial glia as they 

begin to fully differentiate.  Ethanol exposures during these events appear to disrupt cell 

cycle timing, altering both migration and final cell fate determination.59,60 In an attempt 

to model the events that take place in the developing brain as a result of ethanol exposure, 

studies have been done using organotypic slice cultures exposed to ethanol or the anti-

proliferative (and anti-inflammatory) growth factor TGF β1, which stimulates precursor 
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cell differentiation. Siegenthaler61 showed that addition of 400 mg/dL ethanol or TGF β1 

increased the expression of the cell adhesion molecule nCAM and the integrins α3, αv, 

and β1. Interestingly, however, the combined application of TGF β1 and ethanol led to 

decreased expression of the same molecules. The potential ability of both ethanol and 

TGF β1 to profoundly influence cell adhesion was further supported by some of our own 

previous work examining the effects of these compounds on rat B104 neuroblastoma 

cells, where significant changes in more than 20 cell adhesion genes and proteins were 

observed.62 

 

It is quite possible that the aberrant cell migration reported after ethanol 

exposures, as well as the alteration in cell proliferation and increased apoptosis, are all 

related to the process of anoikis, which promotes apoptosis as a result of detachment 

from the extracellular matrix. Previous research makes such a connection possible. Using 

human pluripotent cells, Wang et al. reported increased caspase-dependent anoikis when 

the proliferative growth factor FGF was removed from culture, as measured by presence 

of stained F-Actin structures that resembled cortical rings indicative of anoikis.63 

Miñambres et al.64 subsequently showed that the same peripheral membrane associated 

actin rings formed in cultured astrocytes exposed to ethanol. Notably, in studies that will 

be presented later in this chapter, we have observed additional evidence for the potential 

involvement of anoikis in the brain’s response to ethanol intake. 

 

Adolescent ethanol models. Although there is more attention given to fetal exposure 

than to adolescent exposure, ethanol exposure during either time can have adverse effects 
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on the developing brain and predispose newborns and adolescents to an alcohol use 

disorder (AUD) in adulthood.65-67 Moreover, chronic postnatal exposure to ethanol also 

causes significant neuronal death in the brain.  Studies of adolescent alcohol exposures 

have been performed in rodent, primates, and humans. The adolescence studies typically 

model the human age range from 10 to 20 years of age. Notably, this is a critical time 

period in which there is pruning of 40-50% of synapses, extensive myelination, 

alterations in neurotransmitter receptor levels and sensitivity, and in general significant 

developmental changes in the brain.68 

Perhaps because it is in such a dynamic state, one of the major findings regarding 

the effects of ethanol exposure during adolescence is that it predisposes to increased 

alcohol consumption in adulthood.69 Moreover, adolescent ethanol exposure in humans is 

also associated with decreased brain volume in young adults and adolescents as measured 

by MRI.70 An obvious mechanism for reduced brain volume is loss of cells. In a rat 

model of chronic alcohol consumption that began in adolescence (P35) and lasted for 8 

weeks, reductions in cortical neurons, astrocytes, and microglia were all reported.71 

Unlike fetal alcohol exposure studies, however, direct apoptosis measures have not 

commonly been used to determine if such cell losses are due to apoptosis or other 

processes, although some studies have examined activated (cleaved) caspase -3 

immunohistochemistry, with variable results.  

 

Some studies examining caspase -3 immunohistochemistry have reported 

increased staining after ethanol exposure. In a five week ethanol vapor exposure starting 

at weaning (P23) in rats, one group reported significantly increased caspase -3 staining at 
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2 weeks and 8 weeks post-withdrawal compared to controls.68 Another group showed that 

rats given 10% (v/v) ethanol as their only fluid source for 8 weeks, beginning in 

adolescence showed increased caspase -3 activity in both the cerebellum and neocortex. 

Likewise, Pascual et al.72 also found an increase in caspase -3 activity and DNA 

fragmentation in the cerebellum, neocortex, and hippocampus of adolescent rats who had 

been administered 3 g/kg ethanol by i.p. injection for two consecutive days at 48 hour 

intervals over two weeks.  Similarly, Jang et al.73 reported increased caspase -3 and 

TUNEL staining in the dentate gyrus after administering P30 adolescent rats 2 g/kg 

ethanol by i.p injection once a day for three days.  A more invasive but perhaps more 

biologically-appropriate model of ethanol consumption used intragastric gavage to 

administer 25% (w/v) ethanol every 8 hrs for 4 days (called the Majchrowicz method74) 

and also reported significantly increased TUNEL staining.75 Thus, several studies have 

documented increased caspase -3 activity and TUNEL staining following adolescent 

ethanol exposure.  However, results from other studies argue against increased apoptosis 

following ethanol exposure and instead propose that only an inflammatory response is 

taking place,72,75 For example, one study reported increased inactive caspase -3 but not 

active caspase -3, along with changes in phospholipase A and Parp-1 specifically in the 

hippocampus in a rat model that used combined one week exposures during adolescence 

(starting at P37) and again in adulthood (starting at P68).76 Nonetheless, whether it occurs 

by apoptosis or necrosis there is a general consensus that neural degeneration is increased 

due to adolescent ethanol exposure mainly identified by cupric silver staining.77 

 



64 

 

Adult models. As in prenatal and adolescent studies, adult alcohol exposure studies for 

the most part identify neurodegeneration in the brain as well as volume decreases in the 

brain after various types of ethanol exposure.78-84 The frontal cortex, hippocampus, 

cerebellum, and white matter have all been highlighted as areas with possibly greater 

ethanol vulnerability, although some papers have reported no neurodegeneration in these 

areas as well.85-87 The positive findings have led to the development of a frontal lobe 

theory of ethanol susceptibility that coincides with frontal lobe-dependent 

neuropsychological deficits in adults with AUD.82   

 

The mechanisms that produce neurodegeneration in the adult brain after ethanol 

exposure are an area of active investigation. When specifically looking for apoptotic 

markers, several studies have identified an increase in apoptosis in the adult model of 

ethanol exposure. For example, in a 12 week study of adult male Wistar rats, 

consumption of 10% (v/v) ethanol in water was found to increase caspase-3 and TUNEL 

staining.14 Those investigators further proposed that hippocampal apoptosis was 

dependent on increases in caspase -9 but frontal cortex apoptosis was caspase 

independent and instead mediated by AIF. In contrast to these assertions, results from a 5 

month study in C57BL/6 female mice consuming 10% (v/v) ethanol in water, showed 

increased active caspase -3 staining and caspase -3 mRNA in the medial frontal cortex.88 

In addition, an 11 day study in male Sprague-Dawley rats administered 2g/kg ethanol by 

i.p. injection also reported increased caspase -3 and caspase -9 in the neocortex.89 Besides 

an increase in caspase -3, and -9, some studies in adult humans and rodent models have 

also found increased TUNEL staining. In post mortem human brains of adults with a 
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positive history of AUD (defined by intake of >80g of alcohol per day) increased TUNEL 

positive cells were reported, although the authors also noted that the cells did not possess 

“typical morphological features of apoptosis.”90 In contrast, in a 6 week study of male 

Sprague-Dawley rats involving consumption of 6.4% (v/v) ethanol liquid diet, 

researchers reported an increase in TUNEL staining with a concomitant increase in 

pyknotic staining in the dentate gyrus of the hippocampus, particularly the proliferative 

subgranular zone.91  

 

As in the studies of adolescent ethanol exposures, the adult apoptosis question 

becomes highly complicated to address because there are several studies that have 

reported no increases or actual decreases in apoptosis, depending on the paradigm and 

region of study. For example, one study that used a 3 week ethanol self administration 

paradigm followed by 6 weeks of ethanol vapor exposure in adult male Wistar rats 

reported increased hippocampal apoptosis but decreased mPFC apoptosis as measured by 

active caspase -3 immunohistochemistry. Another study that assessed total brain 

homogenates of adult male Sprague-Dawley rats after a single dose of 2.5g/kg ethanol 

showed no difference in caspase -3 activity compared to controls and reported that 

ethanol exposure after brain trauma actually decreased relative caspase -3 activity.92 

Likewise a post mortem human study of male AUD subjects also reported decreases in 

activated caspase -3 in the prefrontal cortex.93 And finally, using the Majchrowicz 

method of ethanol exposure,74 intragastric infusion of 5g/kg 25% (w/v) ethanol to adult 

male Sprague-Dawley did not increase TUNEL labeling and demonstrated no 
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morphological changes in cells indicative of apoptosis using transmission electron 

microscope, although increases in pyknotic cells was reported.94 

 

Molecular Profiling of the Effects of Ethanol Consumption in Adolescent Rats 

 To evaluate the evidence for ethanol-induced apoptotic mechanisms in one 

particularly relevant developmental age (adolescence), we have recently been performing 

comprehensive genome-wide transcriptional profiling of the brain and peripheral blood 

leukocytes using a 3 week daily drinking paradigm.  Our first studies utilized a total of 24 

(12 male and 12 female) Long-Evans adolescent rats (Harlan Labs).  At the time of 

weaning, these animals were all housed in individual cages, fed ad lib chow, and exposed 

to a 12 hour reverse light/dark cycle. At postnatal day 29 (the beginning of adolescence), 

the animals were split into two groups, with one group fed exclusively an ad lib liquid 

diet (from OpenSource Research Diets™ ) that we modified to contain 6.7% ethanol 

(accounting for 35% of the total caloric content). Another group of rats (termed “pair-

fed” or PF) was weight-matched with the ET-fed rats, and fed aliquots of a control liquid 

diet (with maltose replacing ethanol) defined by the volume of liquid ethanol diet the 

matched ET-fed rats consumed.  Throughout the course of the study, body weight and 

alcohol consumption of the animals was measured. The ethanol diet consumption data 

were normalized to body weight and reported in mL per kilogram (kg). At the study-

midpoint, approximately 500µl of venous tail blood was obtained within four hours of the 

peak feeding time and blood ethanol concentrations (BECs) were determined using an 

Analox Analyzer. Then, after three weeks, all the rats were euthanized and we collected 

blood samples for gene expression profiling as well as a liver function test (LFT) enzyme 
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panel. The LFT indicators included alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), alkaline phosphatase (ALP), total and direct bilirubin, and 

albumin. In addition to the blood sampling, we also dissected the hippocampus and 

cerebellar vermis for molecular profiling. RNA samples from the blood, hippocampus, 

and vermis were analyzed for ethanol-induced changes in expression in using standard 

protocols on the Rat Gene 1.0 ST Array (Affymetrix). This analysis was performed using 

a 3-way ANOVA to probe for effects of the Diet (Ethanol vs Control), or Tissue (Blood, 

Hippocampus, Vermis), while using the Pair factor to mitigate the influence of gender 

and caloric consumption.   

 

 Using this treatment paradigm, we first observed that all the  rats consumed 

relatively stable amounts of the liquid diet and gained weight during the course of the 

study, with males and females consuming the same volume of ethanol adjusted per body 

weight (Figure 2). Furthermore, when we measured the BEC levels at the mid-point of 

the study, we found that ethanol-consuming rats exceeded 150 mg/dL, with female rats 

showing a non-significant trend for higher levels than their male adolescent counterparts 

(220.3 mg/dL vs 151.3 mg/dL) despite consumption of the same quantity of ethanol per 

body weight.  The results from the liver function tests also confirmed that the ethanol 

consuming rats were experiencing signs of liver damage, with consistent and significant 

elevations in AST, ALP, and the AST/ALT ratio in ethanol versus PF rats (Figure 2).     

 

When next examined the gene expression data to reveal the most robustly affected 

genes across tissue types (Table 2), after correcting for multiple testing.  Notably, most 
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of these genes showed robust changes in more than one tissue type, with two genes (Fos 

and Plekho1) showing significant changes in all three tissues. Validation of selected 

changes in expression was then performed using real-time quantitative RT-PCR. for 6 

genes of interest that were significantly changed in the array data - Atf5, Plcl2, Fos, 

Npas4, Dusp1, Nr4a2, and FosB. Each of these genes was independently confirmed as 

changed by these assays in at least one tissue type with evidence of a high correlation 

(R=0.91) in the changes seen by PCR and array data for these genes across the tissues. 

 

Finally, in order to determine the possible relevance of some of our most changed 

genes to cellular apoptosis and necrosis pathways, we performed bioinformatic analysis 

of the most robustly changed genes using the Gene Ontology tool in Partek Genomics 

Suite software, as well as the Core Analysis and Molecular Activity Prediction tools in 

Ingenuity® IPA software (Qiagen, Valencia, CA).  This analysis revealed that among the 

top 40 enriched gene networks identified  as enriched in our significant genes, there were 

five related to positive regulation of apoptosis and anoikis, two related to oxidative stress, 

11 related to general transcriptional regulation, and five related to cellular differentiation 

and synaptic plasticity (Table 3).  Because we were specifically interested in apoptosis-

related networks, we further examined the genes related to apoptosis and anoikis and 

found several that belonged to multiple gene networks (Table 4). Notably, three of the 

genes that we identified (Sik1, Aes, and Ptrh2) are specifically involved in the positive 

regulation of anoikis, with two (Sik1 and Aes) showing robustly increased expression and 

the other (Ptrh2) showing robustly decreased expression following ethanol consumption.  

The complementary bioinformatic analysis we completed used Ingenuity IPA software to 
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map the functions of a more complete set of transcripts (n=118) that showed FDR-

corrected p-values less than 0.05 for the main effect of ethanol consumption across the 

three tissues. This revealed robust mapping of genes to both pro- and anti-apoptosis 

related networks. Moreover, the Molecular Activity Predictor tool also showed bi-

directional changes in several specific subpathways, with a net effect of inhibiting 

apoptosis related genes and activating pro-survival genes. When visualized across the 

three tissues, these predicted responses were most evident in the two CNS regions versus 

blood (Figure 3). It is also worthwhile to point out that although the net direction of 

change tended to be unidirectional, there were several genes in these apoptosis-related 

networks whose direction of change was not consistent with the predicted overall change. 

 

Thus, from our own studies, we have obtained clear molecular evidence that 

overall there is evidence of both pro-apoptosis and anti-apoptosis processes going on 

following ethanol consumption during adolescence.  Moreover, although we focused this 

review on studied that considered specific apoptotic measures in their outcomes, our data 

demonstrated that other molecules which are not necessarily widely-studied in apoptosis 

research may in fact be more important to consider than some of the traditional apoptotic 

markers. So, the disparities in the literature might be best explained by careful 

consideration of our results.  There are clearly robust changes caused by ethanol, but 

depending on the timing of when you look, the paradigm, and the tissue, you might see 

changes in different directions that could involve different sets of genes and proteins than 

you originally envisioned  (Figure 3). 
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Conclusions 

 Ethanol is a potent central nervous system (CNS) depressant with a wide range of 

side effects on the body. For example, cell membranes are highly permeable to alcohol. 

Therefore, once alcohol enters the bloodstream it rapidly diffuses into nearly every tissue 

and organ. However, food stores, hydration, gender, body mass and many other variables 

all affect the absorbency and metabolism of alcohol.95 The short-term and long-term 

effects of moderate alcohol consumption can include changes in metabolism, 

dehydration, blurred vision, ataxia, cognitive impairment, a reduced ability to evaluate 

the consequences of behavior and even anterograde amnesia.93,96 Chronic effects of 

excessive consumption can include damage to virtually every organ in the body through 

apoptosis and/or necrosis. 

 

Apoptosis is a necessary biological process. However, an unregulated increase in 

apoptosis can be detrimental to the body or in the case of ethanol-associated cancers, a 

complete lack of apoptosis can be lethal. There are three main apoptotic pathways, one 

extrinsic and two intrinsic, as well as a granzyme/perforin pathway and an additional 

non-caspase dependent pathway. The literature regarding the CNS indicates that it is 

particularly vulnerable to the damaging effects of ethanol, with general agreement that 

prenatal ethanol exposures increase neuronal apoptosis, but disagreement regarding the 

importance of apoptosis following adolescent and adult exposures. Here we have 

reviewed studies that considered specific apoptotic measures in their outcomes. This 

evidence tells us apoptosis cannot be discounted as being highly activated in ethanol 

exposures at any of the three developmental life stages (fetal, adolescent, adult).  
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Examination of our own molecular data on the effects of daily ethanol consumption in 

adolescent drinking rats indicates that pro-apoptotic responses may be the most obvious 

or easiest to detect, but that a more inclusive analysis reveals that cells in the CNS and 

periphery also may attempt to inhibit apoptosis and promote survival. Such responses 

may be the most critical in an organ or tissue such as the CNS, where the capacity for 

cellular renewal and replacement is limited. However, our data also showed the same 

trend in the highly-renewable leukocyte population in the peripheral blood. Thus, we 

cannot avoid the conclusion that the studies supporting increases in apoptosis-related 

responses and the studies failing to demonstrate these increases may both have validity. 

Explanations for any apparent disparities may be found after careful consideration of the 

specific experimental paradigms and ages of the animals, tissues and cell types that are 

studied, and the molecular markers examined. 

 

In summary, FASD and AUD remain as preventable disorders that have lifelong 

health consequences for individuals. Future research should consider more 

comprehensive approaches regarding the molecular determinants of ethanol-induced 

brain and tissue damage if we are to make progress to redress the toll alcohol abuse and 

misuse take on our society. What can be concluded at this point is that ethanol 

neurotoxicity involves the apoptotic process but there is a need to further elucidate the 

precise mechanisms involved.  
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Figure 1. Cellular apoptosis induced by exposure to ethanol. Intrinsic and extrinsic 

pathways may be activated as well as anoikis.  Although different events can initiate 

each, there are points of convergence at the level of effectors caspases 3, 6, and 7 and 

both culminates with formation of apoptotic bodies and eventual phagocytosis. 
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Figure 2.  Body weight, ethanol consumption and liver function tests in ethanol-

consuming rats.  Note that both males and females consuming ethanol and their pair-fed 

controls that received isocaloric non-alcoholic liquid diet all gained weight during the 3 

week daily consumption period and that the ethanol-consuming rats showed signs of 

significant liver damage, demonstrating a toxic level of ethanol exposure was produced.  

Abbreviations:  ET, Ethanol fed; PF, Pair-fed; ALP, Alkaline Phosphatase ; ALT, 

Alanine Aminotransferase; AST, Aspartate Aminotransferase; Tot. Bili., Total Bilirubin 
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Figure 3.  Molecular activity prediction of the transcriptional effects of ethanol 

consumption. The Ingenuity IPA Molecular Activity Predictor tool was used to analyze 

all of the genes identified as significantly changed following 3 weeks ethanol 

consumption across three tissue types (hippocampus, cerebellar vermis, and blood 

leukocytes).  This analysis revealed that overall, there is a net attempt to inhibit pro-

apoptotic networks (blue) and activate pro-survival networks (orange). These likely 

represent conserved compensatory responses to ethanol intake. 
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Table 1. Apoptotic and cell stress markers studied in alcohol-exposed neural tissue from 

different aged models 
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Table 2. Top 25 significantly changed genes following 3-week daily ethanol 

consumption 
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Table 3. Top 40 significantly enriched gene ontologies following 3-week daily ethanol 

consumption. 
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Table 4. Common apoptosis-related genes altered by ethanol consumption 
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Chapter 3 

Heterogeneity of p53 dependent genomic responses following ethanol exposure in a 

developmental mouse model of Fetal Alcohol Spectrum Disorder 
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Abstract 

Prenatal ethanol exposure can produce structural and functional deficits in the brain and 

result in Fetal Alcohol Spectrum Disorder (FASD). In rodent models acute exposure to a 

high concentration of alcohol causes increased apoptosis in the developing brain. A 

single causal molecular switch that signals for this increase in apoptosis has yet to be 

identified. The protein p53 has been suggested to play a pivotal role in enabling cells to 

engage in pro-apoptotic processes, and thus figures prominently as a hub molecule in the 

intracellular cascade of responses elicited by alcohol exposure. In the present study we 

examined the effect of ethanol-induced cellular and molecular responses in primary 

somatosensory cortex (SI) and hippocampus of 7-day-old wild-type (WT) and p53-

knockout (KO) mice.  We quantified apoptosis by active caspase-3 

immunohistochemistry and ApopTag™ labeling, then determined total RNA expression 

levels in laminae of SI and hippocampal subregions.  Immunohistochemical results 

confirmed increased incidence of apoptotic cells in both regions in WT and KO mice 

following ethanol exposure.  The lack of p53 was not protective in these brain regions. 

Molecular analyses revealed a heterogeneous response to ethanol exposure that varied 

depending on the subregion, and which may go undetected using a global approach. Gene 

network analyses suggest that the presence or absence of p53 alters neuronal function and 

synaptic modifications following ethanol exposure, in addition to playing a classic role in 

cell cycle signaling. Thus, p53 may function in a way that underlies the intellectual and 

behavioral deficits observed in FASD. 
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Introduction 

Fetal Alcohol Spectrum Disorder (FASD) is caused by maternal alcohol consumption 

during pregnancy. Abstaining from consumption would prevent this disorder, 

unfortunately this has proven difficult to achieve. The general U.S. prevalence rate of 

FASD is on average 3.6% of children (May et al., 2014) (May et al., 2009). The effects of 

ethanol on the developing brain include a wide range of molecular alterations, including 

changes in DNA, RNA, and protein. Knowledge of the mechanisms underlying these 

alterations may help redress the damage. One major consequence of developmental 

ethanol exposure is a marked increase in apoptosis that strongly contributes to the FASD 

phenotype (reviewed in (Moreno, Ignacio, Burke, & Middleton, 2016). Moreover, there 

appears to be an enhanced vulnerability to cell death and apoptosis in specific brain 

regions, including the anterior vermis of the cerebellum, the hippocampus, the corpus 

callosum, the striatum, and selected regions of the frontal, parietal and temporal lobes 

(Sadrian, Wilson, & Saito, 2013) (Niccols, 2007) (Spadoni, McGee, Fryer, & Riley, 

2007) (Miller, 2006).  

 

At the protein level, several molecules have been identified with putative roles in 

directing the cell towards apoptosis, including neurotrophins, phosphoinositide 3-kinase, 

p53, phosphatase and tensin homolog, gamma-Aminobutyric acid, and glutamate 

receptors, and membrane recycling machinery (Nikolić, Gardner, & Tucker, 2013) 

(Kuan, Roth, Flavell, & Rakic, 2000). Among these, the transcription factor p53 has 

emerged from work in our lab as well as others, as being particularly affected by ethanol 

exposure (Hicks et al., 2012) (Hashimoto-Torii, Kawasawa, Kuhn, & Rakic, 2011) (Kuhn 

& Miller, 1998). p53 is a well-studied protein that has been nicknamed the ‘guardian of 
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the genome’ because of its classical function as a transcription factor that induces the 

transcription of p21 leading to a stoppage of the cell cycle upon detection of cellular 

stress (Lane, 1992). Transcribed p21 RNA goes on to inhibit cell cycle progression by 

binding to Cdk2 (Harper et al., 1995). Inhibition of Cdk2 prevents cells in G1 from 

progressing into the next cell cycle phase which is when the synthesis of new DNA 

occurs. p53 is also recognized to prevent cell cycle progression in other phases of the cell 

cycle (Spurgers et al., 2006). In addition to p53’s classic role as cell cycle inhibitor, it is 

also well accepted that it promotes expression of genes involved in apoptosis, DNA 

repair, senescence, autophagy, and development (Sullivan, Gallant-Behm, Henry, 

Fraikin, & Espinosa, 2012) (K. H. Vousden & Prives, 2009). The focus of the current 

study is on the role of p53 in apoptosis signaling. 

 

The protein Bax is one of several well-studied examples of an apoptosis genes that p53 

promotes transcription (Brady et al., 2011) (Geng et al., 2010) (T. Riley, Sontag, Chen, & 

Levine, 2008) (Karen H. Vousden & Lane, 2007). Studies of the role of p53 in alcohol-

induced apoptosis, however, reveal a range of reported outcomes regarding its level of 

expression. The majority of ethanol studies have focused singularly on the liver, and have 

in general found that p53 protein and mRNA increases, although there are studies that 

show the opposite trend (Li et al., 2014) (Derdak et al., 2011) (Lieber, Leo, Wang, & 

DeCarli, 2008) (Pani et al., 2004), (Yeon, Califano, Xu, Wands, & De La Monte, 2003), 

(Zhang, Gong, & Minuk, 2000). Studies of p53 that have considered the damage done to 

the brain in drinking paradigms are fewer (Hashimoto-Torii et al., 2011) (Ghosh et al., 

2009) (Kuhn & Miller, 1998).  
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To better understand whether p53 coordinates the observed increase in apoptosis in the 

brain in response to alcohol exposure, the present study was undertaken to provide a 

comprehensive analysis of the molecular mechanisms that underlie the contribution of 

p53 to the FASD phenotype. We focused in particular on two of the brain areas described 

above: the primary somatosensory cortex and the hippocampus. We took a unique 

approach in examining total RNA expression levels in primary somatosensory cortex in 

combination with a more spatially-refined RNA expression analysis related to p53 

pathways in individual subregions of the somatosensory cortex (lamina 2-3, 4, 5, 6) and 

subregions of the hippocampus (CA1 and dentate gyrus). 

 

Our results reveal that there is a heterogeneous response to alcohol exposure that varies 

depending on the brain subregion under consideration, which may go undetected using a 

global measurement approach. We conclude that in the brain regions assessed, the 

absence of p53 does not protect against ethanol-induced apoptosis. Instead we suggest 

that p53 plays a more specialized role in neuronal function; specifically influencing gene 

networks related to the development of neuronal projections, in addition to its classic role 

in cell cycle signaling. Moreover, we also identified changes in gene networks involved 

in fatty acid and ketone body metabolism that are influenced by the presence of p53 

following ethanol exposure. 

 

 

 



100 

 

Methods 

Ethanol administration  

All procedures involving animals were approved by the appropriate Institutional Animal 

Care and Use Committee (IACUC) at the University of Maryland, Baltimore, and were in 

accordance with NIH guidelines. p53 heterozygous knockout mice originally developed 

by Taconic and maintained on a C57Bl/6 background were obtained from Jackson 

Laboratories (Trp53tm1Tyj, strain 002101; Bar Harbor, ME). Permission to breed the mice 

was provided by Taconic. The wildtype (WT) and p53 knockout (p53 KO) offspring of 

the mating of male and female p53 heterozygotes were injected intraperitoneally with 

ethanol (EtOH, 2.5 g/kg, 20% v/v solution) on postnatal day 7 (P7; the day of birth was 

designated P0).  A second injection was administered 2 hr later.  Prior work has 

established that this protocol produces blood ethanol concentrations exceeding 400 mg/dl 

within 30 min after the second injection.  The control mice of both genotypes received 

equivalent volume injections of normal saline. Genotypes were confirmed by PCR using 

three primers:  

ACAGCGTGGTGGTACCTTAT (present in both WT and p53 KO) 

TATACTCAGAGCCGGCCT (WT-specific)  

CTATCAGGACATAGCGTTGG (p53 KO-specific)  

 

A total of 44 male mouse pups were injected in this study, divided equally (n=11/group) 

into four treatment groups: (1) WT + Ethanol; (2) WT + Saline; (3) p53 KO + Ethanol; 

(4) p53 KO + Saline.  Five mice in each group were used for visualization of ApopTag 



101 

 

and active caspase 3 immunoreactivity, with the six remaining mice used for molecular 

assays. 

 

Immunohistochemistry and cell counting 

Eight hr after the second injection, brains were removed and fixed in 4% 

paraformaldehyde overnight, then submerged in graded sucrose solutions (15%-30%) and 

frozen at -80°C.  Brains were then cryosectioned at 12µM thickness in the coronal plane 

and sections stored at -80°C. For immunostaining, sections were thawed and air-dried, 

then submerged in PBS (5 min), 3% H2O2 in 80% methanol (10 min), PBS (2 x 5 min), 

and blocked in 1% Bovine Serum Albumin (BSA) with 5% Non-fat Dry Milk (NFDM) in 

0.5% Triton in PBS (60 min). Slides were processed for either ApopTag™ or active 

caspase 3 immunoreactivity.  ApopTag was visualized according to the manufacturer's 

protocol, in the In Situ Apoptosis Detection Kit S7100 (Millipore, Billerica, MA) with 

anti-digoxigenin conjugate for colorimetric staining. Active caspase 3 reactivity was 

detected by incubating the tissue with primary antibody (AF835, 1:100; R&D 

Minneapolis, MN) at 37°C for 2 hrs, rinsed in 0.5% Triton (3 x 5 min), then incubated 

with a biotinylated secondary antibody (anti-rabbit [1:250]; Santa Cruz Biotechnology, 

Dallas TX SC2004) for 60 min. Slides were washed in 0.5% Triton (2 x 10 min), and 

PBS (2 x 5 min). ABC reagent was applied according to the manufacturer’s instructions 

using the Vector Laboratories (Burlingame, CA) kit PK-7100, followed by a PBS wash 

(3 x 2 min). Peroxidase substrate solution was then applied containing 0.05% DAB Acros 

Organics (Thermo Fisher Scientific, Waltham MA) 868272-85-9, and 0.015% H2O2 

(Sigma, St Louis, MO H1009) in PBS, pH 7.2, until adequate color development (at least 
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30 sec). Slides were then rinsed in PBS (3 x 1 min) and counterstained with methyl green. 

All slides were then rinsed in three changes of distilled water, rapidly dehydrated in 95% 

ethanol, 100% ethanol and then cleared in xylene. Coverslips were then mounted on the 

glass slides with resinous mounting medium Cytoseal 280 8311-4 (Thermo Scientific, 

Waltham, MA). For quantification, the sections were examined using an Olympus 

(Center Valley, PA) BX53 light microscope at 20x for counting, and images were taken 

at 10x and 20x. Counts were done blinded to genotype and treatment using BioQuant 

(Nashville, TN) software (2013 version, BIOQUANT Image Analysis Corporation, 

Nashville TN) by random selection of 100 µM2 areas in the primary somatosensory 

cortex and three subregions of the hippocampal formation, CA1, CA3 and the dentate 

gyrus.  

Initial statistical analysis of the cell count data was performed using a two-way 

(Genotype x Treatment) analysis of variance (ANOVA). Because of the low cell counts 

of immunopositive cells in several of the treatment groups, and the tendency for non-

normal distribution of these data, the post-hoc contrasts were examined using a non-

parametric Mann-Whitney test, with significance set at p < 0.05 for between-group 

comparisons.  We also examined the correlation in the count data between the active 

caspase 3 and ApopTag methods using the Spearman correlation.  

 

Whole-Transcriptome Profiling of Somatosensory Cortex 

We first used stranded RNA-Sequencing (RNA-Seq) to examine global gene expression 

changes in the four treatment groups (n=6/group).  Brains used for these studies were 
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extracted and rapidly frozen at -80°C at 8 hrs after the second ethanol injection.  Brains 

were shipped to SUNY Upstate Medical University for processing.  Initially, we 

dissected the primary somatosensory cortex after crysectioning brains in the sagittal plane 

at 20 uM thickness and rapidly mounting them on PENfoil slides (Leica, Wetzlar, 

Germany) before performing a cytoarchitectural stain using the HistoGene 

(ThermoFisher Scientific, Waltham, MA) stain and procedure (Arcturus).  Stained 

sections were compared with the Allen Developing Mouse Brain Atlas cytoarchitectural 

images and the somatosensory cortex dissected using the AS LMD laser dissection 

microscope (Leica) into PCR tubes containing Qiazol solution (Qiagen, Valencia, CA). 

These tubes were stored frozen at -20°C until purification according to manufacturer 

protocol using a two step procedure that combined the Trizol method for DNA, RNA, 

and protein purification followed by the RNeasy method for clean-up of the RNA.  After 

performing the laser microdissection on half of the samples, the subsequent collections of 

somatosensory cortex were obtained using a hole-punch method on the same cortical 

areas in frozen brain specimens. These were also collected into Qiazol and the RNA 

purified in the same manner as before. All purified RNA samples were subsequently 

assessed to determine the yield, purity, and quality of the RNA using a Nanodrop 

(ThermoFisher) and the Agilent Technologies (Santa Clara, CA) RNA 6000 Pico Kit.  

For whole-transcriptome analysis, three of the RNA samples that passed quality control 

standards (RNA Integrity Number > 7) in each treatment group (n=12 total) were 

submitted to the SUNY Molecular Analysis Core for Stranded Total RNA-Seq. Libraries 

were prepared using standard Illumina methods and sequenced with an Illumina (San 

Diego, CA) NextSeq 500 instrument using 1 x 75 bp single end reads at a targeted depth 
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> 15 million (M) reads per sample.  Raw FASTQ files from the sequencing were 

generated in Illumina BaseSpace for initial quality control (filtering out reads with a q 

score < 30) and alignment was performed to version mm10 of the mouse genome and 

annotated to RefSeq (5-2-16) using the Bowtie2 algorithm within the TopHat application.  

The aligned BAM files were downloaded into Partek Flow and Genomics Suite (St Louis, 

MO) for downstream analysis.  The data summarization, quantification, and 

normalization of RNA counts into total reads per kilobase of gene model per million 

reads (RPKM) and initial single statistical analysis were performed in Partek Flow.  To 

identify single genes and transcripts with changes in expression, we used a two-way 

ANOVA to test for significant main effects of the two factors ethanol Treatment and p53 

Genotype, as well as the interaction of these two factors.  False discovery rate (FDR) 

adjustment for multiple testing was performed on the main and interaction effects, with a 

cutoff of 0.3 or less used for single gene findings. Post-hoc contrasts were obtained using 

a Fisher's Protected Least Significant Difference, without correction for multiple testing. 

Functional enrichment analysis of the 50 most-robustly affected genes for each contrast 

of interest was performed based on the Gene Ontology (GO) and KEGG (Kyoto 

Encyclopedia of Genes and Genomes) annotation using Partek Pathway.  We also 

transferred the normalized data from Partek Flow into Partek Genomics Suite to perform 

Pathway ANOVA using the KEGG annotation database. This procedure tests for shifts in 

the expression of all of the transcripts represented in a particular gene set, rather than 

annotating the most robustly-changed in a particular contrast.     
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Targeted RNA-Seq Analysis of Expression Changes in Selected Cell Populations 

Laser dissected RNA samples of discrete lamina in the somatosensory cortex (layers 2-3 

combined, layer 4, layer 5, layer 6) and discrete regions of the hippocampus (CA1 and 

dentate gyrus) were obtained using the previously described staining methods, with the 

exception that the dissected cells were collected into RLT Lysis Buffer from the RNeasy 

Kit (Qiagen, Valencia, CA). These RNA samples (6 per group for each region of interest, 

n=144 samples total) were then subjected to Targeted RNA-Seq Expression (TREx) 

analysis according to the manufacturer’s protocol.   

The content of the TREx panel included 280 genes involved in neuronal activity, 

apoptosis, DNA damage and repair, cell cycle regulation, and cell fate, plus housekeeping 

genes (Supplementary Table 1). These libraries were sequencing using the Illumina 

MiSeq instrument, with reads mapped to the mouse genome, normalized to the mean 

counts of peptidylprolyl isomerase A (PPIA) and hypoxanthine 

phosphoribosyltransferase (HPRT), and subsequently analyzed using a two-way ANOVA 

and t-test procedures for each brain region of interest in Metaboanalyst software. The 25 

most robustly affected genes in each brain region comparison were subjected to 

hierarchical clustering for display purposes. 

 

Protein Assays 

For protein analysis, fresh frozen brains were thawed to 20°C and the left hemisphere 

was dissected. Partial samples of somatosensory cortex, hippocampus, and the 

cerebellum were obtained using a beveled 16G needle as a hole punch. These specimens 
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were immediately placed in 500 uL of Qiazol (Qiagen, Valencia, CA). 

Protein/DNA/RNA purification was done following the Trizol extraction method. Protein 

was reconstituted in 50 uL of 1% SDS with 1:100 protease inhibitor cocktail and 

quantified using the Micro BCA Protein Assay Kit (Pierce, Waltham, MA) and measured 

on a plate reader at 562nm. Total p53 was measured using 1 ug total protein with the 

MyBioSource ELISA kit San Diego, CA (Cat. # MBS076677). Acetylated p53 was 

measured using 1 ug total protein with the Cell Signaling Technology (Danvers, MA) 

PathScan Acetylated p53 sandwich ELISA kit (Cat. #7236).  Analysis of the protein data 

was performed using a two-way ANOVA to test for significant main effects of ethanol 

Treatment and p53 Genotype, as well as their interaction.  
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Results 

Assessment of Apoptosis in a Developmental Mouse FASD Model 

Our use of a developmental ethanol exposure model in P7 mice enabled us to determine 

if there were significant increases in apoptosis using two different techniques (ApopTag 

and active caspase 3 immunoreactivity).  We found that although there were increases, 

the results differed in magnitude for each method.  

ApopTag. The ApopTag staining appeared as small nuclear puncta that was easily 

distinguished from background and counter-staining when present (Figure 1, top). In 

some cases, this staining was most evident in upper cortical layers. Overall, an average of 

0.93% of cells were labeled in the ApopTag assays across the treatment groups in the 

four brain regions of interest (S1, CA1, CA3, and DG). Comparison of cell counts in the 

different groups using two-way ANOVA revealed a significant main effect of alcohol 

treatment (p < 0.05) in three of the brain regions (S1, CA1, DG), but no effect of 

Genotype and no Treatment x Genotype interaction in any brain region.   Looking 

specifically at the effects of ethanol in the mice confirmed significant increases in 

ApopTag staining as a result of ethanol exposure in three brain regions in KO mice (S1, 

CA1, CA3) and two brain regions in WT mice (S1, CA1) (Figure 2, top; Table 1).  

Some evidence for increased ApopTag staining was observed in the other areas, even 

though the difference was not significant (Figure 2, top).  There were no between group 

differences in ApopTag staining due to Genotype in any brain region in these post-hoc 

comparisons. 



108 

 

 Active Caspase 3. Immunostaining for active caspase 3 mostly labeled whole cell somas 

that appeared very darkly stained, and were most evident in both upper and lower cortical 

layers in some cases (Figure 1, bottom). Overall, an average of 0.41% of cells were 

labeled in the active caspase 3 assays across the treatment groups in the four brain 

regions of interest (S1, CA1, CA3, and DG). Comparison of cell counts in the different 

groups using two-way ANOVA revealed a significant main effect of alcohol treatment (p 

< 0.05) in all four brain regions, as well as a significant main effect of Genotype in the 

DG and a significant Treatment x Genotype interaction in the DG.   Between group 

comparisons confirmed significant increases in staining as a result of ethanol exposure in 

each of the brain regions regardless of Genotype (Figure 2, bottom; Table 1).   

Direct comparison of the ApopTag and active caspase 3 staining in the same animals was 

performed using a Spearman's correlation test. This indicated the presence of 

significantly correlated counts with both assay techniques, with the greatest similarity in 

counts observed for the CA1 region (Table 1). 
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Ethanol Alters Cell Cycle, Synaptic, and Metabolic Genes in a p53-Related Manner 

in Whole Somatosensory Cortex 

After rigorous data cleaning and alignment, the results from the global assessment of 

RNA expression changes in whole somatosensory cortex yielded an average of 12 M 

reads aligned to RefSeq. Most (87%) of these reads were fully contained within an exon, 

0.94% were partly within an exon, 6.26% were intronic, and 5.71% were intergenic. The 

RNA-Seq data were analyzed using a two-way ANOVA with a focus on the two main 

factors of Exposure (ethanol vs saline) and p53 Genotype (KO vs WT) as well as the 

interaction between them (Exposure x Genotype).  The results indicated that 824 genes 

showed significant main effects of Genotype (uncorrected P < 0.05), 763 genes had 

 

                   Table 1. Percentage labeled cells following ethanol or saline injections. 

ApopTag S1 CA1 CA3 DG 

Saline WT 0.41 0.53 0.61 0.28 

Saline KO 0.32 0.39 0.51 0.27 

EtOH WT 2.02 1.71 1.04 0.57 

EtOH KO 1.99 2.21 1.58 0.50 

Active Caspase-3 S1 CA1 CA3 DG 

Saline WT 0.11 0.05 0.11 0.01 

Saline KO 0.06 0.09 0.11 0.01 

EtOH WT 0.76 1.00 0.48 0.17 

EtOH KO 1.13 1.32 0.75 0.48 

 

  Spearman Correlation 

ApopTag : Caspase-3 

0.679 0.756 0.680 0.516 
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significant main effects of Treatment (uncorrected P-value < 0.05), and 1969 genes had 

significant interactions of Genotype x Treatment (uncorrected P-value < 0.05). 

To set the stage for understanding which genes of those affected by ethanol might be 

differentially affected in WT and KO mice, we first briefly describe the genes that were 

most significantly affected by ethanol in each individual post-hoc test analyzed by 

genotype.  In the WT mice, the genes most significantly affected by ethanol included Salt 

inducible kinase 2 (Sik2), Cyclin D binding myb-like transcription factor 1 (Dmtf1), and 

Microtubule-associated protein 4 (Map4) (Table 2). 
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Table 2. Genes with significant changes in expression after ethanol treatment in P7 WT  

mouse somatosensory cortex.  

 

            2-way ANOVA   Post-Hoc Contrast 

            Treatment, Genotype, Interaction   WT
ETOH

 vs. WT
Saline

 

                    Mean Expression         

Gene ID Gene Name Chr Start Stop Strand 

p-value 

(Treatment) 

p-value 

(Genotype) 

p-value 

(Genotype 

x 

Treatment)   WT 
ETOH

 WT 
Saline

   

Fold 

Chg p-value FDR  

Sik2 salt inducible kinase 2 9 50892801 51009074 - 0.00019 0.00065 0.00002   4.06 1.28   3.17 0.00000 0.07 

Dmtf1 cyclin D binding myb-like 

transcription factor 1 
5 9118868 9161777 - 0.00023 0.00044 0.00013 

  
12.57 3.35 

  
3.76 0.00001 0.08 

Map4 microtubule-associated protein 4 9 109931774 110083955 + 0.00415 0.00005 0.00002   7.82 1.79   4.36 0.00002 0.08 

Cit citron 5 115845656 116006342 + 0.00044 0.00037 0.00025   2.39 0.23   10.64 0.00003 0.08 

Smarca2 SWI/SNF related, matrix associated, 

actin dependent regulator of 

chromatin, subfamily a, member 2 

19 26605160 26778322 + 0.00157 0.00103 0.00009 

  

11.85 1.40 

  

8.46 0.00003 0.08 

Prune2 prune homolog 2 (Drosophila) 19 16956118 17223933 + 0.00128 0.64599 0.00016   3.32 1.48   2.25 0.00004 0.08 

Hp1bp3 heterochromatin protein 1, binding 

protein 3 
4 138216612 138244683 + 0.00069 0.07633 0.00035 

  
19.89 10.49 

  
1.90 0.00004 0.08 

Il17d interleukin 17D 14 57524829 57543167 + 0.00104 0.56984 0.00025   3.91 10.66   -2.73 0.00005 0.08 

Rnf6 ring finger protein (C3H2C3 type) 6 5 146209194 146221458 - 0.00091 0.06118 0.00035   4.37 0.15   28.45 0.00005 0.08 

Rasgrf1 
RAS protein-specific guanine 

nucleotide-releasing factor 1 
9 89909775 90026980 + 0.00009 0.08841 0.00645 

 

12.45 1.04 
 

11.95 0.00006 0.08 

Fam13b family with sequence similarity 13, 

member B 
18 34442351 34506824 - 0.00673 0.00144 0.00011 

  
18.43 4.63 

  
3.98 0.00007 0.08 

Dnajc18 DnaJ (Hsp40) homolog, subfamily C, 

member 18 
18 35671105 35703145 - 0.00179 0.01027 0.00031 

  
12.57 7.85 

  
1.60 0.00007 0.08 

Grik2 glutamate receptor, ionotropic, 

kainate 2 (beta 2) 
10 49099463 49788755 - 0.00042 0.35360 0.00133 

  
11.77 3.68 

  
3.20 0.00007 0.08 

Ncoa7 nuclear receptor coactivator 7 10 30645582 30803108 - 0.00653 0.01225 0.00018   8.78 2.27   3.87 0.00009 0.10 

Plcb4 phospholipase C, beta 4 2 135741830 136013069 + 0.00241 0.06248 0.00065   6.71 0.58   11.53 0.00013 0.12 

Golga1 golgi autoantigen, golgin subfamily a, 

1 
2 39016156 39065542 - 0.00351 0.00162 0.00053 

  
3.95 0.58 

  
6.84 0.00013 0.12 

Sirt3 sirtuin 3 (silent mating type 

information regulation 2, homolog) 3 

(S. cerevisiae) 

7 140863663 140881870 - 0.00534 0.95473 0.00045 

  

1.82 12.18 

  

-6.69 0.00015 0.12 

Ctu1 cytosolic thiouridylase subunit 1 

homolog (S. pombe) 
7 43672031 43678298 + 0.00024 0.04411 0.01268 

  
2.69 5.58 

  
-2.07 0.00015 0.12 

Sh3gl2 SH3-domain GRB2-like 2 4 85205456 85389380 + 0.06213 0.00381 0.00009   101.15 60.55   1.67 0.00016 0.12 

Syne1 synaptic nuclear envelope 1 10 5020196 5194708 - 0.00235 0.00243 0.00117   4.55 0.49   9.31 0.00017 0.13 

Nudt8 
nudix (nucleoside diphosphate linked 

moiety X)-type motif 8 
19 4000580 4002103 + 0.08048 0.21373 0.00009 

 

6.16 14.22 
 

-2.31 0.00019 0.13 

Sorbs2 sorbin and SH3 domain containing 2 8 45507788 45827907 + 0.00437 0.29684 0.00074   3.22 0.42   7.67 0.00019 0.13 

Hivep3 human immunodeficiency virus type I 

enhancer binding protein 3 
4 119814678 120135412 + 0.03469 0.00036 0.00019 

  
1.55 0.27 

  
5.78 0.00021 0.13 

Txlng taxilin gamma X 162778917 162829455 - 0.01230 0.00360 0.00041   1.94 0.25   7.76 0.00022 0.13 

Nop9 
nucleolar protein homolog (Yeast), 

pumilio domain-containing Protein 
14 55745693 55755635 + 0.00282 0.00809 0.00155 

  
3.80 9.19 

  
-2.42 0.00023 0.13 

Note: Results sorted by post-hoc significance in WT samples. The # genes with P values < 0.05 was 2,038 out of 15,248 queried. 

Ntotal=24 mice.  
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Notably, compared to the p53WT mice, we identified a different set of genes affected by 

ethanol in the KO mice (Table 3). In this case, the four most affected genes included Jun 

dimerization protein 2 (Jdp2), ATPase, aminophospholipid transporter (APLT), class I, 

type 8A, member 1 (Atp8a1), and Eukaryotic translation initiation factor 4E member 2 

(Eif4E2) (Table 3). 
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Table 3. Genes with significant expression changes after ethanol treatment in P7 KO 

mouse somatosensory cortex.  

Note: Results sorted according to post-hoc significance in the KO samples. The # genes with P values < 0.05 was 615 out of 15,248 

queried.  

 

  
 

        2-way ANOVA    Post-Hoc Contrast 

            Treatment, Genotype, Interaction   KO
ETOH

 vs. KO
Saline

 

                  Mean Expression         

Gene ID Gene Name Chr Start Stop Strand 

p-value 

(Treatment) 

p-value 

(Genotype) 

p-value 

(Genotype x 

Treatment)   KO 
ETOH

 KO 
Saline

   

Fold 

change P-value                FDR  

Jdp2 Jun dimerization protein 2 12 85599105 85639879 + 0.00474 0.82156 0.00826   4.64 2.10   2.21 0.00082 0.93 

Atp8a1 ATPase, aminophospholipid 

transporter (APLT), class I, 

type 8A, member 1 

5 67618139 67847432 - 0.03356 0.05795 0.00150   3.48 6.90   -1.98 0.00088 0.93 

Eif4e2 eukaryotic translation 

initiation factor 4E member 2 
1 87213914 87228859 + 0.05460 0.00681 0.00190   5.65 0.26   21.68 0.00135 0.93 

Nars asparaginyl-tRNA synthetase 18 64499647 64516558 - 0.00021 0.18884 0.75149   19.79 34.18   -1.73 0.00145 0.93 

Sqle squalene epoxidase 15 59315092 59331194 + 0.00050 0.11345 0.37065   44.86 64.81   -1.44 0.00167 0.93 

Aloxe3 arachidonate lipoxygenase 3 11 69126377 69149116 + 0.00158 0.38422 0.15555   3.65 2.46   1.49 0.00223 0.93 

Trub2 TruB pseudouridine (psi) 

synthase homolog 2 (E. coli) 
2 29774684 29787672 - 0.01909 0.02822 0.01274   0.46 1.53   -3.35 0.00252 0.93 

Stx16 syntaxin 16 2 174077051 174099772 + 0.00424 0.95722 0.07782   2.47 1.12   2.22 0.00291 0.93 

Plekhb1 pleckstrin homology domain 

containing, family B 

(evectins) member 1 

7 100643896 100658457 - 0.00077 0.02222 0.52186   1.14 3.72   -3.26 0.00303 0.93 

Stx16 syntaxin 16 2 174077051 174099772 + 0.00403 0.00678 0.09452   1.75 0.99   1.77 0.00317 0.93 

Ap1g1 adaptor protein complex AP-

1, gamma 1 subunit 
8 109778583 109864210 + 0.00174 0.01786 0.24411   4.28 7.68   -1.79 0.00322 0.93 

Necab1 N-terminal EF-hand calcium 

binding protein 1 
4 14952245 15149132 - 0.07970 0.70533 0.00491   40.03 80.49   -2.01 0.00326 0.93 

Clcn4 chloride channel 4-2 7 7282309 7298837 - 0.00860 0.22439 0.04679   28.77 49.45   -1.72 0.00341 0.93 

Mob3a MOB kinase activator 3A 10 80685253 80701821 - 0.01468 0.80982 0.03750   5.26 9.74   -1.85 0.00422 0.93 

Syt1 synaptotagmin I 10 108497650 109010976 - 0.84295 0.00173 0.00043   41.34 60.54   -1.46 0.00442 0.93 

Asph aspartate-beta-hydroxylase 4 9628646 9669163 - 0.00064 0.01087 0.90692   15.71 22.32   -1.42 0.00451 0.93 

Pih1d1 PIH1 domain containing 1 7 45155946 45160065 + 0.53032 0.00680 0.00135   16.08 7.07   2.27 0.00480 0.93 

Stard4 StAR-related lipid transfer 

(START) domain containing 4 
18 33201421 33213817 - 0.06998 0.29159 0.00981   2.24 6.27   -2.80 0.00481 0.93 

Mdk  midkine 2 91929805 91931703 - 0.22526 0.09691 0.00324   22.18 8.03   2.76 0.00482 0.93 

Hmgcr 3-hydroxy-3-methylglutaryl-

Coenzyme A reductase 
13 96648962 96670937 - 0.29823 0.64500 0.00251   32.52 69.15   -2.13 0.00488 0.93 

Prkar2b protein kinase, cAMP 

dependent regulatory, type II 

beta 

12 31958479 32061280 - 0.02067 0.14821 0.03323   53.89 95.40   -1.77 0.00489 0.93 

Ankrd39 ankyrin repeat domain 39 1 36538171 36547253 - 0.12787 0.02430 0.00591   2.26 0.34   6.68 0.00503 0.93 

Hsd17b7 hydroxysteroid (17-beta) 

dehydrogenase 7 
1 169949537 169969206 - 0.01304 0.06298 0.05826   2.39 4.93   -2.06 0.00518 0.93 

Gtf2a1 general transcription factor II 

A, 1 
12 91555262 91590488 - 0.00619 0.00143 0.14021   1.39 3.13   -2.26 0.00553 0.93 

Jmjd7 Pla2g4b - phospholipase A2, 

group IVB (cytosolic) 
2 120027483 120032605 + 0.81699 0.00388 0.00055   3.62 2.08   1.74 0.00565 0.93 



114 

 

Because of the apparent differences in the genes altered by ethanol in the two genotypes, 

we also examined the baseline differences due to genotype in the saline-treated condition 

of the experimental model.  A total of 2,088 genes were significantly changed (Table 4). 

Interestingly, there was considerable overlap in the genes showing a baseline difference 

in the two genotypes with those that showed ethanol-induced effects in each genotype 

separately. In fact, the top three affected genes in the WT mice treated with ethanol vs 

saline (Table 2) and in the p53 KO vs p53 WT mice (Table 4) overlapped completely 

(i.e., Map4, Sik2, and Dmtf1). The presence of these overlapping genes was reinforced 

by the results of the two-way ANOVA interaction analysis, which specifically detects 

genes whose expression changes due to ethanol are strongly influenced by p53 genotype 

(and vice versa). As expected, the Map4, Sik2, and Dmtf1 genes all showed significant 

interaction effects (Table 5), along with other notable genes, such as SH3-domain GRB2-

like 2 (Sh3gl2), a gene involved in synaptic function. 
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Table 4. Genes with significant expression changes due to genotype in saline-treated P7 

WT and KO mice.  

 

            2-way ANOVA    Post-Hoc Contrast   

            Treatment, Genotype, Interaction   KO
Saline

 vs. WT
Saline

   

                    Mean Expression           

Gene ID Gene Name Chr Start Stop Strand 

p-value 

(Treatment) 

p-value 

(Genotype) 

p-value 

(Genotype x 

Treatment) 

  KO 
Saline

 WT 
Saline

 

  

Fold 

change P-value                FDR    

Map4 microtubule-associated protein 4 9 109931774 110083955 + 0.00415 0.00005 0.00002   12.45 1.79   6.94 0.00000 0.03   

Sik2 salt inducible kinase 2 9 50892801 51009074 - 0.00019 0.00065 0.00002   3.75 1.28   2.93 0.00001 0.06   

Dmtf1 
cyclin D binding myb-like 

transcription factor 1 
5 9118868 9161777 - 0.00023 0.00044 0.00013 

 
11.88 3.35 

 
3.55 0.00002 0.06   

Hivep3 
human immunodeficiency virus 

type I enhancer binding protein 3 
4 119814678 120135412 + 0.03469 0.00036 0.00019 

 
3.09 0.27 

 
11.51 0.00002 0.06   

Smarca2 

SWI/SNF related, matrix 

associated, actin dependent 

regulator of chromatin, subfamily 

a, member 2 

19 26605160 26778322 + 0.00157 0.00103 0.00009 
 

12.62 1.40 
 

9.00 0.00002 0.06   

Cit citron 5 115845656 116006342 + 0.00044 0.00037 0.00025   2.40 0.23   10.66 0.00003 0.06   

Axl AXL receptor tyrosine kinase 7 25756500 25788734 - 0.19396 0.00014 0.00092   0.86 5.69   -6.61 0.00003 0.06   

Fam13b 
family with sequence similarity 13, 

member B 
18 34442351 34506824 - 0.00673 0.00144 0.00011 

 
21.27 4.63 

 
4.59 0.00003 0.06   

Sh3gl2 SH3-domain GRB2-like 2 4 85205456 85389380 + 0.06213 0.00381 0.00009   110.79 60.55   1.83 0.00004 0.07   

Anks1b 
ankyrin repeat and sterile alpha 

motif domain containing 1B 
10 90575727 90972985 + 0.00120 0.00009 0.00672 

 
3.50 0.83 

 
4.22 0.00006 0.09   

Mrpl55 mitochondrial ribosomal protein 

L55 
11 59202486 59206136 + 0.17417 0.00025 0.00255   3.60 12.35   -3.43 0.00007 0.10   

Pcbp2 poly(rC) binding protein 2 15 102470632 102500060 + 0.02222 0.00011 0.00870   7.31 17.81   -2.44 0.00008 0.10   

Syt1 synaptotagmin I 10 108497650 109010976 - 0.84295 0.00173 0.00043   60.54 29.84   2.03 0.00008 0.10   

Golga1 golgi autoantigen, golgin 

subfamily a, 1 
2 39016156 39065542 - 0.00351 0.00162 0.00053   4.57 0.58   7.91 0.00009 0.10   

Txlng taxilin gamma X 162778917 162829455 - 0.01230 0.00360 0.00041   2.40 0.25   9.62 0.00012 0.10   

Tppp tubulin polymerization promoting 

protein 
13 74009419 74035754 + 0.17454 0.00235 0.00065   28.08 9.17   3.06 0.00012 0.10   

Ncoa7 nuclear receptor coactivator 7 10 30645582 30803108 - 0.00653 0.01225 0.00018   8.49 2.27   3.75 0.00012 0.10   

Syt1 synaptotagmin I 10 108497650 109010976 - 0.47102 0.00270 0.00060   131.82 61.28   2.15 0.00013 0.10   

Dync1li2 
dynein, cytoplasmic 1 light 

intermediate chain 2 
8 104417674 104443048 - 0.00764 0.00232 0.00070 

 
32.04 9.70 

 
3.30 0.00013 0.10   

Jmjd7 
Pla2g4b - phospholipase A2, group 

IVB (cytosolic) 
2 120027483 120032605 + 0.81699 0.00388 0.00055 

 
2.08 5.78 

 
-2.78 0.00014 0.11   

Alad aminolevulinate, delta-, 

dehydratase 
4 62505984 62519910 - 0.01717 0.00408 0.00056   1.65 5.50   -3.33 0.00015 0.11   

Dnajc18 
DnaJ (Hsp40) homolog, subfamily 

C, member 18 
18 35671105 35703145 - 0.00179 0.01027 0.00031 

 
11.86 7.85 

 
1.51 0.00016 0.11   

Syne1 synaptic nuclear envelope 1 10 5020196 5194708 - 0.00235 0.00243 0.00117   3.73 0.49   7.65 0.00018 0.12   

Camk1d 
calcium/calmodulin-dependent 

protein kinase ID 
2 5293457 5676047 - 0.08877 0.00444 0.00074 

 
15.46 6.34 

 
2.44 0.00019 0.12   

Shank2 SH3/ankyrin domain gene 2 7 144175520 144422676 + 0.02071 0.00228 0.00145   7.46 1.02   7.29 0.00019 0.12   
     

Note: Results sorted according to post-hoc significance in the saline-treated KO vs WT samples. The # genes with P values < 0.05 

was 2,088. 

 

Gene Ontology Enrichment Analysis. To formally examine the numerous genes with 

robust interaction effects, we performed two levels of biological pathway analysis. The 

first was a widely-used enrichment approach based on over-representation in specific 

KEGG Gene Ontology pathways.   The results from this analysis indicate enrichment of  
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Table 5. Genes with significant interaction effects in expression after ethanol treatment in 

P7 WT and KO mice                 

 

Note: Results sorted according to significance of the interaction effect in the 2-way ANOVA model. The # genes with P values < 0.05 

was 2,144. 

 

 

changed genes in pathways related to metabolic, synaptic, and cell cycle functions, 

including: Butanoate metabolism (KEGG ID 157, p=0.00017); GABAergic synapse 

(KEGG ID 90, p=0.00229), and Chronic myeloid leukemia (KEGG ID 215, p=0.00298). 

              

2-way ANOVA 

Interaction    Post-Hoc Contrasts of Interest 

              Genotype x Treatment    WT
EtOH

 vs WT
Saline

    KO
EtOH

 vs KO
Saline

   KO
Saline

 vs WT
Saline

 

Gene ID Gene Name Chr Start Stop Strand   P-value            FDR   Fold Chg           P-value              Fold Chg           P-value   Fold Chg            P-value          

Sik2 salt inducible kinase 2 9 50892801 51009074 -   0.00002 0.15   3.17 0.00000   -1.21 0.11781   2.93 0.00001 

Map4 microtubule-associated protein 4 9 109931774 110083955 +   0.00002 0.15   4.36 0.00002   -1.77 0.00777   6.94 0.00000 

Sh3gl2 SH3-domain GRB2-like 2 4 85205456 85389380 +   0.00009 0.27   1.67 0.00016   -1.31 0.00681   1.83 0.00004 

Smarca2 

SWI/SNF related, matrix associated, 

actin dependent regulator of 

chromatin, subfamily a, member 2 

19 26605160 26778322 + 
 

0.00009 0.27 
 

8.46 0.00003 
 

-1.63 0.10869 
 

9.00 0.00002 

Nudt8 
nudix (nucleoside diphosphate 

linked moiety X)-type motif 8 
19 4000580 4002103 + 

 

0.00009 0.27 
 

-2.31 0.00019 
 

1.63 0.00616 
 

-2.23 0.00030 

Fam13b family with sequence similarity 13, 

member B 
18 34442351 34506824 -   0.00011 0.27   3.98 0.00007   -1.51 0.04162   4.59 0.00003 

Dmtf1 cyclin D binding myb-like 

transcription factor 1 
5 9118868 9161777 -   0.00013 0.29   3.76 0.00001   -1.07 0.71778   3.55 0.00002 

Prune2 prune homolog 2 (Drosophila) 19 16956118 17223933 +   0.00016 0.29   2.25 0.00004   -1.13 0.23131   1.54 0.00234 

Ncoa7 nuclear receptor coactivator 7 10 30645582 30803108 -   0.00018 0.29   3.87 0.00009   -1.48 0.07524   3.75 0.00012 

Hivep3 
human immunodeficiency virus 

type I enhancer binding protein 3 
4 119814678 120135412 + 

 

0.00019 0.29 
 

5.78 0.00021 
 

-2.15 0.02382 
 

11.51 0.00002 

Cit citron 5 115845656 116006342 +   0.00025 0.30   10.64 0.00003   -1.14 0.72748   10.66 0.00003 

Il17d interleukin 17D 14 57524829 57543167 +   0.00025 0.30   -2.73 0.00005   1.10 0.41739   -1.66 0.00407 

Mvb12a Fam125a - family with sequence 

similarity 125, member A 
8 71542930 71548027 +   0.00027 0.30   -2.11 0.00061   1.52 0.01173   -2.06 0.00061 

Dnajc18 DnaJ (Hsp40) homolog, subfamily C, 

member 18 
18 35671105 35703145 -   0.00031 0.30   1.60 0.00007   -1.07 0.33251   1.51 0.00016 

Hp1bp3 heterochromatin protein 1, binding 

protein 3 
4 138216612 138244683 +   0.00035 0.30   1.90 0.00004   -1.04 0.69045   1.58 0.00049 

Rnf6 ring finger protein (C3H2C3 type) 6 5 146209194 146221458 -   0.00035 0.30   28.45 0.00005   -1.34 0.58522   12.50 0.00044 

Txlng taxilin gamma X 162778917 162829455 -   0.00041 0.30   7.76 0.00022   -1.71 0.10678   9.62 0.00012 

Nme4 NME/NM23 nucleoside 

diphosphate kinase 4 
17 26091745 26095471 -   0.00041 0.30   -2.91 0.00069   1.79 0.02198   -3.08 0.00048 

Syt1 synaptotagmin I 10 108497650 109010976 -   0.00043 0.30   1.51 0.00296   -1.46 0.00442   2.03 0.00008 

Macrod2 MACRO domain containing 2 2 140395430 142390051 +   0.00043 0.30   4.03 0.00041   -1.82 0.04721   4.36 0.00031 

Sirt3 

sirtuin 3 (silent mating type 

information regulation 2, homolog) 

3 (S. cerevisiae) 

7 140863663 140881870 - 
 

0.00045 0.30 
 

-6.69 0.00015 
 

1.53 0.20943 
 

-3.16 0.00351 

Zfp410 zinc finger protein 410 12 84316859 84343831 +   0.00045 0.30   -7.90 0.00048   3.04 0.04164   -4.14 0.00466 

Celf1 CUGBP, Elav-like family member 1 2 90940397 91019498 +   0.00045 0.30   -2.31 0.00039   1.39 0.05613   -1.91 0.00193 
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Notably, each of the nominally enriched pathways contained between 4 - 20 % of the 

genes mapping to that pathway (Table 6). 

Table 6. KEGG pathways enriched with genes showing significant Ethanol x Genotype  

interaction effects. 

Note: Results sorted according to significance of the enrichment score. A total of 7,387 

KEGG pathways were queried, with 42 showing p < 0.05. 

                              

  Enrichment 
  KEGG pathway Genes   Score per 2-way ANOVA factors   

Score per Post-Hoc 

Contrasts 

KEGG Pathway Name Score  p-value   

# genes 

in list, in 

pathway 

# genes not 

in list, in 

pathway 

% genes in 

pathway that 

are present   Treatment Genotype 

Treatment 

x  

Genotype   

WT
ETOH

 

vs. 

WT
SALINE

 

KO
ETOH

 

vs. 

KO
SALINE

 

KO
SALINE

 

vs. 

WT
SALINE

 

Butanoate metabolism (KEGG ID:157) 8.71 0.00017   5 22 18.52   1.39 0.45 2.55   2.64 0.91 1.78 

GABAergic synapse (KEGG ID:90) 6.08 0.00229   7 85 7.61   1.63 0.40 2.40   2.86 0.46 1.30 

Chronic myeloid leukemia (KEGG ID:215) 5.82 0.00298   6 66 8.33   0.81 0.79 2.51   2.40 1.04 2.26 

Estrogen signaling pathway (KEGG ID:13) 5.78 0.00309   7 90 7.22   0.99 0.71 2.45   2.47 0.89 2.06 

Osteoclast differentiation (KEGG ID:24) 5.65 0.00353   8 118 6.35   1.39 0.58 2.40   2.71 0.75 1.77 

T cell receptor signaling pathway (KEGG ID:132) 5.39 0.00455   7 97 6.73   0.79 0.48 2.37   2.29 0.93 2.00 

Proteoglycans in cancer (KEGG ID:260) 5.31 0.00495   11 213 4.91   0.93 0.46 2.38   2.39 0.85 1.96 

Phosphatidylinositol signaling system (KEGG ID:211) 5.17 0.00567   6 76 7.32   1.12 0.33 2.31   2.44 0.69 1.58 

Protein processing in endoplasmic reticulum (KEGG ID:35) 5.16 0.00573   9 157 5.42   0.73 0.68 2.33   2.19 0.99 2.07 

Ras signaling pathway (KEGG ID:19) 5.15 0.00583   11 218 4.80   0.85 0.79 2.41   2.22 1.08 2.18 

Oocyte meiosis (KEGG ID:7) 5.14 0.00589   7 102 6.42   0.77 0.42 2.21   2.00 1.01 1.80 

ErbB signaling pathway (KEGG ID:212) 4.83 0.00797   6 82 6.82   0.82 0.82 2.50   2.40 1.02 2.29 

Insulin signaling pathway (KEGG ID:64) 4.81 0.00817   8 137 5.52   0.75 0.68 2.44   2.32 1.01 2.13 

Terpenoid backbone biosynthesis (KEGG ID:258) 4.71 0.00901   3 19 13.64   0.44 0.16 2.53   1.32 2.20 1.86 

Dorso-ventral axis formation (KEGG ID:207) 4.71 0.00901   3 19 13.64   0.80 0.88 2.23   1.79 1.24 2.26 

Fc epsilon RI signaling pathway (KEGG ID:121) 4.50 0.01112   5 63 7.35   0.90 0.34 2.50   2.45 0.96 1.93 

Taurine and hypotaurine metabolism (KEGG ID:217) 4.14 0.01594   2 8 20.00   2.01 0.23 2.35   3.07 0.23 1.35 

Valine, leucine and isoleucine degradation (KEGG ID:40) 4.00 0.01825   4 47 7.84   0.87 0.76 2.51   2.24 1.22 2.12 

N-Glycan biosynthesis (KEGG ID:30) 4.00 0.01825   4 47 7.84   0.26 0.20 2.50   1.95 1.51 1.87 

FoxO signaling pathway (KEGG ID:195) 3.99 0.01855   7 129 5.15   0.73 0.56 2.54   2.31 1.17 2.18 

Endometrial cancer (KEGG ID:272) 3.94 0.01947   4 48 7.69   1.02 0.42 2.52   2.54 0.88 2.00 

beta-Alanine metabolism (KEGG ID:18) 3.86 0.02117   3 27 10.00   2.17 0.34 2.45   3.22 0.18 1.33 

TNF signaling pathway (KEGG ID:111) 3.81 0.02212   6 104 5.45   1.17 0.33 2.37   2.54 0.68 1.85 

Non-small cell lung cancer (KEGG ID:273) 3.75 0.02344   4 51 7.27   1.02 0.42 2.52   2.54 0.88 2.00 

Epstein-Barr virus infection (KEGG ID:149) 3.73 0.02398   9 201 4.29   1.28 0.88 2.32   2.59 0.58 2.22 

Toxoplasmosis (KEGG ID:213) 3.69 0.02488   6 107 5.31   1.19 0.43 2.49   2.65 0.77 2.05 

Circadian rhythm (KEGG ID:146) 3.68 0.02513   3 29 9.38   0.31 0.28 2.23   1.85 1.18 1.81 

Progesterone-mediated oocyte maturation (KEGG ID:168) 3.62 0.02681   5 80 5.88   1.20 0.38 2.28   2.43 0.67 1.65 

Alanine, aspartate & glutamate metabolism (KEGG ID:190) 3.60 0.02724   3 30 9.09   2.17 0.34 2.45   3.22 0.18 1.33 

Adrenergic signaling in cardiomyocytes (KEGG ID:259) 3.51 0.02978   7 143 4.67   1.21 0.35 2.40   2.47 0.80 1.81 

Neurotrophin signaling pathway (KEGG ID:128) 3.37 0.03448   6 116 4.92   0.72 0.85 2.50   2.27 1.14 2.31 

mTOR signaling pathway (KEGG ID:216) 3.37 0.03449   4 58 6.45   0.95 0.42 2.43   2.35 0.95 1.93 

Inositol phosphate metabolism (KEGG ID:219) 3.37 0.03449   4 58 6.45   1.06 0.26 2.15   2.29 0.63 1.68 

Chemokine signaling pathway (KEGG ID:158) 3.36 0.03457   8 181 4.23   1.06 0.77 2.56   2.59 0.93 1.99 

Morphine addiction (KEGG ID:160) 3.28 0.03751   5 88 5.38   1.26 0.41 2.31   2.59 0.60 1.25 

Glioma (KEGG ID:122) 3.22 0.04002   4 61 6.15   0.95 0.98 2.61   2.55 1.03 2.42 

Renal cell carcinoma (KEGG ID:16) 3.17 0.04196   4 62 6.06   1.08 0.73 2.45   2.22 1.11 2.17 

RNA transport (KEGG ID:105) 3.16 0.04248   7 155 4.32   0.81 0.91 2.43   2.20 1.09 2.34 

Vascular smooth muscle contraction (KEGG ID:233) 3.14 0.04341   6 123 4.65   1.05 0.88 2.34   2.44 0.76 1.61 

RIG-I-like receptor signaling pathway (KEGG ID:106) 3.12 0.04396   4 63 5.97   0.50 0.45 2.24   2.01 1.04 1.70 

Aldosterone-regulated sodium reabsorption (KEGG ID:72) 3.11 0.04465   3 37 7.50   1.23 0.21 2.55   2.70 0.76 1.82 

Hepatitis C (KEGG ID:108) 3.01 0.04911   6 127 4.51   1.10 0.70 2.52   2.61 0.85 2.25 
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Pathway ANOVA Analysis. We followed up the enrichment analysis with a Pathway 

ANOVA analysis in Partek Genomics Suite using the KEGG annotation database. The 

results indicated a significant overall main effect of ethanol treatment on the net 

expression of six KEGG transcript groups (Steroid biosynthesis; p53 signaling pathway; 

Collecting duct acid secretion; Glycosphingolipid biosynthesis; Valine, leucine and 

isoleucine biosynthesis; and mTOR signaling; Table 7).  Among these, we note that the 

p53 signaling pathway ranked 2nd according to significance (p=0.0262), contained 117 

transcripts, and exhibited significant decreases in WT animals exposed to ethanol (-1.24 

fold, p=0.0177; Figure 3, upper).  Another pathway of interest (Apoptosis, ranked 17th) 

did not show a significant overall effect, but did show notable decreases in the KO mice 

exposed to ethanol (-1.22 fold, p = 0.0278; Table 7).   

 

We next examined the Pathway ANOVA results to elucidate the most robust baseline 

differences between p53 KO and WT mice in the saline treatment condition. We 

identified a single KEGG pathway with a significant overall effect of Genotype on 

expression (SNARE interactions in vesicular transport), along with several 

neurotransmission-related KEGG pathways that all showed evidence of increased 

transcript expression in p53 KO vs WT mice (Table 8). The pathways with significant 

post-hoc changes included SNARE interactions in vesicular transport (+2.88-fold), 

Neurotrophin signaling (+10.68-fold), Axon guidance (+8.09-fold), and Nicotine 

addiction (+2.46-fold). The individual gene changes in p53-related transcripts following 

ethanol exposure in the two different genotypes was made evident after visualization of 

the expression data in a heat map within the KEGG p53 signaling pathway itself (Figure     
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Table 7. Top Pathway ANOVA KEGG gene sets showing effects due to main effect of 

ethanol vs saline treatment. 

Note: Results sorted according to significance of the ethanol treatment p-value. Of the 

255 KEGG pathways were queried, 6 had p < 0.05. 

 

3). This indicated that there were more transcripts with decreased expression in the WT 

mice following ethanol treatment (Figure 4, top).  We also observed several individual 

transcripts with opposite patterns of change due to ethanol in the two genotypes, 

including Bax, Casp8, and Casp9 (decreased in WT, increased in KO), as well as ATR 

and ATM (increased in WT, decreased in KO). 

    2-way ANOVA   Post-Hoc Contrasts 

    
Treatment, Genotype, 

Interaction 
  WTEtOH vs 

WTSaline   
KOEtOH vs 
KOSaline   

KOSaline vs 
WTSaline 

Top SHIFTED KEGG Pathways 
# 

Genes 

p value 

Genotype  

 p value 

Treatment 

p value 

Genotype x 

Treatment  

   p value 
Fold 

Change  
   p value 

Fold 

Change  
   p value 

Fold 

Change  

Steroid biosynthesis 23 0.2038 0.0158 0.7359  0.0924 -1.20  0.0429 -1.29  0.4853 1.23 

p53 signaling pathway 117 0.2273 0.0262 0.1758  0.0177 -1.24  0.4073 -1.07  0.0837 2.21 

Collecting duct acid secretion  34 0.1023 0.0267 0.0115  0.0029 1.28  0.7056 -1.02  0.0069 1.88 

Glycosphingolipid biosynthesis - lacto and 

neolacto series 

51 0.1555 0.0330 0.1318  0.0169 -1.36  0.5446 -1.07  0.0508 1.49 

Valine, leucine and isoleucine biosynthesis 5 0.9468 0.0472 0.6489  0.2226 -1.23  0.0816 -1.37  0.7116 -1.67 

mTOR signaling pathway 128 0.3904 0.0492 0.3224  0.3986 -1.05  0.0443 -1.14  0.9199 2.76 

Hematopoietic cell lineage 155 0.5511 0.0529 0.5811  0.2651 -1.43  0.0791 -1.71  0.4218 11.85 

Ubiquitin mediated proteolysis 252 0.0896 0.0666 0.7680  0.2348 -1.03  0.1244 -1.05  0.2836 2.60 

Terpenoid backbone biosynthesis 30 0.8003 0.0761 0.0124  0.4301 1.06  0.0059 -1.27  0.0396 1.64 

Thyroid cancer  63 0.8149 0.0898 0.0226  0.0100 1.43  0.5475 -1.07  0.1060 3.05 

Small cell lung cancer 161 0.4736 0.1002 0.2305  0.7025 -1.02  0.0562 -1.11  0.7096 2.73 

Sphingolipid metabolism 79 0.4761 0.1008 0.3915  0.0868 -1.30  0.5213 -1.10  0.2760 1.40 

Ubiquinone and other terpenoid-quinone 

biosynthesis 

11 0.0540 0.1058 0.0154  0.0086 -1.39  0.4043 1.10  0.0055 -1.38 

Pantothenate and CoA biosynthesis 25 0.5423 0.1125 0.6701  0.1543 -1.15  0.3709 -1.09  0.4676 1.34 

Aminoacyl-tRNA biosynthesis 67 0.6971 0.1187 0.3145  0.0812 -1.18  0.6462 -1.04  0.6485 1.24 

Rheumatoid arthritis 117 0.3522 0.1406 0.1875  0.0613 1.19  0.8943 1.01  0.1242 3.13 

Apoptosis 156 0.2257 0.1412 0.0627  0.7184 1.03  0.0278 -1.22  0.5653 2.34 

Type I diabetes mellitus 70 0.5160 0.1434 0.0856  0.0351 3.39  0.8170 -1.09  0.0989 18.38 

beta-Alanine metabolism 38 0.3524 0.1488 0.2449  0.0784 1.19  0.8146 1.02  0.8546 1.47 

Retinol metabolism 104 0.1425 0.1632 0.1413  0.0554 -1.53  0.9474 1.02  0.0502 2.86 

Pentose and glucuronate interconversions 41 0.1020 0.1745 0.1989  0.0752 -1.37  0.9509 -1.01  0.0508 1.17 

Degradation of aromatic compounds 4 0.7231 0.1800 0.7221  0.2300 -1.23  0.4588 -1.14  0.6171 1.41 

Selenocompound metabolism 31 0.2463 0.1974 0.4634  0.1625 -1.16  0.6650 -1.05  0.1909 1.10 

Synthesis and degradation of ketone bodies 13 0.1026 0.1995 0.0016  0.0486 1.32  0.0026 -1.58  0.0017 2.55 

Caffeine metabolism 7 0.1695 0.2067 0.3732  0.1399 -2.81  0.7684 -1.60  0.1210 -2.61 
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Table 8. Top Pathway ANOVA KEGG gene sets showing effects due to the main effect 

of genotype. 

    2-way ANOVA   Post-Hoc Contrasts 

    Treatment, Genotype, Interaction   WTEtOH vs WTSaline   KOEtOH vs KOSaline   KOSaline vs WTSaline 

Top SHIFTED KEGG Pathways 
# 

Genes 

p value 

(Genotype)  

 p value 

(Treatment) 

p value 

(Genotype x 

Treatment)  

   p value 
Fold 

Change  
   p value 

Fold 

Change  
   p value 

Fold 

Change  

SNARE interactions in vesicular transport 58 0.0131 0.8376 0.0553  0.1211 1.14  0.1892 -1.09  0.0050 2.88 

Ubiquinone and other terpenoid-quinone biosynthesis  11 0.0540 0.1058 0.0154  0.0086 -1.39  0.4043 1.10  0.0055 -1.38 

Histidine metabolism 41 0.0698 0.4350 0.3924  0.2571 -1.11  0.9550 1.01  0.0670 1.33 

Ubiquitin mediated proteolysis 252 0.0896 0.0666 0.7680  0.2348 -1.03  0.1244 -1.05  0.2836 2.60 

Lipoic acid metabolism 4 0.0921 0.2374 0.3080  0.1329 -1.43  0.8973 -1.04  0.0666 -1.76 

Salivary secretion  146 0.0971 0.5055 0.0071  0.0164 1.50  0.0754 -1.26  0.0048 8.61 

Synaptic vesicle cycle 110 0.1019 0.3117 0.2946  0.1582 1.20  0.9772 -1.00  0.0690 1.92 

Pentose and glucuronate interconversions 41 0.1020 0.1745 0.1989  0.0752 -1.37  0.9509 -1.01  0.0508 1.17 

Collecting duct acid secretion  34 0.1023 0.0267 0.0115  0.0029 1.28  0.7056 -1.02  0.0069 1.88 

Allograft rejection 64 0.1024 0.6223 0.0806  0.1136 -1.51  0.3237 1.41  0.0263 1.77 

Synthesis and degradation of ketone bodies  13 0.1026 0.1995 0.0016  0.0486 1.32  0.0026 -1.58  0.0017 2.55 

Neurotrophin signaling pathway  253 0.1057 0.8440 0.0123  0.0420 1.37  0.0658 -1.27  0.0074 10.68 

Axon guidance  251 0.1145 0.7451 0.0359  0.1614 1.18  0.0782 -1.21  0.0162 8.09 

Nicotine addiction 66 0.1235 0.9641 0.0291  0.1025 1.19  0.0927 -1.18  0.0148 2.46 

ErbB signaling pathway 166 0.1238 0.7213 0.0921  0.1451 1.16  0.3068 -1.09  0.0332 2.51 

Pertussis  115 0.1247 0.9263 0.0084  0.0439 1.45  0.0356 -1.39  0.0063 9.79 

Autoimmune thyroid disease 80 0.1251 0.6858 0.0865  0.1319 -1.49  0.3097 1.43  0.0320 2.00 

Folate biosynthesis 17 0.1251 0.2229 0.1314  0.0666 -1.49  0.8062 1.06  0.0432 1.00 

Lysine degradation 89 0.1271 0.6357 0.6306  0.5028 1.04  0.9959 -1.00  0.1580 2.13 

Retinol metabolism 104 0.1425 0.1632 0.1413  0.0554 -1.53  0.9474 1.02  0.0502 2.86 

Amyotrophic lateral sclerosis (ALS) 85 0.1433 0.8988 0.1794  0.2900 1.04  0.3711 -1.04  0.9172 2.12 

Graft-versus-host disease 66 0.1435 0.7292 0.0967  0.1519 -1.47  0.3130 1.43  0.0383 1.91 

Intestinal immune network for IgA production 62 0.1438 0.7593 0.1235  0.1875 -1.37  0.3498 1.34  0.0458 1.53 

Ribosome 162 0.1507 0.4106 0.1416  0.1152 -1.24  0.6044 1.08  0.0523 -1.01 

Phosphatidylinositol signaling system  142 0.1522 0.9724 0.0095  0.0417 1.55  0.0451 -1.42  0.0079 13.54 

Note: Results sorted by significance of the genotype p-value. Of the 255 KEGG pathways 

were queried, only 1 had p < 0.05 for the overall effect. 

 

Finally, we examined the Pathway ANOVA results for evidence of significant Ethanol 

Treatment x Genotype interaction effects. This indicated nominally significant interaction 

effects in a total of 50 KEGG pathways (Table 9).  The two most robustly affected 

pathways included Butanoate metabolism and Synthesis and degradation of ketone 

bodies, which were both increased in WT mice exposed to ethanol and decreased in KO 

mice exposed to ethanol. Other KEGG pathways of interest due to their involvement in 
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brain function or p53 signaling that displayed significant interaction effects included: 

Amphetamine addiction, Long-term potentiation, Neurotrophin signaling, Cell cycle 

(Figure 4, bottom), Hedgehog signaling, Dopaminergic synapse, Nicotine addiction, 

GABAergic synapse, D-Glutamine and D-glutamate metabolism, TGF-beta signaling, 

and Axon guidance (Table 9). The pattern of individual gene changes in Cell Cycle-

related transcripts following ethanol treatment in the two different genotypes became 

evident after visualization of the expression data in a heat map (Figure 5). We found that 

WT mice exposed to ethanol showed more decreases in Cell Cycle related transcripts 

compared to KO mice.  Moreover, several of the genes that were increased in the WT 

mice following ethanol exposure were decreased in the KO mice, and vice versa.  

Together, these observations indicate that p53 is normally involved in the dynamic 

responses to ethanol. 
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Table 9. Top Pathway ANOVA KEGG gene sets showing significant Ethanol x 

Genotype interaction effects. 

    2-way ANOVA   Post-Hoc Contrasts 

    Treatment, Genotype, Interaction   WTEtOH vs WTSaline   KOEtOH vs KOSaline   KOSaline vs WTSaline 

Top SHIFTED KEGG Pathways # 

Gene

p value 

(Genotype)  

 p value 

(Treat

p value 

(Genotype x 
   p value Fold Change     p value Fold Change     p value Fold Change  

Butanoate metabolism (ID:157) 36 0.1962 0.6126 0.00074   0.0098 1.38   0.0034 -1.43   0.0015 3.55 

Synthesis and degradation of ketone bodies (ID:63) 13 0.1026 0.1995 0.00157   0.0486 1.32   0.0026 -1.58   0.0017 2.55 

Progesterone-mediated oocyte maturation (ID:168) 148 0.3624 0.4765 0.00365   0.0094 1.47   0.0474 -1.28   0.0075 6.02 

Estrogen signaling pathway (ID:13) 175 0.2079 0.8344 0.00475   0.0202 1.54   0.0324 -1.40   0.0060 8.95 

Oocyte meiosis (ID:7) 182 0.1975 0.9672 0.00559   0.0277 1.43   0.0304 -1.36   0.0065 7.97 

Vascular smooth muscle contraction (ID:233) 233 0.2515 0.9832 0.00571   0.0302 1.36   0.0288 -1.32   0.0079 10.47 

Hepatitis B (ID:101) 271 0.4805 0.2697 0.00619   0.1154 1.13   0.0088 -1.25   0.0141 4.13 

Melanogenesis (ID:91) 182 0.2386 0.7206 0.00651   0.0218 1.55   0.0491 -1.37   0.0083 11.21 

Salivary secretion (ID:67) 146 0.0971 0.5055 0.00713   0.0164 1.50   0.0754 -1.26   0.0048 8.61 

GnRH signaling pathway (ID:243) 186 0.2038 0.8910 0.00813   0.0330 1.47   0.0451 -1.36   0.0087 10.81 

Pertussis (ID:252) 115 0.1247 0.9263 0.00839   0.0439 1.45   0.0356 -1.39   0.0063 9.79 

Amphetamine addiction (ID:97) 145 0.2389 0.7661 0.00939   0.0306 1.50   0.0604 -1.35   0.0108 9.60 

Phosphatidylinositol signaling system (ID:211) 142 0.1522 0.9724 0.00951   0.0417 1.55   0.0451 -1.42   0.0079 13.54 

Insulin signaling pathway (ID:64) 259 0.2884 0.8576 0.00985   0.0547 1.35   0.0363 -1.35   0.0129 11.57 

Phototransduction (ID:44) 38 0.1949 0.9828 0.01011   0.0466 1.58   0.0443 -1.47   0.0098 7.52 

Prostate cancer (ID:159) 155 0.4791 0.3898 0.01014   0.0168 1.65   0.1232 -1.30   0.0202 7.12 

Circadian entrainment (ID:41) 199 0.2619 0.8712 0.01044   0.0387 1.42   0.0560 -1.33   0.0125 9.49 

Long-term potentiation (ID:174) 119 0.1856 0.9682 0.01082   0.0457 1.45   0.0500 -1.37   0.0099 9.02 

Collecting duct acid secretion (ID:109) 34 0.1023 0.0267 0.01146   0.0029 1.28   0.7056 -1.02   0.0069 1.88 

Glioma (ID:122) 110 0.1584 0.9329 0.01147   0.0453 1.51   0.0549 -1.39   0.0093 10.53 

Tuberculosis (ID:268) 291 0.1736 0.9829 0.01184   0.0498 1.32   0.0523 -1.27   0.0101 11.19 

Neurotrophin signaling pathway (ID:128) 253 0.1057 0.8440 0.01233   0.0420 1.37   0.0658 -1.27   0.0074 10.68 

Terpenoid backbone biosynthesis (ID:258) 30 0.8003 0.0761 0.01239   0.4301 1.06   0.0059 -1.27   0.0396 1.64 

Cell cycle (ID:3) 200 0.3997 0.9180 0.01254   0.0599 1.28   0.0474 -1.28   0.0201 5.24 

Valine, leucine and isoleucine degradation (ID:40) 63 0.6122 0.5121 0.01295   0.1155 1.18   0.0256 -1.28   0.0305 3.03 

NOD-like receptor signaling pathway (ID:152) 103 0.2516 0.4220 0.01310   0.0217 1.59   0.1383 -1.26   0.0143 8.06 

Ubiquinone and other terpenoid-quinone 

biosynthesis (ID:81) 11 0.0540 0.1058 0.01539   0.0086 -1.39   0.4043 1.10   0.0055 -1.38 

Hedgehog signaling pathway (ID:55) 77 0.3147 0.3255 0.01587   0.0200 1.39   0.1949 -1.19   0.2000 2.62 

Dopaminergic synapse (ID:222) 279 0.3451 0.8748 0.01604   0.0533 1.35   0.0762 -1.28   0.0212 8.53 

Wnt signaling pathway (ID:172) 272 0.8859 0.9960 0.01719   0.0674 1.20   0.0666 -1.20   0.0569 3.83 

Gastric acid secretion (ID:164) 142 0.2324 0.6897 0.01800   0.0439 1.52   0.1089 -1.31   0.0168 8.86 

Cytosolic DNA-sensing pathway (ID:134) 93 0.5845 0.8687 0.01860   0.0588 -1.33   0.0855 1.27   0.1317 1.95 

Circadian rhythm (ID:146) 60 0.6935 0.3892 0.02142   0.2071 1.17   0.0288 -1.37   0.1223 5.00 

Endometrial cancer (ID:272) 94 0.9056 0.4219 0.02143   0.0309 1.31   0.1940 -1.15   0.0686 2.61 

Colorectal cancer (ID:278) 121 0.7217 0.7752 0.02234   0.0584 1.21   0.1115 -1.16   0.0539 2.78 

Mucin type O-Glycan biosynthesis (ID:21) 34 0.4786 0.7100 0.02252   0.1236 1.17   0.0532 -1.24   0.1803 1.57 

Thyroid cancer (ID:54) 63 0.8149 0.0898 0.02257   0.0100 1.43   0.5475 -1.07   0.1060 3.05 

Nicotine addiction (ID:42) 66 0.1235 0.9641 0.02911   0.1025 1.19   0.0927 -1.18   0.0148 2.46 

GABAergic synapse (ID:90) 165 0.7915 0.9546 0.02979   0.0929 1.13   0.1056 -1.13   0.1330 2.22 

D-Glutamine and D-glutamate metabolism (ID:231) 6 0.7994 0.4689 0.03018   0.0434 1.38   0.2227 -1.19   0.0750 2.00 

TGF-beta signaling pathway (ID:71) 125 0.9325 0.6480 0.03211   0.1730 1.17   0.0621 -1.26   0.0950 4.41 

Axon guidance (ID:154) 251 0.1145 0.7451 0.03587   0.1614 1.18   0.0782 -1.21   0.0162 8.09 

Thiamine metabolism (ID:255) 6 0.2729 0.4636 0.03733   0.0499 -1.29   0.2577 1.16   0.0318 -1.44 

T cell receptor signaling pathway (ID:132) 212 0.9175 0.2847 0.03897   0.3783 1.07   0.0339 -1.21   0.1339 3.64 

Hippo signaling pathway (ID:183) 269 0.6327 0.7546 0.04052   0.0864 1.40   0.1727 -1.28   0.0714 5.94 

Other glycan degradation (ID:9) 29 0.6687 0.9396 0.04232   0.1162 -1.30   0.1374 1.27   0.2014 1.28 

Bacterial invasion of epithelial cells (ID:175) 148 0.7963 0.7084 0.04667   0.0889 1.25   0.2027 -1.17   0.1014 4.61 

Linoleic acid metabolism (ID:73) 69 0.8134 0.9527 0.04703   0.1450 -1.38   0.1272 1.42   0.1045 2.12 

Tight junction (ID:239) 241 0.8380 0.8406 0.04749   0.1094 1.26   0.1702 -1.21   0.1090 5.38 

Sulfur relay system (ID:162) 15 0.7482 0.5964 0.04964   0.0776 -1.37   0.2487 1.22   0.0986 -1.09 

Note: Results sorted according to significance of the interaction p-value. A total of 255 

KEGG pathways were queried, with 50 showing p < 0.05.  
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Whole Somatosensory Cortex Expression Changes Cluster in Genomic Regions 

After completing the pathway and functional enrichment analysis, we sought to test if 

there were specific chromosomal regions targeted by ethanol, regardless of their function, 

where greater numbers of significantly changed genes were located than expected by 

chance. This analysis focused on the WT mice and identified 6 genomic regions (p<0.05) 

that appeared disproportionately targeted (Table 10).  

 

Table 10. Genomic regions with enriched ethanol effects in WT mice. 

 

                  

  Chr Start End Length 

Average  

P-value Genes in chromosome region 

  13 52517606 52882394 364788 0.012 Diras2, Gm2848, Syk, BB123696, Auh     

  6 148355126 148801076 445950 0.019 Tmtc1, Rps4l, Gm6313, 4930528G23Rik, Ipo8     

  15 33685879 34112552 426673 0.028 Tspyl5, Mtdh     

  14 26944770 27320961 376191 0.032 Appl1, Hesx1, Il17rd, Arhgef3     

  12 34450193 35097333 647140 0.041 Hdac9, Prps1l1, Snx13     

  5 62684312 63729823 1045511 0.042 Arap2, Dthd1, Nwd2     

 

Increased Levels of Incomplete p53 Transcripts in p53 KO Mice 

While examining the expression data of p53-related genes, we were struck by the 

observation that the p53 transcript itself was reported as increased in expression in the 

KO mice.  To explore this in more detail, we examined the alignment of p53 transcript 

reads along the exons of p53 in Partek Flow software.  This indicated that while there 

were higher levels of overall p53 transcripts in the KO mice, the transcripts were not 

derived from the region that had been deleted by gene- targeted recombination in the 

creation of the KO mouse line (Figure 6). Instead, there was a notable increase in the 

aligned read coverage of the last few exons (9-11) of the 3’region of the p53 mRNA in 

the KO mouse.  
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Targeted RNA-Sequencing (TREx) Confirms Findings in Somatosensory Cortex 

and Reveals Heterogeneity in Ethanol Responses in Different Cortical and 

Hippocampal Subregions.  

The pathway analysis of the whole somatosensory cortex indicated a close association of 

p53-related genes with genes involved in the control of cell cycle and neuronal function.  

These findings reinforce the view of p53 as a central hub in the ethanol-induced 

dysregulation of brain cellular functions that ultimately leads to either an adaptive 

survival response or apoptosis.  However, the immunohistochemical findings suggested 

that apoptosis did not occur equally in all cortical layers at the experimental timepoint 

examined. To examine this further, and provide validation of the initial RNA-Seq results, 

we performed Targeted RNA-Sequencing (TREx) using a custom panel of 280 p53-

related genes involved in neuronal activity, apoptosis, DNA damage and repair, cell cycle 

regulation, and cell fate, plus housekeeping genes (gene list provided as Supplemental 

Table 1). Specifically, we measured gene expression in RNA samples obtained from 

somatosensory cortex layers 2-3 (combined), layer 4, layer 5, and layer 6 as well as the 

dentate gyrus and CA1 regions of the hippocampus.  

Overall effects. TREx data were analyzed using a two-way ANOVA within each of the 

subregions to identify genes with significant expression changes due to ethanol 

Treatment in either WT or KO mice, as well as genes with significant Treatment x 

Genotype interaction effects. The overall results were grouped into five functional 

categories based on the TREx design and are summarized in Table 11. Notably, the 

highest percentage of genes with detectable effects due to Treatment or Treatment x 

Genotype interactions were found in the p53 Signaling Pathway (11/36 genes changed; 

31%), Apoptosis (25/124; 20%), Regulation of Developmental Process (22/99; 22%), and 
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several smaller categories related to neuronal function, including Synaptic Transmission 

(6/14; 43%) and Regulation of Long-Term Synaptic Plasticity (3/5; 60%).   

 

 

Table 11. Combined summary of TREx expression changes due to ethanol in different 

brain regions, by function. 

Colors indicate functional classes: Green, p53-related genes; Red, apoptosis-related genes; Yellow, cell cycle-related genes; Orange, 

DNA damage and repair; Blue, Neuronal and immune 

 

 

Heterogeneity of ethanol-induced effects. Our overall results indicated that ethanol 

exposure triggers gene expression changes in the five functional categories of interest 

related to p53 and neuronal signaling (Table 11). However, we also noted that the 

specific genes with expression changes were not the same in each subregion in the WT 

and KO mice exposed to ethanol. For example, nine genes in the p53 Signaling Pathway 

were changed in WT mice exposed to ethanol, but the specific genes with changes were 

unique for each area, with Layer 5 and the dentate gyrus containing no significantly 

changed genes, Layer 4 and Layer 6 containing one changed gene, Layer 2-3 containing 

                        

  

GENE ONTOLOGY CATEGORY 
# Genes in 

Ontology 

# Genes selected 

for TREx 

∆∆∆∆ 

Genes 
Genes from combined areas that changed in custom TRex assay (p < 0.05) 

  

  KEGG 04115:  p53 signaling pathway 69 36 11 ATM, BAI1, CCNE2, CDK1, CDK4, EI24, PTEN, RPRM, SESN1, SESN2, TSC2   

  

GO:0006915  Apoptosis 1698 124 25 
ATM, BCL2, BCL2L1, BIRC5, CASP2, CASP6, CASP8, CD27, CDK1, CDKN1B, CRADD, CTGF, 

DLX1, EI24, FOXO3, GAD1, JUN, KRAS, NR2E1, PAK7, PTEN, SOX9, TRP53BP, XPA, YWHAE 
  

  
GO:0007049  Cell Cycle 1421 133 17 

ATM, BCL2, BIRC5, CDK1, CDKN1B, CTGF, DDB1, JUN, LIG3, MAPK1, PPP3CA, PTEN, RPRM, 

SESN1, SMC1A, TRP53BP2, TSC2   

  

GO:0006974  Response to DNA damage 

stimulus 
641 119 13 APEX2, ATM, BCL2, CDK1, DDB1, FOXO3, LIG3, MAPK1, PARP1, SMC1A, TDG, XPA, XRCC4 

  

  GO:0006281  DNA repair 402 87 9 APEX2, ATM, DDB1, LIG3, PARP1, SMC1A, TDG, XPA, XRCC4   

  

GO:0050767  Regulation of 

neurogenesis 
787 43 8 BCL2, DLX1, DLX2, HES1, MIB1, NR2E1, PTEN, XRCC4 

  

  GO:0030182  Neuron differentiation 1308 54 8 BCL2, DLX1, DLX2, HES1, MIB1, NR2E1, PTEN, SMAD4   

  GO:0007268  Synaptic transmission 562 14 6 EGR1, GAD1, KRAS, PPP3CA, PTEN, SYP   

  GO:0043005  Neuron projection 1169 44 6 CASP8, GAD1, MAPK1, PTEN, TSC2, YWHAE   

  

GO:0048169  Regulation of long-term 

neuronal synaptic plasticity 
33 5 3 EGR1, KRAS, SYP 

  

  
GO:0045321  Leukocyte activation 768 38 6 ATM, BCL2, CD27, EGR1, FOXP1, XRCC4 

  

  

GO:0050793  Regulation of 

developmental process 
2369 99 22 

BAI1, BCL2, CAMK1, CASP6, CD27, CDK1, CDKN1B, DLX1, DLX2, ERRFI1, FOXO3, HES1, JUN, 

MAPK1, MIB1, NR2E1, PTEN, SMAD1, SMAD4, SOX9, STAT1, XRCC4 
  

  GO:0016477  Cell migration 1177 35 7 BCL2, CTGF, GAD1, NR2E1, PTEN, SST, YWHAE   
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three changed genes, and the CA1 region containing four changed genes (Table 12).  The 

distinct patterns of expression changes for each area were best visualized following 

hierarchical clustering (Figure 7). In general, the top most changed genes were decreased 

by ethanol exposure. Another observation from the TREx results indicated that most of 

the significant expression changes found in the whole somatosensory cortex by RNA-Seq 

were not changed in the layer-specific TREx analysis, with a few notable exceptions. 

Specifically, Ei24, Errfi1, and Smad1 were changed in the whole somatosensory cortex 

as well in specific microdissected layers (denoted by asterisks in Table 12). This 

demonstrated that genes changes measured in whole brain region analyses may not be 

attributable to the whole region but rather to specific cell populations. It is also possible 

that inclusion of layer I and underlying white matter in the whole somatosensory cortex 

sample led to different results. 

 

 

  



127 

 

Table 12. TREx expression changes due to ethanol in WT mice for different brain 

regions, grouped by function. 

    
SOMATOSENSORY CORTEX HIPPOCAMPUS 

  
Post-hoc contrast (p < 0.05) 

WT
 ethanol 

vs WT
 saline
 

  
GENE ONTOLOGY 

CATEGORY 
Layer 2-3 Layer 4 Layer 5  Layer 6 CA1 DG 

  
KEGG 04115: p53 signaling 

pathway 

Ei24*, Rprm, 

Casp8
Ø
 

Sesn1   Atm 
Bai1, Cdk1, 

Pten, Tsc2 
  

  

GO:0006915 apoptosis 

Ei24*, Casp8
Ø
, 

Cdkn1b, Cd27
Ø
, 

Jun, Nr2e1, 

Parp1  

Sesn1, Egr1, 

Foxo3
Ø
, Cradd, 

Sox9, Xrcc4 

Bcl2, Ctgf, 

Ddb1, Foxp1 

Atm, Cd27
Ø
, 

Cdkn1b, 

Smad1*, 

Trp53bp2 

 Bcl2l1, Birc5, 

Casp6, Casp2, 

Pak7, Pten, 

Sox9 

Dlx1, Parp1 

  
GO:0007049 cell cycle 

Cdkn1b, Jun, 

Nr2e1, Rprm 

Hes1, Lig3, 

Sox9 

Bcl2, Ddb1, 

Ctgf, Smc1a 

Atm, Cdkn1b, 

Smc1a, 

Trp53bp2 

Bcl2l1, Birc5, 

Pten, Casp2, 

Cdk1, Ppp3ca, 

Mapk1, Sox9 

  

  
GO:0006974 response to 

DNA damage stimulus 
Parp1, Pcbp4   Ddb1 Atm     

  GO:0006281 DNA repair Parp1 Lig3, Xrcc4 
Ddb1, Smc1a, 

Tdg 
Atm, Tdg, Smc1a 

Apex2, Cd27, 

Xpa 
Parp1 

  
GO:0050767 regulation of 

neurogenesis 
Mib1, Nr2e1 

Foxo3
Ø
, Hes1, 

Sox9, Xrcc4 
Bcl2   Pten, Sox9 Dlx1 

  
GO:0030182 neuron 

differentiation 

Jun, Mib1, 

Nr2e1 
Foxo3

Ø
, Hes1 Bcl2, Foxp1 

Smad1*, Smad4, 

Dlx2 
Pten, Sox9 Dlx1 

  
GO:0007268 synaptic 

transmission 
Nr2e1, Syp Egr1, Sox9   Sst, Syp 

Gad1, Kras, 

Pten, Syp 
  

  
GO:0043005 neuron 

projection 
Casp8

Ø
, Cd27

Ø
     Cd27

Ø
, Syp 

Pten, Tsc2, 

Ywhae 
  

  

GO:0048169 regulation of 

long-term neuronal synaptic 

plasticity 

  Egr1   Syp     

  
GO:0045321 leukocyte 

activation 
Cd27

Ø
, Jun 

Egr1, Hes1, 

Xrcc4 
Bcl2, Foxp1 Atm, Cd27

Ø
 Foxp1   

  

GO:0050793 regulation of 

developmental process 

Casp8
Ø
, Cd27

Ø
, 

Cdkn1b, 

Errfi1*, Jun, 

Mib1, Nr2e1, 

Parp1 

Egr1, Hes1, 

Sox9, Xrcc4 

Bcl2, Ctgf, 

Foxp1 
Cd27

Ø
, Cdkn1b, 

Dlx2, Smad1* 

Bai1, Casp6, 

Pten, Sox9 
Dlx1, Parp1 

  GO:0016477 cell migration Jun, Nr2e1 
Egr1, Hes1, 

Sox9 

Bcl2, Ctgf, 

Foxp1 
Sst 

Pak7, Pten, 

Sox9 
  

  * Gene transcript was also found to be significantly changed in total somatosensory RNA seq analysis;  

  
Ø
 Gene transcript was not detected in total somatosensory RNA seq analysis, possible due to poor read counts or gene not present  
in gene annotation.  Genes in bold are significantly changed in more than one region 

 

In addition to functional gene group analysis, we also examined the expression profile of 

the p53 transcript itself across multiple brain regions in the TREx data.  These results 

indicated a somewhat consistent pattern of ethanol-induced decreases in five out of six of 

the regions (Figure 8).  Moreover, the absolute basal levels of expression were higher in 

the dentate gyrus than the other brain regions examined. Based on the 
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immunohistochemical images showing a possible increase in the numbers of apoptotic 

cells in layer 5 of the somatosensory cortex, we also specifically looked at the evidence 

for apoptosis-related gene expression changes in this specific area in the TREx data.  Of 

the 280 genes assayed via TREx, only six were changed in layer 5 of the WT mice 

exposed to ethanol. However, of these, four were mapped to the KEGG apoptosis 

pathway (Table 12). The relationship of these genes to each other and to the other 

unchanged apoptosis-related genes was visualized using the STRING database 

interaction tool (Figure 9).  This indicated an absence of direct gene-to-gene (or protein-

to-protein) relationships within an otherwise densely interconnected network, that 

prominently featured p53 and caspase-3. The TREx data for the KO mice exposed to 

ethanol also showed that significant expression changes were present in each of the same 

functional categories, but the pattern differed across areas (Table 13). Several genes 

involved in multiple pathways tended to show up as changed in multiple regions in the 

KO mice.  For example, Pten was changed in four of the six regions examined, and was 

also present in nine of the 13 functional categories.  Similarly, Camk1 was changed in 

four of the six regions examined, and present in four of the 13 functional categories.  And 

Nf1 was changed in three of the six regions examined and present in five of the 13 

functional categories (Table 13).  

To formally probe the evidence for ethanol-induced effects that were influenced by the 

genotype of the mice, we examined the TREx data for evidence of Treatment x Genotype 

interaction effects.  The results identified a much smaller set of genes (Table 14). Of the 

genes with ethanol-induced expression changes in the presence of p53 protein, most were 

concentrated in the neuronal category and not the apoptosis category, except in the CA1  
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Table 13. TREx expression changes due to ethanol in p53 KO mice for different brain 

regions, grouped by function. 

region of the hippocampus (Table 14).  Surprisingly, layer 4 of the somatosensory cortex 

did not show any p53 interaction-related effects, although it did have many ethanol- 

related gene changes (Tables 12-13). Interestingly, Camk1 was the sole gene with 

interaction effects in layer 6 of the somatosensory cortex and the DG of the hippocampus, 

although it showed different directions of change in these brain regions (increased in 

layer 6, Figure 10; decreased in DG, Figure 11).  In cortical layers 2-3 and layer 5, two 

genes involved in cell adhesion (Ephb1 and Ctgf, respectively) showed p53-dependent 

changes due to ethanol exposure (Figure 10). The CA1 subregion itself had the most  

    
SOMATOSENSORY CORTEX HIPPOCAMPUS 

  
Post-hoc contrast (p < 0.05) 

KO
 ethanol 

vs KO
 saline

   

  
GENE ONTOLOGY 

CATEGORY 
Layer 2-3 Layer 4 Layer 5  Layer 6 CA1 DG 

  

  
KEGG 04115:53 signaling 

pathway 
Cdk1, Pten Pten Pten Ccne2 Bai1, Cdk1, Pten, Sesn2 Cdk4 

  

  
GO:0006915 apoptosis Cdk4, Dlx1, Nf1 

 Jun, Polb, 

Pten 
Pten Api5, Myc 

Cdk1, Ctgf, Foxp1,  Jun, Lig4, 

Mcl1, Nes, Nf1,  Polb, Pten, 

Slk, Xpa  

 Cdk4, Dlx1, Nf1, 

Ppp1r13b 
  

  
GO:0007049 cell cycle 

Camk1, Ccnh,  

Cdk4,  Crebbp, 

Pms2, Tada3 

Camk1, 

Jun, Pten 

Pten, 

Rpa3 

Camk1, 

Ccne2
Ø
, 

Myc 

Cdk1, Ctgf,  Jun, Lig4, Mcl1, 

Nes, Ppp1r13b, Pten  

Camk1, Ccnh, Cdk4, 

Crebbp, Pms2, 

Tada3   

  
GO:0006974 response to 

DNA damage stimulus 
        Xpa   

  

  GO:0006281 DNA repair Ccnh, Pms2 
Polb, 

Smug1 
Rpa3   Actl6a, Cdk1, Lig4, Polb, Xpa Ccnh, Pms2 

  

  
GO:0050767 regulation of 

neurogenesis 

Camk1,  

Jun, Pten 

Pten, 

Camk1 
Pten 

Camk1, 

Myc 
Lig4, Mib1, Nf1, Pten Camk1, Dlx1, Nf1 

  

  
GO:0030182 neuron 

differentiation 
Camk1, Dlx1 

Camk1, 

Jun, Pten 
Pten 

Camk1, 

Dcx* 

Bai1, Foxp1, Jun, Lamc1, 

Mib1, Nes, Pten 
Camk1, Dlx1 

  

  
GO:0007268 synaptic 

transmission 
Nf1, Syp Pten, Syp Pten   Gad1, Nf1, Pten Nf1, Syp 

  

  
GO:0043005 neuron 

projection 
Nf1, Syp Pten, Syp Pten Calb2, Myc  Gad1, Nf1, Pten Nf1, Syp 

  

  

GO:0048169 regulation of 

long-term neuronal 

synaptic plasticity 

Nf1, Syp Syp   Dcx* Nf1 Nf1, Syp 

  

  
GO:0045321 leukocyte 

activation 
  Jun     Foxp1, Jun, Lig4   

  

  
GO:0050793 regulation of 

developmental process 
Nf1, Syp 

Camk1, 

Jun, Pten 
Pten 

Camk1, 

Myc 

Cdk1, Ctgf, Foxp1,  Jun, Mib1, 

Pten 

Camk1, Ccnh, Dlx1, 

Lig4, Nf1   

  
GO:0016477 cell 

migration 
Nf1 Jun, Pten Pten Dcx*, Myc  

Cdk1, Ctgf, Foxp1,  Jun, 

Lamc1, Nf1, Pten, Slk 
Nf1 

  

  

Conventions same as Table 12 
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Table 14. TREx expression changes due to interaction of ethanol treatment and genotype 

in WT and KO mice. 

 

 

robust interaction effects, with three distinct transcripts showing expression changes due 

to the interaction of ethanol and p53. These genes included Stat1, a transcription 

activator, caspase 2, a pro-apoptotic gene, and Cdk1, which promotes G1 and G2 

progression. Two of these genes (caspase 2, Stat1) decreased in the presence of ethanol 

and p53 (Figure 11).  

P53 Acetylation Levels are Unchanged by Ethanol Exposure 

Examination of total p53 and acetylated p53 levels indicated no significant changes due 

to genotype or ethanol exposure or their interaction (Figure 12), although the mean levels 

were lower in WT mice following ethanol exposure.  Additional examination of the 

potential changes in the ratio of acetylated to total p53 also failed to demonstrate any 

significant differences.  

  
SOMATOSENSORY CORTEX HIPPOCAMPUS 2 way ANOVA (p < 0.05) 

GENOTYPE x TREATMENT 

GENE ONTOLOGY CATEGORY Layer 2-3 Layer 4 Layer 5  Layer 6 CA1 DG 

KEGG 04115: p53 signaling pathway         Cdk1   

GO:0006915 apoptosis         

Casp2, Cdk1, 

Stat1   

GO:0007049 cell cycle     Ctgf Camk1 Casp2, Cdk1 Camk1 

GO:0006974 response to DNA damage stimulus             

GO:0006281 DNA repair         Cdk1   

GO:0050767 regulation of neurogenesis       Camk1   Camk1 

GO:0030182 neuron differentiation Ephb1     Camk1   Camk1 

GO:0007268 synaptic transmission             

GO:0043005 neuron projection Ephb1       Stat1   

GO:0048169 regulation of long-term neuronal 

synaptic plasticity             

GO:0045321 leukocyte activation Ephb1           

GO:0050793 regulation of developmental 

process Ephb1   Ctgf Camk1 Cdk1, Stat1 Camk1 

GO:0016477 cell migration Ephb1   Ctgf   Cdk1   
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Discussion 

Postnatal day 7 in mice is well established as part of a two week neuronal pruning and 

synaptic strengthening period in which some neurons are specifically destroyed in normal 

developmental process in the brain (Rice & Barone, 2000).  This period parallels parts of 

the second and third trimester period in human fetal development, which is why it is 

commonly used to model FASD, as we have done in the present study. Expression of the 

protein p53 is thought to be altered by ethanol, as well as other exogenous agents. These 

changes can promote either cell cycle arrest or apoptosis depending on the age and 

physiological state of the cell (Aylon & Oren, 2016) (Zilfou & Lowe, 2009) (Kruse & 

Gu, 2009) (Karen H. Vousden & Lane, 2007). We hypothesized that part of the apoptotic 

response to ethanol was dependent on the presence of p53, or its downstream signaling.  

This hypothesis was examined using unbiased neuroanatomical immunohistochemical 

counting methods and transcriptome-wide molecular profiling.  

We present four major findings.  First, the vast majority of cells in the brain do not 

undergo apoptosis at the time point examined after ethanol exposure, and the presence or 

absence of p53 does not significantly alter the levels of apoptosis as measured in two 

different established methods.  Nonetheless, the cell death observed is statistically greater 

than the basal levels that are occurring during this developmental period of 

synaptogenesis. Second, there are robust changes in genes related to cell cycling, DNA 

damage and repair, neuronal development, and synaptic function that occur in response to 

ethanol treatment, and some of these are strongly dependent on, or affected by, the 

presence of the p53 protein.  Third, the specific genes and functional pathways that are 

altered by ethanol exposure and influenced by p53 are different in somatosensory cortex 
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and hippocampus.  And finally, there are no overall changes in these brain regions in the 

levels of total p53 or acetylated p53 following ethanol exposure in WT mice.  In the 

sections that follow, we briefly review and discuss the implications of these findings.   

Apoptosis following ethanol exposure in P7 mouse model of FASD. We measured 

apoptosis using two different established methods – cleaved caspase 3 and ApopTag 

immunohistochemistry.  Interestingly, we observed greater ApopTag staining than 

caspase 3 staining across all regions examined. This observation may be due to the fact 

that not all DNA damage (which is measured by ApopTag) leads to apoptosis or the fact 

that caspase 3 has yet to be activated in some cells or it may only be active for part of the 

cell death timeline, and the timing of the insult may change this. In fact, some of this 

damage may be repaired. In any case, the initial DNA damage is likely upstream of the 

active apoptotic protein cleavage activity in the cell (Gupta, 2001). Despite the overall 

differences, however, our data show that the results from both methods are well-

correlated, and thus remain as reliable markers of apoptosis. 

 

Our observations in the somatosensory cortex and the hippocampus also confirm findings 

from previous studies.  Basal cell death assessed by ApopTag staining was approximately 

0.4% in both genotypes, and this increased to approximately 1.45% following ethanol 

exposure, representing a 3.5 fold-increase.  The average baseline cell death across brain 

regions assessed by active caspase 3 was 0.07% in both genotypes, and this increased to 

0.76%, representing an 11-fold increase.  Thus, ethanol clearly leads to increased 

apoptosis of a small subset of cells in the P7 brain, 8 hours after exposure. 
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Among the brain subregions examined, the dentate gyrus showed the smallest induction 

in apoptosis compared to baseline. Moreover, this was strongly influenced by the 

presence of p53, as it was the sole subregion showing an interaction effect between p53 

genotype and ethanol exposure. One reason for the possible differences between the DG 

and other brain regions is the fact that this brain area retains populations of highly 

proliferative neural stem cells in the postnatal time periods. 

 

Gene expression changes related to cell cycling, neuronal activity and cell 

metabolism.  To gain insight into the molecular changes induced by acute ethanol 

exposure, we performed transcriptome analysis of the whole somatosensory cortex using 

RNA-Seq. We found that many genes were significantly changed as a result of ethanol 

exposure, namely 14% of the 15,248 transcripts that were queried according to RefSeq 

annotation. A much smaller percentage of these changes were related to the presence of 

p53, with only 23 genes surviving multiple testing correction for the main effect of 

genotype at a cutoff of q<0.30. These data suggest that p53 is not the main focus of 

ethanol-induced genomic responses.  

In an attempt to characterize the effect of p53 on genomic responses following ethanol 

exposure, the top significantly changed genes were examined in detail using a two-way 

ANOVA.  Interestingly, the most robustly changed single genes were not related to 

apoptosis as some previous research has indicated in whole brain analyses (Hashimoto-

Torii et al., 2011), (Hard, Abdolell, Robinson, & Koren, 2005). Rather, changes in gene 

expression due to ethanol exposure and the presence of p53 were grouped into functional 

categories related to the cell cycle, cellular metabolism, and neurodevelopment and 
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neural activity. Possible explanations for these findings could be related to the known 

effect that ethanol has on cell cycle progression, neuronal activity (it acts on both GABA 

and NMDA receptors), as well as cellular metabolism and oxidative balance (Alfonso-

Loeches & Guerri, 2011).   

Categories related to the cell cycle that figured prominently in the top expression changes 

included Cell Cycle, Hippo Signaling Pathway, and several cancer-related pathways, 

including Glioma, Prostate Cancer, Endometrial Cancer, Colorectal Cancer, and Thyroid 

Cancer (Table 9). We point out that most of these cancer pathways reflect over-

representation of cell cycle genes, and should not be interpreted as establishing a 

relationship between a particular end organ cancer pathway (as defined by KEGG) and 

the brain.  

In terms of the effect on cellular metabolism genes, we note that the intracellular 

microenvironment is normally a reducing one, but alcohol dramatically changes this into 

an oxidative one (Hernández, López-Sánchez, & Rendón-Ramírez, 2016) (Bar-Or, Bar-

Or, Rael, & Brody, 2015) (Ramachandran et al., 2003) (Hwang, Sinskey, & Lodish, 

1992).  Evidence for this can be inferred from expression changes that mapped onto 

categories including Butanoate Metabolism (KEGG ID 157, p=0.00074) and also 

Synthesis and Degradation of Ketone Bodies (KEGG ID 63, p=0.00157). Butanoate 

metabolism is centered on the production of butyrate, an important intermediate molecule 

with widespread cellular effects.  For example, butyrate acts as a source of ATP during 

fatty acid metabolism, as a “nutrient sensor” through its binding to free fatty acid 

receptors, and as an inhibitor of histone deacetylases (HDACs), thereby promoting gene 

expression. Metabolic pathways such as the Synthesis and Degradation of Ketone Bodies 
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could be related to multiple intracellular processes (including fatty acid metabolism, citric 

acid cycle, and glycolysis), but are also directly affected by the secondary and tertiary 

breakdown products of ethanol itself, including acetone.  Thus, the effects on both of 

these pathways could reflect an altered energy homeostasis and redox state as a result of 

alcohol exposure.  

Among the ethanol-induced expression changes related to neurodevelopment and neural 

activity that were also influenced by p53 genotype, we observed considerable enrichment 

of genes in several brain-specific pathways related to synaptic activity, including: Long-

Term Potentiation, Dopaminergic Synapse, GABAergic Synapse, as well as Axon 

Guidance, and Neurotrophin Signaling Pathway (Table 9).  Collectively, these 

observations suggest that p53 signaling impacts a wide range of processes that are 

considered essential for normal brain development and function and are also changed by 

ethanol.   

Heterogeneous gene expression changes in different brain regions in p53-related 

genes. To explore the p53 related molecular changes in more detail, we microdissected 

the individual layers of the somatosensory cortex and two of the subregions of the 

hippocampus. As in the whole somatosensory cortex profiling, the gene expression 

changes that were attributed to the presence of p53 comprised a relatively small fraction 

of the total ethanol-induced changes and included only six out of 280 queried genes. 

Surprisingly, we found that the brain-related genes that were identified with the presence 

of p53 tended to predominate. The predicted cell cycle changes were also identified in 

four out of six subregions of interest. Apoptosis-related gene expression changes only 

appeared to function in a p53-dependent manner in the CA1 of the hippocampus, though 
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other non-p53 related apoptosis pathways may be in play. In fact, p53 appeared to play a 

major role in the ethanol response in the CA1, more than any other subregion 

investigated, according to our analysis. In contrast, we did not find any attributable role 

of p53 in the ethanol induced gene changes in somatosensory cortex layer 4, which 

receives prominent input from the thalamus and other cortical layers. These localized 

gene expression profiles were not evident from whole somatosensory cortex analysis, 

suggesting that p53 is part of distinct active pathways in each subregion. Surprisingly all 

subregions, even in adjacent layers, showed distinct molecular alterations as manifested 

by the different combinations of gene expression changes. This is evidence of the 

heterogeneity of cellular responses to ethanol in the brain.  

Trend for decrease p53 transcript expression, but no change in protein expression. 

Comparable to previous results from our lab, we found a trend toward a decrease in 

expression of p53 transcript in ethanol-exposed mouse brain (Hicks et al., 2012). The 

trend held in all areas investigated except for the hippocampal CA1 area. Nonetheless the 

decreases were not statistically significant. However, sequencing data also showed that 

while the N-terminus of the p53 gene is not expressed in the KO mice, a portion of the 

3’mRNA -terminus is expressed (see Figure 6), and its levels appear to increase in these 

mice following ethanol exposure. If the partial C-terminus sequence is transcribed into a 

truncated protein, such a protein would likely be without effect, since upon expression it 

would be a sterically- hindered peptide incapable of tetramerization, which is required for 

p53 to become a functional protein, thus maintaining p53 null activity (Jackson 

Laboratories (Trp53tm1Tyj). On the other hand, if the truncated 3’ mRNA is increased in 

expression, it could also serve as a “decoy” for microRNAs that would normally target 
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this region of the p53 transcript (such as miR-122-5p). The net effect of this would be to 

reduce the ability of such miRNAs to interact with other targets. Indeed, changes in p53-

related miRNAs have been consistently observed following ethanol exposure in human 

subjects as well as ethanol drinking rats and neural stem cell cultures (Ignacio et al., 

2015).  

 

At the protein level, in the whole somatosensory cortex, hippocampus, and cerebellum, 

we found no change in pan p53 protein levels following ethanol exposure in WT mice.  

However, the absence of a significant change in total p53 by itself does not mean p53 

was not activated upon exposure to ethanol (Zilfou & Lowe, 2009) (Kruse & Gu, 2009) 

(Vierboom et al., 2000). Constitutively activated p53 (not bound to its inhibitor MDM2) 

can be lethal in development (Xiong, Van Pelt, Elizondo-Fraire, Liu, & Lozano, 2006), 

and we did not assess levels of MDM2 protein expression. Moreover, there are many 

possible post-secondary modifications that p53 may undergo (Kruse & Gu, 2009). 

Phosphorylation of ser15 in mice is how p53 becomes increasingly active and functions 

as a transcriptional modifier even in unperturbed cells (Karen H. Vousden & Lane, 2007). 

Another change that has been reported in studies of ethanol exposure in mouse liver is 

increased levels of acetylated p53 (Li et al., 2014); (Lieber et al., 2008).  However, we 

did not find evidence of increases in acetylation in any of the three brain regions 

considered (somatosensory cortex, hippocampus, and cerebellum). 
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Synthesis and Summary 

In general, a more profuse cell death response to a binge ethanol exposure was expected 

based on previous literature (Olney, 2004). Nonetheless, we did observe a significant 

increase in apoptosis upon ethanol exposure. Moreover, we consistently found that the 

absence of p53 in C57BL6 mice did not protect against apoptosis in the brain in the 

specific areas we examined that have been shown to be particularly vulnerable to ethanol 

exposure. These results are supported by findings in Ghosh and colleagues (2009) and 

suggests that pro-apoptotic signaling is occurring via a p53-independent pathway. 

Our results indicate that p53 is likely to be involved in cell cycle-related gene expression 

changes in layers 5 and 6 of the somatosensory cortex as well as both the CA1 and DG of 

the hippocampus, the latter of which is a site of continual neurogenesis in postnatal mice. 

There is evidence from previous studies that p53 can play a role in differentiation and cell 

division in neuronal stem cell cultures (Tedeschi & Di Giovanni, 2009). In the 

somatosensory cortex, the p53 cell cycle signaling changes we observed may be 

occurring in neurons but we cannot discount that it may also be occurring in non-

neuronal cell populations such as microglia and other cell types. Nonetheless, the fact 

that ethanol causes significant changes in cell cycle genes means it impacts both 

neurogenesis and gliogenesis, leading to devastating ramifications on brain circuitry 

formation and function. 

The present study has identified that p53 is engaged in neurodevelopmental signaling 

pathways in all subregions interrogated except layer 4 of the somatosensory cortex. 

Changing neuronal projections in the early postnatal brain can have severe consequences 
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as this is a particular time when synaptic connections are refined, which sets the 

foundation for functional brain activity throughout life (Kleiber, Laufer, Stringer, & 

Singh, 2014). Previous alcohol research has shown that there are physical changes in 

neuronal processes and neuronal spine densities (Hamilton et al., 2010) c.f. (Sadrian et 

al., 2013). Moreover, decreases in spine density following ethanol exposure correlate 

with decreased spatial memory (reviewed in (Sadrian et al., 2013). Thus, the observed 

p53 dependent changes in synaptic transcripts and cell cycle transcripts in the brain may 

collectively impair normal brain maturation and lead to the intellectual disability that is 

well established as a possible consequence of FASD(46).  

Our results also highlight a relatively new category of p53 dependent signaling responses 

following ethanol exposure that relate to effects on fatty acid (butanoate in particular) and 

ketone body metabolism (Goldstein et al., 2012). This was made evident by expression 

changes in Butanoate Metabolism and Synthesis and Degradation of Ketone Bodies 

pathways. Although we did not examine the biochemical mechanisms in this study, 

alcohol can contribute to a multitude of oxidation reactions, and to fatty acid synthesis in 

the brain (Woollett, Baldner-Shank, Aprahamian, Engen, & Beitz, 1987). Moreover, p53 

has also been implicated in fatty acid transport (Zaugg et al., 2001)c.f. (Aylon & Oren, 

2016).  Previous research has shown that changes in proteins that transport ketone bodies 

(produced from fatty acids) are associated with epilepsy and synaptic changes (Pérez-

Escuredo et al., 2016). Coincidently, people with FASD have a high-comorbidity of 

epilepsy (Bell et al., 2010) c.f. (Sadrian et al., 2013).  In fact, efforts to control seizures 

using a ketone rich diet show some clinical benefit, and blood beta-hydroxybutyrate 

levels (an example of an oxidized ketone body) correlate with the degree of seizure 



140 

 

control (Murray et al., 2016). In addition fatty acid accumulation in a newborn’s 

meconium is a marker of ethanol exposure in second or third trimester of development 

(E. P. Riley, Infante, & Warren, 2011). 

Considering these findings, we propose a new model of the role of p53 following ethanol 

exposure in the developing brain. This model posits that there are developmental changes 

in p53 signaling which in turn cause a detrimental change in synaptic function or 

structure, and lead to long term deficits in intellectual and behavioral function. 

Furthermore, the mechanism for this effect may be related to a change in fatty acid and 

ketone body metabolism, although further research will be needed to test this possibility. 
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Figure 1. Cell labeled by ApopTag or active Caspase-3 immunostaining in 

somatosensory cortex 8 hours after ethanol exposure in 7-day-old mice.  Upper, ApopTag 

staining (viewed at 20x) appeared as small nuclear puncta easily distinguished from 

background and counter-staining when present, which tended to be most evident in upper 

cortical layers.  Lower, Immunostaining for active caspase 3 labeled mostly whole cell 

somas that appeared darkly stained and were most evident in both upper and lower 

cortical layers in some cases.  
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Figure 2. Quantification of apoptosis in whole somatosensory cortex (S1) and three 

subregions of the hippocampal formation (CA1, CA3, dentate gyrus (–DG)) following 

ethanol administration.  Upper, The percentage of ApopTag immunopositive cells was 

determined. An average of 0.93% of cells were labeled across both treatment groups in 

the four brain regions. Lower, Counting of active caspase-3 immunopositive cells 

revealed an average of 0.41% of cells labeled across the treatment groups in the four 

brain regions of interest, and a significant main effect of alcohol treatment (p < 0.05) in 

all four brain regions, as well as a significant main effect of Genotype in the DG and a 

significant Treatment x Genotype interaction in the DG. Asterisks indicate p < 0.05 

compared to the Saline-treated mice within each Genotype.  Pound (#) symbol indicates 

significant effect (p < 0.05) of Genotype.   
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Figure 3.  Changes in p53 Signaling genes due to ethanol. Ethanol induced changes in all 

n=117 transcripts in the KEGG p53 Signaling pathway are shown. Colors denote 

direction of change (red = increased, green = decreased, white = no change).   
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Figure 4.  Ethanol-induced changes in the p53 Signaling Pathway and Cell Cycling 

Pathway. The transcripts contained with each of these KEGG pathways were averaged 

for each condition.  There were trends for decreased expression in the p53 Signaling in 

the WT mice (Upper) and for differential responses to ethanol in the WT and p53 KO 

mice (Lower). Cell Cycle changes were confirmed by a significant Genotype x Treatment 

interaction from the Pathway ANOVA results. Bars show mean, T-bars depict standard 

error of the mean. Asterisks indicate significant (p<0.05) post-hoc contrasts within each 

genotype for the ethanol versus saline comparison. 
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Figure 5.  Changes in Cell Cycle genes due to ethanol. Overall, ethanol exposure altered 

more genes in this KEGG pathway in WT mice than p53 KO mice.  Several of the genes 

that were increased in WT mice after ethanol were decreased in p53 KO, and vice versa. 

Same convention as Figure 3. 
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Figure 6.  Visualization of p53 expression from the whole somatosensory cortex RNA-

Seq data.  A, Alignment of RNA-Seq reads spanning the p53 gene, with exon structure 

shown in gray below. At this magnification, only 8 of the exons can be distinguished 

(some boxes contain > 1). Note the absence of aligned reads in the p53 KO mice near the 

5’ half of the gene, but normal or increased levels of RNA-Seq alignments in the 3’ half 

of the gene. B, plots of the mean normalized expression level across the entire p53 gene 

locus for the WT and p53 KO mouse. After ethanol exposure, the levels of the residual 

p53 gene show evidence of an attempt to increase expression. 
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Figure 7. Heterogeneous responses of p53-related genes in different brain regions after 

ethanol exposure in WT mice. Hierarchical cluster maps show the 25 most significantly 

changed genes in each area ranked by t test. Each column represents the data from one 

mouse brain region sample (n=6 per treatment group). Note that the pattern of change in 

each subregion distinguishes the ethanol and saline treated samples, but largely involves 

different genes. 
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Figure 8.  Expression of p53 transcript by targeted RNA-Seq in WT mice exposed to 

saline or ethanol. There is a general trend for decreased transcript expression in most 

brain regions following ethanol exposure (except for the CA1 region of the 

hippocampus).  Bars show mean and T-bars indicate standard error of the mean n=6 per 

group, four groups total. 
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Figure 9.  Expression changes in layer 5 of somatosensory cortex.  Of the 280 genes 

assayed in the TREx, only 6 were changed in the WT mice exposed to ethanol. Of these, 

4 were mapped in a single interaction network using the STRING database.  Upper, 

normalized gene expression levels in TREx assay, with colors indicating the convention 

used for the KEGG TREx.  Lower, STRING network for apoptosis.  Note the presence of 

many genes that were assayed by TREx, but not found to be significantly changed (gray 

color).  The genes that were changed are colored. 
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Figure 10.  Genes with significant interactions between Ethanol Treatment and p53 

Genotype Expression in subregions of the somatosensory cortex. Note that each of these 

3 genes are involved in neuronal-related functions (cell adhesion or neurite extension. 

Note that for two of the genes (Ephb1, Ctgf) the direction of change in two different 

layers was an increase following ethanol in the p53 KO mice but a decrease following 

ethanol in the WT mice.  The opposite pattern of change was seen in Layer 6 for Camk1 

n=6. 

 

  



168 

 

 

 

 

  

Figure 10 



169 

 

 

 

 

 

 

 

 

 

Figure 11.  Genes with significant interactions between Ethanol Treatment and p53 

Genotype Expression in subregions of the hippocampus.  Two genes (Caspase 2 and 

State1) were not detected in the p53 KO mice, but showed decreased expression 

following ethanol administration in the WT mice CA1 regions.  The Cdk1 gene showed 

opposite changes in response to ethanol in the p53 KO and WT mice (increased and 

decreased, respectively; top panel).  The Camk1 gene showed a significant interaction of 

Treatment and Genotype that was due to a much larger decrease in expression in p53 KO 

mice after ethanol administration than in WT mice (bottom panel). 
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Figure 12.  There was no change in the amount of total p53 or acetylated p53 levels due 

to ethanol exposure in WT mice.  Upper, total p53 was detected using a pan-p53 antibody 

in an ELISA kit.  Lower, acetylated p53 levels were detected using an acetylated p53 

ELISA kit. Although total p53 increased and acetylated p53 decreased across the three 

brain regions in WT mice following ethanol exposure, the differences were not 

significant for any comparison. Mean and standard error of the mean are shown n=3 per 

group. 
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 Table S1. Supplementary table of genes in custom TREx platform 

Symbol Chr Start Stop Title 

ACTL6A 3 32722620 32725333 actin-like 6A 

ANAPC16 10 59996448 60003112 UPF0448 protein C10orf104 homolog anaphase-promoting complex subunit 16 

APAF1 10 91001010 91009249 apoptotic peptidase activating factor 1 

APEX2 X 150571507 150584534 apurinic/apyrimidinic endonuclease 2 

API5 2 94425591 94427084 apoptosis inhibitor 5 

ATM 9 53527173 53531776 ataxia telangiectasia mutated homolog  

ATR 9 95881226 95883208 ataxia telangiectasia and Rad3 related 

ATXN3 12 101945834 101948048 ataxin 3 

BAI1 15 74528930 74538459 brain-specific angiogenesis inhibitor 1 

BAX 7 45466220 45466898 BCL2-associated X protein 

BBC3 7 16309583 16312414 BCL2 binding component 3 

BCL2 1 106538179 106714290 B-cell leukemia/lymphoma 2 

BCL2L1 2 152780668 152830102 BCL2-like 1 

BCL2L10 9 75347758 75351640 Bcl2-like 10 

BDNF 2 109675897 109727043 brain derived neurotrophic factor 

BID 6 120893119 120895831 BH3 interacting domain death agonist 

BIRC2 9 7825615 7827009 baculoviral IAP repeat-containing 2 

BIRC5 11 117849754 117852780 baculoviral IAP repeat-containing 5 

BNIP3 7 138897996 138898828 BCL2/adenovirus E1B interacting protein 3 

BRCA1 11 101497934 101502032 breast cancer 1 

BRCA2 5 150534593 150535550 breast cancer 2 

BRIP1 11 86148358 86152809 BRCA1 interacting protein C-terminal helicase 1 

BTG2 1 134074865 134079155 B-cell translocation gene 2, anti-proliferative 

BUB1 2 127829678 127831859 budding uninhibited by benzimidazoles 1 homolog  

CALB1 4 15895629 15898955 calbindin 1 

CALB2 8 110156920 110168206 calbindin 2 

CAMK1 6 113334514 113336261 calcium/calmodulin-dependent protein kinase I 

CARD6 15 5104903 5108376 caspase recruitment domain family, member 6 

CASP1 9 5304187 5306226 caspase 1 

CASP14 10 78711995 78714093 caspase 14 

CASP2 6 42265039 42267649 caspase 2 

CASP3 8 46629734 46632441 caspase 3 

CASP4 9 5321258 5322917 caspase 4, apoptosis-related cysteine peptidase 

CASP6 3 129906401 129910698 caspase 6 

CASP7 19 56436719 56442343 caspase 7 

CASP8 1 58827207 58829011 caspase 8 

CASP9 4 141811539 141812316 caspase 9 

CCK 9 121494317 121495689 cholecystokinin 

CCNA1 3 55049678 55050670 cyclin A1 
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CCNB1 13 100780022 100780916 cyclin B1 

CCNB2 9 70413102 70418907 cyclin B2 

CCND1 7 144934016 144937453 cyclin D1 

CCNE2 4 11201305 11202347 cyclin E2 

CCNF 17 24240779 24241441 cyclin F 

CCNG2 5 93269265 93271044 cyclin G2 

CCNH 13 85197351 85202496 cyclin H 

CCNO 13 112988891 112990778 cyclin O 

CD27 6 125233642 125234316 CD27 antigen 

CD40 2 165063468 165066564 CD40 antigen 

CDC20 4 118433481 118434876 cell division cycle 20 homolog  

CDC25A 9 109875579 109877234 cell division cycle 25 homolog A  

CDC25C 18 34748915 34749611 cell division cycle 25 homolog C  

CDC6 11 98912159 98914014 cell division cycle 6 homolog  

CDC7 5 106974601 106975660 cell division cycle 7  

CDCA5 19 6085398 6086467 cell division cycle associated 5 

CDCA8 4 124921212 124922064 cell division cycle associated 8 

CDK1 10 69350096 69352912 cyclin-dependent kinase 1 

CDK2 10 128702413 128703827 cyclin-dependent kinase 2 

CDK4 10 127065155 127066003 cyclin-dependent kinase 4 

CDK6 5 3390681 3429158 cyclin-dependent kinase 6 

CDK7 13 100719302 100720653 cyclin-dependent kinase 7 

CDKN1A 17 29098397 29100722 cyclin-dependent kinase inhibitor 1A  

CDKN1B 6 134920401 134922083 cyclin-dependent kinase inhibitor 1B 

CDKN2A 4 89274473 89276985 cyclin-dependent kinase inhibitor 2A 

CFLAR 1 58713286 58726732 CASP8 and FADD-like apoptosis regulator 

CHEK1 9 36723797 36725878 checkpoint kinase 1 homolog  

CHEK2 5 110840017 110841543 CHK2 checkpoint homolog  

CHORDC1 9 18305293 18308820 cysteine and histidine-rich domain  

CIDEA 18 67343564 67358854 cell death-inducing DNA fragmentation factor, alpha subunit-like effector A 

CLDN11 3 31153914 31164326 claudin 11 integral membrane proteins and components of tight junction strands 

CORO1A 7 126702976 126704754 coronin, actin binding protein 1A 

CRADD 10 95174746 95322889 CASP2 and RIPK1 domain containing adaptor with death domain 

CREBBP 16 4092190 4093585 CREB binding protein 

CTGF 10 24597315 24598682 connective tissue growth factor 

DCX X 143877239 143923429 doublecortin 

DDB1 19 10623527 10624847 damage specific DNA binding protein 1 

DDB2 2 91217307 91218889 damage specific DNA binding protein 2 

DLK1 12 109455493 109458215 delta-like 1 homolog  

DLX1 2 71529445 71531156 distal-less homeobox 1 

DLX2 2 71543408 71544924 distal-less homeobox 2 
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DMC1 15 79585098 79585760 
DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous 

recombination 

DNMT1 9 20927107 20929129 DNA methyltransferase  

DNMT3A 12 3906765 3914443 DNA methyltransferase 3A 

DRAM1 10 88340520 88344711 DNA-damage regulated autophagy modulator 1 

E2F1 2 154562938 154564114 E2F transcription factor 1 

E2F3 13 29916846 29918795 E2F transcription factor 3 

EGR1 18 34861207 34864956 early growth response 1 

EI24 9 36788193 36789925 etoposide induced 2.4 mRNA 

EOMES 9 118480467 118481386 eomesodermin homolog  

EPHB1 9 102041012 102067026 Eph receptor B1 

ERCC1 7 19345606 19348616 
excision repair cross-complementing rodent repair deficiency, complementation 

group 1 

ERCC2 7 19385830 19386830 
excision repair cross-complementing rodent repair deficiency, complementation 

group 2 

ERCC3 18 32248163 32254265 
excision repair cross-complementing rodent repair deficiency, complementation 

group 3 

ERCC4 16 13144401 13152009 
excision repair cross-complementing rodent repair deficiency, complementation 

group 4 

ERCC5 1 44175839 44178374 
excision repair cross-complementing rodent repair deficiency, complementation 

group 5 

ERCC6 14 32552575 32558009 
excision repair cross-complementing rodent repair deficiency, complementation 

group 6 

ERCC8 13 108158738 108160730 
excision repaiross-complementing rodent repair deficiency, complementation 

group 8 

ERRFI1 4 150865364 150868880 ERBB receptor feedback inhibitor 1 

ESR1 10 4783857 4857193 estrogen receptor 1  

EXO1 1 175891934 175893061 exonuclease 1 

EZH2 6 47533742 47540855 enhancer of zeste homolog 2  

FADD 7 144578323 144580860 Fas (TNFRSF6)-associated via death domain 

FAS 19 34290659 34307278 Fas (TNF receptor superfamily member 6) 

Fasl 1 161780692 161783004 Fas ligand  

FEN1 19 10199139 10203943 flap structure specific endonuclease 1 

FOS 12 85473901 85475186 FBJ osteosarcoma oncogene 

FOXM1 6 128371968 128372603 RIKEN cDNA 4933413G19 gene 

FOXO3 10 42185786 42197901 forkhead box O3 

FOXP1 6 98966027 98978237 forkhead box P1 

GAD1 2 70579111 70585946 glutamic acid decarboxylase 1 

GAD2 2 22681288 22685066 glutamic acid decarboxylase 2 

GADD45A 6 67035096 67036915 growth arrest and DNA-damage-inducible 45 alpha 

GFAP 11 102891911 102893255 glial fibrillary acidic protein 

GML 15 74813455 74816489 GPI anchored molecule like protein 

Gsx2 5 75075601 75077893 GS homeobox 2 

HDAC1 4 129518013 129518971 histone deacetylase 1 

HES1 16 30066163 30067796 hairy and enhancer of split 1  

HK2 6 82732101 82734967 hexokinase 2 

HMGA2 10 120473252 120476935 high mobility group AT-hook 2 
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Hprt X 53002088 53008718 hypoxanthine guanine phosphoribosyl transferase 

HSP90B1 10 86695826 86696835 heat shock protein 90, beta  

HUS1 11 8993142 8998756 Hus1 homolog  

IFNB1 4 88522025 88522794 interferon beta 1, fibroblast 

IGF1R 7 68195590 68201346 insulin-like growth factor I receptor 

IL10 1 131022489 131024970 interleukin 10 

IL6 5 30018005 30019968 interleukin 6 

JAG1 2 137085918 137087162 jagged 1 

JUN 4 95049036 95052222 Jun oncogene 

KAT2B 17 53644614 53648883 K(lysine) acetyltransferase 2B 

KDM1A 4 136592965 136602723 lysine (K)-specific demethylase 1A 

KRAS 6 145216699 145232254 v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

LAMA4 10 39098327 39103618 laminin, alpha 4 

LAMC1 1 153240317 153242019 laminin, gamma 1 

LHX2 2 38351308 38353513 LIM homeobox protein 2 

Lig1 7 13299040 13300347 ligase I, DNA, ATP-dependent 

LIG3 11 82796028 82797448 ligase III, DNA, ATP-dependent 

LIG4 8 9970020 9976323 ligase IV, DNA, ATP-dependent 

LIMK1 5 134669190 134670524 LIM-domain containing, protein kinase 

Lrdd 7 141438515 141438847 leucine-rich and death domain containing 

MACF1 4 123503184 123504549 microtubule-actin crosslinking factor 1 

MAD1L1 5 140300434 140302996 mitotic arrest deficient 1-like 1 

MAPK1 16 17026358 17035551 mitogen-activated protein kinase 1 

MAPK7 11 61490608 61493069 mitogen-activated protein kinase 7 

MCL1 3 95659761 95663178 myeloid cell leukemia sequence 1 

MCM2 6 88885844 88887073 minichromosome maintenance deficient 2 mitotin  

MCM3 1 20803014 20804907 minichromosome maintenance deficient 3  

MCM4 16 15626036 15627856 minichromosome maintenance deficient 4 homolog  

MCM5 8 75114165 75116018 minichromosome maintenance deficient 5, cell division cycle 46  

MDM2 10 117692582 117695068 transformed mouse 3T3 cell double minute 2 

MDM4 1 133001283 133003890 transformed mouse 3T3 cell double minute 4 

MIB1 18 10798352 10800248 mindbomb homolog 1  

MKI67 7 135689788 135693496 antigen identified by monoclonal antibody Ki 67 

MLH1 9 111268218 111271608 mutL homolog 1  

MLH3 12 85250302 85259265 mutL homolog 3  

MMS19 19 41957858 41962861 MMS19  

MPG 11 32226505 32227949 N-methylpurine-DNA glycosylase 

MRE11A 9 14809804 14811956 meiotic recombination 11 homolog A  

MSH2 17 87688942 87696604 mutS homolog 2  

MSH3 13 92215470 92221085 mutS homolog 3  

MSH4 3 153866321 153867842 mutS homolog 4  



177 

 

MSH5 17 35039201 35041515 mutS homolog 5  

MSH6 17 87984446 87988454 mutS homolog 6  

MUTYH 4 116818241 116819431 mutY homolog  

MYC 15 61987507 61990361 myelocytomatosis oncogene 

MYOD1 7 46378144 46379092 myogenic differentiation 1 

NEFH 11 4945111 4948064 neurofilament, heavy polypeptide 

NEIL1 9 57145098 57147034 nei endonuclease VIII-like 1  

NEIL2 14 63182445 63186234 nei like 2  

NEIL3 8 53600951 53605799 nei like 3  

Nek2 1 191827150 191829517 NIMA  

NES 3 87972992 87974875 nestin 

NF1 11 79463233 79468875 neurofibromatosis 1 

NFKB1 3 135584655 135589504 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, p105 

NOD1 6 54923942 54928118 nucleotide-binding oligomerization domain containing 1 

NR2E1 10 42561971 42567594 nuclear receptor subfamily 2, group E, member 1 

NTHL1 17 24633927 24634895 nth (endonuclease III)-like 1 (E.coli) 

NUMBL 7 27268779 27274144 numb-like 

Ogg1 6 113329229 113331952 8-oxoguanine DNA-glycosylase 1 

Pak7 2 136116177 136174275 p21 protein  

PARP1 1 180573652 180577698 poly (ADP-ribose) polymerase family, member 1 

PARP2 14 50811776 50814966 poly (ADP-ribose) polymerase family, member 2 

PARP3 9 106475023 106475982 poly (ADP-ribose) polymerase family, member 3 

PARP8 13 116868440 116869471 poly (ADP-ribose) polymerase family, member 8 

PARVB 15 84271231 84273569 parvin, beta 

PAX6 2 105685778 105691723 paired box gene 6 

PCBP4 9 106453838 106460149 poly(rC) binding protein 4 

PCNA 2 132251903 132253180 proliferating cell nuclear antigen 

PDE4B 4 102590831 102596112 phosphodiesterase 4B, cAMP specific 

PIM2 X 7879628 7881620 proviral integration site 2 

PITX3 19 46137365 46148325 paired-like homeodomain transcription factor 3 

PMAIP1 18 66458604 66460998 phorbol-12-myristate-13-acetate-induced protein 1 

PMS1 1 53194928 53197302 postmeiotic segregation increased 1  

PMS2 5 143916356 143917677 postmeiotic segregation increased 2  

PNKP 7 44857181 44858209 polynucleotide kinase 3'- phosphatase 

POLB 8 22640513 22642356 polymerase (DNA directed), beta 

POLD3 7 100082113 100088142 polymerase (DNA-directed), delta 3, accessory subunit 

POLH 17 46182685 46184809 polymerase (DNA directed), eta (RAD 30 related) 

POLL 19 45553509 45555219 polymerase (DNA directed), lambda 

PPIA 11 6418226 6419285 peptidylprolyl isomerase A 

PPM1D 11 85339554 85347071 protein phosphatase 1D magnesium-dependent, delta isoform 

PPP1R13B 12 111858210 111866534 protein phosphatase 1, regulatory  
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PPP3CA 3 136921833 136928619 protein phosphatase 3, catalytic subunit, alpha isoform 

PRC1 7 80300301 80301159 protein regulator of cytokinesis 1 

PRKCA 11 107986248 108012723 protein kinase C, alpha 

PRKDC 16 15731550 15734129 protein kinase, DNA activated, catalytic polypeptide 

PTBP1 10 79860117 79860969 polypyrimidine tract binding protein 1 

PTEN 19 32815417 32818060 phosphatase and tensin homolog 

PTGS2 1 150100124 150101090 prostaglandin-endoperoxide synthase 2 

PTTG1 11 43420248 43420408 pituitary tumor-transforming gene 1 

PYCARD 7 127991373 127993171 PYD and CARD domain containing 

RACGAP1 15 99622219 99623692 Rac GTPase-activating protein 1 

RAD17 13 100622798 100624566 RAD17 homolog  

RAD21 15 51973086 51973943 RAD21 homolog  

RAD23A 8 84838794 84840641 RAD23a homolog  

RAD23B 4 55385410 55392237 RAD23b homolog  

RAD50 11 53679390 53680222 RAD50 homolog  

RAD51 2 119116312 119118745 RAD51 homolog  

RAD51C 11 87402598 87404495 RAD51 homolog c  

RAD52 6 119920807 119922823 RAD52 homolog  

RAD54L 4 116112481 116118957 RAD54 like  

RB1 14 73262529 73264369 retinoblastoma 1 

RELA 19 5641464 5645405 v-rel reticuloendotheliosis viral oncogene homolog A  

REST 5 77265494 77268823 RE1-silencing transcription factor 

RPA1 11 75310133 75312448 replication protein A1 

RPA3 6 8257687 8259141 replication protein A3 

RPRM 2 54084093 54085552 reprimo, TP53 dependent G2 arrest mediator candidate 

SESN1 10 41894042 41895020 sestrin 1 

SESN2 4 132499766 132502628 sestrin 2 

SIRT1 10 63319005 63322300 sirtuin 1  

SLC1A1 19 28892835 28894568 solute carrier family 1  

SLC38A1 15 96616142 96624169 solute carrier family 38, member 1 

SLK 19 47635469 47636467 STE20-like kinase  

SMAD1 8 79356212 79372364 MAD homolog 1  

SMAD2 18 76289039 76292984 MAD homolog 2  

Smad3 9 63666148 63667606 MAD homolog 3  

SMAD4 18 73658779 73662867 MAD homolog 4  

SMC1A X 152026532 152027952 structural maintenance of chromosomes 1A 

SMOX 2 131521055 131522219 spermine oxidase 

SMUG1 15 103158157 103161225 single-strand selective monofunctional uracil DNA glycosylase 

SOX9 11 112782210 112784062 SRY-box containing gene 9 

SPHK2 7 45712456 45713728 sphingosine kinase 2 

SST 16 23889581 23890844 somatostatin 
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STAG1 9 100845016 100848738 stromal antigen 1  

STAT1 1 52132544 52135681 signal transducer and activator of transcription 1  

SYP X 7648557 7653256 synaptophysin  

TADA3 6 113375840 113377520 transcriptional adaptor 3  

TDG 10 82629838 82638876 thymine DNA glycosylase  

TGFB1 7 25692377 25694340 transforming growth factor, beta 1  

TNF 17 35201084 35201996 tumor necrosis factor  

TNFRSF10B 14 69777721 69780573 tumor necrosis factor receptor superfamily, member 10b 

TNFRSF1A 6 125349723 125356978 tumor necrosis factor receptor superfamily, member 1a 

TNFRSF1B 4 145227468 145229106 tumor necrosis factor receptor superfamily, member 1b 

TRAF2 2 25528232 25530448 TNF receptor-associated factor 2 

TREX1 9 109057932 109059723 three prime repair exonuclease 1 

Trp53 11 69589789 69590762 transformation related protein 53 

Trp53bp2 1 182446274 182449179 transformation related protein 53 binding protein 2 

Trp63 16 25820388 25862465 transformation related protein 63 

TRP73 4 154060588 154061500 transformation related protein 73 

TRPS1 15 50830829 50846942 trichorhinophalangeal syndrome I  

TSC1 2 28663500 28665162 tuberous sclerosis 1 

TSC2 17 24615477 24618982 tuberous sclerosis 2 

TUBB1 2 174450695 174455765 tubulin, beta 1 

TUBB3 8 123418940 123422010 tubulin, beta 3 

UGDH 5 65418478 65420343 UDP-glucose dehydrogenase 

Ung 5 114137153 114139321 uracil DNA glycosylase 

VEGFA 17 46020991 46022348 vascular endothelial growth factor A 

VIP 10 5640618 5642594 vasoactive intestinal polypeptide 

WEE1 7 110139562 110143299 WEE 1 homolog 1  

WT1 2 105126529 105133060 Wilms tumor 1 homolog 

XAB2 8 3614245 3616158 XPA binding protein 2 

XIAP X 42101996 42109664 X-linked inhibitor of apoptosis 

XPA 4 46185591 46193157 xeroderma pigmentosum, complementation group A 

XPC 6 91499265 91501011 xeroderma pigmentosum, complementation group C 

XRCC1 7 24565536 24566293 X-ray repair complementing defective repair in Chinese hamster cells 1 

XRCC2 5 25689816 25698332 X-ray repair complementing defective repair in Chinese hamster cells 2 

XRCC3 12 111804915 111807987 X-ray repair complementing defective repair in Chinese hamster cells 3 

XRCC4 13 90000918 90062184 X-ray repair complementing defective repair in Chinese hamster cells 4 

XRCC5 

(Ku80) 1 72354243 72356886 X-ray repair complementing defective repair in Chinese hamster cells 5 

XRCC6 15 82031133 82035777 X-ray repair complementing defective repair in Chinese hamster cells 6 

YWHAE 11 75755574 75757023 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 

epsilon polypeptide 
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Chapter 4 

Ethanol exposure leads to changes in p53 transcription factor and DNA repair proteins 

binding to neural stem cell DNA that has altered transcriptome 
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Introduction  

Increases in p53 protein have been reported in brain tissue following exposure to 

ethanol in nine out of ten neural ethanol studies (see Chapter 1). This increase might be 

induced by DNA damage, and thus could represent an attempt by the cells to engage in 

DNA damage repair processes along with regulation of the cell cycle and various other 

intracellular pathways. These effects of p53 likely require greater interaction with 

specific gene promoters. However, it is currently unknown what promoters activated p53 

binds to in neurons exposed to ethanol.  This information could reveal which specific 

cellular pathways (including DNA repair pathways) might be most affected by ethanol 

exposure.  

The proteins involved in the process of DNA repair depend on the specific type of 

DNA damage that has occurred, and commonly involve Base Excision Repair (BER), 

Nucleotide Excision Repair (NER), and Homologous Recombination / Non-Homologous 

End Joining (HR/NHEJ) repair.  Interestingly, specific genes within each of these 

pathways were shown to be affected in a mouse third trimester model of fetal alcohol 

spectrum disorder (FASD) (Chapter 3).  To follow up on these observations and 

investigate the roles of p53 and activated DNA repair pathways following ethanol 

exposure, we considered a representative protein from each of the three main DNA repair 

pathways: 1) Hus1 from BER, 2) Ercc1 from NER, and 3) Rad51 from HR/NHEJ.  

These three DNA repair proteins all have distinct functions. Hus1 is a component 

of a sliding clamp involved in processivity that responds to BER in single strand break 

(SSB) repair and stalled replication forks. Hus 1 functions as part of a heterotrimeric 
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complex with Rad9 and Rad1 called the 9-1-1 clamp (Wu, Shell, & Zou, 2005) (Toueille 

et al., 2004). Ercc1 forms a heterodimer with the endonuclease, Xeroderma Pigmentosum 

Group F (XPF) to the 5’ end of damaged DNA (Friboulet et al., 2013) (Orelli et al., 

2010). This endonuclease catalyzes the 5' incision in the process of excising the DNA 

lesion in NER SSB repair. Finally, Rad51 forms a helical nucleoprotein filament on DNA 

undergoing double strand break (DSB) repair via homologous recombination 

(Schwendener et al., 2010) (Robertson et al., 2009). The function of this helical 

nucleoprotein filament is to search for homology and strand pairing between a template 

strand and a homologous DNA strand in G2 of the cell cycle where there are homologous 

DNA strands. 

In studying the effects of fetal alcohol exposure on DNA integrity, it is important 

to note that the nervous system appears particularly vulnerable to DNA damage, which 

can be assessed using TUNEL staining (see Chapter 2). The vulnerability of the brain is 

likely due to the limited capacity for cell replacement in the adult central nervous system, 

as well as the fact that it acts directly on neurotransmitter receptors. In fact, accumulation 

of DNA lesions in neurons is associated with neurodegenerative disorders: including 

ataxia, Alzheimer’s disease, Huntington’s disease, and Parkinson’s disease (Jackson & 

Bartek, 2009). Defects in BER and SSB, specifically the repair proteins tyrosyl-DNA 

phosphodiesterase 1 and aprataxin for example, can trigger neuronal dysfunction and 

degeneration (Caldecott, 2008), (Wilson Iii & Mattson, 2007). Interestingly such repair 

effects appear largely restricted to the nervous system. DNA repair is additionally 

challenging in the CNS due to the fact that nonreplicating neurons in Go cell cycle phase 

must repair DSB by the error-prone process of NHEJ since the cell has not undergone 
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replication that occurs in S phase allowing for less error prone homologous 

recombination to occur by using homologous chromosomes containing two pairs of sister 

chromatids as a template for repair (Kulkarni & Wilson, 2008) (McKinnon, 2009). 

In this study we used DNA-damage assays, whole-transcriptome RNA 

sequencing, and chromatin-immunoprecipitation (ChIP) sequencing of RNA and DNA 

from cultured neuronal stem cells following ethanol exposure. We also explored the 

possibility that DNA methylation changes might underlie some of the more persistent 

expression alterations. The top genes and gene networks implicated by these analyses 

were mapped and compared to determine if there was evidence for common effects on 

specific genes and pathways. We also probed for common sequence elements (potential 

binding motifs) in the genes identified by ChIP-seq analysis of p53. 

 Our results suggest a distinct set of genes appear to be targeted by the three DNA 

repair proteins examined.  Likewise, a relatively small set of cellular pathways appear to 

be most affected by ethanol exposure in neural stem cell culture.  While methylation 

alterations were also affected, these did not appear to be driving the large scale 

transcriptional responses. 

 

Methods 

To further investigate the roles of activated DNA repair pathways following 

ethanol exposure, we utilized an established mouse neural stem cell culture model of 

FASD to quantify DNA damage, map transcriptional alterations using global and targeted 

RNA-sequencing and determine the chromatin binding of p53 and a representative 
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protein from each of the three main DNA repair pathways: 1) Hus1 from BER, 2) Ercc1 

from NER, and 3) Rad51 from NHEJ.   

 

Ethanol Treatment of NS5 Neuronal Cultures 

Non-immortalized mouse NS-5 cells were cultured to maintain proliferation in a 

serum-free growth medium (NeuroCult NSC Basal Medium Mouse; Stem Cell 

Technologies, Vancouver, Canada) supplemented with 10% NeuroCult Neural Stem Cell 

Proliferation Supplements (Stem Cell Technologies), 0.01% Heparin (Stem Cell 

Technologies), 10 ng/ml recombinant human FGF2 (Peprotech, Rocky Hill, NJ), and 

recombinant murine epidermal growth factor (10 ng/ml; Peprotech). Cells were incubated 

at 37oC with 7.0% CO2 in 250 ml flasks coated with 0.10% gelatin. Medium was 

changed every 1.5 days and confluent cultures were split every 3–4 days.  

 On splitting, 3.0 x 106 cells were plated on 100 mm2 Petri dishes coated with 

0.10% gelatin. Cultures were maintained for 24hrs on a serum-free growth medium 

(NeuroCult NSC Basal Medium Mouse; Stem Cell Technologies, Vancouver, Canada) 

supplemented as stated above. Cells were then exposed to one of four treatments for 24 hr 

or 48 hr for the TRex and total RNA sequencing assays or 48 hr for the ChIP-seq and 

Methylation assays: 

1) FGF2 (10 ng/mL) 

2) FGF2 (10 ng/mL) and ethanol (400 mg/dL; i.e., 86.8 mM) 

3) TGFß1 (10 ng/mL; R&D Systems 240-B-002), or  

4) TGFß1 (10 ng/mL) and ethanol (400 mg/dL).  
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FGF2 treatments were used to maintain cells in a stem cell/ proliferative state and the 

TGFß1 treatment was used to initiate differentiation of the neural stem cells into neurons 

and glia cells. For simplicity, we refer to FGF2 as FGF and TGFß1 as TGF. The 

volatility/concentration of ethanol in the medium was controlled through the use of 

closed chambers filled with 200ml filtered water. Petri dishes were placed on plastic 

scaffolds in the closed chambers. Chambers that housed ethanol treatment Petri dishes 

also received 86.8 mM ethanol in the 200ml of filtered water to buffer the diffusion of 

ethanol from the Petri dish. Cells were collected from experimental treatments by first 

aspirating the media then covering the bottom of the well with 0.025% trypsin solution 

(Gibco), letting stand for 1 minute at room temperature with periodic agitation. The 

trypsin and cell solution was then removed from each well by pipetting it and ejecting it 

into a 1.5ml microcentrifuge tube. Tubes were centrifuged (Eppendorf centrifuge 5415 

D) for 3 minutes at 2000g to pellet cells against the wall of the tube. Trypsin solution was 

carefully discarded without agitating the pellet. The tube containing cell pellet was stored 

at -20 oC for later isolation of RNA or DNA. 

 

Comet Assay 

Cellular ethanol experimental treatments were performed as described above 

except for trypsin collection. Once media was aspirated, 0.5 ml of ice cold 1X PBS (Ca++ 

free and Mg++ free) was added to the Petri dish and cells were scrapped off the Petri dish 

and pipetted into a 1.5ml microfuge tube on ice. An additional 0.5ml of ice cold 1XPBS 

was added to rinse off the plate and remove any remaining cells, which was also pipetted 
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into the same 1.5ml microfuge tube on ice. The detection procedure was performed 

according to manufacturer instructions to detect small amounts of single and double-

stranded breaks using the Alkaline CometAssay by Trevigen Regeant Kit for single cell 

gel electrophoresis assay (catalog # 4250-050-K). Cells were lysed and DNA stained with 

SYBR Gold (ThermoFisher) and subjected to 21 volts electrophoresis for 30 minutes. 

Image J software was used to quantify the DNA damage by measuring the Tail Moment 

which combines the amount of DNA damage in the tail with the distance of migration.  

 

Whole-Transcriptome Profiling of Cell Culture 

Cells were treated as described above. Once pelleted cells were obtained, 350ul of 

RLT buffer from Qiagen RNeasy Plus micro Kit was added to the microcentrifuge tubes, 

followed by purification according to manufacturer protocol. Purified RNA samples were 

subsequently assessed to determine the yield, purity, and quality of the RNA using a 

Nanodrop (ThermoFisher) and the Agilent Technologies Bioanalyzer using the RNA 

6000 Pico Kit (Santa Clara, CA). For whole-transcriptome analysis of NS5 cells, four of 

the RNA samples that passed quality control standards (RNA Integrity Number > 8) in 

each treatment group (n=16 total) were submitted to the SUNY Molecular Analysis Core 

for Stranded Total RNA-Seq. Libraries were prepared using standard Illumina methods 

and sequenced with an Illumina (San Diego, CA) NextSeq 500 instrument using 1 x 75 

bp single end reads at a targeted depth > 15 million (M) reads per sample.  Of the 16 

samples, one had to be eliminated due to a technical problem that resulted in fewer than 

3,000 reads being obtained.  This sample reduced the number of samples in the untreated 
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FGF group to 3 instead of 4.  Raw FastQ files from the sequencing were subjected to 

quality assurance and quality control (QA/QC) in Partek Flow (Partek, Inc., St. Louis, 

MO) and alignment was performed to version mm10 of the mouse genome and annotated 

to RefSeq (11-1-16) using the STAR alignment application. Post-alignment data were 

quantified and normalized using total reads per kilobase of gene model per million reads 

(RPKM). Statistical analysis was performed using a two-way ANOVA to test for 

significant main effects of Ethanol in each Growth Factor condition, as well as the 

interaction of these two factors.  Functional enrichment analysis of the 30 most-robustly 

affected genes for each contrast of interest was performed based using the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID) software (v6.8).   

 

Targeted RNA-Seq Analysis of Expression Changes  

Cell culture and RNA extraction were performed as described above. The content 

of the TREx panel included 280 genes involved in neuronal activity, apoptosis, DNA 

damage and repair, cell cycle regulation, and cell fate, plus housekeeping genes (Ercc1, 

Hus1, and Rad51). These libraries were sequenced using the Illumina MiSeq instrument, 

with reads mapped to the mouse genome, normalized to the mean counts of 

peptidylprolyl isomerase A (Ppia) and hypoxanthine phosphoribosyltransferase (Hprt1), 

and subsequently analyzed using a two-way ANOVA and t-test procedures for each brain 

region of interest in Metaboanalyst software. The 25+ most robustly affected genes in 

each brain region comparison were subjected to a volcano plot and hierarchical clustering 

for display purposes. 
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ChIP-Seq 

For the ChIP-seq studies, NS5 cells were exposed to ethanol treatment as 

described above except for the trypsin collection step. In this case, after media was 

aspirated 10 ml of 1% formaldehyde (Sigma F8775) was added to the cells to cross-link 

proteins to DNA, and these were incubated at 37oC for 10 minutes according to the 

Epitect ChIP OneDay Qiagen protocol (Qiagen, Valencia, CA, USA). The protocol for 

isolating immunoprecipitated DNA was performed according to manufacturer 

instructions. At least 4 samples per condition were prepared, using different amounts of 

antibody as follows: Ercc1 1:100 (Cell Signaling Technology #3885), Hus1 1ug/ml 

(Santa Cruz Biotechnology), p53 5ug/ml (Abcam ab1431), and Rad51 1ug/ml (Abcam 

ab1837). Sequencing libraries were prepared using the TruSeq ChIP Library Preparation 

Kit (Illumina) by the SUNY Molecular Analysis Core and analyzed on an Illumina 

MiSeq instrument, with reads mapped to the mm10 build of the mouse genome. Reads 

counts were normalized (RPKM) using Partek Genomics Suite software (v6.8, St. Louis, 

MO).  To compare relative abundance of ChIP-seq mapped reads, we used a standard 

RNA-seq workflow. Tables of the individual ChIP-seq target genes that were the most 

significantly affected by ethanol exposure were generated and compared between 

antibody conditions. We also examined the gene networks of top 50 identified genes.  

Finally, for the p53 ChIP-seq data, we also probed for common sequence elements 

(potential binding motifs) in the top genes identified. 
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Methylation 

Ethanol exposures of NS5 cells were performed as described above. For these 

studies, only samples from ethanol-exposed NS5 cells grown in TGFß1 were used. Total 

genomic DNA was extracted from two samples each in exposed and unexposed NS5 cells 

using the DNeasy Blood and Tissue Kit (Qiagen, catalog # 69504). DNA samples had 

OD 260/280 ratios ranging from 1.8 to 2.0. Three ug of total genomic DNA was used and 

diluted with 10 mM Tris-HCl pH 8.0 0.5mM EDTA to a total volume of 50ul. A Covaris 

instrument was used to shear the DNA to 150 bp size using microtube AFA Fiber Screw-

Cap (catalog #520096) by setting the Covaris to Peak Incident Power 50, Duty Factor 

20%, Cycles per Burst 200, Treatment time 375s, Temperature 20C, and Sample volume 

50ul. The protocol for identification of genomic methylation was preformed according to 

manufacturer protocol, using the SureSelect Methyl-Seq Target Enrichment System for 

Illumina Multiplexed Sequencing protocol version B (January 2013, Agilent 

Technologies, Santa Clara, CA) in conjunction with the SureSelect Mouse Methyl-Seq 

Capture Library 16 reaction kit. Samples were sequenced using 2 x 200 paired-end reads 

on a 500 cycle flow cells with 30pM of each library used after addition of 1% PhiX. 

Reads were analyzed using the RubioSeq application, which deployed the Bismark tool 

for alignment of the bisulfite-converted sequencing data. After generation of aligned 

reads, BAM files were imported into Strand NGS software (Avadis) and examined using 

a pre-defined workflow for identification, quantification, and differential methylation 

analysis of aligned reads. The top differential methylation targets were then examined for 

functional pathway enrichment. 
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Statistical Analysis 

The data from the DNA damage Comet Assay were analyzed using a two-way (Growth 

Factor x Ethanol Dose) analysis of variance (ANOVA) incorporating all three doses of 

ethanol (0 mg/dL, 100 mg/dL, and 400 mg/dL) and both growth factor conditions (TGF 

and FGF). This was followed by a one-way ANOVA to examine the effect of ethanol in 

each growth factor condition separately, and a Scheffe post-hoc test to compare the 

different dosage groups.  Identification of differential expression in the whole-

transcriptome RNA-seq studies and differential binding in the whole-genome ChIP-seq 

studies was performed using a two-way (Ethanol Treatment x Growth Factor) ANOVA, 

followed by post-hoc testing with a Fisher’s protected least significant difference (PLSD) 

test on the normalized data.  Detection of differentially methylated cytosines (DMCs) 

was performed using a modified Fisher’s Exact Test in Strand NGS, using an absolute 

methylation difference of +/- 10%, a minimal read coverage of 5, and an uncorrected p 

value cut-off of 0.05.  Using these cutoffs, the statistical significance of DMCs from all 

the samples was computed by comparing the counts of all the methylated Cs (supporting 

reads with Cs that were protected from bisulfite conversion) and unmethylated Cs 

(supporting reads with Ts that were not protected from bisulfite conversion) for each of 

the sets of samples at each specific sequence position in the genome data, as follows: 

Let  A = number of methylated Cs found in ethanol-treated samples 

 B = number of unmethylated Cs (converted to T) found in ethanol-treated samples 

 C = number of methylated Cs in control samples 

 D = number of unmethylated Cs found in control samples 

 N = total number of Cs evaluated in all sample groups 
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Then, Fisher’s Exact P = (A+B)! . (C+D)! . (A+C)! . (B+D)! 

                    A! . B! . C! . D! . N!   

 

Enrichment analysis to detect over-representation of different ontologies was also 

performed using a Fisher’s Exact Test in Strand NGS (for Methyl-seq experiments) or a 

modified Fisher’s Exact Test called as EASE score in DAVID, with the following 

modification (subtracting 1 from the A count makes the test more conservative): 

Let  A = number of genes in a specific ontology from a list of differential genes (DGs) 

  B = number of DGs that are not in the specific ontology 

  C = number of genes in the genome that are found in the specific ontology 

  D = number of annotated genes in the genome that are not in the specific ontology 

  N = total number of genes evaluated in all categories (A+B+C+D)  

 

Then, EASE Score (ES) = (A-1+B)! . (C+D)! . (A-1+C)! . (B+D)! 

                                               (A-1)! . B! . C! . D! . (N-1)!  

In addition to generating p values for each individual ontology, DAVID also identified 

clusters of overlapping ontologies, called functional annotation clusters, and calculated an 

estimate of overall enrichment for the cluster based on the geometric mean of the 

individual ontologies.  

For targeted RNA sequencing (TREx), normalization was preformed using the mean 

counts of Peptidylprolyl isomerase A (PPIA) and Hypoxanthine 

phosphoribosyltransferase (HPRT) as the internal standard for normalization, and 

subsequently analyzed using a Student’s t-test and volcano plot analysis comparing 

ethanol and control treatments in Metaboanalyst software. The most robustly affected 
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genes in each brain region comparison were then subjected to hierarchical clustering for 

display purposes.  Because we designed the TREx assay to contain specific genes in 

specific functional classifications we did not perform ontology enrichment analysis. 
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Results 

Comet Assay reveals extent of DNA damage. 

Damaged DNA, specifically single and double strand breaks, was visualized using the 

Comet Assay (Figure 1). Across both growth factor conditions, ethanol was seen to cause 

increased DNA damage (FEthanol = 14.7, p < 0.001). Two-way ANOVA also revealed 

greater DNA damage in the TGF condition than in the FGF growth condition across all 

three ethanol concentrations (FGrowth Factor = 31.8, p < 0.001). There was no significant 

Growth Factor x Ethanol interaction (FInteraction = 0.257, p = 0.773). Separate analysis of 

the effects of ethanol in each growth factor condition confirmed significant overall effects 

for both FGF (F = 8.47, p = 0.0003) and TGF (F = 6.98, p = 0.0011).  Post-hoc 

comparisons between the ethanol dose groups was performed using a Scheffe test in each 

growth factor condition, and indicated significant differences between the 0 and 400 

mg/dL groups in each case (FGF p = 0.003, TGF p = 0.0014) and also between the 100 

mg/dL and 400 mg/dL groups in each case (FGF p = 0.0287, TGF p = 0.0464) but no 

difference between the 0 ml/dL and 100 mg/dL groups in either case (FGF p = 0.4, TGF 

p = 0.5) (Figure 1). 

ChIP-Seq shows locations of active DNA repair and p53 activity. 

To assess DNA repair activity in ethanol exposed NS5 cells, chromatin 

immunoprecipitation (ChIP) was preformed followed by sequencing to determine the 

differences in binding of three DNA repair proteins - Ercc1, Hus1, and Rad51 - on the 

NS5 genome in ethanol exposed versus control conditions. Differentially bound sites 

were analyzed per individual growth factor treatments and in combination.  
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Ercc1. According to the two-way ANOVA, across the two growth factor conditions, the 

five genes with the most robust differences in Ercc1 protein binding were Fancm 

(F=17.8, p = 0.00065), 4930584F24Rik (F=14.3, p = 0.0016), Pkn1 (F=11.4095, p = 

0.0038), Egfem1 (F=11.1, p = 0.0042), and 1110020A21Rik (F=10.02, p = 0.006) 

(Figure 2, top). The first two genes, Fancm and 4930584F24Rik, were sites of newly-

induced binding after ethanol exposure. The next three top binding sites showed 

increased binding (from +1.6 to 36-fold) of Ercc1 following ethanol exposure. Notably, 

while the results shown are indicative of the most robust findings across both growth 

factor conditions, it is also useful to examine the consistency of effects in each of the two 

individual growth factor conditions. For example, while the most enriched gene (Fancm) 

was significantly changed in both individual growth factor conditions, the next several 

genes were only significantly enriched in one of the growth factor conditions, although 

trends were sometimes evident in the other (Figure 2).  In addition to single genes, we 

also used gene ontology enrichment analysis to identify potential functional clusters of 

genes in the data. The most significantly enriched functional categories of the top 50 

affected genes were identified using DAVID software (Figure 2, bottom). For Ercc1, the 

category with the highest enrichment score of 2.31 was related to Nucleotide binding 

activity. The second most enriched functional category had an enrichment score of 1.97 

and was the Phosphorylation category. The third top category was Vesicle related with an 

enrichment score of 1.44.  

Hus1. The top five genes that had Hus1 differentially bound to the DNA were different 

than those of Errc1, and included Galntl4 (F=14.5, p = 0.0016), Gnptab (F = 13.2, p = 

0.0022), Fam129a (F=12.3, p = 0.0029), Gabrg2 (F=12.3, p = 0.0029), and Zfp236 
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(F=11.9, p = 0.0033) (Figure 3, top). These were most significantly changed when 

analyzing the combined growth factor treatment, but only some of these were robustly 

changed in the individual growth factor conditions.  For example, the second most 

significantly changed overall Hus1 finding (Gnptab) was significant in both of the growth 

factor treatments (FGF p=0.0249, TGF p=0.0170). Thus, regardless of whether the 

growth factors promoted stem cell maintenance (as is the case with FGF) or promoted 

neuronal and glial differentiation (TGF), the Hus1 binding to the Gnptab gene was 

similarly and robustly increased in both cases (from +13.8 to +14.3 fold). Interestingly, 

the most significantly enriched functional categories over-represented by Hus1 target 

genes were Ion : ion binding (enrichment score of 1.71), Ion channel activity (enrichment 

score of 1.67), and Anion channel activity (enrichment score of 1.57) (Figure 3, bottom). 

Rad51. The top five most differentially bound genes targeted by Rad51 were Zfhx4 

(F=21.5, p = 0.0006), Clasp1 (F=11.7, p = 0.0051), Snord55 (F=10.9, p = 0.0063), 

Slc31a2 (F=10.1, p = 0.0079), Sh3bgrl (F=8.7, p = 0.0122) (Figure 4, top). The top 50 

most affected genes were found to be enriched in the following functional ontologies: 

DNA binding (enrichment score of 1.96), Homeodomain (enrichment score of 1.0), and 

Ion transport (enrichment score of 0.99) (Figure 4, bottom). The mapping to the Ion 

transport ontology is notable since similar enriched categories were also seen among 

those containing genes differentially targeted by Hus1 following ethanol exposure. 

Because of the overlap in at least one common functionally-enriched category among the 

genes targeted by Ercc1, Hus1, and Rad51, we also examined the potential overlap in the 

single genes identified as differentially targeted by all three DNA repair proteins 

following ethanol exposure. Overall, 723 genes were identified in the ChIP read data for 
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all three proteins (Figure 5, top). However, only one gene in the ChIP data (Pde4dip) 

showed evidence of potential differential binding by all three repair proteins (at a 

threshold of p<0.1) (Figure 5, bottom).  Thus, largely distinct patterns of gene binding 

were evident for each repair protein.  

p53. A central interest in this study was the potential differential DNA binding of the 

transcription factor p53 following ethanol exposure. The top five differentially bound 

gene sites were Oprd1 (F=28.4, p = 0.0002), Prkg2 (F=23.2, p = 0004), Rsph3b (F=20.6, 

p = 0.0007), Capn2 (F=19.0, p = 0.0009), and Lrrc27 (F=18.7, p = 0.0010) (Figure 6, 

top). Interestingly all top five differential bound genes were decreases, from -3.38 to -

13.47 (Figure 6, bottom). Thus, ethanol caused a removal of p53 from these genes in NS5 

cells. The top three categories of the 50 most differential p53 bound genes were 

categorized as Endoplasmic reticulum network (enrichment score of 2.39), Regulation of 

apoptosis (enrichment score of 1.67), and Development and differentiation (enrichment 

score of 1.19). Considering the cells were likely a mixture of neuronal and glial 

precursors, it is also worth noting that the fifth highest functional enrichment score was 

Brain development (enrichment score of 1.08).   

We also examined the identified differential p53 binding targets for evidence of specific 

sequence motifs that p53 as a transcription factor might be binding to (Table 1). 

Interestingly, the canonical p53 DNA binding sequence accounted for less than 2% of the 

identified binding site motifs. Within the regions with the canonical p53 sequence motif, 

a total of 12 unique genes were identified in the NS5 cells (Table 2). Notably, of these 12 

genes, one plays a broad role in mammalian development (Cux1, Cut-like homeobox 1) 

and three play specific roles in apoptosis, including Naip5 (NLR family, apoptosis 
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inhibitory protein 5), which prevents neuronal apoptosis, and Bcl2l11 (BCL2-like 11) and 

Ctnnbl1 (Catenin, beta like 1) which both promote apoptosis (Table 2).  These individual 

gene findings reinforced the results of the functional enrichment analysis and confirmed 

the likely role of p53 in modulating ethanol effects through direct actions on apoptosis 

and developmental gene targets. 

 

Whole-transcriptome RNA-sequencing  

Whole transcriptome reveals changes in expression of DNA methylation genes. 

Using RNA sequencing we compared ethanol-exposed NS5 cells to control cells and 

found 39 genes that were significantly changed after correction for multiple testing 

regardless of the growth factor condition and duration of ethanol exposure (Figure 7). We 

then used DAVID to analyze the top functional categories of these 39 genes. The three 

most-enriched ontologies were Oxidoreductase activity (enrichment score of 2.12), 

Tetraspanin transmembrane protein (enrichment score of 1.43), and GPI-anchor 

biosynthesis (enrichment score of 1.37). Interestingly, the fourth most-enriched category 

was DNA methylation on cytosine (enrichment score of 1.03). Among the individual 

genes, the three most significantly changed were Mageh1, Tmem106c, and Pigs, which 

showed changes in the overall analysis as well as the individual FGF and TGF growth 

factor conditions (Figure 8).  Among these, Mageh1 (Melanoma-associated antigen H1) 

is particularly interesting because it resembles p53 in many respects, and has roles in 

apoptosis, cell cycle arrest, growth inhibition, cell differentiation, and neuronal 
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development and plasticity (largely through interactions with the low-affinity nerve 

growth factor receptor p75) (NCBI ENTREZ Gene 28986).  

 

Methyl-Seq indicates regions of epigenetic alterations following ethanol exposure. 

Using a new Methyl-seq protocol we were able to examine differentially methylated 

regions in the genome of TGF treated NS5 cells. All chromosomes had some 

modification in terms of levels of methylation but chromosome 11 showed the greatest 

amount (Figure 9A) Most of the identified methylation changes were located in introns 

and occurred in CpG contexts. Moreover, most changes in methylation ranged from 40-

80% in the samples. The top differentially methylated DNA sites in genes (including 

those with both increased or decreased methylation) are listed in Figure 9B. After 

mapping the functions of the differentially-methylated genes, the top three functional 

categories were Spectrin (50.9 fold enrichment), Cell morphogenesis involved in neural 

differentiation (3.9 fold enrichment), and Axon development (3.8 fold enrichment) 

(Figure 9C). A complete list of all genes associated with the identified 410 methylation 

changes is presented in Table 3.  

We performed a direct comparison of the whole-genome methylation changes and 

corresponding whole-transcriptome expression changes and found a small degree of 

overlap among the differentially expressed and differentially methylated genes (Table 4). 

A few genes that showed a decrease in methylation exhibited a corresponding increase in 

gene expression such as Grik4, Pced1b, Wwox, and Mpp6. However, most of the 

overlapping genes did not exhibit negative correlations in methylation and expression, 
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which would be expected if increased methylation was responsible for gene silencing or 

decreased methylation was responsible for gene activation. 

 

Targeted RNA sequencing shows changes in expression of DNA repair genes. In 

addition to whole transcriptome RNA sequencing, we probed further into the expression 

patterns in specific genes that had been examined in different brain cell populations in 

Chapter 3 using a custom-designed panel previously described (see Chapter 3, Chapter 4 

Methods and Supplemental Table 1). Analysis of these genes revealed different ethanol-

induced gene expression changes in the two growth factor conditions (FGF, TGF for 24 

hours) as well as the two time points (24 hours and 48 hours) that we examined in the 

FGF growth factor condition. The greatest number of genes with ethanol-induced 

expression changes was seen in the 24 hour FGF condition (Figure 10). Interestingly, the 

most significantly increased and decreased genes were involved in DNA repair.  

Specifically, Lig1 DNA ligase (part of Base Excision Repair), had the most significant 

decrease as well as highest fold decrease (Figure 10, middle left).  Xpa (involved in DNA 

excision repair as part of Nucleotide Excision Repair), had the most significant increase 

as well as highest fold increase in expression (Figure 10, middle right). In the 48 hour 

FGF and ethanol exposure condition, Tubb1, (part of cytoskeletal microtubules), was the 

gene with the most significant change as well as highest fold decrease (Figure 11, middle 

left). Cd40 (a receptor involved in immune and inflammatory responses), was one of the 

most significantly changed genes and had the highest fold increase (Figure 11, middle 

right). In the TGF growth factor and 24 hour ethanol exposure condition, Xrcc3 (part of 

Homologous Recombination), was one of the most significantly changed genes and had 
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the highest fold decrease in expression (Figure 12, middle left). Nthl1 (a DNA N-

glycosylase that is part of Base Excision Repair), was one of the most significantly 

changed genes and had the highest fold increase in expression (Figure 12, middle right).  

Combining the observations from only the FGF conditions, that maintain the stem cell 

phenotype of NS5 cells, there were 16 genes that showed significant expression changes 

at both 24 and 48 hour exposure timepoints. Notably, there was a strong correlation 

(R2=0.7522) in the expression changes seen at the two time points, with 14 genes 

changed in the same direction (Figure 13A). Only two of the genes, Ccng2 and Trps1, 

changed expression in opposite directions. A second comparison was also made between 

the changes in the FGF and TGF conditions after 48 hours of ethanol exposure. This 

revealed far less overlap between the expression changes (n=6 genes), although all of 

these changes were in the same direction and were highly correlated (R2=0.7928, Figure 

13B).    
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Discussion 

There are several major findings of the present study that used an in vitro model of 

developmental ethanol exposure in mouse NS5 neural stem cells to comprehensively 

investigate the neurogenomic response to alcohol.  Notably, most of the responses were 

measured to ethanol under two different growth factor conditions involving FGF or TGF. 

FGF maintains neural stem cells in a proliferative stem cell state, which is very common 

in prenatal brain cells.  On the other hand, TGF strongly promotes differentiation of 

neural stem cells into either neuronal or glial cell types, which is also a very common 

event in developing brain. Thus, by performing our studies in both of these conditions, 

we believe we have more completely modeled the state of developing brain that might be 

exposed to ethanol in vivo.  

Our first major finding is that ethanol induces DNA damage in the form of single and 

double strand breaks in NS5 cells exposed to ethanol, with higher doses leading to 

increased DNA damage. This trend was seen in both FGF-treated and TGF-treated NS5 

cells. We also found that there was greater damage overall in both baseline and ethanol-

treated samples when exposures were performed in the TGF condition. One possible 

explanation is that inducing differentiation may itself cause more DNA damage than 

merely allowing the cells to stay the course in a stem cell profile (Afzal, Ebrahimi, 

Najafi, Daryadel, & Baharvand, 2011).  

Complementing these observations, our second major finding is that there is a strong 

induction of DNA repair protein responses in NS5 cells exposed to ethanol, in both a 

highly proliferating (FGF-treated) and differentiating (TGF-treated) condition. We 

specifically considered three DNA repair proteins (Hus1, Ercc1, and Rad51) that each 
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belong to one the three major DNA repair pathways - Base Excision Repair (BER), 

Nucleotide Excision Repair (NER) and homologous recombination (HR), respectively. In 

general, BER is concerned with repairing one base at a time, whereas NER repairs 

several bases at a time and HR repairs much longer stretches of damaged DNA. We 

probed for localization changes in DNA binding in each of these repair proteins post 

ethanol exposure and found that different repair proteins were mainly binding to different 

DNA sites and genes, with largely distinct functional implications. Specifically, after 

ethanol treatment Hus1 binding increased to Galntl4, Gnptab, and Fam129a most 

significantly. Whereas the binding sites most significantly changed for Ercc1 were 

decreased binding to Fancm and 4930584F24Rik, and increased binding to Pkn1 post 

ethanol exposure. The most significant binding site changes for Rad51 were decreases in 

Zfhx4, increases in Clasp1, and decreases in Snord55.  These distinct differences may be 

explained by the fact that each DNA repair protein functions as part of a different 

pathway and the damage that may have occurred at each gene location may have varied 

in terms of the number of bases needing to be repaired, and the single or double stranded 

nature of the damage. Ercc1 is part of the NER pathway, Hus1 is part of the BER 

pathway and Rad51 functions in HR repair of double strand breaks. Despite these 

different roles, there were a small number of gene targets that were targeted by more than 

one of the repair protein (e.g., Pde4dip). Thus, this gene might represent one that is 

particularly vulnerable to DNA damage following ethanol exposure, perhaps because it 

becomes strongly induced or converts to a constituent level of expression.  Notably, there 

was also some overlap in the categories of genes which were bound by multiple DNA 

repair proteins after ethanol exposure. For example, both Ercc1 and Rad51 showed 
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preferential binding to Nucleotide and DNA binding related genes and Hus1 and Rad51 

binging targets were enriched for Ion channel related genes.  

The finding of increased binding of Ercc1 in distinct regions of the genome following 

acute ethanol exposure in neural stem cells is particularly interesting because previous 

work from our lab has linked decreases in Ercc1 expression to chronic alcohol exposure 

in human subjects (Hicks et al., 2012).  Moreover, the Ercc1 expression decreases in that 

study were significantly correlated with decreases in the volume of the left supramarginal 

gyrus, a brain region involved in language function (which was also impaired in the 

subjects) (Hicks et al., 2012). Thus, some of the changes in Ercc1 binding that we 

observed in the present study might help explain how ethanol could exert detrimental 

effects in human subjects with alcohol use disorders. 

The alterations in Rad51 binding are also notable, not just because of its role in HR 

repair, but also because Rad51 has been directly associated with p53. For example, 

previous research has provided evidence that p53 may physically bind to and inhibit the 

Rad51 promoter and protein to decrease homologous recombination (Arias-Lopez et al., 

2006) (Linke et al., 2003). Although Rad51 was identified as a target of p53 binding in 

our data (not shown), this binding was not changed by ethanol exposure.  Thus, Rad51 

likely remains active and bound to DNA upon ethanol exposure.  

Our third major set of findings concerns p53 itself. p53 is generally considered to be 

involved in all three DNA repair pathways (Bernstein, Bernstein, Payne, & Garewal, 

2002).  To assess the its potential role as a transcription factor and its involvement in 

DNA repair following ethanol exposure we preformed p53 ChIP-seq analysis and found 
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detectable changes in its DNA binding of p53. Interestingly, the targets that were 

differentially bound by p53 appeared to be distinct from those bound by three of the 

canonical DNA repair proteins, despite evidence that p53 interacts with at least one of 

these (Rad51). The distinction in targeted genes was further supported by the fact that 

pathway enrichment analysis for the targets of p53 identified sets of genes involved in 

apoptosis and brain development after ethanol exposure. These pathways were not 

strongly implicated by the results from the other ChIP-seq experiments. Additional 

experiments would likely need to be performed such as chromatin co-IP followed by 

sequencing to formally assess whether p53 and the DNA repair proteins we examined are 

truly localized to completely distinct parts of the genome despite all of them being 

actively involved in the response to DNA damage detection and repair. 

Using a targeted RNA sequencing approach, we were able to confirm that many DNA 

repair genes were differentially expressed upon ethanol exposure in NS5 cells.  This 

suggests that the alterations in Ercc1, Rad51, and Hus1 binding may represent only a 

small portion of the repair response that is occurring. Targeted RNA sequencing also 

showed distinct gene expression profiles for the stem cell proliferation state versus the 

differentiated state and between a 24 hour ethanol exposure and a 48 hour exposure, 

although a very small subset of genes did show similar changes across both growth factor 

conditions and both durations of ethanol exposure. Notably, it was only in the 24 hr 

ethanol exposure condition that we observed both Rad51 and p53 to exhibit decreased 

expression. Thus, NS5 cells clearly have a dynamic response to ethanol exposure that 

varies considerably based on the culture conditions. 
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Analysis of the whole transcriptome changes using RNA-sequencing lead to our next 

major finding. Specifically, we identified 39 genes persistently changed in both FGF and 

TGF treatments as well as in the combined growth factor analysis. Notably, these genes 

were particularly enriched in the Fatty acid activity category, which was also observed in 

the somatosensory cortex of postnatal day seven mice exposed to binge levels of alcohol 

(Chapter 3, Camargo Moreno et al, submitted). These effects on fatty acids are consistent 

with previous studies that have established associations between fatty acid concentrations 

and ethanol exposure in human subjects. For example, in human newborns the 

concentration of fatty acid in the meconium is an indication of ethanol exposure during 

gestation (Riley, Infante, & Warren, 2011). There is also evidence that alcohol can 

contribute to fatty acid synthesis in the brain (Woollett, Baldner-Shank, Aprahamian, 

Engen, & Beitz, 1987). Another gene ontology finding of interest in the whole 

transcriptome sequencing analysis concerned over-representation of DNA methylation 

genes, which showed an enrichment score of 1.03. Prior ethanol studies have identified 

epigenetic effects based on methylation changes that occur after ethanol exposure and 

may be transmitted to the subsequent generation (Day, Savani, Krempley, Nguyen, & 

Kitlinska, 2016) (Oni & Hart, 2016) (Liyanage et al., 2014). This could lead to a long-

lasting impact of ethanol exposure, and our neural stem cell culture provides the ability to 

assess the primary sites of methylation changes in developing neural stem cells. Prior 

research in the same NS5 cells as the present study already identified that cell cycle genes 

are being targeted by methylation increases (and decreases in expression) which likely 

contribute to the increased cell cycle length in NS5 cells after ethanol exposures (Hicks, 

Middleton, & Miller, 2010) 
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Our final set of major findings resulted from our use of Methyl-seq analysis to define the 

methylation profile of NS5 cells following ethanol exposure in the newly differentiating 

(TGF-treated) state. Through this approach, we were able to identify 410 sites of 

differential methylation post ethanol exposure. This included both increases and 

decreases in methylation in response to ethanol exposure. Notably, the number of 

methylation changes was greater than the number of genes with methylation changes 

meaning that some genes had more than one methylation site change. While most 

changes were observed in the expected CpG dimer contexts, we also unexpectedly found 

that chromosome 11 was the most highly methylated chromosome after ethanol exposure, 

with 22 genes showing an increase in methylation and 11 genes that had a decrease in 

methylation. Additional studies would be needed to determine why some chromosomes 

are more highly affected by methylation changes than others.  Regardless of their 

genomic location, however, we found that the genes differentially methylated were 

enriched in Neuronal development and Neuronal projection related functions, as well as 

DNA cell cycle functions. The latter of these observations is consistent with the results of 

Hick and colleagues implicating changes in cell cycle genes after ethanol exposure in 

NS5 cells (Hicks et al., 2010). Moreover, among the cell cycle genes, it is noteworthy 

that we found increased methylation of Cdc14a, a protein involved in initiation of DNA 

replication and exit of cell mitosis, which has been shown to interact with and 

dephosphorylate p53 (Paulsen et al., 2006).  
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Summary and Conclusion 

At the DNA level, there appears to be detectable damage that occurs upon ethanol 

exposure followed by changes in DNA repair protein binding and even changes in DNA 

binding by the transcription factor p53. Together, the DNA repair proteins and p53 may 

be attenuating the damage caused by ethanol exposure. Another change at the DNA level 

is alterations of the methylation profile of hundreds of genes in differentiating neural and 

glia cells, which could possibly help explain transmission of alcohol exposure related 

phenotypes across multiple generations (Day et al., 2016). Finally, at the RNA level, the 

cell responds to ethanol exposure with large-scale transcriptome changes. These changes 

may lead to downstream neural dysfunction that manifests itself in behavioral and 

intellectual deficits (see Chapter 3, Camargo Moreno et al., submitted). Taken together, 

the combined neurogenomic changes, in whole and targeted transcriptome, binding of 

DNA repair proteins, methylation, and DNA damage, may have significant ramifications 

for cells post ethanol exposure and remain to be more fully explored in light of the 

beneficial repair mechanisms that are activated in NS5 cells.  
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Figure 1. Ethanol increases DNA damage in NS5 cells. NS5 cells were exposed to 0, 100 

mg/dL, or 400 mg/dL ethanol. Mean comet moment, amount of DNA with distance of 

migration was measured in pixels squared using Image J.  Undamaged DNA remained in 

compact nucleoids whereas damaged DNA moved toward the positively charged anode. 

Bars indicate standard error of the mean. P values shown are from comparison to the 0 

mg/dL condition within each growth factor condition.  Note that two-way ANOVA 

revealed a significant main effect of ethanol dose on comet tail moment, and greater 

DNA damage in the TGF condition than in the FGF growth condition across all three 

ethanol concentrations, but no significant Growth Factor x Ethanol interaction. 
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Figure 2. Change in Ercc1 binding to DNA post ethanol exposure. Ercc1 peak intensity 

analysis showed which genes Ercc1 was bound to. Genes were sorted by most significant 

combined ethanol effect (first column). Adjoining columns show significance of gene 

expression change in FGF treatment alone and TGF treatment alone. Table at the bottom 

lists the most enriched gene annotations as identified by DAVID. 
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Figure 3. Change in Hus1 binding to DNA post ethanol exposure. Hus1 peak intensity 

analysis showed which genes Hus1 was bound to. Genes were sorted by most significant 

combined ethanol effect (first column). Adjoining columns show significance of gene in 

FGF treatment alone and TGF treatment alone. Table below shows list of the most 

enriched gene annotations as identified by DAVID. 
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Hus1 RESULTS

Gene p-value Fold Change p-value Fold Change p-value Fold Change

Galntl4 0.0016 2.2 0.0019 3.8 0.1134 1.5

Gnptab 0.0022 14.3 0.0249 14.9 0.0170 13.8

Fam129a 0.0029 3.9 0.0486 4.8 0.0122 3.4

Gabrg2 0.0029 3.7 0.0163 4.6 0.0374 3.1

Zfp236 0.0033 12.9 0.0208 13.6 0.0339 12.1

LOC100861668 0.0036 3.5 0.0079 6.8 0.0921 2.3

Cd164 0.0049 4.0 0.0022 5.8 0.3473 2.2

Myst4 0.0053 2.5 0.0033 5.2 0.2806 1.5

Fcrlb 0.0065 4.2 0.0014 14.5 0.5679 1.5

Runx1t1 0.0066 3.6 0.0159 6.1 0.1055 2.5

Trpv5 0.0067 4.0 0.0208 4.2 0.0853 3.7

Grik3 0.0070 2.7 0.0044 3.5 0.3082 1.8

Foxn3 0.0074 4.7 0.0135 10.1 0.1385 2.8

Acvr1 0.0075 3.7 0.0343 3.5 0.0613 3.9

Gcnt2 0.0076 6.6 0.0017 13.9 0.5834 2.2

Efcab6 0.0084 2.3 0.0157 3.9 0.1413 1.7

Ano1 0.0088 3.1 0.0298 3.5 0.0861 2.8

Scara3 0.0103 5.3 0.0473 28.5 0.0678 3.2

Srgap3 0.0107 4.0 0.0158 9.1 0.1846 2.3

Gpr37 0.0114 14.3 0.0370 16.4 0.0964 12.4

Rnf180 0.0119 5.3 0.0173 18.4 0.1934 2.7

Vdac2 0.0122 2.5 0.0087 5.3 0.3297 1.5

Phldb2 0.0130 4.6 0.0045 9.8 0.5276 1.9

Lrrc7 0.0140 2.5 0.0069 3.4 0.4332 1.6

Fermt2 0.0142 7.4 0.0323 6.7 0.1416 8.7

Gpr39 0.0153 1.7 0.0026 5.6 0.7864 1.1

Mkl1 0.0154 3.0 0.0170 4.7 0.2581 2.0

Rundc3b 0.0174 3.6 0.0083 9.1 0.4703 1.7

Fbxo3 0.0179 2305.1 0.0432 1357.1 0.1443 >100,000

Mettl7a2 0.0180 1.7 0.0047 3.6 0.6642 1.1

EtOH * ALL vs. Control * ALL EtOH * FGF vs. Control * FGF EtOH * TGF vs. Control * TGF

Figure 3 
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Figure 4. Changes in Rad51 binding to DNA post ethanol exposure. Rad51 peak 

intensity analysis showed which genes Rad51 was bound to. Genes were sorted by most 

significant combined ethanol effect (first column). Adjoining columns show significance 

of gene in FGF treatment alone and TGF treatment alone. Table at the bottom lists the 

most enriched gene annotations as identified by DAVID. 
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Rad51 RESULTS

Gene Symbol p-value Fold Change p-value Fold Change p-value Fold Change

Zfhx4 0.0006 ? 1.0000 1 0.0000 ?

Clasp1 0.0051 7.03764 0.0265 ? 0.0398 3.87918

Snord55 0.0063 ? 0.0005 ? 1.0000 1

Slc31a2 0.0079 ? 0.0835 ? 0.0227 ?

Sh3bgrl 0.0122 2.68547 0.2030 ? 0.0155 2.14069

Gm4956 0.0129 ? 1.0000 1 0.0014 ?

Palm2 0.0137 ? 1.0000 1 0.0015 ?

Hoxb8 0.0137 ? 1.0000 1 0.0015 ?

2410012E07Rik 0.0147 ? 0.0168 ? 0.2358 ?

Itpr1 0.0149 ? 0.0517 ? 0.0882 ?

A130010J15Rik 0.0213 9.56019 0.1139 ? 0.0642 5.66155

N4bp1 0.0237 ? 0.0210 ? 0.3331 ?

Gcm1 0.0255 ? 0.0036 ? 1.0000 1

Gabre 0.0261 -5.45842 1.0000 1 0.0037 -5.45842

Arf3 0.0287 -4.7201 0.0675 -5.38265 0.1587 -4.09458

Actn1 0.0298 ? 0.0045 ? 1.0000 1

9430020K01Rik 0.0298 ? 0.1744 ? 0.0639 ?

Cog7 0.0303 1.76712 0.0478 1.93403 0.2291 1.58523

Trim58 0.0332 4.03793 0.0467 6.04639 0.2593 2.74059

Tgfb3 0.0336 ? 0.0942 ? 0.1410 ?

Tead1 0.0357 2.02765 0.3630 1.41431 0.0335 3.46598

Prrg3 0.0358 -5.0047 0.0142 ? 0.6422 -1.571

4933401D09Rik 0.0362 1.71289 0.2316 1.44094 0.0602 2.13989

A230050P20Rik 0.0366 ? 0.1463 ? 0.1017 ?

Bpifc 0.0393 ? 0.3450 ? 0.0411 ?

Ubtf 0.0394 3.28517 0.0219 ? 0.5366 1.44484

C230024C17Rik 0.0397 ? 0.0254 ? 0.4905 ?

Scn2a1 0.0402 4.06908 0.0329 ? 0.4169 1.79359

Eps15l1 0.0412 -4.32754 0.6393 -1.75694 0.0175 -9.18143

Pcdh17 0.0412 ? 1.0000 1 0.0072 ?

EtOH * ALL vs. Control * ALL EtOH * FGF vs. Control * FGF EtOH * TGF vs. Control * TGF
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Figure 5. DNA repair proteins bind distinct gene regions. A) Overlap of all detected 

differential ChIP-seq peaks upon ethanol exposure. B) Overlap of peaks that survived 

significance at p<0.1 are shown. 
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Figure 6. Change in p53 binding to DNA post ethanol exposure. Peak intensity analysis 

showed which genes p53 was bound to. Genes were sorted by most significant combined 

ethanol effect (first column). Adjoining columns show significance of gene in FGF 

treatment alone and TGF treatment alone. Table at bottom lists the most enriched gene 

annotations as identified by DAVID. Red boxes indicate groups involved in neural-

related functions. 
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Figure 7. Whole transcriptome changes in neural stem cells exposed to ethanol.  Overlap 

of genes that showed expression changes in whole transcriptome data from each 

individual growth factor condition as well as the combined grouping of the two growth 

factor conditions. There were 39 genes that showed gene expression changes in all three 

groups. A hierarchical clustering heat map of these 39 genes showing intensities of 

expression is shown on the bottom. The color red indicates an increase in expression and 

the color green indicates a decrease in expression (fold change scale at bottom).  
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Figure 8. List of 39 genes and the significance of their RNA differential expression using 

Partek Flow. Below is a table of the gene ontology categories these 39 genes are part of 

using DAVID software. 
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Gene ID Chromosome Start Stop Strand Total reads EtOH FGFET  vs FGFCTRL TGFET  vs TGFCTRL FGFET  vs FGFCTRL TGFET  vs TGFCTRL EtOH * Growth Factor

Mageh1 X 153036166 153037576 - 50,974        0.00001 0.00126 0.00013 -1.32 -1.49 0.3780099

Tmem106c 15 97964229 97970287 + 26,146        0.00004 0.00247 0.00059 1.34 1.47 0.3798080

Pigs 11 78328415 78342783 + 92,594        0.00007 0.00325 0.00097 1.23 1.29 0.3798080

Arsa 15 89472476 89477426 - 39,213        0.00018 0.00360 0.00189 1.34 1.36 0.4690547

2810013P06Rik 8 123042466 123044603 + 15,862        0.00020 0.00406 0.00189 -1.47 -1.54 0.3965630

Ankrd40 11 94328001 94341842 + 91,568        0.00021 0.00368 0.00291 1.14 1.14 0.5089446

Maged2 X 150806370 150814346 - 108,764      0.00026 0.04232 0.00097 -1.17 -1.54 0.1891244

Nrarp 2 25180758 25183340 + 24,597        0.00026 0.00406 0.00480 1.56 1.53 0.4903056

Mogs 6 83115496 83118899 + 27,862        0.00027 0.00406 0.00700 1.21 1.17 0.3798080

Gaa 11 119267887 119285455 + 82,576        0.00030 0.00676 0.00373 1.18 1.21 0.4077209

Gpr153 4 152274232 152285338 + 50,322        0.00031 0.00406 0.00935 1.79 1.59 0.3798080

Ctsb 14 63122462 63145920 + 244,169      0.00040 0.00867 0.00501 1.30 1.36 0.3972394

Slc6a8 X 73673150 73682503 + 42,698        0.00040 0.00676 0.00597 1.21 1.22 0.5187306

Syt11 3 88744700 88775165 - 591,460      0.00047 0.00368 0.03255 1.28 1.15 0.3798080

Maged1 X 94535474 94542144 - 800,736      0.00047 0.05088 0.00153 -1.11 -1.29 0.2878958

Eid2b 7 28277739 28279490 + 14,335        0.00050 0.00835 0.00684 1.27 1.28 0.4941070

Hist3h2a 11 58954685 58956831 + 10,603        0.00057 0.08049 0.00152 -1.12 -1.41 0.1930162

Ncan 8 70093085 70120874 - 245,281      0.00062 0.01080 0.00698 1.58 1.68 0.4289445

Rnf122 8 31111820 31131483 + 113,338      0.00062 0.00730 0.01287 1.24 1.21 0.4349342

Mcm7 5 138164583 138172423 - 48,685        0.00065 0.01583 0.00527 -1.25 -1.36 0.3798080

Hist1h4i 13 22040636 22041363 - 4,533          0.00071 0.03664 0.00360 -1.63 -2.47 0.3798080

Rhob 12 8497763 8499986 - 194,617      0.00071 0.00084 0.88149 1.63 1.00 0.0155824

Plp1 X 136822671 136839734 + 60,725        0.00074 0.00591 0.02430 1.81 1.52 0.3798080

Gm2a 11 55098115 55113030 + 217,228      0.00074 0.02222 0.00552 1.30 1.45 0.3798080

Itm2c 1 85894281 85908676 + 352,356      0.00074 0.04225 0.00360 1.16 1.37 0.3798080

Igfbp4 11 99041244 99054393 + 74,574        0.00074 0.00972 0.01449 1.65 1.59 0.4923534

Srrt 5 137295704 137307675 - 69,872        0.00084 0.00955 0.01760 -1.46 -1.41 0.4482802

Rnase1 14 51145002 51146768 - 21,943        0.00087 0.01397 0.01122 -1.81 -1.90 0.4539909

Clk1 1 58410189 58424067 - 74,950        0.00088 0.00972 0.01821 -1.85 -1.69 0.4454520

Plcd4 1 74542888 74567795 + 99,155        0.00092 0.00321 0.29408 -1.57 -1.12 0.1930162

Dus3l 17 56764751 56770093 + 28,001        0.00092 0.00874 0.02224 -1.42 -1.33 0.3972025

Fold ChangeStorey Q-values
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Figure 9. Methylation changes in TGF treated NS5 cells post ethanol exposure. A) Bar 

charts depicting changes in methylation per chromosome, expressed as a percentage of 

samples, genomic regions, and cytosine context.  B) List of genome sites and associated 

gene name in which a methylated cytosine has been detected. C) List of gene ontology 

groups that methylated genes can be grouped into using Partek Genomics Suite program.  
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Figure 10. Targeted RNA sequencing of NS5 cells treated with FGF and exposed to 

ethanol for 24 hours. Upper, volcano plot of fold change in expression versus 

significance of change. Middle, the two most significantly changed genes were Lig1 

(decreased) and Xpa (increased). A whisker-box plot is shown for each of these genes. 

Hierarchical clustering heat map of the top 46 most significantly changed genes. Note the 

complete separation of the samples into control versus ethanol exposure. 

 

 

  



230 

 

  

Figure 10 



231 

 

 

 

 

 

 

 

 

 

Figure 11. Targeted RNA sequencing of NS5 cells treated with FGF and exposed to 

ethanol for 48 hours. Top, volcano plot of fold change in expression versus significance 

of change. The most significant decrease in expression was Tubb1. The most significant 

increase in expression is CD40. Bottom, heat map of the top 79 most significantly 

changed gene expression changes grouped as control versus ethanol exposure. 
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Figure 12. Targeted RNA sequencing of NS5 cells treated with TGF and exposed to 

ethanol for 48 hours. Upper, volcano plot of fold changes in expression versus 

significance of change. The most significant decrease in expression was Xrcc3. The most 

significant increase in expression was Nthl1. Bottom, heat map of the top 24 most 

significantly changed genes grouped as control versus ethanol exposure. 
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Figure 13. Common gene expression changes in mouse NS5 cells following ethanol 

exposure. A) Comparison of the two FGF treatment experiments, 24 hour compared to 48 

hour ethanol treatment. There were 16 of the same genes that were changed in expression 

in both conditions. These 16 genes had a high correlation (R2= 0.7522). List of fold 

changes in these 16 genes showed same pattern of change expect for two which are 

highlighted in red- Ccng2 and Trps1. B) Comparison of the two 48 hour ethanol 

treatment experiments, FGF compared to TGF growth factor treatment. Six of the same 

genes showed changes in expression in both 48 hr conditions. These six genes had a high 

correlation (R2= 0.7928). and the same direction of change.  
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Table 1. DNA Sequence motif binding sites for p53    

Motif Probability of Occurrence Expected Number Actual Number p-value 
Broad-complex_1 3.38E-05 14861.5 28603 < 1.0E-300 

Broad-complex_3 2.94E-04 129051 184917 < 1.0E-300 

Broad-complex_4 1.67E-04 73198.5 108412 < 1.0E-300 

CF2-II 1.50E-04 65968.6 251617 < 1.0E-300 

usp 2.23E-05 9811.54 15171 < 1.0E-300 

NR2F1 7.55E-06 3314.81 9015 < 1.0E-300 

Dof2 2.01E-03 882796 1396075 < 1.0E-300 

Dof3 2.55E-03 1.12E+06 1509663 < 1.0E-300 

dl_2 3.95E-05 17343.9 24256 < 1.0E-300 

Foxd3 4.76E-05 20886.2 92918 < 1.0E-300 

HMG-IY 1.41E-05 6190.96 23683 < 1.0E-300 

Foxa2 1.05E-04 46140.8 88601 < 1.0E-300 

NHLH1 9.53E-06 4185.8 10456 < 1.0E-300 

hunchback 2.89E-04 126820 251541 < 1.0E-300 

MNB1A 3.91E-03 1.72E+06 2354968 < 1.0E-300 

MZF1_1-4 8.37E-04 367437 705666 < 1.0E-300 

MZF1_5-13 1.48E-04 64980.5 141167 < 1.0E-300 

MYC-MAX 2.11E-05 9281.07 14888 < 1.0E-300 

NF-kappaB 4.44E-05 19506.4 27869 < 1.0E-300 

PBF 2.49E-03 1.09E+06 1277005 < 1.0E-300 

RORA_1 1.11E-04 48541.1 63494 < 1.0E-300 

RREB1 4.41E-08 19.3638 8241 < 1.0E-300 

SP1 7.18E-05 31528.1 108324 < 1.0E-300 

SPI1 1.15E-03 506352 815398 < 1.0E-300 

SPIB 7.45E-04 326965 527426 < 1.0E-300 

SQUA 3.03E-05 13300 20511 < 1.0E-300 

SRY 6.69E-04 293871 383503 < 1.0E-300 

sna 1.73E-04 76096.7 156075 < 1.0E-300 

Staf 4.55E-07 199.71 1245 < 1.0E-300 

TAL1-TCF3 2.73E-05 11970.1 21978 < 1.0E-300 

Hand1-Tcfe2a 1.62E-04 71099.7 104178 < 1.0E-300 

YY1 2.51E-03 1.10E+06 1341807 < 1.0E-300 

ETS1 3.62E-03 1.59E+06 1994732 < 1.0E-300 

ZEB1 8.63E-04 379044 487726 < 1.0E-300 

NFKB1 9.36E-06 4110.59 8321 < 1.0E-300 

Spz1 3.42E-05 15006.7 22319 < 1.0E-300 

HNF4A 1.47E-05 6457.5 16673 < 1.0E-300 

Mafb 5.73E-04 251622 284464 < 1.0E-300 

Macho-1 5.97E-04 262283 492824 < 1.0E-300 

ID1 1.81E-04 79573.8 104102 < 1.0E-300 

Bapx1 8.62E-04 378377 429839 < 1.0E-300 

ZNF354C 1.59E-03 697136 1066552 < 1.0E-300 

Lhx3 2.66E-05 11658.9 17267 < 1.0E-300 

ELF5 6.24E-04 274054 448613 < 1.0E-300 

STAT1 3.61E-06 1584.4 4226 < 1.0E-300 

Foxq1 9.46E-05 41525.1 48842 1.67E-267 

GAPBA 5.18E-05 22725.4 27966 6.14E-247 

REST 2.04E-08 8.94404 231 4.83E-232 

Roaz 2.17E-06 955.079 2099 1.58E-223 

BRAC1 1.94E-03 851416 878854 6.14E-193 

EIP74EF 4.24E-04 186334 197993 8.11E-158 

ABI4 6.54E-05 28729 33010 1.27E-134 

Gfi 3.35E-04 147275 156543 1.32E-126 

SU(H) 6.01E-06 2640.1 3877 3.19E-112 

PPARgamma-RXRA 7.47E-08 32.7975 229 2.65E-110 

RELA 3.14E-05 13767.3 16453 1.80E-109 

TLX1-NFIC 1.55E-06 681.135 1330 4.22E-107 

REL 9.72E-05 42675.7 47001 1.44E-94 

NRH2-RXRA 3.45E-08 15.138 150 5.31E-93 

ESR1 2.20E-07 96.741 331 2.52E-77 

PEND 1.12E-04 49370.1 52644 2.01E-48 

NFYA 1.14E-05 5019.09 5912 8.31E-35 

Evi1 5.18E-06 2274.64 2764 1.78E-23 

p53 6.43E-09 2.82573 29 8.95E-20 

Broad-complex_2 1.11E-03 485476 489350 1.38E-08 

PPARG 3.93E-08 17.2645 43 1.35E-07 

En1 4.24E-04 186104 188079 2.42E-06 

Pax5 8.29E-07 364.156 416 0.00415 

Androgen 3.67E-07 161.006 195 0.00511 
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Table 2.   Genes with canonical p53 sequence motifs identified in p53 ChIP-Seq data 

Symbol Gene Function (NCBI) 

Ddr2 Discoidin domain receptor family, member 2  

This tyrosine kinase receptor for fibrillar 

collagen mediates fibroblast migration and 

proliferation. Contributes to cutaneous 

wound healing  

Lyrm7 LYR motif containing 7  
Assembly factor required for Rieske Fe-S 

protein UQCRFS1 incorporation into the 

cytochrome b-c1 (CIII) complex 

Naip5 NLR family, apoptosis inhibitory protein 5 
Prevents neuronal apoptosis induced by a 

variety of signals  

Gpc5 Glypican 5 
Cell surface proteoglycan that bears heparin 

sulfate  

Ncald Neurocalcin delta 
May be involved in the calcium-dependent 

regulation of rhodopsin phosphorylation.  

Prkg1 Protein kinase, cGMP-dependent, type I  Phosphorylates PPP1R12A  

Dnajc1 DnaJ (Hsp40) homolog, subfamily C, member 1 May modulate protein synthesis  

Bcl2l11 BCL2-like 11 (apoptosis facilitator)  

Induces apoptosis. The isoforms vary in 

cytotoxicity with isoform BimS being the 

most potent and isoform BimEL being the 

least potent  

Ctnnbl1 Catenin, beta like 1 Induces apoptosis in CHO cells  

Cux1 Cut-like homeobox 1 

Probably has a broad role in mammalian 

development as a repressor of 

developmentally regulated gene expression. 

May act by preventing binding of 

positively-activating CCAAT factors to 

promoters. Component of NF-muNR 

repressor 

Gm10069 ENSMUSG00000059659 
Predicted gene 10069 (Gm10069), 

transcript variant 1, non-coding RNA  

Bicd1 Bicaudal D homolog 1 (Drosophila) 

Regulates coat complex coatomer protein I 

(COPI)- independent Golgi-endoplasmic 

reticulum transport by recruiting the dynein-

dynactin motor complex  
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Table 3.  All genes with increased or decreased methylation after ethanol treatment.  

Chr 

DMR 

Count CG CHH CHG Genes with increased DMR # Genes with decreased DMR # 

1 30 29 1 0 
Cops7b, Cxcr7, Fam163a, Gm10176, Lhx4, 

Lhx4, Mgat5, Ptprc, Rims1, RP23-

302C16.2, Sphkap 
11 

Bcl2, Cntnap5a, D2hgdh, Dedd, 

Il1r1, Kcnh1, Lrrn2, Npas2, St8sia4, 

Trpm8 
10 

2 27 25 2 0 
Atp5e, B4galt5, Cd44, Dido1, Gm14618, 

Gnas, Macrod2, Nacc2, Zfp663 
9 

5730494N06Rik, Ebf4, Gm13261, 

Gm14392, Lass6, Zmynd8 
6 

3 16 16 0 0 
Cdc14a, Cth, Dnajc5b, Gm10964, Kirrel, 

Manba, Mtx1, Serpini1, Trim2 
9 Gpr149, Pgrmc2, Rpf1, Sec24d 4 

4 34 34 0 0 
AL731663.1, AL731663.1, Bach2, 

Col15a1, Coro2a, Gm12682, Gm13034, 

Gm13157, Id3, Runx3  
10 

1300002K09Rik, AL627077.1, 

AL627304.1, Cdk5rap2, Col15a1, 

Ephb2, Esrp1, Fam54b, Gm12974, 

Gm13160, Gm8935, Hmgn2, Ptpru, 

Rnf220, Slc31a2, Usp45 

16 

5 33 32 1 0 
E130309D02Rik, Evi5, Fbrsl1, Gm9924, 

Mpv17, Paxip1, Plac8, Srd5a3, Srsf9 
9 

Ankib1, Cdk14, Crmp1, Grm3, 

Hopx, Plac8, Rasgef1b, Rbm47, 

Rchy1, Tmem150c, Wdr66 
11 

6 16 16 0 0 
0610040F04Rik, Chchd6, Evx1, Fam19a4, 

Jhdm1d, Kbtbd8 
6 Atp2b2, Klhdc5, Mpp6, SNORA71 4 

7 17 17 0 0 C80913, Fam168a, Sae1, Spnb4, Zfp583 5 
6430531B16Rik, Btbd16, Dhx32, 

Dlg2, Dll3, Gm5319, Neu3, Pnpla2, 

Ric3 
9 

8 26 26 0 0 
5SrRNA, Asah1, Cacna1a, Cdh8, Dlgap2, 

Fa2h, Gm20388, Mt1, Mtus1, Pkd1l3, 

Whsc1l1 
11 

5SrRNA, Chd9, F11, Gatad2a, 

Spaca7, Wwox 
6 

9 17 16 1 0 Anxa2, Oaf 2 
AC158992.1, Acvr2b, Celsr3, Gclc, 

Grik4, Ick, Lamb2, Nedd4 
8 

10 15 13 2 0 
2510003E04Rik, Arhgap9, AW822073, 

Col13a1, Prdm1 
5 Gm19459, Pdss2, Usp15, Wdr18 4 

11 47 46 1 0 

Accn1, AL935177.3, Aldh3a2, BC017647, 

Camkk1, Ern1, Gcgr, Gm11565, Gm12312, 

Hcrt, Ikzf1, Mybbp1a, Nags, Phb, Ptrf, 

Rab40b, Sgcd, Slc16a13, Spnb2, Tbc1d16, 

Ten1, Zfp652 

22 
Adam19, Azi1, Dnahc9, Fbxw11, 

Hoxb3os, Rhbdf2, Slit3, Tnk1, 

Tns3, Wipf2, Ypel2 
11 

12 18 18 0 0 
3110053B16Rik, Atxn3, Gm20533, 

Gm3944, Nkx2-9, Spnb1, Tecpr2 
7 

4930555J06Rik, AC133183.2, 

Apob, Klhl29, Nampt 
5 

13 18 18 0 0 Ddx4, Gkap1, Phactr1 3 
AC173345.2, Acot12, Elovl2, 

Fam169a, Hecw1, Nqo2, Rab3c, 

Slc17a2, Ssbp2 
9 

14 14 14 0 0 2610042L04Rik, Fbxl3, Slc22a17 3 
Bin3, Diap3, Gja3, Gm5456, 

Gm5796, Msra 
6 

15 23 23 0 0 AC129563.1, Mal2, Rarg, Slc38a4, Trio 5 
AC130697.1, C1qtnf3, Krt79, 

Lrrk2, Pced1b, Pdxp, Scn8a, Tob2, 

Wbp2nl 
9 

16 12 11 0 1 5330426P16Rik, Gpr156, Kalrn, Olig1 4 Il1rap, Snx29 2 

17 24 22 0 2 
Arhgap28, AY036118, Dnahc8, H2-Q7, 

Lama1, Lonp1, Ncrna00085 
7 

C4a, CT030702.1, H2-Q6, Lrfn2, 

Ly6g6f, Pja2, Slc22a3, Spats1, 

Zfp523 
9 

18 6 6 0 0 Atp8b1, Gm10548, Ppp2r2b 3 Hspa9, Mbp, Txnl1 3 

19 15 15 0 0 1810055G02Rik, Cyp2c70, Pip5k1b, Tjp2 4 
D19Ertd737e, Emx2os, Mta2, 

Pip5k1b, Rab1b, Rfk, Tcf7l2, Tle4 
8 

X 2 1 1 0   0 Col4a6 1 

Total 410 398 9 3 135 141 
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Table 4. Comparison of methylation and expression changes. 

Methyl-Seq RNA-Seq Change 

Gene % Change p value Fold Change p value 

Grik4 -83.33 0.0007 1.66 0.0079 

Slc7a5 100.00 0.0013 1.39 0.0347 

Ppp2r2b 41.67 0.0067 1.36 0.0009 

Pced1b -45.45 0.0057 1.36 0.0258 

Tbc1d16 87.50 0.0047 1.34 0.0429 

Wwox -80.00 0.0037 1.33 0.0016 

Manba 60.42 0.0093 1.29 0.0034 

Camkk1 59.23 0.0097 1.29 0.0257 

Mpp6 -57.94 0.0090 1.29 0.0001 

Slc22a17 73.75 0.0077 1.23 0.0016 

Rarg 35.71 0.0099 1.22 0.0070 

Slc16a13 60.00 0.0065 1.21 0.0047 

Zfp523 -36.67 0.0072 -1.16 0.0016 

Tut1 -28.13 0.0052 -1.17 0.0056 

Pnpla2 -47.32 0.0089 -1.18 0.0021 

Rpf1 -39.70 0.0057 -1.21 0.0227 

Cdk5rap2 -61.90 0.0036 -1.22 0.0367 

Gm5796 -54.17 0.0078 -1.67 0.0004 

Rab3c -64.39 0.0077 -1.89 0.0002 

Dlg2 -41.61 0.0070 -2.06 0.0070 

Atp2b2 -41.67 0.0056 -2.69 0.0027 

Note: These changes reflect NS5 samples grown in TGF 
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Chapter 5 

General Discussion 
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Society and Alcohol. The first fermented beverage is believed to have been made about 

7,000 B.C. The first Homo sapiens are thought to have originated about 250,000 B.C. 

Thus, it took over two hundred thousand years for humans to become engaged in the 

double-edged sword of alcohol consumption. Today alcohol consumption is wholly 

entrenched in our society.  

The health dangers from excess or untimely alcohol consumption are also far reaching in 

society. When someone decides to drink and drive for example, the death or disability 

that could arise from that combination of actions affects a whole community beyond the 

person who chooses to drink. Thus, alcohol consumption is a public health concern. In 

the United States (US), there are guard rails to help create a more responsible and safe 

environment when it comes to alcohol consumption. There are laws such as drinking age 

limits for buying alcoholic beverages and there are tracking measures of how much 

alcohol consumption there is in the US. There are some policy advocates who make good 

arguments for more protective policies to help deter unsafe drinking practices (Casswell 

et al., 2016) (Skov, 2009). Nevertheless, mortality and years of life lost due to alcohol use 

remain high in the US and the world as revenue from alcohol sales increases (Dwyer-

Lindgren et al., 2015) (Miller et al., 2004).  

FASD Prevention and Research. A paramount strategy to address some of the ills from 

alcohol consumption can be public health campaigns 

(www.cdc.gov/healthcommunication/campaigns/). Such campaigns would draw attention 

to the harms of excessive alcohol consumption. It would be especially beneficial to 

educate the public on the dangers of maternal alcohol consumption during pregnancy. 

Highly effective educational campaigns could ultimately prevent FASD. However, just as 
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one laboratory experiment is not sufficient to identify all mechanisms of action of 

alcohol, one educational campaign should not be expected to completely inform the 

whole population regarding the dangers of maternal alcohol consumption. Rigorous 

standards of effectiveness in such educational campaigns would need to be maintained 

and can be gleaned from effective marketing campaigns that are used by alcohol 

beverage manufacturers. That said, pursuing scientific inquiry into the effects of alcohol 

exposure can also help redress its negative consequences. Such scientific inquiry can 

further our understanding of how and why alcohol has such long lasting manifestations in 

the form of FASD, as it is our interest and that of hundreds of laboratories worldwide. 

This thesis contributes to the growing body of research on FASD. The cellular 

interactions that alcohol engages in are not completely understood and much work 

remains to be done. Though the whole fetus is exposed to ethanol, it is the brain damage 

that defines FASD and formed the focus of the present body of work.   

FASD, the Brain, and Synaptic Damage. Seminal advances have been made in the last 

century identifying alcohol as GABA receptor agonist and glutamate receptor antagonist 

in the brain (R. A. Deitrich & Erwin, 1995). These receptors are significant modes of 

communication signaling between neurons, as they convey information from the most 

abundant excitatory and inhibitory neurotransmitters in the brain. Changes in neuronal 

excitation or inhibition can have immediate cellular effects, as well as long term effects 

(Purves, et al., 2012).  For example, neurons establish and modify the strength of synaptic 

connections based on a cellular memory of immediate signaling events that shapes future 

cell signaling; this is called neuronal plasticity (Katz & Shatz, 1996). There are critical 

times in development when changes in neuronal plasticity can exert large scale influences 
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on future brain function (Hensch, 2004). It has been firmly established that alcohol is 

teratogenic (Jones & Smith, 1973), and that exposing a fetus to alcohol during such a 

critical developmental time is particularly harmful and can have lifelong manifestations 

such as FASD. To date there is no cure for FASD. Treatment options for FASD range 

from behavioral amelioration and social enrichment to neuroleptic medication that treats 

some of the behavioral problems associated with FASD (Williams & Smith, 2015). 

FASD and Apoptosis. In FASD research it is well accepted that there is an increase in 

apoptosis that occurs following ethanol exposure (Moreno, et al., 2016). In adult ethanol 

exposures this finding is contentious and potentially subject to reporting bias due to 

conflicts of interest, but it may also have to do with the dose of the ethanol exposure. 

Nonetheless, what is known is that for acute ethanol exposure in FASD research, binge 

level doses of ethanol (of 200mg/dL or greater) elicit a measurable effect on apoptosis 

(Patten, Fontaine, & Christie, 2014). Lower doses are often used in chronic ethanol 

exposure which over time also elicit a measurable biological effect. Apoptosis in the 

brain is particularly harmful considering neurons are largely post-mitotic non-dividing 

cells and play a major role in brain communication. Could this loss of neurons be the 

cause of the brain dysfunction that occurs in FASD? It is tempting to postulate that 

preventing this loss of neurons from the brain would prevent FASD.  

Summary of Contributions to FASD Research. One of the important contributions of 

this thesis is the finding that the loss of brains cells, though significant, is a small 

percentage of the total cell population in the brain (Chapter 3). It is possible that even a 

less than 1% loss of brain cells can contribute to neurological dysfunction. The 

complexity of the cause of the cellular dysfunction is being untangled piece by piece. In 
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this thesis, we investigated the role that p53 plays in response to ethanol exposure. We 

provided additional and strong scientific evidence showing that the presence of p53 does 

not fully protect cells from apoptosis in the somatosensory cortex nor hippocampus 

(Chapter 3, Figure 2).  However, in the absence of p53 there was a non-significant trend 

for increased apoptosis as assessed by immunohistochemical staining for cleaved caspase 

3.  We also found that the absence of p53 alters the expression of p53-related and 

apoptosis-related genes after ethanol exposure. Specifically, while p53 mRNA was 

decreased in the somatosensory cortex regions and in the DG of the hippocampus 

regions, this downward trend was not significant (Figure 8, Chapter 3). Despite the lack 

of change in p53 mRNA itself, the mRNAs of other genes related to the p53 pathway 

were significantly changed (e.g., Casp2, Cdk1, and Stat1), particularly in the CA1 region 

of the hippocampus (Chapter 3). This provides support that basal levels of p53 mRNA 

are enough to redirect transcriptome changes in neural cells (Figure 9, Chapter 3).  We 

also identified that p53 appears to play a stronger role in the regulation of neuronal and 

developmental gene expression in response to ethanol than previously thought (see 

Chapters 3 and 4).  

To our knowledge this is the first study to show that p53 mediates transcription of 

different genes in different layers of the somatosensory cortex. The following genes had 

changes in transcription due to the presence of p53 and exposure to ethanol: 

Somatosensory cortex layer 2/3 - Ephb1, layer 5 - Ctgf, layer 6 - Camk1; and in the 

hippocampus CA1 - Cdk1, Casp2, Stat1, and DG - Camk1 (Chapter 3). Layer 4 is in very 

close physical proximity to both layer 3 and layer 5, nonetheless its transcriptome is 

distinctly unperturbed by the absence of p53 post ethanol exposure. This is particularly 
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interesting given that layer 4 receives major input from the thalamus, unlike the other five 

layers of the somatosensory cortex. Thus, the changes we measured may exert more of an 

effect on cortical-cortical networks of neurons. Additional evidence of this regional 

specificity was observed in the wild type mice transcriptome response to ethanol as 

shown in the heat maps of the 25 most significantly changed genes (Figure 7, Chapter 3).  

In the panel of 280 genes selected for their role in various p53 pathways (apoptosis, cell 

cycle, DNA repair, neuronal and immune related pathways) the transcriptome response 

was distinctly different in each layer. Thus, we confirmed what other studies have shown, 

that in general the p53 pathway is perturbed upon ethanol exposure (Figure 4 and 5 

Chapter 3), but we also revealed novel regional specificity in the distinct p53-related 

expression changes observed (Hashimoto-Torii, Kawasawa, Kuhn, & Rakic, 2011) 

(Mantha, Laufer, & Singh, 2014) (Kleiber, Laufer, Stringer, & Singh, 2014) .  

Our in vitro studies also identified that p53 and p53 related DNA repair pathways become 

engaged in an active response to ethanol. We found that the DNA repair proteins Ercc1, 

Hus1 and Rad51 respond to ethanol exposure by changing their DNA binding sites 

(Chapter 4). The binding of DNA repair proteins is thought to ameliorate the damage 

caused by DNA exposure to potentially-harmful intracellular products, such as ethanol. 

We showed that both single and double strand breaks are occurring after ethanol 

exposure and would thus be in need of repair (Figure 1, Chapter 4). Interestingly, 

however, the DNA repair proteins we examined bound to largely distinct genes, although 

there was some overlap in the functional categories of genes that were identified. 

Specifically, Rad51 (of the HR repair pathway) bound to genes that overlapped 

functional categories of the genes being repaired by a member of the BER pathway (Ion 
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binding) and genes being repaired by a member of the NER pathway (Nucleotide 

binding) (Chapter 4).  

We also identified that there is transcriptional activity showing p53 binds to apoptosis-

related genes in neural stem cells, as well as binding to brain development related genes 

(Figure 6, Chapter 4). Thus, our research contributes novel information about the DNA 

motifs that p53 can bind to (Table 1, Chapter 4), most of which are not the canonical p53 

binding motif. In fact, the canonical p53 binding motif sequence was found in only 1.3% 

of total binding sites in our ChIP-seq assay. These 29 binding sites mapped to 12 distinct 

genes (Table 2, Chapter 4). Interestingly, we identified that several of these genes that 

p53 was bound to are related to apoptosis signaling: Naip5, Bcl2l11, and Ctnnbl1. In 

addition to apoptosis pathway, some of the changes in gene binding sites that occurs with 

p53 transcription may be due to the signaling changes that occur post ethanol exposure 

leading to synaptic and neural projection changes that further lead to the FASD 

phenotype. The signaling and neural trajectory that leads to the FASD phenotype can be 

an opportunity to intervene as we propose below in future directions. 

Whole transcriptome analysis of neural stem cells revealed that ethanol changes the 

transcriptome in both the FGF and TGF growth conditions, which promote continued 

proliferation or differentiation, respectively (Chapter 4). We analyzed the effects of 

ethanol on the two growth factor conditions as well as performed a combined analysis of 

ethanol as a main factor regardless of growth factor. This provided us with information 

on which transcriptome changes persist in these particular neural cells regardless of 

growth condition. There were 39 genes in common among the three groups of FGF, TGF, 

and combined growth factor condition, that were found to be significantly changed in 
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expression (Figure 7, Chapter 4). The most significant expression changes belonged to a 

variety of gene categories one of which is similar to the category found in whole 

somatosensory RNA sequencing in Chapter 3: Fatty Acid Desaturase Type 1. This 

reinforces the fact that transcription of fatty acid related genes are highly responsive to 

binge level alcohol exposure and requires further investigation into its possible role in the 

advent of the FASD phenotype. Other categories implicated by these 39 significantly 

changed genes included Oxidoreductase activity, Tetraspanin, GPI-anchored 

biosynthesis, and DNA methylation.  These additional categories may be related to the 

oxidative micro-environment that ethanol creates and to the changes in cell membrane 

that alcohol has been shown to produce (R. Deitrich, Zimatkin, & Pronko, 2006) (R. A. 

Deitrich & Erwin, 1995). The DNA methylation category is a newer category that is 

being actively explored in the alcohol field. In Chapter 4, we contributed to this growing 

field by conducting an analysis of ethanol-induced methylation changes in the DNA of 

the neural stem cells grown in the presence of TGF.  

Interestingly, the genes that we identified which showed significant changes in 

methylation highlighted neuronal development, axon development, and neuronal 

projection development genes as targets of ethanol. It is easy to imagine how 

methylation-induced transcriptional changes of such neuronal related genes could have 

long lasting-ramifications, considering that methylation changes can be transmitted 

through several generations (Day, Savani, Krempley, Nguyen, & Kitlinska, 2016). The 

silencing or activation of transcription of neuronal related genes informs us that specific 

functions related to neurons are changing; this may be why the brain, as compared to 

other organs, is particularly vulnerable to ethanol. The neural activity specific to axon 
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and neurite projections may be signaled to change its course in response to ethanol and 

this level of neurogenomic response may be a component of the cellular adaptations that 

ultimately lead to the FASD intellectual and behavioral deficits.  

We also identified DNA repair genes as being significantly changed in the neural stem 

cell culture in response to ethanol exposure (Figures 10, 11, and 12 in Chapter 4). We 

were able to assess these particular changes by using our custom panel of 280 p53 

pathway related genes. Though we interrogated the aforementioned pathways, including 

apoptosis, cell cycle, DNA repair, neuronal growth and immune response, it was DNA 

repair genes that were the most significantly changed in all three experimental conditions, 

including 24hr ethanol exposure with FGF, 48hr ethanol exposure with FGF, and 48hr 

ethanol exposure with TGF. Notably, results from the NS5 cell culture per growth factor 

and duration of ethanol exposure were more similar to each other than to the regions of 

the brain interrogated as presented in Chapter 3. We found that 14 genes were shared in 

the lists of most significantly changed genes in the two conditions of FGF with 24 hr 

ethanol exposure and FGF with ethanol exposure for 48 hrs (Figure 13A, Chapter 4). In 

comparing the FGF with 48 hr ethanol exposure to the TGF with 48 hr ethanol exposure, 

there were 6 genes that were significantly changed in both conditions (Figure 13B, 

Chapter 4).  These contributions regarding neural stem cultures provide transcriptome 

information on the effects of ethanol exposure. Our custom panel of p53 related genes 

further allows us to distinguish that the p53 related DNA repair pathway genes are most 

significantly changed in an in vitro model of binge level ethanol exposure on developing 

cells.  
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When considered together, our data support a new view of p53 as much more than simply 

the guardian of the genome.  In fact, we suggest a new model of p53 function that posits 

roles in DNA repair, apoptosis, cell cycle regulation, and more importantly synaptic 

plasticity (Figure 1).  The degree to which these different roles are activated depends on 

the regional specificity and is strongly influenced by changes in the local 

microenvironment (as would be caused by alcohol exposure).  The interplay between 

these roles determines what the eventual functional outcome is following a binge-level 

alcohol exposure, whether it be impaired learning and memory or cell death.  

Limitations.  Our research has several limitations to the extent that our results can 

inform us of FASD. One important concern regarding our mouse model of FASD is that 

the p53 protein we focused our studies on was not assessed for complete deletion of the 

entire p53 protein. Only exons one through eight were deleted in this transgenic mouse 

line (Trp53tm1Tyj, strain 002101; Bar Harbor, ME) (Jacks et al., 1994). Our whole genome 

sequencing identified that the C-terminus was actively transcribed though we did not test 

if there was a truncated protein being produced. The original p53 knock out mouse 

publication showed there was no p53 C-terminus truncation product with the antibody 

PAb421 (Oncogene Science). To address this limitation, we could test for the presence of 

the C-terminus of p53 with antibodies that specifically target this region of the protein. 

Another limitation is the number of specimens we used, which imposed limits on our 

power to detect significant differences of smaller effect sizes between control and ethanol 

exposure groups. A solution to this limitation is to obtain more mice and conduct more 

cell culture experiments to increase our statistical power. Our experiment with the lowest 

N was the methylation study with a total N of four. That said, compared to other p53 and 
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alcohol studies our total N values (24) for our RNA experiments were much greater. A 

third limitation is the lack of an analogous p53 knock down in neural stem cells that 

could mechanistically inform our analysis of p53’s response to ethanol. In work that was 

not included in this written dissertation, extensive efforts were undertaken to establish 

inducible cell lines with an integrated siRNA for p53 knockdown, as well as an 

appropriate control with a scrambled siRNA vector. Unfortunately, careful analysis of the 

results of this work identified that isopropyl B-D-1-thiogalactopyranoside (IPTG), an 

extraneous molecule used to induce p53 knock down, was significantly influencing and 

confounding our results. Thus, future studies are needed to further optimize and carefully 

titrate IPTG using lower concentrations than had been recommended to help address this 

limitation. Our unpublished data show that NS5 stem cells are extremely susceptible to 

signaling molecules including non-cleavable IPTG. A fourth limitation is that we did not 

validate the RNA sequencing results with real time polymerase chain reaction (PCR). 

Instead, we performed sequencing by two complementary RNA methods, total 

transcriptome sequencing and targeted RNA sequencing. It is possible that we captured 

false positive and or false negative gene expression changes. Most published validation 

studies of RNA sequencing show a high correlation between RNA sequencing and real 

time PCR results. Other limitations of this research project will be addressed by the 

proposed future studies described below. 

Cell Culture Future Research Directions. Our work supports the idea that these 

neuronal stem cells are more similar to the proliferative cells in the hippocampus than to 

differentiated cortical neurons, though there is not an exact overlap of genes between the 

mouse embryonic day 14-16.5 NS5 cells in vitro model and the 7 day old mice in vivo 
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model. The difference in transcriptome may well have to do with the significant 

difference in age of the cells but also the general fact that in vitro incubator conditions do 

not exactly match of the in vivo organ growth conditions. Future in vitro experiments 

may resolve this by using ex vivo brain explant experiments that will maintain more of 

the cell to cell integrity of the brain which is lacking in current cell culture experiments. 

Using an ex vivo brain explant would also maintain more of the transcriptional integrity 

of functional brain cells considering that NS5 cells have undergone anywhere up to 90 

passages. This represents more cell divisions than is likely for cortical neurons to have 

undergone by the time of maturity and migration to their permanent site of function in the 

intact brain. 

Mouse Model Future Research Directions.  Future mouse models of FASD 

experiments would benefit from the application of Cre-Lox using a neuronal and brain 

region specific promoter upstream of Cre recombinase to knock down p53 in specific 

cells instead of knocking down p53 from inception. We have identified in mouse and cell 

culture that p53 is involved in neuronal functions in the brain and knocking down this 

transcription may well affect the architecture of the brain even before exposure to 

ethanol. We incorporated the correct controls for this in a full-factorial experimental 

design to account for this effect unlike other published studies. However, using a Cre Lox 

model would minimize the confounding effects of knocking down this versatile 

transcription factor.  

To further improve on the in vivo mouse model of FASD, an analysis of single cell 

genomics would prove beneficial considering we have found that ethanol has different 

effects that are specific to brain regions even in adjoining areas (Zeisel et al., 2015) . 
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Though we meticulously laser-microdissected cortical layers of the somatosensory cortex 

and subregions of the hippocampus, we cannot say that we only obtained neuronal 

transcripts, DNA, or protein. We also captured other essential but distinct non-neuronal 

cell populations. Even in a pure neuronal cell population there are hundreds of different 

types of neurons. Neurons in the somatosensory cortex differ in their shape, which cells 

they connect to, which signaling receptors and channels they express, the rate of 

excitation and channel opening, etc (Markram et al., 2015). Thus, neurons with different 

functions are expressing different genes, and are using some similar but also some 

different proteins. Some of the variability we encountered in our genomic study may well 

have to do with the variability in cell populations of the brain. Single cell analysis is 

challenging and is still being developed to hopefully one day be a high-throughput 

process with which to understand the dynamics of brain function.  

A major component of this thesis project was to measure RNA transcripts. In the future in 

situ RNA hybridization would improve upon our understanding of the location of the 

RNA changes in the complex brain architecture. We found differences in gene expression 

changes per subregion investigated. Visualization of these differences would be an 

additional method by which to validate our findings. Every cell in the mouse has the 

same DNA but cells only transcribe part of their genome and this is what we were trying 

to capture. The jury is not in as to how much RNA transcript levels translate to protein, 

given that increased RNA levels do not always correlate with increased protein levels 

(Liu, Beyer, & Aebersold, 2016). The turnover rate of RNA is faster than that for your 

average protein, this makes RNA a highly dynamic reflection of a cell’s function and 

identity. The significance of total RNA levels and its replication is a work in progress that 
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we will try to figure out as more data are collected so we can appreciate what message 

RNA levels tell us of the health of a cell and in turn the health of the brain. In this study 

we identified some of the same genes as another research group Klieber in whole brain of 

seven day old mice (Kleiber et al., 2014). The difference with our work is that we were 

able to state which cortical layer some of those gene expression changes can be attributed 

to (e.g., Jun was differentially changed only in layer 2/3 and Fox03 was differentially 

changed only in layer 4 of the somatosensory cortex). This increased exactness will help 

shed a light on the actual regional cellular response to ethanol and more accurately 

portray mechanisms that lead to FASD. 

Methods that are already well developed could also be used to improve upon studies of 

ethanol’s effect on the brain. Immunohistochemistry could be employed to a larger 

degree by using colocalization staining techniques to stain for the proteins that are 

involved in the p53 signaling pathway that respond to ethanol exposure. We could use 

our neurogenomic results to inform us of which proteins to stain that are involved in 

synaptic plasticity and fatty acid metabolism along with neuronal regional markers. 

Identification of protein colocalization can be extrapolated to our cell culture studies as 

well. In our research of DNA damage repair we could validate via immunohistochemistry 

the overlap in the three major repair pathways in individual neurons or stem cells for 

example.  

Additional future studies could also test the behavior of the mice with established 

behavioral assessments to measure whether p53 KO mice exposed to ethanol have greater 

memory and intellectual deficits as predicted by the results of our investigation. 

Conducting behavioral testing of p53 KO mice would bring our study full circle into 
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deciphering the role of p53 in a mouse model of FASD. In cancer studies, it is observed 

that increasing functional p53 increases cell death, but in at least the somatosensory 

cortex that is not the case. To some degree, in hippocampus and NS5 cultures, stem cells 

are engaging in apoptosis signaling that is only a partial function of p53’s role in 

response to ethanol exposure.  

In addition, to explore a potential amelioration of ethanol’s harm in animal models - be it 

apoptosis, synaptic function, or a general increase in oxidative microenvironment - we 

propose to study concurrent administration of ethanol supplemented with varying levels 

of antioxidants. Such antioxidants have been studied previously as a post-exposure 

treatment for experimental animals (Patten et al., 2014) (Brocardo, Gil-Mohapel, & 

Christie, 2011). In addition, pre-ethanol treatments have been also been studied with an 

antioxidant supplement research advancing to the level of human clinical trials (Joya, 

Garcia-Algar, Salat-Batlle, Pujades, & Vall, 2015). But this study was halted because 

there were harmful effects of taking large quantities of daily antioxidants for expectant 

mothers. What if instead we could decrease FASD rates by supplementing all alcoholic 

beverages with antioxidants? Thus, such future endeavors could prevent or curb the one 

of molecular mechanisms, as reviewed in Chapter 2, by which maternal ethanol 

consumption leads to the development of Fetal Alcohol Spectrum Disorder (Moreno et 

al., 2016).  

We would also propose a study in which p53 inhibitors are explored as an immediate 

therapeutic post ethanol exposure. Our specific regional neurogenomic findings informs 

us that a p53 inhibitor administered immediately after ethanol exposure would only be 

predicted to attenuate apoptosis in the CA1 region of the hippocampus since this is the 
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brain region in which p53 plays a role in apoptosis gene expression response to ethanol. 

In the remaining regions, a p53 inhibitor would be inhibiting more of the neuronal and 

cell cycle related changes that depend on the presence of p53. If this inhibition prevents 

maladaptive synaptic changes from occurring, then such an inhibitor would be helpful. 

To what degree such an inhibitor of harmful synaptic events could prevent the onset of 

the FASD behavioral and intellectual functional phenotype would have to be determined. 

One could employ established experimental behavior tests such as the Morris water maze 

to measure learning and memory to assess any improvements after administration of p53 

inhibitors. One could also utilize end point measures of synaptic function by quantifying 

the spine density of neurons pre and post administration of p53 inhibitors.  

 

Conclusion 

FASD is a lifelong disorder that is caused by the immediate and long-term effects of 

ethanol’s teratogenicity. In this thesis project both the in vivo and in vitro studies have 

identified that p53 responds to ethanol exposure in a way that may contribute to the 

intellectual and behavioral deficits observed in FASD. Importantly, we identified that 

p53-mediated effects show more regional specificity than had been predicted. In addition, 

our in vitro studies present evidence that the three major DNA response pathways, BER, 

NER, and HR, are activated after ethanol exposure. Not only is the transcriptome 

modified upon ethanol exposure but so is the DNA methylation profile especially of 

neural related genes. We also presented evidence that some of the transcriptome changes 

observed may be due to p53’s direct transcription factor activity.  Our study has several 
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limitations in sample size, the lack of conditional knock down of p53 in both mice and 

cells, and validation of our sequencing results, all which we addressed earlier in this 

chapter. Future studies can improve upon our findings and further explore our results to 

assess end points of p53 function such as developmental spine density changes as well as 

behavioral changes that were not measured in this thesis project.  FASD is a complicated 

disorder and we have shown that p53 may be playing a neurodevelopmental role in neural 

cells in response to ethanol exposure which had not been identified previously.  

 



258 

 

References 

Brocardo, P. S., Gil-Mohapel, J., & Christie, B. R. (2011). The role of oxidative stress in 

fetal alcohol spectrum disorders. Brain Res Rev, 67(1-2), 209-225. 

Casswell, S., Callinan, S., Chaiyasong, S., Cuong, P. V., Kazantseva, E., Bayandorj, T., 

Huckle, T., Parker, K., Railton, R., and Wall, M. (2016). How the alcohol industry relies 

on harmful use of alcohol and works to protect its profits. Drug Alcohol Rev. 

Day, J., Savani, S., Krempley, B. D., Nguyen, M., & Kitlinska, J. B. (2016). Influence of 

paternal preconception exposures on their offspring: through epigenetics to phenotype. 

Am J Stem Cells, 5(1), 11-18.  

Deitrich, R., Zimatkin, S., & Pronko, S. (2006). Oxidation of ethanol in the brain and its 

consequences. Alcohol Res Health, 29(4), 266-273.  

Deitrich, Richard A, & Erwin, V Gene. (1995). Pharmacological effects of ethanol on the 

nervous system (Vol. 32): CRC Press. 

Dwyer-Lindgren, L., Flaxman, A. D., Ng, M., Hansen, G. M., Murray, C. J., & Mokdad, 

A. H. (2015). Drinking Patterns in US Counties From 2002 to 2012. American Journal of 

Public Health, 105(6), 1120-1127.  

Hashimoto-Torii, Kazue, Kawasawa, Yuka Imamura, Kuhn, Alexandre, & Rakic, Pasko. 

(2011). Combined transcriptome analysis of fetal human and mouse cerebral cortex 

exposed to alcohol. Proceedings of the National Academy of Sciences, 108(10), 4212-

4217.  



259 

 

Hensch, T. K. (2004). Critical period regulation. Annu Rev Neurosci, 27, 549-579. Jacks, 

Tyler, Remington, Lee, Williams, Bart O., Schmitt, Earlene M., Halachmi, Schlomit, 

Bronson, Roderick T., & Weinberg, Robert A. (1994). Tumor spectrum analysis in p53-

mutant mice. Current Biology, 4(1), 1-7.  

Jones, K. L., & Smith, D. W. (1973). Recognition of the fetal alcohol syndrome in early 

infancy. Lancet, 302(7836), 999-1001.  

Joya, X., Garcia-Algar, O., Salat-Batlle, J., Pujades, C., & Vall, O. (2015). Advances in 

the development of novel antioxidant therapies as an approach for fetal alcohol syndrome 

prevention. Birth Defects Res A Clin Mol Teratol, 103(3), 163-177.  

Katz, L. C., & Shatz, C. J. (1996). Synaptic activity and the construction of cortical 

circuits. Science, 274(5290), 1133-1138.  

Kleiber, M. L., Laufer, B. I., Stringer, R. L., & Singh, S. M. (2014). Third trimester-

equivalent ethanol exposure is characterized by an acute cellular stress response and an 

ontogenetic disruption of genes critical for synaptic establishment and function in mice. 

Dev Neurosci, 36(6), 499-519.  

Liu, Y., Beyer, A., & Aebersold, R. (2016). On the Dependency of Cellular Protein 

Levels on mRNA Abundance. Cell, 165(3), 535-550.  

Mantha, K., Laufer, B. I., & Singh, S. M. (2014). Molecular Changes during 

Neurodevelopment following Second-Trimester Binge Ethanol Exposure in a Mouse 

Model of Fetal Alcohol Spectrum Disorder: From Immediate Effects to Long-Term 

Adaptation. Dev Neurosci, 36(1), 29-43.  



260 

 

Markram, H., Muller, E., Ramaswamy, S., Reimann, M. W., Abdellah, M., Sanchez, C. 

A, Ailamaki, A., Alonso-Nanclares, L., Antille, N., Arsever, S., Kahou, G.A., Berger, 

T.K., Bilgili, A., Bunic N., Chalimourda, A., Chindemi, G., Courcol, J.D., Delalondre, F., 

Delattre, V., Druckmann, S., Dumusc, R., Dynes, J., Eilemann, S., Gal, E., Gevaert, 

M.E., Ghobril, J.P., Gidon, A., Graham, J.W., Gupta, A., Haenel, V., Hay, E., Heinis, T., 

Hernando, J.B., Hines, M., Kanari, L., Keller, D., Kenyon, J., Khazen, G., Kim, Y., King, 

J.G., Kisvarday, Z., Kumbhar, P., Lasserre, S., Le Be, J.V., Magalhaes, B.R., Merchan-

Perez, A., Meystre, J., Morrice, B.R., Muller, J., Munoz-Cespedes, A., Muralidhar, S., 

Muthurasa, K., Nachbaur, D., Newton, T.H., Nolte, M., Ovcharenko, A., Palacios, J., 

Pastor, L., Perin, R., Ranjan, R., Riachi, I., Rodriguez, J.R., Riquelme, J.L., Rossert, C., 

Sfyrakis, K., Shi, Y., Shillcock, J.C., Silberberg, G., Silva, R., Tauheed, F., Telefont, M., 

Toledo-Rodriguez, M., Trankler, T., Van Geit, W., Diaz, J.V., Walker, R., Wang, Y., 

Zaninetta, S.M., DeFelipe, J., Hill, S.L., Segev, I., and Schurmann, F. (2015). 

Reconstruction and Simulation of Neocortical Microcircuitry. Cell, 163(2), 456-492.  

Miller, J. W., Gfroerer, J. C., Brewer, R. D., Naimi, T. S., Mokdad, A., & Giles, W. H. 

(2004). Prevalence of adult binge drinking: a comparison of two national surveys. 

American Journal of Preventive Medicine, 27(3), 197-204.  

Moreno, Maria Camargo, Ignacio, Cherry, Burke, Patrick, & Middleton, Frank A. (2016). 

Chapter 4 - Alcohol Intake and Apoptosis: A Review and Examination of Molecular 

Mechanisms in the Central Nervous System A2 - Patel, Vinood B Molecular Aspects of 

Alcohol and Nutrition (pp. 45-61). San Diego: Academic Press. 



261 

 

Neuroscience edited by Dale Purves, George J. Augustine, David Fitzpatrick, William C. 

Hall, Anthony-Samuel LaMantia, and Leonard E. White. (2012). The Quarterly Review 

of Biology, 87(2), 158-158.  

Patten, A. R., Fontaine, C. J., & Christie, B. R. (2014). A comparison of the different 

animal models of fetal alcohol spectrum disorders and their use in studying complex 

behaviors. Front Pediatr, 2, 93.  

Skov, S. J. (2009). Alcohol taxation policy in Australia: public health imperatives for 

action. Med J Aust, 190(8), 437-439.  

Williams, J. F., & Smith, V. C. (2015). Fetal Alcohol Spectrum Disorders. Pediatrics, 

136(5), e1395-1406.  

Zeisel, A., Muñoz-Manchado, A. B., Codeluppi, S., Lönnerberg, P., La Manno, G., 

Juréus, A., Marques, S., Munguba, H., He, L., Betsholtz, C., Rolny, C., Castelo-Branco, 

G., Hjerling-Leffler, J., and Linnarsson, Sten. (2015). Cell types in the mouse cortex and 

hippocampus revealed by single-cell RNA-seq. Science, 347(6226), 1138-1142.  

 

 

 

 

 

 



262 

 

  

  

 

 

 

 

 

Figure 1. Working model of ethanol exposure that changes p53 signaling. This model 

posits a role for p53 in DNA repair, apoptosis, cell cycle regulation, and synaptic 

plasticity.  The degree to which these different roles are activated depends on the regional 

specificity and is strongly influenced by changes in the local microenvironment (as would 

be caused by alcohol exposure).   
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