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CHOLINE SUPPLEMENTATION AND DNA METHYLATION IN THE
HIPPOCAMPUS AND PREFRONTAL CORTEX OF RATS
EXPOSED TO ALCOHOL DURING DEVELOPMENT

Nicha K. H. Otero1, Jennifer D. Thomas2, Christopher A. Saski3, Xiaoxia Xia3, and Sandra J.
Kelly1,4

1Department of Psychology, University of South Carolina, Columbia, SC 29208
2Department of Psychology, San Diego State University, San Diego, CA
3Genomics Institute, Clemson University, Clemson, SC
4Department of Pharmacology, Physiology, and Neuroscience, University of South Carolina,
Columbia SC 29208

Abstract
Background—Some of the most frequent deficits seen in children with FASD and in animal
models of FASD are spatial memory impairments and impaired executive functioning, which are
likely related to alcohol-induced alterations of the hippocampus and prefrontal cortex (PFC),
respectively. Choline, a nutrient supplement, has been shown in a rat model to ameliorate some of
alcohol's teratogenic effects and this effect may be mediated through choline' effects on DNA
methylation.

Methods—Alcohol was given by intragastric intubation to rat pups during the neonatal period
(postnatal days 2–10) (ET group), which is equivalent to the third trimester in humans and a
period of heightened vulnerability of the brain to alcohol exposure. Control groups included an
intubated control group given the intubation procedure without alcohol (IC) and a non-treated
control group (NC). Choline or saline was administered subcutaneously to each subject from
postnatal day 2 to 20. On postnatal day 21, the brains of the subjects were removed and assayed
for global DNA methylation patterning as measured by chemiluminescence using the cpGlobal
assay in both the hippocampal region and PFC.

Results—Alcohol exposure caused hypermethylation in the hippocampus and PFC, which was
significantly reduced after choline supplementation. In contrast, control animals showed increases
in DNA methylation in both regions after choline supplementation, suggesting that choline
supplementation has different effects depending upon the initial state of the brain.

Conclusions—This study is the first to show changes in global DNA methylation of the
hippocampal region and PFC after neonatal alcohol exposure. Choline supplementation impacts
global DNA methylation in these two brain regions in alcohol-exposed and control animals in a
differential manner. The current findings suggest that both alcohol and choline have substantial
impact on the epigenome in the prefrontal cortex and hippocampus and future studies will be
needed to describe which gene families are impacted in such a way that function of the nervous
system is changed.
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BACKGROUND
The teratogenic effects of alcohol exposure during development have been an intensive area
of research for many years. Most recently, the term Fetal Alcohol Spectrum Disorders
(FASD) has been used to describe the wide spectrum of teratogenic effects of alcohol on
individuals who are exposed to the drug during fetal development. On the most severe end
of this spectrum is Fetal Alcohol Syndrome (FAS), which is characterized by growth
deficiencies, cranio-facial dysmorphology and central nervous system (CNS) dysfunction
(Jones and Smith, 1973; Streissguth and O'Malley, 2000). Children with FASD may not
show any physical abnormalities associated with developmental alcohol exposure or may
show physical abnormalities that do not meet the requirements for a diagnosis of FAS.
However, with or without the physical features, high levels of prenatal alcohol exposure
may still lead to behavioral anomalies and intellectual deficits in newborns and young
children (Landesman-Dwyer et al., 1978; Mattson et al., 1997). Because there is a
significant amount of congruence between animals and humans in the effects of alcohol
exposure (Driscoll et al., 1990; Hannigan, 1996; Hannigan and Abel, 1996), animal models
have been used to further examine the effects of developmental alcohol exposure on brain
and behavior.

In both clinical studies and studies using animal models of FASD, early ethanol exposure
consistently leads to deficits in learning, memory, and executive functioning (Connor et al.,
2000; Driscoll et al., 1990; Kodituwakku et al., 2001). Consistent with the behavioral
effects, studies have shown teratogenic effects of alcohol exposure both on the hippocampus
(Abel et al., 1983; Archibald et al., 2001; Autti-Ramo et al., 2002; Ba et al., 1996; Barnes
and Walker, 1981; Berman and Hannigan, 2000; Davies and Smith, 1981; Diaz-Granados et
al., 1993; Ferrer et al., 1988; Greene et al., 1992; Miller, 1995; Perez et al., 1991; Riikonen
et al., 1999; Smith and Davies, 1990; Sowell et al., 2007; Tanaka, 1998; Tran and Kelly,
2003; Uecker and Nadel, 1998; West et al., 1981; West and Hodges-Savola, 1983; West and
Pierce, 1984; Wigal and Amsel, 1990; Willoughby et al., 2008) and the prefrontal cortex
(PFC) (Inomata et al., 1987; Nagahara and Handa, 1995; Sowell et al., 2002; Whitcher and
Klintsova, 2008), which are structures importantly involved in learning, memory and
executive functioning. Choline – a nutrient supplement – has been recently shown in a rat
model to ameliorate some of the behavioral deficits (including deficits in learning, memory
and executive functioning) observed in subjects pre- or neonatally exposed to alcohol (Ryan
et al., 2008; Thomas et al., 2000; Thomas et al., 2004; Thomas et al., 2007; Thomas et al.,
2009; Wagner & Hunt, 2006; Thomas & Tran, 2011).

Studies examining the impact of choline on brain development have suggested multiple
mechanisms of action and have suggested that choline-induced changes in the epigenome
may be a pivotal site of action (Niclulescu et al. 2004, Niculescu et al., 2006, Zeisel 2011).
Research using rodent models has shown that choline supplementation during the gestational
period critical for hippocampal development significantly impacts both hippocampal
structure and functioning (Albright et al., 1999; Li et al., 2004; Williams et al., 1998). The
long-term changes after choline supplementation have been suggested, in part, to be the
result of alterations in the pattern of DNA methylation in the hippocampus (Davison et al.,
2009; Jhaveri et al., 2001; Kovacheva et al., 2007; Mehedint et al., 2010; Niculescu et al.,
2004; Niculescu et al., 2006; Pogribny et al., 2008; Waterland and Jirtle, 2003; Waterland et
al., 2006). Importantly, Thomas and colleagues have shown that choline supplementation
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during early development alleviates spatial learning deficits in a rat model of developmental
alcohol exposure and that this effect of choline is observed after choline treatment has
ceased (Ryan et al., 2008). This long-lasting effect of choline suggests this nutrient may
impact alcohol-induced effects on learning and memory through epigenetic changes in the
alcohol-affected brain, specifically via changes in DNA methylation.

Only a few published studies have looked at possible global DNA methylation changes due
to exposure to alcohol during the developmental period (Garro et al., 1991; Liu et al., 2009a)
and none have focused on specific brain regions. The behavioral deficits and brain changes
seen in FASD and animal models of FASD suggest that the changes in gene expression via
alterations in the epigenome induced by alcohol are likely to be very complex and so as a
first step, global methylation changes in brain regions were first examined in order to
identify affected regions. In the present study, a rat model of FASD was used to investigate
the underlying mechanism of alcohol-induced deficits by looking at changes in global DNA
methylation in the prefrontal and hippocampal areas. In addition, this study also examined
changes in DNA methylation when subjects were supplemented with choline during and
after early neonatal alcohol exposure. Animals were exposed to alcohol during the third
trimester equivalent of human pregnancy (Bayer et al., 1993) and then treated with choline
supplementation from the early postnatal period (PD) 2 up to PD 20 (Ryan et al., 2008). It
was hypothesized that alcohol exposure during the third trimester equivalent of human
pregnancy will reduce global DNA methylation in the hippocampus and PFC areas. It was
also expected that choline supplementation given to ethanol-exposed subjects will alter the
levels of global DNA methylation in these two brain regions to that of control animals.

METHODS
Subjects

All animal procedures followed institutional guidelines outlined by the American
Association of Laboratory Animal Care (AALAC) and were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of South Carolina. All subjects
were born and bred in the animal colony at the Department of Psychology at the University
of South Carolina. Housing conditions were maintained at 22°C with a 12-hr light-dark
cycle, beginning at 0700 h. Female Long-Evans rats were housed with an experienced male
over night and gestational day (GD) 1 was defined by the presence of sperm in the vaginal
smear on the following morning. Food and water were provided ad libitum to all dams.

After birth, the pups in each litter were quasi-randomly assigned to one of three treatment
groups – an ethanol-treated (ET) group, an intubated control (IC) group, and a non-treated
control (NC) group. Each pup from each litter was also quasi-randomly assigned to either
the choline-supplemented condition or the placebo (saline) condition. Quasi-random
assignments in this study took into account the number of pups previously assigned to each
experimental cell when assignments were done but was completely random in the selection
of a pup from a particular litter for that cell. Thus, this study incorporated a 3 (group) X 2
(sex) X 2 (choline) design. There was no more than one animal from a litter assigned to a
cell. Subject numbers are in Tables 1 and 2. Pups remained in the same cage as their dam
until PD 21, after which they were sacrificed and their brains retrieved for further analyses.

Postnatal Treatment
Dams gave birth on gestational day 23, and this day was designated as postnatal (PD) 1 for
the pups. All dams and their pups were left undisturbed on this day and on PD 2, litters were
culled to 10 pups (5 males and 5 females) when possible. Treatments occurred from PD 2
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through PD 10, equaling the third trimester of human pregnancy (Bayer et al., 1993;
Dobbing and Sands, 1979).

For the ET group, ethanol was administered via intragastric intubation from PD 2 through
10. ET pups received a single daily dose of ethanol (3.0 g/kg) in a volume of 27.8 ml/kg of
milk solution (West et al., 1984) which produces peak blood alcohol concentrations (BACs)
between 300–400 mg/dl (Marino et al., 2002). Intubation involved placing PE10 Intramedic
tubing, attached to a syringe and dipped in corn oil for lubrication, down the esophagus of
the pup and injecting the solution directly into the stomach. Two hours after ethanol
administration, the ET pups were intubated a second time, but with 27.8 ml/kg of milk
solution only to compensate for any reduction in milk intake from the dam due to
intoxication (Tran and Kelly, 2003). The IC pups received the same treatment procedure,
twice per day, but were not given milk alone or ethanol in milk. The NC pups were weighed
daily. On PD 7, all pups were permanently marked on one or more of their paws for
identification using the AIMS Animal Tattoo Identification kit (Serial # NEO9001000).
Each paw to be marked was sterilized, and then tattooed using a standard tip tattoo needle
dipped in India ink.

Postnatal Choline Supplementation
From PD 2 to 20, each pup in each experimental group (ET, IC and NC) was quasi-
randomly assigned to one of two supplement conditions. Animals in the choline-supplement
condition received subcutaneous (s.c.) injections of 100 mg/kg/day choline chloride in a
volume of 6.66 ml/kg of saline, while the animals in the saline-supplement condition
received s.c. injections of saline vehicle. Subjects from all groups were weighed daily
throughout the days of supplementation.

Blood Ethanol Concentrations (BECs)
On PD 10, samples of 10 μl of blood from each pup in the ET and IC conditions were
collected via a nick to the tail, 2 hours after ethanol administration, in order to assess
maximum BAC levels (Marino et al., 2002). No blood was taken from the NC pups. Blood
samples from the ET group were assayed for blood ethanol content using a colorimetric
assay (Dudek and Abbot, 1984).

Tissue Collection
On PD 21, subjects were sacrificed via decapitation. Immediately after removal, the brain of
each subject was divided sagittally into left and right hemispheres. The PFC and entire
hippocampus were dissected from one hemisphere, left and right were balanced within each
treatment and supplemental condition, and immediately frozen in a container of isopentane,
which was kept chilled with dry ice. After freezing, the tissue was placed in labeled tubes
and kept frozen at −80 °C until time of assays.

DNA Methylation
Genomic DNA (gDNA) was isolated from approximately 30 mg of rat brain tissue using the
Wizard® genomic DNA purification kit (Promega # A1120) following the protocol of the
manufacturer. The quantity and quality of the gDNA samples were assessed by
spectrophotometry using the NanoDrop 8000, (Thermo Scientific) and agarose gel
electrophoresis, respectively. To assess global methylation status, methods were similar to
that of Anisowicz et al., 2008 with the following modifications: Samples were processed in
triplicate with a no enzyme, buffer only control and DNA was digested with HpaII
(methylation sensitive/dependent) and MspI (methylation insensitive) restriction enzymes.
First, aliquots of 150 ng gDNA for each sample were placed into 9 wells of a 96 well

Otero et al. Page 4

Alcohol Clin Exp Res. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MaxiSorp™ plate (Nunc #436110). DNA in the first three wells digested with 1 unit of
HpaII (NEB # R0171S), the second three wells was digested with1 unit of MspI (NEB #
R0106S), and no enzyme added to the last three wells (buffer only control (NEBuffer1)).
The total volume of the reactions was 30 μl and the plate was then incubated in a 37 °C dry
incubator for 1 hour.

After DNA digestion, 20 ul of the end fill reaction mix containing 0.1 μM Biotin-11-dCTP
(PerkinElmer # NEL538001EA), 0.1 μM Biotin-11-dGTP (PerkinElmer # NEL541001EA),
and 0.1 units Sequenase (USB 70775Y) was added to each well. The plate was then
incubated at 37 °C for 2 hours.

After end-fill with biotinylated nucleotides, 100 μl of Reacti Bind DNA coating solution
(Pierce # 17250) was added to each well of the plate and incubated overnight at room
temperature with shaking at 150 RPM. After coating, the plate was washed two times with
TBS (10 mM Tris-HCL pH 8.0, 150 mM NaCl), and then 200 μl of the Detector Block
solution (KPL # 71–83-00) was added to each well and incubated at room temperature for 1
hour. 150 μl of Detector Block containing 2 μg/ml of HRP Neutravidin (1: 500 dilution)
(Pierce # 31030) was added to each well after removing the Detector Block solution. The
plate was again incubated at room temperature for 2 hours.

The Dector Block/HRP Neutravidin solution was removed from the plate and 1X Biotin
wash solution (KPL # 50–63-06) was used to wash the plate 2 times. Finally, 150 μl of
LumiGlo chemiluminescence substrate (KPL # 54–61-00) was added to each well, and after
4 minutes, net luminescence was measured by a GENios microplate reader (Tecan) at 440
nM. To determine the net luminescence, the average of the 3 values obtained from the no-
enzyme (buffer) control was subtracted from the average of the 3 values obtained from the
HPaII and MSP I enzyme values of each subject. To calculate the global DNA methylation
index GDMI, the average net luminescence value obtained for the methylation sensitive
enzyme (HPAII) was divided by the average net luminescence value obtained for the
methylation insensitive enzyme (Msp I) of each subject. The GDMI values were the
dependent measure analyzed and the value of GDMI is inversely related to the amount of
methylation.

RESULTS
The statistical significance level was set at α = .05 and data analyses were performed using
the Statistical Package for the Social Sciences (SPSS) 16.0 for Windows. Greenhouse-
Geisser degrees of freedom were used for analyses of repeated measures and body weight
data were analyzed for each sex separately because of a priori expectations of a sex
difference. Tukey's HSD post hoc tests were used where appropriate.

Male Body Weights
A repeated measures ANOVA, with ethanol treatment and choline supplement as between
factors and Day (PD 2–21) as the repeated measure, was performed on the body weights
across days. Tests of within-subjects effects showed a significant main effect of Day F (19,
1026) = 4810, p < .01, and a significant Day × Treatment interaction F (38, 1026) = 3.2, p
< .05. Post-hoc analyses revealed the ET group weighed significantly less than the NC group
from PD 4 to 21 (p's < .05), and had a non-significant tendency to weigh less than the IC
group only on PDs 11 and 12 (p = .067 and .054, respectively). This suggests that stress
(specifically of the administration procedure) may account for some of the effects seen.
Body weight data for the males are shown in Table 1. Importantly, there was no impact of
choline supplement on body weight in males.
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Female Body Weights
A repeated measures ANOVA, with ethanol treatment and choline supplement as between
factors and Day from PD 2 to 21 as the repeated measures, was performed on body weight
across days. Tests of within-subjects effects showed a significant main effect of Day, F (19,
1026) = 6272, p < .01, on body weight, and a significant Day × Treatment interaction, F (38,
1026) = 4.0, p < .01. Post-hoc analyses revealed the ET groups weighed less than the NC
groups from PD 4 to 21 (p's < .05), and the IC groups from PD 4 to 14, PD 16 and PD 20
(p's < .05). Body weight data for the females are shown in Table 2. There was no impact of
supplement on body weight in females.

Blood Ethanol Concentrations (BECs)
A 2-way ANOVA (Supplement × Sex) was performed to determine whether these two
factors have any effect on BEC levels. There were no significant differences found in the
average BEC levels between male and female subjects or between subjects receiving the
choline supplement and those receiving saline. These data are shown in Table 3.

DNA Methylation
Initial 3-way ANOVAs (Treatment × Supplement × Sex) were performed on the GDMI for
all treatment and supplement groups from each brain region separately and found no
significant differences between the sexes or the two control groups. Further analyses were
performed with sex and control groups combined.

Analysis of the PFC GDMI with a 2 × 2 ANOVA (Treatment × Supplement) revealed a
significant Treatment × Supplement effect in the PFC, F(1, 55) = 10.7, p < .01. Tukey's
HSD post hoc analyses showed that the saline-supplemented ET group had a lower GDMI
than the saline-supplemented control groups, indicating a hypermethylation in this region
(p's < 0.05). Choline supplementation reduced the GDMI in the control group and increased
the GDMI in the ET group compared to the saline-supplemented group given the same
treatment (p's < 0.05). The changes in GDMI indicate that ethanol treatment caused a
hypermethylation in this region and this was partially ameliorated by choline treatment.
Choline treatment in the control subjects caused a hypermethylation in this region, an effect
opposite to the effect in the ET subjects. These data are shown in Figure 1.

Analysis of the hippocampal GDMI with a 2 × 2 ANOVA (Treatment × Supplement)
revealed a significant Treatment × Supplement interaction, F(1, 55) = 5.7, p < .05. Tukey's
HSD post hoc analyses showed a pattern of findings in the hippocampal region similar to
that in the PFC region. The saline-supplemented ET group had a lower GDMI than the
saline-supplemented control group, indicating a hypermethylation in this region (p's < 0.05).
Choline supplementation reduced the GDMI in the control group and increased the GDMI in
the ET group compared to the saline-supplemented group given the same treatment (p's <
0.05). These data are shown in Figure 2.

DISCUSSION
Temporal and spatial gene expression during development is an important and complex
process that is regulated by epigenetic marks that are crucial for the maintenance of normal
cellular homeostasis (Robertson 2005). It has been demonstrated that aberrant DNA
methylation patterns are associated with a growing number of diseases (Robertson 2005).
This study is among the first to show that alcohol exposure during the third trimester
equivalent of human pregnancy in the rat causes changes in global DNA methylation in the
PFC and hippocampus, and these changes are evident in the early adolescent stage.
Developmental alcohol exposure led to hypermethylation in both these brain areas compared
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to control subjects. This study also shows significant changes in global DNA methylation in
ethanol-exposed animals after choline supplementation. Choline given to ethanol-exposed
subjects from PD 2 to 20 led to a decrease in methylation, while control animals showed a
state of increased methylation after choline supplementation in both brain regions. The
effects of choline were dependent on the prior developmental treatment of the subjects.

Given the initial literature (Garro et al., 1991) that reported a state of hypomethylation after
exposure to gestational alcohol, and that decreases in methylation have been implicated in
reductions in learning and memory abilities (Liu et al., 2009b), it was hypothesized that
developmental alcohol during the third trimester equivalent would lead to global DNA
hypomethylation. However, the present findings of alcohol-induced DNA hypermethylation
corroborate a more recent report showing that developmental alcohol (GD 0.5 to 8.5 -
equivalent to the first trimester of human pregnancy) increases the probability of
transcriptional silencing (hypermethylation) of the allele, Agouti viable yellow (Avy), in the
mouse (Kaminen-Ahola et al., 2010). Others have shown that alcohol exposure during
development can cause both hypo- and hypermethylation of specific genes (Zhou et al.,
2011). Since both hypo- and hypermethylation can lead to deficits in brain function and
behavior (Jiang et al., 2004; Robertson, 2005), the deficits induced by alcohol exposure
during development may be mediated by either direction of change in methylation. Suffice it
to say, our findings of global DNA hypermethylation in the PFC and hippocampus provide
only a piece of the puzzle in determining possible molecular mechanisms of developmental
alcohol's effects, with the next necessary step being to examine methylation changes in
specific cells and genes in these two brain areas. Importantly, the findings of changes in
global DNA methylation in the current study suggest that there are many genes affected by
alcohol and choline and it will be necessary to examine methylation changes in functionally-
related genes to fully understand the relationship of dysfunction in the prefrontal cortex and
hippocampus to changes in the epigenome.

Given the complexity of effects of alcohol exposure during development, it seems likely that
methylation changes will vary according to not only timing of exposure, degree of exposure,
brain regions examined and individual variation, but also to specific tissues, cells, and genes.
Indeed, using a whole embryo culture, Liu and colleagues (2009a) showed that there was
increased DNA methylation on chromosomes 10 and X due to alcohol exposure but the
degree of alcohol-induced effect on the methylation was a function of whether the embryo
showed a neural tube deficit caused by the alcohol exposure. Zhou et al. (2011) has followed
up this study and has shown that the hypermethylation in the embryos with alcohol-induced
neural tube deficits is associated with reduced expression of genes involved in neural
specification and neural growth factors. Some of the gene-specific changes were not seen in
alcohol-exposed embryos without neural tube deficits.

Moreover, as clearly shown by Zhou and colleagues (2011), even with global
hypermethylation in the embryos, methylation of specific genes/promoter regions can either
be increased or decreased depending upon the specific gene and/or tissue. Thus, it will be
necessary to investigate the regulators of the epigenome and the methylation status of
specific genes to fully describe the impact of alcohol on the epigenome. The current study
was aimed at investigating neural regions that have been shown to be impacted by alcohol
exposure during development with the eventual goal of targeting the investigation on
specific genes involved in known alcohol-related effects, such as changes in the dendritic
tree of neurons in the PFC and hippocampus or genes involved in neural plasticity in these
regions. The eventual link of alcohol's impact on the epigenome to effects on neural tissue
needs further investigation. Nevertheless, the current findings suggest that the overall impact
of alcohol on the epigenome will be skewed towards hypermethylation and thus, gene
suppression. Examination of regulators of the epigenome such as methyl-CpG-binding 2
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(MeCP2) protein (Moretti et al., 2006; Pogribny et al., 2008) and DNMT would provide
more specific information on how alcohol is affecting gene expression. Importantly, the
current findings suggest that the changes in DNA methylation after alcohol exposure and
choline supplementation are very substantial since a global measure was changed. In order
to fully explain how epigenetic changes induced by alcohol and/or choline are related to
function of the nervous system, examination of regulation of functional gene families rather
than single genes will be necessary.

The methylation changes observed after choline supplementation in ET subjects led to a
significant decrease in the alcohol-induced hypermethylation state of the DNA, a change
that was not significantly different from the methylation levels of control subjects that were
also given choline. These choline-induced changes corroborate past research showing that
methylation changes do occur in the brains of animals treated with varying levels of choline
availability. However, the manner in which choline impacts methylation has varied across
studies. Some studies examining methylation changes after choline supplementation have
found hypomethylation of the DNA (Kovacheva et al., 2007). Choline-deficient diets have
been shown to cause DNA hypomethylation (Niculescu et al., 2006), DNA
hypermethylation (Mehedint et al., 2010) and no effect on DNA methylation (Kovacheva et
al., 2007). The variability of DNA methylation changes due to choline availability may be
the result of the initial state of the animals as was observed in the present study where
choline supplementation led to opposite changes in DNA methylation in ethanol-exposed
and control subjects. This finding may be explained by observations that DNA methylation
is regulated by a number of factors such as DNMT enzymes and binding proteins
(Robertson, 2005), shows co-activity with other epigenetic processes such as histone
methylation (Pogribny et al., 2008), which in turn are regulated by multiple factors (Davison
et al., 2009). Thus, the disruption of this complex process by agents such as alcohol and
choline can have cascading effects throughout the epigenome. One of the major findings of
the present study is that choline alters the epigenome in ethanol-exposed subjects, although
an important and still unanswered question is whether choline is reversing gene-specific
effects of alcohol or whether the impacted genes differ. This information will help determine
whether choline's beneficial effects on behavior in rat models of FASD are due to reversing
the ethanol effects or simply compensating for them.

Given the variability of DNA methylation among different tissue regions, the variability of
and regional specificity of alcohol's teratogenic effects, and the variability of the effects of
choline availability on DNA methylation, it is difficult to generalize ethanol's effects on the
epigenome. Moreover, given the likely complexity of alcohol's impact and choline's impact
on the epigenome, careful programmatic research will be necessary to determine time course
effects, tissue effects, and most important gene-specific effects and their relationship to
brain deficits seen in animal models of FASD. The impact of choline availability on DNA
methylation is dependent on the time period and the length of choline supplementation, the
organ or brain regions of interest, and the original state of the individual or organism (e.g.
Pogribny et al., 2006; 2008).

Choline may also have additional effects in addition to DNA methylation, such as its
involvement in acetylcholine neurotransmission (Albuquerque et al., 1998; Alkondon et al.,
1997; Alkondon et al., 1999; Cermak et al., 1998; Uteshev et al., 2003), NMDA-receptor
mediated transmission (Montoya and Swartzwelder, 2000), growth factors (Napoli et al.,
2008; Sandstrom et al., 2002; Wong-Goodrich et al., 2008a; 2008b), and even cell
membrane integrity (Blusztajn, 1998; Zeisel and Blusztajn, 1994; Zeisel & Niculescu,
2006). In fact, ethanol exposure during the 3rd trimester equivalent leads to an upregulation
of M2/4 muscarinic receptors, an effect mitigated with perinatal choline supplementation
(Monk et al., 2011).
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Along with the Garro et al. (1991), Kaminen-Ahola et al. (2010) and Liu et al. (2009a)
studies, the present finding of an alcohol-induced change in DNA methylation points
towards a central role of epigenetics in the etiology of FASD and an understanding of
alcohol's teratology at the molecular level. As asserted by both Haycock (2009) and Zeisel
(2011), examining the effects of developmental alcohol from an epigenetic viewpoint will
help to explain the several behavioral and physical deficits definitive of FASD. This
implication is further supported by the observation of a significant change in the alcohol-
induced methylation state after choline supplementation, a nutrient shown to attenuate some
of the behavioral learning and memory deficits caused by developmental alcohol (Ryan et
al., 2008; Thomas et al., 2000; 2004; 2007; Thomas and Tran, 2011). It remains to be seen
whether the impact of choline on the alcohol-exposed brain is reversing the impact of
alcohol on the methylation state of specific genes or whether the impact of choline is on the
methylation of a different set of genes. Either way, it is known that choline can reverse some
of the behavioral changes in an animal model of FASD and it is possible that the mechanism
of this treatment is through modification of the epigenome. The next step in this promising
line of research is to examine the methylation of specific gene families after ethanol
exposure and choline supplementation to begin to target the global mechanisms underlying
the effects of both these substances. The current findings suggest that the changes in the
epigenetic regulation of genes will be widespread in both the hippocampus and prefrontal
cortex after alcohol exposure and choline supplementation and that the changes induced by
alcohol exposure are long-lasting.
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Figure 1.
Average Global DNA Methylation Index (GDMI) values in the PFC. Data are collapsed
across sex and control group. Error bars represent the SEM. The GDMI is inversely related
to the amount of DNA methylation. The five-pointed star indicates a significant difference
from both the saline-supplemented control group and the choline supplemented ET group.
The four-pointed star indicates a significant difference from the saline-supplemented control
group.
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Figure 2.
Average Global DNA Methylation Index (GDMI) values in the hippocampus. Data are
collapsed across sex and control group. Error bars represent the SEM. The GDMI is
inversely related to the amount of DNA methylation. The five-pointed star indicates a
significant difference from both the saline-supplemented control group and the choline
supplemented ET group. The four-pointed star indicates a significant difference from the
saline-supplemented control group.
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Table 3

. Blood Ethanol Concentrations (BECs) (mg/dl) and SEMs in ethanol-exposed subjects

Treatment Supplement Sex BEC

ET Saline Male 358.2 ± 18.1

ET Saline Female 365.0 ± 22.5

ET Choline Male 367.6 ± 17.6

ET Choline Female 365.3 ± 26.0
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