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Abstract

Prenatal alcohol exposure can result in a range of physical, neuropathological, and behavioral 

alterations, collectively termed fetal alcohol spectrum disorders (FASD). We have shown that 

supplementation with the nutrient choline reduces the severity of developmental alcohol-

associated deficits in hippocampal-dependent behaviors and normalizes some aspects of 

hippocampal cholinergic development and DNA methylation patterns. Alcohol’s developmental 

effects may also be mediated, in part, by altering microRNAs (miRNAs) that serve as negative 

regulators of gene translation. To determine whether choline supplementation alters ethanol’s 

long-lasting effects on miRNAs, Sprague-Dawley rats were exposed to 5.25 g/kg/day ethanol from 

postnatal days (PD) 4–9 via intubation; controls received sham intubations. Subjects were treated 

with choline chloride (100 mg/kg/day) or saline vehicle subcutaneously (s.c.) from PD 4–21. On 

PD 22, subjects were sacrificed, and RNA isolated from the hippocampus. MiRNA expression was 

assessed with TaqMan Human MicroRNA Panel Low-Density Arrays. Ethanol significantly 

increased miRNA expression variance, an effect that was normalized with choline 

supplementation. Cluster analysis of stably expressed miRNAs that exceeded an ANOVA p<0.05 

criterion indicated that for both male and female offspring, control and ethanol-exposed groups 

were most dissimilar from each other, with choline-supplemented groups in between. MiRNAs 

that expressed an average 2-fold change due to ethanol exposure were further analyzed to identify 

which ethanol-sensitive miRNAs were protected by choline supplementation. We found that at a 

false discovery rate (FDR)-adjusted criterion of p<0.05, miR-200c was induced by ethanol 

exposure and that choline prevented this effect. Collectively, our data show that choline 

supplementation can normalize disturbances in miRNA expression following developmental 

alcohol exposure and can protect specific miRNAs from induction by ethanol. These findings have 
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important implications for the mechanisms by which choline may serve as a potential treatment for 

FASD.
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Introduction

Prenatal alcohol exposure can disrupt development of the fetus via multiple mechanisms. 

Alcohol may alter cell proliferation, migration, differentiation, synaptogenesis, and 

myelination, depending on the developmental timing and other exposure parameters 

(Camarillo and Miranda, 2008; Gil-Mohapel et al., 2010; Kane et al., 2012; O'Leary-Moore 

et al., 2011; Santillano et al., 2005; Tingling et al., 2013; Wilhelm and Guizzetti, 2016). But 

alcohol may also lead to long-lasting changes in cell function, altering gene expression 

(Downing et al. 2012; Downing et al., 2011) and compromising synaptic plasticity (Gil-

Mohapel et al., 2010; Medina, 2011), all of which contribute to long-lasting pathology in 

neural structure and function. Such disruptions lead to behavioral and cognitive alterations 

(Hamilton et al., 2010; Mattson et al., 2011), effects that have serious consequences on the 

quality of life of individuals prenatally exposed to alcohol and their families.

Protection against alcohol’s teratogenic effects is critical, as prevention efforts have not 

effectively reduced alcohol consumption among many pregnant women (Centers for Disease 

Control and Prevention, 2015; May et al., 2008). In fact, recent estimates suggest that the 

global prevalence of fetal alcohol spectrum disorders (FASD), the range of effects caused by 

prenatal alcohol exposure on the offspring, nears 177 per 1000 live births; estimates range 

from 7–319 per 1000 in South Africa, from 34–61 per 1000 in Italy, and from 24–43 per 

1000 in the United States (Roozen et al., 2016). Given that 10% of women report some 

alcohol consumption during pregnancy in the U.S. (Center for Behavioral Health Statistics 

and Quality, 2015) and that almost half of pregnancies are unplanned (Finer and Zolna, 

2011), FASD will continue to be a problem. Elucidation of factors that can reduce the 

severity of FASD may lead to effective intervention strategies.

Alcohol’s teratogenic effects may be modified by a number of factors, including nutritional 

variables (Abel, 1995; Young et al., 2014). We have shown that administration of choline, an 

essential nutrient, can reduce the severity of alcohol’s teratogenic effects, including physical 

(Thomas et al., 2009), neuropathological (Monk et al., 2012; Otero et al., 2012), and 

behavioral outcomes (Monk et al., 2012; Ryan et al., 2008; Thomas et al., 2004a; Thomas et 

al., 2010; Thomas et al., 2000; Thomas and Tran, 2012). Specifically, we have shown that 

prenatal choline supplementation during prenatal alcohol exposure mitigates ethanol-related 

reductions in birth and brain weights, delays in incisor emergence, and delays in reflex 

development, including impairments in hindlimb coordination (Thomas et al., 2009). 

Choline also mitigates delays in the development of spontaneous alternation and long-lasting 

deficits on working memory induced by prenatal alcohol exposure (Thomas et al., 2010), 

both of which depend on the functional integrity of the hippocampus. But importantly, 
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choline can reduce the severity of fetal alcohol effects, even when administered postnatally 

and after the alcohol exposure has occurred. When administered during the early postnatal 

period, choline targets ethanol’s effects on behaviors associated predominately with 

hippocampal function, reducing the severity of open field overactivity (Monk et al., 2012; 

Thomas et al., 2004a), and deficits in reversal learning (Thomas et al., 2004a), working 

memory (Thomas et al., 2000), spatial learning (Ryan et al., 2008; Thomas et al., 2010), and 

trace classical conditioning (Thomas and Tran, 2012; Wagner and Hunt, 2006). In contrast, 

when administered during this period of development, choline does not reduce ethanol’s 

effects on behaviors that depend on the functional integrity of the cerebellum (Thomas et al., 

2004b; Thomas and Tran, 2012; Wagner and Hunt, 2006), although one study reported that 

choline supplementation from postnatal day (PD) 1–20 reduces the severity of motor deficits 

associated with acute ethanol on PD 5 (Bearer et al., 2015). These data suggest that when 

administered after PD 10, choline targets the hippocampus.

However, it is not clear how choline achieves these behavioral effects. Choline acts, in part, 

as a precursor to the neurotransmitter acetylcholine (Zeisel, 2013; Zeisel and Niculescu, 

2006) and we have found that choline supplementation attenuates alcohol-related changes in 

hippocampal cholinergic receptors (Monk et al., 2012). Choline also acts as a methyl donor 

and can, therefore, influence gene expression (Niculescu and Zeisel, 2002; Zeisel, 2006). In 

fact, we have found that choline attenuates alcohol-related changes in hippocampal DNA 

methylation (Otero et al., 2012). Choline’s actions as an epigenetic factor mean that it may 

influence many target pathways that influence development. In this study, we tested the 

hypothesis that choline reduces the effects of developmental alcohol exposure, in part, by 

attenuating the effects of alcohol on a class of small non-protein-coding RNAs termed 

microRNAs (miRNAs).

MiRNAs regulate cellular function and maturation state by repressing the translation of 

networks of protein-coding genes (for review, see (Miranda, 2014)). We previously showed 

that early developmental exposure to alcohol resulted in alterations in miRNAs (Sathyan et 

al., 2007). Moreover, these alterations could explain ethanol’s teratogenic effects on neural 

and craniofacial development (Pappalardo-Carter et al., 2013; Sathyan et al., 2007; Tsai et 

al., 2014). Pertinent to the presumptive mechanisms of action of choline, we also previously 

showed that ethanol-sensitive miRNAs were regulated by epigenetic mechanisms 

(Pappalardo-Carter et al., 2013) and that the effects of ethanol on miRNAs could be 

prevented and reversed by ligands that acted at nicotinic acetylcholine receptors (Balaraman 

et al., 2012; Tsai et al., 2014). These data suggested to us that choline supplementation may 

be a means to reverse the effects of developmental alcohol exposure on miRNA pathways. 

Therefore, the present study examined whether the nutrient choline would modify ethanol’s 

effects on miRNAs. To examine this, we used a 3rd trimester model of ethanol exposure, 

which produces hippocampal pathology. Subjects received choline both during and after 

ethanol exposure to maximize effects.

Materials and Methods

Subjects were offspring from the Center for Behavioral Teratology mating colony at San 

Diego State University. The mating colony is housed in a temperature and humidity-
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controlled environment, and food and water was available ad lib. Male and female Sprague-

Dawley rats were housed overnight and the presence of a seminal plug at the bottom of the 

cage indicated mating. Pregnant dams were then singly housed. The day after birth, litters 

were culled to 8, with 4 males and 4 females, whenever possible.

On PD 4, pups were randomly assigned to groups in a 2 (ethanol, sham) × 2 (choline, saline) 

× 2 (male, female) design. No more than one sex pair per litter was assigned to a treatment 

group to minimize litter effects. A total of 48 subjects (6/group) were generated. Ethanol 

was administered via oral intubation. Consistent with our previous studies of 3rd trimester 

alcohol exposure (Monk et al., 2012; Ryan et al., 2008;Thomas and Tran, 2012; Schneider 

and Thomas, 2016), subjects received 2.625 g/kg ethanol in a nutritionally balanced milk 

formula (11.9% v/v) twice per day, 2 hours apart, for a daily dose of 5.25 g/kg/day from PD 

4–9, to mimic exposure during the third trimester-equivalent period of human development 

(Workman et al., 2013). Ethanol-exposed subjects were also given 2 additional intubations 

of milk formula with no alcohol (2 hours apart) to minimize growth differences. Sham 

controls received intubations, but no formula during the 4 daily intubations. Intubations took 

just a few minutes and subjects remained with the dam in between intubations. From PD 4–

21, subjects were injected subcutaneously (s.c.) with choline chloride (100 mg/kg/day) or 

saline, as accomplished in previous studies showing benefits of choline chloride at this dose 

during postnatal development (Monk et al., 2012; Otero et al., 2012; Ryan et al., 2008; 

Thomas et al., 2007).

On PD 6, 20 µL of blood was collected via a tail clip, 1.5 hrs after the second ethanol 

treatment to determine peak blood alcohol concentration (BACs; mg/dL). Blood samples 

were centrifuged and plasma samples were analyzed using the Analox Alcohol Analyzer 

(Model AM1, Analox Instruments; Lunenburg, MA). On PD 7, each subject’s paws were 

tattooed with non-toxic Indian ink for individual identification.

On PD 22, juvenile subjects were sacrificed, brains were rapidly removed, the hippocampus 

dissected out, and tissue was flash frozen using methylbutane cooled to −20°C using dry ice. 

Tissue was sent to Texas A&M University (RCM laboratory) for miRNA analyses. RNA was 

isolated from the hippocampus and miRNA expression was assessed with TaqMan Low-

Density Arrays (TLDA; Taqman Human microRNA A and B cards v.3.0; Applied 

Biosystems, Foster City, CA). All procedures were approved by the Institutional Animal Use 

and Care Committee at SDSU.

Preparation of total RNA

Total RNA was extracted from the hippocampus using the mirVana miRNA kit (Ambion, 

Austin, TX) according to the manufacturer’s instructions. RNA yield and purity were 

evaluated with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies/Thermo 

Scientific). A260/A280 ratios between 1.96 and 2.04 were obtained for all samples of 

isolated RNA, confirming their purity. For each treatment group, equal amounts of RNA 

from two males or two females were combined into one experimental sample, so that each 

experimental sample represented two biological samples of the same sex. A total of 24 

experimental samples were assessed for miRNA expression patterns, with 3 male and 3 

female samples represented in each treatment group.
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miRNA quantification

Expression of mature miRNAs was determined using TaqMan Human microRNA A and B 

cards v.3.0 (Applied Biosystems, Foster City, CA). Card A and Card B together assessed 

768 elements including 750 mature miRNAs and other small RNAs including U6 small 

nucleolar RNA (snRNA) that was used as a normalization control. As per manufacturer's 

instructions, 50 ng of RNA was reverse transcribed using the TaqMan MicroRNA RT kit, 

followed by polymerase chain reaction (PCR) using Multiplex RT target-specific stem-loop 

primers (Applied Biosystems, Foster City, CA). Complementary DNA products were 

diluted, mixed with TaqMan master mix, and loaded onto miRNA TaqMan Low-Density 

Arrays for amplification on an Applied Biosystems 7900HT fast Real-time PCR system 

(ABI/Life Technologies, Grand Island, NY).

Data Analysis

TaqMan Human MicroRNA Panel Low-Density Arrays card A and card B miRNAs were 

analyzed separately to assess the stability of the normalization U6 snRNA control transcript. 

The normalization control U6 snRNA was expressed in all samples. There were no 

statistically significant differences in U6 snRNA expression as a function of group (Wilk’s 

lambda, F(6,30)=0.215, p<0.97) or sex (F(2,15)=1.29, p<0.305), nor was there a significant 

interaction between these two factors (F(6,30)=1.4, p<0.25). Therefore, all miRNA 

expression was calculated as ΔCT relative to their respective panel 1 or panel 2 U6 snRNA 

transcript CT values. Data were analyzed with GeneSifter® Analysis Edition (GSAE, 

Geospiza/Perkin Elmer, Seattle, WA), or by SPSS (ver. 24, IBM, Armonk, New York). Data 

were subjected to the Wilk’s Lambda Multivariate Analysis of Variance (MANOVA) test, 

followed by Analysis of Variance (ANOVA) with Benjamini and Hochberg false discovery 

rate (FDR) correction for multiple comparisons (α=0.05), and the Scheffe post-hoc pairwise 

comparison test to control for multiple comparisons. The miRNAs that were found to be 

affected when correcting for FDR, as well as miRNAs that exceeded an unadjusted p<0.05 

criterion for main effect of treatment were further analyzed with a 3-way ANOVA with 

ethanol, choline and sex as factors. Cluster analysis with Euclidean distance and average 

linkage, with rows centered on miRNAs was conducted on miRNAs that exceeded an 

unadjusted p<0.05 criterion by ANOVA, to assess the relatedness among the various groups. 

Candidate miRNAs derived from ANOVA (FDR-corrected and unadjusted p<0.05) were 

subject to pathway overrepresentation analysis, using DIANA tools, MirPath V3 pathway 

analysis suite, and the MicroT-CDS v5 prediction algorithm (Vlachos et al., 2015), using a 

modified Fisher’s Exact test with FDR-corrected criterion of p<0.05 and a MicroT-CDS 

threshold score of 0.8. Pathway definitions were as defined in the Kyoto Encylopedia of 

Genes and Genomes release v78.0 (KEGG, (Kanehisa et al., 2016)).

Results

Body Weights

Body weight data from PD 4–9 are shown in Figure 1A. There were no differences in body 

weight among groups on PD 4, but on subsequent days, ethanol-exposed subjects lagged in 

growth, producing a significant interaction of day × ethanol [F(5,200) = 49.9, p<.001] and a 

main effect of ethanol [F(1,40), = 25.5, p<.001]. All groups gained weight over days 
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[F(5,200) = 1459.7, p<.001] and males weighed more than females [F(1,40) = 5.0, p<.05]. 

During choline treatment (PD 10–22; Figure 1B), ethanol-exposed subjects continued to 

weigh less than controls [F(1,40) = 12.1, p<.01]. Choline did not significantly affect body 

growth, nor did sex interact with ethanol or choline on body weight.

Blood Alcohol Concentrations

No significant sex or treatment differences were detected in the ethanol-exposed subjects’ 

BAC levels (all p’s >.05; Ethanol + Saline group (mean ± SEM): 376.5 ± 15.3 mg/dL; 

Ethanol ± Choline group: 365.4 ± 15.3 mg/dL).

Alcohol and Choline Effects on miRNA

To determine whether early alcohol exposure dysregulates global miRNA expression, we 

assessed the Standard Deviation (SD) for each expressed miRNA. Because the Levene's Test 

of Equality of Error Variances was statistically significant [F(7,2592) = 22.426, p<1.18 

e−28], indicating heterogeneity of variance across exposure groups, we used non-parametric 

tests to assess the effects of experimental treatment on SD separately for both males and 

females [Kruskal-Wallis Independent-Samples Test, p<0.05 for both males and females]. 

Post-hoc, planned pair-wise comparisons (Mann-Whitney U) showed that third trimester 

ethanol exposure resulted in a significant increase in the SD in both males and females (all 

p’s< 0.003). Choline treatment significantly reduced ethanol-related increases in SD in both 

males and females (all p’s<0.034). Thus, ethanol exposure significantly increased variance 

in miRNA expression and this effect of ethanol was significantly reduced with choline 

treatment in both sexes (Figure 2).

In an overall two-way ANOVA with sex and exposure group as factors, miRNAs that 

exceeded a raw p-value criterion of p<0.1 were subject to cluster analysis with Euclidean 

distance and average linkage, with rows centered on miRNAs. Cluster analysis showed that 

control and ethanol-exposed animals were most different from each other, with Sham + 

Choline and Ethanol + Choline groups in between (see Figure 3). As with variance analysis, 

these data suggest that early alcohol exposure disrupts juvenile hippocampal miRNA 

expression patterns and that choline exposure has a general normalization effect on miRNAs 

in the ethanol-exposed hippocampus.

For further analyses, we selected miRNAs that were expressed in every sample, and to 

assess the effects of choline on ethanol’s effects specifically, we selected those expressed 

miRNAs that exhibited an average of 1 CT (2-fold) difference between control and ethanol-

exposed groups, i.e., those miRNAs that may be vulnerable to developmental alcohol 

exposure. Of the 760 assessed miRNAs, 97 miRNAs (55 from card A and 42 from card B, 

13% in total) fit this criterion and were subject to a MANOVA followed by ANOVAs, with 

sex and group as independent variables. Multivariate analysis showed that there was a 

significant global sex by group interaction (Wilk’s Lambda, F(48,4)=8.65, p<0.028). Post-hoc 

ANOVAs showed that 5 miRNAs, miR-130b, miR-326, miR-374-5p, miR-878-3p, and 

miR-327 exceeded an unadjusted criterion of p<0.05 for the main effects of group. In 

general, with the exception of miR-878-3p, ethanol increased these miRNA levels and 

choline attenuated these effects. However, one miRNA, miR-200c exceeded a B&H FDR 
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criterion of p<0.05 for the main effect of group. Analysis for the effect of sex identified 3 

miRNAs, miR-326, miR-200c, and miR-22 as exceeding the unadjusted criterion of p<0.05, 

though none exceeded the B&H FDR adjusted criterion of p<0.05. Finally, analysis of the 

interaction between sex and treatment showed that four miRNAs, miR-326, miR-200c, 

miR-15a, and miR-494 exceeded the unadjusted criterion of p<0.05, though again, none 

exceeded the B&H FDR adjusted criterion of p<0.05 (see Table 1).

Ethanol-choline interactions and miR-200c—Post-hoc analyses showed that ethanol 

by itself significantly increased miR-200c and that choline treatment mitigated ethanol’s 

effects, producing a significant interaction of choline × ethanol [F(1,16) = 17.6, p<.001] as 

well as a main effect of ethanol [F(1,16) = 11.0, p<.01]. Importantly, choline treatment 

mitigated ethanol’s effects, so that the miR-200c levels within the Ethanol + Choline group 

were not significantly different from that of controls (p<0.866), but were significantly lower 

compared to the Ethanol + Saline group (p<0.005) (see Figure 4A). Although the sex × 

group interaction did not exceed the B&H FDR adjusted criterion, this effect was more 

robust in females compared to males, producing a significant interaction of choline × ethanol 

× sex [F(1,16) = 5.6, p<.05] and main effect of sex [F(1,16) = 5.6, p<.05]. Choline by itself 

did not alter miR-200c (p>.4); however, choline did reduce alcohol-related increases among 

the females, producing a significant ethanol × choline interaction [F(1,8) = 15.8, p<.005] 

(Scheffe’s post-hoc test, p<0.005) (see Figure 4B). A similar pattern was seen with males, 

although the interaction of ethanol and choline did not reach significance (p = .14). Finally, 

the effect of ethanol and choline on miR-200c was specific. Family members, miR-200a and 

miR-200b on rat chromosome 5, were not significantly altered by treatment (p<0.737 and 

p<0.283, respectively), and miR-141, which lies in close proximity to miR-200c on rat 

chromosome 4, was also not significantly altered by treatment (p<0.895). MiR-200 family 

member, miR-429, was expressed in only 20% of assessed samples. These data suggest that 

ethanol and choline specifically target miR-200c.

Ethanol-choline interactions and other miRNAs—A pattern similar to that of 

miR-200c was seen with miR-326 expression, with ethanol increasing expression and 

choline mitigating this effect, producing an interaction of ethanol × choline [F(1,16) = 5.3, 

p<.05], as well as a main effect of choline [F(1,16) = 4.9, p<.05](see Figure 5). Although the 

sex × group interaction failed to reach significance using the B&H FDR criterion, as did the 

interaction of ethanol × choline × sex in the follow-up analyses (p<.08), this effect was 

driven by the females, producing interactions of ethanol × sex [F(1,16) = 4.7, p<.05], choline 

× sex [F(1,16) = 5.1, p<.05], and a main effect of sex [F(1,16) = 9.9, p<.01]. Follow-up 

analyses confirmed that miR-326 expression was significantly elevated in ethanol-exposed 

females, but not males, and that choline supplementation significantly mitigated this effect.

Ethanol also increased miR-374-5p expression above control levels and choline 

supplementation attenuated ethanol’s effects to control levels, although only the overall 

choline effect was significant [F(1,16) = 7.0, p<.05], an effect driven by reduced expression 

in ethanol-exposed subjects treated with choline (Figure 5). Likewise, ethanol also 

significantly increased expression of miR-130a [F(1,16) = 4.3, p<.05] and choline reduced 

expression [F(1,16) = 8.7, p<.01], although the interaction did not reach statistical 
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significance (p=.10). However, there was heterogeneity in variance in miR-130b-3p 

expression [Levene’s test: F(7,16) = 3.5, p<.05] and non-parametric analyses failed to reach 

statistical significance (p=.07). Finally, there was a significant interaction of ethanol × 

choline [F(1,16) = 8.2, p<.05] in miR878-3p, as both ethanol only or choline only 

significantly increased expression above control levels, whereas expression among subjects 

exposed to the combination of ethanol and choline did not differ significantly from any other 

group, including controls (Figure 5).

Pathway Overrepresentation analysis—miR-200c (ANOVA FDR-adjusted p<0.05) 

alone was compared to a combination of miRNAs, miR-130b-3p, miR-326, and 

miR-374a-5p, that exceeded the unadjusted criterion of p<0.05 for pathway 

overrepresentation analysis. MiR-878-3p and miR-327 are designated as a rodent-specific 

miRNA (miRBase release 21), not annotated as present in the human genome GRCh38/hg38 

assembly, and were therefore eliminated from further analysis, since they would not be 

expected to predict function in the human. This analysis showed that MAP kinase and FoxO 

signaling pathways were predicted to be common targets. However, miR-200c was also 

predicted to target non-overlapping cellular functions including neurotrophin and ErbB2 

signaling and axon guidance pathways, compared to the combination of miR-130b-3p, 

miR-326, and miR-374a-5p (Table 2).

Discussion

The present study illustrates that choline may modify some of ethanol’s adverse 

consequences on development by attenuating effects on miRNAs. Developmental ethanol 

exposure increased miRNA variance and increased levels of several specific miRNAs. 

Choline supplementation mitigated general ethanol-related increases in variance, as well as 

specific ethanol-related increases in miR-200c. In contrast, choline supplementation, by 

itself, did not significantly influence these outcomes among controls. The effect of 

developmental ethanol exposure on increased inter-subject variation in miRNA content in 

the juvenile hippocampus is particularly significant, since it suggests that such exposure has 

a pervasive and persistent destabilizing effect on homeostatic mechanisms that control 

miRNA expression, contributing to a global destabilization in miRNA expression. Such 

global destabilization of miRNAs may also contribute to commensurate destabilization of 

gene expression and the preferential down regulation of gene expression, as has been 

observed in a recent meta-analysis of several prenatal alcohol exposure studies (Rogic et al., 

2016). Importantly, choline supplementation reduced the increase in miRNA expression 

variance suggesting that this nutritional supplement may be a useful tool for long-term 

normalization of miRNA regulatory networks.

This is the first report, to our knowledge, specifically tying miR-200c to the brain effects of 

developmental alcohol exposure. We observed that third-trimester-equivalent ethanol 

exposure resulted in a significant and specific induction in hippocampal miR-200c and that 

choline attenuated this effect. Ethanol has recently been shown to induce liver miR-200c in 

an adult rat model of alcohol-induced steatosis (Chen et al., 2014), and we previously found 

that in utero 3-trimester-equivalent exposure to ethanol in a sheep model resulted in 

significantly increased levels of a related family member, miR-200a, in the plasma of the 
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newborn lamb (Balaraman et al., 2014). Although other miR-200 family members 

(miR-200a/b and miR-429) were not altered in the current study, these data nevertheless 

show that miR-200c may represent a target of ethanol across cell-types and developmental 

periods.

The miR-200 family of miRNAs is highly conserved through vertebrate evolution, and 

during development, they can control neurogenesis and gliogenesis by fine-tuning levels of 

target protein expression rather than by inducing large changes in gene expression (reviewed 

in (Trumbach and Prakash, 2015)). In fact, miR-200 regulates neuronal differentiation in the 

developing olfactory bulb, an effect that is mediated by inhibition of the zinc finger protein 

Zeb2 (Beclin et al, 2016). Previous research has shown that miR-200c expression is 

increased in the adult rodent spinal cord following injury (Yu et al., 2014), in the adult 

cerebral cortex following ischemic preconditioning (Lee et al., 2010), and following 

cerebrovascular stroke (Stary et al., 2015). These data suggest that miR-200c may be 

generally elevated during episodes of brain stress, and further suggest that developmental 

ethanol exposure may function as a persistent source of brain stress. The implications of 

elevated miR-200c are unclear however. Although data from cell culture models show that 

miR-200c overexpression can improve survival in microglia (Yu et al., 2014) and 

neuroblastoma cells following oxygen glucose deprivation (Lee et al., 2010), studies in 

whole animal models show that elevated levels of brain miR-200c contribute to the severity 

of brain damage (Stary et al., 2015). It remains to be determined whether the persistent 

increase in miR-200c in the juvenile hippocampus represents ongoing damage due to 

developmental ethanol exposure, adaptive neuroprotection, or persistence of aberrant 

developmental neurogenic programs.

Nevertheless, the ability of developmental choline supplementation to attenuate the ethanol 

induction of miR-200c suggests that choline supplementation is mechanistically antagonistic 

to the effects of prenatal ethanol exposure. In fact, choline supplementation can protect 

against a number of central nervous system (CNS) insults e.g. (Holmes et al., 2002; Kolb et 

al., 2000; Ricceri et al., 2011) whether administered prenatally or postnatally. To date, little 

is known of the effects of choline supplementation on miRNA expression within the brain. 

Certainly, dietary choline deficiency-induced liver injury alters miRNA expression in plasma 

(Clarke et al., 2014; Tryndak, 2012) and liver (Tryndak et al., 2016), and choline 

supplementation can protect against cardiac hypertrophy following an ischemic event, 

normalizing aberrant increases in miR-133 (Zhao, et al., 2013). But effects of choline 

supplementation on miRNAs in the brain have not been investigated. Interestingly, prenatal 

choline supplementation reduces apoptosis and increases cell division and neurogenesis in 

the fetal hippocampus (Albright et al., 1999; Craciunescu et al., 2003; Niculescu et al., 

2006). Moreover, perinatal choline supplementation enhances hippocampal neurogenesis 

throughout the lifespan, resulting in increased levels of newly proliferated cells (Glenn et al., 

2007; Glenn et al., 2008). This effect may be mediated by long-lasting choline-induced 

increases in neurotrophic support, including neurotrophin-3 and brain-derived neurotrophic 

factor (BDNF) (Glenn et al., 2007; Glenn et al., 2008). Prenatal choline supplementation 

may also enhance phosphorylation of MAP kinase and CREB following hippocampal 

stimulation (Mellott et al., 2004). If choline protects against early apoptosis or a persistent 

pathological hippocampal environment associated with developmental alcohol exposure, it 
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may explain the attenuation in miR-200c, which is known to influence neurogenesis and 

neurotrophic support (see Table 2). Given that tissue was collected 10 days after ethanol 

exposure, choline’s effects could represent modifications of ethanol’s acute and/or long-

lasting actions that are reflected as modifications in miR-200c.

As a methyl donor, choline also acts as an epigenetic factor and may also act directly on 

miRNA expression. We have reported that alcohol exposure during the 3rd trimester 

equivalent leads to global DNA hypermethylation in both the hippocampus and the 

prefrontal cortex, an effect attenuated by early postnatal choline supplementation (Otero et 

al., 2012). This suggests that choline is altering ethanol’s effects on gene expression. In fact, 

Sarkar’s group reported that prenatal choline supplementation can normalize ethanol’s 

effects on gene methylation and mRNA expression of POMC genes, as well as β-EP peptide 

production, in the hypothalamus (Bekdash et al., 2013). Specifically, choline both increased 

and decreased, respectively, levels of activating and repressing methylation marks. Choline 

also altered the expression of various histone-modifying enzymes, and normalized DNA 

methylation in areas where POMC neurons are found. Altogether, such effects may 

ultimately reduce stress hyperresponsivity associated with prenatal alcohol exposure 

(Bekdash et al., 2013). The present study provides further evidence that choline acts, at least 

in part, by altering gene expression.

But the effects of choline on brain structure and function following an alcohol insult are still 

not well understood. First, we have shown that postnatal choline supplementation up to PD 

30 mitigates ethanol’s effects on muscarinic cholinergic receptors in the hippocampus 

(Monk et al., 2012). Although choline did not mitigate ethanol-related reductions in M1 

receptors, it did mitigate ethanol-related increases in M2/4 receptors back down to control 

levels, leading to M1:M2/4 ratios similar to that of controls. High ratios of M1:M2/4 receptors 

correspond to increases in cAMP, CREB, and BDNF, all of which have well-documented 

roles in memory and neuronal plasticity (Alonso et al., 2002a; Alonso et al., 2002b; Chen et 

al., 2010; Countryman et al., 2005). These data suggest that choline mitigates long-lasting 

ethanol-related changes in cholinergic functioning. Interestingly, in the present study, we did 

not find significant effects in miR-132, a miRNA that is associated with cholinergic activity 

(Zhu et al., 2016). Nevertheless, given that cholinergic inputs into the hippocampus promote 

plasticity (Rasmusson, 2000), it is possible that it contributes to the long-lasting beneficial 

effects choline has on the alcohol-exposed brain.

In addition, choline may also alter lipid metabolism (Thomas et al., 2016). In fact, pre-

exposure with choline protects against ethanol-related disruptions in lipid rafts (Tang et al., 

2014). So in addition to changes in gene expression and cholinergic functioning, choline can 

lead to long-lasting changes in cell membranes and lipid homeostasis that will ultimately 

affect cell survival and signaling. Given that miR-200c may influence glycosphingolipid 

synthesis, this represents another potential intersection by which choline may modify 

ethanol’s effects on brain development and function.

There are several limitations of this study. One limitation of the present study is that 

miRNAs were examined only during one developmental timepoint. It is possible that ethanol 

alters developmental timing of events, which may consequently affect miRNA expression. 
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Although choline did not alter body growth, choline may mitigate ethanol-related changes in 

developmental timing, which are reflected in miRNA expression. In addition, we examined 

miRNA changes shortly after cessation of choline treatment, but it is not known how long 

changes in miRNAs persist following choline treatment. Only follow-up analyses at different 

ages can address these questions. Finally, it should be noted that we used an analytical 

approach that focused specifically on potential ethanol-regulated miRNAs to identify those 

ethanol-sensitive miRNAs that were protected by choline exposure. It is also possible that 

with greater power, one might find choline attenuates additional alcohol-related effects of 

miRNAs. In addition, it is possible that choline may affect other pathways, including 

miRNA targets that are independent of ethanol’s effects, but still act to protect against 

ethanol-associated neuropathology and functional deficits. Nevertheless, the specificity of 

effects of combined ethanol and choline provide strong evidence that choline does 

selectively alter some of ethanol’s effects, particularly with miR-200c.

In sum, choline likely exerts multiple actions to protect the ethanol-exposed brain. Given 

that choline targets the hippocampus during this period of early postnatal development 

(Monk et al., 2012; Otero et al., 2012; Wagner and Hunt, 2006; Thomas et al., 2004a; 

Thomas et al., 2004b; Thomas and Tran, 2012), it would also be important to determine 

whether ethanol-related changes in miRNAs in the cerebellum or other CNS regions are 

unaffected by choline supplementation to provide further evidence that such changes relate 

to behavioral outcome. Nevertheless, the present study illustrates that choline modification 

of ethanol’s effects on miRNAs provide another avenue through which choline may protect 

against ethanol’s teratogenic effects.
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HIGHLIGHTS

• Developmental alcohol exposure dysregulates hippocampal miRNA 

expression

• Developmental alcohol exposure specifically increases several miRNAs

• Choline supplementation normalized ethanol-related increases in miRNA 

variance

• Choline specifically attenuated ethanol-related increases in hippocampal 

miR-200c

• Choline may reduce fetal alcohol spectrum disorders by altering miRNAs
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Figure 1. 
Ethanol-exposed subjects lagged in growth following the first day of ethanol exposure. 

However, choline did not alter this growth pattern.

Balaraman et al. Page 17

Alcohol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Ethanol exposure during the third trimester equivalent significantly increased variance in 

miRNA expression, and this effect was attenuated with choline supplementation.

*** significantly different from all other groups

Balaraman et al. Page 18

Alcohol. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cluster analysis with Euclidean distance and average linkage, with rows centered on 

miRNAs for miRNAs that exceeded, by ANOVA, a raw p<0.1 for the interaction between 

sex and treatment group. Cluster analysis showed that control and ethanol-exposed animals 

were most different from each other, with Sham (Control) + Choline and Ethanol + Choline 

treatment groups in between.
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Figure 4. 
Ethanol exposure during the third trimester equivalent significantly increased expression of 

miR-200c, an effect that was mitigated with choline supplementation (A). This effect was 

driven largely by effects among females (B).

*** significantly different from all other groups
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Figure 5. 
Although effects in other miRNAs did not reach significance given the conservative B&H 

FDR adjusted criterion, with the exception of miR 878-3p, similar patterns of ethanol-

induced increases in miRNA expression and choline attenuation of this effect were seen 

across other miRNAs.
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Table 1

miRNA altered as a function of treatment group and sex (n.s.=not significant).

miRNA Treatment Sex Sex ×
Treatment

miR-200c 0.0004067* 0.009 0.02

miR-130b 0.01 n.s. n.s.

miR-326 0.015 0.006 0.019

miR-374-5p 0.024 n.s. n.s.

miR-878-3p 0.033 n.s. n.s.

miR-327 0.037 n.s. n.s.

miR-22 n.s. 0.018 n.s.

miR-15a n.s. n.s. 0.026

*
exceeds B&H FDR Criterion
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Table 2

Predicted miRNA-targeted signaling pathways.

miR-200c miR-130b-3p
miR-326

miR-374a-5p

KEEG Pathway p-value p-value

Glycosphingolipid biosynthesis - lacto and neolacto series 2.81E-06 n.s.

Biotin metabolism 4.02E-05 n.s.

ErbB signaling pathway 0.000129347 n.s.

Neurotrophin signaling pathway 0.000281105 n.s.

Glycosaminoglycan biosynthesis - heparan sulfate / heparin 0.000914285 n.s.

Glycosaminoglycan biosynthesis - chondroitin sulfate / dermatan sulfate 0.006683496 n.s.

Thyroid hormone signaling pathway 0.017464465 n.s.

Axon guidance 0.031128048 n.s.

Lysine degradation 0.034593547 n.s.

Gap junction n.s. 0.04972998

Morphine addiction n.s. 0.04972998

Rap1 signaling pathway n.s. 0.039875166

Ras signaling pathway n.s. 0.036203142

Hippo signaling pathway n.s. 0.036203142

Renin-angiotensin system n.s. 0.025151429

MAPK signaling pathway 0.011135814 0.0161786

Fatty acid metabolism n.s. 0.012709576

Endocytosis n.s. 0.012709576

GABAergic synapse n.s. 0.002414972

FoxO signaling pathway 0.049946489 0.000125049

Biosynthesis of unsaturated fatty acids n.s. 2.36E-09

TGF-beta signaling pathway n.s. 1.81E-10

Prion diseases n.s. 2.09E-16
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