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ABSTRACT 

Title of Dissertation: Ethanol-induced effects of the microtranscriptome on neural gene 

expression 

Author’s Name: Cherry Mae Gonzales Ignacio 

Sponsor’s Name: Frank A. Middleton, Ph. D. 

Reliable, minimally invasive biomarkers that predict the extent of alcoholism-

induced CNS damage are currently lacking. This limits the selection of rational 

interventions and hampers the ability to gauge therapeutic effects. Developing 

biomarkers that indicate early CNS damage may prove useful in deterring the emergence 

of alcohol use disorders (AUDs). Extracellular microRNAs (miRNAs) can be informative 

molecular indicators of neuronal gene expression alterations. They repress large fractions 

of protein-coding genes and are highly-involved in intercellular signaling between both 

proximal and distal neurons. This work has focused on (1) examining whether 

extracellular miRNAs in the serum of individuals diagnosed with AUDs can be used as 

biomarkers of alcohol-induced brain damage, (2) determining in vivo the ethanol-induced 

effects imparted by miRNAs and their targets in the brain, (3) evaluating their role in 

interventions that can reverse behavioral impairment and (4) testing the ability of 

extracellular miRNAs to transfer ethanol-induced pathologies to ethanol-naive cells. 

There are five major findings from this work. First, two independent quantification 

technologies demonstrated comparable differences in miRNA expression levels between 

AUDs and controls and revealed significant correlations between candidate miRNA 

biomarkers and medical, neuroimaging and drinking parameters. Second, in rats many 

miRNAs significantly altered by ethanol in the hippocampus following maternal or 
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postnatal exposure were also changed in the serum. Moreover, postnatal consumption 

activated cell-cycle pathways in the hippocampus while maternal exposure affected 

unfolded protein response pathways in adolescent offspring. Third, the lack of social 

motivation seen following fetal exposure was reversed as a result of social enrichment. 

Analysis of the integrated data in the amygdala and ventral striatum revealed several 

functional gene networks whose activation patterns following fetal ethanol exposure were 

reversed by social enrichment. Fourth, transfer of purified exosomes from ethanol-

exposed to ethanol-naive cells conferred many gene expression changes consistent with 

ethanol exposure. Lastly, examination of all the data revealed consistent changes in 

miRNAs that independently converged on cell death, cell proliferation and cell cycle 

regulatory processes, regardless of the species, paradigm and source. The findings in this 

work illustrate the utility of miRNAs as peripheral biomarkers of AUDs and suggest 

novel epigenetic mechanisms affected by alcohol. 
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INTRODUCTION 

1 ALCOHOL USE DISORDERS 

Alcohol use disorders (AUDs) refer to a series of disorders that are related to the 

excessive consumption of alcoholic substances with genetic, psychosocial and 

environmental factors influencing its development and manifestation. In the Diagnostic 

and Statistical Manual of Mental Disorders (DSM)-IV, which was used to assess the 

human subjects in this dissertation, AUDs include (1) alcohol abuse and (2) alcohol 

dependence. The newest edition of the manual, DSM-V replaces these criteria with a 

single diagnosis, alcohol use disorder.  Regardless of which manual is used, typical 

characteristics of the condition include: 

• Impaired control over drinking 

• Preoccupation with acquiring alcohol 

• Use of alcohol despite adverse consequences 

• Distortions in thinking, most notably denial 

1.1 AUD prevalence and impact 

AUDs are a major public health problem and impose a substantial socioeconomic 

burden. In the U.S. alone, there is a 1 in 7 lifetime prevalence of AUD (Hasin et al., 

2007). While the average American’s alcohol intake has decreased over the past 50 years, 

the incidence of AUDs has not changed (Zhang et al., 2008). In spite of significant 

advances in treatment, the burden of these disorders in the U.S. population is still 

staggering. In 2005, 65,000 deaths in the United States were associated with AUDs, 3% 
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of all deaths in that year. For individuals older than 18, 5% of all years of life lost due to 

premature mortality were associated with AUDs (Rehm et al., 2014). These numbers are 

comparable to global estimates, with 4% of total mortality and between 4-5% of 

disability-adjusted life years lost (Rehm et al., 2009). This makes alcohol one of the 

largest avoidable risk factors.  

Alcohol use disorders have enormous consequences not only for the health and 

welfare of those afflicted, but also for their families and children, as well as their 

colleagues and communities. For instance, it is estimated that 1 in 4 children are exposed 

to alcohol abuse or alcohol dependence within their families (Grant, 2000). Heritability of 

DSM-IV alcohol dependence is estimated at 61% (Wetherill et al., 2014). The direct and 

indirect effects of AUD translate into enormous economic consequences and loss of life. 

Alcohol use disorders cost the American economy approximately $276 billion per year, 

which is more costly than cancer, heart disease and diabetes combined (Miller and Spear, 

2006). 

1.2 AUD in the young 

Alcohol is also the most widely used substance of abuse among youth. 

Adolescents contribute to a substantial proportion of AUD burdens and costs. Individuals 

under 30 years of age represent the largest proportion of people with alcohol dependence 

(Grant et al., 2006). Underage alcohol use imposes myriad consequences including those 

involving other people. Alcohol abuse in individuals 13-19 years old show significantly 

poorer subsequent functioning after 4-year follow-up on tests of attention and 

visuospatial functioning above and beyond demographic, educational and health variables 

(Tapert and Brown, 1999). Protracted alcohol use in adolescents 15-16 years old showed 
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poorer performance on verbal and nonverbal retention following 3 weeks of 

detoxification (Brown et al., 2000). Adolescents with AUD also perform worse on 

working memory tests, with females appearing to be more vulnerable to adverse alcohol 

effects (Caldwell et al., 2005). 

An important social harm brought about by alcohol abuse is an increase in risky 

behaviors including drunk driving, which is highly prevalent in adolescents. (O'Malley 

and Johnston, 2013). All of these consequences have prompted important policy 

initiatives, including the 2007 Surgeon General's Call to Action to Prevent and Reduce 

Underage Drinking.  

1.3 Alcohol’s effects on the brain 

Apart from an increase risk in many chronic diseases (reviewed in Shield et al., 

2013), structural brain damage and widespread alteration of neuronal function represent 

two of the most adverse effects of AUDs  Brain regions with significant structural brain 

damage include the frontal lobe (Pfefferbaum et al., 1997), corpus callosum (Pfefferbaum 

et al., 1996), cerebral cortex (Kril et al., 1997), cerebellum (Phillips et al., 1987) as well 

as gray and white matter (Pfefferbaum et al., 1992). Additional neurological features 

were most recently reviewed by Zahr et al. (2011).  More importantly, abstaining from 

alcohol results in some recovery of the brain volume loss associated with AUDs 

(Cardenas et al., 2007), highlighting the need for early detection and possible 

intervention. 

In younger individuals, vulnerable regions include the hippocampus, which 

continue to develop during adolescence. Total hippocampal volume correlated positively 

with the age of onset and negatively with the duration of AUD (De Bellis et al., 2000). 
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Other regions including the prefrontal cortex (Medina et al., 2008), thalamus and 

cerebellum are also significantly smaller in adolescents with AUD compared to age-

matched controls (De Bellis et al., 2005).  

1.4 Alcohol’s effect on neurons 

The CNS is especially susceptible to developmental defects following alcohol 

exposure, causing aberrant mitosis and cell migration (Miller, 1986), as well as 

alterations in neuronal process outgrowth and connectivity. One of the most common 

ethanol-induced alterations is apoptotic cell death (Miller, 1995). Cell death occurs in a 

time and dose-dependent fashion although there are windows of time when specific cell 

populations are particularly vulnerable to ethanol-induced cell death (reviewed in Creeley 

and Olney, 2013). 

The discovery that alcohol also inhibits the ongoing genesis of neurons and glia 

highlights a new possible mechanism by which alcohol results in brain volume/tissue loss 

or neurodegeneration. Lack of cell generation may be a key mechanism of 

neurodegeneration (reviewed in Crews and Nixon, 2009). 

One of the most powerful effects of alcohol is to reduce the pace of brain activity 

by a combination of effects that reduces the excitatory actions of the neurotransmitter 

glutamate and enhances the inhibitory actions of the neurotransmitters gamma-

aminobutyric acid (GABA) and glycine. These actions are the main reason that alcohol is 

often thought of as a depressant. 

The effects of alcohol on excitatory glutamatergic and inhibitory GABAergic and 

glycinergic synaptic transmission mainly result from alcohol’s actions on the ligand-

gated ion channels activated by these neurotransmitters. At synapses that use glutamate, 
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alcohol reduces the activity of the neurotransmitter at ligand-gated ion channel receptors 

called the N-methyl-D-aspartate, or NMDA, class of glutamate receptors (Lovinger et al., 

1989). Ion flow through the channel that is part of this receptor is reduced. This effect of 

alcohol may contribute to the memory loss that occurs during acute alcohol exposure. 

In contrast, alcohol enhances the activity of the inhibitory neurotransmitters 

GABA and glycine at receptors called GABAA and glycine ligand-gated ion channels 

(Nestoros, 1980). Exciting new information about the molecular actions of alcohol has 

come from studies of these receptors. Prior research demonstrated alcohol’s opposite 

actions on two receptors that were similar in molecular structure, the GABAA receptor 

(subtype rho) and the receptor glycine (subtype α 1) (Mihic et al., 1997). 

Alcohol also may alter the production of intracellular messenger molecules and 

the distribution of protein kinases in neurons. One way neurotransmitters affect neuronal 

excitability (other than through receptors that are themselves ion channels) is by acting 

on receptors that are coupled to intracellular signaling processes. These G protein 

receptors can influence the activity of the neuron in several ways. For example, 

neurotransmitter binding to some G protein-coupled receptors leads to the production of 

second messengers. One such second-messenger molecule is cyclic adenosine 

monophosphate (cAMP). The G protein that is activated stimulates an enzyme within 

cells that leads to rapid production of cAMP, which then phosphorylates proteins within 

the cell (reviewed in Pandey, 2004). The proteins that are phosphorylated upon activation 

of cAMP-dependent protein kinase include neurotransmitter receptors and 

neurotransmitter transporters. Phosphorylation of these proteins can lead to changes in 

protein function. 
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One protein whose function appears to be regulated by cAMP-dependent protein 

kinase phosphorylation is the transporter for the inhibitory neurotransmitter adenosine.  

Short-term exposure to alcohol inhibits this transporter molecule in a manner that 

depends on phosphorylation of the transporter protein or a closely associated protein by 

the cAMP-dependent protein kinase (Coe et al., 1996). Transporter inhibition increases 

the extracellular concentration of adenosine because the transporter is no longer able to 

efficiently remove the neurotransmitter from the synapse. This effect, along with the 

effects on GABAergic transmission mentioned above, may contribute to the inhibitory 

effects of alcohol on brain activity. 

Alterations in the structure or function of NMDA receptor subunit molecules also 

occur during long-term alcohol exposure. Early reports indicated that the number of 

NMDA receptors on neurons in brain regions, such as the hippocampus, increased 

following long-term alcohol exposure (Hoffman et al., 1995). In addition, evidence that 

NMDA receptor-specific blockers inhibit alcohol withdrawal seizures implicated this 

receptor in the withdrawal syndrome (Hoffman et al., 1992). Subsequent investigations 

have provided evidence for increased function of NMDA receptors after chronic alcohol 

exposure. Neurons subjected to long-term alcohol exposure had more enhanced NMDA 

receptor function (Smothers et al., 1997). 

Chronic alcohol abuse induces long-term changes in brain gene and protein 

expression, which likely contribute to the neuropathologies associated with abuse and 

dependence (Kauer and Malenka, 2007). Alcohol-induced transcriptional reprogramming 

in the brain may account for some of the effects of repeated drug exposure. Ultimately, 

neuroadaptations due to chronic drug use are controlled by the regulation of many genes 
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expressed within individual neurons or glial cells (reviewed in Farris and Miles, 2012). 

At the cellular level, changes in molecular pathways originate from changes in gene 

expression and translation of proteins. Re-organization of synaptic structure and function 

is one manifestation of these changes. Many of the functional pathways that are altered in 

addiction paradigms include growth factors (reviewed in Ron and Messing, 2013), serine-

threonine kinases (Lesscher et al., 2009), glutathione pathway enzymes, protein 

translation (Barak et al., 2013), and inflammatory pathways (Blednov et al., 2011). 

2 FETAL ALCOHOL SPECTRUM DISORDERS 

Fetal alcohol spectrum disorders include a variety of diseases associated with 

prenatal exposure of alcohol. This form of exposure can cause fetal alcohol spectrum 

disorders (FASDs). With 30% of all women reporting drinking alcohol at some time 

during pregnancy (Ethen et al., 2009), FASD prevalence in the US and some Western 

European countries is estimated at 2-5% of school children (May et al., 2009).  

Estimates of the prevalence of FASDs vary depending upon the method of 

ascertainment and the definition. In the United States the estimated prevalence of fetal 

alcohol syndrome (FAS) ranges from 0.5 to 2 cases per 1000 live births (May and 

Gossage, 2001). The prevalence is much higher when the other FASDs are included. In a 

population-based study with active testing among first-grade students, the estimated 

prevalence of FAS was 6 to 9 per 1000, of partial fetal alcohol syndrome service was 11 

to 17 per 1000, and of FASD was 24 to 48 per 1000 (May et al., 2014). 

Classic FAS represents the extreme end of a spectrum of disorders caused by 

intrauterine exposure to alcohol. It is characterized by a number of features, including 

facial dysmorphology, central nervous system abnormalities, and growth abnormalities 
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(Hoyme et al., 2005). The facial dysmorphisms associated with FAS include short 

palpebral fissures, thin vermillion border, and smooth philtrum. Low IQ is common in 

individuals with FAS, although the range of scores widely vary (Streissguth et al., 1991).  

Other categories include partial Fetal Alcohol Syndrome, Alcohol Related 

Neurodevelopmental Disorder, and Alcohol Related Birth Defects. Children exposed to 

alcohol in utero are subject to brain injury to varying degrees. Ultimately, this can lead to 

difficulty in school, a susceptibility to substance abuse, and a greater likelihood of legal 

trouble.  

2.1 Biological mechanisms associated with prenatal alcohol exposure 

The etiology of FASDs, though variable, is well studied. 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 (Riley et al., 

2011).  

Moreover, within the CNS, although there are indications that the teratogenic 

effects of are widespread and affect “almost the entire brain" in both humans and animal 

models, 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 temporal lobes (Lebel et 

al., 2011; Roebuck et al., 1998). Notably, however, the timing and duration of the 

exposure clearly influences these findings. Consequently, identifying possible 
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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 (Goodlett et al., 2005).  

Many molecular pathways are affected by alcohol. These include affecting the 

developmental regulator Sonic Hedgehog (Kietzman et al., 2014), altering apoptosis 

(reviewed in Creeley and Olney, 2013) and altering gene expression by affecting 

methylation patterns (Hicks et al., 2010). 

Overall, both pre- and post-natal exposure to alcohol are intertwined and 

increased exposure in one stage of life increases the probability of exposure at other 

stages in life. Overcoming this “alcoholism generator” is the key to reducing future levels 

of alcohol abuse (Miller and Spear, 2006).  

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 (Guicciardi and Gores, 2005; Wang, 2014).  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 (Olney et al., 2000). However, 

because caspase 3 is an effector caspase that is activated by the extrinsic, intrinsic, or 
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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 (Cheema et al., 2000; De la Monte et al., 2012; Hicks and 

Miller, 2011; Mooney et al., 2013), as well as at least one study reporting increased 

caspase -2,-3,-8 and -9 activity following ethanol exposure (Vaudry et al., 2002).  Thus, 

at least some data support 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  (Kuan et al., 2000; Nikolic et al., 

2013). 

2.2 Behavioral deficits associated with prenatal ethanol exposure 

FASDs are associated with impaired learning and memory, language 

development, and abnormal social behavior (reviewed in Kully-Martens et al., 2012). 

The social behavior changes seen in adolescents can resemble those that are typically 

associated with autism.  

Behavioral deficits can also be seen in animal models of prenatal ethanol 

exposure.  Acute exposure on gestational day (G) 12 in rats leads to decreased social 

investigation and play fighting, as well decreased social motivation in late adolescence 

and adulthood (Middleton et al., 2012; Mooney and Varlinskaya, 2011).  To date, 
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amelioration of social behavior deficits from prenatal ethanol exposure has largely 

focused on behavioral interventions. However, social experience with typically 

developing peers has been found to be important for improving social skills and 

increasing social interaction in autistic children. In previous work, we showed that a form 

of Social Enrichment (housing ethanol-exposed rats with non-exposed control rats) could 

normalize the social motivation deficit phenotype seen in both males and females at 

postnatal day (P) 42  following gestational ethanol exposure at G12 (Middleton et al., 

2012).  

3 MICRORNA FUNCTION AND GENE REGULATION 

3.1 Function  

MicroRNAs are short, hairpin-derived RNAs that repress protein expression of a 

large fraction of the genome in a vast array of species. In mammals, approximately half 

of all mRNAs maintain selective pairing with miRNAs (Friedman et al., 2009).This 

suggests that they are an important class of master regulatory molecules that control the 

level of post-transcriptional gene expression. These molecules suppress protein 

expression by binding to the 3’ untraslated region (UTR) of a protein’s mRNA transcript, 

thereby interfering with translation. 

3.2 Biogenesis 

MicroRNAs are encoded in intergenic regions, within non-coding RNA genes or 

the introns of protein-coding genes. These primary miRNA transcripts (pri-miRNAs) are 

transcribed by RNA Polymerase II (Lee et al., 2004) and processed in the nucleus by the 

RNase Drosha (Lee et al., 2003). The resulting precursor miRNA (pre-miRNA) is then 
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exported out of the nucleus (Lee et al., 2002). Further processing in the cytoplasm via the 

protein Dicer creates mature single-stranded miRNAs of approximately 20 nucleotides 

(Denli et al., 2004). These mature miRNAs then assemble into an RNA-induced silencing 

complex (RISC) that interacts with complementary messenger RNAs, and either target 

them for degradation or interfere with translation efficiency (reviewed in Bartel, 2009).   

Most importantly, recent developments in miRNA-targeted drugs such as 

miravisen (reviewed in Lindow and Kauppinen, 2012) show that miRNAs can be targeted 

and that agents can be developed in regulating their effects in vivo. This molecule, 

currently in phase 2 clinical trials for the treatment of hepatitis C, is a locked nucleic acid 

modified antisense oligonucleotide designed to bind and sequester to mir-122 in the liver. 

In this organ, the 5’ UTR of the hepatitis C viral genome forms an oligomeric complex 

with mir-122, effectively protecting the genome from nucleolytic degradation. Miravisen 

suppresses viral function by ultimately promoting degradation of the virus. 

Conditional knockouts of Dicer, the gene required for miRNA biogenesis, have 

been used extensively to examine the collective roles of miRNAs in specific tissues and 

cell types in mice. Loss of Dicer in mature Purkinje cells is followed by rapid 

dissemination of miRNAs without immediate impact on cell physiology or function 

(Kawase-Koga et al., 2009; Schaefer et al., 2007). 

4 MICRORNA INVOLVEMENT IN NEURONAL FUNCTION 

In the nervous system, miRNAs play a central role in regulating complex gene 

networks involved in synaptic development and plasticity. Given the complex 

architecture of the brain, it is not surprising that miRNAs are abundantly expressed in the 
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brain, where they have been found to play important roles in the regulation of brain 

function.  

Like other tissues and cells, the nervous system and neural cell lines also express 

miRNAs. Brain-enriched miRNAs have been identified in mouse (Lagos-Quintana et al. 

2002), rat (Hua et al. 2004) and human brain samples (Sempere et al. 2004). Regionally-

specific miRNAs have been found in regions such as the hippocampus, cortex, or 

amygdala (Bak et al., 2008; Olsen et al., 2009).  

In addition, the expression of miRNAs in the brain can be restricted to a specific 

brain region. This regional specificity in miRNA expression reflects the differences in 

mRNA composition of cells within various brain tissues and their need for a selection of 

miRNAs. This notion offers the possibility to establish cell- and tissue-specific miRNA 

functions by identifying their target mRNAs.  

The involvement of miRNA regulation in the proper function of the nervous 

system is proving to be critical for the proper function in two distinct ways: (1) 

canonically via transcript downregulation and (2) neuron-specific by controlling of local 

translation in axonal/dendritic regions. It is noteworthy that neurons compartmentalize 

specific mRNAs in different subcellular compartments. In this regard, miRNAs may 

provide a unique system to spatially regulate gene expression, separate from 

transcriptional regulatory mechanisms. 

4.1 Non-canonical gene regulation by miRNAs in neurons 

In neurons, miRNAs not only regulate mRNA levels, but they also 

compartmentalize specific mRNA expression within subcellular regions such as axons 

and dendrites. MicroRNAs have been shown to be present in the axonal compartments 
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where they can actively regulate local mRNA translation. This is logistically 

advantageous for neurons because only a few mRNA copies have to be transported to 

distant synapses which in turn can be translated multiple times. Modulating local 

translation can be readily regulated with miRNAs triggering a massive wave of protein 

synthesis is initiated by stimuli and subsequently, activity-induced transcription. 

Key proteins involved in the RNAi/miRNA pathway, i.e., miRISC complexes, 

can assemble and function in developing axons (Hengst et al., 2006).  A number of 

miRNAs encoded by a common pri-miRNA transcript were differentially expressed in 

the distal axons, suggesting that there is a differential subcellular transport of miRNAs 

derived from the same coding region of the genome. There also appears to be selective 

miRNA transport into different neuronal compartments (Kaplan et al., 2009). The 

maturation of miRNAs can also be regulated within pre-synaptic regions via the 

processing of pre-miRNAs within dendritic spines (Lugli et al., 2008). 

Natera–Naranjo (2010) obtained a pure axonal RNA fraction of superior cervical 

ganglia neurons, and determined the miRNA expression levels in these subcellular 

structural domains. Their data revealed stable expression of a number of mature miRNAs 

that were enriched in the axons and at presynaptic nerve terminals. Among the 130 

miRNAs identified in the axon, miR-15b, miR-16, miR-204, and miR-221 were found to 

be highly abundant in distal axons as compared to the cell bodies.  

Several recent studies have shown subcellular localization of miRNAs within 

neuronal dendrites of the forebrain (Lugli et al., 2008) and the hippocampus (Kye et al., 

2007). In synaptoneurosomes, representing the dendritic spines of the neuronal cells, pre-

miRNA levels are high in comparison to the levels of mature miRNAs. In synaptosomes 
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consisting mainly of axon terminals and the adherent post-synaptic densities, pre-

miRNAs are enriched as well. MicroRNAs are thus delivered at the synapse 

predominantly in their premature forms, destined to be processed locally in 

correspondence with neuronal conditions (Lugli et al., 2008). One miRNA, miR-26a was 

found to be most enriched in the dendrites. Sequence-specific miRNA KD identified 

microtubule associated protein 2 (MAP2) mRNA as a target for miR-26a. This miRNA 

reduces microtubule assembly during synaptic plasticity through inhibition of MAP2 

mRNA translation (Kye et al., 2007). 

Aschrafi et al. (2008) used a compartmentalized cell culture setting and identified 

miR-338 as a novel modulator of the intra-axonal translation of cytochrome c oxidase IV 

(COXIV) mRNA, a nuclear-encoded mitochondrial protein that plays a rate limiting role 

in the assembly of the mitochondrial enzyme complex IV and in oxidative 

phosphorylation. Regulation of axonally localized COXIV mRNA by miR-338 resulted in 

a decrease in mitochondrial activity, as measured by the reduction of cellular oxygen 

consumption and ATP levels. Despite increasing evidence for the existence of miRNAs 

in axons obtained from cell culture experiments, the in vivo relevance of axonal miRNAs 

in local translation is still unknown. Moreover, little is known about the mechanism of 

selective miRNA transport into neuronal endings. 

The local translation of mRNAs play a key role in neuronal development, 

including neuronal survival (Cox et al., 2008), synapse formation (Schacher and Wu, 

2002), and activity-dependent synaptic plasticity (Martin et al., 1997). Notably, a 

fundamental observation in the field of learning and memory is that new proteins must be 
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synthesized locally at the synapse in order to consolidate newly formed memories 

(Guzowski et al., 2000). 

5 MICRORNAS IN BRAIN DEVELOPMENT 

The expression of many miRNAs are dynamic and highly diverse during 

neurogenesis, neuronal maturation and brain development (Kapsimali et al., 2007). To 

investigate the function of miRNAs during brain development, many studies have 

focused on the depletion of core components in the miRNA biogenesis pathway. 

Misregulation of miRNA biosynthesis has caused behavioral and cognitive deficits in a 

mouse model where a key miRNA biosynthesis gene, DGCR8, has been deleted (Stark et 

al., 2008). This effectively causes a global downregulation of miRNA expression in all 

tissues.  

5.1 Involvement in neural stem cell (NSC) maintenance and function 

Single miRNAs such as miR-124 are sufficient to promote neural differentation in 

NSCs  (Makeyev et al., 2007). It has been shown that miRNAs have the capacity to 

induce conversion of fibroblasts into neurons (Victor et al., 2014).  

An example of a miRNA involved in development is miR-9, which was shown to 

be upregulated during differentiation of mouse embryonic stem (ES) cells towards a 

neural precursor state, suggesting a role for this miRNA in neuronal differentiation. 

Overexpression of miR-9 directed ES cells towards a neuronal versus astroglial state 

(Krichevsky et al., 2006). Zhao and colleagues (2009) provided further evidence for the 

involvement of miR-9 in differentiation by utilizing in utero electroporation to 

overexpress miR-9 in the developing brain. The introduction of mir-9 altered migration 

and premature differentiation of embryonic NSCs lining the ventricular zone. 
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Furthermore, it was shown to regulate tailless gene (TLX), a gene involved in the 

division of NSCs. Inhibition of TLX by miR-9 attenuated NSC proliferation while 

enhancing differentiation. Interestingly, TLX was found to inhibit miR-9-1 expression by 

binding to a 30 nucleotide genomic sequence, effectively forming a feedback loop 

regulation during neuronal differentiation.  

Besides differentiation of ES cells, miR-9 was found to promote generation of 

Cajal-Retzius cells during telencephalic neurogenesis, and early differentiation through 

negative regulation of the forkhead box protein G1 (FoxG1) gene (Shibata et al., 2008). 

These findings were later confirmed and extended by the generation of a miR-9 KO 

mouse model (Shibata et al., 2011). It also plays a significant role in early neural tube 

patterning (Leucht et al., 2008). Together, these findings suggest miR-9 as a central 

regulator of early developmental processes, during which this miRNA modulates the 

differentiation and migration of ES cells leading to proper formation of specific brain 

areas. 

Recently, Bruno and associates (Bruno et al., 2011) revealed that overexpression 

of miR-128 activates the expression of genes relevant for neurogenesis and neuronal 

differentiation through disruption of the non-sense-mediated RNA decay (NMD) 

machinery. Through upregulation of a battery of NMD target genes, mir-128 has the 

capacity to modulate neuronal differentiation by specifically diminishing the levels of the 

NMD proteins RNA helicase Regulator of Nonsense Transcripts 1 (UPF1), and 

metastatic lymph node 51 (MLN51). 
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5.2 Nervous system development 

Certain miRNAs are thought to be brain-enriched and are important in the 

maturation and function of specific neurons. Multiple lines of evidence suggest that 

altered neuronal plasticity and morphology as seen in neurodevelopmental disorders may 

result from disruption of a common post-translational process that is under tight 

regulation by miRNAs. In the midbrain, miR-133b has been found to be important for the 

function of dopaminergic neurons through a negative feedback circuit that includes Pitx3 

and is thought to be important for the fine-tuning of dopaminergic behaviors (Kim et al., 

2007). In the cortex, expression of miR-92b has shown to be important for inducing the 

maturation of neurons from a stem cell fate to a neuronal fate (Nowakowski et al., 2013). 

This includes other cells such as oligodendrocytes (Lau et al., 2008).  

Several intellectual disability (ID) syndromes, such as Fragile X syndrome 

(Zongaro et al., 2013) and Rett syndrome (Urdinguio et al., 2010) have been linked to 

miRNAs. Increasing evidence suggests that miRNAs which act as regulators of neuronal 

gene circuitries are associated with complex neuropsychiatric disorders involving 

abnormalities in synaptic plasticity, as well as neurodegenerative diseases.  

Comparing human miRNAs in autism and control post-mortem brains one group 

identified 28 miRNAs to be differentially expressed in autistic as compared to healthy 

individuals (Abu-Elneel et al., 2008). Recently, a valproic acid (VPA) rat model of 

autism was employed to assess the molecular role of miRNAs in the chemically induced, 

neuroplastic changes observed in autism spectrum disorders (ASD). Chronic VPA 

treatment of adult rats induced alterations of hippocampal miRNA levels. Levels of let-7, 

miR-128a, miR-24a, miR-30c, miR-34a, miR-221 and miR-144 were significantly altered, 
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and the predicted effectors of these miRNAs are involved in neurite outgrowth, 

neurogenesis, signaling of PTEN, ERK and Wnt/β-catenin pathways (Zhou et al., 2009). 

6 IMPORTANCE OF MIRNAS IN NEUROPSYCHIATRIC DISEASES 

The importance of miRNA regulation in the CNS is highlighted by mounting 

evidence of the role played by miRNAs in neurological diseases (reviewed in Im and 

Kenny, 2012). In schizophrenia patients, miR-16b, miR-30b and miR-181b are 

significantly upregulated in the prefrontal cortex (Beveridge and Cairns, 2012). The 

protein levels of the AMPA glutamate receptor subunit GluR2 and visinin-like 1 

(VSNL1) are downregulated by miR-181b (Beveridge et al., 2008). GluR2 stimulates 

excitatory neurotransmission and has direct effects on synaptic plasticity by increasing 

growth and density of dendritic spines. VSNL1 is stimulated by glutamate and targets the 

brain-drerived neurotrophic factor (BDNF) receptor TrkB thereby promoting neuronal 

maturation. Upregulation of miR-181b in schizophrenia patients thus could cause a 

decrease in neuronal outgrowth by targeting GluR2 and VSNL1.  

Recent research has identified miR-219 as a key molecule in the behavioral 

manifestations associated with NMDA receptor hypofunction, which has been implicated 

in the pathophysiology of schizophrenia (Kocerha et al., 2009), since acute treatment of 

mice with the NMDAR antagonist dizocilpine resulted in downregulation of miR-219 in 

mouse prefrontal cortex. Moreover, treatment of mice with the antipsychotic drugs 

haloperidol or clozapine attenuated the hyperactivity and prevented the reduction in miR-

219 in the prefrontal cortex. Notably, infusion of mouse brain with the antisense 

oligonucleotides against miR-219 both attenuated the locomotor and stereotypic 

behaviors caused by dizocilpine and increased the expression of miR-219 target CaMKII 
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in the prefrontal cortex. This study suggests that altered miR-219 levels could be a 

significant factor in the dysregulation of cortical gene expression in schizophrenia. 

Extensively studied neurodegenerative diseases such as Alzheimer’s disease (AD) 

and Parkinson’s disease (PD) also display altered miRNA expression profiles. The 

expression of the b-site of APP cleaving enzyme (BACE1) protein stimulates the 

formation of amyloid-β-peptide plaques in the brains of AD patients. BACE1 was shown 

to be targeted by miR-485-5p. A natural antisense transcript, BACE-antisense, however, 

blocks the binding site for miR-458-5p thereby preventing BACE1-downregulation. 

BACE-antisense and miR-458-5p compete for the binding to BACE1-mRNA. In AD 

patients, BACE-antisense appeared to be upregulated while miR-485-5p was 

downregulated in the entorhinal cortex and the hippocampus, thus increasing the amount 

of BACE1 protein and thereby amyloid-β formation in these brain regions (Faghihi et al., 

2010). Further, BACE1 also appears to be regulated by miR-29a/b-1 (Hébert et al., 2008). 

Additional miRNAs that are dysregulated in AD are miR-9, miR-138 and miR-

125b, the levels of which are increased in the CA1 region of the hippocampus (Hébert et 

al., 2008). The maturation of dopaminergic neurons is under the control of miRNAs as 

well. In mice, induced deletion of Dicer specifically in post-mitotic dopamine neurons 

yields a phenotype comparable to that of PD patients, namely loss of dopaminergic 

neurons and reduced locomotion. A specific miRNA involved in dopaminergic 

maturation is miR-133b and its level is increased in PD (Kim et al., 2007). In addition, 

Pitx3, upregulates miR-133b expression, thus is generating a feedback circuit. Overall, 

upregulation of miR-133b expression in PD represses neuronal maturation through the 

inhibition of Pitx3. 
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In Parkinson’s disease, miR-7 and mir-153 have been shown to decrease the 

expression of alpha-synuclein (Doxakis, 2010). On the other hand, miR-196a has been 

implicated in Huntington’s disease, by decreasing the level of of mutant huntingtin 

proteins (Cheng et al., 2013).  

From these studies on neurological diseases, it thus appears that miRNAs are 

essential in neuronal differentiation, dendritic outgrowth, and spine formation. The 

dysregulation of miRNAs could ultimately underlie some of the clinical features 

observed in these diseases through their effects on synaptic plasticity. 

7 MICRORNAS AND ALCOHOL EXPOSURE 

The role of miRNAs in the pathological effects of alcohol has only been recently 

evaluated. Specifically, brain miRNAs have been associated with alcohol exposure. They 

have also been implicated in liver pathologies.  

7.1 In alcoholism 

In human post-mortem brain samples, robust changes in miRNA expression have 

been reported in the prefrontal cortex of subjects with a history of chronic alcohol abuse 

compared to controls (Lewohl et al., 2011). These findings appear to be consistent with 

global changes in both mRNA (Nunez et al., 2013) and protein levels (Gorini et al., 

2013) found in alcoholic mice, presumably affecting the gene targets of these miRNAs. 

The development of tolerance, a key component of alcohol addiction was also 

found to be miRNA dependent. Pietrzykowski et al. (Pietrzykowski et al., 2008) showed 

that alcohol upregulates miR-9 and mediates post-transcriptional reorganization in large-

conductance calcium- and voltage-activated potassium channels (BK) in neurons. This 
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miRNA controls expression through BK's 3' UTRs with variants encoding different splice 

variants with different alcohol sensitivities.  

Stress-related alcohol consumption also appears to be miRNA mediated. In 

individuals subjected to stress-induced drinking in a laboratory setting, levels of miR-10a 

and miR-21 in the blood were found to be increased in heavy, but not moderate, drinkers 

(Beech et al., 2014). These are thought to be modulating the transactivation-responsive 

RNA binding protein (TARBP)-associated complex. 

Other miRNAs, such as mir-497 and mir-302b, appear to mediate cell death 

directly in neurons through the regulation of BCL2 and Cyclin D2 (Yadav et al., 2011). 

The studies from Guo et al. (Guo et al., 2012) suggest that exposure paradigms also play 

a role in determining which miRNAs are altered in chronically-exposed neural cultures. 

Also, a cluster of miRNAs important for oligodendrocyte proliferation from the q32 

region of chromosome 14 isalso affected by alcohol, suggesting that CNS effects are not 

solely restricted to neurons (Manzardo et al., 2013). 

7.2 Effects of prenatally-exposed alcohol models 

In 2007, the Miranda group provided the first evidence that miRNAs mediate 

ethanol’s teratogenic effects through screening 218 mouse miRNAs for ethanol 

sensitivity in fetal NSCs (Sathyan et al., 2007). While 38% of sampled miRNAs were 

expressed in fetal NSCs, only miR-9, miR-21, miR-153, miR-335, were significantly 

decreased by ethanol exposure. This study, together with another by Balaraman et al. 

(2012), suggests that GABAA receptors (GABAAR) and nicotinic Acetylcholine receptors 

(nAChRs) mediate some ethanol effects on miRNA expression. Moreover, several of the 

ethanol-sensitive miRNAs are localized with chromosomal regions that are susceptible to 
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epigenetic modification. Therefore ligand-gated ion channel receptors and epigenetic 

modifications are potential mediators of ethanol’s effects on fetal miRNAs. One miRNA, 

miR-21 was regulated by ethanol in a GABAAR dependent manner. This was shown by 

application of the non-competitive GABAAR antagonist, picrotoxin, prevented the 

ethanol-mediated decrease in miR-21. However, another miRNA, miR-335, was not 

regulated by a GABAAR-dependent mechanism. These data suggest that GABAA-

dependent mechanisms selectively target a sub-population of ethanol-sensitive miRNAs. 

All of the tested ethanol-sensitive NSC miRNAs are also regulated in a nAChR-

dependent manner, since the non-selective nAChR antagonist, mecamylamine attenuated 

the general miRNA-inducing effects of nicotine (Balaraman et al., 2012). Analysis of 

developmentally important targets of miR-9, FGFR-1 and FOXP2 has shown that ethanol 

results in suppression of these  genes in a manner similar to miR-9 knockdown 

(Pappalardo-Carter et al., 2013).  

Subsequent reports have expanded the list of ethanol-sensitive miRNAs. Wang et 

al. (2009) showed that ethanol exposure between the latter half of the first trimester to the 

middle of the second trimester-equivalent period in mice altered ∼3% of assessed mature 

miRNAs in whole brain RNA samples obtained at the end of the second trimester-

equivalent period. A free-choice fetal alcohol paradigm has also shown long-term 

alterations in brain miRNAs of adolescent offspring (Kleiber et al., 2012). In the 

developing cerebellum, miR-29b appears to be important in mediating ethanol-induced 

apoptosis (Qi et al., 2014). Further, DNA methylation associated with miRNA binding 
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sites were also altered as a result of fetal exposure, suggesting an additional level of 

epigenetic regulation (Laufer et al., 2013). 

In zebrafish, the general upregulation of miRNAs in post-mortem brains also 

appear in ethanol-exposed embryos (Soares et al., 2012).   Tal et al. (2012) reported that 

exposure between 4 and 24 hours post-fertilization (HPF) exhibited decreased miR-9 

levels. Interestingly, loss of miR-9 has also resulted in increased daylight-related 

hyperactivity in juvenile fish, recapitulating the increased hyperactivity found in FAS 

children (Mattson et al., 2001). These data suggest that common mechanisms for ethanol 

teratology emerged early in vertebrates, and that some ethanol-sensitive miRNAs mediate 

behavioral deficits associated with fetal alcohol spectrum disorder (FASD). 

7.3 In postnatal ethanol exposure models 

Robust changes in miRNA levels have also been reported in the brains of animal 

models following postnatal ethanol exposure. Although it appears that expression levels 

are somewhat paradigm-specific (Osterndorff-Kahanek et al., 2013; van Steenwyk et al., 

2013). 

A persistent up-regulation of miR-206 expression was observed in medial 

prefrontal cortex (mPFC), but not ventral tegmental area (VTA), amygdala or nucleus 

accumbens (NAc) after 3 weeks of withdrawal from a 7-week exposure to alcohol vapor 

(Tapocik et al., 2013).  Overexpression of miR-206 in the mPFC of non-dependent rats 

reproduced the escalation of alcohol self-administration seen following a history of 

dependence and significantly inhibited BDNF expression (Tapocik et al., 2014). BDNF 

expression was repressed by miR-206, but not miR-9, in a 3′UTR reporter assay, 
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confirming BDNF as a functional target of miR-206. Furthermore, the decreased 

expression was dependent on the presence of all three miR-206 target sites in the 3′UTR 

of BDNF. These results implicate miR-206 and BDNF in escalation of alcohol 

consumption, which is a hallmark of alcoholism.  

On the other hand, some miRNAs are down-regulated by alcohol exposure, such 

as miR-382 in NAc (Li et al., 2013). The dopamine receptor D1 (DRD1) is directly 

targeted by miR-382 and can modulate the expression of Delta FosB. Overexpression of 

miR-382 attenuated the alcohol-induced up-regulation of DRD1 and DeltaFosB, 

decreased voluntary alcohol intake and preference and inhibited the DRD1-induced 

action potentials. 

In peripubertal animals experiencing binge-drinking conditions, there is also 

evidence for effects in the core machinery that synthesizes and processes all miRNAs. 

Levels of Drosha and Dicer in the hippocampus increase as a result of binge drinking, 

although exposure during late adolescence does not have similar effects (Prins et al., 

2014). 

On the other hand, other organs affected by chronic alcohol consumption, such as 

livers from animal models with alcoholic diets have also shown dysregulation of 

miRNAs including upregulation of miR-705 and miR-1224 as well as downregulation of 

miR-182, miR-183 and miR-199a-3p (Dolganiuc et al., 2009). In male rats chronically 

exposed to alcohol, liver regeneration after a partial hepatectomy has highlighted the 

importance of miR-34a, miR-103, miR-127 and miR-122 in this process, with NFκB noted 

as an important targeting hub (Dippold et al., 2013; Starckx et al., 2013). Other miRNAs 
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such as miR-21 have also been shown to be important for the liver's recovery from 

alcoholic liver disease (Francis et al., 2014).  

Inflammation is also a mechanism by which miRNAs appear to mediate alcohol-

induced damage. Brain inflammation is inhibited by miR-339-5p through the NFκB 

pathway (Zhang et al., 2014). Intestinal inflammation is affected by miR-155 (Lippai et 

al., 2014). There is also evidence for altered growth factor release and cytokine 

production mediated by miRNAs to modulate mucosal immune homeostasis (Asquith et 

al., 2014). 

By far, the most direct evidence for miRNA-regulated effects of alcohol 

consumption was shown by Darcq et al. (Darcq et al., in press). In this study, direct 

administration of miR-30a-5p in the mPFC induced excessive alcohol intake. Conversely, 

inhibition of this specific miRNA using locked nucleic acid technology showed a reversal 

in behavior. They also present evidence to show that these effects are mediated by the 

targeting of the miR-30a-5p by BDNF.  

8 EXTRACELLULAR TRANSFER OF MICRORNA AND OTHER GENETIC 

MATERIAL 

In addition to their intracellular roles, miRNAs are released by normal and 

damaged cells into the bloodstream and can serve as conduits for the spread of genetic 

and pathological information to distant cells and tissues. In this manner, miRNAs have 

been shown to mediate the spread of cell and tissue damage or alter the 

microenvironment (Valadi et al., 2007). In fact, brain-specific miRNAs have been 

identified in the blood and other bodily fluids and it has been suggested that they may 

provide the opportunity to evaluate ongoing changes in the CNS upon the initiation of 
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neurodegeneration (Laterza et al., 2009).  For example, in Alzheimer’s disease, miRNAs 

that are associated with neuropathological changes in post-mortem brain tissue have been 

detected in blood sera of subjects meeting ante-mortem criteria for the disease, albeit at 

lower basal levels (Geekiyanage et al., 2012). The potential importance of such findings 

gains further support from a recent study that demonstrated serum messenger RNA levels 

could be directly regulated by brain-specific administration of RNA interference (Sehgal 

et al., 2014). 

Recently, exosomes and other extracellular membrane vesicles have been 

investigated as a novel form of cell-to-cell communication (reviewed in Raposo and 

Stoorvogel, 2013). They have been shown to carry signaling molecules and molecules 

that alter gene expression over great distances. In the nervous system, these structures 

play an important role in development, injury, and synaptic transmission. For example, 

there is temporal variation in the presence of prominin-1 in extracellular membrane 

vesicles in the nervous system (Marzesco et al., 2005). This protein is important for 

NSCs.  

8.1 Exosome production 

Exosomes form through a complicated process, beginning with vessel formation 

by plasma membrane invagination (reviewed in Turturici et al., 2014). The vessel then 

further invaginates on itself. The smaller vacuoles that form inside the larger vessel are 

released as exosomes when the larger intracellular vacuole fuses with the plasma 

membrane. It has been shown that the uptake of exosomes utilizes a lipid-raft 

mechanism, and that ERK1/2 and HSP27 play significant roles in this pathway (Svensson 
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et al., 2013). Sumoylated hnRNPA2B1 has been shown to be important in the sorting and 

loading of miRNA into exosomes (Villarroya-Beltri et al., 2013).  

The mechanism of uptake of exosomes by distant cells is still being elucidated. 

Temperature dependence studies have shown that the mechanism of exosome uptake is 

active in bladder cancer cells. Early endosome antigen 1 (EEA1) has been shown to be 

involved in the uptake of exosomes, and chlorpromazine inhibits the uptake (Escrevente 

et al., 2011). Taken together, these suggest that clathrin-mediated endocytosis plays a 

role. Exosome uptake may also be mediated by macropinocytosis, phagocytosis, and 

possibly some kind of cholesterol pathway (based on treatment with EIPA, cytochalasin 

D, and methyl-beta-cyclodextrin, respectively). It also appears to be a receptor-mediated 

process, involving heparan sulfate proteoglycan coreceptors, among others (Franzen et 

al., 2014).  

8.2 Exosomes and stress 

Exosome content is changed by stress. For example, synapsin 1, Ndfip1, and 

Nedd4 have all been shown to be present at increased levels in exosomes from neural and 

glial cells undergoing stress. Synapsin 1, which is found in exosomes from glial cells, 

encourages neurite outgrowth via an oligomannose and NCAM system. Expression of 

synapsin 1 from glial cells does change under conditions of stress (Wang et al., 2011). 

Ndfip1 and Nedd4 are involved in clearance of proteins following cellular injury (Putz et 

al., 2008). Nedd4 acts as an E3 ligase to mark proteins for removal. Ndifp1 helps in this 

process. In addition, Nedd4 plays a role in sorting proteins destined for destruction, either 

in lysosomes or expelled from the cell in exosomes. Exosomes have also been shown to 

play a role in inflammation by release of IL-1B in exosomes from astrocytes and 
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microglia (Bianco et al., 2009). IL-1B is added to exosomes through a pathway involving 

the ATP receptor P2X7, acid sphingomyelinase activity, and the p38 MAPK cascade.  

Neurological pathology has been shown to drive changes in exosomal content and 

release. For example, glioma cells have been shown to release exosomes with content 

altered from normal cells (Li et al., 2013). In addition, glioblastoma cells have been 

shown to release more exosomes compared to normal cells (Balaj et al., 2011). These 

vesicles carry genetic material that can be translated by recipient cells and stimulate 

proliferation (Skog et al., 2008).  

Alzheimer’s disease represents perhaps the most investigated neurodegenerative 

disease with exosome-mediated propagation. It believed to be a protein-mediated disease, 

with misfolded amyloid-ß protein as the protein seed. It has been shown that the 

misfolded proteins in neurodegenerative prion diseases can be loaded into exosomes and 

transported to other cells, leading to the spread of the disease through the brain (Fevrier et 

al., 2004; Vella et al., 2008). Similarly, it has been discovered that alpha-synuclein, 

involved in Parkinson’s disease, can be spread by exosomes and affect non-infected cells 

(Emmanouilidou et al., 2010).  

However, exosomes are not the only source of extracellular miRNA 

(Turchinovich et al., 2012). For example, they have also been found in apoptotic bodies 

(Zernecke et al., 2009) and HDL particles (Vickers et al., 2011). They are also found 

bound to proteins, such as Argonaute2 complexes (Arroyo et al., 2011).  

8.3 MicroRNA-mediated transfer of exosome pathology 

Evidence of miRNA-mediated transfer of pathology was first classically shown in 

cancer, where specific miRNAs packaged in exosomes were responsible for transforming 
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cancerous pathology to naive cells (Valadi et al., 2007).  Since this initial discovery, a 

myriad of other diseases have shown similar mechanisms of pathological transfer. It is 

beginning to become known that miRNA plays an important role in neurodegenerative 

diseases. Like with other diseases, miRNA alters protein expression in cells in a form of 

long distance cell communication.  

The microenvironment altering properties of exosomes have been implicated in 

Alzheimer’s disease and have been associated with processed Alzheimer’s proteins and 

enzymes (Bulloj et al., 2010; Looze et al., 2009). The ‘‘Trojan Exosome’’ model of 

Alzheimer’s, proposes that the initial insult of Alzheimer’s may spread to surrounding 

cells via exosomes laden with amyloid beta peptide and other proteins and RNA 

associated with precipitating Alzheimer’s pathogenesis (Ghidoni et al., 2008). This is 

supported by the finding of depositions of exosome proteins in amyloid plaques in AD 

brains (Rajendran et al., 2006). Finally, exosomes have also been associated with the 

spread of prion proteins indicating multiple roles for exosomes in neurodegenerative 

diseases.  

9 BIOMARKERS FOR ALCOHOL USE DISORDERS 

The diagnoses of alcohol use disorders are not traditionally related to any 

physiological phenotype associated with tissue damage that manifests as a result of the 

disease. Rather, biomarkers are used to gauge the severity of damage associated with 

chronic, excessive consumption of alcohol. 

9.1 Conventional biomarkers 

Clinically established biomarkers of alcohol abuse include gamma-

glutamyltransferase (GGT), carbohydrate-deficient transferrin (CDT) and mean 
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corpuscular volume of erythrocytes (MCV). Although widely used, none of these 

markers are sensitive and specific enough to determine the degree of alcohol abuse or its 

medical complications (Niemela, 2007). Traditional methods related to detecting alcohol 

abuse include the use of liver function tests (LFT), a panel comprised of the biomarkers 

gamma‐glutamyltransferase (GGT), aspartate aminotransferase (AST), and alanine 

aminotransferase (ALT). Serum carbohydrate deficient transferrin (CDT) whose levels 

reflect alcohol consumption, is a more specific biomarker 

Developing better biomarkers, will make early detection of AUD possible and aid 

in prompt intervention and treatment. Current biomarkers are indicative of liver tissue 

damage but tend to have low specificity or sensitivity (Table 1). Currently, there are no 

biomarkers to diagnose ethanol induced brain damage. 

Table 1. Biochemical markers of alcoholism with estimates of sensitivity and specificity. 

Adapted from Hannuksela et al. (2007). 

Marker Sensitivity, % Specificity, % 
Ethanol 0-100 100 
Urinary 5‐hydroxytryptophol/ 
5‐hydroxyindole acetic acid ratio (5‐HTOL/5‐HIAA) 0-100 >90 

Serum γ-glutamyl transferase (GGT) 35-85 11-95 
Urinary GGT 71 81 
Mean corpuscular volume (MCV) 34-89 26-95 
Aspartate aminotransferase (AST) 15-69 Low 
Alanine aminotransferase (ALT) 18-58 Low 
Serum carbohydrate-deficient transferrin (CDT) 39-94 82-100 
Serum total sialic acid (TSA) 48-82 18-96 
Plasma sialic acid index of plasma apolipoprotein J (SIJ) 90-92 100 
Serum β-hexosaminidase (β-HEX) 69-94 69-98 
Urinary β-HEX 81-85 84-96 
Phosphatidylethanol (PEth) 97-99 100 
Hair fatty acid ethyl ester(FAEE) 89-100 90 
Urinary dolichol 9-68 96 
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9.2 MicroRNA-based biomarkers 

Little research has been done to investigate the role of exosomes and their 

miRNA cargo in relation to alcohol exposure. However, it has been investigated in 

regards to liver function. Exosomal content in mouse models of alcoholic liver disease 

demonstrated an increase in miR-122 and miR-155 (Masyuk et al., 2013).  

MicroRNAs are present in peripheral blood serum as a component of extracellular 

vesicles such as exosomes (Gallo et al., 2012) and other extracellular riboprotein 

complexes (Arroyo et al., 2011). Serum is a easily-accessible source of exosomal 

miRNAs which can be easily profiled (Vaz et al., 2010). Other bodily fluids have also 

been explored as potential sources of miRNA biomarkers. These include urine (Li et al., 

2014), saliva, semen (Vojtech et al., 2014) and breast milk (Zonneveld et al., 2014). In 

this sense, they can provide a means of (reviewed in Lasser, 2014) 

The use of miRNA biomarkers has proved to be useful and informative in various 

neurodegenerative diseases (reviewed in Maffioletti et al., 2014). For example, in the 

neurodegenerative disease Friedrich’s ataxia, where symptoms in patients are the result of 

reduced frataxin levels, selective reduction of miR-886-3p has been shown to regulate 

levels of the gene.  Concomitantly, a reduction in miR-886-3p levels was also observed in 

the peripheral blood of patients with the disease (Mahishi et al. 2012). 

10 DISSERTATION QUESTIONS 

In spite of its increasing toll on society, there is a lack of reliable, minimally 

invasive biomarkers that predict the extent of AUD-induced CNS damage. It remains 

unresolved as to whether there are neurobiological markers of the early stages of such 
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brain damage including young ‘at-risk’ drinkers, who probably experience ‘alcohol-

induced brain impairment’ prior to the onset of alcohol-related brain damage, per se. 

This ultimately limits our ability to gauge effective treatment. Further, the 

development of biomarkers that indicate early CNS damage may be used to deter further 

progression of alcohol-related behavior. This is particularly important in younger 

individuals where preventable and potentially reversible deficits may be progressive. If 

left unresolved, such deficits eventually become major contributors to poor long-term 

outcome and hamper adherence to treatment. In addition, reliable biomarkers will support 

the development of rational treatment interventions, which for alcohol use disorders 

remains an important area of study.  

Because of their presence in extracellular environments such as blood serum as 

well as their ability to regulate gene expression and transfer cellular pathology on a 

global scale, miRNAs have tremendous potential to become a useful peripheral source of 

genetic information about the brain. Thus, this dissertation first asks: 

(1) Can we monitor miRNAs in peripheral environments and relate them to AUD-

induced brain damage in humans? 

The involvement of miRNA-mediated genetic regulation in the pathogenesis of 

AUDs is not well-understood, particularly in the regions outside the prefrontal cortex. To 

supplement our understanding of the dysregulation associated with miRNAs, this 

dissertation also asks the following questions in the hippocampus, which is affected by 

alcohol abuse and is an important brain region for learning and memory: 

(2) Do miRNAs in the serum reflect changes in brain miRNAs in postnatally-exposed 

rats? 
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(3) Do miRNAs in the serum reflect changes in brain miRNAs in prenatally-exposed 

rats? 

Further, this dissertation will examine whether these miRNA changes are 

reversible by novel treatments. For this question, a social enrichment intervention with an 

observed phenotypic improvement in autism-like social behaviors in prenatally exposed 

rats will be examined (Middleton et al., 2012; Mooney and Varlinskaya, 2011). This 

portion of the dissertation will evaluate: 

(4) Are miRNA-mediated changes permanent or can they be reversed by novel 

treatment?  

Finally, this dissertation will examine whether extracellular miRNAs, contained within 

exosomes, have the capacity to modulate gene expression changes associated with 

alcohol. Using an in vitro model of alcohol exposure using neuronal stem cells, this 

dissertation will examine: 

(5) Can peripheral miRNAs spread molecular pathology associated with alcohol 

exposure in the brain?  
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MATERIALS AND METHODS 

1 SUBJECT SELECTION AND EXCLUSION 

Compared to our previous study that explored the use of mRNA profiles from 

peripheral blood leukocytes (Hicks et al., 2012), the current study focused on a younger 

group of individuals, allowing exploration of potentially more sensitive biomarkers of 

early CNS alterations 

All research performed on human subjects was approved by the Institutional 

Review Boards (IRBs) of SUNY Upstate Medical University and Crouse Hospital. 

Subjects were recruited from the Syracuse, New York area. Exclusion criteria included: 

age less than 18 or greater than 60, weight greater than 270 lbs, pregnancy, a history of 

head injury with loss of consciousness, co-morbid drug abuse (except for cigarette 

smoking) or co-morbid medical conditions including diabetes, cancer, hepatitis C, 

neurological diseases (such as seizure disorder) and major mental illness (except for 

anxiety and depression). All subjects had to agree to an MRI scan so patients with 

claustrophobia or metal implants of any kind were also excluded.  

A total of 30 subjects participated in this study (Table 2). Controls were selected 

from individuals who had not consumed a standard drink in the past month and who had 

never consumed more than two drinks at any time in their life. The final group of subjects 

were composed of 10 non-drinking controls and 20 currently diagnosed with AUDs, 16 

with AD and 4 with AA.  

On average our AUD subjects had been drinking an average of 12 years, starting 

around age 18. They drank alcohol an average of 15 days during the month prior to 

recruitment, and consumed approximately 5 drinks per drinking day. As a group, the 
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AUD subjects had an average of 1 heavy drinking day (i.e. more than 5 drinks for men or 

4 drinks for women) during the week prior to recruitment. 

2 MEDICAL, NEUROPSYCHOLOGICAL AND NEUROIMAGING 

ASSESSMENTS 

2.1 Diagnostic assessments 

After obtaining informed consent, subjects were screened using a dipstick urine 

test for drug abuse and a breath alcohol test. Subjects then underwent a brief neurological 

examination which screened for obvious signs of cerebellar damage (a common 

occurrence in chronic AUD subjects). The Structured Clinical Interview for DSM-IV 

(SCID) (First et al., 2001) and Semi-Structured Assessment for the Genetics of 

Alcoholism version IV (SSAGA-IV) (Bucholz et al., 1994) were administered by a 

psychiatrist or psychiatric nurse practitioner to subjects to establish a diagnosis of DSM-

IV alcohol dependence (AD) or alcohol abuse (AA). The interview also collected 

demographics, past medical history as well as alcohol and tobacco use data.  

2.2 Biosample collection 

For the serum miRNA studies, blood samples were collected into 10 cc BD 

Vacutainer® SST™ serum separation tubes (Becton-Dickinson, Franklin Lakes, NJ), 

inverted several times, allowed to coagulate, then centrifuged according to manufacturer's 

instructions. Serum samples were then frozen at -80°C until needed for miRNA 

purification.  To obtain the miRNA, the serum was centrifuged at 3,000 rpm for 5 

minutes and the cleared cell-free supernatant processed using the miRNeasy kit (Qiagen, 

Valencia, CA).  
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An additional blood sample from each subject was also collected for routine 

laboratory measures that included (1) serum aspartate aminotransferase (AST), alanine 

aminotransferase (ALT) and gamma-glutamyl transferase (GGT) levels, (2) blood 

glucose levels, (3) differential white blood cell counts and (4) a complete blood cell 

count.  

2.3 Neuropsychological assessment 

Standardized neuropsychological tests were administered by trained examiners to 

evaluate cognitive function and included the Wechsler Abbreviated Scale of Intelligence 

(WASI), the Wechsler Memory Scale (WMS) and selected scales from the Delis-Kaplan 

Executive Function System (Delis et al., 2001), including trail-making tasks and word 

generation tasks such as letter fluency and category fluency tests. 

2.4 Neuroimaging assessment 

 Neuroimaging analysis was performed following a structural head MRI series 

obtained using a 1.5 T Philips Gyroscan scanner. Subjects were scanned in the sagittal 

plane using the following T-1 weighted inversion recovery 3D pulse sequence: TE=4.6 

ms; TR=20 ms; 2 repetitions; matrix size 256 X 154 pixels; FOV 24 cm2; multishot=32 

repeats; TFE shortest possible pre-inversion time =394 ms and 1.5 mm slice thickness.  

3 MRI IMAGE ANALYSIS 

We initially used the MRI data to screen our AUD subjects for evidence of 

neurodegenerative changes manifested as sulcal widening (a consequence of gray matter 

loss). To complete this process, skull-stripping and 3-D brain reconstruction were 

completed using MRIcro (Rorden and Brett, 2000) and the built-in brain extraction tool 
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(Smith, 2002). The reconstructed volumes were then imported into Fiji (Schindelin et al., 

2012) and subjected to both moments (Tsai, 1985) and triangle (Zack et al., 1977) 

autothresholding algorithms to quantify total sulcal area in the dorsal brain surface. These 

sulcal areas were expressed as a percentage of the total dorsal surface area.   

Based on the initial positive findings from our dorsal surface analysis, we 

completed a more comprehensive cortical reconstruction and volumetric segmentation of 

the MRI images using the semi-automated FreeSurfer image analysis suite 

(http://surfer.nmr.mgh.harvard.edu) (reviewed in Fischl, 2012). Measurements were 

made of parcellated volumes of more than 360 cortical and subcortical brain structures, 

including cortical gray matter, white matter, gyri and sulci. To control for overall brain 

shrinkage generally observed in brains of subjects with AUDs, volumes were normalized 

relative to the whole brain volume. All volumetric comparisons made in this study were 

between normalized whole brain ratios of specific regions.  

4 IN VIVO ETHANOL EXPOSURE PARADIGMS 

4.1 Postnatal rat drinking model 

Animals were cared for in accordance with protocols approved by the Committee 

for the Humane Use of Animals (CHUA) at SUNY Upstate Medical University.  A total 

of 40 (20 male and 20 female) Long-Evans rats (Harlan Laboratories, Indianapolis, IN) 

were used in the drinking studies.  These rats were housed in individual cages and 

exposed to a 12 hour reverse light/dark cycle.  The fresh OpenSource liquid diet 

(Research Diets Inc., New Brunswick, NJ) was provided to all rats at 10:00 AM.    

Throughout the study duration, regular records of the rats’ body weights and ethanol (or 

control diet) consumption were maintained.   
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At postnatal day 28, rats were split into ethanol and control groups (Figure 1).  A 

group of 10 rats each (5 male, 5 female) were weaned onto an ad libitum liquid ethanol-

containing diet for 3 weeks, beginning in early adolescence and extending to early 

adulthood (P51).  Rats initiated the ethanol (ET) diet at a dose of 2.2% v/v and were 

weaned up to 4.5 % v/v over a 3 day period and received 6.7% v/v liquid ethanol diet for 

19 additional days (Purina, St. Louis, MI).  Controls were paired with individual rats of 

ethanol-fed animals, based on gender and initial body weight and received aliquots of the 

control diet defined by the amount of food consumed by the corresponding paired 

ethanol-fed rat.  Maltose replaced ethanol in the control pair-fed diet to match for caloric 

and nutritional content.  

Throughout the course of the study, body weight and alcohol consumption of the 

animals was measured. Consumption data were normalized to body weight and reported 

in mL per kilogram. 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 Alcohol Analyzer (Analox Instruments, United 

Kingdom). After the three week ethanol exposure period, all rats in each group were 

euthanized with CO2 and blood was collected into BD Vacutainer® SST™ tubes for 

serum miRNA isolation and routine clinical laboratory profiling. Similar to human sera, a 

panel of enzymes and proteins that serves as a liver function test (LFT) were performed.  

The LFT indicators included ALT, AST, alkaline phosphatase (ALP), total and direct 

bilirubin, and albumin, similar to the human sera. After the cardiac blood draw, rats were 

transcardially perfused with normal saline followed by 30mL RNAlater® (Qiagen, 

Valencia, CA) and their brains dissected to isolate the hippocampus. 
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4.2 Maternal ethanol exposure model 

For the maternal exposure model, Long Evans rats were divided into two groups 

of weight-matched dams (Figure 2). Within each group the animals were randomly 

assigned to one of two dietary treatments: ethanol or free choice liquid (FCL). Ethanol 

dams were initially weaned onto the ethanol diet from G6 – G10. Then dams in the 

ethanol group were given ad libitum access to a liquid ethanol containing diet (L10251, 

Research Diets Inc., New Brunswick, NJ). This diet provided 35% of their animal’s daily 

calories from ethanol during G11 to 20. This method of maternal alcohol treatment yields 

peak blood concentration levels of roughly 150 mg/dl (Youngentob et al., 2007). The 

FCL dams had ad libitum access to water and the same liquid diet but without ethanol. 

Within 24 hours of delivery all litters were fostered to dams that were fed the FCL diet 

during pregnancy. Following fostering, the surrogate dams were ad libitum fed standard 

laboratory chow and water. On P2, gender was determined for all litters and each litter 

was culled to a maximum of 10 animals with as close to an equal proportion of males and 

females as possible. 

4.3 Social enrichment model 

Detailed methods for the treatment of animals for the social enrichment study, as 

well as behavioral and mRNA expression outcomes, were described in Middleton et al 

(2012). Briefly, timed pregnant Long Evans rats were received on G4, with G1 

designated as the first day on which a sperm-positive plug was noted (Figure 3). These 

rats were housed at the Department of Veterans Affairs Medical Center (VAMC) in a 

facility accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) in Syracuse, NY.  All procedures were approved by the 
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Institutional Animal Care and Use Committees at both the Syracuse VAMC and SUNY 

Upstate Medical University, and were in accordance with the guidelines for animal care 

established by the National Institutes of Health. Rooms were maintained on a reverse 12-

hour light/dark cycle at 22°C (lights off at 7: 00 am).   

On G12, dams received an initial intraperitoneal (IP) injection of ethanol (2.9 g/kg 

as a 20% v/v solution in physiological saline) followed by a second IP injection two 

hours later of 1.45 g/kg ethanol. Control animals received IP injections of equivalent 

volumes of saline at the same timepoints. This method of ethanol administration leads to 

blood ethanol concentrations of 287 +/- 3.5 mg/dl within 15 min of the second injection. 

After birth, all litters were culled to 10 pups within 24 h, with equal ratios of 

males/females as best as possible. On P21, litters were weaned and male and female 

offspring were housed separately.  

After social behavior testing (described below), animals were injected 

intraperitoneally with 100 mg/kg ketamine and 10 mg/kg xylazine prior to decapitation. 

Brains were rapidly removed, snap-frozen on dry ice, and stored at –80°C until used for 

RNA extraction (see below). 

Social enrichment treatment involved housing experimental animals (offspring of 

saline- or ethanol-injected dams) with either 2 or 3 same-sex littermates (non-enriched 

condition) or 2 or 3 novel same-age, same-sex animals from a non-treated dam (social 

enrichment condition).  The effect of this manipulation on social behavior was evaluated 

on P42 by testing their responses to the introduction of another same-age, same-sex rat 

(from an untreated dam) over the course of a 10 minute Social Interaction Test (SIT). 

Among the behavioral measures assessed during the SIT were social investigation 
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(sniffing of the novel rat’s body), contact behavior (grooming, crawling over or under the 

novel rat), play fighting (following, chasing, nape attacks, pinning), and social motivation 

(a coefficient of social preference versus avoidance of the novel rat).  

5 COMPREHENSIVE TISSUE MIRNA PROFILING 

To help determine the potential tissue origins of any candidate serum-based 

miRNA biomarkers, we performed a detailed analysis of miRNA levels in 15 different 

tissues in a separate cohort of 3 untreated male P35 Long Evans rats. These tissues 

included an entire brain hemisphere, hindlimb muscle, lung, heart, kidney, thymus, 

pancreas, subcutaneous abdominal fat, stomach, testes, liver, skin, spleen, large intestine 

and small intestine.  Tissues were dissected and stored in RNAlater (Sigma), and 

subsequently homogenized prior to miRNA purification. Purified miRNAs from all 3 

animals were pooled together to generate a specific miRNA profile for each tissue of 

origin, except for the brain hemispheres which were run individually. 

6 IN VITRO ETHANOL EXPOSURE OF MOUSE NEURAL STEM CELLS 

Ethanol exposures of mouse NS5 NSCs were performed as described in Hicks et 

al. (2010). Briefly, twelve 10 cm dishes coated with poly-L-ornithine hydrobromide and 

laminin (Sigma-Aldrich, St. Louis, MI) were plated with 3.0x106 cells and incubated for 

24 hours in maintenance medium consisting of Neurobasal® medium fortified with B-27, 

L-glutamine (Life Technologies, Carlsbad, CA) and 10 mg/ml FGF2 (Peprotech, Rocky 

Hill, NJ). Plates were then separated into 4 groups and exposed to different media for 48 

hours: maintenance media containing FGF2 or replaced with TGFβ1 (R&D Systems, 

Minneapolis, MN). In another set of dishes, 400 mg/dl of ethanol was added in each type 

of supplemented media. All dishes were placed inside airtight containers with either 
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sterile water alone or with 400 mg/dl ethanol to maintain constant concentration 

throughout the exposure period (Adickes et al., 1988). After the exposure, cells were 

harvested for miRNA purification. 

7 EXOSOME EXPOSURE OF MOUSE NEURAL STEM CELLS 

For exosome transfer experiments, cell culture media was collected after the 

initial ethanol exposure and used as a source of exosomes. These were purified using the 

ExoQuick-TC reagent (SBI Biosciences, Mountain View, CA). Purified exosomes were 

then labeled using the ExoGlow labeling kit for RNA (SBI Biosciences, Mountain View, 

CA). These were then added to fresh tissue culture media and used to expose ethanol-

naïve NS5 cells for 48 hours. After exposure, the cells were dissociated and sorted using 

a BD FACS Aria III cell sorter. ExoGlow (+) cells were collected and subjected to gene 

expression profiling. 

8 NUCLEIC ACID PREPARATION AND EXPRESSION PROFILING 

Serum miRNAs from both humans and rats were purified using the miRNeasy 

Serum/Plasma kit (Qiagen, Valencia, CA). MicroRNAs from NSCs and all rat tissues 

were extracted using the miRNeasy Mini kit (Qiagen, Valencia, CA), with the protocol 

modified to also isolate messenger RNA. The yield, purity and size distribution of the 

RNA samples were assessed using a Bioanalyzer Nano RNA Lab Chip (Agilent, Santa 

Clara, CA).  

For next-generation sequencing (NGS), serum, rat tissue and NSC miRNA 

samples were used to prepare small RNA libraries using the TruSeq Small RNA Sample 

Prep Kit (Illumina, San Diego, CA). Messenger RNAs from NSCs and prenatal 

hippocampus were prepared for NGS using the TruSeq Stranded RNA Sample Prep Kit 
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(Illumina, San Diego, CA). NGS libraries were sequenced using a MiSeq or NextSeq 

Benchtop Sequencer (Illumina, San Diego, CA) after which data was uploaded into 

BaseSpace for initial quality control and mapping.  

FASTQ files were subsequently imported into Partek Flow (Partek Inc., St. Louis, 

MI) and Strand NGS (Strand Genomics, San Francisco, CA) suites for analysis. Base 

calls below a phred score of 20 were removed. Reads were aligned to the human hg19 or 

rat Rn4 reference genomes using the Bowtie algorithm (Langmead et al., 2009). These 

were then quantified against both miRBase and RefSeq transcript miRNA annotations. 

Any miRNAs that were detected in fewer than 5 human subjects were discarded from 

further analysis. Raw miRNA counts were then normalized to the total number of 

miRNA reads per sample and scaled to reads per million (RPM). The aligned reads were 

then quantified against the miRBase 21 transcript annotations for both precursor and 

mature miRNAs (Kozomara and Griffiths-Jones, 2014). Notably, the described 

purification methods allowed sequencing of very pure miRNA samples, with more than 

90% of all reads in the sample attributed to miRNAs.  

Where available, we also validated the changes observed in RNA sequencing 

(RNA-Seq) by examining the samples using GeneChip miRNA 2.0 and 3.0 arrays 

(Affymetrix, Santa Clara, CA). The same RNA samples used for sequencing were 

prepared using the FlashTag Biotin HSR RNA Labeling Kit (Affymetrix). Arrays were 

hybridized, washed, stained, and scanned according to manufacturer protocol and the data 

exported and normalized using robust multi-array (RMA) normalization in Partek 

Genomics Suite.  Messenger RNA from the postnatal hippocampus was hybridized to the 

Rat Gene ST 1.0 microarray chip (Agilent, Santa Clara, CA). 
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Unless otherwise stated, the appropriate test for group differences between AUD 

and control expression levels was determined using the Fisher’s F test to compare group 

variances. For miRNAs with equal variances between groups, the Student’s T-test was 

used. Group differences for miRNAs failing the variance test (p<0.05) was determined 

using a Welch’s T-test.  

For the social enrichment study, our primary analysis utilized  a 3 way ANOVA 

(2 genders x 2 prenatal diets x 2 postnatal treatments) for each brain region to identify 

miRNAs with highly-consistent changes (2-tailed p < 0.1 for both RNA-Seq and 

microarray analyses) due to prenatal ethanol exposure and social enrichment. These 

ANOVAs were followed by Fisher's post-hoc testing to compare specific groups within 

each brain region. Notably, after identifying the miRNAs with the most robust main 

effects within each brain region, we also performed exploratory 4 way ANOVAs, using 

the previous 3 factors plus brain region, and examined the top miRNAs for any evidence 

of significant interactions (e.g., brain region x diet, brain region x gender, brain region x 

social enrichment, and all other combinations of interactions). 

Human serum miRNAs were then designated into three different tiers depending 

on whether group differences and directional changes in expression levels were 

concordant with miRNA array data. Tier A molecules represented stringent, nominally 

significant (p<0.05) miRNAs generated from RNA-seq quantification that also showed a 

strong trend (p<0.1) and directionally consistent changes in the microarray data. Tier B 

molecules represented nominally significant (p<0.05) miRNAs as determined by RNA-

seq that showed similar directional changes in the array data regardless of the p-value. 

Tier C molecules were found to be nominally significant (p<0.05) only in the RNA-seq 
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data but were not interrogated by the probes on the miRNA arrays. When possible, the 

mature forms of the miRNAs were listed within each Tier (these contain a capital R in 

miR- and a -3p or -5p in the title, according to established convention).  

9 CORRELATION, CLUSTERING AND SYSTEMS-LEVEL ANALYSES 

The combined medical, demographic, neuropsychological and neuroimaging data 

were first evaluated for equality of variances using a Fisher’s F test. Group differences 

for variables with unequal variances were determined using a Welch’s T-test. Otherwise, 

group differences were evaluated using a Student’s T-test. 

Pearson correlation matrices were generated for AUD, Control and combined 

subject groups. Comparisons were made between the combined medical, 

neuropsychological and neuroimaging variables and the normalized serum miRNA levels 

for each individual. For matrices composed of AUD subjects, we also included indices of 

drinking consumption for comparison with miRNA levels. The significance of these 

correlations was calculated using an R to Z transformation and adjusted for multiple 

comparisons with the Benjamini-Hochberg false discovery rate correction algorithm 

(Benjamini and Hochberg, 1995).  

We combined all miRNAs from Tiers A, B, and C with the nominally significant 

medical, neuroimaging and neuropsychological variables for hierarchical clustering. This 

was performed using the MetaboAnalyst 2.0 suite (Xia et al., 2012). Data were scaled by 

mean-centering then division by the standard deviation of each variable. Clusters were 

created using Ward's method and the Pearson distance metric.   

The cross-tissue miRNA data from the rats were aligned and quantified as 

previously described (Ignacio et al., 2014). RPM normalized expression levels were then 
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imported into Microarray Experiment Viewer (MEV) software (TIGR, Johns Hopkins 

University; http://www.tm4.org/mev.html), subjected to per-miRNA median centering 

and log2 transformation and used for clustering analysis to compare the expression levels 

across the 15 tissues for miRNAs in Tiers A, B and C as well as ones with high 

correlations to clinical data. 

Systems-level analyses were initially performed using the Core Analysis 

workflow of QIAGEN Ingenuity® IPA platform’s Core Analysis package to identify 

enriched gene networks and canonical pathways considering only relationships that were 

highly predicted or experimentally observed. Expression levels from filtered datasets of 

interest (p<0.1) were used to predict activation or inhibition of interacting genes using the 

Molecular Activity Predictor function. All de novo networks and pathways were 

generated using IPA.The MicroRNA Target Filter workflow in IPA software was used to 

incorporate both experimentally observed and predicted mRNA targets related to each 

miRNA to generate a set of genes that were either increased as a result of decreased 

miRNA expression or decreased as a resulted of increased miRNA expression. 

Relationships included experimentally-determined data from the Ingenuity® curated 

database and highly predicted targets from the target prediction databases in TargetScan 

(Lewis et al., 2005), miRecords (Xiao et al., 2009) and TarBase (Vergoulis et al., 2012).  

Regardless of database, the miRNA-target predictions were generally based on 

sequence complementarity between the miRNA seed sequence within the mature region 

and the target mRNA. The findings identified describe mRNA targets that have opposing 

expression level changes to their predicted miRNA regulators. Because of their large-

scale nature, these results were exclusively examined at the network level.            
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Table 2. Human subject characteristics. AUD and control subject demographics. Both 

groups reflect the same average age and have an equal number of males and females 

participating. Subjects with alcohol use disorders were diagnosed using the DSM-IV 

alcohol abuse and dependence diagnostic criteria. A heavy drinking day was defined as 4 

standard drinks for women and 5 for men. 

 
 Control 

(n=10) 
AUD 

(n=20) 

DSM-IV Diagnosis 

 AA (n=4) AD 
(n=16) 

Gender  5F, 5M 10F, 10M 2F, 2M 8F, 8M 
Age (yrs)  30.9 30.9 26.8 31.9 
Drinking days last month  - 15.3 15.25 15.31 
Drinks/drinking day  - 5.1 4 5.4 
Heavy drinking days last 
week  - 1.2 1 1.25 

Age at onset  - 18.6 19.5 18.3 
Years drinking  - 12.4 7.25 13.6 
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Figure 1. Experimental overview of postnatal ethanol drinking paradigm. 



50 

 

  

Figure 2. Experimental overview of maternal ethanol exposure paradigm. 



51 

 

Figure 3. Experimental overview of social enrichment study. Timed pregnant female rats were received on gestational day 4 (G4) and 

split into 2 treatment groups - Ethanol (EtOH) or Saline. Each animal was injected twice on G12 with EtOH or an equivalent volume 

of Saline. Pups were delivered in their home cage, litters culled to 10 pups with a 1:1 ratio of males to females, and remained in their 

home cage until weaning. On weaning, rats were separated into Non-Social and Social-Enriched conditions for 3 weeks (P21-42), 

during which they were housed with 2-3 age- and sex-matched rats from their own litter or a novel litter from an untreated dam, 

respectively.  All animals underwent behavioral testing using the Social Interaction Test (SIT). After testing, rats were euthanized and 

tissue harvested for RNA profiling. 
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RESULTS 

1 MONITORING MICRORNAS IN HUMAN AUD SERUM RELATED TO 

CNS DAMAGE 

We determined the feasibility of using serum miRNAs to predict the extent of 

structural and functional CNS impairments associated with alcohol use disorders. The 

subjects recruited for this study were selected to reflect the same average age and an 

equal number of males and females in each group (Table 2). Such early detection could 

promote development of therapeutic and preventative interventions that might halt or 

potentially reverse the CNS effects.  

1.1 Comparison of AUD vs control subjects show reduction in brain regions, 

including clinical, medical and neuropsychological deficits 

Comprehensive demographic, medical, neuropsychological and neuroimaging 

data were collected from each of the subjects. Prior to hypothesis testing, variables were 

examined for equality of variance in AUD subjects and controls using a Fisher’s F test. 

Variables that passed the F test (p-value > 0.05) were examined for differences between 

AUD subjects and controls using a Student’s T-test, while those with unequal variance 

were tested using a Welch's T-test. Unless otherwise stated, we did not correct for 

multiple testing due to the relatively small sample size and the desire to identify as many 

potential biomarkers as possible in our initial parametric screen. These were subsequently 

examined for quantitative associations with the other variables of interest.  

Our statistical screen identified a relatively small set of variables that differed 

between AUD subjects and controls (Table 3). Among the standard medical laboratory 
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blood tests (including several that assesses liver function), only the gamma-glutamyl 

transferase (GGT) assay differed between AUD and control subjects, with an average 

increase of 84.9%. Notably, the average level in AUD subjects was 37.4 IU/L, which is 

above the normal range for males and females of the same age as our subjects. These 

elevated levels suggest at least some amount of early liver damage may be occurring in 

our subjects, since GGT elevations are commonly seen in patients with alcoholic liver 

disease, a well-documented effect of chronic alcohol consumption.  

Despite the large number of neuropsychological tests administered, AUD subjects 

only showed significant differences compared to controls in the Letter Fluency Test of 

the Delis-Kaplan Executive Function System (D-KEFS) (Delis et al., 2001). This test 

examines the ability to rapidly generate non-redundant words that begin with specific 

letters in a short time interval. The AUD subjects scored 21% worse on average than 

controls in their scaled scores, indicating a relative impairment of a specific language 

function. This observation is consistent with significant verbal fluency abnormalities that 

have been reported in patients with much longer histories of alcohol use disorders, 

including those with Korsakoff syndrome, a severe neurologic complication of AUD 

(Oscar-Berman et al., 2004).  Importantly, the lack of significant group differences in 

other timed performance measures on the D-KEFS (e.g., Trail Making Test) indicates 

that the change in Letter Fluency Test scores were not due to general motor impairment 

in our AUD subjects. 

The subtlety and specificity of our neuropsychological findings may reflect the 

younger average age of our subjects, where alcohol-related brain damage phenotypes are 

more difficult to detect. Comparisons of our results are most appropriately made to 
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neuropsychological studies of adolescent and young adult drinkers. Letter fluency tests 

on university age (18-20 years) subjects have not found differences in performance when 

binge drinkers were compared to non-binge drinkers (Parada et al., 2012). However, 

longer-term studies on adolescent alcohol abusers (13-19 years, followed up after 4 

years) have displayed significantly impaired language skills (Tapert and Brown, 1999). 

This suggests that the language impairment we observed manifests itself later in young 

adulthood since our AUD subjects typically started drinking during adolescence (average 

onset of drinking age: 18.6 years). Indeed, our AUD subjects showed a significant 

negative correlation between Letter Fluency Test score and the number of years drinking 

(R = -0.46, p < 0.05). Although the number of years drinking was confounded with age in 

our AUD subjects, we did not observe a significant association between age and Letter 

Fluency Test score in our controls. 

Screening for possible structural brain changes in AUD subjects versus controls 

was initially performed using a combination of two different autothresholding methods 

on skull-stripped 3D reconstructions of MRI data (Figure 4A). The moments method 

(Tsai, 1985) created a binary image which excluded the sulci while the triangle method 

(Zack et al., 1977) created a binary image that included sulci and thus encompassed the 

entire visible external dorsal brain surface. The difference between these two images 

indicated the percentage of visible surface area occupied by cortical sulci (Figure 4B). A 

Student's T-test performed on these measurements indicated significantly larger sulcal 

size (16 %, p = 0.017) in AUD subjects (Figure 4C).  

Having observed an increased sulcal size even in this relatively young cohort of 

AUD subjects, we further examined possible differences in regional brain volumes using 
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a comprehensive unbiased approach to measure more than 360 pre-defined brain regions 

with the FreeSurfer software suite (reviewed in Fischl, 2012). Moreover, in contrast to 

our previous volumetric analysis of older AUD subjects and controls (Hicks et al., 2012), 

we normalized all of these measurements to total brain volume in order to control for 

overall brain shrinkage that occurs with AUD or aging. In this manner, we hoped to find 

changes indicative of enhanced vulnerability to AUD in some brain regions in a younger 

cohort. The subsequent comparisons between AUD and control subjects yielded 20 

individual regions with volumes that differed between groups (Table 3). Notably, 

because of our normalization method, the magnitude of changes in these 20 regions can 

be considered greater than that of the entire brain. 

Consistent with our initial sulcal measurements, the FreeSurfer-based volumetric 

analysis supported widening of the left central sulcus as well as ventricular enlargement 

in the 3rd and 4th ventricles and an increase in total CSF volume. Four out of the seven 

regions representing ventricular and CSF spaces as well as sulci were larger in our AUD 

subjects. These findings support previous research showing greater than normal 

ventricular enlargement and sulcal widening in relation to increasing age (Pfefferbaum et 

al., 1997) as well as CSF size in alcoholic subjects (Pfefferbaum et al., 1993).  

Most of the remaining regional volumes showed a decrease in AUD subjects, 

consistent with their enhanced shrinkage relative to overall brain volume reduction. 

Indeed, alcohol-related brain damage (ARBD) has been well documented and does 

demonstrate some regional specificity, although some of these changes may be reversible 

by abstinence (Reviewed in Crews and Nixon, 2009). Examples of such regions include 

the anterior corpus callosum, which we observed to be almost 15% smaller in our AUD 
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subjects, consistent with a previous study of male (Pfefferbaum et al., 1996) and female 

alcoholics (Pfefferbaum et al., 2002). Notably, however, the average ages of participants 

in the studies from that group (Males: 48.8±10.7 Y; Females: 40.9±9.6 Y), were almost a 

decade older than our subjects (30.9±10.2 Y), suggesting that corpus callosum volume 

shrinkage is occurring earlier than previously thought.  

1.2 Global, high-throughput human miRNA expression screening and 

verification  

To ensure full coverage, a conservative cross-platform approach employing both 

miRNA microarrays and RNA-Seq was used for identification of potential miRNAs of 

interest. Quantification of miRNAs were based primarily on next-generation small RNA-

Seq, which has emerged as a highly accurate method of miRNA quantification owing to 

its sensitivity and considerable dynamic range (Wang et al., 2009). 

We performed a global screen of all known, curated miRNA molecules. 

Orthogonal validation was performed using Affymetrix miRNA GeneChips. The 

application of these two complementary technologies improved our capacity to discover 

relevant miRNAs that may have been overlooked had a single quantification method been 

employed. In addition, because miRNA microarrays are limited to the interrogated 

content of the arrays at the time of manufacture, we also included in our analyses those 

miRNAs which were found only by small RNA-Seq. 

Initial serum miRNA quantification was performed by aligning the Illumina 

RNA-Seq data to the hg19 human reference genome. This was performed because most 

miRNAs are encoded in intergenic regions, within non-coding RNA genes or the introns 

of protein-coding genes. These primary miRNA transcripts (pri-miRNAs) are transcribed 
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and processed in the nucleus before being exported out of the nucleus in their precursor 

hairpin forms (pre-miRNA). Further processing in the cytoplasm via the protein Dicer 

creates mature single-stranded miRNAs of approximately 20 nucleotides. These mature 

miRNAs then assemble into an RNA-induced silencing complex (RISC) that interacts 

with complementary messenger RNAs, and either target them for degradation or interfere 

with translation efficiency (reviewed in Bartel, 2009).   

After whole genome alignment, we quantified reads using the RefSeq transcript 

annotation database and miRBase, an established, high-confidence database of miRNAs 

(Kozomara and Griffiths-Jones, 2014). The latter quantified both precursor and mature 

miRNA regions. Inspection of our aligned reads against mature and precursor miRNA 

gene regions demonstrated that most reads were highly concentrated in one of two 

regions, corresponding to the mature -5p or -3p regions of individual miRNAs, with very 

few reads mapping to the flanking or internal sequence regions that would be derived 

from immature pre-miRNA or pri-miRNA alignments (Represented by Figure 5A). 

Indeed, a probe trend plot of all 1871 primary miRNA transcripts available in miRBase 

20 showed a striking bimodal distribution (Figure 5B), and strongly suggested that the 

majority of miRNAs we quantified in serum were present in a mature (i.e., fully 

processed and possibly bioactive) form. 

After alignment, we used the same statistical testing method described for the 

medical, demographic and neuroimaging variables to compare the miRNA levels 

between subject groups for both the RNA-Seq and microarray data sets. Individual 

miRNAs were then assigned to three different classification tiers depending on the 
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strength of evidence for concordant changes in gene expression across the two 

quantification platforms (Table 4).  

Because of the greater sensitivity and dynamic range of RNA-Seq, the values 

produced using this method formed the primary basis for comparison of the subject 

groups, with differences detected through the microarrays serving as a means of 

orthogonal validation. We then stratified the miRNAs we found 3 tiers to help prioritize 

specific miRNAs which merit further investigation (Table 4). 

Examination of the miRNAs that were most robustly changed in our AUD 

subjects indicated that most were increased in expression. This observation is consistent 

with miRNA findings in post-mortem brains of human alcoholics (Lewohl et al., 2011). 

Thus, the increased miRNA we detected in AUD subjects suggests a possible 

compensatory mechanism for neuronal injury, or potentially even enhanced transport of 

miRNAs from the brain to the periphery as a result of cell damage. Similar findings for 

other neurodegenerative conditions such as traumatic brain injury have also been reported 

(Truettner et al., 2013).  

We observed a total of 3 miRNAs in Tier A, 13 in Tier B, and 4 in Tier C (Table 

3). Interestingly, several of these miRNAs have been previously found to be present at 

abnormal levels in studies of postmortem human alcoholic brain tissue and animal 

models of ethanol exposure. For example, we found evidence of decreased mir-92b and 

increased mir-96, mir-24, mir-136, and let-7c in our AUD subjects, consistent with 

studies of primary cortical neurons (Guo et al., 2012), mouse frontal cortex (Nunez et al., 

2013) and rat ventral striatum (Ignacio et al., 2014; Li et al., 2013).  Moreover, mir-127, 

one of the molecules that we observed to change in the serum of AUD subjects were also 
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shown to change in the same direction in studies of hepatocytes from mice with alcoholic 

liver damage (Francis et al., 2014). In  whole zebrafish embryos exposed to alcohol, mir-

24: also changed in the same direction as our serum (Tal et al., 2012).  

On the other hand, we also observed some changes in the serum of AUD subjects 

that were opposite those reported in other studies. For example, we observed decreased 

expression of mir-301, while other studies have shown increased levels in various brain 

regions after alcohol exposure. This includes our own findings in the amygdala (Ignacio 

et al., 2014) of prenatally-exposed rats, as well as the prefrontal cortex (Nunez et al., 

2013; Tapocik et al., 2013) of postnatally-exposed mice, and the frontal cortex from post-

mortem brains of human alcoholics (Lewohl et al., 2011).   

One miRNA finding of particular interest is mir-30a, which we observed to be 

increased 94% in AUD subjects (Tier B; Table 4). Although mir-30 was found to be 

decreased in whole embryos after ethanol exposure (Tal et al., 2012), it has been 

consistently shown to be increased in the brain of various models of ethanol exposure 

including whole brain (Wang et al., 2009), nucleus accumbens (Li et al., 2013) and 

frontal cortex (Darcq et al., in press; Nunez et al., 2013). Moreover, through its 

regulation of BDNF expression, mir-30a overexpression in the frontal cortex has also 

been shown to promote excessive alcohol intake which can then be reversed by inhibition 

of miRNA activity (Darcq et al., in press).  

1.3 Association of serum miRNA levels with neuropsychological, demographic 

and neuroimaging variables 

We integrated our clinical and miRNA expression datasets to identify potentially 

relevant associations which could be further explored as indicators of AUD. This was 
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examined using a Pearson correlation test to compare miRNA expression levels and 

identify nominally significant neuropsychological, medical and neuroimaging 

measurements. These comparisons did not include correlations between brain regions or 

between miRNA levels, which would be very strong, but not particularly informative for 

this purpose. Notably, indices of alcohol consumption were only included in the 

association testing of AUD subjects (since our control subjects did not drink) in an effort 

to identify direct biomarkers of alcohol consumption. 

 Pearson correlations were used to calculate Z-scores and corresponding P-values. 

Variables that were changed in our parametric analyses (Tables 3 and 4) were not 

corrected for multiple testing when evaluating their correlations. The results of this 

association testing are shown in Table 5.  We also performed an exploratory screen of all 

expressed miRNAs against all other variables in order to detect strong associations in the 

AUD subjects that may have eluded detection in the parametric two group comparison. 

These correlations were not guided by any predictions about possible directional 

differences and thus were corrected for multiple testing using the Benjamini-Hochberg 

False Discovery Rate (FDR) algorithm. Variables with an FDR < 0.05 in the AUD 

subjects are displayed along with the R and FDR values observed in the Control subjects 

and combined subject groups (Table 6).   

Many significant correlations found with miRNAs in Tiers A, B and C were 

observed with distinct regions of the brain, including those that have already been 

identified as primarily decreased in alcoholics, such as the corpus callosum (Pfefferbaum 

et al., 1996) (mir-320a) as well as the left inferior frontal triangular gyrus (mir-24-1, mir-

136, mir-1976) and a similar region in the right inferior frontal lobe along the pars 
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opercularis (mir-24-1, mir-136). Notably, these two regions of the inferior frontal lobe 

are both involved in language function, and communicate with each other via the anterior 

corpus callosum. None of these particular miRNAs showed significant correlations with 

Letter Fluency Score.  However, one miRNA (miR-301a-3p) did exhibit significant 

correlations with Letter Fluency Score and a region of the anterior inferior temporal lobe 

(the right anterior collateral transverse sulcus), although the functions of this cortical area 

are unclear at this time.  The exploratory correlation analysis also identified some notable 

associations between miRNA levels and some of the drinking parameters (let-7a-5p, mir-

93, miR-139-5p, miR-1180-3p), blood pressure (mir-664), and brain areas involved in 

higher order visual, sensory, and limbic processing (mir-584-5p, mir-378a, mir-192-5p, 

mir-4433; Table 6).   

In addition to the correlation analyses of individual miRNAs and variables, we 

also used MetaboAnalyst 2.0 (Xia et al., 2012) to perform a hierarchical cluster analysis 

and identify patterns of correlations between sets of variables across subjects (Figure 6). 

The Ward clustering algorithm was employed for this because it most effectively 

distinguished AUD and control subjects (Figure 3, horizontal dashed line). 

The clusters derived from this analysis, composed of mixed variable and miRNA 

components provide additional insight into possible roles miRNAs play in the phenotypic 

changes we observe in AUDs. For example, one cluster whose associations were not 

evident in the Pearson correlation analysis contained Tier A molecule mir-92b and 

several brain regions (left and right cingulomarginal sulci, left and right inferior frontal 

lobe areas, and the anterior corpus callosum). Notably, mir-92b has been shown to be 

abundant in the developing cortex and regulate the development of intermediate cortical 
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progenitor cells (Nowakowski et al., 2013). While our AUD subjects were adults and 

thus not undergoing large scale cortical neurogenesis, these data nevertheless support a 

possible role for mir-92b in r brain damage resulting from AUD that will need further 

exploration because of the functional implications of the aforementioned brain areas 

regarding speech and language processing.   

Another cluster revealed through this analysis was one that grouped mir-1976 

with Letter Fluency Score and the Left ventral diencephalon (Figure 6, bottom left). As 

already mentioned, this same miRNA showed a significant correlation in AUD subjects 

with the left inferior frontal triangular gyrus (Table 4), although the pattern was much 

less evident when all subjects were clustered together. Notably, the FreeSurfer 

parcellation of the ventral diencephalon includes the hypothalamus, mammillary body, 

subthalamic nucleus and substantia nigra. There is clear evidence supporting involvement 

of the basal ganglia in speech and language processing and clear data that the 

mammillary body and hypothalamus are affected by chronic alcohol abuse in humans 

(Pitel et al., 2012; Sullivan and Pfefferbaum, 2009). Thus, changes in mir-1976 levels 

may have some clinical utility in classifying subjects with structural and functional brain 

alterations. 

1.4 Tissue origins of serum miRNAs 

Although a peripheral biomarker can be useful from a purely diagnostic or 

correlative perspective, we also attempted to obtain additional insight into the potential 

relevance of our serum-based miRNA data. Thus, we sought to determine possible tissue 

origins for miRNAs of interest by performing comprehensive miRNA profiling on 15 

distinct tissues derived from three normal adolescent (P35) male rats. Tissue-specific 



63 

 

profiles were generated on miRNAs from Tiers A, B and C as well as other miRNAs with 

highly significant Pearson correlations. These data were normalized to the total miRNA 

levels in each tissue and compared to brain hemisphere levels in these same animals by 

hierarchical cluster analysis to discern meaningful patterns across tissues (Figure 7).  

Using this method, we found that most of the miRNAs of interest were present in 

the whole brain at moderate to high levels (except for mir-378a). Moreover, at least 6 of 

the miRNAs were grouped together following this analysis and appeared to be brain-

enriched (mir-96-5p, mir-96, mir-92b, mir-127, mir-136, mir-136-3p; Figure 7, right). 

Notably, however, half of these were also enriched in muscle, spleen, skin, stomach, or 

testes, though in different combinations. Interestingly, mir-92b showed particular 

enrichment in brain and lung, which was not a common pattern among any other 

miRNAs.  Based on the cross tissue analysis, we are confident that at least some of the 

miRNAs in the serum could be derived from the brain, although we cannot rule out other 

contributing sources without additional studies. 

1.5 Pathway analysis identifies p53 as key hub 

We further extended our systems-level analysis beyond the miRNAs themselves, 

to explore possible functional predictions in experimentally-confirmed or highly-

predicted genes that are targeted by the miRNA molecules identified from human serum 

(Figure 8). Inspection of the networks and nodes formed by the secondary (miRNA-

gene) and tertiary (gene-gene) relationships revealed a few key hub molecules at the 

intersection of the common gene targets and networks affected by the miRNAs. The most 

striking of these hub molecules were p53 and TNF, which are critical mediators of cell 
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cycle progression, DNA repair and apoptosis. Thus, these molecules may exert key 

influences over the miRNA-induced changes resulting from alcohol exposure. 
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Figure 4. Subjects with alcohol use disorders have increased sulcal size. (A) Skull-

stripped brain reconstructions show increased sulcal size in subjects with AUDs when 

compared to age- and gender-matched controls. Dorsal views are shown with the anterior 

side oriented up. (B) Sulcal size was measured in each reconstruction and expressed as a 

percentage of the brain’s area. (C) Box plot of sulcal size measurements in all subjects. 

Group differences in % sulci between subjects with AUDs and controls were determined 

using a Student’s T-test.  
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Table 3.  Medical, neuropsychological, and neuroimaging variables with significant 

changes in AUD subjects. Comparison of various clinical and imaging parameters 

between AUD and control subjects. Neuroimaging measurements were normalized to 

whole brain size to correct for overall brain shrinkage before calculating % changes 

relative to values from controls.  w Indicates variables determined to have unequal 

variances using the Fisher's F test that were examined for differences between groups 

using the Welch’s T-test. All other variables were evaluated using the Student's T-test. 

 

Variable % ∆ 
AUD 

T-test 
p-value 

Equality of 
variance 

Medical 
Gamma-glutamyl transferase w  84.9 0.040 0.001 
Neuropsychological 
Letter fluency score w -21.8 0.017 0.035 
Normalized Neuroimaging Volumes 
Cerebrospinal fluid  31.7 0.005 - 
Anterior corpus callosum -14.6 0.008 - 
Left temporal superiorlateral gyrus -10.4 0.010 - 
Left ventral diencephalon    6.9 0.011 - 
Left central sulcus  16.7 0.012 - 
Left cingulomarginal sulcus -11.9 0.015 - 
Right temporal superiorlateral gyrus -10.7 0.019 - 
Right pars orbitalis white matter  13.3 0.024 - 
Left inferior occipital gyrus and sulcus  -14.9 0.026 - 
Left superior temporal cortex    -7.0 0.027 - 
Right anterior collateral transverse sulcus -15.4 0.032 - 
Left Brodmann’s area 3a  12.7 0.032 - 
Left superior frontal cortex    8.0 0.038 - 
3rd ventricle  22.3 0.039 - 
Right intraparietal and posterior 
transverse sulcus -10.3 0.041 - 

Right pars opercularis  -13.2 0.043 - 
Right superior parietal cortex   -8.4 0.043 - 
Left inferior frontal triangular gyrus  -16.0 0.044 - 
Right inferior parietal cortex   -7.7 0.049 - 
Right cingulomarginal sulcus  -8.4 0.050 - 
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Figure 5. MicroRNAs in serum are in mature form. (A) Representative image showing RNA-seq reads aligned to region on 

chromosome 13. Reads are concentrated on mature miRNA chromosome coordinates as defined by the miRBase 20 database. (B) A 

plot mapping reads across all precursor miRNAs in the human genome shows that reads are concentrated in regions that roughly 

correspond to mature miRNAs (i.e. either in the -3p or -5p regions).   
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Table 4. Most consistently changed miRNAs in AUD. RNA-sequencing of human serum samples determined miRNAs with 

nominally significant alterations and trends in subjects with AUDs. Comparison with microarray data subsequently identified changes 

that were consistent across platforms. MicroRNAs were classified into three tiers based on concurrence of both analyses. Where 

available, families for each miRNA are also listed. RPM, Reads per million; FC, Fold change; p-val, p-value. 

Symbol 
RNA-Seq Microarray 

miRBase Acc # miRBase 
Family 

miRBase Fam 
Acc # 

Ctrl 
RPM 

AUD 
RPM FC p-val FC p-val 

Tier A: RNA-seq p<0.05, Array p<0.1, Consistent % Δ AUD 
mir-96 MI0000098 mir-96 MIPF0000072 4.6 11.3 2.43 0.031 1.15 0.059 
mir-320b-1 MI0003776 mir-320 MIPF0000163 61.0 144.6 2.37 0.004 1.22 0.071 
mir-1976 MI0009986 mir-1976 MIPF0001633 4.1 9.9 2.38 0.039 1.24 0.081 

Tier B: RNA-seq p<0.05, Consistent % Δ AUD 
mir-24-1 MI0000080 mir-24 MIPF0000041 31.3 90.5 2.89 0.008 1.06 0.338 
mir-30a MI0000088 mir-30 MIPF0000005 108.2 209.9 1.94 0.014 1.05 0.860 
mir-92b MI0003560 mir-25 MIPF0000013 7141.9 4553.8 -1.57 0.016 -1.09 0.312 
miR-96-5p MIMAT0000095 mir-96 MIPF0000072 111.7 252.0 2.26 0.018 1.08 0.455 
mir-127 MI0000472 mir-127 MIPF0000080 68.6 158.9 2.32 0.021 1.08 0.455 
mir-136 MI0000475 mir-136 MIPF0000099 4.4 9.7 2.21 0.035 1.02 0.760 
miR-301a-3p MIMAT0000688 mir-130 MIPF0000034 205.9 85.1 -2.42 0.045 -1.02 0.878 
mir-320b-2 MI0003839 mir-320 MIPF0000163 61.3 148.8 2.43 0.004 1.05 0.333 
mir-421 MI0003685 mir-95 MIPF0000098 15.5 30.3 1.96 0.020 1.09 0.725 
miR-660-5p MIMAT0003338 mir-188 MIPF0000113 196.9 99.7 -1.98 0.028 -1.11 0.451 
mir-671 MI0003760 mir-671 MIPF0000358 14.8 44.4 3.00 0.003 1.04 0.692 
mir-3615 MI0016005 mir-3615 MIPF0001540 50.1 78.3 1.56 0.031 1.01 0.881 
mir-3676 MI0016077   2.1 11.1 5.37 0.027 1.13 0.218 
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Tier C: RNA-seq p<0.05, no probes on array 
let-7c-5p MIMAT0000064 let-7 MIPF0000002 289.9 752.7 2.60 0.028   
miR-136-3p MIMAT0004606 mir-136 MIPF0000099 97.5 204.4 2.10 0.042   
mir-320a MI0000542 mir-320 MIPF0000163 293.4 510.8 1.74 0.606   
miR-6803-3p MIMAT0027507   68.5 38.2 -1.79 0.050   
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Table 5. Variables correlated with Tiers A, B, or C miRNAs in AUD subjects (p < 0.05) Pearson correlation analysis of miRNA 

expression levels in AUD subjects reveals significant relationships between specific miRNA expression levels and other medical, 

drinking and neuroimaging variables that were significantly different in AUD subjects.  R, Pearson correlation coefficient; N, number 

of comparisons used in the calculation. 

miRNA Variable AUD Ctrl All 
R P-val N R P-val N R P-val 
In Tiers A,B and C 

mir-320a Anterior corpus callosum 0.880 0.022 17 -0.368 0.400 10 -0.184 0.406 
miR-660-5p Drinking days last month 0.626 0.030 6      
mir-421 Drinking days last week 0.482 0.020 12      
mir-320b-1 Drinks per drinking day 0.599 0.007 15      
mir-320b-2 Drinks per drinking day 0.934 0.002 15      
mir-24-1 Gamma-glutamyl transferase 0.448 0.034 16 -0.558 0.276 9 0.312 0.084 
mir-92b Gamma-glutamyl transferase 0.691 0.005 17 0.306 0.329 10 0.173 0.350 
mir-320a Gamma-glutamyl transferase 0.837 0.037 17 0.381 0.207 10 0.427 0.009 
mir-421 Gamma-glutamyl transferase 0.476 0.022 14 -0.396 0.404 9 -0.024 0.914 
mir-671 Gamma-glutamyl transferase 0.594 0.043 16 -0.016 0.968 9 0.538 0.001 
mir-1976 Gamma-glutamyl transferase 0.474 0.023 9 0.595 0.091 7 0.509 0.017 
mir-3615 Gamma-glutamyl transferase 0.476 0.028 17 -0.002 0.997 10 0.046 0.817 

mir-24-1 Left inferior frontal triangular 
gyrus 0.548 0.006 16 0.547 0.068 9 0.060 0.768 

mir-136 Left inferior frontal triangular 
gyrus 0.567 0.005 7 0.211 0.708 5 -0.108 0.753 

mir-1976 Left inferior frontal triangular 
gyrus 0.531 0.009 9 -0.069 0.887 7 -0.327 0.307 
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miRNA Variable AUD Ctrl All 
R P-val N R P-val N R P-val 

mir-320b-2 Left ventral diencephalon 0.930 0.002 17 -0.606 0.213 10 -0.229 0.311 
miR-301a-3p Letter fluency score 0.732 0.025 6 0.797 0.055 4 0.480 0.077 
mir-320b-2 Letter fluency score 0.771 0.032 17 -0.396 0.371 9 -0.467 0.065 
miR-660-5p Letter fluency score 0.602 0.040 6 0.700 0.114 4 0.753 0.001 

mir-30a Right anterior collateral 
transverse sulcus 0.467 0.026 17 0.080 0.819 10 -0.240 0.292 

miR-301a-3p Right anterior collateral 
transverse sulcus 0.845 0.005 6 0.652 0.152 5 0.728 0.002 

mir-92b Right cingulomarginal sulcus 0.547 0.037 17 0.209 0.524 10 0.390 0.019 
mir-24-1 Right pars opercularis 0.441 0.037 16 -0.009 0.983 9 -0.099 0.655 
mir-136 Right pars opercularis 0.447 0.034 7 -0.556 0.496 5 -0.287 0.443 
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Table 6. Variables significantly correlated with any miRNA in AUD subjects (FDR < 0.05). Pearson correlation analysis of miRNA 

expression levels in AUD subjects reveal significant relationships between specific miRNA expression levels and other medical, 

drinking and neuroimaging variables that were significantly different in AUD subjects.  R, Pearson correlation coefficient; FDR, 

Benjamini-Hochberg False Discovery Rate; N, number of pairs used in the calculation 

miRNA Variable AUD Ctrl All 
R FDR N R FDR N R FDR 

In all miRNAs 
let-7a-5p Heavy drinking days last week 0.846 0.034 9      
mir-93 Heavy drinking days last week 0.869 0.006 10      
miR-139-5p Heavy drinking days last week 0.992 0.048 4      
miR-1180-3p Heavy drinking days last week 0.975 0.043 3      
miR-584-5p Left lateral fusiform gyrus 0.804 0.040 17 -0.524 1 10 0.421 0.541 
miR-16-2-3p Left precuneus 0.977 0.040 8 -0.045 0.995 7 0.540 0.577 
mir-5010 Left subparietal sulcus 0.934 0.014 12 0.729 0.988 7 0.807 0.038 
miR-4433-3p Right insular white matter 0.948 0.047 10 0.004 1 8 0.309 1 
miR-4433b-
5p Right insular white matter 0.948 0.047 10 0.004 1 8 0.309 1 

mir-378a Right medial orbital olfactory sulcus 0.821 0.046 17 -0.268 1 10 0.463 0.597 
miR-150-3p Right paracentral white matter 0.830 0.034 16 0.724 0.616 8 0.702 0.062 
miR-192-5p Right rostral anterior cingulate 0.813 0.038 17 -0.123 0.993 10 0.469 0.356 
mir-664 Systolic blood pressure 0.995 0.003 8 -0.179 1 4 0.934 0.044 
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Figure 6. Variables and miRNAs delineate AUDs from controls. Hierarchical clustering 

of nominally significant clinical, neuropsychological and neuroimaging data combined 

with miRNAs belonging to Tiers A, B and C.  Clusters reveal relationships between 

specific serum miRNAs and brain volumes. Log normalized median scaled values are 

shown. L, left; R, right. 
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Figure 7. Comparison with tissue miRNA profiles 

suggests origins for specific serum miRNAs. Pooled 

miRNAs purified from tissues of 3 male P35 normal 

rats were compared to expression levels measured in 

whole brain hemispheres. Rattus norvegicus miRNA 

expression levels for specific miRNAs belonging to 

Tiers A, B and C and those highly correlated with other 

variables were clustered to determine miRNAs which 

are enriched in the brain compared to 14 other tissues. 

Br Hemi, brain hemisphere; Lg Int, large intestine; Sm 

Int, small intestine. 
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Figure 8. p53 is highly involved in AUD-related miRNA changes. Ingenuity IPA 

analysis of ethanol up- (red) or down- (green) regulated miRNAs in Tiers A & B show 

enrichment of molecules implicated in p53-related pathways. Molecular activity 

prediction shows a general inhibition of this pathway as a result of miRNA expression 

changes. Genes and miRNAs with increased or predicted increased expression are shown 

in red and orange, respectively, while genes and miRNAs with decreased or predicted 

decreased expression are shown in green and blue, respectively. Genes and miRNAs with 

conflicting predicted versus observed data are connected by yellow lines, and genes and 

miRNAs with absent data or unpredicted relationships are unfilled and connected by gray 

lines.
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2 MODELING POSTNATAL ADOLESCENT DRINKING AND CNS DAMAGE 

IN VIVO 

To evaluate the evidence for ethanol-specific miRNA changes consistent with our 

human findings, we performed comprehensive genome-wide transcriptional profiling of 

the brain and serum using a 3 week postnatal daily drinking paradigm. Because of the 

relatively young age of our subjects, we initiated this in adolescent rats, which matured 

into young adults during treatment. 

2.1 Blood alcohol, weight and liver function consistent with chronic alcohol 

exposure 

All 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 9). The average BEC levels at the mid-point of 

the study 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.   

To confirm the effects of ethanol in these adolescent rats, we administered 

standard liver function tests on their serum. Results show consistent and significant 

elevations in AST, ALP, and the AST/ALT ratio in ethanol versus PF rats (Figure 9).     

2.2 MicroRNA-mediated dysregulation in the hippocampus 

We profiled miRNA changes in the hippocampus by isolating microarray probes 

corresponding to miRNAs within the Rat Gene 1.0 Affymetrix array. This allowed the 

interrogation and profiling of 285 miRNAs from the hippocampus. Group differences 
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were determined using a 1-way ANOVA (Diet) with appropriate post-hoc testing. Out of 

all miRNA probes, we identified 27 miRNAs that were significantly changed as a result 

of ethanol exposure (Table 7). 

Additionally, we determined the genes altered as a result of  ethanol exposure. 

Because the array interrogates ~29,000 genes, we corrected p-values using a Benjamini-

Hochberg multiple comparison correction. This analysis yielded 25 genes that were 

below 0.1 FDR (Table 8).  

2.2.1 Synaptic potentiation affected in the hippocampus 

The filtered set of genes altered by ethanol (p <0.1) were subjected to pathway 

analysis using Ingenuity IPA software. The top functions related to this dataset included 

several involved in regulation of synaptic transmission. Overlaying this dataset to 

canonical pathways related to neurotransmitter and other nervous system signaling 

showed significant involvement of the synaptic long-term potentiation pathway (Figure 

10). An increase in receptor expression levels, such as for AMPA, NMDA and glutamate 

receptors suggested an increase in LTP activity as a result of ethanol exposure 

Using the same software, we next evaluated the regulation of messenger RNA 

targets related to the miRNAs we identified in Table 7. The combined list of all viable 

gene targets were then subjected to pathway analysis to determine common functions and 

relationships associated with miRNAs. As seen in Figure 11, we observed that p53 is a 

key hub molecule associated with miRNA-related expression level changes found in the 

hippocampus. This hub is consistent with that related to our findings in human serum, 

suggesting an important regulatory molecule.  
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2.3 Serum miRNAs reflect important expression changes in the brain 

For the rat serum analysis, we profiled 383 precursor and 339 mature miRNAs 

listed in the miRBase 21 database, the most current form available. This identified 14 

precursor and 26 mature miRNAs were significantly changed in the serum (Table 9).  

Interestingly, 8 of the miRNAs identified in the hippocampus were also 

consistently found in the serum (Table 10). One of these, mir-137 is particularly 

interesting because it has been shown as a major risk locus for five major psychiatric 

disorders: autism, attention deficit disorder, bipolar disorder, depression and 

schizophrenia (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013). 

Consistent with our canonical pathway analysis, it was recently found that a variant of 

this miRNA found in individuals with schizophrenia and bipolar disorder affects 

synaptogenesis and neuronal transmission (Strazisar et al., in press).   
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Figure 9. 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. Abbreviations:  

ET, Ethanol fed; PF, Pair-fed; ALP, Alkaline Phosphatase; ALT, Alanine 

Aminotransferase; AST, Aspartate Aminotransferase; Tot. Bili., Total Bilirubin 

Relative LFT values for daily ethanol fed rats (ET/PF ratios) 
Group Total Protein Albumin AST AST/ALT ALT ALP Tot. Bili 
All rats 1.010 0.990 1.040 0.670* 1.790* 1.460** 0.860 
Females 1.010 0.950 1.140 0.940* 1.940* 1.350** 1.040 
Males 1.010 1.000 0.980 0.540 1.680* 1.550* 0.780 
* p < .05, ** p < .01 for comparison of ET vs PF   
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Table 7. MicroRNAs altered in the hippocampus in postnatally-exposed adolescent rats 

miRNA miRBase 21 Acc p-val FC 
mir-212 MI0000952 3.62E-04 1.30 
mir-130b MI0000904 0.002 1.11 
mir-23b MI0000853 0.005 1.25 
mir-137 MI0000910 0.006 -1.16 
mir-7a-2 MI0000836 0.008 1.15 
mir-449a MI0001650 0.010 1.18 
mir-132 MI0000905 0.011 1.23 
mir-34b MI0000875 0.011 1.14 
mir-384 MI0006142 0.016 1.11 
mir-370 MI0003486 0.018 1.16 
mir-146a MI0000919 0.019 -1.19 
mir-154 MI0000923 0.019 1.45 
mir-345 MI0000631 0.019 1.12 
mir-29a MI0000863 0.021 1.12 
mir-544 MI0012593 0.023 1.39 
mir-374 MI0003552 0.024 1.11 
mir-195 MI0000939 0.025 1.17 
mir-329 MI0000604 0.025 1.17 
mir-300 MI0000971 0.027 1.32 
mir-433 MI0001724 0.030 1.18 
mir-377 MI0003487 0.032 1.37 
mir-10a MI0000841 0.035 -1.15 
mir-202 MI0012584 0.036 -1.09 
mir-320 MI0000972 0.045 -1.11 
mir-3578 MI0015451 0.049 1.19 
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Table 8. Genes highly altered in the hippocampus in postnatally-exposed adolescent rats 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Symbol BH FDR FC 
Flrt2 0.006 1.23 
Nr4a1 0.014 2.07 
Prkrip1 0.014 1.08 
Pdia6 0.014 -1.15 
Hspa5 0.031 -1.18 
Sesn1 0.034 -1.25 
Rpa2 0.061 -1.17 
Trim5 0.064 -1.21 
Arc 0.068 1.90 
Npas4 0.068 3.02 
Clasrp 0.069 1.15 
Traf2 0.074 -1.15 
Cct2 0.075 -1.08 
Fat3 0.080 1.21 
Egr1 0.083 2.01 
Junb 0.084 1.60 
Ugdh 0.087 -1.16 
Lman2l 0.087 -1.19 
Sf3b2 0.089 -1.06 
Fip1l1 0.090 -1.11 
Imp3 0.098 -1.24 
Sdf2l1 0.098 -1.40 
Mmachc 0.098 -1.27 
Usp34 0.098 1.18 
Edn1 0.099 1.51 
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Figure 10. Synaptic long-term potentiation pathway overlaid with hippocampal gene 

expression data (p<0.1). Figure conventions are the same as Figure 8.
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Figure 11. MicroRNA-mediated cell cycle pathway highly affected by ethanol in the 

hippocampus. Specific miRNAs involved are in bold. Figure conventions are the same as 

Figure 8. 
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Table 9. MicroRNAs altered in serum of postnatally-exposed adolescent rats 

miRNA miRBase 21 Acc p-val FC 
Precursor miRNAs 

mir-128-2 MI0000901 0.001 1.16 
mir-154 MI0000923 0.001 -1.29 
mir-199a MI0000941 0.006 1.21 
mir-490 MI0012585 0.007 1.23 
mir-653 MI0012600 0.010 -1.17 
mir-130b MI0000904 0.011 -1.11 
let-7e MI0000832 0.012 -1.21 
mir-137 MI0000910 0.015 -1.17 
mir-210 MI0000950 0.017 -1.20 
mir-23b MI0000853 0.029 1.10 
mir-665 MI0012606 0.039 1.36 
mir-135a MI0000908 0.041 -1.15 
mir-20b MI0003554 0.041 -1.16 
mir-214 MI0000954 0.049 1.15 

Mature miRNAs 
miR-146a-5p MIMAT0000852 1.25E-04 -1.47 
miR-451-5p MIMAT0001633 4.42E-04 1.54 
miR-145-5p MIMAT0000851 8.87E-04 2.56 
miR-221-3p MIMAT0000890 0.001 1.85 
miR-152-3p MIMAT0000854 0.005 1.77 
miR-199a-3p MIMAT0004738 0.006 3.79 
miR-195-5p MIMAT0000870 0.007 1.85 
miR-759 MIMAT0012856 0.009 -1.19 
miR-139-5p MIMAT0000845 0.011 1.77 
miR-214-3p MIMAT0000885 0.013 3.26 
miR-200a-3p MIMAT0000874 0.014 2.32 
miR-429 MIMAT0001538 0.017 2.17 
miR-140-3p MIMAT0000574 0.017 1.58 
miR-16-5p MIMAT0000785 0.019 1.34 
miR-29c-3p MIMAT0000803 0.019 1.40 
miR-300-3p MIMAT0000902 0.023 1.17 
miR-30a-5p MIMAT0000808 0.027 1.25 
miR-337-3p MIMAT0000577 0.027 1.11 
miR-196b-5p MIMAT0001082 0.032 -1.12 
miR-26b-3p MIMAT0004714 0.034 1.13 
miR-125a-5p MIMAT0000829 0.038 1.68 
miR-98-5p MIMAT0000819 0.041 -1.17 
miR-30d-5p MIMAT0000807 0.042 1.10 
miR-495 MIMAT0005320 0.043 1.12 
miR-23a-5p MIMAT0004712 0.046 -2.06 
miR-140-5p MIMAT0000573 0.047 1.72 
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Table 10. Highly altered hippocampal miRNAs consistently detected in serum of postnatally-exposed rats 

 

miRNA miRBase 21 Acc Hippocampus miRNA Serum 
p-val FC p-val FC 

mir-137 MI0000910 0.006 -1.16 mir-137 0.015 -1.17 
mir-23b MI0000853 0.005 1.25 mir-23b 0.029 1.10 
mir-146a MI0000919 0.019 -1.19 miR-146a-5p 1.25E-04 -1.47 
mir-154 MI0000923 0.019 1.45 miR-154-5p 0.154 1.10 
mir-195 MI0000939 0.025 1.17 miR-195-5p 0.007 1.85 
mir-297 MI0000968 0.080 1.28 miR-297 0.172 1.14 
mir-29a MI0000863 0.021 1.12 miR-29a-5p 0.139 1.13 
mir-300 MI0000971 0.027 1.32 miR-300-3p 0.023 1.17 
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3 MATERNAL USE OF ALCOHOL RESULTS IN MICRORNA 

DYSFUNCTION IN ADOLESCENT RATS  

Because we did not ascertain whether our AUD subjects were exposed to alcohol 

during gestation, there is a possibility that the miRNA changes we detected may be the 

result of a fetal exposure. Thus, we examined the serum and hippocampal miRNA 

profiles of adolescent rats which were prenatally exposed to alcohol. This study also 

expanded our biomarker investigation into developing ones that may prove to be useful in 

diagnosing and determining the severity of FASDs in specific individuals. 

3.1 MicroRNA-mediated dysregulation in the hippocampus 

Using next-generation sequencing, we found 11 miRNAs which were 

significantly changed by ethanol in the hippocampus (Table 11). All are precursor 

miRNAs, probably because there were insufficient reads to effectively sample mature 

miRNAs.  

In spite of this setback, a miRNA which is important for neuronal stem cell 

function and neurogenesis was identified (Reviewed in Coolen et al., 2013). Part of the 

mir-9 family, mir-9b-2 was increased as a result of ethanol exposure. This finding 

suggests a long-lasting effect of alcohol on neurogenesis mediated by miRNAs. This 

family has also been shown to regulate dopamine expression (Shi et al., 2014).  

Some these miRNAs were also found to be important in the regulation of stem 

cells. It has been shown that the transcription of mir-341 is directly regulated by the 

TGFβ signaling pathway through transcription factors Smad2/3 and FoxH1 in embryonic 

stem cells (Redshaw et al., 2013). Additional evidence suggests mir-22 may have a 

neuroprotective property (Jovičić et al., 2013). Similar to our findings, synaptic 



 

88 

 

preparations of mice with Fragile X syndrome show decreased mir-221 expression, 

suggesting its importance in synaptic function (Zongaro et al., 2013).  

3.1.1 Canonical pathway affected in the hippocampus related to UPR 

The top 20 mRNAs altered in the hippocampus are also shown in Table 12, 

although none of the genes survived multiple comparison correction. A subset of these 

hippocampal genes (p<0.1) were subjected to pathway enrichment analysis using 

Ingenuity IPA software.  

This analysis identified the unfolded protein response pathway as the most highly-

represented canonical pathway in the dataset. Expression levels were overlaid onto the 

pathway in Figure 12. The activity prediction based on these ethanol-induced changes 

suggests the activation of translation attenuation and increased protein folding. 

Considering a majority of the miRNAs found in the hippocampus decreased as a result of 

ethanol exposure, these findings suggest that there is a drastic loss in miRNA-mediated 

translational control. This could potentially overwhelm the translational mechanisms 

available in neurons and ultimately promote apoptosis. An additional analysis of miRNA 

targets from the hippocampus shows the ubiquitin complex (UBC) as a key hub molecule, 

further supporting this idea (Figure 13). 

3.2 Serum miRNA changes in prenatally-exposed animals 

From the serum of these adolescent animals, we profiled 383 precursor and 339 

mature miRNAs listed in the miRBase 21 database, the most current form of the 

database. This analysis identified 18 precursor miRNAs that were significantly changed 

in the serum (Table 13). None of the mature miRNAs in the serum survived multiple 
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comparison correction. Of the ones identified in the hippocampus, only mir-21 was also 

identified in the serum.  

Experimental evidence from cell culture experiments suggests that this specific 

miRNA can be delivered through exosomes taken up via clathrin-mediated endocytosis 

(Tian et al., 2014). This miRNA was also upregulated in the peripheral blood of heavy 

drinkers and  correlated with in stress-induced alcohol consumption (Beech et al., 2014). 

Conversely, it is downregulated in neurosphere cultures exposed to alcohol (Sathyan et 

al., 2007). These conflicting findings suggest unique functions of this miRNA in various 

stages of development or disease progression in the brain.  
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Table 11. MicroRNAs altered in the hippocampus in prenatally-exposed adolescent rats 

miRNA miRBase 21 Acc p-val FC 
mir-341 MI0000624 2.53E-04 -2.56 
mir-21 MI0000850 0.005 3.97 
mir-1843a MI0021535 0.012 -1.72 
let-7e MI0000832 0.020 -2.13 
mir-6333 MI0021859 0.033 1.91 
mir-3068 MI0021534 0.064 -1.96 
mir-1298 MI0021845 0.082 3.14 
mir-9b-2 MI0015439 0.091 4.86 
mir-22 MI0000851 0.092 -3.03 
mir-568 MI0012594 0.095 4.64 
mir-221 MI0000961 0.097 -2.27 
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Table 12. Top 20 genes altered in the hippocampus in prenatally-exposed adolescent rats 

 

 

 

 

 

 

 

 

 

 

Gene Symbol p-val FC 
Pdia3 1.00E-04 1.16 
Rpn2 2.50E-04 1.09 
Fga 3.36E-04 -1.54 
Arhgef7 4.09E-04 -1.12 
Cxcr1 0.001 -1.79 
Zfp472 0.001 -1.39 
Wnt3a 0.001 -1.92 
Vom1r15 0.002 -5.00 
Cyb561 0.002 1.25 
LOC688452 0.002 -1.33 
Amdhd1 0.002 -4.55 
Mum1l1 0.002 1.42 
Rad51c 0.002 -1.33 
Dnajb11 0.002 1.11 
Ino80b 0.002 -1.19 
Klk10 0.002 -1.89 
Ccdc183 0.003 -3.45 
Fos 0.003 2.01 
Lrrc18 0.003 3.57 
Efemp2 0.003 -1.23 
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Figure 12. Top function altered in hippocampus related to unfolded protein response. 

Figure conventions are the same as Figure 8. 
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Figure 13. MicroRNA-mediated unfolded protein response pathway highly affected by 

ethanol in the hippocampus. Note that the ubiquitin complex (UBC) is a key hub 

molecule in this network. Specific miRNAs involved are in bold. Figure conventions are 

the same as Figure 8. 
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Table 13. MicroRNAs altered in the serum in prenatally-exposed adolescent rats 

miRNA miRBase 21 Acc BH FDR p-val FC 
mir-103-1 MI0000888 0.053 0.005 1.45 
mir-664-2 MI0003723 0.054 0.004 2.60 
mir-92a-2 MI0000879 0.054 4.08E-04 1.52 
mir-210 MI0000950 0.055 0.003 2.18 
mir-541 MI0003527 0.057 0.005 2.80 
mir-143 MI0000916 0.059 0.001 -4.17 
mir-328a MI0000602 0.060 3.80E-04 3.09 
mir-3574 MI0015446 0.062 0.003 2.18 
mir-92a-1 MI0000878 0.062 0.005 1.65 
mir-10a MI0000841 0.064 0.007 -2.13 
mir-130b MI0000904 0.066 0.005 2.75 
mir-423 MI0006145 0.068 0.008 1.42 
mir-223 MI0000963 0.069 0.009 2.08 
mir-425 MI0006146 0.069 0.008 1.72 
mir-301a MI0000593 0.072 0.010 1.36 
mir-3556a MI0015416 0.073 0.011 2.46 
mir-29a MI0000863 0.077 0.011 2.46 
mir-484 MI0006151 0.080 0.002 2.66 

 

Table 14. Highly altered hippocampal miRNAs consistently detected in serum 

miRNA miRBase 21 
Acc 

Hippocampus miRNA Serum 
p-val FC p-val FC 

mir-21 MI0000850 0.005 3.97 mir-21-5p 0.041 2.19 
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4 EFFECTS OF SINGLE FETAL BINGE EXPOSURE AND BEHAVIORAL 

REVERSAL BY SOCIAL ENRICHMENT: THE IMPACT OF MIRNA 

REGULATION 

In this study, we ascertain the involvement of miRNAs as it relates to a single 

maternal exposure model with a well-defined phenotypic deficit and reversal as a result 

of a social intervention. Our previous study on the same cohort of rats, described in 

Middleton et al (2012), examined the effects of a form of environmental manipulation, 

termed social enrichment, during the post-weanling and early adolescent period (P21-

P42) in animals prenatally exposed to ethanol. 

One key finding of this initial study was that prenatal ethanol exposure negatively 

affected social motivation performance in both male and female rats following prenatal 

ethanol exposure (Mooney and Varlinskaya, 2011), but this impairment was reversed by 

social enrichment (Middleton et al., 2012). Furthermore, that study examined a specific 

subset of 660 mRNAs related to autism, anxiety and neurotransmission. Analyses of 

specific mRNA subsets from the amygdala and ventral striatum of adolescent rats 

following fetal ethanol exposure indicated several specific neurotransmitter systems and 

pathways that might underlie the social avoidance phenotype as well as its reversal. This 

study expands on that initial investigation by evaluating all mRNA gene expression from 

these two brain regions.  

The amygdala is critical for normal social behavior. Lesions of the amygdala alter 

social functions in humans and experimental animals (Adolphs et al., 2002), and 

developmental changes in the amygdala have been described in autism (Greimel et al., 

2013). The amygdala is thought to regulate social behavior in part through connections 
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with the prefrontal cortex, thalamus, and basal ganglia (Pennartz et al., 2011; Price, 

2003).  

Within the basal ganglia, the ventral striatum has been viewed as a critical 

integration center for social/emotional signals from the amygdala, as well as 

spatial/contextual information from the hippocampus, reward/motivational signals from 

midbrain dopamine neurons, and cognitive signals from the prefrontal cortex (Pennartz et 

al., 2011). This following section examines potential involvement of miRNA regulation 

in impairment and treatment. 

4.1 MicroRNAs are altered by prenatal ethanol exposure and social enrichment 

We performed a global screen of all known, curated miRNA molecules. The 

Affymetrix GeneChip miRNA 2.0 array that we used for orthogonal verification included 

probes for 780 Rattus norvegicus precursor and mature miRNAs (representing 

approximately half that number of unique miRNAs). The RNA-Seq analysis that we 

employed identified 1063 precursor and mature miRNAs listed in the miRBase 21 

annotation (Kozomara and Griffiths-Jones, 2014).  A total of 601 miRNAs could be 

cross-referenced based on exact sequence conservation of the array probe and RNA-Seq 

annotation.  In the space that follows, we describe first the changes due to fetal ethanol or 

postnatal social enrichment in these miRNAs, as seen in the amygdala and/or ventral 

striatum of both genders of rats. 

4.1.1 Ethanol effects 

In the amygdala, out of the 601 total miRNAs we identified a total of 291 

miRNAs with consistent changes (in the same direction) due to ethanol in non-enriched 

animals representing 48% directional concordance. Of these, 12 miRNAs were changed 
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in both platforms (at the p < 0.1 level) (Table 15, upper). An additional 17 miRNAs only 

found by RNA-Seq were also observed to change (at p < 0.05 level) due to ethanol 

effects in non-enriched rats (Table 15, upper). In rats subjected to social enrichment, we 

observed a total of 275 (46%) directionally concordant changes, with 1 miRNA changed 

(p < 0.1) in both platforms and 10 additional miRNAs significantly changed (p < 0.05) 

that were only found by RNA-Seq (Table 15, upper).  

In the ventral striatum, 281 of the miRNAs (47%) showed concordant directional 

changes due to ethanol in non-enriched animals, with 3 changed (at the p < 0.1 level) in 

both platforms and 11 additional miRNAs significantly changed that were only found by 

RNA-Seq (Table 16, upper). In rats subjected to social enrichment, a total of 284 (47%) 

miRNAs showed directionally concordant changes, with 3 changed (p < 0.1) in both 

platforms, and 13 additional miRNAs significantly changed (p < 0.05) that were only 

found by RNA-Seq (Table 16, upper).  

4.1.2 Social enrichment effects  

For social enrichment effects in the amygdala of control rats, 251 (42%) miRNAs 

showed directional concordance with 9 miRNAs changed in both platforms at the p < 0.1 

level and 11 additional miRNAs found by RNA-Seq (Table 15, lower). In corresponding 

ethanol-exposed rats, 286 (48%) showed directional concordance with 7 miRNAs 

changed in both platforms at the p < 0.1 level and 12 additional miRNAs found by RNA-

Seq (Table 15, lower). 

In the ventral striatum of control rats, 267 (44%) showed concordant directional 

changes due to enrichment, with 11 changed (at the p < 0.1 level) in both platforms and 9 

additional miRNAs changed (at the p < 0.05 level) by RNA-Seq (Table 16, lower). In 
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corresponding ethanol-exposed rats, 273 (45%) showed directional concordance with 7 

miRNAs changed in both platforms at the p < 0.1 level and 13 additional miRNAs found 

by RNA-Seq (Table 16, lower). 

We note that most of the 53 concordant miRNA differences found by both 

miRNA and RNA-Seq were similar in magnitude. However, the magnitude of the 

difference found by RNA-Seq exceeded the difference found by microarray by at least 

50% for 10 miRNAs, while the difference by array was 50% greater than RNA-Seq for 

only 2 miRNAs. These observations lend additional support for the growing awareness 

that RNA-Seq appears to have greater dynamic range than microarray-based expression 

profiling. 

From this point forward, we specifically chose to further examine the ethanol 

effect in non-enriched rats [N (EvC)] and the social enrichment effect in ethanol-exposed 

rats [E (SvN)], as these groups exhibited a striking reversal in social motivation 

(Middleton et al., 2012). Hierarchical cluster analysis showed distinct expression patterns 

in groups of miRNAs, including some with directional reversals resulting from social 

enrichment (Figure 14). Except for one (miR-381-5p), none of the miRNAs in this subset 

showed any main effects of gender. Thus, they do not appear to have gender-specific 

gene effects. 

This comparative analysis also revealed several notable individual miRNAs 

(Table 17). First, miR-874-5p was decreased in both the amygdala and ventral striatum. 

On the other hand, mir-183 was affected by social enrichment in both brain regions, with 

its mature miR-183-5p showing a striking 300-fold decrease in the amygdala and 5-fold 
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increase in the ventral striatum. Thus, brain region clearly influenced some of the miRNA 

results. 

In addition to single miRNAs, we also examined whether our miRNAs of interest 

belonged to the same miRBase families, which are clusters of highly-homologous 

sequences. Interestingly, the miRNA families that had common members, including mir-

122 (miRBase family accession # MIPF0000095) and mir-8 (miRBase family accession # 

MIPF0000019) had very similar fold changes and p-values within the same comparisons. 

We note that the identical results between members of the same miRNA family likely 

reflect the fact that our RNA-Seq analysis could not distinguish the two isoforms using 

the standard read count quantification algorithm that we employed.  

Additional experiments on precursor forms of these miRNAs would be needed to 

elucidate the effects of individual miRNAs within such families. This would be 

particularly interesting for the mir-8 family, whose members have been implicated in 

synaptic development (Lu et al., 2014). Most importantly, we also noted several miRNAs 

that appeared to significantly reverse their expression levels in the amygdala after social 

enrichment in ethanol-exposed animals. These include precursor miRNAs mir-204 and 

mir-299a as well as mature miRNAs miR384-5p, miR-222-3p, and miR-301b-3p. Because 

these molecular changes parallel the behavioral changes, it is possible that they may be 

more directly related to the primary mechanisms underlying each phenotypic effect. 

4.2 Differential modulation of targeted messenger RNAs converge on cell 

signaling and morphology 

In order to elucidate the large-scale functional changes being affected by ethanol 

and social enrichment, we performed functional network enrichment analysis using IPA 
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software. We first performed this analysis using only the specific miRNAs validated 

using both RNA-Seq and microarray that were altered by ethanol in non-social animals 

and by social enrichment in ethanol-exposed animals (Tables 15 and 16). The miRNA 

data were also integrated with mRNA data (p<0.1) derived from the same tissues 

(Middleton et al., 2012) using the IPA MicroRNA Target Filter workflow.  

The combined networks obtained by a core analysis of these datasets were merged 

and examined using data from the amygdala and ventral striatum. Overall, the functions 

represented by the resulting merged network included several cell signaling molecules. 

Hereafter, we refer to this merged network as a Cell Signaling network (Figure 15). Key 

hub molecules in this network of miRNAs and target mRNAs include p53, IGF1R, TNF 

and several others. Most interestingly, the Molecule Activity Predictor tool in IPA 

generally suggested a large scale activation (orange colors) of this network in the 

amygdala and inhibition (blue colors) in the ventral striatum.  

4.3 Ethanol effects reversed by social enrichment 

Focusing on the combined miRNA-mRNA target networks in the amygdala, the 

first major network identified was one involved in Cell Cycle processes (Figure 16, left). 

This network generally contained RNAs which were inhibited following prenatal ethanol 

(e.g., VAMP4, mir-154). Other genes within the network showed increased expression, 

including p53.  Remarkably, almost across the board, the pattern of changes in these 

genes due to prenatal ethanol was completely opposite the changes seen following social 

enrichment (Figure 16, right).  

On the other hand, corresponding ethanol effects in the ventral striatum revolved 

around Cell Death processes with inhibition of RNAs including MAP3K2 and 
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upregulation of RNAs like let-7 (Figure 17, left). These are predicted to inhibit cell death 

genes like AKT and ERK1/2. Again, the network appears activated as a result of social 

enrichment, resulting from downregulation of molecules such as miR-532-3p (Figure 17, 

right).  

4.4 Canonical gene expression pathways in neurons are altered by ethanol and 

reversed by social enrichment 

In addition to the networks identified above, we also chose to extend our 

previously reported characterization of 660 brain-related mRNAs of interest (Middleton 

et al., 2012) by examining the evidence for network level changes in four curated 

canonical IPA pathways: p53 signaling, GABA receptor signaling, Glutamate receptor 

signaling, and CREB signaling in neurons. Each of these appeared to be affected to 

different degrees in our prior analyses. 

We first examined the p53 signaling pathway because of differential responses 

between prenatal ethanol exposure and social enrichment (Figure 18). This network 

generally showed robust increases in expression following prenatal ethanol exposures in 

both the amygdala and ventral striatum. Following social enrichment, most of the genes 

in this network showed decreased expression in the ventral striatum, with a smaller subset 

showing decreased expression in the amygdala. Thus, the ventral striatum appeared to be 

more differentially responsive to the social enrichment effects on p53 signaling.  Notably, 

we and others have consistently observed highly consistent changes in p53/apoptosis 

signaling networks following ethanol exposure (Bell et al., 2009; Hicks et al., 2012).  

However, this is the first report we are aware of to report changes in p53 signaling genes 

following social enrichment.   
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We also examined evidence for changes in GABA, Glutamate and CREB 

signaling networks. Our rationale for doing so was based on the fact that ethanol acts as a 

GABA agonist and NMDA antagonist, and has well-characterized effects on CREB 

signaling within specific brain circuits involved in addiction, including the VTA, 

striatum, and cortex (Reviewed in Russo et al., 2010). Furthermore, GABA and 

Glutamate neurotransmitter systems have been shown to be differentially expressed in 

alcohol-preferring versus non-preferring rats (Kimpel et al., 2007) and alcohol’s effects 

on the central amygdala are known to affect glutamatergic and GABAergic transmission 

as a result of acute exposure (reviewed in Roberto et al., 2012).  

4.4.1 GABA receptor signaling 

In general, we observed trends for decreased expression of multiple GABA 

related transcripts following prenatal ethanol exposure in both the amygdala and ventral 

striatum (Figure 19, left). These trends were consistently reversed after social 

enrichment (Figure 19, right).  These observations suggest a plastic mechanism is in 

place within the basal forebrain. Markers for GABAergic neurons have been found in the 

amygdala as early as G20 in rats (Berdel and Moryś, 2000)  suggesting that this system 

could be responsive throughout much of the animal's lifetime. 

4.4.2 Glutamate receptor signaling 

In contrast to the changes seen for GABA networks, we found evidence of region-

specific changes in glutamate related genes. Specifically, prenatal ethanol exposure was 

associated with generally decreased expression in the amygdala and generally increased 

expression in the ventral striatum (Figure 20, left). However, following social 

enrichment, both of the brain areas tended to show large scale increases in expression 
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(Figure 20, right). These differences suggest that changes in glutamate signaling in the 

amygdala may be more directly linked to the social behavioral deficits we have observed, 

while changes in the ventral striatum may be more reflective of exposure to a drug of 

abuse. Furthermore, the ethanol findings are also consistent with observations on the 

acute effects of ethanol on glutamate receptor function  (reviewed in Möykkynen and 

Korpi, 2012). Our findings also suggest glutamate receptor-mediated synaptic plasticity is 

altered, particularly in the amygdala, consistent with was has been reported for ethanol 

effects in the hippocampus (Morrisett and Swartzwelder, 1993).  

4.4.3 CREB signaling in neurons 

Reinforcing the changes just described for glutamate signaling, the last network 

we examined was one involved in CREB signaling in neurons. In this case, we found it 

much more difficult to generalize about one specific direction of change within this 

highly-integrated cellular network across the two brain areas. Indeed, following prenatal 

ethanol exposure, more than 10 genes showed changes in distinctly opposite directions in 

the amygdala and ventral striatum (e.g., IGLUR, Gβ, Gγ, PLC, PKC, AKT, ERK, p90RSK, 

p300, CBP, TFIIB, TBP) (Figure 21, left). Following social enrichment, however, there 

was somewhat greater agreement between the two brain areas in the directionality (or 

predicted directionality) of the changes (Figure 21, right). These findings underscore the 

importance of examining entire transcriptional networks before reaching conclusions 

regarding the potential effect that a manipulation or treatment may have in a specific 

brain region.  Moreover, the results also highlight the utility of examining multiple brain 

regions.
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Table 15.  Nominally significant miRNAs in amygdala. Comparisons and fold changes 

measured using RNA-Seq and, where available, validated by microarray quantification. 

Table contains miRNAs with consistent changes at an uncorrected p-value cutoff of 0.1 

or less for either RNA-Seq and microarray data sets, or miRNAs that were not present on 

the array but were observed to change in the RNA-Seq data with an uncorrected p-value 

cutoff of 0.05 or less. 

miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

Ethanol Effect in Non-enriched Rats [EthanolNon-Social v ControlNon-Social] 
miR-1843a-3p MIMAT0024848 -1.50 0.097 -1.62 0.045 
miR-221-5p MIMAT0017163 -1.38 0.031 -1.15 0.004 
miR-29c-3p MIMAT0000803 -1.18 0.038 -1.12 0.068 
miR-384-5p MIMAT0005309 -1.12 0.063 -1.21 0.002 
miR-412-3p MIMAT0003124 -2.57 0.025 -1.20 0.032 
mir-129-1 MI0000902 -1.31 0.079 -1.27 0.089 
mir-138-2 MI0000911 -1.20 0.065 -1.28 0.014 
mir-155 MI0025509 1.34 0.057 1.24 0.026 
mir-322-2 MI0031763 -1.23 0.064 -1.36 0.017 
mir-34c MI0000876 2.83 0.072 1.52 0.013 
mir-496 MI0012622 -1.54 0.010 -1.18 0.031 
mir-9a-2 MI0000840 -1.17 0.062 -1.26 0.045 
miR-148a-5p MIMAT0035724 -1.19 0.011   
miR-15b-3p MIMAT0017093 4.50 0.024   
miR-221-3p MIMAT0000890 -1.27 0.010   
miR-222-3p MIMAT0000891 -1.23 0.030   
miR-299a-5p MIMAT0000901 -1.55 0.049   
miR-301b-3p MIMAT0005304 2.85 0.017   
miR-448-3p MIMAT0001534 4.07 0.040   
miR-449a-5p MIMAT0001543 3.84 0.044   
miR-495 MIMAT0005320 -1.46 0.035   
miR-6329 MIMAT0025068 -2.38 0.003   
miR-667-3p MIMAT0012852 -1.30 0.017   
mir-204 MI0000946 3.97 0.042   
mir-299a MI0000970 -1.46 0.007   
mir-3084a MI0030358 3.69 0.034   
mir-3556b-2 MI0031769 -1.18 0.006   
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miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

mir-448 MI0001639 3.59 0.050   
mir-6329 MI0021853 -1.45 0.045   

Ethanol Effect in Socially-Enriched Rats [EthanolSocial v ControlSocial] 
mir-218a-2 MI0000957 1.33 0.054 1.22 0.029 
let-7c-2 MI0000831 1.38 0.018   
let-7c-5p MIMAT0000776 1.39 0.005   
miR-148a-5p MIMAT0035724 -1.17 0.022   
miR-195-5p MIMAT0000870 1.25 0.039   
miR-6319 MIMAT0025056 -11.33 0.002   
miR-6324 MIMAT0025063 -25.25 0.005   
miR-872-3p MIMAT0005283 -1.39 0.002   
mir-195 MI0000939 1.26 0.044   
mir-6324 MI0021848 -4.38 0.008   
mir-708 MI0006160 1.25 0.030   

Social Enrichment Effect in Control Rats [SocialControl vs Non-SocialControl] 
miR-106b-5p MIMAT0000825 -1.35 0.001 -1.39 0.008 
miR-218a-5p MIMAT0000888 -1.30 0.032 -2.15 0.010 
miR-30c-5p MIMAT0000804 -1.09 0.096 -1.39 0.002 
miR-674-3p MIMAT0005330 -1.29 0.024 -1.50 0.072 
miR-96-5p MIMAT0000818 -3.78 0.099 -1.32 0.001 
miR-9a-3p MIMAT0004708 -1.11 0.087 -1.51 1E-06 
mir-218b MI0015428 -1.31 0.036 -1.42 0.029 
mir-503-2 MI0031773 -2.42 0.062 -1.46 0.001 
mir-544 MI0012593 5.25 0.022 1.24 0.068 
miR-106b-5p MIMAT0000825 -1.35 0.001 -1.39 0.008 
miR-218a-2-3p MIMAT0004740 11.03 0.045   
miR-221-3p MIMAT0000890 -1.20 0.034   
miR-299a-5p MIMAT0000901 -1.57 0.044   
miR-3084d MIMAT0035745 -1.84 0.041   
miR-503-3p MIMAT0017224 -1.76 0.032   
miR-6319 MIMAT0025056 2.16 0.043   
miR-6329 MIMAT0025068 -1.58 0.042   
miR-667-3p MIMAT0012852 -1.34 0.009   
miR-872-3p MIMAT0005283 1.28 0.011   
mir-6319-1 MI0021841 4.26 0.028   
mir-708 MI0006160 -1.24 0.033   
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miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

Social Enrichment Effect in Ethanol Rats [SocialEthanol vs Non-SocialEthanol] 
miR-17-1-3p MIMAT0004710 1.75 0.058 1.21 0.008 
miR-204-5p MIMAT0000877 -2.83 0.084 -3.52 0.057 
miR-376b-5p MIMAT0003195 1.36 0.015 2.29 9.7E-07 
miR-378a-5p MIMAT0003378 -1.98 0.014 -1.38 0.002 
miR-384-5p MIMAT0005309 1.12 0.060 1.12 0.038 
miR-874-5p MIMAT0017290 -1.91 0.047 -1.28 0.041 
mir-19a MI0000849 -1.88 0.079 -1.25 0.085 
miR-142-3p MIMAT0000848 -2.53 0.013   
miR-183-5p MIMAT0000860 -358.64 0.049   
miR-199a-3p MIMAT0004738 -1.51 0.027   
miR-222-3p MIMAT0000891 1.21 0.049   
miR-301b-3p MIMAT0005304 -2.21 0.041   
miR-3068-5p MIMAT0024845 1.47 0.013   
miR-3557-3p MIMAT0017820 -1.98 0.014   
miR-379-3p MIMAT0004791 1.31 0.019   
miR-493-3p MIMAT0003191 -2.80 0.050   
miR-6329 MIMAT0025068 1.84 0.049   
mir-296 MI0000967 1.45 0.034   
mir-299a MI0000970 1.41 0.015   
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Table 16.  Nominally significant miRNAs in ventral striatum. Comparisons and fold 

changes measured using RNA-Seq and, where available, microarray quantification. 

Conventions same as Table 15. 

miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

Ethanol Effect in Non-enriched Rats [EthanolNon-Social v ControlNon-Social] 
let-7c-1 MI0000830 1.17 0.035 1.07 0.009 
let-7c-2-3p MIMAT0017088 1.91 0.041 1.17 0.084 
mir-542-1 MI0003528 1.36 0.090 1.21 0.003 
miR-1247-5p MIMAT0035721 -1.79 0.047   
miR-133b-3p MIMAT0003126 11.64 0.016   
miR-345-3p MIMAT0004655 1.68 0.012   
miR-489-5p MIMAT0017196 -2.00 0.032   
miR-493-3p MIMAT0003191 -2.12 0.035   
miR-540-5p MIMAT0017211 -1.31 0.030   
miR-6314 MIMAT0025047 2.35 0.047   
mir-122 MI0000891 -5.54 0.004   
mir-1306 MI0021537 -1.48 0.046   
mir-3591 MI0015471 -5.54 0.004   
mir-6314 MI0021832 2.36 0.044   

Ethanol Effect in Socially-Enriched Rats [EthanolSocial v ControlSocial] 
miR-200b-3p MIMAT0000875 4.55 0.065 3.94 0.053 
miR-26b-3p MIMAT0004714 1.55 0.041 1.08 0.012 
mir-542-2 MI0031781 -1.34 0.037 -1.22 0.052 
miR-133b-3p MIMAT0003126 3.18 0.011   
miR-200a-3p MIMAT0000874 6.48 0.044   
miR-344g MIMAT0025052 -3.55 0.044   
miR-3553 MIMAT0017814 5.51 0.023   
miR-493-3p MIMAT0003191 -2.03 0.026   
miR-532-3p MIMAT0005323 -1.61 0.041   
miR-540-5p MIMAT0017211 -1.27 0.023   
miR-582-5p MIMAT0012833 -1.41 0.045   
mir-183 MI0000928 5.47 0.022   
mir-200a MI0000943 6.74 0.048   
mir-3548 MI0015404 6.74 0.048   
mir-3553 MI0015410 5.47 0.022   
mir-3577 MI0015449 4.48 0.007   
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miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

Social Enrichment Effect in Control Rats [SocialControl vs Non-SocialControl] 
miR-155-5p MIMAT0030409 1.61 0.098 1.47 2E-04 
miR-24-2-5p MIMAT0005441 1.14 0.085 1.28 0.031 
miR-27a-5p MIMAT0004715 3.55 0.038 1.31 2E-04 
miR-299a-3p MIMAT0017167 -1.54 0.018 -1.86 0.032 
miR-434-5p MIMAT0017307 1.11 0.030 1.45 1E-04 
miR-487b-3p MIMAT0003200 -1.15 0.037 -1.46 0.003 
mir-1247 MI0030348 -1.81 0.041 -1.13 0.071 
mir-31b MI0015412 1.27 0.079 1.16 0.042 
mir-487b MI0003547 -1.14 0.033 -1.22 0.042 
mir-653 MI0012600 -1.78 0.058 -1.41 0.011 
mir-673 MI0006158 1.19 0.068 1.18 0.075 
miR-1247-5p MIMAT0035721 -1.80 0.045   
miR-145-5p MIMAT0000851 1.49 0.017   
miR-224-5p MIMAT0003119 11.41 0.019   
miR-3592 MIMAT0017895 1.63 0.005   
miR-3594-3p MIMAT0017899 3.43 0.035   
miR-382-3p MIMAT0003202 1.63 0.005   
miR-653-5p MIMAT0012838 -1.84 0.038   
miR-98-5p MIMAT0000819 -1.10 0.047   
mir-3577 MI0015449 -4.40 0.008   

Social Enrichment Effect in Ethanol Rats [SocialEthanol vs Non-SocialEthanol] 
miR-141-3p MIMAT0000846 3.60 0.010 1.46 0.065 
miR-182 MIMAT0005300 3.51 0.001 1.27 0.050 
miR-200b-3p MIMAT0000875 5.09 0.020 5.45 0.058 
miR-320-3p MIMAT0000903 -1.20 0.055 -1.27 0.093 
miR-323-5p MIMAT0004637 1.23 0.023 1.17 0.071 
miR-874-5p MIMAT0017290 -1.88 0.001 -1.60 0.099 
mir-148a MI0030350 -1.20 0.090 -1.21 0.076 
miR-188-5p MIMAT0005301 -4.04 0.019   
miR-200a-3p MIMAT0000874 7.03 0.041   
miR-344g MIMAT0025052 -3.64 0.038   
miR-3553 MIMAT0017814 4.55 0.029   
miR-381-5p MIMAT0017220 3.47 0.047   
miR-532-3p MIMAT0005323 -1.64 0.033   
miR-6318 MIMAT0025055 2.13 0.008   
mir-183 MI0000928 4.70 0.026   
mir-200a MI0000943 6.81 0.048   
mir-3084a MI0030358 2.82 0.032   
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miRNA miRBase 21 
Accession 

RNA-Seq Microarray 
FC p-val FC p-val 

mir-344g MI0021837 -1.88 0.012   
mir-3548 MI0015404 6.81 0.048   
mir-3553 MI0015410 4.70 0.026   
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Figure 14. Clustering of miRNAs 

with ethanol and/or social 

enrichment effects. Hierarchical 

clustering analysis of fold change 

values in miRNAs with significant 

ethanol effects in non-enriched rats 

[N(EvC)] and social enrichment 

effect in ethanol rats [E(SvN)] for 

both brain regions: A, amgydala or 

V, ventral striatum.  
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Table 17.  Notable miRNA comparisons. Conventions same as Table 15. A N(EvC)-Ethanol effect in non-enriched rats’ amygdala; A 

E(SvN)-social enrichment effect in ethanol rats’ amygdala; V N(EvC)-ethanol effect in non-enriched rats’ ventral striatum; V E(SvN)-

social enrichment effect in ethanol rats’ ventral striatum. 

miRNA miRBase 21 
Accession Comparison RNA-Seq Microarray 

FC p-val FC p-val 
Decreased by Ethanol in Both Regions 

miR-874-5p MIMAT0017290 A E(SvN) -1.91 0.047 -1.28 0.041 
miR-874-5p MIMAT0017290 V E(SvN) -1.88 0.099 -1.60 0.001 

Affected by Social Enrichment in Both Regions 
miR-183-5p MIMAT0000860 A E(SvN) -358.64 0.049   
mir-183 MI0000928 V E(SvN) 4.70 0.026   

MicroRNA-122 Family Affected by Ethanol in Ventral Striatum 
mir-3591 MI0015471 V N(EvC) -5.54 0.004   
mir-122 MI0000891 V N(EvC) -5.54 0.004   

MicroRNA-8 Family Affected by Social Enrichment in Ventral Striatum 
mir-200a MI0000943 V E(SvN) 6.81 0.048   
miR-200a-3p MIMAT0000874 V E(SvN) 7.03 0.041   
miR-200b-3p MIMAT0000875 V E(SvN) 5.09 0.058 5.45 0.020 
miR-141-3p MIMAT0000846 V E(SvN) 3.60 0.065 1.46 0.010 
mir-3548 MI0015404 V E(SvN) 6.81 0.048   

Reversed by Social Enrichment in Amygdala 
mir-204 MI0000946 A N(EvC) 3.97 0.042   
miR-204-5p MIMAT0000877 A E(SvN) -2.83 0.084 -3.52 0.057 
miR-384-5p MIMAT0005309 A N(EvC) -1.12 0.063 -1.21 0.002 
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miRNA miRBase 21 
Accession Comparison RNA-Seq Microarray 

FC p-val FC p-val 
miR-384-5p MIMAT0005309 A E(SvN) 1.12 0.060 1.12 0.038 
miR-222-3p MIMAT0000891 A N(EvC) -1.23 0.030   
miR-222-3p MIMAT0000891 A E(SvN) 1.21 0.049   
mir-299a MI0000970 A N(EvC) -1.46 0.007   
mir-299a MI0000970 A E(SvN) 1.41 0.015   
miR-301b-3p MIMAT0005304 A N(EvC) 2.85 0.017   
miR-301b-3p MIMAT0005304 A E(SvN) -2.21 0.041   
miR-6329 MIMAT0025068 A N(EvC) -2.38 0.003   
miR-6329 MIMAT0025068 A E(SvN) 1.84 0.049   
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Figure 15. Ethanol and social enrichment effects on miRNAs. Conventions same as Figure 8. The results of a gene network level 

analysis of all of the miRNAs with changes in one or more of the contrasts listed in Tables 15 and 16 are shown. Note that in general, 

the network is activated in the amygdala and inhibited in the ventral striatum. 
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Figure 16. MicroRNA target effects in the amygdala on cell cycle signaling. Conventions same as Figure 8. Note that nearly all of the 

genes show a distinct reversal in their expression difference following social enrichment. 
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Figure 17. MicroRNA target effects in the ventral striatum on cell death signaling. Conventions same as Figure 8. Note that nearly all 

of the genes show a distinct reversal in their expression difference following social enrichment. 
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Figure 18. Ethanol and social enrichment effects on nuclear p53 signaling. Conventions same as Figure 8. Note that the changes in 

p53 signaling were highly similar in both brain areas following prenatal ethanol exposure (left), but showed differential 

responsiveness in the two brain areas following social enrichment (right). 
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Figure 19. Ethanol and social enrichment effects on GABA receptor signaling. Conventions same as Figure 8. Note that prenatal 

ethanol exposure generally inhibits GABA signaling and is reversed following social enrichment. In some cases, due to the presence 

of multiple isoforms of a gene with the same name, multiple colors are contained within a symbol. 
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Figure 20. Ethanol and social enrichment effects on glutamate receptor signaling. Conventions same as Figure 8. Note that this 

network tended to show differential changes due to prenatal ethanol exposure in the two brain areas (left), but somewhat more 

consistent changes following social enrichment (right).  
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Figure 21. Ethanol and social enrichment effects on CREB signaling in neurons. 

Conventions same as Figure 8. Note that the changes produced following prenatal ethanol 

exposure or social enrichment showed somewhat complex patterns, with some evidence 

of both region specific and treatment specific effects. 
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5 IN VITRO MODELING OF DISTAL MICRORNA-MEDIATED ETHANOL 

EFFECTS IN NEURAL STEM CELLS 

Our studies on extracellular biomarkers of alcoholism-related brain damage lead 

to several tantalizing questions regarding the mechanistic aspects of genetic transfer 

mediated by extracellular miRNAs. To that end, we sought to determine whether 

exosomes from ethanol-exposed cells would alter gene expression in ethanol naive cells 

in a similar manner.  

For this experiment, we used a previously-described in vitro ethanol exposure 

paradigm which has been used to model ethanol's effect on neuronal progenitors which 

ultimately develop into the cortex (Hicks et al., 2010). These NS5 NSCs can be exposed 

to ethanol and produce exosomes that are shed directly into the culture media. These can 

then be collected, purified, labeled and reintroduced into cells to determine the effect of 

exosomes on gene expression. 

5.1 MicroRNAs altered in ethanol-exposed neural stem cells target CREB and 

axonal guidance signaling 

We used two different growth factor treatments to simulate both maintenance and 

differentiation environments for the NSCs. Treatment with FGF2 helps the NSCs 

maintain in an undifferentiated state while treatment with TGFβ1 helps differentiate cells 

into neurons (Pollard et al., 2006).  

We established a baseline set of miRNAs which were altered as a result of a 48 

hour ethanol exposure. The FGF cells showed changes in 16 precursor and 15 mature 

miRNAs (Table 18). On the other hand, for the TGFβ1 cells we only observed 8 

precursor and 6 mature miRNAs change as a result of ethanol exposure (Table 19). This 
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may suggest that undifferentiated cells, such as neuronal precursors, are more susceptible 

to gene expression changes mediated by miRNAs. Alternatively, this may also suggest 

that differentiated neurons utilize less miRNAs to control gene expression.  

An analysis of mRNA targets altered by ethanol the FGF2-treated cells show an 

enrichment of molecules important for CREB signaling in neurons (Figure 22). The 

activation of this pathway is consistent with its importance in the development of alcohol 

addiction (Reviewed in Moonat et al., 2010). 

On the other hand, the TGFβ1-treated cells show an enrichment of molecules 

important for axonal guidance signaling. Expression level changes resulting from ethanol 

exposure suggest a general downregulation of signaling pathways for actin filament 

reorganization, microtubule assembly, axon turning outgrowth and turning response 

(Figure 23).  

5.2 Exosomes have few miRNAs, contain many other non-coding RNAs 

Contrary to other published reports in serum and saliva (Gallo et al., 2012), 

sequencing of RNA from purified exosomes yielded only a few miRNAs (Table 20). 

However, detectable miRNAs do include ones like let-7, that have been identified in 

human serum (Long et al., 2013) and cerebrospinal fluid (Lehmann et al., 2012).  A 

closer observation of the most abundant RNAs found that many reads could be attributed 

to small nuclear (e.g. Rnu11) and small nucleolar (e.g. Snord110) RNAs (Table 21).  

Recent additional evidence appears to corroborate our findings. Chevillet et al. 

(2014) used a stoichiometric approach to determine the levels of miRNAs in extracellular 

fractions and found that exosome fractions contained a small minority of the miRNA 
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content of various bodily sources including blood plasma. Overall, this suggests that 

exosomes may not be the major source of miRNAs in extracellular environments. 

5.3 Exosomes are taken up by neural stem cells 

To determine the gene expression changes occurring as a result of exosome 

exposure, we labeled purified exosomes from ethanol-exposed cells with an acridine 

orange-based label called ExoGlow. This dye labels RNA within exosomes and enabled 

identification of exosome (+) NSCs using flow cytometry (Figure 24).  

5.4 Messenger RNA targets of mir-181 are consistently changed in both ethanol- 

and exosome-exposed NSCs 

In order to determine genes similarly affected by both ethanol and exosome 

exposure, we identified mRNAs that showed consistent directional changes of at least 2-

fold. The FGF2-treated cells, showed 19 genes downregulated and 16 upregulated as a 

result of both treatments (Table 22). For the TGFβ1-treated cells, 34 genes were 

downregulated and 3 were upregulated as a result of both treatments (Table 23).  

Interestingly, a combined pathway analysis of these genes showed that many of 

these genes are predicted targets of mir-181, one of the few miRNAs detectable in the 

exosomes sequenced (Figure 25). Many of the molecules targeted are important in gene 

regulation such as Rho, FOS and Histone H3. Further, this combined pathway appears to 

be activated in FGF2-treated cells and inhibited in TGFβ1-treated cells. These patterns of 

activity are consistent with the decrease of mir-181 as a result of ethanol exposure in 

FGF2-treated cells and vice versa in TGFβ1.  
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Table 18. MicroRNAs highly altered in FGF2-treated NS5 cells as a result of ethanol 

exposure  

miRNA miRBase 21 Acc p-value FC 
Precursor miRNAs 

mir-10a MI0000685 0.001 1.88 
mir-149 MI0000171 0.095 -1.92 
mir-1843b MI0016971 0.050 -1.41 
mir-192 MI0000551 0.054 1.75 
mir-199a-1 MI0000241 0.031 -1.25 
mir-22 MI0000570 0.010 1.51 
mir-23b MI0000141 0.025 -1.59 
mir-30b MI0000145 0.016 -1.54 
mir-30c-2 MI0000548 0.066 -1.23 
mir-320 MI0000704 0.036 1.42 
mir-335 MI0000817 0.037 -1.35 
mir-339 MI0000621 0.069 -2.17 
mir-467d MI0005513 0.066 1.58 
mir-676 MI0005003 0.026 -1.25 
mir-6944 MI0022791 0.085 -1.23 
mir-744 MI0004124 0.096 -1.25 
mir-9-3 MI0000685 0.086 -1.30 

Mature miRNAs 
miR-10a-5p MIMAT0000648 3.65E-04 1.88 
miR-192-5p MIMAT0000517 0.001 1.72 
miR-22-3p MIMAT0000531 0.005 1.56 
miR-320-3p MIMAT0000666 0.015 1.26 
miR-335-5p MIMAT0000766 0.025 -1.47 
miR-130b-5p MIMAT0004583 0.026 1.48 
miR-1839-5p MIMAT0009456 0.045 -1.19 
let-7a-5p MIMAT0000521 0.051 -1.20 
miR-676-3p MIMAT0003782 0.053 -1.82 
miR-181a-5p MIMAT0000210 0.077 1.15 
miR-378a-3p MIMAT0003151 0.077 -2.00 
miR-149-5p MIMAT0000159 0.081 -1.79 
miR-361-5p MIMAT0000704 0.086 2.25 
miR-384-5p MIMAT0004745 0.091 -1.54 
miR-92a-1-5p MIMAT0017066 0.096 -1.96 
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Table 19. MicroRNAs highly altered in TGFβ1-treated NS5 Cells as a result of ethanol 

exposure  

miRNA miRBase 21 Acc p-value FC 
Precursor miRNAs 

mir-3074-2 MI0014104 0.010 1.48 
mir-374c MI0014108 0.025 -1.75 
mir-346 MI0000634 0.026 -1.82 
mir-374b MI0004125 0.031 5.57 
mir-24-1 MI0000231 0.060 1.45 
mir-3099 MI0004485 0.080 -2.13 
mir-28a MI0000690 0.081 -1.56 
mir-328 MI0000603 0.088 -1.59 

Mature miRNAs 
miR-338-3p MIMAT0000582 0.030 1.81 
miR-328-3p MIMAT0000565 0.040 -1.47 
miR-488-3p MIMAT0003450 0.049 -1.30 
miR-148a-3p MIMAT0000516 0.057 1.43 
miR-15b-5p MIMAT0000124 0.069 1.38 
miR-532-5p MIMAT0002889 0.083 1.66 
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Figure 22. Targets modified by ethanol in FGF2-treated cells converge on CREB 

signaling 
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Figure 23. Targets modified by ethanol in TGFβ1-treated cells converge on axonal guidance signaling.  
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Table 20. MicroRNAs detectable in exosomes purified from NS5 cells exposed to the 

following growth factors: F, FGF2 only; F+E, FGF2+Ethanol; T, TGFβ1 only and T+E, 

TGFβ1+Ethanol. Quantities detected expressed in reads per million (RPM). 

miRNA miRBase 
21 Acc 

FGF2-treated TGFβ1-treated 

FC F 
(RPM) 

F+E 
(RPM) FC T 

(RPM) 
T+E 

(RPM) 
let-7c-2 MI0000560 -5747 1007.0 0.2 -1.31 4535.1 3460.2 
mir-181a-1 MI0000697 -5747 1007.0 0.2 2.29 3023.4 6920.4 
mir-1843a MI0004155 4.56 504 2298.9 1.52 2279.6 3460.2 
mir-1843b MI0016971 -2.21 5035.2 2277.9 -21598 3779.3 0.2 
mir-3535 MI0026036 -1.06 974294 921839.1 -1.05 943009 896193 
mir-6236 MI0021583 6.58 5538.8 36446.5 1.83 15117.2 27681.7 
mir-677 MI0004634 2.26 9063.4 20501.1 1.96 15873.0 31141.9 
mir-99b MI0000147 -100 504 5 -1000 3799.4 5 
 



 

133 

 

Table 21. Most abundant RNAs found in exosomes are sn- and sno-RNAs. Conventions 

same as Table 20. 

Gene F (RPM) F+E (RPM) T (RPM) T+E (RPM) 
Gas5 69293 53910 61567 40027 
Lars2 32900 14679 21481 14548 
Rmrp 5872 6009 8404 4457 
Rn45s 533579 656451 538064 717037 
Rnu11 7182 3005 8853 2186 
Rnu12 20623 4121 22560 2775 
Snord110 6793 11246 7056 15473 
Snord15a 28921 13907 13302 6979 
Snord2 18003 29445 31683 32122 
Snord73a 13005 9099 10875 4120 
Snord87 5435 1030 5752 673 
Tmem38b 18488 25839 20582 29011 
mir-3535 974294 921839 943009 896194 
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Figure 24. Cell uptake of labeled exosomes (A) Flow cytometry plots of NS5 cells 

treated with labeled exosomes. Using a labeling system which labels RNA within 

exosomes with a fluorescent red tag, single exosome (+) cells can be sorted and collected 

for genomic profiling. (B) Representative image of NS5 Cells (engineered to express 

GFP, green) exposed to ExoGlow-labeled exosomes. Cells which took up exosomes are 

labeled red. Scale bar: 100 µm.  
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Table 22. Genes that consistently changed at least 2-fold in both ethanol-exposed and 

exosome-exposed FGF2-treated cells. 

Gene Ethanol-exposed Exosome-exposed 
p-val FC FC 

Asic5 0.002 -3.23 -3.60 
Slc16a3 0.002 -2.47 -2.77 
A230056P14Rik 0.003 2.13 5.67E+32 
Mki67 0.007 6.15 2.51 
Akap6 0.009 4.58 2.42 
Atf7ip 0.009 11.50 2.04 
Nfatc1 0.010 6.52 2.10 
Gm2897 0.011 -3.59E+06 -9.02 
Ganc 0.011 2.35 2.22 
LOC100504703 0.011 -5.09 -7.34 
Tssk2 0.011 2.65 2.92E+46 
Grin2d 0.014 3.56 2.24 
Sfrp5 0.016 -11.40 -2.43E+46 
Fos 0.016 2.21 2.01 
Pak6 0.017 -3.06 -2.94 
Camk2a 0.019 7.99 3.35 
H2-T23 0.019 -11.66 -5.63E+46 
Pkib 0.023 -8.22 -2.27 
Nyx 0.023 -9.91 -8.10E+45 
AA465934 0.023 -9.91 -2.77 
Sec1 0.024 -3.34 -20.43 
Pcdha11 0.025 -1.43E+08 -69906.97 
Msh3 0.026 3.38 2.16 
Zim3 0.029 2.07 2.85E+32 
Macf1 0.029 2.24 2.27 
1700028E10Rik 0.030 -2.76 -3.12 
Fscn2 0.035 -2.19 -2.54 
Fyco1 0.038 3.87 2.26 
Lrrc1 0.040 5.76 2.06 
Ism1 0.040 2.63 3.97 
Cct8l1 0.042 -4.67 -4.86E+46 
Itga2b 0.044 -2.13 -2.56 
Siglech 0.044 -5.17 -5.54 
Pspn 0.046 -2.46 -11.09 
Soat2 0.048 -13.75 -2.82 
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Table 23. Genes that consistently changed at least 2-fold in both ethanol-exposed and 

exosome-exposed TGFβ1-treated cells. 

Gene Ethanol-exposed Exosome-exposed 
p-val FC FC 

Fgf14 1.35E-04 -9.36 -4.19E+46 
AI427809 0.001 -5.33 -3.73 
Hist1h2be 0.002 -2.08 -3.05 
Pglyrp1 0.002 5.41 2.01E+46 
Gdnf 0.003 -3.35 -6.99E+45 
Angpt1 0.004 -3.21 -3.34 
Fcgr1 0.007 -3.13 -2.10E+46 
Plscr1 0.009 -3.87 -2.83 
Slc16a3 0.009 -2.02 -2.10E+46 
3110035E14Rik 0.010 -2.54 -6.99E+46 
Gpr4 0.011 -2.35 -2.61 
Thap1 0.012 -2.05 -2.11 
Tsnaxip1 0.012 -2.44 -4.19E+46 
Zc3h12b 0.014 4.87 2.19 
4930431F12Rik 0.017 -2.38 -1.40E+46 
Mzf1 0.019 -2.52 -2.18 
Frem1 0.020 -2.36 -2.61 
Adssl1 0.021 -8.85 -2.10E+46 
Atp2a1 0.021 -2.11 -3.50E+46 
Otud7a 0.023 -4.90 -9.09E+46 
Adam21 0.024 -3.39 -4.89E+46 
Lama1 0.024 -6.50 -5.48 
Lix1 0.029 -3.48 -7.69E+46 
Ryr3 0.031 -2.04 -2.26 
Sirt5 0.031 -2.62 -1.40E+46 
LOC102634101 0.032 -9.43 -2.10E+46 
Cxcl16 0.032 -2.40 -1.40E+46 
Lrrc17 0.034 -3.04 -1.05E+47 
Myh3 0.036 -4.83 -3.78E+46 
Anapc10 0.039 -4.81 -2.84 
Psg23 0.040 -2.07 -26.53 
Zfp763 0.041 -3.91 -2.40 
Agbl3 0.042 -3.24 -2.29 
Xrra1 0.047 -3.39 -6.29E+46 
Pcdha12 0.047 -6.57E+08 -1.63E+12 
Chd5 0.049 5.74 4.31 
Tas1r1 0.049 -2.83 -4.89E+46 
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Figure 25. Targets of mir-181, found in purified NS5 exosomes, are regulated similarly 

by ethanol and exosome exposure. Ethanol activates FGF2-treated cells and inhibits 

TGFβ1-treated cells. Note that this overall trend is similar between ethanol-exposed and 

exosome-exposed cells suggesting regulatory gene transfer mediated by exosomes. 
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6 CONVERGENT MICRORNA EFFECTS OF ETHANOL IN SERUM AND 

THE BRAIN 

This final section attempts to synthesize all miRNAs described in the preceeding 

sections of the dissertation. This was performed with the goal of identifying common 

miRNAs influenced by alcohol. Additionally, this provides an opportunity to dissect 

specific miRNAs that differentially affect one tissue type or age. We extended this 

similarity analysis to determine whether any of the miRNAs identified are from similar 

miRNA families, which could potentially work in concert and have the capacity to target 

the same genes.  

Further, we incorporated published alcohol-related changes regarding the specific 

miRNAs identified. We also determined whether they are consistent with our findings. 

These additional comparative analyses provided insight into whether miRNA changes are 

a direct effect of ethanol exposure or if other factors are at play. 

6.1 Specific miRNAs are enriched in the brain 

In addition to a comparative analysis, we also identified specific miRNAs which 

were enriched in the brain. Using tissue profiling of 15 different rat tissues, we were able 

to find many examples of brain-specific miRNAs when we considered all of the read 

data. Specifically, 41 miRNAs detected a minimum of 1 read per million were expressed 

at least 1000-fold higher in the brain compared to any other tissue (Figure 26).  

6.2 Ethanol influences on serum miRNAs 

All miRNAs we identified in blood serum from both our human subjects and rat 

exposure models are listed in Table 24. Of the 65 miRNAs identified across three 
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different studies, there is no single miRNA that was differentially expressed across both 

human and rat drinking model sera.  

Interestingly, the only miRNA that was consistent between our clinical study and 

the postnatal drinking model is mir-30a, which has been shown to be sufficient to induce 

excessive alcohol consumption in rats upon injection to the prefrontal cortex (Darcq et 

al., in press). This suggests that, in spite of the fact that we did not find a significant 

correlation between mir-30a and subject's indices of alcohol consumption, it may be a 

viable biomarker for acute alcohol consumption. Indeed, the increase in expression levels 

appear to be consistent among all members of the mir-30 family (miRBase family 

accession # MIPF0000005) identified across paradigms. 

We also found that both the prenatal and postnatal drinking serum models 

consistently identified a decrease in let-7e. This may suggest its utility as a viable 

biomarker for alcohol use only and cannot be used for individuals who smoke as well as 

drink, such as many of those we recruited for our human study. 

Contrary evidence for mir-221 between postnatal and prenatal drinking models 

suggests that this could be used as a biomarker to distinguish between prenatal and 

postnatally-exposed individuals. Perhaps mir-221 functions differently across different 

developmental stages. 

On the other hand, several miRNA families show consistent changes across 

various members of each family. These include the mir-16 (miRBase family accession # 

MIPF0000006), mir-8 (miRBase family accession # MIPF0000019), mir-130 (miRBase 

family accession # MIPF0000034) and mir-320 (miRBase family accession # 

MIPF0000163). These observations suggest that multiple miRNA molecules could 
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conceivably work in concert to influence similar expression changes. Functionally, it is 

noteworthy that the mir-8 family has  have been implicated in synaptic development (Lu 

et al., 2014). 

6.3 Ethanol-mediated effects on the central nervous system 

To synthesize the data from miRNAs sampled directly in the brain, we focused 

exclusively in the hippocampus and included our findings from ethanol-exposed NSCs. 

Of the 69 miRNAs identified across four different comparisons, there is no single 

miRNA that was differentially expressed across both the hippocampus and NSCs. Of 

these, only one showed cross-paradigm consistency: increased in mir-130 in rat postnatal 

and FGF2-exposed NSCs. Differences between prenatal and postnatal hippocampal 

miRNAs are perhaps not surprising, considering the canonical pathways identified for 

both appear to focus on different themes.  

On the other hand, analyses of miRNA families revealed additional similarities 

worth noting. One could consider the prenatally-exposed hippocampus and FGF2-treated 

cells to be similar in that both paradigms expose undifferentiated NSCs to ethanol. 

Similarities found between these two paradigms suggest longer-lasting miRNA 

expression changes that persist well into adolescence. The let-7 (miRBase family 

accession # MIPF0000002) and mir-1843 (miRBase family accession # MIPF0001119) 

families show consistent changes in these two exposure paradigms. Conversely, 

consistent findings between postnatally-exposed hippocampus and TGFβ1-exposed cells 

in the mir-15 family (miRBase family accession # MIPF0000006) suggest expression 

changes occurring as a result of ethanol exposure in differentiated neurons.  
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Finally, opposing directional changes for mir-23, mir-10a, mir-320 and mir-384 

in differentiated vs undifferentiated exposure paradigms suggests that these miRNAs 

have different regulatory roles depending on neuronal maturity.  

6.4 Paradigms converge on common molecular functions across in vivo and in 

vitro experiments 

Because extracellular miRNAs have the capacity to modulate multiple gene 

targets and show cell context-dependent effects, we performed an additional systems-

level analysis to augment our findings. Using all nominally significant miRNAs (p<0.1) 

in serum as well as NSCs, we determined which molecular functions were 

overrepresented in each dataset from both the in vitro and in vivo ethanol exposure 

paradigms and human serum miRNAs. Surprisingly, we found that 3 of the top 5 

molecular functions represented in the altered miRNAs overlapped across these very 

different data sets: (1) Cellular Development, (2) Cell Growth and Proliferation, and (3) 

Cell Death and Survival. These results provide strong evidence that alcohol induces 

global miRNA expression changes affecting these functions in the mature brain, and 

potentially in developing brain cells as well. Moreover, all of these changes are 

detectable in serum (Table 26).  
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Figure 26. Brain enriched miRNAs. MicroRNAs that were at least 1000-fold enriched in the brain compared to other tissues. Br 

Hemi, brain hemisphere; Lg Int, large intestine; Sm Int, small intestine. 
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Table 25. Compilation of miRNAs detected in serum across all paradigms as a result of alcohol exposure. Red Xs indicate an increase 

and green a decrease in expression levels as a result of alcohol exposure. MicroRNAs which are enriched at least 10 times more in 

brain compared to other tissues are marked. Consistent and inconsistent evidence in other alcohol exposure paradigms are listed for 

each miRNA. 

miRNA miRBase 
Family Human  Rat 

Postnatal  
Rat 

Prenatal  
10X Brain 
Enriched 

Alcohol Evidence 
Consistent Inconsistent 

mir-3676  X      

mir-6333    X  (Nunez et al., 2013) in mPFC; 
(Ignacio et al., 2014)  

miR-6803-3p  X      
mir-20b MIPF0000001  X     
let-7c-5p MIPF0000002 X      
let-7e MIPF0000002  X X   (Nunez et al., 2013) in mPFC 
miR-98-5p MIPF0000002  X     

mir-30a/30a-5p MIPF0000005 X X   
(Wang et al., 2009) in brains; (Li 
et al., 2013) in NAc; (Nunez et 
al., 2013) in mPFC; (Darcq et 
al.) in mPFC 

(Tal et al., 2012) in zebrafish 
embryos 

miR-30d-5p MIPF0000005  X   (Nunez et al., 2013) in mPFC  

miR-16-5p MIPF0000006  X   (Nunez et al., 2013) in mPFC  (Tal et al., 2012) in zebrafish 
embryos 

miR-195-5p MIPF0000006  X   (Darcq et al.) in mPFC; (Nunez 
et al., 2013) in mPFC   

miR-29c-3p MIPF0000009  X   
(Guo et al., 2012) in cortical 
cultures; (Li et al., 2013) in NAc; 
(Ignacio et al., 2014) in 
amygdala 

(Wang et al., 2009) in brains 

mir-92b MIPF0000013 X    (Li et al., 2013) in NAc  
mir-9b-2 MIPF0000014   X Y (Pietrzykowski et al., 2008) in (Tal et al., 2012) in zebrafish 
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miRNA miRBase 
Family Human  Rat 

Postnatal  
Rat 

Prenatal  
10X Brain 
Enriched 

Alcohol Evidence 
Consistent Inconsistent 

supraoptic nucleus; (Nunez et 
al., 2013) in mPFC; (Wang et 
al., 2009) in brains 

embryos; (Qi et al., 2014) in 
cortical granule neurons; 
(Ignacio et al., 2014) in 
amygdala; (Sathyan et al., 
2007) in neurosphere cultures 

mir-154 MIPF0000018  X   (Wang et al., 2009) in brains (Guo et al., 2012) in cortical 
cultures 

miR-300-3p MIPF0000018  X     

miR-200a-3p MIPF0000019  X   (Laufer et al., 2013) in brains; 
(Wang et al., 2009) in brains 

(Dolganiuc et al., 2009) in liver; 
(Dippold et al., 2013) in liver 
 

miR-429 MIPF0000019  X   
(Guo et al., 2012) in cortical 
cultures; (Nunez et al., 2013) in 
mPFC  

 

miR-23a-5p MIPF0000027  X    (Nunez et al., 2013) in mPFC 
mir-23b MIPF0000027  X   (Nunez et al., 2013) in mPFC  

mir-135a MIPF0000028  X  Y  (Lewohl et al., 2011) in 
postmortem PFC 

miR-196b-5p MIPF0000031  X   (Dippold et al., 2013) in liver; 
(Nunez et al., 2013) in mPFC   

miR-125a-5p MIPF0000033  X   (Tal et al., 2012) in zebrafish 
embryos  

mir-130b MIPF0000034  X    

(Ignacio et al., 2014); (Lewohl 
et al., 2011) in postmortem 
PFC; (Nunez et al., 2013) in 
mPFC; (Tapocik et al., 2013) in 
mPFC 

miR-301a-3p MIPF0000034 X     
(Guo et al., 2012) in cortical 
culture; (Dippold et al., 2013) in 
liver 

mir-199a/-3p MIPF0000040  X    (Lewohl et al., 2011) in 
postmortem PFC 

mir-24-1 MIPF0000041 X    (Guo et al., 2012) in neuronal  
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miRNA miRBase 
Family Human  Rat 

Postnatal  
Rat 

Prenatal  
10X Brain 
Enriched 

Alcohol Evidence 
Consistent Inconsistent 

cultures; (Tal et al., 2012) in 
zebrafish embryos; (Nunez et 
al., 2013) in mPFC 

miR-26b-3p MIPF0000043  X   
(Nunez et al., 2013) in mPFC ; 
(Guo et al., 2012) in cortical 
cultures 

 

mir-128-2 MIPF0000048  X     
mir-221/221-3p MIPF0000051  X X  (Nunez et al., 2013) in mPFC; (Ignacio et al., 2014) in amygdala 

mir-22 MIPF0000053   X   
(Tal et al., 2012) in zebrafish 
embryos; (Dippold et al., 2013) 
in liver; (Li et al., 2013) in NAc 

miR-152-3p MIPF0000056  X   

(Nunez et al., 2013) in mPFC; 
(Laufer et al., 2013) in brains; 
(Wang et al., 2009) in brains; 
(Lewohl et al., 2011) in 
postmortem PFC; (Guo et al., 
2012) in cortical cultures; 
(Dippold et al., 2013) in liver 

(van Steenwyk et al., 2013)in 
cultured neuroblastoma 

mir-21 MIPF0000060   X  
(Dippold et al., 2013) in liver; 
(Francis et al., 2014) in cultured 
hepatocytes; (Beech et al., 
2014) in peripheral blood 

(Sathyan et al., 2007) in 
neurosphere cultures 

mir-214 MIPF0000062  X    (Dippold et al., 2013) in liver 
miR-214-3p MIPF0000062  X     

mir-96/95-5p MIPF0000072 X    
(Guo et al., 2012) in neuronal 
cultures; (Nunez et al., 2013) in 
mPFC 

 

miR-145-5p MIPF0000079  X   
(Wang et al., 2009) in brains; (Li 
et al., 2013) in NAc; (Nunez et 
al., 2013) in mPFC  

(Guo et al., 2012) in cortical 
cultures; (Tal et al., 2012) in 
zebrafish embryos 

mir-127 MIPF0000080 X    (Francis et al., 2014) in cultured 
hepatocytes   

miR-140-3p MIPF0000085  X   (Lewohl et al., 2011) in (Balaraman et al., 2012) in 
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miRNA miRBase 
Family Human  Rat 

Postnatal  
Rat 

Prenatal  
10X Brain 
Enriched 

Alcohol Evidence 
Consistent Inconsistent 

postmortem PFC; (Tal et al., 
2012) in zebrafish embryos; 
(Nunez et al., 2013) in mPFC  

neurosphere cultures 

miR-140-5p MIPF0000085  X   
(Lewohl et al., 2011) in 
postmortem PFC; (Tal et al., 
2012) in zebrafish embryos; 
(Nunez et al., 2013) in mPFC  

(Balaraman et al., 2012) in 
neurosphere cultures 

mir-210 MIPF0000086  X    (Tal et al., 2012) in zebrafish 
embryos 

mir-421 MIPF0000098 X      

mir-136/136-3p MIPF0000099 X    
(Guo et al., 2012) in neuronal 
cultures; (Nunez et al., 2013) in 
mPFC 

 

miR-146a-5p MIPF0000103  X    (Lewohl et al., 2011) in 
postmortem PFC 

mir-137 MIPF0000106  X  Y  (Li et al., 2013) in NAc 

miR-495 MIPF0000110  X   
(Guo et al., 2012) in cortical 
cultures; (Prins et al., 2014) in 
hippocampus 

(Laufer et al., 2013) in brains; 
(Ignacio et al., 2014) in 
amygdala 

miR-660-5p MIPF0000113 X      

miR-139-5p MIPF0000117  X   
(Guo et al., 2012) in cortical 
cultures; (Dippold et al., 2013) 
in liver 

 

miR-451-5p MIPF0000148  X   (Nunez et al., 2013) in mPFC   

mir-320a MIPF0000163 X    
(Nunez et al., 2013) in mPFC; 
(Dippold et al., 2013) in liver; 
(Dolganiuc et al., 2009) in liver 

(Li et al., 2013) in NAc 

mir-320b-1 MIPF0000163 X    
(Nunez et al., 2013) in mPFC; 
(Dippold et al., 2013) in liver; 
(Dolganiuc et al., 2009) in liver 

(Li et al., 2013) in NAc 

mir-320b-2 MIPF0000163 X    
(Nunez et al., 2013) in mPFC; 
(Dippold et al., 2013) in liver; 
(Dolganiuc et al., 2009) in liver 

(Li et al., 2013) in NAc 
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miRNA miRBase 
Family Human  Rat 

Postnatal  
Rat 

Prenatal  
10X Brain 
Enriched 

Alcohol Evidence 
Consistent Inconsistent 

miR-337-3p MIPF0000195  X   (Guo et al., 2012) in cortical 
cultures  

mir-490 MIPF0000229  X   (Guo et al., 2012) in cortical 
cultures  

mir-341 MIPF0000269   X    
mir-671 MIPF0000358 X      

mir-665 MIPF0000404  X   
(Guo et al., 2012) in cortical 
cultures; (Lewohl et al., 2011) in 
postmortem PFC 

 

mir-568 MIPF0000408   X    
mir-653 MIPF0000435  X     
mir-1298 MIPF0000598   X Y   
miR-759 MIPF0000706  X     

mir-1843a MIPF0001119   X  (Ignacio et al., 2014) in 
amygdala  

mir-3615 MIPF0001540 X      
mir-3068 MIPF0001596   X    
mir-1976 MIPF0001633 X      



 

148 

 

Table 25. Compilation of miRNAs detected in the hippocampus and NSCs across all paradigms as a result of alcohol exposure. Red 

Xs indicate an increase and green a decrease in expression levels as a result of alcohol exposure. Consistent and inconsistent evidence 

in other alcohol exposure paradigms are listed for each miRNA. 

miRNA miRBase 
Family 

Rat 
Prenatal 

NS5 
FGF2 

Rat 
Postnatal 

NS5 
TGFβ1 

Alcohol Evidence 
Consistent Inconsistent 

mir-467d   X     
mir-6333  X      
mir-6944   X     
let-7a-5p MIPF0000002  X    (Nunez et al., 2013) in mPFC 
let-7e MIPF0000002 X     (Nunez et al., 2013) in mPFC 

mir-30b MIPF0000005  X    (Li et al., 2013) in NAc; (Nunez et 
al., 2013) in mPFC 

mir-30c-2 MIPF0000005  X     

miR-15b-5p MIPF0000006    X 

(Ignacio et al., 2014) in amygdala; 
(Lewohl et al., 2011) in 
postmortem PFC; (Guo et al., 
2012) in cortical cultures; (Nunez 
et al., 2013) in mPFC  

(van Steenwyk et al., 2013)in 
cultured neuroblastoma; (Li et al., 
2013) in NAc 

mir-195 MIPF0000006   X  (Darcq et al.) in mPFC; (Nunez et 
al., 2013) in mPFC   

miR-181a-5p MIPF0000007  X   
(Darcq et al.) in mPFC; (Nunez et 
al., 2013) in mPFC; (Qi et al., 
2014) in cortical granule neurons 

 

mir-29a MIPF0000009   X  (Li et al., 2013) in NAc; (Nunez et 
al., 2013) in mPFC  

(Qi et al., 2014) in cortical granule 
neurons 

miR-92a-1-5p MIPF0000013  X   (Guo et al., 2012) in cortical 
cultures; (Li et al., 2013) in NAc 

(Lewohl et al., 2011) in 
postmortem PFC 

mir-9-3 MIPF0000014  X   
(Tal et al., 2012) in zebrafish 
embryos; (Qi et al., 2014) in 
cortical granule neurons; (Ignacio 

(Pietrzykowski et al., 2008) in 
supraoptic nucleus; (Nunez et al., 
2013) in mPFC; (Wang et al., 
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miRNA miRBase 
Family 

Rat 
Prenatal 

NS5 
FGF2 

Rat 
Postnatal 

NS5 
TGFβ1 

Alcohol Evidence 
Consistent Inconsistent 

et al., 2014) in amygdala; (Sathyan 
et al., 2007) in neurosphere 
cultures 

2009) in brains 

mir-9b-2 MIPF0000014 X    
(Pietrzykowski et al., 2008) in 
supraoptic nucleus; (Nunez et al., 
2013) in mPFC; (Wang et al., 
2009) in brains 

(Tal et al., 2012) in zebrafish 
embryos; (Qi et al., 2014) in 
cortical granule neurons; (Ignacio 
et al., 2014) in amygdala; (Sathyan 
et al., 2007) in neurosphere 
cultures 

mir-154 MIPF0000018   X  (Guo et al., 2012) in cortical 
cultures (Wang et al., 2009) in brains 

mir-300 MIPF0000018   X    

mir-377 MIPF0000018   X  (Manzardo et al., 2013) in 
postmortem frontal cortex  

mir-7a-2 MIPF0000022   X  (Nunez et al., 2013) in mPFC   
mir-23b MIPF0000027  X X  (Nunez et al., 2013) in mPFC  
mir-10a/10a-5p MIPF0000033  X X  (Wang et al., 2009) in brains; (Beech et al., 2014) in peripheral blood 

mir-130b/130b-5p MIPF0000034  X X   (Tal et al., 2012) in zebrafish 
embryos 

mir-34b MIPF0000039   X    
mir-199a-1 MIPF0000040  X   (Guo et al., 2012) in cortical culture  

mir-24-1 MIPF0000041    X 
(Guo et al., 2012) in neuronal 
cultures; (Tal et al., 2012) in 
zebrafish embryos; (Nunez et al., 
2013) in mPFC 

 

mir-221 MIPF0000051 X     (Nunez et al., 2013) in mPFC; 
(Ignacio et al., 2014) in amygdala 

mir-22/22-3p MIPF0000053 X X   (Tal et al., 2012) in zebrafish embryo; (Li et al., 2013) in NAc 
miR-148a-3p MIPF0000056    X  (Ignacio et al., 2014) in amygdala 
mir-28a MIPF0000057    X   

mir-21 MIPF0000060 X     (Sathyan et al., 2007) in 
neurosphere cultures 
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miRNA miRBase 
Family 

Rat 
Prenatal 

NS5 
FGF2 

Rat 
Postnatal 

NS5 
TGFβ1 

Alcohol Evidence 
Consistent Inconsistent 

mir-192/192-5p MIPF0000063  X     

mir-132 MIPF0000065   X  (Guo et al., 2012) in cortical 
cultures  

mir-212 MIPF0000065   X  (Li et al., 2013) in NAc  
miR-338-3p MIPF0000097    X  (Wang et al., 2009) in brains 

mir-146a MIPF0000103   X   (Lewohl et al., 2011) in 
postmortem PFC 

mir-137 MIPF0000106   X   (Li et al., 2013) in NAc 
mir-329 MIPF0000110   X    
miR-532-5p MIPF0000113    X   
mir-202 MIPF0000121   X    
mir-449a MIPF0000133   X  (Ignacio et al., 2014) in amygdala  
mir-320/320-3p MIPF0000163  X X  (Nunez et al., 2013) in mPFC; (Li et al., 2013) in NAc 

mir-370 MIPF0000167   X  (Guo et al., 2012) in cortical 
cultures  

miR-378a-3p MIPF0000168  X     
miR-361-5p MIPF0000172  X   (Nunez et al., 2013) in mPFC  (Li et al., 2013) in NAc 

mir-433 MIPF0000177   X  (Guo et al., 2012) in cortical 
cultures (Li et al., 2013) in NAc 

mir-346 MIPF0000188    X (Li et al., 2013) in NAc  

mir-345 MIPF0000189   X  (Ignacio et al., 2014) in ventral 
striatum  

mir-339 MIPF0000193  X   (Wang et al., 2009) in brains; (Guo 
et al., 2012) in cortical cultures 

(Nunez et al., 2013) in mPFC; 
(Zhang et al., 2014) in primary 
microglial cells; (Lewohl et al., 
2011) in postmortem PFC 

mir-335/335-5p MIPF0000196  X   (Balaraman et al., 2012) in 
neurosphere cultures 

(Nunez et al., 2013) in mPFC; (Li 
et al., 2013) in Nac; (Nunez et al., 
2013) in mPFC  

mir-328 MIPF0000203    X   
miR-328-3p MIPF0000203    X   
mir-341 MIPF0000269 X      
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miRNA miRBase 
Family 

Rat 
Prenatal 

NS5 
FGF2 

Rat 
Postnatal 

NS5 
TGFβ1 

Alcohol Evidence 
Consistent Inconsistent 

mir-149/-149-5p MIPF0000274  X    
(Manzardo et al., 2013) in 
postmortem frontal cortex; (Nunez 
et al., 2013) in mPFC  

mir-374 MIPF0000288   X  (Lewohl et al., 2011) in 
postmortem PFC  

mir-374b MIPF0000288    X (Lewohl et al., 2011) in 
postmortem PFC  

mir-374c MIPF0000288    X  (Lewohl et al., 2011) in 
postmortem PFC 

mir-384 MIPF0000289  X X  (Ignacio et al., 2014) in amygdala; (Nunez et al., 2013) in mPFC  

miR-488-3p MIPF0000318    X  (Manzardo et al., 2013) in 
postmortem frontal cortex 

mir-568 MIPF0000408 X      
mir-744 MIPF0000431  X     

mir-544 MIPF0000436   X  (Guo et al., 2012) in cortical 
cultures  

mir-676/676-3p MIPF0000471  X   (Nunez et al., 2013) in mPFC  
mir-1298 MIPF0000598 X      
miR-1839-5p MIPF0000702  X     
mir-3074-2 MIPF0001103    X   
mir-1843a MIPF0001119 X    (Ignacio et al., 2014) in amygdala  
mir-1843b MIPF0001119  X     
mir-3578 MIPF0001166   X    
mir-3099 MIPF0001559    X   
mir-3068 MIPF0001596 X      
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 Table 26. In vivo and in vitro exposure paradigms converge with human data on same cellular functions. Ingenuity IPA analysis of 

significantly changed miRNAs found using RNA-sequencing (Tiers A, B & C) show top functional groups affected by ethanol in each 

experiment. Different ethanol exposure paradigms, both in vitro (in NSCs) and in vivo (in humans & rats), show complete 

convergence for 3 of the top 5 functional groups (‡) identified by IPA as affected by ethanol. 

Humans Rat Drinking Models Mouse Neural Stem Cells  

Serum Postnatal Serum Prenatal Serum FGF2+ EtOH-treated TGFβ1+EtOH-treated 
Functional Group p-val # Mol Functional Group p-val # Mol Functional Group p-val # Mol Functional Group p-val # Mol Functional Group p-val # Mol 
‡ Cell Death and 
Survival 6.84 x 10-4  6 ‡ Cellular 

Development 1.10 x 10-10 32 ‡ Cellular 
Development 1.48 x 10-16 23 Cellular Movement 1.93 x 10-6 11 ‡ Cell Death and 

Survival  4.67 x 10-4 3 

‡ Cellular 
Development 6.84 x 10-4  6 ‡ Cell Growth and 

Proliferation 1.10 x 10-10 27 ‡ Cell Growth and 
Proliferation 1.48 x 10-16 22 ‡ Cell Death and 

Survival 8.40 x 10-5 11 Cellular 
Compromise 2.33 x 10-3 2 

Cell Function and 
Maintenance 6.84 x 10-4  3 ‡Cell Death and 

Survival  5.65 x 10-8 26 Cellular Movement 2.53 x 10-9 18 Cell Cycle  1.49 x 10-4 4 ‡ Cellular 
Development 7.03 x 10-4 4 

‡ Cell Growth and 
Proliferation 6.84 x 10-4  6 Cellular Movement 1.15 x 10-5 18 ‡ Cell Death and 

Survival 4.55 x 10-9 20 ‡ Cellular 
Development 2.35 x 10-4 14 ‡ Cell Growth and 

Proliferation 7.03 x 10-4 3 

Cellular Movement 2.03 x 10-3  5 Cell Cycle  1.14 x 10-4 12 Cellular Function 
and Maintenance 3.03 x 10-8 11 ‡ Cell Growth and 

Proliferation 2.72 x 10-4 14 Cell Morphology  9.34 x 10-4 2 
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DISCUSSION 

The involvement of miRNAs in the pathogenesis and dysfunction associated with 

alcohol use disorders in the CNS is poorly understood. Because they can be exported 

extracellularly, they potentially have the additional utility of being useful peripheral 

biomarkers of alcohol-related brain damage. This dissertation combined a cross-paradigm 

approach to evaluate miRNAs on a global scale and understand their changes as a result 

of alcohol exposure. We asked and attempted to address a number of specific questions. 

(1) Can we monitor miRNAs in peripheral environments and relate them to AUD-

induced brain damage in humans? 

(2) Do miRNAs in the serum reflect changes in brain miRNAs in postnatally-exposed 

rats? 

(3) Do miRNAs in the serum reflect changes in brain miRNAs in prenatally-exposed 

rats? 

(4) Are miRNA-mediated changes permanent or can they be reversed by novel 

treatment?  

(5) Can peripheral miRNAs spread molecular pathology associated with alcohol 

exposure in the brain?  

In our human studies, by combining miRNA profiling with clinical information, 

significant differences in miRNA levels between AUD and control subjects were 

identified along with significant correlations between candidate miRNA biomarkers and 

medical, neuroimaging and alcohol use parameters. Additional supporting data was 

obtained in our rat studies, with many miRNAs that were significantly altered by ethanol 

in the hippocampus also identified in the serum. However, hippocampal gene expression 
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patterns differed according to the timing of exposure, with activation of cell-cycle 

pathways seen due to postnatal consumption of alcohol and unfolded protein response 

pathways altered in adolescent offspring following maternal exposure. Studies in rats to 

examine the reversibility of ethanol-induced changes in miRNA and mRNA networks 

showed that social enrichment can directly compensate for the effects of fetal ethanol and 

that the resulting molecular adaptations may explain the reversal in social motivation 

deficits.  Finally, exosomal transfer studies in neural stem cells from ethanol-exposed to 

ethanol-naive cells was found to confer some gene expression changes consistent with 

ethanol exposure and enable quantification of changes in exosomal-specific miRNA 

levels.  

After addressing each of these questions, a further examination of all of the cross-

species and cross-paradigm data that were considered revealed highly consistent changes 

in miRNA-target networks that independently mapped to cell death, cell proliferation and 

cell cycle regulatory processes.  

1 COMMON THEMES IN MICRORNA DYSREGULATION 

Rather than focusing on individual genes, our large-scale analyses of ethanol-

induced changes in miRNA and mRNA expression focus on whether effects on 

functionally-related pathways are consistently seen across studies.  From this perspective, 

our results add substantial support to the concept of a systems-level disruption of major 

gene regulatory pathways serving as a biomarker for a common environmental insult. We 

show in our study that prenatal alcohol exposure imposes a long-lasting effect on 

neuronal and, ultimately, behavioral function in adolescents.  
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Notably, our results also extend our previous molecular analyses by incorporating 

the vast post-transcriptional regulatory aspects embodied by miRNAs. By evaluating 

concurrent changes in miRNA and mRNA levels, this work shines light on an additional 

layer of complexity to the gene expression changes occurring in the amygdala and ventral 

striatum. This is critical because miRNAs are thought to respond greatly to 

environmental stressors and are thought to mediate global gene expression changes 

(Reviewed in Leung and Sharp, 2010; Mendell and Olson, 2012)  

Further, our analysis of hippocampal miRNA dysregulation identified key 

canonical pathways through which miRNAs impose alterations in gene expression. We 

have shown that across all the paradigms tested, alcohol acts on similar cellular functions: 

cell death and survival, cellular development and cell growth and proliferation. Our 

analysis has revealed perturbation of biologically plausible pathways that have previously 

been shown to be altered in response to ethanol exposure in both prenatal and postnatal 

settings. Thus, although our results are by no means definitive, they highlight the 

tremendous potential of miRNAs as non-invasive ARBD biomarkers.  

2 CLINICAL IMPLICATIONS FOR BIOMARKER DEVELOPMENT 

This dissertation has examined the feasibility of specific miRNAs as viable 

biomarkers of alcoholism-related brain damage. As a good potential source of peripheral 

biomarkers, we focused our efforts on serum miRNAs, which could be sampled in a 

minimally-invasive manner.  

This diverse and largely uncharacterized class of genomic regulators has the 

capacity to enact change on a global scale. Harnessing several lines of inquiry in humans, 
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our work integrated medical, neuropsychological, neuroimaging and alcohol consumption 

measures with miRNA expression levels to probe for informative markers of ARBD.  

Because we focused on younger individuals with AUDs, our work also adds to a 

small, but growing body of literature surrounding ARBD in young adults. Although we 

found significant group differences in our AUD subjects’ Letter Fluency test scores, we 

note that overall, the AUD subjects did not show signs of cognitive or motor impairment.  

This supports the notion that administering such tests on younger individuals may not 

prove to be as informative as they are for older chronic alcoholics with more pronounced 

deficits.  

On the other hand, we observed more robust differences between AUD subjects 

and controls when we examined specific brain volumes. Furthermore, although many of 

our observations were similar to those reported previously in older alcoholic subjects, we 

observed these effects on younger subjects, with a significantly shorter history of heavy 

drinking. The importance of assessing alcohol-related brain damage in younger AUD 

subjects, even in the absence of obvious functional deficits, is only recently being 

explored (Reviewed in Hermens et al., 2013) and clearly merits further investigation. 

Regardless, however, such an approach is not feasible on a broad scale for monitoring 

due to its prohibitive costs.  

In contrast, our results have identified potential miRNA biomarkers in the serum 

which ultimately could serve as practical, sensitive and reliable indicators of 

neurocognitive decline and ARBD. At this point at least, in the case of Tiers A and B 

miRNAs, we also found that the miRNA changes were observable using two orthogonal 

high-throughput quantification technologies.  
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In addition to our human study, we studied different in vivo ethanol exposure 

paradigms, including both prenatal and postnatal exposures. Each study yielded several 

miRNAs with significant group differences when ethanol-exposed groups were compared 

to controls. Some even reflect similar changes to those found in the hippocampus.  

However, we find little correspondence across the different paradigms in regards 

to the individual molecules identified. These findings underscore the complexity 

associated with evaluating alcohol-related biomarkers directly in humans. The 

information gleaned from these in vivo studies should help inform future biomarker 

research and help in narrowing down miRNAs identified in more controlled settings.  

3 IMPLICATIONS FOR POSSIBLE TREATMENT 

This dissertation also sought to evaluate molecular mechanisms at the miRNA, 

mRNA, and gene-regulatory network levels that underlie the effective reversal of a social 

motivation deficit seen following prenatal ethanol exposure (Middleton et al., 2012).  We 

found several robustly affected miRNAs, target mRNAs, and functional pathways that 

could represent candidate control points for the behavioral deficits we previously 

observed.   

Several recent miRNA studies have been performed on rodents or primary cell 

cultures exposed to ethanol either during gestational or postnatal time periods.  We 

compared the most robustly changed miRNAs in our studies to results from these other 

studies.  Interestingly, 24 of the 48 miRNAs we observed with changes due to ethanol in 

either the amygdala or ventral striatum were also reported to change in other studies.  Of 

those, 9 miRNAs (let-7c-1, let-7c-2-3p, miR-221-3p, miR-221-5p, miR-222-3p, mir-322-

2, mir-34c, miR-384-5p, mir-496 and mir-542-1), reported consistent directional changes 
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as our data (Guo et al., 2012; Lewohl et al., 2011; Nunez et al., 2013; Wang et al., 2009). 

This is despite the use of different exposure paradigms, brain areas and cell types, as well 

as different species. These miRNAs may thus represent highly robust and persistent 

indices of ethanol exposure.  

Most importantly, two of these miRNAs (miR-222-3p and miR-384-5p) were also 

found to be reversed in the amygdala after social enrichment (Table 17). By targeting the 

PTEN gene, mir-222 has been shown to promote neurite outgrowth (Zhou et al., 2012). 

Additionally, mir-384 has been shown to be an indicator of neurotoxicity (Ogata et al., 

2014) and was found to be differentially expressed in dopaminergic neurons following 

cocaine addiction (Schaefer et al., 2010).  

On the other hand, 7 miRNAs (mir-138-2, miR-148a-5p, mir-299a, miR-299a-5p, 

miR-493-3p, miR-540-5p and miR-667-3p) have reported significant changes in miRNAs 

that only show directional changes opposite to what we observed (Guo et al., 2012; 

Manzardo et al., 2013; Nunez et al., 2013; Yadav et al., 2011). Finally, there is mixed 

support for 7 of the miRNAs we reported (mir-129-1, miR-15b-3p, mir-204, miR-29c-3p, 

miR-301b-3p, miR-495 and mir-9a-2), with some studies showing changes consistent 

with our data, and other studies showing changes opposite those of our study (Balaraman 

et al., 2012; Guo et al., 2012; Laufer et al., 2013; Lewohl et al., 2011; Li et al., 2013; 

Nunez et al., 2013; Pietrzykowski et al., 2008; Prins et al., 2014; Qi et al., 2014; Tal et 

al., 2012; Tapocik et al., 2013; van Steenwyk et al., 2013; Wang et al., 2009; Yadav et 

al., 2011). It is important to note that mir-9 has well-established roles in neurogenesis 

(Reviewed in Coolen et al., 2013). Possible explanations for the disparities in results are 
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likely found in the parameters of those studies.  Regardless, these latter two sets of 

miRNAs may represent less-reliable or less persistent biomarkers of ethanol exposure.  

The functions represented by the pathways in the analysis clearly implicate 

alterations in p53 signaling, cell cycle and cell death pathways as a consequence of 

prenatal ethanol exposure. These pathways are of particular note because they suggest 

that abnormal cellular proliferation and/or DNA damage repair processes could be 

associated with early ethanol exposures. Indeed, we previously reported robust changes 

in mRNAs involved in these processes in adult human alcohol abusing subjects (Hicks et 

al., 2012). Although there is evidence that cortical heterotopias can occur as a 

consequence of early ethanol exposure, data from several human studies has failed to 

demonstrate any consistent elevation in the risk for childhood cancers, with some studies 

even reporting protective effects  (Infante-Rivard and El-Zein, 2007; Mooney et al., 

2004) 

To our knowledge, this is the first report of miRNA-directed gene expression 

changes brought about by environmental interventions in any FASD model. The potential 

reversal of abnormal changes in miRNA and mRNA expression by a relatively simple 

intervention (social enrichment) is consistent with data from other disorders, where 

specific changes in miRNA levels have been seen to result from an enriched 

environment, corresponding with slowing of the disease progression and improvement in 

hippocampal synaptic transmission using an Alzheimer’s disease model (Barak et al., 

2013).  Given the considerable data showing that environmental enrichment is likely one 

of the most effective means of improving outcomes in children with FASD and autism 

spectrum disorders, it is highly likely that such interventions exert at least some of their 
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therapeutic effects through alterations in miRNA and mRNA levels in some of the same 

brain circuits we examined. 

4 LIMITATIONS 

There are several limitations worth noting in this dissertation. First, it is important 

to acknowledge that the resulting gene expression effects we have observed reflect the 

cumulative effect of all life experiences to that age. That is, everything that the animal or 

subject has experienced could alter miRNA and mRNA expression patterns; consequently 

some of these alterations could interact with variables that were outside our ability to 

control. Using the in vivo and in vitro models, we tried to minimize the differences due to 

random noise that might exist between treatment groups.  

Another limitation in the present study is the lack of correction for multiple 

testing in many analyses. We contend that in our human serum and social enrichment 

studies, our use of two independent quantification methodologies somewhat mitigates 

this concern. Furthermore, our focus on functional gene network analysis, rather than 

individual miRNAs and mRNAs per se also helps reduce concern about data noise. The 

seemingly low concurrency of RNA-Seq and array data may be the result of several 

factors, most notably the use of two different miRBase databases in our high-throughput 

quantification (array used miRBase 15, while sequencing uses miRBase 21). In addition, 

we used very stringent concurrency criteria because it was based on exact sequence 

homology between the array probe and the gene annotation against which the RNA-Seq 

data was quantified upon. 

The systems-level approach that we used to evaluate cellular functions takes into 

account the inherently pleiotropic nature of miRNAs. These miRNAs have the capacity 
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to regulate hundreds of genes within any given cell. Thus, determining precise 

mechanisms of action clearly requires additional investigation. Furthermore, 

interpretation of miRNA-mediated changes in gene expression also requires a 

combinatorial approach wherein they are analyzed in the context of accessible mRNA 

targets and the presence of other miRNA molecules that can synergize more drastic 

changes in gene expression.  

It is also likely that discrepancies could merely reflect the variability of different 

tissues being analyzed. This is particularly important when comparing serum and 

hippocampal miRNAs. The latter is highly influenced by intracellular miRNA 

processing, whereas the former are derived from more stable extracellular sources.  

Furthermore, small sample sizes also limit the statistical power of our comparisons. 

It is beyond the scope of the present report to fully examine the evidence for 

regionally-specific changes in expression We note that both at the individual miRNA 

level and target mRNA level many of the changes appeared to be region or paradigm-

specific.  This was even more evident for some of the comparisons made for specific 

functional pathways.  Taken together, these patterns reinforce other recent findings, such 

as those by Tapocik et al. (2014), who showed that mir-206 upregulation due to ethanol 

is regionally-selective in the medial prefrontal cortex of a rat model of alcohol 

dependence and is not found in the amygdala or other regions of the brain. Clearly, much 

additional work will be needed to create comprehensive profiles for all of the brain-wide 

changes seen following ethanol exposure. 
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5 FUTURE DIRECTIONS 

The brain-related findings described in this dissertation are only restricted to the 

hippocampus, amygdala, ventral striatum and cultured NSCs. Extending studies to other 

brain regions and cell types, especially within the well-studied prefrontal cortex would be 

necessary to determine how miRNAs overall influence neural gene expression.  

Our data strongly demonstrate that prenatal ethanol exposure has the capacity to 

impart long-lasting gene expression changes at both at the miRNA and subsequent target 

mRNA level. Some of these changes clearly impact large scale functional pathways in the 

brain that are involved in synaptic function and intracellular signaling, as well as cell 

cycle regulation, and brain development. Further studies are necessary to determine the 

extent to which changes in these pathways represent points of no return, or novel 

therapeutic opportunities for intervention. 

Prior to the start of this investigation, exosomes were the most attractive 

mechanism we envisioned to explain the presence and correlation of miRNA levels in 

peripheral environments (i.e. serum, cerebrospinal fluid, etc.) and clinical variables. 

However, the small number of miRNAs we found in exosomes highlights the need for 

further investigation into the nature of distal genetic transfer mediated by miRNAs. The 

possible roles of small nuclear and small nucleolar RNAs to this process should also be 

evaluated. Our findings also encourage additional investigation into other forms of 

miRNA-bearing extracellular complexes such as microvesicles and argonaute-2 

complexes.  

To date, circulating miRNA research has not resulted in highly specific, validated 

disease markers. Focusing on extracellular vesicles and advanced sampling and isolation 
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techniques may help maximize the likelihood that useful markers will be validated in the 

future. Regardless, any validation that occurs will stem from careful optimization and 

standardization of conditions. These research questions may not be considered entirely 

novel or innovative but must be addressed nonetheless if this technology is to transition 

from the bench to the bedside. 

Our limited sample size and statistical power, especially with the human 

biomarker study, highlights the need for larger datasets which can be used to effectively 

mine more robust relationships between miRNAs and relevant clinical variables. 

Combinatorial analysis of multiple miRNA molecules may generate useful predictors. To 

be ideal, it would be helpful to know the time course over which such biomarker profiles 

develop, and whether such profiles were reversible or not as a result of abstinence, 

alcohol withdrawal, relapse and recovery. 
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Fetal alcohol spectrum disorders (FASDs) are associated with abnormal social behavior.
These behavioral changes may resemble those seen in autism. Rats acutely exposed to
ethanol on gestational day 12 show decreased social motivation at postnatal day 42. We
previously showed that housing these ethanol-exposed rats with non-exposed controls
normalized this deficit. The amygdala is critical for social behavior and regulates it, in part,
through connections with the basal ganglia, particularly the ventral striatum. MicroRNAs
(miRNAs) are short, hairpin-derived RNAs that repress mRNA expression. Many brain dis-
orders, including FASD, show dysregulation of miRNAs. In this study, we tested if miRNA
and mRNA networks are altered in the amygdala and ventral striatum as a consequence of
prenatal ethanol exposure and show any evidence of reversal as a result of social enrich-
ment. RNA samples from two different brain regions in 72 male and female adolescent
rats were analyzed by RNA-Seq and microarray analysis. Several miRNAs showed signif-
icant changes due to prenatal ethanol exposure and/or social enrichment in one or both
brain regions. The top predicted gene targets of these miRNAs were mapped and sub-
jected to pathway enrichment analysis. Several miRNA changes caused by ethanol were
reversed by social enrichment, including mir-204, mir-299a, miR-384-5p, miR-222-3p, miR-
301b-3p, and mir-6239. Moreover, enriched gene networks incorporating the targets of
these miRNAs also showed reversal. We also extended our previously published mRNA
expression analysis by directly examining all annotated brain-related canonical pathways.
The additional pathways that were most strongly affected at the mRNA level included p53,
CREB, glutamate, and GABA signaling.Together, our data suggest a number of novel epige-
netic mechanisms for social enrichment to reverse the effects of ethanol exposure through
widespread influences on gene expression.

Keywords: fetal alcohol syndrome, social behavior, amygdala, ventral striatum, adolescence, gene expression, next
generation sequencing

INTRODUCTION
Prenatal ethanol exposure can cause fetal alcohol spectrum disor-
ders (FASDs). With 30% of all women reporting drinking alcohol
at some time during pregnancy (1), FASD prevalence in the US and
some Western European countries is estimated at 2–5% of school
children (2). FASDs are associated with impaired learning and
memory, language development, and abnormal social behavior
[reviewed in Ref. (3)]. The social behavior changes seen in adoles-
cents can resemble those that are typically associated with autism.

Behavioral deficits can also be seen in animal models of prena-
tal ethanol exposure. Acute exposure on gestational day 12 (G12)
in rats leads to decreased social investigation and play fighting,
as well decreased social motivation in late adolescence and adult-
hood (4, 5). To date, amelioration of social behavior deficits from
prenatal ethanol exposure has largely focused on behavioral inter-
ventions. However, social experience with typically developing
peers has been found to be important for improving social skills
and increasing social interaction in autistic children. In previous
work, we showed that a form of social enrichment (housing

ethanol-exposed rats with non-exposed control rats) could nor-
malize the social motivation deficit phenotype seen in both males
and females at postnatal day 42 (P42) following gestational ethanol
exposure at G12 (5).

The amygdala is critical for normal social behavior. Lesions of
the amygdala alter social functions in human beings and experi-
mental animals (6), and developmental changes in the amygdala
have been described in autism (7). The amygdala is thought to
regulate social behavior in part through connections with the pre-
frontal cortex, thalamus, and basal ganglia (8, 9). Within the basal
ganglia, the ventral striatum has been viewed as a critical inte-
gration center for social/emotional signals from the amygdala,
as well as spatial/contextual information from the hippocampus,
reward/motivational signals from midbrain dopamine neurons,
and cognitive signals from the prefrontal cortex (9).

At the cellular level, the amygdala is composed of a group
of 13 sub-nuclei located in the medial temporal lobe (8). These
nuclei may be divided into four subdivisions (10): (1) basolateral
(which includes the lateral, basolateral, and basomedial nuclei), (2)

www.frontiersin.org September 2014 | Volume 2 | Article 103 | 1

http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org/Pediatrics/editorialboard
http://www.frontiersin.org/Pediatrics/editorialboard
http://www.frontiersin.org/Pediatrics/editorialboard
http://www.frontiersin.org/Pediatrics/about
http://www.frontiersin.org/Journal/10.3389/fped.2014.00103/abstract
http://www.frontiersin.org/Journal/10.3389/fped.2014.00103/abstract
http://www.frontiersin.org/people/u/173090
http://www.frontiersin.org/people/u/144741
http://www.frontiersin.org/people/u/152955
mailto:middletf@upstate.edu
http://www.frontiersin.org
http://www.frontiersin.org/Child_and_Neurodevelopmental_Psychiatry/archive
mailto:smooney@peds.umaryland.edu


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ignacio et al. FASD microRNAs and social enrichment

cortical like (including nucleus of the lateral olfactory tract, bed
nucleus of the accessory olfactory tract, the cortical nucleus, and
the periamygdaloid cortex), (3) centromedial (central and medial
nuclei, and the amygdaloid part of the bed nucleus of stria ter-
minalis), and (4) other (which includes anterior amygdala area,
the amygdalo–hippocampal area, and the intercalated nuclei).
Developmentally, many amygdala nuclei derive from the medial
ganglionic eminence (i.e., are diencephalic) (11), although the cor-
tical amygdaloid nuclei are telencephalic in origin (12). Neuronal
types differ considerably among the subdivisions of the amygdala
(10). In the basolateral group, approximately 70% of neurons are
thought to be glutamatergic (pyramidal, spiny, or class I neurons).
This division also contains interneurons such as GABAergic non-
spiny stellate cells of the cortex (called S cells, stellate, or class II
neurons). In contrast, within the central nucleus, the majority of
cells are thought to be GABAergic.

microRNAs (miRNAs) are a class of short, hairpin-derived
RNAs that repress gene expression at the post-transcriptional
level. Mature miRNAs of ~20 nt in length canonically bind to
complementary sequences found in the 3′ untranslated region
of messenger RNAs (mRNAs), thereby repressing translation by
ribosomes. In neurons, miRNAs also play a role in compartmen-
talizing specific mRNA translation in subcellular components,
including axons (13) and synapses [reviewed in Ref. (14)]. Dys-
regulation of miRNAs have recently been associated with a variety
of neurodegenerative diseases as well as alcohol consumption in
human beings (15) and rodent fetal exposure models [reviewed in
Ref. (16)].

In this study, we extend our previous characterization (5) of
selected alterations in gene expression in the amygdala and ven-
tral striatum as a consequence of prenatal ethanol exposure and
an environmental manipulation (social enrichment) in rats. Using
the same tissue samples used in our previous study (5), we analyzed
miRNA from the amygdala and ventral striatum of 72 adolescent
male and female rats. Samples were pooled to 24 for each brain
region and analyzed by RNA-Seq and Affymetrix miRNA arrays.
We identified many miRNAs with nominally significant changes
due to prenatal ethanol exposure or social enrichment. Some of
the gene expression changes due to ethanol were reversed by social
enrichment. Pathway enrichment analysis was also performed on
the top changed miRNAs. We comprehensively integrate these
findings with our existing mRNA data to determine whether the
target mRNAs of the altered miRNAs showed evidence of chang-
ing, using whole transcriptome microarray data from the same
rats. Further, we broaden our mRNA analysis by considering all
possible genes in the context of canonical pathways related to brain
function. This additional analysis highlights striking reversals fol-
lowing social enrichment in p53, CREB, glutamate, and GABA
signaling. Altogether, these analyses suggest possible mechanisms
for social enrichment to reverse some of the effects of prenatal
ethanol exposure.

MATERIALS AND METHODS
ANIMALS
Treatment of animals, as well as behavioral and mRNA expres-
sion outcomes, were described in Middleton et al. (5). Briefly,
timed pregnant Long Evans rats (Harlan, Indianapolis, IN, USA)

were received on G4, with G1 designated as the first day on which
a sperm-positive plug was noted. These rats were housed at the
Department of Veterans Affairs Medical Center (VAMC) in a facil-
ity accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) in Syracuse, NY. All pro-
cedures were approved by the Institutional Animal Care and Use
Committees at both the Syracuse VAMC and SUNY Upstate Med-
ical University, and were in accordance with the guidelines for
animal care established by the National Institutes of Health. Rooms
were maintained on a reverse 12-h light/dark cycle at 22°C (lights
off at 7:00 a.m.).

Animals were exposed to ethanol prenatally as described pre-
viously (5). On G12, dams received an initial intraperitoneal (i.p.)
injection of ethanol (2.9 g/kg as a 20% v/v solution in physiologi-
cal saline) followed by a second i.p. injection 2 h later of 1.45 g/kg
ethanol (Figure 1). Control animals received i.p. injections equiv-
alent volumes of saline at the same timepoints. This method of
ethanol administration leads to blood ethanol concentrations of
287± 3.5 mg/dl within 15 min of the second injection. After birth,
all litters were culled to 10 pups within 24 h, with equal ratios of
males/females as best as possible. On P21, litters were weaned
and male and female offspring were housed separately. After
social behavior testing (described below), animals were injected
intraperitoneally with 100 mg/kg ketamine and 10 mg/kg xylazine
prior to decapitation. Brains were rapidly removed, snap-frozen
on dry ice, and stored at –80°C until used for RNA extraction (see
below).

Our previous behavioral study on the same cohort of rats,
described in Middleton et al. (5), examined the effects of a form
of environmental manipulation termed social enrichment, dur-
ing the post-weanling and early adolescent period (P21–P42) in
animals prenatally exposed to ethanol (Figure 1). This treatment
involved housing experimental animals (offspring of saline- or
ethanol-injected dams) with either 2 or 3 same-sex littermates
(non-enriched condition) or 2 or 3 novel same-age, same-sex ani-
mals from a non-treated dam (social enrichment condition). The
effect of this manipulation on social behavior was evaluated on P42
by testing their responses to the introduction of another same-
age, same-sex rat (from an untreated dam) over the course of a
10-min social interaction test (SIT). Among the behavioral mea-
sures assessed during the SIT were social investigation (sniffing of
the novel rat’s body), contact behavior (grooming, crawling over
or under the novel rat), play fighting (following, chasing, nape
attacks, pinning), and social motivation (a coefficient of social
preference vs avoidance of the novel rat). The most significant find-
ing from our prior analysis was the finding that prenatal ethanol
exposure negatively affected social motivation performance in
both male and female rats following prenatal ethanol exposure, but
this impairment was completely reversed by social enrichment.

MOLECULAR PROFILING
The present study was designed to determine the potential mole-
cular substrates of decreased social motivation following prenatal
ethanol exposure and its reversal by social enrichment. We first
dissected the whole amygdala and ventral striatum from a total of
72 42-day-old male and female rats, using established anatomical
landmarks, as described previously (5). After isolating the regions
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FIGURE 1 | Experimental overview. Timed pregnant female rats were
received on gestational day 4 (G4) and split into two treatment
groups – ethanol (EtOH) or saline. Each animal was injected twice on G12
with EtOH or an equivalent volume of saline. Pups were delivered in their
home cage, litters culled to 10 pups with a 1:1 ratio of males:females, and
remained in their home cage until weaning. On weaning, rats were
separated into non-social and social-enriched conditions for 3 weeks

(P21-42), during which they were housed with 2–3 age- and sex-matched
rats from their own litter or a novel litter from an untreated dam,
respectively. All animals underwent behavioral testing using the social
interaction test (SIT), which measures social investigation, contact
behavior, play fighting, and social motivation (social preference vs
avoidance for the novel rat). After testing, rats were euthanized and tissue
harvested for RNA profiling.

of interest, total RNA was purified using the RNeasy kit (Qia-
gen, Valencia, CA, USA). RNA yield and quality were assessed
by UV spectrophotometry and the Agilent Technologies Bioan-
alyzer. A total of 144 RNA samples were purified from the 72
rats, including 9 males and 9 females for each of the 4 treat-
ment groups: (1) ethanol-exposed/non-enriched, (2) ethanol-
exposed/socially enriched, (3) saline-exposed/non-enriched, and
(4) saline-exposed/socially enriched. For all subsequent molecular
assays described in this report, three pools of RNA were created for
each brain region using equal amounts of RNA from the nine male
or nine female rats within each treatment group. Thus, a total of
24 RNA samples from each brain region were examined (12 male
pools, 12 female pools), representing a total of 6 per treatment
condition. We point out that this pooling strategy preserved our
ability to look at the contribution of different brain regions and
genders on expression level, and was made purely to reduce cost.

High-resolution quantification of miRNA expression was per-
formed using small RNA-sequencing from 1 µg of each pool of
total RNA according to the TruSeq Small RNA Sample Prep kit
(Illumina, San Diego, CA, USA). Subsequent purification meth-
ods including gel purification of small RNAs 20–30 nt in length,
resulted in more than 90% of all reads in the sample attributed to
miRNAs. Libraries were indexed and multiplexed in sets of 8 (6 sets
total) prior to sequencing (single-end, 37 cycles) using Reagent Kit
v3 reagents on a MiSeq Benchtop Sequencer (Illumina, San Diego,
CA, USA). Raw sequence FASTQ files were imported into Partek
Flow software for initial analysis. Base calls below a phred score
of 20 were trimmed from the reads. These were then aligned to
the Rn5 version of the rat genome using the Bowtie algorithm
(17). The aligned reads were then quantified against the miRBase
21 transcript annotations for both precursor and mature miRNAs
(18). Reads from miRNA genes were normalized and scaled to
reads per million (RPM) for comparison between samples and
comparison with the microarray data in Partek Genomics Suite.

In order to validate the changes seen by RNA-Seq, we also
examined the samples using the GeneChip miRNA 2.0 array
(Affymetrix, Santa Clara, CA, USA). Samples from the same
pooled RNA were prepared using the FlashTag Biotin HSR RNA
Labeling Kit (Affymetrix, Santa Clara, CA, USA). Arrays were
hybridized, washed, stained, and scanned according to manufac-
turer protocol and the data exported and normalized using RMA
in Partek Genomics Suite.

We also examined the relationship of the miRNA data to our
previously described mRNA dataset generated from the same
pooled rat brain RNA samples; see Ref. (5). Those data were gener-
ated with the Rat ST Gene 1.0 array (Affymetrix, Santa Clara, CA,
USA), normalized using RMA and imported into Partek Genomics
Suite for analysis alongside the miRNA microarray and RNA-Seq
data. We point out that while our previous report focused only on a
subset of 663 mRNAs related to 17 gene ontology terms of interest
(social, anxiety, fear, autism, synapse, synaptic, norepinephrine,
neuropeptide, cannabinoid, opioid, oxytocin, GABA, glutamate,
glycine, serotonin, dopamine, neurotransmitter), the present study
examined the potential miRNA modulation of all predicted target
mRNAs in the data set as well as the potential enrichment of mod-
ulated miRNAs and mRNAs within curated, canonical pathways
using the QIAGEN Ingenuity® Pathway Analysis (IPA) software.

All of the raw and normalized microarray and RNA-Seq expres-
sion data generated in this study have been deposited in the NCBI
Gene Expression Omnibus (GEO accession # GSE60901, which
includes microarray subseries GSE60819 and RNA-Seq subseries
GSE60900).

MOLECULAR SUBSTRATE ANALYSIS
The major finding from our previous behavioral study was that
social motivation was significantly decreased in male and female
rats prenatally exposed to ethanol at G12,and that this was reversed
by social enrichment. The focus of the present study was to identify
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the molecular substrates underlying the social motivation deficit
and its reversal. To accomplish this, our primary analysis utilized
a 3 way ANOVA (2 genders× 2 prenatal diets× 2 postnatal treat-
ments) for each brain region to identify miRNAs with highly con-
sistent changes (1-tailed p < 0.1 for both RNA-Seq and microarray
analyses) due to prenatal ethanol exposure and social enrich-
ment. These ANOVAs were followed by Fisher’s post hoc testing
to compare specific groups within each brain region. Notably,
after identifying the miRNAs with the most robust main effects
within each brain region, we also performed exploratory four-
way ANOVAs, using the previous three factors plus brain region,
and examined the top miRNAs for any evidence of significant
interactions (e.g., brain region× diet, brain region× gender, brain
region× social enrichment, and all other combinations of inter-
actions). The results of this exploratory analysis are provided as
Supplementary Material.

The top findings from the analysis of individual miRNAs
were displayed in table format (Tables 1 and 2). We include in
these results, individual miRNAs that were significantly changed
(p < 0.05) according to the RNA-Seq analyses, but were not probed
by the Affymetrix GeneChip miRNA 2.0 array.

A combined analysis of miRNA data and mRNA data was
then performed. The mRNA targets of the most robustly affected
miRNAs were mapped using the miRNA target filter workflow
of QIAGEN Ingenuity® Pathway Analysis (IPA) software. We also
examined the entire mRNA dataset for specific canonical neuronal
pathway effects using IPA software, using a threshold of p < 0.1
from the ANOVA post hoc testing.

We note that 0.1 was chosen as the de facto threshold for signif-
icance throughout most of our analyses because of the combined
use of multiple platforms for cross-validation or the combined
use of multiple genes within networks as well as miRNAs and
their target mRNAs.

RESULTS
microRNAs ARE ALTERED BY PRENATAL ETHANOL EXPOSURE AND
SOCIAL ENRICHMENT
We performed a global screen of all known, curated miRNA
molecules. To ensure full coverage, a conservative cross-platform
approach employing both miRNA microarrays and RNA-Seq
was used for identification of potential miRNA of interest.
Quantification of miRNAs was based primarily on small RNA-
Sequencing, which has increasingly emerged as the gold stan-
dard of miRNA quantification technologies, owing to its greater
sensitivity and dynamic range compared to other techniques.
Orthogonal validation was performed using Affymetrix miRNA
GeneChips. The application of these two complementary tech-
nologies improved our capacity to discover relevant miRNAs that
may have been overlooked had a single quantification method
been employed. On the other hand, because miRNA microarrays
are limited to the interrogated content of the arrays at the time of
manufacture, we also included in our analyses those miRNAs that
were found only by small RNA-Seq.

The Affymetrix GeneChip miRNA 2.0 array that we used
included probes for 780 Rattus norvegicus precursor and mature
miRNAs (representing approximately half that number of unique
miRNAs). The RNA-Seq analysis that we employed identified 1063

precursor and mature miRNAs listed in the miRBase 21 annotation
(18). A total of 601 miRNAs could be cross-referenced based
on exact sequence conservation of the array probe and RNA-
Seq annotation. In the space that follows, we describe first the
changes due to fetal ethanol or postnatal social enrichment in
these miRNAs, as seen in the amygdala and/or ventral striatum of
both genders of rats.

Ethanol effects
In the amygdala, out of the 601 total miRNAs we identified a total
of 291 miRNAs with consistent changes (in the same direction)
due to ethanol in non-enriched animals representing 48% direc-
tional concordance. Of these, 12 miRNAs were changed in both
platforms (at the p < 0.1 level) (Table 1, upper). An additional 17
miRNAs only found by RNA-Seq were also observed to change (at
p < 0.05 level) due to ethanol effects in non-enriched rats (Table 1,
upper). In rats subjected to social enrichment, we observed a total
of 275 (46%) directionally concordant changes, with 1 miRNA
changed (p < 0.1) in both platforms and 10 additional miRNAs
significantly changed (p < 0.05) that were only found by RNA-Seq
(Table 1, upper).

In the ventral striatum, 281 of the miRNAs (47%) showed
concordant directional changes due to ethanol in non-enriched
animals, with 3 changed (at the p < 0.1 level) in both platforms
and 11 additional miRNAs significantly changed that were only
found by RNA-Seq (Table 2, upper). In rats subjected to social
enrichment, a total of 284 (47%) miRNAs showed directionally
concordant changes, with 3 changed (p < 0.1) in both platforms,
and 13 additional miRNAs significantly changed (p < 0.05) that
were only found by RNA-Seq (Table 2, upper).

Social enrichment effects
For social enrichment effects in the amygdala of control rats, 251
(42%) miRNAs showed directional concordance with 9 miRNAs
changed in both platforms at the p < 0.1 level and 11 additional
miRNAs found by RNA-Seq (Table 1, lower). In correspond-
ing ethanol-exposed rats, 286 (48%) showed directional concor-
dance with 7 miRNAs changed in both platforms at the p < 0.1
level and 12 additional miRNAs found by RNA-Seq (Table 1,
lower).

In the ventral striatum of control rats, 267 (44%) showed con-
cordant directional changes due to enrichment, with 11 changed
(at the p < 0.1 level) in both platforms and 9 additional miR-
NAs changed (at the p < 0.05 level) by RNA-Seq (Table 2, lower).
In corresponding ethanol-exposed rats, 273 (45%) showed direc-
tional concordance with 7 miRNAs changed in both platforms at
the p < 0.1 level and 13 additional miRNAs found by RNA-Seq
(Table 2, lower).

We note that most of the 53 concordant miRNA differences
found by both miRNA and RNA-Seq were similar in magnitude.
However, the magnitude of the difference found by RNA-Seq
exceeded the difference found by microarray by at least 50%
for 10 miRNAs, while the difference by array was 50% greater
than RNA-Seq for only 2 miRNAs. These observations lend addi-
tional support for the growing awareness that RNA-Seq appears
to have greater dynamic range than microarray-based expression
profiling.
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Table 1 | Nominally significant miRNAs in amygdala.

miRNA miRBase 21 accession RNA-Seq Microarray

Fold change p-Value Fold change p-Value

ETHANOL EFFECT IN NON-ENRICHED RATS [ETHANOLNON-SOCIAL VS CONTROLNON-SOCIAL]

miR-1843a-3p MIMAT0024848 −1.50 0.097 −1.62 0.045

miR-221-5p MIMAT0017163 −1.38 0.031 −1.15 0.004

miR-29c-3p MIMAT0000803 −1.18 0.038 −1.12 0.068

miR-384-5p MIMAT0005309 −1.12 0.063 −1.21 0.002

miR-412-3p MIMAT0003124 −2.57 0.025 −1.20 0.032

mir-129-1 MI0000902 −1.31 0.079 −1.27 0.089

mir-138-2 MI0000911 −1.20 0.065 −1.28 0.014

mir-155 MI0025509 1.34 0.057 1.24 0.026

mir-322-2 MI0031763 −1.23 0.064 −1.36 0.017

mir-34c MI0000876 2.83 0.072 1.52 0.013

mir-496 MI0012622 −1.54 0.010 −1.18 0.031

mir-9a-2 MI0000840 −1.17 0.062 −1.26 0.045

miR-148a-5p MIMAT0035724 −1.19 0.011

miR-15b-3p MIMAT0017093 4.50 0.024

miR-221-3p MIMAT0000890 −1.27 0.010

miR-222-3p MIMAT0000891 −1.23 0.030

miR-299a-5p MIMAT0000901 −1.55 0.049

miR-301b-3p MIMAT0005304 2.85 0.017

miR-448-3p MIMAT0001534 4.07 0.040

miR-449a-5p MIMAT0001543 3.84 0.044

miR-495 MIMAT0005320 −1.46 0.035

miR-6329 MIMAT0025068 −2.38 0.003

miR-667-3p MIMAT0012852 −1.30 0.017

mir-204 MI0000946 3.97 0.042

mir-299a MI0000970 −1.46 0.007

mir-3084a MI0030358 3.69 0.034

mir-3556b-2 MI0031769 −1.18 0.006

mir-448 MI0001639 3.59 0.050

mir-6329 MI0021853 −1.45 0.045

ETHANOL EFFECT IN SOCIALLY ENRICHED RATS [ETHANOLSOCIAL VS CONTROLSOCIAL]

mir-218a-2 MI0000957 1.33 0.054 1.22 0.029

let-7c-2 MI0000831 1.38 0.018

let-7c-5p MIMAT0000776 1.39 0.005

miR-148a-5p MIMAT0035724 −1.17 0.022

miR-195-5p MIMAT0000870 1.25 0.039

miR-6319 MIMAT0025056 −11.33 0.002

miR-6324 MIMAT0025063 −25.25 0.005

miR-872-3p MIMAT0005283 −1.39 0.002

mir-195 MI0000939 1.26 0.044

mir-6324 MI0021848 −4.38 0.008

mir-708 MI0006160 1.25 0.030

SOCIAL ENRICHMENT EFFECT IN CONTROL RATS [SOCIALCONTROL VS NON-SOCIALCONTROL]

miR-106b-5p MIMAT0000825 −1.35 0.001 −1.39 0.008

miR-218a-5p MIMAT0000888 −1.30 0.032 −2.15 0.010

miR-30c-5p MIMAT0000804 −1.09 0.096 −1.39 0.002

miR-674-3p MIMAT0005330 −1.29 0.024 −1.50 0.072

miR-96-5p MIMAT0000818 −3.78 0.099 −1.32 0.001

miR-9a-3p MIMAT0004708 −1.11 0.087 −1.51 1E-06

mir-218b MI0015428 −1.31 0.036 −1.42 0.029

(Continued)
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Ignacio et al. FASD microRNAs and social enrichment

Table 1 | Continued

miRNA miRBase 21 accession RNA-Seq Microarray

Fold change p-Value Fold change p-Value

mir-503-2 MI0031773 −2.42 0.062 −1.46 0.001

mir-544 MI0012593 5.25 0.022 1.24 0.068

miR-106b-5p MIMAT0000825 −1.35 0.001 −1.39 0.008

miR-218a-2-3p MIMAT0004740 11.03 0.045

miR-221-3p MIMAT0000890 −1.20 0.034

miR-299a-5p MIMAT0000901 −1.57 0.044

miR-3084d MIMAT0035745 −1.84 0.041

miR-503-3p MIMAT0017224 −1.76 0.032

miR-6319 MIMAT0025056 2.16 0.043

miR-6329 MIMAT0025068 −1.58 0.042

miR-667-3p MIMAT0012852 −1.34 0.009

miR-872-3p MIMAT0005283 1.28 0.011

mir-6319-1 MI0021841 4.26 0.028

mir-708 MI0006160 −1.24 0.033

SOCIAL ENRICHMENT EFFECT IN ETHANOL RATS [SOCIALETHANOL VS NON-SOCIALETHANOL]

miR-17-1-3p MIMAT0004710 1.75 0.058 1.21 0.008

miR-204-5p MIMAT0000877 −2.83 0.084 −3.52 0.057

miR-376b-5p MIMAT0003195 1.36 0.015 2.29 9.7E-07

miR-378a-5p MIMAT0003378 −1.98 0.014 −1.38 0.002

miR-384-5p MIMAT0005309 1.12 0.060 1.12 0.038

miR-874-5p MIMAT0017290 −1.91 0.047 −1.28 0.041

mir-19a MI0000849 −1.88 0.079 −1.25 0.085

miR-142-3p MIMAT0000848 −2.53 0.013

miR-183-5p MIMAT0000860 −358.64 0.049

miR-199a-3p MIMAT0004738 −1.51 0.027

miR-222-3p MIMAT0000891 1.21 0.049

miR-301b-3p MIMAT0005304 −2.21 0.041

miR-3068-5p MIMAT0024845 1.47 0.013

miR-3557-3p MIMAT0017820 −1.98 0.014

miR-379-3p MIMAT0004791 1.31 0.019

miR-493-3p MIMAT0003191 −2.80 0.050

miR-6329 MIMAT0025068 1.84 0.049

mir-296 MI0000967 1.45 0.034

mir-299a MI0000970 1.41 0.015

Comparisons and fold changes measured using RNA-Seq and, where available, validated by Microarray quantification.Table contains miRNAs with consistent changes

at an uncorrected p-value cutoff of 0.1 or less for both RNA-Seq and Microarray data sets, or miRNAs that were not present on the array but were observed to change

in the RNA-Seq data with an uncorrected p-value cutoff of 0.05 or less.

From this point forward, we specifically chose to further exam-
ine the ethanol effect in non-enriched rats [N (EvC)] and the
social enrichment effect in ethanol-exposed rats [E (SvN)], as
these groups exhibited a striking reversal in social motivation
(5). Hierarchical cluster analysis showed distinct expression pat-
terns in groups of miRNAs, including some with directional
reversals resulting from social enrichment (Figure 2). Except for
one (miR-381-5p), none of the miRNAs in this subset showed any
main effects of gender (Datasheet S1 in Supplementary Material).
Thus, they do not appear to have gender-specific gene effects.

This comparative analysis also revealed several notable individ-
ual miRNAs (Table 3). First, miR-874-5p was decreased in both
the amygdala and ventral striatum. On the other hand, mir-183

was affected by social enrichment in both brain regions, with its
mature miR-183-5p showing a striking 300-fold decrease in the
amygdala and 5-fold increase in the ventral striatum. Thus, brain
region clearly influenced the miRNA results.

In addition to single miRNAs, we also examined whether our
miRNAs of interest belonged to the same miRBase families, which
are clusters of highly homologous sequences. Interestingly, the
miRNA families that had common members, including mir-122
(miRBase family accession # MIPF0000095) and mir-8 (miRBase
family accession # MIPF0000019) had very similar fold changes
and p-values within the same comparisons. We note that the iden-
tical results between members of the same miRNA family likely
reflect the fact that our RNA-Seq analysis could not distinguish
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Ignacio et al. FASD microRNAs and social enrichment

Table 2 | Nominally significant miRNAs in ventral striatum.

miRNA miRBase 21 accession RNA-Seq Microarray

Fold change p-Value Fold change p-Value

ETHANOL EFFECT IN NON-ENRICHED RATS [ETHANOLNON-SOCIAL VS CONTROLNON-SOCIAL]

let-7c-1 MI0000830 1.17 0.035 1.07 0.009

let-7c-2-3p MIMAT0017088 1.91 0.041 1.17 0.084

mir-542-1 MI0003528 1.36 0.090 1.21 0.003

miR-1247-5p MIMAT0035721 −1.79 0.047

miR-133b-3p MIMAT0003126 11.64 0.016

miR-345-3p MIMAT0004655 1.68 0.012

miR-489-5p MIMAT0017196 −2.00 0.032

miR-493-3p MIMAT0003191 −2.12 0.035

miR-540-5p MIMAT0017211 −1.31 0.030

miR-6314 MIMAT0025047 2.35 0.047

mir-122 MI0000891 −5.54 0.004

mir-1306 MI0021537 −1.48 0.046

mir-3591 MI0015471 −5.54 0.004

mir-6314 MI0021832 2.36 0.044

ETHANOL EFFECT IN SOCIALLY ENRICHED RATS [ETHANOLSOCIAL VS CONTROLSOCIAL]

miR-200b-3p MIMAT0000875 4.55 0.065 3.94 0.053

miR-26b-3p MIMAT0004714 1.55 0.041 1.08 0.012

mir-542-2 MI0031781 −1.34 0.037 −1.22 0.052

miR-133b-3p MIMAT0003126 3.18 0.011

miR-200a-3p MIMAT0000874 6.48 0.044

miR-344g MIMAT0025052 −3.55 0.044

miR-3553 MIMAT0017814 5.51 0.023

miR-493-3p MIMAT0003191 −2.03 0.026

miR-532-3p MIMAT0005323 −1.61 0.041

miR-540-5p MIMAT0017211 −1.27 0.023

miR-582-5p MIMAT0012833 −1.41 0.045

mir-183 MI0000928 5.47 0.022

mir-200a MI0000943 6.74 0.048

mir-3548 MI0015404 6.74 0.048

mir-3553 MI0015410 5.47 0.022

mir-3577 MI0015449 4.48 0.007

SOCIAL ENRICHMENT EFFECT IN CONTROL RATS [SOCIALCONTROL VS NON-SOCIALCONTROL]

miR-155-5p MIMAT0030409 1.61 0.098 1.47 2E-04

miR-24-2-5p MIMAT0005441 1.14 0.085 1.28 0.031

miR-27a-5p MIMAT0004715 3.55 0.038 1.31 2E-04

miR-299a-3p MIMAT0017167 −1.54 0.018 −1.86 0.032

miR-434-5p MIMAT0017307 1.11 0.030 1.45 1E-04

miR-487b-3p MIMAT0003200 −1.15 0.037 −1.46 0.003

mir-1247 MI0030348 −1.81 0.041 −1.13 0.071

mir-31b MI0015412 1.27 0.079 1.16 0.042

mir-487b MI0003547 −1.14 0.033 −1.22 0.042

mir-653 MI0012600 −1.78 0.058 −1.41 0.011

mir-673 MI0006158 1.19 0.068 1.18 0.075

miR-1247-5p MIMAT0035721 −1.80 0.045

miR-145-5p MIMAT0000851 1.49 0.017

miR-224-5p MIMAT0003119 11.41 0.019

miR-3592 MIMAT0017895 1.63 0.005

miR-3594-3p MIMAT0017899 3.43 0.035

(Continued)
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Ignacio et al. FASD microRNAs and social enrichment

Table 2 | Continued

miRNA miRBase 21 accession RNA-Seq Microarray

Fold change p-Value Fold change p-Value

miR-382-3p MIMAT0003202 1.63 0.005

miR-653-5p MIMAT0012838 −1.84 0.038

miR-98-5p MIMAT0000819 −1.10 0.047

mir-3577 MI0015449 −4.40 0.008

SOCIAL ENRICHMENT EFFECT IN ETHANOL RATS [SOCIALETHANOL VS NON-SOCIALETHANOL]

miR-141-3p MIMAT0000846 3.60 0.010 1.46 0.065

miR-182 MIMAT0005300 3.51 0.001 1.27 0.050

miR-200b-3p MIMAT0000875 5.09 0.020 5.45 0.058

miR-320-3p MIMAT0000903 −1.20 0.055 −1.27 0.093

miR-323-5p MIMAT0004637 1.23 0.023 1.17 0.071

miR-874-5p MIMAT0017290 −1.88 0.001 −1.60 0.099

mir-148a MI0030350 −1.20 0.090 −1.21 0.076

miR-188-5p MIMAT0005301 −4.04 0.019

miR-200a-3p MIMAT0000874 7.03 0.041

miR-344g MIMAT0025052 −3.64 0.038

miR-3553 MIMAT0017814 4.55 0.029

miR-381-5p MIMAT0017220 3.47 0.047

miR-532-3p MIMAT0005323 −1.64 0.033

miR-6318 MIMAT0025055 2.13 0.008

mir-183 MI0000928 4.70 0.026

mir-200a MI0000943 6.81 0.048

mir-3084a MI0030358 2.82 0.032

mir-344g MI0021837 −1.88 0.012

mir-3548 MI0015404 6.81 0.048

mir-3553 MI0015410 4.70 0.026

Comparisons and fold changes measured using RNA-Seq and, where available, Microarray quantification. Conventions same asTable 1.

the two isoforms using the standard read count quantification
algorithm that we employed. Additional experiments on precur-
sor forms of these miRNAs would be needed to elucidate the effects
of individual miRNAs within such families. This would be partic-
ularly interesting for the mir-8 family, whose members have been
implicated in synaptic development (19).

Most importantly, we also noted several miRNAs that appeared
to significantly reverse their expression levels in the amygdala
after social enrichment in ethanol-exposed animals. These include
precursor miRNAs mir-204 and mir-299a as well as mature miR-
NAs miR384-5p, miR-222-3p, and miR-301b-3p. Because these
molecular changes parallel the behavioral changes, it is possible
that they may be more directly related to the primary mechanisms
underlying each phenotypic effect.

DIFFERENTIAL MODULATION OF TARGETED MESSENGER RNAs
CONVERGE ON CELL SIGNALING AND MORPHOLOGY
In order to elucidate the large-scale functional changes being
affected by ethanol and social enrichment, we performed func-
tional network enrichment analysis using QIAGEN Ingenuity®

IPA software. The IPA core analysis workflow determines key gene
regulatory networks that are overrepresented in any given set of
molecules. Additionally, the activation or inhibition of upstream
and downstream molecules can be predicted based on existing data

and overlaid on any network to show how the overall network is
affected.

We first performed this analysis using only the specific miR-
NAs validated using both RNA-Seq and array that were altered
by ethanol in non-social animals and by social enrichment in
ethanol-exposed animals (Tables 1 and 2). The combined net-
works obtained by a core analysis of these data were merged and
examined using data from the amygdala and ventral striatum.
Overall, the functions represented by the resulting merged network
included several cell signaling molecules. Hereafter, we refer to this
merged network as a Cell Signaling network (Figure 3). Key hub
molecules in this network of miRNAs and target mRNAs include
p53, IGF1R, TNF, and several others. Most interestingly, the mole-
cule activity predictor tool in IPA generally suggested a large-scale
activation (orange colors) of this network in the amygdala and
inhibition (blue colors) in the ventral striatum.

The miRNA data were also integrated with mRNA data
(p < 0.1) derived from the same tissues (5) using the IPA
miRNA target filter workflow. Relationships included experimen-
tally determined data from the Ingenuity® curated database and
highly predicted targets from the target prediction databases in
TargetScan (20), miRecords (21), and TarBase (22). We note that
the miRNA-target predictions are based on sequence complemen-
tarity between the miRNA seed sequence and the target mRNA,
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Ignacio et al. FASD microRNAs and social enrichment

FIGURE 2 | Clustering of microRNAs with ethanol and/or social
enrichment effects. Hierarchical clustering analysis of fold change values in
miRNAs with significant ethanol effects in non-enriched rats [N(EvC)] and
social enrichment effect in ethanol rats [E(SvN)] for both brain regions
[A or V].

and thus may be applicable to several miRNAs with the same seed
sequence. In this report, we include findings from mRNA tar-
gets that have opposing expression level changes to their predicted
miRNA regulators (Datasheet S2 in Supplementary Material).
Because of their large-scale nature, these results were exclusively
examined at the network level.

Ethanol effects reversed by social enrichment
Focusing on the combined miRNA-mRNA target networks in the
amygdala, the first major network identified was one involved in
cell cycle processes (Figure 4, left). This network generally con-
tained RNAs, which were inhibited following prenatal ethanol
(e.g., VAMP4, mir-154). Other genes within the network showed
increased expression, including p53. Remarkably, almost across
the board, the pattern of changes in these genes due to prenatal
ethanol was completely opposite the changes seen following social
enrichment (Figure 4, right).

On the other hand, corresponding ethanol effects in the ven-
tral striatum revolved around cell death processes with inhibition
of RNAs including MAP3K2 and upregulation of RNAs like let-7
(Figure 5, left). These are predicted to inhibit cell death genes like
AKT and ERK1/2. Again, the network appears activated as a result
of social enrichment, resulting from downregulation of molecules
such as miR-532-3p (Figure 5, right).

CANONICAL GENE EXPRESSION PATHWAYS IN NEURONS ARE
ALTERED BY ETHANOL AND REVERSED BY SOCIAL ENRICHMENT
In addition to the networks identified above, we also chose to
extend our previously reported characterization of 660 brain-
related mRNAs of interest (5) by examining the evidence for
network level changes in four curated canonical IPA pathways: p53
signaling, GABA receptor signaling, glutamate receptor signaling,
and CREB signaling in neurons.

We examined the p53 signaling pathway because of differential
responses between prenatal ethanol exposure and social enrich-
ment (Figure 6). This network generally showed robust increases
in expression following prenatal ethanol exposures in both the
amygdala and ventral striatum. Following social enrichment, most
of the genes in this network showed decreased expression in
the ventral striatum, with a smaller subset showing decreased
expression in the amygdala. Thus, the ventral striatum appeared
to be more differentially responsive to the social enrichment
effects on p53 signaling. Notably, we and others have consistently
observed highly consistent changes in p53/apoptosis signaling net-
works following ethanol exposure (23, 24). However, this is the
first report we are aware of to report changes in p53 signaling
genes following social enrichment.

We also examined evidence for changes in GABA, glutamate,
and CREB signaling. Our rationale for doing so was based on
the fact that ethanol acts as a GABA agonist and NMDA antago-
nist, and has well-characterized effects on CREB signaling within
specific brain circuits involved in addiction, including the ventral
tegmental area, striatum, and cortex [reviewed in Ref. (25)]. Fur-
thermore, GABA and glutamate neurotransmitter systems have
been shown to be differentially expressed in alcohol-preferring
vs non-preferring rats (26) and alcohol’s effects on the central
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Ignacio et al. FASD microRNAs and social enrichment

Table 3 | Notable miRNA comparisons.

miRNA miRBase 21 accession Comparison RNA-Seq Microarray

Fold change p-Value Fold change p-Value

DECREASED BY ETHANOL IN BOTH REGIONS

miR-874-5p MIMAT0017290 A E(SvN) −1.91 0.047 −1.28 0.041

miR-874-5p MIMAT0017290 V E(SvN) −1.88 0.099 −1.60 0.001

AFFECTED BY SOCIAL ENRICHMENT IN BOTH REGIONS

miR-183-5p MIMAT0000860 A E(SvN) −358.64 0.049

mir-183 MI0000928 V E(SvN) 4.70 0.026

MICRORNA-122 FAMILY AFFECTED BY ETHANOL IN VENTRAL STRIATUM

mir-3591 MI0015471 V N(EvC) −5.54 0.004

mir-122 MI0000891 V N(EvC) −5.54 0.004

MICRORNA-8 FAMILY AFFECTED BY SOCIAL ENRICHMENT IN VENTRAL STRIATUM

mir-200a MI0000943 V E(SvN) 6.81 0.048

miR-200a-3p MIMAT0000874 V E(SvN) 7.03 0.041

miR-200b-3p MIMAT0000875 V E(SvN) 5.09 0.058 5.45 0.020

miR-141-3p MIMAT0000846 V E(SvN) 3.60 0.065 1.46 0.010

mir-3548 MI0015404 V E(SvN) 6.81 0.048

REVERSED BY SOCIAL ENRICHMENT IN AMYGDALA

mir-204 MI0000946 A N(EvC) 3.97 0.042

miR-204-5p MIMAT0000877 A E(SvN) −2.83 0.084 −3.52 0.057

miR-384-5p MIMAT0005309 A N(EvC) −1.12 0.063 −1.21 0.002

miR-384-5p MIMAT0005309 A E(SvN) 1.12 0.060 1.12 0.038

miR-222-3p MIMAT0000891 A N(EvC) −1.23 0.030

miR-222-3p MIMAT0000891 A E(SvN) 1.21 0.049

mir-299a MI0000970 A N(EvC) −1.46 0.007

mir-299a MI0000970 A E(SvN) 1.41 0.015

miR-301b-3p MIMAT0005304 A N(EvC) 2.85 0.017

miR-301b-3p MIMAT0005304 A E(SvN) −2.21 0.041

miR-6329 MIMAT0025068 A N(EvC) −2.38 0.003

miR-6329 MIMAT0025068 A E(SvN) 1.84 0.049

Conventions same asTable 1. A N(EvC)-ethanol effect in non-enriched rats’ amygdala; A E(SvN)-social enrichment effect in ethanol rats’ amygdala; V N(EvC)-ethanol

effect in non-enriched rats’ ventral striatum; V E(SvN)-social enrichment effect in ethanol rats’ ventral striatum.

amygdala are known to affect glutamatergic and GABAergic
transmission as a result of acute exposure [reviewed in Ref. (27)].

GABA receptor signaling
In general, we observed trends for decreased expression of multi-
ple GABA related transcripts following prenatal ethanol exposure
in both the amygdala and ventral striatum (Figure 7, left). These
trends were consistently reversed after social enrichment (Figure 7,
right). These observations suggest a plastic mechanism is in place
within the basal forebrain. Markers for GABAergic neurons have
been found in the amygdala as early as G20 in rats (28) suggest-
ing that this system could be responsive throughout much of the
animal’s lifetime.

Glutamate receptor signaling
In contrast to the changes seen for GABA networks, we found
evidence of region-specific changes in glutamate related genes.
Specifically, prenatal ethanol exposure was associated with gener-
ally decreased expression in the amygdala and generally increased

expression in the ventral striatum (Figure 8, left). However, fol-
lowing social enrichment, both of the brain areas tended to show
large-scale increases in expression (Figure 8, right). These differ-
ences suggest that changes in glutamate signaling in the amygdala
may be more directly linked to the social behavioral deficits we
have observed, while changes in the ventral striatum may be
more reflective of exposure to a drug of abuse. Furthermore,
the ethanol findings are also consistent with observations on the
acute effects of ethanol on glutamate receptor function [reviewed
in Ref. (29)]. Our findings also suggest that glutamate receptor-
mediated synaptic plasticity is altered,particularly in the amygdala,
consistent with was has been reported for ethanol effects in the
hippocampus (30).

CREB signaling in neurons
Reinforcing the changes just described for glutamate signaling,
the last network we examined was one involved in CREB sig-
naling in neurons. In this case, we found it much more difficult
to generalize about one specific direction of change within this
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Ignacio et al. FASD microRNAs and social enrichment

FIGURE 3 | Ethanol and social enrichment effects on microRNAs. The
results of a gene network level analysis of all of the miRNAs with changes in
one or more of the contrasts listed inTables 1 and 2 are shown. Genes and
miRNAs with increased or predicted increased expression are shown in red
and orange, respectively, while genes and miRNAs with decreased or

predicted decreased expression are shown in green and blue, respectively.
Genes and miRNAs with conflicting predicted vs observed data are connected
by yellow lines, and genes and miRNAs with absent data or unpredicted
relationships are unfilled and connected by gray lines. Note that in general,
the network is activated in the amygdala and inhibited in the ventral striatum.

FIGURE 4 | MicroRNA target effects in the amygdala on cell cycle signaling. Conventions same as Figure 3. Note that nearly all of the genes show a
distinct reversal in their expression difference following social enrichment.

highly integrated cellular network across the two brain areas.
Indeed, following prenatal ethanol exposure, more than 10 genes
showed changes in distinctly opposite directions in the amyg-
dala and ventral striatum (e.g., IGLUR, Gβ, Gγ, PLC, PKC, AKT,

ERK, p90RSK, p300, CBP, TFIIB, TBP) (Figure 9, left). Fol-
lowing social enrichment, however, there was somewhat greater
agreement between the two brain areas in the directionality (or
predicted directionality) of the changes (Figure 9, right). These
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FIGURE 5 | MicroRNA target effects in the ventral striatum on cell death signaling. Conventions same as Figure 3. Note that nearly all of the genes show
a distinct reversal in their expression difference following social enrichment.

findings underscore the importance of examining entire tran-
scriptional networks before reaching conclusions regarding the
potential effect that a manipulation or treatment may have in a
specific brain region. Moreover, the results highlight the utility of
examining multiple brain regions.

DISCUSSION
This study sought to evaluate molecular mechanisms at the
miRNA, mRNA, and gene regulatory network levels that underlie
the effective reversal of a social motivation deficit seen following
prenatal ethanol exposure (5). We found several robustly affected
miRNAs, target mRNAs, and functional pathways that could rep-
resent candidate control points for the behavioral deficits we
previously observed.

Several recent miRNA studies have been performed on rodents
or primary cell cultures exposed to ethanol either during gesta-
tional or postnatal time periods. We compared the most robustly
changed miRNAs in our studies (Tables 1 and 2) to results from
these other studies. Interestingly, 24 of the 48 miRNAs we observed
with changes due to ethanol in either the amygdala or ven-
tral striatum were also reported to change in other studies. Of
those, 9 miRNAs (let-7c-1, miR-221-3p, miR-221-5p, miR-222-
3p, mir-322-2, mir-34c, miR-384-5p, mir-496, and mir-542-1)
reported consistent directional changes as our data (15, 31–33).
This is despite the use of different exposure paradigms, brain

areas, and cell types, as well as different species. These miRNAs
may thus represent highly robust and persistent indices of ethanol
exposure.

Most importantly, two of these microRNAs (miR-222-3p and
miR-384-5p) were also found to be reversed in the amygdala after
social enrichment (Table 3). By targeting the PTEN gene, mir-222
has been shown to promote neurite outgrowth (34). Addition-
ally, mir-384 has been shown to be an indicator of neurotoxicity
(35) and was found to be differentially expressed in dopaminergic
neurons following cocaine addiction (36).

On the other hand, 7 miRNAs (mir-138-2, miR-148a-5p, mir-
299a, miR-299a-5p, miR-493-3p, miR-540-5p, and miR-667-3p)
have reported significant changes in miRNAs that only show
directional changes opposite to what we observed (31, 32, 37,
38). Finally, there is mixed support for 7 of the miRNAs we
reported (mir-129-1, miR-15b-3p, mir-204, miR-29c-3p, miR-
301b-3p, miR-495, and mir-9a-2), with some studies showing
changes consistent with our data, and other studies showing
changes opposite those of our study (15, 31–33, 38–47). It
is important to note that mir-9 has well-established roles in
neurogenesis [reviewed in Ref. (48)]. Possible explanations for
the disparities in results are likely found in the parameters of
those studies. Regardless, these latter two sets of miRNAs may
represent less-reliable or less persistent biomarkers of ethanol
exposure.
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Ignacio et al. FASD microRNAs and social enrichment

FIGURE 6 | Ethanol and social enrichment effects on nuclear p53 signaling. Conventions same as Figure 3. Note that the changes in p53 signaling were
highly similar in both brain areas following prenatal ethanol exposure (left), but showed differential responsiveness in the two brain areas following social
enrichment (right).

Rather than focusing on individual genes, our large-scale analy-
ses of ethanol-induced changes in miRNA and mRNA expression
focus on whether effects on functionally related pathways are con-
sistently seen across studies. From this perspective, our results add
substantial support to the concept of a systems-level disruption
of major gene regulatory pathways by a common environmen-
tal insult. We show in our study that prenatal alcohol exposure
imposes a long-lasting effect on neuronal and, ultimately, behav-
ioral function in adolescents. Notably, our results also extend
our previous molecular analyses by incorporating the vast post-
transcriptional regulatory aspects embodied by microRNAs. By
evaluating concurrent changes in miRNA and mRNA levels, this
work shines light on an additional layer of complexity to the
gene expression changes occurring in the amygdala and ventral
striatum. This is critical because miRNAs are thought to respond
greatly to environmental stressors and are thought to mediate
global gene expression changes [reviewed in Ref. (49, 50)].

Notably, the functions represented by the pathways represented
in Figures 3–5 clearly implicate alterations in p53 signaling, cell
cycle, and cell death pathways as a consequence of prenatal ethanol
exposure. These pathways are of particular note because they
suggest that abnormal cellular proliferation and/or DNA damage
repair processes could be associated with early ethanol exposures.

Indeed, we previously reported robust changes in genes involved
in these processes in adult human alcohol abusing subjects (23).
Although there is evidence that cortical heterotopias can occur
as a consequence of early ethanol exposure, data from several
human studies have failed to demonstrate any consistent eleva-
tion in the risk for childhood cancers, with some studies even
reporting protective effects (51, 52).

To our knowledge, this is the first report of miRNA-directed
gene expression changes brought about by environmental inter-
ventions in any FASD model. The potential reversal of abnormal
changes in miRNA and mRNA expression by a relatively sim-
ple intervention (social enrichment) is consistent with data from
other disorders, where specific changes in miRNA levels have
been seen to result from an enriched environment, correspond-
ing with slowing of the disease progression and improvement in
hippocampal synaptic transmission using an Alzheimer’s disease
model (53). Given the considerable data showing that environ-
mental enrichment is likely one of the most effective means of
improving outcomes in children with FASD and autism spectrum
disorders, it is highly likely that such interventions exert at least
some of their therapeutic effects through alterations in miRNA
and mRNA levels in some of the same brain circuits we examined
in this report.
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Ignacio et al. FASD microRNAs and social enrichment

FIGURE 7 | Ethanol and social enrichment effects on GABA receptor signaling. Conventions same as Figure 3. Note that prenatal ethanol exposure
generally inhibits GABA signaling and is reversed following social enrichment. In some cases, due to the presence of multiple isoforms of a gene with the same
name, multiple colors are contained within a symbol.

It is beyond the scope of the present report to fully examine
the evidence for regionally specific changes in expression. How-
ever, we note that both at the individual miRNA level and target
mRNA level, many of the changes appeared to be region spe-
cific. This was even more evident for some of the comparisons
made for specific functional pathways. Taken together, these pat-
terns reinforce other recent findings, such as those by Tapocik
et al. (54), who showed that mir-206 upregulation due to ethanol
is regionally selective in the medial prefrontal cortex of a rat
model of alcohol dependence and is not found in the amygdala
or other regions of the brain. Clearly, much additional work will
be needed to create comprehensive profiles for all of the brain-
wide changes seen following prenatal ethanol exposure or social
enrichment.

There are several limitations to note in the present study. First,
it is important to acknowledge that the resulting gene expression
effects we have observed in P42 rat brains reflect the cumula-
tive effect of all life experiences to that age. That is, everything
that the animal has experienced could alter miRNA and mRNA
expression patterns; consequently, some of these alterations could
interact with variables that were outside our ability to control. We
tried to minimize the differences due to random noise that might
exist between treatment groups. Nonetheless, in our study, preg-
nant animals ware received in the lab on G4, handled and injected
on G12, potentially causing gestational stress. Exposure of the off-
spring to the anesthetic agents ketamine and xylazine immediately
prior to decapitation may also have altered gene expression in some
manner. It is possible that the treatment itself (ethanol exposure)
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FIGURE 8 | Ethanol and social enrichment effects on glutamate receptor signaling. Conventions same as Figure 3. Note that this network tended to show
differential changes due to prenatal ethanol exposure in the two brain areas (left), but somewhat more consistent changes following social enrichment (right).

interacted with the pre- or postnatal stressors, which include ship-
ment, handling, and anesthetic administration. We note that the
time course by which the anesthetics acted (ketamine/xylazine) is
extremely brief (lasting only a few minutes prior to decapitation
and dissection) and thus is not likely to create any large-scale biases
in gene expression differences.

Another limitation in the present study is the lack of cor-
rection for multiple testing. We contend that our use of two
independent quantification methodologies somewhat mitigates
this concern. Furthermore, our focus on functional gene net-
work analysis, rather than individual miRNAs and mRNAs per se
also helps reduce concern about type 1 error. The seemingly
low concurrency of RNA-Seq and array data may be the result
of several factors, most notably the use of 2 different miR-
Base databases in our high-throughput quantification (array used

miRBase 15, while sequencing uses miRBase 21). In addition,
we used very stringent concurrency criteria because it was based
on exact sequence homology between the array probe and the
gene annotation against which the RNA-Seq data were quantified
upon.

In conclusion, despite some limitations, our data strongly
demonstrate that prenatal ethanol exposure has the capacity to
impart long-lasting gene expression changes at both the miRNA
and subsequent target mRNA level. Some of these changes clearly
impact large-scale functional pathways in the brain that are
involved in synaptic function and intracellular signaling, as well
as cell cycle regulation, and brain development. Further stud-
ies are necessary to determine the extent to which changes in
these pathways represent points of no return, or novel therapeutic
opportunities for intervention.
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FIGURE 9 | Ethanol and social enrichment effects on CREB signaling in neurons. Conventions same as Figure 3. Note that the changes produced following
prenatal ethanol exposure or social enrichment showed somewhat complex patterns, with some evidence of both region-specific and treatment-specific effects.
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Abstract  
There is currently a lack of reliable, minimally invasive biomarkers that could predict 

the extent of alcoholism-induced CNS damage. Developing such biomarkers may 

prove useful in reducing the prevalence of alcohol use disorders (AUDs). 

Extracellular microRNAs (miRNAs) can be informative molecular indicators of 

changes in neuronal gene expression. In this study, we performed a global analysis of 

extracellular miRNAs to identify robust biomarkers of early CNS damage in humans 

diagnosed with DSM-IV AUDs. We recruited a relatively young set of 20 AUD 

subjects and 10 age-matched controls. They were subjected to comprehensive 

medical, neuropsychological and neuroimaging tests, followed by comparison of 

miRNA levels found in peripheral blood serum. Employing a conservative strategy to 

identify candidate biomarkers, miRNAs were quantified using two independent high-

throughput methods: microarray and next-generation RNA-sequencing. This 

improved our capacity to discover and validate relevant miRNAs. Our results 

identified several miRNAs with significant and reproducible expression changes in 

AUD subjects versus controls. Moreover, several significant associations between 

candidate miRNA biomarkers and various medical, neuropsychological and 

neuroimaging parameters were identified using Pearson correlation and unbiased 

hierarchical clustering analyses. Some of the top candidate biomarkers identified, 

such as mir-92b and mir-96 have established roles in neural development. Cross-

species validation of miRNA expression was performed using two different in vivo rat 

drinking models and two different in vitro mouse neural stem cell exposure models. A 

systems level analysis revealed a remarkable degree of convergence in the top 

changes seen in all of these data sets, specifically identifying cell death, cell 

proliferation and cell cycle processes as most consistently affected. Though not 
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necessarily the same molecules, the affected miRNAs within these pathways clearly 

influence common genes, such as p53 and TNF, which stand out as potential keystone 

molecules. Lastly, we also examined the potential tissue origins of these biomarkers 

by quantifying their levels in 15 different tissue types and show that several are 

highly-enriched in the brain. Collectively, our results suggest that serum miRNA 

expression changes can directly relate to alterations in CNS structure and function, 

and may do so through effects on highly specific cellular pathways. 
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Background  

Alcohol use disorders (AUDs) are a major public health problem and impose a 

substantial socioeconomic burden. In the US alone, there is a 1 in 7 lifetime 

prevalence of AUD [1].  Structural brain damage and the widespread alteration of 

neuronal function that accompanies it represent two of the most adverse effects of 

AUDs (recently reviewed in [2]). However, despite well-documented effects on the 

CNS, there are no definitive molecular signatures of AUD-induced brain damage. 

This limits the selection of rational interventions and hampers the ability to gauge 

therapeutic effects. Thus, developing biomarkers that indicate early CNS damage may 

prove useful in deterring the emergence of AUDs. 

We recently completed an extensive messenger RNA (mRNA) expression-based 

study of human subjects with AUDs as well as adolescent and adult rats engaged in 

excessive alcohol consumption and mouse neural stem cells (NSCs) exposed to 

ethanol in vitro [3]. In that study, we sought to identify mRNA biomarkers in 

peripheral blood leukocytes (PBLs) that could predict CNS dysfunction related to 

excessive alcohol consumption across different species and models. Based on pre-

existing data, we chose to test only a specific set of mRNAs with functions related to 

cell cycle regulation, DNA damage and repair, as well as p53 signaling. We found 

that a subset of the tested mRNAs was consistently changed in human AUD subjects, 

ethanol-consuming rats, and ethanol-exposed NSCs. Moreover, several of the affected 

mRNAs showed robust correlations with different biological variables, including 

neuroimaging volumes, neuropsychological performance scores, as well as indices of 

ethanol consumption.  
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Despite promising leads from our focused mRNA study, there were a number of 

limitations on its overall potential utility. First, because we examined expression of 

mRNA from the PBLs of our AUD subjects, we could only speculate about potential 

transcript changes in other tissues, such as the brain. Second, many subjects in that 

study had long histories of AUD, and therefore did not represent an optimal subject 

set for discovering markers of early AUD-induced alterations, which could potentially 

be reversible.  Third, the analysis we performed was focused exclusively on a limited 

set of a few hundred mRNAs that had been identified through previous screens [4] 

rather than the entire transcriptome. Finally, the alterations in brain volumes we 

observed in the previous study were not controlled for overall brain shrinkage, which 

is well-characterized in AUDs as well as advanced aging. 

Because of the limitations just described, in the present study, we sought to expand 

upon our previous work by examining whether we could identify even more robust 

biomarkers using: (1) a younger subset of AUD subjects with shorter histories of 

alcohol consumption who were completely age-matched to controls; (2) neuroimaging 

measures that were normalized to whole-brain volumes; and (3) measurements of 

extracellular microRNAs (miRNAs) rather than leukocyte mRNA for detection of 

early stage CNS damage.  

Our current focus on miRNAs builds upon considerable recent interest in their 

potential use as biomarkers in other diseases and conditions. MicroRNAs are short, 

hairpin-derived RNAs that repress protein expression of a large fraction of the 

genome in a vast array of species. In mammals, approximately half of all mRNAs 

maintain selective pairing with miRNAs [5]. Thus, miRNAs have emerged as a class 

of master regulatory molecules that control the level of post-transcriptional gene 

expression. In neurons, miRNAs not only regulate mRNA levels, but they also 
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compartmentalize specific mRNA expression within subcellular regions such as axons 

and dendrites [6].  

Dysregulation of brain miRNAs have also been recently associated with alcohol 

exposure. In human post-mortem brain samples, robust changes in miRNA expression 

have been reported in the prefrontal cortex of subjects with a history of chronic 

alcohol abuse compared to controls [7]. Robust changes in miRNA levels have also 

been reported in the brains of rats following alcohol intoxication [8]. These findings 

are further supported by in vitro studies of the effects of ethanol effects on miRNA 

levels in neurosphere cultures [9]. 

In addition to their intracellular roles, miRNAs are released by normal and damaged 

cells into the bloodstream and can serve as conduits for the spread of genetic and 

pathological information to distant cells and tissues. In this manner, miRNAs have 

been shown to mediate the spread of cell and tissue damage or alter the 

microenvironment [10]. In fact, brain-specific miRNAs have been identified in the 

blood and other bodily fluids and it has been suggested that they may provide the 

opportunity to evaluate ongoing changes in the CNS upon the initiation of 

neurodegeneration [11].  For example, in Alzheimer’s disease, miRNAs that are 

associated with neuropathological changes in post-mortem brain tissue have been 

detected in blood sera of subjects meeting ante-mortem criteria for the disease, albeit 

at lower basal levels [12]. The potential importance of such findings gains further 

support from a recent study that demonstrated serum mRNA levels could be directly 

regulated by brain-specific administration of RNAi [13]. 

In this study, we compared miRNA expression levels in the serum of human subjects 

diagnosed with AUDs to those in healthy control subjects in order to identify potential 

biomarkers of CNS alterations. Further, we explored the potential relationship of 
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candidate biomarkers with various medical, neuropsychological and normalized 

neuroimaging data. Cross-species validation through miRNA profiling of various in 

vivo and in vitro ethanol exposure paradigms helped confirm key miRNA molecules 

affected by ethanol and their mRNA targets. Taken together, our data provide striking 

new insight into the potential epigenetic regulation of CNS gene expression 

alterations brought about by AUDs.  

Results and Discussion  

In this study, we determined the feasibility of using serum miRNAs to predict the 

extent of structural and functional CNS impairments associated with alcohol use 

disorders. The subjects recruited for this study were selected to reflect the same 

average age and an equal number of males and females in each group (Table 1). 

Compared to our previous study that explored the use of mRNA profiles from 

peripheral blood leukocytes [3], the current study focused on a younger group of 

individuals, allowing exploration of potentially more sensitive biomarkers of early 

CNS alterations. Such early detection could promote development of therapeutic and 

preventative interventions that might halt or potentially reverse the CNS effects.  

On average our AUD subjects had been drinking an average of 12 years, starting 

around age 18. They drank alcohol an average of 15 days during the month prior to 

recruitment, and consumed approximately 5 drinks per drinking day. As a group, the 

AUD subjects had an average of 1 heavy drinking day (i.e. more than 5 drinks for 

men or 4 drinks for women) during the week prior to recruitment. 

Comparison of AUD vs control subjects show reductio n in brain regions, 

including clinical, medical and neuropsychological deficits  
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Comprehensive demographic, medical, neuropsychological and neuroimaging data 

were collected from each of the subjects. Prior to hypothesis testing, variables were 

examined for equality of variance in AUD subjects and controls using a Fisher’s F 

test. Variables that passed the F test (p-value > 0.05) were examined for differences 

between AUD subjects and controls using a Student’s T-test, while those with 

unequal variance were tested using a Welch's T-test. Unless otherwise stated, we did 

not correct for multiple testing due to the relatively small sample size and the desire to 

identify as many potential biomarkers as possible in our initial parametric screen. 

These were subsequently examined for quantitative associations with the other 

variables of interest.  

Our statistical screen identified a relatively small set of variables that differed 

between AUD subjects and controls (Table 2). Among the standard medical 

laboratory blood tests (including several that assesses liver function), only the 

gamma-glutamyl transferase (GGT) assay differed between AUD and control 

subjects, with an average increase of 86%. Notably, the average level in AUD 

subjects was 37.4 IU/L, which is above the normal range for males and females of the 

same age as our subjects. These elevated levels suggest at least some amount of early 

liver damage may be occurring in our subjects, since GGT elevations are commonly 

seen in patients with alcoholic liver disease, a well-documented effect of chronic 

alcohol consumption.  

Despite the large number of neuropsychological tests administered, AUD subjects 

only showed significant differences compared to controls in the Letter Fluency Test of 

the Delis-Kaplan Executive Function System (D-KEFS) [14]. This test examines the 

ability to rapidly generate non-redundant words that begin with specific letters in a 

short time interval. The AUD subjects scored 21% worse on average than controls in 
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their scaled scores, indicating a relative impairment of a specific language function. 

This observation is consistent with significant verbal fluency abnormalities that have 

been reported in patients with much longer histories of alcohol use disorders, 

including those with Korsakoff syndrome, a severe neurologic complication of AUD 

[15].   

The subtlety and specificity of our neuropsychological findings may reflect the 

younger average age of our subjects, where alcohol-related brain damage phenotypes 

are more difficult to detect. Comparisons of our results are most appropriately made 

to neuropsychological studies of adolescent and young adult drinkers. Letter fluency 

tests on university age (18-20 years) subjects have not found differences in 

performance when binge drinkers were compared to non-binge drinkers [16]. 

However, longer-term studies on adolescent alcohol abusers (13-19 years, followed 

up after 4 years) have displayed significantly impaired language skills [17]. This 

suggests that the language impairment we observed manifests itself later in young 

adulthood since our AUD subjects typically started drinking during adolescence 

(average onset of drinking age: 18.6 years). Indeed, our AUD subjects showed a 

significant correlation between Letter Fluency Test score and the number of years 

drinking (R = -.46, p < 0.05). Although the number of years drinking was confounded 

with age in our AUD subjects, we did not observe a significant association between 

age and Letter Fluency Test score in our controls. 

Screening for possible structural brain changes in AUD subjects versus controls was 

initially performed using a combination of two different autothresholding methods on 

skull-stripped 3D reconstructions of MRI data (Figure 1A). The moments method 

[18] created a binary image which excluded the sulci while the triangle method [19] 

created a binary image that included sulci and thus encompassed the entire visible 
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external brain surface. The difference between these two images indicated the 

percentage of visible surface area occupied by cortical sulci (Figure 1B). A Student's 

T-test performed on these measurements indicated significantly larger sulcal size (16 

%, p = 0.017) in AUD subjects (Figure 1C).  

Having observed an increased sulcal size even in this relatively young cohort of AUD 

subjects, we further examined possible differences in regional brain volumes using a 

comprehensive unbiased approach to measure more than 360 pre-defined brain 

regions with the FreeSurfer software suite [Reviewed in 20]. Moreover, in contrast to 

our previous volumetric analysis of older AUD subjects and controls [3], we 

normalized all of these measurements to total brain volume in order to control for 

overall brain shrinkage that occurs with AUD or aging. In this manner, we hoped to 

find changes indicative of enhanced vulnerability to AUD in some brain regions in a 

younger cohort. The subsequent comparisons between AUD and control subjects 

yielded 20 individual regions with volumes that differed between groups (Table 2). 

Notably, because of our normalization method, the magnitude of changes in these 20 

regions can be considered greater than that of the entire brain. 

Consistent with our initial sulcal measurements, the FreeSurfer-based volumetric 

analysis supported widening of the left central sulcus as well as ventricular 

enlargement in the 3rd and 4th ventricles and an increase in total CSF volume. Four 

out of the seven regions representing ventricular and CSF spaces as well as sulci were 

larger in our AUD subjects. These findings support previous research showing greater 

than normal ventricular enlargement and sulcal widening in relation to increasing age 

[21] as well as CSF size [22].  
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Most of the remaining regional volumes showed a decrease in AUD subjects, 

consistent with their enhanced shrinkage relative to overall brain volume reduction. 

Indeed, alcohol-related brain damage (ARBD) has been well documented and does 

demonstrate some regional specificity, although some of these changes may be 

reversible by abstinence [Reviewed in 23]. Examples of such regions include the 

anterior corpus callosum, which we observed to be almost 15% smaller in our AUD 

subjects, consistent with a previous study of male [24] and female alcoholics [25]. 

Notably, however, the average ages of participants in the studies from that group 

(Males: 48.8±10.7 Y; Females: 40.9±9.6 Y), were a decade older than our subjects 

(30.9±10.2 Y), suggesting that corpus callosum volume shrinkage is occurring earlier 

than previously thought.  

 

Global, high-throughput human miRNA expression scre ening and verification  

To ensure optimal sampling, we employed a conservative strategy to identify and 

verify potential miRNA biomarkers  Quantification of miRNAs were based primarily 

on next-generation small RNA-sequencing (RNA-Seq), which has emerged as a 

highly accurate method of miRNA quantification owing to its sensitivity and 

considerable dynamic range [26]. 

To orthogonally validate our RNA-Seq findings, we performed microarray analysis 

using Affymetrix miRNA GeneChips. The application of these two complementary 

technologies improved our capacity to discover AUD-relevant miRNAs that would 

have been overlooked had a single quantification method been employed. Indeed, we 

have recently used and discussed the merits of this combined approach in our studies 

of miRNA changes in adolescent rat brain following fetal alcohol exposures [27].  
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Initial serum miRNA quantification was performed by aligning the Illumina RNA-Seq 

data to the hg19 human reference genome. This was performed because most 

miRNAs are encoded in intergenic regions, within non-coding RNA genes or the 

introns of protein-coding genes. These primary miRNA transcripts (pri-miRNAs) are 

transcribed and processed in the nucleus before being exported out of the nucleus in 

their precursor hairpin forms (pre-miRNA). Further processing in the cytoplasm via 

the protein Dicer creates mature single-stranded miRNAs of approximately 20 

nucleotides. These mature miRNAs then assemble into an RNA-induced silencing 

complex (RISC) that interacts with complementary messenger RNAs, and either 

target them for degradation or interfere with translation efficiency [Reviewed in 28].   

After whole genome alignment, we quantified reads using the RefSeq transcript 

annotation database and miRBase, an established, high-confidence database of 

microRNAs [29]. The latter quantified both precursor and mature miRNA regions. 

Inspection of our aligned reads against mature and precursor miRNA gene regions 

demonstrated that most reads were highly concentrated in one of two regions, 

corresponding to the mature -5p or -3p regions of individual miRNAs, with very few 

reads mapping to the flanking or internal sequence regions that would be derived from 

immature pre-miRNA or pri-miRNA alignments (Represented by Figure 2A). Indeed, 

a probe trend plot of all 1871 primary miRNA transcripts available in miRBase 20 

showed a striking bimodal distribution (Figure 2B), and strongly suggested that the 

majority of miRNAs we quantified in serum were present in a mature (i.e., fully 

processed and possibly bioactive) form. 

After alignment, we used the same statistical testing method described for the 

medical, demographic and neuroimaging variables to compare the miRNA levels 

between subject groups for both the RNA-Seq and microarray data sets. Individual 
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miRNAs with were then assigned to three different classification tiers depending on 

the strength of evidence for concordant changes in gene expression across the two 

quantification platforms (Table 3). Because of the greater sensitivity and dynamic 

range of RNA-Seq, the values produced using this method formed the primary basis 

for comparison of the subject groups, with differences detected through the 

microarrays serving as a means of orthogonal validation. 

Tier A molecules represented stringent, nominally significant (p<0.05) miRNAs 

generated from RNA-seq quantification that also showed a strong trend (p<0.10) and 

directionally consistent changes in the microarray experiments. Tier B molecules 

represented nominally significant (p<0.05) miRNAs as determined by RNA-seq that 

showed similar directional changes in the array data regardless of the p value. Tier C 

molecules were found to be nominally significant (p<0.05) only in the RNA-seq data 

but were not interrogated by the probes on the miRNA arrays. When possible, the 

mature forms of the miRNAs were listed within each Tier (these contain a capital R in 

miR- and a -3p or -5p in the title, according to established convention).  

Examination of the miRNAs that were most robustly changed in our AUD subjects 

indicated that most were increased in expression (Table 3). This observation is 

consistent with miRNA findings in post-mortem brains of human alcoholics [7]. Thus, 

the increased miRNA we detected in AUD subjects suggests a possible compensatory 

mechanism for neuronal injury, or potentially even enhanced transport of miRNAs 

from the brain to the periphery as a result of cell damage. Similar findings for other 

neurodegenerative conditions such as traumatic brain injury have also been reported 

[30].  
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We observed a total of 3 miRNAs in Tier A, 13 in Tier B, and 4 in Tier C (Table 3). 

Interestingly, several of these miRNAs have been previously found to be present at 

abnormal levels in studies of postmortem human alcoholic brain tissue and animal 

models of ethanol exposure. For example, we found evidence of decreased mir-92b 

and increased mir-96, mir-24, mir-136, and let-7c in our AUD subjects, consistent 

with studies of primary cortical neurons [31], mouse frontal cortex [32] and rat ventral 

striatum [27, 33].  Moreover, some of the miRNAs that we observed to change in the 

serum of AUD subjects were also shown to change in the same direction in studies of 

hepatocytes from mice with alcoholic liver damage (mir-127; see [34]) or whole 

zebrafish embryos exposed to alcohol (mir-24; see [35]).  

On the other hand, we also observed some changes in the serum of AUD subjects that 

were opposite those reported in other studies. For example, we observed decreased 

expression of mir-301, while other studies have shown increased levels in various 

brain regions after alcohol exposure. This includes our own findings in the amygdala 

[27] of prenatally-exposed rats, as well as the prefrontal cortex [8, 32] of postnatally-

exposed mice, and the frontal cortex from post-mortem brains of human alcoholics 

[7].  Such discrepancies could merely reflect the variability of different tissues being 

analyzed, but it is also possible that the levels reported in those studies are greatly 

influenced by intracellular miRNA processing, whereas the present data are derived 

from more stable extracellular serum miRNAs.   

One miRNA finding of particular interest is mir-30a, which we observed to be 

increased 94% in AUD subjects (Tier B; Table 3). Although mir-30 was found to be 

decreased in whole embryos after ethanol exposure [35], it has been consistently 

shown to be increased in the brain of various models of ethanol exposure including 

whole brain [36], nucleus accumbens [33] and frontal cortex [32, 37]. Moreover, 
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through its regulation of BDNF expression, mir-30a overexpression in the frontal 

cortex has also been shown to promote excessive alcohol intake which can then be 

reversed by inhibition of miRNA activity [37].  

Association of serum miRNA levels with neuropsychol ogical, demographic and 

neuroimaging variables  

We integrated our clinical and miRNA expression datasets to identify potentially 

relevant associations which could be further explored as indicators of AUD. This was 

examined using a Pearson correlation test to compare miRNA expression levels and 

nominally significant neuropsychological, medical and neuroimaging measurements. 

These comparisons did not include correlations between brain regions or between 

miRNA levels, which would be very strong, but not particularly informative for this 

purpose. Notably, indices of alcohol consumption were only included in the 

association testing of AUD subjects (since our control subjects did not drink) in an 

effort to identify direct biomarkers of alcohol consumption. Pearson correlations were 

used to calculate T-scores and corresponding P-values. Variables that were changed in 

our parametric analyses (Tables 2 and 3) were not corrected for multiple testing 

when evaluating their correlations. The results of this association testing are shown in 

Table 4.  We also performed an exploratory screen of all expressed miRNAs against 

all other variables in order to detect strong associations in the AUD subjects that may 

have eluded detection in the parametric two group comparison. These correlations 

were not guided by any predictions about possible directional differences and thus 

were corrected for multiple testing using the Benjamini-Hochberg False Discovery 

Rate (FDR) algorithm. Variables with an FDR < 0.05 in the AUD subjects are 

displayed along with the R and FDR values observed in the Control subjects and 

combined subject groups (Table 5).   
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Many significant correlations found with miRNAs in Tiers A, B and C were observed 

with distinct regions of the brain, including those that have already been identified as 

primarily decreased in alcoholics, such as the corpus callosum [24] (mir-320a) as well 

as the left inferior frontal triangular gyrus (mir-24-1, mir-136, mir-1976) and a similar 

region in the right inferior frontal lobe along the pars opercularis (mir-24-1, mir-136). 

Notably, these two regions of the inferior frontal lobe are both involved in language 

function, and communicate with each other via the anterior corpus callosum. None of 

these particular miRNAs showed significant correlations with Letter Fluency Score.  

However, one miRNA (miR-301a-3p) did exhibit significant correlations with Letter 

Fluency Score and a region of the anterior inferior temporal lobe (the right anterior 

collateral transverse sulcus), although the functions of this cortical area are unclear at 

this time.  The exploratory correlation analysis also identified some notable 

associations between miRNA levels and some of the drinking parameters (let-7a-5p, 

mir-93, miR-139-5p, miR-1180-3p), blood pressure (mir-664), and brain areas 

involved in higher order visual, sensory, and limbic processing (mir-584-5p, mir-

378a, mir-192-5p, mir-4433; Table 5).   

In addition to the correlation analyses of individual miRNAs and variables, we also 

used MetaboAnalyst [38] to perform a hierarchical cluster analysis and identify 

patterns of correlations between sets of variables across subjects (Figure 3). The 

Ward clustering algorithm was employed for this because it most effectively 

distinguished AUD and control subjects (Figure 3, horizontal dashed line). 

The clusters derived from this analysis, composed of mixed variable and miRNA 

components; provide additional insight into possible roles microRNAs play in the 

phenotypic changes we observe in AUDs. For example, one cluster whose 

associations were not evident in the Pearson correlation analysis contained Tier A 
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molecule mir-92b and several brain regions (left and right cingulomarginal sulci, left 

and right inferior frontal lobe areas, and the anterior corpus callosum). Notably, mir-

92b has been shown to be abundant in the developing cortex and regulate the 

development of intermediate cortical progenitor cells [39]. While our AUD subjects 

were adults and thus not undergoing large scale cortical neurogenesis, these data 

nevertheless support a possible role for mir-92b in mediating brain damage resulting 

from AUD that will need further exploration because of the functional implications of 

the aforementioned brain areas regarding speech and language processing.   

Another cluster revealed through this analysis was one that grouped mir-1976 with 

Letter Fluency Score and the Left ventral diencephalon (Figure 3, bottom left). As 

already mentioned, this same miRNA showed a significant correlation in AUD 

subjects with the left inferior frontal gyrus (Table 4), although the pattern was much 

less evident when all subjects were clustered together. Notably, the FreeSurfer 

parcellation of the ventral diencephalon includes the hypothalamus, mammillary 

body, subthalamic nucleus and substantia nigra. There is clear evidence supporting 

involvement of the basal ganglia in speech and language processing and clear data 

that the mammillary body and hypothalamus are affected by chronic alcohol abuse in 

humans [40, 41]. Thus, changes in mir-1976 levels may have some clinical utility in 

classifying subjects with structural and functional brain alterations. 

 

Gene expression signatures related to brain-specifi c expression profiles  

Although a peripheral biomarker can be useful from a purely diagnostic or correlative 

perspective, we also sought to obtain additional insight into the potential relevance of 

our serum-based miRNA data. Thus, we sought to determine possible tissue origins 

for miRNAs of interest by performing comprehensive miRNA profiling on 15 distinct 
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tissues derived from three normal adolescent (P35) male rats. Tissue-specific profiles 

were generated on miRNAs from Tiers A, B and C as well as other miRNAs with 

highly significant Pearson correlations. These data were normalized to the total 

miRNA levels in each tissue and compared to brain hemisphere levels in these same 

animals by hierarchical cluster analysis to discern meaningful patterns across tissues 

(Figure 4).  

Using this method, we found that most of the miRNAs of interest were present in the 

whole brain at moderate to high levels (except for mir-378a). Moreover, at least 6 of 

the miRNAs were grouped together following this analysis and appeared to be brain-

enriched (mir-96-5p, mir-96, mir-92b, mir-127, mir-136, mir-136-3p; Figure 4 right). 

Notably, however, half of these were also enriched in muscle, spleen, skin, stomach, 

or testes, though in different combinations. Interestingly, mir-92b showed particular 

enrichment in brain and lung, which was not a common pattern among any other 

miRNAs.  Based on the cross tissue analysis, we are confident that at least some of 

the miRNAs in the serum could be derived from the brain, although we cannot rule 

out other contributing sources without additional studies. Although we did not 

identify brain-specific miRNAs among those that were differentially expressed in 

AUD, we were able to find many examples of brain-specific miRNAs when we 

considered all of the read data. Specifically, 41 miRNAs detected a minimum of 1 

read per million were expressed at least 1000-fold higher in the brain compared to any 

other tissue (Figure 5).  
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Systems level cross-paradigm analysis reveals a com mon theme: miRNAs and 

targets that regulate cellular development, cell gr owth and proliferation, and 

cell death and survival are the most consistently a ffected in AUD subjects and 

drinking models.  

In addition to the human serum miRNA profiling, we also utilized two other ethanol 

exposure paradigms in an attempt to corroborate ethanol-induced effects found in 

human serum. We first performed serum miRNA profiling using an in vivo rat 

drinking model wherein adult rats were subjected to a 6.7% ethanol (w/v) diet for 

three weeks. Exposures were either performed daily or three days per week. Serum 

miRNA levels were measured and compared to those from pair-fed controls who 

received an isocaloric non-alcoholic liquid diet during the same binge periods. To 

these data we then added additional miRNA profiling data obtained from an  in vitro 

NS5 neural stem cell ethanol exposure model (400 mg/dL in the presence of FGF  or 

TGFβ1 for 48 hours) [42].  Because miRNAs have the capacity to modulate multiple 

gene targets and show cell context-dependent effects, we elected to perform a 

systems-level analysis rather than a screen for individual targets identified in our 

human studies. Thus, common molecular functions and biological networks were 

ascertained and compared across paradigms rather than individual miRNAs. The 

cross-paradigm systems level analysis was accomplished using QIAGEN Ingenuity® 

IPA analysis using all nominally significant miRNAs (p>0.1) from both the in vitro 

and in vivo ethanol exposure paradigms and human serum miRNAs from Tiers A, B 

and C (Table 6). Surprisingly, we found that 3 of the top 5 molecular functions 

represented in the altered miRNAs overlapped across these very different data sets: 

(1) Cellular Development, (2) Cell Growth and Proliferation, and (3) Cell Death and 

Survival. These results provide strong evidence that that alcohol induces global 

miRNA expression changes affecting these functions in the mature brain, and 
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potentially in developing brain cells as well. All of these changes are detectable in 

serum.  

We further extended our systems-level analysis beyond the miRNAs themselves, to 

explore possible functional predictions in experimentally-confirmed or highly-

predicted genes that are targeted by the miRNA molecules identified from human 

serum (Figure 6). Inspection of the networks and nodes formed by the secondary 

(miRNA-gene) and tertiary (gene-gene) relationships revealed a few key hub 

molecules at the intersection of the common gene targets and networks affected by the 

miRNAs. The most striking of these hub molecules were p53 and TNF, which are 

critical mediators of cell cycle progression, DNA repair and apoptosis. Thus, these 

molecules may exert key influences over the miRNA-induced changes resulting from 

alcohol exposure. 

Conclusion  

In this study, we examined the potential for serum microRNAs to serve as biomarkers 

of alcohol-related structural and functional CNS damage sin human subjects. This 

diverse and largely uncharacterized class of genomic regulators has the capacity to 

enact change on a global scale. Harnessing several lines of inquiry, our work 

integrated medical, neuropsychological, neuroimaging and alcohol consumption 

measures with miRNA expression levels to probe for informative markers of ARBD.  

Because we focused on younger individuals with AUDs, our work also adds to a 

small, but growing body of literature surrounding ARBD in young adults. Although 

we found significant group differences in our AUD subjects’ Letter Fluency test 

scores, we note that overall, AUD subjects did not show signs of cognitive 

impairment.  This supports the notion that administering such tests on younger 
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individuals may not prove to be as informative as they are for older chronic alcoholics 

with more pronounced deficits.  

On the other hand, we observed more robust differences between AUD subjects and 

controls when we examined specific brain volumes. Furthermore, although many of 

our observations were similar to those reported previously in older alcoholic subjects, 

we observed these effects on younger subjects, with a significantly shorter history of 

heavy drinking. The importance of assessing alcohol-related brain damage in younger 

AUD subjects, even in the absence of obvious functional deficits, is only recently 

being explored [Reviewed in 43] and clearly merits further investigation. Regardless, 

however, such an approach is not feasible on a broad scale for monitoring due to its 

prohibitive costs.  

In contrast, our results have identified potential miRNA biomarkers in the serum 

which ultimately could serve as practical, sensitive and reliable indicators of 

neurocognitive decline and ARBD. At this point at least, in the case of Tiers A and B 

microRNAs, we also found that the miRNA changes were observable using two 

orthologous high-throughput quantification technologies. To be ideal, however, it 

would be helpful to know the time course over which such biomarker profiles 

develop, and whether such profiles were reversible or not as a result of abstinence. 

There are some limitations worth noting in the present study. First, the systems-level 

approach that we used to evaluate cellular functions takes into account the inherently 

pleiotropic nature of miRNAs. These miRNAs have the capacity to regulate hundreds 

of genes within any given cell. Thus, determining precise mechanisms of action 

clearly requires additional investigation. Further, interpretation of miRNA-mediated 

changes in gene expression also requires a combinatorial approach wherein they are 
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analyzed in the context of accessible messenger RNA targets and the presence of 

other microRNA molecules that can synergize more drastic changes in gene 

expression.  

In spite of these limitations, we have shown that alcohol acts on similar cellular 

functions: Cell Death and Survival, Cellular Development and Cell Growth and 

Proliferation across different ethanol exposure paradigms. Our analysis has revealed 

perturbation of biologically plausible pathways that have previously been shown to be 

altered in response to ethanol exposure in both prenatal and postnatal settings. Thus, 

although our results are by no means definitive, they highlight the tremendous 

potential of miRNAs as non-invasive ARBD biomarkers.  

Methods  

Subject Selection and Exclusion  

All research performed on human subjects was approved by the Institutional Review 

Boards (IRBs) of SUNY Upstate Medical University and Crouse Hospital. Subjects 

were recruited from the Syracuse, New York area. Exclusion criteria included: age 

less than 18 or greater than 60, weight greater than 270 lbs, pregnancy, a history of 

head injury with loss of consciousness, co-morbid drug abuse (except for cigarette 

smoking) or co-morbid medical conditions including diabetes, cancer, hepatitis C, 

neurological diseases (such as seizure disorder) and major mental illness (except for 

anxiety and depression). All subjects had to agree to an MRI scan so patients with 

claustrophobia or metal implants of any kind were also excluded.  

The Structured Clinical Interview for DSM-IV (SCID) [44] and Semi-Structured 

Assessment for the Genetics of Alcoholism version IV (SSAGA-IV) [45] were 

administered by a psychiatrist or psychiatric nurse practitioner to subjects to establish 

a diagnosis of DSM-IV alcohol dependence (AD) or alcohol abuse (AA). The 
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interview also collected demographics, past medical history as well as alcohol and 

tobacco use data. A total of 30 subjects participated in this study. Controls were 

selected from individuals who had not consumed a standard drink in the past month 

and who had never consumed more than two drinks at any time in their life. The final 

group of subjects were composed of 10 non-drinking controls and 20 currently 

diagnosed with AUDs, 16 with AD and 4 with AA.  

 

Medical, Neuropsychological and Neuroimaging Assess ments  

Medical, neuropsychological and neuroimaging assessments were performed as 

described in Hicks et al. [3]. Briefly, after obtaining informed consent, subjects were 

screened using a dipstick urine test for drug abuse and a breath alcohol test. Subjects 

then underwent a brief neurological examination which screened for obvious signs of 

cerebellar damage (a common occurrence in chronic AUD subjects). Standardized 

neuropsychological tests were administered by trained examiners to evaluate 

cognitive function and included the Wechsler Abbreviated Scale of Intelligence 

(WASI), the Wechsler Memory Scale (WMS) and selected scales from the Delis-

Kaplan Executive Function System [14], including trail-making tasks and word 

generation tasks such as letter fluency and category fluency tests.  

Neuroimaging analysis was performed following a structural head MRI series 

obtained using a 1.5 T Philips Gyroscan scanner. Subjects were scanned in the sagittal 

plane using the following T-1 weighted inversion recovery 3D pulse sequence: 

TE=4.6 ms; TR=20 ms; 2 repetitions; matrix size 256 X 154 pixels; FOV 24 cm2; 

multishot=32 repeats; TFE shortest possible pre-inversion time =394 ms and 1.5 mm 

slice thickness.  
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We initially used the MRI data to screen our AUD subjects for evidence of 

neurodegenerative changes manifested as sulcal widening (a consequence of gray 

matter loss). To complete this process, skull-stripping and 3-D brain reconstruction 

were completed using MRIcro [46] and the built-in brain extraction tool [47]. The 

reconstructed volumes were then imported into Fiji [48] and subjected to both 

moments [18] and triangle [19] autothresholding algorithms to quantify total sulcal 

area in the dorsal brain surface. These sulcal areas were expressed as a percentage of 

the total dorsal surface area.   

Based on the initial positive findings from our dorsal surface analysis, we completed a 

more comprehensive cortical reconstruction and volumetric segmentation of the MRI 

images using the semi-automated FreeSurfer image analysis suite 

(http://surfer.nmr.mgh.harvard.edu) [Reviewed in 20]. Measurements were made of 

parcellated volumes of more than 360 cortical and subcortical brain structures, 

including cortical gray matter, white matter, gyri and sulci. To control for overall 

brain shrinkage generally observed in brains of subjects with AUDs, volumes were 

normalized relative to the whole brain volume. All volumetric comparisons made in 

this study were between normalized whole brain ratios of specific regions.  

For the serum miRNA studies, blood samples were collected into 10 cc BD 

Vacutainer® SST™ Serum Separation Tubes, inverted several times, allowed to 

coagulate, then centrifuged according to manufacturer's instructions. Serum samples 

were then frozen at -80°C until needed for miRNA purification.  To obtain the 

miRNA, the serum was centrifuged at 3,000 rpm for 5 minutes and the cleared cell-

free supernatant processed using the miRNeasy kit (Qiagen). An additional blood 

sample from each subject was also collected for routine laboratory measures that 

http://surfer.nmr.mgh.harvard.edu/
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included (1) serum AST, ALT and GGT levels, (2) blood glucose levels, (3) 

differential white blood cell counts and (4) a complete blood cell count.  

The combined medical, demographic, neuropsychological and neuroimaging data 

were first evaluated for equality of variances using a Fisher’s F test. Group 

differences for variables with unequal variances were determined using a Welch’s T-

test. Otherwise, group differences were evaluated using a Student’s T-test. 

Rat Drinking Models  

Animals were cared for in accordance with protocols approved by the Committee for 

the Humane Use of Animals (CHUA) at SUNY Upstate Medical University.  A total 

of 40 (20 male and 20 female) Long-Evans rats obtained from Harlan Labs were used 

in the drinking studies.  These rats were housed in individual cages and exposed to a 

12 hour reverse light/dark cycle.  Fresh food was provided to all rats at 10:00 AM.  

The liquid diet was obtained from OpenSource Research Diets™.  Throughout the 

study duration, regular records of the rats’ body weights and ethanol (or control diet) 

consumption were maintained.   

At postnatal day 29 rats were split into four groups (two treatment and two control 

groups).  Two groups of 10 rats each (5 male, 5 female) were weaned onto an ad lib 

liquid ethanol-containing diet for 3 weeks, beginning in early adolescence and 

extending to early adulthood.  Rats initiated the ethanol (ET) diet at a dose of 2.2% 

v/v and were weaned up to 4.5 % v/v and finally 6.7% v/v over a 3 day period.  After 

this initial exposure, one group of rats received 6.7% v/v liquid ethanol diet for three 

consecutive days each week, followed by 4 days of ad lib solid rat chow pellets 

(Purina).  The second group of rats received 6.7% v/v liquid ethanol diet for three 

consecutive weeks. The third and fourth group of rats became pair-fed (PF) controls. 

They were paired with individual rats from the first and second group of ethanol-fed 
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animals, based on gender and initial body weight and received aliquots of the control 

diet defined by the amount of food consumed by the corresponding paired ethanol-fed 

rat.  Maltose replaced ethanol in the control pair-fed diet to match for caloric and 

nutritional content. After the three week ethanol exposure period, all rats in each 

group were euthanized with CO2 and blood was collected into BD Vacutainer® 

SST™ tubes for serum miRNA isolation and routine clinical laboratory profiling, as 

described for the human sera. Analysis of blood tail vein samples from a separate 

cohort of rats treated with the same diet for 3 weeks indicated peak blood ethanol 

concentrations exceeding 300 mg/dL in both male and female adolescent rats.  

 

Tissue miRNA Profiling  

To help determine the potential tissue origins of any candidate serum-based miRNA 

biomarkers, we performed a detailed analysis of miRNA levels in 15 different tissues 

in a separate cohort of 3 untreated male Long Evans rats. These tissues included an 

entire brain hemisphere, hindlimb muscle, lung, heart, kidney, thymus, pancreas, 

subcutaneous abdominal fat, stomach, testes, liver, skin, spleen, large intestine and 

small intestine.  Tissues were dissected and stored in RNAlater (Sigma), and 

subsequently homogenized prior to miRNA purification. Purified miRNAs from all 3 

animals were pooled together to generate a specific miRNA profile for each tissue of 

origin, except for the brain hemispheres which were run individually. 

 

Mouse Neural Stem Cells  

Ethanol exposures of  mouse NSCs were performed as described in Hicks et al. [4]. 

Briefly, twelve 10 cm dishes coated with poly-L-ornithine hydrobromide and laminin 

(Sigma) were plated with 3.0x106 cells and incubated for 24 hours in a Euromed-N 

maintenance medium (Euroclone). Plates were then separated into 4 groups and 
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exposed to different media for 48 hours: maintenance media supplemented with 10 

mg/ml FGF2 (Preprotech) or TGFβ1 (R&D Systems). In another set of dishes, 400 

mg/dl of ethanol was added in each type of supplemented media. All dishes were 

placed inside airtight containers with either sterile water alone or with 400 mg/dl 

ethanol to maintain constant concentration throughout the exposure period [42]. After 

the exposure, cells were harvested for miRNA purification. 

 

Nucleic Acid Preparation and Expression Profiling  

Serum microRNAs from both humans and rats were purified using the miRNeasy 

Serum/Plasma kit (Qiagen). MicroRNAs from NSCs and all rat tissues were extracted 

using the miRNeasy Mini kit (Qiagen). The yield, purity and size distribution of the 

miRNA samples were assessed using a Bioanalyzer Nano RNA Lab Chip (Agilent).  

NSC and rat serum miRNA samples were hybridized to GeneChip miRNA 2.0 arrays 

(Affymetrix). Human serum miRNA samples were hybridized to GeneChip miRNA 

3.0 arrays (Affymetrix). RMA-normalized microarray data were analyzed using 

Partek Genomics Suite. For next-generation sequencing (NGS), human serum 

miRNAs and Rat tissue miRNA samples were used to prepare small RNA libraries 

using the TruSeq Small RNA Sample Prep kit (Illumina). Libraries were sequenced 

using a MiSeq Benchtop Sequencer (Illumina) and data uploaded into BaseSpace for 

initial QC and mapping.  

FASTQ files were subsequently imported into Partek Flow and Strand NGS suites for 

analysis. Base calls below a phred score of 20 were trimmed. Reads were aligned to 

the human hg19 or rat Rn4 reference genomes using the Bowtie algorithm [49]. These 

were then quantified against both miRBase and RefSeq transcript miRNA 

annotations. Any miRNAs that were detected in fewer than 5 human subjects were 
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discarded from further analysis. Raw miRNA counts were then normalized to the total 

number of miRNA reads per sample. Concentrations were expressed as a percentage 

of total miRNA reads.  Notably, the described purification methods allowed 

sequencing of very pure miRNA samples, with more than 90% of all reads in the 

sample attributed to miRNAs.  

The appropriate test for group differences between AUD and control expression levels 

was determined using the Fisher’s F test to determine unequal variances. For miRNAs 

with equal variances between groups, the Student’s T-test was used. If deemed 

unequal, the data for a specific miRNA was further tested for normality using the 

Shapiro-Wilk test. Group differences for microRNAs passing the normality test 

(p>0.05) was determined using a Welch’s T-test while those that fail the normality 

test were compared using the Mann-Whitney test. Filtered human serum miRNAs 

were then designated into three different tiers depending on whether group differences 

and directional changes in expression levels were concordant with miRNA array data. 

   

Correlation, Clustering and Systems-level Analyses  

Pearson correlation matrices were generated for AUD, Control and combined subject 

groups. Comparisons were made between the combined medical, neuropsychological 

and neuroimaging variables and the normalized serum miRNA levels for each 

individual. For matrices composed of AUD subjects, we also included indices of 

drinking consum for comparison with miRNA levels. The significance of these 

correlations was calculated using an R to Z transformation and adjusted for multiple 

comparisons with the Benjamini-Hochberg correction algorithm.  

We combined all miRNAs from Tiers A, B, and C with the nominally significant 

medical, neuroimaging and neuropsychological variables for hierarchical clustering. 
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This was performed using the MetaboAnalyst 2.0 suite [38]. Data were scaled by 

mean-centering then division by the standard deviation of each variable. Clusters were 

created using Ward's method and the Pearson distance metric.   

The cross-tissue miRNA data from the rats were aligned and quantified as previously 

described. RPM normalized expression levels were then imported into MEV software 

(TIGR, Johns Hopkins; http://www.tm4.org/mev.html), subjected to per-miRNA 

median centering and log2 transformation and used for clustering analysis to compare 

the expression levels across the 15 tissues for microRNAs in Tiers A, B and C as well 

as ones with high correlations to clinical data (Table 5) 

Tiers A, B, and C miRNAs were analyzed using the Core Analysis workflow of 

QIAGEN Ingenuity® IPA platform’s Core Analysis package to identify enriched gene 

networks considering only relationships that were highly predicted or experimentally 

observed. The top molecular and cellular functions identified in the AUD subjects, 

drinking rats, and in vitro studies of mouse NSCs were then compared. 
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Figures  

Figure 1 - Subjects with alcohol use disorders have  increased sulcal size 

(A) Skull-stripped brain reconstructions show increased sulcal size in subjects with 

AUDs when compared to age- and gender-matched controls. (B) Sulcal size was 

measured in each reconstruction and expressed as a percentage of the brain’s area. (C) 

Box plot of sulcal size measurements in all subjects. Group differences in % sulci 

between subjects with AUDs and controls were determined using a Student’s T-test.  

Figure 2 – MicroRNAs in serum are in mature form  

(A) Representative image showing RNA-seq reads aligned to region on chromosome 

13. Reads are concentrated on mature miRNA chromosome coordinates as defined by 

the miRBase 20 database. (B) Plot mapping reads across all precursor miRNAs in the 

human genome show that reads are concentrated in regions that roughly correspond to 

mature miRNAs.   

Figure 3 – Variables and miRNAs delineate AUDs from  controls  

Hierarchical clustering of nominally significant clinical, neuropsychological and 

neuroimaging data combined with miRNAs belonging to Tiers A, B & C.  Clusters 

were separated at the dendrogram level denoted by the arrow and designated 

numerically. Clusters reveal relationships between specific serum miRNAs and brain 

volumes. Log normalized median scaled values are shown. 

L, left; R, right. 

Figure 4 – Comparison with tissue miRNA profiles su ggests origins for specific 
serum miRNAs 

Pooled miRNAs purified from tissues of 3 male P35 normal rats were compared to 

expression levels measured in whole brain hemispheres. Rattus norgvegicus 

microRNA expression levels for specific miRNAs belonging to Tiers A, B and C and 
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those highly correlated with other variables were clustered to determine microRNAs 

which are enriched in the brain compared to 14 other tissues. 

Figure 5 – Brain enriched microRNAs 

Same conventions as Figure 4. MicroRNAs that were at least 1000-fold enriched in 

the brain compared to other tissues.  

Figure 6 – p53 is highly involved in AUD-related mi RNA changes 

Ingenuity IPA analysis of ethanol up- (red) or down- (green) regulated miRNAs in 

Tiers A & B show enrichment of molecules implicated in p53-related pathways. 

Molecular activity prediction shows a general inhibition of this pathway as a result of 

miRNA expression changes. ADAMTS8, ADAM metallopeptidase with 

thrombospondin 8; CEP120; centrosomal protein 120; Cg, Choriogonadotropin; 

CHSY3, chondroitin sulfate synthase 3; Gulo, gulonolactone L-oxidase; MRPS33, 

mitochondrial ribosomal protein S33; NPEPL1, aminopeptidase-like 1; PAK1, p-21 

protein-activated kinase 1; PNPLA3, patatin-like phospholipase domain-containing 

protein 3; PROSC, proline synthetase; SCYL3, SCY1-like 3; SLC2A8 and 10A3, 

solute carriers 2A8 and 10A3; TMEM163, transmembrane protein 163; TNF, tumor 

necrosis factor; XKR8, XK, Kell blood group complex subunit-related family 8; 
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Tables  

Table 1.  Human subject characteristics 

 
 

Control  
(n=10) 

AUD 
(n=20) 

DSM-IV Diagno sis  

 AA (n=4)  
AD 

(n=16) 

Gender  5F, 5M 10F, 10M 2F, 2M 8F, 8M 

Age (yrs)  30.9 30.9 26.8 31.9 

Drinking days last month  - 15.3 15.25 15.31 

Drinks/drinking day  - 5.1 4 5.4 

Heavy drinking days last 
week  

- 1.2 1 1.25 

Age at onset  - 18.6 19.5 18.3 

Years drinking  - 12.4 7.25 13.6 

 
AUD and control subject demographics. Both groups reflect the same average age and 

have an equal number of males & females participating. Subjects with alcohol use 

disorders were diagnosed using the DSM-IV alcohol abuse and dependence diagnostic 

criteria. A heavy drinking day was defined as 4 standard drinks for women and 5 for 

men. 
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Table 2.  Medical, neuropsychological, and neuroima ging variables with 
significant changes in AUD subjects 

 
Comparison of various clinical and imaging parameters between AUD and control 

subjects. Neuroimaging measurements were normalized to whole brain size to correct 

for overall brain shrinkage before calculating % changes relative to values from 

controls.  w Indicates variables determined to have unequal variances using the 

Fisher's F test that were examined for differences between groups using the Welch’s 

T-test. All other variables were evaluated using the Student's T-test. 

Variable  
%    ∆∆∆∆ 
AUD  

T-test 
p-value  

Equality of 
variance 

Medical 
Gamma-glutamyl transferase w

  84.9 0.040 0.001 

Neuropsychological 
Letter fluency score w -21.8 0.017 0.035 

Normalized Neuroimaging Volumes 

Cerebrospinal fluid  31.7 0.005 - 

Anterior corpus callosum -14.6 0.008 - 

Left temporal superiorlateral gyrus -10.4 0.010 - 

Left ventral diencephalon    6.9 0.011 - 

Left central sulcus  16.7 0.012 - 

Left cingulomarginal sulcus -11.9 0.015 - 

Right temporal superiorlateral gyrus -10.7 0.019 - 

Right pars orbitalis white matter  13.3 0.024 - 

Left inferior occipital gyrus and sulcus  -14.9 0.026 - 

Left superior temporal cortex    -7.0 0.027 - 

Right anterior collateral transverse sulcus -15.4 0.032 - 

Left Brodmann’s area 3a  12.7 0.032 - 

Left superior frontal cortex    8.0 0.038 - 

3rd ventricle  22.3 0.039 - 

Right intraparietal and posterior 
transverse sulcus 

-10.3 0.041 - 

Right pars opercularis  -13.2 0.043 - 

Right superior parietal cortex   -8.4 0.043 - 

Left inferior frontal triangular gyrus  -16.0 0.044 - 

Right inferior parietal cortex   -7.7 0.049 - 

Right cingulomarginal sulcus  -8.4 0.050 - 
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Table 3 - Most consistently changed miRNAs in AUD 

 

RNA-sequencing of human serum samples determined miRNAs with nominally 

significant alterations and trends in patients with AUDs. Comparison with microarray 

data subsequently identified changes that were consistent across platforms. 

MicroRNAs were classified into three tiers based on concurrence of both analyses. 

Where available, microRNA families for each miRNA are also listed. 

Symbol 
RNA-Seq  Microarray  

miRBase Acc 
# 

miRBase 
Family 

miRBase 
Fam Acc # 

Ctrl 
RPM 

AUD 
RPM 

% Δ 
AUD 

p-
value  

% Δ 
AUD 

p-
value  

Tier A: RNA-seq p<0.05, Array p<0.1, Consistent % ∆ AUD 
mir-96 MI0000098 mir-96 MIPF0000072 4.6 11.3 142.6 0.031 15.0 0.059 
mir-320b-1 MI0003776 mir-320 MIPF0000163 61.0 144.6 137.1 0.004 22.2 0.071 
mir-1976 MI0009986 mir-1976 MIPF0001633 4.1 9.9 138.1 0.039 24.1 0.081 

Tier B: RNA-seq p<0.05, Consistent % ∆ AUD 
mir-24-1 MI0000080 mir-24 MIPF0000041 31.3 90.5 189.4 0.008 6.2 0.338 
mir-30a MI0000088 mir-30 MIPF0000005 108.2 209.9 94.0 0.014 5.1 0.860 
mir-92b MI0003560 mir-25 MIPF0000013 7141.9 4553.8 -36.2 0.016 -8.2 0.312 
miR-96-5p MIMAT0000095 mir-96 MIPF0000072 111.7 252.0 125.5 0.018 8.0 0.455 
mir-127 MI0000472 mir-127 MIPF0000080 68.6 158.9 131.5 0.021 8.4 0.455 
mir-136 MI0000475 mir-136 MIPF0000099 4.4 9.7 121.2 0.035 1.5 0.760 
miR-301a-3p MIMAT0000688 mir-130 MIPF0000034 205.9 85.1 -58.7 0.045 -2.4 0.878 
mir-320b-2 MI0003839 mir-320 MIPF0000163 61.3 148.8 142.9 0.004 5.2 0.333 
mir-421 MI0003685 mir-95 MIPF0000098 15.5 30.3 95.6 0.020 9.0 0.725 
miR-660-5p MIMAT0003338 mir-188 MIPF0000113 196.9 99.7 -49.4 0.028 -10.2 0.451 
mir-671 MI0003760 mir-671 MIPF0000358 14.8 44.4 200.0 0.003 4.2 0.692 
mir-3615 MI0016005 mir-3615 MIPF0001540 50.1 78.3 56.4 0.031 1.3 0.881 
mir-3676 MI0016077   2.1 11.1 437.1 0.027 12.9 0.218 

Tier C: RNA-seq p<0.05, no probes on array 
let-7c-5p MIMAT0000064 let-7 MIPF0000002 289.9 752.7 159.6 0.028   
miR-136-3p MIMAT0004606 mir-136 MIPF0000099 97.5 204.4 109.6 0.042   
mir-320a MI0000542 mir-320 MIPF0000163 293.4 510.8 74.1 0.606   
miR-6803-3p MIMAT0027507   68.5 38.2 -44.2 0.050   
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Table 4 - Variables correlated with Tiers A, B, or C miRNAs in AUD subjects (p < 0.05) 

miRNA Variable 
AUD Ctrl  All  

R 
P-
val  

N R P-
val  N R P-val

In Tiers A,B and C 
mir-320a Anterior corpus callosum 0.880 0.022 17 -0.368 0.400 10 -0.184 0.406 
miR-660-5p Drinking days last month 0.626 0.030 6      
mir-421 Drinking days last week 0.482 0.020 12      
mir-320b-1 Drinks per drinking day 0.599 0.007 15      
mir-320b-2 Drinks per drinking day 0.934 0.002 15      
mir-24-1 Gamma-glutamyl transferase 0.448 0.034 16 -0.558 0.276 9 0.312 0.084 
mir-92b Gamma-glutamyl transferase 0.691 0.005 17 0.306 0.329 10 0.173 0.350 
mir-320a Gamma-glutamyl transferase 0.837 0.037 17 0.381 0.207 10 0.427 0.009 
mir-421 Gamma-glutamyl transferase 0.476 0.022 14 -0.396 0.404 9 -0.024 0.914 
mir-671 Gamma-glutamyl transferase 0.594 0.043 16 -0.016 0.968 9 0.538 0.001 
mir-1976 Gamma-glutamyl transferase 0.474 0.023 9 0.595 0.091 7 0.509 0.017 
mir-3615 Gamma-glutamyl transferase 0.476 0.028 17 -0.002 0.997 10 0.046 0.817 
mir-24-1 Left inferior frontal triangular gyrus 0.548 0.006 16 0.547 0.068 9 0.060 0.768 
mir-136 Left inferior frontal triangular gyrus 0.567 0.005 7 0.211 0.708 5 -0.108 0.753 
mir-1976 Left inferior frontal triangular gyrus 0.531 0.009 9 -0.069 0.887 7 -0.327 0.307 
mir-320b-2 Left ventral diencephalon 0.930 0.002 17 -0.606 0.213 10 -0.229 0.311 
miR-301a-3p Letter fluency score 0.732 0.025 6 0.797 0.055 4 0.480 0.077 
mir-320b-2 Letter fluency score 0.771 0.032 17 -0.396 0.371 9 -0.467 0.065 
miR-660-5p Letter fluency score 0.602 0.040 6 0.700 0.114 4 0.753 0.001 
mir-30a Right anterior collateral transverse sulcus 0.467 0.026 17 0.080 0.819 10 -0.240 0.292 
miR-301a-3p Right anterior collateral transverse sulcus 0.845 0.005 6 0.652 0.152 5 0.728 0.002 
mir-92b Right cingulomarginal sulcus 0.547 0.037 17 0.209 0.524 10 0.390 0.019 
mir-24-1 Right pars opercularis 0.441 0.037 16 -0.009 0.983 9 -0.099 0.655 
mir-136 Right pars opercularis 0.447 0.034 7 -0.556 0.496 5 -0.287 0.443 
Pearson correlation analysis of miRNA expression levels in AUD subjects reveal significant relationships between specific miRNA expression levels and 

other medical, drinking and neuroimaging variables that were significantly different in AUD subjects.  R, Pearson correlation coefficient; N, number of 

pairs used in the calculation.
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Table 5 - Variables significantly correlated with a ny miRNA in AUD subjects (FDR < 0.05) 

miRNA Variable 
AUD Ctrl All 

R 
BH 

FDR 
N R BH 

FDR N R BH 
FDR 

In all miRNAs 
let-7a-5p Heavy drinking days last week 0.846 0.034 9      
mir-93 Heavy drinking days last week 0.869 0.006 10      
miR-139-5p Heavy drinking days last week 0.992 0.048 4      
miR-1180-3p Heavy drinking days last week 0.975 0.043 3      
miR-584-5p Left lateral fusiform gyrus 0.804 0.040 17 -0.524 1 10 0.421 0.541 
miR-16-2-3p Left precuneus 0.977 0.040 8 -0.045 0.995 7 0.540 0.577 
mir-5010 Left subparietal sulcus 0.934 0.014 12 0.729 0.988 7 0.807 0.038 
miR-4433-3p Right insular white matter 0.948 0.047 10 0.004 1 8 0.309 1 
miR-4433b-5p Right insular white matter 0.948 0.047 10 0.004 1 8 0.309 1 
mir-378a Right medial orbital olfactory sulcus 0.821 0.046 17 -0.268 1 10 0.463 0.597 
miR-150-3p Right paracentral white matter 0.830 0.034 16 0.724 0.616 8 0.702 0.062 
miR-192-5p Right rostral anterior cingulate 0.813 0.038 17 -0.123 0.993 10 0.469 0.356 
mir-664 Systolic blood pressure 0.995 0.003 8 -0.179 1 4 0.934 0.044 

Pearson correlation analysis of miRNA expression levels in AUD subjects reveal significant relationships between specific miRNA expression 

levels and other medical, drinking and neuroimaging variables that were significantly different in AUD subjects.   

R, Pearson correlation coefficient; BH FDR, Benjamini-Hochberg False Discovery Rate; N, number of pairs used in the calculation 



- 44 - 
 

Table 6 - In vivo and in vitro exposure paradigms converge with human data on sam e cellular functions 

 

Ingenuity IPA analysis of significantly changed miRNAs found using RNA-sequencing (Tiers A, B & C) show top functional groups affected by 

ethanol in each experiment. Different ethanol exposure paradigms, both in vitro (in neural stem cells) and in vivo (in humans & rats), show 

complete convergence for 3 of the top 5 functional groups (‡) identified by IPA as affected by ethanol. 

 

Humans  Rat Drinking Models  Mouse Neural Stem Cells  

Serum  3 Week Daily Serum  3 Week Binge Serum  FGF2+ EtOH-treated  TGFβ1+EtOH-treated  

Functional Group  p-val  # Mol  Functional Group  p-val  # Mol  Functional Group  p-val  # Mol  Functional Group  p-val  # Mol  Functional Group  p-val  # Mol  

‡ Cell Death and 
Survival 6.84 x 10-4  6 ‡ Cellular 

Development 1.10 x 10-10 32 ‡ Cellular 
Development 8.32 x 10-18 35 ‡ Cellular 

Development 2.64 x 10-12 49 ‡ Cell Death and 
Survival  4.37 x 10-7 12 

‡ Cellular 
Development 

6.84 x 10-4  6 ‡ Cell Growth and 
Proliferation 

1.10 x 10-10 27 ‡ Cell Growth and 
Proliferation 

8.32 x 10-18 34 ‡ Cell Growth and 
Proliferation 

9.86 x 10-5 42 ‡ Cellular 
Development 

1.33 x 10-5 13 

Cell Function and 
Maintenance 6.84 x 10-4  3 

‡Cell Death and 
Survival  5.65 x 10-8 26 

‡ Cell Death and 
Survival  6.89 x 10-10 27 Cell Cycle  1.82 x 10-4 18 

‡ Cell Growth and 
Proliferation 1.33 x 10-5 13 

‡ Cell Growth and 
Proliferation 6.84 x 10-4  6 Cellular Movement 1.15 x 10-5 18 Cell Cycle  1.68 x 10-7 16 Cellular Movement  1.82 x 10-4 27 Cell Cycle  1.88 x 10-5 9 

Cellular Movement 2.03 x 10-3  5 Cell Cycle  1.14 x 10-4 12 Cellular Assembly 
and Organization  

5.94 x 10-5 5 ‡ Cell Death and 
Survival  

1.07 x 10-3 17 Cell Morphology  1.85 x 10-4 5 
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