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Third Trimester-Equivalent Ethanol Exposure Is
Characterized by an Acute Cellular Stress Response
and an Ontogenetic Disruption of Genes Critical for
Synaptic Establishment and Function in Mice
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Molecular Genetics Unit, Department of Biology, The University of Western Ontario, London, Ont., Canada

Abstract
The developing brain is remarkably sensitive to alcohol exposure, resulting in the wide range of cognitive and neurobehavioral characteristics categorized under the term fetal alcohol spectrum disorders (FASD). The brain is particularly susceptible to alcohol during synaptogenesis, a process
that occurs heavily during the third trimester and is characterized by the establishment and pruning of neural circuitry;
however, the molecular response of the brain to ethanol during synaptogenesis has not been documented. To model a
binge-like exposure during the third-trimester neurodevelopmental equivalent, neonate mice were given a high (5
g/kg over 2 h) dose of ethanol at postnatal day 7. Acute transcript changes within the brain were assessed using expression arrays and analyzed for associations with gene ontology
functional categories, canonical pathways, and gene network interactions. The short-term effect of ethanol was characterized by an acute stress response and a downregulation
of energetically costly cellular processes. Further, alterations
to a number of genes with roles in synaptic transmission and
hormonal signaling, particularly those associated with the
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neuroendocrine development and function, were evident.
Ethanol exposure during synaptogenesis was also associated with altered histone deacetylase and microRNA transcript
levels, suggesting that abnormal epigenetic patterning may
maintain some of the persistent molecular consequences of
developmental ethanol exposure. The results shed insight
into the sensitivity of the brain to ethanol during the thirdtrimester equivalent and outline how ethanol-induced alterations to genes associated with neural connectivity may
contribute to FASD phenotypes.
© 2014 S. Karger AG, Basel

Introduction

Alcohol is a potent neuroactive molecule that is able to
exert variable and often detrimental effects on the developing brain. The ultimate consequences of these effects are
diagnostically characterized under the umbrella of fetal alcohol spectrum disorders (FASD) and display as a broad
range of physiological, behavioral, and cognitive abnormalities [1, 2]. These range from the craniofacial malformations and severe central nervous system dysfunction
evident in fetal alcohol syndrome to more subtle psychopathologies such as hyperactivity and attention deficits, increased risk for anxiety and mood disorders, and learning
disabilities with no evidence of physical abnormalities [3].
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with the attempt to discern commonly affected genes,
pathways, and biological processes that may indicate a dynamic connection between initiating molecular events
and long-term neural dysfunction. Finally, we consider
the ability of ethanol to alter epigenetic patterning – specifically histone modification and microRNA (miRNA)
regulation – as a primary effect of ethanol exposure that
may provide a mechanism maintaining long-term gene alterations.

Materials and Methods
Animal Treatments
Male and female C57BL/6J (B6) mice were originally obtained
from Jackson Laboratories (Bar Harbour, Maine, USA) and subsequently maintained in the Health Sciences Animal Care Facility at
the University of Western Ontario. Mice were housed in same-sex
colonies on a 14-hour light/10-hour dark schedule at 21–24 ° C and
40–60% humidity with ad libitum access to food and water. Environmental factors such as bedding, cage type, nestlets, and environmental enrichment were standardized between cages. All procedures were approved by the Animal Use Subcommittee at the
University of Western Ontario and complied with the ethical standards established by the Canadian Council on Animal Care.
Female mice of 8–10 weeks of age were mated overnight with
8- to 12-week-old males. Pregnant females were housed individually throughout gestation. At P7, male B6 offspring were weighed
and given subcutaneous injections of 2.5 g/kg of ethanol in 0.15 M
saline at 0 h and again at 2 h (total dose of 5 g/kg) or saline. Ethanol
and saline treatments were divided as evenly as possible across
pups within a litter, so that each litter contained at least 1 ethanoland 1 saline-treated male of approximately equivalent weight. This
treatment has been previously shown to induce peak blood alcohol
levels of over 0.3 g/dl for 4–5 h and be sufficient to induce neuronal
apoptosis and result in FASD-related behaviors [12, 14, 15, 20].
This dose resulted in sedation but not loss of consciousness of the
pups, lasting approximately 4 h. Pups (control and ethanol treated)
remained separated from the dam until sacrificed by carbon dioxide asphyxiation 4 h following the initial injection.
Methods for the long-term samples are described in Kleiber et
al. [17]. Briefly, mice were treated using the same paradigm as
above with 2 doses of 2.5 g/kg of ethanol or saline spaced 2 h apart
at both P4 and P7. These mice were reared by their biological
mother until weaning into standard caging with 2–4 same-sex littermates at P21–P22. Male mice were sacrificed at P60 using carbon dioxide asphyxiation followed by cervical dislocation.
The short-term samples (4 h after injection) generated in this
study were used to compare acute gene expression changes to those
changes that were detectable in the adult brain following ethanol
exposure during synaptogenesis (P4 and P7), reported in Kleiber et
al. [17], as well as to evaluate changes to miRNA expression in the
adult brain following neurodevelopmental ethanol exposure, which
are included in the current report. Male mice only were used for
assessment of the effect of ethanol on gene expression as it has been
shown that the female estrous cycle has an impact on gene expression, including those genes that are affected by ethanol [21].
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The ability of ethanol to disrupt early developmental
regulation of processes such as organogenesis and neurogenesis has been extensively reported [4–7]. The molecular effects of late-pregnancy alcohol consumption, however, are not nearly as well explored. During the third
trimester of pregnancy, the brain undergoes a rapid period of growth and development during which much of
the physiological and molecular basis of neural connections is established [8, 9]. This process of synaptogenesis
requires the careful regulation of molecular cues to establish appropriate synaptic connectivity, the alteration of
which has been implicated in numerous neurological disorders [10, 11]. Synaptogenesis, which occurs during the
first postnatal weeks of development in mice, may be one
of the most exquisitely ethanol-sensitive periods of brain
development [12–14]. Behavioral studies have shown
that ethanol exposure during synaptogenesis leads to pronounced cognitive and behavioral FASD-related phenotypes including delayed early neuromuscular coordination, hyperactivity, increased risk for depression, anxietyrelated traits and stress vulnerability, and poor spatial
learning acquisition and memory [14–16].
It is known that ethanol is able to disrupt neurodevelopmental gene expression through its interactions with a
number of signaling pathways [4, 5, 7]. This can lead to
long-term patterns of compromised gene expression,
molecular function, and brain structure into adulthood
[17–19]. The acute effects of ethanol on the brain undergoing synaptogenesis, however, are not known. Also, how
ethanol exposure at this stage can establish a life-long pattern of abnormal molecular brain function is unclear. As
such, binge-equivalent ethanol treatment models have
been developed to evaluate the effects of a single day of
ethanol intoxication during synaptogenesis on phenotypic and neuromolecular outcomes [12, 15, 17].
Previous studies conducted in our laboratory have determined that a binge-like ethanol treatment during synaptogenesis results in the appearance of multiple FASDrelevant phenotypes that are apparent in juvenile, adolescent, and adult mice [15]. These phenotypic results
coincide with genome-wide alterations in adult brain gene
expression [17]. It is pertinent, however, to evaluate the
molecular changes that occur immediately following ethanol exposure in order to assess the molecular triggers of the
persistent cognitive and molecular changes associated
with FASD and third-trimester ethanol consumption.
This study evaluates the genome-wide neurotranscriptomic changes induced by a binge-like ethanol treatment
paradigm at postnatal day (P)7. We then compare these
results to those previously reported by Kleiber et al. [17]

mRNA Expression Array Hybridization
Two control biological replicates (arrays) and 4 ethanol replicates were used in total. The variation in control and ethanol chips
increased the statistical power to more specifically determine differentially expressed genes between the two conditions. Each array
consisted of pooled RNA from 3 nonlittermate males to reduce
litter-specific noise. In total, males from 6 different litters were
used, with 1 control and ethanol-treated pup from each of the 6
litters included to account for potential litter effects. Further, each
ethanol-treated sample was matched with a saline-treated littermate used in the control samples.
These pooled whole-brain RNA samples were hybridized to
Affymetrix Mouse Gene 1.0 ST arrays at the London Regional
Genomics Centre (Robarts Research Institute, London, Ont.,
Canada). Briefly, single-stranded complementary DNA was synthesized using 200 ng of total RNA using the Ambion WT Expression Kit for Affymetrix GeneChip Whole Transcript WT Expression Arrays (Applied Biosystems, Carlsbad, Calif., USA) and the
Affymetrix GeneChip WT Terminal Labeling Kit and hybridization manual (Affymetrix, Santa Clara, Calif., USA). First-cycle
cDNA was transcribed in vitro to cRNA and used to synthesize
5.5 μg of single-stranded complementary DNA that was subsequently end-labeled and hybridized for 16 h at 45 ° C to Affymetrix
Mouse Gene 1.0 ST arrays. For miRNA expression studies, 2 control and 2 ethanol-treated samples were used, each consisting of
RNA from 3 pooled nonlittermate adult (P60) males. One microgram of total RNA from each long-term replicate was labeled using
the FlashTag Biotin HSR kit (Genisphere, Hatfield, Pa., USA) and
hybridized to Affymetrix miRNA 2.0 arrays for 16 h at 45 ° C. All
liquid-handling steps were performed by a GeneChip Fluidics Station 450, and arrays were scanned using the GeneChip Scanner
3000 using Command Console version 1.1 (Affymetrix).

ate a gene lists for further analyses. Unannotated genes, redundant
probes, and standards were removed from gene lists used for gene
clustering and bioinformatic analyses. Significant genes were also
analyzed by hierarchical clustering using euclidean distance and
average linkage to assess the consistency across replicates.
Gene Ontology and Pathway Analysis
Gene clusters identified by mRNA fold change (up- or downregulated) based on hierarchical clustering analysis were analyzed
using the Database for Annotation, Visualization, and Integrated
Discovery (DAVID) [23] for enrichment of gene ontology (GO)
functional annotations. Statistically filtered transcripts were also
analyzed using Ingenuity® Pathway AnalysisTM (IPA; Ingenuity
Systems, Redwood, Calif., USA; www.ingenuity.com). Using the
Core Analysis feature, genes were analyzed based on biological
function and canonical pathway involvement. The average fold
change and p value of each gene were included in the analysis,
and up- and downregulated genes were assessed concurrently.
Redundant GO categories (those containing the same molecules
with closely related functions) were removed. Biological functions, annotations, and pathways meeting a significance level of
p < 0.05 were included. IPA was also used to generate gene networks between genes possessing annotated functional relationships with other genes, proteins, and molecules. Networks showing a cutoff significance score of 3 or more (p < 0.001) were
reported.

Expression Array Data Analysis
Raw signal intensities from the array scans (.cel files) were generated using Affymetrix Command Console version 1.1, and
probes were summarized to gene-level data using Partek Genomics Suite software version 6.6 (Partek Inc., St. Louis, Mo., USA).
Principal component analysis was performed using Partek software to determine the clustering of the probe intensities that differed between control and ethanol arrays. The data were background corrected, quantile normalized, summarized using the
GeneChip-Robust Multiarray Average (mRNA arrays) or Robust
Multiarray Average (miRNA arrays) [22] and log2 transformed.
Partek software was also used to determine gene-level one-way
ANOVA values, fold changes and false-discovery-rate (FDR)-corrected p values. Genes meeting the criteria of 1.2-fold change and
an FDR-corrected significance level of p = 0.05 were used to gener-

Gene Expression Confirmation
Quantitative RT-PCR was performed on RNA extracts not
used for array hybridization to confirm the expression of select
short-term mRNA transcripts. Long-term transcripts have previously been confirmed [17]. cDNA was synthesized from 2 μg of
total brain RNA isolated from control and ethanol-exposed P7
mice using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, Calif., USA) according to the manufacturer’s protocol. Gene-specific TaqMan® Assay reagents and
TaqMan Gene Expression Assay products were used in reactions,
which were performed using a StepOne Real-Time PCR System
(Applied Biosystems, Foster City, Calif., USA). The genes assayed
were selected on the basis of their functional relevance and significance within key pathways affected by ethanol treatment as
identified by bioinformatic analysis (see below).
Primers and FAM-labeled probes for dual specificity phosphatase 1 (Dusp1), Jun protooncogene (Jun), nuclear receptor subfamily 4, group A, member 1 (Nr4a1), and proopiomelanocortin (Pomc)
were obtained from Applied Biosystems Inventoried Assays and
used according to the manufacturer’s instructions. Multiplex reactions were performed using Actb as a control housekeeping gene
using gene-specific primers and VIC-labeled probes. Reactions
were run using 10 μl of cDNA following the standard ramp speed
protocol of a 10-min initiation at 95 ° C, followed by 40 cycles consisting of a 15-second denaturation at 95 ° C and annealing and
extention at 60 ° C for 60 s. All experiments included 6 biological
replicates per treatment and 3 technical replicates per sample. Relative expression was calculated according to the comparative CT
method [24] using StepOneTM version 2.0 software (Applied Biosystems). All RT-PCR data are described as mean ± standard error
of the mean relative expression values. Significant differences were
assessed using a two-tailed Student t test, assessed using SPSS version 16 (SPSS Inc., Chicago, Ill., USA).

Third Trimester-Equivalent Ethanol
Exposure in Mice
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Sample Collection and RNA Isolation
Whole-brain tissue was isolated, snap-frozen in liquid nitrogen, and stored at –80 ° C until RNA isolation. Total RNA was isolated using TRIzol® reagent (Invitrogen, Carlsbad, Calif., USA)
according to the manufacturer’s instructions and cleaned using the
RNeasy Mini Kit (Qiagen, Valencia, Calif., USA). The quality and
quantity of RNA was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Palo Alto, Calif., USA) and a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.,
Wilmington, Del., USA). All RNA samples had OD260/OD280 absorption ratios of 1.8–2.1 nm.
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Array Clustering and Functional Annotation Analysis
of Up- and Downregulated Genes
Hierarchical clustering of the probe signal intensity
showed good consistency between arrays, with the 2 ethanol treatment arrays clustering together distinctly from
the 4 control arrays (fig. 2). The clustering also revealed 4
subsets of genes that responded similarly to ethanol treatment. Some of these groups were not large enough to be
subjected to meaningful gene functional clustering analysis, so the groups that showed upregulation (groups 1 and
4) or downregulation (groups 2 and 3) in response to ethanol treatment were submitted to DAVID [23] to assess
for any GO biological process, molecular function, or cellular component terms common between similarly responsive genes.
Genes showing upregulation 4 h following ethanol exposure at P7 were significantly enriched for GO terms associated with a positive regulation of apoptosis, which included genes such as cysteine-serine-rich nuclear protein
3 (Csrnp3), a transcriptional activator involved in apoptotic genes, glutamate (NMDA) receptor subunit epsilon-2
4
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Fig. 1. Quantitative RT-PCR (qPCR) confirmation of genes altered
by ethanol exposure at P7. Expression values are shown as a ratio
of the control value ± SEM. Microarray values represent the results
of an ANOVA comparison of ethanol versus control arrays, each
array consisting of pooled RNA from 3 nonlittermate male mice.
qPCR values were generated using 6 biological replicates. Significance was determined using unpaired t tests (p < 0.05). n.s. = Not
significant.

(Grin2b), growth factors [transforming growth factor,
beta 3 (Tgfb3) and Igfbp3], and Bcl2-like 11 (apoptosis facilitator) (Bcl2l11; table 1). Interestingly, a large cluster of
genes (59 transcripts) were associated with cell membrane integrity. Also significant were genes with GO
terms associated with postsynaptic density, amino acid
dephosphorylation, glycosylation, and the regulation of
synaptic transmission.
Downregulated genes showed enrichment for GO
terms related to ribosome biogenesis, mitotic cell cycle
regulation, MAP kinase (MAPK) phosphatase activity,
transcriptional regulation, and hormone activity, including a significant downregulation in genes associated with
steroid hormone receptor activity (table 1). Other significantly reduced transcripts were associated with chromosomal remodeling or a constituent of chromatin or DNA
structure, such as Ube2a, required for DNA damage repair, histone deacetylase 1 (Hdac1), and nuclear FMRPinteracting protein 1 (Nufip1).
The up- and downregulated transcripts were also evaluated independently for biological function clusters using IPA (table 2). IPA identified abnormal expression of
genes associated with dopaminergic neuron development
and neuroglial function. Also, this analysis identified alterations to genes associated with the appropriate development of endocrine system development and function,
Kleiber/Laufer/Stringer/Singh
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Short-Term Acute Gene Expression Response to
Ethanol
Ethanol exposure at P7 resulted in the acute alteration of 315 transcripts in the brain 4 h following exposure, with 138 (44%) showing upregulation 4 h after ethanol exposure (online suppl. table 1; for all online suppl.
material, see www.karger.com/doi/10.1159/000365549).
Changes ranged from –1.73-fold (Dusp6) to 2.63-fold
(thioredoxin-interacting protein), though most gene expression changes were subtle, with 78% (245/315) of
gene expression changes showing less than a 1.3-fold
difference. Quantitative RT-PCR validation of 4 genes,
Dusp1, Jun, Nr4a1, and Pomc, are shown in figure 1.
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3.0
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miRNA Target Filtering and IPA
miRNA transcripts identified as differentially expressed in the
brain of P60 mice exposed to neonatal (P4 and P7) ethanol exposure were analyzed concurrently with the mRNA transcripts identified from the expression array studies [17] using Ingenuity
microRNA Target FilterTM (Ingenuity Systems) to develop a list of
potential regulatory interactions between identified gene and
miRNA transcripts. Only moderate- to high-confidence or experimentally demonstrated interactions were included. Results were
further filtered based on brain-specific expression and an inverse
miRNA-to-target mRNA expression relationship. The subsequent
mRNA transcript list meeting these criteria was then subject to
IPA.

Third Trimester-Equivalent Ethanol
Exposure in Mice

Canonical Signaling Pathways and Gene Networks
Affected Acutely following Ethanol Exposure
To assess biological pathways that may be affected immediately following ethanol treatment at P7, the genes
identified by the array analysis were subjected to an IPA
canonical pathway analysis to identify pathways associated with altered gene expression and the identified biological functions (table 3). The most significantly affected
pathways included p53 signaling (p = 0.0002), circadian
rhythm signaling (p = 0.0002), and cell cycle G1/S checkpoint regulation (p = 0.0008). Other pathways of note included phosphoinositide biosynthesis (associated with
membrane integrity), thyroid hormone receptor/retinoid
X receptor signaling (TR/RXR) activation, and PTEN signaling.
To evaluate how the ethanol-responsive genes may interact with one another, we utilized the gene network
analysis tool within the Ingenuity software platform to
predict interacting molecular networks (algorithmically
generated pathways). Network analysis identified 3 significant networks, shown in figures 3–6: ‘cellular development, cellular growth and proliferation, tumor morphology’ (CDCG; focus molecules = 17; score = 20; fig. 3),
‘tissue morphology, cell-to-cell signaling and interaction,
cellular growth and proliferation’ (TMCS; focus molecules = 13; score = 13; fig. 4), and ‘behavior, cell-to-cell
signaling and interaction, nervous system development
and function’ (BCSN; focus molecules = 11; score = 10;
fig. 5). As the network descriptors suggest, these networks
were highly interrelated. The CDCG network centralized
on 3 highly connected ‘hub’ molecules: Jun, cAMP-responsive element-binding protein 1 (Creb1), and FBJ osteosarcoma oncogene (Fos; fig. 3). The TMCS network also
included Jun, and contained tumor necrosis factor (Tnf)
and Tgfb1 as hub molecules, as well as interleukin 6 (Il6)
and Il15 (fig. 4). Also relevant to this network was adenylate cyclase-activating polypeptide 1 (Adcyap1), which was
downregulated and acted as a molecular hub connecting
the downregulated Pomc to Tnf. Finally, the BCSN network was characterized by the presence of multiple glutamate receptor subunits, including glutamate receptor,
Dev Neurosci
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Color version available online

Fig. 2. Heat map hierarchical clustering of control and ethanol
treatment arrays based on the normalized intensity of the probe
sets. The heat map was generated by Partek® Genomics Suite software based on ANOVA-calculated significance levels at a fold
change cutoff of 1.2 and an FDR-corrected p value <0.05.

including the hydroxylation of melatonin, corticosterone
secretion, and phospholipid metabolism. Interestingly,
pathways associated with calcium mobilization and influx were also affected, which, given their pleiotropic
roles in the development of synapse development and
survival, suggests that the immediate effect of ethanol exposure at P7 may be initiated by disruption of the active
cellular processes occurring at this developmental stage.

Table 1. GO functional annotation clusters of genes up- and downregulated in the brain by acute ethanol exposure at P7
GO term

GO ID

Genes, n p value

Upregulated genes

Positive regulation of
apoptosis

0043065

10

0.000170

CSRNP3, GRIN2A, TGFB3, TRP53INP1, FOXO3, SP110, PERP, IGFBP3,
BCL2L11, JMY

Integral to membrane

0016021

61

0.00643

MCHR1, SLC16A14, B3GALT5, OSMR, SLC44A5, INTS2, SDC4, MEGF10,
PIGM, CLEC4E, SLC24A4, GRIN2B, SLC25A24, KCNK6, SLC2A1,
ATP8B2, HTR1D, HTR5A, SLC43A2, GPR139, VMN2R33, PIGV, LIFR,
GRIN2A, VMN2R37, NTSR1, PIK3IP1, PARP16, FOLH1, CLDN1,
MFSD11, STEAP2, VMN2R43, GCNT2, TMEM194B, ENPP3, APH1B,
ST8SIA1, GPR6, CSMD3, IGSF10, IGF1R, PRRG4, B3GNT5, PCDHB18,
SCN9A, TMC7, FAM26E, RNF144B, FKTN, ST6GAL1, ABCA8B, ACER2,
BCG1, CDHB21, KCTD6, SLC7A3, SLC16A9,
ITPRIPL2, MERTK, PERP

Postsynaptic density

0014069

4

0.00761

GRIN2B, GRIN2A, PSD3, CPEB1

Protein amino acid dephosphorylation

0006470

5

0.0139

DUSP1, PPM1K, PTPN4, DUSP16, DUSP8

Glycosylation

0070085

4

0.0366

ST6GAL1, B3GNT5, B3GALT5, ST8SIA1

Regulation of synaptic transmission

0050804

4

0.0464

GRIN2B, EDN1, GRIN2A, CPEB1
Downregulated genes

Ribosome biogenesis

0042254

7

0.0000618

UTP11L, TBL3, GTPBP4, NOP2, UTP18, MPHOSPH10, NMD3

Mitotic cell cycle

0000278

8

0.000719

CCND1, E2F4, INCENP, AURKA, PMF1, SIRT7, NUP43, RBBP8

MAP kinase phosphatase activity

0033549

3

0.00280

DUSP4, DUSP6, DUSP7

Regulation of transcription

0045449

25

0.00293

E2F4, NUFIP1, ZBTB17, CITED4, MED27, PER2, OLIG2, CRY1, ETV5,
ETV4, KLF6, EGR3, EGR4, SNAPC1, RXRG, NR4A1, MCM2, PMF1,
SIRT7, NR0B1, INHBA, HDAC1, VEGFA, ZFP143, HDAC9

Chromosomal part

0044427

8

0.00363

UBE2A, HDAC1, INCENP, NUFIP1, PMF1, MCM2, SIRT7, NUP43

Hormone activity

0005179

4

0.0401

INHBA, POMC, APLN, ADCYAP1

Steroid hormone receptor activity

0003707

3

0.0425

RXRG, NR4A1, NROB1
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these genes and their interactions may be viewed as the
primary response of developing brain cells to ethanol exposure at synaptogenesis.
Genes Affected both Acutely (4 h) and Persistently (at
P60) following Ethanol Exposure
This section deals with the genes and pathways
that may represent the molecular adaptation of neural
cells to developmental ethanol exposure. Eleven transcripts that were altered acutely following ethanol exposure at P7 remained altered into early adulthood
without additional ethanol treatment (table 4). These
included 5 genes that remained downregulated
[Heatr1, hemicentin (Hmcn), Pomc, seizure threshold
2 (Szt2), and XRCC6-binding protein 1 (Xrcc6bp1)]
and 6 transcripts that showed an inverse relationship
(upregulated 4 h following exposure but downreguKleiber/Laufer/Stringer/Singh
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ionotropic, NMDA 2A (Grin2a) and Grin2b, both upregulated (fig. 5).
To identify molecules that may be key effectors of the
ethanol-induced changes in gene expression, the 3 networks were merged to identify hub molecules that may
unify their interactions (fig. 6). Early immediate transcriptional regulators controlling cell cycle and proliferation, such as Jun, Fos, early growth response 1 (Egr1), Egr2,
and Creb1, are prominent as central hubs. Also highly
represented are signaling molecules such as cytokines and
growth hormones, including growth hormone 1 (Gh1),
nerve growth factor (Ngf), Tnf, Tgfb1, and Il6. The glutamate receptors (Grin2a, Grin2b, and Grin1) prominent in
the BCSN network remain as hubs in the merged model
of molecular interactions, as does Htt. Finally, an interesting interaction emerges between Adcyap1, Pomc, and
Nr4a1, all of which were downregulated. Taken together,

Table 2. IPA of biological functions associated with ethanol-induced gene expression changes
Function annotation

p value

Molecules, Molecules
n
upregulated

Cell death and
survival

apoptosis of neurons

0.000497

17

Nervous system
development and
function

proliferation of pituitary cells

0.00220

3

downregulated

AGT, BCL2L11, BTG2, DUSP1,
GRIN2B, IGF1R, JUN, MT1E,
MT1H, PERP, ST8SIA1, TGFB3,
Zfp110/Zfp369

ADCYAP1, HDAC1, KLF6,
VEGFA

TGFB3

INHBA, SRSF2

proliferation of neuroglia

0.0155

5

CPEB1, FOXO3

ADCYAP1, CCND1, ETV5

abnormal morphology of
astrocytes

0.0252

3

MT1E, MT1H

LDLR

quantity of neurons

0.0334

10

DUSP1, IGF1R

ADCYAP1, EGR3, INHBA,
LIFR, OLIG2, POMC, TRPA1,
VEGFA

plasticity of neuronal synapse

0.0371

2

CPEB1, GRIN2B

–

Tissue development

regeneration of nerves

0.000544

3

AGT, JUN, ST8SIA1

–

Cell cycle

mitosis

0.00175

3

EDN1, TGFB3

CCND1

mitogenesis of central nervous
system cells

0.00216

2

EDN1, TGFB3

–

hydrolysis of phospholipid

0.0181

2

AGT, EDN1

–

Lipid metabolism

turnover of phospholipid

0.00216

2

EDN1

ADCYAP1

metabolism of membrane lipid
derivative

0.0462

2

ST8SIA1

POMC

neuromuscular disease

0.0116

15

AGT, MERTK, MT1E, MT1H,
SDC4, SLC16A9, Zfp932 (includes
others)

EGR4, ETV5, GABRA5,
HLA-B, LIFR, NR4A1,
RGS4, RXRG

disorder of basal ganglia

0.0171

14

MERTK, MT1E, MT1H, SDC4,
EGR4, ETV5, GABRA5,
SLC16A9, Zfp932 (includes others) HLA-B, LIFR, NR4A1,
RGS4, RXRG

neuropathy of the brain

0.00216

2

MT1E, MT1H

–

damage to the brain

0.0479

4

EDN1, FOLH1, GRIN2A,
GRIN2B

–

Cellular growth
and proliferation

proliferation of cells

0.0197

13

CPEB1, FOXO3, TGFB3

ADCYAP1, CCND1,
ETV5, GNL3, GTPBP4,
INHBA, KLF6, POMC,
SRSF3, VEGFA

Vitamin and
mineral metabolism

mobilization of Ca2+

0.0122

2

–

ADCYAP1, TRPA1

influx of Ca

0.0371

2

GRIN2B

TRPA1

Cell-to-cell signaling
and interaction

damage to dopaminergic neurons

0.00356

2

MT1E, MT1H

–

plasticity of neuronal synapse

0.0371

2

CPEB1, GRIN2B

–

Endocrine system
development and
function

proliferation of pituitary cells

0.00220

3

TGFB3

INHBA, SRSF2

hydroxylation of melatonin

0.0193

1

CYP1B1

–

production of L-triiodothyronine

0.0193

1

–

DIO2

secretion of corticosterone

0.0193

1

–

POMC

Neurological
disease

2+
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Category

Table 3. Ingenuity canonical pathways associated with transcripts altered by ethanol exposure at P7

p value

Ratio of
molecules
altered

Molecules
upregulated

downregulated

p53 signaling

0.000225

8/89

JMY, JUN, PERP, PIK3R1,
TP53INP1

CCND1, GNL3, HDAC1

Circadian rhythm signaling

0.000244

6/33

GRIN2A, GRIN2B, PER1

ADCYAP1, CRY1, PER2

Cell cycle G1/S checkpoint regulation

0.000765

6/60

TGFB3

CCND1, E2F4, GNL3, HDAC1,
HDAC9

Chronic myeloid leukemia signaling

0.00698

9/90

PIK3R1, TGFB3

CCDN1, E2F4, HDAC1, HDAC9

3-Phosphoinositide biosynthesis

0.00927

7/125

DUSP1, DUSP8, DUSP16.
NUDT11, PIK3R1, PPM1K

PPTC7

D-Myoinositol tetraphosphate
biosynthesis

0.011

6/100

DUSP1, DUSP8, DUSP16,
NUDT11, PPM1K

PPTC7

Cyclins and cell cycle regulation

0.0132

5/77

TGFB3

CCND1, E2F4, HDAC1, HDAC9

ErbB2-ErbB3 signaling

0.0165

4/53

JUN, PIK3R1

CCND1, ETV4

TR/RXR activation

0.0172

5/80

PIK3R1, SLC2A1

DIO2, LDLR, RXRG

PTEN signaling

0.0203

5/113

PIK3R1, SLC2A1

DIO2, LDLR, RXRG

lated in adulthood). Interestingly, these transcripts
also included genes critical for glutamate regulation
(folate hydrolase 1 and Grin2b), cellular organization
(Hmcn1 and protocadherin beta 18), and hormonal
signaling (Pomc), as well as genes that have been previously implicated with neurological phenotypes such
as Szt2 and Xrcc6bp1.
We also compared the biological functions identified
in the short- and long-term analyses to identify commonly targeted pathways that may represent a continuity of consequences of ethanol exposure during synaptogenesis. The results of this analysis are shown in table 4. This analysis revealed that, while the number of
overlapping transcripts identified by both the short- and
long-term gene arrays was limited, there were a number
of closely associated biological functions and canonical
pathways represented within both gene lists. Genes associated with synaptic transmission and plasticity were
present in both the short- and long-term gene lists (table 4), with both showing a number of glutamate receptor subunit transcripts including Grin2a, Grin2b, and
Grik1. Also common between the short- and long-term
lists were GO functions related to hormone activity and
signaling, specifically steroid and corticosterone secretion and, interestingly, circadian rhythm signaling. Finally, retinoic acid signaling and the canonical PTEN/
8
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ATK/mTOR signaling pathway were identified as associated with transcripts within both the short- and longterm gene lists.
Relationship between miRNA Changes and Target
mRNA Transcripts Altered in the Adult Brain by
Ethanol Exposure during Synaptogenesis
We utilized the IPA Target Filter software to compare
the long-term mRNA expression array data to miRNA array data and to assess potential regulatory interactions
based on literature and sequence analysis. The miRNA array identified 33 different miRNA transcripts that were
altered in the brain of adult male mice that had been exposed to alcohol during early neonatal development (online suppl. table 2). Fold changes ranged from –4.17 (mmumiR-704) to 2.44 (mmu-miR-721). Most of the miRNAs
were downregulated, with 73% (24/33) showing a negative
fold change as compared to the saline-treated controls.
Target Filter analysis matched 5 transcripts with 36
genes (table 5) using high-confidence criteria based on
miRNA sequence and annotated interactions and showing an inverse expression relationship. Interestingly, a given miRNA species was matched with multiple altered
mRNA transcripts, suggesting that the alteration of a single miRNA can alter a number of different biological processes and exert widespread effects. Further, each altered
Kleiber/Laufer/Stringer/Singh
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Color version available online

Fig. 3. IPA network analysis indicating annotated interactions between genes affected in the adult brain by ethanol exposure at P7 associated with CDCG. Upregulated (red; colors refer to the online version only) and downregulated genes (green) are indicated. Centralized hub molecules linking multiple interacting genes are enlarged.

Color version available online

gene was associated with a number of biological pathways
(table 5). Affected pathways that showed consistency with
previous DAVID analysis and IPA included alterations to
axonal guidance (Adam9, Lingo1, Sema6d, Shank2, Prkcb,
and Efnb2), cell cycle and cell migration mechanisms
[Mras, Rhou, Tab3, Tdrd7, Kitl, Ncoa3, and tubular sclerosis 1 (Tsc1)], and inositol phosphate metabolism (Fam20b).
10
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Interestingly, multiple hormonal signaling mechanisms
were affected that were consistent with previously identified pathways. These included corticotrophin-releasing
hormone signaling, glucocorticoid receptor signaling,
Huntington’s disease signaling, and estrogen and androgen receptor signaling (Cnr1, Mras, Ncor2, Ncoa3, Prkcb,
Ppargc1a, Rbm9, and Spen). Lastly, mechanisms associatKleiber/Laufer/Stringer/Singh
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Fig. 4. IPA network analysis indicating annotated interactions between genes affected in the adult brain by ethanol exposure at P7 associated with TMCS. Upregulated (red) and downregulated genes (green) are indicated. Centralized hub molecules linking multiple
interacting genes are enlarged.

Color version available online

Fig. 5. IPA network analysis indicating annotated interactions between genes affected in the adult brain by ethanol exposure at P7 associated with BCSN. Upregulated (red) and downregulated genes (green) are indicated. Centralized hub molecules linking multiple
interacting genes are enlarged.

ed with retinoic acid receptor signaling [TR/RXR, peroxisome proliferator-activated receptor (PPAR), and retinoic
acid receptor (RAR) activation] and the highly related developmental PI3K/AKT/mTOR pathway signaling were
well represented, they and were associated with miR-721,
which was implicated in the regulation of multiple genes
(Irf1, Ncoa3, Ppargc1, and Tsc1).

This study characterizes the gene expression changes
that occur in the developing brain acutely (4 h) following
a binge-like dose of ethanol during synaptogenesis in B6
mice. We argue that the genes and pathways identified
represent an in vivo initial response to ethanol within a

Third Trimester-Equivalent Ethanol
Exposure in Mice
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Discussion

Color version available online

by ethanol exposure at P7. Upregulated (red) and downregulated genes (green) are indicated. Centralized hub molecules linking multiple interacting genes are enlarged.
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Fig. 6. Merged IPA networks showing interactions between the most significant gene networks (see fig. 3, 4, 5) affected in the adult brain

Table 4. Genes altered by alcohol exposure acutely following treatment (acute) that remain altered during early adulthood (long-term)

Gene
symbol

Gene name

NM_016770
NM_008171
NM_144835
NM_001024720
NM_053143
NM_008895
NM_001029842

Folh1
Grin2b
Heatr1
Hmcn1
Pcdhb18
Pomc
Slc16a6

NM_198170
NM_026858
NM_177660
NM_011763

Szt2
Xrcc6bp1
Zbtb10
Zfp9

folate hydrolase 1
glutamate (NMDA) receptor subunit epsilon-2
HEAT repeat-containing 1
hemicentin 1
protocadherin beta 18
proopiomelanocortin-alpha
solute carrier family 16 (monocarboxylic acid
transporters), member 6
seizure threshold 2
XRCC6-binding protein 1
zinc finger and BTB domain-containing 10
zinc finger protein 9

highly dynamic and sensitive biological system. This response represents a discontinuity in normal developmental processes that, depending on the balance of cellular
processes active at the time of insult, may result in apoptosis [12, 20] or, in surviving cells, a ‘molecular footprint’
of neurodevelopmental disruption [15, 17].
Transcripts Associated with Acute Ethanol Exposure
during Synaptogenesis Indicate a Balance between
Cellular Apoptosis, Survival, and Stress Response
Expression array analysis identified 315 ethanol-responsive transcripts, with a number of genes that were
downregulated in response to ethanol performing biological functions that are notoriously energy costly, such
as ribosome synthesis and mitotic progression (tables 1,
2; fig. 3, 4) [25, 26]. The downregulation of genes that
drive mitotic progression and activate MAPK phosphatases – and, subsequently, increase the presence of active
MAPKs – has previously been implicated in cellular stress
response, including that associated with hyperosmotic
conditions such as high extracellular ethanol concentrations [25, 27]. The arrest of prodevelopmental cues is further supported by the downregulation of transcription
and growth factors Etv4, E2f4, Egr3, Egr4, and Vegfa (tables 1, 2). These molecules have well-established roles in
multiple developmental processes, and their reduced expression may alter the maturation of neurons, the extent
of dendritic branching, synapse formation, and neuronal
plasticity [28–30].
In contrast to the functions affiliated with the downregulated transcripts, upregulated transcripts were associated with a positive regulation of apoptosis and cell
Third Trimester-Equivalent Ethanol
Exposure in Mice

Chromosome
location

Fold change
acute (P7)

long-term (P60)

7 D1–D2
6 G1
13 A1
1 G1
18 B3
12 A1
11 E1

1.44
1.25
–1.31
–1.20
1.21
–1.21
1.35

–1.28
–1.27
–1.33
–1.28
–1.43
–1.57
–1.45

4 D2
10 D3
3 A1
6 F1

–1.22
–1.20
1.38
1.25

–1.24
–1.36
–1.30
–1.29

membrane integrity (tables 1, 2). These results corroborate physiological evidence that this binge-like ethanol
treatment at synaptogenesis results in widespread cell
death across the cortex, hippocampus, cerebellum, and
other brain regions [14, 20, 31]. The cell membrane composition can strongly affect the function of intrinsic membrane proteins, and high alcohol concentrations have
been shown to force the transmembrane proteins into unfavorable conformations, affecting the chemical and
physical functioning of the cell, including at synaptic plasma membranes [32]. Coinciding with this, the upregulation of genes associated with glycosylation may be related
to reinstating membrane integrity as glycoproteins are developmentally integral to cell membrane stability and cellcell recognition and interaction [33], as well as regulating
excitatory synapse development and the modulation of
synaptic efficacy [34]. These findings agree with previous
reports that ethanol targets the glycosylation machinery
[35] and that this likely contributes to the behavioral and
cognitive impairments observed in FASD [36].
The Effect of Neurodevelopmental Ethanol Exposure
on the Formation and Function of Neural Circuits
In addition to the prominent effect of ethanol on cell
survival and stress response mechanisms, a number of
transcripts were identified that, while they may have roles
in cellular stress, also have demonstrated roles in neurodevelopment and have been implicated in long-term risk
for neurological disorders. Particularly notable is the alteration of genes related to hormonal signaling and endocrine system development and synaptic transmission (tables 1–3; fig. 5).
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Accession No.

Table 5. miRNAs and putative mRNA transcript targets showing altered expression in the adult brain following early neonatal ethanol

exposure
miRNA fold change

Target gene ID

Target fold change

Associated pathways

mmu-miR-26b

1.284

Adam9

–1.114

axonal guidance signaling

mmu-miR-26b

1.284

Chsy1

–1.128

chondroitin sulfate biosynthesis

mmu-miR-26b

1.284

Cnr1

–1.332

corticotropin-releasing hormone signaling,
G protein-coupled receptor signaling,
reelin signaling in neurons,
cAMP-mediated signaling

mmu-miR-26b

1.284

Exoc8

–1.221

Cdc42 signaling

mmu-miR-26b

1.284

Hs6st1

–1.523

chondroitin sulfate biosynthesis,
cysteine metabolism,
keratan sulfate biosynthesis,
LPS/IL-1-mediated inhibition of RXR function,
xenobiotic metabolism signaling

mmu-miR-26b

1.284

Lingo1

–1.153

axonal guidance signaling

mmu-miR-26b

1.284

Map3k7

–1.193

acute-phase response signaling,
BMP signaling pathway

mmu-miR-26b

1.284

Mras

–1.200

14-3-3-mediated signaling,
AMPK signaling,
actin cytoskeleton signaling,
acute myeloid leukemia signaling,
acute-phase response signaling,
agrin interactions at neuromuscular junction,
androgen signaling

mmu-miR-26b

1.284

Pfkfb3

–1.143

AMPK signaling,
fructose and mannose metabolism

mmu-miR-26b

1.284

Ppm1b

–1.429

AMPK signaling

mmu-miR-26b

1.284

Rhou

–1.250

CXCR4 signaling,
glioblastoma multiforme signaling,
glioma invasiveness signaling,
HMGB1 signaling

mmu-miR-26b

1.284

Sema6d

–1.181

axonal guidance signaling

mmu-miR-26b

1.284

Shank2

–1.291

axonal guidance signaling

mmu-miR-26b

1.284

Tab3

–1.253

NF-κB signaling

mmu-miR-26b

1.284

Tdrd7

–1.568

role of Oct4 in mammalian embryonic stem cell
pluripotency

mmu-miR-26b

1.284

Ube2j1

–1.151

hypoxia signaling,
protein ubiquitination pathway

mmu-miR-34b-5p –1.292

Kitl

mmu-miR-184

1.485

Ncor2
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1.322
–1.273

acute myeloid leukemia signaling
aryl hydrocarbon receptor signaling,
estrogen receptor signaling,
glucocorticoid receptor signaling,
Huntington’s disease signaling,
liver X receptor/RXR activation,
PPAR signaling,
PPAR-α/RXR-α activation,
RAR activation
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miRNA ID

miRNA ID

miRNA fold change

Target gene ID

Target fold change

Associated pathways

mmu-miR-184

1.485

Prkcb

–1.115

14-3-3-mediated signaling,
aldosterone signaling,
androgen signaling,
axonal guidance signaling

mmu-miR-721

2.437

Akap11

–1.111

β-adrenergic signaling,
protein kinase A signaling,
cAMP-mediated signaling

mmu-miR-721

2.437

B4galt5

–1.257

keratan sulfate biosynthesis,
N-glycan biosynthesis

mmu-miR-721

2.437

Cnr1

–1.332

corticotropin-releasing hormone signaling,
G protein-coupled receptor signaling,
reelin signaling in neurons,
cAMP-mediated signaling

mmu-miR-721

2.437

Efnb2

–1.261

axonal guidance signaling,
ephrin receptor signaling

mmu-miR-721

2.437

Fam20b

–1.271

inositol phosphate metabolism,
nicotinate and nicotinamide metabolism

mmu-miR-721

2.437

Ino80

–1.247

purine metabolism

mmu-miR-721

2.437

Irf1

–1.323

IL-15 production, interferon signaling,
production of nitric oxide and reactive oxygen
species,
retinoic acid-mediated apoptosis signaling,
role of PKR in interferon induction

mmu-miR-721

2.437

Lrrk2

–1.196

mitochondrial dysfunction

mmu-miR-721

2.437

Ncoa3

–1.247

aryl hydrocarbon receptor signaling,
estrogen receptor signaling,
glucocorticoid receptor signaling,
PPAR-α/RXR-α activation,
role of Wnt/GSK-3β signaling,
TR/RXR activation,
vitamin D receptor/RXR activation

mmu-miR-721

2.437

Pfkfb3

–1.143

AMPK signaling,
fructose and mannose metabolism

mmu-miR-721

2.437

Ppargc1a

–1.123

estrogen receptor signaling,
farnesoid X receptor/RXR activation,
PPAR signaling,
PPAR-α/RXR-α activation,
pregnane X receptor/RXR activation,
RAR activation,
TR/RXR activation,
xenobiotic metabolism signaling

mmu-miR-721

2.437

Rbm9

–1.311

estrogen receptor signaling

mmu-miR-721

2.437

Shank2

–1.291

axonal guidance signaling

mmu-miR-721

2.437

Spen

–1.140

estrogen receptor signaling

mmu-miR-721

2.437

Sphk2

–1.304

ceramide signaling,
PDGF signaling,
sphingolipid metabolism
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Table 5. (continued)

Table 5. (continued)

miRNA fold change

Target gene ID

Target fold change

Associated pathways

mmu-miR-721

2.437

Tsc1

–1.381

14-3-3-mediated signaling,
AMPK signaling,
glioblastoma multiforme signaling,
PI3K/AKT signaling,
mTOR signaling

mmu-miR-721

2.437

Wdfy3

–1.327

keratan sulfate biosynthesis,
N-glycan biosynthesis

mmu-miR-1970

–1.694

Arhgap6

1.188

Hormone Activity and Hypothalamic-PituitaryAdrenal Axis Development
The DAVID analyses identified hormone activity and
hormone receptor activity as biological functions with a
significantly overrepresented proportion of altered transcripts. Most were significantly downregulated following
ethanol exposure. These genes included Adcyap1 and
Pomc as well as Nr4a1, nuclear receptor subfamily 0, group
B, member 1 (Nr0b1), and retinoid X receptor gamma (Rxrg;
table 1). These genes play varying roles in the development
of the brain, most notably in the proper function of the
hypothalamic-pituitary-adrenal (HPA) axis [37] including
altered stress reactivity, a consistent endophenotype associated with FASD [38–40]. Indeed, we have previously reported increased anxiety-related traits in young adult mice
following ethanol exposure during synaptogenesis [15]. It
is possible that this period of neural development is critically susceptible to molecular changes that affect HPA connectivity and maturation and lead to a risk for these pathologies in prenatally exposed adolescents and adults
[41]. The downregulation of Nr4a1 is interesting, given
that it is able to mediate both pro- and antiapoptotic effects
[42] as well as mediating thyrotropin-releasing hormone
stimulation within the pituitary [43]. Also relevant to HPA
axis function is the reduced expression of Rxrg. This gene
is part of the family of retinoic acid receptors that mediate
the antiproliferative effects of retinoic acid and act as ligand-dependent transcriptional regulators [44]. These results follow other studies that have implicated retinoic acid
signaling in the effects of prenatal alcohol exposure (PAE)
[45–47]: the reduced expression of retinoic acid can delay
cellular differentiation and myelination [48], most notably
in the HPA axis structures, but also in the cerebellum and
hippocampus, affecting developmental and behavioral
phenotypes [49].
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leukocyte extravasation signaling,
RhoA signaling

Neurotransmitter Signaling and Synaptic
Connectivity and Plasticity
Among the genes affected by ethanol treatment were
Cpeb1, gamma-aminobutyric acid (GABA) A receptor,
subunit alpha 5 (Gabra5), Grin2a, and Grin2b, all of which
are canonically critical to synaptic formation and maintenance (table 2). Cpeb1 regulates translation at the synapses, and reduced – or elimination of – expression during development results in poor synaptic efficacy, leading
to reduced long-term potentiation [50] and, in adulthood, rapid extinction of hippocampus-dependent spatial learning memories [51]. CPEB1 protein is activated in
response to NMDA ionotropic glutamate receptor stimulation to facilitate activity-dependent gene transcription
[52]. Further, during early postnatal development, the
formation of functional circuit formation is dependent on
the synchronous activity of depolarization of GABAA receptors and the activation of NMDA receptors [53, 54].
In this study, Gabra5, Grin2a, and Grin2b transcript
levels were identified as altered following ethanol exposure, with Gabra5 downregulated and the glutamate subunits upregulated (fig. 5). While these genes are associated with the major inhibitory (GABA) and excitatory
(glutamate) neurotransmitter systems in the adult brain,
it has also been established that they play key roles in the
neurodevelopmental patterning of synaptic networks
[55]. Both NR2A, encoded by Grin2a, and NR2B, encoded by Grin2b are modulatory NMDA receptor subunits,
with Grin2a widely expressed in the postnatal brain and
Grin2b expressed in multiple regions embryonically but
restricted to the forebrain during postnatal stages [55],
the transition of which occurs during synaptogenesis
[56]. Further, the subunit composition (NR2A vs. NR2B)
of NMDA receptors has been shown to control dendritic
spine motility as well as synapse formation and stabilizaKleiber/Laufer/Stringer/Singh
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miRNA ID

Molecular Pathways Acutely Affected by Ethanol
Exposure (at P7) that Remain Modified in Adulthood
(at P60)
While the present study focuses on the immediate effects of ethanol on the transcriptome of the brain at synaptogenesis, the results also shed insight into the long-term
effects of alcohol exposure on the cellular function of the
adult brain that have been previously reported [17]. The
genes that remain altered into adulthood may be an adaptive response involving the reorganization of gene expression in surviving cells undergoing development. Ultimately, this modified expression profile results in the molecular
‘footprint’ of third trimester-equivalent ethanol exposure
observed in adult mice that may, in part, account for the
behavioral deficits presented by these animals [15, 17].
Genes that remain altered in adulthood following a
binge-like ethanol exposure during the third-trimester
equivalent suggest a continued trend of altered synaptic
signaling, with both long- and short-term pathways involving glutamate transmission and alterations to synaptic plasticity (table 5). Further, genes associated with steroid hormone signaling also remain altered, potentially
maintaining an abnormal HPA axis function in the adult
brain. Interestingly, this is associated with altered circadian rhythm signaling, as identified in both the short- and
long-term canonical pathways. We observed an altered
expression of the period genes Per1 and Per2 as well as a
long-term altered cyclical expression of Pomc [61]. Altered sleep-wake cycles have previously been observed in
human infants and adolescents exposed to alcohol during
neurodevelopment [61]. Consistent with this study and
others, these effects are most pronounced in animal models when exposure occurs during the brain growth spurt
period [62, 63]. Altered circadian rhythm and, correspondingly, altered HPA axis corticosterone signaling are
further associated in FASD individuals or models with
increased vulnerability to stress, depression, hyperactivity, and diminished cognitive function [41, 62–64].
Third Trimester-Equivalent Ethanol
Exposure in Mice

This is further highlighted with the identification of the
TR/RXR pathway within the significantly altered canonical pathways that remain altered in adult mice neurodevelopmentally exposed to ethanol during synaptogenesis (table 4). RXRs are nuclear receptors that mediate retinoic
acid-induced gene expression through the formation of
homo- or heterodimers with other receptors including TR,
among many others [65, 66]. While many data have been
published examining the role of retinoic acid in immediate
ethanol effects, few studies have reported the role of retinoic acid signaling alterations in the long-term effects associated with FASD. However, retinoic acid receptors and
TR have been implicated in the thyroid dysfunction following PAE, resulting in reduced glucocorticoid signaling
and multiple phenotypes such as a higher incidence of depressive behavior and spatial learning deficits [67]. This
role in spatial learning is consistent in many studies, with
retinoic acid signaling implicated in changes to long-term
potentiation, hippocampal synaptic function, and impairments to working memory [68, 69]. Interestingly, these
impairments in cognition are also correlated with altered
circadian clock patterns [70], which has been identified by
this study as a potential short-term target of ethanol exposure during synaptogenesis (tables 3, 4; fig. 5).
The PTEN canonical pathway was also identified as
significantly affected in the short- and long-term effects
of ethanol (tables 3, 5). Given the broad intracellular signaling functions of the PTEN and associated PI3K/AKT/
mTOR pathway and its ability to respond to nutrient
availability, stress, hormones, and growth factors to modulate protein synthesis, a comprehensive discussion of
this pathway with relevance to PAE would be assumptive.
The pathway is worth attention, however, in light of recent findings implicating Pten and Akt1 regulation in
other mouse models of neurodevelopmental ethanol exposure [71].
Establishment of the Long-Term Footprint of Ethanol
Exposure May Include Altered miRNA Regulation
The results included in this study offer an evaluation
of potential epigenetic mechanisms that may help establish a long-term footprint of altered gene expression following ethanol exposure during synaptogenesis. There
has been increasing evidence that epigenetic processes,
such as the establishment of DNA methylation, chromatin structure, and miRNA expression, are integral to normal neurodevelopment [72–74]. Histone deacetylases
(Hdac1 and Hdac9) appear as target molecules within
multiple canonical pathways identified as altered acutely
(at P7) following ethanol exposure (table 3). These genes
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tion [57]. The Gabra5 subunit is expressed in the brain
throughout pre- and postnatal development [58]. The
role of NMDA and GABA receptors in the formation,
maturation, and pruning of synapses has been well established [9, 53, 55, 59]. Disruption of the regulatory control
of subunit expression by ethanol at this developmental
stage has potent consequences for neural network connectivity, consequently not only acutely affecting brain
function but also establishing an abnormal foundation
for adult cellular communication and plasticity [60], a
crucial impairment associated with PAE.

Caveats

There are some limitations to these studies which
should be noted. First, the gene expression changes were
evaluated using whole-brain homogenates. The authors
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recognize that the developing brain is a complex tissue
with a number of regions undergoing neurodevelopmental processes at varying time frames. While synapse formation may be the predominant process occurring during the first 2 weeks of postnatal mouse development
(corresponding to the processes occurring during the
third-trimester equivalent), there are also a number of
other critical processes occurring at this time depending
on the region, including neurogenesis, glial development,
apoptotic pruning, and myelination. The results we have
generated have relevance to synapse-related processes,
particularly in regions such as the corpus callosum, the
HPA axis, the cerebellum, and the cortices. Coincidentally, these are the regions that are particularly vulnerable
to ethanol-induced neurodegeneration and structural
changes resulting from third trimester-associated processes [81, 82]. We hypothesize that the brain regions
most vulnerable to ethanol will be those cells that are actively undergoing developmental processes and that are
responsive to external cues, either internal or external
(such as ethanol). As such, the results generated in this
study provide an overview of the pathways that may be
affected at a broad scale on biological processes that are
occurring in multiple brain regions simultaneously. Region-specific analysis may provide a more detailed perspective on those genes and pathways that may be affected within those regions.
Second, while it is likely uncommon that a pregnant
female will ingest a high dose of alcohol during the third
trimester only, this paradigm models a binge-like exposure at a specific neurodevelopmental time. Neurodevelopment is a lengthy and complex process, and without
controlled models of exposures at specific times, it is difficult to differentiate the resulting molecular and, subsequently, phenotypic effects that result from exposures at
each stage of development. Evaluations of third trimester-equivalent models of FASD are becoming increasingly prevalent in the literature, due to the brain’s vulnerability at this stage. Studies have established that ethanol exposure at P7 results in robust phenotypic consequences
such as profound learning deficits, altered stress reactivity, and circadian rhythm dysfunction [14, 16, 62]. While
it is clear that there is no one exposure time that is independently responsible for the range of phenotypes associated with FASD, it is important to discern the mechanisms that may underlie the results generated from each
developmental stage. Also, it would be prudent to complete these studies using female as well as male mice, given the differences in ethanol response between sexes. Specifically, females have been shown to be particularly
Kleiber/Laufer/Stringer/Singh
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play an important role in controlling gene expression and
cell signaling events via histone modifications and chromatin remodeling and play a large role in a number of
neurodegenerative disorders including FASD [71, 75,
76]. These genes act not only by altering the chromatin
structure but also in interacting with tissue-specific transcription factors to control apoptosis and differentiation
[77, 78].
The evaluation of miRNA changes in the adult brain of
mice exposed to alcohol at P4 and P7, within the brain
growth spurt period, identified a number of miRNAs as
altered at P60 following ethanol exposure at synaptogenesis (online suppl. table 2). The genes identified as potential targets of some of these miRNAs play important roles
in the function of mature neuronal communication and
signaling (table 5). Interestingly, many of the biological
pathways associated with these miRNAs and their targets
showed a similarity with the pathways affiliated with the
modified short-term (P7) transcripts and a relevance to
synaptogenesis. Further, these pathways showed a higher
relevance to synaptic function and neural function than to
cell survival processes, as may be expected given that these
results highlight the residual effects of exposure at synaptogenesis rather than an immediate stress response. Of
note are the miRNAs posed to regulate genes associated
with HPA axis-associated corticotrophin and retinoic
acid signaling (table 5). Correspondingly, the Target Filter
results suggested that PI3K/AKT/mTOR signaling may be
altered via aberrant miRNA regulation of the tumor suppressor protein Tsc1 (table 5). The upregulation of miR721 and subsequent downregulation of Tsc1 is significant
with relevance to FASD-related abnormalities, given current evidence that knockdown of Tsc1 or its functional
partner, huntingtin-associated protein 1 (Hap1), profoundly impairs the positioning of pyramidal neurons in
the hippocampus [79], leading to long-term neurological
impairment including cognitive deficits and learning
impairments [80]. These results argue that altered epigenetic mechanisms, including histone modifications and
miRNA regulatory control, may reflect consequences of
neurodevelopmental ethanol exposure that do not have
a specific relationship to stress response but nonetheless
exert long-term functional changes within the adult brain.

vulnerable to ethanol-induced changes in HPA axis reactivity [16, 40].
Finally, given that the gene expression changes from
alcohol exposure are subtle and multifactorial, it will be
important to investigate the impact of these gene expression changes on protein levels and their relevance to cellular function.

Conclusions

This study reports the gene expression changes, associated biological pathways, and gene interactions altered
immediately following ethanol exposure during the neurodevelopmental stage of synaptogenesis. The findings
indicate that ethanol induces a strong stress response in
developing cells, promoting the activation of specific
pathways that orchestrate the balance between cell survival and cell death. This response includes the downregulation of energetically costly biological processes,
presumably to reorient their resources to negotiate the
immediate ethanol insult.
Additionally, there are a number of affected genes
that have critical roles in establishing the connectivity
and communication between neurons that will eventually comprise the neural circuitry of the adult brain. This

molecular adaptation leads to a discontinuity in the
course of normal neurodevelopment that may leave a
‘molecular footprint’ of neurodevelopmental alcohol exposure. These changes represent transcriptome alterations that may persist into adulthood and may be maintained, at least in part, by altered epigenetic patterning
including histone modification and miRNA expression.
The results presented in this study suggest that ethanol
exposure during the third-trimester equivalent has pervasive consequences that broadly affect synaptic communication, altering HPA axis function and higher cognitive functioning.
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