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Abstract

There is compelling evidence that sex and gender have crucial roles in excessive alcohol
(ethanol) consumption. Here we review some of the data from the perspective of brain
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transcriptional differences between males and females, focusing on rodent animal models. A

key emerging transcriptional feature is the role of neuroimmune processes. Microglia are the
resident neuroimmune cells in the brain, and exhibit substantial functional differences between
males and females. Selective breeding for binge ethanol consumption, as well as the impacts

of chronic ethanol consumption and withdrawal from chronic ethanol exposure, all demonstrate
sex-dependent neuroimmune signatures. A focus is on resolving sex-dependent differences in
transcriptional responses to ethanol at the neurocircuitry level. Sex-dependent transcriptional
differences are found in the extended amygdala and the nucleus accumbens. Telescoping of
ethanol consumption is found in some, but not all, studies to be more prevalent in females.
Recent transcriptional studies suggest that some sex differences may be due to female-dependent
remodeling of the primary cilium. An interesting theme appears to be developing: at least from
the animal model perspective, even when males and females are phenotypically similar, they differ
significantly at the level of the transcriptome.

Keywords
binge; ethanol; functional genomics; neural circuitry; neuroimmune function; therapeutics

INTRODUCTION

There is ample evidence of interactions between alcohol use disorder (AUD) and sex
(biological factors) and gender (psychological, social, and cultural factors) (1,2). In this
review article, we focus on how the interaction between sex and the transcriptome aligns

in animal models of excessive ethanol consumption. Wilhelm et al. (3) were among

the first to provide compelling evidence for sex-specific effects of alcohol on the brain
transcriptome of mice. They found a pro-inflammatory transcriptional phenotype in females
during peak withdrawal from chronic alcohol intoxication, while there was a suppression of
neuroimmune signaling in males. Since Wilhelm et al. (3), there are now numerous studies,
some described below, that have directly or indirectly provided evidence for sex interactions
with the brain transcriptome and associated alcohol phenotypes, and are beginning to be
defined on neurocircuitry and molecular levels. We begin with brief discussions of sex
differences in AUD and the evidence that responses to alcohol are mediated by different
circuits in males and females.

SEX DIFFERENCES IN ALCOHOL USE DISORDER

AUD is a chronic relapsing brain disease characterized by compulsive alcohol use, loss of
control over alcohol intake, and a negative emotional state when not using alcohol. Risk
factors include additive genetic effects (4), age (5), sex (6,7), and numerous environmental
influences, especially those affecting mental health status (8,9). For decades, reports have
indicated that males consume more alcohol and consume it more often than females.
However, recent surveys in the US indicate that female patterns of drinking are changing
(10). While men consistently report higher levels of drinking to intoxication and the
prevalence of AUD is higher in men, women are drinking more than previously reported
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(10), are at greater risk for negative consequences of alcohol use (11) and tend to develop
AUD in a shorter timeframe (1,12).

A neuroimmune hypothesis for alcohol use progressing to AUD has been proposed (13) and
is supported [see (14,15)]. Compared to men, women are particularly sensitive to alcohol-
mediated immune impairment, which may be linked to an increased risk for hypertension
and damage to the brain, heart, kidney and liver (16-20). AUD is a prototypical complex
trait with a strong heritability of ~0.5 (21); however, few studies report quantitative sex
differences. Whether the genetic components between sexes overlap is another question.
Twin studies report genetic correlations of 0.24 for opposite sex dizygotic twins, rather than
the expected 0.5 shared heritability (22). Similarly, risk is higher if a same sex, rather than
an opposite sex, relative has an AUD (23).

As with any psychiatric disorder, the question arises as to how to model AUD in

animals. Modeling human disease remains controversial (24,25) (2 references) and is further
complicated when one considers the sex x model interaction. Crabbe et al. (2013) considered
this issue from the perspective of genetic animal models and concluded that, with regard to
AUD, the consilience of the human genetic and animal model genetic data is best for alcohol
withdrawal and tolerance, major features of an AUD diagnosis. However, just as human
studies have failed to address the role of sex in the genetics of AUD, sex X transcriptome and
sex X circuitry effects have only recently become a focus of animal model research and are
central topics here.

ETHANOL-RELATED BEHAVIORAL AND NEURAL CIRCUIT SEX
DIFFERENCES

A reasonably well-replicated observation is that female rodents voluntarily drink more
alcohol (ethanol) than males in operant and two-bottle choice tests (26-31). However, at
least in some rodent populations, further increases in consumption after chronic ethanol
access are less consistently observed in females than they are in males (32,33). Relative

to males, female rodents exhibit reduced withdrawal signs during abstinence after ethanol
exposure (33,34), and enhanced sensitivity to rewarding effects (e.g., ethanol-conditioned
place preference) (35), but blunted sensitivity to aversive effects (e.g., ethanol-conditioned
taste aversion) of ethanol (36). This constellation of behavioral differences — higher
sensitivity to the positive and lower sensitivity to the negative effects of ethanol — predicts
that female rodents would be at heightened susceptibility to excessive ethanol intake.

The extent to which these sex differences relate to divergent brain anatomy and
neurocircuitry function remain unanswered questions. For example, unlike humans, mice
have no appreciable sex difference in overall brain weight; males: 458.2 + 41.6 mg,
N=10226; females: 459.7+ 42.0 mg, N=10704 (37). In terms of specific brain regions, in
mice, there again appear to be minimal sex differences in volumes, with the exception of
sub-regions in and around the hypothalamus that are directly related to the modulation of
sexual and reproductive behaviors (38-40). Relevant to discussions in subsequent sections
is the role of neuroimmune processes in the anatomical and functional divergence in the
hypothalamus and the functional divergence in other brain areas (38,39).
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Some recent studies are beginning to provide functional context to differences between
the sexes in ethanol responses (41). For example, chemogenetic excitation of the nucleus
accumbens (NAc) reduces binge drinking in female mice (42,43), whereas chemogenetic
inhibition of this region reduces binge drinking in male mice (44); (Townsley, Borroego,
and Ozburn, unpublished observations). Of further note, sex-dependent effects of ethanol on
neuronal activity have been observed in the basolateral and central nuclei of the amygdala
(45-47). Because the accumbens and amygdala are known neural hubs for rewarding and
aversive behaviors, they are a plausible focus for sex differences in ethanol behaviors.
Further studies are needed to determine how ethanol-related adaptations in the NAc and
amygdala may relate to sex-dependent changes, including transcriptional changes in other
limbic brain regions, as well as the reciprocally connected prefrontal cortex (PFC) (48).

THE TRANSCRIPTOME, ETHANOL RESPONSES AND THE ESTRUS CYCLE

Prendergast et al. (49), after reviewing 294 studies that included both male and female
rodents, concluded that the main reasons females were not included in biomedical research
“...is based on the assumption that females are intrinsically more variable than males and
must be tested at all stages of the estrus cycle to generate reliable data. Neither belief is
empirically based” (emphasis added). From the perspective of this review, we need to ask if
the marked differences repeatedly found between males and females in ethanol responses are
always much greater than the differences that could be solely associated with estrus cycle
effects. The behavioral data are not clear on this point. Forger and Morin (50) reported that
in Sprague-Dawley rats, ethanol intake and preference over the 4 day estrus cycle varied
systematically, being lowest on the day of proestrus, a decrease of > 50% from the peak
value. In contrast, Priddy et al. (51) found significant differences between male and female
Wistar and Long-Evans rats in voluntary ethanol consumption (two-bottle choice), but no
significant influence of the stage of the estrus cycle on total ethanol consumption. To add

to the complexity, Ford et al. (52) dissected ethanol consumption into discrete bouts and
reported that the patterns of ethanol consumption by female Long-Evans rats differ over the
course of the estrus cycle. Ford et al. (52) concluded that, “the estrus cycle phase-related
changes in microstructural components of ethanol intake suggest that female rats experience
periods of altered sensitivity to the neurobiological and reinforcing effects of ethanol.”

There are to our knowledge no studies trying to align changes in the transcriptome and
ethanol-associated behaviors with the estrus cycle. In fact, studies looking at brain gene
expression across the estrus cycle are relatively rare. DiCarlo et al. (53) found that across
four brain regions (hippocampus, neocortex, hypothalamus and cerebellum) in C57BL/6J
(B6) mice (a high ethanol preference strain) there were only 210 differentially expressed
genes out of 16,000 genes detected as present; 61 of these genes were known to be estrogen
responsive. These genes were enriched in annotations of myelination, hormone stimulus and
abnormal hormone levels. Duclot and Kabbaj (54) examined gene expression in the medial
PFC of young (8 week) male and female Sprague-Dawley rats; importantly, the female data
were collected across the estrous cycle. There were 935 genes differentially expressed from
proestrus to diestrus and many of these genes were associated with the regulation of synaptic
activity (52). The differences between these two studies may reflect species differences,
differences in the brain regions surveyed and/or technical differences.
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To further probe the issue of brain gene expression across the estrus cycle, RNA-Seq was
used to examine the effects of the estrus cycle in two rat strains (BN-Lx/Cub and SHR/
Olalpcv). Data were collected in pre-estrus, estrus and post-estrus (experimental details are
found in Supplemental Information Tables S1 and S2). The number of transcripts for which
expression levels were affected by stage of the estrus cycle ranged from 4 to 262, depending
on p-value threshold (0.0001 to 0.05). Because of the short period of each stage of the estrus
cycle in the rat, the technique that we used to determine the stage of the cycle should be
supplemented with values of circulating hormones in the future. The differences that we
noted at various levels of significance should stimulate research in this area using more
definitive tools to denote the hormonal state of the animal at the time that tissue is obtained.
Additionally, investigation of individual splice variants, alternative polyadenylation events,
and levels of RNA expression in particular cell types will provide important information
relating estrus stage to transcriptional differences.

TRANSCRIPTOMICS REVEALS SEX X STRAIN DIFFERENCES IN THE
RESPONSE TO ACUTE ETHANOL INTOXICATION.

For over six decades, a staple of ethanol research has been rodent inbred strains that differ
in their voluntary consumption of and responses to ethanol. For example, DBA/2J (D2)
mice drink little ethanol and exhibit severe ethanol withdrawal symptoms, whereas B6
mice drink excessive amounts and exhibit mild withdrawal (55). The genetic relationship
of low withdrawal symptomatology with high ethanol consumption has been demonstrated
(55). In the standard two-bottle choice test, B6 females consistently consume more ethanol
(9/kg) than males. These strain differences were leveraged in the first meta-analysis

of brain gene expression data for any behavioral phenotype (56). The transcriptome of
high and low ethanol preference animals differed markedly, and mitogen-activated protein
kinase signaling, transcription regulation pathways and cytokine signaling pathways were
significantly different. Female expression data were included, but the data were not analyzed
for sex differences. Over the past 15 years, females have increasingly been included in
ethanol research due to the recognition that sex differences in brain gene expression
sometimes exceed strain differences and/or the data support significant sex x genotype
interaction. An example of this point is provided here, for the effects on whole brain gene
expression 7 h after a 4 g/kg ethanol dose vs. saline in female and male B6 and D2 mice
[N=10/group, see Supplemental Information Table S3 for expression data; analysis details
are similar to our previous publication (57)].

Given that differences between strains and/or sexes may be due to significant differences in
variance structure, the variances for 9911 genes meeting the threshold for analysis inclusion
were calculated. Two-way AVOVAS (sex x treatment) for variance data were completed for
each strain. No significant differences in variance were found. Venn diagrams (Figure 1)
illustrate that between 10-15% of total gene expression was changed by ethanol treatment
(p < 0.05), with the greatest change seen in D2 males. The overlap in differential gene
expression between the sexes was minimal at approximately 10%. Principal components
analyses found divergent sex x treatment components for both the B6 and D2 strains
(Figure 2). KEGG results from WebGestalt (58) analyses indicated several strain distinct
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pathways with significant sex x treatment divergence (Table 1). Consistent sex differences
in ethanol-modulated pathways, regardless of strain, were detected by Ingenuity Pathway
Analysis (IPA) and are shown in (Table 2). The same gene input was used for both, with IPA
also including fold-change data.

The data summarized above illustrate that the hypnotic dose of ethanol affected up to 15%
of genes expressed in each comparison, a level of difference commonly seen in rodent
ethanol-related studies (56) However, there was little overlap in female- and male-specific
differential gene expression, nor in the over-represented pathways to which they belong.
These data affirm the marked differences in transcriptional responses to ethanol between
males and females.

SEX, SELECTION, CHRONIC ETHANOL CONSUMPTION AND THE
TRANSCRIPTOME

lancu et al. (59) compared the ventral striatal (the ventral striatum includes the NAc)
transcriptome of ethanol naive High Drinking in the Dark (DID) selected line mice (60)
with the genetically heterogeneous stock, HS/NPT founders. The HDID mice drink to
intoxicating blood ethanol concentrations (BECs) of > 150 mg of ethanol/dL. Two key
parameters extracted were differential expression and differential variability. The number
of significant (FDR < 0.05) differentially expressed genes in females and males was

227 and 1525, respectively; 153 genes overlapped. No significant gene ontology (GO)
annotation was detected for the genes affected in females. For males, 836 and 689 genes
were down- and up-regulated, respectively. Annotation of the down-regulated genes revealed
significant enrichment in genes associated with extracellular matrix organization, immune
system process, collagen trimer and plasma membrane part. For the up-regulated genes, no
significant enrichment categories were detected.

For the differential variability metric, selection significantly (FDR < 0.05) increased the
variability of 1498 genes for females and 766 genes for males; 82 genes overlapped.
Included in the overlapping subset were Calb2, Gabrg, Noslap, Oxt, Pomc, Pvab,
Slc6alland Trh. For genes with increased variance in females (N=1418), there was
significant enrichment in annotations that included extracellular space, plasma membrane
part, signaling receptor activity, and extracellular matrix organization. For genes with
decreased variance in females (N=80), significant enrichment was detected for cytoskeleton
of presynaptic active zone and axon part; genes involved included Bsn, Pclo, Syni, Myoc,
Navi, Tubb4a, Cplx2and Ank3. For genes with increased variance in males (N=663),

there were significant enrichments in GO categories that included modulation of synaptic
transmission, voltage gated cation channel activity, plasma membrane part, and synapse part.
Genes in the latter category included GrinZa, Grin2b, Dlg4, Gabbr2, GrmZ, Pdyn, Gabral
and CamkZa. For genes with decreased variance in males (N=103), there were significant
enrichments in GO categories associated with biological adhesion and extracellular part.
From the perspective of the differential variability metric, which is closely positively aligned
with intra-modular connectivity (61), the female and male data are largely mirror images.
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Hitzemann et al. (62) examined the effects of chronic (13 weeks) ethanol consumption
[using a two-bottle choice (water vs 10% ethanol) design] on CeA gene expression in
heterogeneous stock-collaborative cross (HS-CC) mice. The CeA is a key region for
sustaining high ethanol preference (63). The critical parameter discussed here is the
correlation of individual gene expression and ethanol preference (during final drinking week
13). For females, the genes significantly positively associated with preference (N=536) were
enriched in annotations associated with cilium movement, cilium organization, extracellular
region, and collagen-containing extracellular matrix. There were no significant annotations
in females for the negatively correlated genes, nor in males, for the positively or negatively
correlated genes.

The weighted gene correlation network analysis (WGCNA) (64) was used to form a female
gene expression network. The majority of genes that correlated with preference (N=376)
were found in a single network module. This module was enriched (p < 0.0001) in genes
with an astrocyte annotation [see (65)]. Annotation included extracellular matrix and cilium.
Among the positively correlated genes, 43 had a relative intra-modular connectivity = 0.9;
i.e., they were top hub nodes. Enrichr (66,67) was used to search for key transcription
factors among the top hub nodes. A key finding was that 19 of the top nodes were down-
regulated in an orthodenticle homeobox 2 (Otx2) knockout mouse (GSE27630; (68)). Otx2
was one of the positively correlated top hub nodes from the WGCNA for the female gene
expression network, and often is referred to as a master regulator, known to have key

roles in brain patterning and postnatal plasticity. Otx2is further required for generation

of various neuronal subpopulations, including ocular motor and midbrain dopaminergic
neurons (68,69), and development and maintenance of perineuronal nets. In the adult brain,
Otx2expression is largely localized to the choroid plexus (70) and the OTX2 protein

is captured by the perineuronal nets and accumulated in parvalbumin type GABA-ergic
neurons throughout the brain (71). Our data indicate a low, but detectable expression of
Otx2in the CeA, affected by ethanol exposure and predicted to have a role in the escalation
of ethanol preference seen in HS-CC females, but not males, and in the observed sex
differences in the transcriptional response.

SEX DIFFERENCES IN THE INNATE NEUROIMMUNE TRANSCRIPTOME
AND CHRONIC ETHANOL CONSUMPTION.

The brain innate immune system recognizes known molecular patterns to produce a rapid
inflammatory response in microglia. Importantly for this review, microglia show marked
functional sex differences (see e.g., (72)). The neuroimmune hypothesis of AUD, predicts
that alcohol consumption promotes innate pro-inflammatory signaling, which leads to
increased alcohol intake, creating a positive feedback loop (73). Recent evidence suggests
that sex differences in this process are localized at the level of the microglia (74). The exact
mechanisms associated with the sex-dependent effects are unclear.

The innate immune system can be activated experimentally by administration of
small molecule ligands of Toll-like receptors (TLRs) such as Poly(l:C) (PIC) or
lipopolysaccharide (LPS). Several TLR agonists have been shown to modulate ethanol
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consumption (75-78), but the effects are complex. LPS caused a reproducible increase in
chronic ethanol intake in male and female B6 mice, though a continued increase in ethanol
consumption was found one month after LPS treatment in males, but not females (75).
When female FVB, FVBxB6F; and B6XxNZBF; mice were tested, the F1, but not FVB

mice exhibited the LPS-induced escalation of drinking (75). Warden and colleagues (76,77)
administered repeated every other day PIC injections and found a robust increase in ethanol
intake in B6 males, but a similarly robust decrease in B6 females. When the frequency or the
time point of PIC injections was changed, males decreased their ethanol consumption, while
a decrease was no longer found for females, suggesting a strong influence of sex on the
time-course of immune responses and behavior. Time-dependent analyses demonstrated that
the peak immune activation in B6 males occurred earlier than in B6 females and the authors
hypothesized that availability of ethanol during peak activation would result in decreased
drinking, whereas ethanol consumption during the descending limb of immune activation
may increase consumption.

Using Camk2a-Sunl1F; hybrid male and female mice (see (79) for genotype detail) and a
modification of a previously published procedure (76), repeated injections of PIC did not
change ethanol consumption in females, but there was a trend for reduced drinking in males
(0 < 0.1, data not shown). Immune gene expression profiles for the frontal cortex (Figure 3)
indicated that innate immune activation by PIC resulted in a robust increase in expression of
pro-inflammatory cytokines 3 hours after the last PIC injection with a smaller increase or a
return to baseline at the 48 h time point. Further, F; males and females were largely similar
in their immune response. These data, and those of Warden et al. (76,77,80), illustrate

that the immune modulation of ethanol consumption in mice is strongly influenced by sex
and genotype and that the sex- and genotype-specific effects depend on the time-course of
neuroimmune activation.

SEX DIFFERENCES IN THE NEUROIMMUNE TRANSCRIPTOME AND BINGE
ETHANOL CONSUMPTION

Binge level alcohol drinking is a hallmark of AUD and can be obtained in mice under
intermittent schedules of ethanol access. Recent research characterized gene expression
differences in the NAc of adult male and female B6 mice at 24 h after 7 intermittent,
binge-like ethanol drinking sessions and compared the results to controls drinking water
(81). Average ethanol intake was high (2.34 g/kg/30 min in females; 2.35 g/kg/30 min

in males) and BECs (>1.3 mg/mL) exceeded the NIAAA criteria for binge drinking (0.8
mg/mL). Customized gPCR Mouse Mood Disorder arrays quantified expression levels of
384 genes and found marked sex differences for the top 30 genes regulated by binge-like
ethanol drinking. Expression differences characterized by IPA suggested that binge level
drinking altered hormone signaling and immune function in females and neurotransmitter
metabolism in males (81). One canonical pathway of interest was “TNFR2 signaling,” with
an overall pattern of gene expression changes consistent with inactivation of the pathway
in females and activation of the pathway in males. For example, repeated binge level
ethanol drinking produced significant and opposite changes in the expression of Lta. Lia
encodes lymphotoxin-a., which is involved in cell survival, proliferation, differentiation,
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apoptosis, and immune regulation. Repeated binge level drinking also decreased expression
of //6only in females, and the pattern of the ethanol drinking-induced reduction in some
cytokine levels in females is consistent with a decrease in the initiation of signaling at
TNFR1 (82) and TNFR2 (81). The fairly consistent down-regulation of signaling through
the TNF superfamily following repeated binge-like drinking in females, including the
down-regulation of the RelA subunit of NF-xB (Rela), likely decreases activation of

the transcription factor NF-kB. NF-kB has also been identified as a central node in

male and female PFC gene networks during acute ethanol withdrawal following chronic
vapor intoxication (81). However, the interacting gene sets were distinct, with several

genes in females indicative of a pro-inflammatory response, and several genes in males
related to immunosuppression (3). Consistent with this idea, chronic intoxication activated
inflammatory signaling and cell death pathways only in females, and subsequent studies

in the PFC confirmed significant neuronal degeneration in females but a reduction in cell
death in males (3,83). Thus, the opposite effects of repeated binge level ethanol drinking and
chronic intoxication on immune function, with changes in females consistent with a decrease
in cell survival and an increase in inflammation and apoptosis, have important implications
for a role of neuroimmune signaling in the acute and chronic effects of ethanol, including
neurodegeneration (reviewed in (82,84)).

SEX AND TRANSCRIPTOMICS: SEARCHING FOR TARGETS TO
MANIPULATE ETHANOL CONSUMPTION

A major initiative is to utilize transcriptome information from ethanol studies to meet
treatment and prevention goals. Once genes and gene networks are identified, manipulations
can be performed to test hypotheses about their roles in ethanol intake and in genetic risk
for higher levels of consumption. For example, ethanol-naive male HDID-1 and HS/NPT
founder mice were used to identify molecular signatures (the top differentially expressed
genes) of genetic risk for binge-like ethanol drinking (85). These molecular signatures

of risk were used to query the library of integrated network-based cellular signatures
(LINCS)-1000 connectivity map to identify compounds that have the opposite effects

on gene expression to the effects of selection for drinking ethanol to intoxication. Two
compounds, pergolide and terreic acid, were identified and prioritized for /n vivo testing.
Although the molecular signature was derived from males, both compounds were able to
successfully reduce binge-like drinking and BECs in male and female HDID mice. The
success of this approach in both sexes may be due to: 1) targeting gene expression signatures
rather than a single gene, 2) inclusion of gene expression data from several brain regions
known to be involved in addiction, and 3) use of multiple prioritization methods to identify
top candidate compounds in common from each prioritization approach.

In a related study, the transcriptome from the NAc of female HDID mice was used to
identify the consequences of chronic binge-like ethanol drinking (42). These findings were
contrasted with the effects of chemogenetically increasing neuronal activity in the NAc, a
manipulation that results in lasting reductions in ethanol drinking, suggestive of adaptive
neuroplasticity via transcriptional and epigenetic mechanisms. Genes were identified and
prioritized for /in vivo pharmacological testing based on three criteria: 1) expression levels
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altered by chronic binge level ethanol drinking that were ameliorated with chemogenetic
stimulation, 2) genes over-represented in gene ontology analysis, and 3) genes considered
to be hub genes. These criteria were applied to test whether the product of the Hdac4 hub
gene could be targeted pharmacologically to reduce binge-like drinking. Administration of
the HDACA4/5 inhibitor, LMK235, reduced chronic binge-like ethanol drinking in both male
and female HDID-1 mice. Although this approach has not yielded a sex-specific outcome,
it is important to consider the impact of sex at both the stage of molecular signature
determination and testing for treatment efficacy. Please see supplemental information for
approaches to interpreting sex differences in the transcriptome with integrative functional
genomics.

CONCLUSIONS AND FUTURE DIRECTIONS

We have provided snapshots of how differences in the transcriptome align with differences
between males and females in ethanol-associated behaviors. There are currently few
studies comparing male and female transcriptomes, from the perspective of ethanol
phenotypes. Despite the fact that multiple labs contributed to this paper, using a number of
methodological and analytical approaches, sex differences in transcriptome findings relevant
to alcohol effects and risk for use were consistently found, highlighting the importance

of including sex as a biological factor in genomic investigations. Optimistically, what will
emerge as these studies multiply are novel, sex-dependent therapeutic strategies for AUD,
driven by the genomic and circuitry information, the latter for which sex-specific data
particularly are sparse. Our knowledge is also incomplete with regard to cell types that
respond to ethanol in males and females, as these too may be different. For example,
Brenner et al. (86) found in a small sample of alcohol-dependent males and controls, post-
mortem PFC cell type-specific effects of chronic alcohol use, primarily affecting astrocytes,
oligodendrocytes and microglia. The latter observation aligns with the neuroimmune data
noted above. The primary cilium is an underexplored feature of mental illness (87). Unique
proteins expressed by the primary cilium (88), as well as a diverse array of signaling
pathways (Figure 4), may emerge in treatment considerations, based on transcriptome

and drug effect results pertinent to addiction and addiction risk (62,89,90). Of interest,
Casanova Ferrer et al. (91) in the first meta-analysis of AUD and sex-specific effects on the
post-mortem brain transcriptome, detected a cilium signal in females but not males.

Although we have emphasized that more data are needed to address sex differences in this
research field, all reviews of sex difference data have to appreciate, and when possible
account for, a community-wide ascertainment bias in publication: namely, that it is almost
always easier to publish positive sex difference studies than negative counterpoints. The
undesired risk is that the perception of sex differences gets serially magnified beyond the
actual biological sex difference. One should therefore read the literature with the recognition
of this inherent “sociology of science” bias. The best way to finesse this problem is to
perform large mega and meta-analyses with data for which nearly all possible confounders
have been eliminated. This, of course, is one of the advantages of animal research,

which can choose to utilize isogenic males and females in controlled environments or can
manufacture balanced heterogeneous stocks (e.g., (92)) for the study of sex x genotype x
transcriptome (or circuitry) investigation.
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Figure 1.
Minimal overlap of ethanol-mediated gene expression changes between sexes are

represented by Venn diagram. Numbers within the circles represent significant (p<0.05)
ethanol-mediated expression changes. A) C57BL/6J (B6) and B) DBA/2J (D2) mice. Both
strains show similar patterns, with a higher number of changes in males than females and
low overlap. Left circle: female-specific expression; right circle: male-specific expression;
overlapping dark gray: ethanol-mediated changes in both sexes. n=10/per sex, strain and
treatment; 80 total cDNA arrays
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Figure 2.

Divergence of gene expression by sex and ethanol within strain is shown by principal
components analyses (PCA). PCA for A) C57BL/6J and B) DBA/2J gene expression are
shown in eigenvalue scale; 9911 genes were entered into the analyses. Circles: female,
squares: male; filled: control; open: ethanol. n=10/per sex, strain and treatment; 80 total
cDNA arrays
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Expression of immune genes in frontal cortex of Camk2a-Sunl F1 mice A) 3 h and B)

48 h after an injection of Poly(l:C) [PIC] following every other day alcohol consumption.
These mice are created by crossing the Camk?2a-Cre (https://www.jax.org/strain/005359) and
CAG-LSL-Sunl1-sfGFP-Myc (https://www.jax.org/strain/021039) mouse lines, which have
been used to study cell type-specific responses to perturbations (79). A modification of a
previously published behavioral procedure was used (76). Briefly, male and female mice
(n=4-7 per group, 8-11 weeks old at the start of the experiment) were injected i.p. with
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either saline or PIC (10 mg/kg) every 4 days for a total of 13 injections. Ethanol (15% v/v)
was available every other day in a two-bottle choice procedure (with water), starting 24
hours after the first PIC injection. Mice were euthanized and frontal cortex was dissected for
molecular analysis 3 h or 48 h after the last PIC injection. Expression of 6 genes including

4 pro-inflammatory cytokines, //6 and Myd88was measured using qRT-PCR (TagMan®).
Gene Expression was normalized to the saline control of each sex and geometric mean

of GusB and 18s (-ddCt, Log2 scale). Error bars represent SEM. Sex x Time ANOVAS
revealed significant effects of Time for all genes, with generally lower expression at the 48

h time point, compared to 3 h, but no significant effects of Sex or Sex x Time interactions.
One-tailed t-tests comparing PIC group to saline baseline found a significant increase for all
genes (except Mya88) of both sexes at the 3 h time point, as well as a significant increase for
4 out of 6 genes for females (Cc/2, Ccl5, 1116, 116, TNF-a), and a significant increase for 1
out of 6 genes for males (Cc/5) at the 48 h time point (all p<0.05 Bonferroni-corrected for
multiple comparisons).

Biol Psychiatry. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hitzemann et al.

Page 21

A * ADCY3
Chemical ligands | EGFR
Mechanical Stimuli i GPR161
T IGFR
GPCR INPP5e
# MCHIR
: receptor | % NPY2R
=s:{tyrosine i NPYSR
Axoneme ————————— kinase OCRL
) adenylyl T PDGFR-aax
. ptasea cyclase IIT | § SSTR3
W VIP1IR
Downstream intracellular
Basal body ‘! N
signaling cascades
B
250
200
E 150
=
g 100
50
0

B HDID Female Ml HDID Male Female Male
[ NPT Female [J NPT Male

s s
: . > OM—
n AcbSh 4
ko w W X
Figure 4.

Primary cilia-specific protein (ADCY 3) is expressed in greater quantity in the nucleus
accumbens core in male than female mice. A) Schematic showing the protrusion of the

cell membrane containing the primary cilium. Each cilium core is formed by an axoneme
cytoskeletal structure and the cilium is enriched in the listed proteins, some of which are
unique to the cilium. The basal body is the cellular organelle from which the cilia extends.
Downstream intracellular signaling cascades include Ca?*, Wnt, phosphatidylinositols, and
hedgehog, among others. Figure created with Biorender.com. B) Quantification of ADCY3

Biol Psychiatry. Author manuscript; available in PMC 2023 January 01.


https://Biorender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hitzemann et al.

Page 22

immunopositive cells counted from the nucleus accumbens core in high drinking in the dark
(HDID) selected line mice and their NPT controls (n=3/sex/strain). Although the HDID
mice did not differ from the control, male mice did show significantly higher ADCY3
immunoreactivity than female mice (p<0.005). C) Example of ADCY 3 immunopositive
cells in a nucleus accumbens section from a male mouse. 5-ptase, phosphoinositide
5-phosphatase; ADCY 3, adenylate cyclase 3; EGFR, epithelial growth factor receptor;
GPCR, G protein-coupled receptor; GPR161, G protein-coupled receptorl6l; IGFR,
insulin-like growth factor receptor; INPP5e, inositol polyphosphate-5-phosphatase; MCHIR,
melanin-concentrating hormone 1 receptor; NPY2R, neuropeptide Y2 receptor; NPY5R,
neuropeptide Y5 receptor; OCRL, oculocerebrorenal syndrome of Lowe; PDGFR-aa.,
platelet-derived growth factor receptor a homodimer; SSTR3, somatostatin receptor isoform
3; VIP1R, vasoactive intestinal peptide receptor
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KEGG analysis. Sex differences in over-represented pathways by mouse strain.

Table 1.

Female Male
C57BL/6J Pathway Analysis p-value FDR  p-value FDR
Ubiquitin mediated proteolysis 7.67E-06 0.002 1.000 1.000
Relaxin signaling pathway 1.000 1.000 7.4E-06 0.002
Pathways in cancer 0.106 0.524 0.000168 0.027
Cholinergic synapse 0.680 0.980 0.000395 0.042
PPAR signaling pathway 0.760 1.000 0.000649 0.049
Fc gamma R-mediated phagocytosis 1.000 1.000 0.000814 0.049
Colorectal cancer 1.000 1.000 0.000908 0.048
DBA/2J Pathway Analysis p-value FDR  p-value FDR
Glycosphingolipid biosynthesis 5.81E-05 0.012 0.126 0.519
Focal adhesion 7.34E-05 0.012 0.009 0.133
Insulin resistance 0.000121 0.013 1.000 1.000
TGF-beta signaling pathway 0.000306 0.020 1.000 1.000
FoxO signaling pathway 0.000378 0.020 0.006 0.131
Autophagy 0.000923 0.039 0.085 0.386
Adherens junction 0.000981 0.039 1.000 1.000
Colorectal cancer 0.035 0.198 1.21E-05 0.002
Bacterial invasion of epithelial cells 0.034 0.197 1.46E-05 0.002
Endocytosis 1.000 1.000 2.07E-05 0.002
Protein processing in endoplasmic reticulum  1.000 1.000 3.63E-05 0.003
Spliceosome 0.018 0.143 0.000511 0.033
Pancreatic cancer 0.014 0.128 0.000815 0.040
ErbB signaling pathway 0.137 0.444  0.000872 0.040
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Significant expression was determined from cDNA arrays; p<0.05, n=10/per sex, strain (C57BL/6J and DBA2J) and treatment (control vs binge

ethanol); 80 total cDNA arrays. The input was gene symbols.
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IPA analysis. Consistent sex differences in over-represented pathways regardless of mouse strain.

Table 2.

p-value
IPA Pathway D2F D2M B6F B6M
Adipogenesis 0.000 - 0.007 -
Cell cycle: G2/M DNA damage checkpoint regulation ~ 0.003 - 0.010 -
Amyloid processing 0.011 - 0.036 -
Super pathway of inositol phosphate compounds 0.038 - 0.010 -
D-myo-inositol-5-phosphate metabolism 0.041 - 0.005 -
Semaphorin neuronal repulsive signaling - 0.038 - 0.001
RhoA signaling - 0.000 - 0.004

The input was gene symbols and fold-change using the same data from Figure 1. B6, C57BL/6J; D2, DBA/2J; F, female; M, male
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