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Abstract

Alcohol use disorder (AUD) and major depressive disorder (MDD) are prevalent, debilitating, and
highly comorbid disorders. The molecular changes that underlie their comorbidity are beginning to
emerge. For example, recent evidence showed that acute ethanol exposure produces rapid
antidepressant-like biochemical and behavioral responses. Both ethanol and fast-acting
antidepressants block N-methyl-D-aspartate receptor (NMDAR) activity, leading to synaptic
changes and long-lasting antidepressant-like behavioral effects. We used RNA sequencing to
analyze changes in the synaptic transcriptome after acute treatment with ethanol or the NMDAR
antagonist, Ro 25-6981. Ethanol and Ro 25-6981 induced differential, independent changes in
gene expression. In contrast with gene-level expression, ethanol and Ro 25-6981 produced
overlapping changes in exons, as measured by analysis of differentially expressed exons (DEES).
A prominent overlap in genes with DEEs indicated that changes in exon usage were important for
both ethanol and Ro 25-6981 action. Structural modeling provided evidence that ethanol-induced
exon expression in the NMDAR1 amino-terminal domain could induce conformational changes
and thus alter NMDAR function. These findings suggest that the rapid antidepressant effects of
ethanol and NMDAR antagonists reported previously may depend on synaptic exon usage rather
than gene expression.
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1. Introduction

Alcohol use disorder (AUD) has a high comorbidity with other psychiatric disorders,
particularly major depressive disorder (MDD). These two disorders are closely linked
through epidemiological and clinical studies(Boden and Fergusson, 2011; Grant and
Harford, 1995; Hasin and Grant, 2002). The self-medication hypothesis proposes that
depressed individuals drink alcohol to initially alleviate symptoms of depression, and then
chronic alcohol misuse leads to AUD (Boden and Fergusson, 2011; Koob and Le Moal,
2008).

Rapid-acting antidepressants, such as ketamine and Ro 25-6981, are N-methyl-D-aspartate
receptor (NMDAR) antagonists; and a single injection of these compounds produced
antidepressant-like behaviors lasting up to two weeks (Abdallah et al., 2015). Ethanol also
blocks NMDARs, which play an important role in AUD(Abrahao et al., 2017; Zhao et al.,
2015). Furthermore, a single injection of ethanol produced long-lasting antidepressant-like
behaviors, similar to that of rapid-acting antidepressants (Wolfe et al., 2016). We previously
showed that acute treatment with ethanol or a rapid antidepressant targets the same synaptic
signaling pathway(Neasta et al., 2014; Wolfe et al., 2016). This pathway is also altered in
AUD and is thought to involve activation of mammalian target of rapamycin and
downstream protein synthesis. We focused on alterations in the hippocampus due to previous
studies of ethanol and antidepressants affecting this brain region. Studies of human
hippocampus demonstrate that this brain region shows changes in transcription patterns with
chronic drinking(Enoch et al., 2012; Zhou et al., 2011). Animal studies of rapid
antidepressants, including ketamine, identified altered gene expression after as little as one
dose in the hippocampus and other brain regions (Bagot et al., 2017; Ficek et al., 2016).
Additionally, our previous work identified shared molecular mechanisms induced by both
ethanol and rapid antidepressant in the hippocampus (Wolfe et al., 2016).

To better understand the antidepressant-like effects of ethanol, we used RNA sequencing
(RNA-Seq) to compare the synaptic transcriptome after treatment with ethanol and the
rapid-acting antidepressant, Ro 25-6981. RNA-Seq allows for the unbiased detection of
most mRNAs, including alternatively spliced variants(Trapnell et al., 2012). Pairing RNA-
Seq with differential expression tools like DEXSeq provides information on differential exon
usage of gene products(Anders et al., 2012). We identified the differentially expressed genes
(DEGs) and differentially expressed exons (DEEs) in the synaptic transcriptome of mice
treated acutely with ethanol or the rapid-acting antidepressant, Ro 25-6981. In contrast with
changes in overall gene expression induced by these drugs, there was remarkable overlap in
the number of genes with common DEEs. Collectively, these data propose the intriguing
hypothesis that acute antidepressant action depends on exon selection rather than on gene
expression.
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2. Materials and Methods

2.1. Animals

Male C57BL/6NCrl mice at least 8 weeks old were given intraperitoneal (i.p.) injections of
200 ul of vehicle (saline, n=8), ethanol (2.5 g/kg in saline, n=8), or Ro 25-6981 (10 mg/kg
in saline, n=8; 1594 Tocris Bioscience, Ellisville, MO). Mice were group-housed 4 per cage.
Mice were sacrificed 45 minutes after injection, and hippocampi were dissected and
immediately flash frozen in liquid nitrogen. All experiments were carried out in accordance
with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals
and

approved by the Wake Forest University of Health Sciences Institutional Animal Care and
Use Committee.

2.2. Synaptoneurosome preparation and RNA isolation

Synaptoneurosomes were prepared by homogenizing hippocampal tissue in homogenization
buffer (20 mM HEPES pH 7.4, 5 uM EDTA pH 8.0, and RNase inhibitor). Homogenates
were filtered through 100-um nylon filters followed by 5-um filters and centrifuged at 14000
x g for 20 minutes at 4°C. Pellets were resuspended in buffer RLT and samples processed
using an RNeasy Micro Kit (74004, Qiagen, Germantown, MD), following the
manufacturer’s instructions. Samples were homogenized in buffer RLT. One volume of 70%
ethanol was added to precipitate RNA, and samples were centrifuged for 15 seconds at 8000
x g through RNeasy MinElute spin columns. Buffer RW1 was added to the column and
centrifuged for 15 seconds at 8000 x g. Samples were DNAse treated and centrifuged for 15
seconds at 8000 x g with buffer RW1. Columns were then washed in buffer RPE and
centrifuged for 15 seconds at 8000 x g. Columns were dried by adding 80% ethanol and
centrifuging for 2 minutes at 8000 x g and centrifuging again with the column lid open for 5
minutes at full speed. RNA was then eluted in nuclease-free water. RNA quality was
determined using a 2200 Agilent TapeStation Instrument (G2965AA, Agilent Technologies,
Santa Clara, CA). RNA integrity numbers ranged from 5.3 to 7.8, with the average being
7.0. Yield was determined using Qubit fluorometric quantitation (Q33216, Thermo Fisher
Scientific, Pittsburgh, PA).

2.3. RNA-Sequencing

RNA samples were sequenced by the Genome Sequencing and Analysis Facility at the
University of Texas at Austin. Poly-A mRNA was captured using the MicroPoly(A) Purist
Kit (AM1919, Life Technologies, Carlsbad, CA). Samples were processed using a whole
transcriptome library preparation kit (FC-404-2002, NextSeq 500/550 High Output Kit,
(IMumina Inc., San Diego, CA) and sequenced on a NextSeq 500 system (Illumina Inc., San
Diego, CA) at a depth of ~20 million reads per sample (paired-end 75 bp reads). Read
quality was assessed with FASTQC (version 0.11.5). One ethanol-treated sample was
discarded due to low sequencing reads. Reads were mapped to the mouse genome (Mus
musculus version GRCm38 rel.80, Ensemble) using the alignment tool Splice Transcripts
Alignment to a Reference (STAR, version 2.5.0a). HTSeq (version 8.0) was utilized to
quantify raw counts of mapped sequence reads using Python (Anders et al., 2015). DESeq?2
(version 1.14.1) identified differentially-expressed genes between treatments (vehicle and
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ethanol; vehicle and Ro 25-6981) from normalized quantified read counts(Love et al.,
2014). DEXSeq (version 1.20.2) identified differential exon usage by quantifying exon ID
counts between treatments (saline and ethanol; saline and Ro 25-6981) (Anders et al., 2012;
Reyes et al., 2013). DESeq2 and DEXSeq are statistical tests based on a model that uses the
negative binomial distribution, and provide the necessary functions for analysis and statistics
as well as some packages for visualization and exploration of results. Enrichment analysis
for gene ontologies (GOs) of the differentially expressed genes and exons was performed
using the web-based enrichment analysis software Enrichr (Chen et al., 2013; Kuleshov et
al., 2016). All tools used for analysis followed the recommended methods provided by the
developers. Statistical significance was assessed using a nominal p-value less than or equal
to 0.05 to minimize type I and type Il error. DEGs and DEEs below a nominal p-value
threshold of 0.05 were used to include enough genes for comparisons and enrichment
analysis. Data processing and statistics including XZ -test for statistical comparison with
venn diagrams were performed using R programming unless otherwise noted (R Core Team,
2018).

2.4. Structural Analysis

DEXSeq exon ID sequences were aligned to genomic DNA sequences of the mouse
ionotropic NMDAR, Grin1 (NCBI Gene ID: 14810). From this alignment, exon IDs
mapping to the consensus coding DNA sequence (CCDS) for mRNA: NM_008169.3 (NCBI
CCDS ID: CCDS15764.1) were identified and included DEXseq exon 1Ds E022, E026,
E029, E030, E023, and E031. These aligned with exons 4, 5, 6, and 8 of the CCDS. Exon
IDs E041 and E006 contained portions of CCDS exons 1 and 20, but also contained large
non-coding portions and were not included in this analysis. Exons 4, 5, 6, and 8 were also
found in the available structural data for the Rattus novergicus GIuUN1/GIuN2B (NMDAR
protein subunits) heterotetramer (PDB ID: 4PE5) and the Xenopus laevis NMDAR1/
NMDARZ2B amino-terminal domain heterodimer (PDB IDs: 3QEL and 5B3J). The rat and
Xenopus Grinl1 CCDS amino acid sequences have 99% and 92% sequence identity with
mouse, respectively (UniProt entries: rat, P35439; mouse, P35438; Xenopus, AOA1L8F5J9).
Alignments were performed in ApE, a plasmid editor (personal communication M. Wayne
Davis, University of Utah). Structures were visualized in PyMOL (Schrodinger LLC, New
York).

2.5. Data Availability

Sequencing data is publicly available at SRA Accession humbers TBD.
3. Results
3.1. Ethanol and Ro 25-6981 induce differential gene expression

Ethanol and Ro 25-6981 share similar functional and behavioral properties that are related
to synaptic responses. We reasoned that the molecular changes that occur within an hour at
hippocampal synapses to mediate long-lasting antidepressant effects since rodent models
show antidepressant-like behaviors and humans report reduced depressive symptoms with a
single injection of NMDAR antagonists within this time frame(Workman et al., 2015;
Workman et al., 2013; Zarate et al., 2006). While ethanol treatment within this time frame
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produces intoxication (2.5mg/kg estimated to produce an alcohol concentration of 0.215g/dl)
(Ginsburg et al., 2008), we predict that similar molecular changes that support the
antidepressant and reduced anxiety-like behaviors observed at 24 hours in Wolfe et al., are
initiated similarly. We used RNA-Seq to analyze gene expression in hippocampal
synaptoneurosomes isolated from mice treated with ethanol or Ro 25-6981. We first
assessed the purity of the synaptoneurosome preparation and found that the RNA was
enriched for primarily neuronal and synaptic-related ontologies (Fig. S1), consistent with
our previous findings (Most et al., 2015). No batch effects were identified by principle
component analysis (Fig. S2), and no sample outliers were detected by hierarchical
clustering (Fig. S3) or correlation plots (Fig. S4).

Next, we identified the differentially expressed genes following acute ethanol or Ro 25-6981
treatment. Unlike Ro 25-6981, which specifically inhibits NR2B-containing NMDA
receptors(Fischer et al., 1997; Malherbe et al., 2003a; Malherbe et al., 2003b), ethanol has
many targets, including inhibition of NMDARs(Lovinger and Roberto, 2013). Thus, we
predicted that ethanol treatment would produce a greater number of differentially expressed
genes compared with Ro 25-6981 treatment. Volcano plots indicating fold-changes and
statistical significance (p-value) between saline control and treatment groups are shown in
Figure 1. Significant genes are shown in grey (nominal p-value < 0.05) for ethanol (Fig. 1A)
and Ro 25-6981 (Fig. 1B) treatment. Following ethanol treatment, 1048 genes were
differentially expressed. More than twice as many genes (2629) changed in response to Ro
25-6981 treatment.

The five highest-ranking molecular function gene ontologies (GOs) were identified for
ethanol and Ro 25-6981 treatment (Fig. 1C and Fig. 1D, respectively) using the enrichment
ontology tool Enrichr(Chen et al., 2013; Kuleshov et al., 2016). Only the category GTPase
activator activity was a common function of the DEGs and was ranked highest for Ro 25—
6981.

3.2. Minimal overlap in synaptic gene expression after ethanol and Ro 25-6981

There were 181 highly significant genes overlapping DEGs with treatment, comprising
~17% of the ethanol-induced DEGs and ~7% of the Ro 25-6981 DEGs (Fig. 1E). Molecular
function GOs were then identified from the overlapping DEGs, and the top five categories
are shown in Figure 1f.

Of these overlapping genes, we identified those that were coordinately up- and
downregulated by both treatments, which might suggest a similar underlying functional role
for the proteins coded by the DEGs. A heat map of the fold-changes of the 181 overlapping
DEGs was generated. Upregulated genes are shown in red and downregulated genes are in
blue (Fig. 2A). Approximately 29% (52 genes) changed in the same direction in both
treatment groups. For the upregulated DEGs, 535 and 1304 were present in the ethanol and
Ro 25-6981 treatment groups, respectively, with 35 overlapping DEGs (Fig. 2B). These 35
upregulated genes are displayed in a heat map with increasing fold-change shown by the red
color scale (Fig. 2C). For the downregulated DEGs, 513 and 1325 were identified in the
ethanol and Ro 25-6981 treatment groups, respectively, with 17 overlapping DEGs (Fig.
2D). These 17 downregulated genes are displayed in a heat map with decreasing fold-change
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shown by the blue color scale (Fig. 2E). Our data suggest that few genes are co-regulated by
acute treatment with ethanol or Ro 25-6981.

3.3. Ethanol and Ro 25-6981 induce differential exon usage

Fast-acting antidepressants are thought to mediate long-lasting effects through increased
glutamatergic synapse formation and an increase in excitatory drive(Li et al., 2010).
Furthermore, alternative splicing regulates the properties of glutamatergic synapses in the
hippocampus(Traunmuller et al., 2016). To study exon usage after treatment with ethanol
and Ro 25-6981, we utilized DEXSeq and found that large numbers of exons were
differentially expressed (p < 0.05) following treatment with ethanol (13,770; Table S1) and
Ro 25-6981 (11,881; Table S2). Volcano plots indicating fold-changes and statistical
significance for these exons between control and treatment are shown in Figure S5.
Significant DEEs (nominal p-value < 0.05) are shown in grey for ethanol (Fig. S5A) and Ro
25-6981 (Fig. S5B) treatment. The DEEs identified by treatment responses were compared,
yielding 1609 co-occurring DEEs (Fig. 3A). These overlapping exons were enriched for the
molecular function GO associated GTPase activity, consistent with the GO analysis of the
DEGs shown in Figure 1 (Fig.3B).

We predicted that if antidepressant mechanisms common to both drugs were related to exon
usage, we would observe co-regulation of DEEs with both treatment groups. We thus
identified coordinately up- and downregulated DEESs and found 6536 and 5678 upregulated
exons following ethanol and Ro 25-6981 treatment, respectively, with 726 overlapping
exons (Fig. 4A). There were 7234 and 6203 downregulated DEEs after ethanol and Ro 25—
6981 treatment, respectively, with 819 overlapping DEEs (Fig. 4C). Enrichment analysis of
the co-regulated exons revealed that for both the up- and downregulated exons, molecular
function GOs were again enriched with genes associated with GTPase activity (Fig. 4B and
D). A heat map of the fold-changes associated with the 1609 overlapping DEES was
generated (the yellow-red color scale indicates upregulation and the light-dark blue color
scale indicates downregulation(Fig. 4E). Directional changes common to both treatments
were remarkably similar for the majority of DEES, with only 64 exons exhibiting differing
expression patterns (Fig. 4F). This contrasts with the limited number of overlapping changes
in DEGs between treatments, suggesting a specific role for exon usage in the acute
antidepressant effects of ethanol and Ro 25-6981.

A large number of DEES common to both ethanol and Ro 25-6981 treatment were identified
that were not detectable in the gene-level analysis. A large number of genes that contained
single or multiple exon-specific differences was identified after ethanol (6572; Table S3) and
Ro 25-6981 treatment (6082; Table S4). We found 3765 overlapping genes that had any
DEEs located in the gene in both treatment groups, comprising ~57% of the ethanol-induced
genes and ~62% of the Ro 25-6981-induced genes with DEESs (Fig. 5A). These 3765
overlapping genes were enriched for molecular function GOs associated with guanyl-
nucleotide exchange factor and kinase activity (Fig. 5B). These data suggest that exon usage
and splice variants may be important in mediating acute antidepressant effects, as the
majority of genes containing DEEs were expressed with both treatments.
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3.4. Ethanol-induced DEEs may target NMDAR1s

The prominent overlap in genes with DEEs induced by ethanol and Ro 25-6981 led us to
consider the potential functional relevance of changes in exon usage among individual
genes. Because both drugs can inhibit NMDAR function and NMDAR function is critical for
induction of synaptic plasticity, we examined exons associated with mouse Grinl. Several
exons in Grinl were differentially expressed after treatment with ethanol or Ro 25-6981
(Fig. 6A). Although the Grinl transcript contained alterations in exon usage for both ethanol
and Ro 25-6981 they were not necessarily the same DEEs within Grini, however,
alterations in exon usage occurred in similar gene regions. We mapped the exon IDs to the
CCDS (Fig. S6) of Grin1 and high-resolution x-ray crystal structures of the NMDAR1/
NMDARZ2B heterotetramer (Fig. 6B). The NMDAR is composed of three functionally
distinct domains (transmembrane, ligand binding, and amino-terminal domains). Exon IDs
located in exons 4, 5, 6, and 8 of the CCDS sequence of Grinl displayed differential
expression in the ethanol-treated group. These exons are localized to the amino-terminal
domain and cover ~40% of the domain sequence, suggesting that they are critical to this
domain’s function.

The amino-terminal domain of NMDARU is conformationally dynamic and acts in trans
with the NMDAR2 amino-terminal domain to modulate receptor activity(Zhu et al., 2013).
Phenylethanolamines, like Ro 25-6981 and ifenprodil, inhibit NMDAR function by
inducing conformational changes in the amino-terminal domain(Karakas et al., 2011; Zhu et
al., 2016). Crystallographic studies have captured NMDARL/NMDAR2B in an active
“open” conformation relative to a “closed” inactive, ifenprodil-bound state(Tajima et al.,
2016). The transition from open to closed conformation requires major rearrangement of the
NMDAR2B amino-terminal domain accompanied by smaller rearrangements in the
NMDARZ1 amino-terminal domain(Tajima et al., 2016). Regions encoded by ethanol-
induced DEEs within the R2 subdomain of the NMDARZ1 amino-terminal domain are
particularly mobile, suggesting alterations in exon usage at this region may regulate these
dynamics (Fig. 6C).

We examined potential roles for the identified DEEs using publicly available human data
retrieved from the Center for Functional Evaluation of Rare Variants, CFERV (http://
functionalvariants.emory.edu). Four of the five GrinZ amino-terminal domain mutations
indexed here localize to the DEEs; these mutations are associated with developmental delay,
hypotonia, intellectual disability, movement disorder, schizophrenia, and epilepsy (Fig. 6D).

4. Discussion

MDD increases the risk of AUD by ~2 fold, and it has been suggested that some patients
initially use alcohol as a self-prescribed antidepressant. NMDAR antagonists have gained
acceptance as rapid-acting antidepressants. Their rapid but long-lasting effects are due, in
part, to alterations in synaptic plasticity and synaptic protein composition (Autry et al.,

2011; Li et al., 2010; Workman et al., 2015). Similar to rapid-acting antidepressants, ethanol
induces antidepressant-like effects in behavioral tests, inhibits NMDAR function, and
induces synaptic signaling pathways that trigger de novo protein synthesis (Wolfe et al.,
2016). In this study, we hypothesized that similar changes in synaptic gene expression would
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occur following acute ethanol and rapid-acting antidepressant treatment. However, the two
treatments induced high levels of overlap in exon expression and comparatively fewer
changes in gene expression.

We observed distinct transcriptional changes with both treatments. The differences may be
due to the potent and selective actions of Ro 25-6981(Fischer et al., 1997; Mutel et al.,
1998) or the acute time point that we measured, which was based on previous work(Wolfe et
al., 2016). Ethanol may induce greater and more pronounced gene expression changes with
increased treatment time, as chronic ethanol consumption (Most et al., 2015) and repeated
ethanol treatment to generate sensitization (O’Brien et al., 2018) is known to produce more
changes in gene expression and exon usage in synaptoneurosomes than were identified here.
Additional studies comparing ethanol and rapid-acting antidepressants will be necessary to
identify the lasting effects of these drugs on the transcriptome.

One of our key findings was the abundance of genes with DEEs that were commonly
expressed by both treatments. Alternative splicing and exon composition are essential
mechanisms that expand the complexity of the proteome(Johnson et al., 2003; Vuong et al.,
2016; Warden and Mayfield, 2017), generating isoforms that differ in function and
localization and that regulate cellular development, differentiation, and in some instances
progression to disease(Katz et al., 2010). Changes in exon expression and mRNA
composition allow for translation of new protein isoforms, although alterations in basal
MRNA or protein expression are not necessarily detected(Johnson et al., 2003; Lander et al.,
2001; Modrek et al., 2001). Splicing induction can also occur rapidly and may be a means to
alter neuron function (Carmo-Fonseca and Kirchhausen, 2014; Mauger et al., 2016); for
example, splicing occurred within 30 seconds in mammalian cells*® and within 15 minutes
after neuronal stimulation®’. Splicing can also be much faster than transcription (Carmo-
Fonseca and Kirchhausen, 2014; Mauger et al., 2016), which may explain the abundance of
genes with DEEs compared with DEGs identified in this study. Alternatively, nonconical
forms of transcriptional regulation such as cytoplasmic splicing or extranuclear splicing may
explain the abundance of DEEs found in our data. New evidence for extranuclear splicing
has recently begun to identify the biological relevance of endogenous extranuclear splicing
systems that occur in mammals(Buckley et al., 2014). Notably, it was reported that splicing
machinery was located in dendrites and that isolated dendrites were capable of splicing
reporter RNA constructs (Glanzer et al., 2005). This provided evidence that splicing can
occur not only in the cytoplasm, but also peripherally in dendrites. Further research is
necessary to investigate the possibility of dendritic splicing in our model of acute ethanol
and Ro 25-6981 treatment. The striking enrichment of DEEs in the amino-terminal domain
suggests that ethanol’s effect on NMDAR function may be partly elicited through this
domain. Ethanol and Ro 25-6981 may alter the conformation of the amino-terminal domain,
albeit through different mechanisms, potentially contributing to their similar responses
(Wolfe et al., 2016).

The GO molecular function linked with the activity of GTPase activator was identified in
DEGs after ethanol or Ro 25-6981 treatment. However, this group was not in the top five
GO terms when analyzing the molecular function of the overlapping DEGs from the two
treatments. In contrast, the DEE results indicated that there were overlapping changes in
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GTPase activity following ethanol and Ro 25-6981 treatment. Most of the DEES are within
genes that code for proteins that are small GTPases or affect downstream G-protein
signaling and have functional roles in synaptic transmission or synapse maturation.
Interestingly, GTPase Racl was required for the antidepressant efficacy of the NMDAR
agonist, rapastinel, a novel glutamatergic compound that enhances synaptic plasticity and
shows promise in clinical settings (Burgdorf et al., 2013; Kato et al., 2017; Murrough et al.,
2017; Preskorn et al., 2015). We identified the gene coding for Rac as one of the common
DEEs induced by ethanol and Ro 25-6981 treatment. Racl is well characterized for its role
in synapse formation, a requirement for rapid antidepressant efficacy(Kato et al., 2017).
Raclis an mRNA target of fragile X mental retardation protein (FMRP), and we previously
showed that FMRP was required for the rapid-acting antidepressant-like behaviors induced
by ethanol(Wolfe et al., 2016). Additional research is needed to determine if RacZ-mediated
antidepressant efficacy depends on synaptic isoform specificity.

We showed that alternative exon use in Grinl in response to acute ethanol treatment may
change NMDARL1 conformational dynamics through the amino-terminal domain, potentially
altering synaptic function. In addition, clinical data from CFERV suggested that point
mutations, which may also regulate conformation of the amino-terminal domain, alter
NMDAR function and are associated with neurological disorders. Like ethanol, Ro 25-6981
increased utilization of an exon located in the amino-terminal domain in some transcripts,
suggesting it may also regulate function via an exon-selection mechanism. However, this
DEE was not contained in the CCDS and further research is necessary to identify its role at
the transcriptional and protein levels. The DEEs in this region of NMDAR1 indicate that
ethanol may elicit antidepressant properties mediated through conformational changes in the
amino-terminal domain, similar to how Ro 25-6981 functions (Karakas et al., 2011; Zhu et
al., 2016). Ethanol and Ro 25-6981 may thus utilize the same mechanism to produce their
antidepressant-like phenotype. Exon usage and alternative splicing may control synaptic
activity by targeting protein domains without necessarily altering gene expression. This
mechanism could effectively localize specific mMRNA isoforms to the synapse, differentiating
their expression and function from somatic transcripts(Ouwenga et al., 2017; Taliaferro et
al., 2016).

5. Conclusion

This study provides a foundation to explore the functional implications of exon usage by
ethanol and rapid-acting antidepressants. Alternative splicing may be critical for molecular,
synaptic, and behavioral changes common to acute ethanol and Ro 25-6981 treatments. The
stability of these changes with continued alcohol or rapid-antidepressant use is unknown,
and continued investigation of these changes over time and their implication in function and
behavior is necessary. Although we observed limited treatment-dependent overlap in DEGs,
there were remarkable similarities in exon usage and genes containing DEEs. More research
is necessary to examine the role of alternative splicing on protein function in response to
ethanol and rapid-acting antidepressants, and future studies may uncover co-regulated exons
that are involved in functional domains common to disease pathologies in AUD and MDD.
Understanding alternative splicing of key regions may drive drug discovery for these
comorbid disorders.
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Figurel.
Acute ethanol and Ro 25-6981 treatment induced differentially expressed genes (DEGS).

C57BL/6 male mice were treated (45 minutes) with vehicle (saline, n=8), ethanol (ETOH,
2.4 g/lkg, n=7), or Ro 25-6981 (10 mg/kg, n=8). RNA-Seq and DEG analyses were
performed using polyA-enriched RNA isolated from hippocampal synaptoneurosomes.
Volcano plots for (A) ethanol and (B) Ro 25-6981, indicating up- and downregulation (log,
fold-change; x-axis) and statistical significance (-log nominal p-value; y-axis). Grey points
indicate significant (p < 0.05) DEGs after (A) ethanol and (B) Ro 25-6981 treatment.
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Molecular function gene ontology (GO) enrichment results are represented in the bar graphs,
depicting the top five highest-ranking GOs for the DEGs after (C) ethanol and (D) Ro 25—
6981 treatment. Of the 1048 DEGs induced by ethanol (p < 0.05) and the 2629 DEGs
induced by Ro 25-6981 (p < 0.05), there were 181 overlapping DEGs (E). The top five
molecular function GOs for the overlapping genes are shown (F).
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Overlapping differentially expressed genes (DEGS) after ethanol and Ro 25-6981 treatment.
The overlapping genes (181) were assessed for coordinated directional fold-changes (up- or

downregulation). (A) The log, fold-changes for these overlapping DEGs were plotted as a

heat map with the ethanol column on the left and Ro 25-6981 column on the right and
individual genes as rows. The scale bar indicates positive fold-changes or upregulated DEGs
increasing from yellow to red, whereas negative fold-changes or downregulated DEGs
decrease from light to dark blue; 52 genes showed directional fold-changes. (B) Venn
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diagram of upregulated DEGs after each treatment. Ethanol (ETOH) and Ro 25-6981
induced upregulation of 535 and 1304 genes, respectively, with 35 overlapping genes. (C)
Heat map of the 35 overlapping upregulated DEGs, showing ethanol on the right and Ro 25—
6981 on the left and the gene symbols for each row (colors indicate increasing log, fold-
change from yellow to red). (D) Venn diagram of downregulated DEGs after each treatment.
ETOH and Ro 25-6981 induced downregulation of 513 and 1325 DEGs, respectively, with
17 overlapping genes. (E) Heat map of the 17 overlapping downregulated DEGs, showing
ethanol on the right and Ro 25-6981 on the left and the gene symbols for each row (colors
indicate decreasing log, fold-change from light to dark blue).
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Figure 3.
Differentially expressed exons (DEES) after ethanol and Ro 25-6981 treatment. C57BL/6

male mice were treated (45 minutes) with vehicle (saline, n=8), ethanol (ETOH, 2.4 g/kg,
n=7), or Ro 25-6981 (10 mg/kg, n=8). RNA-Seq and DEE analysis (DEXSeq) were
performed using RNA isolated from hippocampal synaptoneurosomes. (A) Venn diagram
comparing DEEs in ethanol- and Ro 25-6981-treatment groups identified 1609 overlapping
exons (p < 0.0001). (B) The top five molecular function gene ontologies (GOs) for the
overlapping DEEs are shown.
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Figure 4.
Overlapping differentially expressed exons (DEEs) after ethanol and Ro 25-6981 treatment.

The 1609 overlapping exons in both treatment groups were assessed for positive or negative
fold-changes to identify coordinately up- or downregulated exons. (A) Venn diagram of
upregulated DEEs in each treatment group. Ethanol (ETOH) and Ro 25-6981 treatment
induced upregulation of 6536 and 5678 DEEs, respectively; of these, there were 726
overlapping genes. (B) The top five molecular function gene ontologies (GOs) for the
overlapping upregulated exons. (C) Venn diagram of downregulated DEEs in each treatment
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group. ETOH and Ro 25-6981 treatment induced downregulation of 7234 and 13437 DEEs,
respectively; of these, there were 819 overlapping genes. (D) The top five molecular
function GOs for the overlapping downregulated exons. (E) Log, fold-changes for the
overlapping DEEs were plotted as a heat map with the ethanol column on the right and Ro
25-6981 column on the left. The scale bar indicates positive fold-changes or upregulated
DEGs increasing from yellow to red, whereas negative fold-changes or downregulated DEGs
decrease from light to dark blue; 1545 genes showed directional fold-changes. (F) Pie chart
summarizing the up- and downregulated exons induced by both treatments compared with
exons showing differential fold-changes (unshared; white). About 95% of the overlapping
DEEs between the treatments showed coordinated up- or downregulated fold-changes.
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Figureb.
Genes with differentially expressed exons (DEESs) after acute ethanol and rapid Ro 25-6981

treatment. (A) Venn diagram of genes with DEEs found in ethanol (dark grey) and Ro 25—
6981(light grey) treatment groups, showing 3765 overlapping genes with DEEs (p <
0.0001). (B) The top five molecular function gene ontologies (GOs) for the overlapping
exons.
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Figure®6.
Ethanol and Ro 25-6981 induce exon usage in Grinl that may affect NMDAR activity. (A)

DEXSeq graph of exon usage for the NMDAR1 gene, Grini, showing each ensemble exon
ID. Corresponding Grini transcript with gene locations is displayed below graph where lines
indicate introns and grey bars indicate exons. Dotted lines indicate saline- (blue), ethanol-
(ETOH; dark grey), or Ro 25-6981- (light grey) induced exon usage. Significant differences
from the saline group are indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). (B)
NMDARL1 (white) /NMDAR2B (grey) heterotetramer (left side) and NMDAR1 monomer
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(right side). Peptides encoded by exons 4, 5, 6, and 8 are indicated in red. Domains are
represented by the backdrop color, including the amino-terminal domain (ATD, green),
ligand binding domain (LBD, yellow), and transmembrane domain (TMD, blue; PDB ID:
4PE5). (C) Alignment of ATD domains of the unbound structure model apo (white/red; PDB
ID: 5B3J) and ifenprodil-bound (grey, PDB ID: 3QEL) structures. Exons 4, 5, 6, and 8 are
indicated in red. The ATD has a bi-lobed structure and contains two subdomains, indicated
as R1 (top) and R2 (bottom). Three “hinge” loops separating these domains are also shown.
Exon numbers represent only the first 8 of 20 exons present along the GrinI gene that
encompass the ATD coding region (Note: panel c is a recreation of a figure previously
published; see Figure 1c in Tajima et al., 2016)(Tajima et al., 2016). Subdomain R2
undergoes a 5° rotation from the open to closed conformation. Secondary structure was
simplified to clarify the conformational change. (D) Representation of the ATD portion of
the NMDAR subunit GIuN1 (PDB ID: 4PE5) with peptides encoding DEES shown in red
and clinically observed point mutations shown as yellow spheres. Point mutations occurring
in and outside of the DEEs are shown in red and black, respectively. Gold stars in the exon
diagram indicate the approximate location of the point mutations.
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