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Abstract: Extracellular vesicles (EVs) are important players in normal biological function
and disease pathogenesis. Of the many biomolecules packaged into EVs, coding and
noncoding RNA transcripts are of particular interest for their ability to significantly alter
cellular and molecular processes. Here we investigate how chronic ethanol exposure
impacts EV RNA cargo and the functional outcomes of these changes. Following chronic
intermittent ethanol (CIE) vapor exposure, EVs were isolated from male and female
C57BL/6J mouse brain. Total RNA from EVs was analyzed by IncRNA/mRNA microarray
to survey changes in RNA cargo following vapor exposure. Differential expression
analysis of microarray data revealed a number of IncRNA and mRNA differentially
expressed in CIE compared to control EVs. Weighted gene co-expression network
analysis identified multiple male and female specific modules related to
neuroinflammation, cell death, demyelination, and synapse organization. To functionally
test these changes, whole cell voltage clamp recordings was used to assess synaptic
transmission. Incubation of nucleus accumbens brain slices with EVs led to a reduction
in spontaneous excitatory postsynaptic current amplitude, although no changes in
synaptic transmission were observed between control and CIE EV administration. These
results indicate that CIE vapor exposure significantly changes the RNA cargo of brain-
derived EVs, which have the ability to impact neuronal function.

Keywords: Alcohol use disorder; extracellular vesicles; transcriptome; INCRNA; synaptic
transmission



Introduction

Alcohol use disorder (AUD) impacts millions of people each year, with ~95,000
individuals dying due to alcohol-related causes in the United States each year!. The
hallmark symptoms of AUD are behavioral changes in which a person transitions from
social to problem drinking despite negative consequences?. Additionally, a number of
biological changes occur following chronic alcohol exposure, including transcriptomic,
neuronal function, and neuroinflammatory alterations.

Extracellular vesicles (EVs) are small (30-1000nm), membrane-bound structures
released by every cell-type. Originally believed to function in waste removal, recent
research has highlighted the importance of EVs in normal biological processes.
Purposefully packaged in the cell of origin, EVs are released into the extracellular space
and mediate intercellular communication by binding to and releasing their cargo into a
recipient cell*4. EVs can contain a number of biomolecules, such as lipids®®, proteins’2,
and nucleic acids®'?, that have the ability to alter the molecular and biological
processes of other cells. The term extracellular vesicle can encompass a number of
vesicle subtypes, including exosomes (30-100nm) and microvesicles (100-1000nm)*3.
In the central nervous system (CNS), EVs support a number of functions including
neuronal proliferation and differentiation, neurogenesis and circuit formation, and
neuron-glia communication!4-17, While required for normal function in the healthy brain,
EV function can shift in response to disease or perturbation. They have been shown to
perpetuate neuroinflammation’-2% and contribute to CNS pathologies, such as
Alzheimer’s disease?~?* and traumatic brain injury?>26, underscoring their ability to
negatively impact brain health.

The role of EVs in AUD, as well as how prolonged ethanol exposure impacts the
biogenesis of EVs, has been largely understudied to this point. Outside of the CNS,
studies have demonstrated that RNA and protein content of hepatocyte-derived EVs is
altered following ethanol exposure and these changes induce inflammatory states in
immune cells?’-31, Within the CNS, the impact of ethanol exposure on the content and
release of EVs from glial cells has been a primary focus. In vitro studies have
demonstrated changes in the cargo of glial-derived EVs following ethanol exposure
which induce inflammation in neighboring cells832-35, The EV cargo analysis of these
studies focused on changes in protein content. While proteins control many of the major
biological processes that directly impact the changes observed in AUD, they are not the
only biomolecule found in EVs that could be controlling these effects.

Noncoding RNA (ncRNA) are increasingly being recognized as significant
contributors to the control of normal biological functioning. As is evident by their name,
NcRNA are transcribed portions of the genome that do not encode a protein. Of the
many subtypes of ncRNA that have been identified, long noncoding RNA (IncRNA) are
of particular interest for their ability to control multiple molecular and cellular processes.
Generally defined as ncRNAs longer than 200 nucleotides in length and lacking an open
reading frame3f, IncRNAs act as transcriptional activators or repressors, regulate
alternative splicing, and impact protein expression®-#1, LncRNA are one of the many
biomolecules packaged into and transported by EVs, and there is evidence that their
delivery into recipient cells can change biological processes*?>3. As IncRNA have also
been shown to impact ethanol-related behaviors**4°, we investigated the intersection
between EVs and IncRNA changes after ethanol exposure.

The present study aims to understand how chronic intermittent ethanol (CIE)
vapor exposure impacts the RNA cargo of brain-derived EVs and investigate how these
EVs impact neuronal function. Microarray analysis of total RNA isolated from brain-
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derived EVs of both male and female animals following CIE revealed numerous
differentially expressed IncRNAs and mRNAs involved in biological processes such as
neuroinflammation and synapse organization. A male-specific change in genes related
to glutamate receptor activity prompted us to functionally test male brain-derived EVs
using whole cell voltage clamp recordings of medium spiny neurons (MSNS) in the
nucleus accumbens (NAc); a brain-region known to be involved in the glutamatergic
response to chronic ethanol exposure*6-48, EV administration to brain slice preparations
containing the NAc reduced spontaneous excitatory postsynaptic current (SEPSC)
amplitude when compared to an EV-free control. However, no change was detected in
any electrophysiological measure when comparing EVs isolated from CIE ethanol vs air
control exposed animals. These results provide evidence that CIE induces changes in
EV cargo with implications for neuronal function.

Materials and Methods
Animals

Adult (8 weeks at the start of exposure) male and female C57BL/6J were
obtained from The Jackson Laboratory (Bar Harbor, ME). Tg(Drd1la-tdTomato)6Calak
mice were bred at The University of Texas at Austin. All mice were housed in facilities
fully accredited by the American Association for the Accreditation of Laboratory Animal
Care. Mice were maintained on a 12/12h light-dark cycle and provided ad libitum access
to food and water. Experiments were performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committees at the Medical University of South Carolina, the University of
Pittsburgh, and The University of Texas at Austin.

Chronic intermittent ethanol vapor exposure

Two variations of the chronic intermittent ethanol (CIE) vapor exposure were performed,
as previously described*®-52,

Treatment Group 1

In Pittsburgh, adult male and female C57BL/6J mice were exposed to ethanol
vapor or room air conditions for 8h/day, 5 days/week, for four weeks (N = 10 per group
per sex). Room air (8L/min) was passed through two heated Erlenmeyer flasks; one
flask received ethanol (Decon Labs, King of Prussia, PA) via syringe pump (Harvard
Apparatus, Holliston, MA). All animals remained group housed for the duration of the
exposure. Temperature and humidity of each chamber was monitored daily and ranged
between 23-25.5°C and 36-58% humidity. Ethanol levels in the vapor chamber were
monitored by a custom sensor generously provided by Brian McCool (Wake Forest
University). Following the fifth day of exposure each week, body weight was recorded
and tail vein blood samples were collected using heparin-coated capillary tubes
(Drummond, Broomall, PA) to determine blood ethanol concentrations (BECs). Plasma
was analyzed on an Analox Alcohol Analyzer (AM1, Analox Instruments, Lunenburg,
MA). Ethanol flow rate into the inhalation chamber was adjusted weekly based on BEC
measurements the previous week to achieve BECs of 175-225 mg/dL. Immediately
following the final ethanol exposure, mice were euthanized by CO:2 asphyxiation and
whole brain was collected and stored at -80°C. EVs isolated from these brains (see
below) were used for gene expression analysis.
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Treatment Group 2

In Charleston, adult male C57BL/6J were also used. CIE mice were exposed to
vapor exposure in inhalation chambers (16h/day, 4 days/week) while control mice were
exposed to room air (N= 15 per group). CIE exposure was administered as previously
described>3°*. Mice were placed in Plexiglas inhalation chambers (60 x 36 x 60 cm) and
exposed to ethanol vapor to achieve stable BECs in the range of 175-225 mg/dL.
Before being placed in the chamber, ethanol intoxication was initiated by intraperitoneal
(IP) administration of 1.6 g/kg ethanol (8% w/v; Warner Graham Co, Cockeysville, MD),
and the alcohol dehydrogenase inhibitor pyrazole (1 mmol/kg i.p.; Sigma-Aldrich, St.
Louis, MO) to stabilize blood ethanol levels. Control mice received pyrazole along with
saline. Blood samples (40 pl) were collected from the retro-orbital sinus with heparinized
capillary tubes during each cycle of exposure. Samples were centrifuged, and plasma
was processed in an Analox Instrument analyzer (Lunenburg, MA). Four cycles of CIE
exposure were completed over the course of four consecutive weeks with a 72h interval
in between cycles. Mice were euthanized 24 hours after the last 16h exposure period
on the fourth cycle. Brains were quickly collected and frozen. Samples were
maintained at -80°C until they were shipped on dry ice to Pittsburgh. EVs isolated from
these brains (see below) were used for electrophysiology.

EV isolation and characterization

EV isolation from brain tissue was achieved using differential ultracentrifugation
as previously described®®. Whole brains were separated into individual hemispheres
and each hemisphere was processed separately. Using a razor blade, the tissue was
finely minced with a few drops of 20 units/mL papain (Worthington Biochemicals,
Lakewood NJ) in Hibernate A (Brain Bits LLC, Springfield, IL) warmed to 37°C. The
tissue was then transferred into a 15 mL conical tube containing an additional 3.5 mL of
papain in Hibernate A and allowed to incubate at 37°C for 20 minutes to achieve
complete dissociation. Following incubation, 6.5 mL of ice cold Hibernate A with
protease inhibitors (Sigma-Aldrich, St. Louis, MO; CAT# 04-693-159-001) was added to
each tube and the solution was triturated with a serological pipette until the resulting
mixture was homogenous. The samples then underwent two ten-minute centrifugations
(300 x g and 2,000 x g), followed by a 30-minute centrifugation (10,000 x g) at 4°C,
transferring the supernatant to a new tube each time and discarding the resulting pellet
(Thermo Scientific Fiberlite F21-8x50y Rotor, k-factor 669.0). Following the third
centrifugation, the supernatant was passed through a 0.2um syringe filter and placed in
26.3 mL polycarbonate ultracentrifuge tubes (Beckman Coulter, Brea, CA). The
remainder of the tube was filled with ice cold PBS. Tubes were centrifuged at 4°C and
100,000 x g for 70 minutes to pellet EVs (Beckman Coulter 70 Ti Fixed-Angle Rotor, k-
factor 44). Following this first ultracentrifugation, the supernatant was discarded, the
pellet resuspended in ice cold PBS, then the tube refilled with PBS and ultracentrifuged
a second time. To collect the EVs following the final centrifugation, the supernatant was
discarded and the pellet resuspended in 150uL of PBS before being placed in a 1.5 mL
Eppendorf and stored at -80°C.

Electron microscopy (EM) and Nanoparticle Tracking Analysis (NTA) were used
to characterize EVs. EM was performed in collaboration with the Center for Biologic
Imaging at the University of Pittsburgh to observe the size and structure of isolated EVs.
The specimens were mounted on formvar (Formvarl5/19 resin, Electron Microscopy
Sciences, Hatfield, PA) coated copper grids (200 mesh thick thin copper grids, Electron
Microscopy Sciences, Hatfield, PA) and negative stained with 1% uranyl acetate (Uranyl
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Acetate dihydrate, Electron Microscopy Sciences, Hatfield, PA) and on JEOL 1011
transmission electron microscope (JEOL) with a side mount AMT 2k digital camera
(Advanced Microscopy Techniques, Woburn, MA). EV samples were sent to the
Nanomedicines Characterization Core Facility at the University of North Carolina at
Chapel Hill for NTA analysis. The particle concentration and size were determined using
NanoSight 500 Version 3 (Malvern, USA). For the size measurements, EVs were diluted
1000-fold resulting in a final concentration of 1.3x10° particles/mL in PBS. Five videos
of 40 sec each were taken under the following exposure conditions (camera level 14).
Unpaired Student’s t-tests were used to analyze potential changes in EV size and
concentration. Statistical analysis was performed in GraphPad Prism 8.0 (Graphpad
Software Inc., San Diego, CA) and statistical significance was defined as p < 0.05.

RNA isolation and microarray analysis

To isolate RNA from EV samples, the SeraMir EV RNA Purification Kit (System
Biosciences, Palo Alto, CA) was used according to manufacturer’s instructions.
Following RNA elution, purity, determined by the 260/280 ratio, and quantity was
determined by Nanodrop spectrophotometer. Approximately 2.5ug of total RNA per
sample (n = 6 samples per treatment per sex) were packaged on dry ice and shipped to
Arraystar, Inc. (Rockville, MD). Purified RNA was amplified and transcribed into
fluorescent cRNA and hybridized to the Mouse LncRNA Array v4.0 (8 x 60K, Arraystar).
This array measures only IncRNA and mRNA. Arrays were scanned on an Agilent
Scanner G2505C and images analyzed using Agilent Feature Extraction software
(version 11.0.1.1). Quantile normalization was performed using the Bioconductor
“preprocessCore” package in R. We chose to use microarrays in this study due to their
ability to reliability quantify low expressing IncRNAs, as well as identify a number of
IncRNA isoforms. Previous studies have attempted to optimize RNA-Seq to achieve
similar detection, but reliable detection of a large number of lowly expressed IncCRNA
was not achievable®.

Differential expression and WGCNA

Differential expression of reliably detected probes between control and CIE EV
samples was performed using linear modeling (limma). So as not to eliminate any
biologically relevant signal, analysis was performed on the full list of detected probes,
rather than collapsing the data set into individual genes. To balance Type-I and Type-Il
error rates for downstream pathway analysis, statistical significance was set at an
uncorrected p-value of 0.05. Next, we identified lists of genes that corresponded to the
differentially expressed probe targets and entered them into Enrichr®”:58, an online tool
used to identify common biological processes and molecular functions enriched in a set
of genes. Due to the fact that male and female CIE vapor exposures were not
performed concurrently, samples were analyzed separately.

The weighted gene co-expression network analysis (WGCNA) package in R®®
was used to identify co-expressing networks of genes, known as modules. WGCNA
uses a dynamic tree-cutting algorithm based on hierarchical clustering of expression
values to define modules (cutHeight = 0.99, minClusterSize = 400, softPower=18,
type=signed). Differentially expressed modules (p < 0.05) between control and CIE
samples were identified. As with differential expression analysis, Enrichr was used to
determine common biological processes or molecular functions involving genes
contained within each module.
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Bicinchoninic acid protein assay

To determine surface protein concentration of EVs, the bicinchoninic acid (BCA)
protein assay was performed. EV samples were diluted 1:5 in cold PBS to a final
volume of 25uL in an Eppendorf tube. BCA assay reagent was made by mixing 9.8mL
bicinchoninic acid (Sigma-Aldrich, St. Louis, MO) with 0.2mL CuSO4 (Sigma-Aldrich, St.
Louis, MO) and 500uL was added to each sample. Pre-prepared bovine serum albumin
standards (0.0 — 2.0ug/mL) were included with each run. Standards and samples were
incubated at 65°C for 30 minutes, followed by 10 minutes on ice. Finally, 200uL of each
standard and sample was added to a 96-well plate, in duplicate, and the absorbance at
595nm was measured on a Tecan plate reader (Tecan, Mannedorf, CH) (Control EVs:
237.67 + 20.22 g surface protein per sample; CIE EVs: 252 + 41.92 ug surface protein
per sample).

Slice preparation

Male Tg(Drdla-tdTomato)6Calak mice® from an in-house managed colony at The
University of Texas at Austin were used for electrophysiology experiments between 10-
18 weeks of age. Tg(Drd1la-tdTomato)6Calak mice express the fluorescent protein
tdTomato in dopamine D1 receptor-expressing (D1R+) cells. Thus, D1R+ cells can be
visually identified via fluorescent excitation of tdTomato with 554 nm wavelength light.
Isoflurane was used to lightly anesthetize mice before decapitation and brain removal.
Brains were rapidly cooled in ice-cold artificial cerebral spinal fluid (ACSF) continuously
bubbled with 95% 02/5% CO2 and composed of (in mM): 210 sucrose, 26.2 NaHCOs, 1
NaH2POa4, 2.5 KCI, 11 glucose, 6 MgSOa4, and 2.5 CaClz. A VT-1000S vibratome (Leica,
Wetzlar, DE) was used to make 240 uM thick sagittal slices containing the NAc shell. At
the time of slice preparation, frozen samples (300 yuL PBS * EVs from air- or CIE-
treated male mice; 187ug per sample) were defrosted and added to one of three low-
volume brain slice keepers (Automate Scientific) that contained 5.5 mL of aCSF
composed of (in mM): 124 NaCl, 26 NaHCOs3, 10 dextrose, 4.4 KCI, 1 NaH2PO4, 2.4
MgSOs, and 1.8 CaClz.. This recovery solution was constantly bubbled with 95% O2/5%
CO:2 and maintained at 32°C. Immediately after cutting, slices were placed in the
recovery aCSF (one slice per recovery chamber containing 187ug EVs in a total volume
of 5.8 mL). Slices were incubated for a minimum of 6 h before transferring to the
recording bath. The average time from slice preparation to recording acquisition (time in
vitro, incubation time plus time in the recording chamber) was 8.9 h, with a range of 6.6
- 11.5 h. Incubation time periods shorter than 6 hours were not tested, as we
hypothesized the effects of exosomes would not be immediate but would be mediated
via RNA-induced changes in gene expression and protein synthesis. Pilot studies
testing longer incubation time points indicated 14-24 hours was sufficient to observe
exosome-induced changes in excitatory synaptic transmission. However, we could not
consistently obtain viable whole-cell recordings in acute brain slices from adult mice
after 14-24 hours in vitro, leading to the testing of a shorter incubation window.

Electrophysiology data acquisition and acquisition

Recordings were performed in ACSF composed of (in mM): 124 NacCl, 26
NaHCOs, 10 dextrose, 4.4 KCI, 1 NaH2PO3, 1.2 MgSO4, and 2.0 CaClz, pumped into the
chamber at a rate of ~2 mL/min and maintained at 32-33°C. Whole-cell recordings were
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made using electrodes with resistances ranging from 4-7 MQ, produced from 4” thin-
walled glass capillaries (1.50D/1.121D, World Precision Instruments, Sarasota, FL)
using a P-97 Flaming/brown micropipette puller (Sutter Instruments, Novato, CA).
Recording electrodes were filled with an intracellular solution composed of (in mM): 120
CsMeSO0s, 5 NaCl, 10 HEPES, 10 TEA-CI, 1.1 EGTA, 4 Mg?*-ATP, 0.3 Na-GTP and 1
mg/mL QX-314-Brb*, All electrophysiology reagents were obtained from Sigma-Aldrich
or Fisher Scientific, unless otherwise noted.

Whole-cell recordings were collected in the medial shell of the NAc. We targeted
dopamine D1 receptor-expressing (D1R+) medium spiny neurons for recordings
because prior work has specifically implicated these neurons as being regulated by CIE
exposure®?83, Neurons were visually identified as D1R+ by the presence of
epifluorescence using an MRK200 Modular Imaging system (Siskiyou Corporation,
Grants Pass, OR) mounted on a vibration isolation table. Data were acquired on two
electrophysiology recording stations: one utilizing a CV203BU headstage and Axopatch
200B amplifier, the other utilizing a CV-7B headstage and MultiClamp 700B amplifier
software, with filtering at 2 kHz, and digitization at 5 or 10 KHz through Digidata 1440A
interface boards using Clampex 10.3 or 10.7 (all products by Molecular Devices, San
Jose, CA). After obtaining whole-cell access, the intracellular solution was allowed 10
minutes to dialyze. We used recording conditions that allowed for measurement of both
excitatory and inhibitory synaptic transmission in the same neuron®'64, Cells were
voltage clamped at -55 mV and sEPSCs were recorded for 3 minutes, after which cells
were held at +10 mV and sIPSCs were recorded for 3 minutes. Any experiment during
which access resistance (Ra) changed by more than 20% or exceeded 31 MQ was
excluded from statistical analysis. Average spontaneous postsynaptic current
frequency, and distributions of event amplitudes and inter-event intervals were
determined using a 2-3 minute analysis window. Clampfit 10.7 Template Search was
used to identify excitatory and inhibitory currents and events were manually inspected
and verified. sSEPSC and sIPSC events for kinetics analyses (10%-90% of peak rise
time, 90%-10% of peak decay time, and peak area) were identified using the Template
Search feature (Clampfit 11.0) and only non-overlapping events were manually
accepted for analysis. For SEPSCs, a minimum of 66 events (140 events on average)
per neuron were used for kinetics analyses. For sIPSCs, only neurons having at least
40 events available for analysis were included in the kinetics data sets; on average, 80
events per neuron used for kinetics analyses. Excitatory drive (SEPSC frequency x
SEPSC amplitude) and inhibitory drive (sIPSC frequency x sIPSC amplitude) were
calculated for each cell and synaptic drive was defined as excitatory drive divided by
inhibitory drive.

Statistical analysis of electrophysiology data was performed in GraphPad Prism
8.0-9.3. Statistical significance was defined as P < 0.05. Cumulative probability
distributions of binned data were analyzed using two-way mixed ANOVA (with treatment
group as the between-groups factor and bin as the within-subjects factor). One-way
ANOVA, unpaired Student’s t-tests or Welch’s t-tests (for groups with unequal
variances) were used to compare group differences in the mean values of
electrophysiological measures. Datasets for the room-air (“Air”’) and ethanol (“CIE”) EV
groups were either treated as independent datasets or were compared to PBS as a
pooled dataset for EVs overall (“EVs”), according to the following rationale. Cumulative
probability distributions of Air and CIE data were first compared to each other; when
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distributions were not significantly different (i.e., there was no main effect of group or bin
X group interaction), data from these two groups were pooled and EVs overall were
compared to the PBS control treatment group. When Air and CIE distributions were
significantly different from each other, these two groups were treated as independent
datasets and comparisons were made across all three treatment groups (ANOVAs
performed with three levels of group). Significant group or bin x group interaction
effects in ANOVAs with three levels of group were followed up with Tukey’s multiple
comparisons and, as appropriate, additional, separate two-way ANOVAs with two levels
of group (to compare distributions of PBS versus Air and PBS versus CIE). Non-linear
regression was used to analyze normalized frequency (events per bin/total number of
events) histograms of binned electrophysiology data, and regression curve fits were
compared using the Extra Sum-of-Squares F-test.

Results
Brain-derived EV characterization following chronic intermittent ethanol vapor exposure

To characterize EV samples isolated by differential ultracentrifugation from
treatment group 1, NTA and EM were performed. NTA displayed a significant
enrichment for vesicles under 200nM in size (Figure 1A). EM images of the samples
confirmed the size of vesicles within the sample, as well as revealed the characteristic
cup shape generally associated with EVs®>6° (Figure 1B). NTA revealed no significant
change in the size or concentration of brain-derived EVs following CIE vapor exposure
compared to control exposure in our preparations (Figure 1C, D) (Control EVs: 5.96e17
+ 1.12e17 particles per undiluted preparation; CIE EVs: 5.77el17 + 6.35e16 particles per
undiluted preparation). EVs isolated from treatment group 2 were characterized using
NTA and no change in size or concentration within our sample preparations was
observed (Supplementary Figure 1).

LncRNA/mRNA microarray differential expression analysis

To maintain a consistent background between male and female samples, lists of
detected probes were overlapped and pared down to include only probes detected in
both datasets. This left a total of 39,125 probes reliably detected in male and female
samples corresponding to 25,865 currently recognized genes (11,752 IncRNA and
14,113 mRNA). Analysis of total RNA isolated from female brain-derived EVs revealed
3181 differentially expressed probe targets (DEPTSs). We observed a greater incidence
of upregulated DEPTSs (2,141 upregulated and 1,040 downregulated), as well as more
changes in IncRNA (1,972) than mRNA (1,209), when comparing control and CIE
female EVs (Figure 2A,B). The top ten DEPTs consisted of six IncRNAs, four of which
are unannotated, and four protein coding genes (Table 1). All ten of these DEPTs were
upregulated. An unannotated IncRNA, AK155383, was the top DEPT and significantly
upregulated in female EVs (FC = 2.40; P < 0.001). Results for differential expression
analysis for all detected probes are included in Supplementary Table 1.

Enrichr was used to identify biological processes associated with significantly
upregulated genes. Gene ontology analysis revealed changes in immune related
processes such as ‘regulation of type | interferon production’ (GO: 0032479, P =
0.0030), supporting a possible role for EVs as immune modulators following ethanol
exposure (Table 2). Full results for Enrichr analysis are provided in Supplementary
Table 2.
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Analysis of total RNA from male brain-derived EVs indicated a much lower
incidence of DEPTSs, with only 1003 achieving statistical significance. As observed in the
female samples, greater changes occurred in DEPTSs representing INcRNAs (666
IncRNAs and 337 mRNAs), although there was a general downregulation in expression
when comparing control and CIE male EVs (449 upregulated and 554 downregulated)
(Figure 2C,D). LncRNAs were vastly overrepresented in the top ten DEPTSs, with eight
identified as IncRNAs, of which 5 are unannotated (Table 3). The top DEPT
corresponded to a noncoding transcript of Bromodomain Containing 8 (Brd8), which
was significantly upregulated in CIE EVs (FC = 2.05; P < 0.001). Results for differential
expression analysis for all detected probes are included in Supplementary Table 3.

Gene ontology analysis for statistically significant downregulated genes revealed
changes in ‘fibroblast growth factor-activated receptor activity’ (GO: 0005007, P =
0.0011). Fibroblast growth factor receptor 1 (Fgfrl), which codes for a protein involved
in survival of nerve cells and inhibition of which suppresses alcohol consumption®’, was
significantly downregulated in CIE EVs (P = 0.0422). Additionally, changes related to
‘glutamate receptor activity’ (GO: 0008066, P = 0.0171), which is a known consequence
of acute and chronic alcohol exposure, were observed (Table 4). Full results for Enrichr
analysis are provided in Supplementary Table 4. This male specific change in
glutamate receptor functioning prompted us to functionally test these results in later
experiments (see below). It is interesting to note that there was very little overlap in
DEPTSs between male and female EVs (Figure 3), 102 probes of which 39 were
changed in opposite directions (Supplementary Table 5), indicating that RNA cargo of
EVs following chronic ethanol exposure may control sexually-distinct biological
processes in the brain.

Gene co-expression networks

Weighted gene co-expression network analysis (WGCNA) was performed to
identify coordinately regulated clusters of biological transcripts, known as modules, in
brain-derived EV samples. Analysis of female samples revealed 21 distinct modules
(abbreviated FM vs those from males which are abbreviated MM). Fourteen FMs were
differentially expressed between control and CIE samples, nine of which were up-
regulated (Table 5). The size of modules ranged from 519 to 12,547 probe targets.
Analysis of male samples generated 35 different modules of which eleven were
differentially expressed (Table 6). MM sizes ranged from 430 to 2778 probe targets.
Gene ontology analysis was performed on all modules to identify biological processes
and molecular functions controlled by these coordinated sets of genes. As with the
differential expression analysis, a number of modules with unique gene annotations
were observed between male and female samples.

Although 14 FMs were differentially expressed, FM_8 stands out as being the
only module in either male or female samples related to apoptosis. FM_8 was
significantly down-regulated in CIE EVs (P = 0.0456). Gene ontology analysis of the
module revealed genes involved in ‘negative regulation of intrinsic apoptotic signaling
pathway’ (GO: 2001234, P = 0.0010), ‘negative regulation of release of cytochrome c
from mitochondria (GO: 0090201, P = 0.0057), and ‘negative regulation of neuron
death’ (GO: 1901215, P = 0.0378). Cytochrome c-induced activation of caspases and
apoptosis, in the periphery and brain, are known consequences of ethanol exposure®8-
0, Of the genes included in this module, expression and activity of AKT serine/threonine
kinase 1 (Aktl), secretogranin 2 (Scg2), and matrix metalloproteinse-9 (Mmp9) are
upregulated in response to ethanol’*-"3. Additionally, overexpression of Mmp9
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decreases ethanol consumption and preference in mice’*. When surveying male
modules, gene ontology analysis related to apoptosis was not observed, highlighting
this as a possible female specific mechanism.

Of the 11 differentially expressed male-specific modules identified by WGCNA,
MM _5 was significantly down-regulated in CIE EVs (P = 5.75e-21) and unique among
all male and female modules in its function. Analysis with Enrichr indicated that genes in
this module are responsible for ‘myelination in the peripheral nervous system’ (GO:
0022011, P = 0.0028), ‘peripheral nervous system axon ensheathment (GO: 0032292,
P =0.0042), and ‘Schwann cell development’ (GO: 0014044, P = 0.0042). As many of
the genes included in these biological processes are also expressed in the CNS, this
implies that disruptions in myelin integrity are not limited to the periphery. This finding is
not surprising, as acute and chronic ethanol exposure can lead to myelin damage and
demyelination in both rodent and human studies’>"8. Two genes identified as part of
this module, neurofibromin 1 (Nf1) and myelin transcription factor 1 (MyT1), are
expressed in oligodendrocytes and Schwann cells and play a role in promoting
myelination’®-81, Altering expression of either gene significantly changes a number of
ethanol-related behaviors®83, The male-specific biological function of this module
indicates that male animals may be more susceptible to the demyelinating effects of
chronic ethanol compared to female animals’’.

Despite the differences discussed above, a number of modules in male and
female EVs with overlapping biological functions were identified. Increases in
neuroinflammation are regularly observed following ethanol exposure, so the
appearance of modules in both sexes related to this is expected. Gene ontology
analysis of FM_18 identified a number of biological processes, including ‘regulation of
toll-like receptor signaling pathway’ (GO: 0034121, P = 0.0135), ‘regulation of
interleukin-6 production’ (GO: 0032675, P = 0.0147), ‘regulation of tumor necrosis factor
production’ (GO: 0032680), and ‘regulation of interferon-gamma-mediated signaling
pathway’ (GO: P = 0.0444, down). In MM _19, biological processes related to ‘positive
regulation of toll-like receptor 9 signaling pathway’ (GO: 0034165, P = 0.0165) and
‘positive regulation of toll-like receptor 7 signaling pathway’ (GO: 0034157, P = 0.0241)
were observed. Both FM_18 (P = 2.96e-13) and MM_19 (P = 3.10e-121) were
significantly differentially expressed in CIE EVs, but in different directions. FM_18 was
up-regulated while MM _19 was downregulated. This indicates that there may be broad
similarities in the immune response to ethanol, such as toll-like receptor signaling and
cytokine production, but the mechanism by which EVs impact these differs between the
sexes.

Another biological process that appears in multiple modules across both male
and female samples is dendrite formation and synapse assembly. Genes in these
modules regulate ‘positive regulation of dendritic spine development (GO: 0060999,
MM_31, P = 0.0017), ‘synapse assembly’ (GO: 0007416, MM_13, P = 0.0253),
‘regulation of dendrite morphogenesis’ (GO: 0048814, FM_3, P = 0.0099), and
‘presynaptic active zone organization’ (GO: 1990709, FM_3, P = 0.0147). More
specifically, biological processes related to ‘glutamate receptor signaling pathway’ (GO:
0007215, P = 0.0203) and ‘glutamate receptor activity’ (GO: 0008066, P = 0.0171) were
observed only in male modules, mirroring our findings in the gene ontology analysis of
DEPTs in male EVs. As this alteration in genes related to glutamate receptor activity
was male specific, we functionally tested the outcome of EVs on synaptic transmission
using only male brain-derived EVs. Full results of WGCNA and Enrichr analysis are
included in Supplementary Tables 6 (female) and 7 (male).
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Effects of EVs on synaptic transmission

To functionally test coordinated changes in gene expression within EVs due to CIE, we
examined the effects of male control (Air) and CIE EVs on synaptic transmission. We
hypothesized that coordinated changes in genes related to glutamate receptors activity,
observed only in male animals, would alter synaptic properties within the NAc, a brain
region involved in the rewarding aspects of ethanol (83—-85). Acute brain slices were
prepared from adult male mice; immediately after cutting, slices were placed in a
recovery bath containing aCSF, to which EVs (previously isolated from the brains of
ClE-treated or Air-treated male mice), or a vehicle-control solution (PBS) had been
added. Slices were incubated for a minimum of 6 h before transfer to the recording
chamber. SEPSCs were observed at a membrane holding potential of -55 mV (Figure
4A), and spontaneous inhibitory postsynaptic currents (SIPSCs) were observed at +10
mV (Figure 4H). Current traces were analyzed to determine the amplitude and
frequency of spontaneous excitatory and inhibitory events, as well as measures of event
kinetics. For each electrophysiological measure, we first compared the cumulative
probability distribution of the CIE-EV treatment group (CIE group) to that of the Air-EV
treatment group (Air group). If the CIE and Air group distributions significantly differed
from each other, these two groups were treated as independent datasets and
comparisons were made across all three treatment conditions. For measures in which
there were no significant differences between the CIE and Air group distributions, we
collapsed these groups and used the pooled dataset to analyze whether EVs overall
were different from the PBS control group.

For sEPSC amplitude, analyses of the cumulative probability distributions
revealed a significant bin x group interaction (Fz22,462 = 2.15, P = 0.0017) when
comparing CIE to Air, and we therefore performed two-way ANOVA with all three
groups, which revealed both a main effect of group (F2,33 = 3.32, P = 0.049) and bin x
group interaction (Faa,726 = 2.63, P < 0.0001, Figure 4B). Further investigation of this
interaction revealed that, compared to PBS, the CIE cumulative probability distribution
was left-shifted (main effect of group, F1,22 = 6.38, P = 0.019, bin x group interaction,
F22,484 = 5.71, P < 0.0001) and the mean sEPSC amplitude (Figure 4C) was reduced
(main effect of group in one-way ANOVA, F233 = 3.34, P = 0.048, Tukey’s multiple
comparisons test, qss = 3.64, P = 0.038). In contrast, there were no significant
differences between Air and PBS cumulative distributions (no main effect of group, Fi,23
=1.51, P =0.23, or bin x group interaction, F22,506 = 0.71, P = 0.83) or mean sEPSC
amplitudes (Tukey’s multiple comparisons test, g3z = 1.95, P = 0.36). SEPSC area
(charge transfer) distributions (Figure 4D inset) did not differ between Air and CIE (no
main effect of group, F121 = 0.59, P = 0.45, or bin x group interaction, Fi7,357 = 0.36, P =
0.99). However, the cumulative probability distribution of the pooled EV data was left-
shifted relative to PBS (main effect of group, F1.34 = 6.12, P = 0.019, bin x group
interaction, Fi1374 = 3.19, P = 0.0004, Figure 4D) and the mean sEPSC area was
reduced by EVs (unpaired t-test, tss = 2.243, P = 0.021, Figure 4E). SEPSC rise times
(10%-90%) did not significantly differ between Air and CIE groups (no main effect of
group, F121 =1.49, P = 0.24, or bin x group interaction, Fi6,33 = 1.38, P = 0.15,
Supplementary Figure 2A inset) and were not affected by EVs overall (ho main effect
of group, F1,34 =0.11, P = 0.74, or bin x group interaction, Fie 544 = 0.32, P = 0.995,
Supplementary Figure 2A, B). There was a statistically significant bin x group



interaction when comparing decay time (90-10%) distributions between Air and CIE
groups (Fzs525 = 1.60, P = 0.033, Figure 4F). However, two-way ANOVA of all three
group distributions did not indicate a statistically significant effect of group (Fz2,33 = 1.57,
P = 0.22) or bin x group interaction (Fso,s25s = 1.22, P = 0.15) and mean decay time did
not differ between all three groups (one-way ANOVA, F233 = 1.63, P = 0.21, Figure 4G).
The distributions of inter-event intervals did not differ between Air and CIE groups (no
main effect of group, F121 = 0.41, P = 0.53 or bin x group interaction, Fs7,1197 = 0.2, P >
0.9999, Supplementary Figure 2C inset). EVs overall altered the cumulative
distribution of inter-event intervals (bin x group interaction, Fs7,1938 = 1.59, P = 0.0035,
Supplementary Figure 2C), but the mean seEPSC frequency for EVs was not
significantly greater than that of PBS (unpaired t-test, tzs = 1.26, P = 0.21,
Supplementary Figure 2D).

In regard to inhibitory synaptic transmission, the distributions of sIPSC
amplitudes did not differ between CIE and Air groups (no effect of group, F121 =0.32, P
= 0.58, or bin x group interaction, F22462 = 0.81, P = 0.72, Supplementary Figure 2E
inset). There was a significant bin x group interaction when comparing EVs overall to
PBS (F22,748 = 1.99, P = 0.005, Supplementary Figure 2E), but mean sIPSC
amplitudes were not different (unpaired t-test of EVs versus PBS, tsa = 0.11, P = 0.91,
Supplementary Figure 4F). sIPSC area (charge transfer) distributions did not differ
between CIE and Air groups (no main effect of group, F1,18 = 1.12, P = 0.30, or bin x
group interaction, Fs3s04 = 0.43, P = 0.99, Supplementary Figure 2G inset). EVs
overall did not did not change the cumulative probability distribution relative to PBS (no
main effect of group, F128 = 0.12, P = 0.73, or bin x group interaction, Fs3 924 =1.44, P =
0.052, Supplementary Figure 2G), and there was no difference in the average sIPSC
charge transfer between EVs and PBS (unpaired t-test, t2s = 0.43, P = 0.67,
Supplementary Figure 2H). CIE and Air groups did not differ from each other in regard
to sIPSC rise time (10%-90%) distributions (no main effect of group, F1,18 =0.52, P =
0.48, or bin x group interaction, Fso540 = 1.10, P = 0.33, Figure 4l inset). EVs overall,
however, showed a right-shift in the cumulative probability distribution (main effect of
group, Fi28 =4.71, P = 0.039, bin x group interaction, Fso,40 = 4.40, P < 0.0001, Figure
41) and increase in the mean rise time relative to PBS (unpaired t-test, tzgs = 2.20, P =
0.036, Figure 4J). The cumulative distributions of SIPSC decay times (90-10%) were
significantly different between Air and CIE groups (bin x group interaction, Fzo,540 = 3.07,
P < 0.0001) and two-way ANOVA of all three groups also revealed a significant bin x
group interaction (Feo,s10 = 2.76, P < 0.0001, Figure 4K). Further investigation of this
interaction revealed that the CIE cumulative probability distribution was also significantly
different from PBS (main effect of group, F1.18 = 5.28, P = 0.034, bin x group interaction,
F30,540 = 4.59, P < 0.0001), while Air was not different from PBS (no main effect of
group, F1,18 = 0.26, P = 0.62, or bin x group interaction, F3o,540 = 0.27, P > 0.9999). All
three groups exhibited sIPSC event populations that were comprised of faster (~15 ms
on average)- and slower (>25 ms)-decaying events (Figure 4L). However, analysis of
normalized frequency histograms revealed that the Air group distribution was better fit
by a single Gaussian than a sum of two Gaussians (Extra Sum-of-Squares F-test, F3,19
= 2.29, P = 0.11), while the CIE group distribution was better fit as a sum of two
Gaussians (Extra Sum-of-Squares F-test, F3 19 = 43.64, P < 0.0001), as was PBS (Extra
Sum-of-Squares F-test, Fz 19 = 8.68, P = 0.0008). The best-fit (sum of two Gaussians)



curves for the CIE and PBS distributions were significantly different from each other
(Extra Sum-of-Squares F-test, Fs3s = 7.51, P < 0.0001). Thus, CIE EVs in particular
increased the relative frequency of slow-decaying sIPSC events. Although this effect of
CIE EVs did tend to increase the mean sIPSC decay time, group differences in mean
decay time (Figure 4M) were not at the level of statistical significance (1-way ANOVA,
F2.27=2.90, P = 0.07). The cumulative probability distributions of sIPSC inter-event
intervals did not differ between Air and CIE groups (no main effect of group, F121 =
0.0002, P = 0.98 or bin x group interaction, Fs2,672 = 0.08, P > 0.9999, Supplementary
Figure 2l inset). EVs overall did not alter the cumulative distribution of inter-event
intervals (no main effect of group, F1,34 = 0.22, P = 0.65 or bin x group interaction,
Fs2,1088 = 0.16, P > 0.9999, Supplementary Figure 2I), and the mean sIPSC frequency
for EVs overall was not significantly different than that of PBS (unpaired t-test, tss =
0.52, P = 0.61, Supplementary Figure 2J).

Finally, we calculated a measure of net synaptic drive (amplitude x frequency of
SEPSCs divided by amplitude x frequency of sIPSCs) for each recorded neuron
(Supplementary Figure 2K). There was no difference in synaptic drive between CIE
and Air groups (unpaired t-test, t21 = 0.36, P = 0.72) or EVs overall compared to PBS
(Welch-corrected unpaired t-test, tia.08 = 0.67, P = 0.51).

4. Discussion

The primary aim of the current study was to determine how CIE vapor exposure
impacted the RNA content of whole brain-derived EVs. We saw an array of changes in
MRNA and IncRNA expression within EVs which, when analyzed by WGCNA and gene
ontology, revealed changes in genes related to myelination, apoptosis,
neuroinflammation, and synapse organization. Male specific changes in genes
associated with glutamate receptor activity prompted us to functionally test the impact of
these EVs on neuronal function using electrophysiology. We determined that EV
application compared to PBS control exposure reduced sEPSC amplitude. Although no
changes in synaptic activity were observed when comparing control EV vs CIE vapor
EV exposure, we did observe time-related changes in synaptic transmission that
differed between the two EV groups.

Our findings that brain-derived EVs in general contain RNAs associated with
processes such as neuroinflammation, myelination, and apoptosis are consistent with
the current literature. BV2 microglia and primary astrocyte EVs both show increases in
proinflammatory related proteins following ethanol exposure which can compromise
neuronal survival when added to neuronal cultures3?33. Experiments in organotypic
brain slice cultures have yielded similar results, with application of EVs from ethanol
exposed cultures inducing neuroinflammation in naive cultures!®. Most studies exploring
the role of EVs in myelin damage have focused on demyelinating disorders. While
increases in neuroinflammation are thought to produce one of the greatest insults to
myelin®, EVs also contain many myelin associated proteins, such as myelin basic
protein and myelin oligodendrocyte glycoprotein®-88, whose changes in expression may
compromise myelin integrity®. Finally, the ability of EVs to induce apoptosis has been
primarily observed in the periphery. Studies have shown that peripherally released EVs
induce apoptosis through activation of both mitogen-activated protein kinase (MAPK)
and oxidative stress pathways®*°1, However, Lin et al., (2021) demonstrated that brain-
derived EVs can enter the blood stream and induce apoptosis in peripheral cells®?,
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suggesting that EVs from the CNS also possess the machinery to negatively impact cell
survival.

While the phenomena of neuroinflammation, myelin damage, and cell death have
all been studied in the context of AUD, and we identified significantly differentially
expressed modules related to each of these processes, it is unlikely that they are acting
independently. Changes in any one of these pathways can set off a cascade, negatively
impacting the rest. For instance, the release of proinflammatory cytokines such as
TNF-a and IFN-y induces apoptosis pathways, leading to cell death93-96,
Oligodendrocytes are one of the many cell types affected by this cascade®%7, and their
death results in myelin damage and demyelination®:°°, Additionally, activation of
immune pathways can independently induce myelin damage'®® and impact synaptic
function!®®. Ultimately, demyelination will compromise the ability of neurons to function
and negatively impact cellular communication and synaptic transmission2193, Qur data
suggests that EVs play in role in either inducing or perpetuating these damaging effects
of ethanol, but future studies are needed to unravel exactly how intercellular
communication by EVs controls these processes.

Acute and chronic ethanol treatment have been shown to elicit changes in glutamatergic
and GABAergic synaptic transmission in the NAc'%. Here, we used a technique that
allowed us to assess both forms of transmission in the same neuron, and in summary,
our findings indicated that EVs differentially impacted both excitatory and inhibitory
events. EV treatment affected SEPSC, but not sIPSC, amplitude and charge transfer.
CIE EVs, in particular, increased the probability of smaller amplitude sEPSC events and
reduced the average sEPSC amplitude, and EV treatment overall decreased the
average sEPSC charge transfer, relative to the PBS control treatment group. SEPSC
rise times were completely unaffected by EV treatment, and although the cumulative
probability distributions suggested that CIE EVs tended to prolong SEPSC decay times
relative to Air EVs, there was no statistically significant main effect across all three
treatment groups. In contrast, EVs overall prolonged sIPSC rise times, and the
distribution of sIPSC decay times was specifically altered in the CIE EV treatment
group, which had an increased probability of slower-decaying events. There were no
statistically significant group differences in the average event frequency for either
SEPSCs or sIPSCs, or in excitatory/inhibitory balance (synaptic drive). All together,
these findings indicate that EVs influence synaptic transmission in the NAc, and may do
so by regulating receptor trafficking and subunit composition at synapses.

The electrophysiology results are limited in several important ways. As part of
these experiments, we did not independently verify that EVs were taken up by the D1
MSNs. Despite this, we are confident that these cells were able to effectively internalize
the EVs, as multiple previous studies have demonstrated this phenomenon?5105.106,
Also, EVs may alter synaptic transmission on time scales that are outside the range in
which data was collected. Recent work by Vilcaes et al. (2021) has shown that GABA
release (IPSC frequency) in hippocampal neuron cultures can be augmented within 30-
60 minutes of application of neuronally-derived EVs'?’. This study showed that these
EVs contain synaptic vesicle-associated proteins, such as synaptobrevin, which
integrate into the presynaptic membrane and promote GABA release. Thus,
proteinaceous components of EVs could have altered synaptic activity prior to the
window of time in which our experiments were conducted. At present, the mechanisms
underlying our electrophysiology findings are unclear. The divergent effects on
excitatory versus inhibitory event amplitudes and kinetics, and effects by CIE EVs in
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particular, argues against the possibility that EVs generally disrupted channel function
through non-specific physical interactions. One possibility is that EVs exert control of
gene expression that leads to changes in synaptic transmission. Peng et al. (2021)
report that neuronally-derived EVs can alter expression of cytokines, such as
interleukin-10%. Interleukin-10, in turn, can regulate both GABA receptor kinetics 108109
and AMPA glutamate receptor trafficking''®. This suggests the intriguing hypothesis
that the observed effects of EV treatment on SEPSCs and sIPSCs could both be
mediated by EV-elicited regulation of cytokine expression and signaling. Our approach
was also limited in that we focused our investigation on NAcSh D1 MSNs. We focused
on NAcSh D1 MSNs because of our prior work showing that glutamate synapses in this
neuronal subtype, in this NAc subregion in particular, are altered by chronic ethanol
treatment®263, However, D2 MSNs are another major output pathway from the NAc and
future studies are necessary to understand whether EVs can influence synaptic
excitation or inhibition of these neurons. Finally, the downstream consequences of EV-
mediated regulation of NAc D1 MSN synapses are unclear. In MSNs, the relationship
between synaptic input and the intrinsic excitability, or overall output of the neuron, is
not straightforward, as MSNs can adjust their level of membrane excitability to
compensate for changes in synaptic input***.

While the primary focus of this research was the IncRNA content of EVs, many
other biomolecules may be altered following ethanol exposure. Evidence of microRNA
(miRNA) and circular RNA (circRNA) in EVs has been noted and these noncoding RNA
subtypes have the ability to alter cellular processes!'?!13, Indeed, we observed
significant changes in a number of EV miRNAs in response to CIE vapor treatment
(unpublished observations). Additionally, EVs are packaged with DNA, lipids, and
proteins, all of which have the potential to alter cellular function®’'?, Beyond the
alteration to biological processes, characterizing these changes may also allow for the
identification of circulating biomarkers for AUD. In fact, recent studies have already
begun this work, with a novel circRNA being identified in serum EVs and correlating
strongly with alcohol dependence!*“. Future studies should expand upon what we have
begun here and investigate changes in EV content of other biomolecules.

It is important to emphasize that EVs in this study were isolated from whole brain
tissue, which has the possibility to mask cell-type or brain region specific changes that
may be occurring. Additionally, EVs have the ability to cross the blood-brain-barrier't>-
117 so these EVs may have originated outside of the CNS. We know from previous
studies that the microRNA content of liver EVs is altered following alcohol exposure?®-3L,
Introduction of these EVs to ethanol naive monocytes sensitizes the monocytes
response to LPS?8, demonstrating the ability of EV cargo to change functional outcomes
of recipient cells. As discussed above, isolation of EVs from primary cell culture has
already indicated that the proinflammatory content of microglial and astrocyte EVs
increases following ethanol*”:'8. We observed a slight change in neuroinflammatory
gene expression in our results, but the findings may have been more robust had we
been able to determine the cell of origin for each EV. While the technology is still in its
infancy, methods to determine tissue and cell type of origin from heterogeneous EV
populations are being developed and will help researchers understand cell-specific
contributions to EV populations and how various cell-types change EV packaging and
release in response to perturbation®11°,

There are a few limitations of our study. First, the two CIE vapor treatments used
in these experiments are somewhat different. In addition to differing amounts of time
spent in the CIE vapor chambers, animals used as EV donors for electrophysiology
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experiments were pretreated with pyrazole +/- ethanol. We acknowledge that the two
treatment paradigms may produce distinct changes in CIE EV content and future
experiments should investigate how different ethanol exposures, as well as pyrazole
treatment, impact brain-derived EVs. Second, while we characterized our EVs using
NTA and EM and demonstrated the vesicles were of the expected size range and
shape, we did not determine which surface proteins these EVs expressed. It is possible
that vesicles from other organelles, such as Golgi, could co-purify with our EVs. Studies
employing a similar ultracentrifuge method, though, have shown that EVs collected
through this protocol do display classic EV protein markers®>120-122 Additionally, we did
not test non-EV containing supernatant in our electrophysiology experiments. Future
experiments would include this control to determine if a remaining soluble component in
the supernatant has the ability to impact cell firing. Finally, as part of these experiments,
we did not independently verify that EVs were taken up by the D1 neurons.

The experiments described here only begin to uncover how ethanol impacts EV
processing and how these EVs impact neuronal function ex vivo. An interesting line of
research to pursue in the future would be studying the effects of ethanol-primed EVs in
vivo. Many studies have demonstrated the feasibility of treating live rodents with EVs,
either through intracerebroventricular or intranasal administration, and that this
treatment has the ability to significantly alter behavior'?3-128, Some studies highlight the
ability of EVs to induce pathology in healthy animals, such as an increase in depressive-
like behavior in rodents who received EVs from patients with major depressive
disorder'?®. This is not always the case, as many studies also underscore the potential
benefits of EV administration, with attenuation of behaviors associated with autism?*?8,
Parkinson’s??4, and traumatic brain injury'?>1?7 observed following treatment. One study
by Ezquer et al. demonstrated that intranasal administration of mesenchymal stem cell-
derived EVs reduced ethanol consumption and oxidative stress in chronically drinking
animals?3. Understanding how treatment with ethanol primed EVs may impact
functional outcomes such as behavior, as well as unraveling the mechanisms by which
EVs may be used as a therapeutic for AUD, would greatly enhance our knowledge of
the disorder.

Our results indicate that CIE vapor exposure significantly alters EV content in a
manner that contributes to many of the negative consequences associated with AUD,
such as increases in neuroinflammation, changes in synaptic transmission, and cell
death. Results from this and future studies will contribute to our knowledge regarding
the perpetuation of AUD and associated consequences, such as synaptic organizational
changes and may lead to us to uncover new therapeutic targets for the treatment of this
disorder.

Supplementary Materials: The following are available, Figure S1: Nanopatrticle tracking analysis of
brain-derived extracellular vesicles from treatment group 2, Figure S2: Supplemental electrophysiological
results, Table S1: All probes detected in total RNA isolated from female brain-derived extracellular
vesicles, Table S2: Enrichr results for differentially expressed probe targets from female brain-derived
extracellular vesicles, Table S3: All probes detected in total RNA isolated from male brain-derived
extracellular vesicles, Table S4: Enrichr results for differentially expressed probe targets from male brain-
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male and female brain-derived extracellular vesicle, Table S6: Weighted gene co-expression network
analysis of total RNA isolated from female brain-derived extracellular vesicles, and Table S7: Weighted
gene co-expression network analysis of total RNA isolated from male brain-derived extracellular vesicles.
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Figure Legends

Figure 1. Extracellular vesicle (EV) characterization following chronic intermittent ethanol
(CIE) vapor exposure. (A) Representative Nanoparticle tracking analysis (NTA) trace
showing patrticle size distribution for CIE EVs isolated by differential ultracentrifugation.
(B) Electron microscopy image of CIE EVs. No significant change in brain-derived EV (C)
size or (D) concentration of diluted (1:1000) EVs following CIE vapor exposure compared
to air exposed controls as assessed by NTA. Data are mean + SEM; N = 6 males per

group.

Figure 2. Differentially expressed probe targets (DEPTs) from extracellular vesicle RNA
in response to chronic intermittent ethanol vapor exposure. Blue represents significantly
down-regulated DEPTs and red represents significantly up-regulated DEPTs. Volcano
plots represent (A) female mMRNA (393 downregulated; 800 upregulated), (B) female
IncRNA (635 downregulated; 1291 upregulated), (C) male mRNA (212 downregulated;
109 upregulated), and (D) male IncRNA (330 downregulated; 290 upregulated).

Figure 3. Venn diagrams comparing male and female differentially expressed probe
targets (DEPTSs) of EV RNA following chronic intermittent ethanol vapor exposure. Shown
here are results for up-regulated (across the top) and down-regulated (across the bottom)
MRNA (left) and IncRNA (right) DEPTs. Males are represented in blue and females in
pink. P-value represents significant overlap between male and female samples.

Figure 4. Effects of EVs on synaptic transmission in the NAc. (A) Representative
current traces showing spontaneous excitatory postsynaptic currents (SEPSCs)
recorded at -55 mV holding potential. (B) Cumulative probability distributions of SEPSC
amplitudes in 2.5 pA bins. (C) Mean sEPSC amplitudes. (D) Cumulative probability
distributions of SEPSC area (event charge transfer) in 25 pA*ms bins. (E) Mean sEPSC
areas (event charge transfer). (F) Cumulative probability distributions of SEPSC decay
times (90%-10%) in 1 ms bins. (G) Mean sEPSC decay times (90%-10%). (H)
Representative current traces showing spontaneous inhibitory postsynaptic currents
(sIPSCs) recorded at +10 mV holding potential. (1) Cumulative probability distributions
of sIPSC rise times (10%-90%) in 0.5 ms bins. (J) Mean sIPSC rise times (10%-90%).
Inset shows amplitude-normalized, averaged sIPSC traces from one neuron per group
overlaid and aligned at baseline. (K) Cumulative probability distributions of sSIPSC
decay times (90%-10%) in 2 ms bins. (L) Best-fit curves overlaid on each group’s
normalized probability distribution (histogram of binned data), with corresponding R?
values for each curve. Inset shows amplitude-normalized, peak-aligned, averaged
sIPSC traces for slow and fast-decaying events from one neuron per group. (M) Mean
sIPSC decay times (90%-10%). Bar graphs show individual data for each neuron
(circles) overlaid on group means = sem (bars). Cumulative probability distributions of
binned data show group means + sem. For all SEPSC data, group n’s (neurons/mice) =
13/5, PBS control, 12/5, Air, 11/6, CIE. For sIPSC data shown here, n’s (neurons/mice)



=10/5, PBS control, 10/5, Air, 10/6, CIE. When Air and CIE distributions did not differ
from each other they are shown in the panel insets using the same ranges of x- and y-
axes as the main panel, and the cumulative distributions of the pooled data from these
two groups are shown by the “EVs” plots in the main panels. Dashed lines are used to
indicate significance for 2-way ANOVAs comparing all three groups; solid lines are used
to indicate significance between two groups. *, **** P < 0.05, 0.0001, effect of group in
t-test, Tukey’s multiple comparisons, F-test, or 2-way ANOVA. ##, ###, ####, P < 0.01,
0.001, 0.0001, bin x group interaction in two-way ANOVA. {1, p <0.05, CIE vs. PBS for
the indicated bin, Tukey’s multiple comparisons.



Table 1. Top 10 differentially expressed probe targets in female brain-derived extracellular vesicle RNA samples
following chronic intermittent ethanol vapor exposure compared to air exposed controls.

Probe Name P-Value Fold Change Gene Symbol RNA Type
ASMM10P046336V4 0.00017791 2.403 AK155383 IncRNA
ASMMI0LNC1A107018953V4  0.00028268 2.495 Tcll IncRNA
ASMM10AP1B104860564V4 0.00047037 2.034 Ppp2r3a Protein coding
ASMMI0LNC1A100117190V4  0.00048895 2.704 AK149852 IncRNA
ASMM10P025479V4 0.00055746 2.454 AK149827 IncRNA
ASMM10AP1B113124604V4 0.00058461 2.926 Mkrn2 Protein coding
ASMM10AP1B111869791V4 0.00061308 2.293 Slc13a4 Protein coding
ASMM10AP1B100182324V4 0.00062297 2.291 Salll Protein coding
ASMMI10AP1B100182324V4 0.00063632 3.114 4930588G17Rik IncRNA
ASMMI0LNC1A102689698V4  0.00064908 2.025 Denndlc IncRNA




Table 2. Biological processes differentially regulated in female brain-derived extracellular vesicles.

# DE/# P-Value

ID Name in
category
GO:1904749  regulation of protein localization to nucleolus 4/8  1.59E-04
GO:0086005  ventricular cardiac muscle cell action potential 5/18  5.74E-04
GO:0032479  regulation of type I interferon production 10/89 0.00301396
GO:0032467  positive regulation of cytokinesis 4/17 0.00331605
GO:0010881 regulation of cardiac musc.le co.ntraction by regulation of the 2/17 0.00405731
release of sequestered calcium ion
GO:0008016  regulation of heart contraction 10/93 0.00415098
GO:0006513  protein monoubiquitination 6/39 0.00434833
GO:0060307 regulati'on .of ventricular cardiac muscle cell membrane 4/18 0.00505262
repolarization
GO:0045216  cell-cell junction organization 9/82  0.00558606
GO:0086002  cardiac muscle cell action potential involved in contraction 5/31 0.00738909




Table 3. Top 10 differentially expressed probe targets in male brain-derived extracellular vesicle RNA samples
following chronic intermittent ethanol vapor exposure compared to air exposed controls.

Probe Name P-Value Fold Change Gene Symbol RNA Type
ASMMI10LNC1A100177954V4  0.00054982 2.053 Brd8 IncRNA
ASMMI0LNC1A100857462V4  0.00118685 1.708 Casz1 IncRNA

ASMM10AP1B100291592V4 0.00164889 0.535 Sgce Protein coding
ASMM10P051674V4 0.00209351 2.366 AKO087646 IncRNA
ASMMI0LNC1A100084059V4  0.00216183 1.862 Hspbp1 IncRNA

ASMM10AP1B121362660V4 0.0021792 0.561 Snx14 Protein coding
ASMMI0LNC1A105141278V4  0.00299041 0.617 4933427122Rik IncRNA
ASMMI0LNC1A106516188V4  0.00327777 1.712 9930038B18Rik IncRNA
ASMMI0LNC1A111657709V4  0.00360722 1.494 9930014A18Rik IncRNA
ASMM10P050132V4 0.00371942 0.638 AK027997 IncRNA




Table 4. Biological processes differentially regulated in male brain-derived extracellular vesicles.

# DE/# P-Value

ID Name in
category
GO:0005007  fibroblast growth factor-activated receptor activity 4/8  1.59E-04
GO:0080025  phosphatidylinositol-3,5-bisphosphate binding 5/18  5.74E-04
GO:0015079  potassium ion transmembrane transporter activity 10/89 0.00301396
GO:0070697  activin receptor binding 4/17 0.00331605
GO:0031690  adrenergic receptor binding 2/17 0.00405731
GO:0046982  protein heterodimerization activity 10/93 0.00415098
GO:0005267  potassium channel activity 6/39 0.00434833
GO:0030506  ankyrin binding 4/18 0.00505262
GO:0008066  glutamate receptor activity 9/82  0.00558606
G0O:1902936  phosphatidylinositol bisphosphate binding 5/31 0.00738909




Table 5. Differentially expressed modules in female brain-derived extracellular vesicle RNA following chronic
intermittent ethanol exposure as identified by weight gene co-expression network analysis.

Module Name P-Value Size Change
FM_9 7.47E-197 1385 Up-regulated
FM_14 3.20E-119 1018 Up-regulated
FM_7 4.01E-118 1697 Up-regulated
FM_1 8.27E-105 12,547 Down-regulated
FM_17 2.86E-57 770 Up-regulated
FM_13 4.45E-55 1103 Up-regulated
FM_3 3.89E-33 2012 Down-regulated
FM_19 1.73E-31 655 Down-regulated
FM_0 1.20E-29 1182 Up-regulated
FM_18 2.96E-13 709 Up-regulated
FM_11 5.45E-08 1258 Up-regulated
FM_10 5.59E-05 1321 Up-regulated

FM_8 0.04565968 1569 Down-regulated




Table 6. Differentially expressed modules in male brain-derived extracellular vesicle RNA following chronic
intermittent ethanol exposure as identified by weight gene co-expression network analysis.

Module Name P-Value Size Change
MM_28 2.75E-135 582 Up-regulated
MM_19 3.10E-121 870 Down-regulated
MM_14 1.12E-52 1096 Up-regulated
MM_25 8.40E-51 701 Down-regulated
MM_31 2.77E-22 489 Down-regulated

MM_2 1.21E-21 2414 Up-regulated
MM_5 5.75E-21 1747 Down-regulated
MM_0 4.43E-20 1464 Down-regulated
MM_33 3.95E-06 465 Down-regulated
MM_13 0.00103725 1098 Up-regulated
MM_20 0.04121716 859 Up-regulated
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Highlights:
e CIE exposure leads to changes in RNA cargo of brain-derived extracellular vesicles
e LncRNA showed greater changes than mRNA following ethanol exposure

e RNA changes were related to neuroinflammation, myelination, and cell death
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