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Neurobiology of Disease

Alcohol Increases Exosome Release from Microglia to
Promote Complement Clq-Induced Cellular Death of
Proopiomelanocortin Neurons in the Hypothalamus in a Rat
Model of Fetal Alcohol Spectrum Disorders
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Microglia, a type of CNS immune cell, have been shown to contribute to ethanol-activated neuronal death of the stress regu-
latory proopiomelanocortin (POMC) neuron-producing f-endorphin peptides in the hypothalamus in a postnatal rat model of
fetal alcohol spectrum disorders. We determined whether the microglial extracellular vesicle exosome is involved in the etha-
nol-induced neuronal death of the f-endorphin neuron. Extracellular vesicles were prepared from hypothalamic tissues col-
lected from postnatal rats (both males and females) fed daily with 2.5 mg/kg ethanol or control milk formula for 5d or from
hypothalamic microglia cells obtained from postnatal rats, grown in cultures for several days, and then challenged with etha-
nol or vehicle for 24 h. Nanoparticle tracking analysis and transmission electron microscopy indicated that these vesicles had
the size range and shape of exosomes. Ethanol treatments increased the number and the f-endorphin neuronal killing activity
of microglial exosomes both in vivo and in vitro. Proteomics analyses of exosomes of cultured microglial cells identified a
large number of proteins, including various complements, which were elevated following ethanol treatment. Proteomics data
involving complements were reconfirmed using quantitative protein assays. Ethanol treatments also increased deposition of
the complement protein Clq in f-endorphin neuronal cells in both in vitro and in vivo systems. Recombinant Clq protein
increased while Clq blockers reduced ethanol-induced C3a/b, C4, and membrane attack complex/C5b9 formations; ROS pro-
duction; and ultimately cellular death of f-endorphin neurons. These data suggest that the complement system involving
C1q-C3-C4-membrane attack complex and ROS regulates exosome-mediated, ethanol-induced f-endorphin neuronal death.
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Neurotoxic action of alcohol during the developmental period is recognized for its involvement in fetal alcohol spectrum disor-
ders, but the lack of clear understanding of the mechanism of alcohol action has delayed the progress in therapeutic intervention
of this disease. Proopiomelanocortin neurons known to regulate stress, energy homeostasis, and immune functions are reported
to be killed by developmental alcohol exposure because of activation of microglial immune cells in the brain. While microglia are
known to use extracellular vesicles to communicate with neurons for maintaining homeostasis, we show here that ethanol expo-
sure during the developmental period hijacks this system to spread apoptotic factors, including complement protein Clgq, to
induce the membrane attack complex and reactive super-oxygen species for proopiomelanocortin neuronal killing. /
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Introduction

Fetal alcohol spectrum disorders (FASDs) indicate a range of
maladies caused by chronic alcohol exposure during pregnancy.
It is documented that there are ~2%-5% of children born in the
United States with FASD, and its prevalence is higher among low
socioeconomic populations (May et al., 2018). The individuals
with FASD show a broad spectrum of defects comprising definite
physical, cognitive, psychomotor, behavioral, learning disabil-
ities, and stress hyperactivity, and sometimes they may require
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long-term support (Sarkar et al., 2019; Wozniak et al., 2019).
Previous research shows that prenatal ethanol exposures in pre-
clinical models, during second- and third-trimester-equivalent
periods of brain development, decrease brain weight (Maier et
al., 1999a,b) and reduce the number of hippocampal neurons
(Miller, 1995), cortical neurons (Jacobs and Miller, 2001), cere-
bral granule and Purkinje neurons (Maier et al, 1999a), and
hypothalamic neurons (De et al., 1994). Within the hypothala-
mus, proopiomelanocortin (POMC) neurons that are known to
regulate the hypothalamic, pituitary, and adrenal axis, energy ho-
meostasis, and immune functions are reported to be susceptible
to the adverse effects of fetal alcohol exposure (Sarkar et al.,
2007; Hellemans et al., 2008). A large number of POMC neurons
have been shown to undergo apoptotic cell death during prenatal
alcohol exposure (Chen et al., 2006). The mechanism by which
POMC neurons experience apoptosis following alcohol exposure
is not completely understood. The involvement of microglia in
ethanol’s neurotoxic action in the fetal and adult brain has been
determined by several researchers (Narita et al., 2007; Toyama et
al., 2008; Crews and Nixon, 2009; Fernandez-Lizarbe et al., 2009;
Boyadjieva and Sarkar, 2010; Shrivastava et al., 2017). These
studies reported that activated microglia release neurotoxic cyto-
kines or chemokines that might be responsible for neuronal
damage. In addition, it has been shown that inflammatory cyto-
kines are released from microglia in small extracellular vesicles
(Bianco et al., 2005). Two of the most studied extracellular
vesicles are exosomes (released to the extracellular space through
exocytosis) and microvesicles (generated by budding and shed
into the extracellular environment) (El Andaloussi et al., 2013;
Iraci et al., 2016). Exosomes are small-membrane vesicles (rang-
ing from 30 to 150 nm) comprised of a lipid bilayer, transmem-
brane proteins, and cytosolic components derived from their
host cells. Once formed, exosomes can travel to nearby or distant
cells and be taken up through a number of mechanisms, includ-
ing membrane fusion, receptor-mediated endocytosis, and phag-
ocytosis (Mulcahy et al., 2014). Once exosomes enter the target
cell, their cargo is released into the cytoplasm and can alter cellu-
lar homeostasis. This form of signaling allows cells to communi-
cate with each other via exosomes. Exosomes are known to
transfer different biomolecules between cells, including proteins,
lipids, and RNAs (van Niel et al., 2006). Moreover, the exosomes
have been shown to carry mRNAs and microRNAs and are
thereby capable of transferring genetic information between
cells. In the CNS, exosomes can be released from all cell types,
including microglia, oligodendrocytes, and neurons. It was pro-
posed that the exosomes may contribute to the physiology of the
nervous system and to the neuron-glia communication (Turola
et al,, 2012; Prada et al,, 2013). Although neurons and microglia
are known to be rich producers of exosomes, the role of exo-
somes in neuron-glial responses to ethanol-induced pathologic
stress is unknown (Janas et al., 2016; Morton et al., 2018; Tseng
et al., 2019). For this reason, we determined whether postnatal
alcohol exposure (PAE) induces apoptosis of B-endorphin neu-
rons through the release of proapoptotic exosomes from micro-
glia. Therefore, we evaluated the role microglial activation played
in the activity and cargo of hypothalamic exosomes. Since pro-
teomics analysis of exosomal extracts from ethanol-activated
microglia identified a large number of complement proteins,
including Cl1q, we also determined whether and how Clq con-
tributed to the exosome-mediated killing of p-endorphin
neurons.
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Materials and Methods

Animals

Adult Sprague Dawley rats were obtained from Charles River
Laboratories. All animals were kept under standard lighting conditions
(12 h lights on; 12 h lights off) and provided rodent chow and water ad
libitum. These rats were bred to generate neonatal animals, which were
used in this study. Animal care and treatment were performed in accord-
ance with institutional guidelines, and protocols were approved by the
Rutgers Institutional Animal Care and Facilities Committee and com-
plied with National Institutes of Health policy.

In vivo studies

Postnatal rat pups (PND2; both sexes) were fed by gavage a milk formula
containing 11.34% ethanol (v/v; 0.1-0.2 ml/animal; during a period of
1 min), yielding a total daily ethanol dose of 2.5 g/kg (AF), or isocaloric
control (PF), or they were left in the litter with their mother (AD) as
described by us previously (Shrivastava et al, 2017; Chastain et al,
2019). Gavage feeding was conducted at 10:00 A.M. and 12:00 P.M. from
PND2 to PND6. After feeding, these pups were immediately returned to
the litter. Additionally, some animals were treated subcutaneously with
minocycline (45 pg/kg; 1 h before the first feeding) or CINH, (SRP3318,
100 U/kg; 1 h before the first feeding). All of these drugs were purchased
from Sigma Millipore. CINH was reconstituted in water to a concentra-
tion of 100 U/kg of body weight and was used for subcutaneous injection
(50-60 pl according to the pup’s body weight was administered by using
a BD insulin syringe with a 31 G needle, which was placed between the
skin layers and the muscle to create a virtual space by lifting the
skin). Two hours after the last feeding on PND6, some of the pups
were transcardially perfused with 4% PFA, postfixed overnight, cry-
oprotected in 30% sucrose, and cut into 30 um coronal sections for
immunohistochemistry. Additional pups were killed, and the medi-
obasal hypothalamus (MBH; the mediobasal portion of the hypo-
thalamus extended ~1 mm rostral to the optic chiasma and just
caudal to the mammillary bodies, lateral to the hypothalamic sulci,
and dorsal to 2 mm deep) was collected for exosome preparation for
measurement of protein measurement.

Primary microglial culture

In vitro studies were conducted using microglial cells. These cultures
were prepared using the PND1 rat pups’ hypothalami (both sexes) using
the method described by us previously (Boyadjieva and Sarkar, 2013).
Cells were plated in T25 flasks (1 x 10° cells/flask). Cultures were fed ev-
ery 4d with DMEM/MEM/Hams F12 in a 4:5:1 ratio with 10% FBS and
an antibiotic solution (100 U/ml penicillin, 100 ug/ml streptomycin, and
250 ng/ml amphotericin B). To confirm the purity of isolated microglia
cells, the culture was stained with IBA-1, a microglial marker, or the
astrocyte marker GFAP and visualized under microscope. The isolated
microglia cultures were 99% IBA1-positive cells considered as pure
microglial culture. Before treatment, microglial cells were fed with
DMEM/MEM/Hams F12 containing serum supplement (30 nm sele-
nium, 20 nM progesterone, 1 uM iron-free human transferrin, 100 um
putrescine, and 5 ug/ml insulin). Microglial cells were treated with vari-
ous doses of ethanol (25-100 mm) or vehicle for 24 h. In some experi-
ments, microglial cells were treated with 10 um GW4869 with or without
50 mm ethanol or vehicle (control) for 24 h. The conditioning medium
was harvested for exosome isolation. All chemicals were purchased from
Sigma Millipore.

Primary POMC/ 3 -endorphin neuronal culture

Enriched B -endorphin neuronal cultures were prepared by differentia-
tion of neural stem cells in vitro by the methods described by us previ-
ously (Sarkar et al., 2008). In brief, pregnant rats of the Sprague Dawley
strain at 16-18 d of gestation were killed, and the fetuses were removed
by aseptic surgical procedure. Brains from the fetuses were immediately
removed, and hypothalami were dissected out and placed in ice-cold
Hanks balanced salt solution containing an antibiotic solution, 0.1%
BSA, and 200 um ascorbic acid (all from Sigma Millipore). The hypo-
thalamic cells were dissociated using mechanical procedures (De et al.,
1994), washed, and then incubated at 37°C for 5min using the same
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medium. Neurons were separated from glial cells by filtering mixed
hypothalamic cells through a 48 um nylon mesh. Hypothalamic cells
were then sedimented at 400 x g for 10 min, pellets were resuspended
in HEPES-buffered DMEM (HDMEM, 4.5 g/L glucose), and cells were
cultured into polyornithine (100 ug/ml)-coated 25 cm® tissue culture
flasks (3 million cells/flask) in HDMEM-containing 10% FBS and 1%
penicillin/streptomycin. On day 2, the medium was replaced with
HDMEM-containing 10% FBS, 33.6 ug/ml uridine, and 13.2 ug/ml 5-
fluorodeoxyuridine (Sigma Millipore) to stop the overgrowth of astro-
glial cells. On day 3, the culture medium was replaced with HDMEM-
containing serum supplement with antibiotics. Cells were maintained
for the next 2d with this medium. By this time, these cultures were
~85%-90% neurons, as determined by MAP-2 positivity. Enriched
hypothalamic neurons were maintained in HDMEM containing 10%
FBS for 3 weeks. Cells were trypsinized and cultured weekly. By the be-
ginning of the third week, many neurospheres started to develop. These
spheres were separated and dissociated into single cells using trypsin/
EDTA (Sigma Millipore) solution and cultured in poly-L-ornithine—
coated 24-well plates (20,000 cells/well) in stem cell medium (DMEM-F-
12, LIF, 0.1 mg/ml; L-glutamine, 10 mum; rat bFGF), 20 ng/ml; MEM
amino acid solution, 0.5%; all of the chemicals were from Sigma
Millipore, except bFGF, which was obtained from R&D Systems). Cells
were cultured for a period of 2 weeks. These cells grew and developed
secondary neurospheres. These neurospheres were then differentiated by
treating them for 7 d with pituitary adenylate cyclase activating peptide
(10 um; SynPep) and dibutyryl cAMP (um; Sigma Millipore) and then
maintaining them in HDMEM-containing serum supplement and anti-
biotics without the drugs for 1 week. These differentiated cells were all
stained for POMC-derived peptide 3 -endorphin.

Exosome preparation from microglial culture media

Microglia (1 X 10° cells/flask) were treated with ethanol (50 mm) or with
vehicle. After 24 h of incubation, the cell culture media was harvested,
centrifuged at 2000 x g for 30 min to remove cells and debris, and the su-
pernatant containing the cell-free culture media was then transferred to
a new tube and also strained by a 0.2 um filter. Cell-free culture media
were then centrifuged again at 300 x g and 3000 x g for 10 min and then
at 10,000 x g for 30 min. The exosome isolation reagent (500 pl) from
Invitrogen (catalog #4478359) was then added to 1 ml of cell-free culture
media. The cell-free culture media and reagent mixture were thoroughly
mixed by vortexing or pipetting up and down until it became a homoge-
neous solution. The mixture was then incubated at 4°C overnight. After
incubation, the mixture was centrifuged at 10,000 x g for 1 h at 4°C. The
supernatant was then aspirated and discarded from the tube. The exo-
somes were present in the pellet at the bottom of the tube. The pellet was
resuspended in 100 pl of 1x PBS. The resuspended pellet was used for
downstream analysis.

Exosome preparation from MBH tissue

Rat MBH, as previously described with modifications (Shrivastava et al.,
2017), were dissected and placed in cold HBSS media (Sigma Millipore).
Then MBH were mechanically dissociated in 5 ml syringes using 18-
gauge needles followed by 21-gauge needles. The homogenate was fil-
tered through 40 um cell strainers and then centrifuged at 3000 x g for
10min at 4°C to remove cellular debris. Each supernatant was then
passed through a 0.2 um filter. Next, the samples were centrifuged seri-
ally at 4°C: 300 x g for 10 min, 2000 x g for 10 min, and at 10,000 x g
for 30 min. An equal amount of Exosome Isolation Reagent (Thermo
Fisher Scientific) was added to each supernatant and incubated over-
night at 4°C. On the next day, the mixtures were centrifuged at 10,000
x g for 60 min at 4°C and the exosome pellets were collected. The pellets
were suspended in 50 pl PBS; and two equal aliquots were prepared: one
for Western blot and one for CD13 aminopeptidase activity assay, trans-
mission electron microscopy (TEM), and nanoparticle tracking analysis.
For Western blot, resuspended exosomes were prepared in Exosome
Resuspension Buffer (Total Exosome RNA and Protein Isolation Kit,
Thermo Fisher Scientific). Nanoparticle tracking analysis was performed
on intact exosomes using a NanoSight Range (NanoSight) equipped
with a 405 nm laser and an automatic syringe pump system.
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Western blot analysis of various proteins

The exosomes (20 ug total protein) from different treatment groups
were separated by 4%-20% SDS-PAGE and transferred overnight to
immobilon-P PVDF membranes. Membranes were incubated with pri-
mary antibody for CD63 (1:200; MX-49.129.5; sc-5275, Santa Cruz
Biotechnology), CD13 (1:200; D6VIW, Cell Signaling Technology),
cytochrome ¢ (1;200; D18C7, Cell Signaling Technology), GM130
(1:100, SC55590, Santa Cruz Biotechnology), calnexin (1:200; C5C9, Cell
Signaling Technology), HSP70 (1:1000; 5A5; ab2787, Abcam), or CD9
(1;2000; EPR2949, ab92726, Abcam) for 18 h at 4°C in blocking buffer.
Membranes were then washed and incubated with peroxidase-conju-
gated secondary antibody (1: 5000) for 1 h. Afterward membranes were
washed and then incubated with ECL Western blot chemiluminescence
reagent (Pierce). Membranes were exposed to X-ray films and developed
using X-Ray developer. The protein band intensities were determined by
Image Studio Lite (LI-COR Biotechnology). We added an equal amount
of protein lysate from each group. We did not use other exosome marker
protein levels as loading control because it has been shown that the levels
of CD63, HSP70, and CD9 are altered in different experimental condi-
tions (Chettimada et al., 2018; Crenshaw et al., 2019). We presented the
level of protein value as a ratio of corresponding band intensities of
control.

Nanosight analysis of exosomes

The Nanosight LM10 was used to analyze the size distribution and con-
centration of exosomes. The exosome samples were diluted at 1/200
with PBS and were injected in the sample chamber with sterile syringes
(BD Discardit II) until the liquid reached the tip of the nozzle. This
unique technology utilizes the properties of both light scattering and
Brownian motion to obtain the size distribution and concentration mea-
surement of particles in liquid suspension. A laser beam is passed
through the sample chamber, and the particles in suspension in the path
of this beam scatter light in such a manner that they can easily be visual-
ized via a 20x magnification microscope onto which a camera is
mounted. The camera operates at 30 frames per second, capturing a
video file of the particles moving under Brownian motion. The software
tracks many particles individually and, using the Stokes-Einstein equa-
tion, calculates their hydrodynamic diameters. All measurements were
performed at room temperature.

TEM

Exosome samples were prepared for TEM inspection as described previ-
ously. Briefly, exosomes were mounted on copper grids (FCF400-Cu-50
Formvar/Carbon 400 Mesh, Cu from Electron Microscopy Sciences) and
then fixed by 1% glutaraldehyde in cold DPBS for 5 min to stabilize the
immunoreaction. It was then washed in sterile distilled water and con-
trasted by uranyl-oxalate solution at pH 7 for 5 min. Finally, it was em-
bedded by methyl cellulose-UA for 10 min on ice. A JEOL 1010 TEM
was used to image exosome samples at a voltage of 80kV.

Measurement of exosome activity

Aminopeptidase activity assay: Exosomes were mixed with 50 mm of leu-
cine-p-nitroaniline (Sigma Millipore) in a 96-well plate (20 ug/ml total
exosomal protein in 150 ml of PBS/well). The release of p-nitroaniline at
60 min intervals was used to follow aminopeptidase activity by meas-
uring the absorbance at 405 nm.

Total MMP?2 assay

A rat MMP-2 ELISA kit was used to detect total MMP2 concentration in
exosomes released from microglia treated with different doses of ethanol.
This ELISA kit detects MMP-2 and includes zymogen and active
enzymes.

In vitro labeling of exosomal membrane components

We used BODIPY TR ceramide (Invitrogen) to stain exosomal mem-
branes; 1 pl of the dye stock solution was added to the 100 pl exosomes
containing solution to obtain a final dye concentration of 10 um. The
mixture was then incubated at 37°C for 20 min. Exosome spin columns
(MW 3000), (Thermo Fisher Scientific) were used to remove the excess
unincorporated dye from the labeled exosomes.
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Immunohistochemistry for 8 -endorphin

Serial coronal sections of perfused brains were made using a Leica cryo-
stat at 30 um in thickness from stereotaxic plates 19 to plates 23 (bregma
—2.3 to —4.3 mm) spanning the arcuate nucleus. Perfused sections were
mounted on Superfrost Plus glass slides (VWR) containing one AD, one
PF, and one AF brain section. The sections were washed in PBS twice
followed by antigen retrieval in citrate buffer, pH 6.2, at 100°C for
10 min. After two washes in PBS-T (0.05% Triton-X), the sections were
incubated in blocking buffer (2.5% normal horse serum in PBS-T) at
room temperature for 30 min. The sections were subsequently incubated
overnight at 4°C with the rabbit anti- 8-endorphin (1:1000; Peninsula
Laboratories). After the primary antibody incubation, samples were
washed in PBST, and then sections were incubated with an AlexaFluor-
488 donkey anti-rabbit secondary antibody (1:500; Thermo Fisher
Scientific). Sections were mounted with DAPI (Vector Laboratories) and
sealed with nail polish. To evaluate the immunohistochemical staining
intensity, animals in each experimental group were photographed using
a Nikon-TE 2000 inverted microscope (Nikon Instruments). Cell count-
ing was quantified using ImageJ software (National Institutes of Health).

Tracing uptake of the labeled exosomes by B-endorphin neurons

A 1-well chamber slide system (Thermo Fisher Scientific) was used for
this study, and ~5 x 10* B-endorphin cells were grown in each well.
Fluorescently labeled exosomes (5 x 107 particles/well) were then added
to the recipient cells and incubated at 37°C for 30 min to 3 h. The cells
were then fixed with 4% PFA and stained with B-endorphin antibody
using immunohistochemistry procedures.

Proteomic analysis

SDS-PAGE of exosomal protein gel loading. First, 50 mm DTT was
added to exosome samples (10 ug) from different microglia culture
groups and heated at 95°C for 5 min. Samples were then cooled to room
temperature and centrifuged for 5 min at 25,000 x g. Then 35 ul of sam-
ple was loaded to gel (Nupage Novex, 10% Tris glycine gel, 1.5 mm
thick) and run into gel at ~1 cm at 100 V. The gel was stained with 0.1%
Coomassie Brilliant Blue R250 in 7% acetic acid and 35% methanol, and
destained with destain buffer (7% acetic acid, 30% ethanol). The band
was cut out, and we performed in-gel digestion: Each gel band was sub-
jected to reduction with 10 mm DTT for 30 min at 6°C, alkylation with
20 mMm iodoacetamide for 45 min at room temperature in the dark, diges-
tion with trypsin (sequencing grade, Thermo Fisher Scientific, catalog
#90058), and incubated overnight at 37°C. Peptides were extracted twice
with 5% formic acid and 60% acetonitrile and dried under vacuum.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Samples were then analyzed by LC-MS using Nano LC-MS/MS (Dionex
Ultimate 3000 RLSC nano System) interfaced with QExactive HF.
Samples were loaded onto a self-packed 100 um X 2cm trap (Magic
C18AQ, 5pum 200 A, Michrom Bioresources) and washed with loading
Buffer A (0.1% trifluoroacetic acid) for 5min with a flow rate of 10 pl/
min. The trap was brought in-line with the analytical column (Magic
C18AQ, 3 um 200 A, 75 pm x 50 cm) and peptides were fractionated at
300 nl/min using a segmented linear gradient: 4%-15% B in 30 min
(where A: 0.2% formic acid, and B: 0.16% formic acid, 80% acetonitrile),
15%-25% B in 40min, 25%-50% B in 44min, and 50%-90% B in
11 min. Solution B then returned at 4% for 5 min for the next run.

Mass spectrometry data were acquired using a data-dependent acqui-
sition procedure with a cyclic series of a full scan acquired in Orbitrap
with resolution of 120,000 followed by MS/MS (HCD relative collision
energy 27%) of the 20 most intense ions and a dynamic exclusion dura-
tion of 20 s. The peak list of the LC-MSMS was generated by Thermo
Proteome Discoverer (version 2.1) into MASCOT Generic Format and
searched against the rat ensembl database (version 6), plus a database
composed of common laboratory contaminants using an in-house ver-
sion of X!Tandem (GPM Furry) (Craig et al., 2004). Search parameters
are as follows: fragment mass error: 20 ppm, parent mass error: =7 ppm;
fixed modification: carbamidomethylation on cysteine; flexible modifica-
tions: oxidation on methionine; and protease specificity: trypsin (C-ter-
minal of R/K unless followed by P), with 1 miss-cut at preliminary
search and 5 miss-cut during refinement. Only spectra with log <2 were
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included in the final report. To identify differences in protein abundance
between different groups (control, ethanol-treated groups), protein spec-
tral count (PSC) data were normalized by dividing the raw PSC for an
individual protein (GAPDH or actin) by the total PSCs generated from
within that sample. Zero values were replaced with 1 to avoid fallacies
related to division by zero. Log, ratios were calculated for individual pro-
teins across all groups: log, ratio = log, (normalized E/normalized C
PSC). To determine differences between PSCs from different groups,
Student’s ¢ tests were performed using mean PSCs over all groups. We
focused our subsequent analyses on proteins with a p value of <0.05.

Bioinformatics analysis. The proteomic dataset, which included
NCBI Genelnfo identifiers, log, ratios, and p values for each identified
protein, was input into Ingenuity Pathway Analysis (IPA) using the core
analysis platform (Ingenuity Systems). The core analysis matched the
proteins in our dataset with those in the Ingenuity Knowledge Base. The
analysis also created molecular networks, divided the data into biological
functions that were overrepresented in the dataset, and determined over-
represented canonical pathways. The unmapped proteins were excluded
from further analysis. The core analysis was performed by using default
settings. The default settings considered the direct and indirect relation-
ships between the molecules supported by experimentally observed data
and the networks that did not exceed 35 molecules. A cutoff log, ratio of
>1.0 and <1.0 (twofold change in abundance) and a p value cutoff of
0.05 were applied. The priority lists were generated for enriched molecu-
lar networks, biological functions, canonical pathways, differentially
abundant proteins, and predicted upstream regulators. Each network
was scored based on the number of mapped proteins in the network, its
size, the number of mapped proteins in the dataset, and the number of
proteins in the Ingenuity Knowledge Base that could be included in the
network. Score values were calculated from hypergeometric distribution
and the right-tailed Fisher’s exact test. IPA also predicted potential
upstream regulators of the proteins in our dataset, which were desig-
nated activated or inhibited based on a Z score, a statistical measurement
of differential expression based on the log, ratio, the p value, and the sta-
tistical effect size.

Apoptosis studies

During experimentation, 3-endorphin cells were cultured (5 x 10*/well)
in a 6-well plate in a neuronal medium for 2d. The cells were then
exposed to medium containing exosomes (~5 x 107 particles/well) iso-
lated from microglia and activated with or without ethanol or vehicle for
a period of 24 h. The cells were then lysed with nucleosome lysis buffer
and used for nucleosome assay using the ELISA kit (Sigma Millipore,
catalog #11774425001) for determination of B-endorphin neuronal
apoptosis.

Complement levels in exosomes

A Rat Complement C3 ELISA kit (ab157731, Abcam) was used to quan-
tify C3 in exosomes. Rat Complement Clq, C2, and C4 (catalog
#EKU09022, EKU08453, and EKU03393) ELISA kits (Biomatik) were
used to quantify Clq, C2, and C4 levels in exosomes. The manufacturer
protocol was followed to perform the ELISA.

Complement blocking activity of anti-Clq monoclonal antibody

Monoclonal anti-Clq antibody [JL-1] (ab71940; 1:25 dilution) was
added to the SB-endorphin cells (5 x 10%/well in 6-well plate) 30 min
before the activation with exosomes (5 x 107 particles/well) from differ-
ent culture groups (C and E). The nucleosome assay was done to detect
apoptosis after 24 h of incubation with both the antibody and exosomes.

Clq deposition on -endorphin neuron

Monoclonal anti-Clq antibody [JL-1] (ab71940) was used to detect the
level of C1q deposition in exosome-treated 3 -endorphin neurons in cul-
tures. -endorphin cells were incubated with exosomes from control
and microglial cell cultures for 2 h. The cell culture slides were then fixed
in 4% PFA for 30 min and then underwent double-labeled immunocyto-
chemistry. Fluorescent images were captured with a Cool SNAP-pro
CCD camera coupled to a Nikon-TE 2000 inverted microscope. Images
were processed with Adobe Photoshop 7.0.
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Flow-cytometric analysis of downstream signaling proteins of Clq in
B-endorphin neurons, treated with ethanol-activated microglial exo-
somes or recombinant Clq

B -Endorphin cells were cultured (5 x 10*/well) in a 6-well plate in neu-
ronal medium for 2 d. The cells were then exposed to medium contain-
ing exosomes (~5x 107 particles/well) isolated from microglia,
activated with or without ethanol or vehicle or C1Q protein (500 ng) for
a period of 2 h. Fluorescence intensity was measured using a BD Accuri
C6 Flow Cytometer (Beckman Coulter). Five thousand events were read
for each sample, and data were analyzed using the C6 Accuri software.
Fluorochrome-labeled antibodies (Santa Cruz Biotechnology, C5b-9
antibody, 2A; AlexaFluor-488 C3a/b antibody, 11H9; AlexaFluor-488
CD55 antibody,143-3, PE item sc-21769 PE and C4 antibody, 16 D2;
FITC, item sc-58930 FITC) were used during the analysis. Flow cytomet-
ric gates were set using unstained cells with the forward scatter and side
scatter plot, and labeled cells were read on the FL-1A (488 nm) and FL-
2A (545/40 nm) channel. The median fluorescent intensity values of pos-
itively labeled cells were expressed as = SEM for each sample. The data
were normalized in this way to account for variation in fluorescent
intensities between batches.

Detection of ROS in 3-endorphin neurons

The cellular ROS production was measured by determining the rate of
H,0, production using the CM-H2DCFDA fluorescent probe. The mi-
tochondrial ROS production was measured by determining mitochon-
drial superoxide production using the MitoSOX red fluorescent probe.
[ -endorphin cells (5 x 10%/well) were grown in 96-well clear-bottom
black plates for 2 d. On day 3, the cells were treated with medium con-
taining exosomes (1 x 10° particles/well) isolated from microglia, acti-
vated with or without ethanol (50 mwm), vehicle, or Clq protein (50 ng)
for a period of 2 h and with H,O, (40 um) for 30 min. In some cultures,
ROS activity was blocked using 10 uM N-acetyl-L-cysteine (NAC). Cells
grown in multiwell plates were washed twice with PBS to remove the
medium, and then 0.5 ml of measurement buffer containing 2 mm
H2DCFDA was added. Immediately after addition, fluorescence was
measured at 485 nm excitation (Ex bandwidth: 20 nm) and 520 nm emis-
sion (Em bandwidth: 10 nm) wavelengths by using a BioTek plate reader.
For mitochondrial ROS, cells were washed twice with PBS and subse-
quently incubated for 10 min (to allow the probe to enter the cell and
start the reaction within the mitochondria) at 37°C in 0.5 ml of measure-
ment buffer containing 5 mm MitoSOX Red (Abcam). After the incuba-
tion, the cells were washed twice with PBS. The fluorescence was
monitored in the measurement buffer with a microplate reader (Bio-
Tek) set to 510 nm excitation (Ex bandwidth: 10 nm) and 595 nm emis-
sion (Em bandwidth: 35 nm) wavelengths.

Statistical analysis

Results are expressed as mean * SEM. t test was used to analyze the dif-
ferences between two groups, and one-way ANOVA with Newman
Keuls post hoc analysis was used to analyze the differences between mul-
tiple groups. p < 0.05 was considered significant. Data were analyzed
using Prism 5.0 (GraphPad Software).

Results

Characterization of ethanol effects on hypothalamic and
microglial exosomes during the developmental period

We investigated whether exosomes can initiate or promote the
apoptotic death of hypothalamic S-endorphin neurons follow-
ing ethanol treatment. Exosomes were collected from (1) MBH
tissues of PND6 rats, which were fed daily with an ethanol-con-
taining diet or control diet, or (2) primary microglia cells, which
were challenged with ethanol or vehicle control for 24 h.
Nanoparticle tracking analysis determined that in vivo MBH
exosomes from AD rats had a mean particle diameter of
138.7 nm, a mode of 82nm, and a concentration of 2.78 x 10"
particles/ml (Fig. 1A). For cultured microglia, the mean particle
diameters were 114 nm for the control, 114 nm and 167.7 nm for
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ethanol, the modes were for 84.8nm for the control and
105.3 nm for ethanol, and concentrations were 6.94 x 10'! par-
ticles/ml for the control and 1.26 x 10'? particles/ml for ethanol
(Fig. 1B,C). It should be noted that some exosomes appeared to
be clumped together, forming distortions in the video and may
be a reason why larger particle sizes were observed during nano-
particle tracking analysis. TEM analysis of exosomes showed that
the particle size ranges from 30 to 150 nm for MBH exosomes
and 65 to 113 nm for primary microglia, and had the characteris-
tic cup shape typically observed in exosomes under TEM (Fig.
1D-F). These vesicles were similar in shape and dimension to
the previously described exosomes (Wu et al, 2015). Primary
microglia-derived exosomes were visible under fluorescent mi-
croscopy when stained with BODIPY TR ceramide (data not
shown). Exosomes from MBH were assayed by Western blot to
confirm their purity against rat liver lysate, which served as a
positive control. These exosomes were positive for exosome
marker protein CD-63 and were negative for possible vesicular
contaminates cytochrome ¢ (mitochondrial-specific protein),
GM130 (Golgi-specific protein), and calnexin (endoplasmic
reticulum-specific protein) (Fig. 1G). Exosomes from primary
microglia show no contamination of BSA (Fig. 1H). Exosomes
from ethanol- and control-treated animals showed detectable levels
of CD9, HSP70, and CD63 in MBH (Fig. 1I) and in primary micro-
glial cell cultures (Fig. 1]). Interestingly, 50 mm ethanol-treated
microglial cultures (EE1 and EE2) showed elevated levels of CD63
compared with the control (EC1 and EC2) (Fig. 1]). These data
demonstrate that the extracellular vesicles collected from MBH tis-
sue and microglial cells in cultures are exosomes.

Exosomes are produced from multiple cell types within the
brain and transport cargo from one cell to another for communi-
cation. Each exosome’s cargo contains a cell-specific protein,
which identifies its biogenesis (Schey et al., 2015). We determined
whether ethanol exposure altered the cargo containing microglial-
specific protein CD13 by Western blot measurements. MBH exo-
somes from AF-treated rats exhibited augmented CD13 levels
relative to AD controls (Fig. 24; F15 = 4.302, p=0.0334).
Similarly, exosomes from ethanol-treated microglial cultures (EE1
and EE2) showed elevated levels of CD13 compared with control
(ECI and EC2) (Fig. 2D; t=5.572, df =6, p=0.0014). CD13 is also
a marker for brain pericytes (Smyth et al., 2018) and has amino-
peptidase enzymatic activity (Potolicchio et al., 2005). Therefore,
we quantified exosomal aminopeptidase activity. In concert with
the Western blot data (Fig. 2A), AF-treated rats exhibited signifi-
cantly greater aminopeptidase activity than AD and PF controls
(Fig. 2B; time X treatment interaction, Fs4g) = 2.841, p=0.0190;
time, Fag = 81.21, p<0.001; treatment, F(;;6 = 7.095, p=
0.0062). Further, administration of minocycline, an antibiotic with
significant inhibitory effects on microglial activity, completely atte-
nuated CD13 activity in AF-treated rats (Fig. 2C; time X treatment
interaction, F3p) = 5.75, p=0.0004; time F(33p = 11.59, p <
0.001; treatment, F10) = 0.70, p=0.5192). Furthermore, in pri-
mary cultures of microglia, ethanol dose-dependently increased
the aminopeptidase activity of exosomes (Fig. 2E; time X treat-
ment interaction, F(js5120) = 43.94, p < 0.0001; time, Fz120) =
45851, p < 0.0001; treatment, F(s5) = 2452.87, p < 0.0001). We
also measured concentrations of MMP2, another marker to assess
the activity of exosomes, in exosomes released from primary
microglia treated with different doses of ethanol. Ethanol dose-
dependently increased the levels of MMP2 in exosomes released
from microglial cultures (Fig. 2F; F3;6 = 102.7, p < 0.0001).
These data suggest that PAE increases exosome production and
activity at least from microglial cells in the hypothalamus.
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Figure 1. Characterization of hypothalamic and microglial exosomes; effects of alcohol. Nanoparticle tracking analysis, TEM, and Western blot verification of exosomes prepared from the tis-
sue of MBH obtained from postnatal day 6 rats, which were fed daily with ethanol-containing milk formula (AF), pair-fed isocaloric milk formula (PF), or left undisturbed in the litter with
mother (AD) (4, D, G, I); or from primary cultures of microglial cells treated with 50 mm ethanol for 24 h (B, C, E, F, H, J). For nanoparticle tracking analysis, the calculated size distribution is
depicted as a mean (black line) with SE (red shaded area). Mean particle size, mode particle size, and concentration of particles in exosomes collected from MBH from AD rats (A) or microglia
treated with vehicle control (B) or 50 mu ethanol (C). Representative images of exosomes from MBH of AD rats (D) and from control (E) or ethanol-treated microglia (F) under TEM. The width
and length of each exosome are represented on the individual exosome. Representative bands for the protein levels of cellular proteins, mitochondria marker cytochrome ¢, Golgi apparatus
marker GM130, and endoplasmic reticulum marker calnexin in MBH exosomes or in liver lysates (G) as determined by Western blot analysis. No BSA band was found in microglial-derived exo-
somes (H). Exosome marker proteins (D9, HSP70, and (D63 were detectable in Western blot analysis of exosomes prepared from MBH tissues of AD, PF, and AD rats (/) or from control (ECT,
EC2) or ethanol (EE1, EE2)-treated microglial cultures (J). An equal amount of protein lysate was used from each group. Data represent three or more independent experiments.

Roles of exosomes in ethanol-induced f-endorphin neuronal ~ known to reduce exosome formation and release (Essandoh et
apoptosis al,, 2015; Menck et al,, 2017), on ethanol-activated microglial
We next determined whether hypothalamic exosomes contribute  cells in primary cultures. Nanoparticle tracking analysis data
to ethanol-induced apoptosis of B-endorphin neurons. First, we ~ demonstrated that most exosomes were <200 nm, the average
measured the effect of a spingomyelinase inhibitor GW4869,  particle concentration was higher in exosomes released from
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apoptotic action using primary cultures of
microglia and B-endorphin neurons We
first traced the uptake of labeled exosomes
in B-endorphin neuronal cells. When fluo-
rescently labeled exosomes from microglia
were added to neuronal cultures, a signifi-
cant number of labeled exosomes (green)
were found to be deposited on 3 -endorphin
neurons (red) (Fig. 3G), suggesting uptake
of exosomes in these neurons. We also
determined the ability of ethanol-activated
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and 100 mm ethanol versus control.

ethanol-treated microglia than in the control, and GW4869
significantly reduced ethanol-increased exosome release (Figs.
3C-E, 3F, Fug = 18.14, p=0.0029). Using the PAE animal
model, we have previously shown that ethanol increases apopto-
sis of B-endorphin neurons in the hypothalamus (Sarkar et al.,
2007; Kuhn and Sarkar, 2008). In this study, we determined the
role of exosomes by treating postnatally ethanol-treated (AF)
rats with GW4869. As previously shown, AF-treated rats had sig-
nificantly less B-endorphin neurons in the arcuate nucleus
compared with AD and PF controls. Pretreatment with GW4869
did not affect the number of -endorphin neurons in AD and
PF control rats but reduced the ethanol-induced loss of
B-endorphin neurons in AF rats (Fig. 3A,B; Fs31) = 5.420,
p=0.0011). These data suggest the possibility that exosomes of
undefined cellular origin might be involved in ethanol apoptotic
action on S -endorphin neurons. Further studies were conducted
to determine the role of microglial exosomes in ethanol

Ethanol concentration

Alcohol effects in the hypothalamic and microglial exosomes. In in vivo studies, exosomal activity was deter-
mined by measuring (D13 protein levels in the MBH of AD, PF, and AF offspring (4), and (D13 activity levels (at 60, 120,
240, and 360 min) in the MBH for AD, PF, and AF without (B) and with minocycline (C). Data are mean = SEM (n=4-7/
group). *p <<0.05, AF versus AD and PF. **p << 0.01, AF versus AD. #p <<0.01, AF versus PF. In in vitro studies, the activity
of exosomes was determined by measuring the level of (D13 proteins 24 h after 0 or 50 mm ethanol treatment (D), (D13
activity levels at various time points (0-240 min) with various doses of ethanol (0-100 mw; E), and changes of MMP2 pro-
tein levels 24 h after treatment with various doses of ethanol (F) in microglial cells in primary cultures. Data are mean =
SEM (n = 4-6/group). **p << 0.01, ethanol versus control. *p << 0.05, 25 mm ethanol versus control. ***p < 0.001, 50 mm

terized by proteomics analysis those elements
that make up exosomal cargo and might
have played a role in the neuronal death. The
proteomic dataset included NCBI Genelnfo
identifiers, log2 ratios, and p values for iden-
tified proteins, and those parameters were
added to IPA using the core analysis plat-
form. The mass-spectrometry analysis identi-
fied 460 and 280 proteins that were activated
(red) and deactivated (green), respectively
(Fig. 4A). Among those proteins, many of
them are chemokines, apoptosis regulatory
proteins, MAPK, phagosomes, epigenetic
regulatory proteins, and RNA polymerases,
which are known to regulate the expression
of noncoding RNA and tRNA and comple-
ments (Fig. 4B). Therefore, our proteomic
analysis suggested an interesting list of pro-
teins that might have played a role during
ethanol-induced neuronal death. There are a
few reports that identified a role of the com-
plement system in the CNS that dysfunctions during the develop-
ment (Lee et al,, 2019). Proteomic analysis of our data identified
that one of the hub proteins regulating the complement system is
Clq (Fig. 4C).

Regulation of ethanol-induced changes in complement
system in the hypothalamus

In the CNS, microglia are the dominant source of Clq and
chronic neuroinflammation, or ethanol exposure augments
Clq release (Sebastian et al., 2011; Silverman et al., 2016;
Fonseca et al,, 2017). We determined whether PAE affected
Clq expression and deposition on B-endorphin neurons in
the arcuate nucleus. First, we used Western blot measure-
ments of Clq protein levels in MBH tissue in alcohol-fed
(AF) and control-fed (AD and PF) offspring with or without
inhibiting microglial activation with minocycline (Mino).
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Figure 3.  Involvement of exosomes in ethanol-induced /3 -endorphin neuronal apoptosis. Effect of PAE with or without GW4869 on 3 -endorphin neuronal number in the arcuate nucleus
(A, B), exosome release from microglia in primary cultures (C~F), exosome deposition on /3 -endorphin neurons in primary cultures (G), and 3 -endorphin neuronal apoptosis following addi-
tion of ethanol-activated exosomes in primary cultures (H). Representative images of () /3 -endorphin-positive staining (green) along with a histogram (B) representing the mean == SEM val-
ues in AD, PF, AF, and AF+GWA4869 treated rat pups (n = 5 or 6). Scale bars, 200 pm. *p<< 0.05; **p<< 0.01; compared with AF. Showing data of nanoparticle tracking analysis, the
calculated size distribution is depicted as a mean (black line) with SE (red shaded area). Mean particle size, mode particle size, and concentration of particles collected from microglial exosomes
treated with vehicle control (C), ethanol (D), or ethanol and GW4869 (). F, Histogram represents the mean == SEM values (n = 3) of exosome release as determined by nanoparticle tracking
analysis in microglial cultures following treatment with ethanol with or without GW4869. Shown is a significant number of fluorescently labeled exosomes (green) on 3 -endorphin neurons
(red) in primary cultures (G). Nucleus was stained with DAPI (blue). Arrows indicate uptake of exosomes in these neurons. Scale bars, 50 pum. 3 -endorphin neuronal apoptosis as determined
by nucleosome unit following incubation with microglial exosomes treated with various doses of ethanol for a period of 24 h in primary cultures (H). Data are mean == SEM (n = 4-7/group).
*p<< 0.05, ***p<< 0.001.

Data show increased levels of Clq in the MBH tissue of AF  of Clq were similar in AD, PF, and AF groups treated with the
rats compared with those in PF and AD rats (Fig. 5A4; F515)  microglial activation blocker (Fig. 5B; F(,5, = 0.3708, p=0.6963).
=9.517, p <0.0021). Minocycline treatment prevented etha-  Immunofluorescent staining revealed that AF-treated rats exhibited
nol-induced increases in Clqlevels in AF rats since the levels  significantly greater Clq expression than AD and PF controls,



Mukherjee etal. o Exosomal Complement C1q Mediates Ethanol Neurotoxicity

UPREGULATED PATHWAYS DOWNREGULATED PATHWAYS

Chemokine signaling pathway

Oxidative phosphorylation
Aminoacyl-tRNA biosynthesis
Glycerolipid metabolism

PPAR signaling pathway

Valine, leucine and isoleucine degradat
Gap junction

Fc gamma R-mediated phagocytosis
Leukocyte transendothelial migration
Apoptosis

Axon guidance

B cell receptor signaling pathway

Calcium signaling pathway Phagosome

Citrate cycle (TCA cycle)

Methane metabolism

Natural killer cell mediated cytotoxicity {8LIG[T diated p
One carbon pool by folate

VEGF signaling pathway Purine metabolism

Wht signaling pathwa: Amino sugar and nucleotide sugar met

RNA polymerase Gly lipid boli:

roc

S

Long-term potentiation
MAPK signaling pathway

y
T cell receptor signaling pathway

Chemokine signaling pathway
o o =

Pi
Ly:

y P!

NOD-like receptor signaling

Lysine degradation
Hematopoietic cell lineage
Vasopressin-regulated water reabsorpti

Cell adhesion molecules

Purine metabolism
Pyrimidine metabolism
SNARE interactions in vesicular transpor

Phagosome
Citrate cycle (TCA cycle)

Figure 4.

J. Neurosci., October 7, 2020 - 40(41):7965-7979 - 7973

Lectin Pathway

Altemate Pathway

Proteomics characterization of exosome cargo from microglial cells treated with and without ethanol. Exosomes were prepared from primary microglia cells treated

with 50 mwm ethanol (E) or vehicle control (C) for 24 h and used for LC-MS/MS analysis. Comparative proteomic data were presented in a volcano plot, which was constructed by
plotting the negative log of the p value on the y axis. Each dot represents the proteomes from three biological replicates per group. A, Volcano plot showed significant downre-
gulated and upregulated proteins as determined by proteomic analysis in both ethanol and vehicle control. B, IPA identified the significantly affected canonical pathways, includ-
ing complement pathways (highlighted in red), in ethanol-treated exosomes. C, The complement proteins, which are affected by ethanol (increase highlighted in pink; hub gene

highlighted in red) in the complement pathway.

represented by greater fluorescence intensity (Fig. 5CD; F531) =
4.860, p=0.0021). Furthermore, Pearson’s correlation coefficient
showed that Clq and 3 -endorphin colocalization was greater in
AF-treated rats (Fig. 5F; Fs31y = 4.761, p=0.0024). Since microglial
activation can augment Clq expression, we determined whether
ethanol-induced microglial activation was involved in increased Clq
staining and colocalization in AF-treated rats by inhibiting microglial
activation with minocycline. Inhibition of microglial activation pre-
vented ethanol-induced increases in Clq expression and colocaliza-
tion on B -endorphin neurons (Fig. 5D-F). These data suggest that
PAE activates microglia to produce Clq that then deposits on
3 -endorphin neurons.

In in vitro studies, we analyzed Clq and other comple-
ment protein C2, C3, and C4 levels in exosomes from micro-
glia culture treated with vehicle or 50 mm ethanol. The

results show a significant increase in Cl1q and C2 protein lev-
els in exosomes, released by ethanol-activated microglia
(Fig. 5G, t=2.722, df=9, p=0.0235; Fig. 5H, t=3.669,
df=8, p=0.0063). Other complement proteins (C3 and
C4) were not responsive to the ethanol challenge (Fig. 5I,
t=1.647 df=14, p=0.1218; Fig. 5], t=0.3948 df=10,
p=0.7013). We also analyzed Clq deposition in exosome-
treated cultured B-endorphin neurons by immunohisto-
chemical methods. The deposition of Clq was increased in
the B-endorphin neuronal culture after 24 h of incubation
with exosomes, harvested from ethanol-treated microglia
cultures (Fig. 5K,L; t=3.433, df=12, p=0.0050). These
data support the finding of in vivo studies and suggest that
ethanol increases deposition of microglial derived Clq in
B-endorphin neurons.
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induced changes in deposition of microglia derived exosomal C1q on 3 -endorphin neurons in cultures (K, L). A, B, Bar graphs represent C1q protein levels along with representative bands for
(1q and (D63 (used for normalizing C1q protein levels) (Kavanagh et al., 2017) measured by Western blot analysis. Histograms represent the mean == SEM in AD, PF, AF, AD-+Mino,
PF+Mino, and AF+Mino rat pups on PND 6 (n = 5-8). **p<< 0.01, AF versus AD, PF. (—F, Representative images of C1q-positive staining (red) and /3 -endorphin-positive staining (green),
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Histograms represent complement protein levels measured by ELISA in exosomes derived from microglial cells treated with vehicle (control) or 50 mm ethanol for 24 h. N = 4-6. *p << 0.05.
**p < 0.01. Representative images of C1g-positive staining C1g-positive staining (Green) and 3 -endorphin-positive staining (Red) in 3 -endorphin neuronal culture after 24 h of incubation
with exosomes harvested from control or ethanol-treated (50 mm) microglia cultures. Nucleus was stained with DAPI (blue). Arrows indicate C1q proteins inside the cells. Scale bars, 50 ptm.
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Role of the Clq-activated complement pathway in ethanol- The in vivo model is a multicellular model system, and it is
induced cell death of f-endorphin neurons difficult to identify the downstream signaling process of a unique
Since an increased amount of Clq protein is deposited in  cell population following a challenge. Hence, we used primary
B -endorphin neurons following ethanol treatment, the question ~ microglial cells and primary [-endorphin cells to investigate
arose whether the Clq protein is responsible for the stimulation ~ whether the Clq protein carried by exosomal cargo from etha-
of downstream complement pathways involving C3, C4, C5b9/  nol-activated microglia is responsible for the stimulation of
membrane attack complex (MAC), ROS, and apoptosis in  downstream complement pathways involving C3, C4, and C5b9/
B-endorphin neurons. To address this question, we first used ~ MAC, leading to apoptotic death of 8-endorphin neurons. Flow
the in vivo model of PAE where we block Clq activation by  cytometric analysis of §-endorphin neurons treated with etha-
CINH and studied ethanol-activated apoptosis in 3-endorphins. ~ nol-activated microglial exosomes or recombinant Clq showed
The immunofluorescence data shown in Figure 64, B, (F329) =  an increase in the levels of C3a/b (Fig. 6E; F(s39) = 1007,
27.57, p<0.0001) indicate that the colocalization of terminal  p <<0.0001), C4 (Fig. 6F; Fs5,7) = 35.84, p < 0.0001), and MAC/
complement complex C5b9 on B-endorphin neurons was ele-  C5b9 (Fig. 6G; Fs 25y = 242.7, p < 0.0001), which was suppressed
vated in the AF group compared with AD and PF groups. CINH  when these neurons were coadministered with a neutralizing
treatment prevented alcohol-induced increases in C5b9 levels in  antibody of Clq (a blocker of C1q). These data suggest that C1q
B-endorphin neurons of AF rats. In addition, CINH treatment  is important in the activation of complement pathways, includ-
prevented an ethanol-activated increase in the colocalization of  ing the MAC/C5b9 in B8 -endorphin neurons.

apoptotic marker caspase 3 in -endorphin neurons in AF rats We also analyzed the release of reactive super oxygen species
(Fig. 6C,D; F304) = 8.463, p=0.0005). It is interesting to note  in 8-endorphin neurons treated with H,O,, Clq, and exosomes,
that very few colocalizations of C5b9 or Caspase3 were found on ~ and we found that all of them increased the ROS production in
B -endorphin neurons in AD and PF animals. Hence, these data  these cells (Fig. 6H; Fis52) = 33.66, p < 0.0001). Conversely, neu-
support the possibility that alcohol treatment activates a comple-  tralizing anti-Clq antibody treatment reduced the ROS genera-
ment pathway to induce apoptotic cell death in B-endorphin  tion by H,0,-, Clq-, and ethanol-treated microglial exosomes
neuron. (Fig. 6I). We also analyzed mitochondrial reactive super oxygen
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Figure 6.  Role of the C1g-activated complement pathway in ethanol-induced cell death of 3-endorphin neurons in the hypothalamus. A4, B, Representative images of 3 -endorphin-positive
staining (red) and (5b9-positive staining (green), along with merged images and zoomed pictures to demonstrate colocalization (A). Scale bars, 50 em. Histograms represent the mean =
SEM values of Pearson’s correlation of C(5h9 colocalization with 3 -endorphin (B) in AD-, PF-, AF-, and AD+CINH (100 U/kg)-treated rat pups on PND 6 (n=7-9). C, D, Representative images
of 3-endorphin-positive staining (red) and caspase 3-positive staining (green), along with merged images and zoomed pictures to demonstrate colocalization (C). Scale bars, 50 em. Bar
graphs representing mean == SEM values of Pearson’s correlation of caspase 3 colocalization with 3 -endorphin (D) in AD-, PF-, AF-, and AD-+C1NH-treated rat pups on PND6 (n =7). E-G,
Flowcytometric analysis of (3a/b (E), C4 (F), and C5b-9 expression (G) on (3 -endorphin neurons in primary cultures treated with ethanol-activated (50 mu) microglial exosomes or recombinant
(1q protein (500 ng) with or without anti-C1q (C1q neutralizing antibody; 1:25 dilution) for 2 h. H, I, Flowcytometric analysis of cellular ROS by H2DCFDA (H) or mitochondrial ROS by MITO-
SOX RED (/) on B-endorphin neurons treated with H,0, (40 zm) for 30 min, ethanol-activated (50 mm) microglial exosomes, or recombinant C1q protein (500 ng) with or without anti-Clq
(C1q neutralizing antibody; 1:25 dilution) for 2 h. J, K, Effects of anti-Clq (C1q neutralizing antibody; 1,25 dilution; J) or anti-ROS NAC (10 wum; K) in control-treated microglial exosomes (C-Ex)
or ethanol-treated (50 mm) microglial exosomes (E-Ex)-induced changes in 3 -endorphin neuronal apoptosis as determined by nucleosome assay in primary cultures of 3-endorphin neuronal
cells. Data are mean = SEM (N=4-6). *p<< 0.05, **p<< 0.01, ***p<< 0.001.

species in 3 -endorphin neurons treated with H,O,-, C1q-, and  found that exosomes, from both control-treated or ethanol-
ethanol-treated microglial exosomes. Like the cellular ROS, the  treated microglial cultures, induced p-endorphin neuronal
level of mitochondrial ROS in B-endorphin neurons was ele-  apoptosis, which was effectively reduced on incubation with neu-
vated by H,0,-, Clqg-, and ethanol-activated microglial exo-  tralizing anti-Clq antibody (Fig. 6/; F(5 12) = 58.76, p << 0.0001).
somes, while anti-Clq antibody prevented the mitochondrial =~ We also tested the role of ROS in Clq-mediated apoptosis of
ROS production by H,0,-, Clq-, and ethanol-activated exo-  S-endorphin neurons by determining the effects of NAC, a ROS
somes (Fig. 61; F(5 ) = 73.89, p < 0.0001). These data identify a  inhibitor, on the apoptotic death of 3-endorphin neurons by in-

role of ROS in Clq-altered effects on 3 -endorphin neurons. hibiting ROS generation. We found that NAC treatment pre-
Finally, the involvement of Clq and ROS in B-endorphin  vented the apoptotic death of B-endorphin neurons induced by
neuronal apoptosis induced by ethanol-activated microglial exo- ~ H,O, treatment, suggesting that the inhibitor is effective in pre-

somes was investigated. Monoclonal anti-C1q antibody was used ~ venting the neurotoxic effect of ROS on S-endorphin neurons
to neutralize the effect of this complement in exosomes. We  (Fig. 6K; F(75) = 34.73, p <0.0001). NAC also prevented Clq-
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Figure 7. A schematic diagram showing a proposed mechanism by which ethanol-acti-

vated microglial exosomes uses complement C1q system to induce /3 -endorphin-producing
POMC neuronal death. C1q deposition on POMC neurons may increase expression of (3a/b
and (4 and MAC/C5h9 proteins in POMC neurons and may induce cell death in these cells.
(1q deposition may also drive ROS production and induce oxidative stress to cause apopto-
tic-type cell death of POMC neurons. A complement blocker (anti-C1q) or an antioxidant NAC
protects POMC neurons from ethanol-induced cellular death.

induced apoptotic death of B-endorphin neurons, supporting
the view that Clq activates ROS to induce 3 -endorphin neuro-
nal death. NAC treatment also prevented the apoptotic death of
B-endorphin neurons induced by exosomes from ethanol-
treated microglial culture. Together, these data support the view
that ROS production in S-endorphin neurons, at least partly,
mediates the Clq-increased neuronal apoptosis (Fig. 7).

Discussion

Exosomes are small vesicles (30-150 nm in diameter) that have
been shown to play a role in communication between microglia
and neurons (Bahrini et al, 2015 Drago et al, 2017).
Furthermore, neuroinflammation or neurodegenerative diseases
can alter this communication by changing the cargo of microglial
exosomes to promote apoptosis in recipient neurons (Sharples et
al., 2008; Kumar et al,, 2017). What was not determined previ-
ously is whether microglial exosomes contribute to ethanol-
induced apoptosis of -endorphin neurons. In this study, we
first confirmed that the vesicles we collected from the MBH and
microglial cell cultures were exosomes by nanoparticle tracking
analysis and TEM (Wu et al,, 2015). Additionally, these vesicles
were not contaminated by vesicle-producing organelles, as they
were negative for Golgi apparatus protein GM130 and endoplas-
mic reticulum protein calnexin, nor did they contain mitochon-
drial cytochrome ¢ or normal cell culture contaminant BSA.
These exosomes were positive for exosome marker protein CD-
63, CD9, and HSP70 (Perez-Gonzalez et al,, 2012; Kavanagh et
al., 2017). Therefore, these vesicles collected from the MBH of
AD-, PF-, and AF-treated rats or ethanol- or vehicle-treated
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microglial cultures were primarily exosomes. Since PAE is
known to activate microglia, we probed for a microglial-specific
marker, CD13 (Potolicchio et al., 2005), and found that PAE
increased CD13 protein expression in exosomes. CD13 is also a
marker for brain pericytes (Smyth et al, 2018). However, we
found that ethanol treatment increased CD13 levels in primary
cultures of microglia. One potential concern with the MBH exo-
some data is that they contained both astrocytes and neuronal
markers (data not shown), suggesting the possibility that MBH
exosomes derived from multiple cell types. These suggest that
microglia are one of the cell types in CNS that contributes to the
increased exosomal cargo following PAE. Changes in the CD13
protein were also confirmed by augmented CD13 activity in AF-
treated MBH exosomes. Next, if the augmented exosome release
from MBH following PAE was because of microglial activation,
then these effects should be nullified following minocycline treat-
ment. Indeed, minocycline administration normalized the CD13
protein and activity from AF-treated rat MBH exosomes.
Additionally, ethanol dose-dependently increased the CD13 pro-
tein and activity from microglial cultures. Ethanol also increased
the level of MMP2, another marker for exosome activity, from pri-
mary microglial cultures. These data suggest that PAE increased
the amounts and activity of microglial exosomes.

Postnatal ethanol exposure also activates microglia to induce
[B-endorphin neuronal death. To evaluate whether MBH exo-
somes affected ethanol-induced S -endorphin neuronal loss, we
inhibited exosome production with GW4869. A previous study
reported that exosome secretion is modulated by the sphingolipid-
metabolizing enzymes SMPD2, SMPD3, and SMS2. GW4869 has
been shown to decrease the secretion of exosomes by inhibiting
SMPD2/3 (Menck et al., 2017). GW4869 has been shown to signif-
icantly reduce exosome production as well as prevent exosome-
induced apoptosis for neurons in an Alzheimer’s disease model
(Wang et al.,, 2012; Dinkins et al., 2014). However, a recent study
showed a compensatory increase in the secretion of micro-vesicles
(Menck et al., 2017). Moreover, inhibition of neutral sphingomye-
linase with this agent could have effects on cell viability that may
be independent of exosomes (Candalija et al., 2014), In our study,
GW4869 administration prevented the loss of 3-endorphin neu-
rons in the arcuate nucleus of AF-treated rats without producing
any effects in PF and AD rats. We argued that, if the GW4869
effect was primarily because of cell viability independent of exo-
somes, GW4869 should have altered 8 -endorphin neurons in AD
and PF rats. We also showed an increased number of apoptotic
B3 -endorphin neurons on incubation with exosomes, released by
the ethanol-treated microglia. Hence, it is plausible that ethanol-
induced apoptosis of 8-endorphins is due, at least in part, to exo-
somes from microglia.

We also characterized the elements that made up exosomal
cargo and might have played a role in S-endorphin neuronal
death by proteomics. This analysis identified an interesting
group of proteins that belong to the complement system. It has
been reported that dysregulation of the complement system can
be found in the early stages of neurologic diseases, but the effect
of ethanol exposure on the complement system was not deter-
mined. Here we have presented data suggesting that complement
proteins are involved. AF treatment significantly increased the
expression of Clq in the arcuate nucleus relative to AD and PF
controls. However, C1q must be deposited on neurons in order
for the classical complement pathway to begin and produce the
MAC to lyse cells. Therefore, we determined whether C1q colo-
calized with $-endorphin neurons in the arcuate nucleus using
Pearson’s correlation coefficient, which is independent of any
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form of preprocessing and relatively safe from user bias
(Dunn et al,, 2011). We found that Clq and S-endorphin
signals were colocalized significantly more in AF-treated rats
than in AD and PF controls. Since microglia have been
shown to be the dominant producer of Clq (Fonseca et al.,
2017), we determined whether the increase in Clq expres-
sion was because of ethanol-induced microglial activation.
Therefore, inhibition of microglial activation with minocy-
cline normalized both Clq fluorescence intensity and coloc-
alization in AF-treated rats. These data show that PAE
activates microglia to produce Clq, which gets deposited on
B-endorphin neurons. We also determined the changes in
complement protein levels in exosomes following ethanol
treatment in the primary microglial culture and found etha-
nol-elevated Clq and related C2 complement proteins. The
deposition of Clq was also increased in primary S-endor-
phin neuronal cells following ethanol treatment. These data
support the finding of in vivo studies and suggest that
ethanol increases deposition of microglial derived Clq in
B-endorphin neurons.

Deposition of Clq is critical to complement mediated apo-
ptosis, as activation of the C1 complex is required to generate the
MAC. First, the C1 complex cleaves complement components
C2 and C4. Their cleavage products, C2a and C4b, bind together
to form the C3 convertase and adhere to the cell. C3 convertase
can then cleave C3 into C3a and C3b, C3b binds to the C3 con-
vertase to form the C5 convertase, and the C5 convertase cleaves
C5, which leads to the formation of the MAC and cell lysis (Rus
et al, 2005). We tested involvement of some of these down-
stream Clq signaling pathways. Our flow cytometric analysis of
ethanol-activated microglial exosomes or recombinant Clg-
treated B -endorphin neuronal cells showed an increase of C3a/b
and C4 deposition and MAC/C5b9 formation in -endorphin
neurons.

Another reason why Clq deposition is important is because
C3a/b on microglia induces phagocytosis of neurons (Arcuri et
al., 2017). Indeed, blockade of Clq deposition by a blocker
CINH or anti-Clq-neutralizing antibody prevented MAC for-
mation and B-endorphin neuronal death in vivo and in vitro,
respectively. MAC is a transmembrane protein channel created
during the activated stage of the terminal complement pathway
and induces a necrotic-type cell death by triggering Ca>" influx,
mitochondrial damage, and an ATP depletion that leads to a
rapid necrotic-type cell lysis (Kim et al., 1987; Papadimitriou et
al., 1991). Death receptors are well known for induction of apo-
ptosis and cellular death. Liu et al. (2020) showed that rats that
binge drink in adolescence have high expression of TNF receptor
superfamily death receptor 3 and Fas receptors, which can trigger
caspase-mediated cell death cascades in the hippocampus by
forming death-inducing signaling complexes. Moreover, it has
been shown that exogenous treatment of SKOV3 cells with Clq
and individual globular head modules can induce upregulation
of TNF-« and Fas and ultimately trigger death cascade. These
data support the view that Clq can act as an ROS initiator (Kaur
et al., 2016). Other studies claimed that C1q can bind to mito-
chondria through the globular Clq receptor to drive ROS pro-
duction and neuronal apoptosis following hypoxia-mediated
damage or cortical ischemia (Dedio et al., 1998; Ten et al., 2010).
Hence, we also determined whether this complement is involved
in the cellular and mitochondrial ROS production and that it can
ultimately cause neuronal death. Our data presented in this study
show that Clq activates both cellular and mitochondrial ROS,
and a Clq blocker prevents the effects of ethanol-activated
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microglial exosomes on ROS production and 3 -endorphin neu-
ronal apoptosis. A ROS blocker also prevents C1q and ethanol-
activated microglial exosome-induced p-endorphin neuronal
apoptosis. Therefore, Clq deposition is required for comple-
ment-induced cell lysis of 8 -endorphin neurons.

In conclusion, PAE activates microglia and its exosomal
cargo containing high level of Clq. The increased production
of Clq also corresponds with increased deposition on
B-endorphin neurons and may play a role in ethanol-
induced death of these neurons. C1q deposition on 3-endor-
phin neurons may increase C3a/b and C4 deposition and
MAC/C5b9 formation in B-endorphin neurons and may
induce a necrotic-type cell death in these cells. Cl1q deposi-
tion may also drive ROS production and induce oxidative
stress to cause apoptotic death of B-endorphin neurons.
Therefore, the complement system on exosomal cargo of
microglia contributes to the PAE-induced death of 8-endor-
phin neurons in the hypothalamus. These data suggest that
the complement system may have potential to prevent some
of the deleterious effects of fetal alcohol exposure; however,
more research is needed to confirm this possibility.
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