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Sexually dimorphic prelimbic cortex mechanisms play a role
in alcohol dependence: protection by endostatin
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Angiogenesis or proliferation of endothelial cells plays a role in brain microenvironment homeostasis. Previously we have shown
enhanced expression of markers of angiogenesis in the medial prefrontal cortex during abstinence in an animal model of ethanol
dependence induced by chronic intermittent ethanol vapor (CIE) and ethanol drinking (ED) procedure. Here we report that systemic
injections of the angiogenesis inhibitor endostatin reduced relapse to drinking behavior in female CIE-ED rats without affecting relapse
to drinking in male CIE-ED rats, and female and male nondependent ED rats. Endostatin did not alter relapse to sucrose drinking in both
sexes. Endostatin reduced expression of platelet endothelial cell adhesion molecule-1 (PECAM-1) in all groups; however, rescued
expression of tight junction protein claudin-5 in the prelimbic cortex (PLC) of female CIE-ED rats. In both sexes, CIE-ED enhanced
microglial activation in the PLC and this was selectively prevented by endostatin in female CIE-ED rats. Endostatin prevented CIE-ED-
induced enhanced NF-kB activity and expression and Fos expression in females and did not alter reduced Fos expression in males.
Analysis of synaptic processes within the PLC revealed sexually dimorphic adaptations, with CIE-ED reducing synaptic transmission
and altering synaptic plasticity in the PLC in females, and increasing synaptic transmission in males. Endostatin prevented the
neuroadaptations in the PLC in females via enhancing phosphorylation of CaMKIl, without affecting the neuroadaptations in males. Our
multifaceted approach is the first to link PLC endothelial cell damage to the behavioral, neuroimmune, and synaptic changes associated
with relapse to ethanol drinking in female subjects, and provides a new therapeutic strategy to reduce relapse in dependent subjects.

Neuropsychopharmacology (2021) 46:1937-1949; https://doi.org/10.1038/s41386-021-01075-6

INTRODUCTION
Endothelial cells are critical components of the blood-brain
barrier. They form complex interactions with other resident cell
types in the brain including neurons, microglia, astrocytes, and
pericytes, to form the neurovascular unit [1]. Through angiogen-
esis and expression of junctional proteins, endothelial cells assist
with the integrity of barrier properties and buffer against injury
and disease [2]. Cell adhesion molecules are junctional proteins
that maintain endothelial cell function [3]. Expression of platelet
endothelial cell adhesion molecule-1 (PECAM-1) in endothelial
cells is regulated by inflammatory stimuli, such that reducing
PECAM-1 in animal models of ischemia and stroke suppressed
leukocyte infiltration and exerted anti-inflammatory effects [4].
Moderate to severe alcohol use disorder (AUD) is a major risk
factor for cerebrovascular diseases, in that AUD significantly
increases both morbidity and mortality of stroke patients,
particularly women [5, 6]. In vitro studies demonstrate that ethanol
induces oxidative stress in endothelial cells, reduces expression of
tight junction proteins, and promotes barrier dysfunction [7, 8]. In
animal models, chronic ethanol exposure exacerbates inflamma-
tory and vascular responses induced by focal ischemia [9]. We have
previously demonstrated that escalated drinking patterns of
ethanol consumption in an animal model of moderate to severe

AUD followed by relapse to ethanol drinking during abstinence
produced endothelial cell damage and barrier disruption, evident
as increased expression of PECAM-1 and reduced expression of
SMI-71 in the medial prefrontal cortex [10, 11]. While these studies
reveal endothelial cell damage as a consequence of ethanol
exposure, it is not clear if endothelial cell damage contributes to
pathogenesis and progression of relapse drinking behaviors in
individuals suffering from moderate to severe AUD.

To test this hypothesis, in the current study, we used a
combination of histological, biochemical, and electrophysiological
methods in an established adult rat model of moderate to severe
AUD (chronic intermittent ethanol vapor with ethanol drinking,
CIE-ED) in male and female rats to determine the protective effects
of the FDA approved angiogenesis inhibitor endostatin [12, 13] on
relapse to drinking behaviors. We examined the prelimbic region
(PLC) of the medial prefrontal cortex, a key region that regulates
relapse to ethanol drinking behaviors [14, 15]. CIE-ED consistently
increased PECAM-1 expression and microglial activation in the PLC
in both sexes, however, produced sexually dimorphic effects on
the expression of tight junction protein claudin-5, oligodendro-
genesis, neuronal activation, synaptic transmission and synaptic
plasticity in the PLC. Endostatin reduced PECAM-1 expression in
both sexes, however, prevented microglial activation, nuclear
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factor kappa light chain enhancer of activated B cells (NF-kB)
hyperexpression, hyperoligodendrogenesis, neuronal activation,
and maladaptive synaptic effects in females which correlated with
reduced relapse to drinking behaviors. Our multifaceted approach
is the first to link PLC endothelial cell damage to the behavioral,
neuroimmune, and synaptic changes associated with relapse to
ethanol drinking in female subjects.

MATERIALS AND METHODS

Animals

One hundred and thirty-four adult female and ninety-nine adult male Long
Evans rats (Charles River) completed the study. All rats were seven to eight
weeks old at the beginning of the study, and females weighed =160-180 g
and males weighed =220-240 g. The rats were maintained in reverse 12 h
light-12h dark cycle rooms and housed two/cage unless otherwise
specified. Food and water were available ad libitum. All experimental
procedures were carried out in strict adherence to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at VA San
Diego Healthcare System.

Ethanol Self-Administration (ethanol drinking, ED)

The behavioral experiments conducted herein are presented as a detailed
schematic in Fig. 1a. One hundred and sixty-four experimentally-naive rats
were trained in the operant conditioning boxes (Med Associates Inc, VT),
on a fixed-ratio 1 schedule for the delivery of 0.1 ml ethanol (10% v/v).
Subsequently, the rats were divided into two groups; one group received
chronic intermittent ethanol vapor exposure (CIE-ED; procedure details are
provided in supplementary methods) while the other group (ED) was
exposed to air in their normal housing condition (did not experience
ethanol vapors) for a duration of six to seven weeks. The air pressure and
ethanol flow rates were optimized to obtain blood alcohol levels (BALs)
between 125 and 250 mg/dl or 27.2 and 54.4 mM [16]. For measuring BALs,
tail bleeding was performed on the CIE-ED rats, once a week, between
hours 13-14 of vapor exposure (Supplementary Fig. 1; Fig. S1; [16]). When
plasma samples were outside the target range (125-250 mg/dl), vapor
levels were adjusted accordingly. All rats received two 30-min FR1 sessions
per week during these 6-7 weeks. Responding was analyzed to determine
escalation of self-administration compared to prevapor stable responding.
After 7 weeks of CIE, CIE-ED rats were withdrawn from ethanol vapors and
both CIE-ED and ED rats were withdrawn from ethanol self-administration.
Both CIE-ED and ED rats were divided into two groups (vehicle or
endostatin) and maintained as described for the remainder of the study.

Endostatin Treatment

Endostatin (recombinant mouse endostatin) was purchased from a
commercial source (BioLegend, Cat# 95453; 0.5 mg/ml). Endostatin was
dissolved in sterile saline (vehicle). Endostatin or an equal volume of vehicle
was injected at a dose of 03mg/kg s.c. based on previous reports
[12, 13, 17]. ED and CIE-ED ethanol rats and additional behavior naive
controls (ethanol naive; n =26 females and n= 13 males) were injected
with saline or endostatin for five days. CIE-ED rats were given the first
injection 2-3 h after the cessation of seven weeks of CIE, and ED and control
rats were injected on the same day at the same time. Some control rats were
euthanized to evaluate the expression of PECAM-1 either 72 h or four weeks
after endostatin treatment (Fig. S2).

Relapse drinking during abstinence

After 23 days of abstinence from CIE and ethanol self-administration, CIE-
ED and ED rats, both with and without endostatin, were given access to 30
min FR1 session to lever press for ethanol reinforcement (0.1 ml of 10% v/v
ethanol) under cue-context conditions identical to that used for training
and maintenance. Active and inactive lever responses were recorded. One
hour following relapse, some animals were euthanized for electrophysio-
logical analysis. Others experienced extinction and reinstatement sessions.
One hour after reinstatement all animals were euthanized under
anesthesia by rapid decapitation.

Sucrose self-administration
Sixteen female and sixteen male rats were trained to orally self-administer
sucrose solution (10% sucrose on an FR1 schedule; context A) for the same
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number of sessions used in the ethanol self-administration paradigm.
Details on this procedure are provided in supplementary methods.

Estrous cycle tracking

All female rats (controls, ethanol, and sucrose) were vaginally swabbed
with a sterile cotton swab soaked in 0.9% saline after the last reinstatement
session (CIE-ED and ED rats, or age-matched for controls) before
euthanasia. Samples were applied to Superfrost” Plus slides and dried
overnight and stained with Cresyl Echt Violet Solution (Abcam) to
determine stage of estrous based on cell morphology [18] (Fig. S6).

Brain tissue collection for Western blotting and
immunohistochemistry

The brains were removed and dissected along the midsagittal plane. The
left hemisphere was snap-frozen for Western blotting analysis and the
right hemisphere was postfixed in 4% paraformaldehyde for immunohis-
tochemistry (IHC). Sections containing the PLC (4+3.2 and +2.7 mm from
bregma; area 32 according to [19]) were mounted and processed for
PECAM-1, Olig2, Fos and Iba-1 IHC. Additional methodology for Western
blotting and IHC are provided in the supplementary methods section and
are based on our prior publication [11]. Details on quantitative analysis for
PECAM-1, Ki-67, Olig2, Fos labeled cells are provided in the supplementary
methods section. Absolute cell counting was performed in the PLC
(counting of all immunoreactive cells in the contoured area); the data are
presented as a total number of cells per unit area (cells/mm?) per animal as
the contoured area of PLC differed between subjects. Iba-1 labeled cells
were traced in Neurolucida to create three-dimensional (3D) tracings that
were analyzed with Neurolucida Explorer (MicroBrightField). Details on Iba-
1 morphological analysis are provided in the supplementary methods
section.

Slice preparation for electrophysiology

Brains were removed and placed in ice-cold artificial cerebrospinal fluid
(ACSF) containing (in mM): 126 NaCl, 26 NaHCOs, 2.5 KCl, 1.25 NaH,PO,, 2
CaCl,, 1.25 MgCl, and 10 glucose bubbled with 95% oxygen and 5% CO,
[20]. Brains were trimmed on the dorsal side at an angle of =140° from the
horizontal plane and glued to a vibratome base (Leica VT1000S). Thick
slices (440 um) containing the PLC were obtained and used for recordings.
Three to four slices were transferred to a submerged chamber and
incubated with oxygenated ACSF at 25°C for at least 1-1.5h before
initiating recordings. Recordings were made in the PLC (Fig. 4a, b), in a
submersion-type recording chamber superfused with oxygenated ACSF at
a rate of 2-3 ml/min at 32°C and positioned on the stage of an upright
motorized microscope (Olympus BX51 WI, Scientifica) equipped with a
back Illuminated sCMOS camera (Prime 95B, Photometrics) and a broad-
spectrum LED illuminator (pE-300, CoolLED).

Field potential recordings

To study basal synaptic transmission and paired-pulse ratio (PPR) under
vehicle (DMSO or 0.1 N NaOH) conditions, local field potentials were
recorded in acute brain slices in the presence of GABA, receptor
antagonist bicuculline methiodide [21] (BMI, T pM; Sigma). Field excitatory
postsynaptic potentials (fEPSPs) were evoked by extracellular stimulation
(0.03 Hz, 0.2 ms) in the PLC using a silver-coated tungsten wire stimulating
electrode (50 pm, A-M System; Fig. 4b) placed in the deep layer of PLC
(layer II/1ll) in line with the recording electrode. fEPSPs were recorded using
ACSF-filled patch pipettes with tip resistances of 2-4 MQ. Pipettes were
pulled from borosilicate glass capillaries (PG150T-10, Harvard Apparatus)
using a micropipette puller (PC-10, Narishige). At least three slices per rat
were used for recordings.

Basal synaptic transmission was analyzed by generating stimulus/
response curves or input/output (I/O) curves prior to each synaptic
plasticity experiment. /O curves were generated by plotting stimulus
intensity (100-900 pA) versus fEPSP slope (Fig. S9; [22]). The slope of fEPSPs
was measured after the stimulus artifact and the fiber volley from the initial
2-5ms of the rising phase to about half-peak time of the synaptic
response. For the remainder of the experiment, the test stimulus intensity
was set to elicit a fEPSP that is =40-50% of the maximum response
recorded during the I/O measurements. Paired-pulse ratios (P2/P1) were
evaluated by dividing the slope of second fEPSP by the slope of first fEPSP
obtained at 50 ms inter-stimulus interval (Fig. 4c). fEPSPs at this constant
test stimulus intensity were monitored for a period of 25 min to ensure
stable responses before induction of LTP.
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For induction of synaptic plasticity or long-term potentiation LTP in the
PLC, the following high-frequency stimulation HFS stimulation paradigm
was used: four trains of HFS (100 pulses at 50 Hz per train) delivered 10's
apart [21]. Experiments assessing the role of GIuNs in HFS-LTP were
conducted in the presence of (2 R)-amino-5-phosphonovaleric acid [23]
(APV; 30 uM, Sigma) in addition to BMI. APV was bath applied 5 min prior
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to induction of LTP and remained until the end of the experiment.
Experiments assessing the role of GluAs in HFS-LTP were conducted in the
presence of 6,7-Dinitroquinoxaline-2,3(1H,4H)-dione [21] (DNQX; 20 uM,
Sigma) in addition to BMI. DNQX was bath applied 5 min prior to induction
of LTP and remained until the end of the experiment. For comparisons of
treatment effects on fEPSP slope between slices, values for each recording
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Fig. 1 Behavioral data of ethanol and sucrose rats during training, maintenance, relapse, and reinstatement sessions. a Experimental
timeline and experimental groups used in the current study. b-d Active lever responses of female and male rats for ethanol or sucrose
consumption during training (prevapor) or maintenance (postvapor) sessions. Active lever responding was compared between last three days
of training and last week of maintenance in female and male ED and female and male sucrose rats that did not experience CIE. Arrows in the
timeline indicate the time of sessions used for generating graphs (b-d). b In CIE-ED rats, repeated measures two-way ANOVA detected a main
effect of CIE (F (1, 87) = 66.6; p < 0.001) without a CIE x sex interaction or main effect of sex. Pairwise comparisons also indicated higher active
lever responses during last week of maintenance in female and male CIE-ED rats compared with last days of training. ¢ In ED rats, repeated
measures two-way ANOVA demonstrated a main effect of time (F (1, 66) = 14.5; p = 0.003) and main effect of sex (F (1, 66) = 11.5; p =0.0012)
without a time x sex interaction. Pairwise comparisons indicated higher active lever responses in female ED rats compared with male ED rats
during the pre and post sessions. Pairwise comparisons also indicated higher active lever responses during the last week of maintenance in
female and male ED rats compared with last days of training. Inactive lever responses did not differ between sexes and over time. d In sucrose
rats, repeated measures two-way ANOVA demonstrated a time x sex interaction (F (1, 30) = 9.4; p = 0.004), main effect of time (F (1, 30) = 64.7;
p <0.001) without a main effect of sex. Post hoc analysis indicated higher active lever responses during the last week of maintenance in
female and male sucrose rats compared with last days of training. Post hoc analysis also indicated higher active lever responses in male
sucrose rats compared with female rats during the post sessions. Inactive lever responses did not differ between ethanol and sucrose groups
(Fig. S3). Endostatin reduces relapse to drinking behavior in female CIE-ED rats. e In CIE-ED rats, two-way ANOVA demonstrated a sex x
endostatin interaction (F (1, 88) = 10.77; p=0.001), a trend towards main effect of sex (F (1, 88) =3.1, p=0.08) without main effect of
endostatin. Post hoc analysis showed reduced active lever responses in CIE-ED-endostatin female rats compared to vehicle controls, and
reduced active lever responses in CIE-ED-saline male rats compared to CIE-ED-saline female rats (ps < 0.05). Endostatin does not alter relapse to
drinking behavior in female and male ED and sucrose rats. f In ED rats, two-way ANOVA demonstrated a strong trend towards sex x endostatin
interaction (F (1, 65) = 3.0; p = 0.08), a main effect of sex (F (1, 65) = 14.5, p = 0.003) without main effect of endostatin. Pairwise comparisons
indicated higher active lever responses in ED-endostatin female rats compared with ED-endostatin male rats (p < 0.05). g In sucrose rats, two-
way ANOVA demonstrated a main effect of sex (F (1, 28) = 8.6; p = 0.006) without a sex x endostatin interaction and main effect of endostatin.
Pairwise comparisons indicated higher active lever responses in sucrose-endostatin male rats compared with sucrose-endostatin female rats
(p < 0.05). Inactive lever responses did not differ between groups. Endostatin reduces reinstatement of ethanol-seeking behavior in female
CIE-ED rats. Following six days of extinction, the rats were subject to contextual cued reinstatement. Ethanol and sucrose seeking behavior
were separately analyzed in female and male groups with behavior days (extinction vs. reinstatement) as within-subject factor and endostatin
as between-subject factor. h In female CIE-ED rats repeated measures two-way ANOVA detected a main effect of reinstatement (F (1, 28) = 8.9;
p =0.005), with a trend towards reinstatement x endostatin interaction (F (1, 28) =3.1; p=0.08), and without main effect of endostatin.
Pairwise comparisons indicated higher responding during reinstatement in vehicle treated CIE-ED females compared with extinction session
(p < 0.05). This effect was abolished in endostatin treated CIE-ED female rats. In female ED rats repeated measures two-way ANOVA detected a
main effect of reinstatement (F (1, 22) = 41.5; p < 0.001), without a reinstatement x endostatin interaction or main effect of endostatin. Pairwise
comparisons indicated higher responding during reinstatement in vehicle and endostatin treated ED females compared with extinction
session (ps < 0.05). i In male CIE-ED rats repeated measures two-way ANOVA detected a reinstatement x endostatin interaction (F (1, 31) = 10.1;
p =0.003), a main effect of reinstatement (F (1, 31) = 21.3; p <0.001), and main effect of endostatin (F (1, 31) =13.0; p=0.001). Post hoc
analysis indicated higher responding during reinstatement in endostatin treated CIE-ED males compared with extinction session (p < 0.05).
This effect was not evident in vehicle treated CIE-ED male rats. In male ED rats repeated measures two-way ANOVA detected a main effect of
reinstatement (F (1, 20) = 19.4; p = 0.003), without a reinstatement x endostatin interaction or main effect of endostatin. Pairwise comparisons
indicated higher responding during reinstatement in vehicle and endostatin treated ED males compared with extinction session (ps < 0.05).
j In female sucrose rats repeated measures two-way ANOVA detected a main effect of reinstatement (F (1, 13) = 109.6; p < 0.001), without a
reinstatement x endostatin interaction or main effect of endostatin. Pairwise comparisons indicated higher responding during reinstatement
in vehicle and endostatin treated sucrose females compared with extinction session (ps < 0.05). In male sucrose rats repeated measures two-
way ANOVA detected a main effect of reinstatement (F (1, 14) =292.1; p < 0.001), without a reinstatement x endostatin interaction or main
effect of endostatin. Pairwise comparisons indicated higher responding during reinstatement in vehicle and endostatin treated ED males
compared with extinction session (ps < 0.05). Data are expressed as mean + SEM. Females: n = 26 CIE-ED-vehicle, n =22 CIE-ED-endostatin,
n=20 ED-vehicle, n=20 ED-endostatin, n =28 sucrose-vehicle, n=8 sucrose-endostatin. Males: n=24 CIE-ED-vehicle, n=20 CIE-ED-
endostatin, n = 20 ED-vehicle, n =9 ED-endostatin, n = 8 sucrose-vehicle, n = 8 sucrose-endostatin.

were normalized to the average slope for the 10 min of baseline before
HFS was initiated. Data was acquired, filtered (highpass, 0.1 Hz; lowpass 3
kHz), and amplified using a computer-controlled patch-clamp amplifier
(MultiClamp 700B, Molecular Devices) and digitized using an analog to
digital converter (Digidata 1550A1, Molecular Devices). Analysis of fEPSP
slope was performed using pClamp10.4 software (Molecular Devices).

Statistical Analysis

Ethanol self-administration CIE-ED female and male rats, ethanol self-
administration in female and male ED rats, and sucrose self-administration
in female and male rats were evaluated using repeated measures two-way
ANOVA with the session (or time) as a within-subject factor and sex as a
between-subject factor. Differences in ethanol self-administration between
CIE-ED and ED rats were evaluated using repeated measures two-way
ANOVA with the session (or time) as a within-subject factor and CIE as a
between-subject factor in each sex. Differences in BALs between female
and male CIE-ED rats were evaluated using repeated measures two-way
ANOVA with week (or time) as a within-subject factor and sex as a
between-subject factor. Effect of endostatin on relapse to drinking and
reinstatement in each condition (CIE-ED, ED, or sucrose) was evaluated
with endostatin and sex as a between-subject factor. Significant
interactions were followed by Fisher's LSD post hoc tests. When
interactions were not evident, pairwise comparisons were performed to
determine group or sex differences. Histological and biochemical measures
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were compared between control, ED, and CIE-ED rats with vehicle or
endostatin treatment within each sex using two-way ANOVAs, followed by
post hoc tests. Active lever responses and Fos were correlated with
histological and biochemical markers using Pearson’s product-moment
correlation coefficient. Similarly, electrophysiological data were compared
between control, ED, and CIE-ED rats with vehicle or endostatin treatment
within each sex using two-way ANOVAs, followed by post hoc tests.
Behavioral scores during endostatin injections over the five days were
compared using a nonparametric Mann-Whitney test. Statistical signifi-
cance was accepted at p < 0.05.

RESULTS

CIE enhances blood alcohol levels (BAL) and ethanol drinking
during maintenance in female and male rats

A schematic of the timeline of experimental design and experimental
groups is indicated in Fig. 1a. BALs in CIE-ED rats steadily increased
starting week 4 compared with week 1, and BAL was maintained
between 150-300 g/dL in CIE-ED rats between weeks four and seven
(Fig. S1). Active lever responding was compared between last three
days of training and last week of maintenance under the influence of
CIE in female and male CIE-ED rats. Active lever responding for
ethanol significantly increased after CIE in female and male CIE-ED

Neuropsychopharmacology (2021) 46:1937 - 1949
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rats during the maintenance phase (p < 0.05; Fig. 1b). Inactive lever
responding did not differ between the time points in both sexes
(Fig. S3). Female and male, ED and sucrose animals show enhanced
operant responding during maintenance (p < 0.05; Fig. 1¢, d). CIE-ED
rats have enhanced ethanol drinking behavior during maintenance
compared with ED rats in both sexes (p < 0.05; Fig. 1a, b).
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Endostatin reduces relapse to drinking behavior in female
CIE-ED Rats

We first determined whether endostatin alters behavioral
responses during injection sessions in female and male CIE-ED
rats, as published reports indicate that forced withdrawal from
CIE-ED induces significant physical withdrawal behavior [16].
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Fig. 2 CIE-ED sex specifically alters expression of endothelial junction proteins, oligodendrocytes, myelin and neuronal activity in the
PLC and endostatin prevents these effects. Immunohistrochemistry was performed to determine the effects of endostatin on PECAM-1, Olig-2,
and Fos expression. Western blotting was performed to determine the effects of endostatin on claudin-5, MBP, and MOG expression. Two-way
ANOVA was performed with groups (control, CIE-ED, and ED) and endostatin treatment (saline, endostatin) as between-subject factors. a—d PECAM-1:
a, b 25x Low magnification (a) and 200x high magnification image (b) of PECAM-1 cells in the PLC from one CIE-ED female rat. Area in the PLC used
for cell quantification is indicated as a black square in (a). cc corpus callosum. Scale bar in (a) is 200 um, applies to (@, h, r). ¢ In females, two-way
ANOVA showed a significant group x endostatin interaction (F (2, 58) = 7.8; p = 0.001), main effect of endostatin (F (1, 58) = 26.8; p < 0.002) and group
(F (2, 58) = 7.2; p =0.01). Post hoc analysis showed enhanced expression of PECAM-1 in CIE-ED-saline rats compared with all other groups (ps < 0.05).
d In males, two-way ANOVA showed a significant group x endostatin interaction (F (2, 60) = 3.3; p = 0.04), main effect of endostatin (F (1, 60) = 31.2;
p <0.001) and group (F (2, 60) = 3.6; p = 0.03). Post hoc analysis showed enhanced expression of PECAM-1 in CIE-ED-saline rats compared with ED-
saline, ED-endostatin, control-endostatin, and CIE-ED-endostatin (ps < 0.05) and a strong trend compared with control saline (p = 0.06). e-g Claudin-5:
(e) Immunoreactive bands of claudin-5 from female rats detected at 25 kDa. Staining for coomassie is indicated as it was used as a loading control. f In
females, there was a significant main effect of group (F (2, 58) = 6.8; p = 0.002) and endostatin (F (1, 58) = 5.2; p = 0.02), without a group x endostatin
interaction. Pairwise comparisons showed reduced expression of claudin-5 in CIE-ED-saline rats compared with all other groups (ps < 0.05). g In males,
claudin-5 was unaltered. h-k Olig2: h, i 25x Low magnification (h) and 200x high magnification (i) image of Olig2 cells in the PLC from one female CIE-
ED rat. Area in the PLC used for cell quantification is indicated as a black square in (h). cc corpus callosum. j In females, a significant group x endostatin
interaction (F (2, 60) = 4.4; p = 0.01), main effect of group (F (2, 60) = 4.0; p = 0.02), without a main effect of endostatin on the number of Olig2 cells
was detected. Post hoc analysis showed an enhanced number of Olig2 cells in CIE-ED-saline rats compared with all other groups (ps < 0.05). k In
males, Olig2 cells were unaltered. I-n MBP: (e) Immunoreactive bands of MBP detected at 18-23 kDa from female rats. Staining for coomassie is
indicated as it was used as a loading control. m In females, a significant main effect of group (F (2, 57) = 4.1; p = 0.02), without group x endostatin
interaction or the main effect of endostatin on the expression of MBP was detected. Pairwise comparisons showed enhanced expression of MBP in
CIE-ED-saline and ED-saline rats compared with vehicle and endostatin controls (ps < 0.05). n In males, a significant main effect of group, without
group x endostatin interaction or a main effect of endostatin on the expression of MBP (F (2, 63) = 4.7; p = 0.01) was detected. Pairwise comparisons
showed enhanced expression of MBP in ED-endostatin rats compared with controls (ps < 0.05). o-q MOG: (0) Immunoreactive bands of MOG
detected at 25 kDa from female rats. Staining for coomassie is indicated as it was used as a loading control. p In females, expression of MOG was
unaltered. q In males, a significant main effect of group, without group x endostatin interaction or a main effect of endostatin on the expression of
MOG (F (2, 62) = 5.7; p = 0.004) was detected. Pairwise comparisons showed enhanced expression of MOG in ED-endostatin rats compared with all
other groups (ps < 0.05). r-u Fos: r, s 25x Low magnification (r) and 200x high magnification (s) image of Fos cells in the PLC from one female CIE-ED
rat. Area in the PLC used for cell quantification in indicated as a black square in (r). cc corpus callosum. t In females, a significant group x endostatin
interaction (F (2, 59) = 3.0; p = 0.05), main effect of group (F (2, 59) = 4.9; p = 0.01), and endostatin (F (1, 59) = 5.2; p = 0.02) on the number of Fos cells
was detected. Post hoc analysis showed enhanced number of Fos cells in CIE-ED-saline rats compared with control groups and CIE-ED-endostatin rats
(ps < 0.05). u In males, a significant main effect of group (F (2, 62) = 10.6; p=0.001), without group x endostatin interaction or a main effect of
endostatin on the number of Fos was detected. Pairwise comparisons showed reduced number of Fos cells in CIE-ED and ED rats compared with
controls (ps < 0.05). Data are expressed as mean + SEM. Females: n =6 control-vehicle, n = 6 control-endostatin, n = 16-18 CIE-ED-vehicle, n = 8-10
CIE-ED-endostatin, n = 10-12 ED-vehicle, n = 10-12 ED-endostatin. Males: n = 5 control-vehicle, n = 5 control-endostatin, n = 18-20 CIE-ED-vehicle,

2: 13-15 CIE-ED-endostatin, n = 14-16 ED-vehicle, n = 6 ED-endostatin.

Endostatin reduces behavioral responses during injection sessions
(Fig. S5). Following four weeks of forced abstinence, drinking
behavior was assessed in CIE-ED, ED, and sucrose rats that
experienced vehicle or endostatin. Endostatin reduced relapse to
drinking behavior in CIE-ED females and did not alter relapse to
drinking behavior in ED females, CIE-ED and ED males, and
sucrose rats (Fig. 1e-g). CIE-ED-vehicle female rats have enhanced
ethanol drinking behavior during relapse compared with ED-
vehicle female rats and this effect is absent with endostatin (p <
0.05; Fig. 1e, f). Endostatin reduces contextual cued reinstatement
of ethanol seeking in female CIE-ED rats and enhances reinstate-
ment of ethanol seeking in male CIE-ED rats (p < 0.05; Fig. 1h, i).
Endostatin did not alter reinstatement of ethanol seeking in
female and male ED rats and did not alter reinstatement of
sucrose seeking in female and male rats (Fig. 1h-j).

Taken together, our behavioral data support the sexually
dimorphic effects of endostatin on relapse drinking and reinstate-
ment of ethanol-seeking behavior in CIE-ED rats. In addition, since
there were group differences between CIE-ED and ED conditions
that were evident during maintenance, relapse, and reinstatement,
we evaluated the effect of vehicle (saline) and endostatin under CIE-
ED and ED conditions in each sex separately, on all histological,
biochemical and electrophysiological analysis in the PLC (Figs. 2-5).
We also evaluated the effect of vehicle and endostatin in sucrose
rats on all histological and biochemical measures (Fig. S10).

Endostatin reduces PECAM-1 expression but differentially
alters claudin-5 expression, oligodendrogenesis, neuronal
activation, and neuroimmune responses in the PLC in female
and male ED and CIE-ED rats

In vehicle CIE-ED females and males, there was a significant
increase in PECAM-1 compared to controls and ED rats. Endostatin
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generally reduced PECAM-1 expression in all groups in both the
sexes (p < 0.05; Fig. 2¢, d). In vehicle CIE-ED females claudin-5 was
significantly reduced, and endostatin prevented this effect (p < 0.05;
Fig. 2f, g). In males, claudin-5 was unaltered. In vehicle CIE-ED
females, there was a significant increase in Olig2 expression
compared to controls and ED rats. Endostatin reduced Olig2
expression in females (p <0.05; Fig. 2j, k). In males, Olig2 was
unaltered. In females and males, there was a main effect of ethanol
experience on MBP expression. In vehicle ED and CIE-ED females,
MBP expression was higher than controls. This effect was not
significant with endostatin (Fig. 2m, n). MOG expression was
unaltered in females. In vehicle ED and CIE-ED males, MOG
expression was higher than controls, and this was unaltered with
endostatin (Fig. 2p, q). In vehicle ED and CIE-ED rats, Fos was
bidirectionally altered with increases in females and decreases in
males. Endostatin rescued the effects in females and did not alter
the effects in males (p < 0.05; Fig. 2t, u).

We evaluated the state of Iba-1-labeled microglia (ramification,
total process length, area of cell soma) in female and male CIE-ED
and ED rats under vehicle and endostatin conditions, as these
morphological characteristics define the activity state of these cells
[24]. We found reduced process ramification and total process
length in vehicle female and male CIE-ED rats. These morphological
changes reveal the activated state of Iba-1-labeled microglia. In
addition, in vehicle CIE-ED females, enhanced area of cell soma of
Iba-1-labeled cells was evident. In females, endostatin normalized
the morphological changes in CIE-ED rats to control levels (p < 0.05;
Fig. 3d-f). We then determined whether the activity state of
microglial cells in female CIE-ED rats occurred coincidentally with
activity and expression of the transcription factor NF-kB, as it
regulates inflammation and innate immunity and plays a role in
neuroinflammatory responses in AUD [25, 26]. Western blot
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Fig. 3 CIE-ED increases neuroimmune responses in female and male rats; endostatin prevents this effect selectively in females. a 3D
tracings of lba-1 labeled microglial cells in the PLC from six experimental groups from female rats. b-c 25x Low magnification (b) and 200x
high magnification image (c) of Iba-1 cells in the PLC from one control female rat. Area in the PLC used for cell quantification is indicated as a
black square in (b). cc corpus callosum. Scale bar in (b) is 200 um. d-f In females, repeated measures two-way ANOVA detected a group x
distance from soma interaction (F (200, 2280) = 3.1; p < 0.001), main effect of distance from soma (F (40, 2280) = 250.4; p < 0.001), and main
effect of group (F (5, 57) = 6.2; p =0.001). Post hoc analysis revealed lower ramification in CIE-ED-vehicle group compared to all other groups
and lower ramification in ED-endostatin group compared to ED-vehicle group. e Two-way ANOVA revealed a main effect of group (F (2, 59) =
9.0; p = 0.004) without an endostatin x group interaction or main effect of endostatin in total dendrite length. Pairwise comparisons revealed
lower process length in CIE-ED-vehicle rats compared with all other rats. f Two-way ANOVA revealed a main effect of endostatin (F (1, 57) = 4.7,
p =0.03) and a strong trend towards main effect of group (F (2, 57) = 2.7; p = 0.07) without an endostatin x group interaction in cell soma area.
Pairwise comparisons revealed higher cell soma area in CIE-ED-vehicle rats compared with all other rats. g Quantitative data of
phosphorylated NF-kBp65 Ser536 and total NF-kBp65 indicated as percent change from control-vehicle group in females. One-way ANOVA
indicated a significant effect of CIE in phosphorylated (F (3, 33)=6.4; p=0.001) and total NF-kB (F (3, 33)=18.7;
p =0.001) expression in CIE-ED rats. Post hoc analysis revealed higher expression of phosphorylated NF-kB in CIE-ED-vehicle rats compared
with CIE-ED-endostatin rats and higher expression of NF-kB in CIE-ED-vehicle rats compared with all other groups (p <0.05). Example
immunoblots of NF-kB from each experimental group. Coomassie stain was used as a loading control. h-j In males, repeated
measures two-way ANOVA detected a group x distance from soma interaction (F (200, 2400) = 1.7; p <0.001), main effect of distance from
soma (F (40, 2400) = 342.8; p < 0.001), and main effect of group (F (5, 60) = 4.8; p = 0.008). Post hoc analysis revealed lower ramification in CIE-
ED-vehicle and CIE-ED-endostatin group compared controls and ED-saline groups. In addition, ED-endostatin rats showed reduced
ramification compared with ED-saline rats. h Two-way ANOVA revealed a endostatin x group interaction (F (2, 57) = 4.8; p = 0.01), a main effect
of group (F (2, 57) =7.0; p=0.001) and main effect of endostatin (F (1, 57) =10.3; p=0.002) in total process length. Post hoc analysis
revealed higher process length in control-vehicle rats compared with all other rats. i Two-way ANOVA revealed endostatin x group interaction
(F (2, 57) =4.0; p = 0.02), main effect of group (F (2, 57) = 4.1; p =0.02) and a strong trend towards a main effect of endostatin (F (1, 57) =3.3;
p =0.07) in cell soma area. Post hoc analyses revealed higher cell soma area in CIE-ED-endostatin rats compared with all other rats. Data
are expressed as mean + SEM. Females: n = 6 control-vehicle, n = 6 control-endostatin, n = 16-18 CIE-ED-vehicle, n = 8-10 CIE-ED-endostatin,
n=10-12 ED-vehicle, n =10-12 ED-endostatin. Males: n =5 control-vehicle, n =5 control-endostatin, n = 18-20 CIE-ED-vehicle, n = 13-15
CIE-ED-endostatin, n = 14-16 ED-vehicle, n =6 ED-endostatin.

analyses of NF-kBp65 were conducted on PLC tissue lysates. CIE-ED
enhanced activity and expression of NF-kB in the PLC and
endostatin prevented this effect (Fig. 3g). In males, endostatin
did not alter the morphological changes in CIE-ED rats, and
therefore, maintained the activated state of these cells (Fig. 3h—j).

Electrophysiological analysis reveals distinct effects of
endostatin on synaptic transmission and synaptic plasticity in
the PLC in CIE-ED and ED female and male rats

We recorded evoked field excitatory postsynaptic potentials
(fEPSPs) in PLC layer II/1ll (Fig. 4a, b) to assess potential effects of

Neuropsychopharmacology (2021) 46:1937 - 1949

relapse to ethanol seeking and endostatin on basal synaptic
transmission using a range of stimulus intensities (Fig. S8). We
evaluated the input/output (I/0) curves in control, ED, and CIE-
ED with vehicle or endostatin in females and males. In vehicle
CIE-ED females, 1/0 curve was reduced and this was normalized
with endostatin (p <0.05; Fig. S8). /0 curve was unaffected
in males.

We also evaluated the effects of endostatin on paired-pulse
ratios (PPR) of fEPSPs (at 50 ms inter-stimulus interval) in female
and male, control, CIE-ED, and ED rats. Changes in PPR are
inversely related to transmitter release such that enhanced
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probability of transmitter release is associated with a reduction of
PPR, whereas the decreased probability of transmitter release is
associated with an increase in PPR [27, 28]. In vehicle CIE-ED
females, we observed increased PPR or paired-pulse facilitation
compared to all other groups, suggesting decreased glutamate
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release. Notably, this was completely abolished with endostatin
(p < 0.05; Fig. 4c, d). In contrast, vehicle CIE-ED males displayed
reduced PPR or paired-pulse depression compared to controls and
ED groups, suggesting increased glutamate release. This effect,
however, remained with endostatin (Fig. 4l).
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Fig. 4 CIE-ED produces distinct effects on synaptic activity and long-term potentiation induced by high-frequency stimulation in the PLC
in females and males; endostatin selectively prevents these effects in females. a Section of the rat brain at Bregma 2.7 mm and typical
placement of the stimulating and recording electrodes in layers V and Il/lll, respectively, in the PLC. b Representative slice used for recordings with
the stimulating electrode (SE) and recording electrode (RE) placements. cc corpus callosum. ¢ Representative traces of paired-pulse stimulations in
the PLC from female control-vehicle, CIE-ED-vehicle, and CIE-ED-endostatin rats. fEPSPs were generated at 50 ms intervals and stimulus artifacts
were removed for clarity. d Paired-pulse ratio shown as mean + SEM from all-female experimental groups. In females, two-way ANOVA indicated a
significant group x endostatin interaction (F (2, 115) = 12.5; p < 0.001), main effect of endostatin (F (1, 115) = 6.8; p = 0.01) and group (F (2, 115) =9.7;
p =0.001). Post hoc analysis indicated higher PPR in CIE-ED-vehicle treated rats compared with all other groups (p < 0.05). e Representative traces of
normalized fEPSPs before (pre) and after (post) HFS from control-vehicle female rat. Traces are indicated with stimulus artifact (SA). f Representative
traces of normalized fEPSPs post HFS with vehicle, APV, and DNQX in control-vehicle rat. Scale bar is 0.5 mV and 10 ms. g fEPSP slope shown as
mean = SEM from all-female control-vehicle group. Repeated measures two-way ANOVA detected a significant time x treatment interaction (F (162,
1701) =3.2; p < 0.0001) and main effect of drug treatment (F (2, 21) = 10.3; p = 0.008) without detecting a main effect of time post HFS. Post hoc
analysis revealed higher fEPSP slopes in vehicle condition compared with APV and DNQX (ps < 0.05). h, i Representative traces of normalized fEPSPs
post HFS with vehicle, APV, and DNQX from CIE-ED-vehicle (h) and CIE-ED-endostatin (i) rats. j Average fEPSP slope post HFS (40 min) shown as
mean + SEM from all-female experimental groups. In females, two-way ANOVA did not indicate a group x endostatin interaction, main effect of
group or endostatin in vehicle condition. Applications of DNQX completely blocked LTP in control, ED and CIE-ED groups under vehicle and
endostatin treatments in female (ps < 0.05). In female rats, application of APV completely blocked LTP in control and ED groups in vehicle and
endostatin conditions (p < 0.05). In CIE-ED-saline rats, application of APV did not block LTP; however, this effect was rescued in CIE-ED-endostatin rats
(p < 0.05). k Representative traces of paired-pulse stimulations in the PLC from male control-vehicle, CIE-ED-vehicle, and CIE-ED-endostatin rats.
fEPSPs were generated at 50 ms intervals and stimulus artifacts were removed for clarity. | Paired-pulse ratio shown as mean + SEM from all-male
experimental groups. In males, two-way ANOVA indicated a main effect of group (F (2, 86) = 4.3; p = 0.01) without significant group x endostatin
interaction or main effect of endostatin. Pairwise comparisons indicated lower PPR in CIE-ED-vehicle and CIE-ED-endostatin treated rats compared
with control-endostatin rats (p < 0.05). m Representative traces of normalized fEPSPs before (pre) and after (post) HFS from control-vehicle male rat.
Traces are indicated with stimulus artifact (SA). n Representative traces of normalized fEPSPs post HFS with vehicle, APV and DNQX. Scale bar is
0.5mV and 10ms. o fEPSP slope shown as mean + SEM from all-male control-vehicle group. Repeated measures two-way ANOVA detected a
significant time x treatment interaction (F (162, 1134) = 2.3; p < 0.0001), main effect of time (F (81, 1134) = 1.3; p = 0.03), and main effect of drug
treatment (F (2, 14) = 11.6; p = 0.001) post HFS. Post hoc analysis revealed higher fEPSP slopes in vehicle condition compared with APV and DNQX
(p < 0.05). p Average fEPSP slope post HFS (40 min) shown as mean + SEM from all-male experimental groups. In males, two-way ANOVA revealed a
significant group x endostatin interaction (F (2, 25) = 4.1; p = 0.02), main effect of endostatin (F (1, 25) = 4.0; p = 0.05) without a main effect of group.
Post hoc analysis revealed higher LTP in control-endostatin and ED-endostatin groups compared with CIE-ED-endostatin group (p < 0.05). Following
applications of APV and DNQX, we observed a complete blockade of LTP in control, ED, and CIE-ED groups under vehicle and endostatin treatments
(ps < 0.05). Data are expressed as mean + SEM. Number of rats, Females: n = 5-13 control-vehicle, n = 2-4 control-endostatin, n = 4-8 CIE-ED-vehicle,
n =4-9 CIE-ED-endostatin, n = 6-8 ED-vehicle, n = 6-8 ED-endostatin. Number of slices for PPR, Females: n = 28 control-vehicle, n =8 control-
endostatin, n =16 CIE-ED-vehicle, n =22 CIE-ED-endostatin, n =20 ED-vehicle, n =21 ED-endostatin. Slices for LTP, Females: n =5-13 control-
vehicle, n =8 control-endostatin, n = 4-8 CIE-ED-vehicle, n = 4-9 CIE-ED-endostatin, n = 6-8 ED-vehicle, n = 6-8 ED-endostatin. Number of rats,
Males: n=5-8 control-vehicle, n =4 control-endostatin, n =5 CIE-ED-vehicle, n=5 CIE-ED-endostatin, n = 3-4 ED-vehicle, n =4 ED-endostatin.
Slices for PPR, Males: n = 26 control-vehicle, n =15 control-endostatin, n = 14 CIE-ED-vehicle, n = 14 CIE-ED-endostatin, n =11 ED-vehicle, n =12
ED-endostatin. Slices for LTP, Males: n = 4-8 control-vehicle, n =4-5 control-endostatin, n =5 CIE-ED-vehicle, n =5 CIE-ED-endostatin, n =4 ED-
vehicle, n =4 ED-endostatin.

Lastly, we also measured the degree of LTP as the average of
the fEPSP slope after a 40 min period of post-HFS recording in
the PLC in control, ED, and CIE-ED groups with vehicle or
endostatin in female and male rats (Fig. 4j, p). We first
demonstrate that the expression of LTP in the PLC in female
and male rats under control conditions is dependent on
activation of GIuN and GIuA receptors (Fig. 4g, o). The degree
of LTP was not altered by ethanol under ED and CIE-ED
conditions in female and male rats (Fig. 4j,p). To further
investigate the underlying LTP mechanisms in each group, we
tested whether GIuN or GIuA signaling was involved in HFS-
induced plasticity in the PLC, in control, ED, and CIE-ED groups
with vehicle or endostatin by inhibiting GluN or GIuA signaling
prior to the HFS paradigm. Following applications of DNQX, we
observed a complete blockade of LTP in control, ED, and CIE-ED
groups under vehicle and endostatin in female and male rats
(Fig. 4j, p). In females, following applications of APV we observed
complete blockade of LTP in control and ED groups in vehicle
and endostatin conditions (Fig. 4j). Although in vehicle CIE-ED
females, application of APV did not block LTP, endostatin rescued
this effect (Fig. 4j). In males, following applications of APV we
observed complete blockade of LTP in control, ED, and CIE-ED
groups in vehicle and endostatin conditions (Fig. 4p). We then
determined a mechanism for endostatin’s effect on PPR and
rescue of GIuUN mediated LTP in female CIE-ED rats (Fig. 5).
Western blot analyses of pCaMKIl and tCaMKIl were conducted
on PLC tissue lysates. Endostatin enhanced expression of
pCaMKIl in the PLC at the autophosphorylation site in female
CIE-ED rats without altering tCaMKIl expression (Fig. 5a,b).
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DISCUSSION

A growing number of in vitro and in vivo studies demonstrate that
ethanol alters the expression of endothelial cell junction proteins
and disrupts blood-brain barrier function [8, 10, 11, 29]. Thus, here
we investigated the sexually dimorphic role of PECAM-1, a
junction protein of endothelial cells in relapse to ethanol drinking
using the well-established CIE-ED rat model of ethanol depen-
dence that produces behavioral, neurobiological, and transcrip-
tional changes that overlap with those found in moderate to
severe AUD. We also included an established ED model of mild
AUD and sucrose drinking to determine PECAM-1 depletion on
nondependent ethanol drinking and sucrose drinking. Moreover,
histological, biochemical, and electrophysiological analyses in the
PLC provided important mechanistic insight into how PECAM-1
depletion impacts alcohol dependence-induced neuroadaptations
and behavioral changes in each sex.

Findings from clinical studies demonstrate significant gender
differences in the neurotoxic effects and cognitive impairing
effects of alcohol in individuals suffering from mild to severe AUD
[30-32], with women being more vulnerable. Therefore, our
evaluation of ED and CIE-ED effects on cellular and neurobiolo-
gical alterations in the PLC in both sexes is highly significant. CIE-
ED increased PECAM-1 expression in the PLC in both sexes, and
this was reduced by endostatin. Although ED and sucrose drinking
did not increase PECAM-1 expression in the PLC, endostatin
reduced PECAM-1 expression in both groups. Notably, PECAM-1
depletion prevented dependence-induced enhanced relapse to
ethanol drinking and seeking in CIE-ED rats, without altering
relapse to ethanol drinking in nondependent ED rats and relapse

SPRINGER NATURE

1945



Y. Avchalumov et al.

1946

a b H Control Vehicle
£ @500 [ Control Endo
BOED 53 .
pCaMKll —  — == O S 400 . [CIE-ED Vehicle
o * ~
- : 300 [ CIE-ED Endo
tCaMKIl __ __ __ _ ©3
T 2 200 3
Coom = = g 8 100 .
o

tCaMKII

pCaMKII

Fig. 5 Endostatin significantly increases pCaMKIl levels in the PLC
in female CIE-ED rats. a Example immunoblots of pCaMKIl and
tCaMKIl from each experimental group. Coomassie stain was used as
a loading control. b Quantitative data of pCaMKIl and tCaMKIl
indicated as percent change from control-vehicle group. One-way
ANOVA indicated a significant effect of endostatin in pCaMKIl
expression in CIE-ED rats (F (3, 33) = 4.9; p = 0.006). Post hoc analysis
revealed higher expression of pCaMKIl in CIE-ED-endostatin rats
compared with all other groups (p < 0.05). One-way ANOVA did not
detect a significant difference in tCaMKIl. Data are expressed as
mean = SEM. n =5 control-vehicle, n =5 control-endostatin, n =16
CIE-ED-vehicle, n = 11 CIE-ED-endostatin.

to sucrose drinking in females. This novel finding supports the
hypothesis that enhanced expression of PECAM-1 during absti-
nence is necessary to drive dependence-induced relapse to
drinking in female subjects. While our findings do not show a
mechanistic role of PECAM-1 in relapse to drinking in male
subjects, enhanced PECAM-1 expression in males may be a
consequence of escalated ethanol consumption.

Increased PECAM-1 expression occurred in concert with
reduced expression of claudin-5 in females. Claudin-5 is highly
expressed in brain endothelial cells [33], and functions to enhance
the structural integrity of the endothelial cells to prevent barrier
leakage. Depletion of claudin-5 is associated with exacerbated
inflammatory and lymphatic responses [34] and, in turn,
inflammatory cytokines deplete claudin-5 expression [35, 36].
Furthermore, endostatin prevented claudin-5 depletion, suggest-
ing that PECAM-1 may be producing divergent immune responses
in female and male PLC to alter relapse to ethanol drinking
[37, 38].

In vivo studies have demonstrated that endothelial damage or
angiogenesis in the context of ischemia or stroke increases
oligodendrogenesis [39-41]. More notable is the white matter
vulnerability to endothelial cell damage [39, 42], visualized as
enhanced expression of myelin-associated proteins. We previously
demonstrated enhanced proliferation of oligodendroglial pro-
genitors in the prefrontal cortex, which occurred coincidentally
with increased expression of myelin-associated proteins and
PECAM-1 in male CIE-ED rats [11]. We also reported that
abstinence-induced increases in myelin-associated proteins in
the medial prefrontal cortex in male CIE rats were aberrant and
resulted in flayed dysfunctional myelin [43]. Here, we extend these
findings in female rats, to show increases in oligodendrogenesis
and myelin-associated proteins in the PLC and demonstrate a
mechanistic role of PECAM-1 in regulating these effects.
Furthermore, it appears that, in males, oligodendrogenesis and
myelin dysfunction were not linked to endothelial cell damage in
the PLC, further supporting the sexually dimorphic mechanisms
underlying dependence-induced relapse to drinking.

The increases in PECAM-1 occurred in concert with the
activation of microglial cells in the PLC in both sexes, albeit to a
higher degree in female rats. Our findings support previous
observations in both rodent and human studies of AUD-induced
enhanced microglial activity in several regions of the brain
[24, 44-48], and provide correlative evidence for a role of
endothelial damage in ethanol-induced neuroimmune responses
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in both sexes. In males, microglial responsiveness to CIE in the PLC
is higher than other brain regions implicated in ethanol
reinforcement and relapse [24]. Furthermore, in males, microglial
responsiveness in the prefrontal cortex translates to microglial-
mediated neural circuit adaptation following CIE and enhanced
drinking behavior during withdrawal [45]. The current findings
add to these mechanistic results to demonstrate the sex-specific
role of endothelial damage in microglial responsiveness in the
PLC, and that microglial activation in the PLC played a role in
enhanced relapse to drinking during abstinence in females.

The increases in PECAM-1 and NF-kBp65 in females occurred
coincidentally, and endostatin reduced the expression and
activation of NF-kB. With respect to NF-kB, several interesting
evidence demonstrates that PECAM-1 could enhance NF-kB
expression, and conversely, NF-kB could increase the transcription
of PECAM-1. For example, it is important to note that PECAM-1
regulation of NF-kB occurs under conditions of oxidative stress-
induced inflammation [49, 50], and does not occur in in vitro
conditions that involve mere overexpression of PECAM-1 [51].
With respect to NF-kB regulation of PECAM-1, molecular studies
have identified two consensus sites for NF-kB within the promotor
region of PECAM-1 gene [52]. A few studies have demonstrated
functional relevance for this interaction, where NF-kB regulates
transcriptional activity of PECAM-1 [53], and vascular inflammation
mediated by PECAM-1 is dependent on NF-kB activity [54]. Given
the evidence that NF-kB is implicated in the neuroinflammatory
responses in AUDs [55, 56] and that PECAM-1 could be involved in
the neuroinflammatory responses in AUD [10, 11], the current
findings show a sex-specific relationship between PECAM-1 and
NF-kB in the PLC, and that NF-kB activation and expression in the
PLC is associated with enhanced relapse to drinking during
abstinence in females. Endostatin reduced the expression and
activity of NF-kB in the PLC and supported the previously
demonstrated effect of endostatin on NF-kB in pure endothelial
cells [57]. Future studies are warranted to define the sex-specific
inflammatory and immune-related genes and responses in
endothelial cells in the PLC under CIE-ED and ED conditions. In
this context, a potential limitation in the interpretation of our
findings is that changes in the expression of astrocytes were not
examined. These studies are important as recent gene network
analysis in mice in the prefrontal cortex has revealed gene
expression changes in astrocytes and microglia in response to CIE
that could regulate the alcohol-dependent phenotype [45, 58].
Even more interesting is that astrocytes play a role in maintaining
the neurovascular niche and are key players in the pathogenesis
of vascular diseases [59, 60]. Therefore, examining the role of
reactive astrocytes and their role in sex-specific inflammatory and
immune-related genes and responses in the PLC under CIE-ED and
ED conditions is an important future pursuit.

We also examined the neuroadaptations in the PLC in both
sexes that occurred as a consequence of relapse to drinking.
Analysis of neuronal activity with Fos revealed bidirectional
changes in the PLC in females compared with males, with CIE-
ED females having enhanced Fos expression and CIE-ED males
having reduced Fos expression. Endostatin reduced Fos expres-
sion in CIE-ED females, indicating a role for PECAM-1 in
modulating neuronal activity in the PLC. Endostatin did not alter
Fos expression in males, emphasizing the sexually dimorphic role
of PECAM-1 in regulating neuronal activity in the PLC. Given the
role of glutamatergic signaling in AUD [61-63], we then assessed
potential adaptations at PLC glutamatergic synapses. Our electro-
physiological data in CIE-ED-vehicle females revealed a reduced I/
O curve and increased paired-pulse ratio of fEPSPs indicating
reduced synaptic transmission and reduced glutamate release in
the PLC [27, 28]. In contrast, results in CIE-ED-vehicle males
revealed enhanced glutamate release in the PLC. The increased
Fos expression and reduced glutamate release in CIE-ED females
may reflect homeostatic adaptation of glutamatergic synapses in
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the PLC in response to ethanol cues and seeking behaviors
[64, 65]. Endostatin enhanced the expression of phosphorylated
CaMKIl in the PLC and prevented the adaptations in CIE-ED
females. These findings suggest that endothelial damage pro-
motes ethanol-induced homeostatic modulation via presynaptic
effects. Endostatin rescued these effects, perhaps by regulating
CaMKIl activity at the presynaptic sites [66] or functioning as a
trans-synaptic signal controlling neurotransmitter release [67], and
this correlated with reduced relapse to drinking behaviors.
Although delineating a molecular mechanism for endostatin’s
effects on CaMKIl is beyond the scope of the current study,
endostatin’s modulatory effects on voltage-gated calcium
channels could be facilitating the activity of CaMKIl [68, 69].
Alternatively, the reduced Fos expression and increased
glutamate release in CIE-ED males may reflect metaplastic
changes in mechanisms that regulate presynaptic function that
occurred during abstinence and seeking behaviors [70, 71].
Regardless of the exact mechanism driving the bidirectional
changes in neuronal activity and synaptic transmission in the
PLC, our study highlights the importance of examining sexually
dimorphic synaptic responses in the context of ethanol-seeking
behaviors.

Ethanol dependence impairs cognitive processes of learning
and memory and memory processes at the synaptic level,
including LTP, a well-characterized form of activity-dependent
plasticity [27, 72-75]. One aspect of homeostatic adaptation to
ethanol dependence may be dysregulation of HFS-LTP in the PLC.
In females and males, we demonstrate that ethanol experience -
under ED and CIE-ED conditions did not alter the degree of LTP
compared to controls [76]. We further investigated the mechanism
underlying LTP in the PLC. In female and male controls, we
demonstrate that LTP in the PLC was prevented in the presence of
GIuN and GIuA receptor antagonists, indicating that the PLC LTP is
dependent on GIuN and GIuA receptor activation in both sexes.
We additionally investigated whether the mechanism underlying
LTP was altered in ED and CIE-ED rats in females and males. This is
important as glutamatergic dysregulation via GluNs plays a role in
alcohol dependence-induced neuroimmune, behavioral and
functional characteristics [45, 61, 77, 78]. Our findings show that
while GIuN- and GluA-dependent LTP was preserved in female ED
and male ED and CIE-ED rats, GluN-dependent LTP was
dysregulated in female CIE-ED rats. This adaptation could play a
role in mediating homeostatic plasticity in the PLC in female-
dependent rats. Endostatin prevented this effect and rescued
GluN-dependent LTP in female CIE-ED rats. These findings suggest
that enhanced PECAM-1 and associated endothelial damage
promoted or assisted with altered glutamatergic signaling in the
PLC. It is also possible that endothelial damage assisted with
neuroadaptive changes that were evident under low demand
synaptic function including pre-HFS baseline responses and high
demand synaptic function such as HFS-induced LTP. Conversely,
ethanol-induced glutamate toxicity in the PLC could have
contributed to endothelial damage in a GluN-dependent manner
[10, 72, 79-82].

In summary, our multidisciplinary study is the first to show
extensive effects of endostatin, from reduced relapse to drinking
behavior in ethanol-dependent females, to reversal of oligoden-
droglial, microglial, neuroimmune, and synaptic adaptations
in the PLC. A potential limitation in the interpretation of this
work is that the molecular mechanisms for endostatin’s
protective effect are unclear and could be multidimensional.
For example, endostatin’s antiangiogenic effects may be due to
its interactions with vascular endothelial growth factor recep-
tors, integrin receptors, glypican receptors, androgen receptors,
cell surface-associated proteins, and voltage-gated calcium
channels [69, 83, 84]. Nevertheless, these findings suggest a
complex, sex-specific role for PECAM-1 in the development of
alcohol dependence.
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