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Abstract

Alcoholism is a relapsing disorder with limited treatment options, in part due to our limited
understanding of the disease etiology. We have recently shown that increased ethanol-seeking in a
behavioral model of relapse in a rat model of alcoholism was associated with increased
oligodendrogenesis which was positively correlated with platelet/endothelial cell adhesion
molecule (PECAM-1) expression in the medial prefrontal cortex (mPFC). The current study
investigated whether newly born oligodendrocytes form close physical associations with
endothelial cells expressing PECAM-1 and whether these changes were accompanied by altered
blood-brain barrier (BBB) integrity. Colableling and confocal analysis demonstrate that newly
born oligodendroglia were always located in close physical proximity to PECAM-1 in the mPFC
of rats that were ethanol dependent and demonstrated high propensity for relapse. Notably, the
endothelial proximity of new oligodendrocytes was associated with reduced expression of
endothelial barrier antigen (SMI-71), a marker for BBB integrity. Furthermore, voluntary wheel
running during abstinence enhanced SMI-71 expression in endothelial cells, indicating protection
against abstinence-induced reduction in BBB integrity. Taken together, these results suggest that
ethanol experience and abstinence disrupts homeostasis in the oligo-vascular niche in the mPFC.
Reversing these mechanisms may hold the key to reducing propensity for relapse in individuals
with moderate to severe alcohol use disorder.
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Introduction

Chronic intermittent ethanol vapor inhalation (CIE) procedure is a widely accepted model
for moderate to severe alcohol use disorder (AUD; (Gilpin et al., 2008; Vendruscolo &
Roberts, 2014). This model is invaluable for identifying the circuitry and neurochemistry
underlying the reward-deficient and stress-surfeit characteristics of addiction (Koob &
Volkow, 2010); however the addiction pathology extends beyond adaptations in
neurocircuitry into processes such as inflammation and gliosis (Coller & Hutchinson, 2012;
Somkuwar et al., 2014). In fact, neuronal damage in AUD has been ascribed, in part, to the
concerted feed-forward interaction between blood-brain barrier (BBB) damage and
neuroinflammation (Haorah et al., 2007; Privratsky et al., 2010; Alikunju et al., 2011). Thus,
understanding ethanol-induced disruptions in function of cerebral endothelium and other
non-neuronal cells may help elucidate AUD neuropathology.

The current study explores the role of the oligovascular niche (Arai & Lo, 2009) in AUD.
Disrupted oligodendroglial homeostasis in the medial prefrontal cortex (mPFC) was
associated with escalated ethanol intake in CIE rats (Richardson et a/., 2009; Somkuwar et
al., 2015). Specifically, high ethanol intake was shown to reduce proliferation of stem-like
cells in several areas of the adult rodent brain, including mPFC (Nixon & Crews, 2002;
Crews & Nixon, 2009; Richardson et a/., 2009; Hansson et a/., 2010). During early ethanol
abstinence (3-7 days), compensatory hyperproliferation of stem cells was observed in several
brain regions (Nixon & Crews, 2004; Hansson et al., 2010), including the mPFC (Somkuwar
et al., 2015). These newly born neural cells in the mPFC survived and differentiated,
primarily (>85%) into new oligodendrocytes (Somkuwar et al., 2015). This increased/
rebound oligodendrogenesis was associated with increased ethanol drinking (Somkuwar et
al., 2015), increased ethanol seeking and decreased neuronal activation as measured by Fos
expression in the mPFC after prolonged abstinence (Somkuwar et al., 2016). Voluntary
wheel running (WR) during prolonged abstinence did not alter ethanol drinking, but
inhibited ethanol seeking, increased mPFC neuronal activation and rescued mPFC
oligodendroglial homeostasis (Somkuwar et al., 2016). Since oligodendroglial turnover and
maturation depends on cerebrovascular health (Arai & Lo, 2009; Miyamoto et al., 2014;
Maki et al., 2015), it was not surprising that a cerebral endothelial marker, platelet/
endothelial cell adhesion molecule-1 (PECAM-1 or CD-31), was also increased in
association with the increased ethanol seeking, and these alterations were reduced by wheel
running (Somkuwar et al., 2016). However, it is unclear whether the oligodendroglial
hyperproliferation is connected functionally to compromised cerebrovascular health in this
model of AUD.

We hypothesized that (1) protracted abstinence from ethanol enhances oligodendrocytes
within close proximity to vasculature, (2) the enhanced oligodendroglial-vascular proximity
is associated with reduced BBB integrity, and (3) wheel running during abstinence will
prevent these alterations. The mPFC tissue from rats previously found to exhibit enhanced
oligodendrogenesis and increased ethanol seeking after prolonged abstinence (Somkuwar et
al., 2016) was used for the current study. The relative localization of PECAM-1 and the
newly born oligodendrocyte was conducted to understand the anatomical relation between
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the damaged endothelium and oligodendrogenesis. BBB integrity was investigated using
immunohistochemical analysis of endothelial barrier antigen (EBA or SMI-71). For
example, studies conducted in adult rats in models of neuroinflammation and spinal cord
injury have demonstrated that SMI-71 expression in the brain and spinal cord negatively
correlated with infiltrated evans blue (EB) dye, suggesting that a reduction in SMI-71
expression shows enhanced BBB permeability and reduced BBB integrity (Matsushita et af.,
2015; Park et al., 2015). Animal models of dyskinesia in adult rats also demonstrate a
negative association between albumin immunostaining in the neuropil (measure of
dysfunctional BBB) and SMI-71 immunostaining in the brain, supporting the previous
findings that SMI-71 expression decreases with enhanced dysfunctional BBB (Westin et al.,
2006). Furthermore, a direct support for SMI-71 as a measure for vascular damage, and
hence BBB integrity, comes from toxin-induced studies in adult rats, where microvascular
damage induced by clostridium perfringens type D epsilon toxin reduced SMI-71
immunostaining (Finnie et al., 2014). SMI-71 is expressed on the luminal side of endothelial
cells only in areas with a selectively permeable BBB (Sternberger & Sternberger, 1987).
Under pathological conditions that disrupt BBB function and increase BBB permeability,
such as cerebral ischemia (Pelz et al., 2013), rarefaction of SMI-71 expression is expected.

Material/Methods

Prefrontal cortical tissue from forty-nine adult male Wistar rats (Charles River) were used
for the study. All experimental procedures were carried out in strict adherence to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
publication number 85-23, revised 1996), and were approved by the Institutional Animal
Care and Use Committee at The Scripps Research Institute.

Effects of history of ethanol experience and access to running wheel during ethanol
abstinence on the oligo-vascular homeostasis in the mPFC was investigated to provide
potential mechanistic link between the behavioral protection against ethanol seeking and the
neuro-adaptive effects of wheel running during abstinence (Somkuwar et al., 2016). The
experimental design is presented schematically (Figure 1). Briefly, adult male Wistar rats
were trained to self-administer ethanol (10% v/v in water) using operant conditioning. The
rats were divided into two groups; one received ethanol vapors in a 14hON/10hOFF CIE
schedule (CIE-ED; n=17) for a period of seven weeks to develop moderate to severe AUD
(Gilpin et al., 2008). The other group did not receive ethanol vapor, however, self-
administered ethanol (ED; n=20). Ethanol self-administration in these rats was reported
previously; while CIE-ED escalated ethanol drinking, ED maintained low ethanol intake
over weeks (Somkuwar et al., 2016). After week 7, all ethanol access was removed and
ethanol abstinence was maintained under either standard housing conditions (CIE-ED; n=8
and ED; n=8) or with ad /ibitum home-cage wheel access (CIE-ED-WR; n=9 and ED-WR;
n=12). An additional cohort of age-matched rats with regular housing conditions (ethanol
and wheel naive; Naive, n=6), and with wheel access (WR, n=6) were maintained for the
same duration as the rats with ethanol history. After 3 days of abstinence, all rats were
administered an exogenous marker of cell division, 5’-bromo-2-deoxyuridine (BrdU; 150
mg/Kg, i.p.) to label proliferating cells (Dayer et al., 2003; Mandyam et a/., 2007; Taupin,
2007). After 20 days of abstinence, ED, CIE-ED, ED-WR and CIE-ED-WR rats were
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subjected to one session of ethanol self-administration, six sessions of extinction training,
and one session of cued-context induced reinstatement of ethanol-seeking behavior. For
extinction sessions, operant boxes different from those used for self-administration were
used and the house-light and white noise were turned on, and no cue-lights were available
following lever presses. Finally lever response did not result in the delivery of ethanol. Both
lever responses were recorded. After 6 days of extinction, rats were subjected to one session
of cued-context reinstatement of ethanol seeking. Specifically, rats were introduced to
operant chambers under conditions identical to training and maintenance (no house-light, no
white noise; operant boxes used for self-administration). Active lever responses resulted in
the presentation of the cue-light for 4 sec, but did not result in the delivery of ethanol. Both
active and inactive lever responses were recorded. The self-administration behavior and
wheel running activity for these rats have been published previously (Somkuwar et al.,
2016). Two-hours after the reinstatement session, all rats were euthanized and their brain
were post-fixed in 4% paraformaldehyde for immunohistochemistry.

Brain tissue was sliced in 40um sections along the coronal plane on a freezing microtome.
Every ninth section through the PFC (+3.7 to +2.5 mm from bregma; 4 sections per rat) was
mounted on Superfrost® Plus slides and dried overnight and used for BrdU analysis.
Quantitative immunohistochemical assay performed using a previously published optical
fractionator method (Kim et a/., 2015); the sections were counter-stained with \Vector Fast
Red (a nuclear stain). The quantitative data for BrdU has been previously reported
(Somkuwar et al., 2016). To determine the phenotype of BrdU labeled cells colabeling of
BrdU (Abcam) was performed with the transcription factor Olig2 (gift from Dr. Charles
Stiles), followed by biotinylated secondary and fluorescent labeling via tyramide signal
amplification. The percent of BrdU cells colabeled with Olig2 were determined and the
number of BrdU/Olig2 labeled cells were computed. These values were compared between
groups using 2-way ANOVA (wheel access, 2 levels and ethanol history, 3 levels);
significant interaction and/or main effects were further investigated using Holm-Sidak's
post-hoc analysis.

A separate set of coronal sections of the brain (+3.0 to +3.7mm from bregma) were
immunoprobed for quantifying the spatial distribution of newly born oligodendrocytes
(BrdU) relative to cerebral endothelium (PECAM-1). To determine the distribution of newly
born oligodendroglia, mPFC sections were immunoprobed for both BrdU and PECAM-1
(gift from Dr. Peter Newman), followed by biotinylated secondary and fluorescent labeling
via tyramide signal amplification. Confocal analysis was conducted with Zeiss Axiovert
100M (Kim & Mandyam, 2014; Kim et al., 2014; Somkuwar et al., 2015). Note, PECAM-1
expression is not contingent on the functional integrity of endothelium (for review,
(Newman, 1994)). The proximity between surviving BrdU cells and the nearest PECAM-1
labeled cell was measured using the “linear scale” function on a Zeiss Axiolmager equipped
with the software LSM510. Percentage of BrdU cells that were juxtaposed (physical
touching with PECAM-1 cell), proximal (<5 um apart from PECAM-1 cell), intermediate
(between 5 pm and 30 um apart from PECAM-1 cell) and distal (>30 um apart from
PECAM-1 cell) were calculated for each rat (5-40 cells/rat). Further, the number of BrdU
cells within each location was calculated from the total number of BrdU cells obtained
across mPFC (+2.6 to +4.5mm from bregma, 4 sections/rat) using quantitative
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immunohistochemical analysis (Somkuwar et al., 2016). Fraction and number of BrdU cells
were analyzed using 3-way repeated-measures ANOVA with wheel access (2 levels) and
ethanol history (3 levels) as between-subjects and distance (4 levels) as within-subjects
independent variables. Huyhn-Feldt correction was applied to adjust for the violation of the
sphericity hypothesis (i.e. the error covariance matrix of the orthonomalized transformed
dependent variables is proportional to an identity matrix; Mauchly's test) for repeated-
measures ANOVA. Significant effects at specific localization levels were further probed
using 2-way ANOVAs (wheel access, 2 levels and ethanol history, 3 levels) and Sidak's post-
hoc analyses.

Coronal sections (+3.0 to +3.7mm from bregma, 1 section/rat) were immunoprobed for
SMI-71 (or EBA, 1:500, rat polyclonal), and biotin-tagged secondary antibodies and then
visualized with DAB. Colored, white-balanced images were captured with
Stereolnvestigator software (MicroBrightField); and DAB levels (% area stained) in the
infralimbic, prelimbic cortex and cingulate gyrus regions were evaluated using ImageJ
software (NIH). Average area stained across the three mPFC subregions was compared
between groups using 2-way ANOVA (wheel access, 2 levels and ethanol history, 3 levels)
followed by Holm-Sidak's post-hoc analysis.

The number of BrdU/Olig2 cells were enhanced by ethanol treatment. Two-way ANOVA
revealed a significant ethanol treatment x wheel running interaction

(FethanolHistory x WheelAccess[2, 34] = 20.76, p<0.001), main effect of ethanol treatment
(FethanolHistory[2, 34] = 30.96, p<0.001), and main effect of wheel running (FwheelAccess[1,
34] = 74.55, p<0.001). Post hoc analysis demonstrated higher number of BrdU/Olig2 cells in
ED and CIE-ED rats compared with sedentary controls (p<0.01), and lower number of
BrdU/Olig2 cells in ED-WR and CIE-ED-WR rats compared to non-wheel groups (p<0.01;
Figure 2a). Co-labeling analysis revealed no significant differences between the ratio of
BrdU cells expressing Olig2 between any of the experimental groups, and there was greater
than 95% co-labeling in all the groups (data not shown).

Analysis revealed that the distribution of surviving BrdU cells in relation to PECAM-1
expression showed intermediate>proximal>distal=juxtaposed (Fpistance[3,120]=34.6,
p<0.0001; Figure 3a-b). However, percent of juxtaposed, proximal, intermediate and distal
BrdU cells relative to PECAM-1 immunofluorescence was not different between wheel
access and ethanol history groups (data not shown). Analysis of number of cells in these
localizations reveled significant interactions of distance and ethanol history

(Fpistance x EthanolHistory[3,120]=3.62, p=0.010) and distance and wheel access

(Fpistance x WheelAccess[3,120]=3.25, p=0.028), but not for 3-way interaction

(Fpistance x EthanolHistory x WheelAccess[3,120]=1.76, p=0.121). Further investigation into
individual levels of localization revealed a difference between low and high ethanol intake
histories only in the juxtaposed fraction, i.e. in the 14.5% of the surviving BrdU cells
(Figure 3b-c). Specifically, significant main effects of wheel access, ethanol history and their
interaction were found (FyneelAccess[1,40]1=4.52, p=0.040; FethanolHistory[2,40]=4.95,
p=0.012; FethanolHistory x WheelAccess[2,40]=3.93, p=0.028; Figure 3c). Despite the variability
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in the CIE-ED group, CIE-ED rats showed greater number of juxtaposed BrdU cells
compared to both ED and naive (ps<0.01), which was reduced by wheel access during
abstinence (p<0.005), such that CIE-ED-WR was not different from WR and ED-WR. In
contrast, BrdU cells proximal to and at intermediate separation from PECAM-1 were
enhanced in both ED and CIE-ED compared to naive, and this burst was normalized to WR
levels in both ED-WR and CIE-ED-WR (data and statistics in Table 1).

SMI-71 expression, expressed as % of area contoured, revealed significant main effect of
wheel access and interaction of wheel access and ethanol history (FywheelAccess[1,42]=18.0,
p<0.0001; FethanolHistory[2,42]=2.72, p=0.077; FethanolHistory x WheelAccess[2:42]=6.52,
p=0.003; Figure 4a-f). Wheel access did not enhance SMI-71 stained area in the ethanol
naive group (t(0.1)=42,p=0.9), but it increased SMI-71 stained area in both ED and CIE-ED
rats (ED vs ED-WR: t(2.6)=42, p=0.02; CIE-ED vs CIE-ED-WR: t(5.5)=42, p<0.001). CIE-
ED-WR had greater expression of SMI-71 compared to ED-WR (t(3.2)=42, p=0.006) and
WR (1(3.99)=42, p=0.0008).

Discussion

The current findings in accordance with our recent report demonstrate that enhanced
oligodendrogenesis in the mPFC of ethanol abstinent rats (both ED and CIE-ED) was
associated with enhanced ethanol seeking, and wheel running during abstinence reduced
both ethanol seeking and oligodendrogenesis (Somkuwar et al., 2016). Our recent report also
revealed that PECAM-1 expression (using immunoblotting analysis on mPFC homogenate)
was also increased in ethanol abstinent rats, and normalized to control levels in rats with
wheel access during abstinence (Somkuwar et al., 2016). Since cerebral endothelial cells
promote oligodendrogenesis and vice versa, in part, via exchange of trophic factors (Arai &
Lo, 2009; Miyamoto et al., 2014), it was not surprising that PECAM-1 and oligodendroglial
proliferation in the mPFC were modulated in tandem during ethanol abstinence (Somkuwar
et al., 2016). The major findings reported herein are that prolonged abstinence and
reinstatement of ethanol seeking in CIE-ED rats increased oligodendrogenesis within a 30u
radius around the damaged endothelium expressing PECAM-1 and these effects were
associated with reduction in SMI-71 expression on endothelial cells. Reduced SMI-71
expression was also observed in ED rats, however, these effects did not correlate with closer
proximity of oligodendrocytes with endothelial cells as seen in CIE-ED rats. Our findings of
reduced SMI-71 immunostaining in the mPFC in ED and CIE-ED rats demonstrate that
protracted abstinence from chronic ethanol experience produces unheralded effects on
endothelial cells and BBB integrity that may be associated with dependence-like syndrome.

Chronic ethanol exposure induces oxidative stress and neuroinflammation which may
contribute to BBB damage (Haorah ef a/., 2005; Wang et al., 2013; Hernandez et al., 2016),
and to cognitive deficits (Tiwari ef a/., 2009; Hernandez et al., 2016). In fact, oxidative stress
in endothelial cells suppresses release of trophic factors necessary for oligodendrogenesis
(Arai & Lo, 2009), which explains the reduced proliferation of oligodendrocyte progenitors
in the mPFC observed during CIE (Richardson ef al.,, 2009). Thus, BBB damage noted
herein may be an effect of ethanol exposure that persisted into abstinence. As a corollary, the
increased PECAM-1 expression and oligodendrogenesis during abstinence could emphasize
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physiological mechanisms of recovery from ethanol-induced oxidative damage. However,
these effects appear to indicate maladaptive plasticity, such that, they were associated with
enhanced cue-induced reinstatement of ethanol seeking, a behavioral paradigm for relapse,
and with decreased neuronal activation in the mPFC (Somkuwar et a/., 2016), which
together suggests reduced executive function and behavioral inhibition (Warthen et al.,
2016). A potential limitation of the currently used methodology is that it is not clear whether
the observed increase in PECAM-1 expression is due to increases in the number of vascular
endothelial cells or increased expression of PECAM-1 protein within the residual vascular
endothelial cells. The current findings of reduced SMI-71 on endothelial cells in ED and
CIE-ED rats during abstinence suggest that the expression of PECAM-1 within the existing
vasculature is increased which may lead to angiogenesis with longer abstinence; however,
this hypothesis needs to be validated. Similar increase in PECAM-1 expression and decrease
in SMI-71 expression was reported in the basal ganglia of a rodent model of dyskinesia,
where an increase in BBB permeability was also observed (Westin et a/., 2006), suggesting a
pre-angiogenic state in the basal ganglia. Although the current findings do not provide any
causation between alterations in PECAM-1 and SMI-71 and relapse to ethanol seeking, and
these studies are beyond the scope of the current report, future studies should investigate the
functional consequence of enhanced PECAM-1 expression with BBB dysfunction during
ethanol abstinence.

Wheel running performed voluntarily during abstinence was protective against cue-triggered
ethanol seeking, suggesting a preservation of the response inhibition learned during
extinction (Somkuwar et al., 2016), a behavior that is heavily reliant on the mPFC (Lasseter
et al., 2010). Wheel running also increased neuronal activation, normalized
oligodendrogenesis and PECAM-1 expression (Somkuwar et al., 2016) and increased
expression of SMI-71 supporting restoration of a healthy BBB in mPFC (current findings).
Exercise has been shown to be BBB protective in other disease models, such as cerebral
ischemia and multiple sclerosis (Souza et al., 2016), and to reduce disease progression and
restore neuronal function in several other neuropathologies (Phillips ef al., 2014). Future
studies should investigate the mechanistic link between PECAM-1 and ethanol seeking (via
pharmacological and/or genetic manipulation) in the context of hyperproliferation of
oligodendrocytes in the mPFC.

An interesting observation in the current study was the lack of difference in SMI-71
expression in mPFC in CIE-ED and ED rats; these effects may be due to floor effect in
SMI-71 expression, since the magnitude of SMI-71 recovery following wheel access during
alcohol abstinence was greater in CIE-ED-WR compared to ED-WR. Alternatively, the
nature of BBB damage may be qualitatively different between CIE-ED and ED rats that
could not be harnessed with SMI-71 expression. Notably, only in the CIE-ED rats, increased
oligodendrogenesis was observed juxtaposed with the damaged cerebral endothelium. One
limitation of this analysis is that PECAM-1-BrdU spatial relation is quantified in tissue
slices and not in a more physiologically accurate 3D space. Thus, it is possible that
PECAM-1 may be closer to BrdU than apparent here, although that will likely not alter the
number of juxtaposed cells. Further, others have noted oligodendrocyte progenitor cells are
located close to cerebral endothelia, and under pathological conditions, such as oxidative
stress, weaken the endothelial barrier in a paracrine manner (Seo et al., 2013). Thus, one
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could predict that in rats with an AUD phenotype, oligodendrocyte progenitor cells
contribute to BBB damage and that during abstinence, the impaired BBB provides a
conducive environment for maladaptive oligodendrogenesis.
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Highlights

. Protracted abstinence from chronic alcohol enhances the proximity of
oligodendrocytes with endothelial cells

. Enhanced oligo-vasculature proximity is associated with enhanced blood-
brain barrier permeability

. Wheel running during abstinence prevents oligo-vascular maladaptations and
normalizes blood-brain barrier permeability
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Figure 1.

Euthanized

Schematic of experimental design indicating the experimental groups, the number of animals

in each group, time line for each part of the experiment and time point for BrdU injection.
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Figure 2.
(a) Quantitative analysis of the number of 28-day-old BrdU/Olig2 colabeled cells in the

mPFC. Data is indicated as number of cells per area of the mPFC, and represented as mean
+ S.E.M. (b) Representative micrographs for immunofluorescent labeling of 28-day-old
BrdU labeled cells colabeled with Olig2 from one control rat. BrdU is in red (CY3) and Olig
2 isin green (FITC). Scale bar indicated in the BrdU panel is 10 um, applies to all the
panels. *p<0.05 vs. ethanol naive control in nonrunners. #p<0.05 vs. sedentary group in ED
and CIE-ED groups. Values are mean + S.E.M.
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Figure 3.
(a) Representative micrographs for immunofluorescent labeling of 28 day-old BrdU cells

(CY3, red) and PECAM-1 (FITC, green) in the mPFC from one CIE-ED rat. Scale bar in the
merged panel is 15 pm. (b) Pi-chart presenting the proportion of BrdU+ cells that are
juxtaposed, proximal, intermediate or distal from the nearest PECAM-1 labeled cerebral
endothelial cells (c) Quantification of the number of BrdU+ cells juxtaposed with cerebral
endothelium. #p<0.05 vs. ED group; *p<0.05 vs. sedentary CIE-ED group.
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(a-f) Representative micrographs for immunohistochemical analysis of SMI-71 expression.
Scale bar in f is 200 um, applies a-f. cc, corpus callosum. (g) Quantification of SMI-71 (%
area stained). Values are mean + S.E.M. * p<0.001 compared to respective Wheel(-) group;
#p<0.05 compared to respective ED and ethanol naive control group.
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