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Alcohol and Stress Activation of Microglia and Neurons:
Brain Regional Effects

Thomas Jordan Walter, Ryan P. Vetreno, and Fulton T. Crews

Background: Cycles of alcohol and stress are hypothesized to contribute to alcohol use disorders.
How this occurs is poorly understood, although both alcohol and stress activate the neuroimmune sys-
tem—the immune molecules and cells that interact with the nervous system. The effects of alcohol and
stress on the neuroimmune system are mediated in part by peripheral signaling molecules. Alcohol and
stress both enhance immunomodulatory molecules such as corticosterone and endotoxin to impact neu-
roimmune cells, such as microglia, and may subsequently impact neurons. In this study, we therefore
examined the effects of acute and chronic ethanol (EtOH) on the corticosterone, endotoxin, and micro-
glial and neuronal response to acute stress.

Methods: Male Wistar rats were treated intragastrically with acute EtOH and acutely stressed with
restraint/water immersion. Another group of rats was treated intragastrically with chronic intermittent
EtOH and acutely stressed following prolonged abstinence. Plasma corticosterone and endotoxin were
measured, and immunohistochemical stains for the microglial marker CD11b and neuronal activation
marker c-Fos were performed.

Results: Acute EtOH and acute stress interacted to increase plasma endotoxin and microglial
CD11b, but not plasma corticosterone or neuronal c-Fos. Chronic EtOH caused a lasting sensitization
of stress-induced plasma endotoxin, but not plasma corticosterone. Chronic EtOH also caused a lasting
sensitization of stress-induced microglial CD11b, but not neuronal c-Fos.

Conclusions: These results find acute EtOH combined with acute stress enhanced plasma endotoxin,
as well as microglial CD11b in many brain regions. Chronic EtOH followed by acute stress also
increased plasma endotoxin and microglial CD11b, suggesting a lasting sensitization to acute stress.
Overall, these data suggest alcohol and stress interact to increase plasma endotoxin, resulting in
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enhanced microglial activation that could contribute to disease progression.
Key Words: Alcohol, Stress, Microglia, Neurons, Endotoxin.

LCOHOL USE DISORDERS (AUDs) are widespread

mental health conditions that contribute to significant
morbidity and mortality. Many studies have identified a rela-
tionship between AUDs and stress. Both alcohol and stress
increase stress hormone levels and activity of brain stress sys-
tems (Koob et al., 2004). Stress and the release of stress hor-
mones by the hypothalamic—pituitary—adrenal (HPA) axis

From the Bowles Center for Alcohol Studies (TJW, RPV, FTC),
The School of Medicine, University of North Carolina at Chapel Hill,
Chapel Hill, NC; and Department of Pharmacology (TJW, FTC),
University of North Carolina at Chapel Hill, Chapel Hill, NC.

Received for publication June 5, 2017, accepted September 19, 2017.

Reprint requests: Fulton T. Crews, PhD, Bowles Center for Alcohol
Studies, The School of Medicine, The University of North Carolina at
Chapel Hill, CB #7178, 1021 Thurston Bowles Building, Chapel Hill,
NC 27599-7178; Tel.: 919-966-5678,; Fax: 919-966-5679; E-mail:
fulton_crews@med.unc.edu

Copyright © 2017 The Authors Alcoholism: Clinical & Experimental
Research published by Wiley Periodicals, Inc. on behalf of Research
Society on Alcoholism.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1111/acer.13511
2066

have been implicated in binge/heavy drinking, motivation to
drink, and the chronic relapsing nature of AUD (Blaine and
Sinha, 2017; Stephens and Wand, 2012). Release of stress
hormones is also linked to increased alcohol drinking,
responses to alcohol cues, risk of relapse, and positive subjec-
tive responses to alcohol (Blaine and Sinha, 2017; Stephens
and Wand, 2012). Interestingly, alcohol and stress both
impact innate immune signaling, which has been suggested
to contribute to AUDs (Crews et al., 2017; de Timary et al.,
2017). Studies in rats find that acute ethanol (EtOH) dose
dependently increases intestinal permeability (Ferrier et al.,
2006), thereby increasing leakage of bacterial products such
as endotoxin from the gut to the periphery and activating
systemic and brain innate immune signaling (Crews et al.,
2017; Qin et al., 2007; Rivera et al., 1998; de Timary et al.,
2017). Other studies find both acute and chronic alcohol
increase neuroimmune signaling in the brain (Vetreno and
Crews, 2012; Walter and Crews, 2017). Acute stress also
increases brain expression of cytokines such as TNF-a, IL-
15, and Ccl2 (Knapp et al., 2016) and the danger signaling
molecule, high mobility group box-1 protein (HMGBI)
(Frank et al., 2015; Weber et al., 2015). Stress sensitizes neu-
roimmune responses (Frank et al., 2015), and stress hor-
mones that are generally anti-inflammatory have been
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hypothesized to have the opposite effect of enhancing brain
innate immune signaling under some circumstances (Frank
et al., 2015; Sorrells et al., 2009). Further, studies in rats find
partial restraint stress increases blood endotoxin and stress
hormones, such as ACTH and corticosterone (CORT), as
well as brain proinflammatory cytokines. However, reducing
endotoxin release with antibiotics, probiotics, and drugs
resulted in a loss of the stress hormone response, suggesting
stress-induced changes in blood endotoxin contribute to
stress hormone responses (Ait-Belgnaoui et al., 2012). Innate
immune signaling cytokines also alter EtOH consumption
(Marshall et al., 2016, 2017), and the cytokine receptors
ILIR1 and TNFRI1 contribute to stress-induced EtOH con-
sumption (Karlsson et al., 2017), suggesting the neuroim-
mune system may contribute to addiction. Cytokines also
enhance stressful emotional states following alcohol with-
drawal (Breese et al., 2008). Although alcohol and stress
both induce stress hormones and innate immune signaling,
the mechanisms of interaction of these 2 responses and how
they contribute to AUDs are poorly understood.
Neuroimmune signaling in the brain involves innate
immune signaling molecules such as cytokines and chemoki-
nes that are constitutively expressed in brain microglia, that
is, the brain tissue-specific monocytes (Kettenmann et al.,
2011). Microglia are activated by both alcohol (Qin and
Crews, 2012) and stress (Sugama et al., 2009). It is possible
this may occur through alcohol- and stress-induced increases
in stress hormones and endotoxin. Furthermore, microglia
can also modulate neuronal function. Studies find that
microglia release cytokines, such as TNF-a (Lewitus et al.,
2016), and neurotrophins, such as brain-derived neu-
rotrophic factor (Parkhurst et al., 2013), that can impact
neuronal activity. These data suggest alcohol and stress may
impact neurons through microglia. However, whether alco-
hol and stress interact to impact plasma CORT, plasma
endotoxin, microglia, or neurons is currently unknown. In
this study, we investigated the effects of EtOH and stress on
plasma CORT and endotoxin, as well as microglial and neu-
ronal activation. We performed 2 experiments: the first
studying acute EtOH and acute stress and the combination
of both. In the second experiment, we investigated the effect
of adolescent chronic EtOH on long-lasting changes in the
adult stress response to determine persistence of potential
stress—alcohol interactions. In humans, adolescent stress,
trauma, and binge drinking have been hypothesized to con-
tribute to persistent dysfunctional HPA responses that
increase risks of AUD (Schepis et al., 2011). We studied a
rat adolescent intermittent EtOH (AIE) model that has been
shown to cause a persistent increase adult brain neuroim-
mune signaling cytokines and chemokines to determine
whether there were persistent changes in microglial or neu-
ronal responses to stress (Crews and Vetreno, 2016; Vetreno
and Crews, 2012; Vetreno et al., 2013). We examined plasma
levels of CORT and endotoxin, and assessed microglial and
neuronal activation by performing immunohistochemical
stains for cluster of differentiation molecule 11B (CDI11b)
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and c-Fos, respectively. We hypothesized that acute EtOH
and acute stress would interact to enhance plasma CORT
and endotoxin levels, as well as microglial and neuronal acti-
vation. We further hypothesized that chronic EtOH would
persistently enhance the response of CORT, endotoxin,
microglia, and neurons to acute stress.

MATERIALS AND METHODS
Animals

For the acute EtOH and acute stress studies, male Wistar rats
(P75; Harlan Sprague-Dawley; Indianapolis, IN) were acclimated
to the animal facility for 3 weeks prior to experimental proce-
dures. Subjects were group-housed (n = 2/cage). For the chronic
EtOH and acute stress studies, young pregnant female Wistar
rats (embryonic day 17; Harlan Sprague-Dawley) were acclimated
to the animal facility prior to birthing. On postnatal day (P) I,
24 hours after birth, litters were culled to 10 pups per dam and
housed with their mother until group housing with same-sex
littermates at weaning on P21. All animals were housed in a tem-
perature (20°C)- and humidity-controlled vivarium on a 12-h/12-
h light/dark cycle (light onset at 0700 hour) and provided ad
libitum access to food and water. Experimental procedures were
approved by the Institutional Animal Care and Use Committee
of the University of North Carolina at Chapel Hill and con-
ducted in accordance with National Institutes of Health regula-
tions for the care and use of animals.

Acute EtOH and Acute Stress Experiment

Male Wistar rats (P96) were treated with EtOH (5.0 g/kg, 25%
v/v, intragastric [i.g.]) or a comparable volume of water. One hour
later, the rats were either acutely stressed or left in their home cage,
resulting in a total of 4 treatment groups: water-gavaged, nonstressed
(CON); EtOH-gavaged, nonstressed (EtOH); water-gavaged,
stressed (Stress); and EtOH-gavaged, stressed (EtOH+Stress). Ani-
mals in the Stress groups received an acute stressor consisting of
restraint/partial water immersion as previously described (Sugama
et al., 2009). Briefly, the rats were restrained in DecapiCone restrain-
ers (Cat. # DCL-200; Braintree Scientific, Braintree, MA) and
immersed up to their xyphoid processes in chilled water (21 + 2°C)
for 2 hours. The animals were sacrificed immediately following the
termination of the stressor (see Fig. 14). Nonstressed animals
remained in their home cages until sacrifice. Trunk blood was
collected at sacrifice, and blood EtOH concentrations (BECs) were
calculated using a GM7 Analyzer (Analox, London, UK).

Chronic EtOH and Acute Stress Experiment

On P21, male subjects were weaned and randomly assigned to
either chronic EtOH or water control (CON) treatment, as
described previously (Vetreno and Crews, 2012). Beginning on P25,
a standard AIE protocol was started as described previously
(Vetreno and Crews, 2012). In brief, rats received i.g. administration
of EtOH (5.0 g/kg, 20 to 30% v/v) on a 2-d on/2-d off schedule until
P54 (see Fig. 1B). Animals in the control condition received compa-
rable volumes of water on an identical schedule. Tail blood was col-
lected 1 hour after EtOH administration on P38 and P54 for the
assessment of BECs. Following the conclusion of AIE treatment,
subjects were pair-housed (n = 2/cage) and maintained on ad libitum
access to food and water for the duration of experiments. One group
of animals was sacrificed on P55, 24 hours after the last EtOH expo-
sure. The remaining animals continued to mature until P96 or P97.
This was done to determine the effects of adolescent EtOH treat-
ment on the adult brain response to stress. Therefore, a period of
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Fig. 1. Graphical representation of the experimental protocols. (A)
Rats were treated with acute ethanol (EtOH) (5 g/kg, 25% V/v, i.g.) or a
comparable volume of water. The arrow represents the time of acute
EtOH administration. One hour later, rats were acutely stressed for
2 hours using a restraint/water immersion procedure or were left in their
home cage. The rats were sacrificed immediately following the conclu-
sion of the stressor. (B) Body weights of control (CON—white dots) and
chronic EtOH (CE—black dots)-treated rats are shown over time. Rats
were treated from P25 to P54 with either EtOH (5 g/kg, 20 to 30% v/v,
i.g.) or water on a 2-d on/2-d off cycle. Arrows designate days the rats
were treated. Blood EtOH concentrations (BECs) were measured 1 hour
after EtOH treatment on P38 and P54 and are represented by gray
squares. Rats were acutely stressed on P96 or P97 with a 2-hour
restraint/water immersion procedure or left in their home cage. The rats
were sacrificed 2 hours following the conclusion of the stressor. Data are
presented as mean + SEM.

prolonged abstinence was included in between the chronic EtOH
treatment and the acute stress. On P96/P97, animals were ran-
domly assigned to either a stress or control treatment group, for
a total of 4 groups: water-gavaged, nonstressed (CON); EtOH-
gavaged, nonstressed (CE); water-gavaged, stressed (Stress); and
EtOH-gavaged, stressed (CE+Stress). Stressed animals received a
2-hour restraint/water immersion stressor as described above.
The rats were sacrificed 2 hours after the conclusion of the 2-
hour acute stressor. Nonstressed animals remained in their home
cages until sacrifice.

Perfusion and Brain Tissue Preparation

Rats were anesthetized with sodium pentobarbital (100 mg/kg,
intraperitoneally) and transcardially perfused with 0.1 M phos-
phate-buffered saline (PBS) (pH 7.4) followed by 4.0%
paraformaldehyde in PBS. Brains were extracted, postfixed in 4.0%
paraformaldehyde/PBS solution for 24 hours, and then placed in a
30% sucrose solution in PBS. Brain tissue was sectioned coronally
at a thickness of 40 um on a sliding microtome (MICROM
HM450; Thermo Scientific, Austin, TX). Sections were sequentially
collected into well plates and stored at —20°C in a cryoprotectant
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solution consisting of 30% glycol/30% ethylene glycol in PBS for
immunohistochemistry.

CORT Measurements

Trunk blood was collected during perfusion. Blood was drawn
from the left ventricle of the heart into a syringe, placed in BD
Microtainer™ Plastic Capillary Blood Collector with lithium hep-
arin (Cat. # 02-668-75; Fisher Scientific, Hampton, NH), and
placed on ice. Plasma was collected by spinning down the whole
blood twice at 4°C for 15 minutes at 13,800xg. CORT measure-
ments were taken using an RIA kit (Cat. # 07120102; MP
Biomedical, Santa Ana, CA). Briefly, rat plasma was diluted
1:200 in 10 x 75 mm glass tubes with the diluent provided in the
kit as per the kit instructions. Radioactive CORT'#I followed by
anti-CORT antibody provided in the kit was then added to the
tubes as per the kit instructions. All tubes were vortexed and
incubated at room temperature for 2 hours. A precipitant solu-
tion provided in the kit was added to the tubes, which were then
centrifuged at 1,000xg for 15 minutes as per the kit instructions.
The supernatant was aspirated, and radioactivity of the precipi-
tate was measured by a gamma counter. The amount of bound
radioactive CORT I was calculated from the counts and used
with a standard curve to calculate the concentration of CORT in
each sample.

Endotoxin Measurements

Trunk blood was collected during perfusion. Blood was drawn
from the left ventricle of the heart into a syringe, place in BD
Microtainer™ Plastic Capillary Blood Collector with lithium hep-
arin (Cat. # 02-668-75), and placed on ice. Plasma was collected
by spinning down the whole blood twice at 4°C for 15 minutes
at 13,800xg. Endotoxin was measured using an Endotoxin
Detection kit (Cat. # 50-647U; Lonza, Basel, Switzerland).
Briefly, plasma samples were diluted 1:3 in microcentrifuge tubes
with endotoxin-free water provided in the kit. The tubes were
then heated for 10 minutes at 70°C in a heating block to dena-
ture plasma proteins that interfere with the assay. Fifty micro-
liters of diluted plasma samples was then transferred to a 96-well
plate, and an equivalent volume of limulus amebocyte lysate pro-
vided in the kit was added to each well. The plate was incubated
at 37°C for 10 minutes, and then, substrate solution provided in
the kit was added to each well. After 30 to 120 minutes of fur-
ther incubation at 37°C, stop reagent was added to each well,
and the absorbance of each well was measured at 405 nm using a
plate reader. The concentration of endotoxin in each well was
calculated using the absorbance and a standard curve developed
in the same plate.

Immunohistochemistry

Free-floating sections were washed in 0.1 M PBS, incubated in
0.3% H,0, for 30 minutes, washed again in PBS, and blocked for
1 hour at room temperature in 0.25% Triton X-100/5% normal
serum (Cat. # 19135680; MP Biomedicals, Solon, OH). Sections
were transferred directly from the block to primary antibody diluted
in blocking solution and were incubated overnight at 4°C. For the
details of staining with each primary antibody, see Table 1. Sections
were then washed in PBS, incubated for 1 hour in biotinylated sec-
ondary antibody (1:200; Vector Laboratories, Burlingame, CA),
washed, and incubated for 1 hour in avidin—biotin complex solution
(Cat. # PK6100; Vectastain ABC Kit; Vector Laboratories). The
chromogen, nickel-enhanced diaminobenzidine (Cat. # D5637;
Sigma-Aldrich, St. Louis, MO), was used to visualize immunoreac-
tivity (IR). Tissue was mounted onto slides, dehydrated, and cover-
slipped.



BRAIN REGIONAL ETOH AND STRESS RESPONSE

Table 1. List of Antibodies Used for Immunohistochemistry

Antibody Host Dilution Company Catalog Number
c-Fos Rabbit 1:10,000 Calbiochem PC38

EGR1 Rabbit 1:150 Cell Signaling 15F7

CD11b Mouse 1:1,000 Serotec MCA275R

Ibai Rabbit 1:1,000 Wako 019-19741
CD68 Mouse 1:1,000 Serotec MCA341R
MHCII Mouse 1:500 Serotec MCA46R

iNOS Mouse 1:1,000 Santa Cruz sc-7271

Microscopic Quantification and Image Analysis

For staining in the various brain regions, tissue was drawn as
follows using the atlas of Paxinos and Watson (1998): for the
prelimbic (PrL) and infralimbic (IL) cortex, a 1:6 series from
approximately bregma +3.70 to +2.20 mm (~4 slices per animal);
for the nucleus accumbens (NAc) core and shell, a 1:6 series from
approximately bregma +1.70 to +0.70 mm (~4 slices per animal);
for the dorsal and ventral bed nucleus of the stria terminalis
(dBNST and vBNST), a 1:4 series from approximately bregma
—0.26 to —0.40 mm (~3 slices per animal); for the paraventricular
nucleus of the hypothalamus (PVN), a 1:3 series from approxi-
mately bregma —1.40 to —2.12 mm (~3 slices per animal); for the
CA1l region, CA3 region, and dentate gyrus (DG) of the hip-
pocampus, a 1:6 series from approximately bregma —2.56 to
—3.60 mm (~4 slices per animal); for the central nucleus of the
amygdala (CeA) and basolateral nucleus of the amygdala (BLA),
a 1:3 series from approximately bregma —1.88 to —2.80 mm (~3
slices per animal); and for the lateral periaqueductal gray (IPAG),
a 1:6 series from approximately bregma —5.80 to —6.72 mm (~3
slices per animal) (see Fig. S1). The only exception was staining
in the PVN, for which 1 slice per animal was used due to limited
tissue. A modified stereological profile quantification method was
used to quantify immunopositive cell counts and pixel density
within the regions of interest. We have previously published that
a comparison of this method with unbiased stereological method-
ology yielded nearly identical values relative to control subjects
(Crews et al., 2004). Images of the regions of interest were cap-
tured using an Olympus BX50 microscope (Olympus Corpora-
tion, Tokyo, Japan) and Sony DXC-390 video camera (Sony
Corporation, Tokyo, Japan) linked to a computer (see Fig. S1).
BioQuant Nova Advanced Image Analysis (R&M Biometric,
Nashville, TN) was used for image analysis. The threshold was
rigorously determined by calculating the average of the darkest
and lightest values from each region of interest from control sub-
jects. Sections were imaged under identical conditions (Beynon
and Walker, 2012). Immunopositive cell count or pixel density
was then determined by the BioQuant program. The area of the
outlined regions of interest was determined, and IR was calcu-
lated by dividing either cell counts or pixel density by the overall
area (mm°).

Statistical Analyses

The Statistical Package for the Social Sciences (SPSS; Chicago,
IL) was used for all statistical analyses. The data from each experi-
ment was analyzed using a 2-by-2 analysis of variance. The statisti-
cal significance of main effects and interactions was determined and
is reported in a Table S1. Significant differences between individual
groups were further investigated using Tukey’s post hoc test for
multiple comparisons, unless otherwise noted. All values are
reported as mean + SEM, and significance was defined at a level of
p <0.05.
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RESULTS

Effects of Acute EtOH and Acute Stress on Plasma CORT
and Endotoxin Levels

Previous studies find that acute EtOH (Ellis, 1966) and
acute stress increase plasma CORT. Furthermore, acute
EtOH (Rivera et al., 1998) and acute stress (Ait-Belgnaoui
et al., 2012) also increase plasma endotoxin. However,
whether EtOH and stress interact to impact plasma CORT
or plasma endotoxin is unknown. To investigate this, rats
were treated with acute EtOH (5 g/kg, 25% v/v) and 1 hour
later treated with a 2-hour restraint/water immersion stressor
(Fig. 1A4), as described previously (Sugama et al., 2009). This
stress protocol has been widely used to study the effects of
stress, including ulcers (Kato et al., 1998) and memory
impairment (Mizoguchi et al., 2000). The rats were sacrificed
immediately following the conclusion of the stressor, and
trunk blood was collected. Analysis of BECs found that rats
in the EtOH and EtOH+Stress groups had comparable BECs
(191 £ 33 mg/dl in the EtOH group vs. 221 £+ 21 mg/dl in
the EtOH+Stress group). Acute EtOH increased plasma
CORT 41-fold (p < 0.05), while 2 hours of acute restraint/
water immersion stress increased plasma CORT a marked
78-fold (p < 0.05) (Fig. 24). However, the combination of
acute EtOH and acute stress did not further increase plasma
CORT beyond the levels induced by acute stress alone
(Fig. 24). There was a trend for acute EtOH and acute stress
to increase plasma endotoxin individually (Fig. 2B). Interest-
ingly, the combination of acute EtOH and acute stress
caused a 50-fold increase in plasma endotoxin that was sig-
nificantly higher (p < 0.05) than endotoxin levels in the
Stress group (Fig. 2B). Overall, these results show plasma
CORT is markedly increased by acute EtOH and acute
stress, while plasma endotoxin shows a modest increase with
EtOH or stress alone, and a marked increase when EtOH
and stress are combined.

Effects of Acute EtOH and Acute Stress on Microglia and
Neurons in the Prefrontal Cortex

Previous studies show that acute EtOH and acute stress
individually activate microglia (Ahlers et al., 2015; Sugama
et al., 2009) and neurons (Vilpoux et al., 2009; Watanabe
et al., 1994) across multiple brain regions. However, whether
the 2 interact to affect microglial or neuronal activation is
unknown. To investigate this, we treated rats with acute
EtOH and acute stress as described above and examined sev-
eral brain regions using CD11b and c-Fos as markers of
microglial and neuronal activation, respectively (Tables 2
and 3). We first examined the medial prefrontal cortex
(mPFC), a brain region affected by both EtOH and stress. In
the prelimbic mPFC (PrL), neither acute EtOH nor acute
stress increased CD11b+ IR; however, the 2 interacted to
increase CD11b+ IR 67% (p < 0.05) (Fig. 34). A similar
result was seen in the infralimbic mPFC (IL) (Table 2). In
the PrL, acute EtOH increased c-Fos+ cell density 2.6-fold
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Fig. 2. Effects of acute ethanol (EtOH) and acute stress on plasma cor-
ticosterone and endotoxin. Rats were treated with EtOH (5.0 g/kg, 25%
v/v, i.g.) and/or a 2-hour restraint/water immersion stressor and sacrificed
immediately following the conclusion of the stressor. (A) Plasma corticos-
terone levels were measured. Data are presented as mean + SEM.
*p < 0.05 compared to CON, "p < 0.05 compared to EtOH (Tukey’s post
hoc test). n = 4 to 10/group. (B) Plasma endotoxin levels were measured.
Data are presented as mean + SEM. *p < 0.05 compared to CON,
p < 0.05 compared to Stress (least significant difference post hoc test).
n = 4to 10/group.

(p < 0.05), while acute stress increased c-Fos+ cell density
6.1-fold (p <0.05) (Fig. 3B). However, acute EtOH and
acute stress did not further interact to enhance c-Fos+ cell
density beyond the levels caused by stress alone (Fig. 3B).
Results were similar in the IL (Table 3). We found plasma
CORT and PrL c-Fos were significantly correlated across
groups (r = 0.695, p < 0.001). Plasma endotoxin and PrL
CDI11b+ IR were also significantly correlated across groups
(r = 0.495, p = 0.019). However, plasma CORT and PrL
CD11b did not correlate, and plasma endotoxin and PrL c-
Fos did not correlate. This suggests PrL neuronal activation
is related to the CORT response, whereas PrL microglial
activation is related to the endotoxin response rather than
the CORT response. Overall, these data suggest acute EtOH
and acute stress interact to increase mPFC CD11b+ IR, but
not mPFC neuronal c-Fos.
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Table 2. Effects of Acute Ethanol (EtOH) and Acute Stress on CD11b
Expression Across Brain Regions (% control)

Brain region CON E S E+S
Prefrontal cortex

PrL 100 + 192 100 + 232P 94 + 10° 167 + 23°

IL 100 + 212 91 + 18P 74 + 62 149 + 23°
Nucleus accumbens

Core 100 + 82 109 + 30? 127 + 222 195 + 19°

Shell 100 + 82 97 + 202 126 £ 21> 169 + 13°
Bed nucleus of the stria terminalis

dBNST 100 + 142 171 + 56*° 202 + 25%° 283 + 30°

vBNST 100 = 10® 138 £ 292 215 £ 272P 247 + 32°
Hypothalamus

PVN 100 + 28% 126 + 36° 551 + 70° 361 + 20°
Amygdala

BLA 100 + 16 112 + 15° 129 + 132 207 + 18°

CeA 100 + 82 108 + 10? 99 + 9° 153 + 13°

BLA, basolateral amygdala; CeA, central nucleus of the amygdala;
dBNST, dorsal bed nucleus of the stria terminalis; IL, infralimbic cortex;
PVN, paraventricular nucleus of the hypothalamus; PrL, prelimbic cortex;
VBNST, ventral bed nucleus of the stria terminalis.

Rats were treated simultaneously with acute EtOH and a 2-hour
restraint/water immersion stressor. The rats were then sacrificed immedi-
ately following the conclusion of the stressor. Brain regions were stained
for CD11b to assess microglial activation. n = 4 to 10 per group. Data are
presented as mean + SEM. Statistically significant differences are indi-
cated by different letters; for example, means with superscripts “a” and “b”
are statistically different (Tukey’s post hoc test), while means with super-
scripts “a” and “a” are not statistically different.

Table 3. Effects of Acute Ethanol (EtOH) and Acute Stress on c-Fos
Expression Across Brain Regions (cells/mm?)

Brain region CON E S E+S
Prefrontal cortex

PrL 81+ 5% 213 + 33° 497 + 31° 394 + 33°

IL 48 + 82 137 + 32° 224 + 33° 219 + 31°
Nucleus accumbens

Core 219 + 48° 316 + 111®° 543 + 39° 402 + 472P

Shell 149 4+ 40*° 122 + 45° 312 + 60° 139 + 19°
Bed nucleus of the stria terminalis

dBNST 63 + 72 145 + 402 140 + 112 113+ 72

vBNST 40 £+ 5° 63 + 252 222 +23° 118 + 212
Hypothalamus

PVN 95 + 282 260 + 6° 503 &+ 54° 418 + 38°
Amygdala

BLA 113 + 222 100 + 292 272 + 31° 143 + 29°

CeA 104 £+ 122 385 + 88° 204 + 41* 195 + 322

BLA, basolateral amygdala; CeA, central nucleus of the amygdala;
dBNST, dorsal bed nucleus of the stria terminalis; IL, infralimbic cortex;
PVN, paraventricular nucleus of the hypothalamus; PrL, prelimbic cortex;
VBNST, ventral bed nucleus of the stria terminalis.

Rats were treated simultaneously with acute EtOH and a 2-hour
restraint/water immersion stressor. The rats were then sacrificed immedi-
ately following the conclusion of the stressor. Brain regions were stained
for c-Fos to assess neuronal activation. n = 4 to 10 per group. Data are
presented as mean + SEM. Statistically significant differences are indi-
cated by different letters; for example, means with superscripts “a” and “b”
are statistically different (Tukey’s post hoc test), while means with super-
scripts “a” and “a” are not statistically different.
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Fig. 3. Effects of acute ethanol (EtOH) and acute stress on CD11b+ IR and c-Fos+ IR in the prelimbic cortex. Rats were treated with EtOH (5.0 g/kg,
25% v/v, i.g.) and/or a 2-hour restraint/water immersion stressor and sacrificed immediately following the conclusion of the stressor. (A) CD11b+ pixel
density in the PrL was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to Stress (Tukey’s post hoc test). n = 4 to 10/
group. A representative image of CD11b staining from each group is shown. A higher magnification image is displayed in the inset. The scale bar in the
low-magnification image measures 100 microns, and the scale bar in the high-magnification inset measures 20 microns. (B) c-Fos+ cell density in the PrL
was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON, "p < 0.05 compared to EtOH (Tukey’s post hoc test).
n = 4 to 10/group. A representative image of c-Fos staining from each group is shown. A higher magnification image is displayed in the inset. The scale
bar in the low-magnification image measures 100 microns, and the scale bar in the high-magnification inset measures 20 microns.

Effects of Acute EtOH and Acute Stress on Microglia and
Neurons in the NAc and Bed Nucleus of the Stria Terminalis

We next investigated microglial and neuronal activation in
the NAc, a brain region involved in reward, and the bed
nucleus of the stria terminalis (BNST), a brain region
involved in stress, fear, and anxiety. Neither acute EtOH nor
acute stress increased CD11b+ IR in the NAc, although the
combination enhanced CD11b+ IR 95% (p < 0.05) in the
NAc core and 69% (p < 0.05) in the NAc shell (Fig. 44).
Staining for c-Fos found that acute EtOH did not enhance c-
Fos+ cell density in the NAc, but that acute stress increased
c-Fos+ cell density 148% (p < 0.05) in the NAc core and
100% in the NAc shell (Fig. 4B). The combination of acute
EtOH and acute stress did not impact c-Fos+ cell density in
the NAc core, but returned c-Fos to control levels in the
NAc shell (Fig. 4B). In the BNST, both acute EtOH and
acute stress showed a trend to increase CD11b, with the com-
bination further increasing CD11b (Fig. 4C). Acute stress
increased c-Fost cell density 5.5-fold (p < 0.05) in the
vBNST, with the combination of acute EtOH and acute
stress blunting this response (Fig. 4D). Acute EtOH, acute
stress, or the combination did not significantly increase
c-Fos+ cell density in the dBNST, although there were trends
for EtOH and stress to increase c-Fos in this region. Overall,

these data suggest that acute EtOH and acute stress interact
to enhance microglial CD11b in the NAc, but decrease neu-
ronal c-Fos in the NAc shell. Also, acute EtOH and acute
stress combined tend to increase microglial CD11b in the
BNST, while acute EtOH blunts the effects of acute stress on
neuronal c-Fos in the vBNST.

Effects of Acute EtOH and Acute Stress on Microglia and
Neurons in the PVN and Amygdala

We also examined microglial and neuronal activation in
the PVN and amygdala, key stress-response brain regions
that are also activated by EtOH. Acute EtOH did not
increase CD11b+ IR in the PVN, whereas acute stress
caused a marked 5.5-fold (p < 0.05) increase in CDI11b+
IR that was not altered by the combination of EtOH and
stress (Fig. 54). Acute EtOH increased PVN c-Fos+ cell
density 160% (p < 0.05), while acute stress increased c-
Fos+ cell density 5-fold (p < 0.05) in the PVN (Fig. 5B).
There was no interaction of acute EtOH with acute stress
on c-Fos in the PVN. In the amygdala, neither acute
EtOH nor acute stress significantly increased CD11b+ IR;
however, the combination increased CDI11b+ IR 107%
(p < 0.05) in the BLA and a 53% (p <0.05) in the CeA
(Table 2, Fig. 5C). While acute EtOH did not increase c-
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Fig. 4. Effects of acute ethanol (EtOH) and acute stress on CD11b+ IR and c-Fos+ IR in the nucleus accumbens (NAc) and bed nucleus of the stria
terminalis (BNST). Rats were treated with EtOH (5.0 g/kg, 25% V/v, i.g.) and/or a 2-hour restraint/water immersion stressor and sacrificed immediately fol-
lowing the conclusion of the stressor. CD11b+ IR was assessed in (A) the NAc core and shell and (B) the ventral and dorsal BNST. c-Fos+ cell density in
(C) the NAc core and shell and (D) the ventral and dorsal BNST was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared

to CON, Tp < 0.05 compared to EtOH, *p < 0.05 compared to Stress (Tukey’

Fos+ cell density in the BLA, acute stress caused a marked
2.7-fold (p < 0.05) increase in BLA c-Fos+ cell density
(Table 3). Acute EtOH blunted the stress-induced increase
in BLA c-Fos (Table 3). While acute EtOH caused a
robust 3.8-fold (p < 0.05) increase in c-Fos+ cell density in
the CeA, acute stress had no significant effect (Fig. 5D).
Interestingly, the combination of acute EtOH and acute
stress blunted the EtOH-induced increase in CeA c-Fos.
Overall, these data suggest that acute EtOH and acute
stress cause marked increases in PVN c-Fos, while only
acute stress increased PVN CDI11b. Furthermore, acute
EtOH and acute stress interact to enhance microglial
CDI11b in the amygdala, whereas the BLA neurons
respond to acute stress and CeA neurons respond to acute
EtOH.

Persistent Effects of Chronic Intermittent EtOH on the
Plasma CORT and Plasma Endotoxin to Acute Stress

A large body of research suggests that chronic EtOH alters
brain stress systems (Koob, 2013). However, it is unknown
whether chronic EtOH leads to long-lasting changes in the
acute stress response. To investigate this, we administered
chronic EtOH (CE) to male Wistar rats in an intermittent 2-
d on/2-d off pattern for 1 month (Fig. 1B). Tail blood was
drawn to determine BECs. Mean BECs in CE-treated ani-
mals were 167 = 11 mg/dl after 8 doses and 130 £ 10 mg/dl

s post hoc test). n = 4 to 10/group.

after the final dose (Fig. 1B). Following a 40-day period of
abstinence, animals were acutely stressed with a 2-hour
restraint/water immersion stressor or remained in their home
cage. The rats were sacrificed 2 hours following the conclu-
sion of the stressor, and plasma CORT and endotoxin were
assessed. Acute stress caused a significant increase in plasma
CORT levels (p < 0.05) (Fig. 64); however, this was not
altered by chronic EtOH. Chronic EtOH did not persistently
change plasma endotoxin levels, while acute stress showed a
trend to increase plasma endotoxin (p = 0.08) (Fig. 6B).
Chronic EtOH did enhance acute stress-induced plasma
endotoxin 2.7-fold (p < 0.05) (Fig. 6B). These results suggest
that chronic EtOH enhanced stress-induced plasma endo-
toxin, without impacting the plasma CORT response.

Persistent Effects of Chronic Intermittent EtOH on the
Microglial and Neuronal Response in the PFC

To determine whether chronic EtOH exposure persis-
tently altered the microglial or neuronal response to acute
stress, we treated rats with chronic EtOH as described
above and stained for CDI11b, c¢-Fos, and EGRI
(Tables 4-6). In the PrL, chronic EtOH caused a persistent
3.6-fold increase (p < 0.05) in CDI11b+ IR, while acute
stress increased PrL. CDI11b+ IR 7-fold (p < 0.05)
(Fig. 74), with the combination of the two further increas-
ing CDI11b+ IR by 11-fold (p < 0.05) (Fig. 74). A similar
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Fig. 5. Effects of acute ethanol (EtOH) and acute stress on CD11b+ IR and c-Fos+ IR in the paraventricular nucleus of the hypothalamus (PVN) and
the central nucleus of the amygdala (CeA). Rats were treated with EtOH (5.0 g/kg, 25% v/v, i.g.) and/or a 2-hour restraint/water immersion stressor and
sacrificed immediately following the conclusion of the stressor. CD11b+ IR was assessed in (A) the PVN and (B) the CeA. c-Fos+ cell density in (C) the
PVN and (D) the CeA was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON, "p < 0.05 compared to EtOH,

ip < 0.05 compared to Stress (Tukey’s post hoc test). n = 4 to 10/group.

pattern was observed in the IL (Table 4). Chronic EtOH
and acute stress had similar effects on Ibal + IR in the
PrL and IL (Fig. S34,C), but did not increase markers of
full microglial activation such as CD68, MHCII, or iNOS
(Fig. S4). Neither chronic EtOH nor acute stress changed
microglial cell density in the PrL or IL (Fig. S3B,D). A
group of animals was also sacrificed at P55, 24 hours after
the last EtOH treatment, to examine the short-term effects
of CE on microglia. Interestingly, CE decreased CDI11b+
IR about 50% (p < 0.05) at P55 without changing micro-
glial cell density (Fig. S2). Chronic EtOH had no lasting
effect on c-Fos+ cell density in the PrL, while acute stress
increased c-Fos+ cell density about 2-fold (p < 0.05) in
both control and CE groups (Fig. 7B). A similar pattern
was observed in the IL (Table 5). While stress increased
EGR1 + cell density in the PrL and IL, there was no
effect of CE (Table 6). Plasma endotoxin and PrLL CD11b
were correlated (r: 0.508, p: 0.005) across groups, consis-
tent with endotoxin inducing inflammation resulting in
microglial activation. Plasma CORT also correlated with
PrL CD11b (r: 0.425, p: 0.012) across groups, and plasma
endotoxin correlated with PrL c-Fos (r: 0.422, p: 0.015)
across groups. However, plasma CORT and PrL c-Fos
did not correlate. Overall, these data suggest that chronic
EtOH persistently sensitizes the microglial CD11b response
to acute stress, but not the neuronal c-Fos response to
acute stress, in the PFC.

Persistent Effects of Chronic Intermittent EtOH on the
Microglial and Neuronal Response in the NAc and Bed
Nucleus of the Stria Terminalis

We also examined whether chronic EtOH alters the micro-
glial or neuronal response to acute stress in the NAc or
BNST. In the NAc, there was a trend for chronic EtOH to
increase CDI11b+ IR (Fig. 84). Acute stress increased
CD11b+ staining 16-fold (p < 0.05) in the NAc core and 8-
fold in the NAc shell (Fig. 84). CDI11b+ IR was further
increased by the combination of chronic EtOH and acute
stress in both the core (p <0.05) and shell (p < 0.05)
(Fig. 84). Chronic EtOH did not persistently alter c-Fos in
the NAc core or shell (Fig. 8B), while acute stress increased
c-Fos+ cell density 3.2-fold (p < 0.05) in the NAc core and
2.5-fold (p < 0.05) in the NAc shell (Fig. 8B). Chronic EtOH
and acute stress did not interact to increase c-Fos in the NAc
(Fig. 8B). In the dBNST, chronic EtOH persistently
increased CDI11b+ IR 315% (p < 0.05) (Fig. 8C). Acute
stress increased CDI11b+ IR 7.8-fold (p <0.05) in the
dBNST and 6.7-fold (p <0.05) in the vBNST (Fig. 8C).
Chronic EtOH and acute stress enhanced CD11b staining
13-fold in the dBNST (p < 0.05) (Fig. 8C). Chronic EtOH
had no persistent effect on c-Fos in the BNST, while acute
stress increased c-Fos+ cell density in the dBNST and
vBNST (Fig. 8D). Chronic EtOH and acute stress did not
interact to change c-Fos in the BNST. While stress increased
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Fig. 6. Effects of chronic ethanol (EtOH) and acute stress on
plasma corticosterone (CORT) and endotoxin. Rats were treated with
chronic EtOH (5.0 g/kg, 20 to 30% v/v, 2 days on, 2 days off from P25 to
P54) and/or acutely stressed with a 2-hour restraint/water immersion stres-
sor following prolonged abstinence on P96/P97. The rats were sacrificed
2 hours following the conclusion of the stressor. (A) The levels of plasma
corticosterone were measured. Data are presented as mean + SEM.
*p < 0.05 compared to CON, (Tukey’s post hoc test). n = 8 to 10/group.
(B) The levels of plasma endotoxin were measured. Data are presented as
mean + SEM. *p < 0.05 compared to CON, "p < 0.05 compared to EtOH
(Tukey’s post hoc test). n = 8 to 10/group.

EGR1 + cell density in the NAc and BNST, there was no
effect of CE (Table 6). These data suggest that chronic EtOH
does not alter the NAc c-Fos response to acute stress, but
enhances the NAc CDI11b response to acute stress. Also,
chronic EtOH persistently increases CD11b in the dBNST
and enhances the BNST CD11b response to acute stress, but
not the BNST c-Fos response.

Persistent Effects of Chronic Intermittent EtOH on the
Microglial and Neuronal Response in the PV N and Amygdala

We also determined the effects of chronic EtOH and acute
stress on microglia and neurons in the PVN and amygdala.
Chronic EtOH had no persistent effect on c-Fos or CD11b
in the PVN. However, acute stress increased CD11b+ IR 17-
fold (p < 0.05), with no further increase by chronic EtOH
(Fig. 94). Acute stress also increased c-Fos+ cell density by
286% (p < 0.05) in the PVN, with no further increase by

WALTERET AL.

Table 4. Effects of Chronic Ethanol (EtOH) and Acute Stress on CD11b
Expression Across Brain Regions (% control)

Brain region CON CE Stress CE+Stress
Prefrontal cortex

PrL 100 + 292 358 + 105° 702 +£ 95° 1,115 + 1549

IL 100 + 197 156 + 352 236 + 25° 322 + 26°
Nucleus accumbens

Core 100 + 112 464 + 183% 1,664 + 289° 2,835 + 501°

Shell 100 + 472 170 + 1102 824 + 1842 2,266 + 664°
Bed nucleus of the stria terminalis

dBNST 100 + 128 415 + 97° 778 + 51° 1,300 + 139°

vBNST 100 &+ 152 218 + 49? 674 + 113° 597 + 59°
Hippocampus

CA1 100 + 202 249 + 1143° 331 £ 37%° 429 + 8Q°

CA3 100 + 172 164 + 502° 211 + 16° 248 + 35°

DG 100 + 172 172 + 662° 211 +£ 173° 282 + 35°
Hypothalamus

PVN 100 + 562 211 + 552 1,700 + 244° 1,700 + 300°
Amygdala

BLA 100 + 222 222 + 222 1,378 + 144° 2,489 + 433°

CeA 100 + 162 277 + 1162 488 + 25° 610 + 67°
Periaqueductal gray

IPAG 100 + 152 225 + 39° 325 4+ 11° 350 + 41°

BLA, basolateral amygdala; CeA, central nucleus of the amygdala;
dBNST, dorsal bed nucleus of the stria terminalis; DG, dentate gyrus; IL,
infralimbic cortex; IPAG, lateral periaqueductal gray; PVN, paraventricular
nucleus of the hypothalamus; PrL, prelimbic cortex; vBNST, ventral bed
nucleus of the stria terminalis.

Rats were treated with chronic intermittent EtOH and, after a period of
prolonged abstinence, were acutely stressed with 2 hours of restraint/par-
tial water immersion. Rats were sacrificed 2 hours following the termina-
tion of the stressor. Brain regions were stained for CD11b to assess
microglial activation. n=6 to 10 per group. Data are presented as
mean + SEM. Statistically significant differences are indicated by different
letters; for example, means with superscripts “a” and “b” are statistically dif-
ferent (Tukey’s post hoc test), while means with superscripts “a” and “a”
are not statistically different.

chronic EtOH (Fig. 9B). In the amygdala, there was a trend
for chronic EtOH to increase CDI11b+ IR. Acute stress
increased CD11b+ IR 13.8-fold (p < 0.05) in the BLA and
4.9-fold (p < 0.05) in the CeA (Table 4, Fig. 9C). Chronic
EtOH plus acute stress increased CD11b+ IR 25-fold
(p < 0.05) in the BLA and 6-fold in the CeA. Chronic EtOH
had no persistent effects on c-Fos in the CeA or BLA. How-
ever, acute stress increased c-Fos+ cell density 2-fold
(» <0.05) in the BLA and 4.7-fold (p < 0.05) in the CeA
(Fig. 9D), with no further effect of chronic EtOH (Fig. 9D).
While stress increased EGR1 + cell density in the PVN and
amygdala, there was no effect of CE (Table 6). Overall,
these data suggest chronic EtOH does not persistently alter
the c-Fos or CD11b response to acute stress in the PVN or
amygdala.

DISCUSSION

In this study, we examined the effects of acute EtOH and
acute stress individually and combined, and the effects of
chronic EtOH and acute stress individually and combined on
plasma CORT, plasma endotoxin, and brain regional micro-
glial CD11b and neuronal c-Fos. We used models of heavy
binge drinking and intense stress to assure measurable
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Table 6. Effects of Chronic Ethanol (EtOH) and Acute Stress on EGR1
Expression Across Brain Regions (cells/mm?)

Brain region CON CE Stress CE+Stress  Brain region CON AIE Stress AIE+Stress
Prefrontal cortex Prefrontal cortex
PrL 142 £ 39% 144 £24% 302 £ 52° 297 + 33° PrL 1,086 + 1337 1,197 £ 70° 1,424 + 116° 1,492 + 63°
IL 116 + 33% 138 + 16 242 + 37° 282 + 35° IL 701 + 772 733 + 51% 1,008 + 78° 941 + 89°
Nucleus accumbens . . Bed nucleus of the stria terminalis . .
Core 37 + 92 35+ 82 119 £ 27 136 + 16 dBNST 115 + 162 102 + 16° 231 £ 19 253 + 26
Shell 83 + 23° 55 + 9° 207 + 27° 236 + 24° VvBNST 163 + 292 164 + 23° 335 + 28° 376 + 25°
Bed nucleus of the stria terminalis . . Hypothalamus . .
dBNST 7+ 28 8 + 28 33+ 4 41 + 4 PVN 352 4+ 90° 217 + 702 879 + 115° 1,017 + 97
VvBNST 26+ 72 37+ 8 97 + 13° 123+ 17° Amygdala
Hippocampus BLA 271 £ 172 203 + 30 244 4 28 271 + 222
CA1 5+ 12 4 + 12 4+ 12 4+ 12 CeA 395 4 35° 232 + 58° 581 4+ 52° 413 4 33
CA3 9+ 22 11+ 28 6+ 12 6+ 12 Periaqueductal gray
DG 9+ 12 10 + 12 14 4 22 11+ 12 IPAG 86 + 16 103 + 14° 154 + 18° 158 + 17°
Hypothalamus
b b
PVN 141 + 24° 83 + 20° 544 + 51 661 + 47 BLA, basolateral amygdala; CeA, central nucleus of the amygdala;
Amygdala R . b ,  OBNST, dorsal bed nucleus of the stria terminalis; IL, infralimbic cortex;
BLA "+ 2a 12 + 23 22 £ Sb 20 + 3b IPAG, lateral periaqueductal gray; PVN, paraventricular nucleus of the
QeA 14 +£2 21+3 66 + 7 83+9 hypothalamus; PrL, prelimbic cortex; vVBNST, ventral bed nucleus of the
PﬁgiqgedUCtal gr% + 112 74+ 77 160 = 10° 171+ 120 Sralerminals

BLA, basolateral amygdala; CeA, central nucleus of the amygdala;
dBNST, dorsal bed nucleus of the stria terminalis; DG, dentate gyrus; IL,
infralimbic cortex; IPAG, lateral periaqueductal gray; PVN, paraventricular
nucleus of the hypothalamus; PrL, prelimbic cortex; vBNST, ventral bed
nucleus of the stria terminalis.

Rats were treated with chronic intermittent EtOH and, after a period of
prolonged abstinence, were acutely stressed with 2 hours of restraint/par-
tial water immersion. Rats were sacrificed 2 hours following the termina-
tion of the stressor. Brain regions were stained for c-Fos to assess
neuronal activation. n=6 to 10 per group. Data are presented as
mean + SEM. Statistically significant differences are indicated by different
letters; for example, means with superscripts “a” and “b” are statistically dif-
ferent (Tukey’s post hoc test), while means with superscripts “a” and “a”
are not statistically different.

responses. We report that acute binge EtOH increased
plasma CORT and c-Fos + IR in multiple brain regions,
specifically the mPFC, PVN, and CeA. Acute stress
increased plasma CORT about twice as much as acute EtOH
and increased c-Fos+ IR in the mPFC, NAc, BNST, PVN,
and BLA. These results are consistent with previous studies
showing that EtOH induces plasma CORT (Ellis, 1966) and
c-Fos across the brain (Cullinan et al., 1995). The combina-
tion of acute EtOH and acute stress did not change plasma
CORT, but enhanced plasma endotoxin (Fig. 104). Acute
EtOH and acute stress combined blunted EtOH-induced c-
Fos in the CeA and blunted stress-induced c-Fos in the NAc
shell, vBNST, and BLA. The combination of acute EtOH
and stress also enhanced microglial CD11b in the mPFC,
NAc, and amygdala. We report that chronic AIE exposure
had no persistent effects on plasma CORT, plasma endo-
toxin, or c-Fos, but increased CDI11b in the PrL, dBNST,
and IPAG. Chronic EtOH exposure in adolescence led to a
persistently enhanced plasma endotoxin response to acute
stress, as well as the microglial CD11b response in multiple
brain regions, including the PFC, NAc, dBNST, and BLA
(Fig. 10B). These studies suggest acute EtOH exposure
enhances the blood endotoxin response to stress as well as
increasing microglial CD11b + IR stress responses in frontal

Rats were treated with chronic intermittent EtOH and, after a period of
prolonged abstinence, were acutely stressed with 2 hours of restraint/par-
tial water immersion. Rats were sacrificed 2 hours following the termina-
tion of the stressor. Brain regions were stained for EGR1 to assess
neuronal activation. n=6 to 10 per group. Data are presented as
mean + SEM. Statistically significant differences are indicated by different
letters; for example, means with superscripts “a” and “b” are statistically dif-
ferent (Tukey’s post hoc test), while means with superscripts “a” and “a”
are not statistically different.

cortex, NAc, and amygdala. Chronic AIE exposure resulted
in increased adult blood endotoxin responses to stress and
increased microglial CD11b + IR stress responses in the
PFC, NAc, and dBNST, but not the amygdala or PVN.
These findings are consistent with blood endotoxin and
microglia contributing to the interactions of stress with alco-
hol on brain function.

Exposure to both acute EtOH and acute restraint stress
increased blood CORT and endotoxin. To our knowledge,
we report for the first time that the combination of stress and
alcohol increased the blood endotoxin response, but not the
CORT response. A previous study found that EtOH did not
enhance plasma CORT after 15 minutes of restraint stress,
but did enhance plasma CORT after 60 minutes of restraint
stress (Trudeau et al., 1990). We only tested 1 heavy binge
EtOH dose, 1 intense stressor, and sacrifice at 1 time point
optimum for neuronal c-Fos, for example, 2 hours after
restraint, and did not find the combination of stress and alco-
hol altered the CORT response. We cannot rule out the pos-
sibility that interactions with CORT occur at other EtOH
doses, stress intensities, or time, but our findings are consis-
tent with the combination of stress and alcohol increasing
blood endotoxin through increased gut permeability. Previ-
ous studies have reported acute EtOH binge exposure (Riv-
era et al., 1998) and acute restraint stress (Ait-Belgnaoui
et al., 2012) increase plasma endotoxin. Elevated plasma
endotoxin occurs through enhanced gut leakiness, leading to
bacterial translocation into the peripheral circulation (Rao,
2009). Interestingly, treatment with antibiotics to reduce gut
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Fig. 7. Effects of chronic ethanol (EtOH) and acute stress on CD11b+ IR and c-Fos+ IR in the prelimbic cortex (PrL). Rats were treated with chronic
EtOH (5.0 g/kg, 20 to 30% v/v, 2 days on, 2 days off from P25 to P54) and/or acutely stressed with a 2-hour restraint/water immersion stressor following
prolonged abstinence on P96/P97. The rats were sacrificed 2 hours following the conclusion of the stressor. (A) CD11b+ pixel density in the PrL was
assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON, Tp < 0.05 compared to EtOH, *p < 0.05 compared to Stress
(Tukey’s post hoc test). n = 8 to 10/group. A representative image of CD11b staining from each group is shown. A higher magnification image is dis-
played in the inset. The scale bar in the low-magnification image measures 100 microns, and the scale bar in the high-magnification inset measures 20
microns. (B) c-Fos+ cell density in the PrL was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON (Tukey’s post
hoc test). n = 8 to 10/group. A representative image of c-Fos staining from each group is shown. A higher magnification image is displayed in the inset.
The scale bar in the low-magnification image measures 100 microns, and the scale bar in the high-magnification inset measures 20 microns.

bacteria reduces stress-induced blood endotoxin and CORT
as well as the stress-induced hypothalamic inflammatory
cytokine responses and corticotropin-releasing factor (CRF)
(Ait-Belgnaoui et al., 2012). These findings suggest blood
endotoxin contributes to stress-induced CORT responses.
Similarly, acute EtOH exposure-induced endotoxin
responses are reduced by antibiotic treatment reducing gut
bacteria (Rivera et al., 1998). Increased systemic endotoxin
and blood cytokines impact brain cytokines and microglia
(Mayfield et al., 2013). It is possible our CORT response to
stress is maximal, preventing further increases by endotoxin
or other mechanisms. Regardless, the discovery that acute
combined exposure to EtOH and stress further enhance
plasma endotoxin, and increased microglial responses in key
brain regions could contribute to the stress and alcohol inter-
action increasing risks of AUD. Stress has been implicated in
exacerbating binge/heavy drinking, motivation to drink, and
the chronic relapsing nature of AUD (Blaine and Sinha,
2017; Stephens and Wand, 2012). We report here that stress
and EtOH exposure interact through changes in blood endo-
toxin and microglial activation. Microglia in brain respond
to both stress and alcohol with increases in innate immune
signaling molecules such as cytokines. Stress sensitizes brain

to endotoxin responses (Frank et al., 2007), and stress hor-
mones appear to enhance brain innate immune stress
responses (Frank et al., 2016; Sorrells et al., 2009). Interest-
ingly, this is consistent with studies finding innate immune
signaling contributes to the development of AUD (Crews
et al., 2017; de Timary et al., 2017). Innate immune signaling
cytokines alter EtOH consumption (Marshall et al., 2016,
2017), and cytokine receptors contribute to stress-induced
EtOH consumption (Karlsson et al., 2017). Further, immune
signaling molecules are increased in postmortem human
alcoholic brain (Crews et al., 2017) and regulate preference
for alcohol drinking in animal studies (Mayfield et al., 2013).
Cytokines also enhance stressful emotional states following
alcohol withdrawal (Breese et al., 2008). These data, taken
together with our findings reported here that combined acute
EtOH and stress enhance endotoxin and brain microglial
CDI11B + IR in the PFC, NAc, and CeA, are consistent with
microglia within these brain regions contributing to the inter-
action of EtOH exposure with stress that impact alcohol
drinking and increase risks for AUD.

In this study, we assessed microglial responses using
CDl11b, also known as integrin alpha M, a constitutively
expressed microglia-specific gene up-regulated when



BRAIN REGIONAL ETOH AND STRESS RESPONSE

2077

Chronic Ethanol and Acute Stress

A CDI1b+ IR NAc
4000

*f1
*

B Core
B Shell

3500 4
3000 +
2500 A
2000 A

CD11b+ 1R (% Control)

—_

=B

==}

=T =
1 1

CON CE CE-+Stress

*Ti

Stress

CD11b+ IR in BNST

B vBNST
B dBNST

1000 +

CDI1b+1R (% Control)
o0
(=]
[=]
Il
*

CON CE

Stress CE+Stress

C c-Fos+ IR in Nac
300 - &
a B Core N
§ 250 | M Shell
T
£ 200
& * *
£ 150 |
a
= i
& 100
%
= all all
[+
U -
CON CE Stress CE+Stress
D ¢-Fos+ IR in BNST
— 160 *
“E B vBNST
140 -
5 B dBNST "
S 120
2
2 100 |
F
5 80
= *
E 60 - %
+ 40 4
=}
=20 4 i
[+]
0 -
CON CE

Stress CE+Stress

Fig. 8. Effects of chronic ethanol (EtOH) and acute stress on CD11b+ IR and c-Fos+ IR in the nucleus accumbens (NaC) and bed nucleus of the stria
terminalis (BDST). Rats were treated with chronic EtOH (5.0 g/kg, 20 to 30% v/v, 2 days on, 2 days off from P25 to P54) and/or acutely stressed with a
2-hour restraint/water immersion stressor following prolonged abstinence on P96/P97. The rats were sacrificed 2 hours following the conclusion of the
stressor. CD11b+ IR was assessed in (A) the NAc core and shell and (B) the ventral and dorsal BNST. c-Fos+ cell density in (C) the NAc core and shell
and (D) the ventral and dorsal BNST was assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON, "p < 0.05 com-
pared to EtOH, *p < 0.05 compared to Stress (Tukey’s post hoc test). n = 8 to 10/group.

microglia are activated (Kettenmann et al., 2011). CD11b
complexes with integrin beta-2 to form the heterodimeric
integrin opgfs, also known as complement receptor 3 (CR3),
and is important for microglial adhesion, migration, and
complement-mediated pruning of synapses (Schafer et al.,
2012; Solovjov et al., 2005). Increased CDI11b with acute
EtOH and acute stress suggests enhanced microglial activation
to what has been called a hyperramified state associated with
cytokine secretion and increased responsiveness or “priming,”
but not the fully activated microglial bushy or phagocytic
morphology activation states (Crews and Vetreno, 2016; He
and Crews, 2008). Stress and alcohol can impact brain
through multiple mechanisms including CORT, systemic
cytokines, and endotoxin, as well as direct vagal sensory path-
ways (Crews et al., 2017). We found acute stress and acute
EtOH exposure increase blood endotoxin and the CDI1l1b
response in PFC far more than either acute treatment alone.
These responses correlate across groups suggesting the endo-
toxin—microglial PFC CDI11b responses may be linked
(Fig. 10), although there are multiple possible mechanisms by
which stress and alcohol induce changes in brain. These results
suggest the intriguing possibility that acute alcohol and acute
stress interact increasing microglial-CD11b “priming” through
gut-derived endotoxin in frontal cortical, limbic, and reward-
associated brain regions.

We also report here that AIE repeated chronic EtOH
exposure persistently increases adult CD11b in many exam-
ined brain regions, consistent with a persistent long-lasting
“priming” of microglia. These results replicate previous stud-
ies showing an intense, 4-day binge EtOH treatment in rats
increased CD11b + IR in the hippocampus immediately fol-
lowing the treatment. This CD11b + IR increase declined
over time, but remained persistently increased for at least
28 days (Marshall et al., 2013; McClain et al., 2011). Our
studies add to this work by showing that less intense AIE
treatment persistently increases CD11b in many adult brain
regions. Thus, the intermittent cycles of EtOH exposure and
withdrawal may alter synapses and circuits known to be
impacted by EtOH by changing microglial CD11b levels.
Overall, these results show that chronic EtOH persistently
increases microglial CD11b in multiple brain regions and are
consistent with microglial signaling and perhaps synapse reg-
ulation contributing to long-lasting changes in brain.

To investigate the persistent effects of EtOH exposure on
stress responses, we used a model of adolescent binge drink-
ing, for example, AIE, previously found to increase expres-
sion of adult brain neuroimmune signaling cytokines
including HMGBI as well as Toll-like receptors (TLRs) and
RAGE, an HMGBI receptor (Crews et al., 2013; Vetreno
and Crews, 2012). We report here for the first time that AIE
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Fig. 9. Effects of chronic ethanol (EtOH) and acute stress on CD11b+ IR

Stress CE-+Stress

and c-Fos+ IR in the paraventricular nucleus of the hypothalamus (PVN) and

central nucleus of the amygdala (CeA). Rats were treated with chronic EtOH (5.0 g/kg, 20 to 30% v/v, 2 days on, 2 days off from P25 to P54) and/or
acutely stressed with a 2-hour restraint/water immersion stressor following prolonged abstinence on P96/P97. The rats were sacrificed 2 hours following
the conclusion of the stressor. CD11b+ IR was assessed in (A) the PVN and (B) the CeA. c-Fos+ cell density in (C) the PVN and (D) the CeA was
assessed in each group. Data are presented as mean + SEM. *p < 0.05 compared to CON (Tukey’s post hoc test). n = 8 to 10/group.

persistently increases microglial CD11b + IR in PFC, NAc,
dBNST, amygdala, and IPAG. Thus, the intermittent cycles
of EtOH exposure and withdrawal may alter synapses and
circuits known to be impacted by EtOH by changing micro-
glial CDI11b levels. This is consistent with chronic EtOH
causing a long-lasting “priming” of microglia, a process in
which an initial stimulus causes a greater response to a sec-
ondary stimulus (Perry and Holmes, 2014). Previous studies
using 4-day binge EtOH dependence model in rats find
increased CD11b + IR in the hippocampus, just after expo-
sure, and increasing for at least 28 days (Marshall et al.,
2013; McClain et al., 2011). Our studies add to this work
that AIE persistently increases CD11b + IR 40 days later in
adulthood. Previous studies find that AIE increases expres-
sion of multiple neuroimmune signaling molecules in PFC
that are likely to be in part related to microglial signaling
that could alter neurocircuitry and behavior (Vetreno and
Crews, 2012; Vetreno et al., 2013). Other recent studies have
discovered stress and glucocorticoids sensitize brain neu-
roimmune responses through induction of HMGBI, micro-
glial TLRs, and induction of proinflammatory cytokines
(Frank et al., 2016). Although both chronic EtOH and stress
increase brain neuroimmune signaling, there are brain regio-
nal differences in responses (Knapp et al., 2016), with some
blocked by CRF antagonists (Whitman et al., 2013) further
linking stress- and alcohol exposure-induced changes in

neuroimmune signaling and microglia to allostatic sensiti-
zation of stress circuitry (Koob, 2013). We found microglia
CD11b + IR persistently increased in brain regions involved
in stress responses and reward. Increased microglial CD11b
+ IR may be related to long-term changes in synaptic remod-
eling, as CD11b is a component of the CR3 that is involved
in pruning synapses (Schafer et al., 2012) (Fig. 104,B).
Thus, AIE may alter synapses and circuits by increasing
microglial CD11b + IR in stress and EtOH responding brain
regions.

Microglia are known to undergo priming, a process in
which an initial stimulus causes a greater response to a sec-
ondary stimulus (Perry and Holmes, 2014), likely related to
the persistent increases in neuroimmune gene expression
found after repeated stress or chronic EtOH exposure
(Vetreno and Crews, 2014). To our knowledge, the studies
reported here for the first time find that adolescent EtOH
exposure enhances the adult CD11b microglial response to
acute stress in multiple brain regions, including the PrL, IL,
dBNST, and BLA. The increase in microglial CD11b likely
represents “priming” of microglia. We observed that plasma
endotoxin correlated with PrLL CD11b across groups in the
acute EtOH and acute stress experiment (Fig. 104). This
suggests a relationship between the plasma endotoxin and
the PrL microglial response, consistent with endotoxin
inducing an immune response that activates microglia. PrL
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Fig. 10. Effects of acute and chronic ethanol (EtOH) on the systemic and central nervous system response to acute stress. (A) Both acute EtOH and
acute stress increase plasma CORT and neuronal c-Fos in the PFC. The magnitude of these effects is represented by E < S = E+S. Furthermore,
CORT and PFC c-Fos levels correlate, suggesting these 2 responses are related. This positive correlation is represented by the thick arrow, and the p-
value for the Pearson correlation is displayed. Furthermore, acute EtOH and acute stress alone have little effect on plasma endotoxin or microglial
CD11bin the mPFC. However, acute EtOH and acute stress together interact to enhance plasma endotoxin and microglial CD11b in the PFC. This is rep-
resented by E = S << E+S. Plasma endotoxin and PFC CD11b also correlate. This positive correlation is represented by the thin arrow, and the p-value
for the Pearson correlation is displayed. A possible interaction between microglial CR3 and neuronal C3 is also displayed. Increased CD11b, a compo-
nent of CR3, may contribute to change synaptic remodeling. (B) Acute stress increases plasma CORT and PFC c-Fos, but this is not altered by prior
chronic EtOH, as indicated by 1S. However, chronic EtOH enhances the plasma endotoxin and PFC CD11b response to acute stress. This is represented
by CE+S > S. Plasma endotoxin and microglial CD11b also correlate, consistent with endotoxin-induced microglial activation. This correlation is repre-
sented by the thick arrow, and the p-value of the Pearson correlation is shown. Interestingly, the plasma endotoxin and PFC c-Fos response also corre-
late. This is represented by the thin arrow, and the p-value for the Pearson correlation is shown. Furthermore, the plasma CORT response correlates with
the PrL CD11b response. This is represented by the thin arrow, and the p-value of the Pearson correlation is shown. A possible interaction between
microglial CR3 and neuronal C3 is also displayed. Increased CD11b, a component of CR3, may contribute to change synaptic remodeling.

CD11b correlated with endotoxin and did not correlate with
plasma CORT, suggesting the PrL microglia are responding
to the inflammatory endotoxin, rather than being sup-
pressed by the anti-inflammatory CORT. The neuronal
c-Fos responses were robustly increased by stress across
IPAG, hypothalamic, BNST, NAc, and PFC brain regions
far more than the EtOH response. Plasma CORT correlated
with PrL c-Fos across groups (Fig. 104), consistent with
acute vagal activation of brain stress pathways and HPA
signaling being linked, although this may simply be related
to progressive increases in c-Fos + IR across control, EtOH,
stress, and the combination of acute EtOH and stress. Inter-
estingly, acute changes in plasma endotoxin and PrL CD11b
also correlated across groups (Fig. 10). The CD11b—endo-
toxin correlation could also simply be related to increases
across groups for both end points; however, systemic cytoki-
nes can activate brain microglial responses (Crews et al.,
2017), and it is possible the endotoxin—PrL. CD11b correla-
tions are directly linked through acute endotoxin—induced
increases in blood immune signaling cytokines that increase

CDI11b and prime microglia in stress responsive brain
regions.

To our knowledge, this is the first study on persistent
effects of EtOH exposure on stress-induced changes in blood
endotoxin. We find that AIE exposure causes persistent
increases in adult stress-induced plasma endotoxin responses.
AIE also persistently increased adult CD11b expression in
multiple brain regions, suggesting long-lasting priming-like
activation of microglia. Chronic EtOH also persistently sen-
sitized the microglial CD11b response to acute stress in mul-
tiple brain regions (Fig. 10), consistent with microglial
priming and a highly significant correlation of across groups
of plasma endotoxin with increases in frontal cortex CD11b
+ IR. Interestingly, the CORT response following AIE was
weakly correlated with CD11b as well. Although this is a
weak correlation, it could represent a shift in CORT
responses to microglial priming-like responses (Frank et al.,
2016; Sorrells et al., 2009) following chronic AIE exposure.
These results are consistent with acute and chronic EtOH
enhancing the effects of stress on the neuroimmune system,
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and may provide novel insight into how EtOH and stress
interact to contribute to disease.

We studied c-Fos neuronal responses in multiple stress
and EtOH responsive brain regions. Acute stress induced
c-Fos about 2-fold or more than acute EtOH in PFC PVN,
NAc shell, vBNST, and BLA. Interestingly, the combination
of acute stress and EtOH induced c-Fos similar to acute
stress in the brain regions studied, except for the BLA and
NAc shell where the combination was less than stress alone.
The CeA was particularly unique in that acute EtOH
induced a c-Fos response greater than acute stress and the
combination was less than EtOH alone. These c-Fos
responses indicate brain regional differences in the interac-
tion of acute stress with EtOH on neuronal responses. In
contrast to microglial CD11b priming, AIE treatment did
not alter adult c-Fos responses to stress in any brain region.
Interestingly, we have carried out a similar study of c-Fos
using adult EtOH challenges following AIE treatment (Liu
and Crews, 2015). AIE treatments were identical, for exam-
ple, P28 to P54; however, the acute stress challenge studied
in this report was on P96, whereas the EtOH challenge was
P80, both adults but slightly different adult ages (Liu and
Crews, 2015). The previous studies found AIE changes the
adult c-Fos response to an EtOH challenge, blunting PFC c-
Fos and enhancing NAc c-Fos consistent with loss of top-
down PFC and enhanced reward responses (Liu and Crews,
2015). These 2 studies might reflect adaptations unique to
EtOH or restraint stress. Both EtOH and stress activate
stress responsive pathways; however, AIE changed the c-Fos
response to an adult EtOH challenge, and it did not alter the
c-Fos response to adult restraint stress. This is consistent
with a specific habituation to the alcohol stressor (Herman,
2013), but not generalization to the restraint stressor. Over-
all, these results suggest that chronic EtOH causes long-last-
ing, EtOH stressor—specific changes in the neuronal c-Fos
response, but does not persistently alter the neuronal stress c-
Fos response.

In the present study, we examined the effects of acute and
adolescent intermittent EtOH on the plasma CORT, plasma
endotoxin, and microglial and neuronal response to acute
stress. We find acute EtOH exposure and acute stress inter-
acted to enhance plasma endotoxin levels, as well as micro-
glial CD11b in multiple brain regions. These findings are
consistent with microglial priming by EtOH exposure in
stress responsive brain regions that are enhanced when stress
and EtOH exposure are combined as well as when adult
acute stress occurs following adolescent alcohol exposure.
These results provide insight into EtOH and stress effects on
endotoxin and microglia that could contribute to how stress
and EtOH interact to contribute to AUD.
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