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Abstract
Adolescence is a critical developmental stage of life during which the prefrontal cortex (PFC)
matures, and binge drinking and alcohol abuse are common. Recent studies have found that
ethanol increases neuroinflammation via upregulated high-mobility group box 1 (HMGB1)
signaling through Toll-like receptors (TLRs). HMGB1/TLR ‘danger signaling’ induces multiple
brain innate immune genes that could alter brain function. To determine whether adolescent binge
drinking persistently increases innate immune gene expression in the PFC, rats (P25–P55) were
exposed to adolescent intermittent ethanol (AIE [5.0 g/kg, 2-day on/2-day off schedule]). On P56,
HMGB1/TLR danger signaling was assessed using immunohistochemistry (i.e.,
+immunoreactivity [+IR]). In a separate group of subjects, spatial and reversal learning on the
Barnes maze was assessed in early adulthood (P64–P75), and HMGB1/TLR danger signaling was
measured using immunohistochemistry for +IR and RT-PCR for mRNA in adulthood (P80).
Immunohistochemical assessment at P56 and 24 days later at P80 revealed increased frontal
cortical HMGB1, TLR4, and TLR3 in the AIE-treated rats. Adolescent intermittent ethanol
treatment did not alter adult spatial learning on the Barnes maze, but did cause reversal learning
deficits and increased perseverative behavior. Barnes maze deficits correlated with the expression
of danger signal receptors in the PFC. Taken together, these findings provide evidence that
adolescent binge drinking leads to persistent upregulation of innate immune danger signaling in
the adult PFC that correlates with adult neurocognitive dysfunction.
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INTRODUCTION
Chronic alcohol exposure in adulthood activates microglia and astrocytes (Qin and Crews,
2012), and increases the expression of cytokines, chemokines, oxidases, and other innate
immune genes in mouse brain (Qin et al., 2008; Crews et al., 2011; Qin and Crews, 2012).
These findings in animal models mimic changes in postmortem human alcoholic brain (He
and Crews, 2008; Qin and Crews, 2012). In humans, initiation of alcohol use typically
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occurs during adolescence. Alcohol consumption during adolescence is highly prevalent as
8% of 8th grade, 16% of 10th grade, and 25% of 12th grade adolescent individuals reported
heavy episodic drinking (i.e., <5 consecutive alcohol drinks per episode) over the past 2
weeks (Johnston et al., 2009). This heavy drinking pattern persists into college as 44% of
students report binge drinking every 2 weeks and 19% report >3 binge drinking episodes per
week (Wechsler et al., 1995; O’Malley et al., 1998). Heavy drinking among adolescent
males was found to increase impulsivity the following year in those individuals predisposed
to adolescent-typical impulsivity (White et al., 2011). Furthermore, early onset of alcohol
use (<13 years of age) was associated with increased drinking frequency and physical
violence (Gruber et al., 1996), which is consistent with diminished impulse inhibition. In
addition, adolescents and adults with alcohol use disorders evidence deficits in executive
functioning (Brown et al., 2000; Tapert and Brown, 2000; Hanson et al., 2011). The frontal
cortex continues to develop throughout adolescence and is uniquely sensitive to ethanol
neurotoxicity (Crews et al., 2000) and studies in adults find neuroimmune activation
contributes to ethanol neurotoxicity. These findings prompted investigation into the impact
of models of underage binge drinking on adult prefrontal cortex (PFC) expression of
HMGB1/TLR danger signaling molecules, neuroimmune activation, and cognition.

Activation of the innate immune system persists for long periods of time in the adult brain
(Qin et al., 2007, 2008). However, the long-term effect of neuroimmune activation in the
adolescent brain has not been studied. The high incidence of underage drinking increases the
importance of understanding whether there are long-term persistent changes in the brain. We
hypothesized that adolescent intermittent ethanol (AIE) exposure would persistently alter
adult prefrontal cortical structure and function by elevating neuroinflammatory HMGB1/
TLR danger signal expression. Twenty-four hours after AIE treatment concluded, HMGB1/
TLR + IR was assessed using immunohistochemistry. In early adulthood (P80), we assessed
+ IR using immunohistochemistry and mRNA expression of danger signal receptors (i.e.,
TLR4, TLR3, TLR2) as well as the danger signaling agonist HMGB1 25 days after the
conclusion of ethanol treatment. Furthermore, we assessed spatial and reversal learning on
the Barnes maze to evaluate cognition. We found that AIE treatment upregulated the
expression of TLR4, TLR3, and HMGB1 in the adolescent PFC that persisted into
adulthood, and impaired reversal learning while increasing perseveration. Persistent
upregulation of frontal cortical danger signaling molecules correlated with reversal learning
deficits. Together, these findings support the hypothesis that early onset of alcohol exposure
persistently activates innate immune danger signaling in the brain, which might contribute to
adult neurocognitive dysfunction.

EXPERIMENTAL PROCEDURES
Animals

Time-mated young pregnant female Wistar rats (embryonic day 17), ordered from Harlan
Sprague–Dawley (Indianapolis, IN), were allowed to acclimate to the animal facilities prior
to birthing. On postnatal day (P)1 (24 h after birth), litters were culled to 10 pups per dam.
Litters were housed on a 12/12 h light–dark cycle (light onset at 700 h) in a temperature (20
°C) and humidity-controlled vivarium, and provided ad libitum access to food and water. All
experimental procedures were approved and conducted according to the Institutional Animal
Care and Use Committee of the University of North Carolina at Chapel Hill.

Adolescent intermittent ethanol treatment paradigm
On P21, male subjects were weaned and randomly assigned to one of the following
treatment conditions: (i) adolescent intermittent ethanol (AIE, n = 16) or (ii) water-treated
control (CON, n = 16). Beginning on P25, animals in the AIE condition received intragastric
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(i.g.) administration of ethanol (5.0 g/kg, 20% ethanol w/v) on a 2-day on/2-day off schedule
until P55. Animals in the CON condition received comparable volumes of H2O on a 2-day
on/2-day off schedule for the same duration. As seen in Fig. 1, the body weights of AIE-
treated animals did not differ significantly from the CON animals (p > 0.35). Tail blood was
collected to assess blood ethanol content (BEC) one hr after ethanol administration on P38
and P54 as depicted in Fig. 1. Tail BECs were calculated using a GM7 Analyzer (Analox;
London, UK). Mean BEC levels (±SEM) on P38 were 134 ± 8 mg/dL and at P54 were 165 ±
17 mg/dL. These BEC levels following i.g. ethanol treatment are consistent with previous
studies using i.g. ethanol treatment of adolescent mice (Crews et al., 2006b).

Barnes maze spatial and reversal learning assessment
The Barnes maze was used to assess spatial learning and memory as well as the rats’ ability
to reverse a previously learned response. The Barnes maze (121 cm in diameter) was
constructed of gray PVC and situated 100 cm from the floor. It contained 20 holes (10 cm in
diameter) that were evenly spaced along the perimeter of the maze (see Cheng et al., 2006).
A hidden box was situated directly beneath one of the holes to serve as an escape. The
testing room had numerous visual cues, and the maze was brightly illuminated with
spotlights to provide incentive for the rat to enter the hidden escape box. An automated
tracking system (Ethovision XT 8.0, Noldus Ethovision; Leesburg, VA) was used to
measure the distance traveled (cm), latency to enter goal box (s), velocity (cm/s), error
duration (s), and frequency. The criterion for acquisition of learning was a 15-s average
latency of all the rats in each treatment group to enter the hidden escape box. Between each
trial, the maze and escape box was thoroughly cleansed (Roccal-D Plus, Fisher Scientific;
Pittsburgh, PA) to remove all olfactory cues.

Spatial learning—Spatial learning commenced on P64 with each subject semi-randomly
assigned a specific escape hole (1–20) beneath which the box was situated. The assigned
escape hole was maintained for each animal for the duration of spatial learning. Before the
start of each trial, the animal was placed in an opaque start cylinder that prevented the
subject from determining its spatial location. The cylinder containing the rat was then placed
on the Barnes maze in one of four possible randomly ordered start locations. Following a
10-s interval, the cylinder was lifted and the animal was allotted 5 min to locate and enter
the escape box. Rats were given one trial per day for 6 days until the criterion of acquisition
of learning was achieved.

Reversal learning—The animals were assessed for their ability to “unlearn” the previous
location of the escape box and to learn a new location of the escape box. Reversal learning
training began on P70, and the escape hole used during the spatial learning component was
rotated 180°. The rat was released from the start cylinder identically to the spatial learning
component. Rats were given one trial per day for 6 days until the criterion of learning was
achieved. In addition to the measures collected, time and entries into the spatial goal
quadrant were collected as a measure of perseveration. Perseveration was defined as
repetitive entry and/or increased time spent in the previous spatial goal quadrant during
reversal learning.

Probe trial—Five days after the completion of reversal learning, the rat was returned to the
Barnes maze on P79 for a 2-min trial in which the escape box was not available. Duration
and number of entries into the newly learned quadrant was collected.

Perfusion, brain tissue preparation, and immunohistochemistry
On P56 and P80, rats were anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and
transcardially perfused with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by
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4.0% paraformaldehyde in PBS. Brains were extracted and post-fixed in 4.0%
paraformaldehyde/PBS solution for 24 h followed by 4 days of fixation in a 30% sucrose
solution. Brain tissue was sectioned coronally (40 µm) on a sliding microtome (MICROM
HM450; ThermoScientific, Austin, TX). Sections were sequentially collected into well
plates, and stored at –20°C in a cryoprotectant solution consisting of 30% glycol and 30%
ethylene glycol for immunohistochemistry (IHC). Free-floating sections were washed in 0.1
M PBS, incubated in 0.3% H2O2, and blocked with normal serum (goat or rabbit; MP
Biomedicals, Solon, OH). Sections were incubated in primary antibody (Abcam, Cambridge,
MA: rabbit anti-TLR4 [1:200], rabbit anti-HMGB1 [1:500]; Santa Cruz Biotechnology,
Santa Cruz, CA: goat anti-TLR3 [1:100], goat anti-TLR2 [1:100]) for 24 h at 4 °C. Sections
were then washed with PBS, incubated for 1 h in biotinylated secondary antibody (1:200;
Vector Laboratories, Burlingame, CA), and incubated for 1 h in avidin– biotin complex
solution (Vectastain ABC Kit, Vector Laboratories). The chromogen, nickel-enhanced
diaminobenzidine (Sigma–Aldrich, St. Louis, MO), was used to visualize immunoreactivity.
Tissue was mounted onto slides, dehydrated, and coverslipped. Negative control for non-
specific binding was conducted on separate sections employing the abovementioned
procedures with the exception that the primary antibody was omitted.

Double immunofluorescence and confocal analysis
Free-floating sections from P80 subjects were washed in 0.1 TBS, incubated in 0.3% H2O2,
and blocked with normal horse serum (MP Biomedicals). Sections were incubated for 48 h
at 4 °C in primary antibody cocktail with neuronal-specific nuclear protein (mouse anti-
NeuN [1:500]; Millipore, Temecula, CA), and either rabbit anti-TLR4 (1:100), rabbit anti-
HMGB1 (1:500), or goat anti-TLR3 (1:100). Sections were then washed in TBS, incubated
for 2 h at room temperature in the appropriate secondary antibody cocktail (Alexa Fluor 594
[anti-mouse] and Alexa Fluor 488 [anti-goat or anti-rabbit]; Invitrogen, Carlsbad, CA).
Confocal analysis was performed using an inverted Zeiss 510 Meta laser scanning confocal
microscope (Carl Zeiss MicroImaging, Thomwood, NY) in the Michael Hooker microscopy
facility at UNC equipped with standard high-power objectives and corresponding software
(LSM 510 META). Single optical Z-stacks (1 µm; 1-airy unit) were collected, and the
number of TLR/HMGB1 cells that co-localized with NeuN were counted (approximately
100 TLR/HMGB1 + IR cells per subject).

Microscopic quantification and image analysis
Assessment of TLR4, TLR2, and HMGB1 immunoreactivity (+IR) was performed in the
prelimbic cortex (PrL [Bregma: +4.70 mm to +2.20 mm]) and infralimbic cortex (IL
[Bregma: +3.20 mm to +2.20 mm]) according to the atlas of Paxinos and Watson (2004).
Since expression of TLR3 + IR cells was limited to the outer layers of the frontal cortex,
assessment was confined to the frontal cortex area 2 (FC2 [Bregma: +4.70 mm to +2.20
mm]) according to the atlas of Paxinos and Watson (2004). For all animal IHC protocols,
sections were assessed in a 1:6 series containing the region of interest (see Fig. 2). Across
studies, Bioquant Nova Advanced Image Analysis (R&M Biometric, Nashville, TN) was
used for image capture and analysis. Images were captured using an Olympus BX50
microscope and Sony DXC-390 video camera linked to a computer. A modified
stereological profile count method was used to quantify cells within regions of interest for
TLR4 + IR, TLR3 + IR, TLR2 + IR, and HMGB1 + IR cells (Crews et al., 2004), and data
are expressed as cells per mm2. For each measure, the microscope, camera, and software
were background correct and normalized to preset light levels to ensure fidelity of data
acquisition.
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Real-time PCR analysis
Total RNA was extracted from frontal cortical brain samples of adult rats exposed to either
AIE or CON treatment conditions. Frontal cortical tissue samples were collected anterior to
the union of the corpus callosum (approximately +1.60 mm according to the atlas of Paxinos
and Watson (2004)), and reverse transcribed as previously described (see Zou et al., 2012).
The primers used are presented in Table 1. The SYBR green PCR master mix (Applied
Biosystems, Foster City, CA) was used for real-time PCR analysis. The relative differences
in expression between groups were expressed as cycle time (Ct) values normalized with β-
actin, and relative differences between CON- and AIE-treated animals were calculated and
expressed as the percentage difference relative to CONs.

Statistical analyses
Statistics were performed using SPSS (Chicago, IL). Analysis of variance (ANOVA) was
employed to determine the effects of AIE on BEC, IHC, and RT-PCR mRNA expression.
Repeated measure ANOVAs were used to assess the effects of AIE on body weight and
Barnes maze spatial and reversal learning measures. Pearson correlations (r) were used to
determine the significance between the IHC and behavior (i.e., Barnes maze). All values are
reported as mean ± SEM, and significance was defined at a level of p ≤ 0.05.

RESULTS
Adolescent intermittent ethanol exposure increases the expression of danger signal
receptors and the agonist HMGB1 in the adolescent prefrontal cortex, which persists into
adulthood

Adolescent rats showed dramatic growth throughout the 30-day treatment period (P25–P55)
that was not significantly altered by AIE treatment, as AIE- and CON-treated animals
evidenced identical mean body weights at P80 (see Fig. 1).

To determine whether adolescent binge ethanol exposure persistently upregulated
proinflammatory gene expression, we conducted immunohistochemical analysis (+IR) in
three subregions of the adolescent (P56) and adult (P80) PFC (see Fig. 2). In addition, we
dissected the frontal cortex of adult (P80) male rats and measured mRNA levels to verify
our finding of persistently upregulated danger signaling in the adult following adolescent
binge ethanol exposure. Assessment of TLR4 + IR cells in CON adolescent PFC revealed
sparse expression characterized by distinct hollow neuron-like silhouettes. TLR4 + IR cells
in the PFC of AIE-treated adolescents were more numerous and darkly stained (see Fig. 3C).
Control adult TLR4 + IR cells were more sparsely distributed throughout the tissue than the
adolescent CONs and appeared as +IR cells lacking distinct cytoplasmic and nuclear
borders. TLR4 + IR cells in the PFC of AIE-treated adults appeared as darkly stained cell
bodies with distinct borders (see Fig. 3D). In CON animals, we found a significant age-
associated 52% reduction in TLR4 + IR cells in the PrL from adolescence to adulthood (F =
44.4, p < 0.01). Similarly, we found a 66% maturational reduction of TLR4 + IR cells in the
IL from adolescence to adulthood (F = 103.9, p < 0.01). We next assessed AIE-induced
changes in TLR4 + IR and found significant age-associated reductions of TLR4 + IR cells
across subjects from P56 to P80 in both the PrL (main effect of Age: F = 96.8, p < 0.01) and
IL (main effect of Age: F = 70.7, p < 0.01), regardless of treatment. TLR4 + IR cells in the
PrL of AIE-treated animals were increased by 141 ± 4% (F = 61.5, p < 0.01) in the
adolescent and 210 ± 7% (F = 45.1, p < 0.01) in the adult (see Fig. 3A). Adolescent binge
ethanol exposure also significantly increased TLR4 + IR cells in the adolescent IL by 116%
± 6% (F = 6.2, p < 0.05) and 254 ± 21% (F = 30.9, p < 0.01) in the adult (see Fig. 3B).
Measures of TLR4 mRNA in the adult frontal cortex revealed a threefold increase in the
AIE-treated animals relative to CON subjects (F = 65.9, p < 0.01; see Fig. 6). Thus, levels of
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TLR4 + IR in the PFC show a developmental decline while adolescent binge ethanol
exposure increases TLR4 expression in the adolescent PFC that persists into adulthood.

Across treatment and ages, TLR3 + IR cells were primarily localized in cortical layers 2/3 of
the PFC (see Fig. 4C). TLR3 + IR cells in both groups and ages appear as hollow neuron-
like silhouettes with process staining (see Fig. 4B). Similar to TLR4 in the CON subjects,
we found a significant 53% maturational reduction of TLR3 + IR cells in CON FC2 from
adolescence to adulthood (F = 29.1, p < 0.01). When we assessed AIE-induced changes, we
found that TLR3 + IR cells declined significantly with age (main effect of Age: F = 32.3, p
< 0.01), regardless of treatment. Twenty-four hours after the completion of adolescent binge
ethanol treatment, AIE subjects had a significant 145 ± 10% increase in TLR3 + IR cells in
the FC2 (F = 11.6, p < 0.01). Twenty-five days later, adult AIE-treated rats had a 223 ± 19%
increase (F = 32.3, p < 0.01; see Fig. 4A). Assessment of TLR3 mRNA in the adult PFC of
AIE-treated subjects revealed a twofold increase relative to CONs (F = 8.9, p < 0.05; see
Fig. 6). These data reveal that binge ethanol exposure during adolescence not only interferes
with the maturational reduction of TLR3 in the PFC, but also persistently upregulates the
expression of TLR3 in the adult.

A third danger signal receptor, TLR2, was assessed in the adult PFC. The CON frontal
cortex samples revealed measurable TLR2 mRNA levels, and TLR2 expression was
sparsely distributed throughout the tissue. Assessment of TLR2 mRNA in the frontal cortex
samples from AIE-treated animals did not reveal any differences relative to CONs.
Similarly, quantification of immunohistochemistry did not reveal AIE-induced alterations in
the protein expression of TLR2 (data not shown). Taken together, these data indicate that
TLR2, TLR3 and TLR4 receptors are expressed in the adult PFC, and binge ethanol
exposure during adolescence leads to persistent increases in adult PFC TLR4 and TLR3
expression.

High-mobility group box 1 (HMGB1) is a common danger signaling cytokine known to bind
to TLR2, TLR3, and TLR4 (Sims et al., 2010). In addition to its role as a proinflammatory
cytokine, it is also critically involved in the regulation of DNA bending and transcription
stability (Paull et al., 1993; Thomas, 2001) as well as neurogenesis and cell migration (Fages
et al., 2000; Zhao et al., 2011). In CON animals, we found a significant age-associated 191%
increase in HMGB1 + IR cells in the PrL of adult rats compared to adolescents (F = 42.1, p
< 0.01). Similarly, we found a 195% maturational increase of HMGB1 + IR cells in the IL
of adults relative to adolescents (F = 91.8, p < 0.01). In order to identify a potential
mechanism for TLR upregulation in the AIE PFC, we assessed adolescent and adult
expression of HMGB1 following AIE treatment in the PFC. HMGB1 + IR cells were
homogeneously expressed throughout the adolescent and adult prefrontal cortical tissue,
regardless of treatment, and appeared as solid nuclei and hollow somas (see Fig. 5C, D).
Age-associated increases in HMGB1 + IR were observed in the PrL (main effect of Age: F =
105, p < 0.01). Adolescent binge ethanol exposure significantly increased HMGB1 + IR in
the adolescent PrL (174 ± 5% [F = 79.5, p < 0.01]), which persisted into adulthood (160 ±
8% [F = 37.1, p < 0.01] see Fig. 5A). Similarly, HMGB1 + IR cell populations were
increased in both the adolescent (157 ± 9% [F = 26.6, p <0.01]) and adult IL (143±4%
[F=56.6, p < 0.01]) following AIE treatment (see Fig. 5B). Assessment of HMGB1 mRNA
in the frontal cortex samples from AIE-treated animals revealed a significant 180% increase
relative to CON subjects (F = 9.2, p < 0.05; see Fig. 6). Taken together, these data indicate
that AIE treatment leads to persistently increased levels of HMGB1 in both the PrL and IL
of the adolescent and adult PFC as well as increased expression of danger signal receptors
TLR3 and TLR4.
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To determine the cellular location of danger signals in the adult PFC, double
immunofluorescence was performed to assess colocalization of NeuN (a neuronal marker)
with TLR4, TLR3, and HMGB1. Employing confocal microscopy, we found that 88 ± 1%
and 89 ± 2% of TLR4 + IR cells colocalized with neurons (p > 0.8) in the CON- and AIE-
treated prefrontal cortex, respectively. TLR3 colocalization was observed in 89 ± 4% of
neurons in CON subjects and 89 ± 2% of neurons in the AIE-treated subjects (p > 0.9). In
CON subjects, 79 ± 2% HMGB1 colocalized in NeuN + IR cells whereas 84 ± 3% of
HMGB1 + IR cells in the AIE PFC colocalized with NeuN (p > 0.2; see Fig. 7). Adolescent
binge ethanol exposure did not affect neuronal distribution of danger signals. However, we
did find that a significant proportion of HMGB1/TLR danger signaling occurs through
neurons.

Reversal learning, but not spatial learning, is impaired in adult rats exposed to adolescent
intermittent ethanol treatment

Previous studies have found that adolescent ethanol treatment of mice does not affect Morris
water maze spatial learning, but does disrupt reversal learning, which involves the PFC
(Coleman et al., 2011). We used the Barnes maze to assess spatial and reversal learning in
this study using Wistar rats. Following AIE treatment, subjects were assessed on P64 using a
20-hole modified version of the Barnes maze (see Cheng et al., 2006) as shown in Fig. 1.
Spatial learning was assessed from P64 to P69, and both treatment groups learned to locate
and enter the escape box to criterion levels by P69 (CON: 12 ± 2 s; AIE: 10 ± 2 s). Although
there was no effect of AIE on latency to enter the escape box during the spatial learning
component (both p’s > 0.2), subjects did reduce their escape latency across trials (main
effect of Trial: F = 15.3, p < 0.01), demonstrating that subjects in both groups were actively
learning the spatial component (see Fig. 8A). There was no effect of AIE treatment on error
time (time spent in wrong quadrant) or error frequency (number of entries into wrong
quadrant) during spatial learning (all p’s > 0.5), but both measures improved significantly in
both groups as trials progressed (main effect of Trial: both F’s > 15.2, p < 0.01). Adolescent
intermittent ethanol treatment did not affect distance traveled (cm) or velocity (cm/s) during
spatial learning (all p’s > 0.5), but animals, regardless of treatment, reduced their distance
traveled and increased their velocity across trials (main effects of Trial: both F’s > 5.3, p <
0.01). Assessment of boli counts during the spatial learning component revealed that AIE-
treated animals defecated more than CONs (main effect of Treatment: F = 5.6, p < 0.05),
which has been suggested to indicate increased anxiety-like behavior (Bruhwyler et al.,
1990). Thus, AIE treatment did not alter spatial learning on the Barnes maze.

Reversal learning refers to the ability to alter a previously learned behavioral response with
a new response when outcomes do not match those predicted by the preceding cues
(Stalnaker et al., 2009). In animal models, reversal learning tasks are used to assess frontal
cortical function. Previous work from our laboratory found that binge ethanol exposure in
adolescent mice tested as adults (Coleman et al., 2011) and rats both treated and tested as
adults (Obernier et al., 2002) impaired reversal learning on the Morris water maze.
Following attainment of criterion on the spatial learning component, reversal learning was
assessed in animals 24 h later beginning on P70. Adolescent intermittent ethanol exposure
significantly increased the latency to locate and enter the reversal goal box (2-way repeated
measures ANOVA: F = 4.1, p < 0.05). On the first trial of reversal learning, AIE-treated
animals (73 ± 9 s) required 60% more time than the CON animals (44 ± 8 s) to locate and
enter the reversal goal box (F = 6.0, p < 0.05; see Fig. 8B). Similarly, AIE-treated animals
on the first trial of reversal learning traveled greater distances than CONs (2-way repeated
measures ANOVA: F = 3.4, p < 0.05) although AIE treatment did not affect velocity (2-way
ANOVA: both p’s > 0.2). All animals increased their velocity across trials (main effect of
Trial: F > 6.5, p < 0.01). Assessment of maze defecation revealed that boli counts were
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greater in the AIE-treated animals than the CONs (main effect of Treatment: F = 6.0, p <
0.05). These data indicate that AIE treatment-induced reversal learning deficits in adult
adulthood are consistent with prolonged changes in PFC following AIE.

Frontal cortical dysfunction results in perseveration (i.e., repetition of a previously learned
behavior), and might have contributed to the observed reversal learning impairments on the
Barnes maze. For quantification, perseveration was defined as increased time spent in the
previous spatial goal quadrant during reversal learning. Intermittent ethanol exposure during
adolescence significantly increased perseveration (2-way repeated measures ANOVA: F =
4.6, p < 0.01). Adolescent intermittent ethanol exposure increased time spent in the spatial
previous goal quadrant (39 ± 6 s) than the CONs (21 ± 6 s) during the first trial of reversal
learning (one-way ANOVA: F = 4.8, p < 0.05; see Fig. 8C, D). There were no behavioral
differences between AIE- and CON-treated rats during probe trial assessment (data not
shown). Together, these data reveal that reversal learning deficits observed in the AIE-
treated adults are likely the consequence of increased perseveration, a symptom of PFC
dysfunction.

Danger signal receptor expression in the adult prefrontal cortex is correlated with reversal
learning and perseveration-like behaviors on the Barnes maze

We used correlations to investigate potential relationships between behavior during the first
trial of reversal learning, and increased expression of HMGB1, TLR3, and TLR4 danger
signal molecules in the PFC. Interestingly, TLR4 + IR cells in the PrL robustly correlated
with measures of reversal learning (see Table 2, Fig. 9), but not IL. Controls contribute to
the correlation as those animals demonstrating the lowest PrL TLR4 + IR showing the
shortest latency to enter the new reversal goal, which is consistent with PFC-mediated
behavioral plasticity (see Fig. 9). Interestingly, TLR3 + IR in the FC2 was also robustly
correlated with both reversal learning and perseverative behaviors. Both TLR4 + IR and
TLR3 + IR significantly correlated with reversal learning deficits, but in different prefrontal
cortical brain regions. Prefrontal cortical HMGB1 + IR was not significantly correlated with
behavior on the Barnes maze (data not shown). Taken together, these data suggest PFC
TLR4 and TLR3 expression are associated with AIE-induced PFC reversal learning deficits.

Induction of danger signaling agonist HMGB1 correlates with TLR induction
HMGB1/TLR danger signaling contributes to positive loops of neuroimmune activation that
are thought to mediate the persistence of neuroimmune responses (Crews et al., 2011). We
sought to determine whether there was a relationship between expression of danger signal
molecules and expression of the danger signaling cytokine HMGB1 in PFC. HMGB1
expression in PFC correlated with expression of TLR4 and TLR3 in PFC (see Table 3).
HMGB1 expression was significantly correlated with TLR4 and TLR3 expression regardless
of brain region. A comparison of HMGB1 and TLR4 + IR in the PrL reveals clear clusters
of CONs with low levels of both receptors, and AIE-treated animals with about double
levels of both danger signaling molecules (see Fig. 10). These correlations are consistent
with HMGB1/TLR signaling being induced in parallel as components of the amplification
and the persistence of neuroimmune activation in the brain.

DISCUSSION
In the present study, we tested the hypothesis that adolescent binge ethanol exposure would
(1) elevate neuroimmune danger signaling molecules in the adolescent PFC that would
persist into adulthood, and (2) alter adult behavior indicative of prefrontal cortical
dysfunction. We found that AIE exposure (5.0 g/kg, i.g., 2-day on/2-day off 30-day
schedule) significantly increased adolescent (+IR) and adult (+IR) expression of the danger
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signal receptors TLR4 and TLR3 in the PFC. The persistent increase of danger signal
receptors was accompanied by an upregulation of the danger signaling cytokine, HMGB1, in
the adolescent and adult PFC. Interestingly, we also found development-associated
reductions of TLR4 and TLR3, and increased expression of HMGB1 in the PFC. Confocal
assessment of HMGB1, TLR4, and TLR3 expression revealed a high incidence (80–90%) of
colocalization with NeuN + IR neurons in the adult PFC. Adult rats exposed to AIE were
behaviorally impaired on the reversal learning component of the Barnes maze, which
provides a measure of the rats’ ability to modify a previously learning behavioral response
when outcomes do not match those predicted by the preceding cue, i.e. behavioral plasticity
(Stalnaker et al., 2009). We found that expression of danger signal receptors TLR4 and
TLR3 correlated with error and perseverative behavior on the Barnes maze. Interestingly,
we did not observe a correlation between HMGB1 expression in the PFC and behavioral
dysfunction, suggesting that other factors might be involved. Although we do not yet have a
clear understanding of all of the mechanisms underlying innate immune danger signaling-
induced behavioral dysfunction, we have found that adolescent binge ethanol exposure
results in persistent danger signaling upregulation and long-term behavioral inflexibility in
adulthood.

We have previously found that chronic ethanol treatment of adult rodents increases
neuroimmune activation through the induction of brain NF-κB-proinflammatory target
genes, including COX (Knapp and Crews, 1999), NOX (Qin and Crews, 2012), and multiple
cytokines, proteases, and oxidases (Qin et al., 2008; Zou and Crews, 2010; Qin and Crews,
2012) as well as increasing NF-κB-DNA binding in vivo (Crews et al., 2006a) and in in
vitro brain slice culture (Zou and Crews, 2006). The exact mechanisms of ethanol-induced
neuroimmune activation are not clear, but appear to involve TLR4 receptors. In a series of
experiments, Guerri and colleagues have shown that transgenic mice lacking TLR4 have a
blunted ethanol neuroimmune response in microglia (Fernandez-Lizarbe et al., 2009),
astrocytes (Blanco et al., 2005), and in mouse brain in vivo (Alfonso-Loeches et al., 2010).
TLR4 receptors are critically involved in the activation of monocytes and microglia
(Fernandez-Lizarbe et al., 2009; Yang et al., 2010), which is consistent with microglia
initiating neuroimmune responses following ethanol exposure (Block and Hong, 2005;
Crews et al., 2011). Although HMGB1 can bind to and activate multiple TLRs, its signaling
mechanism is complex due to neuroimmune amplification within and across cells that
release additional HMGB1, other cytokines, and proinflammatory molecules that contribute
to the response (Sims et al., 2010; Vezzani et al., 2011). HMGB1 is a ubiquitously expressed
nuclear protein, but when released, it exerts cytokine-like actions on multiple TLRs
promoting neuroimmune activation through NF-κB transcription of proinflammatory genes
that spreads via autocrine and paracrine processes (see Fig. 11 [Park et al., 2004; Rauvala
and Rouhiainen, 2010; Volz et al., 2010]). This activation leads to the induction of NF-κB
and activator protein-1 that is accompanied by an upregulation of inducible NOS and
COX-2 expression in astrocytes that leads to further downstream activation of the NF-κB
signaling pathway (Blanco et al., 2005). Activation of the NF-κB signaling pathway
stimulates the release of TNFα, which stimulates further NF-κB transcription through the
activation of TNFR1, and is amplified in an autocrine and paracrine fashion. These positive
loops of neuroimmune activation lead to persistently increased oxidative free radicals from
oxidases, increased TLR expression and the formation of endogenous TLR agonists, and
chemokine and cytokine receptor upregulation (Qin et al., 2008; Zou and Crews, 2010).

In the present study, we found increased HMGB1, TLR4, and TLR3 expression in the
adolescent prefrontal cortex 24 h after the conclusion of binge ethanol exposure. In rat brain
slice culture, we also found that ethanol caused the release of HMGB1 and induced IL1β
through TLR4 signaling suggesting that one mechanism of ethanol-induced brain
neuroimmune activation may involve HMGB1-TLR4 signaling (Crews et al., in press). Our
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finding of persistently increased HMGB1/TLR expression in the adult PFC following AIE
treatment supports the hypothesis that ethanol activates positive loops of neuroimmune
activation, which contribute to the observed persistence of HMGB1/TLR upregulation.
Indeed, several studies have found that activation of the neuroimmune system in the CNS
leads to persistent neuroimmune gene activation in the brain. We previously found that a
single dose of lipopolysaccharide (LPS; 5 mg/kg), the prototypical TLR4 agonist,
persistently increased TNFα protein and mRNA expression in the mouse brain that persisted
for at least 10 months (Qin et al., 2007) in the absence of a further neuroimmune challenge.
Similarly, binge ethanol exposure (5 g/kg, i.g. for 10 days) persistently upregulated levels of
brain MCP-1 for at least 7 days after the conclusion of ethanol treatment (Qin et al., 2008).
Interestingly, in this study we found a high incidence of HMGB1/TLR expression in
neurons. Although the mechanisms of ethanol-induced neuroimmune activation are
complex, our findings of persistent increases in neuronal HMGB1, TLR4, and TLR3 are
consistent with HMGB1-TLR signaling initiating and maintaining brain neuroimmune
activation. The results of the present study complement and extend the finding that once the
innate immune danger signaling system is stimulated, it remains activated for a significant
amount of time, and perhaps for the life of the organism.

In addition to their involvement in pathological neurodegeneration (Okun et al., 2009),
HMGB1/TLR signaling also has a physiological role in the regulation of neural
development, neurogenesis, and neurite outgrowth (Trudler et al., 2010; Fang et al., 2012).
In the CON subjects, we found maturational reductions of TLR4 and TLR3 in the PFC from
adolescence (P56) to adulthood (P80). This age-associated reduction of TLR4 and TLR3 in
the PFC parallels the observed neurotransmitter receptor gene declination between
adolescence and adulthood (Coleman et al., 2011). We also found that HMGB1 + IR cell
populations increased from adolescence (P56) to adulthood (P80). Although the data
concerning HMGB1 are limited, it appears to be involved in neurite outgrowth (Fages et al.,
2000) as well as neurogenesis as it is associated with survival and proliferation of neural
progenitors during brain development in the zebra fish (Zhao et al., 2011). These
observations reveal the need to more fully explore the physiological role that the innate
immune system plays in brain development and plasticity.

Assessment of Barnes maze performance revealed that AIE treatment did not impair spatial
learning and memory, or motor function. However, AIE treatment did lead to reversal
learning impairments in the adult rats. Although this effect might be due to AIE-induced
facilitation of reference memory in adult rats exposed to adolescent binge drinking, this
interpretation is unlikely given the similar rate of spatial learning between groups. A second
explanation for the impaired reversal learning is that AIE treatment increased perseverative
behavior, which is characterized by repetitive re-entry into the quadrant that contained the
spatial goal. Indeed, the AIE-treated animals spent significantly more time in the spatial goal
quadrant during the first trial of reversal learning. The observed inability of AIE-treated
animals to modify their previously learned behavior in response to a change in outcomes
suggests a deficit in the ability to set-shift (i.e., the capacity for behavioral flexibility).
Lesion studies report that the medial PFC (mPFC), defined as the PrL and IL, contribute to
perseverative behaviors (Kosaki and Watanabe, 2012). However, reversal learning
impairments are also associated with damage to the orbitofrontal cortex (OFC), a region of
the PFC that is also involved in reversal learning (see Schoenbaum and Shaham, 2008).
Although clear behavioral delineations between the OFC and mPFC (i.e., PrL and IL) are
lacking, Badanich and colleagues (2011) suggest that the OFC is critical for reversal
learning while the mPFC is involved in set-shifting. The impaired reversal learning is
indicative of prefrontal cortical dysfunction, which has been found in human alcoholics
(Fortier et al., 2008) and individuals with neurodegenerative disorders (Oscar-Berman and
Zola-Morgan, 1980; Freedman and Oscar-Berman, 1989). Regardless, we found that
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adolescent binge ethanol exposure resulted in adult reversal learning deficits and increased
perseverative behavior following a long period of abstinence, which paralleled the persistent
nature of long-term innate immune gene induction.

In addition to the involvement of danger signal receptors in neuroinflammation, these
receptors also modulate cognitive and emotive functioning (Dantzer et al., 2008; Okun et al.,
2010; Hanke and Kielian, 2011; Yirmiya and Goshen, 2011). Our findings of increased
TLR4, TLR3, and HMGB1 in the adult PFC suggest that alcohol-induced danger signaling
during adolescence may alter developmental maturation through neuroinflammation-induced
hyperexcitability. Increased transcription of HMGB1 and elevated TLR4 expression results
in glutamatergic hyperexcitability as well as a lowering of hippocampal seizure threshold
(see Vezzani et al., 2011 for a review). We found that expression of danger signal receptors
was predictive of error and perseverative behaviors on the Barnes maze. Although our data
demonstrate correlations across measures of innate immune activation and behavior, these
data do not definitively prove that the danger responses are solely responsible. Indeed, it is
plausible that a loss of cholinergic cells, a consistently observed finding (Ehlers et al., 2011),
might also contribute to the observed behavioral impairments. However, it is noteworthy to
mention that a clear role for the CNS cholinergic system in modulating neuroinflammation
has been found (Nizri et al., 2008, 2009). Consistent with our findings, activation of innate
immune danger signaling in animal models of systemic inflammation are associated with
reversal learning disruption (MacFabe et al., 2011; Jurgens et al., 2012). Furthermore,
transient activation of innate immune danger signaling during early life was found to
facilitate hyperexcitability in adulthood, as exposure to LPS at P14-reduced seizure
threshold in adult rats treated with pilocarpine (Riazi et al., 2010). We observed correlations
between ethanol-induced innate immune activation and persistent changes to behavior that
are consistent with previous studies. Pascual and colleagues (2007) studied adolescent binge
ethanol exposure in rats (3 g/kg, i.p. 2-day on/2-day off from P25–38) and found increased
COX-2 and inducible NOS levels 24 h after the conclusion of treatment. Further, they found
that adolescent binge ethanol exposure impaired discrimination learning and object
recognition 20 days later, which was recovered in animals treated with indomethacin, a
COX-2 inhibitor. These data support our finding that binge ethanol exposure during
adolescence causes persistent neuroimmune activation that appears to contribute to
behavioral dysfunction.

CONCLUSION
Adolescent binge ethanol exposure led to persistent upregulation of the danger signaling
agonist HMGB1, and the danger signal receptors, TLR4 and TLR3, in the adolescent PFC
that persists into adulthood. Further, AIE treatment imparted long-term reversal learning
impairment, which is indicative of a dysfunctional PFC. The persistent increase in danger
signaling is correlated with the adult prefrontal neurocognitive dysfunction. Together, these
data are consistent with underage binge drinking exerting long lasting neuroimmune changes
in the developing CNS that impact adult neurocognitive function, which might facilitate
later development of neuroinflammatory disease.
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Abbreviations

AIE adolescent intermittent ethanol

BEC blood ethanol content

FC2 frontal cortex area 2

HMGB1 high-mobility group box 1

IHC immunohistochemistry

IL infralimbic cortex

+IR immunoreactivity

LPS lipopolysaccharide

OFC orbitofrontal cortex

PFC prefrontal cortex

PrL prelimbic cortex

TLR Toll-like receptor
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Fig. 1.
Graphical representation of the adolescent intermittent ethanol (AIE) treatment paradigm.
Rats were treated from postnatal day (P) 25 to P55 with either ethanol (5.0 g/kg 20% ethanol
w/v, i.g.) or a comparable volume of water on a 2-day on/2-day off administration schedule.
Blood ethanol concentrations (BECs) were measured 1 h after ethanol treatment on P38 and
P54. Spatial and reversal learning were assessed on the Barnes maze from P64 to P75, and a
probe trial was administered on P79. Twenty-five days following the conclusion of AIE
treatment, rats were sacrificed for immunohistochemistry and RT-PCR analysis. AIE- and
control-treated rats evidenced parallel increases in body weight that did not differ as a
function of ethanol treatment.
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Fig. 2.
Representative micrographs of the regions of interest assessed for danger signal agonist and
receptor expression in the PFC. Toll-like receptor (TLR)4, TLR2, and high-mobility group
box 1 (HMGB1) + IR was measured in the prelimbic cortex (PrL, Bregma: +4.20 mm to
+2.20 mm) and infralimbic cortex (IL; Bregma: +3.20 mm to +2.20 mm) according to the
atlas of Paxinos and Watson (2004). Similarly, expression of TLR3 was measured in the
frontal cortex, area 2 (FC2; Bregma: +4.20 mm to +2.20 mm) according to the atlas of
Paxinos and Watson (2004).
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Fig. 3.
Adolescent intermittent ethanol (AIE) exposure persistently increased immunohistochemical
protein expression of Toll-like receptor (TLR)4 in the adolescent (P56) and adult (P80) PFC.
(A) Profile counts revealed that AIE treatment increased TLR4 + IR cells in the adolescent
(141 ± 4%) and adult (210 ± 7%) prelimbic cortex, relative to CONs. (B) Assessment of
profile counts in the infralimbic cortex revealed that AIE treatment increased TLR4 + IR by
116 ± 6% in the adolescent and 254 ± 21% in the adult, relative to CONs. Representative
photomicrographs of TLR4 + IR cells in the prelimbic cortex (C) and infralimbic cortex (D)
of adolescent (P56) and adult (P80) CON- and AIE-treated rats. Black arrows indicate TLR4
+ IR cells. Data are presented as mean ± SEM,*p < 0.05, **p < 0.01, relative to CON rats.
Scale bar = 20 µm.
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Fig. 4.
Effect of adolescent intermittent ethanol (AIE) treatment on immunohistochemical protein
expression of Toll-like receptor (TLR)3 in the adolescent and adult PFC. (A) Assessment of
profile counts found that AIE treatment increased TLR3 + IR cells in frontal cortex, area 2
(FC2) of adolescent (145 ± 10%) and adult (223 ± 19%) rats, relative to CONs. Data are
presented as mean ± SEM, **p < 0.01, relative to CON rats. (B) Representative
photomicrographs of TLR3 + IR cells in the FC2 of adolescent (P56) and adult (P80) CON-
and AIE-treated rats. Black arrows indicate representative TLR3 + IR cells. Scale bar = 50
µm. (C) Expression of TLR3 was confined to a thin band of immunoreactivity throughout
the frontal cortex. The red band reveals the area of TLR3 + IR.

Vetreno and Crews Page 19

Neuroscience. Author manuscript; available in PMC 2013 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Adolescent intermittent ethanol (AIE) exposure persistently increased immunohistochemical
protein expression of high-mobility group box 1 (HMGB1) in the adolescent (P56) and adult
(P80) PFC. (A) Profile counts revealed that AIE treatment significantly increased the
expression of HMGB1 + IR cells in the adolescent (174% ± 5%) and adult (160% ± 8%)
prelimbic cortex, relative to CONs. (B) Profile counts revealed that AIE treatment
significantly increased the expression of HMGB1 + IR cells in the adolescent (157% ± 9%)
and adult (143% ± 4%) infralimbic cortex, relative to CONs. Representative
photomicrographs of HMGB1 + IR cells in the prelimbic cortex (C) and infralimbic cortex
(D) of adolescent (P56) and adult (P80) CON- and AIE-treated rats. Black arrows indicate
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HMGB1 + IR cells. Data are presented as mean ± SEM, **p < 0.01, relative to CON rats.
Scale bar = 50 µm.
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Fig. 6.
Adolescent intermittent ethanol (AIE) exposure increased mRNA levels of high-mobility
group box 1 (HMGB1) and Toll-like receptors (TLRs) in the adult frontal cortex. RT-PCR
assessment of innate immune danger signaling mRNA found a > threefold increase of TLR4
mRNA, > twofold increase of TLR3 mRNA, and 180% increase of HMGB1 mRNA in the
frontal cortex of AIE-treated animals relative to the control (CON) subjects. Data are
presented as mean ± SEM, *p < 0.05, *p < 0.01, relative to CON rats.
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Fig. 7.
High-mobility group box 1 (HMGB1) and Toll-like receptor (TLR) immunoreactive cells
are colocalized with neurons in the adult prefrontal cortex. (Left) High magnification
photomicrographs of neuronal-specific nuclear protein (NeuN [red]) colocalization with
TLR4, TLR3, and HMGB1 + IR cells (green) in the prefrontal cortex of adult CON- and
AIE-treated rats. White arrows emphasize the HMGB1/TLR + IR cells that did not co-
localize with NeuN. NeuN and HMGB1/TLR + IR cells appear yellow. Scale bar = 20 µm.
(Right) Quantification of danger signal markers with NeuN. Data are presented as mean ±
SEM. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Vetreno and Crews Page 23

Neuroscience. Author manuscript; available in PMC 2013 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Adolescent intermittent ethanol (AIE) exposure impaired reversal learning, but not spatial
learning, in adult rats on the Barnes maze. (A) AIE treatment did not affect latency to enter
the spatial goal box during the spatial component of the Barnes maze relative to control
(CON) subjects. (B) Following criterion learning of the spatial component, the goal box was
rotated 180° to assess reversal learning, or the rats’ ability to ‘unlearn’ the spatial goal rule.
AIE treatment increased the latency to locate and enter the reversal goal during the first trial
(Trial 7) of reversal learning relative to CONs. Interestingly, behavioral performance of
AIE-treated rats returned to CON levels by the second trial of reversal learning (Trial 8). (C)
Adult rats exposed to AIE treatment evidenced increased perseveration behavior, defined as
increased duration in the spatial quadrant, during the first trial of reversal learning relative to
CONs. Similar to the reversal learning deficit, performance returned to CON levels by the
second trial. Data are presented as mean ± SEM, *p < 0.05. (D) Digital representation of the
pathway traversed during the first trial (Trial 7) of reversal learning from a CON- and AIE-
treated animal, depicting the increased time spent by AIE rats in the spatial goal quadrant.
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Fig. 9.
Danger signal receptor expression in the adult PFC is correlated with reversal learning
performance on the Barnes maze. Performance on the Barnes maze is correlated with danger
signal receptor expression in the adult PFC. Latency to enter the reversal goal box (s) during
the first trial of reversal learning was positively correlated with TLR4 + IR cells in the adult
prelimbic cortex. Pearson’s r correlation coefficient, r = 0.71, p < 0.01.
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Fig. 10.
Expression of the danger signal agonist HMGB1 is correlated with the expression of danger
signal receptors in the adult PFC. In the adult PFC, HMGB1 + IR in the prelimbic cortex
was positively correlated with TLR4 + IR in the prelimbic cortex. Pearson’s r correlation
coefficient, r = 0.72, p < 0.01.

Vetreno and Crews Page 26

Neuroscience. Author manuscript; available in PMC 2013 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
A simplified schematic of the persistent effects of adolescent binge alcohol abuse on danger
signaling in the prefrontal cortex. (A) Basal expression of danger signal receptors in the
control brain. In the non-pathological brain, high-mobility group box 1 (HMGB1) is
sequestered within the cell nucleus where it regulates DNA bending and transcription
stability (Paull et al., 1993; Thomas, 2001) as well as neuroplasticity (Fang et al., 2012).
HMGB1 is ubiquitously expressed in the nucleus and is an endogenous agonist at the Toll-
like receptors (TLRs). Basal physiological levels of TLRs are present on glia, which survey
the extracellular environment. Neurons also express basal levels of TLRs, which play a role
in neuronal plasticity and neurogenesis (Trudler et al., 2010). (B) Binge drinking during
adolescence activates the innate immune danger signaling system in the prefrontal cortex
that persists into adulthood. Glial cells are activated by ethanol (EtOH [Qin and Crews,
2012]) and release proinflammatory cytokines (e.g., TNFα, iNOS [Qin et al., 2008; Crews et
al., 2011; Qin and Crews, 2012]). The proinflammatory cytokines result in the nuclear
release of neuronal HMGB1, which becomes a proinflammatory cytokine once introduced
into the extracellular environment (Garg et al., 2010; Sims et al., 2010). Through autocrine
and paracrine processes, the secreted HMGB1 binds to, and increases the expression of,
TLR4 and TLR3 on neurons. It also facilitates further nuclear release of HMGB1, which
upon secretion, binds to TLRs on microglia, leading to further release of proinflammatory
cytokines. The initial binge-drinking proinflammatory insult establishes the cyclic activation
of the HMGB1/TLR danger signaling system. Once the exogenous inflammagen (i.e.,
alcohol) is removed, the activated glia continue to release proinflammatory cytokines in
response of HMGB1 released from neurons. The glia-derived proinflammatory cytokines
increase neuronal HMGB1 transcription and nuclear release, which facilitates further
neuronal HMGB1 through autocrine and paracrine mechanisms.
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Table 1

List of primers for RT-PCR.

Primer Forward Reverse

TLR4 5′-CCA GAG CCG TTG GTG TAT CT-3′ 5′-TCA AGG CTT TTC CAT CCA AC-3′

TLR3 5′-GCA ACA ACA ACA TAG CCA AC-3′ 5′-CCT TCA GGA AAT TAA CGG GAC-3′

TLR2 5′-GGA GAC TCT GGA AGC AGG TG-3′ 5′-CGC CTA AGA GCA GGA TCA AC-3′

HMGB1 5′-ATG GGC AAA GGA GAT CCT A-3′ 5′-ATT CAT CAT CAT CAT CTT CT-3′

β-actin 5′-CTA CAA TGA GCT GCG TGT GGC-3′ 5′-CAG GTC CAG ACG CAG GAT GGC-3′
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Table 2

Correlations of danger signal receptor expression in the adult prefrontal cortex with measures of reversal
learning and perseveration on the Barnes maze.

TLR4 TLR3

PrL IL FC2

Latency to reversal goal (s) 0.71** 0.43 0.60*

Error duration (s) 0.63* 0.45 0.68**

Error frequency 0.54* 0.24 0.46

Perseveration duration (s) 0.56* 0.46 0.70**

Perseveration frequency 0.59* 0.22 0.52*

Pearson’s r correlations were conducted for the three prefrontal cortical (PFC) brain regions assessed for TLR4 + IR and TLR3 + IR cells since
these regions are associated with behavioral flexibility and reversal learning. Although our correlations do not prove definitive conclusions, we
found statistically significant associations for PrL-TLR4 + IR cells and FC2-TLR3 + IR cells with components of the reversal learning task.
Although it is unclear as to how PFC subregions are involved in reversal learning, the correlations of reversal learning deficits with TLR4 and
TLR3 expression are consistent with increased TLR3 and TLR4 expression altering prefrontal cortical function. PrL: prelimbic cortex; IL:
infralimbic cortex; FC2: frontal cortex, area 2.

*
Pearson’s r correlation coefficients were used with two-tailed significance (p < 0.05).

**
Pearson’s r correlation coefficients were used with two-tailed significance (p < 0.01).
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Table 3

Correlations of danger signal receptor expression with danger signal expression (HMGB1) in the adult
prefrontal cortex following adolescent binge ethanol exposure.

TLR4 TLR3

PrL IL FC2

HMGB1 PrL 0.72** 0.78** 0.64*

IL 0.82** 0.71** 0.84**

Pearson’s r correlations were conducted for the three prefrontal cortical (PFC) brain regions assessed for HMGB1, TLR4, and TLR3 + IR cells.
Although correlations do not prove linkage, statistically significant associations were found between HMGB1, and TLR4 + IR and TLR3 + IR cells
in various PFC subregions. These correlations are consistent with HMGB1-TLR signaling inducing persistent increases in brain regional HMGB1-
TLR expression. PrL: prelimbic cortex; IL: infralimbic cortex; FC2: frontal cortex, area 2.

*
Pearson’s r correlation coefficients were used with two-tailed significance (p < 0.05).

**
Pearson’s r correlation coefficients were used with two-tailed significance (p < 0.01).
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