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Abstract

Traumatic brain injury (TBI) represents a leading cause of morbidity and mortality among young 

individuals. Alcohol abuse is a risk factor associated with increased TBI incidence. In addition, up 

to 26% of TBI patients engage in alcohol consumption after TBI. Limited preclinical studies have 

examined the impact of post-injury alcohol exposure on TBI recovery. The aim of this study was 

to determine the isolated and combined effects of TBI and alcohol on cognitive, behavioral, and 

physical recovery, as well as on associated neuroinflammatory changes. Male Sprague-Dawley 

rats (~300 g) were subjected to a mild focal TBI by lateral fluid percussion (~30 PSI, ~25 ms) 

under isoflurane anesthesia. On day 4 after TBI, animals were exposed to either sub-chronic 

intermittent alcohol vapor (95% ethanol 14h on /10h off; BAL~200 mg/dL) or room air for 10 

days. TBI induced neurological dysfunction reflected by an increased neurological severity score 

(NSS) showed progressive improvement in injured animals exposed to room air (TBI/air). In 

contrast, TBI animals exposed to alcohol vapor (TBI/alcohol) showed impaired NSS recovery 

throughout the 10-day period of alcohol exposure. Open-field exploration test revealed an 

increased anxiety-like behavior in TBI/alcohol group compared to TBI/air group. Additionally, 

alcohol-exposed animals showed decreased locomotion and impaired novel object recognition. 

Immunofluorescence showed enhanced reactive astrocytes, microglial activation, and HMGB1 

expression localized to the injured cortex of TBI/alcohol as compared to TBI/air animals. The 

expression of neuroinflammatory markers showed significant positive correlation with NSS. These 

findings indicated a close relationship between accentuated neuroinflammation and impaired 

neurological recovery from post-TBI alcohol exposure. The clinical implications of long-term 

consequences in TBI patients exposed to alcohol during recovery warrant further investigation.

© 2014 Elsevier Inc. All rights reserved.

Corresponding Author: Patricia E. Molina, MD, PhD, Louisiana State University Health Sciences Center, Alcohol and Drug Abuse 
Center of Excellence, Department of Physiology, 1901 Perdido St. Rm 7212, New Orleans, LA 70112, Telephone: (504) 568 - 6187, 
pmolin@lsuhsc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Behav Immun. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Brain Behav Immun. 2015 March ; 45: 145–156. doi:10.1016/j.bbi.2014.11.006.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



1. Introduction

Traumatic brain injury (TBI) represents a leading cause of morbidity and mortality among 

young individuals in the United States. The severity of a TBI ranges from mild to severe, 

and ~75% of TBIs are classified as mild TBIs (Centers for Disease Control and Prevention 

(CDC), 2003). Mild TBI has received much attention recently because of its high prevalence 

in contact sports ((CDC), 1997; Pellman et al., 2004). Additionally, TBI that occurs during 

combat, caused by a blast or explosion, often leads to a sudden loss of consciousness and is 

classified as mild TBI (Hoge et al., 2008; Terrio et al., 2009). Apart from the at-risk 

populations, mild TBI commonly occurs in the general population (Centers for Disease 

Control and Prevention (CDC), 2003), and it has become a major issue because of the 

unknown, yet potential long-term consequences such as neurodegenerative changes in the 

brain (Loane et al., 2014; Pellman et al., 2004).

While victims of mild TBI often show physical recovery within a few months, psychological 

symptoms such as heightened irritability, anxiety, apathy, or depression may develop and 

linger for a longer period of time (Carroll et al., 2004; Hibbard et al., 2004; Whyte et al., 

1996). The development of post-traumatic stress disorder (PTSD) is particularly relevant to 

military personnel following a combat-acquired TBI (Jacobson et al., 2008; Morissette et al., 

2011). Combat TBI victims are reported to consume alcohol in an attempt to alleviate post-

concussion symptoms (Adams et al., 2012c; Dikmen et al., 1995; Eisen et al., 2012; Jorge et 

al., 2005; Miller et al., 2013). In fact, up to one fourth of TBI victims consume alcohol 

following injury, with binge drinking being a common presentation in individuals 

experiencing depression, PTSD, or other stressors during the recovery period (Adams et al., 

2012a; Adams et al., 2012b; Bombardier et al., 2003; Dikmen et al., 1995; Hibbard et al., 

1998; Jacobson et al., 2008; Kreutzer et al., 1996; Ponsford et al., 2007; Ramchand R, 2011; 

Simpson and Tate, 2002). The high prevalence of alcohol use by TBI victims requires 

particular attention to understand how alcohol use and abuse may affect the recovery from 

TBI.

Clinical reports show that a history of concussion is associated with impaired cognitive 

function, predominantly in the areas of executive functioning and memory (Belanger et al., 

2010; Bogdanova and Verfaellie, 2012; Guskiewicz et al., 2005). Alcohol exposure can 

further induce cognitive problems, and neuroimaging studies have revealed persistent brain 

structural abnormalities in human alcoholics (Oscar-Berman, 2012; Oscar-Berman and 

Marinkovic, 2007; Ruiz et al., 2013). A clinical study shows that post-injury alcohol use 

causes deterioration of executive functioning and adversely influences rehabilitation 

outcomes in TBI survivors (Ponsford et al., 2013). Among 60 TBI patients who participated 

in that study, cognition and executive functioning tested at 6–9 months after injury was 

poorer in patients that consumed any alcohol at all during the recovery period (Ponsford et 

al., 2013). Despite these clinical observations, there has not been sufficient pre-clinical 

research performed to examine neurological and neurobehavioral outcomes or the 

underlying neuropathological sequelae resulting from post-TBI alcohol exposure.

Neuroinflammation plays a critical pathophysiological role in TBI-associated morbidity 

(Lumpkins et al., 2008). A recent clinical study indicates that neuroinflammation and white 
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matter degeneration continue for years after a single TBI episode in humans (Johnson et al., 

2013). Sustained neuroinflammation is detrimental and leads to cognitive dysfunction and 

neuronal damage (Chen and Swanson, 2003; Feuerstein et al., 1998; Johnson et al., 2013; 

Kabadi and Faden, 2014; Lucas et al., 2006; Nakashima et al., 1995; Niranjan, 2013). 

Specifically, increased reactive astrocytes and microglial activation with the associated 

release of pro-inflammatory mediators and reactive oxygen and nitrogen species have been 

linked to accelerated neuronal loss via mechanisms such as increased glutamate 

excitotoxicity (Byrnes and Faden, 2007; Byrnes et al., 2007; Eikelenboom et al., 2002; 

Hewett et al., 1994). Chronic alcohol exposure induces neuroinflammation as evidenced by 

increased microglial markers detected in the postmortem brains of human alcoholics (He 

and Crews, 2008). Additionally, increased microglial activation and astrocyte expression 

have been observed in the parietal association cortex, entorhinal cortex, and hippocampus 

following chronic binge alcohol administration in rodents (Franke et al., 1997; Gonca et al., 

2005; Zhao et al., 2013). Several studies have identified that high mobility group box 1 

(HMGB1) has potent pro-inflammatory effects when secreted by activated immune cells 

(Abraham et al., 2000; Bustin, 1999; Kim et al., 2006; Yang et al., 2010a). HMGB1 is 

considered a danger signaling cytokine that is critical in alcoholinduced neuroinflammation 

(Crews et al., 2013). Therefore, together with astrocyte and microglial activation, enhanced 

HMGB1 expression contributes to a chronic neuroinflammatory milieu that affects the 

brain’s structural and functional integrity. How chronic alcohol exposure mediates TBI-

induced neuroinflammation is poorly understood.

Using an established lateral fluid percussion (LFP) model of TBI, we examined the overt 

functional outcomes, as well as the magnitude of neuroinflammation in rodents exposed to 

intermittent alcohol vapor during the post-TBI period. Our working hypothesis was that 

alcohol exposure post-TBI would exacerbate neuroinflammation, which would be linked to 

impaired neurological and behavioral recovery from TBI.

2. Materials and Methods

2.1. Animals

Specific-pathogen free adult male Sprague-Dawley rats (Charles River, Raleigh, NC) 

weighing 250 – 300 g were housed in the Division of Animal Care at the Louisiana State 

University Health Sciences Center for one week of acclimatization prior to all studies. 

Animals were exposed to a 12 h light / 12 h dark cycle at 22 °C and had free access to water 

and standard diet (Purina Rat Chow, Ralston Purina, St. Louis, MO). All animal procedures 

and experiments were in accordance with the guidelines of the National Institutes of Health 

and were approved by the Institutional Animal Care and Use Committee of the Louisiana 

State University Health Sciences Center.

2.2. Craniotomy

Approximately one week after arriving at our facilities, animals were anesthetized by 

intramuscular injection of ketamine/xylazine (90 mg/kg and 9 mg/kg, respectively) and 

positioned on a stereotaxic apparatus (Model 900 KOPF Instruments, David Kopf 

Instruments). The shaved surgical area was cleaned by betadine surgical scrub (povidone-
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iodine, 7.5%) and isopropyl alcohol. An incision (~3 cm) was made between the eyes and 

over the cranial crown, and excess tissue and blood were removed. Using a 5.0 mm diameter 

Michele Trephine (Roboz Surgical Instruments, Gaithersburg, MD), a circular track was 

drilled on top of the left hemisphere at a location 2 mm posterior to bregma and 3 mm lateral 

from midline to remove the overlying skull. Once the intact dura was exposed, a female 

Luer Loc was aligned over the drill hole, and the perimeter was sealed with cyanoacrylate 

glue followed by Jet Denture Repair Acrylic (Lang Dental Manufacturing, Wheeling, IL). 

One small steel mounting screw 0–80x3/32 (Plastics One, Roanoke, VA) was hand-drilled 

and placed posterior to lambda to serve as an extra anchor for the dental acrylic. The dura 

was kept moist by filling the interior of the female Luer Loc with normal saline before 

capping. At the completion of all procedures, animals were removed from the stereotaxic 

apparatus and returned to clean cages. Animals were allowed to recover from surgery for 

one week, with free access to food and water.

2.3. Traumatic Brain Injury

Animals were anesthetized (isoflurane; 4% induction & 3% maintenance) and placed next to 

the Lateral Fluid Percussion Injury Device (LFP) (Custom Design and Fabrication, Virginia 

Commonwealth University Model 01-B). The female Luer Loc attached to the animal’s 

cranium was connected to the male Luer Lock at the end of a high pressure tubing of the 

device. TBI was produced by a free swing of the pendulum striking the piston, which 

produced a wave of fluid pressure inside the water tank. The pressure was then transmitted 

through the high pressure tubing and generated an immediate impact to the exposed dura (~2 

atm in 25 ms). The exact pressure produced for each individual animal’s TBI was recorded 

by Lab Chart 7. Time-matched sham controls were anesthetized with the same amount/

duration of isoflurane, but were not subjected to TBI. Once all animals regained 

consciousness, they were returned to their home cages and provided with food and water and 

allowed to recover for 4 days.

2.4. Intermittent Alcohol Vapor Exposure

On day 4 after TBI, animals were randomly divided to receive either 10 days of intermittent 

alcohol vapor exposure or room air as control. The alcohol vapor inhalation system (La Jolla 

Alcohol Research Inc.) was set to a daily schedule that turned on at 6 PM in the evening and 

off at 8 AM in the morning (14 h on /10 h off). The alcohol vapor was created by dripping 

95% ethanol into 2,000-mL Erlenmeyer flasks maintained at 50 °C. Air passed over the 

bottom of the flask, and alcohol was vaporized after hitting the warm glass. The air then 

carried the alcohol vapor into the chamber for inhalation. The rate of alcohol delivery was 

adjusted to achieve a target blood alcohol level (BAL) of ~200 mg/dL. The primary 

advantage of using this alcohol administration model was that it allowed for precise controls 

of dose, duration, and pattern of alcohol delivery (Gilpin et al., 2008). The 10 day duration 

of alcohol exposure was based on published studies indicating that this is sufficient to 

achieve neuroinflammatory changes in rodents exposed to binge-like alcohol administration 

(Crews et al., 2013). The control animals received room air outside the vapor unit, but under 

the same environmental conditions with the same light/dark cycle. Free access to food and 

water was provided throughout the 10 day period of exposure.
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2.5. Blood Alcohol Level Measurement

Blood samples were collected by tail snip at 8 AM (end of a 14 h alcohol vapor inhalation 

cycle). Only the tip of the tail (~1 mm) was cut with a disposable scalpel, and blood was 

collected into a microcentrifuge tube. The same wound area was cut for subsequent bleeds. 

BALs were determined using an amperometric oxygen electrode and kit (Analox 

Instruments Limited, London, England) as previously described by our laboratory (Whitaker 

et al., 2011).

2.6. Neurological Severity Score Assessment

Assessment for neurological severity score (NSS) was conducted before and after TBI and 

after 10 days of intermittent alcohol vapor exposure. To avoid confounding effects of 

alcohol intoxication, all behavioral tests were performed at 6 to 8 hours since the last cycle 

of alcohol vapor exposure, when BALs were no longer detectable. Body weight was 

measured at the time of assessment, and all behavioral and neurological test scores were 

routinely cross-validated between multiple observers in our laboratory. NSS evaluates 

somatomotor and somatosensory functions by testing the animals’ activities in motor, 

sensory, reflexes, beam walking, and beam balancing tasks. A score of 0 indicates normal 

sensory and motor function, as well as having the ability to walk and balance on all beams. 

Total scores ranged from 0 to 25, and an impaired performance on any activities received a 

score according to its severity. The scoring system was adapted from previously published 

methods (Boyko et al., 2011; Ling et al., 2004). A detailed description of our NSS testing 

procedure and the contribution of individual tasks to the composite NSS score was published 

previously (Teng and Molina, 2014). Animals were returned to their home cages provided 

with food and water at the completion of NSS test.

2.7. Open Field Exploration

Open field exploration test (OFT) was conducted on day 12 after TBI (day 8 of alcohol 

vapor inhalation). The testing room was equipped with dim lighting control, and it was 

isolated from sound and unintentional interruptions. The open field apparatus (72 cm 

length×72 cm width×36 cm height) was placed in the middle of the room, and the floor of 

the apparatus was divided by 25 (5×5) squares with grid lines. At each trial, one animal was 

placed at the center of the field to explore for a total duration of 5 minutes. Behavior was 

recorded by an overhead video camcorder. The total number of line crossings and the 

percentage of time spent in center squares were measured for each animal. The open field 

was cleaned by Quatricide disinfecting solution at the end of each trial and before testing the 

next animal. All animals were returned to their home cages after testing and provided with 

food and water ad libitum.

2.8. Novel Object Recognition Test

Novel object recognition (NOR) test was conducted on day 13 after TBI (day 9 of alcohol 

vapor inhalation). Two objects were placed inside the same open field the animals had 

explored in the previous day. During the familiarization phase, an animal was placed at the 

center of the field, and it was exposed to two identical objects placed diagonally inside the 

apparatus. After allowing the animal to explore the objects for 5 minutes, the animal was 
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returned to its home cage. Following a delay of 5 minutes, the same animal was placed 

inside the open field once again but this time exposed to two different objects; one object 

was exchanged with a novel object while the other object stayed the same as the familiar 

object. A total of 5 minutes was allowed for the exploration of objects during the test phase, 

and the animal’s behavior was recorded by an overhead video camcorder. The total time 

spent and the frequency of approaches to each object were measured. After each trial, both 

the explored area and objects were cleaned using Quatricide disinfecting solution. All 

animals were returned to their home cages after testing and provided with food and water ad 

libitum.

2.9. Collection of Brain for Analysis

Under deep anesthesia using 5% isoflurane, a midline incision was made across the 

abdomen and chest to expose the heart and lungs. A 20 G needle connected to an infusion 

pump (Cole-Palmer’s Masterflex pump) was inserted into the apex of the left ventricle, 

while the right atrium was cut with small scissors. Perfusion was started with cold 1X PBS 

for 2 minutes at a rate of 15 ml/minute, which was then followed by 10 minutes of cold 4% 

paraformaldehyde (Electron Microscopy Sciences) at a rate of 15 ml/minute. At the 

completion of transcardial perfusion, the animal was decapitated to remove the whole brain. 

The brain was placed in 4% paraformaldehyde followed by 20% sucrose solution. Fixed 

brains were gently lowered into a cold 2-methyl butane solution and allowed to transpire 

until the bubbling subsided. Frozen brains were wrapped in aluminum foil and stored at −80 

°C until cryosection.

2.10. Frozen Brain Cryosection

Frozen brain was placed onto a tissue metal disc using Embedding Medium for Frozen 

Tissue Specimens to ensure Optimal Cutting Temperature (OCT). The tissue embedded with 

OCT froze rapidly onto the metal disc at −20 °C, and it was mounted on a chuck in a 

cryostat. The brain was then cut frozen with the microtome portion of the cryostat into 35 

µm thick slices at −20 °C. Each microscope slide contained 4 – 6 brain sections, and all 

slides were left to dry at room temperature prior to storing at 4 °C.

2.11. Immunofluorescence

Using a hydrophobic ImmEdge Pen (Vector Laboratories, Burlingame, CA), a circle was 

drawn around each brain. This created a hydrophobic barrier that prevented mixing of 

antibody solutions between adjacent brain sections. Once the hydrophobic barrier was dry, 

0.3 % Triton X-100 in 1X PBS was added to the center of each brain section until the 

solution touched the rim of the barrier. After 30 minutes of permeabilization, blocking 

buffer (1% albumin, 2 % normal donkey serum, and 0.3 % Triton X-100 in 1X PBS) was 

added to each section and incubated for 1 hour at room temperature. Next, the brain sections 

were incubated with primary antibody diluted in blocking buffer for 24 hours at 4 °C in a 

humidification chamber. The primary antibody was then washed off three times in 1X PBS 

for 5 minutes each. The secondary antibody diluted in blocking buffer was added to each 

section and incubated for 2 hours at room temperature in the dark. The slides were then 

washed three times in 1X PBS for 5 minutes each. Using Prolong Gold Antifade Reagent 
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with DAPI (Life Technologies), cover slides were mounted and allowed to cure overnight at 

room temperature prior to image capture.

2.12. Image Acquisition and Analysis

For each animal, at least three 35 µm sections (approximately 2 – 4 mm posterior to bregma) 

representing the injury site were immunostained. Immunofluorescence images were 

captured using a Nikon Eclipse TE 2000-U inverted microscope (Nikon Instruments, 

Kawasaki, Japan) equipped with a Nikon color camera and operated by Elements software. 

Images were captured at 10 × magnification for a maximum representation of the extent of 

damage. The exposure time was fixed to the same duration as that used for the TBI/alcohol 

experimental group. Digitized images were converted to 8 bit grayscale for quantification of 

immunoreactive cells. A fixed threshold was set across all experimental groups. The 

immunoreactivity of GFAP, ED-1, and HMGB1 was determined as the percent area of 

positive staining using the NIH Image J software. Results from all sections were averaged 

for each animal. Each experimental group had 4 to 7 animals, as indicated in the figure 

legends.

2.13. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM) with the number of 

animals per group indicated. An unpaired, two-tailed t test was used to compare NSS in 

sham vs. TBI prior to alcohol exposure. For all other measures, statistical analysis was 

accomplished by two-way analysis of variance (ANOVA). When significant interaction 

effects were found, post-hoc tests using Bonferroni multiple comparisons were performed in 

GraphPad Prism software version 5.0. Statistical significance was set at p < 0.05.

3. Results

3.1. Neurological Severity Score Assessment (NSS)

TBI resulted in significant neurological dysfunction at 4 days post-TBI and prior to alcohol 

exposure (NSS in sham 0.88 ± 0.13 vs. NSS in TBI 3.60 ± 0.26; p < 0.0001). At 14 days 

post-TBI (10 days post-alcohol vapor exposure), NSS averaged 0.83 ± 0.16 in sham/air, 1.65 

± 0.42 in TBI/air, 2.39 ± 0.43 in sham/alcohol, and 4.80 ± 0.49 in TBI/alcohol. There was a 

significant main effect of injury on NSS (F(1,82) = 16.44; p = 0.0001) relative to sham 

controls. There was a significant main effect of alcohol on NSS (F(1,82) = 35.02; p < 0.0001) 

relative to room air controls. Moreover, there was a significant interaction effect of TBI and 

alcohol on NSS (F(1,82) = 4.00; p = 0.0487). Bonferroni multiple comparisons revealed that 

the TBI/alcohol group had significantly increased NSS than TBI/air group (p < 0.0001). The 

majority of elevated NSS scores come from impaired beam walking and balancing tasks, 

and the scores of beam tasks alone averaged 0.67 ± 0.16 in sham/air, 1.40 ± 0.30 in TBI/air, 

2.22 ± 0.36 in sham/alcohol, and 4.08 ± 0.35 in TBI/alcohol. Therefore, 10 days of post-

injury intermittent alcohol vapor exposure impaired neurological recovery at 14 days 

following TBI (Figure 1 A).

The body weight gain during the course of exposure averaged 36.4 ± 2.8 g in sham/air, 37.5 

± 2.8 g in TBI/air, 28.9 ± 3.7 in sham/alcohol, and 25.5 ± 4.4 in TBI/alcohol. The main 
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effect of TBI on body weight gain was not significant (F(1,82) = 0.10; p = 0.7499) when 

compared to sham controls. The main effect of alcohol on body weight gain was significant 

(F(1,82) = 6.92; p = 0.0102) relative to air controls. However, there was no interaction effect 

of TBI and alcohol on body weight gain (F(1,82) = 0.36; p = 0.5475) (Figure 1 B).

3.2. Open Field Exploration Test (OFT)

OFT was conducted on day 12 post-TBI (8 days post-alcohol vapor exposure). In a total 5 

minutes of field exploration, the percentage of time the animal spent at the center squares 

was calculated as (time in center (s) / total 300 s)×100%. On average, the percentage of time 

spent in the central squares was 10 ± 2 % in sham/air, 15 ± 2 % in TBI/air, 12 ± 3 % in 

sham/alcohol, and 6 ± 2 % in TBI/alcohol group. There was no main effect of TBI (F(1,40) = 

0.02; p = 0.8847) relative to sham controls, nor was there a main effect of alcohol (F(1,40) = 

2.30; p = 0.1374) relative to room air controls. However, there was a significant interaction 

effect of TBI and alcohol on the time spent at the center squares (F(1,40) = 5.11; p = 0.0293). 

Post-hoc analysis by Bonferroni multiple comparisons revealed that TBI/alcohol group had 

decreased percentage of time spent at the center squares (p < 0.05) when compared to 

TBI/air group, suggesting a heightened anxiety-like behavior in response to the combined 

effect of TBI and alcohol (Figure 2 A).

Locomotion was assessed by counting the number of horizontal lines each animal crossed 

during the total 5 minutes of field exploration. The average number of lines crossed was 132 

± 15 in sham/air, 113 ± 10 in TBI/air, 74 ± 10 in sham/alcohol, and 45 ± 13 in TBI/alcohol. 

The main effect of TBI on locomotion did not reach significance (F(1,40) = 4.07; p = 0.0504) 

when compared to sham controls. The main effect of alcohol on locomotion was significant 

(F(1,40) = 28.16; p < 0.0001) relative to air controls. However, there was no interaction effect 

of TBI and alcohol on locomotion (F(1,40) = 0.13; p = 0.7219) (Figure 2 B).

3.3. Novel Object Recognition (NOR) Test

NOR was performed on day 13 post-TBI (day 9 post-alcohol vapor exposure). During the 5 

minute test phase, animals were provided with one familiar and one novel object. The 

frequency of approaches and the time spent on each object were analyzed. The number of 

approaches to the familiar object averaged 3.0 ± 0.8 in sham/air, 4.0 ± 0.7 in TBI/air, 3.4 ± 

0.6 in sham/alcohol, and 3.7 ± 0.7 in TBI/alcohol group. There was no effect of TBI (F(1,40) 

= 0.77; p = 0.3845), alcohol (F(1,40) = 0.00; p = 0.9535), or an interaction of TBI and alcohol 

(F(1,40) = 0.28; p = 0.6007) on the approaches to the familiar object. The number of 

approaches to the novel object averaged 6.8 ± 0.9 in sham/air, 7.6 ± 0.8 in TBI/air, 5.8 ± 1.3 

in sham/alcohol, and 2.9 ± 0.8 in TBI/alcohol group. The main effect of injury was not 

significant (F(1,40) = 1.03; p = 0.3171) relative to sham controls. However, there was a 

significant main effect of alcohol on the frequency of approaches to the novel object (F(1,40) 

= 7.37; p = 0.0097) relative to room air controls. The interaction effect of TBI and alcohol 

was not significant (F(1,40) = 3.33; p = 0.0757). Overall, there were no differences across all 

groups in the number of approaches to the familiar object, but there was a significant effect 

of alcohol on the frequency of approaches to the novel object (Figure 3 A).
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Discrimination index represents the difference in time spent exploring the novel vs. the 

familiar object divided by the total time spent exploring both objects. Discrimination index 

averaged 0.70 ± 0.06 in sham/air, 0.64 ± 0.07 in TBI/air, 0.26 ± 0.18 in sham/alcohol, and 

0.09 ± 0.15 in TBI/alcohol groups. There was no main effect of TBI on discrimination index 

(F(1,40) = 0.72; p = 0.4019) relative to sham controls, but there was a significant effect of 

alcohol on discrimination index (F(1,40) = 12.97; p = 0.0009) relative to air controls. The 

interaction effect of TBI and alcohol was not significant (F(1,40) = 0.18; p = 0.6700) (Figure 

3 B).

3.4. Ipsilateral Cortex Astrocyte Expression, Microglial Activation, and HMGB1 Expression

Figure 4 A shows the site of injury in a diagram of a coronal section of a rat brain, where 

enhanced inflammatory markers were observed under the microscope and 

immunofluorescence images were captured. No detectable neuroinflammation was observed 

in the contralateral cortex, nor in areas remote from the injury site in the ipsilateral cortex 

(data not shown).

Figure 4 B shows representative immunofluorescence images (10 ×) taken from the 

ipsilateral cortex 14 days following TBI (end of 10 days alcohol vapor exposure). Images 

represent the combined staining of DAPI (blue) and GFAP for reactive astrocytes, ED-1 for 

microglial activation, or HMGB1 (green).

3.5. Immunofluorescence Quantification of Neuroinflammatory Markers and Correlation to 
Neurological Severity Scores

All images were quantified as % area of positive staining in a total area of 1.035 mm2 (10×) 

using NIH Image J software. The expression of reactive astrocytes is detected by GFAP 

staining. The percent area of positive staining averaged 0.22 ± 0.17 % in sham/air, 0.33 ± 

0.25 % in sham/alcohol, 3.49 ± 1.60 % in TBI/air, and 16.75 ± 2.71 % in TBI/alcohol 

groups. There was a significant main effect of TBI on GFAP expression (F(1,14) = 13.24; p = 

0.0027) relative to time-matched sham controls. There was a significant main effect of 

alcohol on GFAP expression (F(1,14) = 6.11; p = 0.0269) relative to time-matched air 

controls. Moreover, there was a significant interaction effect of TBI and alcohol on GFAP 

expression (F(1,14) = 5.91; p = 0.0290). Post-hoc analysis by Bonferroni multiple 

comparisons revealed significantly enhanced GFAP immunoreactivity in TBI/alcohol group 

when compared to TBI/air group (p < 0.01) (Figure 5 A).

Scatter plots were generated to explore the potential association between neuroinflammation 

and neurological outcomes as determined by NSS following intermittent alcohol vapor 

exposure in TBI animals. GFAP expression representing reactive astrocytes was 

significantly (p = 0.0102), weakly (R2 = 0.3466), and positively correlated with NSS (Figure 

5 B).

Microglial activation was detected by ED-1 staining. The percent areas of positive ED-1 

staining averaged 0.011 ± 0.004 % in sham/air, 0.016 ± 0.007 % in sham/alcohol, 1.07 ± 

0.40 % in TBI/air, and 9.17 ± 1.16 % in TBI/alcohol groups. There was a significant main 

effect of TBI on ED-1 expression (F(1,14) = 20.45; p = 0.0005) relative to time-matched 

sham controls. There was a significant main effect of alcohol on ED-1 expression (F(1,14) = 
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12.90; p = 0.0029) relative to time-matched room air controls. Moreover, there was a 

significant interaction effect of TBI and alcohol on microglial activation (F(1,14) = 12.87; p = 

0.0030). Post-hoc analysis by Bonferroni multiple comparisons showed increased ED-1 

immunoreactivity in TBI/alcohol group when compared to TBI/air group (p < 0.001) (Figure 

5 C).

Scatter plot showing the relationship between ED-1 immunoreactivity and NSS indicated 

that microglial activation was significantly (p = 0.0004), yet moderately (R2 = 0.5559), and 

positively correlated with neurological dysfunction (Figure 5 D).

The percent areas of positive HMGB1 staining averaged 0.45 ± 0.26 % in sham/air, 0.30 ± 

0.09 % in sham/alcohol, 1.88 ± 0.95 % in TBI/air, and 12.36 ± 1.39 % in TBI/alcohol 

groups. There was a significant main effect of TBI on HMGB1 expression (F(1,17) = 22.83; p 

= 0.0002) relative to time-matched sham controls. In addition, there was a significant main 

effect of alcohol on HMGB1 expression (F(1,17) = 13.42; p = 0.0019) relative to time-

matched air controls. A significant interaction effect of TBI and alcohol on HMGB1 

expression (F(1,17) = 14.18; p = 0.0015) was also found. Post-hoc analysis by Bonferroni 

multiple comparisons revealed that the brains of the TBI/alcohol group had significantly 

increased HMGB1 expression compared to those of the TBI/air group (p < 0.0001) (Figure 5 

E).

HMGB1 immunoreactivity showed significant (p < 0.0001), and strong (R2 = 0.8227) 

positive correlation with neurological dysfunction (Figure 5 F). Moreover, a significant 

correlation between HMGB1 and NSS was found within the TBI/alcohol group alone (p = 

0.0124, R2 = 0.7445). Therefore, expression of all three neuroinflammatory markers (GFAP, 

ED-1, and HMGB1) was significantly and positively correlated with NSS, strongly 

suggesting a close association between enhanced neuroinflammation and impaired 

neurological recovery from post-TBI alcohol exposure.

4. Discussion

In this study, we examined the impact of sub-chronic alcohol exposure on TBI recovery in a 

rodent model. Our results showed that 10 days of intermittent alcohol vapor inhalation after 

mild focal TBI significantly impaired neurological recovery and enhanced anxiety-like 

behavior in the open field test. Alcohol exposure alone was associated with decreased 

locomotion, as well as an impaired object recognition memory. Immunohistochemistry 

analysis revealed that alcohol exposure further exacerbated TBI-induced microglial 

activation, expression of reactive astrocytes, and HMGB1 expression in the ipsilateral cortex 

at 14 days following the injury. Additionally, we found that the presence of increased 

neuroinflammatory markers in the brain was closely associated with impaired neurological 

recovery from post-TBI alcohol exposure.

TBI can be classified as diffuse or focal. Diffuse injuries are associated with axonal injuries, 

which can be studied by an impact acceleration model that produces a diffuse pattern of 

brain injury (Andriessen et al., 2010). The model used in our studies, fluid percussion injury, 

represents a clinically relevant model for mild concussion or a single blast injury (Dewitt et 
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al., 2013; Marmarou et al., 1994). Mild fluid percussion injury is less associated with wide-

spread histopathological neuronal injury, thus replicating features of mild focal TBI in 

humans (Dixon et al., 1987; Gurkoff et al., 2006). We initiated the exposure to intermittent 

alcohol vapor on day 4 post-TBI. This models the situation where mild TBI victims would 

be discharged from the hospital and begin alcohol drinking a few days later (Dikmen et al., 

1995). The total duration of alcohol exposure was chosen based on literature that showed 10 

days of binge alcohol administration is sufficient to induce significant neuroinflammatory 

changes in rodent’s brain (Crews et al., 2013). Our goal was to examine whether similar 

duration of sub-chronic alcohol exposure after TBI would lead to further brain damage as 

determined by both behavioral and neuroinflammatory outcomes. We used an established 

intermittent alcohol vapor inhalation model to generate moderate to high levels of blood 

alcohol (150 – 200 mg/dL). This model provides advantages over other traditional alcohol 

administration methods such that the dose, duration, and pattern of alcohol delivery are 

easily controlled. In addition, the risk of infection is minimized because of its noninvasive 

approach (Gilpin et al., 2008). All behavioral assessments were performed when BALs were 

no longer detectable, at 6 to 8 hours following the completion of one vapor cycle exposure.

To examine the impact of alcohol on cognitive, behavioral, and physical recovery from a 

mild focal TBI, neurological function was measured before and after TBI and following 10 

days of alcohol vapor exposure. Neurological severity scores reflecting measures for 

reflexes, sensory, and motor functions were markedly increased 4 post-TBI and showed a 

progressive improvement in TBI/air animals 10 days later (14 days post-TBI). In contrast, 

TBI/alcohol animals had sustained elevation of NSS score, reflecting impaired neurological 

function recovery. Because the type of injury in our TBI model produced a mild, focal, and 

unilateral cortex lesion, no significant impairment in sensory or reflexes was observed. 

Likewise, no obvious locomotor deficit was observed when the animal walked on a flat 

surface, as indicated by the lack of TBI effect on number of line crossings in the open field 

test. However, recognizable deficits in gait and balance were noted when the injured animal 

traversed on a narrow elevated beam, and most of the elevated NSS score was due to 

impaired beam walking and balancing tasks. The lack of performance on the beam tasks 

suggests impaired fine motor coordination, as well as a possible hemiparesis-like effect with 

weakness in the contralateral side as a result of the unilateral injury to the sensorimotor 

cortex (Curzon et al., 2009). Previous studies have shown that prolonged alcohol exposure 

leads to cognitive dysfunction and disturbance in gait and balance (Crews and Nixon, 2009; 

Zhao et al., 2013). Our study further demonstrated that post-TBI chronic alcohol exposure 

impaired neurological recovery, predominantly in the area of fine motor coordination as 

indicated by impaired physical performance on the beams. Whether the outcome is site-

specific and injury to a different brain region leads to a different pattern of behavior or NSS 

impairment remain to be investigated.

Mood and anxiety disorders are frequently observed after mild TBI (Jorge et al., 2004). 

Clinical reports indicate that the majority of mild TBI patients show signs of physical 

recovery rather quickly, but psychiatric symptoms such as post-injury stress, depression, and 

anxiety often linger (Bogdanova and Verfaellie, 2012; Mooney and Speed, 2001; Moore et 

al., 2006). The open field exploration test is a frequently used paradigm to detect an 

animal’s anxiety-like behavior (Gould T, 2009; Prut and Belzung, 2003). Our results showed 
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that TBI animals exposed to alcohol during the recovery period spent significantly less time 

exploring the open field center squares when compared to all of the other experimental 

groups, suggesting an increased anxiety-like behavior. Additionally, alcohol had a major 

impact on locomotion, as indicated by a decreased frequency of line crossings in both sham/

alcohol and TBI/alcohol groups. This finding agrees with a recent publication that showed 

increased immobility time and decreased horizontal movement in rodents after 12 days of 

binge-pattern alcohol administration (Briones and Woods, 2013). Although the withdrawal 

effect from alcohol can lead to hyperactivity with enhanced movement (Freund, 1969), the 

length of exposure to alcohol in our study is less than that previously shown to achieve 

alcohol dependence (Riikonen et al., 2002). No overt clinical signs of withdrawal were 

observed in our animals. It was recognized however, that two of our TBI/alcohol animals 

exhibited frequent freezing episodes inside the open field during testing. Similar findings 

were published in a murine study that 4 cycles of 4-day intermittent alcohol vapor exposure 

resulted in disrupted fear extinction with higher freezing episodes (Holmes et al., 2012). 

This further demonstrates the likelihood of increased anxiety-like behavior associated with 

alcohol exposure after TBI, and alcohol has a major influence on locomotion.

Novel object recognition (NOR) test was performed one day after open field exploration 

(OFT) test to assess the animal’s recognition memory when provided with a novel and a 

familiar object. Based on the animal’s natural preference for a novel object, its ability to 

recognize two different objects and the associated memory function were examined in NOR 

(Antunes and Biala, 2012; Baxter, 2010; Ennaceur, 2010; Ennaceur and Delacour, 1988). 

Results showed that alcohol-exposed animals had decreased frequency of approaches to the 

novel object when compared to alcohol-naïve controls. Discrimination index was decreased 

in both alcohol groups, indicating that alcoholexposed animals exhibited decreased NOR 

when compared to the alcohol-naïve controls. This agrees with a recent study, in which four 

4-day cycles of binge alcohol administration to rats led to a significant decrease in index for 

object recognition in NOR (Zhao et al., 2013). Results of NOR can be influenced by both 

hippocampal and cortical lesions, specifically in the perirhinal cortex and medial temporal 

lobe (Buckmaster et al., 2004; Clark et al., 2000; Zola et al., 2000). The role of the 

hippocampus in recognition memory has been controversial, and it is suggested that the 

interaction between hippocampus and either the perirhinal or medial prefrontal cortices is 

critical for NOR performance (Barker and Warburton, 2011). Our TBI model produced a 

mild and focal damage to the sensorimotor cortex, a brain region that has not been typically 

described to be involved in impaired NOR. This was confirmed by our observation that TBI 

alone produced no effect on NOR outcomes. Therefore, chronic alcohol exposure led to an 

impaired recognition memory possibly via other mechanisms such as the modulation of 

NMDA receptor-mediated synaptic activity (Swartzwelder et al., 1995). Although no 

interaction effect of TBI and alcohol was determined in this mild focal injury model, the 

possibility that alcohol affects memory function following a moderate to severe TBI, or to 

injury produced in a different site remains to be investigated.

Because alcohol exposure had a negative impact on the functional recovery from TBI, we 

further examined the involvement of the underlying neuroinflammatory changes associated 

with post-TBI alcohol exposure. Upon injury, resident immune cells such as astrocytes and 

microglia are activated and promote the release of pro-inflammatory cytokines, reactive 

Teng et al. Page 12

Brain Behav Immun. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



oxygen and nitrogen species, and other substances with cytotoxic effects (Czeh et al., 2011). 

The release of these mediators is essential to clear harmful substances in the brain initially; 

however, prolonged or imbalanced neuroimmune activation is implicated in the 

pathophysiological processes of secondary neuronal damage (Czeh et al., 2011; Loane and 

Byrnes, 2010; Rivest, 2009). A time course of glial activation in response to a controlled 

cortical impact injury in a rodent study shows that peak microglial and astrocyte activation 

occurs in the peri-lesion cortex 5 to 7 days after cortical impact injury and remains evident 

beyond 2 weeks after TBI (d'Avila et al., 2012). Similarly, our study showed a persistent 

presence of reactive astrocytes and microglial activation detected by GFAP and ED-1 in the 

ipsilateral cortex of injured animals 14 days after injury. Additionally, 10 days of 

intermittent alcohol vapor exposure markedly accentuated TBI neuroinflammation with ~ 5-

fold increases of GFAP and ~9-fold increases of ED-1 expression at the site of injury. The 

lack of immunoreactivity for these markers in the sham control brains might be due to the 

exposure time, which was set equal against the time needed for capturing the TBI/alcohol 

group. The relatively large differences in immunoreactivity required a short exposure 

duration for capturing TBI/alcohol images, which could have led to the apparent dim control 

images. In addition, ED-1 recognizes a glycoprotein on the lysosomal membrane of 

macrophages and microglia with phagocytic activity, and its expression is expected to be 

low in uninjured brain (Marshall et al., 2013; Raivich et al., 1999). Several studies have 

reported that prolonged alcohol exposure is associated with enhanced neuroinflammation 

(Crews and Nixon, 2009; He and Crews, 2008; Kaltschmidt et al., 1997; Zhao et al., 2013). 

The postmortem brains of human alcoholics reveal increased markers of microglia and 

cytokines (He and Crews, 2008). A rodent study showed that binge alcohol administration is 

linked to microglial activation in parietal association cortex, entorhinal cortex, and 

hippocampus (Zhao et al., 2013). Our results did not show increased glial activation in 

response to 10 days of alcohol exposure alone. This could be attributed to the differences in 

the blood alcohol levels achieved and the duration of alcohol exposure. Other studies that 

found increased neuroinflammation with alcohol typically utilized BALs of 250 – 400 

mg/dL (Crews and Nixon, 2009) or 5 ½ month duration of alcohol exposure (Riikonen et al., 

2002). Thus, it is possible that alcohol-induced neuroinflammation requires high blood 

alcohol levels over prolonged periods of exposure. The maximal BAL achieved in our 10 

day period of alcohol vapor exposure was 200 mg/dL. It is likely that this level and duration 

of alcohol exposure, which we consider to be moderately high, were not sufficient to induce 

significant neuroinflammatory changes in the brain. Nevertheless, alcohol exposure 

synergistically enhanced TBI-induced microglial activation and expression of reactive 

astrocytes, reflecting an exacerbated neuroinflammatory state.

High-mobility group box 1 (HMGB1) is a ubiquitously expressed nuclear DNAbinding 

protein (Park et al., 2003; Park et al., 2004; Thomas, 2001). Emerging studies suggest that 

HMGB1 may mediate plasticity in the late remodeling phases of brain injury (Hayakawa et 

al., 2013). However, during the acute phase after TBI, HMGB1 is released from immune 

cells and exhibits potent pro-inflammatory effects (Kim et al., 2006). Sustained HMGB1 

release can trigger additional microglial activation and cytokine release through binding to 

receptors such as Toll-like receptors (TLRs) and receptors for advanced glycation 

endproducts (RAGE) (Asavarut et al., 2013; Fang et al., 2012; Kim et al., 2008; Wang et al., 
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2011; Yang et al., 2010c). The role of HMGB1 in alcohol-induced neuroinflammation has 

been recognized in recent years (Crews et al., 2012; Vetreno and Crews, 2012). Enhanced 

expression of HMGB1 and TLRs are found in the postmortem brains of human alcoholics, 

as well as in the mouse brains following 10 days of intragastric binge alcohol administration 

achieving a BAL of 301 ± 19 mg/dL (Crews et al., 2013). Additionally, in vitro alcohol 

treatment (100 mmol/L) for 10 days is associated with an approximate 4.5 fold-increase in 

HMGB1 mRNA expression in cultured brain slice supernatant (Crews et al., 2012) These 

findings support a role for HMGB1 in alcohol-induced neuroinflammation. In addition, 

HMGB1 has been implicated in the pathophysiology of spinal cord injury, cerebral 

ischemia, epilepsy, sepsis, and cancer (Karlsson et al., 2008; Kawabata et al., 2010; Maroso 

et al., 2010; Tang et al., 2010; Yang et al., 2010b; Yang et al., 2010c). Only a few studies 

have examined the expression of HMGB1 following TBI (Gao et al., 2012). A recent study 

showed that HMGB1’s binding receptor, RAGE, is increased both at 6 hours and 6 days 

after TBI in rats (Gao et al., 2012). Results from our study showed that the combination of 

TBI and alcohol led to a ~ 5 fold increase of cortex HMGB1 expression when compared to 

either alcohol or TBI alone. We speculate this enhanced HMGB1 expression reflects 

accentuated neuroinflammation in animals exposed to chronic alcohol exposure after TBI. 

HMGB1 produces a cascade of feed-forward mechanisms by stimulating astroglial 

activation and the release of other pro-inflammatory cytokines, ultimately leading to an 

aggravated pathophysiological process of secondary injury (Kim et al., 2006; Lotze and 

Tracey, 2005; Luan et al., 2010).

Studies have shown that sustained neuroinflammation is associated with behavioral deficits 

(Franke et al., 1997; Rodgers et al., 2012). Chronic (36 weeks) alcohol treatment enhanced 

GFAP immunoreactivity and resulted in a significant loss of neuronal cells in the 

hippocampus, and deterioration in acquisition of maze performance in rodents (Franke et al., 

1997). Furthermore, using a fluid percussion injury, others have found that the development 

of post-TBI anxiety-like freezing behavior is associated with increased reactive gliosis in 

key brain structures associated with anxiety including the amygdala, insula, and 

hippocampus, and that administration of a glial cell activation inhibitor suppresses both 

reactive gliosis and freezing behavior (Rodgers et al., 2012). Our results showed that alcohol 

vapor exposure post-TBI dramatically enhanced the expression of GFAP, ED-1, and 

HMGB1 at the site of injury in the sensorimotor cortex, and the presence of these markers 

was associated with increased neurological dysfunction predominantly in the area of 

impaired fine motor coordination. Therefore, our results suggest a close association between 

elevated neuroinflammatory markers in the brain and impaired neurological recovery, and 

that factors leading to exacerbated inflammation are detrimental to the overt functional 

outcomes of TBI.

It is important to mention that when the correlation analysis is performed within TBI/alcohol 

group alone, there is a significant correlation between HMGB1 and NSS, but not GFAP or 

ED-1. Nevertheless, our data comprise the outcomes of all experimental groups in order to 

understand the overall associations between the expression of neuroinflammatory markers 

and NSS, not necessarily the effect of TBI/Alcohol alone on either of those markers. It is 

also important to know that this association does not indicate a causal relationship and other 
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potential factors should be considered including acetaldehyde, the metabolic by-product of 

alcohol metabolism, as it is highly toxic and can activate enzymes such as NADPH oxidase 

and inducible nitric oxidase synthase, causing oxidative damages on neurovascular cells 

with subsequent neuroinflammation (Alikunju et al., 2011). Since there is no significant 

main effect of TBI on body weight gain when compared to sham controls, we conclude that 

mild TBI produced in our model does not affect subsequent feeding and nutrition. However, 

we did observe decreased weight gain associated with prolonged alcohol exposure, which 

could contribute to impaired recovery. Future studies are needed to elucidate a more detailed 

relationship between neuroinflammation and behavioral recovery, as well as the associated 

physiological and metabolic changes that may exacerbate TBI recovery.

5. Conclusion

Alcohol exposure after TBI accentuated neuroinflammation, as indicated by enhanced 

astroglial activation and increased expression of the danger signaling molecule HMGB1. 

The exacerbated neuroinflammatory state marked by increased cellular reactivity in brain 

was accompanied by impaired neurological recovery and increased anxiety-like behavior in 

TBI animals exposed to alcohol vapor during the post-TBI period. The clinical implications 

of enhanced neuroinflammation for long-term recovery in alcoholic TBI patients warrant 

further investigation, including the possibility of neurodegenerative changes post-TBI.
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Highlights

• Intermittent alcohol vapor inhalation after mild focal TBI impairs neurological 

recovery and enhances anxiety-like behavior in the open field test.

• Alcohol exposure alone is associated with decreased locomotion, as well as an 

impaired object recognition memory.

• Alcohol exposure further exacerbates TBI-induced microglial activation, 

expression of reactive astrocytes, and HMGB1 expression in the ipsilateral 

cortex following the injury.

• The presence of increased neuroinflammatory markers in the brain is closely 

associated with impaired neurological recovery from post-TBI alcohol exposure.
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Figure 1. Neurological Severity Scores (NSS) and Body Weight Gain
Neurological severity scores (NSS) obtained before and after 10 days of intermittent alcohol 

vapor exposure (1 A) and the body weight gain during exposure (1 B). Values are means ± 

SEM, (Sham/Air n = 18, Sham/Alcohol n = 23, TBI/Air n = 20, TBI/Alcohol n = 25). NSS 

before alcohol vapor exposure were analyzed by t-test (Sham vs. TBI). NSS after alcohol 

vapor exposure and body weight gain were analyzed by two-way ANOVA. * p < 0.05 of the 

TBI groups vs. time-matched sham controls; # p < 0.05 of the alcohol-exposed groups vs. 

time-matched room air groups; $ p < 0.05 of the TBI/Alcohol group vs. TBI/Air group.
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Figure 2. Open Field Exploration Test (OFT)
Open Field Exploration test (OFT) indicating the percentage of time spent at the central 

squares (2 A) and locomotion with the number of lines crossed (2 B). Values are means ± 

SEM, (Sham/Air n = 8, Sham/Alcohol n = 12, TBI/Air n = 12, TBI/Alcohol n = 12). # p < 

0.05 of the alcohol-exposed groups vs. time-matched room air groups; $ p < 0.05 of the TBI/

Alcohol group vs. TBI/Air group, by two-way ANOVA.
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Figure 3. Novel Object Recognition Test (NOR)
Novel Object Recognition (NOR) test indicating the number of approaches to each object (3 
A) and discrimination index reflecting the relative time spent on objects (3 B). Values are 

means ± SEM, (Sham/Air n = 8, Sham/Alcohol n = 12, TBI/Air n = 12, TBI/Alcohol n = 

12). # p < 0.05 of the alcohol-exposed groups vs. time-matched room air groups, by two-

way ANOVA.
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Figure 4. Representative Immunofluorescence Images of Astrocyte Expression, Microglial 
Activation, and HMGB1 Expression
Diagram of coronal rat brain section showing the site of injury and photographed region (4 
A). Representative immunofluorescence images (10 ×) of ipsilateral cortex GFAP, ED-1, 

and HMGB1 immunoreactivity (green) combined with DAPI (blue) at 14 days post-TBI (10 

days post-alcohol exposure) (4 B).
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Figure 5. Immunofluorescence Quantification of Neuroinflammatory Markers and Correlation 
to Neurological Severity Scores
Quantification of ipsilateral cortex GFAP, ED-1, and HMGB1 immunoreactivity at 14 days 

post-TBI (10 days post-alcohol exposure). Images are quantified as % area of positive 

staining in 1.035 mm2 (10×). Values are shown as means ± SEM. For GFAP and ED-1, 

Sham/Air n = 4, Sham/Alcohol n = 4, TBI/Air n = 4, TBI/Alcohol n = 6. For HMGB1, 

Sham/Air n = 4, Sham/Alcohol n = 5, TBI/Air n = 5, TBI/Alcohol n = 7 (each n represents 

the average of 3 images taken from each animal) * p < 0.05 of the TBI groups vs. time-
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matched sham controls; $ p < 0.05 of the TBI/Alcohol group vs. TBI/Air group, by two-way 

ANOVA (5 A, 5 C, and 5 E).
Scatter plot showing the correlations between the neuroinflammatory markers (GFAP, 

ED-1, or HMGB1) vs. NSS. Results are analyzed by linear regression. For GFAP or ED-1 

vs. NSS, n = 18 (Sham/Air n = 4, Sham/Alcohol n = 4, TBI/Air n = 4, TBI/Alcohol n = 6). 

For HMGB1 vs. NSS, n = 21 (Sham/Air n = 4, Sham/Alcohol n = 5, TBI/Air n = 5, TBI/

Alcohol n = 7) (5 B, 5 D, and 5 F)
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Table 1

Primary and Secondary Antibodies.

Primary Antibody Concentration Secondary Antibody Concentration

Anti-GFAP Rabbit polyclonal (Abcam, 
Cambridge, UK)

1:200 Donkey anti-Rabbit Alexa Fluor 488 (Invitrogen, 
Carlsbad, CA)

1:200

Anti-ED-1 Mouse monoclonal (Abcam, 
Cambridge, UK)

1:200 Donkey anti-Mouse Alexa Fluor 488 (Abcam, 
Cambridge, UK)

1:200

Anti-HMGB1 Rabbit polyclonal (Abcam, 
Cambridge, UK)

1:100 Donkey anti-Rabbit Alexa Fluor 488 (Invitrogen, 
Carlsbad, CA)

1:200
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