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Abstract

Traumatic brain injury (TBI) represents a leading cause of death and disability among young persons with *1.7 million

reported cases in the United States annually. Although acute alcohol intoxication (AAI) is frequently present at the time of

TBI, conflicting animal and clinical reports have failed to establish whether AAI significantly impacts short-term out-

comes after TBI. The objective of this study was to determine whether AAI at the time of TBI aggravates neurobehavioral

outcomes and neuroinflammatory sequelae post-TBI. Adult male Sprague-Dawley rats were surgically instrumented with

gastric and vascular catheters before a left lateral craniotomy. After recovery, rats received either a primed constant

intragastric alcohol infusion (2.5 g/kg + 0.3 g/kg/h for 15 h) or isocaloric/isovolumic dextrose infusion followed by a lateral

fluid percussion TBI (*1.4 J, *30 ms). TBI induced apnea and a delay in righting reflex. AAI at the time of injury

increased the TBI induced delay in righting reflex without altering apnea duration. Neurological and behavioral dys-

function was observed at 6 h and 24 h post-TBI, and this was not exacerbated by AAI. TBI induced a transient upregu-

lation of cortical interleukin (IL)-6 and monocyte chemotactic protein (MCP)-1 mRNA expression at 6 h, which was

resolved at 24 h. AAI did not modulate the inflammatory response at 6 h but prevented resolution of inflammation (IL-1,

IL-6, tumor necrosis factor-a, and MCP-1 expression) at 24 h post-TBI. AAI at the time of TBI did not delay the recovery

of neurological and neurobehavioral function but prevented the resolution of neuroinflammation post-TBI.
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Introduction

Traumatic brain injury (TBI) contributes to a third of all

injury-related deaths in the United States. An estimated 1.7

million people sustain a TBI annually: 52,000 die, 275,000 are

hospitalized, and nearly 80% are admitted to an emergency de-

partment.1 While military personnel are at a high risk,2 TBIs re-

sulting from falls, motor-vehicle accidents, and assaults remain the

leading causes of disability and death in young adults.3 Mild TBI

and concussions are the most common and frequently occur in

contact sports.4 Specifically, professional football players are vul-

nerable to concussions with an average of 0.41 concussions oc-

curring per National Football League game.4

Alcohol binge drinking leading to acute alcohol intoxication (AAI)

has become extremely prevalent.5 AAI increases the risk of injury and

is reported to be a contributing factor in 36–51% of all incidents of

TBI.6 Although the presence of blood alcohol level (BAL) is asso-

ciated with increased occurrence of TBI,7 the effect of AAI on clinical

outcomes remains poorly defined.8–14 Inconsistent results from

animal studies show that a high BAL at the time of TBI is neurotoxic

leading to increased mortality and hemodynamic depression,15–17

while low to moderate BAL at the time of injury may be neuropro-

tective and results in improved neurobehavioral and cognitive out-

comes post-TBI.18–20 Factors such as the history of alcohol exposure,

severity of injury, and the varied outcomes measured after TBI may

contribute to these conflicting clinical and laboratory reports.

The diverse influences of alcohol suggest that a single mecha-

nism is unlikely to explain the effect of AAI on outcomes after TBI.

Therefore, a controlled study to examine the overt changes such as

neurological and neurobehavioral function in addition to the un-

derlying neuroinflammatory sequelae from TBI is essential in

contributing to the understanding of the overall impact of AAI on

TBI outcomes.

Acute neuroinflammation is a characteristic feature of TBI

pathophysiological sequelae.21 Elevated proinflammatory cyto-

kines and chemokines increase cerebral blood flow to the injured

parenchyma and cause local increases in endothelial permeability

and infiltration of circulating leukocytes.21,22 Sustained post-
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traumatic inflammation is increasingly recognized as a relevant

mechanism underlying the adverse outcomes from TBI.23–25 As an

immunomodulator, alcohol exerts its impact on multiple aspects of

the immune response, including the activation of transcription

factors involved in inflammatory signaling pathways, expression of

cytokines and inflammatory mediators, expression of adhesion

molecules, and recruitment of inflammatory cells.26–44

Previous studies from our laboratory have shown that alcohol has

the ability to alter the early hemodynamic, proinflammatory, and

neuroendocrine responses to traumatic injury and infection.34,39,45–52

Evidence suggests that alcohol intoxication at the time of trauma

impairs the host’s ability to respond to a secondary challenge, which

is accompanied by localized tissue inflammation and decreased ef-

fectiveness in resolution of the post-injury inflammatory pro-

cess.39,49,51 How these alcohol-mediated alterations modulate the

neuroinflammatory responses to TBI is poorly understood.

Using a lateral fluid percussion TBI model, we examined the

impact of AAI at the time of TBI on the early clinical (neurological

and neurobehavioral) and neuroinflammatory responses in rats. Our

working hypothesis was that TBI in the AAI host would be associated

with worsening of neurological and neurobehavioral manifestations

and accentuated neuroinflammation during the early post-TBI period.

Methods

Animals

Adult male Sprague-Dawley rats (Charles River, Raleigh, NC)
weighing 275–300 g were housed in the Division of Animal Care at
the Louisiana State University Health Sciences Center for 1 week
of acclimatization before all experimental procedures. Rats were
housed under a 12 h light/12 h dark cycle at 22�C and had free
access to water and standard diet (Purina Rat Chow, St. Louis,
MO). All animal procedures and experiments were approved by the
Institutional Animal Care and Use Committee of the Louisiana
State University Health Sciences Center and were in accordance
with the guidelines of the National Institutes of Health.

Surgical procedures

Animals were anesthetized with an intramuscular injection of
ketamine/xylazine (90 mg/kg and 9 mg/kg, respectively). Using
aseptic surgical technique, a sterile vascular catheter (PE50) was
implanted into the left carotid artery for sample blood collection to
measure BAL. A separate gastric catheter (PE50) was introduced
into the fundus of the stomach for alcohol or dextrose administration,
as previously described by our laboratory.51,53,54–56 All catheters
were routed subcutaneously to the nape of the neck where they were
exteriorized through a small incision and secured with tape. Using a
stereotaxic frame, a craniotomy (5.0 mm in diameter) was performed
on the left side of the skull (2 mm posterior to bregma and 3 mm
lateral from midline). A female Luer Loc connector was affixed to
the skull by cyanoacrylate glue and Jet Denture Repair Acrylic
(Lang, Wheeling, IL). The dura was kept intact and moist by filling
the interior of the Luer Loc with saline before capping. At the
completion of all surgical procedures, the animals were returned to
their individual cages and allowed to recover for 3 days, during
which time they had free access to food and water.

Alcohol administration

Animals were randomly selected to receive an intragastric bolus
of 30% ethanol (2.5 g/kg) followed by a 15 h constant infusion
(300 mg/kg/h) for a total of approximately 7 g/kg of ethanol
(n = 27). BAL achieved averaged 266 – 10 mg/dL at the time of
TBI. This protocol models an episode of binge drinking57,58 and has
been used previously by our laboratory to examine the impact of

AAI on outcomes from traumatic injury and hemorrhagic
shock.39,49,51,54–56 Time-matched control animals (n = 27) received
a 15 h constant infusion with an equal volume of isocaloric 52%
dextrose solution (12.2 g/kg).

TBI

TBI was induced 30 min after the discontinuation of the alcohol
or dextrose infusion. Animals were anesthetized with isoflurane
(4% induction, 3% maintenance). The cranial female Luer Loc was
connected to a fluid percussion system. Injury was induced by
lateral fluid percussion to the left cortex (ipsilateral cortex). The
kinetic energy produced was 1.37 J in 32 ms, resulting in approxi-
mately 2 atm of pressure. The lateral fluid percussion model of TBI
has been extensively used in animal studies to provide dependable
and consistent applications of force that lead to reliable degrees of
injury.59–61 After TBI, immediate apnea duration and time of
righting reflex were measured. Time-matched sham controls were
anesthetized but were not subjected to TBI. After TBI and between
neurological/neurobehavioral assessments, animals were returned
to their home cages, provided food and water ad libitum, and
housed in controlled conditions.

Apnea and righting reflex

TBI animals were examined for signs of immediate post-injury
apnea, which represents a delay in the initiation of breathing from
the time of TBI until the animal’s first breath. Delay in righting
reflex reflects a transient unconsciousness, and it was measured in
all animals including the sham animals after their removal from
isoflurane. It represents the time the animal took to right itself from
a supine position to a prone position where all four paws were
against a table surface. Animals were returned to their home cages
after TBI and provided with food and water before subsequent
neurological and neurobehavioral testing.

Neurological and neurobehavioral assessments

Neurological severity (NSS) and neurobehavioral (NBS) scores
(summarized in Table 1) were obtained at baseline (1 day before
infusion and TBI) and at 6 and/or 24 h after TBI. Sixteen animals
were tested at 6 h and immediately sacrificed, 10 animals were
tested independently at 24 h, and 25 animals were tested at both
time points. Because not all animals were tested at both time points,
the NSS and NBS measured at each time point were examined and
analyzed independently. Our scoring system was adapted from
previously published methods that were routinely used for animal’s
cognitive and behavioral assessments.62,63 Total scores ranged
from 0 to 25 and 0 to 12 for NSS and NBS, respectively. Post-TBI
scores obtained at each time point were compared with the animal’s
individual baseline scores obtained 1 day before injury and are
presented as change (D) from that pre-injury score. Greater score
increases indicate more severe dysfunction resulting from TBI.

NSS tests functions for motor, sensory, reflexes, beam walking,
and beam balancing. Animals were pre-trained and allowed to have
several attempts (*5 min) on the beam task before obtaining a
baseline score. A score of 0 indicates a normal function in motor,
sensory, reflexes, and the ability to walk and balance on all beams.
NBS evaluates sensorimotor task, proprioception, exploratory be-
havior in home cage, and novel object exploration. NBS was as-
sessed immediately after NSS, and therefore animals were
stimulated from previous testing procedures before returning to
home cages for the measurement of exploratory behavior and novel
object exploration. A score of 0 indicates active exploration as well
as having a normal ability for proprioception and sensorimotor
tasks. A lack of performance in any of the NSS and NBS activities
listed in Table 1 received a number of score according to its se-
verity. At each behavior testing session, the total time spent on each
animal for assessing both NSS and NBS was approximately 10 min.

IMPACT OF ALCOHOL ON TBI OUTCOMES 379



Blood alcohol concentration measurement

Blood samples were collected in pre-chilled and heparinized
syringes containing 10 ll/mL aprotinin (Sigma, St. Louis, MO)
after infusion, immediately preceding TBI. BAL was measured by
using an amperometric oxygen electrode and kit (Analox Instru-
ments Limited, London, England).

Tissue collection

Animals were randomly divided into two study groups for 6 h
(n = 16) or 24 h (n = 35) time-point sacrifice. After decapitation and
the removal of brain from the skull, the brain’s surface was rapidly
sprayed by Richard-Allan Scientific Cytocool II (Thermo Scien-
tific, Waltham, MA) and dipped into liquid nitrogen for approxi-
mately 6 to 10 sec. The brain was positioned into a pre-frozen
standard adult rodent brain slicer matrix (Zivic Instruments, Pitts-
burgh, PA). Three razor blades were pressed into slice channels at
4, 8, and 13 mm from the tip of the frontal cortex to excise out a
width of 4 mm prefrontal cortex and a 5 mm width of the injured
area. A fourth razor blade was pressed at midline to separate the
ipsilateral injured area from the contralateral region. Brain tissues
from ipsilateral, contralateral, and prefrontal regions were collected
and stored at - 80�C until analyses.

Myeloperoxidase (MPO) activity assay

MPO was measured as an index of inflammatory cell infiltra-
tion.64 Tissue samples were homogenized using a PRO 200 ho-
mogenizer (PRO scientific, Oxford, CT) in buffer (20 mM potassium
phosphate/0.1 mM ethylenediaminetetraaceticacid pH 7.4) and
centrifuged at 10,000 revolutions per minute (rpm) for 5 min at 4�C.
The pellet was resuspended in suspension buffer (50 mM potassium
phosphate/0.5% hexadecyltrimethylammoniom bromide pH 6.0)
and vortexed for 30 sec. The suspension was sonicated for 10 sec,
followed by two cycles of freeze-thaw, and sonicated again for
10 sec. After 15 min centrifugation at 20,000 rpm, the supernatant
was incubated for 3 min with 3,3¢,5,5¢-tetramethylbenzidine (TMB)
Liquid Substrate System (Sigma, Saint Louis, MO) for the mea-
surement of MPO activity. The reaction was stopped by adding 3 M
sulfuric acid. The absorbance of the oxidized TMB was detected at
450 nm with Benchmark Plus microplate spectrophotometer (Bior-
ad, Hercules, CA). The color intensity was proportional to the
amount of MPO in the sample. MPO activity was expressed as units/
min/mg of protein and calculated as: Total activity = ([absorbance –
blank]/min/g) · dilution factor.

Real-time polymerase chain reaction (PCR) analysis

Neuroinflammation was assessed by detecting pro-inflammatory
cytokine and chemokine mRNA expression in brain cortical tissue.
Cytokine and chemokine mRNA expression at the site of injury was
measured at 6 h (n = 16) and 24 h (n = 17) after TBI. Total RNA was
extracted from brain tissue using an RNeasy Plus Universal Mini

Table 1. Neurological Severity Score

and Neurobehavioral Score

Neurobehavioral Score (NBS) Points

Motor tests
Flexion of limbs when raised by tail

Flexion of limbs and extension of head 0
No flexion of hind limb 1
No flexion of forelimb 1
No neck extension 1
Body twisting/paretic side weakness 1

Hemeplegia
Resistance on both sides 0
Nonresistance on left side 1
Nonresistance on right side 2

Walking on flat surface
Normal walk 0
Abnormal walk/freezing 1
Inability to walk straight 2
Circling toward paretic side 3
Falls down to paretic side 4

Sensory test–loss of placing reflex
Limbs on table w/palms down 0
Limbs tucked close to body 1

Beam walking
Normal ability to walk on all beams 0
Failure on 2.5 cm wide beam 1
Failure on 5.0 cm wide beam 2
Failure on 8.0 cm wide beam 3
Failure on 10.0 cm wide beam 4

Beam balancing
> 60 sec (balances with steady posture) 0
< 60 sec (balances but unstable and/or freezes) 1
< 40 sec (balances with 1–2 limbs hanging off ) 2
< 20 sec (attempts to balance but fails) 3
Falls off immediately (does not attempt)

Beam balancing
> 60 sec (balances with steady posture) 0
< 60 sec (balances but unstable and/or freezes) 1
< 40 sec (balances with 1–2 limbs hanging off ) 2
< 20 sec (attempts to balance but fails) 3
Falls off immediately (does not attempt) 4

Reflexes and abnormal movement
Pinna reflex 1
Corneal reflex 1
Startle reflex 1
Righting reflex 1
Seizures 1

NSS Total 25

Neurobehavioral Score (NBS)
Resistance to lateral pulsion

Normal resistance 0
Impaired resistance in forelimbs 1
Impaired resistance in hind limbs 1

Ability to stand on an inclined plane
Rat successfully stays on at 90 degrees 0
Impaired ability to grip at 90 degrees 1
Impaired ability to grip at 45 degrees 2
Impaired ability to grip at 30 degrees 3
Impaired–no ability to grip at < 30 degrees 4

Exploratory behavior in home cage
Actively explores top of cage and surroundings 0

(continued)

Table 1. (Continued)

Neurobehavioral Score (NBS) Points

Rears, explores top of cage, not surroundings 1
No rearing, explores bottom of cage 2
Inactive 3

Novel object recognition
Approaches, touches, and sniffs object 0
Curious, approaches, no touching/smelling 1
Curious, no approach 2
Inactive/freezes/does not acknowledge 3

NBS total 12
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Kit (Qiagen, Valencia, CA) according to the manufacturer’s in-
structions. Total RNA was reverse transcribed using TaqMan Re-
verse Transcription Reagent kit (Life Technologies Corporation,
Carlsbad, CA). The primer sequences (Integrated DNA Technol-
ogies, Coralville, IA) used in this study were as follows: interleukin
(IL)-6, 5’- AAG CCA GAG TCA TTC AGA GC-3¢ (forward)
and 5¢- GTC CTT AGC CAC TCC TTC TG-3¢ (reverse); ribosomal
protein (RP) S13, 5¢- GAC GTG AAG GAA CAA ATT TAC AAG
TTG GCC -3¢ (forward) and 5¢- GAA TCA CAC CTA TCT GGG
AAG GAG TCA -3¢ (reverse); tumor necrosis factor (TNF)-a, 5¢-
CCA ACA AGG AGG AGA AGT TCC CAA -3¢ (forward) and 5¢-
GAG AAG ATG ATC TGA GTG TGA GGG -3¢ (reverse); IL-1b,
5¢- AGC AGC TTT CGA CAG TGA GGA GAA -3¢ (forward) and
5¢- TCT CCA CAG CCA CAA TGA GTG ACA -3¢ (reverse);
Monocyte chemotactic protein (MCP)-1, 5¢- TGC TGT CTC AGC
CAG ATG CAG TTA -3¢ (forward) and 5¢- TAC AGC TTC TTT
GGG ACA CCT GCT -3¢ (reverse). The primer concentrations used
were 500 nmol. The RT2 SYBR Green FAST Mastermixes (Qia-
gen, Valencia, CA) were used for real-time PCR. All reactions were
performed on a CFX96 system (Bio-Rad Laboratories, Hercules,
CA). RT-qPCR data were analyzed using the DDCT method. Target
genes were compared with RPS13 and normalized to control val-
ues. RSP13 was chosen as the endogenous control to normalize
gene expression because it was stably expressed based on a meta-
analysis of 13,629 gene array samples.65

Statistical analysis

All data are presented as mean – standard error of the mean with
the number of animals per group indicated. An unpaired, two-tailed
t test was used to compare apnea between dextrose/TBI and AAI/
TBI groups. For all other measures, statistical analysis was ac-
complished by two-way analysis of variance at each time point (6 h
or 24 h post-TBI). When significant interaction effects were found,
post-hoc tests using Bonferroni multiple comparisons were per-
formed in GraphPad Prism software version 5.0. Statistical sig-
nificance was set at p < 0.05.

Results

Apnea and righting reflex post-TBI

No significant difference in apnea duration was observed be-

tween dextrose (17 – 5 sec) and AAI groups (15 – 5 sec immedi-

ately after TBI ( p > 0.05; Fig. 1A).

Delay in righting reflex showed 199 – 16 sec in dextrose/sham,

231 – 30 sec in AAI/sham, 419 – 30 sec in dextrose/TBI, and

692 – 73 sec in AAI/TBI. There was a significant main effect of

injury on righting reflex (F(1,48) = 51.58; p < 0.01) relative to sham

controls. There was a significant main effect of AAI on righting

reflex (F(1,48) = 10.35; p < 0.01) relative to dextrose controls.

Moreover, there was a significant interaction effect of TBI and AAI

on righting reflex (F(1, 48) = 6.46; p = 0.01). Bonferroni multiple

comparisions revealed that AAI/TBI group had significantly longer

delay in righting reflex than dextrose/TBI group ( p < 0.01; Fig. 1B).

NSS and NBS post-TBI

NSS and NBS were obtained at baseline and at 6 h and/or 24 h

after TBI. NSS at 6 h revealed D0.1 – 0.1 in dextrose/sham,

D2.1 – 0.8 in AAI/sham, D4.4 – 0.7 in dextrose/TBI, and D3.9 – 0.8

in AAI/TBI groups. There was a significant main effect of TBI on

NSS at 6 h (F(1,36) = 17.96; p < 0.01) relative to sham controls. No

significant main effect of AAI (F(1,36) = 1.25; p = 0.27) or interac-

tion effect of TBI and AAI (F(1,36) = 3.05; p = 0.09) on NSS was

found at 6 h after TBI. NBS at 6 h showed D0.1 – 0.1 in dextrose/

sham, D0.1 – 0.1 in AAI/sham, D2.9 – 0.8 in dextrose/TBI, and

D3.5 – 0.8 in AAI/TBI groups. There was a significant main effect

of TBI on NBS at 6 h (F(1,36) = 22.53; p < 0.01) relative to sham

controls. No significant main effect of AAI (F(1,36) = 0.24; p = 0.63)

or interaction effect of TBI and AAI (F(1,36) = 0.18; p = 0.68) on

NBS was found at 6 h post-TBI.

At 24 h after TBI, NSS showed D0.5 – 0.2 in dextrose/sham,

D0.8 – 0.5 in AAI/sham, D2.8 – 0.5 in dextrose/TBI, and D2.5 – 0.5

in AAI/TBI groups. There was a significant main effect of TBI on

NSS at 24 h (F(1,31) = 18.23; p < 0.01) relative to sham controls. No

significant main effect of AAI (F(1,31) = 0.00; p = 0.96) or interac-

tion effect of TBI and AAI (F(1,31) = 0.23; p = 0.63) on NSS was

found at 24 h after TBI. NBS at 24 h showed D0.1 – 0.1 in dextrose/

sham, D0.4 – 0.4 in AAI/sham, D1.0 – 0.7 in dextrose/TBI, and

D1.4 – 0.7 in AAI/TBI groups. There was no significant main effect

of TBI on NBS at 24 h (F(1,31) = 3.23; p = 0.08) relative to sham

controls. No significant main effect of AAI (F(1,31) = 0.08; p = 0.79)

or interaction effect of TBI and AAI (F(1,31) = 0.02; p = 0.89) on

FIG. 1. Apnea duration (A) and delay in righting reflex (B)
measured in seconds immediately after traumatic brain injury
(TBI). Values are means – standard error of the mean (dextrose/
sham, n = 13; acute alcohol intoxication (AAI)/sham, n = 10;
dextrose/TBI, n = 14; AAI/TBI, n = 15). *p < 0.05 vs. appropriate
time-matched sham controls; $p < 0.05 vs. dextrose/TBI group.
Apnea was analyzed by t test. Delay in righting reflex was ana-
lyzed by two-way analysis of variance.
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NBS was found at 24 h post-TBI. Therefore, no significant differ-

ences in NSS and NBS were observed between the dextrose and

AAI treated animals at either 6 h or 24 h time point (Fig. 2A, 2B).

MPO activity post-TBI

There was a significant main effect of TBI on MPO activity in

the ipsilateral cortex when compared with sham controls at 24 h

after TBI (F(1,27) = 7.16; p = 0.01). No significant main effect of

AAI (F(1,27) = 0.13; p = 0.72) or interaction between alcohol and

TBI was observed, however (F(1,27) = 0.07; p = 0.80). Therefore,

AAI at the time of injury did not alter the magnitude of the rise in

MPO activity induced by TBI. MPO activity was not altered in the

contralateral or prefrontal cortex after TBI in any of the experi-

mental groups (Fig. 3).

Neuroinflammation after TBI

At 6 h after TBI, there was a significant main effect of injury on

IL-6 (*16 fold; F(1,12) = 31.12; p < 0.01) and MCP-1 (*17 fold;

F(1,12) = 10.02; p < 0.01) mRNA expression in the ipsilateral cortex

when compared with sham controls. There was no significant main

effect of alcohol, however, on IL-6 (F(1,12) = 0.82; p = 0.38) or

MCP-1 (F(1,12) = 1.77; p = 0.21). No significant interaction between

alcohol and TBI was observed in IL-6 (F(1,12) = 2.46; p = 0.14) or

MCP-1 (F(1,12) = 3.43; p = 0.09).

At 24 h after TBI, there was a significant main effect of injury

on mRNA expression (IL-6: F(1,13) = 11.35; p < 0.01, MCP-1:

F(1,13) = 15.64; p < 0.01, TNF-a: F(1,13) = 17.94; p < 0.01, and IL-1b:

F(1,13) = 8.19; p = 0.01). In addition, there was a main effect of al-

cohol on IL-6 (F(1,13) = 8.97; p = 0.01), MCP-1 (F(1,13) = 5.06;

p = 0.04), TNF-a (F(1,13) = 9.31; p < 0.01), and IL-1b (F(1,13) = 7.42;

p = 0.02) mRNA expression at 24 h post-TBI. Further, a significant

interaction between alcohol and TBI on IL-6 (F(1,13) = 8.94;

p = 0.01) and IL-1b (F(1,13) = 10.02; p < 0.01) cortical mRNA ex-

pression was detected. Post-hoc test performed by Bonferroni

multiple comparison revealed that AAI/TBI group had significantly

enhanced IL-6 ( p < 0.01) and IL-1b ( p < 0.01) mRNA expression at

24 h when compared with dextrose/TBI groups. Therefore, brains

of AAI/TBI animals showed sustained inflammation as reflected by

IL-6 (*17 fold), MCP-1 (*26 fold), TNF-a (*8 fold), and IL-1b
(*5 fold) mRNA expression at 24 h post-TBI (Fig. 4A–D).

Discussion

The role of AAI in modulating the outcome from TBI has been

debated in clinical and animal studies. We examined the impact of

AAI on neurological and neurobehavioral dysfunction and the as-

sociated neuroinflammatory changes resulting from TBI in a rodent

model. Our results showed that TBI produced immediate apnea and

a delayed righting reflex with accompanying significant neuro-

logical and neurobehavioral dysfunction observed at 6 h and 24 h

after TBI. In addition, TBI induced localized and transient neu-

roinflammation in the ipsilateral cortex. AAI at the time of injury

did not aggravate the TBI-induced neurological and neurobeha-

vioral impairments but significantly enhanced IL-6, TNFa, IL-1b,

and MCP-1 mRNA expression at 24 h post-injury. These findings

suggest that significantly impaired resolution of neuroinflammation

is not paralleled by exacerbation of neurological and neurobeha-

vioral dysfunction during the early period post-mild TBI.

Our evaluation of the immediate post-TBI recovery demon-

strated that AAI at the time of injury did not alter the apnea duration

but significantly delayed the righting reflex, a measure of transient

unconsciousness. These findings are in agreement with those of

previous studies reporting that AAI prolonged post-traumatic

righting reflex.66 The BAL achieved in this study as a result of a

15 h continuous intragastric alcohol infusion was 266 – 10 mg/dL,

which provided moderately intoxicating but not debilitating be-

havioral effects. Possible physiological responses that occur with

highly intoxicating BAL at the time of injury include impaired re-

spiratory control,15 increased concentrations of brain and cerebral

FIG. 2. Neurological severity (NSS) (A) and neurobehavioral
(NBS) (B) scores shown as change from baseline at 6 and/or 24 h
after traumatic brain injury (TBI) calculated for individual ani-
mals. Values are means – standard error of the mean (at 6 h:
dextrose/sham, n = 10; acute alcohol intoxication (AAI)/sham,
n = 7; dextrose/TBI, n = 11; AAI/TBI, n = 12; at 24 h: dextrose/
sham, n = 8, AAI/sham, n = 8; dextrose/TBI, n = 8; AAI/TBI,
n = 11). *p < 0.05 vs. time-matched sham controls, by two-way
analysis of variance.

FIG. 3. Myeloperoxidase (MPO) activity reflecting neutrophil
infiltration measured at ipsilateral, contralateral, and prefrontal
brain regions at 24 h after traumatic brain injury (TBI). Values are
means – standard error of the mean of activity units per mg of
protein (dextrose/sham, n = 4; acute alcohol intoxication (AAI)/
sham, n = 3; dextrose/TBI, n = 12; AAI/TBI, n = 12). *p < 0.05 vs.
time-matched sham controls, by two-way analysis of variance.
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venous blood lactate,67 increased hemodynamic and respiratory

depression,16 increased volume of cytotoxic brain edema,17 and

increased mortality.68 In previous porcine and murine TBI studies,

the combination of AAI and TBI has been reported to result in

increased apnea, impaired ventilation, and hypercapnic re-

sponses.15,16,66 No significant effect of AAI on apnea duration,

however, was observed in our study, possibly reflecting a species

difference and/or a differential response to the severity of injury.

The injury force generated in our model was considered mild at

*2 atm.15,16,66 Experimental studies using a controlled cortical

impact injury model have suggested that increasing injury severity

is associated with an increased incidence of apnea and is directly

correlated with neuronal loss in the ipsilateral cortex, hippocampus,

thalamus, and cerebellum.69 Therefore, the impact of AAI on apnea

may be evident with greater severity of injury, leading to damage

in subcortical structures and other brain regions such as the cere-

bellum. Nevertheless, alcohol exposure can affect central nervous

system (CNS) and cause amnesia and/or sedation through the

modulation of synaptic efficacy and disruption of the neurotrans-

mitter systems.70–73 AAI decreases the excitatory glutamate trans-

mission and increases the gamma-amino butyric acid-mediated tonic

inhibition.71,72,74–78 In the event of TBI, the sedative effect of alcohol

can exacerbate neurodepression, which may explain our observed

delay in righting reflex post-TBI in our study.

In addition to analyzing normal cognitive performance and

neurological functions, animal behavioral tests have been routinely

performed to examine the effect of alcohol and TBI. One study

observed reduced cognitive deficits, determined by water maze

and memory probe tests, 7 days after TBI in alcohol-pretreated

rats.18 The cognitive difference observed in this study was

produced after an acute oral administration of low-dose alcohol,

achieving a BAL less than 100 mg/dL.18 In contrast, higher

blood alcohol levels achieved in our study (BAL > 200 mg/dL)

and earlier time points (6 and 24 h) at which we examined out-

comes showed significant motor, cognitive, and neurobeha-

vioral dysfunction associated with both dextrose/TBI and AAI/

TBI groups. Whether alcohol could lead to long-term alterations

in neurological and neurobehavioral bfunction after TBI re-

mains to be investigated.

Multiple studies have suggested that variations in the degree of

alcohol intoxication can lead to inconsistent TBI outcomes. This is

supported by a study in which three different doses (low 1g/kg,

moderate 2.5 g/kg, and high 3 g/kg) of intraperitoneal alcohol in-

jection resulted in paradoxical outcomes after cortical contusion

injury in rats.19 The injured rats receiving low or moderate doses of

alcohol had significantly less impairment in beam-walking ability

compared with the control or high-dose alcohol group. In addition,

the low or moderate alcohol dose group had morphologically

smaller brain lesion volumes compared with other groups.19 The

improvement in functional recovery seen in the low-dose alcohol

model is suggested to result from the blockade of N-methyl-D-

aspartate receptor-mediated excitotoxicity by alcohol.79,80 This

neuroprotective effect of alcohol is lost, however, at higher BAL.19

Consistent with these findings, the intoxicating level of BAL

achieved in our study did not reverse neurological or neurobeha-

vioral impairment after TBI. This indicates that the deleterious

effect of alcohol predominates at higher concentrations, and

therefore higher degrees of alcohol intoxication do not improve

cognition, motor, and behavioral dysfunction after TBI.

The important roles of proinflammatory cytokines and chemo-

kines produced in the CNS in contributing to the pathophysiological

sequelae and adverse outcomes of TBI have been extensively

documented.21,23,25,81 TBI induces an immediate upregulation of

proinflammatory cytokines and chemokines, and the most studied

mediators include IL-6, TNF-a, MCP-1, and IL-1b.82–84 A previous

study demonstrated a marked increase in IL-1b and TNF-a in the

injured cortex of animals receiving a cortical impact injury. In ad-

dition, oral alcohol pre-treatment (1.5 or 3.0 g/kg) 1 h before injury

attenuated the cytokine levels in a dose-dependent manner when

examined 4 h post-TBI.84 Similarly, a recent study demonstrated an

upregulation of IL-6, keratinocyte chemoattractant (KC) MCP-1,

and MIP-1a levels within 18 h post-closed head injury in mice, and a

single 5 g/kg dose of 32% (vol/vol) intragastric alcohol administra-

tion 1 h before TBI reduced these inflammatory mediators.66

FIG. 4. Brain interleukin (IL)-6 (A), monocyte chemotactic protein (MCP)-1 (B), tumor necrosis factor (TNF)a (C), and IL-1b (D)
cortical mRNA expression at ipsilateral site of injury 6 h and 24 h after traumatic brain injury (TBI). Values are means – standard error
of the mean fold change from dextrose/sham group values, (at 6 h: dextrose/sham, n = 5; acute alcohol intoxication (AAI)/sham, n = 3;
dextrose/TBI, n = 4; AAI/TBI, n = 4; at 24 h: dextrose sham, n = 5; AAI/sham, n = 3; dextrose/TBI, n = 5; AAI/TBI, n = 4). *p < 0.05 vs.
time-matched sham controls; # p < 0.05 vs. time-matched dextrose groups; $ p < 0.05 vs. dextrose/TBI group, by two-way analysis of
variance.
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Our early observation at 6 h post-TBI provides support to these

findings by indicating a marked increase of IL-6 and MCP-1

mRNA expression in the ipsilateral cortex of dextrose-treated an-

imals. The inflammation was localized, because no significant in-

creases of these mediators were observed in the contralateral or

prefrontal region (data not shown). Consistent with others, our

findings confirmed that AAI at the time of TBI did not exacerbate

proinflammatory cytokine and chemokine expression at 6 h after

TBI. This early time point was based on previous reports that in-

dicated 4–8 h post-TBI to be the time window for the peak elevation

of cerebral cortical levels of early proinflammatory cytokines and

chemokines.85,86 In addition, our data showed that the early upre-

gulation of cytokine and chemokine expression led to massive

neutrophil infiltration to the injury site as detected by *10 fold

increase of MPO activity at 24 h after TBI in both dextrose and AAI

animals.

The overall impact of AAI on secondary brain injury cannot be

concluded from a single observation at an early time point post-

TBI. Insufficient animal models have examined the effect of AAI

on the expression of proinflammatory mediators at a time point

beyond their normal peak induction. Therefore, we examined the

expression of IL-6, TNF-a, MCP-1, and IL-1b at 24 h after TBI.

This allowed us to better understand the impact of AAI on TBI at a

time-point beyond that reported by other investigators but still

within the clinically relevant time frame for patient management.87

Our results demonstrated a sustained elevation of pro-inflammatory

cytokine and chemokine expression in AAI animals compared

with dextrose-treated animals at 24 h post-TBI. This suggests

that alcohol intoxication may be associated with a delayed rise

of proinflammatory mediators and/or an impaired resolution of

neuroinflammation.

The implications of prolonged neuroinflammation are significant,

because enhanced oxidative damage, disruption of blood-brain bar-

rier, and additional biochemical cascades leading to neuronal death

have been described.21,23,83,88–91 The effect of alcohol exposure and

enhanced neuroinflammation on long-term recovery from TBI re-

mains to be investigated and is the focus of current studies in our

laboratory.

Taken together, these results indicate that AAI at the time of

injury leads to dissociation between neuroinflammation and be-

havioral outcomes after TBI. Intoxicated TBI victims may not

have additional neurological and neurobehavioral impairment as a

result of AAI in the short-term after injury. The presence of BAL,

however, at the time of injury may result in sustained neuroin-

flammatory milieu. The clinical implications of enhanced neu-

roinflammation for long-term recovery in the intoxicated TBI

victims warrant further investigation. Moreover, post-TBI man-

agement in AAI persons may necessitate particular attention to

events or behaviors that can exacerbate inflammation and oxida-

tive injury to prevent the possibility of neurodegenerative changes

post-TBI.
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