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Abstract

Traumatic brain injury (TBI) affects approximately 3 million Americans yearly and increases vulnerability to developing

psychiatric comorbidities. Alcohol use disorder (AUD) is the most prevalent psychiatric diagnosis preceding injury and

TBI may increase subsequent alcohol use. The basolateral amygdala (BLA) is a limbic structure commonly affected by

TBI that is implicated in anxiety and AUD. Endocannabinoids (eCBs) regulate synaptic activity in the BLA, and BLA

eCB modulation alters anxiety-like behavior and stress reactivity. Previous work from our laboratories showed that

systemic eCB degradation inhibition ameliorates TBI-induced increases in anxiety-like behavior and motivation to

respond for alcohol in male rats. Here, we used a lateral fluid percussion model to test moderate TBI effects on

anxiety-like behavior, alcohol drinking, and eCB levels and cell signaling in BLA, as well as the effect of alcohol

drinking on anxiety-like behavior and the BLA eCB system, in female rats. Our results show that TBI does not

promote escalation of operant alcohol self-administration or increase anxiety-like behavior in female rats. In the BLA,

TBI and alcohol drinking alter tissue amounts of 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine

(anandamide; AEA) 1 h post-injury, and 2-AG levels remain low 11 days post-injury. Eleven days after injury, BLA

pyramidal neurons were hyperexcitable, but measures of synaptic transmission and eCB signaling were unchanged.

These data show that TBI impacts BLA 2-AG tissue levels, that this effect is modified by alcohol drinking, and also

that TBI increases BLA cell excitability.
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Introduction

Traumatic brain injury (TBI) is a common cause of mor-

bidity and mortality in otherwise healthy individuals.1 In ad-

dition to motor, sensory, and cognitive problems, individuals with

TBI are more likely to develop psychiatric comorbidities such as

post-traumatic stress disorder (PTSD), anxiety disorders, and sub-

stance use disorders.2 Alcohol use disorder (AUD) is the most

common psychiatric diagnosis prior to injury in individuals with

TBI, and alcohol use is a major risk factor of incurring TBI, as

30–50% of TBIs can be attributed to an alcohol-related event.3–6

Past work from our group showed that alcohol intoxication at time

of injury impaired resolution of TBI-induced neuroinflammation,

post-TBI alcohol exposure enhanced neuroinflammation and de-

layed neurobehavioral recovery, and TBI produced escalation of

operant alcohol self-administration in male rats.7–9

Of the nearly 3 million Americans who suffer a TBI yearly,

females account for approximately 41% of TBI-related emergency

department visits.10 Clinical literature suggests that female patients

who have suffered a TBI display more severe post-concussive

symptomatology and poorer outcomes.11–13 A study by Fann and

colleagues showed that in patients without a prior history of psy-

chiatric conditions, females are at higher risk for developing psy-

chiatric illness in the 3 years post-TBI.14 However, most TBI

studies have been performed in males because TBI is more prev-

alent in men, thereby limiting our understanding of sex/gender

differences in physical and psychiatric complications following

TBI.

The amygdala is a limbic brain structure critical for emotional

learning and for orchestrating the behavioral response to stressful

stimuli.15 Amygdala dysfunction has been implicated in myriad

psychiatric disorders, including AUD and anxiety disorders, and in
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animal models of the behaviors that define those conditions.16–23

The basolateral nucleus of the amygdala (BLA) is a cortical-like

structure composed mainly of glutamatergic pyramidal neurons,

and it integrates sensory and affective information that arrives via

inputs from the thalamus, hippocampus, and cortex.15 Glutama-

tergic principal neurons of BLA project to several brain regions

important for addictive and anxiety-related behaviors, and inhi-

bition of excitatory input to these neurons decreases alcohol

withdrawal-induced anxiety-like behavior.24,25 The BLA is a brain

structure commonly affected by TBI, and TBI can lead to BLA

hyperexcitability.26–29

Within the central nervous system, the endocannabinoid (eCB)

system acts to maintain synaptic homeostasis and regulate neu-

roinflammation. The eCB system consists of the lipid-derived

eCBs, 2-arachidonoylglycerol (2-AG) and N-arachidonoyleth-

anolamine (anandamide; AEA); their synthetic enzymes, including

diacylglycerol lipase (DAGL) and N-acyl-phosphatidylethol-

amine-hydrolyzing phospholipase D (NAPE-PLD); their catabolic

enzymes, monoacylglycerol lipase (MAGL) and fatty acid amide

hydrolase (FAAH); and their receptors, cannabinoid receptors 1

(CB1R) and 2 (CB2R). Post-synaptic activity triggers synthesis

and release of eCBs that retrogradely activate pre-synaptic CB1R,

a Gi/o protein coupled receptor, thereby suppressing neurotrans-

mitter release, a phenomenon called depolarization-induced sup-

pression of inhibition (DSI) or excitation (DSE) depending on

the amino acid neurotransmitter released from the pre-synaptic

terminal.30

In the BLA, regulation of synaptic input onto BLA pyramidal

neurons is mediated, at least in part, by eCBs.31,32 TBI increases

levels of 2-AG in the ipsilateral (whole) hemisphere acutely post-

injury, and intravenous 2-AG administration is neuroprotective in a

closed head, weight-drop model of TBI in male mice.33 Published

data from our laboratories show that systemic administration of

inhibitors of 2-AG degradation post-TBI protects blood–brain

barrier integrity, blocks astrocytic and microglial activation, im-

proves neurological impairment, and attenuates TBI-induced in-

creases in anxiety-like behavior and motivation to consume alcohol

in male rats, suggesting that global, sustained elevation of 2-AG

following TBI is protective.34,35 The effects of TBI on eCB sig-

naling in subcortical brain regions, including the amygdala, have

not been studied.

Considerable data indicate that alcohol also modulates the eCB

system, including within the BLA, and, conversely, changes in the

eCB system contribute to alcohol-induced decreases in excitatory

BLA transmission.36–39 Further, eCB signaling in the BLA mod-

ulates anxiety-like behavior: for example, increasing BLA AEA via

degradation inhibition reduces anxiety-like behavior in rats.32,40

Disruption of BLA eCB signaling may therefore represent a

mechanism by which TBI leads to psychiatric symptoms after in-

jury, such as anxiety or alcohol misuse.

The effects of TBI on the alcohol-exposed brain remain inade-

quately understood, particularly in female animals. Therefore, the

goals of this study were to examine the effects of TBI in female rats

on: 1) anxiety-like behavior and alcohol self-administration; 2) the

eCB system in the BLA of alcohol-naı̈ve and alcohol-drinking

rats; and 3) electrophysiological properties of BLA neurons. We

hypothesized that TBI would produce escalation of alcohol self-

administration and increased anxiety-like behavior in female rats,

decreases in BLA eCB signaling, and increases in BLA excitability.

We further hypothesized that TBI would have more pronounced

effects on behavioral and molecular measures in alcohol-drinking

female rats compared with alcohol-naı̈ve animals.

Methods

Animals

A total of 180 rats were used for these experiments. Female
Wistar rats (Charles River Laboratories, Raleigh, NC, USA)
weighing 175–200 g on arrival were used for all alcohol-drinking
and behavioral studies. Rats weighing 250–300 g on arrival were
used for slice electrophysiology experiments. All rats that under-
went TBI weighed 250–300 g at time of injury and were approxi-
mately 4 months old. Rats were pair-housed in temperature- and
humidity-controlled rooms with a 12:12 h reverse light-dark cycle
and ad libitum access to standard rat chow and water. Upon arrival,
rats were allowed to acclimate to the colony room for 1 week before
experiments began, during which time rats were handled daily. All
experiments were conducted in the dark cycle, between 7:00AM
and 5:00PM. All experiments were approved by the Institutional
Animal Care and Use Committee of the Louisiana State University
Health Sciences Center and were conducted in accordance with
the guidelines of the National Institutes of Health.

Operant alcohol self-administration

For experiments 1 and 2, rats (n = 50, Expt. 1; n = 35, Expt. 2) were
trained to orally self-administer alcohol (10% w/v) or water as pre-
viously described except that self-administration sessions occurred
only 3 times per week for the last 3 weeks prior to craniotomy.41

Access was permitted in a two-lever contingency (water vs. alcohol)
on a fixed ratio 1 (FR1) schedule, in which one lever press resulted
in delivery of 0.1 mL of water or alcohol. Upon stabilization of
operant responding in 30-min sessions, rats were counterbalanced
into Sham and TBI groups based on baseline alcohol intake (average
intake in final four sessions before surgery). In a subset of rats, blood
alcohol concentrations (BACs) were measured at baseline to ensure
animals were consuming alcohol. Immediately following the pen-
ultimate operant drinking session prior to TBI, 500 lL of tail blood
was collected via a small incision and analyzed using an Analox
machine according to manufacturer’s instructions (Analox Instru-
ments USA, Lunenburg, MA, USA). Rats used for behavioral ex-
periments completed five operant drinking sessions every other day
for 10 days post-TBI (days 2, 4, 6, 8, and 10 post-TBI). Alcohol-
naı̈ve animals (n = 45, Expt. 1; n = 32, Expt. 2) were handled during
the operant self-administration training period.

Traumatic brain injury via lateral fluid percussion

All animals received a 5-mm in diameter craniotomy above the
left sensorimotor cortex (from bregma: anteroposterior [AP]:
-2 mm, mediolateral [ML]: -3 mm) and were allowed 2 to 3 days
to recover before undergoing TBI via lateral fluid percussion
(*2 atm; Fluid Percussion Injury (FPI), Model 01-B; Custom
Design and Fabrication, Virginia Commonwealth University,
Richmond, VA, USA) or sham procedures as previously de-
scribed.7 Animals in the Sham group were anesthetized and
received craniotomy but were not subjected to TBI (surgical con-
trols). Immediately following the TBI or sham procedures, animals
were disconnected from the FPI device and anesthesia, and apnea
duration, respiratory rate, and latency to righting reflex were
measured. TBI animals that did not show a physical reaction to the
injury, apnea, or latency to righting reflex of at least 4 min were
excluded from subsequent experimentation and analyses. A total of
eight animals were excluded based on these criteria.

Elevated plus maze

Animals that were used for behavioral experiments were tested
for anxiety-like behavior in the elevated plus-maze (EPM) 9 days
after TBI (n = 56; Expt. 1, Table 1), 24 h after their previous
alcohol-drinking session such that BACs would be zero at the time
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of testing. Prior to testing, animals were allowed to acclimate to the
testing room for at least 30 min. Testing occurred 3–6 h into the
dark cycle. For testing, rats were individually placed in the center of
the EPM facing one of the open arms and allowed 5 min to explore
the maze in a dimly lit (*12 lux) room. A video camera mounted on
the ceiling directly above the EPM apparatus transmitted video to a
computer in the laboratory and recorded each test. Entries into and out
of open and closed arms were counted once all four paws crossed the
arm threshold. The percentage of total time spent in the open arms,
calculated as open arm time (sec)/[open arm time (sec) + closed arm
time (sec)]*100, was used as the primary index of anxiety-like
behavior, where decreases in percent open arm time reflect in-
creases in anxiety-like behavior. The number of closed arm entries
was used as a measure of overall locomotor activity. Animals that
fell off the maze (n = 3; 1 Sham, 2 TBI) were excluded from
analysis.

Endocannabinoid measurements

A separate cohort of animals was used to quantify amygdala
eCBs after alcohol drinking and TBI (Expt. 2, Table 1). After
completing alcohol self-administration training or control handling
treatment, animals (n = 60) were sacrificed at 1 h or 11 days post-
TBI via decapitation under deep isoflurane anesthesia, and brains
were excised, flash-frozen, and stored at -80�C. Bilateral BLA
punches were obtained from 0.5-mm frozen coronal brain slices.
Weighed BLA samples were placed into borosilicate glass culture
tubes containing 2 mL of acetonitrile and 675 pg of [2H8]AEA and
8100 pg of [2H8]2-AG. Tissue was homogenized with a glass rod
and sonicated on ice for 2 h. Samples were incubated overnight at
-20�C to precipitate proteins. Samples were centrifuged at 1500g,
and supernatants were removed to a new glass tube and evaporated
to dryness under N2 gas. The samples were resuspended in 500 lL
of methanol to recapture any lipids adhering to the glass tube, and
dried again. Finally, lipid extracts were suspended in 30 lL of
methanol.

Following preparation, the concentrations of eCBs (AEA and
2-AG) were quantified in 5 lL of the methanol extract using stable
isotope-dilution, electrospray ionization liquid chromatography/
mass spectrometry of the daughter ions (LC-ESI-MS-MS). Stan-
dard curves were generated for 2-AG (10–8500 pg/lL), AEA (0.2–
170 pg/lL), and internal standards [2H8]-AEA (150 pg/lL) and
[2H8]-2-AG (1800 pg/lL). Concentrations of the analytes were de-
termined from standard curves of the area ratios (standard/analyte)
versus the concentration ratios (standard/analyte); [2H8]-AEA was
used as the standard for AEA, whereas [2H8]-2-AG was used for
2-AG. During extraction, 2-AG partially isomerizes to 1(3)-
arachidonoylglycerol and is therefore detected and analyzed as a
double peak.42 The area ratios for all analytes in all samples fell
within their respective standard curves.

Western blot analysis

Animals in behavioral experiments (Expt. 1) were sacrificed by
decapitation under deep isoflurane anesthesia 11 days post-TBI
(24 h after completing behavioral testing), and brains were re-
moved, flash-frozen, and stored at -80�C until further processing
for western analysis as previously described.43 Bilateral BLA
punches were obtained from 0.5-mm frozen coronal brain slices
and homogenized by sonication in lysis buffer (320 mM sucrose,
5 mM 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid [HEPES],
1 mM egtazic acid [EGTA], 1 mM ethylenediaminetetraacetic acid
[EDTA], and 1% sodium dodecyl sulphate [SDS], with protease
inhibitor cocktail and phosphatase inhibitor cocktails 2 and 3 di-
luted 1:100; Sigma, St Louis, MO, USA). Protein concentration
was determined by the Lowry method (Bio-Rad, Hercules, CA,
USA), and 15-lg protein samples were separated by SDS-
polyacrylamide gel electrophoresis on 4–20% gradient acrylamide
gels (Bio-Rad) before transfer to polyvinylidene difluoride mem-
branes (Millipore Sigma, Burlington, MA, USA).

Membranes were blocked then incubated in primary antibody
overnight against DAGLa (diluted 1:1000 in 2.5% non-fat milk;
Cell Signaling, Danvers, MA, USA), DAGLb (diluted 1:1000 in
2.5% non-fat milk; Cell Signaling), MAGL (diluted 1:1000 in 2.5%
non-fat milk; Cayman Chemical, Ann Arbor, MI, USA), CB1R
(diluted 1:500 in 2.5% non-fat milk; Cayman Chemical), or
b-tubulin (diluted 1:1,000,000 in 2.5% non-fat milk; Santa Cruz,
Dallas, TX, USA). Membranes were incubated with peroxidase-
conjugated secondary antibody (1:10,000; Bio-Rad) for 1 h at room
temperature and chemiluminescence was detected (Immobilon
Crescendo Western HRP Substrate; Millipore Sigma). Immuno-
reactivity was quantified using ImageJ, and the ratio of proteins of
interest to b-tubulin for each sample was calculated for normali-
zation and statistical comparison.

Slice electrophysiology

A third cohort of alcohol-naı̈ve animals (n = 18) were used for
post-TBI electrophysiological measurements in the BLA (Expt. 3;
see Table 1). Brain slice preparation, intrinsic property measure-
ments, and assessment of action potential generation properties
were performed as previously described.44 Recordings were ob-
tained from pyramidal neurons of the BLA ipsilateral to the site of
injury. Pyramidal neurons were identified based on their cell body
size and pyramidal-like somatic morphology.45,46

Synaptic properties. To collect data regarding pre- and post-
synaptic alterations resulting from TBI, spontaneous excitatory and
inhibitory post-synaptic currents (sEPSCs, sIPSCs) were recorded.
When whole cell recording configuration was established, the volt-
age was clamped at -70 mV (for sEPSCs) or -50 mV (for sIPSCs)
and 5 min of spontaneous post-synaptic current was recorded.

Table 1. Experimental Groups, Conditions, and Outcomes

Groups Treatment Outcome measures

Experiment 1 Alcohol-naı̈ve Sham Craniotomy Post-TBI physiological measures,
alcohol SA (drinkers), EPM,
BLA eCB proteins

Alcohol-naı̈ve TBI Craniotomy, TBI
Alcohol-drinking Sham Operant conditioning, craniotomy
Alcohol-drinking TBI Operant conditioning, craniotomy, TBI

Experiment 2 Alcohol-naı̈ve Sham Craniotomy Post-TBI physiological measures,
BLA eCB levelsAlcohol-naı̈ve TBI Craniotomy, TBI

Alcohol-drinking Sham Operant conditioning, craniotomy
Alcohol-drinking TBI Operant conditioning, craniotomy, TBI

Experiment 3 Alcohol-naı̈ve Sham Craniotomy BLA slice electrophysiology
Alcohol-naı̈ve TBI Craniotomy, TBI

BLA, basolateral amygdala; eCB, endocannabinoid; EPM, elevated plus maze; SA, self-administration; TBI, traumatic brain injury.
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Spontaneous post-synaptic events were detected in these recordings
by thresholding rapid excursions in current; the average event
amplitude and mean frequency over the 5-min recording period
were quantified.

Depolarization-induced suppression of excitation/inhibition.
To measure eCB signaling post-TBI, DSE and DSI were assessed.
The frequency of sEPSCs and sIPSCs were measured before and
after a 10-sec depolarizing voltage step. The clamped voltage was
stepped from -70 mV (for sEPSCs) or -50 mV (for sIPSCs) to
0 mV during the depolarization phase. The %DSE and %DSI were
calculated by %DSE/I = (1 – post-depolarization sPSC frequency/
pre-depolarization sPSC frequency) · 100.

Statistical analysis

All data are expressed as mean – standard error of the mean
(SEM). Data were tested for normality using the D’Agostino
and Pearson normality test and analyzed with two-way repeated
measures analysis of variance (ANOVA; post-TBI alcohol self-
administration), two-tailed t tests (injury pressure, electrophysio-
logical measures), Mann-Whitney test (resting membrane potential
[RMP], sEPSC amplitude; non-Gaussian distributions) or with two-
way between subjects ANOVA where factors were injury (Sham
vs. TBI) and alcohol history (drinking vs. naı̈ve). Significant in-
teractions ( p < 0.05) were followed up by post hoc analysis with
Tukey’s multiple comparisons test. Pearson’s correlation analysis
was used for variables with Gaussian distributions and Spearman’s
correlation analysis was used for variables with non-Gaussian
distributions. Outliers for dependent variables were identified with
the generalized extreme Studentized deviate test and excluded from
analysis. All statistical analyses were performed with GraphPad
Prism 7 software (Graphpad Software Inc., La Jolla, CA, USA).

Results

Operant alcohol self-administration history does not
alter physiological measures of injury severity

Immediately following TBI or sham injury, animals were

observed and the injury pressure, and physiological parameters

including length of apnea, respiratory rate, and latency to righting

reflex were measured. Two-tailed unpaired t test revealed that both

alcohol-naı̈ve and alcohol-drinking TBI groups received injuries

of equivalent pressures (t[53] = 0.11, p = 0.92; Fig 1A). A two-

way ANOVA revealed a main effect of TBI (F[1,120] = 150.9,

p < 0.0001) on apnea duration, but there was no effect of alcohol

self-administration (F[1,120] = 0.0005, p = 0.98) and there was no

TBI · alcohol drinking history interaction effect (F[1,120] = 0.0005,

p = 0.98; Fig 1B).

Following the resumption of breathing, respiratory rate was mea-

sured (Fig 1C): a two-way ANOVA revealed a main effect of TBI

(F[1,120] = 49, p < 0.0001), but there was no effect of alcohol self-

administration (F[1,120] = 0.19, p = 0.66) and there was no TBI ·
alcohol drinking history interaction effect (F[1,120] = 0.06, p = 0.81).

Finally, the latency for animals to regain their righting reflex was

measured (Fig 1D): a two-way ANOVA revealed that TBI increases

the latency to righting reflex (F[1,119] = 109.1, p < 0.0001), but

there was no effect of alcohol self-administration (F[1,119] = 0.27,

p = 0.60) and there was no TBI · alcohol drinking history interaction

effect (F[1,119] = 0.36, p = 0.55). Mortality rates in the alcohol-naı̈ve

and alcohol-drinking TBI groups were 20% and 22.5%, respectively.

Together, average pounds per square inch (psi), apnea, latency to

righting reflex, and mortality rates indicate a moderate injury that was

unaffected by prior alcohol self-administration.47

FIG. 1. Alcohol self-administration does not alter measures of TBI severity in female rats. Alcohol-naı̈ve and alcohol-drinking TBI
animals received equivalent injury pressures (A). Immediately post-TBI, alcohol-naı̈ve and alcohol-drinking animals showed similar
lengths of apnea (B), decreases in respiratory rate (C), and latency to righting reflex (D) relative to uninjured Shams. Injury pressures
were compared with two-tailed unpaired t test. Other data were analyzed via two-way ANOVA, ****p < 0.0001 main effect of TBI,
n = 28–35/group. Data are expressed as mean – SEM. ANOVA, analysis of variance; SEM, standard error of the mean; TBI, traumatic
brain injury.

TBI AND ALCOHOL ALTER BLA ENDOCANNABINOIDS 425



TBI does not lead to escalation of alcohol
self-administration in female rats

To test the effects of TBI on operant alcohol self-administration

in female rats, alcohol-drinking Sham and TBI rats from Expt. 1

underwent 30-min FR1 self-administration sessions every other

day post-TBI for 10 days (i.e., five post-TBI sessions; experimental

timeline shown in Fig. 2A). Average alcohol intake at baseline

was 0.69 – 0.04 g/kg, which produced average BACs of 35.9 –
2.46 mg/dL (data not shown). Two-way repeated measures (RM)

ANOVA revealed a significant main effect of time (F[5,140] = 2.54,

p = 0.03) on the number of alcohol rewards post-TBI, but no effect

of TBI (F[1,28] = 0.42, p = 0.52) or TBI · time interaction effect

(F[5,140] = 2.13, p = 0.07; Fig 2B). When analyzing post-TBI self-

administration as change in alcohol intake (g/kg) from pre-injury

baseline with two-way ANOVA, there were no effects of time

(F[4,112] = 0.86, p = 0.36), TBI (F[4,112] = 2.08, p = 0.09), or

TBI · time interaction effects (F[4,112] = 2.31, p = 0.06; Fig 2C).

There were also no statistically significant differences in post-TBI

total (i.e., summated across days) alcohol intake (g/kg) between

injured and uninjured animals (data not shown).

Neither TBI nor alcohol self-administration alter
anxiety-like behavior in female rats

Nine days post-TBI, alcohol-naı̈ve and alcohol-drinking Sham

and TBI rats from Expt. 1 (see Fig. 2A) were tested for anxiety-like

behavior on the EPM. Decreases in the time spent exploring the

open arms of the maze are typically interpreted as anxiety-like

behavior: a two-way ANOVA revealed no significant effect of TBI

(F[1,56] = 0.81, p = 0.37), alcohol drinking history (F[1,56] = 3.51,

p = 0.66), or TBI · alcohol interaction effect (F[1,56] = 0.18,

p = 0.67) on % open arm time (Fig. 3A). The number of closed arm

entries was used as a control measure for overall locomotor

activity: a two-way ANOVA revealed no effect of TBI (F[1,56] =
0.14, p = 0.71) or operant alcohol self-administration (F[1,52] = 0.86,

p = 0.36), but there was a significant TBI · alcohol interaction

effect on closed arm entries (F[1,52] = 4.43, p = 0.040; Fig. 3B).

Tukey’s multiple comparisons test did not detect any pairwise

differences between groups. Within TBI animals, there was a near

significant inverse Spearman’s correlation (r = -0.3786, p = 0.075)

between injury pressure and % open arm time (Fig. 3C).

TBI and alcohol self-administration alter
endocannabinoid levels in BLA

To test the effects of TBI and operant alcohol self-administration

history on BLA eCB levels, alcohol-naı̈ve and alcohol-drinking

Sham and TBI rats were sacrificed either 1 h or 11 days post-TBI,

and BLA eCBs were measured via liquid chromatography/mass

spectroscopy in Expt. 2. In this experiment, alcohol-drinking rats

underwent alcohol self-administration sessions prior to, but not

after, TBI (to equate duration of alcohol access in animals sacri-

ficed 1 h and 11 days post-injury; see timeline in Fig. 4A). Animals’

final alcohol self-administration sessions were 5 days prior to TBI.

With regard to 2-AG tissue amounts 1 h after TBI, two-way

ANOVA revealed a significant main effect of operant alcohol self-

administration history (F[1,21] = 5.88, p = 0.024) and a significant

TBI · alcohol interaction effect (F[1,21] = 6.939, p = 0.015) on

2-AG levels. Tukey’s multiple comparisons tests indicated that

BLA 2-AG was significantly lower in alcohol-naı̈ve TBI animals

compared with alcohol-drinking TBI animals (Fig. 4D), but

Tukey’s did not detect a significant difference between naı̈ve Sham

and naı̈ve TBI 2-AG ( p = 0.22).

With regard to AEA tissue amounts 1 h after TBI, two-way

ANOVA shows a significant main effect of operant alcohol self-

administration history (F[1,22] = 100.9, p = 0.004) to reduce AEA

1 h post-TBI, but no effect of TBI (F[1,22] = 0.37, p = 0.55), and no

FIG. 2. TBI does not produce escalation of alcohol self-administration in female rats in 10 days post-injury. Timeline for Expt. 1, in
which behavioral data were collected and tissue was collected for western blot analysis (A). Following TBI, drinking animals underwent
operant alcohol self-administration sessions every other day for 10 days (i.e., days 2, 4, 6, 8, and 10 post-TBI; A). Number of alcohol
rewards (B) are not different between Sham and TBI animals or between baseline and day 10. Alcohol intake (g/kg) shown as change
from baseline (dashed line; C) did not change with time or between groups. Data were analyzed via repeated measures two-way
ANOVA, n = 12–18/group. Data are expressed as mean – SEM. ANOVA, analysis of variance; EPM, elevated plus-maze; SEM,
standard error of the mean; TBI, traumatic brain injury.
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TBI · alcohol interaction effect (F[1,22] = 0.38, p = 0.55; Fig. 4B).

With regard to 2-AG tissue amounts at 11 days post-TBI, two-way

ANOVA revealed a main effect of TBI (F[1,20] = 4.42, p = 0.0483)

to reduce BLA 2-AG levels, but no effect of alcohol self-

administration (F[1,20] = 0.02, p = 0.90), and no TBI · alcohol

interaction effect (F[1,20] = 0.66, p = 0.43; Fig. 4E). There were

no significant effects of TBI (F[1,21] = 2.53, p = 0.13) or alcohol

self-administration (F[1,21] = 0.04, p = 0.84), nor was there a

TBI · alcohol interaction effect (F[1,21] = 0.24, p = 0.63) on AEA

tissue amounts in BLA 11 days post-TBI (Fig. 4C). There is a

significant Pearson’s correlation (r = -0.67, p = 0.023) between TBI

pressure and 2-AG levels (Fig. 4F) and a significant Pearson’s

correlation (r = 0.65, p = 0.031) between TBI pressure and AEA

levels such that animals that received higher injury pressures had

less 2-AG and more AEA 11 days after injury (Fig. 4G).

Alcohol self-administration, but not TBI, alters
endocannabinoid protein levels in BLA

To test the hypothesis that TBI-induced decreases in BLA 2-AG

are driven by decreases in 2-AG synthetic enzyme DAGL and/or

increased expression of 2-AG degradative enzyme, MAGL,

alcohol-naı̈ve and alcohol-drinking Sham and TBI animals used in

behavioral experiments (Expt. 1) were sacrificed 11 days post-TBI

and bilateral BLA punches were used for western blot analysis.

There were no effects of TBI (F[1,22] = 0.14, p = 0.71) or alco-

hol self-administration (F[1,22] = 3.27, p = 0.08), nor was there a

TBI · alcohol interaction effect (F[1,22] = 0.12, p = 0.73) on

DAGLa protein levels (Fig. 5A). A separate two-way ANOVA

revealed a significant main effect of operant alcohol self-

administration history (F[1,27] = 6.21, p = 0.02) on DAGLb levels

(Fig. 5B), but no effect of TBI (F[1,27] = 0.15, p = 0.70) nor a

TBI · alcohol interaction effect (F[1,27] = 0.15, p = 0.85). Two-

way ANOVA revealed that MAGL (Fig. 5C) and CB1R levels

(Fig. 5D) in BLA were not altered by TBI (F[1,27] = 0.03,

p = 0.86; F[1,23] = 0.007, p = 0.94, respectively) or alcohol self-

administration (F[1,27] = 0.12, p = 0.07; F[1,23] = 1.41, p = 0.25,

respectively), nor was there a TBI · alcohol interaction effect

(F[1,27] = 2.06, p = 0.16; F[1,23] = 1.02, p = 0.32, respectively).

TBI increases BLA pyramidal firing rate input gain
11 days post-TBI

To test the hypothesis that TBI stimulates neuronal hyperexcit-

ability in BLA pyramidal neurons, alcohol-naı̈ve Sham and TBI

animals were sacrificed 11 days post-TBI (the time-point at

which TBI reduced BLA 2-AG levels regardless of alcohol

drinking history) for whole-cell patch clamp slice electrophysi-

ology. Measures of intrinsic excitability (input resistance [Rin],

resting membrane potential [RMP], and rebound response to

hyperpolarization-activated inward current, also known as the

voltage sag [SAG]) were recorded from BLA pyramidal neurons

(Fig. 6A). A two-tailed unpaired t test showed that TBI reduced

input resistance in BLA pyramidal neurons (t[43] = 2.48, p = 0.02;

Fig. 6B). A Mann-Whitney test showed no effect of TBI on

RMP ( p = 0.53, Fig. 6C). A two-tailed unpaired t test showed no

TBI effect on SAG ratio (t[42] = 0.21, p = 0.84, Fig. 6D). To test the

excitability of BLA pyramidal neurons, currents of increasing

magnitudes were injected into neurons and the firing rate at each

current step was measured (Fig. 6E), and these data were quantified

as average firing rate-input (FI) gain. A two-tailed unpaired t test

revealed that TBI significantly increased average FI gain of BLA

pyramidal neurons (t[41] = 2.24, p = 0.03; Fig. 6F) relative to Sham

controls.

To assess whether this increase in excitability was accompanied

by alterations in synaptic transmission or eCB signaling, the fre-

quency and amplitude of sEPSCs and sIPSCs, as well as DSE

and DSI were measured in BLA pyramidal neurons in Expt. 3. An

unpaired two-tailed t test did not reveal any significant differences

between Sham and TBI neurons in sEPSC frequency (t[41] = 1.45,

p = 0.16, Fig. 7A), and a Mann-Whitney test did not show any

difference in sEPSC amplitude ( p = 0.51; Fig. 7B). Likewise,

unpaired two-tailed t tests did not reveal any significant differences

in sIPSC frequency (t[41] = 1.4, p = 0.17; Fig. 7C) or amplitude

(t[40] = 1.19, p = 0.24; Fig. 7D). There were no differences in DSE

(t[36] = 0.84, p = 0.41; Fig. 7E) or DSI (t[34] = 0.079, p = 0.94;

Fig. 7F) between Sham and TBI neurons according to unpaired

two-tailed t tests.

Discussion

We tested the effect of moderate TBI on alcohol drinking,

anxiety-like behavior, electrophysiological properties of BLA

cells, and expression/levels of eCB system components in the BLA

of alcohol-naı̈ve and alcohol-drinking adult female rats. Our results

show that TBI does not promote escalation of alcohol drinking or

anxiety-like behavior in female rats. We show that TBI interacts

with alcohol to alter BLA 2-AG, and that AEA tissue contents are

lower in BLA of alcohol-drinking animals 1 h post-TBI. Eleven

FIG. 3. TBI does not increase anxiety-like behavior in female rats 9 days post-injury. Alcohol-naı̈ve and alcohol-drinking Sham and
TBI rats in Expt. 1 were tested for anxiety-like behavior via the elevated plus-maze 9 days after injury. Neither TBI nor alcohol drinking
altered the percent time spent in the open arms of the elevated plus-maze (A) or the number of entries into the closed arms (B). Anxiety-
like behavior may be associated with injury pressure intensity (C). Data were analyzed via two-way ANOVA, n = 11–20/group. Data are
expressed as mean – SEM. SEM, standard error of the mean; TBI, traumatic brain injury.
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days following injury, 2-AG BLA tissue contents were lower in

TBI animals relative to Sham controls, and 2-AG amounts in BLA

were negatively correlated with TBI intensity. Finally, TBI in-

creased BLA pyramidal neuron excitability 11 days post-injury in

alcohol-naı̈ve rats, as indicated by higher FI gain in BLA cells.

Our results show that TBI does not cause escalation of alcohol

self-administration in female rats, contrasting with previously

published data from our laboratories demonstrating post-TBI es-

calation of alcohol self-administration in male rats.9 There was an

apparent short-term early decrease in operant alcohol responding

after TBI, which mirrors the pattern of lower alcohol use acutely

after injury in humans.48 Experimental models of TBI have pro-

duced variable results regarding post-injury alcohol consumption.

Following closed-skull TBI, male mice exhibit reductions in al-

cohol intake in the Drinking-in-the-Dark (DID) paradigm relative

to sham controls, supporting the initial reduction seen here in fe-

male rats with lateral fluid percussion injury.49 One study in male

Sprague-Dawley rats showed that blast exposure-induced mild

FIG. 4. TBI and alcohol self-administration alter eCB levels in the BLA of female rats. In Expt. 2, BLA eCBs were measured 1 h and
11 days post-TBI (A). One hour post-injury, there is a differential effect of TBI on BLA 2-AG in alcohol naı̈ve and alcohol self-
administering animals (B). Anandamide levels are decreased in BLA of alcohol-drinking animals 1 h post-TBI (C). TBI decreases BLA
2-AG (D) but not anandamide (E) 11 day after injury in alcohol naı̈ve and alcohol-drinking animals. There was a significant inverse
correlation between TBI pressure and 2-AG (F) and a positive correlation between TBI pressure and AEA (G), such that animals with
high TBI pressure had lower 2-AG and higher AEA. Data were analyzed via two-way ANOVA with Tukey’s post hoc analysis,
*p < 0.05 naı̈ve TBI versus drinking TBI, ##p < 0.01 main effect of alcohol self-administration, $p < 0.05 main effect of TBI, n = 5–7/
group. Values are expressed as mean – SEM. 2-AG, 2-arachidonylglyercol; AEA, anandamide; ANOVA, analysis of variance; BLA,
basolateral amygdala; eCB, endocannabinoids; SEM, standard error of the mean; TBI, traumatic brain injury
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FIG. 5. Alcohol self-administration, but not TBI, alters endocannabinoid system protein expression in the BLA of female rats 11 days
post-injury. BLA collected from animals in Expt. 1 were probed for eCB system proteins via western blotting 11 days post-TBI.
Alcohol-drinking animals showed an increase in DAGLb expression (A), with a trend toward a decrease in the expression of DAGLa
(B), and no change in MAGL (C), or CB1R (D). Data were analyzed via two-way ANOVA, *p < 0.05 main effect of alcohol self-
administration, n = 5–9/group. Data are expressed as mean – SEM. ANOVA, analysis of variance; BLA, basolateral amygdala; CB1R,
cannabinoid receptor 1; DAGL, diacylglycerol lipase; eCB, endocannabinoids; MAGL, monoacylglycerol lipase; SEM, standard error
of the mean; TBI, traumatic brain injury.

FIG. 6. TBI increases BLA pyramidal neuron excitability 11 days post-TBI in alcohol-naı̈ve female rats. Whole-cell patch clamp slice
electrophysiology was performed on BLA pyramidal neurons from alcohol naı̈ve Sham and TBI animals 11 days post-TBI in Expt. 3
(schematic representation of recording sites shown in A). There was a decrease in the input resistance (B) of BLA pyramidal neurons
from TBI animals, but there were no changes in resting membrane potential (C) or SAG ratio (D). The FI gain was significantly higher
in TBI neurons relative to Sham neurons (E,F). Data were analyzed via two-tailed t test or Mann Whitney test, *p < 0.05, n = 15–30
cells/group, n = 6–9 animals/group. Data are expressed as mean – SEM. BLA, basolateral amygdala; FI, firing rate-input; SAG, voltage
sag; SEM, standard error of the mean; TBI, traumatic brain injury.
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TBI produced a bimodal distribution of alcohol intake in TBI an-

imals during limited-access two-bottle choice drinking sessions,

where a median split revealed higher alcohol intake in ‘‘high-

drinking’’ injured rats compared with shams, but this effect was not

found in other alcohol-drinking paradigms.50 Future studies should

explore the possibility that different types of injury alter alcohol-

drinking microstructure in specific ways.

Interestingly, mild TBI in juvenile female mice, but not juvenile

males or adults of either sex, produced increases in alcohol drinking

in adulthood.51 Limited clinical information is available on sex and

gender differences in post-TBI alcohol drinking; however, one

study reported that male U.S. veterans with TBI reported greater

alcohol use and substance abuse compared with female U.S. vet-

erans with TBI.52 In general, female rats consume more alcohol

than males, and this difference in baseline intake may contribute to

the discrepancy between these data in female rats and previously

published data in male rats.53 We do not, however, attribute the

lack in escalation post-TBI in female rats to a ceiling effect,

because prior work has shown higher levels of operant alcohol

self-administration in female Wistar rats. For example, alcohol-

dependent female Wistar rats consume approximately 1.3 g/kg in a

single operant session during withdrawal.53

Our results also demonstrate a lack of TBI-induced increases in

anxiety-like behavior in the EPM 9 days following injury in both

alcohol-naı̈ve and alcohol-drinking female rats. However, anxiety-

like behavior trended toward positively correlating with injury

pressure in TBI animals, suggesting that, within injured female rats,

more severe injury may be associated with higher post-injury

anxiety-like behavior. We previously reported that TBI increases

anxiety-like behavior in male rats in the open field 7 days post-

injury.35 Studies of anxiety-like behavior in female rats have

shown mixed results. A study comparing anxiety-like behavior

across two different TBI models in male and female rats showed

that TBI induced by weight drop on the dorsal cranium decreased

time spent in the open arms of the EPM, but lateral impact injury,

produced by a weight pneumatically propelled toward the left

(temporal) cranium, resulted in TBI females spending more time in

the open arms of the plus-maze than sham animals 3 days after

FIG. 7. TBI does not alter spontaneous synaptic transmission or endocannabinoid signaling 11 days post-TBI in alcohol-naı̈ve
animals. Whole-cell patch clamp slice electrophysiology was performed on BLA pyramidal neurons from alcohol-naı̈ve Sham and TBI
animals 11 days post-TBI in Expt. 3. There were no differences in sEPSC frequency (A) or amplitude (B) nor were there changes in
sIPSC frequency (C) or amplitude (D). There were also no differences in depolarization-induced suppression of excitation (DSE; E) or
inhibition (DSI; F). Data were analyzed via two-tailed t test or Mann Whitney test, *p < 0.05, **p < 0.01, n = 15–30 cells/group, n = 6–9
animals/group. Data are expressed as mean – SEM. BLA, basolateral amygdala; SEM, standard error of the mean; sEPSC, spontaneous
excitatory post-synaptic current; sPSC, spontaneous inhibitory post-synaptic current; TBI, traumatic brain injury.
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injury.54 A recent study in alcohol-naı̈ve and alcohol-drinking adult

female rats did not show an effect of lateral impact TBI on anxiety-

like behavior in the EPM 2 days later, but did show TBI-induced

increases in anxiety-like behavior 4 days post-injury.55

Contrary to our hypothesis, post-TBI anxiety-like behavior did

not significantly differ between alcohol-naı̈ve and alcohol-drinking

female rats. EPM testing occurred approximately 24 h following

the most recent operant alcohol self-administration session, but

mean BACs during operant sessions were far too low to be expected

to elicit withdrawal-related behaviors; indeed, alcohol-drinking

animals exhibited a trend toward lower anxiety-like behavior,

which is the opposite of what would be expected if animals expe-

rienced withdrawal-like symptoms. It should also be noted that

female rats’ behavior on the EPM may not be primarily attributable

to changes in anxiety-like behavior.56 Additional studies are nee-

ded to more fully understand the impact of sex on post-TBI anxiety-

like behavior. strous cycle was not tracked in these experiments,

mainly to avoid potential stress effects of the swabbing procedure,

but other laboratories have reported estrous effects on alcohol-

drinking, anxiety-like behavior, and TBI outcomes in female rats.

More work is needed to fully elucidate the contribution of estrous

cycling to these post-TBI measures.57–61

We hypothesized that TBI would reduce eCB levels and signaling

in the BLA. We report that BLA 2-AG levels are lower in alcohol-

naı̈ve TBI animals than alcohol-drinking TBI animals 1 h after injury,

suggesting that perhaps prior alcohol use buffers against acute re-

ductions in BLA 2-AG levels induced by TBI. Alcohol blunts other

TBI effects, including pro-inflammatory cytokine expression and

edema formation.62,63 Electrophysiological studies show that acute

alcohol exposure results in enhanced 2-AG/CB1R signaling at glu-

tamatergic inputs and diminished 2-AG/CB1R signaling at gamma-

aminobutyric acid (GABA)ergic synapses, resulting in net increases

in inhibition.36,38,64 These effects are blunted by chronic alcohol

exposure, suggesting that alcohol effects on 2-AG/CB1R signaling in

BLA may modify TBI effects on 2-AG.39

Conversely, although there were no effects of TBI on AEA

levels 1 h post-injury, animals with an alcohol self-administration

history exhibited significantly lower AEA contents regardless of

injury. At this sacrifice time-point, animals’ last exposure to alco-

hol was 4–5 days earlier, therefore this reduction could be the result

of a repeated alcohol exposure and/or an effect of alcohol absti-

nence. Acute alcohol reduces AEA levels in the cerebellum, hip-

pocampus, and nucleus accumbens of male Wistar rats and in the

whole amygdala of male Sprague-Dawley rats.65,66 Restraint stress

reduces BLA AEA, and inhibition of BLA FAAH reduces

hypothalamic-pituitary-adrenal (HPA) axis activity, and increases

anxiety-like behavior.67,68 The lower BLA AEA levels we report

in alcohol-drinking animals may have implications for these or

similar behaviors in females, but this remains to be determined.69

Eleven days after injury, 2-AG levels were lower in BLA of TBI

females relative to Sham controls, regardless of alcohol-drinking

history. Further, in TBI females, BLA 2-AG levels were negatively

correlated with injury pressure, suggesting that more severe in-

juryresults in lower 2-AG content in BLA. There was not an effect

of TBI on AEA 11 days post-injury, but among TBI females, there

was a significant positive correlation between injury pressure and

BLA AEA levels. Although moderate TBI did not produce anxiety-

like behavior in female rats in our model, prior work from other

laboratories showed that 2-AG signaling in the BLA modulates fear

conditioning, social behavior, and stress reactivity.67,70–71

We used western blot analysis to measure expression of the

enzymes responsible for syntheizing (DAGL) and degrading

(MAGL) 2-AG. Eleven days after injury, we did not observe

changes in the expression of those proteins that would account for

TBI-induced reductions in 2-AG levels in BLA. It is possible that:

1) proteins are differentially regulated at different synapses or in

different subregions such that overall BLA amounts are not chan-

ged, 2) enzymatic activity or receptor binding is changed in the

absence of a change in protein amounts, or 3) changes in 2-AG are

driven by alterations in upstream processes, such as expression of

post-synaptic receptors coupled to 2-AG synthesis, or upregulation

of minor 2-AG catabolic pathways (e.g., COX-2, a/b-hydrolase

domain enzymes).72–73 We did observe a significant increase in

DAGLb protein amounts in the BLA of alcohol-drinking Sham and

TBI females relative to alcohol-naı̈ve animals 11 days after TBI

(24 h after final alcohol self-administration session).

DAGLb is an isoform of the 2-AG synthetic enzyme predomi-

nately expressed in the central nervous system (CNS) by micro-

glia.74 These data are in agreement with studies that used RNA-Seq

analysis of cultured rat microglia to report upregulation of DAGLb
following 24-h exposure to 75 mM ethanol.75 A functional role

for DAGLb-dependent 2-AG synthesis in the BLA has not yet

been established, but DAGLb has been implicated in hippocampal

neurogenesis and pro-inflammatory responses in peripheral mac-

rophages, and systemic inhibition of DAGLb is analgesic in mouse

models of neuropathic and inflammatory pain.76–79 For these

western blot data, we acknowledge the possibility that outcome

measures were affected by EPM testing that occurred approxima-

tely 48 h prior to sacrifice.

We hypothesized that TBI-induced reductions in 2-AG levels in

BLA 11 days after injury would confer a loss of DSE at glutama-

tergic inputs to BLA pyramidal neurons. Our results reveal that

BLA pyramidal neurons from TBI animals are hyperexcitable as

measured by increases in the average FI curve gain, but the mech-

anism for this enhanced excitability is currently unclear. Resting

membrane potential and SAG ratio were unchanged in these neu-

rons, and TBI decreased input resistance, which would be expected

to reduce neuronal excitability. We did not observe any differences

in excitatory or inhibitory synaptic transmission as measured by

amplitude and frequency of spontaneous post-synaptic currents.

Almeida-Suhett and colleagues found that mild controlled cortical

impact TBI in Sprague-Dawley male rats decreased spontaneous

and miniature IPSC amplitude and frequency in the BLA, and also

enhanced a7-nAChR-mediated currents in BLA pyramidal neurons

7 days after injury.29 They also showed that TBI increases anxiety-

like behavior in the open field 7 and 30 days after injury. Although

we did find evidence of TBI-induced increases in BLA pyramidal

neuron excitability, this effect seemingly did not alter anxiety-like

behavior or alcohol self-administration in TBI female rats.

Finally, DSE and DSI were unchanged in TBI animals, and so it

remains unclear how the observed decreases in 2-AG affect BLA

cell signaling. The observed changes in 2-AG may be driven by

changes in eCB signaling at synapses onto GABAergic interneu-

rons (we recorded from pyramidal neurons) or by changes in spe-

cific BLA subregions that were not parsed out in this study. Further,

DSE and DSI were measured using spontaneous post-synaptic

currents; it’s possible that stimulation of different BLA inputs (e.g.,

external capsule, stria terminalis) may have unveiled alterations in

these measures. Importantly, 2-AG tissue contents are related to

but not determined exclusively by synaptic concentrations; in fact,

2-AG concentrations are much lower in brain dialysate than in

whole tissue extracts.80 Further, although DSE/DSI phenomena are

attributed primarily to 2-AG, we cannot exclude the possibility that

AEA influenced these outcome measures.
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Our analyses revealed positive and negative correlations between

TBI pressure intensity and specific outcome measures (i.e., anxiety-

like behavior, brain eCB levels). Interestingly, these correlations did

not extend to other indices of injury severity (i.e., apnea, respiratory

rate, righting reflex). These data suggest that injury intensity is a key

factor in predicting post-injury BLA dysfunction. Although studies

have not explicitly evaluated graded effects of fluid percussion injury

on BLA structure and function, prior behavioral and histological data

do support the notion that higher pressure intensity leads to greater

neurological and neurovascular impairment.81

In conclusion, results from these studies show that moderate TBI

does not increase alcohol self-administration or anxiety-like behavior

in adult female rats. Further, TBI and alcohol each altered eCB levels

in the BLA of female rats, and TBI increases BLA pyramidal neuron

excitability. Future work is necessary to clarify if differences between

these data and previously published studies in male rats on alcohol

self-administration and anxiety-like behavior reflect sex differences

in TBI behavioral sequelae. Understanding TBI effects on psychiatric

symptomatology in females is critical for developing individualized

rehabilitative strategies after injury. These data add to existing evi-

dence of post-TBI BLA dysfunction and eCB system alteration, but

future studies are needed to evaluate the mechanisms and conse-

quences of these changes in females.
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