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Abstract
Cognitive impairments and emotional lability are common long-term consequences of traumatic brain in-
jury (TBI). How TBI affects interactions between sensory, cognitive, and emotional systems may reveal
mechanisms that underlie chronic mental health comorbidities. Previously, we reported changes in
auditory-emotional network activity and enhanced fear learning early after TBI. In the current study, we
asked whether TBI has long-term effects on fear learning and responses to novel stimuli. Four weeks follow-
ing lateral fluid percussion injury (FPI) or sham surgery, adult male rats were fear conditioned to either white
noise-shock or tone-shock pairing, or shock-only control and subsequently were tested for freezing to
context and to the trained or novel auditory cues in a new context. FPI groups showed greater freezing
to their trained auditory cue, indicating long-term TBI enhanced fear. Interestingly, FPI-Noise Shock animals
displayed robust fear to the novel, untrained tone compared with Sham-Noise Shock across both experiments.
Shock Only groups did not differ in freezing to either auditory stimulus. These findings suggest that TBI pre-
cipitates maladaptive associative fear generalization rather than non-associative sensitization. Basolateral
amygdala (BLA) a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAr) subunits GluA1
and GluA2 levels were analyzed and the FPI-Noise Shock group had increased GluA1 (but not GluA2) levels
that correlated with the level of tone fear generalization. This study illustrates a unique chronic TBI phenotype
with both a cognitive impairment and increased fear and possibly altered synaptic transmission in the amyg-
dala long after TBI, where stimulus generalization may underlie maladaptive fear and hyperarousal.

Keywords: AMPA receptor; amygdala; associative learning; defensive behavior; fear conditioning; post-traumatic
stress

Introduction
Traumatic brain injury (TBI) is a significant risk factor

for long-term mental health conditions such as anxiety

disorders1–3 and post-traumatic stress disorder (PTSD).4

In both military and civilian populations, the presence

of mental health comorbidities is associated with in-

creased rates of persistent post-concussive symptoms,5

even in adolescents.6 Learning and memory impairments

are common after TBI, and can last years or even de-

cades.7 The lasting effect of a TBI on neural systems

that coordinate sensory, emotional, and cognitive func-

tion could have a significant impact on how threats and
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stressors are perceived, encoded, and generalized.8 Disrup-

tions to these systems could therefore influence the devel-

opment of later stress- and trauma-related comorbidities.

When a cue reliably signals danger, species-specific

defense reactions are engaged to promote survival.9

Heightened or enhanced defense reactions in the absence

of a true threat however, can be maladaptive as they are

energetically costly and occur at the expense of adaptive

activity, that is, foraging, mating, etc.10 Fear generaliza-

tion occurs when a defensive response previously associ-

ated with a particular stimulus and an aversive experience

transfers to another stimulus. Sometimes referred to as

overgeneralization, this enhanced and inappropriate fear

response is dependent on associative mechanisms related

to the initial event and is a feature of anxiety- and stress-

related disorders.11–13

Learning protocols such as Pavlovian fear condition-

ing are useful in both clinical14–17 and animal model set-

tings in understanding how aversive experiences are

encoded and can evolve into generalized and exaggerated

fear. An alternative basis for heightened defense reac-

tions in response to innocuous stimuli is known as sensi-

tization. Sensitization, a non-associative process, is

related to a hyperarousal effect from the initial trauma

rather than stimulus generalization. Either way, height-

ened fear and anxiety in the presence of safe or novel

stimuli can interfere with daily function. Individuals

with TBI often have lasting physical symptoms of height-

ened stimulus sensitivity,18,19 which may influence the

perception, encoding, and reaction to a subsequent aver-

sive experience, permitting for increased vulnerability to

fear generalization or sensitization. Uncovering differ-

ences in the behavioral and neural mechanisms of height-

ened defense reactions after TBI will help us in

determining optimal neurobiological targets to treat

these common and troubling sequelae.20

Previously, we reported that when auditory fear condi-

tioning with white noise occurs within 3 days of lateral

fluid percussion injury (FPI), fear learning and defensive

behavior are heightened.21,22 In our model, we have reli-

ably replicated an enhanced fear phenotype in the early

days after FPI. However, it is important to determine

the long-lasting impact of TBI on fear learning and defen-

sive phenotypes. Many clinical studies report long-term

consequences on mental health following a TBI.1,23–26

Further, we have seen enhanced dendritic complexity in

principal neurons in the amygdala within a day and en-

during at least 4 weeks after a single FPI,27 suggesting

a lasting impact on the neural substrates of fear and de-

fensive behavior.28,29 Structural imaging in service mem-

bers with TBI found increased amygdala volume in

patients long after the injury was sustained.30 Therefore,

in the current study we asked whether and how associa-

tive and non-associative fear learning is impacted in the

chronic phase following lateral FPI in adult male rats.

We also sought to determine if there were changes in pro-

teins related to increased plasticity in the amygdala dur-

ing a heightened defensive phenotype in the chronic

phase after FPI.

Methods
Subjects and lateral fluid percussion injury (FPI)
Young adult male Sprague-Dawley rats (Envigo, 250–

275 g upon arrival, approximately 9–10 weeks old)

were pair housed in standard, non-enriched sedentary

housing and maintained on a 12-h light/dark cycle with

ad libitum food and water. All animal procedures were

approved by the University of California, Los Angeles

(UCLA) Animal Care and Use Committee. Young adult

males were used due to epidemiological data indicating

that males are at a significantly higher risk for TBI, with

the highest male-to-female ratios occurring in young adult-

hood.31 All groups were handled for 1min/day for 4 days

prior to either mild-moderate lateral FPI or sham surgery.

Lateral FPI was induced using a previously published pro-

tocol21,22,32–35 used in our laboratory. Animals were anes-

thetized under a 1–2% isoflurane-oxygen mixture.

A midline incision was made followed by a left hemi-

sphere 3-mm diameter craniotomy centered 3 mm poste-

rior and 6 mm lateral to bregma. A plastic injury cap was

adhered to the skull with silicone gel and dental cement

and filled with sterile saline. The animal was removed

from anesthesia and the injury cap was attached to the

FPI device (Virginia Commonwealth University, Rich-

mond, VA, USA). Upon toe-pinch response, a brief

fluid pulse (*20 msec) of saline was administered di-

rectly to the dura mater. Apnea and loss of consciousness

(LOC; measured by toe-pinch response) were measured

to determine injury severity. Rats were then placed

back on anesthesia to remove the injury cap and suture

the scalp. Sham animals received the same surgical pro-

cedures except fluid pulse impact. Upon completion of

surgery, animals were placed in a heated recovery cham-

ber until normal behavior resumed and then were returned

to the vivarium. Injury severity was measured by toe-

pinch withdrawal and was within the mild-moderate

range, similar across experiments and balanced within

experiments comparing different fear conditioning pro-

tocols. For experiment 1, injury severities were 31.3 –
22.8 sec (apnea) and 290.4 – 101.1 sec (toe pinch), with in-

jury input averaging 2.94 – 0.36 atm. For experiment 2, in-

jury severities averaged 19.1 – 10.6 sec (apnea) and

314.9 – 89.9 sec (toe pinch), with injury input of 1.81 – 0.2

atm. Rats were weighed daily for one week after surgery

to monitor recovery.

Fear conditioning and behavior
To determine chronic effects of TBI on fear learning and

expression, behavioral testing began 4 weeks following
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FPI. Because of the long period between manipulations,

all groups were handled daily for 4 days and received

transport habituation for 2 days prior to behavioral testing

to reduce the stress of leaving the vivarium prior to be-

havioral testing. For transport habituation, rats were

transported from the vivarium to the behavioral testing

room for 10 min and returned to the vivarium. Training

and auditory cue testing occurred in two distinct condi-

tioning chambers (context A and context B) that differed

in transport mode, location, odor, lighting, chamber

shape, and flooring (Med Associates Inc., Georgia, VT,

USA). For context A, animals were transported from

the vivarium on a cart in their home cage, testing room

and chamber lights were illuminated, and the test cham-

ber had flat standard shock grid floors and was scented

and cleaned with 50% Windex. For context B, animals

were transported in an opaque black tub to a testing

room and test chamber that had lights off, smooth Plexi-

glas floors, curved back wall inserts, and was cleaned and

scented with 1% acetic acid. Percent time freezing to au-

ditory stimuli and context were recorded as measures of

auditory cued and contextual fear, respectively. Auditory

stimuli were produced by Med Associates speakers

mounted to the chamber. The frequency range for white

noise was 10 Hz to 20 kHz broadband white noise.

Behavioral testing protocols differed slightly depending

on the goals of the experiments, as outlined below.

Experiment 1 examined the chronic effects of FPI on

fear conditioning to different auditory stimuli. Where

CS refers to the conditional stimulus and US refers to

the unconditional stimulus, following a 180-sec base-

line period, rats received 10 CS-US pairings (30 sec/75

dB CS; 2 sec/0.9 mA footshock US) with 210-sec fixed

inter-trial-interval in context A. Auditory CSs were either

white noise (Noise Shock) or 2800 Hz pure tone (Tone

Shock) of the same intensity (75 dB). Over the following

2 days, all groups were tested for context fear and extinc-

tion (20 min/day, context A). All groups were then tested

for fear expression to both their trained and untrained au-

ditory cue in a novel context (4 trials each [30 sec]; con-

text B). Stimulus cue testing order was counterbalanced

over 2 days (see Fig. 1A).

Experiment 2 Associative generalization versus non-
associative sensitization. Here we sought to determine

whether FPI in the chronic phase affects fear expression

as generalization to other stimuli and/or sensitization as

non-associative reactivity to novel stimuli, both re-

sponses of which are reflective of heightened defense.

FPI and Sham groups were fear conditioned with either

white noise-shock (Noise Shock) or an unsignaled foot-

shocks (Shock Only) training protocol. Noise-shock

fear conditioning was identical to experiment 1 (10 trials;

30 sec/75 dB CS; 2 sec/0.9 mA footshock US), and the

Shock Only conditioning protocol was the same but

with the auditory CSs removed. In this experiment, all

groups received 4 days of 30-min context tests to produce

full context extinction. Groups were then tested for per-

cent freezing to both white noise (75 dB) and pure tone

(2800 Hz/75 dB) cues in a novel context (4 trials each

[30 sec]; context B). Therefore, the Noise Shock group

was tested with their trained CS (white noise) and a gen-

eralization stimulus (tone), whereas both auditory stimuli

were novel for the Shock Only group. Stimulus test order

was counterbalanced across 2 days (see Fig. 2A).

Tissue collection
Two days after the last auditory cue test, animals in ex-

periment 2 were anesthetized with isoflurane and brains

were rapidly removed. Basolateral amygdala (BLA)

units were immediately microdissected and frozen sepa-

rately on dry ice, then stored at�80�C until analyzed. Tis-

sue samples were prepared using the Syn-PER Reagent

(ThermoFisher) and manufacturers protocol to isolate

BLA-enriched synaptic fractions. Briefly, tissue was ho-

mogenized in Syn-PER reagent with a pestle homogenizer.

Samples were then spun in a refrigerated centrifuge at

1200g for 10 min at 4�C to spin down large cellular debris.

The supernatant was then collected in a fresh tube and

spun at 15,000g for 20 min at 4C�. The supernatant was

discarded, and the remaining pellet was resuspended in

Syn-PER reagent and stored at�80�C as the enriched syn-

aptic fraction for further analysis.

Western blot and analysis
Western blots were performed using a standard protocol

in our laboratory.34,36,37 Total protein for each sample

was determined with a Pierce BCA Protein Assay Kit.

Due to the limitation of lanes per gel (n = 24), groups

were divided between two blots, whereas one control

group (Sham-Shock Only) was replicated across both

blots. Blot 1 was loaded with Shock Only groups

(Sham-Shock Only, FPI-Shock Only), blot 2 was loaded

with Noise Shock groups (Sham-Noise Shock, FPI-Noise

Shock) and a replicate of Sham-Shock Only. Due to the a-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptor (AMPAr) subunits (GluA1 and GluA2) both

being near 110 kDA, this pattern was duplicated in third

and fourth blots. Samples were counterbalanced across

lanes. Normalized protein was pseudorandomly loaded

at a concentration of 0.33 mg/mL on 10% Tris-HCl gels

and run at 160 V for 50 min. Proteins were then trans-

ferred from the gel to a nitrocellulose membrane at 0.4

amps for 120 min.

Total protein was imaged on a Bio-Rad imager with

filter using SYPRO� Ruby Protein Stain solution (Bio-

Rad Laboratories, Inc.). The membrane was washed

then blocked in 5% milk for 60 min. Primary antibody

(GluA1, 1:5000, Abcam, AB31232; GluA2, 1:5000,
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FIG. 1. Stimulus-specific fear conditioning leads to increased freezing to novel cue chronically after FPI.
(A) Experimental design; n = 8–9/group. (B) Noise-shock or tone-shock fear conditioning 4 weeks after
lateral FPI. Increased freezing in tone-shock versus noise-shock fear conditioning, regardless of FPI
(***p < 0.001, **p < 0.01 for Tone Shock vs. Noise Shock group). (C) Increased context freezing in Tone Shock
groups during context tests (***p < 0.001 Tone Shock vs. Noise Shock). Both groups decreased freezing to
context across 2 days of testing. (D) White noise cue test. Tone Shock groups showed elevated baseline
freezing (***p < 0.001 Tone Shock vs. Noise Shock). Noise Shock groups showed greater freezing to their
trained white noise cue compared with Tone Shock groups, and FPI-Noise Shock animals showed
significantly higher freezing to the white noise versus Sham-Noise Shock (##p < 0.01, FPI-Noise Shock vs.
Sham-Noise Shock). (E) Tone cue test. Again, Tone Shock groups showed higher baseline freezing
compared with Noise Shock groups (*p < 0.05 Tone Shock vs. Noise Shock). A significant three-way
interaction showed that FPI-Tone Shock animals showed greater freezing to the trained tone versus Sham-
Tone Shock animals during the tone test. Also, FPI-Noise Shock animals showed robust freezing to the
untrained, novel tone during the first two trials (##p < 0.01, #p < 0.05 FPI-Noise Shock vs. Sham-Noise Shock).
All data represented as mean – SEM. BL, baseline; FPI, fluid percussion injury; SEM, standard error
of the mean.
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FIG. 2. Increased fear generalization to novel cue chronically after FPI. (A) Experimental design; n = 7–10/
group. (B) Noise shock or shock only fear conditioning 4 weeks after lateral FPI. Increased freezing in shock
only versus noise-shock fear conditioning, regardless of FPI (***p < 0.001, **p < 0.01, *p < 0.05 for Shock Only
vs. Noise Shock group). (C) Increased context freezing in Shock Only groups during context tests
(***p < 0.001, **p < 0.01 Shock Only vs. Noise Shock). Both groups decreased freezing to under 10% in the
conditioning context across 4 days of testing. FPI-Noise Shock groups showed increased freezing to the
conditioning context on test days 2 and 3 compared with Sham-Noise Shock (#p < 0.05 FPI-Noise Shock vs.
Sham-Noise Shock). (D) White noise cue test. FPI-Noise Shock animals showed significantly higher freezing
to their trained white noise cue on trial 1 versus Sham-Noise Shock (#p < 0.05, FPI-Noise Shock vs. Sham-
Noise Shock). Shock Only groups did not show freezing behavior to the novel white noise cue. (E) Tone
test. Noise Shock groups showed more freezing to the novel tone than Shock Only groups (**p < 0.01,
*p < 0.05 Noise Shock vs. Shock Only). FPI-Noise Shock animals froze significantly more to the tone than
Sham-Noise Shock (#p < 0.05 FPI-Noise Shock vs. Sham-Noise Shock), suggesting FPI increased fear
generalization in the chronic phase after injury. All data represented as mean – SEM. BL, baseline; FPI, fluid
percussion injury; SEM, standard error of the mean.
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Millipore Sigma, MABN1189) was added and incubated

overnight at 4�C. Blots were washed and incubated in

secondary antibody (1:10 k) in 1% milk buffer solution.

Blots were washed and protein bands were developed

using Bio-Rad ECL and exposed for 1 to 5 min on a

Bio-Rad MP imager. Raw values for the proteins of inter-

est were normalized to total protein within each

lane/sample. Synaptic protein enrichment and antibody

specificity was validated for BLA tissue and are illus-

trated in Supplementary Figure S1.

Behavioral measures
Freezing behavior, an active defensive response, was

measured as an index of fear and defined as complete ces-

sation of movement except that required for respira-

tion.38–40 Percent time freezing to auditory stimuli and

context were recorded and measured by an automated

system calibrated to a highly trained observer (MSF;

VideoFreeze, Med Associates).

Statistical analysis
Behavioral data (n = 7–10/group) were analyzed using

mixed factors analysis of variance (ANOVA) for injury

group (Sham, FPI) and training protocol (Shock Only,

Noise-Shock) across trials. Western blot data were ana-

lyzed by one-way ANOVA across groups and blots. Pear-

son correlations were performed for western blot data and

freezing during the first trials of the tone generalization

test. Statistical significance was determined at a p-value

of 0.05 or less, and when significant interactions were

detected, post hoc analyses were performed for simple

main effects and multiple comparisons (western blot).

Results
Experiment 1: Stimulus-specific fear
conditioning in the chronic phase after FPI
There were no differences between groups in freezing at

pre-shock baseline (injury factor, F[1,29] = 1.549, p > 0.1;

conditional stimulus factor, F[1,29] = 0.771, p > 0.1).

A mixed factors ANOVA for conditioning group and in-

jury across 10 fear conditioning trials revealed a significant

trial · conditional stimulus interaction (F[9,261] = 3.843,

p < 0.001), indicating differences in freezing between

Tone Shock and Noise Shock groups depended on trial, re-

gardless of injury 4 weeks prior. Post hoc analyses showed

that Tone Shock groups showed higher levels of freezing

across fear conditioning trials (trials 2–10; p < 0.01,

Fig. 1B).

Over the next 2 days all rats were placed back into the

training context (context A) with no other stimuli for

20 min and tested for context fear, measured by percent

time freezing in the context. All groups decreased freez-

ing from context test 1 to context test 2 (F[1,29] = 81.277,

p < 0.001), indicating context fear extinction (Fig. 1C).

We also saw a significant main effect of conditional stim-

ulus group, showing that Tone Shock groups regardless

of FPI had higher amounts of freezing compared with

the Noise Shock groups (F[1,29] = 55.115, p < 0.001;

Fig. 1C).

Across stimulus test days, all groups were placed in a

novel context (context B) and tested for freezing to the

trained or novel auditory cue (4 · 30 sec presentations of

tone or white noise), with test stimulus order counterbal-

anced across groups. Both tests occurred in the same con-

text, which was distinct from the conditioning context. For

both tests, baseline freezing showed that Tone Shock

groups had significantly higher levels of freezing relative

to the Noise Shock conditioning group (noise test baseline

freezing: F[1,29] = 16.82, p < 0.001; Fig. 1D; tone test

baseline freezing: F[1,29] = 7.148, p < 0.05; Fig. 1E).

In the noise test (Fig. 1D), Noise Shock groups showed

more freezing during noise trials compared with animals

that were trained with Tone Shock (F[1,29] = 250.707,

p < 0.001). A mixed factors ANOVA for conditioning

group and injury across the four noise trials revealed

both a significant trial · injury interaction (F[3,87]

= 5.75, p < 0.001) as well as a trial · conditioning group in-

teraction (F[3,87] = 4.245, p < 0.01). Post hoc analyses for

simple main effects showed that the FPI-Noise Shock

group showed greater freezing on noise trial 1 compared

with the Sham-Noise Shock group (t[14] = 3.439,

p < 0.01; Fig. 1C).

In the tone test (Fig. 1E), we found a significant trial ·
conditioning group · injury three-way interaction

(F[3,87] = 3.793, p < 0.05), where the effect of condition-

ing group on freezing to tone was dependent on injury

and trial. Post hoc analyses revealed that within Tone

Shock groups, FPI-Tone Shock showed higher and persis-

tent freezing levels to the trained tone during trial 4 ( p <
0.05; Fig. 1D). We also found that when the animals

were trained with white noise, FPI-Noise Shock animals

showed robust freezing to the novel tone during the first

two tone trials (Sham-Noise Shock vs. FPI-Noise Shock

for freezing to tone, trial 1: p < 0.01; trial 2: p < 0.001;

trial 3: p < 0.05; Fig. 1E).

The main findings from experiment 1 are that although

overall tone-shock fear conditioning leads to increased

levels of freezing, FPI-Noise Shock animals show in-

creased freezing to both the conditioned (white noise)

and novel auditory stimulus (pure tone) relative to unin-

jured controls (Sham). Group sizes for experiment 1 were

Sham-Tone Shock n = 9, Sham-Noise Shock n = 8, FPI-

Tone Shock n = 8, and FPI-Noise Shock n = 8.

Experiment 2: Associative or non-associative
fear as generalization or sensitization
chronically after FPI
In experiment 1, we found that when white noise-shock

fear conditioning occurred 4 weeks after FPI, injured an-

imals displayed robust freezing to both the trained (75 dB
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white noise) and a novel, untrained cue (75 dB, 2800 Hz

tone). It is unclear whether the elevated level of freezing

to the novel tone was an effect of stimulus generalization,

which would be reliant on associative mechanisms based

on similarity of stimulus modality between the trained

and novel cue. An alternative explanation is that the en-

hanced defensive response to the novel stimulus arose

through sensitization, a non-associative mechanism

whereby the aversive experience (fear conditioning) led

to elevated defensive response to any novel, intense ex-

ternal stimulus or change in the environment.41 Either

way, the enhanced defense response to a novel cue may

be considered inappropriate and maladaptive, reflecting

increased fear and hyperarousal observed in anxiety-

and stress-related disorders.42 However, the nature of

the difference may source from divergent neurobiologi-

cal mechanisms, which will be important to understand

in developing approaches to clinical management. To

test whether the enhanced defense response to a novel

cue in the chronic phase after FPI is due to stimulus gen-

eralization or sensitization, 4 weeks after FPI or sham

surgery, rats were fear conditioned with either white

noise paired with shock (the same protocol from experi-

ment 1) or shock only conditioning with no auditory cue.

All groups were then tested for freezing to cues of 75-dB

white noise or 2800-Hz tone.

There were no group differences in freezing at baseline

prior to the fear conditioning trials. To analyze acquisi-

tion, we measured the percent time freezing during

each 30-sec presentation of the white noise stimulus for

the Noise Shock groups or the equivalent 30-sec period

in the context prior to each shock for the Shock

Only groups. During acquisition, we found a significant

trial · conditioning group interaction (F[9,261] = 2.153,

p < 0.05), indicating that regardless of FPI there were dif-

ferent levels of freezing across trials depending on the

conditioning protocol. Post hoc analyses showed that

Shock Only groups showed higher levels of freezing com-

pared with the Noise Shock groups during trials 4–7 and 9

( p < 0.05; Fig. 2B). Freezing in the Shock Only group oc-

curs because of conditioning to contextual cues.43

In experiment 1, we saw reductions in freezing across

two 20-min context tests; however, we did find elevated

and significant group differences in baseline freezing dur-

ing the auditory cue tests in a new context. Differences in

baseline freezing may influence the defensive response

recruited in reaction to the stimulus cue presentation,44

or occlude group and stimulus interactions. Because of

the elevated freezing at baseline during the cue test ses-

sions, in this experiment we extinguished freezing to con-

text for all groups prior to the cue tests in a new context.

We analyzed contextual fear as percent time freezing in

the first 10 min of each session to avoid false scoring of

inactivity or sleeping as freezing. Freezing to the context

was below 10% for all groups by four 30-min sessions of

context testing. A mixed factors ANOVA for condition-

ing group and injury across the 4 days of context tests

showed that all groups reduced freezing in the conditioning

context across test days (F[3,87] = 148.856, p < 0.001), and

a significant time · conditioning group interaction (F[3,87]

= 9.686, p < 0.001), where pairwise post hoc tests showed

that Shock Only groups had higher freezing than Noise

Shock groups initially on test days 1–3 ( p < 0.01; Fig. 2C).

We also found a significant time · injury interaction

(F[3,87] = 2.919, p < 0.05). Post hoc pairwise tests showed

increased context freezing in the FPI groups during test

day 2 compared with sham groups ( p = 0.05, Fig. 2C),

an FPI enhanced fear effect similar to our previous findings

acutely after FPI.21,22 Because we did not observe signifi-

cant increases in contextual fear under the same conditions

for the FPI-Noise Shock group in experiment 1, we specu-

late that the effect of FPI on noise-shock paired condition-

ing is not as robust in the chronic phase as in our earlier

studies after acute FPI.

Following extinction of freezing to the conditioning

context, there were no group differences in baseline

freezing in the novel context prior to auditory cue presen-

tation for either tone or white noise test.

During the white noise cue test, we found a significant

trial · conditioning group · injury three-way interaction

for freezing during the noise presentations (F[3,87] =
3.845, p < 0.05). This revealed that the FPI-Noise Shock

group had significantly higher freezing during the first

noise presentation compared with the Sham-Noise Shock

group ( p < 0.001), indicating a robust elevation in defen-

sive behavior to the cue associated with the aversive event.

Shock Only groups did not show any freezing to the novel

white noise cues during this test.

During the tone test we found a significant trial ·
conditioning group interaction (F[3,87] = 2.838, p < 0.05)

where Noise Shock groups showed more freezing to the

novel tone during the first three tone trials ( p < 0.05;

Fig. 2E), indicating some stimulus generalization. Interest-

ingly, we also found a significant main effect of injury,

showing that FPI groups were freezing more to the novel

tone than sham controls (F[1,29] = 6.568, p < 0.05), sug-

gesting that FPI groups showed increased freezing overall

to the novel tone. However, when analyzed separately,

FPI-Noise Shock groups had significantly increased freez-

ing to the novel tone compared with Sham-Noise Shock

groups (F[1,15] = 5.822, p < 0.05), whereas there was no

significant difference between Shock Only groups (FPI

vs. Sham: F[1,14] = 1.022, p > 0.1). These data support

the hypothesis that in the chronic phase after TBI, en-

hanced freezing to a novel stimulus reflects fear stimulus

generalization rather than sensitization.

The major takeaways from experiment 2 are that like

in experiment 1, FPI-Noise Shock animals show in-

creased freezing to both the trained (white noise)

and novel (pure tone) stimulus, compared with both
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Sham-Noise Shock and Shock Only groups, indicating

fear generalization and not sensitization. Group sizes

for experiment 2 were Sham-Shock Only n = 7, Sham-

Noise Shock n = 10, FPI-Shock Only n = 9, and FPI-

Noise Shock n = 7.

Experiment 2: Chronic FPI alters AMPAr
subunits in the BLA
At the completion of behavioral testing in experiment 2,

we analyzed BLA tissue ipsilateral to the FPI or craniot-

omy to determine synaptic levels of AMPAr subunits

(GluA1 and GluA2). AMPArs that are homomeric with

GluA1 subunits are calcium permeable, whereas the

AMPAr heteromeric GluA1-GluA2 subunit composition

is calcium impermeable.45 Higher levels of GluA1 pro-

tein provide indirect evidence for the potential of in-

creased plasticity at those synapses. Due to the limited

number of lanes per gel, groups were divided between

two blots with one control group (Sham-Shock Only) rep-

licated across both blots. Normalized GluA1:total protein

and GluA2:total protein were analyzed by one-way

ANOVA for groups, including the control replicate

(Sham-Shock Only, FPI-Shock Only, Sham Noise-

Shock, FPI-Noise Shock, and Sham-Shock Only

replicate). Group sizes for western blot samples were

n = 6–7/group based on optimal samples across gel lane

capacity. There was a significant effect of group for

GluA1 (F[4,33] = 7.931, p < 0.001; Fig. 3A), but not

GluA2 (F[4,34] = 1.463, p > 0.1; Fig. 3B). Bonferroni cor-

rected post hoc comparisons revealed that BLA GluA1

was significantly increased in FPI-Noise Shock compared

with Sham-Shock Only (blot 1; p < 0.001), FPI-Shock

Only ( p < 0.001), and Sham-Shock Only (blot 2;

p < 0.05; Fig. 3A).

To determine the relationship between BLA AMPAr

subunits and fear generalization, Pearson correlations

were performed for BLA GluA1 and GluA2 with percent

time freezing during the generalization tone test (trial 1).

Correlations revealed a significant positive relationship

between BLA GluA1 and freezing during the tone test

(r = 0.564, p < 0.01; Fig. 3C). There was no significant re-

lationship with BLA GluA2 and tone test freezing

(r = 0.28, p > 0.1; Fig. 3D). These data suggest a possi-

ble contribution of BLA GluA1 in chronic TBI and fear

generalization.

Additional analyses: Chronic phonophobia
phenotype after FPI
Although the purpose of the study was to investigate how

FPI animals differ following different fear learning proto-

cols in defensive freezing behavior to a novel auditory

cue, we were also interested whether FPI animals exhibit

a phonophobia-like phenotype 4 weeks after injury. We

have shown stimulus-elicited defensive behavior (freezing)

48 h after FPI when rats were exposed to 75-dB white noise

alone as well as 2800-Hz tones albeit to a lesser degree,

whereas sham controls are unbothered by either.21,35 FPI

led to freezing to white noise alone and engaged auditory

fear neurocircuitry within the auditory thalamus-amygdala

pathway that led to robust enhanced fear following noise-

shock fear conditioning. Whereas this phenotype is more

pronounced during the inter-stimulus-intervals, it is also

significant during the stimulus presentation itself. There-

fore, we wanted to take a closer look at our data to deter-

mine whether either auditory stimulus elicited defensive

freezing in FPI groups during the first trial of fear condi-

tioning (or the equivalent 30-sec period in the Shock

Only group), prior to the first footshock.

A two-factor ANOVA for injury and stimulus showed

a marginal effect of injury (F[1,60] = 3.743, p = 0.058);

however, Levene’s test for equal variances was statisti-

cally significant indicating unequal variances across con-

ditions (F = 4.489, p < 0.05). Therefore, we conducted the

non-parametric Mann-Whitney U test for the injury fac-

tor and found a significant effect of injury ( p < 0.05;

Fig. 4). One third of the FPI animals (7/21) showed freez-

ing of at least 9% in the first auditory trial (tone and noise

combined). Whereas 2/18 sham rats displayed freezing

above 9% to the first trial of white noise, no sham rats

showed freezing to the 2800-Hz tone. We also looked

at whether freezing during the first tone or white noise

trial of fear conditioning correlated with amount of freez-

ing during the generalization tone test or was related to

injury severity metrics in FPI groups, but these relation-

ships were not significant ( p > 0.1). These data suggest

that the auditory sensitivity effects observed after FPI

may be long-lasting in some animals, which may contrib-

ute to subsequent enhanced fear learning and a height-

ened defensive phenotype and will be the basis of future

investigation.

Discussion
This study investigated the chronic effects of TBI on

fear learning and expression to both trained and

novel stimuli. We found that when fear conditioning

occurred 4 weeks after lateral FPI, adult male rats

that were trained with either white noise-shock or

tone-shock paired fear conditioning displayed en-

hanced fear to their trained cue relative to sham con-

trols. Additionally, when tested with the alternative

cue, the FPI Noise-Shock group displayed robust fear

to the 2800-Hz pure tone, suggesting inappropriate

fear to an untrained, novel auditory stimulus. To deter-

mine whether this effect was due to associative (gener-

alization) or non-associative (sensitization) factors, we

tested fear expression to a novel pure tone following

either white noise-shock paired or unsignaled foot-

shocks (shock only) 4 weeks after FPI. We again saw
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enhanced fear to the trained noise cue in the FPI Noise-

Shock group compared with sham, and enhanced fear

to the novel pure tone.

During the auditory cue tests, we saw little freezing be-

havior in groups that were fear conditioned with shock

only to either stimulus, confirming that the enhanced

fear to a novel tone in the FPI Noise-Shock group reflects

fear generalization rather than sensitization. We also

looked at protein expression levels of synaptic AMPAr

subunits in the BLA and found increased levels of BLA

GluA1, but not GluA2 in the FPI Noise-Shock group

that showed the highest level of fear during cue testing.

BLA GluA1 levels positively correlated with fear gener-

alization. Additional analyses revealed a greater propor-

tion of animals that had FPI displayed an increased

defensive response during the first trial of auditory fear

conditioning, prior to the first shock. This effect may sug-

gest lasting sensitivity to auditory stimuli in chronic TBI;

however, this did not appear to contribute to the amount

of fear generalization after conditioning. Findings from

our study indicate a lasting injury-induced increase in au-

ditory stimulus generalization, a unique phenotype fol-

lowing diffuse TBI. This novel finding illustrates both a

learning deficit and increased fear in the chronic phase

FIG. 3. Fear generalization in chronic TBI is associated with increased synaptic GluA1 in the BLA.
(A) Synaptic GluA1 is significantly elevated in FPI-Noise Shock groups compared with groups that received
shock only conditioning. (*p < 0.05, **p < 0.01, ***p < 0.001; top: representative blot images). (B) There were
no differences among groups for synaptic GluA2 in the BLA (top: representative blot images). (C) Significant
correlation between BLA GluA1 and freezing during the tone test. (D) No relationship between freezing
during the tone test and BLA GluA2 levels. (A,B) Data are represented as mean – SEM. BLA, basolateral
amygdala; FPI, fluid percussion injury; SEM, standard error of the mean; TBI, traumatic brain injury.
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after TBI, where stimulus generalization may underlie

maladaptive fear and hyperarousal common to anxiety-

and stress-related comorbidities.

Heightened defensive behavior in chronic TBI
The current study expands on a growing body of work

supporting increased defensive behaviors after TBI. Our

lab has shown that lateral FPI leads to enhanced fear

when fear conditioning occurred within the first days

after injury in adult rats.21,22,35 Our current data support

a lasting effect of TBI, enhancing fear behavior when

the stressor (fear conditioning) occurred in the chronic

phase after injury. Other studies have found long-lasting

enhancement in defensive freezing after fear conditioning

and TBI. When fear conditioning occurred 3 weeks fol-

lowing controlled cortical impact (CCI) in mice, even fol-

lowing successful fear extinction CCI mice have shown

strong resurgence of fear several weeks later.46 Addition-

ally, studies that used repetitive blast injury have shown

increased freezing in injured groups when fear condition-

ing occurred 4–9 months after injury.47–49

These findings have clinical implications for the last-

ing effects of TBI on PTSD development. According to

the Diagnostic and Statistical Manual of Mental Disor-

ders, 5th edition, a clinical PTSD diagnosis cannot be

made until at least 6 months following a traumatic

event,50 and TBI has been shown to be strongly associ-

ated with PTSD in U.S. service members months after de-

ployment in Iraq and Afghanistan.4 We also observed

persistent freezing across tone test trials in the FPI-

Tone Shock group in experiment 1 (Fig. 1E), whereas

other groups show reduction in freezing across trials.

This observation is related to impaired fear extinction

after TBI,51,52 with clinical relevance to challenges and

resistance in fear reduction during exposure therapy.

Although the current study did not assess baseline differ-

ences in anxiety-like behavior, FPI changes in anxiety

levels in the chronic phase53 may also influence fear

learning and freezing behavior. Our data support lasting

effects of brain trauma on defensive and hyperarousal

phenotypes after TBI in the rat.

Our prior work suggests that noise sensitivity reflected

an acute physical symptom of the injury that we found

engaged auditory fear networks and exerted an influence

on subsequent fear learning.21 In the current study, when

we looked at freezing during the first auditory trial in the

current experiments 4 weeks after FPI, we saw that a sig-

nificant proportion of FPI animals exhibited freezing to

both 75-dB tone and white noise. Whether the increased

amount of freezing to novel auditory stimuli in FPI ani-

mals 4 weeks following the injury reflects a persistent

physical phonophobia symptom or a defensive reaction

to novelty54 is still unknown. This question plagues the

clinical field regarding how to properly treat and disen-

tangle the symptoms attributed to a history of TBI or a

psychiatric diagnosis when the conditions are comor-

bid.55 In a military study on TBI and PTSD comorbidity,

an interesting finding is that at least 5 months after de-

ployment post-concussive symptoms were increased in

those with comorbid PTSD.56 It will be important to con-

tinue this work to better understand the lasting effects of

TBI on physical symptoms and mental health.

Stimulus specificity of white noise
on freezing behavior
Across two experiments, we replicated that chronically

after FPI, auditory fear conditioning (white noise-

shock) increased fear generalization to a novel tone.

The difference in magnitude of fear generalization be-

tween experiments 1 and 2 (Fig. 1E vs. Fig. 2E) is likely

due to the amount of extinction to the conditioning

context. In human studies, fear generalization increases

with respect to increasing fear intensity.57 Without full

extinction to the conditioning context, during the baseline

period in the novel context we see contextual fear gener-

alization in the Tone Shock groups, which was even more

pronounced in the FPI group (Fig. 1D,E).

However, even in the case where contextual fear was

fully extinguished and context fear did not generalize to

a novel context (Fig. 2D,E, baseline), FPI-Noise Shock

groups showed robust fear to the novel tone. This finding

is akin to a recent clinical study in patients with anxiety

that found that in the patients, emotional stimuli shaped

FIG. 4. Phonophobia phenotype in chronic
FPI. During the first trial of either tone or white
noise fear conditioning (or the equivalent time
period for Shock Only groups) prior to the first
footshock, we observed a significant proportion
of FPI groups showing increased freezing
defensive behavior to an auditory stimulus
(*p < 0.05, Mann-Whitney U test for unequal
variances). Group data are represented as
mean – SEM. FPI, fluid percussion injury; SEM,
standard error of the mean.
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sensory representations during conditioning, which al-

tered these representations later to result in less stimulus

discrimination, even in a safe context.13 Fear generaliza-

tion can be modulated by external factors including type

and intensity of stimuli in the aversive experience,58 or

perhaps history of TBI such as in the current study.

A study in active duty military personnel reported that

TBI was associated with an increased response to threat

cues and more PTSD symptoms.59 Therefore, how the in-

jured brain encoded the noise-shock association during

conditioning may have shaped the representation of the

novel tone during the generalization test.

An important point to consider regarding the stimuli

used in our study is that white noise encompasses all au-

dible frequencies, and when groups were fear conditioned

with white noise, stimulus generalization occurred to a

novel 2800-Hz tone. This effect was most pronounced

and robust in the FPI-Noise Shock groups, where levels

of freezing were similar to the level of the trained cue

(Fig. 1E). However, in experiment 1, for both Tone

Shock groups there was no apparent generalization

when the novel cue was white noise (Fig. 1D). Therefore,

the acquired auditory fear memory was easier to transfer

from white noise to 2800 Hz, but not the other way

around. Because white noise contains 2800-Hz frequency

as part of its makeup, one explanation is that the frequency

was more strongly encoded in chronically after TBI. One

may speculate that the observed TBI fear stimulus gener-

alization may reflect an encoding deficit reflecting poor

pattern separation between trained and untrained stimuli

upon retrieval, which is often associated with hippocam-

pal damage.60 An alternative interpretation is that all fre-

quencies were conditioned in the Noise Shock groups,

where both sham and FPI groups showed some general-

ization, but to a substantially greater magnitude for FPI

groups. We did not test other alternative frequencies,

but it will be important in future studies to determine

the degree of generalization that this heightened defensive

phenotype manifests across a frequency gradient.

Maladaptive fear after TBI is associated
with increased excitatory-related proteins
in the amygdala
We found that chronic TBI enhanced fear generalization

was associated with elevated synaptic GluA1 protein in

the BLA. We have reported structural changes in the

amygdala by dendritic hypertrophy in BLA principal neu-

rons lasting at least 28 days after injury.27 Further, others

have shown altered glutamatergic signaling in the amyg-

dala chronically after FPI.61 AMPArs are the primary me-

diators of fast excitatory transmission. GluA1-containing

homomers (GluA2-lacking AMPArs) are calcium-

permeable and facilitate synaptic transmission.45 It is in-

teresting that we found a specific increase in only GluA1,

but not GluA2 in the BLA in the FPI-Noise Shock group

that was associated with maladaptive fear generalization.

In a well-established model of traumatic stress that

causes lasting fear sensitization known as stress-

enhanced fear learning, GluA1 but not GluA2 in the

BLA is also increased and that increase is dependent on

stress hormones during the traumatic event.62

We recently reported a significant decrease in BLA

GluA2 48 h after FPI,37 which may contribute to interac-

tive TBI effects on excitatory transmission during subse-

quent stressors. Other studies have reported increased

BLA GluA1 following stress,63 which facilitates malad-

aptive associative learning.64 The synaptic protein analy-

sis in the current study included tissue from BLA

ipsilateral to the injury. Recently, we observed bilateral

effects across different excitatory- and inhibitory-related

proteins in the BLA, most of which returned to control

levels within one week.37 Some reports suggest there

may be lateralized effects of the amygdala on fear learn-

ing behaviors in rodents65,66 as well as in humans.67,68 It

will be important in future studies to tease apart the ef-

fects of amygdala laterality and lateralized effects of

TBI on neural circuits and corresponding behavior.

Taken together, our study and others support the hypoth-

esis that TBI and stress interactions affect amygdala

function that may facilitate the encoding of subsequent

traumatic events and increase the susceptibility of hyper-

arousal and chronic stress-related comorbidities.28,29

The current study revealed that heightened levels of

fear after FPI were associated with synaptic protein

changes in the amygdala, a known regulator of fear and

negative valence processing. Whereas GluA1 in the

BLA has shown to be a player in enhanced fear expres-

sion across our studies and studies discussed above,

other synaptic proteins and brain regions across fear

and memory circuitry may play a role in fear generaliza-

tion and hyperarousal after TBI. Other excitatory-related

proteins including the balance of NMDA (N-methyl-D-

aspartate) receptors, synaptophysin, calmodulin, and/or

cyclic adenosine monophosphate (cAMP)-protein kinase

A (PKA) signaling could not only influence neuronal sig-

naling, but also have an influence on enhanced activity in

the BLA, which could in turn affect behavior and fear gen-

eralization.69–71 Further, TBI has wide ranging effects

across neural circuits involved in fear, anxiety, and learn-

ing and memory. A balance between excitatory and inhib-

itory signaling across the amygdala, prefrontal and insular

cortex, hippocampus, and thalamic areas is important for

adaptive fear responses while an imbalance across these

regions is implicated in fear generalization.72,73 TBI

and/or stress may influence activity across these nodes

in fear neurocircuitry and lead to sensitized21,74 or blunted

activity75,76 to influence downstream circuits including the

hypothalamic-pituitary-adrenal (HPA) axis8 and process-

ing of stressful events.

CHRONIC TBI FEAR GENERALIZATION 1571



Conclusions
Understanding the effects of significant stress after TBI is

an important area of ongoing research. This was the first

study to show chronic effects of FPI leading to enhanced

auditory fear generalization, which was associated with

increased excitatory-related proteins in the amygdala.

Our study has important clinical implications for the last-

ing effects of TBI on subsequent traumatic stress expo-

sure and stress-related symptom development. We also

open the question that long term after TBI, increased de-

fensive reactions to sounds may reflect long-lasting audi-

tory sensitivity or increased hyperarousal to novelty. In

future studies it will be important to disentangle the

chronic physical symptoms after a history of TBI from

an elevated baseline defense state for both sexes, and

their underlying mechanisms to provide effective treat-

ments for the heterogenous TBI patient population.
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