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A B S T R A C T   

Mild traumatic brain injury (mTBI) and post-traumatic stress disorder (PTSD) have emerged as the signature 
injuries of the U.S. veterans who served in Iraq and Afghanistan, and frequently co-occur in both military and 
civilian populations. To better understand how fear learning and underlying neural systems might be altered 
after mTBI, we examined the acquisition of cued fear conditioning and its extinction along with brain 
morphology and dendritic plasticity in a mouse model of mTBI. To induce mTBI in adult male C57BL/6J mice, a 
lateral fluid percussive injury (LFP 1.7) was produced using a fluid pulse of 1.7 atmosphere force to the right 
parietal lobe. Behavior in LFP 1.7 mice was compared to behavior in mice from two separate control groups: mice 
subjected to craniotomy without LFP injury (Sham) and mice that did not undergo surgery (Unoperated). 
Following behavioral testing, neural endpoints (dendritic structural plasticity and neuronal volume) were 
assessed in the basolateral nucleus of the amygdala (BLA), which plays a critical sensory role in fear learning, and 
medial prefrontal cortex (mPFC), responsible for executive functions and inhibition of fear behaviors. No gross 
motor abnormalities or increased anxiety-like behaviors were observed in LFP or Sham mice after surgery 
compared to Unoperated mice. We found that all mice acquired fear behavior, assessed as conditioned freezing to 
auditory cue in a single session of 6 trials, and acquisition was similar across treatment groups. Using a linear 
mixed effects analysis, we showed that fear behavior decreased overall over 6 days of extinction training with no 
effect of treatment group across extinction days. However, a significant interaction was demonstrated between 
the treatment groups during within-session freezing behavior (5 trials per day) during extinction training. 
Specifically, freezing behavior increased across within-session extinction trials in LFP 1.7 mice, whereas freezing 
behavior in control groups did not change on extinction test days, reflecting a dissociation between within-trial 
and between-trial fear extinction. Additionally, LFP mice demonstrated bilateral increases in dendritic spine 
density in the BLA and decreases in dendritic complexity in the PFC. The translational implications are that 
individuals with TBI undergoing fear extinction therapy may demonstrate within-session aberrant learning that 
could be targeted for more effective treatment interventions.  

Abbreviations: PTSD, Post-traumatic stress disorder; mTBI, Mild traumatic brain injury; OEF, Operations Enduring Freedom; OIF, Operation Iraqi Freedom; OND, 
Operation New Dawn; FC, Fear conditioning; FE, Fear extinction; BLA, basolateral amygdala; CeA, central nucleus of the amygdala; IL, infralimbic cortex; PL, 
prelimbic cortex; PFC, prefrontal cortex; mPFC, medial prefrontal cortex; ITC, intercalated cells of the amygdala; NAc, nucleus accumbens; LMM, linear mixed- 
effects. 
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1. Introduction 

Mild traumatic brain injury (mTBI) or concussion is a very common 
condition in the general population and for U.S. military personnel. For 
unclear reasons, the risk of developing post-traumatic stress disorder 
(PTSD) is approximately 2–3 times higher after trauma involving an 
mTBI in civilians and military personnel alike (Brassil and Salvatore, 
2018; Schneiderman et al., 2008; Stein et al., 2019, 2015; Tanev et al., 
2014; Van Praag et al., 2019; Vasterling et al., 2018; Yurgil et al., 2014). 
An estimated 12–23% of military service members experienced a TBI 
while deployed in these conflicts of Operations Enduring Freedom, Iraqi 
Freedom, and New Dawn (OEF, OIF, OND, ; O’Neil et al., 2013). PTSD 
itself is also common in this population, with estimates ranging from 
13% to 52% (Milliken et al., 2007; Seal et al., 2007). An alarming 
landmark study conducted by (Hoge et al., 2008) found that 43.9% of U. 
S. Army soldiers returning from a deployment to Iraq with TBI and a loss 
of consciousness met criteria for PTSD highlighting the high prevalence 
of PTSD/TBI comorbidity. Supporting these concerns amongst Veterans 
is a study that estimated that the relative frequency of PTSD in military 
populations with TBI is 48.2% compared to 18.6% in civilian pop
ulations (Iljazi et al., 2020). Furthermore, PTSD symptoms are more 
intense in OEF/OIF Veterans with comorbid TBI compared to Veterans 
with PTSD only (Ragsdale et al., 2013). 

The majority of reported TBI incidents among OEF/OIF/OND service 
members and civilians are categorized as mild in severity (Carlson et al., 
2011; Rosen and Ayers, 2020). Acute cognitive, emotional and physical 
symptoms of mTBI include headaches, fogginess, dizziness, sleep dis
turbances, impaired concentration and memory, mood fluctuations, 
increased anxiety and/or depression, and sensitivity to sound and light 
(Kaplan et al., 2018; Kontos et al., 2013). While many people recover 
within days or weeks, others go on to experience a post-concussive 
syndrome that can last more than 3 months with various cognitive, 
emotional, and neurological symptoms. Depending on diagnostic 
criteria, the timing of the concussion and timing of the assessment, 
prevalence rates of post-concussion symptoms vary between 11% and 
82% (Polinder et al., 2018). Only 27% of those with post-concussive 
syndrome eventually recover, illustrating how mTBI can become a 
chronic condition (Hiploylee et al., 2017). PTSD is often a chronic dis
order resulting from physical and/or emotional trauma that presents 
with symptoms such as re-experiencing of trauma, avoidance of trauma 
cues, hypervigilance, sleep disturbances, mood changes, and impaired 
concentration. This entanglement of overlapping symptoms between 
mTBI and PTSD not only creates challenges for diagnosis and treatment 
(Carlson et al., 2011; Miller et al., 2015; Rosen and Ayers, 2020; Tanev 
et al., 2014), but also suggests that overlapping neurobiological mech
anisms and alterations in neural circuits exist for both conditions 
(Kaplan et al., 2018; Vasterling et al., 2018). 

Neuroimaging studies in individuals with PTSD have identified 
dysfunction in the neural circuits controlling fear and other PTSD- 
related emotions and behaviors. Specifically, hyper-responsivity of the 
amygdala and hypo-responsivity of the medial prefrontal cortex are 
observed in individuals with PTSD, and these abnormalities are thought 
to underlie aberrant fear learning in these individuals (VanElzakker 
et al., 2014). Traumatic brain injury, particularly when mild, causes 
diffuse damage to both gray matter (neuronal cell bodies) as well as 
white matter (axonal) integrity, and as such is difficult to observe using 
most current neuroimaging techniques (Kaplan et al., 2018). Interest
ingly, neuroimaging studies of individuals with comorbid mTBI and 
PTSD have identified larger amygdalae volume in individuals with co
morbid mTBI and PTSD compared to individuals with mTBI only, and 
this morphological difference is thought to result from increased 
arborization and dendritic hypertrophy (Pieper et al., 2022). Rodent 
models can be a useful tool for teasing apart the separate and combined 
impacts of physical and emotional trauma on the brain. A few studies 
have demonstrated amygdala dendritic hypertrophy in animal models of 
mTBI (Hoffman et al., 2017; Ratliff et al., 2019), which could be a 

mechanism underlying aberrant fear learning following mTBI in 
humans, but these studies did not link morphological analyses with 
behavioral measures of fear learning. More clinical and preclinical 
studies are needed to delineate dendritic plasticity abnormalities in 
TBI/PTSD models. 

Diffuse axonal injury produced by TBI disrupts brain regions and 
their connections via a variety of possible mechanisms including glu
tamatergic excitotoxicity, neuroinflammation, oxidative stress, genera
tion of reactive oxygen species and/or and apoptosis (Kaplan et al., 
2018). It is possible that brain injury could cause a “PTSD-like” syn
drome after mTBI, characterized by mPFC hyporesponsivity and 
amygdala hyperresponsivity (VanElzakker et al., 2014). Consistent with 
this hypothesis is evidence that mTBI-PTSD comorbidity is accompanied 
by more extensive changes in white matter (axonal) integrity compared 
to mTBI alone (Lepage et al., 2018). Additionally, individuals with co
morbid mTBI and PTSD have decreased integrity specifically of 
fronto-limbic pathways compared to individuals with mTBI only, and 
this measure was correlated with PTSD symptomatology (Santhanam 
et al., 2019). More research is needed to understand the mechanisms by 
which diffuse injuries in mTBI can result in alterations in neuroplasticity 
in the PFC and BLA that subserve functional increases in fear learning 
processes and PTSD symptomology. 

One animal model relating to PTSD is that of fear conditioning (FC) 
and fear extinction (FE). Pavlovian FC, as well as the subsequent 
extinction of these conditioned responses in FE, have been established as 
well-validated models for measuring fear behaviors relevant to PTSD in 
rodents (Bowers and Ressler, 2015; LeDoux, 2014; Maren and Holmes, 
2016). FC is the process by which an individual learns to associate a 
specific non-threatening stimulus with an aversive event such as foot 
shock. This leads to the individual demonstrating fear responses to the 
conditioned fear cue alone. FE is the process by which a conditioned fear 
response is weakened by repeated exposure to the conditioned cue, 
without the unconditioned aversive stimulus. This FC model produces 
cue and/or contextual fear responding that occurs in the human disorder 
of PTSD. PTSD-related behaviors are produced by increases in fear 
acquisition and increased attention to threat signals, reduced extinction 
of these fear responses, and greater return of fear resulting in relapse 
(Gonzalez and Martinez, 2014). Humans with PTSD have exaggerated 
psychophysiological responses in fear conditioning paradigms and PTSD 
is conceptually thought of as a fear memory disorder characterized by 
deficits in FE processes (VanElzakker et al., 2014). Additionally, exag
gerated acquisition and expression of conditioned fear has been 
observed in military personnel with a TBI history (Glenn et al., 2017). 

In our TBI model, we aimed to link fear learning behaviors with 
morphological analyses of dendritic plasticity in the medial prefrontal 
cortex (mPFC) and the basolateral amygdala (BLA), two regions crucial 
for mediating fear learning processes (Courtin et al., 2014; Bloodgood 
et al., 2018; Krabbe et al., 2018). We used the lateral fluid percussive 
injury (LFP) model of mTBI that produces both a focal and diffuse brain 
injury, mimics brain injury in humans, and has been validated in both 
rats and mice (Alder et al., 2011; Thompson et al., 2005). Our group has 
previously demonstrated altered synaptic plasticity in the basolateral 
nucleus of the amygdala (BLA) during expression and extinction of 
conditioned fear (Heinrichs et al., 2013a). Altered dendritic plasticity in 
fear learning regions of the PFC and BLA are hypothesized to be linked to 
alterations in fear learning behaviors after TBI. The current study uses 
LFP followed by acquisition of FC and FE to investigate the effects of 
mTBI on fear-related learning behaviors and on associated dendritic 
changes (via Golgi-Cox staining) in the mPFC and BLA of adult male 
mice. 

2. Materials and methods 

2.1. Subjects and lateral fluid percussion injury 

A total of sixty-seven male C57BL/6J mice (Jackson Laboratories, 
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Bar Harbor, Maine) weighing 24–26 g upon arrival were housed under a 
12:12 h light-dark cycle and acclimated to a humidity and temperature- 
controlled colony with ad libitum access to food and water for a mini
mum of 7 days prior to experimentation. Throughout the study, mice 
were housed in groups with all experimental groups represented so that 
experimental differences could not be attributed to cage effects. All 
procedures were conducted between the hours of 0800 and 1800 (lights 
on at 0700). All procedures were approved by the Institutional Animal 
Care and Use Committee of the Boston VA Healthcare System. Data were 
collected from three cohorts of mice. For all cohorts, mice were 
randomly assigned to one of three experimental groups at the time of 
surgery/traumatic brain injury induction: 1) naïve control mice which 
remained in the home cage (Unoperated; n = 17), 2) craniectomy con
trol mice (Sham/LFP 0.0; n = 17), and 3) mice which were exposed to an 
LFP injury of 1.7 atmospheres of force (LFP 1.7; n = 16; Fig. 1A). Cra
niectomy surgery with and without LFP was targeted to the right parietal 
region of the cortex (Alder et al., 2011). Mice were anesthetized (iso
flurane in 2–5% in oxygen) and secured in a stereotaxic apparatus. After 
exposing the skull, a trephine (3 mm outer diameter) was used to remove 
a bone disc. A sculpted Luer-loc fitting (3 mm inside diameter) was 
secured to the skull over the opening with surgical cement (Durelon, 3 
M) to form a watertight bond. The fitting was filled with sterile saline 
and connected to high-pressure tubing attached to the outlet of an LFP 
device (Dragonfly R & D Inc., Ridgeley, WV). A 20 ms pulse of fluid was 
imposed onto the dura using a force intensity of 1.7 atmospheres as 
measured by a calibrated pressure transducer (Kistler Instrument Corp., 
Amherst, NY) and oscilloscope (Tektronix, Inc, Beaverton, OR). Imme
diately following craniectomy/LFP exposure, the Luer-loc fitting 
(Cole-Parmer, Vernon Hills, IL) was removed from the skull, the cra
niectomy opening covered with a concave polystyrene disc 3.5 mm in 
diameter held in place by surgical cement (Durelon, 3 M Corporate 
Headquarters, St. Paul, MN), and the incision closed with suture and 
VetBond (3 M Corporate Headquarters). Craniectomy control animals 
(Sham) received the craniectomy surgery together with Luer-loc 
attachment and pressure tubing connection with the exception that 
the fluid pulse was not delivered. After surgery, mice were returned to 
the home cage. Mice were treated with the post-operative analgesic 
meloxicam (5 mg/kg s.c.; Norbrook Inc. Overland Park, KS) immediately 
after surgical procedures and for two subsequent days. 

2.2. Behavioral testing 

Following 7–12 days of post-operative recovery, all mice were 
exposed to a battery of behavioral tests (Fig. 1B). A two-compartment 
light-dark task was used twice (once before fear conditioning and once 
after fear extinction testing) to assess general locomotor behavior and 
general anxiety-like behavior (Takao and Miyakawa, 2006). The appa
ratus used was a polycarbonate cage (51 cm long, 26 cm wide, 26 cm 
high) divided into two sections of equal size by a partition which pro
vided a 2.5 cm high opening at the bottom for mice to pass freely from 
one side of the chamber to the other. One chamber was brightly illu
minated (390 lux) and the other chamber was darkened (2 lux) by the 
presence of a cover opaque to light. Mice were placed into the dark side 
to begin the trial and allowed to move freely between the two chambers 
for 10 min. Activity of each mouse in the visible light compartment was 
tracked and analyzed using video-tracking software (EthoVision XT; 
Noldus Information Technology, Leesburg, Virginia). The frequency of 
visits and duration of time spent in the light chamber (sec), and mean 
velocity while in the light chamber (cm/s) were measured. 

The ability to acquire conditioned fear behavior was assessed in a 
single day (Heinrichs et al., 2013a). Standard fear conditioning cham
bers (Med Associates, Inc., Fairfax, VT) consisted of electrified grid 
floors within sound attenuated boxes monitored using infrared cameras 
and were connected to a computer that conducted automated quantifi
cation of freezing (VideoFreeze software; Med Associates). The training 
session (27 min total) consisted of 3 habituation tone-only trials 
(10 kHz, 75 dB, 30 s tones; 180 s average intertrial interval (ITI)) fol
lowed by 6 fear acquisition trials in which the same tones co-terminated 
with a 2 s, 0.7 mA electric footshock (180 s ITI). A separate group of 
naive unoperated control mice (n = 17) were run concurrently and were 
not exposed to shocks; these mice did not exhibit increased freezing 
behavior across the 9 tone-only trials to which they were exposed (data 
not shown). Three to four days after fear conditioning, mice were tested 
for the extinction of conditioned fear over 6 consecutive days (Heinrichs 
et al., 2013b). Mice were exposed to 5 tone-only trials each day 
(15 min/day; 180 s ITI) for 6 days. The dependent measure for all trials 
(fear acquisition and extinction training) was the percent of time each 
mouse spent freezing during each 30 s tone presentation. 

The day after fear conditioning (in between fear conditioning and 
fear extinction training; Fig. 1B), mice were placed in an open field 
chamber (46 cm long, 31 cm wide, and 26 cm high) and allowed to 

Fig. 1. Schematic of experimental design. (A) Summary of experimental groups depicting naïve controls (Unoperated), sham lateral fluid percussion (LFP 0.0) 
craniectomy controls surgery, and mild traumatic brain injury surgery (LFP 1.7 or 1.7 atm). (B) Summary of timeline for behavioral testing and experi
mental endpoints. 
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explore for three minutes. Locomotor activity was recorded using an 
overhead camera and total distance traveled (cm) was measured using 
video tracking software (EthoVision XT, Noldus). 

2.3. Tissue processing 

After all behavioral testing (20–25 days after LFP/Sham surgery), 
brains were harvested and processed for either histopathological and 
neural plasticity analyses using Nissl and Golgi-Cox staining, respec
tively. Mice were anesthetized deeply with isoflurane and transcardially 
perfused with 20 mL each of chilled heparinized phosphate-buffered 
saline (PBS) followed by 4% paraformaldehyde. For Nissl staining, 
brains were harvested into ice-cold vials containing 4% para
formaldehyde and stored at 4 ◦C overnight, were then submerged in 
12.5% sucrose in PBS for 24 h, and finally 25% sucrose in PBS. Brains 
were then frozen and 40-μm coronal sections were collected onto 
gelatin-coated slides using a Leica cryostat. Slides containing sections 
from the mPFC (from Bregma 1.94–1.78) and the BLA (from Bregma 
− 1.46 to − 1.70; Paxinos and Watson), were stained with Cresyl violet. 
Slides were first demyelinated in Xylenes for 5 min and ethanol (3 min 
each in 95%, 70% and 0% ethanol in deionized water). Slides were then 
incubated in a Cresyl violet solution (0.04 g cresyl violet in 300 mL 
buffer containing 0.1 M acetic acid and 0.1 M sodium acetate) for 8 min 
at 60 ◦C. Slides were then dehydrated, cleared in Xylenes, and cover
slipped with Permount. 

An Olympus BX51 microscope was used to visualize Cresyl violet 
stained mouse brain sections and brightfield images of both hemispheres 
of the mPFC and BLA were captured with HCImageLive at 10x magni
fication. The mPFC was identified by locating the midline and the for
ceps minor callosum. Fig. 2A shows the boundary of the region used for 
mPFC quantification. The BLA was identified by locating both sides of 
the external capsule, dorsal and ventral intercalated cells, and the cen
tral nucleus of the amygdala. Fig. 2C shows the boundary of the region 
used for BLA quantification. Neurons from both regions were manually 
quantified using a sampling method with the grid function in ImageJ. 
Specifically, neurons were counted by a single investigator blind to 
experimental condition within 3 random squares of equal size (in pixels) 
within the boundaries marked by the aforementioned anatomical 
landmarks for each region of interest. A neuron was counted if it had a 

dark cell body or distinct outline of the cell body and the nucleus was 
marked with a dark spot. The number of neurons in the 3 sampling 
squares was then averaged for each hemisphere of each coronal section. 
Then, neurons counts from 2 to 3 sections per brain were averaged for 
each mouse, for each hemisphere separately. 

For Golgi Cox staining, brains were processed using the FD Rapid 
Golgi Stain Kit (FD NeuroTechnologies, Inc., Catonsville, MD) according 
to the kit directions, as we have previously described (Heinrichs et al., 
2013a). After perfusion brains were removed, rinsed with water, and 
placed directly into a 1:1 mixture of Solution A and Solution B for 2 
weeks at room temperature in the dark. Brains were then transferred to 
Solution C for 3–5 days at 4ºC in the dark. Whole brains were then 
snap-frozen in 2-methylbutane chilled to − 20 ºC, encased in Tissue 
Freezing Medium (Triangle Biomedical Sciences, In., Durham, NC, 
USA), coronally sectioned at 100 µm on a Leica cryostat and mounted on 
chrome alum gelatin coated slides. Sections were dried for several days 
and then underwent a stain development procedure according to the kit 
directions. Finally, slides were dehydrated in ethanol, cleared in xylenes 
and coverslipped. 

Golgi-stained sections containing the mPFC and BLA were visualized 
with an Olympus BX51 bright field microscope interfaced with a color 
digital camera (MicroFire Optronics, Goleta, CA). Regions of interest 
were identified by anatomical markers based on a mouse brain atlas 
(Franklin & Paxinos 2008). Neurons were initially captured at 60x 
magnification with a 0.3 µm z-step, manually traced and reconstructed 
using Neurolucida 360, and analyses were conducted using Neurolucida 
Explorer (MBF Bioscience, Williston VT). For Sholl analyses, concentric 
circles were overlaid at 10 µm intervals outward from the cell body for a 
total of 9 neurons per experimental group in each hemisphere (from at 
least three mice/group). The complexity of dendritic arborizations was 
determined by the number of intersections at each distance via Sholl 
analysis. For spine density analyses, dendritic segments from neurons 
used for Sholl analysis were captured using a 100x objective with a 
0.1 µm z-step. Spine density (spines/10 µm dendritic segment) was 
calculated at dendritic branch orders 2 and 3, and as an average of these 
two branch orders. Branch orders 2 and 3 were chosen for analysis based 
on our prior work showing decreased spine density following fear 
extinction (Heinrichs et al., 2013a). A total of three dendritic segments 
were traced at each branch order and averaged per neuron 

Fig. 2. Quantification of neurons in the medial prefrontal 
cortex (mPFC) and the basolateral nucleus of the amygdala 
(BLA) after TBI. (A) Representative photomicrograph of 
Nissl-stained coronal mouse brain section (Bregma 1.78) 
depicting the prelimbic cortex (PRL) region within the 
mPFC used for quantification at 4x magnification. Two to 
three sections/mouse (n = 4–5/group) were manually 
quantified using a sampling method where neuron counts 
in 3 equal sized areas (in pixels) within the PRL were 
averaged from each hemisphere for each coronal section. 
(B) Quantification of neurons in the mPFC across experi
mental groups. Data are expressed as average neuron count 
± SEM. There was no significant effect of experimental 
(surgical) group in either hemisphere of the PRL 
(p’s > 0.05). (C) Representative photomicrograph of Nissl- 
stained coronal section depicting the basolateral amygdala 
(BLA) at 10x magnification. Two to three sections/mouse 
(n = 4/group) were manually quantified using a sampling 
method where neuron counts in 3 equal sized areas (in 
pixels) within the BLA were averaged from each hemi
sphere for each coronal section. (D) Quantification of 
neurons in the BLA across experimental group. Data are 
expressed as average neuron count ± SEM. There was no 
significant effect of experimental (surgical) group in either 
hemisphere of the BLA (p’s > 0.05). fmi = forceps minor 
collosum, CeA = central nucleus of the amygdala, ITCd 
= dorsal intercalated cell population, ITCv = ventral 
intercalated cell population.   
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(n = 9/hemisphere/group). Golgi analyses were performed by a single 
investigator blind to the experimental group. 

2.4. Statistical analysis 

2.4.1. Locomotor/exploratory behavior 
The effects of LFP surgery and fear conditioning/extinction in

terventions on exploratory/locomotor behavior were evaluated in two 
tasks: 1) by measuring mean velocity, frequency of visits, and duration 
of time spent in the light compartment during two identical light-dark 
tasks (one before between surgery and fear exposure, and one after 
fear extinction; Fig. 1 and Tables 1), and 2) by measuring total distance 
traveled in an open field task (Fig. 1 and Table 2). All data passed tests 
for normality and were each analyzed by two-way ANOVA using SPSS 
26 (IBM Corporation), with fear conditioning state (pre- vs. post- 
conditioning) and surgical group as within-subjects factors. Post-hoc 
analyses, when appropriate, were conducted using Tukey’s HSD test. 

2.4.2. Fear behavior 
Because fear acquisition and extinction subjects were measured 

repeatedly over time and across different time scales (trials within a day 
versus between days) and because separate cohorts of mice were tested, 
we employed a linear mixed-effects (LME) model as our primary analytic 
approach in R (lme4 package; Bates et al., 2015). LME models can 
analyze data with more than one source of variation, i.e.data with both 
fixed and random effects. LME is particularly helpful for repeated 
measures designs with complex, nested experimental design structures, 
where data and even fixed factors are correlated. Because LME models 
can account for dependence/correlation of data, this statistical method 
is thought to be more rigorous than traditional ANOVA statistical tests 
(Yu et al., 2022). This approach also enables optimal control for vari
ability between individual mouse behaviors not related to experimental 
condition (i.e. to control for random effects). Specifically, we aimed to 
control for individual differences unrelated to the treatment condition in 
overall freezing behavior by using a mouse subject index as a random 
intercept. Further, to control for between-subject variability unrelated 
to the treatment condition in extinction freezing across test days we used 
test day as a random slope. Our primary goal of model selection was to 
choose the simplest model that provides the best fit to the observed data 
and yields an estimated marginal mean for the observed responses based 
on the specified model (see Supplemental Fig. 1 for visual representation 
of the data plotted as estimated marginal means). The estimated means 
method predicts the behavior of the dependent variable with respect to 
the independent variable. In total, 3 mixed models were built: 1) for fear 
conditioning habituation (tone-only) trials, freezing behavior was pre
dicted across the 3 test trials including subject index as a random 
intercept, 2) for fear conditioning acquisition trials (tone-shock pair
ings), freezing behavior was predicted across the 6 test trials including 
subject index as a random intercept, and finally 3) for the fear extinction 
trials, freezing behavior was predicted across 5 trials per day over 6 test 
days including subject index as a random intercept and test day as a 
random slope. 

2.4.3. Brain parameters 
Dendritic parameters (spine density and Sholl data) and neuronal 

count in each hemisphere were analyzed using SPSS 26 (IBM Corpora
tion). For average spine density and neuron count counts in the mPFC 
and BLA, a one-way ANOVA was used to compare means across exper
imental groups (Unoperated, Sham, and LFP 1.7) from each hemisphere 
separately. Spine density by branch order was analyzed in each hemi
sphere with repeated measures ANOVA with branch order as a within- 
subjects factor and surgery group as a between-subjects factor. Sholl 
data were analyzed with repeated measures ANOVA with distance from 
the soma as a within-subjects factor and surgery group as a between- 
subjects factor. Post-hoc analyses, when appropriate, were conducted 
using Tukey’s HSD test. 

3. Results 

3.1. Histology and neuron count 

Neuron count in key regions of interest was quantified by a blinded 
manual counting of Nissl-stained cells in the mPFC (Fig. 2A) and BLA 
(Fig. 2C) in a 600 × 600 pixel area. Experimental group (unoperated, 
sham surgery, or LFP 1.7) did not have a significant effect on the neuron 
count in either hemisphere in either the mPFC or the BLA. Specifically, a 
one-way ANOVA found no significant effect of experimental group on 
neuron count in either the right (ipsilateral to surgery; F2,12 = 0.57, 
p > 0.05; Fig. 2B) or left (contralateral to surgery; F2,12 = 1.2, p > 0.05; 
Fig. 2B) hemisphere of the mPFC. Likewise, a one-way ANOVA revealed 
no significant effect of experimental group on the neuron count in either 
the right (ipsilateral to surgery; F2,10 = 0.69, p > 0.05; Fig. 2D) or left 
hemisphere (contralateral to surgery; F2,10 = 0.94, p > 0.05; Fig. 2D) of 
the BLA. 

3.2. Exploratory/locomotor behavior 

The effects of experimental groups on exploratory/locomotor 
behavior were evaluated in two ways: 1) by measuring total distance 
traveled in an open field task (Fig. 1 and Tables 1) and 2) by measuring 
mean velocity, frequency of visits, and duration of time spent in the light 
compartment during two identical light-dark tasks (one before and one 
after fear conditioning; see Fig. 1 and Table 2). There was no significant 
difference among experimental groups on total distance traveled 
(p > 0.05; Table 1), suggesting that surgery group did not affect loco
motor activity. There was no significant difference among experimental 
groups on any measure in the light-dark task at either time point 
(p > 0.05; Table 2), suggesting that surgical group did not affect 
exploratory behavior. However, the number of light compartment visits 
were significantly different and were reduced on day after fear 

Table 1 
Behavior in the light-dark task.  

Timepoint Treatment Group (sample size) Light Compartment (# of visits) Light Compartment Duration (s) Mean Velocity (cm/s)  

Unoperated (n = 17)  102.9 (12.2)  233.4 (33.0)  23.4 (2.2) 
Pre-Fear Conditioning Sham (n = 17)  112.3 (15.9)  190.4 (27.6)  20.1 (1.8)  

LFP 1.7 (n = 16)  93.1 (18.9)  172.1 (32.7)  18.8 (2.3)  
Unoperated (n = 17)  61.5 (11.9)  372.8 (36.0)  26.1 (3.4) 

Post-Fear Conditioning Sham (n = 17)  79.8 (15.8)  295.1 (35.4)  23.0 (2.3)  
LFP 1.7 (n = 16)  44.8 (10.3)  380.3 (46.7)  25.4 (3.2) 

Data are presented as group means (SEM). There was no significant difference among groups on any measure at any timepoint in this task. 

Table 2 
Locomotion in the open field task.  

Treatment Group Total Distance Traveled (cm) 

Unoperated (n = 15)  3665.84 (632.56) 
Sham (n = 15)  3370.89 (577.37) 
LFP 1.7 (n = 14)  3506.88 (528.71) 

Data are presented as group means (SEM). Total distance traveled was not 
significantly impacted by surgery. 
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conditioning versus before FC (main effect of time point; F1,47 = 10.75, 
p < 0.01) suggesting that fear conditioning reduced exploratory 
behavior in the previously aversive environment. 

3.3. Fear learning behavior 

As mentioned in Methods, FC and FE data were examined using 
linear mixed effects modeling in Fig. 3 (see Section 2.4.b). This method 
allowed for an analysis of the effect of experimental group (Unoperated, 
Sham, or LFP 1.7) on the estimated percent freezing during habituation, 
fear acquisition and fear extinction both within session (across trials) 
and between sessions (across days; see Supplemental Fig. 1 for visual 
representation of the data plotted as estimated marginal means). This 
approach enables optimal control for variability between individual 
mouse behaviors not related to experimental condition (i.e. to control 
for random effects). 

3.3.1. Fear acquisition: habituation 
Our step-up modeling approach showed that none of the possible 

predictors (experimental group, trial number or their interaction) 
improved the model fit to predict freezing behavior (Fig. 3A and Sup
plemental Table 1), suggesting that the tone alone was not aversive and 
did not increase fear behavior in any group. 

3.3.2. Fear Acquisition: Tone-Shock pairings 
Freezing behavior during tone-shock pairings was significantly pre

dicted by test trial as a factor indicating that freezing behavior had 
already significantly increased by the second tone-shock pairing as 
compared to the first trial (β = 0.29, 95% CI: [0.11–0.46], pbonf = 0.011) 
and continued to the sixth trial (β = 2.21, 95% CI: [2.03–2.38], pbonf <

0.001 (Fig. 3A and Supplemental Table 2). Critically, the inclusion of 
experimental group into the model was not significant (see Supple
mental Table 2), suggesting that freezing behavior during acquisition of 
conditioned fear changed independently of surgical group assignment. 

3.3.3. Fear extinction 
Freezing behavior during fear extinction was significantly impacted 

by test day as a predictor (day 1–6; Fig. 3B and Supplemental Table 3) 
and there was an interaction between trial number and experimental 
(surgical) group (Fig. 3C, trial 1–5; and Supplemental Table 3). Specif
ically, extinction freezing decreased across test days with first significant 
effects starting at day 4 (4th day vs 1st day: β = − 0.44, 95% CI: [− 0.71 
to − 0.18], pbonf = 0. 023 and continued to the sixth day (6th vs 1st day: 
β = − 1.27, 95% CI: [− 1.56 to − 0.99], pbonf < 0. 001; Fig. 3B and 
Supplemental Table 3). The effect of test day did not vary as a function of 
experimental group (i.e. no significant model fit improvement by the 
inclusion of interaction between day and experimental group, see Sup
plemental Table 3). Although there was no impact of experimental 
group on freezing behavior across extinction test days, there was a sig
nificant interaction between extinction trial number (within session) 
and experimental group (Fig. 3C), showing that the LFP 1.7 group 
demonstrated increased freezing behavior at test trial 5 as compared to 
test trial 1, whereas the unoperated group did not show a significant 
change in freezing behavior as compared to the sham group (LFP vs. 
sham: β = 0.51, 95% CI: [0.20, 0.81], pbonf = 0. 023; unoperated vs. 
sham: β = − 0.42, 95% CI: [− 0.72, − 0.11], pbonf = 0. 138). In summary, 
fear acquisition procedures produced increases in freezing behaviors 
across acquisition trials for all three experimental groups. Fear extinc
tion procedures reduced freezing behaviors across test days for all three 
groups. However, within-session extinction procedures, on each test 
day, produced increased freezing behavior for only the LFP 1.7 group. 
Interestingly, the craniotomy Sham group showed a nonsignificant trend 
of increased freezing within sessions during sessions 5 and 6 suggesting 
an impact of craniotomy on behavior. Craniotomy sham shows a pattern 
that is intermediate in freezing effects between the Unoperated and LFP 
1.7 groups. 

3.4. Dendritic plasticity 

The effect of experimental (surgical) group on dendritic plasticity in 
fear conditioned mice was assessed in each hemisphere of the mPFC 
(Fig. 4) and BLA (Fig. 5) using the following parameters: average spine 
density (spines/10 µm dendritic segment), spine density by branch order 
(dendritic branches 2 and 3), and the complexity of dendritic arbori
zation (number of intersections via Sholl analysis). 

3.4.1. PFC 
In the mPFC, a one-way ANOVA did not detect a significant effect of 

experimental group on the average spine density in either the left 
(contralateral) or right (ipsilateral) hemisphere (p > 0.05; Fig. 4A). In 
the ipsilateral hemisphere, there was no significant difference between 
spine density in intermediate dendrites at branch orders 2 and 3 (no 
main effect of branch order, p > 0.05; Fig. 4B), and experimental group 
did not affect spine density in this hemisphere (no significant main effect 
of experimental group or interaction between experimental and branch 
order, p > 0.05; Fig. 4B). In the contralateral hemisphere, spine density 
was significantly higher in branch order 3 compared to branch order 2 
(main effect of branch order, F1,24 = 5.3, p < 0.05; Fig. 4D). The increase 
in spine density in branch order 3 appears to be mainly driven by the 
Sham condition, although experimental group did not significantly 
impact spine density in this hemisphere (no main effect of experimental 
group or interaction between experimental and branch order, p > 0.05; 
Fig. 4D). 

Sholl analysis is a procedure that counts the number of dendritic 
intersections that occur at fixed distances from the soma in concentric 
circles, a measure of dendritic complexity. The complexity of dendritic 
arborizations in the mPFC was assessed by measuring the number of 
dendritic intersections (or arborizations) via Sholl analysis. The 
complexity of dendritic arborizations in the ipsilateral (right) hemi
sphere of the mPFC changed significantly as a function of distance from 
the soma (F3.8,90.1 = 77.6, p < 0.001) and was significantly different 
between experimental groups (main effect of experimental group; F2,24 
= 35.6, p < 0.05). In this hemisphere, the impact of experimental group 
varied across distances from the soma (significant interaction between 
experimental and soma distance; F25.3,90.1 = 25.3, p < 0.05; Fig. 4C). 
Tukey’s post-hoc analyses revealed that the LFP 1.7 group had signifi
cantly less intersections than the Sham group (p < 0.05), but that 
neither Sham or LFP 1.7 mice differed significantly from Unoperated 
mice (p’s = 0.11 and 0.89, respectively). However, the main effect of 
group in this hemisphere does appear to be mainly driven by increased 
complexity in the Sham group, with an overlapping pattern observed 
between the LFP 1.7 and unoperated groups. Stated differently, the 
Sham controls had increased complexity vs. both the unoperated and 
LFP 1.7 groups, suggesting that it is not a neutral control condition. In 
the contralateral (left) hemisphere of the mPFC, a repeated measures 
ANOVA revealed that the complexity of dendritic arborizations changed 
significantly as a function of distance from soma (F3.8,90.7 = 73.1, 
p < 0.001; Fig. 4E), but did not vary significantly between experimental 
groups (no significantly main effect of experimental group or interaction 
between experimental group and distance from soma (p > 0.05), 
although in this hemisphere the LFP mice tended to have less in
tersections than both Unoperated and Sham mice close to the soma 
(50 µm or less). 

3.4.2. BLA 
In the BLA, experimental group significantly affected average spine 

density in both the left (contralateral) hemisphere (F2,26 = 3.8, 
p < 0.05) and right (ipsilateral) hemisphere (F2,26 = 4.2, p < 0.05; 
Fig. 5A). In the contralateral hemisphere, Tukey’s post-hoc analyses 
revealed that LFP 1.7 mice had significantly higher spine density 
compared to Sham (craniotomy control) mice (Fig. 5A). On the ipsilat
eral side of injury, Tukey’s post-hoc tests revealed that the LFP mice had 
significantly higher average spine density than Unoperated mice 
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(Fig. 5A). Spine density was also significantly higher in branch order 3 
compared to branch order 2 in the ipsilateral hemisphere (F1,24 = 6.05, 
p < 0.05; Fig. 5B), an effect that was not observed in the contralateral 
hemisphere (Fig. 5D). There was no significant interaction between 
branch order and experimental group in either hemisphere of the BLA, 
however the increased average spine density observed in LFP mice ap
pears to be primarily driven by branch order 2 in both hemispheres. 
Additionally, spine density in the ipsilateral hemisphere of Sham mice 
appeared slightly elevated, and the fact that Sham and LFP mice did not 
differ significantly in this hemisphere further suggests that craniotomy 
alone impacted the BLA, albeit to a lesser extent than LFP. 

The complexity of dendritic arborizations in the BLA, as assessed by 
the number of intersections in Sholl analysis, changed significantly as a 

function of distance from the soma in both the right (ipsilateral to injury; 
F18,432 = 178.6, p < 0.001; Fig. 5C) and left (contralateral to injury; 
F18,432 = 173.1, p < 0.001; Fig. 5E) hemispheres, but there was no 
significant effect of experimental group X group by soma distance 
interaction on this measure of plasticity in either hemisphere (p > 0.05). 
However, in both hemispheres the Sham group demonstrates an inter
mediate pattern of number of dendritic intersections between the LFP 
and unoperated groups, further suggesting that craniotomy alone 
affected dendritic complexity in the BLA. 

4. Discussion 

In this study we examined fear learning processes in a mouse model 

Fig. 3. Percentage of time freezing is demonstrated for the three experimental groups (unoperated, sham, and LFP 1.7) during habituation, fear conditioning 
(acquisition) and fear extinction trials. Statistical effects were measured using 3 separate linear mixed-effects (LME) models. Panel A shows the percentage of time 
spent freezing during tone presentations (means ± SEM) for the experimental groups across the three habituation trials (tone-only trials on left) and during tone- 
shock pairings (tone-shock trials on right). Percent freezing during tone-shock pairings was significantly predicted by test trial as a factor, indicating that 
freezing behavior significantly increased from the first to the sixth tone-shock pairing. There was no effect of experimental (surgical group) observed during fear 
conditioning. In Panel B, percentage of time freezing (means ± SEM) for the experimental groups is plotted for each of the 5 sessions during the 6 consecutive days of 
fear extinction training. Extinction freezing decreased across test days and was significantly lower than Day 1 by Day 4. In Panel C, the percent freezing time (means 
± SEM) across the 5 within-session trials (collapsed across test day of extinction training) was best fit by a 2-way interaction between experimental group and trials. 
Further analysis revealed significantly higher freezing during Trial 5 compared to Trial 1 only in the LFP mice. *Asterisks indicate significance at p < 0.05. 
n = 16–17/group. 

Fig. 4. Quantification of dendritic plasticity in the medial prefrontal cortex (mPFC). (A) Average spine density and individual values are plotted across experimental 
group in the mPFC. (B) Average spine density in the hemisphere ipsilateral to the surgical site across branch orders 2 and 3 in the mPFC. (C) Sholl analysis of mPFC 
dendritic branching complexity in the hemisphere ipsilateral to the surgical site. (D) Average spine density in the hemisphere contralateral to the surgical site across 
branch orders 2 and 3 in the mPFC. (E) Sholl analysis of mPFC dendritic branching complexity in the hemisphere contralateral to the surgical site. Data in Panels B-E 
are expressed as group means ± SEM. Asterisks indicate significance at p < 0.05. 
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of mTBI and the resultant changes in dendritic plasticity in key areas of 
the mPFC and BLA. We studied the impact of fear acquisition and fear 
extinction in three experimental groups: Unoperated controls, Sham 
(craniotomy) controls, and LFP mice (1.7 mm force fluid pulse applied 
to the brain in right parietal cortex). Since cellular learning processes 
require the restructuring of neurons, we examined dendritic arboriza
tion, complexity, and density in these models. Because brain injury can 
impact neuronal number in diffuse regions, we also measured cell 
numbers in regions of interest. We measured these elements in key brain 
regions (mPFC and BLA) related to fear learning at 2–3 weeks post-LFP 
surgery. Our study revealed the following main findings: 1) During fear 
acquisition, there were significant and comparable increases in freezing 
behavior across tone-shock pairing trials across all 3 experimental 
groups, 2) Freezing behavior gradually decreased in all experimental 
groups over 6 days of extinction training, 3) During extinction training, 
freezing behavior significantly increased across within-session extinc
tion trials in the LFP 1.7 group, whereas freezing behavior in control 
groups did not change on extinction test days. 4) In the ipsilateral 
hemisphere of the PFC, dendritic arborizations in the PFC were less 
complex in the LFP 1.7 group compared to the Sham control group, 5) In 
the BLA, there was a higher average spine density in the LFP 1.7 group 
versus control groups. 6) On some behavioral and dendritic measures, 
the craniotomy Sham group produced values similar to the LFP 1.7 

group or intermediate between the Unoperated and LFP 1.7 groups. 
Even with the increases in fearfulness in the LFP 1.7 group within trials 
on extinction days, extinction learning did take place over the 6-day 
time course of the trial reflecting a dissociation between within-trial and 
between-trial fear extinction learning. TBI may impact fear extinction by 
producing structural and functional impairments within both the PFC 
and BLA. Limitations to our study are that we did not examine other fear 
or PTSD-like behaviors, PFC-BLA projections or PFC or BLA neuronal 
function. 

During associative conditioning, subjects learn that a Conditioned 
Stimulus or CS (auditory cue in this study) predicts the occurrence of an 
Unconditioned Stimulus or US (footshock). This association produces 
Conditioned Responses such as freezing during CS presentation alone. 
Breaking the CS-US associative bond by presenting the CS without the 
US for several trials normally produces a reduction in the CR and this 
phenomenon is known as extinction. Fear extinction creates a new 
inhibitory memory that competes with the original CS-US bond (Maren, 
2011). In our study, the TBI group demonstrated increased conditioned 
fear responses after repeated presentations of the CS within extinction 
training sessions. After 30 fear cue exposures over 6 days of training, the 
TBI group did learn to extinguish the fear memories. Alterations in 
processing of the fear extinction memory in the TBI group could be 
explained by the associated changes in dendritic plasticity. The increases 

Fig. 5. Quantification of dendritic plasticity in the basolateral nucleus of the amygdala (BLA). (A) Effect of experimental group on average spine density along with 
individual values in the BLA. Asterisk indicates post-hoc significant group differences (p < 0.05). (B) Average spine density in the hemisphere ipsilateral to the 
surgical site across branch orders 2 and 3 in the BLA. Asterisk indicates significant effect of branch order (p < 0.05). (C) Sholl analysis of BLA dendritic branching 
complexity in the hemisphere ipsilateral to the surgical site. (D) Average spine density in the hemisphere contralateral to the surgical site across branch orders 2 and 3 
in the BLA. (E) Sholl analysis of BLA dendritic branching complexity in the hemisphere contralateral to the surgical site. Data in Panels B-E are expressed as 
experimental group means ± SEM. 
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in freezing behavior during extinction training sessions in the TBI group 
(vs. Sham and Unoperated groups) were accompanied by increased 
dendritic spine density in the BLA versus both control groups. These 
behavioral changes in the TBI group were associated with reduced 
dendritic complexity in the PFC (LFP 1.7 vs. Sham only). These changes 
in structural plasticity in the PFC and BLA could underlie the alterations 
in fear extinction learning observed in the TBI group. 

As mentioned, on some freezing measures and dendritic parameters, 
the craniotomy Sham group produced values similar to the TBI group or 
intermediate between the Unoperated controls and TBI groups. This is a 
phenomenon that has been previously demonstrated. Cole et al. (2011) 
demonstrated that the traditional craniotomy operation as a control 
produced inflammatory, morphological, and behavioral damage, which 
confounds interpretation of conventional experimental brain injury 
models. Similarly, Langaroui and colleagues (2012) presented findings 
demonstrating that the craniotomy control produced impairments in 
motor function with some deficits similar to the experimental TBI group. 
Further, the craniotomy control groups stimulated the transcription of 
several regulators of inflammation. In this study, there were similarities 
between inflammatory responses induced by a severe brain lesion (TBI) 
versus the mild brain injury from craniotomy. Corne et al. (2019) 
demonstrated that mild TBI and to a lesser degree craniotomy in mice 
induced conditioned fear responses when tested for fear extinction 
memory recall 6 weeks after extinction training. Changes in brain areas 
volumes in cortical regions in the craniotomy group were intermediate 
between the TBI and unoperated controls post-surgery. These studies 
and our findings highlight that craniotomy is not a neutral procedure 
and produces proinflammatory effects and affects dendritic plasticity as 
it alters behavior. 

The basolateral amygdala (BLA) is the major input site for sensory 
information relating to both fear cues and threat information via the 
thalamus and sensory cortex. The BLA is connected to the central nu
cleus of the amygdala (CeA), which mediates expression of fear, and is 
reciprocally connected with key regions of the PFC (providing fear cue 
information) and ventral hippocampus (fear context information). The 
CeA mediates emotional, autonomic and motoric fear and stress re
sponses through connections to nuclei in the brainstem, midbrain, and 
hypothalamus (Krabbe et al., 2018). Our findings of increased dendritic 
plasticity in the BLA may result in enhanced BLA processing of fear in
formation in TBI subjects and could mediate the increased freezing 
behavior exhibited during extinction sessions. The medial PFC projects 
to the amygdala and inhibits fear responses (Likhtik and Paz, 2015). In 
fear extinction, inputs from the infralimbic cortex (IL) of the PFC to the 
BLA and to the intercalated gamma-aminobutyric acid or GABAergic 
cells (ITC) of the amygdala results in reduced outputs from the CeA to 
hypothalamus, locus coeruleus and periaqueductal gray regions (Mad
dox et al., 2019). Our findings of decreased dendritic complexity in the 
PFC may result in reduced processing of fear information in TBI subjects 
and could contribute to the increased freezing behavior exhibited during 
extinction sessions. 

In our study, there was no observed effect of mTBI on the acquisition 
of cued conditioned fear. Other studies on the effects of mTBI on fear 
expression have produced differing results. For example, a study of mTBI 
in male rats showed increased expression of contextual conditioned fear 
which was associated with increased cell number in regions of the 
amygdala (Meyer et al., 2012). Likewise, Reger et al. (2012) found that 
LFP-induced mTBI produced greater cued and contextual conditioned 
fear in rats. However, using blast overpressure injury in rats, mTBI 
reduced the expression of fear that was conditioned in an operant task 
prior to mTBI exposure (Genovese et al., 2013). Similarly, Palmer et al. 
(2016) observed decreased expression of cued fear after LFP in male 
mice. In a model of LFP, acquisition of fear freezing was similar between 
all experimental groups during the contextual memory assessment 
(Fitzgerald et al., 2022). In this study sex-specific brain injury influenced 
freezing behavior changes over time. Finally, other studies showed that 
the controlled cortical impact model of mTBI did not affect the 

acquisition or expression conditioned fear or its extinction in mice 
(Sierra-Mercado et al., 2015, McAllister et al., 2015). The differences in 
these findings may be attributed to a variety of study design factors such 
as species of rodent (rats or mice), mTBI model (LFP, blast injury or CCI), 
area of brain injury, sex, fear conditioning and extinction methodologies 
and timing after injury. Overall, these factors can influence fear learning 
behavior and circuitry contributing to a variety of findings. 

As stated, we observed a dissociation between within-session and 
between-session extinction of conditioned fear in the TBI group. This 
abnormal acquisition of fear extinction memory has been previously 
observed. Dissociation of within- and between-session extinction has 
been produced by varying the extinction protocol (Plendl and Wotjak, 
2010). This last study demonstrated the independence of within-session 
and between-session extinction highlighting the importance of under
standing both phenomena. There have been several molecular mecha
nisms for this effect previously reported. For example, inhibition of 
signaling of the phosphatase calcineurin (Almeida-Corrêa et al., 2015) 
or of the endocannabinoid system (Plendl and Wotjak, 2010) impairs 
within- but not between-session extinction of fear. Future studies using 
our model can better examine the molecular mechanisms for our 
observed findings. The endocannabinoid system mediates neural repair 
and neuronal survival. TBI results in endocannabinoid release that 
inhibit injury-induced neuroinflammation, vasoconstriction and exci
totoxicity (Bales et al., 2010). Similarly, calcineurin plays a role in 
dendritic plasticity (Oh et al., 2015) and its expression is altered by TBI. 
These endogenous neuroprotectants and signaling molecules could play 
a role in the dendritic reorganization. More studies are needed to 
demonstrate the linkage to these molecular mechanisms to dendritic 
plasticity and fear-related behavioral changes in TBI. 

In this study, we observed increased dendritic spine density in the 
BLA and decreases in PFC dendritic complexity in TBI mice, and these 
results are largely consistent with previous findings. For example, 
Hoffman and associates (2017) found that brain-injured rats demon
strated enhanced structural plasticity in both pyramidal and stellate BLA 
neuronal types. Another study using blast TBI observed increased BLA 
dendritic branching and density of dendritic spines in injured mice 
(Ratliff et al., 2019). Other studies demonstrated similar reductions in 
PFC dendritic spine density in pyramidal neurons after mTBI (LFP) that 
was associated with impairments in fear extinction (Zhao et al., 2018). 
Using LFP injury in rats, Zhao and coworkers found reduced overall 
dendritic spine density of basal and apical dendrites on layer II/III py
ramidal neurons within the PFC in mTBI rats. The mTBI group also 
showed increased freezing behaviors during and after extinction 
training compared to controls. Additionally, our group demonstrated 
that fear conditioning alone increases structural plasticity of dendrites in 
the BLA and values returns to baseline levels following fear extinction 
training (Heinrichs et al., 2013a). These studies in concert with ours 
suggest that reductions in PFC spine density from TBI impair their ability 
to extinguish amydala-based fear responses. Conversely, fear-related 
learning transforms the number and shape of dendritic spines in the 
BLA and this process of reorganization and reconnection may be more 
responsible for increases in fearfulness during extinction training. 

These results have potential translational impacts related to comor
bid TBI and PTSD. Clinical studies have shown that extinction training 
does produce reductions in fear-related PTSD symptoms in TBI subjects 
(Sripada et al., 2013; Wolf et al., 2012). In a human fear extinction trial, 
Golkar and Öhman,( 2012) demonstrated that immediate extinction (vs. 
delayed extinction) resulted in differences in fear outcomes. Delayed 
extinction resulted in greater reinstatement of fear responses and sug
gested that within-session extinction responses may be relevant to this 
poorer outcome. Similarly, Bluette and colleagues (2012) examined 
patients with PTSD in a Prolonged Exposure treatment trial, which in
corporates fear extinction approaches, and examined within-session 
distress. More PTSD patients demonstrated unreliable changes in 
distress (64.7%) than reliable changes (35.3%) and the reliable changes 
produced less PTSD severity (re-experiencing, hyperarousal) and 
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depression, and better functioning. These studies highlight possible 
translational implications of the within-session impairments of fear 
extinction as demonstrated in our study. 

Animal model studies in TBI have demonstrated that many com
pounds and therapeutics have the potential to greatly reduce post-injury 
behavioral sequela for individuals experiencing TBI. However, to date 
there are no FDA approved drugs for the treatment of TBI-induced 
anxiety and fear responses (Shear and Tortella, 2013). Future clinical 
studies should utilize both more effective extinction therapy approaches 
in combination with potential therapeutic compounds. In addition, 
clinical studies could also employ functional neuroimaging during fear 
extinction treatment with a focus on mPFC and amygdala regions. Such 
studies may provide a better mechanistic understanding of under
standing of neural mechanisms in comorbid TBI and PTSD and elucidate 
optimal treatment approaches for these debilitating conditions. 
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