JOURNAL OF NEUROTRAUMA 35:149-156 (January 1, 2018)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2016.4898

Mild Traumatic Brain Injury Reduces Spine Density
of Projection Neurons in the Medial Prefrontal Cortex
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Abstract

Epidemiology studies have found that a comorbidity exists between traumatic brain injury (TBI) and stress-related dis-
orders. However, the anatomical and cellular bases for this association is poorly understood. An inability to extinguish
the memory of a traumatic event lies at the core of many stress-related disorders. Experimental studies have shown that the
medial pre-frontal cortex (mPFC), especially the infralimbic (IL) cortex, is required for extinction and for storing the
memory of extinction. The output from the central nucleus of amygdala projects to the lateral hypothalamus, paraventricular
nucleus, and central gray to regulate heart rate, stress hormone release, and freezing behavior, respectively. Projection
neurons of the IL (layers II/III pyramidal neurons) are thought to stimulate GABAergic neurons in the amygdala, which, in
turn, inhibit central amygdala output and reduce fear expression. Thus, loss and/or altered morphology of projection neurons
of IL as a result of a mild TBI (mTBI) can compromise their ability to effectively inhibit the central amygdala, allowing the
original fear memory to drive behavior. Using lateral mild fluid percussion injury (mFPI) in rats, we found that mFPI did not
reduce neuronal numbers in the IL, but caused a significant reduction in overall dendritic spine density of both basal and
apical dendrites on layer II/IIl pyramidal neurons. Spine numbers on layer V/VI pyramidal neurons were not significantly
changed as a result of mFPI. The reduction in spine density on layer II/III pyramidal neurons we observed may diminish the
efficacy of these neurons to inhibit the output of the central amygdala, thereby reducing the ability of the IL to suppress fear
responses after extinction training. Consistent with this, mFPI rats display enhanced freezing behavior during and after
extinction training as compared to sham-operated controls, although the ability to form contextual fear memories was not
impaired. These results may have implications in stress-related disorders associated with mTBI.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) increases the risk for devel-
oping psychiatric illnesses.' Although depression is the most
prevalent psychiatric disorder observed in people who have sus-
tained a TBI, anxiety disorders are also common and are frequently
comorbid with depression.? Studies have shown that individuals
with TBI experience a variety of anxiety disorders, including gen-
eral anxiety disorder, panic disorder, obsessive compulsive disor-
der, and post-traumatic stress disorder (PTSD)."3 Consistent with
this, epidemiological studies have reported comorbidity between
mild TBI (mTBI) and PTSD. Among military personnel and vet-
erans with TBI, estimates of PTSD range from 12% to 89%.* Even
when accounting for pre-deployment symptoms, prior TBI, and
combat intensity, TBI during the most recent deployment is the

strongest predictor of post-deployment PTSD symptoms.” These
results suggest that TBI may make a person vulnerable to (or reduce
the threshold for) developing PTSD or other stress disorders in re-
sponse to a subsequent traumatic/life-threatening event.

An inability to extinguish the memory of a traumatic event lies at
the core of many stress-related disorders.® When a person experi-
ences a traumatic event, the subject can form an association be-
tween an otherwise innocuous stimuli (referred as the conditioned
stimulus) such as a sound, a smell, and/or the context in which the
event occurred, and the harmful event (referred to as the uncon-
ditioned stimulus). This association is learned rapidly, and the
memory for the traumatic event is robust and can be long-lasting.
When the person is subsequently exposed to the conditioned
stimulus alone (referred to as the trigger), it causes a fear response
referred to as the conditioned response. Repeated exposure to the
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conditioned stimulus in the absence of the unconditioned stimulus
results in a gradual reduction of the fear response through extinc-
tion. In the late 1920s, Pavlov suggested that extinction does not
erase the stored memory, but results from new learning.” Consistent
with this, it has been demonstrated that the fear response returns
when the conditioned stimulus is presented in a new context.®'
This indicates an important role for the context in which the ex-
tinction training is carried out in fear memory extinction. These and
other studies indicate that extinction forms a new memory that
suppresses learned fear responses.

The amygdala is a key structure that is essential for the formation
of fear memories and for mediating fear responses. The neurons of
the central nucleus of amygdala (CeA) project to structures in-
cluding the periaqueductal gray (controls the freezing behavior), the
lateral hypothalamus (increases blood pressure), and the para-
ventricular nucleus of the hypothalamus (mediates release of stress
hormones). The output from the central nucleus, in turn, is con-
trolled by the projections from pyramidal neurons within the in-
fralimbic (IL) cortex of the medial pre-frontal cortex (Fig. 1). When
the activity of IL neurons is blocked, animals can learn the associ-
ation between the conditioned and unconditional stimuli; however,
the memory of extinction is impaired.'"'? In contrast, stimulation of
IL neurons facilitates extinction learning and the formation of ex-
tinction memory.'>'* Based on in vivo activity recording and an-
atomical tracing data, a model by which IL neurons are involved in
fear memory extinction has been proposed. In this model, repeated
exposure to the conditioned stimulus activates pyramidal neurons
within the IL. IL neurons directly (or indirectly through the baso-
lateral amygdala) activate the intercalated cells of the amygdala,
which are GABAergic neurons located between the basolateral and
the central amygdalas.'>'® These cells then inhibit central amygdala
activity, thereby suppressing the fear response.

Although epidemiological studies have reported comorbidity
between TBI and stress-related disorders, the cellular mecha-
nism(s) that underlie this association is not known. Given that spine
density is a correlate for the strength of neuronal communication,
we questioned whether mFPI alters the density of spines on apical
or basal dendrites in layer II/II or layer V/VI pyramidal neurons of
the IL. Our results show that lateral mild fluid percussion injury
(mFPI) impaired extinction learning and extinction memory when
tested 1 month after the injury, in the absence of cell loss in the IL.
In addition, we observed a significant reduction in the spine density
of layer II/III pyramidal neurons.

Methods
Materials

Male Sprague-Dawley rats (275-300 g) were purchased from
Harlan Laboratories (Indianapolis, IN). Antibodies to neuronal
nucleus (NeuN; Millipore, Billerica, MA) and CaMKIlo (Cell
Signaling Technology, Danvers, MA) were obtained for use in
these studies. An FD Rapid GolgiStain Kit was purchased from FD
Neurotechnologies (Columbia, MD).

Lateral fluid percussion injury

All experimental procedures were approved by the Institutional
Animal Care and Use Committee and were conducted in accord
with the recommendations provided in the Guide for the Care and
Use of Laboratory Animals. Protocols were designed to minimize
pain and discomfort during the injury procedure and recovery.
Lateral FPI was carried out similar to that described previously.'” '
Briefly, rats were initially anesthetized using 5% isoflurane with a
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FIG. 1. IL regulation of fear memory extinction. Schematic

drawing of layer II/IIl and layer V pyramidal neurons within the
IL. Based on cortical neuroanatomy, layer II/III and layer V
neurons receive limbic inputs (from the amygdala, hippocampus,
entorhinal cortex, and cingulate cortex) to the distal portions of
their apical dendrites, whereas thalamic input is received on
proximal apical and basal dendrites. Spines (filled red circles)
cover the dendrites, an enlarged view of which is shown to the
right. During extinction, layer II/III neurons fire (indicated by
train of action potentials) upon exposure to the CS alone. The
excitatory output of these neurons directly and/or indirectly acti-
vate GABAergic neurons that comprise the intercalated cells of
the amygdala (ITC). The ITC, in turn, inhibits the central nucleus
of the amygdala (CeA). Reduced CeA activity (indicated by action
potentials) results in less stimulation of the lateral hypothalamus
(LH), the paraventricular nucleus (PVN), and the central gray
(CG), thereby reducing the physical manifestations of fear. BLA,
basolateral amygdala; IL, infralimbic cortex.

1:1 N,O/O, mixture and then maintained with a 2.5% isoflurane
with 1:1 air/O, mixture by a face mask. Animals were mounted
on the stereotaxic frame; a 4.8-mm-diameter craniotomy was
carefully made midway between bregma and lambda. The crani-
otomy used for hub placement was centered at 4.4 mm from mid-
line, placing the epicenter of the injury over the right parietal
cortex. A hub (modified from a 20-gauge needle) was implanted
into the burr hole and affixed to the skull by contact adhesive and
dental cement. Once the assembly was secured, the rat was re-
moved from the anesthesia and allowed to regain its toe pinch
reflex. Immediately upon regaining this reflex, the rat was injured
using an FPI device and a pressure of 1.5 atmosphere (atm) over
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base room pressure. Previous studies have shown that this injury
magnitude does not cause visible brain damage, nor overt hippo-
campal damage, but does cause axonal injury as detected by dif-
fusion tensor imaging.”® Acute neurological responses were
recorded post-injury. On average, injured animals regain their re-
sponse to toe pinch at 72.4t5.6sec, tail pain reflexes by
100.1£5.3 sec, and their righting response (ability to right itself
three consecutive times after being placed on its back) by
387+11.2sec. By comparison, sham-operated animals require
only 36.3 £ 8.4 sec to regain their righting response (after subtrac-
tion of the tail pinch reflex). Post-injury, the hub and surrounding
dental cement were immediately removed and the incision closed
by wound clips. Sham-operated animals received all the afore-
mentioned surgical procedures except hub implantation and the
injury. Animals’ body temperature was maintained at 37°C during
the surgery using a rectal thermometer coupled to a heating pad.

Immunohistochemistry

Two weeks after injury or sham operation, rats were deeply
anesthetized with sodium pentobarbital (100 mg/kg) and transcar-
dially perfused with phosphate-buffered saline (PBS) followed by
4% paraformaldehyde. Brains were removed, post-fixed overnight
in perfusant, then cryoprotected in a 30% sucrose solution. Tissue
sections (40 um in thickness) were generated using a Leica CM
1950 cryostat (Leica Biosystems Nussloch GmbH, Nussloch,
Germany), and stored in PBS at 4°C until needed. Free-floating
slices were incubated overnight in primary antibody (0.5-1.0 ug/
mL) in 0.1% Tween-20 in PBS containing 2% bovine serum album
and 2.5% normal goat serum at 4°C. After extensive washing,
immunoreactivity was detected using species-specific secondary
antibodies conjugated to horseradish peroxidase and developed
using diaminobenzadine as the chromagen.
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Stereological cell counts

A blind counting methodology was used for determination of
neuronal density in the IL. Sections spanning the rostral-caudal
extent of the IL were chosen and immunostained as described
above. Immuno-positive cells were counted using the optical dis-
sector technique and Stereo Investigator (MicroBrightField
Bioscience, Williston, VT).21 The IL was identified based on its
relative position to major landmarks, such as the forceps minor and
genu of the corpus callosum, and the nucleus accumbens as indi-
cated in Paxinos and Watson.?* The IL was further differentiated
from the pre-limbic cortex because of its thinner shape and fewer,
less well-defined cortical layers.”®> The periphery of the IL was
carefully outlined and the number of labeled cells in approximately
20 computer-chosen areas scored for each section by a blinded
observer. The counting frame was 60X 60 um. The size of the
counting frame and the number of grid sections were determined
based on preliminary cell counts. Cells in the outermost planes of
focus were omitted to avoid counting cell caps. The number of
labeled cells/mm? for each section was obtained from the estimated
cells divided by the contour area. The number of cells/mm? for each
animal was calculated as the average of the number of cells/mm?
from each section examined.

Context fear conditioning and extinction

Beginning on day 28 post-injury, rats were trained in a one-trial
fear conditioning task. Rats were placed in the training chamber
and allowed to freely explore their new surroundings for a period of
2min. Freezing behavior was monitored (in 2-sec increments)
throughout the 2-min period by an observer blinded to the injury
status of the animals. A 2-sec, 0.7-mA footshock was then de-
livered. Thirty seconds after the footshock, rats were removed from
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FIG. 2. Lateral mFPI impairs extinction and memory for extinction. (A) Timeline for contextual fear and extinction training and testing.
Rats received a lateral mild FPI (or sham operated); 4 weeks later, animals were trained in a one-trial context fear conditioning task.
Twenty-four hours after training, memory was assessed. Fear memory extinction was carried out 24 h later. Memory of the extinction was
tested 24 h later. Freezing behavior (percent time spent freezing) was used as an indicator of fear. (B) Both sham and mFPI animals showed
similar freezing behaviors during the period of context fear testing, an indication that mFPI does not impair context fear memory. (C)
During extinction training, sham-operated rats learn that the context does not predict the footshock, as indicated by reduced freezing over
time. mFPI animals displayed enhanced freezing behavior throughout the extinction training period, indicating impaired extinction
learning. (D) When tested for extinction memory, sham animals displayed reduced freezing indicating memory for the extinction learning.
In contrast, mFPI animals displayed significantly enhanced freezing, indicating impaired memory for the extinction training. Data are
mean t standard error of the mean. *Significant difference between sham and mFPI by #-test. *Sigm'ﬁcant difference between sham and
mFPI by repeated-measures two-way analysis of variance. mFPI, mild fluid percussion injury.
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the training chamber and returned to their home cage. Twenty-four
hours later, fear memory was tested by placing the animal back in
the training chamber for a period of 3 min and scoring freezing
behavior. Extinction training was carried out 24 h after fear mem-
ory testing by placing the animal in the training chamber for a
period of 10 min. Freezing behavior was monitored throughout the
extinction period. Twenty-four hours later, memory for the ex-
tinction was tested as described above.

Rapid Golgi staining

Rapid Golgi staining was performed using a Rapid GolgiStain
kit (FD Neuro Technologies, Ellicot City, MD) following the
procedures recommended by the manufacturer. Thirty-two days
post-injury (after the completion of extinction memory testing),
animals were killed by decapitation, brains were quickly ex-
tracted, and the frontal lobe removed while submerged in ice-cold
artificial cerebrospinal fluid. The frontal lobe was rinsed in ice-
cold water, then cut into 5-mm slabs. Slabs were immersed in
silver impregnation solution for 2 weeks in the dark, followed by
immersion in ‘‘Solution C” for an additional week. Next, 150-
um-thick serial sections spanning the rostral-caudal extent of the
IL were cut on a cryostat. Sections were mounted on 3% gelatin-
coated slides and allowed to dry overnight. Development was
carried out as described by the vendor, followed by fixation in 1%
glutaraldehyde for 1 h. Sections were rinsed then dehydrated us-
ing an alcohol series and clarified using xylene before cover-
slipping with Permount (Thermo Fisher Scientific Inc., Waltham,
MA). Silver-impregnated layer II/III and V/VI pyramidal neurons
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in the IL were identified by their characteristic triangular cell
soma with a prominent apical dendrite projecting toward the su-
perficial layers of the cortex. Layer II/IIl was identified as the
neuron dense subcortical layer proximal to the neuron sparse layer
I, whereas layer V/VI was identified by the presence of pyramidal
neurons with relatively larger cell bodies. Five pyramidal neurons
in the IL ipsilateral to the injury per animal were chosen randomly
(n=5 for both injured and sham animals). The number of spines
on first- to fourth-order apical and basal dendrites were counted by
observers blind to the group designations. To be included in the
analysis, the dendritic branch had to be at least 25 ym in length.
The number of spines was divided by the length of the dendrite to
give spine density.

Statistical analysis

Cell counts between sham and mFPI animals were statistically
compared using a Student’s #-test for unpaired groups. Evaluation
of spine density was compared using a two-way analysis of vari-
ance (ANOVA). Group main and interactions (group X branch or-
der) were considered to be statistically different at p <0.05. For
evaluation of behavioral data, repeated measures (RM) ANOVAs
(two-way or one-way as appropriate) and t-tests were utilized to
determine statistical differences. A Holm-Sidak method for mul-
tiple comparisons post-hoc test was used to determine data points
with significant differences. For data that did not pass a Shapiro-
Wilk normality test, appropriate nonparametric analysis was per-
formed. Data were considered significant at p <0.05 and presented
as mean * standard error of the mean.
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FIG. 3. Lateral mFPI does not cause neuronal cell loss in the infralimbic (IL) cortex. (A) Drawing indicating the relative position of IL
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cc, corpus callosum; PL, pre-limbic cortex; rf, rhinal fissure. (B) Representative images of NeuN-stained sections showing the

neuronal layers of the IL. (C) Summary data showing that the area of the IL measured in sham and mFPI rats (n=4/group) did not differ
between groups. (D) Stereological cell counts of the ipsilateral IL showed that the number of NeuN-positive neurons/mm?® did not
significantly change as a result of mFPI (n=4/group). mFPI, mild fluid percussion injury; NeuN, neuronal nucleus.
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Results

Mild fluid percussion injury impairs fear memory
extinction

Rats were subjected to either a 1.5-atm mFPI or sham-operated
(n=28/group). Twenty-eight days after the injury, animals were
trained using a one-trial context fear paradigm (Fig. 2A) in the
absence of a salient cue (e.g., tone). Twenty-four hours later, fear
memory was assessed by placing the animals into the training
chamber and measuring percent freezing over a 3-min period in the
absence of a footshock. Freezing behavior, defined as the absence
of all movement except that needed for respiration, was scored in
2-sec intervals and used as an indicator of fear. Figure 2B shows that
there was no significant difference in freezing behavior between the
mFPI and sham animals (p=0.797), indicating that both groups
learned to associate the footshock with the training chamber.

Extinction training was carried out by placing the animals in the
training chamber for a period of 10min in the absence of the
footshock. Freezing behavior was scored in 2-sec intervals, then
binned into 2-min intervals for analysis. Figure 2C shows that over
the 10-min extinction period, sham-operated animals learn that the
training chamber is now ‘‘safe’” as indicated by a significant re-
duction in their freezing behavior over time (one-way RM ANOVA,
F(48y=20.106; p <0.001). mFPI animals, by comparison, displayed
a modest reduction in freezing behavior (one-way RM ANOVA,
F(428y=2.676; p=0.052), indicating impaired extinction learning.
When the acquisition curves for extinction learning were compared
across groups, a significant difference was observed between the
sham and mFPI groups (interaction by two-way RM ANOVA,
Fu56)=8.463; p<0.001). Memory for extinction was tested by
placing the animal back in the training chamber 24 h after extinc-
tion training. Sham-operated rats displayed freezing behaviors
during only 20% of the testing period (Fig. 2D). In contrast, mFPI
rats displayed freezing behaviors 50% of the time, indicating a poor
memory for the extinction training. When freezing behaviors were
compared, mFPI animals froze significantly more than sham-
operated controls (p <0.001). Taken together, these results indicate
that mild lateral FPI does not impair the ability of injured animals to
form context fear association memories, but impairs context fear
memory extinction and memory of extinction.

Mild fluid percussion injury does not cause neuronal
loss in the infralimbic cortex

Previous studies have demonstrated a key role for the IL in the
formation of fear extinction memory.''*!* We therefore examined
whether lateral mFPI causes the loss of neurons within the IL.
Figure 3A shows the relative position of the IL as described by Paxinos
and Watson.? Tissue sections from sham and 14-day post-injury mFPI
animals containing the IL (Fig. 3B) were used for NeuN (a marker of
neurons) immunohistochemistry and immunopositive cells counted
using the optical dissector technique. Figure 3C shows no significant
differences in the area of the ipsilateral IL (p=0.824). When NeuN-
positive cells in the IL were counted, there was no significant differ-
ence (p=0.617) between the sham and mFPI groups (n=4/group),
indicating that mFPI does not cause the loss of IL neurons.

Mild fluid percussion injury decreases spine density
in layer Il/lll pyramidal neurons of the infralimbic cortex

Retrograde tracing studies have demonstrated that IL pyramidal
neurons projecting to the amygdaloid complex are primarily lo-
cated in layers I/III and V/VL**** In order to assess whether
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morphological changes occurred as a result of mFPI, injured and
sham-operated animals were euthanized 32 days post-injury (cor-
responding to the end of extinction training and testing) and tissue
containing the IL processed using a Rapid Golgi staining kit
(Fig. 4A). The number of spines on layer II/IIl and layer V/VI
apical and basal dendrites were counted by observers blind to the
groups. Figure 4B shows a representative drawing of a typical layer
II/IIT pyramidal neuron. These cells were identified based on their
proximity to the neuron sparse layer I, their characteristic triangular
soma, and their relatively short apical dendrites. Because layer 11
and layer III are difficult to distinguish using Golgi staining, the
pyramidal neurons in these layers were combined for analysis.
Similarly, pyramidal neurons within layers V and VI, identified by
their relatively larger triangular soma and long apical dendrites,
were combined for analysis. Spines on first- to fourth-order apical
and basal dendrites were counted (indicated in Fig. 4B), the length
of the dendrite measured, and the density calculated as described in
the Methods section.

Representative photomicrographs of dendritic spines (third-order
apical dendrites from layer II/III pyramidal neurons) from a sham
and an mFPI animal are shown in Figure 5A. When analyzed using a
two-way ANOVA, no significant differences in spine density were

Basal

Apical

FIG. 4. Identification of Golgi stained layer II/IIl and layer V/VI
neurons within the infralimbic cortex (IL). (A) Illustration showing
the relative position of the IL compared to the pre-limbic cortex
(PL), the corpus callosum (cc), and the rhinal fissure (rf). A rep-
resentative image of a Golgi-stained IL showing the position of
layer II/IIT and layer V/VI neurons is shown. (B) Tracings of Golgi-
stained layer II/IIl and layer V/VI pyramidal neurons from the IL
showing the characteristic morphology (triangular shaped soma) to
the cells in each layer. First- (dendrites emerging directly from the
cell soma), second- (dendrites emerging from the first order), third-
(dendrites emerging from the second-order dendrites), and fourth-
order (dendrites emerging from the third order) dendrites for both
layer II/III and layer V/VI apical dendrites are indicated. Spines on
both basal and apical (labeled) dendrites were counted.
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FIG. 5. Lateral mFPI significantly reduces overall spine density in layer II/IIl pyramidal neurons of the IL. (A) Representative images of third-
order apical dendrites and spines from a sham and an mFPI animal. Summary data showing of the number of spines/10 um counted in first- to
fourth-order (B) apical and (C) basal dendrites from layer V/VI pyramidal neurons from sham and mFPI rats. (D) Summary data showing that mFPI
causes a significant overall, but not on individual branch orders, decrease in spine density (spines/10 um) on apical dendrites from layer II/III
pyramidal neurons compared to sham animals. (E) Significant decreases in overall (but not on individual branch orders) spine density (spines/
10 um) on basal dendrites from layer II/III pyramidal neurons were observed in mFPI animals compared to sham controls. Data are mean + standard
error of the mean. JFSignjﬁcant difference between sham and mFPI by two-way analysis of variance. mFPI, mild fluid percussion injury.

detected in either the apical (Fig. 5B; F(; 3y=2.374; p=0.132) or basal
(Fig. 5C; F(1.3)=0.491; p=0.488) dendrites of layer V/VI pyramidal
neurons. In contrast, a significant reduction in overall dendritic spine
density was observed on both the apical (Fig. 5D; F(; 3=6.001;
p=0.020) and basal (Fig. 5E; F(;3,=7.325; p=0.011) dendrites of
layer II/III neurons. Post-hoc analysis indicated that the decrease in
spine density was not restricted to any particular branch order.

Discussion

Previous epidemiological studies have reported an association
between stress-related disorders and mTBI. However, the cellular

basis for this association is not known. Our study revealed two key
findings: 1) mFPI caused impaired context fear extinction and
memory of extinction, and 2) this impairment was not attributed
to loss of neurons within the IL, but was associated with an over-
all reduction in apical and basal dendritic spine density of layer
II/III pyramidal neurons. Taken together, these results suggest that
mTBI may compromise IL cortex function and may make a person
susceptible to stress-related disorders by impairing extinction learn-
ing and/or extinction memory. To our knowledge, this is the first
study to show that mTBI causes impairment of contextual fear
memory extinction and induces changes in the morphology of
neurons in the IL.
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Pharmacological, electrical, and optogenetic manipulations of
IL function have demonstrated its involvement in extinction
learning and extinction memory.''?°~*° Fear memory extinction
has been proposed to occur through IL-mediated activation of
GABAergic neurons within the intercalated cells, thereby sup-
pressing the ability of the basolateral amygdala to activate the
central amygdala (Fig. 1). An alternate model for fear memory
extinction posits that a primary target of the IL is a distinct popu-
lation of neurons in the basolateral amygdala, rather than the in-
tercalated cells.>® In this model, IL modulates amygdala output
through the basolateral amygdla (through the intercalated cells) to
suppress fear.??'32 Although it has been previously reported that
lateral mild FPI (centered —4.5 mm from bregma) does not cause
overt cell loss in the hippocampus,®**** it had not been examined
whether this injury results in damage to the IL. Unbiased stereo-
logical cell counts of NeuN-stained sections revealed that mFPI
does not cause any significant loss of neurons in the IL. However,
quantification of dendritic spines revealed a significant reduction in
overall spine density in both apical and basal dendrites of pyramidal
neurons in layers II/IIl. One interesting aspect of the present study
is that we found the spine density of layer II/IIL, but not layer V/VI,
pyramidal neurons in the IL was decreased as a result of mFPIL.
Although the reason for this is not clear, given that layer V/VI
pyramidal neurons receive inputs from layer II/III pyramidal neu-
rons, it is anticipated that the changes we observed in layer II/IIT
would alter the output of layer V/VI neurons as well.

Fear learning and memory have been previously tested in ani-
mals subjected to lateral mFPI. For example, Reger and colleagues
tested the consequences of mFPI on fear acquisition and memory
using different training paradigms.*® Although this group demon-
strated that training paradigms that used an auditory cue resulted in
increased fear memory, no difference in fear memory was observed
between sham and mFPI animals when tested after contextual fear
conditioning. This is consistent with our results using a one-trial
contextual fear conditioning paradigm (no auditory cue was pre-
sented) in which both sham and mFPI animals displayed equivalent
freezing behaviors when placed back into the training chamber 24 h
after conditioning (Fig. 2B). Although mFPI animals were capable
of making long-term contextual fear memories, they had poor ex-
tinction learning as indicated by modest decrease in freezing over
time (Fig. 2C). In contrast, the freezing behavior of sham animals
significantly decreased over time as a result of extinction learning.
Comparison of freezing behaviors 24 h after extinction learning as
an indicator of memory for extinction revealed that mFPI animals
froze significantly more than sham-operated controls (Fig. 2D),
indicating poor memory of extinction. Using a controlled cortical
impact model of TBI, Sierra-Mercado and colleagues did not ob-
serve any influence of injury on fear memory extinction or ex-
tinction memory, a finding in contrast to that presented here.
Although the reason for this apparent discrepancy is not known at
present, differences in injury (focal vs. diffuse), cued versus non-
cued training, and time of testing could have contributed. Future
studies will be required to delineate the relative contribution of
these differences in the results we observed.

One limitation of the current study is that although we demon-
strate an association between reduced spine numbers and impaired
fear memory extinction, we cannot establish causality. Intracellular
recordings in vivo from IL neurons with altered morphology would
be required to determine the impact of the changes we observed on
neuronal activity. A similar approach has been used to demonstrate
the consequences of altered hippocampal neuronal morphology in
post-traumatic epilepsy.*®*” In summary, our results show that
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lateral mFPI does not cause neuronal loss in the IL, but significantly
reduces overall spine density of layer II/IlI pyramidal neurons. This
decrease was associated with impaired extinction learning and
extinction memory, suggesting that the reduced spine density may
have compromised the efficacy of the IL to inhibit output from the
central amygdala (Fig. 6). The reduced efficacy of the IL as a result
of mTBI may make the injured brain vulnerable (or reduce the
threshold) for developing stress-related disorders. These results
further suggest that a history of mTBI, in which the function of the

Thalamus

\®

WA (cen )

LH PVN CG
Increased Elevated Freezing
stress 2
heart rate behavior
hormones

FIG. 6. Hypothetical model for impaired extinction and ex-
tinction fear memory after mild TBI (mTBI). Layer II/III pyra-
midal neurons in the IL receive information regarding the context
via projections from limbic structures (e.g., amygdala, hippo-
campus, entorhinal cortex, and cingulate cortex) which synapse on
their dendrites. In addition, these neurons also receive thalamic
input predominately on their proximal dendrites. A reduction in
spine density of these neurons as a result of mTBI is likely de-
crease the ability of these neurons to initiate action potentials.
This reduction in firing rate will decrease the ability of the IL to
directly or indirectly stimulate the inhibitory GABAergic neurons
in the intercalated cells of the amygdala (ITC). As a result, the
output from the CeA is expected to remain elevated, leading to
physical manifestations of fear (e.g., heart rate, freezing behavior,
and stress hormones). This model also predicts that reduced ac-
tivity in layer II/III neurons will decrease the output from layer V/
VI neurons. BLA, basolateral amygdala; CeA, central nucleus of
the amygdala; CG, central gray; IL, infralimbic cortex; LH, lateral
hypothalamus; PVN, paraventricular nucleus.
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prefrontal cortex is compromised, may increase the likelihood for
developing PTSD-like symptoms to a subsequent traumatic event.
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