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Abstract

Traumatic brain injury (TBI) has long been identified as a precipitating risk factor for higher-order cognitive deficits
associated with the frontal and prefrontal cortices (PFC). In addition, mild repetitive TBI (rTBI), in particular, is being
steadily recognized to increase the risk of neurodegenerative disease. Thus, further understanding of how mild rTBI changes
the pathophysiology of the brain to lead to cognitive impairment is warranted. The current models of rTBI lack knowledge
regarding chronic higher-order cognitive functions and the underlying neuronal physiology, especially functions involving
the PFC. Here, we establish that five repeated mild hits, allowing rotational acceleration of the head, lead to chronic deficits
in PFC-dependent functions such as social behavior, spatial working memory, and environmental response with concomitant
microgliosis and a small decrease in the adaptation rate of layer V pyramidal neurons in the medial PFC (mPFC). However,
structural damage is not seen on in vivo T2-weighted magnetic resonance imaging (MRI), and extensive intrinsic excitability
changes in layer V pyramidal neurons of the mPFC are not observed. Thus, this rTBI animal model can recapitulate chronic

higher-order cognitive impairments without structural damage on MR imaging as observed in humans.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is the leading cause of chronic
neurological disability.'™ The most common deficits reported
even after a mild TBI are in higher-order cognitive functions in-
volving the frontal and prefrontal cortices (PFC).*™'" Similar be-
havioral abnormalities, such as increased risk-taking, changes in
social behavior, lack of judgment, and mood disorders, are also noted
as early symptoms in chronic traumatic encephalopathy (CTE), a
neurodegenerative disease associated with repetitive head injury.'>™'
While mild repetitive TBI (rTBI) has been clearly linked with
CTE," many other progressive neurodegenerative diseases, in-
cluding Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, and multiple sclerosis are additionally associated
with TBL'®?° Notably, after an initial TBI there is greater vulnera-
bility to subsequent injuries and increased cognitive impairment.*!*

For these reasons, investigation of the underlying mechanisms
associated with cognitive dysfunction after rTBI is needed. Several
models of rTBI have been developed but the chronic cognitive
deficits and the underlying neuronal physiology, especially deficits
related to PFC function, have not been evaluated. The CHIMERA

(Closed-Head Impact Model of Engineered Rotational Accelera-
tion) model is a newly developed injury device that allows precise
control of impact energy, velocity, and direction of injury, while
allowing free movement of the head, similar to most types of
human TBI.?*?* With this device, it is possible to deliver multi-
ple, reproducible, mild closed-head injuries.”>** Long-lasting
hippocampal-dependent learning impairments have been reported
up to 6 months after three mild hits®>; however, the range of chronic
maladaptive impairments in higher-order cognitive functions such
as those observed in humans after repetitive trauma, as well as the
underlying neuronal physiology, are currently unknown.

Using the CHIMERA apparatus, here we investigated PFC-
dependent chronic cognitive functions as well as structural T2-
weighted MR imaging and the pathophysiology of the PFC after
five repetitive mild hits in male mice.

Methods

Animal procedures

All animal experiments were conducted in compliance with
animal protocols approved by the Institutional Animal Care and
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Use Committee at the University of California, San Francisco
(UCSF), following National Institutes of Health guidelines for
animal care. Because repetitive injury in humans has predomi-
nately been reported in male athletes, particularly in contact sports,
and in veterans, > we sought to first specifically evaluate male
mice to examine if this model of mild rTBI could recapitulate the
higher-order cognitive deficits observed in humans. C57BL/6J
male mice were purchased from the Jackson Laboratory at 7 weeks
of age. Mice were given one week of acclimation and housed with a
reversed 12-h light/12-h dark cycle and provided food and water ad
libitum. At 8 weeks of age, mice (total n=41) were randomly as-
signed to the rTBI (n=19) or sham control group (n=22). Animals
were anesthetized using isoflurane (2%) in oxygen 1 L/min during
the procedure. rTBI animals were subjected to multiple, mild,
closed-head injuries using the CHIMERA device as previously
reported.** Briefly, rTBI animals were placed supinely into an
angled holding platform without any shaving of the head or incision
into the skin so that the head was level with the piston target hole
while aligning the eyes, ears, and nose such that the impact was
centered on the dorsal convexity of the skull, targeting a 5-mm
area surrounding bregma. A nose cone delivering isoflurane was
removed just prior to the impact. Impact was initiated using Re-
alTerm software, which was connected to a system including air
tank, pressure regulator, digital pressure gauge, two-way solenoid
valve, and piston. The impact was administered using an air pressure
of 2.95 2psi, resulting in an impact energy of 0.5 J from the 5 mm, 50 g
piston.”*** Animals were moved to an incubator immediately after
the impact and monitored until fully recovered. rTBI animals re-
ceived an injury once per day for 5 days with a 24 h interval in
between impacts. Five repeated hits were chosen to specifically
focus on the effects of repeated exposure to TBI, as athletes and
veterans are exposed to constant and repeated blows, even without
experiencing concussive symptoms. Sham mice were exposed to
the same isoflurane anesthesia paradigm (~ 8 min of anesthesia)
without sustaining an impact. All animals regained the righting
reflex in 5 min or less. Skull fractures, seizures, apnea, or mortality
were not observed in any animals, and no animals were excluded
from the study due to injury parameters.

Mice underwent behavioral testing between 26 and 35 days post-
injury (dpi), elevated plus maze at 26 dpi (n=9-10/group), social
testing on 27-28dpi (n=13-16/group), and delayed matching to
place (DMP) using a modified Barnes maze at 32-35 dpi (n=15-18/
group). In vivo magnetic resonance imaging (MRI) was performed
at 40 dpi (n=>5-7/group). These animals were chosen randomly
based on MRI scanner availability. In addition, a separate sub-set of
animals that did not undergo behavioral testing or in vivo imaging
(n=4/group) was used for electrophysiological analysis, with re-
cordings performed at 36-51 dpi. Of note, three separate cohorts of
mice were used for testing. The first cohort included 8 sham and 5
rTBI mice and underwent only social and DMP testing. A second
cohort included 10 sham and 10 rTBI mice and it was decided to
additionally evaluate behavior in the elevated plus maze. A third
cohort included 4 sham and 4 rTBI mice and was used only for
electrophysiology.

Behavioral assays

For all behavioral assays the experimenters were blinded to the
treatment. Beginning one week prior to behavioral analysis, animals
were handled for habituation to experimenters and room settings.
Behavior testing was performed during the animals’ wake cycle. All
behaviors were recorded using an overhead camera connected to a
video tracking and analysis system (Ethovision XT 12.0, Noldus
Information Technology). When tracking was not optimal, videos
were manually scored by an investigator blinded to the treatment.

Elevated plus maze (EMP). At 26 dpi, animals were tested
for their response to environmental stimuli using an elevated plus-
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shaped maze (n=9-10/group) raised 40 cm above the floor in a
room with bright lighting, as previously described.**~*? The surface
of the maze consisted of two closed arms opposite each other
(30.5cm in length) enclosed in black plastic. The other two per-
pendicular arms were open (35cm in length) with white lights
illuminating the open arms. Mice were placed in the center (4.5 cm
square) of the maze and allowed to explore for 5 min while their
location and activity were recorded. The maze was cleaned with
70% ethanol between animals. The time in the open (which in-
cluded time both in the open arms and center, which is uncovered)
as well as the total distance traveled for each animal were recorded
and scored using a video tracking and analysis setup (Ethovision
XT 8.5, Noldus Information Technology). One sham animal fell off
the maze during testing and was excluded from analysis.

Sociability and social memory. At 27-28 dpi, sociability and
social memory were assessed using a three-chamber social approach
task in a dark room under red lighting as previously described
(n=13-16/group).>**> Animals were placed individually into the
center of the three chambers and their behavior was recorded during
three consecutive phases: habituation, sociability, and social mem-
ory. In the habituation phase, the test animal was allowed to explore
all three chambers for 10 min. In the sociability phase, the mouse
was returned to the center chamber while the experimenter placed a
novel (non-aggressive, sex- and aged-matched) mouse in a wire
cage on one side. On the opposite side, an empty wire cage was
present (schematic in Fig. 2A). The test animal was allowed to
explore for 10 min. In the social memory phase, the test animal was
once again returned to the center chamber. In the previously empty
wire cage, a novel (non-aggressive, sex- and aged-matched) mouse
was placed, while the now familiar mouse was left in the opposite
wire cage (schematic in Fig. 2D). The test subject was then given
5 min to explore. All of the apparatus was thoroughly cleaned using
70% ethanol between each animal. Animals were excluded from
analysis if they failed to explore (less than 5 sec of interaction) either
the novel mouse or the empty cage/familiar mouse. Animals that
failed to explore during the sociability phase were also excluded
from the social memory phase.

Delayed matching to place (DMP). Spatial working memory was
evaluated at 32-35 dpi using a modified Barnes maze (pictured in
Fig. 3A) in a room with bright lighting, as previously described
(n=15-18/group).** The maze consisted of a round table 112 cm in
diameter with 40 escape holes arranged in three concentric rings
consisting of 8, 16, and 16 holes at 20, 35, and 50 cm from the
center of the maze, respectively. An escape tunnel was connected to
one of the outer holes. Two visual cues were placed around the
room such that they were visible to animals on the table. Bright
overhead lighting and a loud tone (2 KHz, 85 db) were used as
aversive stimuli to motivate animals to locate the escape tunnel.
The assay was performed for 4 days (32-35 dpi). The escape tunnel
location was moved each day and animals ran four trials per day.

During each trial, animals were placed onto the center of the
table covered by a dark box to prevent exposure to the room. The
start of the trial was initiated when the box was removed and the tone
started playing. The trial ended when the animal reached the escape
tunnel or a maximum trial time of 90 sec was reached. Upon entry
into the tunnel, the tone was stopped. Animals that failed to find the
escape tunnel were guided there. Animals remained in the escape
tunnel for 10 sec before being returned to their home cage. The maze
and escape tunnel were cleaned with ethanol between each trial. No
animals were excluded from this analysis.

In vivo magnetic resonance imaging acquisitions

MRI was performed on a 14.1 Tesla vertical MR system (Agilent
Technologies, Palo Alto, CA) equipped with 100 G/cm gradients
and a 1 H volume coil (internal diameter @1=40 mm). At 40 dpi,
mice (n=>5-7/group) were anesthetized using isoflurane (2% in 02)
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and then placed in a cylindrical holder with a tooth bar, allowing for
reproducible positioning of the mouse head. Throughout all ac-
quisitions, respiration rate and body temperature were continuously
monitored. High-resolution axial T,-weighted fast spin echo im-
ages of the entire brain were acquired using the following param-
eters: Echo time (TE)/repetition time (TR)=11.6/2006 msec, echo
train=238, slice thickness=0.5 mm, slice number=20, number of
averages =2, matrix =256 x 256, field of view (FOV)=30x30 mm?,
scanning time =2 min, 12 sec.

Magnetic resonance image analysis

For anatomical and structural analyses, regions of interest in-
cluding the corpus callosum, cortex, hippocampus, ventricles, and
total brain were manually delineated utilizing AMIRA® software
(Mercury Computer Systems, San Diego) as depicted in Supple-
mentary Figures 1 and 2 (see online supplementary material at
http://www liebertpub.com). For each region of interest, volume
and regional average of T,-weighted MR signals, normalized to the
average signal from the cerebral spinal fluid of the lateral and third
ventricles (nT,w), were computed.

Electrophysiology

Coronal brain slices (250 pm) including the medial PFC (mPFC)
were prepared from both sham and rTBI mice, 36-51 dpi (n=4/
group). Mice were anesthetized with Euthosal® (0.1 mL/25 g), and
transcardially perfused with an ice-cold sucrose cutting solution
containing (in mM): 210 sucrose, 1.25 NaH2PO4, 25 NaHCO3, 2.5
KCl, 0.5 CaCl2, 7 MgCl2, 7 dextrose, 1.3 ascorbic acid, 3 sodium
pyruvate (bubbled with 95% 02-5% CO2, pH ~7.4). Mice were
then decapitated and the brain was isolated in the same sucrose
solution, and cut on a slicing vibratome. Slices were incubated in a
holding solution (composed of [in mM] 125 NaCl, 2.5 KCl, 1.25
NaH2PO4, 25 NaHCO3, 2 CaCl2, 2 MgCI2, 10 dextrose, 1.3
ascorbic acid, 3 sodium pyruvate, bubbled with 95% 02-5% CO2,
pH ~7.4) at 36°C for 30 min and then at room temperature for at
least 30 min until recording.

Whole cell current-clamp recordings were obtained from these
slices in a submersion chamber with a heated (32-34°C) artificial
cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 3 KCl,
1.25 NaH2PO4, 25 NaHCO3, 2 CaCl2, 1 MgCl2, 10 dextrose
(bubbled with 95% 02-5% CO2, pH ~7.4). Patch pipettes (3—
6MQ) were manufactured from filamented borosilicate glass
capillaries and filled with an intracellular solution containing (in
mM): 135 KGluconate, 5 KCI, 10 HEPES, 4 NaCl, 4 MgATP, 0.3
Na3GTP, 7 2K-phosphcreatine, and 0.5-1% biocytin or neuro-
biotin. Layer V pyramidal neurons in the mPFC were identified
using infrared microscopy with a 40x water-immersion objective
(Olympus, Burlingame, CA). Recordings were made using a
Multiclamp 700B (Molecular Devices, Sunnyvale, CA) amplifier,
which was connected to the computer with a Digidata 1320 ADC,
and recorded at a sampling rate of 10-20kHz with pClamp™
software (Axon Instruments, Sunnyvale, CA). We did not correct
for the junction potential, but access resistance and pipette capac-
itance were appropriately compensated before each recording.
Only neurons with an access resistance <20 MQ and a resting
membrane potential below —55 mV were included.

The membrane and spiking characteristics were assessed by in-
jection of a series of hyperpolarizing and depolarizing current steps
with a duration of 250 msec from —250 pA to 700 nA (in increments
of 50 pA). The resting membrane potential was the measured
voltage of the cell 5min after obtaining whole cell configuration
without current injection. A holding current was then applied to
maintain the neuron at —70mV before/after current injections. The
input resistance was determined from the steady-state voltage
reached during the —50 pA current injection. The membrane time
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constant was the time required to reach 63% of the maximum
change in voltage for the =50 pA current injection. The degree of Iy
current was assessed by measuring two parameters: 1) the voltage
sag, defined as the change in voltage between the maximum hy-
perpolarization and the steady state potential for the —200 pA current
injection; and 2) the rebound after depolarization (ADP), defined as
the change in voltage between the maximum depolarization and the
steady-state potential achieved immediately after ending the —200
pA current injection. The sum of these two variables is an overall
indicator of the amount of Iy current.>> Action potential parameters
were measured from the current injection that was 100 pA above the
first current injection that elicited spiking, or if this injection had
fewer than 3 action potentials, the first current injection with >3
action potentials. Action potential times were detected by recording
the time at which the positive slope of the membrane potential
crossed O0mV. From the action potential times, the instantaneous
frequency for each action potential was determined (1/inter spike
interval). Action potential rate as a function of current injection was
examined by plotting the first instantaneous action potential fre-
quency versus current injection amplitude. The F/I slope was then
determined from the best linear fit of the positive values of this plot.
The action potential amplitude was calculated by measuring the
voltage difference between the peak voltage of the action potential
and the subsequent minimum voltage prior to the next action potential.
The half width of the action potential was determined as the average
duration of the action potentials at half the amplitude. The frequency
adaptation of each cell was the ratio of the first over the last in-
stantaneous firing frequency. Action potential threshold was defined
as the voltage at the maximum second derivative of V (d°V/df) in the
phase-space representation of the action potential *®

Immunohistochemistry

Brain slices obtained from electrophysiological recordings were
drop-fixed in 4% paraformaldehyde in a phosphate-buffered solu-
tion (4-48h), then rinsed with phosphate-buffered saline (PBS)
with sodium azide (0.1 M PBS +0.05% NaNs3) and stored at 4°C for
0-5 days until processing. Sections were then washed in PBS
(3% 10min), incubated in a blocking solution (10% donkey serum
diluted in 0.5% Triton X-100 in 0.1M PBS) for 1 h, and then in-
cubated with primary antibody, IBA-1 (1:500, Wako 019-19741)
with 0.25% Triton X-100, and 5% donkey serum in 0.1 M PBS, at
room temperature overnight, along with a streptavidin-conjugated
Alexafluor 555 (1:500, ThermoFisher Scientific, S32355). The
following day, sections were then rinsed with PBS (3 x 10 min) and
incubated in secondary antibody (1:500, Alexa 488 donkey anti-
rabbit, Invitrogen, A21206) at room temperature overnight. Finally,
sections were rinsed and mounted in an aqueous medium. Images
were obtained using a Zeiss Imager Z1 Apotome microscope
controlled by ZEN software (Zeiss 2012). For each mouse, three
sections of mPFC (from bregma 1.42—1.98 mm) were imaged with
a20x objective, centered over layer V and including multiple layers
of cortex (~ layers II-VI), obtaining a Z-stack of 10 um with a 0.5-
pm slice interval. Image stacks were viewed and Z-projected using
ImageJ (National Institutes of Health, Bethesda, MD) or LSM
Viewer (Zeiss). IBA-1-positive cells were manually counted for
each image and divided by the total surface area of the flattened
image to obtain the number of cells/mm?.

Statistical analysis

All data were analyzed with GraphPad Prism 7 statistical soft-
ware. It is well established that violations in normality have little
effect on Type 1 error rates,>’ therefore we have used a very re-
stricted definition for defining data as non-parametric: using both
D’Agostino-Pearson omnibus and Shapiro-Wilk tests, the data
distribution had to exhibit an alpha <0.01 for both tests to be
considered outside of the normal distribution. Differences in
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variance between groups were determined using an F test. Statis-
tical significance between groups for most variables was deter-
mined using a two-tailed 7 test. If there was a significant difference
in variance between groups, Welch’s correction was added to the
two-tailed 7 test. If data were outside of the normal distribution as
indicated above, a nonparametric Mann-Whitney U test was used.
The DMP maze and the firing response to increasing current in-
jections were analyzed as a repeated measures two-way analysis of
variance (ANOVA) with a Bonferroni post hoc examination.
Outliers were determined using the extreme Studentized deviate
(ESD) method and were excluded from analysis. P values <0.05
were considered significant.

Results

Repetitive mild traumatic brain injury
and risk-taking phenotype

To examine if mice exposed to rTBI responded to environmental
stimuli differently, we evaluated risk-taking phenotype using the
elevated plus maze, in which mice freely explore either two closed,
dark arms or two open, illuminated arms. Mice that received rTBI
spent a significantly longer time in the open compared with the
sham animals, 26 dpi (F(98,=2.91, p<0.05; h’= 0.27; two-tailed
t test; Fig. 1A). This phenotype suggests behavioral disinhibition or
an increased risk-taking phenotype. Notably, these effects were not
explained by differences in activity levels, as both groups traveled a
similar distance in the maze (F(93)=2.82, p=0.14; h%=0.07; two-
tailed ¢ test; Fig. 1B).

Repetitive mild traumatic brain injury
and social behaviors

Using the three-chamber social task, we next investigated the
effect of r'TBI on social function at 27-28 dpi.*** In this task, so-
ciability is measured by an animal’s preference for social interaction
over an empty cage, calculated by the preference ratio (time with the
mouse/time with the empty cage). No differences in sociability
(Fs,12)=1.06, p=0.15; h%=0.08; two-tailed 7 test; Fig. 2B) or total
interaction time with the mouse or empty cage were measured be-
tween the sham and rTBI animals (F(;5,12,=1.06, p=0.38; h%=0.03;
two-tailed 7 test; Fig. 2C). Next, we tested social memory, which is
the ability for the animal to distinguish a novel mouse from a pre-
viously exposed animal calculated by the preference ratio (time with
novel mouse/time with familiar mouse). Animals that received five
repetitive mild injuries had significantly less interaction with the
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p<0.05; h*=0.16; two-tailed ¢ test; Fig. 2D). This significant
reduction in the novel/familiar preference ratio is indicative of im-
pairment in social memory. Overall, mice were still able to recognize
the novel mouse compared with the familiar mouse, with a novel/
familiar mouse ratio significantly greater than 1 (2.307£0.4383
preference ratio in rTBI; one-sample #;,,=2.98, p <0.05; one-
sample ¢ test). Total interaction time with the novel and familiar
mouse (F1,15=1.32, p=0.1371; h2=0.08; two-tailed 7 test;
Fig. 2E) was not significantly different between groups, suggesting
that social impairments were not due to decreased interest in the task.

Spatial working memory after repetitive mild traumatic
brain injury

Lastly, we evaluated spatial working memory and learning after
rTBI with the delayed matching to place (DMP) dry maze test at 32—
35 dpi.** Using visual cues, animals learn to locate an escape tunnel
attached to one of 40 holes in a circular table to evade loud noise in a
brightly lit room. Importantly, the escape location is changed every
day, forcing the animal to relearn the location of the tunnel, thus
providing an assessment of spatial working memory. To quantify
performance, Ethovision tracking software measures the ‘“‘escape
latency,” which is the time taken for the mouse to enter the escape
tunnel after being placed in the maze. By the end of day 3, sham
animals learned to locate the escape tunnel faster than rTBI animals.
(Fa3n=12.83, p<0.01; h?>=0.05 for treatment effect. Fs,
465)=14.55, p<0.001; h?=0.24 for trial effect. Fs, 465=1.95,
p<0.05; h*=0.03 for treatment x trial interaction, repeated mea-
sures 2-way ANOVA. After correcting for multiple comparisons,
trials 2, 3, and 4 on day 3 [p<0.05] and trial 3 on day 4 [p <0.001]
show significant elevated escape latency in rTBI mice compared
with sham mice; Bonferroni post hoc test; Fig. 3B.) Additionally,
sham animals exhibited spatial learning (defined by a significant
reduction in escape latency between trial 1 and trial 4 using a
Bonferroni post hoc test with repeated measure two-way ANOVA
testing) by day 2 (p <0.001), which continued through day 4 (day 3
p<0.001; day 4 p<0.0001), whereas rTBI animals only demon-
strated learning on day 4 (p<0.01). The elevated escape latency
compared with sham mice and lack of learning until day 4 observed
in rTBI mice compared with day 2 in sham mice is indicative of
impaired spatial working memory. Averages of the four trials per
day also revealed significant differences between the sham and rTBI
mice on days 3 and 4 of testing. (F(; 31,=16.84, p<0.001; h?=0.12
for treatment effect. F393,=20.71, p<0.0001; h?=0.24 for day effect.
F3.03y=2.01, p<0.05; h*=0.03 for treatment x day interaction,
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rTBI causes behavioral disinhibition in the elevated plus maze, 26 dpi. (A) Time spent in the open areas of the maze is

increased in r'TBI compared with sham mice. Data are mean+SEM (F 9 3,=2.91, *p <0.05; h%=0.27; two-tailed ¢ test). (B) The distance
traveled during the elevated plus maze task is similar between groups. Data are mean+SEM (F (9 5,=2.82, p=0.14; h*=0.07; two-tailed
t test). (n=9-10/group.) r'TBI, repetitive traumatic brain injury; SEM, standard error of the mean.
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FIG. 2. 1TBI effects social functions, 27-28 dpi. (A) Schematic

of the three-chamber sociability task. Mice were exposed to a
novel mouse (left chamber, light gray) and a novel object: empty
cage (right chamber). (B) Proportion of time spent exploring the
novel mouse over the novel object is comparable in both rTBI and
sham mice. Data are mean+SEM (F(;5,12,=1.06, p=0.15;
h2=0.08; two-tailed ¢ test). (C) Total interaction time with either
the novel object or mouse is similar between groups. Data are
meanSEM (F(;s,12)=1.06, p=0.38; h%2=0.03; two-tailed 7 test).
(C) Schematic of the three-chamber social memory task. Mice
were exposed to the same (now familiar) mouse from the socia-
bility phase (left chamber, light gray) and a new novel mouse
(right chamber, black). (D) Proportion of time spent exploring the
novel mouse over the familiar mouse is decreased in rTBI mice
compared with sham mice. Data are mean+SEM (F(;5,,=1.34,
*p <0.05; h%=0.16; two-tailed 7 test). (E) Total interaction time
with either the novel or familiar mouse is similar between groups.
Data are mean£SEM (F(;, 5 =1.32, p=0.1371; h?=0.08; two-
tailed 7 test). (n=13-16/group.) rTBI, repetitive traumatic brain
injury; SEM, standard error of the mean.

repeated measures two-way ANOVA; day 3/34 dpi p<0.001 and
day 4/35 dpi p <0.01; Bonferroni post hoc test; Fig. 3C,D.)

MRI and repetitive mild traumatic brain injury

Despite the wide-ranging deficits in behavior, in vivo T,-
weighted MRI analysis did not find changes in the anatomical
volumes or the nT,w signal throughout the cortex, hippocampus, or
white matter structures (results detailed in Supplementary Figs. 1
and 2; see online supplementary material at http://www liebertpub.
com). Notably, these findings are congruent with human data,
where disabling cognitive deficits after repetitive injury are not
associated with MRI findings.>***

Intrinsic excitability of mPFC layer V pyramidal
neurons after repetitive mild traumatic brain injury

Given that the mPFC is a brain region important in integration of
complex behavior and required for proper working memory,* social
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FIG. 3. rTBI impairs spatial learning and working memory, 32—

35dpi. (A) Representative activity tracks for the last trial of a
sham animal (left panel) and rTBI animal (right panel). (B) rTBI
mice exhibit an altered escape latency compared with sham mice,
most prominently on days 3 and 4 of testing. In addition, sham mice
appear to learn by day 2 with a significant difference between trial 1
and 4, whereas rTBI mice do not demonstrate learning until day 4.
Data are mean+SEM (F(, 3,,=12.83, p<0.01; h%?=0.05 for treat-
ment effect, F;s, 465y=14.55, p<0.001; h?=0.24 for trial effect, Fas,
465y=1.95, p<0.05; h?=0.03 for treatment x trial interaction, re-
peated measures two-way ANOVA); trials 2, 3, and 4 on day 3
(*p<0.05) and trial 3 on day 4 (***p<0.001) show significant ele-
vated escape latency in rTBI mice compared with sham mice; a
significant reduction in escape latency between trial 1 and trial 4 is
identified in sham mice on day 2 (###p <0.001), which continued
through day 4 (day 3 ###p <0.001; day 4 ##HHp <0.0001), whereas
rTBI animals only demonstrated a significant reduction in escape
latency between trial 1 and trial 4 on day 4 (##p <0.01; Bonferroni
post hoc test)). Individual animal performances averaged across trials
14 on days 3 (C) and 4 (D) of the DMP (34 and 35dpi). r'TBI
animals were significantly slower at locating the escape location
compared with sham animals. Data are means = SEM (F(; 3;,=16.84,
p<0.001; h?=0.12 for treatment effect, F393,=20.71, p<0.0001;
h?=0.24 for day effect, F393,=2.01, p<0.05; h“=0.03 for treatment
x day interaction, repeated measures two-way ANOVA; day 3/34 dpi
*##%p <0.001 and day 4/35 dpi **p <0.01; Bonferroni post hoc 7 test).
(n=15-18/group.) ANOVA, analysis of variance; rTBI, repetitive
traumatic brain injury; SEM, standard error of the mean. Color image
is available online at www.liebertpub.com/neu
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FIG. 4. Intrinsic excitability of layer V pyramidal neurons in the mPFC is minimally altered after rTBI. (A) Representative traces from

layer V pyramidal neurons showing the membrane potential response to current injection (—250, —150, =50, 200 pA). Analysis of the passive
membrane properties showed no significant difference between sham and rTBI groups for the resting membrane potential (B, F;;,12)=2.00,
p=0.81; h%=0.003; two-tailed ¢ test) or input resistance (C, F(12,11,=1.96, p=0.87; h%=0.001; two-tailed ¢ test). The sum of the sag, and
rebound response, indicative of the amount of Iy; current, was not altered (D, F(;1,12)=6.57, p=0.14; h2=0. 15; two-tailed 7 test with Welch’s
correction). A non-significant trend for a reduction in action potential (AP) half width was noted in the rTBI group (E, F (11 12)=1.74, p=0.07;
h%=0. 14; two-tailed ¢ test); however, the AP threshold (F, F(;5,1,=1.75, p=0.89; h%= 0.001; two-tailed ¢ test) and AP amplitude (G,
Fa1,12)=1.60, p=0.42; h*=0.03; two-tailed  test) were similar between groups. There was a trend for a decreased initial instantaneous
frequency of firing with rTBI, which was not significant with repeated measures two-way ANOVA testing (H, F(, »3,=2.86, p=0.10;
h?=0.02 for rTBI treatment effect, repeated measures two-way ANOVA). The slope of the relationship between current injection and AP
frequency response (I, F(j2,11y=1.53, p=0.39; h%=0.03; two-tailed 7 test) was not different. However, a reduction in the adaptation of the AP
interval over time was identified in the rTBI group compared with the sham group (J, Mann-Whitney U =37, *p <0.05 two-tailed). All data
are meant SEM. (n=4 animals/group with 3—4 cells per animal). ANOVA, analysis of variance; mPFC, medical prefrontal cortex; rTBI,

repetitive traumatic brain injury; SEM, standard error of the mean. Color image is available online at www.liebertpub.com/neu

function,*' and contextual or environmental response,** we sought to
evaluate for possible changes in intrinsic excitability of layer V py-
ramidal neurons in this region after rTBI. Layer V was specifically
chosen for evaluation as it is the primary output layer of the cortical
microcircuit. We closely examined the neuronal response to a series
of hyperpolarizing and depolarizing current steps (20 steps from
—250 to 700pA, 250 msec duration). There were no significant dif-
ferences in the majority of passive and active properties of the neuron
(Fig. 4) between sham and rTBI groups; however, a small difference
was identified in the adaptation index as discussed below. Resting
membrane potential (F(;,12)=2.00, p=0.81; h%=0.003; two-tailed
t test), input resistance (F(j2,11,=1.96, p=0.87; h?=0.001; two-tailed
t test), and the Iy current effect (measured as the sum of the sag and
rebound; Fy1,12)=6.57, p=0.14; h%=0.15; two-tailed ¢ test with
Welch’s correction) were equivalent in both groups (Fig. 4B-D).
Action potential indices were not significantly altered, including the
amplitude (F(y,12)=1.60, p=0.42; h%=0.03; two-tailed 7 test) and
the threshold (F(y2,11)=1.75, p=0.89; h?=0.001; two-tailed #-test;
Fig. 4F-G), although there was a small non-significant trend for a
shorter action potential duration as measured by the half-width for
the rTBI group (F(1.12)=1.74, p=0.07; h*=0.14; two-tailed  test;
Fig.4E). There was also a trend for a lower initial action potential

frequency response to current injection in the rTBI group compared
with sham animals (F; »3)=2.86, p=0.10; h%=0.02 for rTBI treat-
ment effect, repeated measures two-way ANOVA; Fig. 4H), but no
differences were noted in the slope of the relationship between the
first instantaneous frequency response and current injection ampli-
tude (F(j2,11)=1.53, p=0.39; h?=0.03; two-tailed  test; Fig. 41). The
only active property with a significant difference between groups was
the finding of a lower adaptation rate in the rTBI group, corre-
sponding to the rTBI layer V pyramidal neurons appearing less likely
to respond with an initial doublet of spikes as seen in the sham
neurons (Mann-Whitney U=37, p <0.05 two-tailed; Fig. 4A.)).

Our findings suggest that intrinsic excitability in layer V pyra-
midal neurons of the mPFC as a whole is not significantly altered 4—
6 weeks after rTBI; however, a modest decrease in the adaptation
index is noted after r'TBL

Microgliosis after repetitive mild traumatic brain injury

To evaluate for chronic microgliosis in the mPFC, we quantified
the density of IBA-1-positive cells over layers II through VI of the
cortex. The density of IBA-1-positive cells was significantly in-
creased in rTBI mice compared with sham (F(; 1,=2.06,
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FIG. 5. Microgliosis in the mPFC 40dpi after rTBI. (A) Representative IBA-1 immunostaining in the mPFC of a sham mouse. (B)
Representative IBA-1 immunostaining in the mPFC of a rTBI mouse. (C) The density of IBA-1-positive cells/mm? is significantly
increased in rTBI compared with sham mice. Data are mean+SEM (F(;;11,=2.06, ***p <0.001; h2=0.43; two-tailed ¢ test; n=4 mice
[and three sections per mousel]/group). Scale bar=50 um. mPFC, medical prefrontal cortex; rTBI, repetitive traumatic brain injury;
SEM, standard error of the mean. Color image is available online at www.liebertpub.com/neu

p<0.001; h>=0.43; two-tailed ¢ test; Fig. 5A—C). Similar findings
were identified in CA1 of the hippocampus, with an increase in
IBA-1 staining in r'TBI compared with sham tissue (results detailed
in Supplementary Fig. 3; see online supplementary material at
http://www liebertpub.com).

Discussion

In this study, we demonstrated that five consecutive mild head
injuries, spaced 24 h apart, lead to chronic higher-order cognitive
dysfunction involving multiple modalities that require PFC func-
tion in male mice. Specifically, several weeks after rTBI, mice
exhibited increased time in the open arms in the elevated plus maze
suggestive of behavioral disinhibition or increased risk taking,
deficits in social memory, and impaired spatial working memory.
These chronic cognitive deficits were associated with microgliosis
and a small decrease in the adaptation rate of layer V pyramidal
neurons in the mPFC, but no significant changes were measured on
T,-weighted MRIL.

Notably, this model of rTBI may deliver repeated sub-
concussive blows. Although we did not specifically test for dif-
ferences in the acute neurobehavioral response right after impact,
prior studies of CHIMERA-induced injury using these same pa-
rameters have established that the kinetics these mice experience
may be less than the average impact energy experience by NFL
players during a concussive blow.?*** Further, structural damage is
not identified on in vivo MRI, similar to human studies of +TB1.383°
Given the increasing evidence that repetitive mild hits without
associated concussive symptoms can still mediate chronic brain
damage and cognitive deficits,*’ the current data suggest that this
may represent a valuable and highly needed pre-clinical animal
model of repetitive sub-concussive injury.

Social deficits are often studied as a component of psychiatric
diseases such as autism and schizophrenia. However, numerous
reports show that TBI in humans can lead to many psychiatric
symptoms, including a prominent decrease in social function,
ability to recognize emotion, and difficulty with family interac-
tion.***> The degree of deficits in social function may even be a
predictor of overall functional outcome in these patients.*® Despite
this prominence, only two studies have evaluated social behavior
after rTBI. Klemenhagen and colleagues found a decreased re-
sponse to social novelty 1.5 weeks after two concussive closed-
head injuries,*’ whereas Yu and associates identified decreased

social interaction time 3 weeks after five repeated closed-head in-
juries.*® However, we are the first to report that deficits in social
memory specifically can persist at a chronic time-point (~ 1 month
after injury) after five repeated mild injuries that allow head
movement. It is noteworthy that injured mice still recognize the
novel mouse (with a ratio of time spent with novel/familiar mouse
significantly >1) suggesting that a degree of social memory for-
mation may be intact. The lack of anxiety-like behavior in the
elevated plus maze task as well as the similar levels of sociability in
sham and rTBI groups suggest that the deficits in social memory are
not related to social anxiety. Further investigation is required to
understand if these social deficits may be secondary to a diminished
response to social novelty.

Patients who experience moderate to severe TBI develop dis-
inhibited behaviors such as impulsivity and poor cognitive control
lasting >6-12 months after injury*’; in addition, disinhibited
symptoms are some of the first symptoms noted in athletes with a
history of mild rTBI who go on to develop CTE.'*'* Using the
elevated plus maze here we report that mice exposed to repetitive
injury spent more time in the open or “‘aversive’” arms compared
with sham mice, suggesting increased levels of behavioral disin-
hibition. These findings are in line with previous animal studies of
repetitive head injury that also did not use a stereotactic frame to fix
the mouse head.’** However, not all models of repetitive injury
exhibited such disinhibition. Yang and co-workers found the op-
posite relationship with more time in the closed rather than open
arms at 30 and 60 days after four repetitive injuries with a fixed
head position given >3 days apart.>* Others have found no differ-
ence in response to environmental stimuli after two angular frontal
impacts in a diffuse injury model given 48h apart.>® These dis-
crepancies might be due to different factors such as the severity of
the injury, the total number of injuries, or the exact timing between
hits, which are all likely to change the relative degree of neuronal
damage in the brain and might correlate to whether mice show more
disinhibition or more anxiety. Furthermore, an increased degree of
rotational free movement of the head during injury could change
the pattern of injury and perhaps lead to increased white matter
damage and different behavioral phenotypes that might better mi-
mic the findings that occur during human TBI.

Chronic dysfunction in spatial reference memory is commonly
reported in different models of rTBI as measured by the Morris
water maze>'**%%57 and Barnes maze.’*>*>> Here we used a dry
version of a delayed matching to place test by modifying the
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Barnes maze task, which requires the animals to relearn a new
escape location every day. This additional component assesses
working memory,>® requiring not only the hippocampus, but also
prefrontal cortical function.>* We established that mice specifically
exhibit chronic deficits in spatial working memory, not just spatial
reference memory. This finding recapitulates the chronic deficits
observed in human TBI after a range of mild to severe injury”>°!
and in athletes with CTE,'*™'* and further supports the relevance of
this repetitive injury model for studying human disease.

The mPFC is critically involved in many complex neurological
and psychiatric behaviors®® including the behaviors tested here:
working memory,* social memory,*! and environmental or con-
textual response.*? The mPFC is thought to be a central circuit
integrating numerous sensory modalities. Its dense inter-
connectivity with the hippocampus, striatum, thalamus, and other
cortical areas may make this region more vulnerable to the diffuse
axonal injury that often accompanies TBI. Indeed, human studies
have identified decreased activity on functional MRI (fMR]) in the
PEC,% loss of connectivity between the hippocampus and mPFC,**
and a frontal vulnerability in white matter anisotropy after TBL.®
Despite this, little is known about the selective vulnerability of the
components in the PFC circuit after TBI. Alterations in intrinsic
excitability and membrane properties of pyramidal neurons have
been reported in the mPFC acutely after a single diffuse brain injury
associated with working memory deficits.®® Axotomized pyramidal
neurons in other areas of the cortex have also shown decreased
firing rates acutely after injury.®” However, no study to date has
examined pyramidal neuron intrinsic excitability in the mPFC at a
chronic time-point after repetitive head injury. We carefully as-
sessed the firing response of layer V pyramidal neurons, the pri-
mary output neurons of the cortical microcircuit, to a series of
hyperpolarizing and depolarizing current injections, and only a
small decrease in the adaptation rate in rTBI mice was identified
after repetitive injury. However, our data are limited by the pos-
sibility that we are grouping multiple unique sub-types of Layer V
pyramidal neurons,’® with a relatively low number of recordings if
a large degree of heterogeneity exists in our population. There are a
small number of sham neurons with a high degree of Iy current
(Fig. 4D) and a larger adaptation index (Fig. 4J) that are not present
in the rTBI population, raising this possibility. Nevertheless, a
majority of the pyramidal neurons we recorded from appear to be
sub-cortical projecting neurons, given the considerable Iy current
in these cells*>®%; the response to TBI might show different patterns
in cortically projecting neurons, especially given the sensitivity of
the corpus callosum to rTBL.% Future experiments using retrograde
labeling to identify these distinct populations could be used to more
carefully evaluate differences in response to injury. Alternatively,
our sample might be composed of a mixture of neurons with intact
and damaged axons; these populations have been noted to have a
differential change in excitability after acute injury®’ and the
presence of an axotomized population could explain the trend we
noted for a decreased initial response to current injection, but fur-
ther experiments are required to investigate this hypothesis. Fi-
nally, layer V pyramidal neurons may just show less response to
injury compared with layer 2/3 pyramidal neurons in the mPFC,*® a
feature we have yet to test in this model of repetitive injury. At this
point, only a slight decrease in adaptation rate is identified after
rTBI, and extensive altered excitability of layer V pyramidal neu-
rons in the mPFC is not a prominent feature of chronic mild rTBI.

Chronic microgliosis has been noted in many different models
of rTBI, with various degrees of pathology described in the cor-
tex, hippocampus, and/or white matter depending on the exact
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model 2>3031:53707 However, despite the importance of the mPFC
in higher-order cognitive function, most analysis has been re-
stricted to more caudal areas of the brain and the hippocampus
closer to the area of injury impact. The mPFC in this model is far
anterior from the area of direct impact (close to bregma); however,
our results establish that diffuse mild repetitive injury that allows
head movement and associated rotational acceleration of the brain
does lead to chronic neuroinflammation both in the hippocampus as
previously reported, as well as the mPFC, an area critically im-
portant for higher-order cognitive function.

Using T,-weighted MRI we have confirmed that this model of
repetitive injury does not cause significant changes in brain struc-
ture similar to human repetitive injury.*>=* Although T,-weighted
MRI is ideal for structural analysis, it is not suitable for detecting
axonal injury. With ex vivo diffusion tensor imaging and histo-
logical analysis, axonal injury has been identified in multiple white
matter tracts one week after two repeated hits using the CHIMERA
device with similar parameters.”" Further work is required to assess
how axonal injury progresses over time both in this model and in
human injury, and which tracts are most susceptible to continued
chronic degeneration.

In summary, we have identified that five repetitive mild head
injuries in young mice cause chronic cognitive deficits in higher-
order behaviors that are related to PFC function including working
memory and social recognition. These deficits are accompanied by
chronic microgliosis and a decrease in adaptation rate of layer V
pyramidal neurons in the mPFC. Current studies are further ad-
dressing the impact of mild repetitive injury on the mPFC micro-
circuit, hippocampal-PFC axonal connections, and the role of
sexual dimorphism in cognitive response after injury.
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