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Abstract

In civilian and military settings, mild traumatic brain injury (mTBI) is a common consequence of impacts to the head,
sudden blows to the body, and exposure to high-energy atmospheric shockwaves from blast. In some cases, mTBI from
blast exposure results in long-term emotional and cognitive deficits and an elevated risk for certain neuropsychiatric
diseases. Here, we tested the effects of mTBI on various forms of auditory-cued fear learning and other measures of
cognition in male C57BL/6J mice after single or repeated blast exposure (blast TBI; bTBI). bTBI produced an abnormality
in the temporal organization of cue-induced freezing behavior in a conditioned trace fear test. Spatial working memory,
evaluated by the Y-maze task performance, was also deleteriously affected by bTBI. Reverse-transcription quantitative
real-time polymerase chain reaction (RT-qPCR) analysis for glial markers indicated an alteration in the expression of
myelin-related genes in the hippocampus and corpus callosum 1-8 weeks after bTBI. Immunohistochemical and ultra-
structural analyses detected bTBI-related myelin and axonal damage in the hippocampus and corpus callosum. Together,

these data suggest a possible link between blast-induced mTBI, myelin/axonal injury, and cognitive dysfunction.
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Introduction

TRAUMATIC BRAIN INJURIES (TBISs) affect 1.7 million people in
the United States and 69 million persons worldwide."? Mild
TBI (mTBI) is the most prevalent form, and its long-term effects
are a significant healthcare concern. Among the causes of mTBI,
exposure to an intense shockwave from an improvised explosive
device in a combat arena has been shown to have deleterious ef-
fects on neurocognitive performance.’™ In military settings, a
significant proportion (10-20%, or nearly 200,000) of returning
soldiers from the wars in Iraq and Afghanistan had reportedly
sustained one or more blast exposures.®™ In accidents and terrorist
attacks civilians are also at risk from blast-related injury, and, un-
like military personnel, risk is not mitigated by protective clothing
that shields against blast impact.®'°

The physical impact of blast can differ from other forms of mTBI
by exposure to overpressure and intense energy, as an additional
sources of injury.' "' Clinically, primary blast injury often presents
with secondary (physical damage from blast fragments) and tertiary
effects (TBIs by impact collisions), as well as other physical in-
juries. However, it is important to delineate the consequences of the
primary blast injury. Animal models are valuable in this regard by

enabling the study of the effects of blast exposure per se.'>'* To
this end, procedures have been developed that use shock tubes to
simulate blast TBI (bTBI) in rats and mice, where the primary
injurious force is caused by atmospheric overpressure from highly
controlled blast waves generated within compressed air-driven
shock tubes.'>!3-20

In pre-clinical bTBI models, injury-related impairments have
been reported for measures of cognition (e.g., active avoidance re-
sponse, operant learning task, and Morris water maze),”' > as well
as tests for fear- and anxiety-related behavior.>*° These findings
are particularly pertinent given clinical evidence of cognitive deficits
in persons with blast exposure history®?”2® and the high comorbidity
of TBI with trauma and stressor-related disorders (formerly post-
traumatic stress disorder).?>=! However, the neural basis of these
behavioral sequelae of bTBI remains unclear, though several studies
of blast-exposed personnel suggest that bTBI damages cerebral
white matter.>*® The aim of the current study was to assess the
consequences of single and repeated bTBI on various measures of
cognitive function in mice (delay fear conditioning and extinction,
trace fear conditioning, social recognition, and spatial working
memory) and test for associated changes in myelination, by con-
vergent structural, gene expression, and protein expression analyses.
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TABLE 1. SUMMARY OF TESTS PERFORMED FOR THE VARIOUS EXPERIMENTAL COHORTS

Mouse cohort Blast Procedure 1 Procedure 2 Procedure 3 Procedure 4 Procedure 5 Procedure 6

Cohort 1 1xSham/1 xBlast Delay fear Cond/Ext/Ret/Ren test (1 week) RT-qPCR (1 week)

Cohort 2 1xSham/1 x Blast Delay fear Cond/Ext/Ret/Ren test (2 weeks) RT-qPCR (2 weeks)

Cohort 3 1xSham/1 x Blast Delay fear Cond/Ext/Ret/Ren test (4 weeks) RT-qPCR (4 weeks)

Cohort 4 1xSham/1 x Blast Delay fear Cond/Ext/Ret/Ren test (8 weeks) RT-qPCR (8 weeks)

Cohorts 6 and 8 4 x Sham/4 x Blast Delay fear Cond/Ext/Ret/Ren test (3 days)

Cohorts 7, 9, and 12 4 x Sham/4 x Blast Delay fear Cond/Ext/Ret/Ren test (2 weeks)

Cohorts 5, 10, and 11 4 x Sham/4 x Blast Delay fear Cond/Ext/Ret/Ren test (8 weeks)

Cohort 13 4 x Sham/4 x Blast Trace fear cond test (3 days) Trace fear cond test (3 days)

Cohort 14 1x Sham/1 x Blast Y-maze (3 days) Social recog (3 days) Trace fear cond test (1 week) Nodes of Ranvier staining (1 week)

CNP staining (1 week)

Cohort 15 1x Sham/1 x Blast Y-maze (8 weeks) Social recog (8 weeks) Trace fear cond test (8 weeks) Nodes of Ranvier staining

(8 weeks) CNP staining (8 weeks)

Cohorts 16 and 17 4 x Sham/4 x Blast Y-maze (3 days) Social recog (3 days) Trace fear cond test (1 week) Nodes of Ranvier staining
(1 week) CNP staining (1 week) EM analysis (1 week) for some animals
Cohort 18 4 x Sham/4 x Blast Social recog (8 weeks) Trace fear cond test (8 weeks) CNP staining (8 weeks)

Cohort 19 1x Sham/1 x Blast Trace fear cond test (3 days)

Cohort 20 1 and 3 1x Sham/1 x Blast MBP staining and Black Gold II (1 week)
Cohort 21 2 and 4 1xSham/1 x Blast MBP staining and Black Gold II (2 weeks)

Some cohorts were used for multiple behavioral assays and biochemical or histological assays. Time shown in parentheses indicates the timing of the
behavior tests performed or the animals euthanized for later histological or biochemical assays.
CNP, 2’,3-cyclic nucleotide-3-phosphodiesterase; EM, electron microscopy; MBP, myelin basic protein; RT-qPCR, reverse-transcription quantitative

real-time polymerase chain reaction.

Methods
Subjects

Male C57BL/6J mice (8-9 weeks of age at the time of blast)
were obtained from the Jackson Laboratory (Cat No. 000664;
Bar Harbor, ME), singly housed in a temperature- and humidity-
controlled vivarium under a 12-h light/dark cycle (lights on 6:00 Am),
and acclimated for at least 1 week before the commencement of
blast procedures. Food and water were available ad libitum. After
blast exposure, mice remained in the animal facility overnight
before being transported (~9.3 km) in their home cages from the
Uniformed Services University to the Laboratory of Behavioral
and Genomic Neuroscience, National Institute on Alcohol Abuse
and Alcoholism (NIAAA). After a minimum 3-day acclimation at
the NIAAA, behavior experiments were performed by researchers
who were blind to the blast/sham conditions. For logistical rea-
sons, multiple cohorts were separately tested to generate the full
sample—with mice from the bTBI and sham conditions always
represented within a cohort. The sequence of experimental proce-
dures is summarized in Table 1.

Experimental procedures were performed in accordance with
the National Institutes of Health Guide for Care and Use of
Laboratory Animals and approved by the local NIAAA and
Uniformed Services University of the Health Sciences (USUHS)
Animal Care and Use committees. The initial number of mice
generated in each experiment was 58 mice that received Sham
(1x) treatment, 57 mice that received 1xBlast, 72 mice that re-
ceived Sham (4 X ) treatment, and 115 mice that were assigned to
the 4 x Blast treatment. The number of animals used in the final
analysis, after exclusions attributable to death after blast, is indi-
cated in the figure legends.

Blast injury

Blast exposures were performed at the USUHS site with an
Advanced Blast Simulator (ABS*) as described previously.!34°
The driver section of the ABS was separated from the transition
section with two or three acetate sheets (0.254-mm thickness each;
Grafix Plastics, Cleveland, OH) and two vinyl-mesh layers (mesh
size 14.5x10 grids/in?, wire diameter 0.635mm, Pet Screen,

Hanover/New York Wire, Cat. No. 70589). The driver was sealed
by the membrane material and pressurized to 150-160 psi, before
bursting the acetate/vinyl membrane. For single shock-wave ex-
posure (1 xBlast, ~15 psi peak pressure, recorded from a pencil
gauge positioned adjacent to the animal), mice were anesthetized
with 3% isoflurane in 100% oxygen for 4-6 min and placed in a
mesh rodent holder, with their ventral side facing the blast source.
For repeated blast (4 xBlast, ~15 psi peak pressure), mice were
subjected to the blast procedure once per day for four consecutive
days. Sham controls underwent the same procedures as the relevant
single and repeated blast group (1 X or 4 X Sham), with the excep-
tion that no shockwave was delivered.

Delay cued fear conditioning and extinction

Delay fear conditioning was conducted essentially as previously
described.*'™* Conditioning was conducted in a 30x25x25cm
chamber with metal walls and a metal rod floor (Context A). To
provide an olfactory cue, the context was cleaned between subjects
with a 79.5% water/19.5% ethanol/1% vanilla extract solution.
After a 180-sec acclimation period, the mouse received three
pairings of a 20 sec, 70-dB white noise cue (conditioned stimulus;
CS), that coterminated with a 2 sec, 0.6-mA scrambled footshock
(unconditioned stimulus; US). Pairings were separated by a vari-
able 60- to 90-sec interpairing interval. Mice remained in the test-
ing context for 60 sec after the final pairing.

Fear extinction was performed the next day in a novel context,
Context B: a 27x27x 11 cm chamber with curved white Plexiglas
walls and a floor of the same material, cleaned with a 99%
water/1% acetic acid solution and located in a different room from
Context A. After a 180-sec baseline, mice received 50 x CS pre-
sentations with a 5-sec inter-CS interval. The next day, extinction
retrieval was tested in Context B: 5xCS presentations (5 sec
of intertrial interval) after a 180-sec baseline. Later that day, fear
renewal was tested by repeating the retrieval procedure, but with
3 x CS presentations in Context A. CS and US presentations were
controlled by the Med Associates Freeze Monitor System (Med
Associates, Fairfax, VT). Freezing, as an index of fear, was scored
manually by a researcher blind to blast group. Freezing was defined
as the absence of any visible movement, except that required for
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respiration, and was scored at 5-sec intervals by an observer blind
to genotype. The number of observations scored as freezing was
converted to a percentage, [(number of freezing observations/total
number of observations) X 100], for analysis.

Trace fear conditioning

Trace fear was tested essentially as previously described.***
Conditioning was conducted in a 30X 25X 25cm chamber with
metal walls and a metal rod floor (Context A). After a 180-sec
acclimation period, the mouse received three pairings of a 20-sec,
70-dB white noise CS, followed by a 20-sec trace period and then a
2-sec, 0.6-mA scrambled footshock US. Pairings were separated by
a variable 150- to 270-sec pairing interval. Mice remained in the
testing context for 60 sec after the final pairing.

To evaluate fear retrieval, responses to the CS were assessed on
the second day in a novel context (Context B). After a 300-sec
baseline period, mice received five CS presentations, separated by a
20-sec interval (Trace). On the third day, mice were placed in
Context A, where they had received fear conditioning, for 300 sec
to evaluate context memory retrieval. Freezing episodes, >1 sec in
duration, were scored automatically by Video Freeze software
(Med Associates), and percentage of freezing time in defined be-
havioral test phases (baseline, CS, and trace) was calculated.

Social recognition test

Social recognition was tested as described previously.*® In brief,
the test mouse was placed in a novel home cage (14 x36 cm), lined
with fresh corn cob bedding, under dim light (21 lux). After a 15-
min habituation period, an unfamiliar juvenile (post-natal day 45)
mouse was placed in the cage for a 2-min sample period, and then
both mice were returned to their home cages. Thirty minutes later,
both mice were returned to the testing environment for a 2-min test
period. Behavior was recorded using a GoPro HEROS5 Black cam-
era (GoPro Inc., San Mateo, CA). Social interaction was manually
scored by a researcher blind to the blast exposure condition, as the
summed duration of test mouse sniffing, following, or otherwise
attending (within 1 cm) to the juvenile mouse.*S The difference in
social interaction time (sample-test) and the proportional change in
interaction time (fest/sample) was calculated.

Spatial novelty preference Y-maze test

The Y-maze test was based on a previously described proce-
dure.*’ The apparatus consisted of three 30-cm-long arms, with
20-cm-high walls, constructed of clear acrylic, positioned at a 120-
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degree angle to one another and located in a room with handmade
three-dimensional distal spatial cues. The floor of the maze was
covered with a mixture of clean and dirty (from an unfamiliar, male
mouse) bedding, at a ratio of 3:1. Arms were designated (spatial
location counterbalanced across mice) as home, familiar, or novel.
During the sample trial, the novel arm was blocked. Mice were
individually placed at the end of the home arm, facing away from
the familiar and novel arms, and after 5-min, they were returned to
the home cage. One minute later, the mouse was returned to the
maze, with the novel arm freely accessible and the bedding redis-
tributed throughout the apparatus, for a 2-min test period. Behavior
was recorded using a GoPro HEROS Black camera.

The number of arm entries and total duration in the familiar and
novel arms in the first minute of the test period was manually scored
by a researcher blinded to the blast exposure condition and calcu-
lated to generate measures of novel arm preference as 1) Preference
Index (duration)=time in novel arm/(time in novel arm + time in
familiar arm) and 2) Preference Index (entries)=#entries into
novel arm/(#entries into novel arm + #entries into familiar arm).
An entrance into the arms was scored when the mouse had all four
paws in the arm.

RNA purification and reverse-transcription quantitative
real-time polymerase chain reaction

A subset of mice from 1xSham and 1 x Blast were euthanized
by cervical dislocation 2 days after completing fear and extinction
testing (see Table 1). The head was briefly chilled in ice-cold PBS
and the brain extracted on ice and flash-frozen in dry, ice-cold
2-methylbutane. Brain regions of interest (ROIs) were punched and
transferred to RNAlater (Qiagen, Hilden, Germany). RNA was
extracted using the Qiagen RNeasy Lipid Tissue Mini kit (Qiagen).
Fifty nanograms of RNA was used to synthesize complemen-
tary DNA (cDNA) using reverse transcriptase (iScript; Bio-Rad
Laboratories, Hercules, CA), and one twenty-fifth of its volume
was used for the RT-qPCR reaction to quantify the cDNA of
interest. RT-qPCR was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA) with a
StepOnePlus Real-Time qPCR instrument (Applied Biosystems).
PCR was performed as follows: 1 x denature (95°C for 20 sec) and
46 X PCR (95°C for 3sec, 60°C for 30sec), and relative mRNA
levels were determined by normalizing cycle threshold (Ct) values
of the target and reference housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase (Gapdh), using the AACt method.
Primers were designed by primerBLAST (NIH, Bethesda, MD),
and the sequences are provided in Table 2.

TABLE 2. SUMMARY OF THE PRIMERS USED IN RT-QPCR

Gene Forward (5 - 3’) Reverse (5" - 3") Amplicon size Amplicon location

Gfap TGGCCACCAGTAACATGCAA CTCTAGGGACTCGTTCGTGC 188 bp coding region (Rev primer spanning exon)
Agp4 TTCTCTTCGGTGCTAGGAAAC AGGAAGCTTATGTCTCTGGTG 158bp 3" UTR

Mbp CAGAAGAGACCCTCACAGCG CTAAAGAAGCGCCCGATGGA 125bp coding region

Gpr17 TGGCTGTTACCCCACTTGTC TCTTCTGTGGCCCCCATTTG 147 bp 3" UTR

Olig2 TTACAGACCGAGCCAACACC TGGCCCCAGGGATGATCTAA 129bp 5" UTR and start codon
Nefhh ACCACCAGGAGGAGGTGG GTCCAACCTCACTCGGAACC 197 bp coding region (exon spanning)
Hapin2 CCTGAAGCAGCCAGACATCC ACTCCCTAGTACTGCAAGATGA 156bp 5" UTR (exon spanning)
Agrin CCTACTCCTGCAAGGTTCGAG GACACCTGGTTGTCGCAGAT 136 bp coding (exon spanning)
Vean ACCCGAGACCTACCCTGAAA ACAGAGGGACAGGCTTAGGT 170bp coding region

CNPase CAGCAGGAGGTGGTGAAGAG AGATCACTGGGCCACAACTG 134 bp coding region

Ng2 (Cspg4) CCAGGTGCTGTTCAGCGTGAG CATCAGCTGGTCAGAGGTGTC 160bp coding region
TN-R CGTGAAGCCTTCTCTCTGCC AGTTGATGCAGACACCCAGG 184bp 5" UTR (exon spanning)
Gapdh AATGCATCCTGCACCACCAAC TGGATGCAGGGATGATGTTCTG 187 bp coding region

Primer sequences and properties of a pair of primers per gene are listed. All primers produced amplicons of a single peak in the melting curve analysis

performed at the end of the RT-qPCR reaction.

RT-qPCR, reverse-transcription quantitative real-time polymerase chain reaction; UTR, untranslated region.
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Immunohistochemistry and immunostaining

A subset of mice (most of the mice that were not used for
PCR) were deeply anesthetized with sodium pentobarbital and
transcardially perfused with 4% paraformaldehyde in phosphate-
buffered saline (PBS). Brains were removed and post-fixed over-
night. The next day, brains were transferred to a 15% sucrose PBS
solution and then to a 30% sucrose in PBS solution. After sink-
ing in the 30% sucrose/PBS, brains were frozen with dry ice-cold
2-methylbutane and stored at —80°C until they were sectioned on
a CM 3050S (Leica Biosystems, Wetzler, Germany), or a Microm
HMS500 OM (ThermoFisherScientific, Waltham, MA), cryostat.

For 2’,3-cyclic nucleotide-3-phosphodiesterase (CNPase) and
myelin basic protein (MBP) immunostaining, 50-um coronal sec-
tions were washed in PBS, blocked with 1% BSA, 10% normal goat
serum, and 0.3% Triton-X 100 in PBS for 2 h at room temperature,
then incubated for 2 overnights on a shaker at 4°C with antibodies
against CNPase (D83E10, rabbit monoclonal immunoglobulin G
[IgG], 1:100; Cell Signaling Technology, Danvers, MA), MBP
(SMI-99 mouse monoclonal IgG, 1:1000; Millipore Sigma,
Burlington, MA), or glial fibrillary acidic protein (GFAP; rabbit
polyclonal IgG, 1:2500; DAKO/Agilent Technologies, Santa Clara,
CA). Images were acquired using a Zeiss LSM 700 laser scanning
confocal microscope with an EC Plan-NEOFLUAR 10x/0.30
objective. To ensure that the same level of optical sections was
taken across all the samples, we obtained three z-stack images from
the tissue attached to the cover-slip surface and used only the
middle plane for analysis. Details of fluorescent signal quantifica-
tion are described in the Analysis of myelin density section below.

For Black Gold II (Millipore Sigma) staining, 30-um-thick
coronal sections were mounted directly on gelatinized slides.
Sections were washed in deionized H,O for 2 min and stained in
Black Gold II for 12 min, then washed twice in DI H,O and sub-
merged in a sodium thiosulfate solution for 3 min. Sections were
washed another three times before being stained in cresyl violet
(Millipore Sigma) for 3 min and then washed another three times.
Finally, sections were dehydrated in a graded alcohol series (70%-
95%-95%-100%-100%), two xylene washes, and cover-slipped
using Permount (ThermoFisherScientific).

For staining the nodes of Ranvier, 18-um-thick coronal sections
were cut and directly mounted on slides. Slides were washed with PBS
and blocked with 5% goat serum, 0.5% BSA, and 0.5% Triton-X-100,
in PBS and incubated for 48 h at 4°C in a humidified slide chamber with
anti-Nav1.6 antibody (rabbit polyclonal IgG, 1:200; Alomone Labs
Ltd., Jerusalem, Israel [as previously described*®]) and anti-Caspr
antibody (K65/35 mouse monoclonal IgG;, 1:100; NeuroMab, Davis,
CA). Images were acquired with a Zeiss LSM 880, using a Plan-
Apochromat 63 x/1.40 Oil DIC objective (Carl Zeiss, Jena, Germany).

Measurement of nodes of Ranvier

Under the microscope, coronal sections (bregma +0.4 to +0.5) were
selected with reference to the mouse brain atlas,*® and the corpus
callosum area close to the midline (between the lateral ventricles) was
set as the acquisition area. Three optical sections were taken at 0.44-
um intervals and projected as single planes for length analysis. For
each mouse, 30 nodes of Ranvier were randomly selected and the
length of the nodal gap was measured using NIH ImagelJ software™ by
a researcher blind to the blast exposure condition.

Analysis of myelin density

Myelin density was determined using a custom-written Matlab
code (Matlab 2018a; The MathWorks, Inc., Natick, MA) with an
image-processing toolbox. Two lines, 200 um apart, spanning the
full layers of the CA1 area of the hippocampus, were drawn onto
the Hoechst channel of the MBP- or CNPase-stained images of
the CA1l. Intensity profile of the fluorescent pixel intensity signal
(16-bit), average of mediolateral axis, was created along the dotted
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lines. Averaged values from different images were aligned for the
dorsoventral level by using the peak of Hoechst signal intensity in
the pyramidal cell layer, and the same ROI (the area defined by two
lines) was applied for the immunostained channels of the same
images. Then, intensity profiles of Hoechst fluorescent signal, MBP
immunofluorescent signal, or CNPase immunofluorescent signal,
along the dorsoventral axis of CA1l, were graphed. To detect the
most affected layer of hippocampal CAl, MBP signal intensity
was normalized to the min/max value of each ROI of the image by
this equation, Normalized intensity = [Intensity — min(intensity) /
Max(Intensity) — min(Intensity)], and plotted. For Black Gold II
staining of myelin, the brightfield image was processed for color
deconvolution to split Nissl staining and Black Gold II signals
using Fiji software, and the Black Gold II signal in stratum oriens
of the CALl area of the hippocampus was quantified.

Electron microscopy

A subset of mice (1 mouse from each of the 4xSham and
4 x Blast groups at the 1- and 8-week post-blast intervals) were
deeply anesthetized with sodium pentobarbital and transcardially
perfused with 2.5% glutaraldehyde and 2% paraformaldehyde in
PBS. Brains were post-fixed in the same solution, rinsed four times
in a 0.2-M cacodylate/calcium chloride buffer, and again post-fixed
for 4h in 2% osmium tetroxide made in double-distilled water.
After another four cacodylate/calcium chloride rinses, samples
were stained with 1% uranyl acetate overnight. Samples were then
washed three times in deionized H,O and dehydrated with a graded
series of ethanol solutions. Once fully dehydrated, samples were
embedded in Epon. Ultrasectioning and transmission electron
microscopy microscopy was performed by Nicholas H. Conoan
(University of Nebraska, EM Core; see Acknowledgments).

Statistical analysis

Statistical analyses were performed using GraphPad Prism (ver.
7.02; GraphPad Software Inc., La Jolla, CA) and SPSS software
(SPSS, Inc., Chicago, IL). A repeated-measures (RM) three-way
analysis of variance (ANOVA) was conducted for the factors, CS,
blast exposure, and time interval, as independent variables. For
RM-ANOVA, a Greenhouse-Geisser correction was applied for the
delayed fear conditioning, trace fear conditioning, and myelin
density analyses. For MBP and CNPase optical density analyses,
the CA1 area was divided into 10 layers representing the stratum
oriens, stratum pyramidale, and stratum radiatum (Str. Ori 1, 2, 3,
4; Str. Pyr 1, 2; and Str. Rad 1, 2, 3, 4), and a two-way RM-ANOVA
was performed for blast exposure and layer as variables. To facil-
itate readability, only statistically significant (p<0.05) ANOVA
results (main effect or interaction) are reported in the text.

Results

Advanced blast simulator exposures

The entire study used 471 shock-wave exposures, and, as de-
scribed previously, the shockwave generated by the ABS mimicked
a Friedlander curve.’' See Figure 1 for an example. The mean peak
incident overpressure was 15.32+1.07 psi (mean * standard devi-
ation; ~ 105.6 kPa, coefficient of variation [COV]=7%), with a
positive (overpressure) phase of ~5.66 ms followed by an ~ 8.10-
ms negative (underpressure) phase with peak pressure of —3.79+
0.26 psi (~26.1kPa, COV=7%). Impulse (the integration of pres-
sure X time) was measured as 0.03490%0.00478 psi-s (COV=
14%), and shock-wave velocity near the mouse was 473.30%
9.16 m/s (COV=2%). Note that the second peak of ~24 psi, ob-
served at time =1 us after the initial peak (Fig. 1), was interpreted as
a reflection wave from the animal holder toward the pencil gauge.
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FIG. 1. Example of the time-pressure profile of a shockwave
recorded near the head of the mouse. The shockwave (mean ve-
locity 478.35 m/sec) was recorded by a pencil gauge positioned
near the head of the animals. The initial ambient pressure (0 psi)
increased to a mean peak positive pressure of 15.74 psi (seen
adjacent to the small triangle, A), duration 5.31 ms, and impulse
0.04 psiems, followed by a peak negative pressure (—3.88 psi)
phase of 8.48-ms duration. The maximum pressure attained of
~23 psi, seen as a secondary peak, results from a reflection of the
incoming wave on the holder and adjacent instrumentation.

Mortality and body weight after blast

Figure 2 summarizes alterations in survival and body weight
after treatment. All mice that received 1 X or 4 X Sham or 1 x Blast
survived. For 4 xBlast mice, there was a gradual attrition as a
function of number of blast exposures (Fig. 2A): 54.8% were alive
by the final time point (chi-square survival analysis: ¥*>=36.77,
df=1, ***p <0.001, n="72 for 4 x Sham and n= 115 for 4 X Blast).

Figure 2B summarizes the body weight changes 24h after
1 x Sham or 1x Blast. The 1 xBlast mice exhibited a 6.6% reduc-
tion in body weight and 1xSham mice an ~0.5% reduction
(Kruskal-Wallis analysis of variance, H¢;,=280.010; ***p <0.001).
The 4 x Sham mice exhibited a negligible decrease in weight over
the 4-day blast procedure, whereas 4 X Blast exhibited a 7.0-8.2%
average loss in body weight (Fig. 2C; two-way ANOVA: blast x
blast day interaction, F(js097.59)=19.11; ***p<0.001; blast
F(1.65y=107.704; **%p <0.001).

Prolonged self-righting reflex after anesthesia
and blast

Figure 3 summarizes the length of time mice remained uncon-
scious after sham or blast exposure. The 1 X Sham mice exhibited
a mean righting reflex duration of 51.4sec, whereas 1xBlast
mice had significantly longer periods of unconsciousness, averag-
ing 338.7 sec (Kruskal-Wallis ANOVA for ranks, H,=81.229;
*#%p<0.001; Fig. 3A). On each given day, 4 xBlast mice had
longer righting reflex durations (459.41, 379.17, 358.69, and
395.7 sec for day 1 to day 4, respectively) than 4 X Sham mice (42.6,
44.13, 46.24, and 47.73 sec for day 1 to day 4, respectively; two-
way RM-ANOVA: blastxblast day interaction, F(2 54 350.10)=
1.695; blast, F(; 138y=150.469; ***p <0.001; Fig. 3B).
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FIG. 2. Survival rates and body weight changes after blast.
(A) Percentage of animals that survived after repeated exposures
to blast. No animals expired from 1Xxor 4x Sham treatment or
after 1 X Blast. n="72 for 4 x Sham, n=115 for 4 X Blast. n=57 for
1 x Sham, and 1 x Blast, data not shown. (B) Body weight change
(percentage) after 1 x Sham treatment (n=>58) or 1 xblast (n=57).
Mice that sustained a single blast last weighed ~6.6% less than
pre-blast baseline at 24h after injury. ***p<0.001. (C) Body
weight changes at baseline and on days 1-4 after blast. The
4 x Blast mice (n=36) exhibited 7.0-8.2% losses of their body
weight, whereas Sham mice (n=31) remained stable (99.3% of
baseline). The graph includes data for mice that survived all blast
exposures. ***¥p<0.001. Data are meantSEM. SEM, standard
error of the mean. Color image is available online.
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FIG. 3. Righting reflex after the blast. (A) Anesthetized mice
exposed to 1xBlast (n=57) took longer to self-right than (also
anesthetized) 1xSham controls (n=58). ***p<0.001. (B) Mice
exposed to 4xBlast (n=69) took longer to self-right than
4 x Sham (n="72) on all 4 days of daily blast exposure. Main effect
of blast, ***p <(0.001. Data are mean + SEM. SEM, standard error
of the mean. Color image is available online.

Blast traumatic brain injury did not affect delay fear
learning or extinction

To assess conditioned fear behavior after blast, separate groups
of mice were tested in a cued (delay) fear conditioning paradigm at
various time points up to 8 weeks after single or repeated blast
exposure (Fig. 4A). A CS was temporally paired with footshock in
Context A (conditioning), and then on day 2, mice were repeatedly
(50x) presented with the CS without coincident footshock in
Context B (extinction). On day 3, mice were tested for retrieval of
the freezing to (5 x) CS in Context B, and finally on a fear renewal
test, in which animals were presented with the (3x) CS without
footshock in Context A (Fig. 4A,B).

NONAKA ET AL.

Single blast. Mice were tested for fear learning and extinc-
tion, as above, beginning 1, 2, 4, or 8 weeks after 1 x Blast. Irre-
spective of post-blast interval, 1 x Blast and 1 x Sham mice showed
a similar and significant increase in freezing across CS presenta-
tions during conditioning (three-way RM-ANOVA: interaction of
CS xblast X post-blast interval, F(3 45,=0.0398; p=0.989). At the
1-, 2-, 4-, and 8-week time points, respectively, the main effect of
CS F ratio was all significantly different (F(gr=1, 12 or 1, 9 for 2 wk) =
126.0, 220.4, 84.8, and 32.1; ***¥p <(0.001). There was a significant
decrease in freezing during extinction training (three-way RM-
ANOVA: CS xblast X post-blast interval, F3 45,=3.55; *p=0.0216).
For 1, 2, 4, and 8 weeks, respectively, the main effect of last five
CS versus first five CS was F(; 12)=29.59, 20.45, 22.00, and 16.84
(corresponding to ***p<0.001, **p<0.01, ***p<0.001, and
**¥p<0.01), but there were no differences between 1x Sham and
1 x Blast groups (Fig. 4B).

On the fear extinction retrieval test, there was a significant increase
of freezing to the CS relative to baseline for all groups of animals, but,
again, there were no group differences (three-way RM-ANOVA:
CS x blast X post-blast interval, F3 45)=0.238; p=0.869). For 1, 2, 4,
and 8 weeks, respectively, the main effect of CS (CS vs. baseline) was
F112)=97.97, 37.16, 43.27, and 62.89 (all ***p <0.001). In the fear
renewal test, the CS induced significantly more freezing over baseline,
a difference that was similar for all groups (three-way RM-ANOVA:
interaction of CSxblastxpost-blast interval, F45,=0.467;
p=0.707; main effect of CS vs. baseline, F(; 1,,=62.89, 74.41, 79.83,
and 99.07; ***p <0.001; Fig. 4B). These data demonstrate that bTBI
did not impair cued delay fear behavior or hearing, at least of a white
noise, which replicates other studies in mice,52 but is nonetheless
noteworthy given clinical cases of impaired hearing after blast.

Repeated blast. One explanation of the absence of 1 x Blast
effects on fear is that a single blast is insufficient to impair this
behavior. To address this possibility, we performed the same fear
paradigm 1, 2, or 8 weeks (each in a separate group of mice) after
subjecting mice to four daily (one per day) blasts. At all of the post-
blast intervals, the 4 X Blast and 4 X Sham groups showed a similar,
significant increase in freezing during conditioning (three-way
RM-ANOVA: CSxblastx post-blast interval, Fg9,=1.29; p=
0.282; two-way ANOVA, main effect of CS: 1 week, F(; »3,=75.40;
*#*%p<0.001; 2 weeks, F27,=145.1; **¥p<0.001; 8 weeks,
F.39)=167.4; **¥p<0.001) and a similar, significant decrease
during extinction training (three-way RM-ANOVA: CS X blast x
post-blastinterval, F(, g9)=0.308; p=0.736: two-way RM-ANOVA,
main effect of extinction [first five CSs vs. last five CSs]: 1 week,
F(1.23=38.28; ***p <0.001; 2 weeks, F(; 27y=32.23; ***p<0.001;
8 weeks, F(j39,=62.73; ***p<0.001), but, again, no difference
between 4 x Sham and 4 X Blast groups (Fig. 4C).

On an extinction retrieval test, freezing of the 4 x Blast group
was again not different from 4 x Shams at the 1- and 2-week post-
blast intervals, but showed modest, significantly less freezing,
relative to Shams, at 8 weeks after blast—suggesting either a

>

FIG. 4. Cued (delayed) fear conditioning/extinction was not affected by bTBI. (A) Schematic illustration of the cued fear condi-
tioning/extinction task. Fear conditioning/extinction/retrieval/renewal tests (block of 3 days) were performed 1, 2, 4, and 8 weeks after
1 xBlast and 3 days, 2 weeks, and 8 weeks after 4 x Blast. The test sequence is described in the Methods. (B) Percent freezing data for 1,
2, 4, and 8 weeks after 1 x Blast. n="7 for 1 x Sham, and n="7 for 1 X Blast at 1, 4, and 8 weeks. n=6 for 1 x Sham and n=5 for 1 x Blast
at 2 weeks. COND, fear conditioning; EXT, extinction training; RET, retrieval test; REN; fear renewal test; BL, baseline; CS 03, third
CS; CS 01-05, average of first five CSs; CS 45-50, average of last five CSs. (C) Percent freezing data for 3 days, 2 weeks, and 8 weeks
after 4 x Blast. n=12 for 4 x Sham and n=13 for 4 x Blast at 3 days, n=15 for 4 x Sham and n=22 for 4 x Blast at 2 weeks, n=19 for
4 x Sham and n=22 for 4 x Blast at 8 weeks. Data are mean+ SEM. bTBI, blast traumatic brain injury; CS, conditioned stimulus; SEM,

standard error of the mean. Color image is available online.



Day 3

Day 2

Day 1

A

Context B Context B Context A

Context A

B 1x Blast *

1 wk

[y

2wk
>

- G0-L0 SO
- 19

..’/' - G0-10 SO
- g
.A‘ - 05-9% SO

- G0-L0 SO
- 19

- €0 SO
10 SO
14

=@~ 1x Sham
=@~ 1xBlast

A

/

- G0-1L0 SO
- 1d

.6/- 50-10 SO
+ 19
AA - 05-9 SO

- G0-10 SO
- 14

1
(=] (=] o =] o
== w =+ (]

Buizeaid o,

m - €0 SO

Jsmo
19

seer e

Buizeal o,

RET REN

RET REN COND EXT

EXT

COND

PP PP

2wk

8wk

/]
;

4x Blast

’\

()

L
S 3
% o ..oo/.o-mo.swo z
33 - 19 @
++ .Q/l.mc.swo "
w
18 @
L 05-9% SO
- 501080 |
- g
- L €080 o
o -
3 l0so |5
18
2 8 8 & °

Buizeal o,

S0-L0 SO
14

S0-L0 SO
g

05-9% SO
S0-10 SO
14

€0 SO
10 SO
g

RET REN

EXT

COND

1557



1558

facilitation of extinction memory or a decay of the original fear
memory (three-way RM-ANOVA: CS X blast X post-blast inter-
val, F589)=2.73; p=0.0707; two-way RM-ANOVA for 8 weeks
CS x blast interaction: F(; 39,=8.23; **p=0.00663; Fig. 4C). Finally,
there were no group differences on the fear renewal test (Fig. 4C).

Overall, these data show that neither a single nor repeated ex-
posure to blast produced deficits in the ability to acquire or extin-
guish a form of (delay) fear memory in which the CS and shock
coterminate during conditioning.

Blast traumatic brain injury produced trace fear
learning abnormalities

We next asked whether bTBI affected a variant of fear learning
in which there is a 20-sec interval (“‘trace’’) between the termina-
tion of the CS and the subsequent footshock during conditioning
(Fig. 5A). The trace and delay variants of fear learning are known to
recruit dissociable brain region354"5° and, as such, to be differen-
tially affected by genetic mutations in molecules expressed in one
of these regions, the hippocampus.’” Mice were exposed to 1 x or
4 x Blast and tested for trace fear conditioning, retrieval, and con-
textretrieval 1 or 8 weeks later. A separate cohort of 1 X or 4 x Blast
mice were tested 3 days after blast to assess the behavior at a shorter
post-injury interval (Fig. 5B).

Single blast. During conditioning and a subsequent retrieval
test, freezing was measured during the pre-CS baseline, CS pre-
sentation periods, and the trace intervals between CS and (in the
case of conditioning) footshock.

On the retrieval test on day 2, a three-way RM-ANOVA derived
a significant three-factor interaction (three-way RM-ANOVA: in-
teraction of blastXtest phase [baseline, CS vs. trace] X post-blast
interval, F372.67.03=2.68; *p=0.042). Separate analyses were
performed for each test day. Freezing was significantly lower
during the CS and trace, but not baseline, 3 days after 1xBlast,
relative to 1x Sham controls (two-way RM-ANOVA: interaction
of blastXxtest phase, F(j 972368 =10.99; ***p=0.000439; main
effect of blast, F(; 12)=14.30; **p=0.00262; post hoc Fisher’s least
significant difference [LSD] tests for each period separately:
baseline, p=0.441; CS, *p=0.0130; trace, ***p<0.001). One
week after blast, freezing during the trace was slightly lower in the
1 x Blast group, and the interaction of the blast and test phase was
significant (two-way RM-ANOVA: interaction of blastX test
phase, F(;.8322.51y=3.76; *p=0.042; main effect of blast, F(; j2)=
0.421; p=0.529). There were no group differences between the
groups at baseline, CS, or trace at 8 weeks after blast (two-way RM-
ANOVA: interaction for blastxtest phase, Fj30,1557,=0.0119;
p=0.953; main effect of blast, F; ;,,=0.126; p=0.729; Fig. 5C).

Repeated blast. Again, because the three-way RM-ANOVA
for the blastxtest phaseXxpost-blast interval interaction was
significant (F(372,74.50)=2.78; *p=0.036), separate two-factor
ANOVAs were performed at the three post-blast intervals: 3 days,
1 week, and 8 weeks. As compared to the respective Sham con-
trols, freezing during the trace was lower in the 3-day post-blast
group (two-way RM-ANOVA interaction of blastxtest phase,
F(1.73, 2075)=9.26; **p=0.00193; blast, F(; 1,,=0.126; p=0.728),
not different at all periods in the 1-week group, and significantly
lower during the CS periods in the 8-week group (two-way RM-
ANOVA for blastxtest phase: F(j64,16.30)=3.980; *p=0.0459;
post hoc Fisher’s LSD tests for each test phase separately: baseline,
p=0.585; CS, **p=0.0017; trace, p=0.392; Fig. 5C).

NONAKA ET AL.

One interpretation of these results is that bTBI impairs the ability to
bridge the CS and US when there is an interval between the two. Given
that earlier work has shown that mice tend to freeze more at the start of
the trace period (i.e., at CS offset) in anticipation of the footshock,”” =’
we calculated the difference between CS and trace freezing,
[AFreezing (trace — CS)], during retrieval as an index of temporal
bridging (Fig. SD,E). This analysis revealed a greater trace and CS
freezing differential, [AFreezing (trace — CS)], in 4 xSham than
4 x Blast mice, which was strongest at 3 days, partially maintained at 1
week, and absent at 8 weeks after blast (repeated blast: two-way
ANOVA interaction of blastX post-blast interval, F40,=4.40;
**p=0.019; main effect of blast, F, 40,=1.77; p=0.313; main effect
of post-blast interval, F 40,=0.964; p=0.509; post hoc t-test for 3
days, ***p <0.001; 1 week, p=0.556; 8 weeks, p=0.298). These data
indicate that after repeated blast exposures, this measure of temporal
bridging was impaired at a time point relatively soon after blast
(3 days), butrecovered with time (by 8 weeks). For 1 x Blast, there was
a similar time-dependent pattern, but this was not statistically signif-
icant (two-way ANOVA: interaction of blastX post-blast interval,
F(236y=2.62; p=0.0868; main effect of blast, F(; 36,=4.43; p=0.170;
main effect of interval, F; 36)=2.44; p=0.291).

These results for retrieval led us to apply the same, CS versus trace
freezing differential, measure for conditioning. Here, all the Sham
groups showed positive delta values, [AFreezing (trace — CS)],
(greater freezing during trace than during CS) on the third and fourth
pairings (Supplementary Fig. S1A,B), whereas all the Blast groups
showed negative values, [AFreezing (trace — CS)], at the second
pairing, with the 3-day post 4 X Blast group additionally showing a
negative value at the third pairing. The difference, [AFreezing (trace —
CS)], between corresponding Sham and Blast groups at the second
and third parings was evident in the groups showing the greatest
temporal bridging defects on the day 2 retrieval test (Fig. 5C). By the
fourth trial, the 1xand 4xBlast groups showed positive values,
[AFreezing (trace — CS)], similar to the level as corresponding Sham
groups, suggesting that this temporal pattern learning dificit may arise
from a one- or few-time learning experiences, and that the repetitive
learning may compensate for this kind of deficit.

At 8 weeks after 4 x Blast, the 4 x Blast group froze less than the
Sham animals during both the Trace and CS periods (two-way RM-
ANOVA: test phase X blast interaction, F ¢4,16.4)y=3.98; *p=0.046;
Fig. 5C). At this post-blast time point, the 4 x Blast group also
showed less freezing in the delay fear retrieval test compared to
Sham controls (two—way RM-ANOVA: test phase X blast interac-
tion, F(; 39)=8.23; **p=0.00663; Fig. 4C).

Last, there were no blast-group differences in freezing on a
contextual fear test conducted the day after the trace retrieval test,
irrespective of post-blast interval (Supplementary Fig. S1C), sug-
gesting normal contextual fear and consistent with reports in a rat
concussive injury model.”®

Blast traumatic brain injury impaired spatial novelty
preference but not social recognition

At the neural level, a key difference between delay and trace fear
learning is that the latter form of conditioning is dependent on hip-
pocampal function.>” This led us to examine whether the impairments
in trace fear produced by bTBI generalized to two other hippocampal-
mediated behaviors: social recognition*® and spatial novelty prefer-
ence Y-maze*’ tests, that do not have a strong fear component.

Social recognition test. Mice investigated a novel juvenile
male less during the test trial than during the preceding sample
trial—indicative of social recognition (Fig. 6A). This pattern did
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FIG. 5. bTBI produced abnormalities in trace fear learning. (A) Schematic illustration of the 3-day trace fear conditioning task. The trace
period between CS and US was 20sec. On day 1, there were 4 x CS-trace-US sequences separated by a random interval (150-270 sec)
between presentations. On day 2, there was no US; the 20-sec post-CS intervals are indicated as “Trace” periods. (B) Schematic illustration
of the timeline of experiments after 1 x Blast and 4 x Blast. (C) Percent freezing during the trace fear retrieval test (day 2). Percent freezing
during the pre-CS baseline, CS presentation, and trace period in mice conditioned either 3 days, 1 week, or 8 weeks after 1 x Blast (top row)
or 4 xBlast (bottom row). *p <0.05; **p <0.01 for blast X test phase interaction. Gray shading indicates CS presentation, and pink shading
indicates Trace period. (D,E) Trace and CS freezing differencial [AFreezing (trace — CS)], (% freezing during trace — % freezing during CS),
are plotted to show the temporal pattern of freezing behavior after 1xBlast (D) and 4 xBlast (E). *p <0.05 for blast X post-blast interval
interaction. n=7 for 1 xSham and n=7 for 1 xBlast at 3 days, 1 week, and 8 weeks, n=8 for 4 x Sham and n=6 for 4 xBlast at 3 days,
n=11 for 4 x Sham and n=9 for 4 x Blast at 1 week, and n="7 for 4 x Sham and n=>5 for 4 X Blast at 8 weeks. bTBI, blast traumatic brain
injury; CS, conditioned stimulus; US, unconditioned stimulus. Color image is available online.
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FIG. 6. bTBI impaired spatial novelty preference, but not social recognition. (A) Schematic illustration of the social recognition test
(top) and accompanying results (bottom). Blast and Sham mice showed similar reductions in social investigation duration during the zest
trial, as compared to the sample trial. (B) Schematic illustration of spontaneous spatial novelty preference Y-maze test (top) and
accompanying results (bottom). Preference indices for the novel arm, as measured by both duration (top graph row) and #entries
(bottom graph row), showed a significant main effect of blast for 1xBlast and for 4 x Blast. Preference index (duration) was above
chance for Blast and Sham mice at all time points. Preference index (#entries) was above chance for Blast and Sham mice at time points
except 8 weeks for 1 x Blast and 3 days for 4 X Blast mice. **p <0.01; *p <0.05. The number of mice for both the social recognition and
Y-maze tests were: n="7 for 1 X Sham and n=7 for 1 x Blast for 3 days, n=7 for 1 x Sham and n=7 for 1 xBlast at 8 weeks, n=11 for
4 x Sham and n=9 for 4 x Blast at 3 days, and n="7 for 4 x Sham and n=5 for 4 x Blast at 8 weeks. Data are mean +SEM. bTBI, blast
traumatic brain injury; SEM, standard error of the mean. Color image is available online.



BEHAVIORAL ABNORMALITIES IN MICE AFTER BTBI

not differ between 1 xor 4 xBlast mice and their corresponding
Sham groups, at 3 days or 8 weeks post-injury (three-way RM-
ANOVA for 1 x Blast: interaction of blast X test phase [sample trial
vs. test trial] X post-blast interval, F(; »3y=0.0141; p=0.907; main
effect of test phase, F(; 23,=100.6; ***p<0.001; for 4 x Blast: in-
teraction of blast X test phase Xinterval, F(j ,5,=0.214; p=0.647;
main effect of test phase, F(; 25)=209.7; ***p <0.001).

Y-maze spatial novelty preference test. The novel arm
preference indices calculated from duration and number of arm
entries during the first minute of the test trial (i.e., 1 min after the
two-arm sample trial) were obtained as measures for spatial
working memory. The 1x Blast mice did not show a difference in
the preference index for duration nor number of entries in the novel
arm, compared to 1x Sham controls (Fig. 6B). The preference in-
dex was lesser at 8 weeks than 3 days post-injury, as measured by
novel arm relative duration (main effect of post-blast interval,
F123=13.68; **p=0.00118) and the relative number of entries
into the novel arm (main effect of post-blast interval, F(; »3,=4.33;
*p=0.049), indicating an overall reduction in exploration of the
novel arm for both the 1 x Sham and 1 x Blast groups at the 8-week
time point compared to the 3-day time point.

For repeated blast, there was a significant difference between
4 x Blast and 4 X Sham controls for the preference index based on
the novel arm exploration duration (two—way ANOVA of blast x
post-blast interval: main effect of blast, F( ,5=4.53;
*p=0.0423). The 4 x Blast mice also showed lower preference
index based on the number of novel arm entries than 4 X Sham
control (main effect of blast, F(; ,5,=4.60; *p=0.0409). All
groups showed preference indices (preference to the novel arm)
above chance (0.5; significant by one-sample #-test for all groups)
when considering the duration in the novel versus familiar arm.
Preference indices calculated based on arm entries were also
above chance (significant by one-sample #-test) for all groups
except the 1 x Blast group at 8 weeks post-blast and the 4 x Blast
group at 3 days post-blast.

These data show that repeated, but not single, blast produced
deficits in another measure of hippocampal-dependent cognition,
spatial working memory.

Blast traumatic brain injury altered myelin
and glia-related gene expression

We next examined the effects of bTBI on the expression of a
suite of genes involved in myelin and glia function by performing
RT-qPCR on tissue from the hippocampus (HPC), as well as other
important nodes within the fear circuitry, including the medial pre-
frontal cortex (mPFC) and basolateral amygdala (BLA), and in two
myelin-rich areas; the corpus callosum and anterior commissure.
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The expression of 11 genes was examined at 1, 2, 4, or 8 weeks after
a single blast exposure and compared to corresponding levels in
Sham controls.

This analysis revealed a number of gene-transcript-level alter-
ations that varied as a function of brain region and post-blast (1 x)
interval (Fig. 7A). One of the clearest patterns was evident in the
HPC for two genes associated with myelination, Mbp and CNPase,
and two genes associated with axonal/nodes of Ranvier structure;
neurofilament heavy chain (Nefh) and hyaluronan and proteoglycan
link protein 2 (Hapln2; also known as Brall).®® All four genes were
downregulated at 2—4 weeks, but not at 1 or 8 weeks, post-blast in
the HPC (two-way ANOVA for the 2-week group: gene xblast
interaction, F(3 14282,=95.16; **p=0.00519; main effect of gene,
*#%p=0.00274; main effect of blast, *p=0.0215; for the 4-week
group: gene Xblast, F(3 1 37.3)=3.26; *p=0.0308; main effect of
blast, *p =0.0362; Fig. 7B,C).

A different pattern was observed in the samples of the corpus
callosum. At the later phase of assessment at 8 weeks after blast, all
of the aforementioned myelin-related transcripts were elevated, as
well as the proteoglycans, versican (VCAN), agrin, tenascin-R
(TNR), neural/glial antigen 2 (Ng2), and G-protein-coupled re-
ceptor 17 (GPR17); a sensor of brain injury, and oligodendrocyte
transcription factor 2 (Olig2); a transcription factor required for
oligodendrocyte specification (two—way ANOVA for the 8-week
group: gene X blast interaction, F(37¢.45.1)=0.917; p=0.458; main
effect of gene, p=0.071; main effect of blast, **p=0.00725;
Fig. 7B,D).

These data indicate dynamic alterations in the expression of 1)
myelin and nodes of Ranvier-related genes in the HPC in the period
2-4 weeks after blast and 2) glial-differentiation and extracellular
matrix (ECM)-related genes in corpus collosum 8 weeks after blast.

Blast traumatic brain injury reduced myelin marker
proteins in the hippocampus

Based on the finding that bTBI altered myelin-related gene ex-
pression, we next performed immunostaining to determine whether
there were injury-induced changes at the protein level for the
myelin-associated molecules, MBP and CNPase (Fig. 8A,B.E). We
focused on the hippocampus based on the prominent gene ex-
pression changes observed in this region (Fig. 7C), together with
trace fear deficits (Fig. 5) and Y-maze deficits (Fig. 6B) resulting
from bTBI.

Results showed that immunofluorescence signal intensity for
MBP was significantly lower in the single-bTBI group (Fig. 8A,B),
relative to Sham controls, in the CA1 region of the hippocampus
1 week (two-way RM-ANOVA: blast X layer interaction, F(; 91 26 74)=
1.265; p=0.297; main effect of blast, F(; 14,=5.952; ¥*p=0.029),
but not at 2 weeks, after blast (two-way RM-ANOVA: interaction,

>

FIG. 7. bTBI altered hippocampal expression of myelin and nodes of Ranvier-related genes. (A) Timeline of brain tissue dissections
after 1 x Blast. (B) RT-qPCR data for anterior commissure (AC), corpus callosum (CC), basolateral amygdala (BLA), pre-frontal cortex
(PFC), and hippocampus (HPC). [llustrations of the sampled brain areas are shown as circles within the brain region cartoons at the top
of each table. ACr values from qPCR (the difference in Ct between target genes and reference genes) were calculated, and the

normalized 244

values (AACr is a difference in Ct between 1 X Blast mice [n=7] the 1 x Sham group [n="7]) are shown in a heatmap

(cold for values <1.0; warm for values >1.0). (C) Summary of gene expression changes after a single blast for MBP, CNPase, Nefh, and
Hapln2 in the hippocampus; thick line indicates the average + SEM. (D) Summary of expression changes for 12 genes in the corpus
callosum after 1x Blast; thick line indicates the average = SEM. bTBI, blast traumatic brain injury; CNPase, 2’,3-cyclic nucleotide-3-
phosphodiesterase; Ct, cycle threshold; Hapin2, hyaluronan and proteoglycan link protein 2; MBP, myelin basic protein; Nefh, neu-
rofilament heavy chain; qPCR, quantitative polymerase chain reaction; RT-qPCR, reverse-transcription quantitative real-time
polymerase chain reaction; SEM, standard error of the mean. Color image is available online.
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FIG. 8. bTBI reduced hippocampal protein levels of myelin markers. (A) Illustration of a coronal section (bregma —1.94 mm)
containing the HPC CA1 area examined. (B) Representative images of MBP immunostaining images at 1 and 2 weeks after 1 x Blast.
Dotted lines indicate an example of the zone (200 um thick) within which the immunofluorescent signal was analyzed. (C) Quantifi-
cation of MBP signal intensity at 1 and 2 weeks after 1 x Blast. The intensity curve for Hoechst nuclear staining (left) was used to define
the pyramidal cell layer. Dotted horizontal lines represent the pyramidal cell layer. n=8 for 1 x Sham and n=28 for 1 xBlast at 1 and
2 weeks. *p<0.05, main effect of blast. (D) Normalized relative fluorescence of MBP signal for 1 week post 1xBlast. *p<0.05;
#subthreshold significance. (E) Representative images of CNPase immunostaining images at 1 week after 4 x Blast. (F) Quantification of
CNPase immunofluorescence signal intensity at 1 and 8 weeks after 1 xBlast and 4 X Blast. n="7 for 1 X Sham and n="7 for 4 x Blast at
1 and 8 weeks. *p <0.05, blast X layer interaction. Data are mean+ SEM (shade). Scale bar, 100 um. bTBI, blast traumatic brain injury;
CNPase, 2’,3-cyclic nucleotide-3-phosphodiesterase; IF, immunoflourescence; MBP, myelin basic protein; SEM, standard error of the
mean. Color image is available online.
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Fa762001=1.09; p=0.346; blast, F,3=0.0152; p=0.904; Fig. 8D). To substantiate these findings, we stained alternate sections
Fig. 8C). Closer inspection of the patterns of fluorescence indi- from the same mice with the myelin staining dye, Black Gold II, and
cated that, within the CA1 region, the greatest reductions were in the ~ found the same patterns of myelin loss at 1 week (¥p <0.05, #-test),
dorsal stratum oriens (two-way RM-ANOVA: blast X layer interac-  not at 2 weeks, after bTBI (Fig. 9).

tion, F(2.7137.96)=1.36; p=0.270; Fisher’s LSD test: stratum oriens To extend these data, we quantified hippocampal levels of an-
[top layer], *p=0.027; stratum pyramidale [top layer], p=0.0522; other myelin marker, CNPase, which is present in non-compact

A 1wk post 1xBlast
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*
30 -
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FIG. 9. bTBI produced loss of hippocampal myelin. (A) Top: representative image of histological myelin staining using Black
Gold 1II, costained with cresyl violet (Nissl staining), for 1 X Sham and 1 x Blast at 1 week. Scale bar, 500 um. Black rectangles indicate
areas where myelin signals were analyzed. Bottom: magnified view of striatum oriens. From top to bottom: brightfield, Black Gold II,
and Nissl stain images, respectively. Scale bar, 100 um. (B) Quantification of Black Gold II staining intensity in the CA1 striatum oriens
revealed reduced myelin in 1xBlast (n=8), as compared to 1 x Sham (n=8) mice at 1 week, but not at 2 weeks, post-blast (n=28 for
1 xSham, n=8 for 1xBlast). *p<0.05. Data are mean+SEM. bTBI, blast traumatic brain injury; CAl, cornu ammonis 1; SEM,
standard error of the mean. Color image is available online.
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myelin sheets® and can reflect perturbations in oligodendrocyte
maturation, whereas MBP, for example, is present only in mature
oligodendrocytes and compact myelin.®>®> We examined CNPase
at 1 week after 1 X blast, as well as 8 weeks post-blast, to determine
whether the recovery in myelin was long-lasting. There was a non-
significant trend in reduction of CNPase at the 1-week, but not
8-week, interval (Fig., 8F). Next, we examined CNPase expression
at the same intervals after repeated blast and found that expression
was significantly decreased relative to Sham controls at 1 week
(two-way RM-ANOVA: blast x cell layer interaction, F(; ;5)=5.34;
*p=0.028; main effect of blast, F(; ;5,=3.37; p=0.086), but not
at 8 weeks (interaction, F(; ;09,=0.481; p=0.504; blast, F(; j0)=
0.106; p=0.752), after blast (Fig. 8F). Finally, GFAP immuno-
staining was performed and the areal density of GFAP-positive
astrocytes quantified; there was no difference between single-Blast
mice and Sham controls for GFAP-positive cell density in hippo-
campal CA1 nor in the hilar region of the dentate gyrus (Supple-
mentary Fig. S2).

Together, these data complement and extend the results of
our gene expression analysis by showing that bTBI produces dec-
rements in hippocampal levels of key myelin-related proteins, MBP
and CNPase.

Blast traumatic brain injury causes damage
to myelin in the corpus callosum

Our gene expression analysis revealed blast-related changes
for Hapln2 and Nefh, two genes associated with the structure of the
nodes of Ranvier.%° Therefore, we examined the nodes of Ranvier
through a combination of immunostaining for the paranodal mar-
ker, contactin-associated protein (Caspr), and a nodal gap marker,
Nav1.6.%* For these analyses, we first examined the central part
(close to midline) of the corpus callosum because of the difficulty in
examining nodes in neuronal-rich regions such as the hippocampus.
Nodes were inspected for gap length, paranodal length, number of
bundles, and curvature. An initial examination of images obtained
with a fluorescence microscope showed that mice exposed to re-
peated blast had significantly longer nodal gap length 1 and 8 weeks
after 4 xBlast, as compared to Sham controls (Kolmogorov-
Smirnov test on pooled data from Sham and Blast groups: 1 week
after 4 xBlast, *p=0.0175; 8 weeks after 4 x Blast, *p=0.0213;
Fig. 10B-D).

There was also an alteration in mRNA levels of glial, ECM, and
myelin-related genes in the corpus callosum after blast, which was
significant at 8 weeks after 1 x Blast (Fig. 7D). At this time point, all
12 of the sampled transcripts were elevated in Blast mice compared
to Sham controls, with 11 of the 12 transcripts exhibiting increases
>20%. These data are consistent with previous evidence that TBI
can disrupt the structural connectivity of the corpus callosum.®®
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To provide preliminary support for these data at the electron
microscope level, we obtained high-resolution images of the corpus
callosum from one representative 4 X Blast—exposed mouse (and
corresponding Sham control) at the 1- and 8-week post-blast in-
tervals. These ultrastructural images revealed the presence of
vacuoles and evidence of axonal damage 1 week after 4 x Blast.
These changes included increased paranodal gap distance and in-
dications of redundant myelin (i.e., excessively long myelin that
did not tightly wrap axons and occasionally folded back onto
itself),%57 loosely packed myelin around axons, axons with pro-
trusions, and abnormally thickened myelin (Fig. 10E and Supple-
mentary Fig. S3A). With the exception of increased paranodal gap
distance, the rest of these changes were not apparent at 8§ weeks
after 4 xBlast (Fig. 10E). Finally, examination of hippocampal
tissue indicated more vacuoles around axons of 4 X Blast mice,
relative to Sham controls, at both the 1- and 8-week post-blast time
points (Supplementary Fig. S3B).

Discussion

The results of the current study showed that blast injury in mice
produced an array of behavioral, molecular, and structural changes
that varied as a function of the number of blast episodes and the
time post-injury (Fig. 11). The study adopted a method of TBI
produced by blast-wave exposure previously shown to produce
transient decreases in home-cage activity when C57BL/6J mice are
exposed to a single blast.'> We extended this method by applying a
regimen of daily blast over 4 consecutive days. It should be noted
that though we sought to examine the effects of repeated blast
exposure in a manner (daily) that was systematic, consistent, and
replicable in future studies, this is an experimental preparation that,
by necessity, relates more closely to some, but not other, real-
world, including military, scenarios—given that the experience of
repeated blast in such settings is typically sporadic and random.
Nonetheless, it will be interesting to examine the consequences of
varying the number and spacing of repeated blast in future work to
model various injury scenarios. This follow-up research could also
shed light on the precise cause of the fatalities after the repeated
blast, which probably reflects damage to the vascular system, lungs,
and other soft tissues.

At the behavioral level, we did not find alterations in ‘“‘delay”
(US coterminates with the CS) form of fear conditioning (or ex-
tinction) after either single or repeated blast. This finding agrees
with the absence of effects on these behavioral measures in
C57BL/6 mice and rats that have suffered blast-induced mTBI*? or
concussion-induced TBIL. %% Whereas one study reported an
impairment in delay cued fear extinction in C57BL/6 mice after
single blast,”® this required high (50-60 psi) blast pressure. Other
studies in rats found a deficit when blast exposure occurred between

>

FIG. 10. bTBI altered the structure of the nodes of Ranvier in the corpus callosum. (A) Illustration of a coronal section (bregma
+0.5 mm) containing the corpus callosum region examined. (B) Representative images of nodes of Ranvier staining with anti-Caspr and
anti-Nav1.6 antibodies at 8 weeks after 4 x Blast. Scale bar, 5 um. (C) Quantification of nodal gap length for 1xBlast (n=7) and
4xBlast (n=7) at 1 and 8 weeks. n=9 for 4 x Sham and n=28 for 4 x Blast at 1 week, n="7 for 4 X Sham and n=6 for 4 xBlast at 8
weeks. (D) Cumulative percentage analysis of nodal gap length for 4 xBlast at 1 and 8 weeks. *p <0.05, Kolmogorov-Smirnov test.
n=283, 107,71, and 87 for 1 week after 4 x Sham, 4 x Blast, 8 weeks after 4 x Sham, 4 x Blast, respectively. (E) Electron micrographs of
nodes of Ranvier in the corpus callosum for 1 week (top) and 8 weeks (bottom) after 4 x Sham and 4 x Blast mice. Filled arrowheads
indicate the nodal gap and paranodal borders. Open arrowheads show distorted paranodal morphology in 4 x Blast mice. Scale bars,
100nm for 1 week after 4 x Sham (example 2) and 8 weeks after 4 X Blast (example 2); 500 nm for all other images (embedded in
original micrographs). bTBI, blast traumatic brain injury; Caspr, contactin-associated protein. Color image is available online.
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Graphical summary of the main findings. Summary of time-dependent behavior, gene expression analysis, and structural

analysis (protein and morphological) after blast. Trace fear abnormalities paralleled the time course of myelin structural changes after
single and repeated blast, whereas spatial novelty preference deficits and structural change in the nodes of Ranvier and corpus callosum
axons were evident only after repeated blast. CNPase, 2’,3-cyclic nucleotide-3-phosphodiesterase; Hapin2, hyaluronan and proteoglycan
link protein 2; Mbp, myelin basic protein; Nefh, neurofilament heavy polypeptide. Color image is available online.

conditioning and testing,* or when conditioning took place at a
prolonged interval after blast (>4 months).>>""""* Thus, together
with the current findings, it appears that across rats and mice, mild
(15 psi) bTBI has minimal effects on delay fear in the first 2 months
after injury.

Several studies have now shown that blast produces significant
changes in BLA neuronal density and dendritic morphology and

alters the expression of various genes and molecules in the
BLA.?>7476 Delay fear conditioning and extinction is heavily re-
liant on the BLA.””"8 However, the lack of bTBI effects on delay
fear conditioning suggests that if blast produced changes in
BLA function, these were not sufficient to cause demonstrable
impairment in this form of learning. Unlike delay fear, trace fear
conditioning (in which the US occurs at the interval after CS
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termination) is dependent on intact hippocampal function.’’ In-
terestingly, in this context, and echoing a recent study which found
that single blast affected trace fear conditioning to a greater extent
than delay conditioning in C57BL/6 mice,>* we did find that mice
exposed to single or repeated blast exhibited performance abnor-
malities in trace fear. Specifically, whereas cue-related freezing per
se was not decreased after blast, mice subjected to single and re-
peated blast showed a lesser differential in freezing [AFreezing
(trace — CS)] than sham during retrieval and conditioning.

This pattern, which was evident at relatively recent time points
after blast (3 days and 1, but not 8, weeks), suggests a deficit in the
ability to temporally bridge the interval from CS to the expected
US, that is, an impairment in ‘“‘temporal pattern learning.”” The
possibility that this behavioral abnormality reflects a deficit in
hippocampal function is supported by the finding that repeated blast
also impaired performance on the Y-maze spatial working memory
task, another hippocampal-dependent task.*” However, we found
that a third hippocampal-dependent task, social recognition, was
unaltered by blast. Hence, based on the current results and earlier
works,” it appears that the effects of blast on hippocampal-
dependent cognitive performance varies across tasks, likely attrib-
utable to differences in the sensitivity of different assays to the
deleterious impact of blast.

There is a growing consensus that one of the main neural insults
produced by TBI is axonal injury and disturbances in white mat-
ter.”>7%%% In an attempt to provide a further link between the be-
havioral and neural effects of blast injury, we found that a single
blast produced myelin damage in the hippocampus, whereas re-
peated blast exposure caused an increase in nodal gap length mea-
sured 1 or 8 weeks after blast. Nodal gap length, paranodal length,
and nodal thickness are tightly regulated and undergo constant
molecular remodeling,®'? including repair processes, after axonal
insult.®* Concussive TBI has been shown to cause damage to the
nodes of Ranvier,® and morphological abnormalities of the nodes
are also associated with a variety of behavioral abnormalities, in-
cluding depression, autism, and cognitive impairment.***® Indeed,
there is growing evidence that myelin is critical for supporting
cognitive functions, including contextual fear,%-*!

Extending these data further, we found gene expression alter-
ations in myelin and axon-related mRNA transcripts in the hippo-
campus and corpus callosum. Specifically, Mbp and CNPase,
which are present in myelin and oligodendrocytes, and two genes,
Hapln2 and Nefh, associated with the structure of the nodes of
Ranvier®® showed upregulation 2 weeks after a single blast expo-
sure (repeated blast was not tested) and then downregulation at the
4- and 8-week post-blast time points. In parallel with these gene
expression changes, MBP and CNPase protein levels were reduced
in the stratum oriens of the hippocampus CAl area 1 week after
single or repeated blast. However, unlike the persistent gene
expression changes, these protein levels had normalized by later
post-blast time points. This could potentially reflect remyelination
given that there was some indication of hippocampal oligoden-
drocyte precursor proliferation in the form of Olig2 and Ng2 gene
expression increases within the first week after blast. Further ana-
lyses will be required to test this hypothesis, including examination
of the protein levels of Olig2 and Ng2, as well as markers for
mature oligodendrocytes such as Cc-1.

Additional studies will also be needed to determine the mecha-
nism through which blast could produce such damage. One possi-
bility is that blast causes axonal injury through the intense energy
and overpressure passing through brain lipid-rich structures vul-
nerable to heat and mechanical damage. These mechanical effects
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could be amplified with repeated blast if the brain is rendered in-
creasingly sensitive and vulnerable to multiple shockwaves.”>** In
support of this notion, diffusion tensor imaging in rats has shown that
repetitive blast exposure caused greater white matter tissue damage®*
than a single blast.”> However, although the current study provides
further preliminary support for a link between bTBI, myelin damage,
and impaired cognition, a causal connection remains to be demon-
strated by, for example, testing whether recovery of myelin®®'% can
reverse bTBI-induced trace fear abnormalities.

In conclusion, the current study examined the effects of single
and repeated blast exposure in mice on various behavioral assays,
as well as multiple genetic, molecular, and structural indices in the
brain. The main findings were that blast-induced mTBI produced a
specific set of behavioral disturbances, characterized by abnormal
temporal organization of cue-induced freezing behavior in a con-
ditioned trace fear test and deficient spatial working memory per-
formance in a Y-maze task. bTBI was associated with changes in
myelin-related gene expression and myelin and axonal damage in
the hippocampus and corpus callosum. The behavioral and neural
sequalae of bTBI occurred in a manner that varied depending on
both the number of blast exposures and the time interval after blast.
Together, our findings provide preliminary evidence supporting a
link between bTBI-induced neural and cognitive impairment that
may be of relevance to understanding the clinical course and po-
tential opportunities for recovery from blast-induced injury.
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