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Repeated Primary Blast Injury Causes Delayed
Recovery, but not Additive Disruption, in an In Vitro
Blood—Brain Barrier Model
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Abstract

Recent studies have demonstrated increased susceptibility to breakdown of the cerebral vasculature associated with
repetitive traumatic brain injury. We hypothesized that exposure to two consecutive blast injuries would result in exac-
erbated damage to an in vitro model of the blood—brain barrier (BBB) compared with exposure to a single blast of the
same severity. Contrary to our hypothesis, however, repeated mild or moderate primary blast delivered with a 24 or 72h
interval between injuries did not significantly exacerbate reductions in transendothelial electrical resistance (TEER) across
a brain endothelial monolayer compared with sister cultures receiving a single exposure of the same intensity. Perme-
ability of the barrier to a range of different-sized solutes remained unaltered after single and repeated blast, supporting that
the effects of repeated blast on BBB integrity were not additive. Single blast exposure significantly reduced im-
munostaining of ZO-1 and claudin-5 tight junction proteins, but subsequent exposure did not cause additional damage to
tight junctions. Although repeated blast did not further reduce TEER, the second exposure delayed TEER recovery in BBB
cultures. Similarly, recovery of hydraulic conductivity through the BBB was delayed by a second exposure. Extending the
interinjury interval to 72h, the effects of multiple injuries on the BBB were found to be independent given sufficient
recovery time between consecutive exposures. Careful investigation of the effects of repeated blast on the BBB will help
identify injury levels and a temporal window of vulnerability associated with BBB dysfunction, ultimately leading to

improved strategies for protecting warfighters against repeated blast-induced disruption of the cerebral vasculature.

Key words: blood-brain barrier; endothelial cells; repeated blast injury; shock tube; traumatic brain injury

Introduction

PREVALENT USE OF IMPROVISED EXPLOSIVE DEVICES (IEDs) in
recent military conflicts has motivated study of the underlying
neuropathological mechanisms associated with mild traumatic
brain injury (mTBI) resulting from one or more exposures to blast
overpressure.' Epidemiological studies have reported that re-
peated exposure to mild blast overpressure may potentially increase
the burden of neurobehavioral and cognitive deficits, in part, by
lowering the threshold for damage and establishing a temporal
window of heightened vulnerability.*® In the military setting,
personnel exposed to low-intensity blasts often exhibit mild
symptoms and may return to duty without sufficient recovery time,
placing them at greater risk of sustaining additional blast injuries
that may worsen ongoing pathobiological cascades.>”"® Although
potential effects of multiple blast exposures pose a major challenge
to the military health care system, results of clinical and experi-

mental investigations have not conclusively demonstrated exacer-
bated neuropathological, cognitive, or inflammatory outcomes
after repeated blast exposure. 714

Studies using impact- and inertia-driven models of repetitive
brain injury (non-blast) have shown that repeated insults delivered
within specific time frames can aggravate brain pathology; how-
ever, only a limited number of studies have addressed the potential
for concomitant blood—brain barrier (BBB) dysfunction."” Ex-
perimental and human traumatic brain injury (TBI) case studies
have shown that repeated exposure to mTBI can lead to dramatic
cumulative deficits in behavior, cognition, and cerebral metabolism
when they occur within hours to days after the initial insult.'>2°
Athletes receiving a second injury while still symptomatic from a
previous head injury presented with evidence of cerebral vascular
engorgement, consistent with the clinical scenario of second-
impact syndrome whereby exposure to a single mTBI results in
elevated risk for severe damage induced by subsequent mTBIs.>?!
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Although previous work from our laboratory and others has
assessed the acute effects of a single primary blast on the BBB,”>7¢
only recently have studies started to shed light on the pathological
complexity associated with repeated blast-induced TBI (bTBI) on
the cerebral microvasculature. In a recent study of officers from the
Swedish Armed Forces, repeated exposure to the firing of heavy
weapons and explosives produced no neurochemical evidence of
neuronal or BBB damage.” In contrast, primary blast injury in rats
induced nitrosative and oxidative damage in the BBB after repeated
exposure to low-intensity shockwaves, as well as reduced the tight-
junction proteins zonula occludens-1 (ZO-1), claudin-5, and oc-
cludin.” Others have reported that the pathological changes ob-
served in rats exposed to multiple mild blast injuries were not
cumulative, despite findings of significant neuronal, glial, and
vascular damage after a single mild exposure.’ Therefore, addi-
tional work is needed to develop a more detailed understanding of
the cerebrovascular changes that arise after multiple blast injuries
and their relation to the neuropathological and behavioral changes
associated with bTBL'*1

In this study, we investigate the consequences of repeated bTBI
by subjecting an in vitro model of the BBB (consisting of a
monolayer of brain endothelial cells)** to controlled primary blast-
loading at realistic exposure levels.?>?*?” We test the hypothesis
that exposure to two blast injuries administered within a short time
frame leads to cumulative functional deficits in the BBB compared
with a single exposure. The resulting outcome on BBB integrity
was found to be dependent on the severity of the injury and time
interval between insults. We report that damage to the BBB after
two blast injuries, as opposed to one, was not additive. Importantly,
we find that repeated blast delayed the spontaneous recovery of
BBB function. With a prolonged interinjury interval, the effects of
multiple injuries on the BBB were found to be independent given
sufficient recovery time between consecutive injuries. Defining the
window of vulnerability for damage to the cerebral microvascula-
ture may hold important implications for mandatory resting periods
for service members exposed to blast, before returning to duty.

Methods
BBB cell culture model

Monolayers of immortalized mouse brain endothelial cells,
bEnd.3 (ATCC, Manassas, VA), were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Mediatech, Manassas, VA)
supplemented with 10% newborn calf serum (Thermo Scientific,
Logan, UT) and 4 mM GlutaMAX (Life Technologies, Carlsbad,
CA). A total of 60,000 cells were seeded in Transwell inserts
(1.12 cm? surface area) pre-coated with poly-L-lysine, and grown
to confluence to represent in vitro models of the BBB.?* Cell cul-
tures were maintained for 7 days before experimentation to achieve
confluent, integral monolayers in a cell-culture incubator at 37°C
and 5% CO,/95% O, and were fed with new medium every 2-3
days.2224

Repeated exposure of BBB to primary blast injury

As described previously in detail, an in vitro bTBI model
composed of a shock tube and fluid-filled sample receiver was used
to expose BBB cultures to controlled primary blast injury.?*** For
repeated blast exposures, in vitro BBB cultures were subjected to
two consecutive blasts at pre-determined severity levels, separated
by either a 24 h or extended 72 h interval. Before injury, cultures
were placed in sterile bags (Whirl Pak, Fort Atkinson, WI) filled
with medium pre-warmed to 37°C. In accordance with previously
published methods,**** samples were then loaded into the fluid-
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filled receiver and secured above a perforated polytetra-
fluoroethylene (PTFE) membrane held at a pre-determined depth.
Cultures were oriented in the receiver to allow propagation of the
fluid pressure transient in the direction perpendicular to the endo-
thelial monolayer. The double injury group was exposed to an
initial blast (injury 1) as well as a subsequent blast (injury 2). The
single injury group was exposed to an initial blast (injury 1), but
treated as a sham control for the subsequent blast (injury 2). Sham
controls were processed identically to blast-injured cultures at both
injury 1 and injury 2, but were not exposed to blast overpressure at
either injury time point.

Primary blast overpressure was generated using a 76 mm-
diameter shock tube with an adjustable-length driver section (25 mm
used for current study) pressurized with compressed helium gas,
and a 1240 mm-long driven section. A detailed schematic of the
blast-injury device, along with example pressure traces recorded in
the open-tube configuration and in the fluid-filled receiver, are
described in a previous investigation.?* The incident pressure of the
shockwave was recorded by pressure transducers (8530B, En-
devco, San Juan Capistrano, CA) flush-mounted at the exit of the
tube. The fluid pressure history located at the level of the BBB
culture was recorded by a pressure transducer (8530B, Endevco)
flush-mounted to the interior of the receiver test column.

The blast severities ranged from mild to moderate intensity
levels (Table 1), previously reported to cause acute in vitro BBB
disruption.>* The mild exposure was associated with nominal acute
deficits in transendothelial electrical resistance (TEER), while the
moderate exposure was associated with greater decreases in TEER
signifying moderate acute damage to the barrier.”* The biome-
chanical injury parameters were characterized by peak incident
overpressure, duration, and impulse determined in the sample re-
ceiver and in the open-tube configuration. Because open-tube
pressure recordings represent independent measurements uninflu-
enced by interactions with structures positioned downstream, all
blast exposure conditions tested in this study will be identified by
their open-tube parameters, unless otherwise noted.

Measurement of transendothelial
electrical resistance (TEER)

The functional integrity of the BBB can be determined by TEER,
a sensitive measure of ion flux through the brain endothelial
monolayer.>*?%2° All TEER values were recorded by placing the
in vitro BBB model into an Endohm-12 electrode chamber con-
nected to an EVOMX Epithelial Voltohmmeter (World Precision
Instruments, Sarasota, FL). TEER was measured immediately be-
fore delivery of the first blast, and approximately 5 min after ex-
posure to the first and second blasts (or sham exposures). For
measuring time course changes, TEER was recorded 5 min after the

TABLE 1. EXPERIMENTAL REPEATED BLAST
INJURY PARAMETERS

Peak
overpressure Duration  Impulse
(kPa) (ms) (kPa*ms) Severity

Open-tube (in air)  377x8  0.89+0.01 96x1.5 Mild
Receiver (in fluid) 902+12 1.38+0.02 483+2.6

Open-tube (in air) 402+9  0.92+£0.01 118%+2.2 Moderate
Receiver (in fluid) 1196+£26 1.35+0.02 580£6.6

Primary blast-loading conditions for repeated blast exposure were
characterized by peak incident overpressure, duration, and impulse.
Parameters were measured in the open-tube configuration and in the
fluid-filled sample receiver in close proximity to the sample (meanzt
standard error of the mean; n>3).
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first (day 1) and second (day 2) blast injuries, and once every 24 h
until day 6 from the initial injury. For experiments involving an
extended interinjury interval, TEER was recorded 5 min after the
first (day 1) blast injury, and once every 24 h thereafter, including
5 min after the second (day 4) blast injury.

As previously described, each individual TEER measurement
was corrected for the TEER of a cell-free Transwell insert and
adjusted to account for the membrane surface area.”>>* All TEER
data presented in this article are normalized as the ratio of each
culture’s post-injury TEER values to its individual TEER value
before the initial insult. For time course measurements, the TEER
values of injured cultures were compared with age-matched and
time point-matched sham controls. In accordance with our previous
work,?>** cultures exhibiting TEER values less than 15Q%*cm?
before experimentation were deemed to be in suboptimal health and
excluded from the study.

Measurement of solute permeability

The intact BBB forms a restrictive barrier to the paracellular
permeation of larger solutes.>® Quantifying permeability of a range
of molecular weights across the endothelial monolayer provides one
method to assess BBB dysfunction after repeated blast injury. Ap-
proximately 30 min after exposure to the second blast injury or sham
exposure, fluorescein-labeled dextrans of 3 and 10kDa (Life Tech-
nologies; ex/em: 494/521 nm), and Texas Red®-labeled dextrans of
40kDa (Life Technologies; ex/em: 595/615 nm) were added to the
upper compartment above the endothelial monolayer. Every 60 min
for 4h, 100 uL. of medium from the compartment below the endo-
thelial culture was collected and replaced with 100 uL of fresh me-
dium. The change in volume associated with sampling at multiple
time points was accounted for when calculating the change in solute
concentration over time. Fluorescence of the collected samples was
quantified using a SpectraMax M2 Microplate Reader (Molecular
Devices, Sunnyvale, CA). As previously described, the diffusive

solute permeability (P, cm/s) was calculated using equation 1242829
AC
P= arxVs (1)
SxCr

where, AA—L;B represents the change in concentration of dextrans over

time in the compartment below the endothelial culture, Vp the
volume contained in the compartment below the endothelial cul-
ture, S the surface area of the culture, and Cyis the concentration in
the compartment above the culture.

Assessment of tight junction morphology

The presence and morphology of tight junction proteins, ZO-1 and
claudin-5, between adjacent endothelial cells serve as indicators of
BBB integrity.”>*?*2°3! Approximately 30 min after exposure to
the second blast injury or sham exposure, the BBB endothelial cul-
tures were fixed and incubated with either anti-ZO-1 rabbit poly-
clonal antibody or anti-claudin-5 mouse monoclonal antibody (Life
Technologies). In separate experiments to determine the presence of
each tight junction protein, ZO-1 was detected using the Alexa Fluor
488 anti-rabbit secondary antibody and claudin-5 was detected using
the Alexa Fluor 488 anti-mouse secondary antibody (Life Tech-
nologies). Endothelial monolayers were also incubated with 4/,
6-diamidino-2-phenylindole (DAPI; Life Technologies) to detect
individual cell nuclei and to quantify the number of cells in each
BBB culture. All antibodies used were manufactured from the same
lot and applied at the same post-injury time point.

Following the immunostaining procedure, cultures were imaged
using an Olympus IX81 (Olympus America, Center Valley, PA)
fluorescence microscope and MetaMorph software (Molecular
Devices, Sunnyvale, CA). As previously described,?* the degree of
tight junction immunostaining was measured by applying the same
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threshold for ZO-1 or claudin-5 immunofluorescence to each of five
randomly selected images taken from every sham control or injured
culture. Immunostaining for ZO-1 or claudin-5 was quantified as
the area-percentage of an image exhibiting fluorescence above an
identical threshold, normalized to the total number of endothelial
cells in each image.

Measurement of hydraulic conductivity

Exposure to primary blast has been found to enhance the leakiness
of the BBB, which promotes vascular fluid influx and brain edema.’
Hydraulic conductivity provides a quantitative measure of water flux
through the BBB model.****?° Approximately 15 to 30 min after
exposure to the second blast injury or sham exposure, cultures were
placed in a custom-built permeability device similar to one described
previously.?*?%2%32 Each Transwell culture was tightly secured in a
polycarbonate chamber connected to a lower fluid reservoir, estab-
lishing a known hydrostatic pressure (approximately 20cm H,0)
across the endothelial monolayer. Hydrostatically induced fluid flow
was quantified by tracking the linear displacement of an air bubble
through a calibrated glass tube. Hydraulic conductivity (L,, cm/s/
emH,0) was calculated using equation 2.%+%%2°

Ax
L= a XF
P SxAP

@

where, % represents the linear displacement of the bubble over
time, F the fluid volume of the calibrated glass tube, S the surface
area of the culture, and AP the hydrostatic pressure across the

endothelial culture.

Statistical analysis

Repeated-measures statistical analysis followed by one-way
analysis of variance (ANOVA) and Bonferroni post hoc tests to
sham controls was used to determine the overall effect of blast on
TEER response for repeated exposures delivered 24 or 72 h apart,
as well as for temporal TEER recovery associated with repeated
blast exposures. Hydraulic conductivity and tight junction im-
munostaining data were analyzed statistically by one-way ANOVA
followed by Bonferroni post hoc tests to sham controls. Solute
permeability data were analyzed by independent samples 7 tests
between sham and injured cultures. (SPSS v. 20, IBM, Armonk,
NY, significance *p <0.05)

Results

Severity-dependent TEER response
after repeated blast

The in vitro BBB model was subjected to two blasts delivered 24 h
apart at a severity level previously determined to result in mild
functional disruption of the endothelial monolayer (377 kPa peak
overpressure, 0.89 ms duration, and 96kPa*ms impulse).* In the
single injury group receiving one mild blast (injury 1), TEER de-
creased significantly compared with sham to 91+3% (mean * stan-
dard error of the mean [SEM]), and was not significantly different at
92+ 6% after the second sham injury time point (Fig. 1A). In the
double injury group receiving two mild blasts delivered 24 h apart,
TEER was significantly decreased compared with sham to 84 +4%
after injury 1 and 78+4% after injury 2 (Fig. 1A). There was no
significant difference in TEER between the double and single injury
groups after the second injury time point, indicating mild effects of
repeated exposure to a mild intensity blast. Sham control TEER
levels were statistically unchanged at 102+£2% after the first sham
exposure and 99+ 6% after the second (Fig. 1A).
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FIG. 1. Acute transendothelial electrical resistance (TEER) re-
sponse of in vitro blood-brain barrier (BBB) model to repeated
mild and moderate blast injuries. (A) Mild, sustained disruption of
the BBB after repeated mild blast with a 377 kPa peak overpres-
sure, 0.89 ms duration, and 96 kPa*ms impulse. (B) Pronounced,
sustained disruption of BBB after exposure to repeated moderate
blast with a 402kPa peak overpressure, 0.92ms duration, and
118 kPa*ms impulse. (**p<0.05;+standard error of the mean;
Sham n=12; Single Injury n=11; Double Injury n=12).

When the blast severity was increased to a level previously
determined to result in moderate functional disruption of the en-
dothelial monolayer (402 kPa peak overpressure, 0.92 ms dura-
tion, and 118 kPa*ms impulse),>* more dramatic compromises in
BBB integrity were observed. In the single injury group receiving
one moderate blast, TEER decreased significantly compared with
sham to 52 +7% after the initial injury and remained significantly
depressed at 71 £4% after the second sham injury; compared with
after the first injury, TEER was slightly increased (not signifi-
cantly) after the second sham injury because of spontaneous re-
covery of the monolayer (Fig. 1B). In the double injury group
(24 h interinjury interval), TEER was significantly decreased to
54 +7% after injury 1 and similarly to 44 +7% after injury 2 (Fig.
1B), demonstrating sustained, but not additive, disruption of the
monolayer with repeated injuries. TEER of the double injury
group was significantly more depressed than the single injury
group after the second injury time point because of persistent
damage in the double injury group and partial recovery in the
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single injury group. TEER of sham controls was consistently high
at 941£3% and 101 £5% after the first and second sham injuries,
respectively (Fig. 1B). It is important to note that previous char-
acterization of our blast injury model confirmed the absence of
any significant cell death or cell detachment from the Transwell
membrane after blast exposure at higher severity levels than those
tested in the current study.?>>*

Unaltered solute permeability after repeated blast

Despite slightly elevated permeability of the 3 kDa dextran in the
single and double injury groups after exposure to moderate blast
compared with sham, there was no significant difference among the
experimental groups for the 3, 10, or 40kDa molecular weight
tracers (Fig. 2). Solute permeability of all groups was measured
30 min after exposure to the second blast injury or sham exposure. As
a positive control, endothelial monolayers were exposed to a single
blast with a 571kPa peak overpressure, 1.06 ms duration, and
186 kPa*ms, previously reported to significantly increase perme-
ability of 10kDa dextrans through the barrier.”* After acute expo-
sure to the same blast level in the current study, solute permeability
significantly increased to 1.77£0.25x107° cm/s compared with
0.90+0.05x 10~ cm/s in sham controls (data not shown), which is
in agreement with our previously published data.”*

Tight junction disruption after repeated blast

Widespread and integral expression of tight junction proteins
was indicated by high levels of ZO-1 and claudin-5 staining in sham
control cultures (Fig. 3A, E). As described previously, visual in-
spection of bright-field and immunostained images of sham control
cultures confirmed the formation of confluent monolayers ex-
hibiting spindle-shape morphology that was characteristic of
bEnd.3 cells and the brain endothelial cell phenotype.?>>*28-29:31.33
Approximately 30 min after exposure to the second moderate injury
or sham exposure, tight junction protein-staining for the single and
double injury groups appeared less intense and slightly more
punctate in morphology compared with sham controls.

& oSham @ Single Injury m Double Injury

Permeability (1 0% em/s)
(3]

3kDa 10 kDa 40 kDa

FIG. 2. Unaltered solute permeability after repeated blast injury in
blood-brain barrier cultures. After exposure to moderate levels of blast
with a 402 kPa peak overpressure, 0.92 ms duration, and 118 kPa*ms
impulse, no significant difference in solute permeability was observed
between sham and the single or double injury groups. (*p<0.05;
+standard error of the mean; Sham n=10; Single Injury n=10;
Double Injury n=9).
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FIG. 3. Immunostaining of tight junction proteins ZO-1 (green) and claudin-5 (green) after repeated moderate blast injury with a
402 kPa peak overpressure, 0.92 ms duration, and 118 kPa*ms impulse. (A, E) ZO-1 and claudin-5 staining was high in sham cultures,
together indicating the presence of well-formed tight junctions. (B, F) Exposure to a single blast injury compromised ZO-1 and claudin-
5 staining compared with sham controls. (C, G) Exposure to repeated blast injury compromised ZO-1 and claudin-5 staining compared
with sham controls, but not compared with the single injury group. (D, H) Quantified ZO-1 and claudin-5 staining in the single and double
injury groups was significantly reduced compared with sham, consistent with qualitative depictions in immunofluorescence images.
(*p<0.05; £ standard error of the mean; Sham n=6 cultures (30 images); Single Injury n=6 cultures (30 images); Double Injury n=6
cultures (30 images) for ZO-1 or claudin-5; Scale bar="70 um). Color image is available online at www.liebertpub.com/neu

The area-percentage of ZO-1 immunostaining per cell was sig-
nificantly decreased to 0.09+0.01% in the single injury group and
to 0.08£0.01% in the double injury group, compared with
0.15£0.02% in sham controls (Fig. 3D). Levels of ZO-1 im-
munostaining were not significantly different between the single
and double injury groups, showing no cumulative disruption of the
ZO-1 tight junction protein. Similarly, the area-percentage of
claudin-5 immunostaining per cell was significantly decreased to

0.15£0.01% in the single injury group and to 0.18£0.02% in the
double injury group, compared with 0.24 £0.02% in sham controls
(Fig. 3H). Levels of claudin-5 immunostaining were not signifi-
cantly different between the single and double injury groups.
Overall, the altered tight junction morphology in both single and
double injury groups subtly resembled the more punctate and dis-
continuous appearance of tight junctions previously observed after
single blast exposure at higher severity levels.”* We also note that



Downloaded by Univ Of Pennsylvania from www.liebertpub.com at 11/21/18. For personal use only.

956

our previous work reported healthy cell morphology in bright-field
micrographs and no significant cell death for injured and sham-
exposed cultures after exposure to a more severe level of blast.”

Delayed TEER recovery after repeated blast

Recovery of TEER in cultures exposed to moderate, repeated
blast injury was delayed compared with cultures exposed to a single
blast. TEER of the single injury group was significantly depressed
compared with age-matched shams for up to 1 day after the initial
injury delivered on day 1, but was no longer significantly different
by day 2 because of recovery of the monolayer (Fig. 4). Recovery of
TEER in the double injury group was delayed such that TEER
remained significantly lower compared with age-matched shams up
to day 3 after exposure to the initial insult (Fig. 4). TEER of all
cultures was monitored out to day 6 after the initial exposure, and
there were no significant differences among the sham, single, or
double injury groups from days 4 to 6.

Increased hydraulic conductivity after repeated blast

Hydraulic conductivity, L,, was measured 15 to 30 min after
the second moderate blast or sham injury (similar measurement
time point as solute permeability and tight junction im-
munostaining) to quantify water flux through the BBB model. In
the single injury group, L, was slightly elevated but not signifi-
cantly different compared with sham at 24 h after exposure to one
mild blast—i.e., immediately after the second sham injury time
point (Fig. 5). In the double injury group, L, was significantly
elevated to 2.14£0.54x 1077 cm/s/cmH,O compared with
0.83+0.18x1077 cm/s/cmH,0O in sham controls immediately
after a second blast—i.e., the same measurement time point as the
single injury group (Fig. 5). There was no significant difference,
however, in hydraulic conductivity between the single and double
injury groups. These results suggest that L, spontaneously re-
covers over time similarly to the observed changes in TEER.
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FIG. 4. Endothelial monolayers exhibited delayed recovery in
transendothelial electrical resistance (TEER) after exposure to
repeated moderate blast with a 402 kPa peak overpressure, 0.92 ms
duration, and 118 kPa*ms impulse. TEER in the single injury
group remained significantly depressed compared with shams for
up to 1 day after the initial injury. TEER of the double injury
group remained significantly depressed compared with shams for
3 days after the first injury. (*p<0.05;*standard error of the
mean; Sham n=6; Single Injury n=6; Double Injury n=6).

HUE ET AL.
31 *
)
I -
= 2
[#)
>
E=
o
= 1 |
iy [
0 v

Sham Single Injury Double Injury

FIG. 5. Increased hydraulic conductivity after repeated blast
injury in blood-brain barrier cultures. Hydraulic conductivity of
endothelial monolayers exposed to consecutive moderate blasts
with a 402 kPa peak overpressure, 0.92 ms duration, and 118 kPa*ms
impulse was significantly increased to 2.14£0.54x 1077 cm/s/
cmH,0 compared with 0.83+0.18 % 1077 em/s/emH,0 in sham
controls. Hydraulic conductivity in cultures sustaining two blast
injuries was not significantly different from sham controls or the
single injury group when measured at the same time point (i.e.,
after the second sham injury). (*p <0.05; % standard error of the
mean; Sham n=11; Single Injury n=12; Double Injury n=12).

Independent effects of repeated blast on TEER
with prolonged interval

To investigate the interval-specific effects of repeated blast in-
jury in the BBB cultures, the time between injuries was extended to
72 h. After the first exposure to moderate blast, TEER of injured
cultures decreased by 25 to 30% compared with sham controls (Fig.
6). Injured cultures recovered at a similar rate over time, exhibiting
full recovery of TEER by day 3. After the second injury time point
on day 4, TEER of the double injury group was significantly de-
creased by a consistent 25 to 30% in comparison with age-matched
shams; this change in TEER was not significantly different than the
change in TEER after the first injury (Fig. 6). The similar decrease
in TEER between the double injury group and sham cultures after
both the initial (day 1) and subsequent (day 4) injuries suggests that
the effect of the subsequent injury on the BBB is independent
(i.e., as a new single insult without residual effects from the initial
exposure) given enough recovery time between the two injuries.

Discussion

Augmented brain pathology is considered to be a consequence of
repetitive brain injury, and our results extend this understanding to
repeated, primary blast exposure in an in vitro BBB model. The
significant difference in TEER that we observed between cultures
exposed to two moderate injuries demonstrated sustained, but not
additive, effects associated with the subsequent insult (Fig. 1B).
Our results add to published findings of worsened axonal and mi-
crovascular damage evoked by severity- and interval-specific re-
petitive TBL'® In an animal model of impact acceleration injury,
subthreshold injuries administered in repeated fashion caused
neither axonal nor vascular changes, whereas suprathreshold in-
sults resulted in cumulative axonal damage and microvascular
dysfunction.'® It is important to note, however, that our results
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FIG. 6. Independent effects of blast on blood—brain barrier
cultures over an extended 72h interinjury interval between con-
secutive moderate blasts with a 402kPa peak overpressure,
0.92ms duration, and 118kPa*ms impulse. The consistently
similar 25 to 30% difference in transendothelial electrical resis-
tance (TEER) between the double injury and sham groups after the
first (day 1) and second (day 4) injuries suggests that the effects of
repeated injuries are independent (i.e., no residual effects from the
initial exposure) given a sufficiently prolonged interinjury inter-
val. (*p<0.05; xstandard error of the mean; Sham n=6; Single
Injury n=6; Double Injury n=06).

demonstrated sustained depression in TEER representing persistent
injury to the BBB after multiple insults, which is distinct from
additive damage to the barrier. This discrepancy may underscore
fundamental differences between primary blast injury and inertial-
and impact-driven injuries.

Clinically, the diagnosis of repeated mild blast exposure is
challenging because of the difficulty in assessing damage using
conventional neuroimaging or by impairments determined by
neurobehavioral assessments.**>> Repeated exposure to mild ex-
plosive blast presents a significant challenge to the military health
care system because of the frequency of this type of exposure, the
potential for cumulative effects of multiple injuries, and the de-
layed onset of cognitive and behavioral impairments experienced
by warfighters.>**¢ In neurosurgical (severe) cases of bTBI from
IEDs, cerebral vasospasm was detected in a substantial number of
patients who generally experienced poorer outcomes.’”*® The
constriction of blood vessels has also been confirmed experimen-
tally in a mouse model of repeated blast-induced neurotrauma.
Observations of exacerbated vascular dysfunction are consistent
with the second-impact syndrome reported in humans, whereby
subsequent brain injuries may cause significant abnormalities in-
cluding vasoparalysis and vascular engorgement.'>?! BBB dys-
function caused by multiple exposures to bTBI, as reported in our
study, may compromise the barrier’s ability to maintain ion ho-
meostasis and limit the entry of neurotoxic and inflammatory serum
constituents—functions needed to preserve the health of neurons,
physiologic neural signaling, and network connectivity.*® By ex-
tending the duration of the opening of the BBB with multiple ex-
posures, the influx of serum components and their subsequent
pathophysiological effect could be increased without necessarily
causing more severe BBB breakdown.

Increased BBB permeability has been reported after
bTBI,>2%>2 but it is still unknown whether repeated mild blast
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exposure has the potential to exacerbate leakiness of the barrier. A
previous study from our laboratory demonstrated significantly in-
creased permeability of 10kDa dextrans through an in vitro BBB
model after exposure to a single severe blast (571 kPa peak over-
pressure, 1.06ms duration, and 186 kPa*ms impulse).** In other
studies, permeability of the BBB was enhanced after a single pri-
mary blast exposure in vivo as measured by increased extravasation
of sodium fluorescein (376 Da), Evans blue (70 kDa when bound to
plasma albumin),*! and IgG (approximately 150 kDa).”-325:26:42

A detailed understanding of blast-induced disruption of cerebral
vascular integrity is of clinical importance because greater adhesion
and infiltration of immune cells, including macrophages, can pro-
mote neurovascular inflammation and degeneration in vivo.” Inter-
estingly, exposure to moderate blast (402kPa) in the current study
did not increase solute permeability, even after repeated exposure
over a 24-h interval. These data suggest that repeated blast exposure
at mild or moderate levels may establish intercellular structural voids
not sufficient to permit an influx of larger solutes (=3kDa) through
the barrier, but large enough to allow changes in paracellular ion-flux
as previously observed in TEER measurements.

The effect of multiple blast exposures on tight junctions that
critically mediate the restrictive properties of the BBB is still an
area of active investigation. Previously, we demonstrated that ex-
posure to a single, severe blast injury significantly compromised
ZO-1 immunostaining in a brain endothelial monolayer.>* Results
from the current study also demonstrate that repeated blast expo-
sure at lower intensities can significantly reduce immunostaining of
the ZO-1 and claudin-5 tight junction proteins compared with sham
controls; however, the degree of staining after exposure to two
injuries did not significantly differ from that after a single injury.

Another investigation of exposure to a single primary blast with
a 123 kPa peak overpressure (estimated 5 ms duration) in rats re-
ported significant reductions in expression of ZO-1, claudin-5, and
occludin.” Consistent with our results in vitro, the same study re-
ported that two consecutive blast injuries delivered 24 h apart in rats
reduced immunostaining for tight junction proteins compared with
controls, but not compared with cultures sustaining a single blast.”
These data strongly suggest that the effects of repeated blast on the
integrity of the BBB are not associated with significantly worse
tight junction damage over consecutive insults experienced with a
24 h time frame.

The time course we measured for changes in TEER suggests that
repeated blast exposure delays recovery of the damaged BBB. A
recent study revealed that exposure to two mild primary blast in-
juries with a 123 kPa peak overpressure and 4 to 5ms duration,
separated by 24 h, prolonged vascular damage as opposed to sig-
nificantly exacerbating it.” In our BBB culture, repeated exposure
to moderate blast (402 kPa) delayed spontaneous recovery of the
injured monolayer. TEER of cultures exposed to a single insult
remained significantly depressed for 1 day after the injury, whereas
in cultures exposed to two insults, TEER remained significantly
depressed for 3 days after the initial injury. We are the first to report
delayed recovery of TEER after repeated, pure primary blast injury,
and our time course for in vitro barrier recovery is reasonably
similar to that observed in vivo at comparable blast exposure lev-
els.?**> Previous investigations of BBB disruption induced by
single blast exposure in small animals have reported peak IgG
extravasation at 3 and 24 h post-injury, with complete resolution by
3 days after exposure.”>?* Future work will examine the cellular
mechanisms responsible for BBB recovery, but it has been sug-
gested that shock wave—induced injury to the cerebral vasculature
gradually diminishes over time potentially because of repair
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processes that help mitigate subsequent damage from consecutive
blast exposures.>”’

Brain edema has been reported to be a characteristic outcome of
bTBL** In the current investigation, hydraulic conductivity in
our in vitro BBB model was significantly increased immediately
after a second injury compared with sham controls. Similar to the
time course of TEER, hydraulic conductivity recovered 24 h after a
single injury to lower pre-injury levels. Although in this study we
did not measure changes in water flux acutely after the initial injury
time point, our previous study describes changes in hydraulic
conductivity in response to a single blast over a range of severity
levels.?*

These results are supported by previous findings that mice ex-
posed to three consecutive blast injuries with an estimated 142 kPa
peak overpressure (unreported duration) separated by 1 and 30 min
intervals had significantly increased brain water content compared
with sham controls.'® Changes in brain edema were detected 4 h
post-injury and were no longer apparent at 24 and 48 h after blast
exposure.13 Multiple exposures to low-level blasts in rats and pigs
were associated with increased intracranial pressure, which may be
attributed to edema, hemorrhage, and BBB damage.''™'*** The
development of cerebral edema around the vasculature is often
associated with enhanced expression of the water channel protein,
aquaporin-4 (AQP4), in the perivascular region after impact- and
blast-induced injuries to the head.”*® Further studies are warranted
to identify the underlying mechanisms responsible for increased
water flux through the barrier after blast exposure.

An important outcome of the current study is that extension of
the interval between the initial and subsequent blast injuries from
24 to 72h allowed TEER to fully recover before delivery of the
subsequent insult. Microvascular restoration in the interinjury in-
terval has been reported by others using an impact-driven repetitive
TBI model."® After the second injury in our study, TEER decreased
by 25 to 30% compared with sham controls, which was equivalent
to the change in TEER observed acutely after the first blast. To-
gether, these results suggest that the BBB response to repeated
blasts may be independent; that is, there is no evidence of resid-
ual effects across consecutive exposures given a sufficient delay
between injuries.

The ability to ameliorate the persistent burden of BBB disruption
is supported by published studies reporting the reduction or com-
plete elimination of axonal damage, vascular dysfunction, and
compromises in cerebral metabolism when the interval between
consecutive injuries was sufficiently extended.'>'”'"*7 Overall,
such findings support the existence of a window of heightened
vulnerability of the BBB to repetitive primary blast injury, which
holds implications for a minimum mandatory rest period (several
days) for blast-injured service members before returning to duty.

We note that our results were from an isolated component of the
BBB and do not preclude the possibility that repeated primary blast
may have cumulative and direct effects on other components of the
brain, such as neurons or glia or on their interactions. /n vivo, the
BBB is a heterogeneous structure consisting of brain capillary
endothelial cells (e.g. bEnd.3 cells), which together with astrocytes,
pericytes, microglia, neurons, and the extracellular matrix, make up
the neurovascular unit.*®*° After brain injury, such as TBI, the
physiological interactions among the various cellular components
of this unit are significantly altered. Such changes can lead to ab-
normal tight junction protein expression, an inflammatory response
mediated by astrocytes and microglia, and altered neuronal activity,
among others.*> Consistent with this, exposure to a pure shock
wave in rats induced free radical-generating enzymes, oxidative
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damage markers, a reduction in tight junction proteins, BBB
leakage, upregulation of perivascular matrix metalloproteinases,
and an increase in AQP4 expression in astrocytes, ultimately
leading to neuroinflammation.”

While our previous work describes in greater detail the advan-
tages and limitations of using an in vitro model to study the effects
of primary blast on the BBB,?* the need to better understand the
influence of other cell types of the neurovascular unit on BBB
dysfunction after blast injury motivates further study in vivo.

Comparison of our results with those published in the literature
may be limited by variability in the blast parameters tested among
different experimental blast injury models. For example, one recent
investigation of bTBI demonstrated BBB breakdown by the pres-
ence of focal lesions after exposure to low-impulse primary blast
with short durations on the order of microseconds,?® whereas typ-
ical free-field explosions have durations spanning several milli-
seconds.”® BBB breakdown in animals has also been demonstrated
in studies after exposure to lower levels of peak overpressure, but
longer durations of approximately 4 to 5ms.”***> In addition,
despite efforts to restrain head motion during blast exposure, it is
difficult to completely rule out possible contributions of concom-
itant inertial head injuries in the absence of high-speed video
recordings.'>'3323

A previous investigation highlighted that the effects of pure
primary blast exposure could be vastly different from those of blast-
induced inertial loading of the head, because neurological deficits
disappeared when the head was immobilized.’" As reported pre-
viously, we have used high-speed video analysis (data not shown)
to confirm the absence of gross movement of our in vitro BBB
cultures during primary blast exposure.>*

An advantage of our blast injury model is the ability to study
damage to an in vitro model of the BBB purely as a result of
primary blast injury, in the absence of confounding contributions
from inertial loading mechanisms.*>** A previous study using fi-
nite element modeling to simulate biomechanical parameters of our
in vitro blast injury model predicted tissue strain rates less than
805~ " and principal strains not exceeding 5%,>"->> which are levels
significantly below the thresholds for functional deficits and axonal
death reported for living brain tissue.>>* Together, these previous
investigations provide further support that the injuries modeled
using our methodology are from overpressure-loading and not
strain-loading in the sample.

A limitation to consider is that our repeated blast paradigm
consisted of only two consecutive injuries, so caution should be
exercised when extending our results to situations with more
blasts.

Conclusion

This study contributes to a growing body of work indicating that
brain microvascular dysfunction can result from repetitive injuries
at specific severity levels applied over a well-defined time frame.
Our results do not support the hypothesis that damage to the BBB
by repeated blasts is cumulative, at least for two blast exposures
delivered 24 h apart from one another. Results of our investigation
are in strong agreement with studies reporting that, despite dra-
matic pathological changes observed after a single injury, multiple
exposures delivered within a short time frame delay recovery, ra-
ther than cause additive damage to the barrier.” By extending the
interval between injuries from 24 to 72 h, the BBB fully recovered
to pre-injury levels before experiencing similar damage after the
second injury as that observed after the first, together demonstrating
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independent effects of multiple injuries given a sufficiently pro-
longed interinjury interval. Future work will examine the cellular
and molecular mechanisms that underpin the observed changes in
BBB integrity and function.
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