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Blast-induced traumatic brain injury (bTBI) is a “signature wound” in soldiers during training and in
. combat and has also become a major cause of morbidity in civilians due to increased insurgency. This
 work examines the role of blood-brain barrier (BBB) disruption as a result of both primary biomechanical
. and secondary biochemical injury mechanisms in bTBI. Extravasation of sodium fluorescein (NaF) and
. Evans blue (EB) tracers were used to demonstrate that compromise of the BBB occurs immediately
. following shock loading, increases in intensity up to 4 hours and returns back to normal in 24 hours. This
. BBB compromise occurs in multiple regions of the brain in the anterior-posterior direction of the shock
 wave, with maximum extravasation seen in the frontal cortex. Compromise of the BBB is confirmed by
© (a) extravasation of tracers into the brain, (b) quantification of tight-junction proteins (TJPs) in the brain
and the blood, and (c) tracking specific blood-borne molecules into the brain and brain-specific proteins
into the blood. Taken together, this work demonstrates that the BBB compromise occurs as a part of
initial biomechanical loading and is a function of increasing blast overpressures.

Blast-induced traumatic brain injuries (bTBIs) are the signature wounds in military and civilian populations
* due to the increased use of improvised explosive devices and asymmetric warfare in military conflicts and acts
. of terrorism, domestically and overseas'—. Despite the increase in studies related to bTBI in recent years, there is
only a limited understanding of how blast waves interact with the brain and cause injury, which has precluded the
establishment of comprehensive diagnostic criteria for bTBI and the potential of therapeutic strategies. A recent
- survey reported that more than 30 phase III clinical trials aimed at targeting TBI have failed*”. Understanding
. how blast-induced neurotrauma displays a temporal and spatial evolution of neuropathology in various regions
: of the brain is critical for the identification of injury mechanisms and the development of preventative measures
and treatments for bTBI patients. Among many mechanisms of injury, damage to the BBB has been identified as
a potential candidate and has been the focus of several clinical and experimental investigations aimed to establish
injury baselines and to determine the timelines for therapeutic interventions for neurotrauma®’.
: The blood-brain barrier (BBB) is a highly, selectively-permeable membrane that separates the brain from
© the circulatory system. The BBB is dynamically modulated by cellular interactions between endothelial cells,
. the tight junctions that join them, pericytes, and astrocytes that support the endothelial capillaries'®'°. Many
. neurological disorders including stroke'”~2°, Alzheimer’s disease®"**, Parkinson’s disease'**’, HIV-1 encephali-
o tis!®?, epilepsy?>?, and multiple sclerosis?’~?° display impaired BBB permeability. BBB disruption is also one of
: the most frequently investigated mechanisms of injury in blunt TBI and has been commonly used to evaluate the
. degree and extent of injury**—*. Several groups have reported abnormal opening of the BBB in closed cortical
injuries®¥’, weight drop models®**°, and blast models®***%-4°. Reported results are derived from different prob-
. ing methodologies, with different injury models, at different injury intensities, in different spatial regions of the
- brain. A limited number of studies has implicated increased BBB permeability in the pathology of blast-induced
: traumatic brain injury but, to the author’s knowledge, no such investigation has resolved the temporal and spatial
. resolution of BBB changes in bTBI, especially as a function of increasing biomechanical blast loadings. While a
number of groups have assessed the BBB permeability following blast*>*-*, it is important to note that not all
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Figure 1. The shock tube housed in the blast laboratory in the Center for Injury Biomechanics, Materials, and
Medicine at NJIT. (A) The 9-inch, square cross-section, 6 meters long shock tube instrumented with pressure
sensors along the top of the shock tube. (B) Representative pressure-time profiles acquired from pressure
sensors in the shock tube at the four overpressures used in this study. (C) Rat holder mounted in the test section
of the shock tube, with rat placed in the prone position (top) and (D) tightly wrapped in a harness to minimize
head and body motion during the blast (bottom). (E) Control (left) and injured (right) brains following
perfusion-fixation. All blood in the neurovasculature has been washed away, as seen from the white appearance
of brains, confirming that all tracers measured has leaked from the vessels into the brain parenchyma.

blast models impart the same type of injury on experimental animals and, for this reason, authors compared
the results of this work only to models that feature pure, primary blast injury void of secondary and tertiary
effects®®>.,

In this study, rats were exposed to a range of shock waves in a field-validated shock tube and permeability of
the BBB was assayed by extravasation of Evans blue (which binds to albumin, a 66 kDa protein abundant in blood)
and sodium fluorescein (a 376 Da molecule) in the frontal cortex, striatum, somatosensory barrel-field cortex,
hippocampus, thalamus, and cerebellum. Rats were exposed to sub-mild (35kPa), mild (70 kPa), mild-moderate
(130kPa), and moderate (180 kPa) blast overpressures; these classifications were based on a 24-hour survival
dose-response of rodent models based on our previous results (see Fig. 2 of ref.*?). Also, the Department of
Defense (DOD) Instruction 6490.11 dated September 18, 2012 has established policies, responsibilities and pro-
cedures for mTBI occurring in the battlefield. When service members are involved in a potential concussive event,
they are separated for medical observations and mandatory rest period. DOD defines potential concussive events
as the presence of service members within 50 m of a blast or exposure to more than a single blast in a year'. Based
on theoretical analysis, the peak blast overpressure of 180 kPa can occur at a distance of about 10 m for 100kg
TNT explosive. The same blast will produce 130kPa BOP in about 12m, 70kPa in a distance of 16 m and 35kPa
in a distance of 23 m*. We had achieved these field blast loadings using operating characteristics like membrane
thickness, transition length, driver gas, driver volume, and end plates*. Additionally, three different time-points
post-injury (15min, 4 hr, and 24 hr) were chosen in order to develop a temporal profile of BBB opening and to
identify the extent of barrier breach.

Results
Primary blast induces breakdown of the blood-brain barrier. The blast injury model developed
at NJIT, capable of reproducing field-relevant blast overpressures and previously characterized®>*->” was used
throughout this study (Fig. 1A,B). All test animals were mounted in the custom-made rat holder and placed in
the test section of the shock tube (Fig. 1C). Rats were immobilized with the head restrained in order to ensure no
confounding head movements or possible acceleration/deceleration that can be artifacts of this study (Fig. 1C,D).
Rats were exposed to a single blast exposure of varying overpressures (see above) and subjected to transcardial
perfusion (with phosphate buffered saline)-fixation (with 4% paraformaldehyde) within 15 min from exposure of
animals to blast loading, which was the earliest time point that was assessed for BBB extravasation. The extent of
extravasation of both sodium fluorescein and Evans blue was evaluated in all selected regions of the brain (Figs 2
and 3). These quantitative results support the hypothesis that blast-induced BBB opening allows for extravasation
of molecules of 69 kDa or smaller immediately following injury (biomechanical loading) and, given an increase
in molecular mass, extravasation of tracers was less widespread.

The fluorescence detection method of extravasation was also validated with absorption spectrophotometry
for Evans blue. Animals (n = 6) exposed to 180kPa shock wave showed an average of 45.6% increase in the tissue
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Figure 2. Fluorescent images of Evans blue extravasation. Images show 10x macro-shots as well as zoomed in
40x images in representative regions in the frontal cortex (A), striatum (B), somatosensory barrel-field cortex
(C), hippocampus (D), thalamus (E) and cerebellum (F), 15 minutes following 180 kPa blast exposure. Control
images were dramatically enhanced, yet still show limited visibility, due to the absence of extravasated dye.
Frontal cortex was taken as a representative control image (G). Quantitation of extravasation is shown using a
semilog plot in order to capture magnitudinal differences (H). Absorption spectrophotometry results of Evans
blue in control and injured rats (n = 5) (I). *Indicates a difference in intensity compared with control with a
statistical significance of p < 0.05, **Indicates p < 0.01. Scale bar = 1 mm in coronal sections and 50 pm in 40x
images.

content of EB than control animals wherein the precise concentration of EB present in tissue was derived from a
standard curve made of seven different EB dilutions (Fig. 2I).

Different brain regions express different degrees of BBB permeability following moderate blast
injury.  After exposing animals to moderate blast (180 kPa), differential damage was observed in six different
regions immediately following trauma (~15min). In almost every region studied, statistically significant dif-
ferences (p < 0.01), as determined by ANOVA followed by Tukey test, in the levels of both extravasated dyes
was observed, highlighting the diffuse nature of bTBI (Figs 2 and 3). The quantitative values of the fluorescence
intensities of EB (as measured by intensity x stained area) between control and blast injury groups in different
brain regions are as follows: frontal cortex (control 0.002432, blast 1.699085, 700-fold, p=0.006), striatum (con-
trol 0.001674, blast 0.675456, 400-fold, p =0.001), somatosensory-barrel field cortex (control 0.003094, blast
0.274115, 90-fold, p=0.009), hippocampus (control 0.006258, blast 0.564796, 90-fold, p=0.001), thalamus
(control 0.002056, blast 1.282525, 600-fold, p=10.002) and cerebellum (control 0.001102, blast 0.00448, 4-fold,
p > 0.05); and for sodium fluorescein: frontal cortex (control 0.004555, blast 1.91963, 400-fold, p = 0.008), stria-
tum (control 0.005134, blast 1.822249, 300-fold, p=0.008), somatosensory barrel-field cortex (control 0.001584,
blast 0.429447, 250-fold, p =0.009), hippocampus (control 0.00794, blast 0.630788, 80-fold, p =0.009), thala-
mus (control 0.003556, blast 1.767197, 500-fold, p=0.004) and cerebellum (control 0.004479, blast 0.055629,
30-fold, p > 0.05). The most robust changes occurred in the frontal cortex, striatum, and thalamus for both tracers
while minimal to no statistically significant extravasation was observed in the cerebellum, which aligns well with
results from previous investigations®**%. In every other region analyzed, there is at least a tenfold difference in the
amount of extravasated dyes compared to controls in the acute time period.

BBB permeability varies as a function of time following moderate blast injury. In order to deter-
mine the time-course for blood-brain barrier permeability following blast, groups of (n=4-6 for each time point)
rats were sacrificed at specified times post-injury (15 min, 4 hours, 24 hours). While the amount of extravasation
was significant for both sodium fluorescein and Evans blue immediately after blast, there was an even greater
increase in tracer penetration four hours following the blast exposure (Figs 4 and 5). Increases over controls were
as follows for Evans blue at 4 hours, respectively (four hour blast values followed by fold-increase and 24 hour
blast values followed by fold increase): frontal cortex (3.270751, 1300-fold, 0.005012, 2-fold), striatum (1.681731,
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Figure 3. Fluorescent images of sodium fluorescein extravasation. Images show 10x macro-shots as well

as zoomed in 40x images in representative regions in the frontal cortex (A), striatum (B), somatosensory
barrel-field cortex (C), hippocampus (D), thalamus (E) and cerebellum (F) 15 minutes following 180kPa

blast exposure. Quantitation of extravasation is shown using a semilog plot in order to capture magnitudinal
differences (G). Control images were dramatically enhanced, yet still show limited visibility, due to the absence
of extravasated dye. Frontal cortex was taken as a representative image (H). **Indicates a difference in intensity
compared with control with a statistical significance of p < 0.01. Scale bar = 1 mm in coronal sections and 50 pm
in 40x images.
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Figure 4. Quantitation of extravasation of Evans blue for 15 minutes (t0), 4 (t4), and 24 (t24) hours post-
180kPa blast exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and
thalamus using a semilog plot in order to capture magnitudinal differences (A). The frontal cortex was chosen
for illustrative purposes and to qualitatively depict the difference between 4 (B) and 24 hrs (C). Arrows indicate
areas of leakage from the vessels, which are more pronounced in 4 hours than any other time point studied in
this investigation. **Indicates a difference in intensity compared with control with a statistical significance of
P <0.01. Scale bar =100 um.
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1000-fold, 0.006758, 4-fold), somatosensory barrel-field cortex (0.427674, 150-fold, 0.005808, 1-fold), hippocam-
pus (0.781473, 120-fold, 0.00166, <1-fold), and thalamus (2.080952, 1000-fold, 0.005169, 2-fold) and for sodium
fluorescein: frontal cortex (3.365124, 700-fold, 0.014903, 3-fold), striatum (1.966033, 400-fold, 0.00229, <1-fold),
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Figure 5. Quantitation of extravasation of sodium fluorescein for 15 minutes (t0), 4 (t4), and 24 (t24) hours
post- 180kPa blast exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and
thalamus using a semilog plot in order to capture magnitudinal differences (A). The frontal cortex was chosen
for illustrative purposes and to qualitatively depict the difference between 4 (B) and 24 hrs (C). Arrows indicate
areas of leakage from the vessels, which are more pronounced in 4 hours than any other time point studied in
this investigation. **indicates a difference in intensity compared with control with a statistical significance of

P <0.01. Scale bar =100 pm.

somatosensory barrel-field cortex (0.596185, 400-fold, 0.003732, 2-fold), hippocampus (0.885597, 100-fold,
0.006966, <1-fold), and thalamus (2.223883, 600-fold, 0.014472, 4-fold). Interestingly, 24 hours post-injury, the
extravasation of EB and NaF returned back to that of control levels (Figs 4 and 5) suggesting possible resealing
occurring at or before 24 hours.

As an alternate means to investigate BBB disruption as well as to examine possible mechanisms of BBB per-
meability change following blast, levels of tight junction proteins (TJPs) occludin and claudin-5 were determined
in lysates from cerebral hemispheres by quantitative ELISAs. Statistically significant reductions in tight junction
protein abundance were observed at this time point, which serves as further evidence of the compromised BBB
(Fig. 6). Noteworthy that such reduction in TJPs in brain lysates is accompanied by a concomitant increase in
their levels in serum samples obtained from the same animals that are used for evaluation of brain levels of tight
junction proteins. These data not only strongly suggest that shockwave propagated from blast is able to dislodge
TJPs from the cerebral vasculature but also that these proteins translocate to blood.

The extent of BBB permeability displays a tendency to increase as a function of blast over-
pressure. In order to determine the effects of blast overpressure on BBB permeability, groups of (n = 3) rats
were exposed to mild shockwaves of 35, 70, and 130kPa BOPs and sacrificed immediately after blast. While no
measurable extravasation was induced at 35kPa, there is clear evidence of leakage starting at 70kPa (Figs 7 and 8)
and extravasation quantitation for both tracers showed a tendency to increase with increasing overpressure. The
fluorescence intensity increases over controls and were as follows for Evans blue at 35, 70 and 130kPa, respec-
tively as determined by post-ANOVA Tukey test: frontal cortex (0.014762, 6-fold, 0.826735, 340-fold, 0.898087,
370-fold), striatum (0.00983, 5-fold, 0.118309, 70-fold, 0.355441, 200-fold), somatosensory barrel-field cortex
(0.0036, 1-fold, 0.101135, 30-fold, 0.215851, 70-fold), hippocampus (0.0.007685, 1-fold, 0.15515, 25-fold, 0.15437,
25-fold), and thalamus (0.003252, 2-fold, 0.380609, 180-fold, 0.773843, 380-fold) and for sodium fluorescein:
frontal cortex (0.030414, 7-fold, 1.146571, 250-fold, 1.91895, 260-fold), striatum (0.012241, 2-fold, 0.201411,
40-fold, 0.545131, 100-fold), somatosensory barrel-field cortex (0.003914, 2-fold, 0.132123, 80-fold, 0.256239,
160-fold), hippocampus(0.013312, 1-fold, 0.172132, 20-fold, 0.205551, 25-fold), and thalamus (0.00404, 1-fold,
0.181371, 50-fold, 0.302787, 85-fold).

Primary blast induces translocation of astrocytic marker s100-3 into blood stream and mono-
cyte infiltration into brain. In order to more strongly display the presence of brain-specific proteins in
circulation following blast injury, an ELISA was conducted for s100-3 at 4 and 24 hours post-moderate blast
(180kPa) in serum samples (n =3, Fig. 9). At four hours post-injury, concentration of s100-3 rose from 399 pg/
ml to 594 pg/ml, a statistically significant increase of 48.8% (post-ANOVA Tukey test, p=0.037). However, after
24 hours, the protein levels in serum fall to 427 pg/ml, an increase of only 7% from control values (Tukey test,
p>0.05).

Similarly, as an alternative means to demonstrate the presence of blood-borne macromolecules/cells in the
brain parenchyma, double immunofluorescence staining was performed for CCL2 (monocyte marker) and
RECA-1 (endothelial cell marker) at 4 hours post-moderate blast in the frontal cortex (n= 3, Fig. 10). Results
indicate that, qualitatively, the presence of monocytes around blood vessels increased following blast compared
to controls.
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Figure 6. ELISA results for tight junction proteins occludin and claudin-5, respectively in brain (A,B) and
blood serum (C,D). Assay conducted for blast (180 kPa BOP) samples fifteen minutes, four, and twenty four
hours post-exposure and compared with controls. *Indicates a difference in intensity compared with control
with a statistical significance of p < 0.05, **Indicates p < 0.01.

Discussion

This work focused on establishing spatial and temporal relationships of the BBB permeability as a function of
overpressure in blast-induced traumatic brain injury. Through the use of two tracers (Evans blue and sodium flu-
orescein) injected intravenously in the lateral tail vein of the rat, the degree of the BBB disruption following injury
was functionally assayed. At the sub-mild overpressure (35kPa) very limited extravasation of dyes was observed.
A breach in the BBB was first observed at a mild blast overpressure (70kPa) which revealed a significant increase
in barrier permeability almost immediately after blast (~15min). In addition to extravasation of tracers (NaF and
EB), absorption spectrophotometry was used to demonstrate the breakdown of the BBB by the presence of EB
in brain parenchyma. The results of the absorption spectrophotometry offer interesting piece of corroboratory
information; unlike gross blunt injuries, where there is a substantial amount of extravasated tracers recorded>’,
in this mild-moderate blast injury, a difference of only about 250 picograms of EB was observed between injured
and control groups (Fig. 2).

It is interesting to note that the extravasation of the tracers showed a significant increase as early as 15min
following the blast, strongly supporting the hypothesis that direct biomechanical loading of the primary blast was
able to disrupt the BBB (Figs 2 and 3). We should note that there is no physical impact of external objects such
as in CCI or weight drop models, nor a specific fluid pressure in subdural space as in fluid percussion model.
However, while the degree of BBB disruption appears large when compared to controls (which was negligible),
the physiological as well as neurological state of the animal were not altered based on visual observation of the
animal’s status including unaltered gait, righting and startle reflexes (data not shown). This strongly suggests
that this injury can be classified as a subtle, tissue-level mechanical disruption of vasculature. Therefore, caution
must be exercised when comparing these results with those from blunt injury models, where injury severity is
greater and degree of extravasation is larger but the injury is highly local, mostly restricted to the site of external
impact or fluid pressure®>*$6!. As noted earlier, the degree of the BBB permeability increased further at 4hours
post-injury (Figs 4 and 5), which not only indicates the persistence of the BBB disruption but also indicates that,
in addition to direct biomechanical loading (shock loads that lasts for a transient period of approximately 3 milli-
seconds), some secondary mechanisms may be activated post-injury and contribute to BBB disruption for hours
after initial trauma.

While several secondary mechanisms have been implicated in the degradation of the BBB including oxida-
tive stress'>*%3%%, matrix metalloproteinase activity and neuroinflammation'>**3¢2, pericyte detachment!>¢-°,
astrocytic end-feet swelling and detachment®-*°, among others, precise involvement of one or more of these
mechanisms contributing to BBB disruption in bTBI remains to be determined. Previous studies have cited
maximum degree of damage to the BBB following mild-moderate TBI (although not blast) occurring between
4-6hours of injury®*>*. The lack of a detailed time course of BBB disruption in blast injury is a primary moti-
vation for this work and a greater understanding of the temporal nature of the evolution of pathology and
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Figure 7. Quantitation of extravasation of Evans blue for 35, 70, 130, and 180kPa blast overpressures,

15 minutes post-exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and
thalamus using a semilog plot in order to capture magnitudinal differences (A). The striatum was chosen for
illustrative purposes and to qualitatively depict the difference between 70 (B) and 130kPa (C). Leaks appear
longer and more intense with increasing overpressure in the same brain regions. *Indicates a difference

in intensity compared with control with a statistical significance of p < 0.05, **Indicates p < 0.01. Scale
bar=100pum.
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Figure 8. Quantitation of extravasation of sodium fluorescein for 35, 70, 130, and 180 kPa blast overpressures,
15 minutes post-exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and
thalamus using a semilog plot in order to capture magnitudinal differences (A). The striatum was chosen for
illustrative purposes and to qualitatively depict the difference between 70 (B) and 130 kPa (C). Leaks appear
longer and more intense with increasing overpressure in the same brain regions. *Indicates an intensity
compared with control with a statistical significance of p < 0.05, **Indicates p < 0.01. Scale bar = 100 pm.

contributions of precise mechanisms during the time-course of BBB disruption in blast-induced neurotrauma
will aid in diagnostic and therapeutic discoveries™.

The integrity of the tight junctions was also assessed in the current study immediately following moderate
blast, four, and twenty-four hours post injury. Tight junctions are water-tight seals that connect adjacent endothe-
lial cells across the brain vasculature!"!*. These complexes are comprised of several proteins that anchor the tight
junction to the surface of endothelial cells and represent a strong mechanical junction that is the foundation
of the BBB. Several groups have studied the integrity of the tight junctions as a means to assess the state of the
BBB**#4367172 In the present study, the abundance of tight junction proteins (occludin and claudin-5) was eval-
uated quantitatively via ELISA (Fig. 6A,B). In the acute phase of injury (~15mins), a reduction in tight junction
protein abundance was observed in both occludin (p=0.012) and claudin-5 (p > 0.05). Although the reduction
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Figure 9. Concentration of s100-(3 in blood serum. Assay conducted for blast (180kPa BOP) samples four and
twenty four hours post-exposure and compared with controls. *Indicates a difference in intensity compared
with control with a statistical significance of p < 0.05.

Figure 10. Double immunofluorescence of endothelial cell marker (RECA-1, red) and monocyte marker
(CCL2, green) at four hours post-exposure in frontal cortex in animals from control (A) and moderate (180 kPa
BOP) blast injury (B). Scale bar =50 pm.

in claudin-5 was not statistically significant, it displays a strong tendency to decrease. These results strongly sup-
port our tenet that a direct mechanical loading may be able to break and dislodge tight junction complexes and
cause subsequent reduction in integrity of the BBB, which may have manifested in the extravasation of the dyes.
Further, at four hours post-blast, levels of occludin and claudin-5 were reduced (p =0.002, p=0.035, respec-
tively) suggesting that, in addition to direct mechanical forces, secondary factors that are likely activated 4 hours
post-injury also contribute to the reduction in TJPs. Such sustained decrease in these proteins may in part be
responsible for greater compromise in BBB integrity 4 hours post-injury observed in the present study. While
several factors have been implicated in the breakdown of tight junction proteins, oxidative stress and increased
matrix metalloproteinase activity have been shown to contribute to the disruption of the BBB'>*’. Moreover, res-
toration of the levels of occludin and claudin-5 observed in the present study within twenty-four hours post-blast
corroborates the absence of extravasation seen at 24 hours post-blast.

While the reduction in the brain levels of tight junction proteins suggest a possibility of their dislodging
by direct impact of the shockwaves, we sought to examine the accountability of these proteins in the blood
stream, since it is likely that once dislodged, these proteins may be translocated into blood stream. Therefore,
we estimated the levels of these proteins in serum samples by quantitative ELISA. Interestingly, we observed
a close, inverse correlation on the levels of these proteins between brain homogenates and serum (Fig. 6C,D).
Fifteen minutes post-injury, there was a significant increase in the amount of occludin (p=0.012) and claudin-5
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(p=0.011) detected in the blood serum compared to controls. The amount of detected tight junction proteins
further increased four hours post-injury (p < 0.001, p=0.002) for occludin and claudin-5, respectively. These
results not only corroborate the ELISA results in the brain tissue, but also give strong support to the assertion that
the tight junction proteins are being mechanically dislodged from the tight junction complexes and being taken
up into circulation. Moreover, a complete recovery of these TJPs to the control levels in brain and blood 24 hours
post-injury corroborates well with the absence of any extravasation of EB or NaF which together indicate the
possibility of resealing of the BBB at this time point.

Several studies report that increased levels of astrocytic protein s100-3 in the blood indicate the breakdown
of the BBB!23040.73-75 The current study shows increased s100-(3 in serum from animals exposed to blast provides
additional support to our extravasation studies and together represent the involvement of astrocytic defects in the
compromise of BBB following blast injury.

To demonstrate infiltration of any blood-borne cells entering the brain parenchyma, an immunofluorescence
stain was performed to identify the presence of monocytes in the vicinity of vascular endothelial cells using CCL2
and RECA-1, respectively (n = 3, Fig. 10). CCL2 is a monocyte chemoattractant protein which presents on blood
monocytes and is integral in monocyte mobilization while RECA-1 is a common vascular endothelial marker”¢-78,
The increased number of CCL2 staining in the frontal cortex near blood vessels indicates that monocytes are
leaking from the blood into the brain parenchyma four hours post-injury. This qualitatively supports the extrava-
sation results for Evans blue and sodium fluorescein.

In the current study, differential degree of BBB permeability was observed spatially across different brain regions.
Such differential blood-brain barrier permeability may, in part, be due to variations in the vascular architecture (density,
size, orientation) in different brain regions. Cavaglia’s group characterized the variation in neurocapillary density in the
adult rat hippocampus and cortical structures”. The hippocampal CA1 region revealed a significantly lower capillary
density compared to CA3, but a much more extensive blood-brain barrier leakage. This may instinctively point to
an inverse relationship between vascular density and BBB vulnerability; however Cavaglia’s studies also showed that
neocortical regions have a much higher vascular density compared to neighboring gray/white matter junctions. Since
gray matter regions (frontal cortex, thalamus, etc.) have a higher vascular density than the white matter regions, the
mechanical shock loading in the acute phase of injury in conjunction with the onset of secondary mechanisms during
latter stages may damage the brain regions containing higher vascular densities more than others. Supporting this tenet,
our results and many other studies reveal higher degree of BBB damage in the frontal cortex (Figs 2 and 5)34°%72,
In addition to vascular density (number of vessels, vessel length, etc.), it is also possible that vascular orientation and
cellular architecture may also be, in tandem, responsible for the observed spatial variation of BBB permeability. From a
purely biomechanical perspective, a combination of vascular architecture and, to some extent, perivascular attachment
to astrocytes may dictate the response to the sudden physical motion of capillaries leading to the mechanical disruption
of tight junctions.

While it is strongly assumed that the propagation of shock uniformly travels and loads the whole brain,
absence of BBB damage in cerebellum is interesting. The lack of functional BBB damage in the cerebellar regions
has been reported by several groups, but there is still uncertainty to its cause*+**%. Several groups have shown
vascular volume in the cerebellum to be higher than that in the cerebrum?®-#, but Holash et. al determined that
this difference was due to the inclusion of pia vasculature®!. Without pial vessels (which have a BBB quite different
from the parenchymal vessels in terms of tight junction distribution and astrocytic ensheathment®®), the vascular
volume of the cerebellum and cerebrum are comparable. Most extravasation studies use intravascular tracers,
which do not discriminate between pial and intraparenchymal vessels in the cerebellum. The authors speculate
that the lack of extravasation in the cerebellum based on these methods is due to the presence of the pial vessels,
but more work needs to be done to validate this hypothesis (ie. isolating parenchymal vessels).

Further, in the current study, based on the high magnification images (Figs 2, 3, 4, 5, 7 and 8) it is tempting to
speculate that larger diameter blood vessels had greater leakage compared to smaller ones. Hypothetically, given a
larger cross-sectional area, these vessels bear a greater brunt of the passing shock wave and hence are more dam-
aged than their smaller counterparts. It is also possible that these larger vessels only appear to leak more because
of a greater vascular volume: more vessel content, the more blood is able to leak out in the presence of a vascular
rupture. In this case, vessels of all sizes would experience a similar mechanical load from the shock wave and show
a similar pattern of leakage (with only differences in leakage volume, proportional to vessel size), which is consist-
ent with the results of this study. When a shock/stress wave encounters vasculature, the biomechanical forces will
be proportional to the projected area and the difference in acoustic impedance between the different materials
that make up the local tissue construct. The resistance to deformation will be proportional to the structural integ-
rity of the vasculature vis-a-vis the surrounding cellular architecture. As different subregions of the brain have
different architectures and biomechanical characteristics, the forces, the deformation and hence the BBB leakage
will be a function of the specific region under question even if the loading is identical.

After 24 hours following mild blast, a statistically significant decrease in extravasation was observed in all
brain regions, which represents possible evidence of a BBB resealing in combination with the restoration of TJPs
(Figs 4, 5, 6). A recent study also reported a reduction in BBB damage 24 hours after injury in mice exposed to
moderate blast (100 kPa)®. This, however, may not preclude continued presence of phenotypic changes of the
TBI in brain structures since vascular leakage of various blood born substances into the parenchyma may trigger
secondary events such as microglial activation leading to neuroinflammation.

At all time-points, in all regions, the total amount of extravasated sodium fluorescein tracer was greater than
Evans blue, an intuitive result given the difference in size between these two tracers. One needs to be careful in
interpreting the results in terms of fold increase since the baseline data for the smaller molecule, sodium fluo-
rescein, was higher than the larger Evans blue. In no region was there a collection of sodium fluorescein in the
absence of Evans blue, meaning that in the current work, there was an insignificant number of breaches in the
BBB which could accommodate the 376 Da sodium fluorescein but not the larger 69 kDa Evans blue.
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The present study showing a strong tendency of higher extravasation in animals exposed to 130 kPa com-
pared to 70kPa in the acute phase of the injury suggests the BBB permeability changes are directly proportional
to increasing BOP, at least in the acute phase of the injury. Interesting that 4 hours post-injury such magnitude
of difference in the extravasation of EB and NaF as a function of BOP is absent. While the reason for this is not
known, the authors speculate that differences in these injuries become more apparent after the acute phase of
injury and such significant changes may be masked once secondary mechanisms begin to occur (4 hours), which
may uniformly exacerbate injury conditions since, in the immediate phase of injury (~15min), all leakage of the
BBB is attributed to the mechanical insult of the shock wave. Therefore, the resulting biomechanical injury may
not be grossly different between mild and moderate overpressures at time interval (4h) where secondary mech-
anisms begin to occur. Indeed, such differential changes in BBB permeability have also been reported in other
investigations®>, which may superimpose the mechanical injury with the influences of secondary biochemical
mechanisms (e.g., oxidative stress, neuroinflammation).

Our efforts to establish a sub-mild injury model of bTBI led to the identification of 35kPa as a BOP that does
not show any tracer extravasation. However, the BBB permeability changes are significant with a minimal BOP
of 70kPa and increased further as a function of increasing BOPs (Figs 7 and 8). These results indicate that the
mechanical loading sustained at 35kPa is insufficient to cause the significant damage to the BBB that was seen at
70kPa and higher overpressures. Therefore, 70 kPa BOP offers a basal injury threshold for the BBB permeability
changes to occur under primary blast loading. These studies together demonstrate that BBB permeability is a
sensitive phenotypic marker for mTBI in the acute phase of the injury wherein a direct mechanical disruption is
able to cause vascular rupture. Accordingly, alterations in the integrity of BBB may be considered a prognostic
event to scale the injury severity (i.e., sub-mild to mild vs moderate TBI) as well as the extent of pathological
outcomes in blast TBI.

In summary, this work addresses a clear gap in knowledge in the understanding of the BBB permeability in
the pathophysiology of blast-induced traumatic brain injury. The results and conclusions presented herein should
provide the baseline for future studies attempting to connect the BBB permeability and the pathophysiological
progression of bTBI. However, while the authors maintain that these results are reproducible in age-matched rats
exposed under the same loading conditions, it is important that the described experimental model is replicated as
closely as possible in order to reproduce these results. For example, non-primary injuries will likely be observed
if animals are located outside or near the end of the shock tube or if animals are not properly fixed and thus may
reveal an altered injury profile.

Materials and Methods

Animal Preparation. A total of 88 adult, 10-week old male Sprague Dawley rats (Charles River Laboratories)
weighing between 300-350 g were used throughout this study, in accordance with protocols approved by Rutgers
University Institutional Animal Care and Use Committee (IACUC). Animals were housed at 22 °C with free
access to food and water in a 12 hour dark-light cycle. Animals were divided among sham and injured groups for
four different blast overpressures and three different time-points post-injury. All methods used throughout the
study were performed in accordance with protocols, guidelines, and regulations approved by Rutgers University
IACUC.

Exposure to Blast and Tracer Injections. Rats were exposed to a single shock wave at the Center
for Injury Biomechanics, Materials, and Medicine (New Jersey Institute of Technology) in the modular,
field-validated shock tube described in previous publications®*%%’. Based on preliminary findings, we observed
an obvious difference between sham and blast groups, where an n =4 was sufficient to achieve a power value of
0.9 (=0.05 and combined SD of 0.819) based on power analysis. An n=1-2 was added in case of mortality
or inadequate perfusion. As we continued the study, we maintained an n = 5-6 for all blast groups (for 70 and
130kPa groups, only three animals were used, but statistical significance was achieved). Prior to blast exposure,
animals were anesthetized with 5% isoflurane, released in a chamber containing 95% air and 5% CO,, until unre-
sponsive to noxious stimulation. At this point the rats were mounted and immobilized on a custom rat-holder in
the test section of the shock tube. Sham animals were anesthetized and received noise exposure, but kept outside
of the shock tube, away from the shock wave. Exposed animals were subjected to a single blast of 35, 70, 130, or
180kPa peak overpressure and euthanized via transcardial perfusion-fixation at prescribed time-points (15 mins,
4hrs, 24 hrs). Tracers were injected two hours prior to euthanasia (animals in the 15min group received injections
prior to blast exposure). Sodium fluorescein was administered via the lateral tail vein (376 Da, 20% dissolved in
phosphate-buffered saline [PBS], 0.02 g/mL, 0.7 mL delivered) at the same time Evans blue was (69 kDa when
bound to albumin, 2% solution dissolved in PBS, 0.002 g/ml, 0.7 mL delivered). Two hours were given as to give
sufficient time for the tracers to circulate the body multiple times and perfuse even deeper neurovasculature
across all experimental groups. Other groups have used both these dyes to assess BBB permeability up to four
hours following tracer administration®*%%°, Half-life of EB in circulation was confirmed to be > four hours, while
the same is true for NaF half-life®*-2, instilling confidence that allowing two hours for circulation and extravasa-
tion for these tracers is adequate.

As a quality control measure, high-speed video was monitored and recorded with a Photron FASTCAM Mini
UX100 operating at a framerate of 5000 fps to capture any substantial head/body movement during blast, in order
to exclude the effects of secondary/tertiary injury from this study. Approximately two seconds of video footage
were recorded per exposure and then saved via PFV (Photron FASTCAM Viewer) 3.3.5 software. Incident over-
pressure at the location of the animals in the test section of the shock tube was recorded at 1.0 MHz sampling
frequency by a custom LabView program running on in-house built data acquisition system based on National
Instruments PXI-6133 32 MS Memory S Series Multifunction DAQ Modules and PXIe-1082 PXI Express Chassis.
PCB Piezotronics (Depew, NY) model 134A24 pressure sensors were used in all experiments.
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Tissue Preparation, Absorption Spectrophotometry, and Ex-Vivo Imaging and Analysis. Rats
were perfusion-fixed two hours following tracer administration. Prior to perfusion, blood serum was extracted
from the heart (left ventricle, approximately 3 ml volume). Rats were transcardially perfused with phosphate
buffered saline (PBS) and brains fixed with 4% paraformaldehyde (PFA). Brains were then liberated from cranial
vaults, immersed in 4% PFA for an additional 48 hours and cryoprotected through immersion in 30% sucrose.
Appearance of brains can be seen in Fig. 1E, wherein the brains were completely devoid of blood in the vascula-
ture, indicating a complete saline perfusion. Brains were then dissected into 100 micron sections using Rat Brain
vibratome (Kent Scientific Corp.) and mounted on glass slides. Regions of interest included the frontal cortex,
striatum, somatosensory barrel-field cortex, hippocampus, thalamus, and cerebellum. Each animal offered 30
sections across five regions that were analyzed. Slides contained between two to three sections, resulting in over
200 slides scanned throughout this study. Slides containing different brain regions were digitized (10x magnifica-
tion) using Leica Aperio Versa 200 digital pathology grade slide scanner. Fluorescent intensities were quantified
after excitation at 488 nm (sodium fluorescein), 50 ms exposure, and 594 nm (Evans blue), 125 ms exposure, using
AreaQuant software specifically designed for this imaging application (Leica Biosystems) and expressed as aver-
age fluorescence intensity/unit area. This imaging technique allows for visualization of micro-structural details
and digital scanning affords the ability to image large brain regions with no loss of resolution. In order to quantify
fluorescence intensities, regions of interest were manually outlined in different brain section. For each channel
(green 488 nm and red 594 nm), a minimum intensity threshold value was selected to exclude any background
fluorescence from our calculation. The AreaQuant algorithm then determines if the intensity value of each pixel
enclosed in the outlined region exceeds the minimum intensity threshold and outputs the total area of positive
stain for each brain regions, the average intensity in each channel, and the expression profile of the tracers.

As a means to validate the results of fluorescent image quantitation, absorption spectrophotometry was
conducted on homogenized frontal cortices extracted from control and acutely injured rats (n=>5, 180kPa).
Rats were sacrificed via saline perfusion (no fixation) and brains were extracted, sectioned, and frozen in dry
ice. Absorption was measured and standard curve generated from seven gradient dilutions of Evans Blue.
Experimental samples were plotted against the curve (R?=0.998) using SpectraMax i3 (Molecular Devices)
microplate reader and SoftMax Pro 6.5 software. Output concentration was converted into micrograms per mg
of brain tissue.

ELISA. Asameans of alternative evidence for BBB disruption, tight junction protein changes were examined in
the cerebral hemisphere by ELISA and immunoblot. Following perfusion with PBS, brains were excised from the
skull and cerebrum was homogenized in CellLytic-M (Sigma) using sonicator with probe amplitude set to 45%
on ice. Samples were then centrifuged at 14,000 g at 4 °C. The protein concentration in the samples was estimated
by bicinochoninic acid (BCA) method (Thermo Scientific, Rockford, IL). Subsequently, samples were diluted in
PBS and loaded onto ELISA plate (LSBio, Seattle, WA). Serum samples were also loaded onto same plate for tight
junction protein quantification and separate serum ELISAs were run for s100-3. Plates were read in microplate
reader (Spectra Max i3, Molecular Devices) at wavelength of 450 nm. All the Steps of ELISA procedure (washings,
incubation time etc) were conducted in accordance with manufacturer instructions and samples plotted against
a standard curve made up of eight samples (R*=0.995, 0.999 for occludin and claudin-5 respectively) using
SoftMax Pro 6.5 software.

Immunofluorescence. In order to further establish blood-to-brain leakage following blast injury,
double-immunofluorescence studies for RECA-1 and CCL2 were performed in the frontal cortex, four hours
post-injury (n=3) as a means to detect infiltration of monocytes into the brain parenchyma. Following tran-
scardial perfusion-fixation, tissue was cryoprotected in sucrose, and 20 pm thick sections were cut using Leica
1000 S vibratome. Sections were mounted on glass slides and washed with 10 mM PBS, fixed in ice-cold methanol
(100%) solution for ten minutes at —20°C. The tissue sections were blocked with 10% donkey serum at room
temperature for 1 hour in PBS containing 0.03% Triton X-100. Fixed tissues were incubated overnight at 4°C
with respective primary antibodies to RECA-1 (Mouse monoclonal, Abcam, 1:50) and CCL2 (Rabbit polyclonal,
Abcam, 1:50). Double immunofluorescence was performed using Alexafluor 594 for RECA-1 and Alexafluor 488
for CCL2. Slides containing different brain regions were digitized (20x magnification) using Leica Aperio Versa
200 fluorescent microscope and slide scanner.

Statistical Analysis. Data are presented as mean -+ standard error of the mean. Statistical significance was
determined using one-way analysis of variance (ANOVA) to compare mean fluorescence intensities of different
brain regions for sodium fluorescein and Evans blue with a Tukey pairwise test done to determine differences
between individual time-point and overpressure groups. Statistical comparisons were also made for each blast
overpressure and each time-point post injury. Normalcy and population variance homogeneity were assessed
with Shapiro-Wilk and Levene’s tests respectively. Differences between means were assessed and probability levels
of p < 0.05 were considered statistically significant. Minitab 17 Statistical Software was used for all analyses and
Origin 2017 was used for generation of bar plots. Bar plots presented are in semi-log scale in order to capture
magnitudinal differences between groups. Fluorescent images were taken using Aperio Versa software and anal-
ysis and export done via ImageScope software (LEICA Corp.).

References
1. Ling, G. S. et al. Traumatic brain injury in modern war. Sensing Technologies for Global Health, Military Medicine, and Environmental
Monitoring I11 8723, 87230K. International Society for Optics and Photonics. (2013).
2. Mathews, Z. R. & Koyfman, A. Blast injuries. The Journal of emergency medicine 49, 573-587 (2015).
3. Moore, B. Blast injuries-a prehospital perspective. Australasian Journal of Paramedicine 4 (2015).

SCIENTIFICREPORTS | (2018) 8:8681 | DOI:10.1038/s41598-018-26813-7 11



www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
. Abbruscato, T. ], Lopez, S. P., Roder, K. & Paulson, J. R. Regulation of blood-brain barrier Na, K, 2Cl-cotransporter through
18.
19.
20.
21.
22.
23.
24.
25.
. Remy, S. & Beck, H. Molecular and cellular mechanisms of pharmacoresistance in epilepsy. Brain 129, 18-35 (2006).
27.
28.
29.
30.
31.
32
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,

45.

. Loane, D. J. & Faden, A. I. Neuroprotection for traumatic brain injury: translational challenges and emerging therapeutic strategies.

Trends in Pharmacological Sciences 31, 596604, https://doi.org/10.1016/.tips.2010.09.005 (2010).

. Maas, A. I, Roozenbeek, B. & Manley, G. T. Clinical trials in traumatic brain injury: past experience and current developments.

Neurotherapeutics 7, 115-126 (2010).

. Narayan, R. K. et al. Clinical trials in head injury. Journal of neurotrauma 19, 503-557 (2002).
. Schouten, J. W. Neuroprotection in traumatic brain injury: a complex struggle against the biology of nature. Current opinion in

critical care 13, 134-142 (2007).

. Chodobski, A., Zink, B. J. & Szmydynger-Chodobska, J. Blood-brain barrier pathophysiology in traumatic brain injury.

Translational stroke research 2, 492-516 (2011).

. Hayes, R. L. & Dixon, C. E. In Seminars in Neurology. 25-31 (© by Thieme Medical Publishers, Inc.) (1994).
. Abbott, N. J. Inflammatory mediators and modulation of blood-brain barrier permeability. Cell. Mol. Neurobiol. 20, 131-147,

https://doi.org/10.1023/a:1007074420772 (2000).

Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R. & Begley, D. J. Structure and function of the blood-brain barrier.
Neurobiol Dis 37, 13-25, https://doi.org/10.1016/j.nbd.2009.07.030 (2010).

Abdul-Muneer, P. M., Chandra, N. & Haorah, J. Interactions of oxidative stress and neurovascular inflammation in the pathogenesis
of traumatic brain injury. Mol Neurobiol 51, 966-979, https://doi.org/10.1007/s12035-014-8752-3 (2015).

Ballabh, P., Braun, A. & Nedergaard, M. The blood-brain barrier: an overview: structure, regulation, and clinical implications.
Neurobiology of disease 16, 1-13 (2004).

Hawkins, B. T. & Davis, T. P. The blood-brain barrier/neurovascular unit in health and disease. Pharmacological reviews 57, 173-185
(2005).

Obermeier, B., Daneman, R. & Ransohoff, R. M. Development, maintenance and disruption of the blood-brain barrier. Nat Med 19,
1584-1596, https://doi.org/10.1038/nm.3407 (2013).

Zlokovic, B. V. The blood-brain barrier in health and chronic neurodegenerative disorders. Neuron 57, 178-201 (2008).

phosphorylation during in vitro stroke conditions and nicotine exposure. Journal of pharmacology and experimental therapeutics
310, 459-468 (2004).

Iizecka, J. The structure and function of blood-brain barrier in ischaemic brain stroke process. Annales Universitatis Mariae Curie-
Sklodowska. Sectio D: Medicina 51, 123-127 (1996).

Khatri, R., McKinney, A. M., Swenson, B. & Janardhan, V. Blood-brain barrier, reperfusion injury, and hemorrhagic transformation
in acute ischemic stroke. Neurology 79, $52-S57 (2012).

Sandoval, K. E. & Witt, K. A. Blood-brain barrier tight junction permeability and ischemic stroke. Neurobiol Dis 32, 200-219,
https://doi.org/10.1016/j.nbd.2008.08.005 (2008).

Fiala, M. et al. Cyclooxygenase-2-positive macrophages infiltrate the Alzheimer’s disease brain and damage the blood-brain barrier.
European journal of clinical investigation 32, 360-371 (2002).

Zlokovic, B. V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat Rev Neurosci 12,
723-738, https://doi.org/10.1038/nrn3114 (2011).

Desai, B. S., Monahan, A. ], Carvey, P. M. & Hendey, B. Blood-brain barrier pathology in Alzheimer’s and Parkinson’s disease:
implications for drug therapy. Cell transplantation 16, 285-299 (2007).

Persidsky, Y. et al. Rho-mediated regulation of tight junctions during monocyte migration across the blood-brain barrier in HIV-1
encephalitis (HIVE). Blood 107, 4770-4780 (2006).

Oby, E. & Janigro, D. The blood-brain barrier and epilepsy. Epilepsia 47, 1761-1774 (2006).

Correale, J. & Villa, A. The blood-brain-barrier in multiple sclerosis: functional roles and therapeutic targeting. Autoimmunity 40,
148-160 (2007).

de Vries, H. E. & Dijkstra, D. Mononuclear phagocytes at the blood-brain barrier in multiple sclerosis. Blood-Spinal Cord and Brain
Barriers in Health and Disease, 409-417 (2004).

Opdenakker, G., Nelissen, I. & Van Damme, J. Functional roles and therapeutic targeting of gelatinase B and chemokines in multiple
sclerosis. The Lancet Neurology 2, 747-756 (2003).

Abdul-Muneer, P. M. et al. Induction of oxidative and nitrosative damage leads to cerebrovascular inflammation in an animal model
of mild traumatic brain injury induced by primary blast. Free Radic Biol Med 60, 282-291, https://doi.org/10.1016/j.
freeradbiomed.2013.02.029 (2013).

Chen, Y. & Huang, W. Non-impact, blast-induced mild TBI and PTSD: concepts and caveats. Brain injury 25, 641-650 (2011).
Haorah, J. et al. Ethanol-Induced Activation of Myosin Light Chain Kinase Leads to Dysfunction of Tight Junctions and Blood-Brain
Barrier Compromise. Alcoholism: Clinical and Experimental Research 29, 999-1009 (2005).

Haorah, J. et al. Oxidative stress activates protein tyrosine kinase and matrix metalloproteinases leading to blood-brain barrier
dysfunction. Journal of neurochemistry 101, 566-576 (2007).

Hue, C. D. et al. Time Course and Size of Blood-Brain Barrier Opening in a Mouse Model of Blast-Induced Traumatic Brain Injury.
J Neurotrauma, https://doi.org/10.1089/neu.2015.4067 (2015).

Baldwin, S. A., Fugaccia, I, Brown, D. R, Brown, L. V. & Scheff, S. W. Blood-brain barrier breach following cortical contusion in the
rat. Journal of neurosurgery 85, 476-481 (1996).

Bagkaya, M. K., Rao, A. M., Dogan, A., Donaldson, D. & Dempsey, R. J. The biphasic opening of the blood-brain barrier in the
cortex and hippocampus after traumatic brain injury in rats. Neuroscience letters 226, 33-36 (1997).

Hicks, R. R., Baldwin, S. A. & Scheff, S. W. Serum extravasation and cytoskeletal alterations following traumatic brain injury in rats.
Molecular and chemical neuropathology 32, 1-16 (1997).

Higashida, T. et al. The role of hypoxia-inducible factor-1a, aquaporin-4, and matrix metalloproteinase-9 in blood-brain barrier
disruption and brain edema after traumatic brain injury: laboratory investigation. Journal of neurosurgery 114, 92-101 (2011).
Shapira, Y., Setton, D., Artru, A. A. & Shohami, E. Blood-brain barrier permeability, cerebral edema, and neurologic function after
closed head injury in rats. Anesthesia & Analgesia 77, 141-148 (1993).

Elder, G. A. et al. Vascular and inflammatory factors in the pathophysiology of blast-induced brain injury. Front Neurol 6, 48, https://
doi.org/10.3389/fneur.2015.00048 (2015).

Hue, C. D. et al. Dexamethasone potentiates in vitro blood-brain barrier recovery after primary blast injury by glucocorticoid
receptor-mediated upregulation of ZO-1 tight junction protein. Journal of Cerebral Blood Flow & Metabolism 35, 1191-1198 (2015).
Kawoos, U., Gu, M., Lankasky, J., McCarron, R. M. & Chavko, M. Effects of Exposure to Blast Overpressure on Intracranial Pressure
and Blood-Brain Barrier Permeability in a Rat Model. PloS one 11, 0167510 (2016).

Readnower, R. D. et al. Increase in blood-brain barrier permeability, oxidative stress, and activated microglia in a rat model of blast-
induced traumatic brain injury. ] Neurosci Res 88, 3530-3539, https://doi.org/10.1002/jnr.22510 (2010).

Shetty, A. K., Mishra, V., Kodali, M. & Hattiangady, B. Blood brain barrier dysfunction and delayed neurological deficits in mild
traumatic brain injury induced by blast shock waves. Frontiers in cellular neuroscience 8 (2014).

Yeoh, S., Bell, E. D. & Monson, K. L. Distribution of blood-brain barrier disruption in primary blast injury. Ann Biomed Eng 41,
2206-2214, https://doi.org/10.1007/s10439-013-0805-7 (2013).

SCIENTIFICREPORTS | (2018) 8:8681 | DOI:10.1038/s41598-018-26813-7 12


http://dx.doi.org/10.1016/j.tips.2010.09.005
http://dx.doi.org/10.1023/a:1007074420772
http://dx.doi.org/10.1016/j.nbd.2009.07.030
http://dx.doi.org/10.1007/s12035-014-8752-3
http://dx.doi.org/10.1038/nm.3407
http://dx.doi.org/10.1016/j.nbd.2008.08.005
http://dx.doi.org/10.1038/nrn3114
http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.029
http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.029
http://dx.doi.org/10.1089/neu.2015.4067
http://dx.doi.org/10.3389/fneur.2015.00048
http://dx.doi.org/10.3389/fneur.2015.00048
http://dx.doi.org/10.1002/jnr.22510
http://dx.doi.org/10.1007/s10439-013-0805-7

www.nature.com/scientificreports/

46.
47.
48.
49.
50.
51.
52.

53.
54.

55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
. Abbott, N. . Astrocyte-endothelial interactions and blood-brain barrier permeability. Journal of anatomy 200, 523-534 (2002).
67.

68.
69.

70.

71.
72.

73.
74.
75.
76.
77.

78.

79.
. Brown, R. C,, Egleton, R. D. & Davis, T. P. Mannitol opening of the blood-brain barrier: regional variation in the permeability of

81.
82.

83.
84.
85.
86.
87.

88.

Kabu, S. et al. Blast-associated shock waves result in increased brain vascular leakage and elevated ROS levels in a rat model of
traumatic brain injury. PloS one 10, 0127971 (2015).

Sosa, M. A. G. et al. Selective vulnerability of the cerebral vasculature to blast injury in a rat model of mild traumatic brain injury.
Acta neuropathologica communications 2, 67 (2014).

Sosa, M. A. G. et al. Blast overpressure induces shear-related injuries in the brain of rats exposed to a mild traumatic brain injury.
Acta neuropathologica communications 1, 51 (2013).

Stokum, J. A. et al. Glibenclamide pretreatment protects against chronic memory dysfunction and glial activation in rat cranial blast
traumatic brain injury. Behavioural brain research 333, 43-53 (2017).

Needham, C. E., Ritzel, D., Rule, G. T., Wiri, S. & Young, L. Blast testing issues and TBI: experimental models that lead to wrong
conclusions. Frontiers in neurology 6, 72 (2015).

Skotak, M., Alay, E. & Chandra, N. On the accurate determination of shock wave time-pressure profile in the experimental models
of blast induced neurotrauma. Frontiers in Neurology 9, 52 (2018).

Skotak, M. et al. Rat injury model under controlled field-relevant primary blast conditions: acute response to a wide range of peak
overpressures. ] Neurotrauma 30, 1147-1160, https://doi.org/10.1089/neu.2012.2652 (2013).

Hyde, D. W. ConWep: Conventional Weapon Effects (software) (1991).

Chandra, N., Sundaramurthy, A. & Gupta, R. K. Validation of Laboratory Animal and Surrogate Human Models in Primary Blast
Injury Studies. Military medicine 182, 105-113, https://doi.org/10.7205/milmed-d-16-00144 (2017).

Kuriakose, M. et al. Tailoring the Blast Exposure Conditions in the Shock Tube for Generating Pure, Primary Shock Waves: The End
Plate Facilitates Elimination of Secondary Loading of the Specimen. PloS one 11, 0161597 (2016).

Mishra, V. et al. Primary blast causes mild, moderate, severe and lethal TBI with increasing blast overpressures: Experimental rat
injury model. Scientific reports 6, 26992 (2016).

Chandra, N. ef al. Evolution of blast wave profiles in simulated air blasts: experiment and computational modeling. Shock Waves 22,
403-415, https://doi.org/10.1007/s00193-012-0399-2 (2012).

Garman, R. H. et al. Blast exposure in rats with body shielding is characterized primarily by diffuse axonal injury. Journal of
neurotrauma 28, 947-959 (2011).

Li, W. et al. A quantitative MRI method for imaging blood-brain barrier leakage in experimental traumatic brain injury. PloS one 9,
e114173 (2014).

Su, E. J. et al. Imatinib treatment reduces brain injury in a murine model of traumatic brain injury. Frontiers in cellular neuroscience
9(2015).

Tanno, H., Nockels, R. P, Pitts, L. H. & Noble, L. Breakdown of the blood-brain barrier after fluid percussive brain injury in the rat.
Part 1: distribution and time course of protein extravasation. Journal of neurotrauma 9, 21-32 (1992).

Candelario-Jalil, E., Yang, Y. & Rosenberg, G. Diverse roles of matrix metalloproteinases and tissue inhibitors of metalloproteinases
in neuroinflammation and cerebral ischemia. Neuroscience 158, 983-994 (2009).

Nishioku, T. et al. Detachment of brain pericytes from the basal lamina is involved in disruption of the blood-brain barrier caused
by lipopolysaccharide-induced sepsis in mice. Cell. Mol. Neurobiol. 29, 309-316 (2009).

Armulik, A., Abramsson, A. & Betsholtz, C. Endothelial/pericyte interactions. Circ Res 97, 512-523, https://doi.org/10.1161/01.
RES.0000182903.16652.d7 (2005).

Armulik, A. et al. Pericytes regulate the blood-brain barrier. Nature 468, 557-561, https://doi.org/10.1038/nature09522 (2010).

Abbott, N. J., Rénnbick, L. & Hansson, E. Astrocyte-endothelial interactions at the blood-brain barrier. Nature reviews. Neuroscience
7,41 (2006).

Benarroch, E. E. Mayo Clinic Proceedings 10, 1326-1338. Elsevier (2005).

Polavarapu, R. et al. Tissue-type plasminogen activator-mediated shedding of astrocytic low-density lipoprotein receptor-related
protein increases the permeability of the neurovascular unit. Blood 109, 3270-3278 (2007).

Banks, W. A. From blood-brain barrier to blood-brain interface: new opportunities for CNS drug delivery. Nature Reviews Drug
Discovery (2016).

Hue, C. D. et al. Blood-brain barrier dysfunction after primary blast injury in vitro. Journal of neurotrauma 30, 1652-1663 (2013).
Lucke-Wold, B. P. et al. Bryostatin-1 Restores Blood Brain Barrier Integrity following Blast-Induced Traumatic Brain Injury. Mol
Neurobiol 52, 1119-1134, https://doi.org/10.1007/s12035-014-8902-7 (2015).

Blyth, B. J. et al. Validation of serum markers for blood-brain barrier disruption in traumatic brain injury. Journal of neurotrauma
26, 1497-1507 (2009).

Burda, J. E., Bernstein, A. M. & Sofroniew, M. V. Astrocyte roles in traumatic brain injury. Experimental neurology 275, 305-315
(2016).

Vajtr, D. et al. Correlation of Ultrastructural Changes of Endothelial Cells and Astrocytes Occurring during Blood Brain Barrier
Damage after Traumatic Brain Injury with Biochemical Markers of Blood Brain Barrier Leakage and Inflammatory Response.
Physiological Research 58, 263-268 (2009).

Fernandez-Lopez, D. & Vexler, Z. S. In The Blood Brain Barrier (BBB) 91-116 (Springer, 2013).

Louboutin, J.-P.,, Chekmasova, A., Marusich, E., Agrawal, L. & Strayer, D. S. Role of CCR5 and its ligands in the control of vascular
inflammation and leukocyte recruitment required for acute excitotoxic seizure induction and neural damage. The FASEB Journal 25,
737-753 (2011).

Szmydynger-Chodobska, J., Fox, L. M., Lynch, K. M., Zink, B. J. & Chodobski, A. Vasopressin amplifies the production of
proinflammatory mediators in traumatic brain injury. Journal of neurotrauma 27, 1449-1461 (2010).

Cavaglia, M. et al. Regional variation in brain capillary density and vascular response to ischemia. Brain research 910, 81-93 (2001).

sucrose, but not 86Rb+ or albumin. Brain Research 1014, 221-227, https://doi.org/10.1016/j.brainres.2004.04.034 (2004).
Johanson, C. E. Permeability and vascularity of the developing brain: cerebellum vs cerebral cortex. Brain research 190, 3-16 (1980).
LaManna, J. C. & Harik, S. I. Regional studies of blood—brain barrier transport of glucose and leucine in awake and anesthetized
rats. Journal of Cerebral Blood Flow & Metabolism 6,717-723 (1986).

Pluta, R., Tomida, S., Ikeda, J., Nowak, T. S. Jr & Klatzo, I. Cerebral vascular volume after repeated ischemic insults in the gerbil:
comparison with changes in CBF and brain edema. Journal of Cerebral Blood Flow & Metabolism 9, 163-170 (1989).

Holash, J., Sugamori, K. & Stewart, P. The difference in vascular volume between cerebrum and cerebellum is in the pia mater.
Journal of Cerebral Blood Flow & Metabolism 10, 432-434 (1990).

Allt, G. & Lawrenson, J. G. Is the pial microvessel a good model for blood-brain barrier studies? Brain Research Reviews 24, 67-76,
https://doi.org/10.1016/S0165-0173 (1997).

Huber, B. R. et al. Blast exposure causes dynamic microglial/macrophage responses and microdomains if brain microvessel
dysfunction. Neuroscience 319, 206-220, https://doi.org/10.1016/j.neuroscience.2016.01.022 (2016).

Chandra, N., Holmberg, A. & Feng, R. Controlling the shape of the shock wave profile in a blast facility. US Provisional patent
application 61542354 (2011).

Jiang, Z. et al. Role of hydrogen sulfide in early blood-brain barrier disruption following transient focal cerebral ischemia. PloS one
10, €0117982 (2015).

SCIENTIFICREPORTS | (2018) 8:8681 | DOI:10.1038/s41598-018-26813-7 13


http://dx.doi.org/10.1089/neu.2012.2652
http://dx.doi.org/10.7205/milmed-d-16-00144
http://dx.doi.org/10.1007/s00193-012-0399-2
http://dx.doi.org/10.1161/01.RES.0000182903.16652.d7
http://dx.doi.org/10.1161/01.RES.0000182903.16652.d7
http://dx.doi.org/10.1038/nature09522
http://dx.doi.org/10.1007/s12035-014-8902-7
http://dx.doi.org/10.1016/j.brainres.2004.04.034
http://dx.doi.org/10.1016/S0165-0173
http://dx.doi.org/10.1016/j.neuroscience.2016.01.022

www.nature.com/scientificreports/

89. Yen, L. E, Wei, V. C.,, Kuo, E. Y. & Lai, T. W. Distinct patterns of cerebral extravasation by Evans blue and sodium fluorescein in rats.
PloS one 8, €68595 (2013).

90. Kaya, M. & Ahishali, B. In Permeability Barrier 369-382 (Springer, 2011).

91. Sandel, W. R., Hubbard, R. W. & Schehl-Geiger, D. Indocyanine Green (ICG) and Evans Blue: Comparative Study of Plasma Volume
Measurement. (Army Research Inst Of Environmental Medicine Natick Ma, 1982).

92. Wolman, M. et al. Evaluation of the dye-protein tracers in pathophysiology of the blood-brain barrier. Acta neuropathologica 54,
55-61 (1981).

Acknowledgements

This work was supported by U.S Army Medical Research and Materiel Command project Primary Blast Injury
Criteria for Animal/Human TBI Models using Field Validated Shock Tube, grant number: 14059001. Authors
gratefully acknowledge Prof Raj Gupta, from Department of Defense Blast Injury Research Program Coordinating
Office, United States Army Medical Research and Materiel Command, Fort Detrick, MD as well as our laboratory
members Stephanie Iring, Madison Taylor, Eren Alay and Dr. Maciej Skotak for their contributions to this work.

Author Contributions
M.K,, K.V.R. and N.C. wrote the main manuscript text, M.K. and K.V.R. conducted experiments described in this
work and M.K. and D.Y. prepared the figures. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:8681 | DOI:10.1038/s41598-018-26813-7 14


http://creativecommons.org/licenses/by/4.0/

	Temporal and Spatial Effects of Blast Overpressure on Blood-Brain Barrier Permeability in Traumatic Brain Injury

	Results

	Primary blast induces breakdown of the blood-brain barrier. 
	Different brain regions express different degrees of BBB permeability following moderate blast injury. 
	BBB permeability varies as a function of time following moderate blast injury. 
	The extent of BBB permeability displays a tendency to increase as a function of blast overpressure. 
	Primary blast induces translocation of astrocytic marker s100-β into blood stream and monocyte infiltration into brain. 

	Discussion

	Materials and Methods

	Animal Preparation. 
	Exposure to Blast and Tracer Injections. 
	Tissue Preparation, Absorption Spectrophotometry, and Ex-Vivo Imaging and Analysis. 
	ELISA. 

	Immunofluorescence. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 The shock tube housed in the blast laboratory in the Center for Injury Biomechanics, Materials, and Medicine at NJIT.
	Figure 2 Fluorescent images of Evans blue extravasation.
	Figure 3 Fluorescent images of sodium fluorescein extravasation.
	Figure 4 Quantitation of extravasation of Evans blue for 15 minutes (t0), 4 (t4), and 24 (t24) hours post-180 kPa blast exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and thalamus using a semilog plot in order to cap
	Figure 5 Quantitation of extravasation of sodium fluorescein for 15 minutes (t0), 4 (t4), and 24 (t24) hours post- 180 kPa blast exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and thalamus using a semilog plot in ord
	Figure 6 ELISA results for tight junction proteins occludin and claudin-5, respectively in brain (A,B) and blood serum (C,D).
	Figure 7 Quantitation of extravasation of Evans blue for 35, 70, 130, and 180 kPa blast overpressures, 15 minutes post-exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and thalamus using a semilog plot in order to capt
	Figure 8 Quantitation of extravasation of sodium fluorescein for 35, 70, 130, and 180 kPa blast overpressures, 15 minutes post-exposure in frontal cortex, striatum, somatosensory barrel-field cortex, hippocampus, and thalamus using a semilog plot in order
	Figure 9 Concentration of s100-β in blood serum.
	Figure 10 Double immunofluorescence of endothelial cell marker (RECA-1, red) and monocyte marker (CCL2, green) at four hours post-exposure in frontal cortex in animals from control (A) and moderate (180 kPa BOP) blast injury (B).




