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ABSTRACT
TEMPORAL AND SPATIAL EFFECTS OF SHOCK OVERPRESSURE

ON BLOOD-BRAIN BARRIER PERMEABILITY IN BLAST-INDUCED
TRAUMATIC BRAIN INJURY

by
Matthew Joseph Kuriakose

Exposure to shock waves is the leading cause of traumatic brain injury (TBI) in military
personnel and blast-induced TBI (bTBI) is considered the signature wound in recent
conflicts in Irag and Afghanistan. Many researchers attempt to replicate field-relevant
shock waves in laboratory settings through the use of gas-driven shock tubes in order to
investigate the generation and propagation of shock waves and also explore possible
mechanisms of bTBI. Among several injury mechanisms of bTBI, damage to the blood-
brain barrier (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
discover timelines for therapeutic intervention for neurotrauma. It is hypothesized that
BBB permeability in blast increases with increasing overpressure and varies differentially
in different brain regions as a function of time post-injury. In order to test this hypothesis,
the blast injury model is characterized and effects of an end reflector plate studied, prior
to using this injury model in the study of BBB permeability post-blast injury. BBB
breakdown is studied across the frontal cortex, striatum, somatosensory barrel field
cortex, thalamus, hippocampus, and cerebellum at fifteen minutes, four, and twenty-four
hours at blast overpressures of 35, 70, 130, and 180kPa. Finally, effects of oxidative
stress on BBB permeability are delineated at four hours for 180kPa blast exposure, as
well as the introduction of a potential treatment for nicotinamide adenine dinucleotide

phosphate oxidase (NOX)-mediated BBB damage following blast injury.



End effector studies are conducted with the use of four different end plate
configurations (0.625, two, four inches, and an open end). Use of end reflector plate
allows for precise control over the intensity of reflected waves penetrating into the shock
tube and, at a calculated optimized distance, can eliminate secondary waves from the test
section, confirmed by pressure sensor recordings. Numerical simulations combined with
experimental data offer detailed insight into spatiotemporal dynamics of shock waves and
wave attenuation via internal pressure expansion. Diffusion of the driver gas inside of the
shock tube is responsible for velocity increase of reflected shock waves.

Blood-brain barrier permeability is primarily assessed by extravasation of sodium
fluorescein and Evans blue into brain parenchyma. Maximum extravasation of tracers
(and hence BBB permeability) occurs in the frontal cortex at four hours following injury
and increases with increasing blast overpressure. Abundance of tight junction proteins
occludin and claudin-5 is also measured at different time-points after injury. Significant
extravasation is observed immediately after blast across several brain regions, suggesting
a shockwave-induced mechanical disruption of the BBB even at mild overpressures.
Results also indicate the presence of s100-p in the blood serum as well as monocyte
infiltration to the brain parenchyma, further validating increased BBB permeability.
Within 24 hours, extravasation of sodium fluorescein and Evans blue returns close to
control values across all brain regions studied.

NOX is shown to be upregulated in vascular endothelial cells, resulting in an
increase in superoxide production four hours post-blast. The use of apocynin, a selective
NOX inhibitor, is shown to ameliorate production of superoxide at this time and

significantly reduce MMP activity, tight junction breakdown, and BBB extravasation.
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CHAPTER 1

INTRODUCTION

Over the past two decades, there has been a drastic increase in the number of blast-
induced traumatic brain injuries (bTBI) sustained by both military and civilian
populations, largely due to the increased use of improvised explosive devices (IEDs) in
acts of terrorism and warfare domestically and abroad™. While blunt force traumatic
brain injury represents the most well-known and well-studied TBI modality, investigation
of blast-induced neurotrauma, an injury often unaccompanied by external indications,
continue to puzzle clinicians and medical professionals. As the number of relevant
experimental investigations continues to increase, researchers draw ever closer to
uncovering details regarding mechanical and biochemical injury sequelae and the
promise of preventative and therapeutic interventions that follow.

Exposure to shock waves is identified as the leading cause of traumatic brain
injury (TBI) in military personnel*®. The injuries associated with explosive detonation
are classified into four different categories based on their etiology: 1) primary, caused by
pure shock waves, 2) secondary, resulting from penetration of fragmentation (shrapnel)
and other projectiles into the brain parenchyma, 3) tertiary, originating from impact with
other objects, and 4) quaternary, caused by exposure to heat and toxic gases®®. It appears
mixed type of injuries are expected near the epicenter of a blast. Traveling over long-
distances, the shock wave could be the sole source of injuries far from the explosion,
making primary blast TBI (bTBI) particularly onerous’. Researchers have been

attempting to replicate field-relevant shock waves in laboratory settings through the use



of shock tubes in order to investigate the generation and propagation of shock waves and
possible mechanisms of bTBI, also referred to as blast induced neurotrauma (BINT)™ .
Increased focus on bTBI has resulted in intensified research efforts and a number of
groups have opted to use compressed-gas driven shock tubes to study the etiology of blast
injury**™". All categories of blast injuries can occur in the field*®?, and it is challenging
to isolate cases of pure primary blast injuries among military personnel. In order to study
biological effects of shock waves in the laboratory, it is crucial that these generated
experimental wave forms are free of any artifacts. To date, there is only a limited
understanding of conditions affecting shock wave propagation inside of the shock tube,
what crucial differences exist between testing inside versus outside of the shock tube, and
how the end-effects affect the shock wave profile and propagation®*?.

Since their inception in 1899%, shock tubes have been widely used in a variety of
research areas for studying phenomena which require extremely high temperatures and
heating rates or occurring at extremely fast but controllable rates: high temperature

242> molecular spectroscopy®®, and to simulate interaction of plasma

chemical kinetics
with Earth’s magnetosphere®’, just to name a few prominent examples. However, in the
biomedical field, shock tubes found application as research tools relatively recently, with
just a few existing peer-reviewed reports published pre-2010%%!. Typically, shock tubes
share major design features, which utilize three essential components: driver (breech),
driven (which includes the test section) and the end-reflector. The subtle differences in
the design and operation of the tube have significant impacts on the resulting pressure

history measured inside of the tube: volume of the breech, breech-to-test section diameter

ratio, circle-to-square transition and length of the driven section. It is generally accepted



that the shock wave closely resembling the Friedlander waveform (Figure 2.1) should be
used for any experiments aiming at replicating field blast conditions®**. This waveform
consists of a sharp, almost instantaneous rise in pressure (shock front) followed by
exponentially decaying pressure®. It is critical to accurately characterize the amount of
loading sustained by subjects (it is of particular importance for studies which use animal
models) and to tailor specific pressure profiles via optimization of shock tube
configuration. To the best of the author’s knowledge, systematic experimental
characterization of conditions inside of the shock tube received only limited attention®°,
in spite of vast theoretical and empirical evidence regarding the fate of the shock wave
traveling on the outside of the shock tube®" %,

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
potential therapeutic strategies. A recent survey reported that more than 30 phase Il
clinical trials aimed at targeting TBI have failed®“. Identifying 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 blood-brain barrier (BBB) has been identified as a
potential candidate and has been a focus of several clinical and experimental
investigations aimed to establish injury baselines and discover timelines for therapeutic

interventions for neurotrauma®>*.



The blood-brain barrier 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 and the tight junctions that join them, as

45-51

well as pericytes, and astrocytes that support the endothelial capillaries™™". Many

neurological disorders including stroke®* ™, Alzheimer’s disease™*”’, Parkinson’s

%081 and multiple sclerosis®*® display

disease*®*®, HIV-1 encephalitis®*™®, epilepsy’
impaired BBB permeability. BBB disruption is also one of the most frequently
investigated mechanisms of injury in blunt TBI and has been commonly used as an assay

to determine the degree and extent of injury®®. Several groups have reported abnormal

70-72 73,74

opening of BBB in closed cortical injuries”™ "¢, weight drop models">"", and blast
models®®™®. Reported results are derived from different probing methodologies, with
different injury models, at different injury intensities, in different spatial regions of the
brain. 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. It is important to note
that not all blast models impart the same type of injury on experimental animal 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 addition to increased BBB permeability, the role of oxidative stress has been

implicated in multiple modes of TBI 88

and is mainly induced by reactive oxidative
species (ROS). These include, but are not limited to, superoxide (O2-—), hydroxyl radical

(HO-), and hydrogen peroxide (H,0,) . While a basal level of ROS is to be expected



due to normal reactions of oxidative phosphorylation, redox-reactions, and mechanisms
of the electron transport chain, an excess amount, as seen after injury, can be harmful.
NADPH oxidase (NOX) is a multi-subunit enzyme that catalyzes the formation of
superoxide radicals, from present molecular oxygen. As shown in previous studies,
including work from this group, NOX is upregulated following blast injury®>® and
various isoforms are expressed in a slew of neurological cell types including neurons,
vascular endothelial cells, astrocytes, and microglia.

Oxidative stress has also been linked to the breakdown of the blood-brain barrier
(BBB). In work previously published by this group, increased permeability of the BBB
was most significantly seen four hours post-blast across the cerebral hemisphere, with
most pronounced injury seen in the frontal cortex. Damage to the BBB was shown
through extravasation of tracers Evans blue and sodium fluorescein, the dislodging of
tight junction proteins, and leakage of blood-borne cells into the brain parenchyma and
vice versa. While increased permeability was seen immediately (fifteen minutes)
following injury, extravasation persisted and increased four hours later. While immediate
opening of the BBB is likely caused by the mechanical forces of the primary blast wave,
the authors hypothesize that the continued increase in permeability is at least partially due
to the role of secondary injury mechanisms like oxidative stress.

Several groups have attempted to establish a connection between these two
secondary injury mechanisms, most usually through the role of matrix
metalloproteinases. MMPs are endopeptidases that degrade the ECM of various cell
types. While tightly controlled in normal, “uninjured” conditions by MMP inhibitors and

tissue inhibitors of MMPs, uncontrolled activation has been observed due to oxidative



stress*” "% This in-turn degrades the brain endothelium and substantially increases the
permeability of the BBB. The role of MMPs in BBB degradation has been well
investigated*”#%,

This work attempts to test the hypothesis that, in a well-characterized, artifact-free
shock tube, a rodent model will experience an increase in blood-brain barrier
permeability under shock loading and that permeability is further increased by concurrent
oxidative stress. This is tested via the completion of three specific aims:
1) Characterization and validation of the blast injury model, which includes the detailed
investigation on shock wave propagation and pressure transmission within the shock
tube, 2) Use of the above injury model to study the temporal and spatial effects of blast
overpressure on blood-brain barrier permeability following blast-induced traumatic brain
injury, and 3) Examination of the role of oxidative stress in BBB breakdown following

injury, with a closer look at a potential preventative intervention for blast-induced

neurotrauma.



CHAPTER 2

SHOCK TUBE CHARACTERIZATION:
EFFECT OF END REFLECTOR PLATE

2.1  Background and Significance
Exposure to shock waves is identified as the leading cause of Traumatic Brain Injury
(TBI) in military personnel*®. The injuries associated with explosive detonation are
classified into four different categories based on their etiology: 1) primary, caused by
pure shock waves, 2) secondary, resulting from penetration of fragmentation (shrapnel)
and other projectiles into the brain parenchyma, 3) tertiary, originating from impact with
other objects, and 4) quaternary, caused by exposure to heat and toxic gases®®. It appears
mixed type of injuries are expected near the epicenter of a blast, while shock wave is far
reaching, compared to the other TBI risk factors associated with explosive blast.
Traveling over long-distances, the shock wave could thus be the sole source of injuries
far from the explosion, making primary blast TBI (bTBI) particularly onerous®.
Researchers have been attempting to replicate field-relevant shock waves in laboratory
settings through the use of shock tubes in order to investigate the generation and
propagation of shock waves and possible mechanisms of bTBI, also referred to as blast
induced neurotrauma (BINT)*®*. Increased focus on bTBI has resulted in intensified
research efforts and a number of groups have opted to use compressed-gas driven shock
tubes to study the etiology of blast injury*>*’. All categories of blast injuries can occur in
the field'®?°, and while it is challenging to isolate cases of pure primary blast injuries

among military personnel, in order to study biological effects of shock waves in the



laboratory, it is crucial that these generated experimental wave forms are free of any
artifacts. To date, there is only a limited understanding of conditions affecting shock
wave propagation inside of the shock tube, what crucial differences exist between testing
inside versus outside of the shock tube, and how the end-effects affect the shock wave
profile and propagation®%.

Since their inception in 1899%, shock tubes have been widely used in a variety of
research areas for studying phenomena which require extremely high temperatures and
heating rates or occurring at extremely fast but controllable rates: high temperature

242> molecular spectroscopy®®, and to simulate interaction of plasma

chemical kinetics
with Earth’s magnetosphere®’, just to name a few prominent examples. However, in the
biomedical field, shock tubes found application as research tools relatively recently, with
just a few existing peer-reviewed reports published pre-2010%%*!, Typically, shock tubes
share major design features, which utilize three essential components: driver (breech),
driven (which includes the test section) and the end-reflector. However, the subtle
differences in the design and operation of the tube have significant impacts on the
resulting pressure history measured inside of the tube: volume of the breech, breech-to-
test section diameter ratio, circle-to-square transition and length of the driven section®. It
is generally accepted that the shock wave closely resembling the Friedlander waveform
(Figure 2.1) should be used for any experiments aiming at replicating field blast
conditions®**3, This waveform consists of a sharp, almost instantaneous rise in pressure
(shock front) followed by exponentially decaying pressure (blast wind)®*. It is critical to

accurately characterize the amount of loading sustained by subjects (it is of particular

importance for studies which use animal models) and to tailor specific pressure profiles



via optimization of shock tube configuration. To the best of the author’s knowledge,

systematic experimental characterization of conditions inside of the shock tube received

35,36

only limited attention™>, in spite of vast theoretical and empirical evidence regarding

37,38

the fate of the shock wave traveling on the outside of the shock tube
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Figure 2.1 The representative incident shock wave profiles generated using helium as a
driver gas and Mylar membrane (thickness of 1.016 mm), with accompanying secondary
reflected shock and underpressure waves are presented (A). The profile of the secondary
wave depends on the gap between the end plate reflector and the exit of the shock tube
(B): 1. 0.625-inch, 2. 2-inch, 3. 4-inch, and 4. open end. (C) Schematics of the 9-inch
square cross section shock tube indicating the breech (1), transition (1), test section (1)
and end plate (1V). Distribution of pressure sensor locations is also illustrated. Typically
sensors B1, C1, T4, C2, D2, and D4 were used in experiments to track the shock wave
profile evolution along the entire length of the shock tube. The scale bar indicates the
distance of specific sensor from the breech, i.e., Mylar membranes installation port.




In this work, the characteristics of the propagating shock wave (peak
overpressure, duration, impulse and velocity) and secondary waves were followed by
measuring the pressure-time profiles at six sensors distributed along the tube. Results of
this work demonstrate conditions inside of the shock tube can be controlled and
secondary waves eliminated by careful adjustment of the end plate reflector gap; thus the

specimen is exposed only to a single shock wave with well-defined characteristics.

2.2  Materials and Methods

2.2.1 The Shock Tube

The shock tube housed at the Shock Wave Testing facility at the Center for Injury
Biomechanics, Materials and Medicine (CIBM®) at the New Jersey Institute of
Technology has a 9” square cross section and a modular design with the following
characteristics: 1) adjustable volume breech, 2) variable length transition section, 3) the 6
meter long test section, equipped with bullet-proof glass windows for high speed video
observation of the specimen during the shock wave exposure, and 4) the reflector end-
plate (Figure 2.1). In this study, the compressed helium was filled into the fixed volume
breech, separated from the main body of the shock tube with Mylar membranes of three
thicknesses (vide infra). The pressure inside the breech was continuously monitored using
a WIKA A-10 sensor (0-340 atm range) and the burst pressure was recorded for all the

tests.
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2.2.2 Overpressure Measurement

Incident blast overpressure waves and secondary waves were measured using a series of
pressure sensors distributed along the shock tube (Figure 2.1C). A custom made LabView
program running on in-house built data acquisition system based on National Instruments
PXI1-6133 S Series multifunction DAQ modules and PXle-1082 PCI Express chassis was
used for this purpose. Pressure sensors used in these experiments were PCB Piezotronics
(Depew, NY) model 134A24. All data were recorded at 1.0 MHz sampling frequency and

the typical acquisition time was 200 milliseconds.

2.2.3 Experimental Design

This study was designed as two factor experimental design, 4 x 3. Two experimental
variables investigated in this study are: 1) the distance between the reflector plate and the
end of the shock tube (four levels) and 2) shock wave intensity (three levels). The
distance between the reflector plate and the end of the shock tube was adjusted as shown
in Figure 2.1B. Four different gap lengths were used: 1) 0.625”, 2) 2” and 3) 4”, and
4) open end. The incident blast overpressure was controlled by adjusting the thickness of
Mylar membranes sandwiched between the breech and expansion section. The thickness
was adjusted by stacking individual membranes with thickness of 0.01 inches (0.254
mm). In this study three membrane thicknesses (0.02, 0.04, and 0.06 inches, denoted as
two, four or six membranes, respectively) were used. All tests were performed using
single fixed breech volume of 6.5 x 10® m? and were repeated six times for each
combination of experimental covariates. Additional tests were also performed with a fully
closed shock tube (in triplicates for all three membrane thicknesses) to establish boundary

conditions for reflected wave intensities and velocities.
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2.2.4 Numerical Simulations
The propagation of blast waves are modeled in the shock tube environment. The air
inside the shock tube through which the blast wave propagates is modeled using Eulerian
elements. The size of the Eulerian domain corresponds to the physical dimensions of the
shock tube used in the experiments (cross-section: 229 x 229 mm). The heterogeneous
meshing of the shock tube was adopted, with fine mesh near the end and coarse mesh
elsewhere, in order to decrease total number of elements in the model without sacrificing
accuracy

The finite element (FE) model is solved using the nonlinear transient dynamic
procedure with the Euler-Lagrangian coupling method (Abaqus 6.10). In this procedure,
the governing partial differential equations for the conservation of mass, momentum, and
energy, along with the material constitutive equations and corresponding equations
defining the initial and boundary conditions are solved simultaneously. The Eulerian
framework allows the modeling of highly dynamic events (e.g., shock) which would
otherwise induce heavy mesh distortion. An enhanced immersed boundary method was

used to provide the coupling between the Eulerian and the Lagrangian domains.

2.2.5 Comparison with Field Blast Waves

Comparison of experimental data (overpressure profile recorded by sensor at T4 location)
with idealized field blast profiles were performed using ConWep 2.1.0.8%". The blast
wave profiles were simulated as hemispherical ground explosion which were generated
by TNT charge with weight in the range 10-2000 kg in the standoff distance range of 2-
25 m. Only these profiles falling within range of both BOP and impulse of experimental

data were used.
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2.2.6 Statistical Analysis

Data from experiments preformed at different experimental conditions (end plate gap)
were pooled together in three subsets according to blast intensity (membrane thickness).
Data was checked for normality using Ryan-Joiner test (similar to Shapiro-Wilk) in
Mintab 17.0. Then multiple comparison two-tailed t-test was performed with Bonferroni
correction and p < 0.003 was considered statistically significant. Power analysis was
performed with GPower 3.1.9.2 software. All data are presented as mean and standard

deviation.

2.3 Results

2.3.1 Blast Overpressure and Burst Pressure

Peak blast overpressures (BOP) for different membrane thicknesses and back plate
conditions are presented in Figure 2.2. BOP increased with membrane thickness and
shows a direct correlation with the burst pressure (the maximum pressure measured in the
breech at the time of membrane rupture). The variations between the measured BOP in
experiments where the same membrane thicknesses were used are relatively small for all
four back plate conditions, as evidenced by narrow standard deviation values (Figures
2.2A-C). The blast overpressure is found to be a linear function of the burst pressure. The
variations of the maximum burst pressure can be attributed to sample-to-sample
differences in Mylar membrane mechanical properties, typical for this class of

commercially available materials *. The variation in burst pressure increases with Mylar
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membrane thickness (i.e., number of membranes), as evidenced by increasing standard
deviation.

The general observed trend is that the peak BOP decreases as the shock wave
travels down the tube, and the end plate configuration has no effect on the peak BOP,
with an exception of peak overpressures recorded at sensor locations C1 and T4, for

which differences are not statistically significant (p > 0.05, Figure 2.2D).

500 — . . . . . — 500 —

A S ‘mmOpenend | 1 0
- 4" gap :

sor 32" gap { 300}
[10.625" gap ]

200 1 200F-

100 1 100F

o

B1T C1 T4 C2 D2 D4

a
o
o

— 500

1 r & —-= 2 membranes D ]
140 A o4 membranes

] o ‘1 |- 6 membranes ]
300 N TN 0% et o ol o e o

B
o
o

w
o
o

{ 200 F--

]
o
o

i
o
o

] 100f

Peak overpressure (kPa)

LI | o B
B1 C1 T4 C2 D2 D4 2 3 4 5 6

Sensor location Distance (m)
Figure 2.2 Peak overpressure inside of the shock tube as a function of sensor location
and membrane thickness: (A) 0.02”, (B) 0.04”, and (C) 0.06”. Peak overpressure values
averaged among experiments performed using the same Mylar membrane thickness:
(D) differences of average BOPs for sensors C1 and T4 are not statistically significant
(marked with ampersand &, p > 0.05) in respective test groups.
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2.3.2 Incident Shock Wave Velocities

The calculated values of the velocity of the shock front, traveling in the shock tube are
presented in Figure 2.3. Velocities were calculated using the distance between sensors
and the arrival times of the shock front at sensor locations. The shockwave velocities
increase with the thickness of the Mylar membrane, but just as in the case of peak BOPs
there appears to be virtually no difference between the shock velocities for varying back
plate conditions. For all three Mylar membrane thicknesses used in these experiments the
general observed trend is that the shock wave velocity decreases with the distance
travelled in the shock tube: 540 to 500 m/s (deceleration: -16.4 m-s, Figure 2.3A), 630
to 570 m/s (-22.9 m-s’, Figure 2.3B) and 680 to 620 m/s (-23.3 m-s, Figure 2.3C), for
the membrane thickness of 0.02, 0.04 and 0.06 inches, respectively. It is also clear that
the shock wave velocity variation is higher the closer the measurement location is to the
breech. The pooled data for all measurements show narrow standard deviations for the
velocities for all sensor locations after the test section sensor T4 (C2, D2 and D4). The
velocities remain unchanged until shock wave reaches sensor D2 (p < 0.005, power:
>0.95 with respect to velocities at T4 and C2) for all three tested membrane thicknesses

(Figure 2.3D).
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Figure 2.3 Calculated shock waves velocities at different sensor locations as a function
of BOPs generated using Mylar membranes with thicknesses of: (A) 0.02”, (B) 0.04”,
and (C) 0.06”. Shock wave velocities were averaged for all experiments performed using
the same Mylar membrane thickness (D). Individual data points were horizontally shifted
for clarity of presentation. The B1 sensor was used as a reference for all calculations.

2.3.3 Impulse

The integrals of the shock wave overpressures versus time (impulse) generated using
three different membrane thicknesses are depicted in Figure 2.4 using graphical methods.
In general, the impulse values increase with increased number of Mylar membranes
(burst pressure) used (Figures 2.4A-C). Within the same group the impulse variation
along the length of the shock tube is relatively small, except for the C1 and D4 sensors.

The most important differences are observed near the end of the shock tube, where the
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impulse is significantly higher for 0.625” end gap, when are compared to other end plate
configurations (Figures 2.4A-C).

The results of analysis of all pooled data revealed (Figure 2.4D) that differences
between impulse values recorded at the C1 and T4 locations are statistically significant (p
< 0.003, power: >0.95) when compared to other sensor locations. Similarly to BOP
measurements the standard deviations tend to increase with increasing burst pressure
(number of Mylar membranes used). Experimental overpressure profiles recorded in the
test section (T4 sensor location) match field explosion BOPs and impulses retrieved
simulated using TNT charge weight of 19.8, 34.2 and 66.0 kg at standoff distance of 7.0-

7.6 m for two, four and six membranes, respectively.
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Figure 2.4 Positive phase impulse measured for the shock waves traveling inside of the
shock tube as a function of sensor location and membrane thickness: (A) 0.02”, (B) 0.04:,
and (C) 0.06”. The average impulse of shock waves recorded for three respective Mylar
membrane thicknesses used as a function of sensor location along the shock tube (D).
Asterisk indicates impulse value recorded by the C1 sensor, which shows statistically
significant difference in respective data sets (p < 0.003, power: > 0.95).

2.3.4 Quantification of Secondary Positive and Underpressure Waves

The significance of the reflection waves and under-pressure waves on the loading of the
test subject (in the test section at the T4 sensor location) is illustrated in Figure 2.5. When
the end is fully open, the under-pressure wave that was generated had a minimum peak
within 35% to 45% of the intensity of the original shock wave (peak blast overpressure)
in the test section (as measured at T4 location). This means that the test subject (i.e.,
animal model) is being loaded with the original shock wave, and then shortly thereafter

also by under-pressure wave, coming from the opposite direction. Implementing a back
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plate four inches away from the mouth of the shock tube decreases the under-pressure
ratio to about 20% in the test section. Bringing the plate two inches closer completely
eliminates the observed under-pressure waves, but causes a secondary reflected shock
wave to travel back into the shock tube. In this configuration, the test subject is exposed
to the original shock wave plus the additional reflection wave, with intensity of merely
10-15% of the original shock front, coming from the opposite direction. When the plate-
to-shock tube gap is further decreased to 0.625 inches, the peak overpressure of incident
to reflected shock wave ratio in the test section increases to 30-40% of the original shock
front BOP. Velocities of reflected underpressure (open end and 4” gap) and overpressure
waves (2”7 and 0.625” gap) are presented in Figure 2.6. The underpressure waves
generated under all test configurations propagate inside of the shock tube with subsonic
velocities (Figures 2.6A and B), while overpressure reflected waves retain supersonic but

somewhat diminished velocities (Figures 2.6C and D).
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Figure 2.5 The ratios of peak overpressure between incident and reflected shock wave
measured at different locations inside of the shock tube as a function of sensor distance
from the breech and blast intensity: (A) 0.625” gap, (B) 2” gap between end of the shock
tube and reflector plate. The ratios between incident peak overpressure and the lowest
level of measured reflected underpressure for blasts generated when the gap between the
end of the shock tube and reflector plate was 4” (C) and with open end (D). The data
points were horizontally shifted for clarity of presentation.
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distance from the end of the shock tube, which is caused by increased helium (driver gas)
concentration closer to the breech. The D4 sensor was used as reference.

2.3.5 Optimization of End Plate Gap

This work demonstrates control of the loading conditions inside of the shock tube can be
easily achieved by the optimization of the end plate gap distance. The exposure of the
specimen can be limited to a single shock wave without additional secondary over- or
underpressure waves by optimization of the end plate gap distance. For this purpose,

authors ran a series of tests generating shock waves with three different magnitudes. The
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shock tube end plate was set in the reflected shock wave regime (0.625” and 2” gap).
Three linear functions were generated for both configurations (Figure 2.7A) and it turned
out all these functions converge in a single point at 2.8 inches. The optimized end plate
gap was then used to verify predictions and as can be seen in Figures 2.7B-D there are no

secondary artifacts in the test section as measured by sensor located at T4.
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Figure 2.7 The optimization of the end plate to the shock tube gap distance. (A)
Reflected peak overpressure values measured at the D4 location for three different
membrane thicknesses (0.02, 0.04 and 0.06 inch) and two different end plate gap sized
(0.625 and 2.0 inches) were used to identify the optimal gap size, i.e. the point on the plot
where all linear functions converge (X = 2.85 inch). Overpressure profiles recorded using
optimized end plate position at three different blast intensities generated using: (B) 0.02”,
(C) 0.04”, and (D) 0.06”.
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2.3.6  Numerical Simulations of Shock Wave Propagation

Numerical simulations of the shock wave propagating in the tube were also performed
(Figure 2.8). The data recorded by the T4 sensor was used as the input for all three
membrane thicknesses used in the experimental design. A representative example of
results is presented in Figure 2.8B for pressure history of a shock wave generated using
Mylar membrane with thickness of 0.020” and 2 inch end plate gap. Overall, the results
between simulations and experiments agree well. It would appear all characteristic
features (peak overpressure, duration, and velocity) are replicated with good accuracy

and fidelity for incident as well as for secondary waves.
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Figure 2.8 Numerical simulations: (A) isometric view of the full scale model of the 9
inch square cross section shock tube, (B) comparison of pressure traces recorded
experimentally and obtained as results of numerical simulations with Abacus software for
shock wave generated using 0.020” thick Mylar membrane and 2 inches end plate gap.
Input feed for simulations was composed using initial 15 ms of the incident overpressure
recorded by T4 sensor and 10 ms of baseline signal. This was done to eliminate
secondary loading waveform from input data, which leads to erroneous calculations.

24



2.3.7 Experimental x-t Diagram

In order to establish boundary conditions for the x-t diagram measurements of shock
wave propagation in the shock tube, secondary waves with 0.625” endplate distance were
taken. This configuration results in generation of the maximum reflected pressures in the
shock tube and three replicates per each of three membrane thicknesses were taken. The
other extreme case is fully open end which results in the underpressure secondary wave,
and comparison between these two cases (fully closed reflected waves and the fully open

underpressure waves) is presented in Figure 2.9.
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Figure 2.9 The distance-time (x-t) diagrams for incident and reflected waves based on
experimental arrival times obtained at membrane thicknesses of: (A) 0.02, (B) 0.04, and
(C) 0.06 inches, respectively. The traces representing reflected waves are from
experiments when the tube was fully closed and the underpressure waves observed when
no endplate was present. Speed of sound for reflected wave domain is marked as dotted
line.
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2.4  Discussion

Compressed-gas driven shock tubes remain the most widely used and convenient method
to generate controlled characteristics shock waves in laboratory setting™®®. In spite of the
popularity of this test device, the development of the blast wave along the length of the
tube is not well understood, and clarification is required regarding the nature of loading
conditions (presence of reflection and under-pressure waves) inside the shock tube.
Earlier work from this group has clearly shown that in order to simulate primary blast
conditions, the specimen have to be placed well inside the shock tube®*®. But even at
this new location, compressive or expansive pressure waves can still affect the loading
condition of the specimen. If these secondary waves are not properly extinguished they
can be introduced after the original shock wave, and thus result in additional, potentially
unwanted biomechanical load sustained by the test subject. The mitigation of secondary
loading is thus of paramount importance for studying the effects of shock waves,
especially for delineation of elementary mechanisms of bTBI. In this chapter, the use of
an end-reflector plate to modify the reflection and under-pressure waves that reenter the
shock tube and resulting loading conditions was investigated and described.

The incident pressure measured in the shock tube decreases as the shock wave
propagates towards the exit (Figure 2.2), independent of the test configuration used.
However, there are no statistically significant differences in BOPs measured by C1 and
T4 sensors (p > 0.05, marked with ampersand). This indicates the dynamics of shock
wave generation: the expanding driver gas impact is decreasing until it reaches minimum
at C1, since the volume expansion exceeds B1 sensor position (calculated using ideal gas

conditions), thus the BOP registered by C1 sensor remains virtually constant between C1
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and T4 sensors, which is then followed by BOP decay further downstream (C2, D2 and
D4 sensors, Figure 2.2D). The calculated average velocities of shock waves generated
using three different membrane thicknesses, are in line with these observations (Figure
2.3), i.e. the decrease in BOP is accompanied by respective decrease in shock wave
velocity. The impulse measurements reveal more detailed picture of the dynamics of the
system (Figure 2.4). While the impulse is diminishing in the driver gas affected region
(Bl to CI1) the impulse of ‘free’ shock wave is increasing (C1 to T1) and thus fully
developed shock wave is present at T4 location (Figure 2.4D). Further downstream the
impulse is not changing its value, but considering the BOP is steadily decreasing with
accompanying decreased velocity it indicates the dissipation of energy of the shock wave.
There are currently a number of competing theories which explain the decay of shock
waves. The decay of spherical and cylindrical shock waves (3D and 2D waves
encountered in the field conditions) is caused by purely geometrical factor as the intensity
of the shock wave decreases with as an inverse of the square radius (distance) from the
epicenter (1/r, for shock waves separated from the source) or following linear
relationship  (1/r), respectively’™™. However, these two are not applicable to
unidimensional waves generated in the shock tube. The viscous effects near the shock
tube walls (wall friction, growth of the boundary layer) were proposed as explanation of
observed attenuation of the shock wave intensity in the tube'®?'% These effects are
considered more important for shock tubes with relatively small diameters ranging from
0.3 to 3.8 cm'%, while in this case the diameter is much larger (9 in, or 22.86 cm) and
thus these effects are less likely to be responsible for observed attenuation. The dusty

medium was proposed as responsible for decay of the shock waves propagating in the
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shock tube®. In the present case, this effect is negligible, since no appreciable sized
particles were purposely introduced into the environment and typically the number of
dust particles in the air is insufficient to be solely responsible for the intensity decay. The
hypothesis suggesting the rarefaction wave following the incident shock wave was also
proposed as a mechanism of shock wave dissipation'®!%, but in the experimental data
generated here, this type of waves were never observed. However, in this model used for
numerical simulations the agreement between experimental data and theory is excellent
(Figure 2.8). This model doesn’t include any of postulated mechanisms of shock wave
attenuation discussed in this paragraph. Thus, it appears simple expansion of the pressure
contained within the shock wave is solely responsible for observed attenuation.

The values of impulses at the D4 sensor location for both short gap (0.625” and
2”, Figure 2.4) end plate configurations are obscured by presence of secondary shock
waves, which overlap with a primary wave (Figure 2.8B). This illustrates the loading
experienced by the specimen in that location, i.e. the loading is never a single primary
shock wave, but a sum of primary and secondary loading. The nature of secondary
loading will depend on the end configuration and it will be: 1) additional reflected shock
wave with intensity dependent on end plate gap, or 2) underpressure wave (for
sufficiently large gap and open end). Independent of the nature of the secondary loading
the conditions experienced by the specimen mounted in the location are more complex
than those encountered in any other location in the shock tube. The specimen receives
almost double the loading of the original shock wave (for tests conducted with 0.625 and
2 inch gap) or mixed mode loading of incident over- and secondary under pressure waves

(for four inches gap and open end configuration).
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The gap size between the reflector plate and the end of the shock tube governs the
type of generated secondary wave, i.e., when it is below critical distance reflected
overpressure waves are generated, however when the gap size is larger than the critical
size, the under-pressure waves are created (Figures 2.1A, 2.5 and 2.6). The nature of the
generated waves dictates their propagation speed: the under-pressure waves generated
during experimentation don’t exceed the speed of sound (Mach number = 1.0, marked
as horizontal lines in plots presented in Figure 2.6), which is in agreement with existing
knowledge'®. The reflected waves for the shortest end-plate gap travelled faster than the
speed of sound, but were slower than the original shock front (Figures 2.3, 2.6 and 2.9).
Moreover, an increase in velocity with the time of propagation for all reflected positive
pressure shock waves was observed. This phenomenon is caused by increased
concentration of the driver gas (helium) in the part of the shock tube closer to the breech
(sound speed in helium is 1007 m/s, while it is 343 m/s in air at 20 °C) shortly after the
membrane burst. Also, it should be noted that these reflected over- and under-pressure
waves travel in the opposite direction of the original shock wave.

The calculated velocities of the underpressure and reflected shock waves illustrate
the impact of the driver gas has on the dynamics of the shock wave propagation. As the
compressed helium ruptures the membrane, the original shock wave travels into the body
of the shock tube, and the driver gas is diffusing towards the test section. The reflected
wave traveling towards the breech is propagating in the mixture of air and helium, and
hence reflected shock wave velocity gradually increases. This effect is more pronounced
for shots with six membranes (0.06” thickness), because higher helium pressure is

necessary to cause membrane rupture (average burst pressure was 250, 490 and 730 psi,
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for membrane thickness of 0.02, 0.04 and 0.06 inch, respectively). The velocity of
reflection waves is decreased compared to the original shock front, because of energy
loss after the reflection (and the portion of the blast that escapes through openings at the
mouth of the tube).

The reflection and under-pressure ratios shown in Figure 2.6 demonstrate the
effect of positioning an end-reflector plate at the end of the shock tube and potential
additional loading that a test subject may sustain due to plate positioning or its absence.
In order to minimize the loading caused by secondary waves reentering the shock tube,
the end-reflector position has to be optimized to find the position where the action of
over- or underpressure waves traveling back inside of the shock tube is minimized or
completely eliminated. This can be achieved by running a series of calibration
experiments at different incident shock wave intensities and end plate gap distances.
However, this knowledge must be coupled with proper positioning of the specimen far
away from the end of the shock tube to eliminate any possibility of end effects on the
tests specimen.

In this chapter, means to eliminate unwanted secondary artifacts in order to obtain
pure shock wave waveform in the test section of the shock tube were systematically
evaluated. It is of particular importance for the study of effects of shocks on biological
systems, with particular emphasis on the brain. Application of reflector end plate
positioned within optimized perimeter resulted in elimination of virtually all secondary
positive and negative pressure waves. Results indicate the end of the shock tube is less
favorable location to test specimen due to complexity of loading conditions. Incident

shock wave exiting shock tube results in formation of underpressure waves, while
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reflected pressure waves are created when the end is fully closed or the reflector plate is
at relatively short distance from the muzzle. Numerical simulations were used to
corroborate the findings and combined with analysis of experimental data these results
indicate shock wave decompression as plausible decay mechanism. The tests done in this
study should serve as a strong starting point for researchers attempting to ensure accurate

loading of test subjects in a compressed-gas driven shock tubes.
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CHAPTER 3
TEMPORAL AND SPATIAL EFFECTS OF BLAST OVERPRESSURE

ON BLOOD-BRAIN BARRIER PERMEABILITY FOLLOWING
TRAUMATIC BRAIN INJURY

3.1  Background and Significance

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 Il
clinical trials aimed at targeting TBI have failed®**2. 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,
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pericytes, and astrocytes that support the endothelial capillaries*>!. Many neurological
disorders including stroke®>™, Alzheimer’s disease>®”’, Parkinson’s disease’>®, HIV-1

51,59 60,61

encephalitis®*®®, 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

70-72 73,74

injuries”® "2, weight drop models”®", and blast models®*">®°. Reported results are derived
from different probing 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 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 66kDa protein abundant in blood) and sodium fluorescein (a
376Da molecule) in the frontal cortex, striatum, somatosensory barrel-field cortex,

hippocampus, thalamus, and cerebellum. Rats were exposed to sub-mild (35kPa), mild

(70kPa), mild-moderate (130kPa), and moderate (180kPa) blast overpressures; these
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classifications were based on a 24-hour survival dose-response of rodent models based on
this group’s previous results (see Figure 2 of reference 57). Also, the Department of
Defense (DOD) Instruction 6490.11 dated September 18, 2012 has established policies,
responsibilities and procedures 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 50m of a blast or exposure to more than a single
blast in a year’. Based on theoretical analysis, the peak blast overpressure of 180kPa can
occur at a distance of about 10m for 100kg TNT explosive. The same blast will produce
130kPa BOP in about 12m, 70kPa in a distance of 16m and 35kPa in a distance of 23m?’.
These field blast loadings were achieved using operating characteristics like membrane
thickness, transition length, driver gas, driver volume, and end plates®. Additionally,
three different time-points post-injury (15min, 4hr, and 24hr) were chosen in order to

develop a temporal profile of BBB opening and to identify the extent of barrier breach.
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Figure 3.1 The shock tube housed in the blast lab 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 chapter. (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 blast. (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 the brains, confirming that
all tracers measured has leaked from the vessels into the brain parenchyma.

3.2 Materials and Methods

3.2.1 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
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throughout the study were performed in accordance with protocols, guidelines, and

regulations approved by Rutgers University IACUC.

3.2.2 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®®*1%** Based on preliminary
findings, an obvious difference was observed 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. Continuing the study, an n=5-6 was maintained 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 unresponsive 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 180 kPa peak overpressure and euthanized
via transcardial perfusion-fixation at prescribed time-points (15 mins, 4hrs, 24hrs).
Tracers were injected two hours prior to euthanasia (animals in the 15 min 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], .02g/mL, 0.7mL
delivered), under isoflurane anesthesia at the same time Evans blue was (69 kDa when

bound to albumin, 2% solution dissolved in PBS, .002g/ml, 0.7mL delivered). Two hours
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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 over four hours,

while the same is true for NaF half-life!**%°

, instilling confidence that allowing two
hours for circulation and extravasation 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 5000fps 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 overpressure at the location of the animals in the test section of the
shock tube was recorded at 1.0MHz 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 PXle-1082 PXI Express

Chassis. PCB Piezotronics (Depew, NY) model 134A24 pressure sensors were used in all

experiments.

3.2.3 Tissue Preparation, Absorption Spectrophotometry, Ex-Vivo Imaging and
Analysis

Rats were perfusion-fixed two hours following tracer administration. Prior to perfusion,
blood serum was extracted from the left ventricle (approximately 3ml 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.
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Appearance of brains can be seen in Figure 3.1E, all color from the brain was removed
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 magnification) using Leica Aperio Versa 200 digital pathology grade
slide scanner. Fluorescent intensities were quantified after excitation at 488nm (sodium
fluorescein), 50ms exposure, and 594nm (Evans blue), 125ms exposure, using AreaQuant
software specifically designed for this imaging application (Leica Biosystems) and
expressed as average 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 488nm and red 594nm), a minimum intensity threshold value was selected
to exclude any background fluorescence from 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
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(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.

3.24 ELISA

As a means to alternatively evidence BBB disruption, tight junction protein changes were
examined in the cerebral hemisphere by using ELISA. 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 14,000g at 4°C. The protein concentration in the samples was estimated
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-p. Plates were read in microplate reader
(Spectra Max i3, Molecular Devices) at wavelength of 450nm. Steps of ELISA 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.

3.2.5 Immunofluorescence
In order to further prove blood-to-brain leakage following blast injury, double-
immunofluorescence studies for RECA-1 and CCL2 were conducted in the frontal cortex,

four hours post-injury (n = 3) as a means to detect infiltration of monocytes into the brain
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parenchyma. Following transcardial perfusion-fixation, cryoprotection in sucrose, and
tissue sectioning (20pum thick sections for immunohistochemistry), sections were
mounted in glass slides and washed with 10mM 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.

3.2.6 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 analysis and export done via ImageScope software (LEICA Corp.).
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3.3 Results

3.3.1 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®®+16.17

was used throughout this study
(Figures 3.1A and 3.1B). All test animals were mounted in the custom-made rat holder
and placed in the test section of the shock tube (Figures 3.1C). Rats were immobilized
with the head restrained in order to ensure no confounding head movements and possible
acceleration/deceleration that can be artifacts of this study (Figures 3.1C and 3.1D). Rats
(n=6) 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. The extent
of extravasation of both sodium fluorescein and Evans blue was evaluated in all selected
regions of the brain (Figures 3.2 and 3.3). These quantitative results support the assertion
that blast-induced BBB opening allows for extravasation of molecules of 69kDa or

smaller immediately following injury and, given an increase in molecular mass,

extravasation of tracers was less widespread.
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The fluorescence detection method of extravasation was also validated with
absorption spectrophotometry for Evans blue. Animals (n=5) exposed to 180kPa shock
wave showed an average of 45.6% increase in the tissue 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 (Figure 3.21).
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Figure 3.2 Fluorescent images of Evans blue extravasation. Images show whole coronal
sections as well as zoomed-in 40x images in representative regions in the (A) frontal
cortex, (B) striatum, (C) somatosensory barrel-field cortex, (D) hippocampus,
(E) thalamus, and (F) cerebellum, 15 minutes following 180kPa 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 bars equal
Imm in coronal sections and 50pm in 40x images.
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Figure 3.3 Fluorescent images of sodium fluorescein extravasation. Images show whole
coronal sections as well as zoomed-in 40x images in representative regions in the (A)
frontal cortex, (B) striatum, (C) somatosensory barrel-field cortex, (D) hippocampus,
(E) thalamus, and (F) cerebellum, 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 control image (G). [**] indicates p < 0.01. Scale bars equal 1mm in
coronal sections and 50um in 40x images.

3.3.2 Different Brain Regions Express Different Degrees of BBB Permeability
Following Moderate Blast Injury

After exposing animals to moderate blast (180kPa), differential damage was observed in
six different regions immediately following trauma (~15 min). In almost every region
studied, statistically significant differences (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 (Figures 2-3). The quantitative values of the
fluorescence intensities of EB (as measured by intensity * 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 (control 0.001674, blast
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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 = 0.002) 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),
striatum (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), thalamus (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.

3.3.3 Blood-Brain Barrier Permeability Varies as a Function of Time Following
Moderate Blast Injury

In order to determine the time-course for blood-brain barrier permeability following blast,
groups of (n=4-6) 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 (Figures 3.4 and 3.5). Increases over
controls were as follows for Evans blue at four and 24 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, 1000-fold,
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0.006758, 4-fold), somatosensory barrel-field cortex (0.427674, 150-fold, 0.005808, 1-
fold), hippocampus (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), 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 (Figures 3.4 and 3.5) suggesting possible resealing occurring at or before

24 hours.
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Figure 3.4 Quantitation for 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 difference between 4 (B) and 24hrs (C). Arrows indicate areas of leakage
from the vessels, which are more pronounced in four 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 equals 100um.
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Figure 3.5 Quantitation for 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 difference between 4 (B) and 24hrs (C). Arrows indicate areas of leakage
from the vessels, which are more pronounced in four 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 equals 100um.

As an alternate means to investigate BBB disruption as well as to examine possible
mechanisms of BBB permeability 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 (Figure 3.6). 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.
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Figure 3.6 Concentrations of tight junction proteins occludin and claudin-5, respectively
in brain (A and B) and blood serum (C and D). Assay conducted for blast (180kPa 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.

3.3.4 The Extent of BBB Permeability Displays a Tendency to Increase as a
Function of Blast Overpressure

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 (Figures. 3.7 and 3.8) 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, respectively as determined by post-ANOVA Tukey test: frontal

cortex (0.014762, 6-fold, 0.826735, 340-fold, 0.898087, 370-fold), striatum (0.00983,
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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).
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Figure 3.7 Quantitation of extravasation of Evans blue for 35, 70, 130, and 180kPa blast
overpressures, 15 minutes post-exposure in frontal cortex, striatum, somatosensory barrel
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 differences 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 equals 100pm.
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Figure 3.8 Quantitation of extravasation of sodium fluorescein for 35, 70, 130, and
180kPa blast overpressures, 15 minutes post-exposure in frontal cortex, striatum,
somatosensory barrel 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 differences 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 equals 100um.

3.3.5 Additional Evidence of Leakage into and out of Brain Following Blast Injury
In order to more strongly display the presence of brain-specific proteins in circulation
following blast injury, an ELISA was conducted for s100-f at 4 and 24 hours post-
moderate blast (180kPa) in serum samples (n = 3, Figure 3.9). At four hours post-injury,
concentration of s100-B rose from 399 pg/ml to 594 pg/ml, a statistically significant
increase of 48.8% (p = 0.037). However, after 24 hours, the protein levels in serum fall to

27 pg/ml, an increase of only 7% from control values (p > 0.05).

49



700

= *

8600+ -

c

2 500 -

- |

© 400 4 -

: J

cC

@]

O 300 -

€

>3

S 200

N

[==B

& 100

©S |

iz 0 . : ,
Control Blast (4hr) Blast (24hr)

Figure 3.9 Concentration of s100-f 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.

Similarly, as an alternative means to demonstrate the presence of blood-borne
proteins in the brain parenchyma, an immunofluorescence stain was done for CCL2
(monocyte marker) and RECA-1 (endothelial cell marker) at four hours post-moderate
blast in the frontal cortex (n = 3, Figure 3.10). Results indicate that, qualitatively, the

presence of monocytes around blood vessels increased following blast compared to

controls.
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Figure 3.10 Immunofluorescence in frontal cortex for endothelial cell marker (RECA-1)
and monocyte marker (CCL2) at four hours post-exposure for control (A) and moderate
(180kPa BOP) blast (B). Scale bar equals 50um.
3.4  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 fluorescein) 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™**®,
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in this mild-moderate blast injury, a difference of only about 250 picograms of EB was
observed between injured and control groups (Figure 3.2).

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 (Figures
3.2 and 3.3). It is worthy to note that there is no physical impact of external objects 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’’**!

. As noted earlier, the degree of the BBB
permeability increased further at four hours post-injury (Figures 3.4 and 3.5), 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 milliseconds), 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

47,65,68,78

the BBB including oxidative stress , matrix metalloproteinase activity and
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47,68,73,122 50,123-125

neuroinflammation , pericyte detachment , astrocytic end-feet swelling

and detachment!?6-12°

, 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 4-6 hours of injury**"®™. The lack of a detailed
time course of BBB disruption in blast injury is a primary motivation for this work and a
greater understanding of the temporal nature of the evolution of pathology and
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 endothelial 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®>"#%131132 | the present study, the
abundance of tight junction proteins (occludin and claudin-5) was evaluated
quantitatively via ELISA (Figure 3.6A and 3.6B). In the acute phase of injury (~15 mins),
a reduction in tight junction protein abundance was observed in both occludin (p = 0.012)
and claudin-5 (p > 0.05). Although the reduction in claudin-5 was not statistically
significant, it displays a strong tendency to decrease. These results strongly support the
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
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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, respectively) suggesting that,
in addition to direct mechanical forces, secondary factors that are likely activated four
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 four
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, restoration 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, authors 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, the
levels of these proteins in serum samples were estimated by quantitative ELISA.
Interestingly, a close, inverse correlation on the levels of these proteins between brain
homogenates and serum was observed (Figure 3.6C and 3.6D). Fifteen minutes post-
injury, there was a significant increase in the amount of occludin (p = 0.012) and claudin-
5 (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 < .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
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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 that report increased levels of astrocytic protein s100-f in the
blood indicate the breakdown of the BBB*"®>">13313 The current study shows increased
s100-p in serum from animals exposed to blast provides additional support to
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, Figure 3.10). 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'**™®. 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 supports the extravasation 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
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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, these results and many
other studies reveal higher degree of BBB damage in the frontal cortex (Figures 3.2-
3.5)%978118132 15 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 is one of the possible mechanisms to the observed
response 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
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pial vessels (which have a BBB quite different from the parenchymal vessels in terms of

%%y the vascular volume of the

tight junction distribution and astrocytic ensheathment
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 (Figures
3.2-3.5, 3.7-3.8) 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 damaged
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 consistent with the results of this study. When a shock/stress wave encounters a
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
integrity of the vasculature vis-a-vis the surrounding cellular architecture. As different

subregions of the brain have different architectures and biomechanical characteristics, the
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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
resealing BBB in combination with the restoration of TJPs (Figures 3.4-3.6). A recent
study also reported a reduction in BBB damage 24 hours after injury in mice exposed to
moderate blast (100kPa)'*. 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 fluorescein, 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 376Da
sodium fluorescein but not the larger 69kDa Evans blue.

The present study showing a strong tendency of higher extravasation in animals
exposed to 130kPa compared 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 after four hours post-injury such magnitude of

difference in the extravasation of EB and NaF as a function of BOP is absent. While the
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reason for this is not known, the author speculates 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 (four 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 (four hours) where secondary mechanisms
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 identifying 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 (Figures 3.7 and 3.8). 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, 70kPa 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.
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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.
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CHAPTER 4

SPATIAL AND CELL-DEPENDENT INCREASE IN
NADPH OXIDASE FOLLOWING BLAST-INDUCED NEUROTRAUMA

4.1  Background and Significance

Traumatic brain injury (TBI) resulting from different episodes of head trauma is one of
the leading causes of morbidity and mortality in both military personnel and civilian
populations. TBI causes approximately 1.5 million deaths and hospitalizations annually in
the USA™ . Blast-induced TBI (bTBI) is the most prevalent form of brain injury in
soldiers in combat zones due to the widespread use of high explosives in the war zones
and an increasing number of cases has also been reported in civilian populations the use
of improvised explosive devices (IEDs) by insurgents™**>*,

Among many pathological factors associated with either primary mechanical
injury or secondary biochemical cascades, oxidative stress has been shown to play a
major role in various models of TBI**®, The main inducers of oxidative stress are
reactive oxygen species (ROS) which include superoxide (O2--), hydroxyl radical (HO-),
and hydrogen peroxide (H,0,)**®. ROS are normally produced in several metabolic
reactions, including redox-reactions (oxidation/reduction), oxidative phosphorylation and
in a normal process of electron transport chain reactions. There are a number of enzymes
that produce free radicals during their catalytic reactions, which include the NADPH
oxidase family, cytochrome P450 (CYP450), cyclooxygenase (COX), lipoxygenase

(LOX), and xanthine oxidase (XO).
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The NADPH oxidase (NOX) is a multi-subunit enzyme that catalyzes the

reduction of molecular oxygen and oxidation of NADPH to generate superoxide

radicals (O,*—). NOX comprises subunits that are both plasma membrane-bound

(cytochrome bggg, comprised of p22phOX and gp91ph°X) and cytoplasmic (p40ph0x, p47

P “and p67 "), which spans across the lipid bilayers®52, A number of NOX isoforms

were identified in the brain which include NOX1, NOX2, and NOX4, and their cellular
distribution is highly dependent on the cell type™3. Neurons express both NOX1 and
NOX2, microglia are enriched with NOX2, while only small amounts of NOX isoforms
were identified in astrocytes'**.

Extensive experimental evidence suggests NOX plays a significant role in the
pathophysiology of various forms of TBI. NOX has been shown to be upregulated in a
brain in controlled cortical impact model of trauma™® and closed head injury models*>>
7 This group has previously reported increased protein expression of NOX1 in a rodent
model of a single blast injury at different blast overpressure exposures®®®®. While these
studies establish a primary role of NOX1 in the pathophysiology of various forms of TBI,
no studies have been performed to determine the spatial and temporal resolution of NOX
family of enzymes in the brain and their role in the pathophysiology of bTBI. These
results show that, in bTBI, a single blast overpressure exposure is capable of
biomechanically loading the whole brain which may trigger a cascade of biochemical
events consistent with regional vulnerabilities.

The present study therefore examined the spatial resolution of two isoforms of

NOX (NOX1 and NOX2), and their cellular distribution and changes in rats exposed to

moderate blast TBI. Levels of superoxide and formation of protein adducts of 4HNE
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were also determined. Based on the evidence that blast overpressure waves travel through
the whole brain, authors speculate that blast-induced NOX-related oxidative stress will be
diffuse across the brain*®. Moreover, that different neural cell types have differential

susceptibility to the oxidative stress-inducing effect of the primary blast.

4.2 Materials and Methods

4.2.1 Animal Preparation

Adult, 10-week-old male Sprague-Dawley (Charles River Laboratories) rats weighing
320-360 g were used in all the studies. The animals were housed with free access to food
and water in a 12-h dark-light cycle at 22°C. All procedures followed the guidelines
established in the Guide for the Care and Use of Laboratory Animals and were approved
by Rutgers University Institutional Animal Care and Use Committee (IACUC) before
experiments. Rats were divided into two groups (sham controls and animals exposed to a
moderate blast of 180 kPa). A total number of 24 rats were used in this study as follows:
Immunoblotting (3 controls and 3 blast-injured); immunofluorescence studies (four
controls and four blast-injured); superoxide production studies (5 controls and 5 blast-
injured). For immunofluorescence studies, each brain tissue was processed to obtain
several sections (>10) from frontal cortex, striatum, hippocampus, thalamus and
cerebellum. Each of those sections was used for identification of NOX1 and NOX2

isoforms in neurons, astrocytes and microglia by double immunofluorescence analysis.
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Similarly, for superoxide production, several sections from different brain regions of

animals (5 control and 5 blast-injured) were used for regional analyses.

4.2.2 Blast Injury
Rats were exposed to a single blast wave at the Center of Injury Biomechanics,
Materials and Medicine (New Jersey Institute of Technology, Newark) in the 9-inch
square cross section shock tube as described previously®®****. The primary shock
wave generated in this shock tube has been validated against the pressure-time profiles
measured experimentally in the live-fire explosion experiments®™ and against theoretical
pressure-time profiles associated with the detonation of C4 explosive (see ref.''* for
details). All rats were anesthetized with a mixture of ketamine (100mg/kg) and xylazine
(10 mg/kg) at 10:1 ratio administered via intraperitoneal injection. Rats were subjected
to a single exposure to 1805 kPa peak overpressure (duration: 6.5£0.5 ms, impulse:
320+£20 kPa-ms) and euthanized four hours post-TBI. All rats were mounted in the
middle of the shock tube (2.8 meters from the breech, and 3 meters from the exit) in a
prone position, i.e. were strapped securely to the aluminum plate using a cotton cloth
wrapped around the body (see Figure 1B in reference ). The cloth provides no
protection against the shock wave, but prevents any excessive head motion'’. Sham
control rats received anesthesia and noise exposure but without blast exposure, i.e.,
anesthetized animals were placed next to the shock tube, and then a single blast was
fired.

As a quality control measure, high-speed video recording was monitored to
capture any substantial head and body motion during the blast so as to exclude the

impact of tertiary bTBI. Following blast injury, animals were monitored closely for any
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signs of trauma-related distress (e.g., apnea). For immunoblot analysis, rats were
anesthetized and transcardially perfused with phosphate buffered saline (PBS, pH 7.0)
whereas for immunofluorescence studies, rats were first perfused with PBS followed by

4% paraformaldehyde; brains were then isolated and cryoprotected in 30% sucrose.
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Figure 4.1 Schematic depiction of the shock tube. (A) Schematic of 9 in X 9 in square 30
feet long shock tube with section I-Breech with high pressure helium gas separated from
section Il by different thickness of mylar sheets that generate pure shock wave in section
Il where the specimens are located. Section IV is past the section and is a design
requirement; the pressure-time cycle is identical to live fire tests with actual C-4 (or TNT
equivalent) explosives at specified stand-off distance. (B) Composite of actual
experimental profiles that generate 180kPa with only about 5kPa variation in peak
pressure and less than a millisecond in duration. The front of the pressure rise indicates
shock wave conditions. (C) Schematic of rodent model in prone facing the shock front.
The shock travels in the rostral-caudal direction traversing pre-frontal cortex, striatum,
hippocampus, thalamus, visual cortex and cerebellum within a period of a millisecond
with minimal attenuation of pressure loading.

4.2.3 Western Blotting
Prior to evaluating spatial resolution of NOX1 and NOX2 protein changes in different

brain regions by immunofluorescence, authors first examined their levels in cerebral
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hemisphere and cerebellum by immunoblot. Following perfusion with PBS, brains were
excised from the cranial vaults, the whole left hemisphere and cerebellum were
separately homogenized in ice-cold conditions using CellLytic-M (Sigma) using
sonicator with probe amplitude set to 45%. Samples were then centrifuged at 14,000 g
at 4°C. The protein concentration in the samples was estimated by bicinchoninic acid
(BCA) method (Thermo Scientific, Rockford, IL). Subsequently, 10-20 ug of protein per
lane was loaded into 4-15% SDS-PAGE gradient gels (Bio Rad). Proteins separated
according to their molecular size were then transferred onto PVVDF membranes using
Turbo Protein Transfer instrument (Bio Rad Laboratories) using manufacturer’s
instructions. Membranes were blocked with 5% milk dissolved in Tris-Buffered saline
containing 0.1% Tween-20 (TBS-T) and incubated overnight at 4°C with NOX 1
antibody (Sigma-Aldrich) or NOX2 antibody (Novus Biologicals) or 4AHNE (Abcam,
Cambridge, MA) at a dilution of 1:1000. Bands were visualized using Western Pico
Chemiluminescence Substrate (Thermo Scientific) on Chemi Doc Imaging System (Bio
Rad Laboratories). For densitometric quantitation of western blots, images were digitized
using a BioRad GS800 calibrated densitometer, and analyzed with BioRad Quantity One

software.

4.2.4 Immunofluorescence and Microscopy

In order to evaluate the spatial changes of NOX1 and NOX2 proteins in different brain
regions, as well as to identify cell-specific changes in discrete brain regions, double-
immunofluorescence studies were performed of two isoforms of NOX with NeuN, GFAP
and Ibal, markers of neurons, astrocytes and microglia respectively in frontal cortex,

striatum, hippocampus, thalamus and cerebellum. Briefly, four hours post-injury, both
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sham and TBI animals were transcardially perfused with PBS followed by 4%
paraformaldehyde (PFA). After perfusion, the brains were removed from cranial vaults
and incubated in 4% PFA for additional 48 h and cryoprotected by immersing in 30%
sucrose. Brains were then dissected into 2 mm thick sections using rat brain slicer (Kent
Scientific Corp.) and embedded in OCT (Optimal Cutting Temperature) media and
quickly frozen in isopentane cooled to liquid nitrogen temperature. Frozen sections were
stored at -80 °C until ready for sectioning. Brain sections (20 um thick) were prepared
from the frozen tissue blocks, using Leica CM3050 cryostat and immunofluorescence
was performed. Briefly, tissue sections mounted on glass slides prepared from four
individual animals in each group were washed with 10 mM phosphate buffered saline
(PBS), fixed in ice-cold methanol (100%) solution for 10 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 NOX1, NOX2, GFAP, NeuN and Ibal. Double
immunofluorescence was performed using donkey-antirabbit Alexafluor 594 for NOX1
or NOX2 and donkey-antimouse Alexafluor 488 for GFAP, donkey-antirabbit Alexafluor
488 for NeN and donkey-antigoat Alexafluor 488 for Ibal. The specificity of each
antibody staining was validated by excluding each primary antibody (negative controls)
and visualized for any non-specific fluorescence. However, the primary antibody
specificity was not independently validated by blocking the binding to tissue with the
corresponding antigen.  Slides containing different brain regions were digitized (20x

magnification) using Leica Aperio Versa 200 fluorescent microscope and slide scanner.
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Fluorescence intensities in each region were quantitated using AreaQuant software (Leica

Biosystems) and expressed as average fluorescence intensity/unit area.

4.2.5 Superoxide Production

Superoxide (O) levels in different brain regions were measured using dihydroethidium
(DHE) following the method of Kim et al*>°. Briefly, control and blast-induced animals
(5 controls and 5 animals immediately following blast) were injected with 5mg/kg DHE
(Molecular Probes, MA, dissolved in DMSOQ) intraperitoneally and four hours after blast,
animals were transcardially perfused first with PBS followed by 4% PFA, brains excised
and 50 um thin sections of different brain regions were prepared using Leica VT 1000S
vibratome and mounted. DHE immunofluorescence in each region was visualized by
digitizing the images using Leica Aperio Versa 200 slide scanner. Fluorescent intensities
in each region were quantitated using AreaQuant software (Leica Biosystems) and

expressed as average fluorescence intensity/unit area.

4.2.6 Image Acquisition and Analysis

Slides with mounted coronal sections from the brain were imaged at 20x magnification
using Leica Aperio Versa 200 digital pathology scanner. Control sections were used as
reference for adjusting the exposure times and grey scale balance for optimal image
quality, once set, these parameters were fixed and used for image acquisition of the
reminder of both control and experimental groups. Three channels were collected for
each coronal section. Blue: 405 nm (DAPI), red: 594 nm (NOX1), and green: 488nm
[cell specific marker GFAP (astrocytes), Ibal (microglia), and NeuN (neurons)]. Authors
then manually outlined the regions of interest in different brain structures and the

fluorescence intensities in each brain region were quantitated using FLAreaQuantV1
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algorithm (Leica Biosystems) and expressed as average fluorescence intensity/unit
stained area. For each channel, a minimum intensity threshold value was set using control
sections as reference that will exclude any background fluorescence caused by
nonspecific binding of fluorescent secondary antibody, and the same threshold values
were used to quantify both control and experimental groups. A maximum intensity
threshold was also set to remove any oversaturation due to excess fluorescent dye. The
algorithm outputs the area of positive staining for each brain region, the average intensity

of each channel, and intensity profile of each protein.

4.2.7 Statistical Analysis

Data are presented as mean + standard error of the mean (SEM). Between-group
comparisons were made by one-way analysis of ANOVA with a post-hoc test
(Bonferroni) to determine individual group differences. Differences between means were
assessed at the probability level of p < 0.05, 0.01, and 0.001. GraphPad Prism 6.0

software was used in all analyses and preparation of plots.

4.3 Results

4.3.1 Moderate Blast Overpressure Increases Protein Levels of NOX1 and NOX2

Previous studies in this laboratory identified increased oxidative and nitrosative stress
factors in the cerebral cortex in rats exposed to mild-bTBI®®. This study further
evaluated the effect of moderate blast (180kPa peak overpressure) on the early evolution
of the protein expression of NOX isoforms (NOX1 and NOX2). Immunoblot analysis of

NOX1 and NOX2 in the whole cerebral hemisphere showed a significant increase (87%,
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and 52%, respectively, p<0.05) (Figure 4.2). In order to assess the diffuse nature of
primary blast (shockwave) in the posterior region of the brain, NOX1 and NOX2 protein
levels were also determined in cerebellum, and, similar to cerebral hemisphere, cerebellar
levels of NOX1 and NOX2 protein were significantly increased (60% and 40%,

respectively, p<0.05) (Figure 4.2).
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Figure 4.2 Blast increases the expression of NOX isoforms. Immunoblots of NOX1 and
NOX2 isoforms in cerebral hemisphere and cerebellum 4h after blast at 180kPa blast
over pressure. There was significant increase (80%) in NOX1 in both cerebral
hemispheres and cerebellum, while NOX2 increased by 83% in cerebral hemispheres and
38% in cerebellum, n=3, [*] indicates a difference in intensity compared with control
with a statistical significance of p<0.05.
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4.3.2 Differential Changes in NOX Isoform Expression in Different Brain Regions
Authors next examined regional variations in NOX1 and NOX2 protein levels in the
following brain structures: frontal cortex, striatum, hippocampus, thalamus, and
cerebellum. The rationale in examining these regions is as follows: a) NOX1 and NOX 2
isoforms are ubiquitously expressed in all brain regions, b) the effect of shockwave
propagation over the entire brain is not known and c) to use NOX1 and NOX2 as markers
to evaluate whether there exists any selective vulnerability of various brain structures, a
phenomenon which has not been previously investigated.

Under primary blast loading conditions, the pathological changes were found
throughout the brain as indicated by changes in the fluorescent intensities of NOX1 and
NOX 2 in different brain regions. Interestingly various regions displayed a differential
response. Thus, NOX1 levels in the frontal cortex (FC) showed a 49% increase;
hippocampus (HC) showed the highest degree of increase (107%) followed by thalamus
displaying a 90% increase (Figure 4.3). Total NOX1 levels did not change in striatum and
somatosensory barrel cortex (S1BF) (data not shown).

The regional variations in the levels of NOX2 are slightly different from that of
NOX1. Total NOX2 levels were highest in frontal cortex (>2 fold) followed by striatum
and hippocampus that showed the lowest increase (Figure 4.3). NOX isoform expression
was also increased in other discrete brain regions from rostral and caudal areas, among

which CAL region of a hippocampus displayed the biggest increase.
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Figure 4.3 NOX isoforms show a differential increase in different brain regions.
Fluorescence intensities (red) of NOX1 and NOX2 in hippocampus and cerebellum from
control and blast-injury animals. Quantification of florescence intensities in different
brain regions show a striking increase in NOXL1 in hippocampus of blast-injured animals
compared to controls. Intensities of NOX2 display a higher increase in frontal cortex
compared to other regions. n=4. [*] indicates a difference in intensity compared with
control with a statistical significance of p<0.05. Fluorescent intensities NOX1 in
cerebellum display a striking increase (96%) compared to NOX2 (38%).

4.3.3 Different Neural Cell Types Display Differential Vulnerability to Oxidative
Damage

To evaluate cellular vulnerability to oxidative damage resulting from primary blast,
changes in NOX1 expression patterns in astrocytes, neurons and microglia were
determined by double immunofluorescence staining. Additionally, simultaneous
quantification of NOX immunofluorescence using cell-specific markers will provide an
insight into changes in its expression in different neural cells including astrocytes,

neurons and microglia.
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Cell-specific analysis of increase in NOX1 and NOX2 levels following bTBI
compared to their baseline expression (controls) indicate that neurons display a higher
increase compared to astrocytes and microglia. Additionally, NOX1 and NOX2 increases
were more pronounced in neurons in hippocampus and thalamus respectively compared
to the frontal cortex. These conclusions were deduced based on the double
immunofluorescence analysis showing co-localization of NOX1 with NeuN (a marker
protein for neurons), with GFAP (a marker for astrocytes) and with Ibal (a marker for

microglia). (Figures 4.4 and 4.5).
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images showing the co-localization of NOX1 with NeuN, GFAP and Ibal in
hippocampus indicating neuronal, astrocytic and microglia localization respectively of
NOX1 in control and blast-injured animals. Majority of increase in NOX1 with respect to
corresponding controls is in neurons compared to astrocytes and microglia.
Quantification of florescence intensities in different brain regions show a striking
increase in NOX1 fluorescence in neurons in hippocampus of blast-injured animals

compared to controls. n=4, *, p<0.01-0.05.
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Figure 4.5 Neurons show the highest increase in NOX2 expression. Quantification of
florescence intensities in different brain regions show a striking increase in NOX2
fluorescence in hippocampus and thalamus of blast-injured animals compared to other
brain regions. n=4, [*] indicates a difference in intensity compared with control with a
statistical significance of p<0.05.

4.3.4 Primary Blast Significantly Affects Posterior Brain Structures Including
Cerebellum

Primary blast caused diffused pathological changes not only in the perpendicular
direction (deeper brain structures, hippocampus, thalamus) but also in the parallel

direction to the wave propagation from prefrontal cortex to the cerebellum. The total
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tissue levels of NOX1 in the cerebellum not only increased, but this increase was highest
in neurons (Figure 4.6). Such higher expression of NOX1 in neurons as compared to
other neural cells also correlates with the known fact that cerebellum contains the highest
density of neurons compared to other brain regions'®®!. Similar to NOX1, elevated
levels of NOX2 expression were also found to be mainly co-localized with neurons

(Figure 4.7).
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Figure 4.6 Cerebellum displays an increased NOX1 expression in neurons compared to
astrocytes and microglia. Representative merged images showing the co-localization of
NOX1 with NeuN, GFAP and Ibal in cerebellum indicating neuronal, astrocytic and
microglia localization respectively of NOX1 in control and blast-injured animals. n=4,

[*] indicates a difference in intensity compared with control with a statistical significance
of p<0.05.
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Figure 4.7 NOX2 displays a greater increase in neurons compared to astrocytes and
microglia. Similar to NOX1, majority of NOX2 is localized in neurons compared to
astrocytes and microglia. n=4, [*] indicates a difference in intensity compared with
control with a statistical significance of p<0.05.

4.3.5 Primary Blast Increases Superoxide Levels in Different Brain Regions

The activation of a variety of NOX isoforms is usually associated with the increased
production of superoxide®™**®2. Since the present study showed increased protein levels
of NOX isoforms, authors then sought to examine whether increased NOX protein
following blast has a functional significance. Accordingly, in vivo levels of superoxide in
frontal cortex, hippocampus, thalamus and cerebellum were measured using DHE.

Hippocampus displayed a robust level of the increase in superoxide (>10 fold, p<0.001)
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followed by thalamus and frontal cortex. It is noteworthy that the extent of the rise in
superoxide production in hippocampus and thalamus (Figure 4.8) correlated well with the
increased degree of NOX expression. Additionally, a pretreatment of animals with
apocynin, which is known to block the assembly of different NOX subunits, completely
inhibited the increase in superoxide production indicating an essential role of NOX in

brain superoxide production following moderate blast.

Control
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Figure 4.8 Primary blast increases superoxide levels in different brain regions.
Representative fluorescent intensities (red) of DHE (dye that recognizes superoxide
production) in hippocampus, thalamus and cerebellum in control, Blast-injured and blast
+ apocynin. Quantification of florescence intensities in different brain regions show a
striking increase in DHE fluorescence in hippocampus of blast-injured animals compared
to controls indicating high levels of superoxide production in hippocampus. Note that a
pretreatment with apocynin (APQ), an inhibitor of NOX activation completely blocks the
DHE fluorescence increase indicating that the superoxide increase is mediated by
activation of NOX. n=5, [*] indicates a difference in intensity compared with control
with a statistical significance of p<0.05.

4.3.6 Primary Blast Results in Oxidative Damage and Lipid Peroxidation Products
in Different Brain Structures

Several reports indicate the TBI resulting from different etiologies, including primary
blast and blunt injuries display oxidative stress during the evolution of its

symptoms®>#783183  Accordingly several pathways are directly involved in the induction
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155,164-166

of oxidative stress including the activation of NADPH oxidase and alterations of

antioxidant defense mechanisms (a reduction in superoxide dismutase, catalase,
glutathione peroxidase)®>*®”.

One of the major downstream effects of oxidative stress in many neurological
disorders and TBI is the formation and accumulation of lipid peroxidation products™®™*".
Lipid peroxidation is a process under which oxidants such as free radicals attack various
lipids containing carbon double bonds, and the resulting aldehyde products 4-
hydroxynonenal (4HNE) generated by the lipid peroxidation directly modify amino acid
structures in proteins and form adducts'".

Superoxide is one of the free radicals that can directly oxidize lipids to aldehydes
that lead to the formation of protein adducts and activation of NOX produces excess
levels of superoxide'®*'17_Since the present study clearly showed an increase in NOX
proteins and increased levels of superoxide following bTBI, the levels of 4HNE adducts
in discrete brain regions in rats subjected to moderate blast (180kPa, four hours) were
examined. Immunoblot analysis of 4HNE products identified two major bands
corresponding to molecular weights of 70 and 100kDa which showed a trend towards an

increase in cerebral hemispheres, hippocampus, thalamus and cerebellum; however such

changes were not significant (Figure 4.9).
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Figure 4.9 Primary blast displays a strong tendency to increase 4-HNE protein adducts.
Immunoblot analysis of 4-HNE in lysates from hippocampus, thalamus and cerebellum
4hr after blast at 180kPa blast over pressure is shown. Two proteins of 100 and 70kDa
show a strong tendency to increase in hippocampus and thalamus. n=3.

4.4 Discussion

This study demonstrates that protein levels of superoxide producing enzymes NOX1 and
NOX2 were significantly increased to different levels in various brain regions in rats
exposed to moderate primary blast overpressure. Increased NOX expression was
accompanied by increased superoxide production and a strong tendency towards

increased HNE adduct formation in two proteins. Together these observations strongly
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indicate that there is an increase in oxidative stress and oxidative damage occurring in the
early phase after a single exposure to a shock wave. This work is motivated by two
related questions: 1) does the bTBI affect different brain regions equally assuming
homogeneous spatial distribution of biomechanical loading and 2) does the extent of the
damage vary between different brain regions containing disparate ratios of neural cells
(neurons, astrocytes and microglia)? Hence, the focus was on the role of two different
forms of superoxide producing enzymes and their downstream oxidative damage markers
to understand both the spatial and cellular effects.

Blast-induced TBI (bTBI) has a unique pattern of biomechanical phenotype in
that the external forces are dictated by the size and shape of the interacting body, in this
instance skull and brain structures. Furthermore, the magnitude of forces generated
depends on the contact area and interaction time that in turn determine the overall
biomechanical loads at the tissue level. This loading triggers secondary biochemical
cascades depending on the local tissue content. The cascade of secondary events usually
develops over a period of hours to days that ultimately lead to additional

neuropathological sequela'”**™.

Among many causal factors implicated in the
pathophysiology of bTBI, oxidative stress represents an important early pathological
outcome resulting from either the activation of free radical producing enzymes or
downregulation of antioxidant defense mechanisms*" 3163177,

NADPH oxidase (NOX) is a superoxide producing enzyme and different isoforms
of NOX, including NOX1, NOX2 and NOX4 have been identified in brain™*. Studies
reported increased activation of different isoforms of NOX in various forms of TBI.

Accordingly, in a mouse model of controlled cortical impact, increased NOX2 expression

82



was observed at 24-48hr after injury'’® whereas Byrnes et al.!”® found a delayed increase
in NOX2 activity 1 month post-injury. However, in a rat model of CCI, increased NOX
activity was observed as early as 1 hour post-injury™®. Increased NOX expression was
also found in different animal models of fluid percussion injury™®*#1%2  Additionally,
apocynin, an inhibitor of NOX activation showed protective effects on various models of
blunt TBI**"8!, Together these studies highlight the critical role of NADPH oxidase in
the pathology of TBI.

While studies have established importance of NOX in the pathophysiology of
blunt TBI, there are limited studies of NOX in bTBI"®!*®% This could in part be
because of the lack of a true understanding the role of biomechanical loading in blast
injury due to limited availability of field validated shock tube that simulates battle field
injuries. In the present study authors therefore characterized the spatial resolution of two
isoforms of NOX (NOX1 and NOX2) in various brain regions and their localization in
neurons, astrocytes and microglia four hours following blast injury in a field validated
shock tube®®H11,

A generalized increase in NOX protein levels by immunoblots in the present
study, are comparable to previous reports from this group indicating its upregulation in
the homogenates of a cerebral cortex in rats exposed to different blast overpressures®#®,
Further, using immunofluorescence analysis, the present study identified regional
variations in the expression pattern of NOX1 in that the highest increase is found in
hippocampus followed by thalamus. In this study, the frontal cortex showed higher

expression in NOX2 compared to that in hippocampus and thalamus. Other fine brain

structures, including motor cortex, amygdala and hypothalamus also showed a significant
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increase in both the isoforms of NOX with the exception that NOX2 levels were
significantly lower in a motor cortex.

Interestingly, in the present study, a single blast exposure also affected distal brain
structures, including the cerebellum suggesting that blast injury propagation is highly
diffusive in nature. While it is interesting to observe differential vulnerability of various
brain structures to blast injury, in blast, a high-velocity shock wave traverse across and
through the entire body loading all the regions almost simultaneously within a matter for
5-10 milliseconds. Recent experimental evidence in animal models and human cadaveric
heads has shown that the shock waves contrary to intuition is capable of passing through
the skin and skull and load all the brain structures®™.

In addition to regional variations observed in NOX levels, cellular heterogeneity
in the expression of NOX isoforms was also identified. Thus blast injury displayed a
robust increase in the levels of both isoforms of NOX in neurons as compared to
astrocytes and microglia with respect to their baseline values (controls). Studies have
shown that all neural cells express different isoforms of NOX, including NOX1, NOX2
and NOX4'®. Additionally within the neurons, NOX1 is abundantly expressed in

cerebellar granule cells'®®

, While NOX2 has been shown to be expressed in both
cerebellar granule cells as well as hippocampal neurons®®’. In addition to NOX1, the
present study found a striking increase in NOX2 in neurons of hippocampus, thalamus
and cerebellum as compared to microglia. These results are in slight contrast to other
reports wherein NOX2 is abundantly expressed in microglia'’®*#8*® while the reason

for apparent abundance of NOX2 in neurons in the present study is not known, studies

report that NOX2 upregulation in hippocampal pyramidal neurons drives neuropathology
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associated with psycho-social stress in rats*®***. Further, studies also report that cellular
injury to neurons following stroke resulted in an early upregulation of NOX2 in neurons
(3-6 hours following injury) whereas NOX2 was upregulated in microglia at later time
points (72 hours post-injury)***!*%. Such temporal difference in the expression pattern of
NOX2 between neurons and microglia is reasonable since neurons may be far more
vulnerable acutely in the evolution of the injury process whereas microglial activation
could be a relatively late phenomenon.

Superoxide is a major free radical produced in the brain by a variety of reactions,
including disturbances in mitochondrial oxidative phosphorylation, increased production
of arachidonic acid as a consequence of activation of phospholipase A2 (PLA2),

X419 Increased

activation of xanthine oxidase as well as by the activation of NO
superoxide production has been shown in different models of TBI**!%¥?1 The present
study observed a striking increase in superoxide production in hippocampus, thalamus
and frontal cortex, areas where corresponding increases in NOX levels were found.
Moreover, these studies showing a complete absence of O,” in animals treated with
apocynin (an inhibitor of NOX activation) prior to the exposure to blast injury reinforces
the finding that the increase in O," is indeed mediated by NOX activation. Results are
also in agreement with previous studies showing protective effects of apocynin in
attenuating oxidative damage in different models of TB|!®>1%7:16>181,202.203

While in the present study, the superoxide levels were found to be strikingly
increased in different brain regions, the levels of 4HNE adducts showed a trend towards

the increase in two proteins with average molecular weights of 70 and 100kDa, but did

not show statistically significant changes. The reason behind the lack of significant
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changes is not known. However, the 4HNE products can be formed via peroxidation of
unsaturated fatty acids not only by superoxide radical but also by a variety of other
reactive oxygen species, including hydroxyl, peroxyl radicals as well as a variety of
cyclic compounds®®. It is therefore likely, that lipid peroxidation reaction and subsequent
4HNE formation may not have achieved a threshold as to show significant changes at
four hours following blast since reactive oxygen species other than superoxide (e.g.,
hydroxyl radicals among others) may not have been increased in the early phase of blast
injury.

Despite an observed increase in factors conducive to oxidative damage in
neurons, in the present study, no neurodegeneration nor apoptotic cell death was observed
as investigated by fluorescent staining for Fluorojade C and cleaved caspase-3 four hours
after blast injury (data not shown). Perhaps, a four hour window of blast injury may be
too early to detect neuronal death. It is also likely that moderate blast may not cause
neuronal death due to the diffuse nature of the shockwave unlike blunt injuries where
neuronal death was observed close to the site of injury in the acute phase of injury”®.

The selective vulnerability of neurons to oxidative damage may be dictated not
only by the propagation of primary shockwave, the so-called direct mechanical impact
throughout the brain regions, but also in part influenced by the cellular density and cell
type’s distribution in different brain regions. Recently, it has been shown that the
cerebellum and hippocampus contain the highest density of neurons compared to a
cerebral cortex although relative mass of hippocampus and cerebellum is far lesser than
cerebral cortex'®*®. The fact that in the present study, observation of the highest

increase NOX levels in neurons in hippocampus and cerebellum following blast suggests
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that neuron rich regions may be at higher risk for oxidative damage than other brain
regions. This is further supported by the observation of a striking increase in superoxide
levels in hippocampus following blast. Also, within hippocampus, studies have shown
that neurons in CAL1 region are more vulnerable to superoxide than CA3 neurons®"?%,
Moreover, it is interesting to note that NOX1 showed a greater increase in CAL region
compared to CA3. Such higher level of neuronal oxidative damage in discrete brain
regions may also depend up on a number of other factors, including vascular density and
associated metabolic supply and consumption of glucose and oxygen, neuronal
excitability and synaptic transmission®®. In support of this tenet, it has been shown that
the density (and perhaps subsequent nutrient supply) of brain capillaries was far less in
CA1 region of the hippocampus compared to CA3 region which likely places CA1 region
at higher risk for ischemia and hypoxia'®.

The precise mechanism by which bTBI increases NOX isoform expression is still
unknown. A shockwave passage throughout the brain during a transient period of time
could initiate a mechanical disturbance to plasma membrane structures within the brain
parenchyma. It is reasonable, considering the small size of the rat’s brain and relatively
thin skull, to assume the shockwave loading of the brain is uniform within brain
structures investigated in this work (frontal cortex, striatum, hippocampus, thalamus and
cerebellum). The uniformity of the pressure field within the rat brain under blast loading
conditions was demonstrated in numerical model®’® and was validated via intracranial
pressure measurements by the group (data not published). If this is true, i.e., the
mechanical forces created by the shockwave are distributed uniformly, and considering

the brain’s highly anisotropic and heterogeneous organization, these data suggest the
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extent of the local damage would depend on the composition and microarchitecture of a
specific brain region (Figure 4.10).
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Figure 4.10 Schematic of experimental blast injury model and effective loading and
tissue-specific response. (A) The top panel shows the blast overpressure-time pulse
applied to the rostral to caudal to rostral regions of rodent brain travels with minimal
change due to very short duration of less than a millisecond. The bottom panel shows
different regions S1 to S4 analyzed in this study (B) A given brain volume comprises of
the six components (neurons, astrocytes, microglia, oligodendrocyte, vasculature and
interstitial/cerebrospinal fluid) that can vary from region to region. The mechanical
properties of the representative volume given in B3 indicate that the effective mechanical
stresses in the volume and hence the neural components will be determined by the
differential volume fraction of that cell-type. The different NOX expressions seen in this
work are hypothesized to be driven by this differential cell volume fraction.

In summary, the present studies demonstrate that moderate blast injury causes an
increase in NOX isoforms in various brain regions to a differential degree. Increased
NOX isoforms correlated with a concomitant rise in superoxide levels in corresponding
regions that show a higher increase in NOX expression indicating oxidative damage.
Additionally, protein oxidation product 4HNE showed a strong tendency to the increase
in different brain regions. Further, higher increase in NOX isoforms in neurons compared
to other brain cells strongly suggests neurons are by far more vulnerable to oxidative

damage in the early evolution of injury pathology.
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CHAPTER 5

ROLE OF OXIDATIVE STRESS IN THE MECHANISM OF BLOOD-BRAIN
BARRIER PERMEABILITY IN BLAST-INDUCED NEUROTRAUMA

5.1  Background and Significance

Blast-induced traumatic brain injuries (bTBIs) have become the most prevalent form of
neurotrauma amongst military soldiers and a growing cause of injury in civilian
populations due to asymmetric warfare with increased acts of terrorism domestically and
abroad****° However, in spite of the increase in BINT studies, there are still
significant gaps in understanding how primary mechanical injury and subsequent
secondary injuries manifest following blast. A recent survey reported that more than 30
phase 111 clinical trials aimed at targeting TBI have failed and, to this effect, this group
has attempted to elucidate the temporal and spatial neuropathology of bTBI as it pertains
to two commonly identified pathological factors: oxidative stress and blood-brain barrier
(BBB) breakdown**2,

Oxidative stress has been implicated in multiple modes of TBI%2%

and is mainly
induced by reactive oxidative species (ROS). These include, but are not limited to,
superoxide (02--), hydroxyl radical (HO-), and hydrogen peroxide (H,0,)%®°. While a
basal level of ROS is to be expected due to normal reactions of oxidative
phosphorylation, redox-reactions, and mechanisms of the electron transport chain, an
excess amount, as seen after injury, can be harmful. NADPH oxidase (NOX) is a multi-
subunit enzyme that catalyzes the formation of superoxide radicals from present

molecular oxygen. As previously reported by this group and other investigators*’#1°8211
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NOX is upregulated in different brain regions following blast injury and neurons display
the highest increase in hippocampus compared to other neural cells. It is also worth
noting that a single blast induces substantial increases in superoxide levels in multiple
brain regions from the pre-frontal cortex to hippocampus to cerebellum, all along the
direction of shock wave propagation®*.

Direct blast biomechanical loading was also recently identified as causing
disruption of brain vascular integrity (blood brain barrier, BBB) in multiple brain regions
within minutes of loading and that this BBB disruption further increased four hours
following blast before returning to normal at 24 hours post-injury*®®. The BBB is a
selectively-permeable membrane separating the brain from the circulatory system,
consisting of tight junction complexes, which attach adjacent endothelial cells together,
as well as a host of dynamically modulating cells including pericytes and astrocytes,
which wrap around the endothelium. In recent work by this group, increased permeability
of the BBB was most significantly seen four hours post-blast across the cerebral
hemisphere, with most pronounced injury seen in the frontal cortex**®. Damage to the
BBB was established through extravasation of tracers Evans blue and sodium fluorescein,
the dislodging of tight junction proteins, and leakage of blood-borne cells into the brain
parenchyma and brain parenchymal molecules into the blood. Increased permeability of

the BBB has been observed in several modes of TBI including closed cortical injuries™™

73,74 75-80,131

"2 weight drop models”™, and blast models

Oxidative stress is a well-known factor for BBB disruption in TBI as well as other
212-214

prevalent neurological pathologies including Alzheimer’s and Parkinson’s disease

Combining this with recent reports indicating concurrent increases in oxidative stress and
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heightened BBB disruption four hours after injury™>®#*

, authors set out to investigate the
interaction of these two well-known pathogenic factors in BINT. Authors hypothesize
that while BBB is acutely disrupted immediate following blast injury is a through
biomechanical means, heightened BBB disruption in latter stages (four hours) is due, at
least in part, to contributions by NOX-mediated oxidative stress. This study therefore
employed apocynin, known to block the assembly of NOX subunits and prevent

activation of NOX, to eliminate superoxide production and thus nullify NOX-mediated

breakdown of the BBB.

astrocyte neuron neural

NOX mediates BBB changes Apocynln
parenchyma

after bTBI 1. Blast injury [% C@\‘ ‘) .

NOX 0,°/#,0,

neuron

astrocyte : // N f\\\ 6. BBB leakage

-/ & e 5. Loosening
~ pericyte Apocynin\ 0,%/H,0, i of TIPs
laudins
4. Elevated MMPs
2. NOX 0,*/H,0.
} B 2%/H;0,

endothelial cell

I | upregulation O O O

blood lumen

’ ‘ 3. Superoxide production
’ red blood cells E@% ‘

Occludins

( I [ [ [

] GFAP
blood vessel blood [umen

5100-B

Figure 5.1 Pathway schematic of role of NOX in BBB permeability following blast.
Upregulation of NOX on neurovascular endothelial cells (and other neural cells) cause
increased superoxide production both within and outside the endothelial cells. This
superoxide elevates MMP production, which breaks down the tight junction complexes
connecting adjacent endothelial cells, causing increased permeability of the BBB. Use of
apocynin prevents the translocation of the NOX p47 phox subunit, thereby preventing the
increase in superoxide production and, eventually, BBB permeability.
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5.2 Materials and Methods

5.2.1 Animal Preparation

Adult (10-week old), male Sprague-dawley rats (Charles River Laboratories) weighing
between 350 + 50g were used throughout this study (n = 54), 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
light-dark cycle. Animals were divided among sham, blast, and treatment groups, all to
be sacrificed four hours post-blast (or, in the case of sham animals, noise exposure). All
methods used throughout the study were performed in accordance with protocols,

guidelines, and regulations approved by Rutgers University IACUC.

5.2.2 Exposure to Blast and Apocynin Pre-Treatment

Rats were exposed to a single shock wave at the New Jersey Institute of Technology
(Center for Injury Biomechanics, Materials, and Medicine) in the modular, field-
validated shock tube described in previous publications® %1% Based on results from
previous work from this group, an n > 4, was used for both sham and blast groups (power
value of 0.8, 0=0.05) based on a priori power analysis. Prior to blast exposure, animals
were anesthetized with 5% isoflurane, released in a chamber containing 95% air and 5%
CO,, until rats were unresponsive to noxious stimulation. An additional group of animals
(n = 4) received an intraperitoneal injection of apocynin (5mg/kg, Sigma-Aldrich) 30 min
prior to blast exposure. 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.

Following blast injury, animals were closely monitored for any signs of trauma-related
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distress (apnea, loss of motor coordination). Neurological severity score was conducted
five minutes post exposure and none of the animals included in this study displayed
scores that differed from sham animals. Exposed animals were subjected to a single blast
of 180kPa peak overpressure and euthanized via transcardial perfusion-fixation four
hours post-injury. Prior to initiation of perfusion, CSF was extracted from the cisterna
magna using a 25 gauge butterfly needle from scalp vein set (Exelint International, CA)
and was freely allowed to collect into catheter (sans any pulling force). Blood (about
4ml) was collected by cardiac puncture (left ventricle) and allowed to settle in vacutainer
tubes (BD Bioscience) containing 3.2% sodium citrate for 10 minutes. Plasma was
separated from blood by centrifuging at 2000 g. For extravasation studies, Evans blue
(2% solution dissolved in PBS, .002g/ml, 0.7ml delivered) was injected intravenously
through tail vein two hours prior to euthanasia (two hours post-blast). 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®*,

As a quality control measure, high-speed video was monitored and recorded with
a Photron FASTCAM Mini UX100 operating at a framerate of 5000fps 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 overpressure 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
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running on in-house built data acquisition system based on National Instruments PXI-
6133 32 MS Memory S Series Multifunction DAQ Modules and PXle-1082 PXI Express
Chassis. PCB Piezotronics (Depew, NY) model 134A24 pressure sensors were used in all

experiments.

5.2.3 Immunofluorescence and Microscopy

In order to evaluate the increase in NOX1 expression in vascular endothelial cells
following blast injury, double immunofluorescence studies were conducted for NOX1
and RECA-1 a marker of endothelial cells) in the frontal cortex. Briefly, four hours post-
injury, both sham and injured animals were transcardially perfused with PBS and brains
were fixed with 4% paraformaldehyde (PFA). Brains were separated from cranial vaults
and incubated in 4% PFA for additional 48 hours and cryoprotected by immersing in
30% sucrose. Brains were then dissected into 2 mm thick sections using rat brain slicer
(Kent Scientific Corp.) and embedded in OCT (Optimal Cutting Temperature) media
and quickly frozen in isopentane cooled to liquid nitrogen temperature. Frozen sections
were stored at -80 °C until ready for sectioning. Brain sections (20 um thick) were
prepared from the frozen tissue blocks, using Leica CM3050 cryostat and
immunofluorescence was performed. The frontal cortex of each animal offered 24
sections for analysis. Tissue sections were mounted on glass slides (2-3 sections per
slide) prepared from individual animals in each group were washed with 10 mM
phosphate buffered saline (PBS), fixed in ice-cold methanol (100%) solution for 10
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 NOX1 (Rabbit
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polyclonal, Sigma-Aldrich, 1:400) and RECA-1 (Mouse monoclonal, Abcam, 1:50).
Double immunofluorescence was performed using Alexafluor 488 for NOX1 and
Alexafluor 594 for RECA-1. Slides containing brain regions were digitized (20x
magnification) using Leica Aperio Versa 200 fluorescent microscope and slide scanner.
Fluorescence intensities in regions of interest were quantitated using AreaQuant software

(Leica Biosystems) and expressed as average fluorescence intensity/unit area.

5.2.4 Superoxide Production

Superoxide (O) levels in different brain regions were measured using dihydroethidium
(DHE) following the method of Kim et al.™ and previously described®. Briefly,
animals were injected with 5mg/kg DHE (Molecular probes, MA, dissolved in DMSO)
intraperitoneally 30 minutes prior to blast and, four hours after exposure, animals were
transcardially perfused first with PBS followed by 4% PFA (n=6, per group). Brains were
extracted and 50 pum sections were cut using Leica VT 1000S vibratome and mounted.
DHE immunofluorescence in each region was visualized and quantified as described

above.

525 ELISA

As a means to determine the abundance of tight junction proteins and matrix
metalloproteinases in the brain tissue, GFAP in the blood plasma, and albumin in the
cerebrospinal fluid, ELISAs were performed in the cerebral hemisphere. 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 14,000g at 4°C. The protein concentration in the samples was

estimated bicinochoninic acid (BCA) method (Thermo Scientific, Rockford, IL).
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Subsequently, samples were diluted in PBS and loaded onto specific ELISA plates for
MMP3, MMP9, occludin, and claudin-5 (LSBio, Seattle, WA). Plates were read in
microplate reader (Spectra Max i3, Molecular Devices) at wavelength of 450nm. Steps of
ELISA were conducted in accordance with manufacturer instructions and samples plotted
against a standard curve made up of eight samples (R* = 0.980, 0.985, 0.995, 0.999 for

MMP3, MMP9, occludin, and claudin-5 respectively) using SoftMax Pro 6.5 software.

5.2.6 Ex-Vivo Imaging and Analysis

Slides containing EB extravasated tissue sections were digitized (10x magnification)
using Leica Aperio Versa 200 digital pathology grade slide scanner. Fluroescent
intensities were quantified after excitation at 594 nm, 125 ms exposure, using AreaQuant,
software specifically designed for this imaging application (Leica Biosystems) and
expressed as average 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 the
given channel, a minimum intensity threshold value was selected to exclude any
background fluorescence from relevant calculations. 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 section,

the average intensity in each channel, and the expression profile of the tracer.

5.2.7 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
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intensities of between control, blast, and blast + treatment groups with a Tukey pairwise
test done to determine differences between individual groups. 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 in
semi-log scale are done so in order to capture magnitudinal differences between groups.
Fluorescent images were taken using Aperio Versa software and analysis and export done

via ImageScope software (LEICA Corp.).

5.3 Results

5.3.1 NOX1 is Upregulated in Neurovascular Endothelial Cells Four Hours
Following Moderate Blast Injury

Previous studies in this laboratory identified increased levels of NOX1 and NOX2 in
neurons, astrocytes, and microglia following moderate blast injury (180kPa) across the
cerebral hemisphere and cerebellum®?. In the present study, levels of NOX1 in brain
endothelial cells in the frontal cortex in vascular endothelial cells were examined. The
double immunofluorescence for NOX1 and RECA-1 (endothelial cell marker) showed a
significant increase in amount of colocalization following moderate blast (Figure 5.2).
Fifteen minutes post-exposure, a statistically insignificant increase in colocalized NOX1
compared to controls was observed (post-ANOVA Tukey test, p > 0.05, Figure 2B). Four

hours after blast, which previous work from this group has shown as the peak time for
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BBB permeability following blast injury, a robust increase (ten-fold) in NOX1

concentration in vascular endothelial cells was observed (Tukey test, p=0.023).
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Figure 5.2 Colocalization of NOX-1 (red) and RECA-1 (green) on vascular endothelial
cells in the frontal cortex. (A) controls show very little NOX-1 on vascular endothelial
cells while (B) there is a slight increase in colocalization fifteen minutes following
moderate blast exposure. (C) four hours following blast, there is a significant
upregulation of NOX-1 on marked endothelial cells, with the yellow indicating an
overlap of NOX-1 and RECA-1. (D) shows an alternative view of the vessel in order to
show that NOX-1 is upregulated across the length of the vessel lumen, as indicated by the
arrows. (E) shows the quantitation of the colocalization between control, 15 minutes post-
blast, and four hours post-blast groups. Scale bars equal 30um. [*] indicates a difference
in intensity compared with control with a statistical significance of p < 0.05.

5.3.2 Apocynin Significantly Reduces Superoxide Production Following Blast
Injury

Several groups have demonstrated that activation of NOX results in increased superoxide

production®**%2. After demonstrating the increase in NOX1 concentration in
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neurovasculature in the frontal cortex, authors sought to determine if this results in an
increase of superoxide production. In-vivo levels of superoxide were measured using
DHE and a clear increase in superoxide produced in the frontal cortex was observed,
which corroborated well with the upregulation of NOX1 (Figure 5.3). Differences
between control and blast groups (Tukey test, p=0.004) and blast and treatment groups

(Tukey test, p=0.001) were found to be statistically significant.
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Figure 5.3 DHE stain to observe superoxide concentration in the frontal cortex.
(A) superoxide levels in control tissue, basal level of superoxide. (B) levels of superoxide
robustly increase four hours following blast exposure, but are brought back down to basal
levels with pretreatment of apocynin (C). (D) quantitation of DHE fluorescence intensity
for the three aforementioned groups. Scale bars equal 1mm. [**] indicates a difference
between control and blast groups as well as blast and treatment groups with a statistical
significance of p < 0.01.
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5.3.3 Apocynin Significantly Reduces Tight Junction Degradation Following Blast
Injury

In order to determine the degree of BBB breakdown following blast injury, ELISA was
conducted for tight junction proteins occludin and claudin-5 for control, blast, and blast +
apocynin groups (n=3, Figure 5.4). Occludin decreased by 20.31% four hours post-blast
compared to controls (ANOVA followed by Tukey test, p = 0.002) but barely changed in
animals treated with apocynin (Tukey test, p = 0.946). The difference between the blast
group and the treatment group was also significant (Tukey test, p=0.001). Claudin-5
decreased by 12.40% four hours post-blast compared to controls (Tukey test, p=0.001),
but like occludin, displayed only a negligible decrease in the treatment group (Tukey test,
p = 0.362). The difference between blast and treatment groups was statistically significant

(Tukey test, p=.007).
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Figure 5.4 ELISA results for tight junction proteins, occludin (A) and claudin-5 (B) in
control, blast, and treatment groups. [**] indicates a difference in intensity with a
statistical significance of p < 0.01.

5.3.4 Apocynin Significantly Decreases Blood-Brain Barrier Permeability
Following Blast Injury

The extent of extravasation was evaluated in the frontal cortex at both fifteen minutes and
four hours post-blast injury (Figure 5.5). This group previously displayed that
extravasation of Evans blue was significant at both time points post-moderate blast injury
and current results support that. Significant extravasation was observed in both injured
and treatment groups at the acute stage (p=0.006, p=0.004, respectively), with no
statistically significant difference between them. EB presence in the brain parenchyma
increased by 1300-fold four hours following moderate blast over the control in the frontal
cortex (ANOVA followed by Tukey test, p < 0.01) and over the blast + apocynin group

(75 fold, Tukey test, p < 0.01). Interestingly, there was no statistically significant
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difference between the control group and the treated group (Tukey test, p > 0.05). Four

animals were used per group in this phase of the study (n = 4).
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Figure 5.5 Fluorescent images of Evans blue extravasation. Images show whole coronal
sections as well as zoomed in 20x images in the frontal cortex. (A) shows a cortical
section of a control animal, with almost no observable extravasation of leakage,
(B) shows a coronal section from injured animal (180kPa BOP), acutely (15 minutes)
following blast exposure with a significant amount of leakage observed around the blood
vessels, (C) shows a coronal section from an injured animal at the same time point, but
pretreated with apocynin thirty minutes prior to blast, with extravasation levels similar to
control animals. (D) shows a coronal section from injured animal four hours post-
exposure with an even greater amount of leakage than at the acute time point and (E)
shows an animal at the same time point with apocynin pretreatment. F, G, H show
zoomed in, 20x images from images (B, C, and D), respectively. (I) Quantitation of
extravasation is shown using a semilog plot in order to capture magnitudinal differences.
Scale bars equal 2mm for coronal sections (A-E), 30um for 20x images. [**] indicates a
difference in intensity with a statistical significance of p < 0.01.
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5.3.5 Moderate Blast Induces Translocation of Glial Fibrillary Acidic Protein into
the Blood Stream

Concentration of GFAP in the blood plasma was determined via ELISA (Figure 5.6).
Statistically significant increase in GFAP concentration was seen compared to controls in
both blast and treatment groups 15 minutes after injury (Tukey test, p = 0.016 and p =
0.002, respectively), but no difference between blast and treatment group. At four hours
post-blast, there is a further increase in GFAP concentration in blood plasma (Tukey test,
p = 0.002), but with apocynin, the values drop back to control levels (Tukey test, p >
0.05). Intergroup comparison reveals a statistically significant difference between blast

and treatment groups four hours after injury (Tukey test, p = 0.001).
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Figure 5.6 ELISA results for GFAP concentration in blood plasma. (A) compares control
levels with levels 15 minutes and four hours following blast and (B) compares control
levels with levels four hours following blast with and without apocynin pretreatment.
[*] indicates a difference in intensity with a statistical significance of p < 0.05, [**]
indicates p < 0.01.

5.3.6 CSF-Plasma Ratio of Albumin Increases Following Moderate Blast Injury

In order to determine the ratio of albumin in the CSF and blood plasma, another ELISA
was conducted on both samples (Figure 5.7). While an increase in the CSF-Plasma
albumin ratio was observed acutely (fifteen minutes post-blast) for both blast and
treatment groups, statistical significance was not achieved in either (p > 0.05). Four hours
following blast, a statistically significant increase over control was observed in the
injured group (Tukey test, p = 0.044). Comparison between blast and treatment group at

this point also revealed statistically significant difference (Tukey test, p = 0.048).
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Figure 5.7 (A) ELISA results for albumin concentration in CSF and blood plasma. [*]
indicates a difference in intensity compared with control with a statistical significance of
p < 0.05. (B&C) present results as ratios of albumin concentration in CSF and blood
plasma, (B) compares control levels with levels 15 minutes and four hours following
blast and (C) compares control levels with levels four hours following blast with and
without apocynin pretreatment. [*] indicates a difference in intensity with a statistical
significance of p < 0.05.

5.3.7 Apocynin Mitigates the Activation of Matrix Metalloproteinase 3 and 9
Following Blast Injury

Given the number of groups that link increased ROS activity with increased MMP
production, ELISAs were conducted for MMPs 3 & 9 for control, blast, and blast +
apocynin groups (n=4, Figure 5.8). MMP3 increased by 105% (ANOVA followed by
Tukey test, p = 0.020) compared to controls in the injured group, while the difference
between the blast + apocynin and control groups was not statistically significant (Tukey
test, p > 0.05). Similarly, MMP9 increased by 115% (Tukey test, p = 0.007) compared to
the controls in the injured group, but the difference between blast + apocynin and control
groups was not statistically significant (Tukey test, p > 0.05). However, it is important to
note that there is still an observed increase in both MMP3 and MMP9 in the blast +

apocynin groups, meaning that the pretreatment was not enough to completely mitigate
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the increased production of these matrix metalloproteinases, although this relative

increase is not statistically significant.
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Figure 5.8 ELISA results for matrix metalloproteinases 3 (A) and 9 (B) in control, blast,
and treatment groups. [*] indicates a difference in intensity with a statistical significance
of p <0.05.

5.4  Discussion
This work aims to investigate the role of oxidative stress in the mechanism of increased
BBB permeability in the neuropathology of blast-induced traumatic brain injury. Based
on previous studies from this group, the frontal cortex has been determined as the most
vulnerable region to BBB extravasation in this blast injury model for an overpressure of
180kPa. This group has previously demonstrated that moderate levels of blast can acutely

disrupt the BBB, but that maximum permeability is seen four hours after injury and that
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there is an upregulation in NADPH-oxidase abundance across the brain following blast at
the same time point™®#*, Given these facts, authors hypothesize that oxidative stress
plays a role in the increased permeability seen four hours post-blast. A schematic diagram
depicting various events that are induced by oxidative stress ultimately leading to BBB
disruption is illustrated in Figure 5.1.

In the present study, a robust (10-fold) increase in NOX1 expression four hours
following blast injury was observed in endothelial cells in the frontal cortex as
demonstrated by double immunofluorescence staining of NOX1 with RECA-1, an
endothelial cell marker (Figure 5.2). Recent observations along with other investigations
also report increased activation of NOX1 between four hours and a few days after various
forms of TBI*1>>1718L21 " This gives credence to the belief that increased NOX
expression and associated, heighted oxidative stress represent secondary injury events
that likely occur a few hours following blast TBI.

In order to confirm that increased NOX1 expression activates downstream
pathways, superoxide production was examined by prior administration of
dihydroethidium (DHE). There was a robust increase in superoxide production in animals
subjected to blast injury, which corroborates the increased NOX1 expression on vascular
endothelial cells (Figure 5.3). It is important to note that both superoxide produced in
vascular endothelial cells, as well as that produced in neural cells (neurons, astrocytes,

microglia)®*

can contribute to downstream BBB disruption. Authors further established
that the superoxide production is indeed mediated by NOX1 expression by using
apocynin, that inhibits assembly of NOX subunits and renders NOX functionally inactive

and found that animals pretreated with an apocynin bolus show a complete absence of
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superoxide four hours post-injury (Figure 5.3), which is consistent with this group’s
previous work?!. It should be mentioned that the use of apocynin as a NOX inhibitor
following TBI has been well established>>+0>202203

It is interesting to note that the present study observed a close correlation between
increased NOX1 expression, its associated increase in superoxide production, and the
heightened disruption of the BBB four hours after blast injury. The integrity of the BBB
was assessed in the presence and the absence of apocynin (Figure 5.5). A robust
extravasation of EB was observed in animals four hours following blast injury and such
increased extravasation was completely blocked by apocynin. Additionally, levels of tight
junction proteins (TJPs) occludin and claudin-5 were also quantified as another means to
determine BBB integrity. Tight junctions are water-tight seals that attach adjacent
endothelial cells together and occludins and claudins represent the major families of
TJIPs*®# Results indicate a significant reduction of both occludin and claudin-5, four
hours after blast injury (Figure 5.4). Occludin abundance was reduced by 20.31% (p =
0.002) and claudin-5 reduced by 12.40% (p = 0.001) which is consistent with
extravasation of tracers since loss of tight junction protein integrity is well known to
allow leakage of tracers to penetrate into brain parenchyma'®. Moreover, increased
presence of astrocytic protein, GFAP, in plasma as well as the increased CSF-blood ratio
of albumin observed in the present study (Figures 5.6 and 5.7) not only establish BBB
disruption but also confirm the reciprocal translocation of brain and blood-borne
macromolecules as a result of BBB disruption. Noteworthy that a pretreatment with
apocynin significantly attenuated the extravasation of tracers, restored the levels of TJPs

and CSF-blood albumin ratio to that of controls, as well as attenuated increased presence
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of GFAP in plasma. Together these data strongly suggest that NOX-mediated oxidative
stress contributes to heightened BBB disruption (four hours) following blast injury.
Several groups have attempted to establish a connection between oxidative stress
and BBB breakdown by a means involving matrix metalloproteinases (MMPs)*"#1%,
MMPs are endopeptidases that degrade the extracellular matrix (ECM) of various cell
types. While the activity of MMPs are tightly controlled in normal, “uninjured”
conditions by MMP inhibitors, uncontrolled activation has been observed due to
oxidative stress*® . This in-turn degrades the brain endothelium and substantially
increases the permeability of the BBB. The role of MMPs in BBB degradation has been
well-investigated***. As a means to assess the role of NOX-mediated oxidative stress
(increased superoxide production), ELISAs were run for two matrix metalloproteinase
isoforms (111&1X) commonly implicated in BBB degradation and endogenous to vascular
endothelial cells. Levels of both MMP3 and MMP9 significantly increased over controls
four hours after blast exposure (Figures 5.8A & 5.8B). Rats pretreated with apocynin
displayed significant reduction in the levels of MMPs as compared to animals subjected
to blast injury (Figure 5.8), which indicates that NOX-mediated oxidative stress
contributes to increased MMPs. The data presented in this study showing the protective
effect of apocynin against increased extravasation of tracers, reduction of TJPs and
associated changes in the translocation of macromolecules between the brain and blood,
in conjunction with the ability of apocynin to indirectly inhibit MMPs, strongly suggest
that the activation of MMPs are likely NOX-mediated and induce BBB disruption via

degradation of TJPs.
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While it is strongly suggested that oxidative stress is a secondary event that
contributes to heightened BBB disruption in the latter stages after blast injury, authors
further extended studies to question whether BBB disruption immediately after blast
injury is caused by a direct mechanical loading or in part mediated by any presence of
oxidative stress. Time course for NOX1 protein levels in endothelial cells was examined
by double immunofluorescence in sections obtained from animals euthanized
immediately (approximately fifteen minutes) after blast injury. Staining was performed as
early as fifteen minutes after injury (t0). Moreover, this was the earliest time studies
could be performed since fifteen minutes represents the time necessary to remove the
animal from the shock tube and complete transcardial perfusion-fixation. At this acute
time point, there is a negligible difference in the amount of NOX1 colocalized on
endothelial cells (Figure 5.2). These data in conjunction with observations of robust
increase in NOX1 four hours after blast strongly suggest that oxidative stress is a
secondary event occurring following blast injury. Lack of evidence of increased NOX1
levels immediately following blast injury not only suggest that oxidative stress appears a
secondary factor but also adds credence to the tenet that the disruption of BBB
immediately after blast is indeed mediated by a direct mechanical effect created by
shockwave loading. This also corroborates extravasation results at t0, where apocynin has
no effect on amount of EB that leaks into the brain parenchyma (Figure 5.5). The degree
of BBB permeability is significant at this acute time point (based on extravasation results
as well as translocation of GFAP and albumin), but NOX-mediated oxidative stress does

not contribute to this change.
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In summary, these studies demonstrate that moderate blast injury causes an a
disruption of BBB by loss of TJPs and results in leakage of macromolecules across brain-
to-blood as well as increase in NOX expression on vascular endothelial cells and
associated increased production of superoxide 4h after blast injury. These events
corroborate with the heightened activation of matrix metalloproteinases 1l & IX.
Pretreatment with NOX inhibitor (apocynin), BBB permeability is significantly reduced
and MMPs levels were restored to that of controls. This study therefore indicates a strong
relationship between NOX-mediated oxidative stress and blood brain barrier breakdown,
which may lead to further investigation delineating relationships between other injury

mechanisms, a prerequisite for better therapeutic interventions.
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CHAPTER 6

SUMMARY AND FUTURE WORK

Exposure to shock waves is the leading cause of traumatic brain injury (TBI) in military
personnel and blast-induced traumatic brain injury (bTBI) is considered the signature
wound in recent military conflicts in Iraq and Afghanistan. Many researchers attempt to
replicate field-relevant shock waves in laboratory settings through the use of shock tubes
in order to investigate the generation and propagation of shock waves and possible
mechanisms of bTBI. Among several injury mechanisms, damage to the blood-brain
barrier (BBB) has been identified as a potential candidate and has been a focus of several
clinical and experimental investigations aimed to establish injury baselines and discover
timelines for therapeutic intervention for neurotrauma. In this work, the shock tube
housed at the New Jersey Institute of Technology is characterized and effects of an end
reflector plate on shock loading investigated, prior to using this model in the study of
BBB permeability post-blast injury. Barrier breakdown is studied across the frontal
cortex, striatum, somatosensory barrel field cortex, thalamus, hippocampus, and
cerebellum at fifteen minutes, four, and twenty-four hours at 35, 70, 130, and 180kPa
through the use of extravasation of tracers into the brain, quantification of tight junction
proteins in the brain and the blood, and tracking of specific blood-borne molecules into
the brain and brain-specific proteins into the blood. Finally, effects of oxidative stress on
BBB permeability are delineated at four hours for an 180kPa blast overpressure in the
frontal cortex, as well as the introduction of a potential treatment, apocynin, for NADPH-

mediated BBB damage following blast injury.

112



End effector studies are conducted with the use of four different end plate
configurations (0.625, two, four inches, and an open end). Use of end reflector plate
allows for precise control over the intensity of reflected waves penetrating into the shock
tube and, at a calculated optimized distance, can eliminate secondary waves from the test
section, confirmed by pressure sensor recordings. Numerical simulations combined with
experimental data offer detailed insight into spatiotemporal dynamics of shock waves and
wave attenuation via internal pressure expansion. Diffusion of the driver gas inside of the
shock tube is responsible for velocity increase of reflected shock waves. Results indicate
that the end of the shock tube is a less favorable location to the test specimen, due to the
complexity of loading conditions. The incident shock wave exiting the shock tube results
in formation of underpressure waves, while reflected pressure waves are created when the
end is fully closed or the reflector plate is positioned close to the muzzle of the shock
tube. This experimental investigation should serve as a strong starting point for
researchers attempting to ensure accurate loading of test subjects in compressed-gas
driven shock tubes.

Following the characterization and validation of the shock tube, blood-brain
barrier permeability is primarily assessed by extravasation of sodium fluorescein and
Evans blue into brain parenchyma. Maximum extravasation of tracers (and hence BBB
permeability) occurs in the frontal cortex at four hours following injury and increases
with increasing blast overpressure. Abundance of tight junction proteins occludin and
claudin-5 is also measured at different time-points after injury both in the brain and in
blood serum. Significant extravasation is observed immediately after blast across several

brain regions, suggesting a shockwave-induced mechanical disruption of the BBB even at
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mild overpressures. This force is enough to dislodge the tight junction proteins from
neurovascular endothelial cells and which are then taken up by circulation. The presence
of s100-B in the blood serum as well as monocyte infiltration into the brain parenchyma
were observed, further validating increased BBB permeability. Within 24 hours,
extravasation of sodium fluorescein and Evans blue returns close to control values across
all brain regions studied.

NADPH-oxidase (NOX) is shown to be upregulated in vascular endothelial cells,
resulting in an increase in superoxide production at four hours post-blast. This leads to
increased activation of matrix metalloproteinase 111 and IX, which degrade vascular tight
junction complexes. The decrease in tight junction proteins occludin and claudin-5
contribute to the decreased integrity of the BBB, functionally assayed through the
extravasation of Evans blue. However, the use of apocynin, a selective NOX inhibitor,
thirty minutes before blast injury is shown to ameliorate production of superoxide and
thereby significantly reduce MMP activity, tight junction breakdown, and BBB
extravasation. These studies indicate and explicate a clear relationship between NOX-
mediated oxidative stress and BBB breakdown, which may lead to further investigations
delineating relationships between other injury mechanisms, a prerequisite to therapeutic
and treatment development.

This work should serve as the foundation for continued investigation of primary
blast-induced neurotrauma. More experimental work needs to be done in order to
elucidate the mechanisms of BBB restoration between four and twenty-four hours post-
blast. While increased tight junction protein production is observed, the pathway for this

increase is not yet understood. Members of our laboratory are beginning to examine other
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biochemical injury sequelae (neuroinflammation, excitotoxicity, etc.) and their relation to
increased BBB permeability. It would be interesting to know if these injury cascades
follow similar temporal and spatial profiles in the exacerbation of bTBI pathology.

In these studies, the roles of brain and blood-borne particles crossing over the
BBB were not investigated in the long term neuropathology following BBB disruption. It
IS quite possible that the presence of these foreign molecules exacerbates injury even
after the BBB has been resealed. The closing of the barrier prevents further leakage, but
does not necessarily resolve the consequences of the leakage within the first twenty-four
hours after blast injury.

This dissertation represents the cumulative completion of three specific
experimental aims: 1) the characterization and validation of the blast injury model, which
includes the detailed investigation on shock wave propagation and pressure transmission
within the shock tube, 2) the use of this model in the study of the temporal and spatial
effects of blast overpressure on blood-brain barrier permeability following blast-induced
traumatic brain injury, and 3) the examination of the intertwined roles of oxidative stress
and BBB breakdown following injury, with a closer look at a potential preventative
intervention for blast-induced neurotrauma. All three of these aims have either resulted in

publications in peer-reviewed journals or are currently under review for publication.
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