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Impact traumatic brain injury (i.e. non-blast TBI) is often associated with reduced cerebral
perfusion and impaired cerebrovascular function due, in part, to the generation of reactive
oxygen (ROS) and reactive nitrogen species (RNS) (e.g. peroxynitrite, ONOO‾). Although
blast TBI (bTBI) also reduces cerebral perfusion, less is known about other cerebral
vascular effects of bTBI. To determine the effects of mild bTBI on cerebral vascular
function with and without the administration of the ONOO‾ scavenger penicillamine
methyl ester (PenME), we subjected isoflurane-anesthetized rats to sham bTBI, bTBI alone
or bTBI + PenME in five experiments using a compressed air shock tube. Dilator responses
to reduced intravascular pressure were assessed in isolated middle cerebral arterial (MCA)
segments collected 30 or 60 minutes post-blast in one study. Mean arterial blood pressure
(MAP), relative cerebral perfusion (laser Doppler flowmetry, LDF) and cerebral vascular
resistance (CVR) were monitored for two hours post-blast in a second study. To assess the
effects of bTBI on neuronal injury, numbers of FluoroJade-C (FJC) positive cells were
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counted in brain sections obtained 24 or 48 hours post-bTBI in a third study.
Vestibulomotor (beam balance/beam walk) and working memory (Morris water maze,
MWM) function were evaluated up to two weeks post-bTBI in the fourth study. Lastly,
MAP, relative cerebral perfusion and CVR were monitored in rats treated with PenME or
a vehicle five minutes after mild bTBI. Shock wave overpressures of 20.9 psi ± 1.14 (138
kPa ± 7.9) produced mild bTBI, based on righting reflex (RR) suppression for 5.2 minutes
(Sham bTBI = 4.3 minutes). Mild bTBI resulted in reductions in cerebral perfusion and
MCA dilator responses, increases in CVR and numbers of FJC-positive cells and
significantly impaired working memory. Treatment with PenME resulted in significant
reductions in CVR and a trend towards increased cerebral perfusion. These results that
bTBI increased CVR, reduced cerebral perfusion and impaired cerebral dilator responses
to reduced intravascular pressure indicate that mild bTBI is associated with significant
cerebral arterial dysfunction. Furthermore, the significant reduction of CVR after treatment
with PenME indicated that blast-induced cerebral vascular dysfunction may be due, in part,
to the generation of ONOO‾.
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INTRODUCTION
Chapter 1: Background and Significance
Traumatic brain injuries (TBI) caused by blast exposures have been called the
“signature wound” of the latest conflicts in the Middle East (DePalma et al., 2005; Okie,
2005; Warden, 2006; Hanley, 2007; Shanker, 2007; Long et al., 2009; Snell et al., 2010;
Garman et al., 2011; Nakagawa et al., 2011). TBI’s are one of the most common types of
injuries among combatants in Operations Iraqi Freedom (OIF), Enduring Freedom (OEF)
and New Dawn (OND) (McCrea, 2007; Elder and Cristian, 2009; Cernak and NobleHaeusslein, 2010; MacGregor et al., 2011; Eskridge et al., 2012) due, in part, to the high
incidence of blast-induced TBI (bTBI). Although estimates of the prevalence of bTBI vary
widely, some are as high as 19% - 23% (Tanielian and Jaycox, 2008; Terrio et al., 2009;
Polusny et al., 2011). As of January 2015, the Department of Defense reported that over
73% of all U.S. military casualties were caused by explosive weaponry such as improvised
explosive devices (IED) or mortars (Kocsis and Tessler, 2009; Risling et al., 2011) making
blast the most widespread cause of combat-related mortality and morbidity (Hanley, 2007;
Shanker, 2007; Long et al., 2009).
CLASSIFICATION OF bTBI
There are currently four accepted classifications of injury due to blast exposure.
Primary blast injury results from exposure to blast wave over/underpressures which consist
of a front of high positive pressure followed by a negative pressure wave of lower
magnitude but longer duration (Courtney and Courtney, 2009; Nakagawa et al., 2011).
Secondary injury is produced by small fragments traveling at high speed (Clemedson,
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1956; Born, 2005; Nakagawa et al., 2011) and impacting the body. Tertiary blast injury is
blunt impact injury that occurs when the body is thrown against a hard, stationary object
or when a large fragment impacts the body (Born, 2005; Courtney and Courtney, 2009;
Singh et al., 2016). Quaternary blast injuries include any other injuries caused by the
explosions like burns and toxic inhalations (Born, 2005; Nakagawa et al., 2011; Singh et
al., 2016). The central nervous system (CNS) is susceptible to damage from all four blast
injury mechanisms (Koliatsos et al., 2011; Nakagawa et al., 2011) however the severity
and characteristics of the resulting injuries are determined by proximity to the blast center
and the size, mass and velocity of objects that strike the person (Cernak, 2015). Of these
four classifications, primary blast injury is the least understood (Nakagawa et al., 2011).
Blast and non-blast induced TBI typically result in damage to both white and gray matter
with secondary cascades of cellular, molecular and biochemical abnormalities, all of which
may contribute to neuronal and/or glial injury (Owen-Smith, 1981; Werner and Engelhard,
2007; Cernak and Noble-Haeusslein, 2010).
PRIMARY BLAST TBI
A blast wave in an open space consists of a near-instantaneous pressure rise
followed by an exponential decay of the overpressure (Friedlander, 1946). The high rate of
energy release is responsible for the injury and property destruction that follows
detonation; the detonation properties of the explosive define the properties of the blast
wave (Cullis, 2001; Ngo et al., 2007). Though body armor protects against some
projectiles, it does not fully eliminate exposure to blast positive and negative pressures.
Several factors affect the degree of primary blast injury. The principal components
that contribute to blast injury are impulse, proximity to the blast center, the peak
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overpressure and duration of the positive phase, the overpressure waveform, orientation of
the body to the blast wave, and environmental factors which can influence primary blast
effects (Clemedson, 1956; Elsayed, 1997; Cullis, 2001; DePalma et al., 2005; Ngo et al.,
2007; Leung et al., 2008; Champion et al., 2009; Chavko et al., 2011; Cernak, 2015). Blasts
in enclosed spaces or close proximity to walls can be intensified by shockwave reflection,
causing greater injury than open space exposure (Cullis, 2001; Ngo et al., 2007; Cernak,
2015).
Incident (static) pressure is measured when a pressure gauge is parallel to the blast
wave direction of travel. Dynamic (reflected) pressure is recorded when the pressure gauge
is perpendicular to the direction of blast wave front (Bass et al., 2012).
MECHANISM OF INJURY
The manner in which blast energy is transmitted to the brain remains controversial.
When a blast wave strikes the body, a portion is reflected or deflected while the majority
of the energy is absorbed and transmitted throughout the body. The result is high frequency
stress waves and low-frequency shear-waves (Chavko et al., 2011; Leonardi et al., 2011,
Leonardi et al., 2012). These stress and shear waves are thought to contribute to the
pathogenesis of primary blast injuries. Putative mechanisms include inertial effects,
implosion, pressure differentials and spallation (Cernak and Noble-Haeusslein, 2010;
Alley et al., 2011). One of the hypothesized mechanisms of primary blast injury is head
rotation resulting from the combination of rotational and translational accelerations
ensuing from the shock wave interaction with the head (Bolander et al., 2011; Courtney
and Courtney, 2011). A second is the direct transmission of the blast energy by explicit
compression of the skull material, or transosteal wave propagation (Taylor and Ford, 2009;
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Chafi et al., 2010; Bolander et al., 2011). A third proposed mechanism is the transfer of
kinetic blast energy to the cerebral vasculature and brain via compression of the great
vessels of the thorax (Rossle, 1950; Courtney and Courtney, 2009; Courtney and Courtney,
2011; Nakagawa et al., 2011). A fourth mechanism is air emboli (Wolf et al., 2009)
potentially interrupting cerebral perfusion leading to tissue infarction. Transmission of the
blast wave through the orbital sockets and nasal sinuses producing damage to the
orbitofrontal cortex has also been suggested (Elder et al., 2010).
PATHOPHYSIOLOGICAL EFFECTS OF SHOCK WAVE EXPOSURE
The pathobiology of primary bTBI consists of a complex set of systemic, cerebral
and cerebral vascular events that begin at blast exposure and likely continue for minutes to
days or months afterward (Cernak and Noble-Haeusslein, 2010). The rate of incidence,
strength, and extent of the characteristics of explosive blast injury to the brain can be
considered unique (Bauman et al., 2009). After blast exposure, survivors may exhibit
injuries such as concussion, bradycardia, hemorrhage, edema, hypotension and loss of
consciousness and/or confusion, disorientation, dizziness, nausea/vomiting and/or
headaches and tinnitus (DePalma et al., 2005; Okie, 2005; Anderson, 2008; Martin et al.,
2008). In contrast to concussive and/or penetrating wounds where the nature of the injury
is focal, blast injuries often are multifocal. Primary blast injury alone is characterized by
injuries to numerous internal organs without any signs of external penetrating injury
(Hamit, 1973; Phillips, 1986; Mellor, 1988). Tissues and organs most susceptible to
primary blast effects are those containing fluid-air interfaces: the lungs (blast lung),
tympanic membranes (Avidan et al., 2005), gastrointestinal tract and abdominal viscera
(Cernak et al., 2001b; Bass et al., 2008; Cernak and Noble-Haeusslein, 2010). All are
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especially vulnerable to the compacting and shearing effects of the swift pressure change
(Cernak et al., 2001b; Cernak and Noble-Haeusslein, 2010; Cernak, 2015). Fortunately,
pulmonary and gastrointestinal injury is less common in recent warfare, likely due to the
use and efficacy of personal protective equipment (Bauman et al., 2009).
Experimental blast studies in rodents have demonstrated several outcomes resulting
from various combinations of torso/body shielding and/or cranial protection. Whole body
and head-only repeated primary blast exposures in mice led to compromised cell membrane
integrity and a significant initial decrease followed by an increase in the levels of glial
fibrillary acidic protein (GFAP) and total Tau protein biomarkers of TBI in the brain and
plasma (Arun et al., 2013) as well as brain DNA fragmentation (Wang et al., 2014). Protein
analysis of sera and brain regions in whole body, single blast overpressure-exposed mice
showed significantly elevated inflammatory, vascular, neuronal and glial biomarker levels
(Kovesdi et al., 2012). Long et al. (2009) observed that protecting the torso virtually
eliminated axonopathy and fiber degeneration. Koliatsos et al. (2011) observed that a
plexiglass covering around the torso of blast-injured mice abolished axonal nerve cell
damage compared to non-shielded mice who suffered up to 80% axonal damage.
Conversely, a moderately severe blast injury model that was associated with survival in the
majority of rats with body shielding was characterized primarily by diffuse axonal injury
(DAI), degeneration of other neuronal processes and increased blood brain barrier (BBB)
permeability (Garman et al., 2011). Bauman et al. (2009) studied a swine model in which
all animals wore a lead-and-foam-lined vest that outfitted the chest and upper abdomen of
the animal. Despite the torso protection, vasospasm, disruptions of electroencephalogram
(EEG) waveforms, white matter fiber degeneration and astrocytosis, among other
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perturbations, were observed after blast. Cernak et al. (2001b) utilized a whole-body blast
injury rat model where the head was protected and observed myelin debris in the
hippocampus, neuronal swelling, microglial reactivity, oxidative stress development and
cognitive impairment. Therefore, while there is evidence that torso protection reduces some
of the effects of bTBI, there is evidence to the contrary. To avoid controversial effects of
torso protection in whole body blast exposure, our studies utilized an experimental protocol
in which only the head is exposed to the shock wave.
CEREBRAL VASCULAR EFFECTS OF bTBI
Recent evidence of level-dependent reductions in relative blood flow in the cortex
and hippocampus of rats exposed to several shock wave intensities in an air-driven shock
tube indicates that bTBI is associated with some degree of cerebral vascular injury and
alterations in cerebral perfusion (Bir et al., 2012). However, the degree to which blastrelated cerebral vascular dysfunction contributes to the pathophysiology of bTBI is
unknown.
Normal cerebral vascular responses
The cerebral circulation responds to variations in systemic arterial pressure in order
to maintain a constant supply of oxygen and nutrients provided to the metabolically active
brain (for review, see Mchedlishvili, 1980; Kontos, 1981; Golding et al., 1999a; DeWitt &
Prough 2003). Autoregulation is a particular type of homeostasis (Paulson, 1990; Lang et
al., 2001; Soehle et al., 2004) in which “an organ maintains a constant blood flow despite
changes in blood (perfusion) pressure or other physiologic or pathologic stimuli” (Roy
and Sherrington, 1890). Cerebral arteries constrict or relax in response to alterations in
blood pressure, the partial pressures of carbon dioxide (PaCO2) and oxygen (PaO2), nitric
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oxide (NO), blood viscosity, etc. (Wei et al., 1980b; DeWitt et al., 1986; Mathew et al.,
1999; DeWitt and Prough, 2003). Arterial myogenic response refers to an inherent ability
of contractile tissues (such as vascular smooth muscle cells, VSMC’s) to respond to stretch
and/or changes in wall tension (Johnson and Henrich, 1975; Johnson, 1977; Atkinson et
al., 1985; Johnson, 1989; Allen et al., 1997; Owens et al., 2004; Ahn et al., 2007). When
arteries are stretched (e.g. during intravascular pressure increases), VSMC’s constrict
(Johnson, 1977; Atkinson et al., 1985; Johnson, 1989; Owens et al., 2004). The coupled
organization of arteries modulates the response of neighboring arterial networks so that
arteries and arterioles closer to a pressure increase will reduce the increase in pressure
transferred to the distal vessels (Johnson and Henrich, 1975; Johnson, 1977; Johnson,
1989). This property is responsible, in part, for the maintenance of constant cerebral
perfusion during systemic arterial blood pressure fluctuations (Johnson and Henrich, 1975;
Johnson, 1977; Johnson, 1989; Ping and Johnson, 1994; Owens et al., 2004).
Microcirculatory studies revealed that the myogenic response tends to maintain a constant
capillary pressure (Intaglietta and Zweifach, 1974; Zweifach, 1974; Chien and Lipowsky,
1982). Other aspects of cerebral vascular reactivity, in addition to pressure autoregulation,
such as the close association between functional activity in the brain and regional cerebral
blood flow (CBF) (Roy and Sherrington, 1890; Raichle et al.,1976) and their dependence
on the production of vasodilator metabolites by neurons and glia (Kontos, 1981; Edvinson
et al., 1993; Hawkins and Davis, 2005; Koehler et al., 2009; Attwell et al., 2010; Itoh et
al., 2012), are beyond the scope of our research (for review, see Lenzi et al., 1999; Murkin,
2007; Østergaard et al., 2014).
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Cerebral vascular dysfunction after impact (non-blast) TBI
Failure of CBF autoregulation is a common observation in the different types of
cerebral injury and may contribute to cerebral injury in the case of secondary arterial
hypotension (DeWitt and Prough, 2003). Studies assessing cerebral autoregulation after
impact (non-blast) TBI resulted in a pathology associated with cerebral ischemia and
secondary insults (Miller and Becker, 1982; Steiner et al., 2003). In the laboratory setting,
hypotension after TBI (Ishige et al., 1988; Kroppenstedt et al., 1999; Lammie et al., 1999;
Matsushita et al., 2001) was associated with reduced CBF (Giri et al., 2000; Matsushita et
al., 2001; Elder et al., 2015) and brain tissue oxygen levels (Giri et al., 2000), impaired ion
homeostasis (Stiefel et al., 2005), compromised metabolism (Ishige et al., 1988), lessened
neuroprotective gene expression (Hellmich et al., 2005b) and increased neuronal
injury/loss (Jenkins et al., 1989; Cherian et al., 1996; Kroppenstedt et al., 1999; Lammie et
al., 1999; Matsushita et al., 2001). Clinical evidence indicates that hypotension (systolic
blood pressure < 90 mmHg) or hypoxemia (PaO2 ≤ 60 mmHg) or a combination of the two
were associated with doubled mortality and reduced recovery rates in TBI patients (Miller
et al., 1992; Chesnut et al., 1993b) and that autoregulation was impaired to some degree
during the initial days after TBI (Overgaard and Tweed, 1974; Bouma and Muizelaar,
1990). Bouma and Muizelaar (1990) tested autoregulation by both increasing and
decreasing blood pressure and observed that in 41% of patients studied, autoregulation was
impaired in response to increased blood pressure while in 78% of patients studied
decreased blood pressure resulted in impaired autoregulation. These results suggest that
after TBI, increases in arterial blood pressure lead to less sensitive vascular constrictor
responses compared to the vessel’s extra sensitive dilatory responses to lowered arterial
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blood pressure (DeWitt and Prough, 2009). In addition to the varied elements of cerebral
vascular dysfunction investigated above, the inflammatory response is known to be
invoked in models of moderate-to-severe TBI. However, Perez-Polo et al. (2013) observed
acute inflammatory biomarkers, macrophage and microglial (astrocyte) activation and
BBB dysfunction at 3 and 6 hours and at 18 days post mild-TBI, indicating that even mild
injuries are capable of activating a detrimental inflammatory-surge response that affects
cellular and glial activation as well as BBB integrity, among others.
Cerebral vascular dysfunction after bTBI
Both single and repeated blast overpressures resulted in impaired cerebral vascular
endothelium-dependent dilation (Toklu et al., 2015), a vascular pathology associated with
extracellular matrix alterations, an increase in inflammatory cytokines for sustained
periods post-blast and cerebral arterial vasospasm (Armonda et al., 2006; Bauman et al.,
2009).
Furthermore, blast exposure in animals caused BBB breakdown (Yeoh et al., 2013;
Wang and Cheng, 2016) leading to increased vascular permeability (Readnower et al.,
2010; Garman et al., 2011) and decreased CBF (Elder et al., 2015). The intensity of blast
overpressures also was positively correlated with increased vascular leakage due to
disturbance in BBB integrity (Elder et al., 2015), an increase in brain reactive oxygen
species (ROS) levels, astrocytosis and cell apoptosis at several time points after blast
exposure (Kabu et al., 2015). Gama Sosa et al. (2014) reported a selective vascular
pathology that was present 24 hours after injury and persisted for months post-blast in brain
regions with a seemingly undamaged neuropil while Ahmed et al. (2013) detected vascular
abnormalities. Blast injury can also result in mRNA expression pattern changes, mild
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venous hemorrhage in the subarachnoid space and thrombosis (accompanied by
inflammatory markers) (Balaban et al., 2016). Sosa et al. (20013) detected shear-injury
type focal lesions and microhemorrhages observed 24 hours after blast injury while
cerebral infarction due to gas emboli from blast lung (Elsayed, 1997; Cernak et al., 2001b;
Wolf et al., 2009) has also been observed.
CELLULAR INJURY
Direct insult to the brain after impact (non-blast) TBI induces cell degeneration
and/or death (for review, see Kovesdi et al., 2007; Werner and Engelhard, 2007; Loane and
Faden, 2010; Giunta et al., 2012; Lozano et al., 2015). In mice and rats, the hippocampus
has been widely studied as part of the brain responsible for behavior, spatial memory, and
navigation. Hippocampal neurons, specifically those found in the Cornu ammonis region
3 (CA3), have typically demonstrated a greater vulnerability to injury (Clark et al., 2005;
Leung et al., 2008; Moser and Kropf, 2008) in rodent models of experimental TBI while
pyramidal neurons in the CA1 sector of the hippocampus have generally been vulnerable
to hypoxemia or ischemia (Clark et al., 2005; Moser and Kropf, 2008). Post-mortem
examinations of TBI patients revealed neuronal injury/death in the CA1 and CA3 regions
(Leung et al., 2008).
MEMORY AND COGNITIVE FUNCTION
Cognitive dysfunction is one of the most prevalent sequelae of TBI (Gronwall and
Wrightson, 1974; Rimel et al., 1981; Levin et al., 1982; Rimel et al., 1982; Stuss et al.,
1985; Binder, 1986; Hamm et al., 1996), with disruption of memory (TBI patients had
trouble recalling lists of numbers) (Brooks, 1972), retrograde and anterograde amnesias,
attention deficits (difficulty executing matching tasks and concentrating) (McLean et al.,
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1983), problems with speech, the appearance of seizures and loss of executive functions
appearing as the most common deficits after closed head injury (bTBI) at all severity levels
(Levin et al., 1988; Capruso and Levin, 1992; Arciniegas et al., 2002). Post concussive
symptoms can occur immediately post-blast or months to years later (DePalma et al., 2005;
Okie, 2005; Anderson, 2008; Martin et al., 2008). Disturbances in memory and attention
can be principally problematic, as interruption of these cognitive functions may lead to or
worsen additional disruptions in communication and other more intricate cognitive
functions (Hamm et al., 1993; Hamm et al., 1996; Scheff et al., 1997; Cernak et al., 2001a;
Wolf and Koch, 2016).
FREE RADICALS/PEROXYNITRITE
Increased production of ROS and reactive nitrogen species (RNS) is a feature of
experimental, impact brain injury models such as fluid percussion injury (FPI) TBI (Kontos
and Povlishock, 1986; Kontos and Wei, 1986; Povlischock and Kontos, 1992; Hall and
Braughler, 1993; Globus et al., 1995; Hall, 1995a). Like impact TBI, bTBI resulted in the
generation of ROS (Readnower et al., 2010; Abdul-Muneer et al., 2013; Heibert et al.,
2015; Kabu et al., 2015) and RNS (Abdul-Muneer et al., 2013) that can individually or
collectively produce oxidative/nitrosative stress that damages cells. Increased NO levels
due to TBI may result in the production of elevated concentrations of peroxynitrite
(ONOO‾), a harmful nitrogen/oxygen anion (Beckman et al., 1990). Although ONOO‾ is
not a free radical, it is a potent oxidant. Because increased ROS/RNS are a consequence of
blast injury (Elsayed, 1997; Elsayed et al., 1997; Cernak et al., 2001a; DeWitt and Prough,
2009), it is probable that blast-induced impairment of compensatory cerebral vascular
responses is due, in part, to the actions of ONOO‾.
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STUDY FOCUS
Although the effects of TBI on the morphopathology of the cerebral vasculature
have been conducted in non-blast TBI models (fluid percussion, impact acceleration,
controlled cortical impact injury, etc.), to date, most experimental studies on the effects of
blast exposure have focused on the neuronal/glial components of the CNS, making the
effects of primary blast TBI on cerebral vascular reactivity still basically unidentified.
Since the consequences of bTBI on the cerebral circulation and on vascular reactivity have
been far less well studied than concussive effects on the brain and only scattered
information exists about the effects of blast on the cerebral vasculature, this research is
focused on the effects of primary blast injury on cerebral perfusion and cerebral vascular
reactivity.
I tested the hypothesis that bTBI, like non-blast TBI, results in cerebral vascular
injury, impaired cerebral arterial compensatory responses and cerebral hypoperfusion.
Specific Aim 1 was to measure cerebral dilatory responses to reduced intravascular
pressure in harvested middle cerebral arterial (MCA) segments.
Specific Aim 2 was to measure relative cerebral perfusion in vivo (laser Doppler
flowmetry, LDF) in rats subjected to mild bTBI using a compressed air driven shock tube.
Specific Aim 3 was to count the numbers of FluoroJade-C (FJC)-positive neurons
throughout the brain to determine whether levels of bTBI that produced cerebral vascular
injury were also associated with neuronal injury.
Specific Aim 4 was to explore the effects of bTBI on behavioral/cognitive function by
assessing vestibulomotor and working memory function in rats after mild bTBI or Sham
bTBI.
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Specific Aim 5 was to test the hypothesis that blast-induced cerebral vascular dysfunction
is mediated, in part, by ONOO‾ by assessing the effects of ONOO‾ scavenging after bTBI
by measuring relative cerebral perfusion, mean arterial blood pressure (MAP) and cerebral
vascular resistance (CVR) in rats treated with penicillamine methyl ester (PenME) after
bTBI.
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METHODS
Chapter 2: Materials and Methods
ADVANCED BLAST SIMULATOR
The shock wave from an idealized blast can be assumed to be spherically symmetric
so that any solid angle cut from the flow field as subtended from the source will replicate
the basic physics of spherical blast decay with distance (Stahl, 2003; Banchoff and Lovett,
2015). The distinctive blast-wave characteristics of an exponential-like decay profile,
negative phase and secondary shock are direct artifacts of blast propagation in spherical
geometry (Meserve, 1983; Stahl, 2003). A shock-tube having a constantly diverging crosssection from the driver chamber would best serve the purpose of blast simulator (Dressler,
1954; Martin, 1958). For simulation of shock wave exposures (<100 psi) (Courant and
Friedrichs, 1948), a duct having a diverging area with rectangular cross-section (a
‘pyramidal horn’) will have straight walls well-suited for wall-mounting of diagnostics
including optical windows. The Advanced Blast Simulator (ABS) was designed and
constructed to have a diverging rectangular section with dimensions that accurately
replicate the properties of a conical tube (Dowling, 1917) while allowing for the mounting
of pressure sensors, optical windows and a removable tray that supports the experimental
animal. Another unique aspect of the ABS is the reflected wave suppressor. Open- or
closed-ended shock tubes produce reflected waves that travel back through the tube. These
reflected waves are artifacts, that is, they are not present in an open-field blast. The
reflected wave suppressor eliminates these negative waves and, therefore, produces a more
accurate primary blast wave (Henshall, 1957; Martin, 1958; Duff and Blackwell, 1966;
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Cullis, 2001; Segars and Carboni, 2008; Reneer et al., 2011; Stewart and Pecora, 2015).
bTBI was produced by an ABS shock tube designed by David Ritzel (Dyn-FX
Consulting, Ltd., Ontario, Canada) and produced by Steven Parks (ORA, Inc.,
Fredericksburg, VA). The ABS device is 14-feet long, 90 square-inches wide (Figure 1)
and generates Freidlander-like over/underpressures (Friedlander, 1946) (Figure 2) using a
compressed air driver. The ABS consists of a 10-inch driver chamber, a 3.4-foot expansion
section with diverging side walls, a 5-foot specimen section and a cylindrical reflected
wave suppressor. The driver chamber is separated from the expansion section by Mylar
membranes that rupture without loose debris. The specimen chamber has a removable
specimen tray for the experimental animal. Five piezoelectric pressure probe transducers
(Piezotronics Inc., Buffalo, NY) located flush along the inside roof of the ABS (Figure 3)
were used to measure blast shock wave pressures (Figure 4): one transducer in the driver
chamber and four transducers in the specimen chamber – one right above the specimen
tray, one 12 inches to the left of the tray, one 12 inches to the right of the tray and one
adjacent to the animal’s head. Additional details about the ABS device parameters are
available in Appendix A.
ANIMAL INJURY
All experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Texas Medical Branch, an Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC) accredited facility.
All animals were housed under controlled environmental conditions and allowed food and
water ad libitum. In order to ensure a fully formed/fused skull, adult male Sprague-Dawley
rats (Charles River Laboratories, Wilmington, MA) ranging in weight from 350 – 480
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grams were anesthetized (4% isoflurane), intubated, and ventilated (2.0% isoflurane) in
O2/room air (80:20) using a volume ventilator (Small Animal Ventilator, Harvard
Apparatus, Inc., Holliston, MA). Core body temperature was monitored using a rectal
telethermometer (Thermalert Monitoring Thermometer, Physitemp Instruments, Inc.,
Clifton, NJ) and maintained using a thermostatically controlled water blanket (Mul-T-Pad
Temperature Therapy Pad, Gaymar Industries, Inc., Orchard Park, NY). After intubation,
the scalp was shaved, foam plugs were placed into each ear and the animal was secured on
the specimen tray with Velcro® straps in a transverse prone position with the head
supported at right angles to the direction of the shock wave by a leather sling connected
between two posts. When the specimen tray was placed in the ABS, only the head of the
rat was exposed to the shock wave (Figure 5). After the rat was secured to the specimen
tray, the isoflurane was temporarily discontinued, the ventilator hoses were detached but
the rat remained intubated, the specimen tray was locked into the ABS and, at the return of
a withdrawal reflex to paw pinch, was subjected to bTBI (20.9 psi, ± 1.14, 138 kPa ± 7.9)
or Sham bTBI. Shock wave overpressures had a mean rise time of 0.37 milliseconds ±
0.006 and a duration of 3.50 milliseconds ± 0.063, calculated using the slope and yintercept formula. After injury, the animal was removed from the ABS, the duration of
suppression of the righting reflex (RR) was recorded (only animals in Experiments 1, 3 and
4), the animal was reconnected to the ventilator and anesthesia with isoflurane was
resumed. For all Sham animals, the preparatory procedure stated above was followed but
the rat was not subjected to bTBI.
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MIDDLE CEREBRAL ARTERIAL MEASUREMENTS
Cerebral vascular responses to dilator or constrictor stimuli were measured in MCA
segments (Figure 6) harvested from rats subjected to mild, ABS shock wave exposure in
vivo. One of the difficulties associated with studying the effects of TBI on the cerebral
circulation is separating the direct effects of TBI on the cerebral vasculature from the
indirect vascular effects of substances produced by the injured brain (DeWitt and Prough,
2012). This potential confound can be circumvented, in part, by studying the
vasodilator/vasoconstrictor responses of isolated, pressurized and/or perfused cerebral
arteries ex vivo. Admittedly, cerebral arteries would be exposed to substances produced/due
to traumatic injury to the brain parenchyma prior to harvest but the magnitude of this effect
can be minimized by harvesting cerebral arteries immediately after TBI, thereby limiting
the time available for vasoactive substances to be released locally and the duration of
exposure of the arteries in vivo. Studies of isolated cerebral arteries in vitro also provide
the opportunity to test mechanisms of traumatic vascular injury using specific receptor
agonists and antagonists or putative agents of vascular injury that cannot be examined as
effectively or selectively in vivo. The effects of different types of impact (i.e. non-blast)
TBI on cerebral vascular responses have been studied on cerebral arterial segments
(Golding et al., 1998; Golding et al., 1999c; Mathew et al., 1999; Yu et al., 2014).
Experiment 1: Effects of ABS bTBI on dilator responses to reduced intravascular
pressure in isolated MCA segments (Figure 7)
Animals were anesthetized (4% isoflurane), intubated, and ventilated with 2.0%
isoflurane in O2/room air (80:20). After intubation, the scalp was shaved, foam plugs were
placed into each ear and the animal was secured on the specimen tray in a transverse prone
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position with the head supported at right angles to the direction of the shock wave. The
anesthesia was temporarily discontinued, the ventilator hoses were detached but the animal
remained intubated and after securing the specimen tray in the ABS and upon the return of
a withdrawal reflex to paw pinch, the animal was subjected to bTBI (20.9 psi ± 1.14, 138
kPa ± 7.9) or Sham bTBI. For all Sham animals, the preparatory procedure stated above
was followed but the rat was not subjected to bTBI. Immediately after injury, the animal
was removed from the ABS, the duration of suppression of the RR measured, reconnected
to the ventilator and anesthesia resumed (2.0% isoflurane). The animal was survived for
thirty or sixty minutes after ABS bTBI (n=6 for 30 and 60 minute groups) or Sham (n=6
for 30 and 60 minute groups) injury after which the isoflurane level was increased to 4%,
the rat was decapitated, the brain removed, MCA segments collected and mounted in an
Arteriograph (Living Systems Instrumentation, Inc., Burlington, VT) (Bryan et al., 1996;
DeWitt et al., 2001) within 15 – 20 minutes of harvest by an investigator blinded to the
injury type. The mounted arterial segment was bathed in physiologic salt solution (PSS) of
the following composition (mM): NaCl, 130; KCl, 4.7; MgSO4, 7; H2O, 1.17; glucose, 5;
CaCl2, 1.50; NaHCO3, 15, warmed from room temperature to 37°C and equilibrated for 60
minutes with intravascular pressure set at 50 mmHg. The MCA segments were viewed
with an inverted microscope equipped with a video camera and video scaler. Dilator
responses were tested by decreasing intravascular pressure in 20 mmHg increments with a
10 minute equilibration period at each pressure level before diameter measurements were
made.
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LASER DOPPLER FLOWMETRY
Laser Doppler flowmetry provides a continuous measurement of relative cerebral
perfusion. The laser Doppler flow probe emits monochromatic red light (632.8 nm) which
is reflected by moving erythrocytes (Stern et al., 1977). The power and frequency of the
reflected signal, detected by optodes in the needle probe head, are proportional to the blood
volume and blood velocity, respectively. Blood velocity is calculated from the Doppler
shift created by erythrocytes (red blood cells) moving in the area perfused by the probe
laser and reflected back to the receiver in the same probe (Figure 8). Perfusion was
calculated as the product of blood volume and velocity in a 1 mm3 tissue volume under the
probe (Stern et al., 1977; Haberl et al., 1989). Relative changes in CBF determined using
LDF correlated well with microsphere CBF in rabbits (Eyre et al., 1988) and with CBF
measured using the H2-clearance method in cats (Haberl et al., 1989).
Experiment 2: Effects of ABS bTBI on MAP, relative cerebral perfusion and CVR
(Figure 9)
Animals were anesthetized (4% isoflurane), intubated, and ventilated with 2.0%
isoflurane in O2/room air (80:20). After intubation, the scalp was shaved, the tail artery was
cannulated with polyethylene (PE) 10 tubing and the animal placed in a stereotaxic frame.
The midline scalp was incised, reflected and a ¼ inch portion of the skull lateral to the
midline over the frontal-parietal cortex was thinned using an air-cooled dental drill. A
fiber-optic needle probe shielded from light was positioned over the thinned area away
from large blood vessels. Baseline cerebral perfusion and mean arterial pressure were
measured, the LDF probe removed, the edges of the scalp sutured, foam plugs were placed
into each ear and the animal was removed from the stereotaxic frame and secured on the
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ABS specimen tray in a transverse prone position with the head supported at right angles
to the direction of the shock wave. The isoflurane was temporarily discontinued, the
ventilator hoses were detached but the animal remained intubated and after securing the
specimen tray in the ABS and upon the return of a withdrawal reflex to paw pinch, the
animal was subjected to bTBI (20.9 psi ± 1.14, 138 kPa ± 7.9) (n=12) or Sham bTBI (n=10).
For all Sham animals, the preparatory procedure stated above was followed but the rat was
not subjected to bTBI. Immediately after injury, the animal was removed from the ABS,
reconnected to the ventilator and anesthesia resumed (2.0% isoflurane), re-secured on the
stereotaxic frame, the scalp reflected and the LDF needle probe repositioned over the
thinned skull. A temperature probe was then placed deep to the temporalis muscle.
Measurements of cerebral perfusion and arterial blood pressure were continued for two
hours post-injury: every 5 minutes for the first 30 minutes after injury followed by every
15 minutes for the remaining hour and a half. Relative cerebral perfusion was calculated
and expressed as a percent of pre-bTBI baseline. CVR was calculated from MAP and
cerebral perfusion (CVR = MAP/LDF).
In order to compensate for misplaced probes in both the Sham and bTBI rats, I
excluded all animals in which the first measurement after the probe was replaced (5-minute
post-blast time-point) yielded LDF values 20% higher or lower than baseline in the absence
of comparable changes in MAP (five excluded Sham rats and three bTBI rats).
FLUOROJADE
Studies that have examined multiple types of brain injury have utilized FluoroJade
(FJ) staining for successful identification of neuronal injury and degeneration (see:
Schmued et al., 1997; Schmued and Hopkins, 2000; Butler et al., 2003). FJ is a
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fluorochrome derived from fluorescein and is popularly employed to label degenerating
neurons in ex vivo tissue (Schmued et al., 1997; Schmued and Hopkins, 2000) of the CNS.
It has similar excitation and emission profiles as fluorescein (excitation: 495 nm; emission:
521 nm) and can be viewed using a fluorescein isothiocyanate (FITC) filter. Neuronal cell
bodies, dendrites, axons and axon terminals can be visualized using FJ, or more
specifically, FJC (Shmued et al., 2005). When viewed under a fluorescence microscope,
injured or dead neurons will fluoresce brightly in contrast to neighboring neurons (Figure
10A). FJ appears to be more a responsive, definitive indicator of neuronal injury than
hematoxylin and eosin (H&E) or Nissl stains and is significantly simpler to undertake than
silver staining techniques. It exhibits the greatest signal to background ratio, highest
resolution, maximum contrast and affinity for neurons making it ideal for localizing
degenerating nerve cell bodies (Shmued et al., 1997; Schmued and Hopkins, 2000;
Schmued et al., 2005; Schmuck et al., 2009). However, though the exact mechanism by
which FJ stains injured and/or dying neurons is currently not known, some inferences can
be made concerning the histochemical specificity of FJ based on its chemical properties.
An injured/dying neuron presumably expresses a strongly basic molecule since it has an
affinity for the powerfully acidic FJ but a repulsion towards the intensely basic dyes used
for Nissl counterstaining purposes (Shmued et al., 1997). This putative “degeneration
molecule” may be generated during the progression of degeneration and is not merely a
normally occurring molecule that labels only when FJ comes into contact with the
intercellular environment by way of a disrupted plasma membrane (Shmued et al., 1997).
This is inferred from the observation that treatments which can permeabilize membranes
(freezing, solvent extraction, and detergent exposure) fail to alter the characteristic staining
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patterns (Shmued et al., 1997; Schmuck et al., 2000; Schmuck and Kahl, 2009). It should
also be noted that, although FJ is widely used to stain injured and/or dying neurons
(Schmued et al., 1997; Larsson et al., 2001; Sato et al., 2001; Hellmich et al., 2005a;
Hellmich et al., 2005b) there is evidence that FJ-positive cells may be injured but not
necessarily dying (Wang et al., 2015) and FJ may stain non-neural cells (e.g. activated
microglia, astrocytes) under circumstances when combined with specific markers for
detection of GFAP or activated CD68 microglia (Damjanaca et al., 2007).
Experiment 3: Effects of ABS bTBI on cell injury in the brain (Figure 11)
Animals were anesthetized (4% isoflurane), intubated, and ventilated with 2.0%
isoflurane in O2/room air (80:20). After intubation, the scalp was shaved, foam plugs were
placed into each ear and the animal was secured on the specimen tray in a transverse prone
position with the head supported at right angles to the direction of the shock wave. The
anesthesia was temporarily discontinued, the ventilator hoses were detached but the animal
remained intubated and after securing the specimen tray in the ABS and upon the return of
a withdrawal reflex to paw pinch, the animal was subjected to bTBI (20.9 psi ± 1.14, 138
kPa ± 7.9) (n=6 for 24 and 48 hour groups) or Sham bTBI (n=6 for 24 and 48 hour groups).
For all Sham animals, the preparatory procedure stated above was followed but the rat was
not subjected to bTBI. Immediately after injury, the animal was removed from the ABS,
the duration of suppression of the RR measured and 24 or 48 hours later, anesthetized with
4.0% isoflurane, decapitated and the brains were removed, frozen on dry ice and stored at
80°C. Brains were sectioned (10 μm) (Figure 10B) on a cryostat (Leica CM1860, Leica
Biosystems, Inc., Buffalo Grove, IL) and every 25th section was mounted on Superfrost™
Plus microscope slides (Fisherbrand™, Fisher Scientific Co., Pittsburgh, PA). Sections
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were immersed in 75% ethanol for 1 minute, Millipore quality (MilliQ) H2O for 1 minute
and cresyl violet for 15 – 20 seconds at room temperature. Sections were then washed in
MilliQ H2O two times for 30 seconds each and then immersed in FJC (0.0001% in MilliQ
H2O with 0.1% acetic acid vehicle) for 4 minutes. Sections were removed from the FJC
and washed in MilliQ H2O three separate times for 1 minute each, in 95% ethanol for 30
seconds and in 100% ethanol for 30 seconds. Lastly, sections were immersed in xylene
twice for 3 minutes each, then allowed to air dry overnight in a darkened fume hood. Two
investigators, blinded to experimental groups, counted 30 slides with two sections mounted
on each slide (60 brain sections for each animal). Ten sections (5 slides) were taken from
the region corresponding to the frontal lobe region; 40 sections (20 slides) were taken from
the parietal/temporal lobe region/s; and ten sections (5 slides) were taken from the occipital
lobe/cerebellum region. FJC-positive cells in each section were viewed using an imaging
system monitor connected to an Olympus BX51 research system microscope (Olympus
Corporation, Tokyo, Japan) using a filter system suitable for visualizing fluorescein or
FITC. FJC-positive cells were summed across all sections. The mean of the two
investigators’ counts was then calculated to get a total mean count for each whole brain.
BEHAVIOR AND CONGNITIVE FUNCTION
Beam balance/walking tasks are used to assess vestibulomotor function through
measurements of fine motor coordination and balance (Hicks and D’Amato, 1975;
Goldstein and Davis, 1990). Originally described by Hicks and D’Amato (1975), these
tasks examine the ability of the animal to remain upright and/or walk on an elevated and
relatively narrow beam. Both the beam walk and beam balance tasks provide a means of
preventing the animals from masking motor deficits through other compensatory
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mechanisms that may present the animal as having no motor dysfunction at all (Hicks and
D’Amato, 1975; Goldstein and Davis, 1990; Sedy et al., 2008; Sweis et al., 2016).
Beam walk
The beam walk task involved training rats to traverse a 3 foot long solid pine beam
(1-inch wide) with a darkened goal box attached at the far end and a lamp and white noise
generator as an aversive stimulus at the starting end (Figure 12). Dulled nails (1¾-inch
length) acting as distracting obstacle pegs were equidistantly spaced along the beam. Once
trained, the time (in seconds) required for the animal to reach the goal box from the starting
point was recorded for three successive trials.
Beam balance
For the beam balance task, rats are trained to balance for 60 seconds on a plywood
beam approximately 1 foot in length and ½ inch in width that is open-ended on one side
with a whiteboard barrier on the other end (Figure 13). Animals underwent two training
sessions and one pre-injury assessment. Once rats were able to remain on the beam, they
were evaluated on their ability to balance and scored for three consecutive trials. These
trials are scored using an ordinal 0 – 2 scoring system based on foot placement, body
balance and tail movement, with a lower score indicating better vestibulomotor function.
Morris water maze
The Morris water maze (MWM) task (Morris, 1981; Morris et al., 1982; Hamm et
al., 1993; Hamm et al., 1996) is a widely used method for assessing cognitive processes
(D’Hooge and De Deyn, 2001). The test examines spatial learning and working memory
in laboratory rodents (Morris, 1984; Hamm et al., 1996; D’Hooge and De Deyn, 2001).
MWM performance is sensitive to lesions of the hippocampus and pre-frontal cortex
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(Schenk and Morris, 1985), making it suitable for detecting TBI-induced memory and
learning deficits. Place navigation is often used as a general assay of cognitive function
(Black et al., 1977; O’Keefe and Conway, 1978; Morris et al., 1982). The water maze
consists of a circular pool, 6 feet in diameter filled to a depth of approximately 2.5 feet
(Figure 14A). The animals escape from the water by locating and climbing onto a
transparent Plexiglass goal platform 4.5 inches in diameter located just beneath the surface
of the water. The location of the platform is determined relative to distal visual cues
(Figure 14B) or landmarks surrounding the pool (placement of objects at different
locations or on the walls of the testing room) (Morris, 1984; D’Hooge and De Deyn, 2001;
Vorhees and Williams, 2014). The swim path of the animal was tracked using a ceilingmounted videocamera connected to a computer with tracking software (Anymaze,
Stoelting Co., Wood Dale, IL). The task consists of multiple sets of measurements of the
time required for the rat to find the goal platform. Rats that fail to locate the platform within
120 seconds were placed on the platform for 30 seconds (D’Hooge and De Deyn, 2001;
Vorhees and Williams, 2014). The animals were placed into the water facing the pool wall
at fixed starting positions. Since working memory is particularly sensitive to hippocampal
injury, a working MWM protocol was used for my studies (see below) (Hamm et al., 1992;
Hamm et al., 1996). For assessments of working memory, the platform position and the
entry position changed between pairs of trials but remained constant between the trials in
each pair. Although the time to the goal platform on both trials of each pair was measured,
the difference between the first and second trials was used to assess working memory
function.
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Experiment 4: Effects of ABS bTBI on vestibulomotor and cognitive function (Figure
15)
To ensure that the assessment of vestibulomotor and working memory function
were not confounded by motor deficits following ABS blast injury, animals were trained
on beam walk (Dixon et al., 1987; Dixon et al., 1999; Hamm, 2001) and beam balance
(Feeney et al., 1982; Dixon et al., 1987; Dixon et al., 1999) tasks the day before bTBI or
Sham bTBI and on the day of blasting prior to injury. On the day of injury, animals were
anesthetized (4% isoflurane), intubated, and ventilated with 2.0% isoflurane in O2/room air
(80:20). After intubation, the scalp was shaved, foam plugs were placed into each ear and
the animal was secured on the specimen tray in a transverse prone position with the head
supported at right angles to the direction of the shock wave. The anesthesia was temporarily
discontinued, the ventilator hoses were detached but the animal remained intubated and
after securing the specimen tray in the ABS and upon the return of a withdrawal reflex to
paw pinch, the animal was subjected to bTBI (20.9 psi ± 1.14, 138 kPa ± 7.9) (n=10) or
Sham bTBI (n=10). For all Sham animals, the preparatory procedure stated above was
followed but the rat was not subjected to bTBI. Immediately after injury, the animal was
removed from the ABS, the duration of suppression of the RR measured then were placed
back in their cage after fully recovering from the anesthesia. Animals were subsequently
tested on the beam walk and beam balance tasks on post-injury days 1 – 5 and on the MWM
task on post-injury days 11 – 15. For the working memory MWM protocol employed, each
animal received four pairs of timed trials per day, for five consecutive days. For each pair
of trials, the entry point and platform locations were randomized while visual cues located
on the walls of the testing chamber remained constant throughout each day. For each trial,
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the animal was placed in the maze facing the pool wall and given 120 seconds to locate
and climb onto the hidden platform. If the animal was not successful in locating the
platform by the allotted time frame at the end of the first trial, it was placed on the platform
for 30 seconds before being returned to the start position for the second trial. Between the
pairs of timed trials the animals were kept in a lamp-heated warming box. During the 4minute interval between pairs of trials, both the start position and the goal location were
changed. Movement within the maze was recorded with a video camera, video scanning
unit and the SMART tracking computer software (San Diego Instruments, Inc., San Diego,
CA).
PEROXYNITRITE SCAVENGERS
Increased production of ROS and RNS is a feature of FPI TBI and bTBI (Kontos
and Povlishock, 1986; Kontos and Wei, 1986; Povlischock and Kontos, 1992; Hall and
Braughler, 1993; Globus et al., 1995; Hall, 1995a; Readnower et al., 2010; Heibert et al.,
2015; Kabu et al., 2015). Scavenging of free radicals, ROS/RNS and ONOO‾ (Figure 16),
have been reported to reduce the effects of TBI on the brain and cerebral vasculature
(Kontos and Povlishock, 1986; Kontos and Wei, 1986; Althaus et al., 1994; Hall, 1995b;
Hall et al., 1999). I tested the effects of the ONOO‾ scavenger PenME on cerebral
perfusion after bTBI.
Experiment 5: Effects of ABS bTBI on MAP, relative cerebral perfusion and CVR after
PenME administration (Figure 17)
Animals were anesthetized (4% isoflurane), intubated, and ventilated with 2.0%
isoflurane in O2/room air (80:20). After intubation, the scalp was shaved, the tail artery was
cannulated with polyethylene (PE) 10 tubing and the animal placed in a stereotaxic frame.
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The midline scalp was incised, reflected and a ¼ inch portion of the skull lateral to the
midline over the frontal-parietal cortex was thinned using an air-cooled dental drill. A
fiber-optic needle probe shielded from light was positioned over the thinned area away
from large blood vessels. Baseline cerebral perfusion and mean arterial pressure were
measured, the LDF probe removed, the edges of the scalp sutured, foam plugs were placed
into each ear and the animal was removed from the stereotaxic frame and secured on the
ABS specimen tray in a transverse prone position with the head supported at right angles
to the direction of the shock wave. The isoflurane was temporarily discontinued, the
ventilator hoses were detached but the animal remained intubated and after securing the
specimen tray in the ABS and upon the return of a withdrawal reflex to paw pinch, the
animal was subjected to bTBI (20.9 psi ± 1.14, 138 kPa ± 7.9) (n=8), bTBI + PenME
treatment (n=8) or Sham bTBI (n=8). For all Sham animals, the preparatory procedure
stated above was followed but the rat was not subjected to bTBI. Immediately after injury,
the animal was removed from the ABS, reconnected to the ventilator and anesthesia
resumed (2.0% isoflurane), re-secured on the stereotaxic frame, the scalp reflected and the
LDF needle probe repositioned over the thinned skull. A temperature probe was then
placed deep to the temporalis muscle. Five minutes post-bTBI, 10 mg/kg of PenME was
administered in 0.1 ml saline vehicle through the cannulated tail artery. Measurements of
cerebral perfusion and arterial blood pressure were continued for two hours post-injury:
every 5 minutes for the first 30 minutes after injury followed by every 15 minutes for the
remaining hour and a half. Relative cerebral perfusion was calculated and expressed as a
percent of pre-bTBI baseline. CVR was calculated from MAP and cerebral perfusion (CVR
= MAP/LDF).
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DATA ANALYSIS
Statistical analyses were performed with the use of GraphPad Prism 5 software,
(GraphPad software version 5.00, San Diego, CA). The myogenic response to changes in
intravascular pressure was assessed by calculating percent change from baseline (100
mmHg) for each level of intra-arterial pressure (80, 60, 40, and 20 mmHg). Unpaired
Student’s t-tests were used to evaluate differences between the bTBI and Sham group
baselines. Differences in MCA dilator responses between bTBI and Sham groups were
assessed using a repeated one-way analysis of variance (ANOVA) Dunnett’s multiple
comparisons test and a Bartlett’s test for equal variance. Relative cerebral perfusion, MAP
and CVR data in both the untreated blood flow study (Experiment 2) and PenME-treated
study (Experiment 5) were analyzed using unpaired Student’s t-tests and two-way ANOVA
after calculating percent change from baseline for each respective parameter. FJC-stained
cell counts were averaged for each of the four groups (24 and 48-hour Sham, 24 and 48hour bTBI) and for each lobe region (frontal, parietal/temporal and occipital) in each of the
four groups. Unpaired Student’s t-test analyses were performed between the 24 and 48hour Sham groups versus the 24 and 48-hour bTBI groups as well as between each time
point’s respective bTBI and Sham group’s lobe region in an effort to evaluate differences
between the Sham and bTBI animals. A one-way ANOVA was performed between all
three lobe regions in the 24-hour Sham group versus the 24-hour bTBI group and between
all three lobe regions in the 48-hour Sham group versus the 48-hour bTBI group. A repeated
measure two-way ANOVA was performed on the differences in the MWM latencies to the
goal platform between the first and second trials of each successive day between the two
groups as a whole. Since beam balance scores were ordinal, those data was analyzed using
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the Mann-Whitney test.
Due to the reduction in statistical power that results from repeated testing,
comparisons at each specific pressure point in the MCA experiments (e.g. between 100 and
80 mmHg or between 60 and 40 mmHg, etc.) or between individual days between the two
groups in the beam walk, beam balance and MWM trials (e.g. between days 1 and 5 or
between days 12 and 14) were not conducted.
Significance was accepted at the P ≤ 0.05 level. All data in the text, table, and figures
are expressed as means ± standard errors of the means (SEM).
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Figure 1:

Advanced Blast Simulator (ABS) shock tube device

The ABS used to produce primary blast injury in all study animals. 1 = driver chamber;
2 = expansion chamber; 3 = specimen chamber; 4 = reflected wave suppressor
= specimen tray.
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Figure 2:

Ideal Friedlander curve

A schematic of a classical, ideal blast waveform (Friedlander curve, Friedlander, 1946)
from an open field explosion, characterized by an instantaneous rise in pressure
immediately followed by a decaying curve. Prior to detonation, pressure is normal (PO, the
blue-shaded area before and below the overpressure peak). With the passage of a shock
front, the blast forces are maximal, resulting in a peak overpressure and positive impulse.
As the overpressure wave passes, the drop in atmospheric pressure to below normal results
in a reversed blast wind which allows for the negative impulse and negative phase duration.
Atmospheric pressure then returns to normal after the blast wave subsides.
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Figure 3:

Location of transducers in ABS

Placement of the five transducers located within the ABS used to measure blast shock wave
pressures. The driver chamber contains one transducer while the specimen chamber
contains four transducers – one right above the specimen tray, one 12 inches to the left of
the tray, one 12 inches to the right of the tray and one on the specimen tray, adjacent to the
animal’s head.
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Figure 4:

Blast wave over- and underpressures (in pounds/inch2, PSI) produced by the
ABS versus time.

The y-axis represents shock wave pressures recorded by each of the five transducers
located throughout the ABS (each colored line represents the recorded pressure collected
by a different transducer) while the x-axis represents the time in milliseconds of phase
duration.
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Figure 5:

Animal placement inside ABS

Direction and orientation of the experimental animal inside the ABS. When placed in the
ABS, the animal is in a transverse prone position with the dorsal surface of the head
perpendicular to the shock wave direction (red arrows).
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Figure 6:

Location of middle cerebral arteries (MCA)

Ventral view of the rat brain highlighting the location of the MCA’s relative to the posterior
cerebral arteries (PCA), internal carotid arteries (ICA), external carotid arteries (ECA),
basilar artery (BA) and common carotid arteries (CCA).
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Figure 7:

Experiment 1 design

Experimental design and timeline of the effects of ABS bTBI on dilator responses to
reduced intravascular pressure in isolated middle cerebral arterial (MCA) segments. Male
Sprague Dawley rats were anesthetized, intubated and mechanically ventilated. Animals
were blast or sham-injured and 30 or 60 minutes after injury, the animals were sacrificed,
the brain removed and the MCA’s harvested. MCA’s were then mounted on an
arteriography system that allows for control of intravascular pressure through the MCA
segment and measurement of lumen diameter and the myogenic responses of the arteries
were tested by decreasing this intraluminal pressure in increments of 20 mmHg.
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Laser probe
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Moving erythrocytes
Figure 8:

Laser Doppler flowmetry (LDF) mechanism

The technique is based on a laser light hitting moving erythrocytes. Light applied from a
laser beam is scattered after entering tissue. The light undergoes a change in wavelength
(Doppler shift) directly related to the number and relative velocity of the cells in flux while
light hitting static objects remains unchanged. The signals provided by these moving
erythrocytes are then bounced back to a detector.
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Figure 9:

Experiment 2 design

Experimental design and timeline of the effects of ABS bTBI on mean arterial blood
pressure (MAP), relative cerebral perfusion (CBF) and cerebral vascular resistance (CVR).
Male Sprague Dawley rats were anesthetized, intubated and mechanically ventilated. The
tail artery was cannulated for constant observation of MAP and the left hemisphere of the
skull was thinned down. The animals were placed on a stereotaxic frame head-holder, the
Doppler probe was positioned over the thinned portion of the skull and baseline MAP and
CBF measurements were taken for 30 minutes before injury. Animals were removed from
the stereotaxic frame, blast or sham-injured, returned to the frame and the Doppler probe
was repositioned on the skull. MAP and CBF were then measured for 2 hours after injury:
every 5 minutes for the first 30 minutes after injury followed by every 15 minutes for the
remaining hour-and-a-half.
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Figure 10: Brain sectioning and FluoroJade (FJ) fluorescence
Schematic of the successive sectioning done front to back on the whole rat brain (B). When
viewed under a fluorescence microscope, injured or dying neuronal cell bodies (seen here
scattered amongst the CA subgroups of the hippocampus) will fluoresce brightly in contrast
to the dark-spotted normal, uninjured neighboring neurons (A).
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Figure 11: Experiment 3 design
Experimental design and timeline of the effects of ABS bTBI on cell injury in the brain.
Male Sprague Dawley rats were anesthetized, intubated and mechanically ventilated.
Animals were blast or sham-injured and allowed to recover. 24 or 48 hours after injury, the
animals were reanesthetized, sacrificed and the brain harvested and frozen. The entire brain
was then sectioned onto slides and stained with FluoroJade-C (FJC). The numbers of FJCpositive cells were then counted by two investigators blinded to experimental group.
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Figure 12: Beam walk apparatus
Set up of the beam walk apparatus. Rats are trained and then timed to traverse a 3 foot long
solid pine beam 1 inch in width that contains a darkened goal box attached at the far end
with a lamp and white noise generator as an aversive stimulus at the starting end.
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Figure 13: Beam balance apparatus
Set up of the beam balance apparatus. For this task, rats are trained to balance for 60
seconds on a plywood beam approximately 1 foot in length and ½ inch in width that is
open-ended on one side with a whiteboard barrier on the other end.
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Figure 14: Morris water maze (MWM) pool
(A) The water maze consists of a circular pool, 6 feet in diameter filled to a depth of
approximately 2.5 feet. The animals escape from the water by locating and climbing onto
a transparent Plexiglass goal platform (seen outside and to the right of the pool) 4.5 inches
in diameter that stands just beneath the surface of the water. (B) Visual cues important for
orientation located on the walls of the testing chamber remained constant throughout each
testing day.
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Figure 15:

Experiment 4 design

Experimental design and timeline of the effects of ABS bTBI on vestibulomotor and
cognitive function. Male Sprague Dawley rats were trained on the beam walk and beam
balance tasks on the day before injury and on the day of injury, prior to being injured.
Animals were anesthetized, intubated and mechanically ventilated on the day of injury,
blast or sham-injured and allowed to recover. On post-injury days 1-5, the animals
performances were tested on the beam walk and beam balance tasks. On post-injury days
11-15, animals were tested on the Morris water maze (MWM) task.

45

Figure 16: Peroxynitrite formation
Peroxynitrite (ONOO‾) is formed when excessive nitric oxide (NO) reacts with superoxide
anion (•O2‾) radicals at a rate constant faster than superoxide dismutase (SOD) can
scavenge superoxide. Normally, SOD scavenges superoxide anion yielding the formation
of hydrogen peroxide (H2O2), which is further catalyzed by glutathione peroxidase
(GSHpx) into water (H2O) and oxygen (O2).
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Figure 17: Experiment 5 design
Experimental design and timeline of the effects of ABS bTBI on mean arterial blood
pressure (MAP), relative cerebral perfusion (CBF) and cerebral vascular resistance (CVR)
after penicillamine methyl ester (PenME) administration. Male Sprague Dawley rats were
anesthetized, intubated and mechanically ventilated. The tail artery was cannulated for
constant observation of MAP and the left hemisphere of the skull was thinned down. The
animals were placed on a stereotaxic frame head-holder, the Doppler probe was positioned
over the thinned portion of the skull and baseline MAP and CBF measurements were taken
for 30 minutes before injury. Animals were removed from the stereotaxic frame, blast or
sham-injured, returned to the frame and the Doppler probe was repositioned on the skull.
5 minutes post-injury, 10 mg/kg of PenME was administered in a 0.1 ml saline vehicle.
MAP and CBF were then measured for 2 hours after injury: every 5 minutes for the first
30 minutes after injury followed by every 15 minutes for the remaining hour-and-a-half.
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RESULTS
Chapter 3: Study Results
RIGHTING REFLEX
The mean duration of RR suppression for all of the rats subjected to ABS bTBI
shockwave exposure (5.19 min ± 2.1) was significantly higher (P = 0.007, bTBI vs Sham)
than in the Sham group (4.27 min ± 1.6) (Figure 18).
EXPERIMENT 1: EFFECTS OF ABS bTBI ON DILATOR RESPONSES TO
REDUCED INTRAVASCULAR PRESURE IN ISOLATED MCA SEGMENTS
Mean bTBI overpressure for Experiment 1 was 20.5 psi ± 1.6. In both the 30 and
60-minute Sham groups, MCA diameters increased above baseline as intraluminal pressure
was reduced from 100 to 20 mmHg. Dilator responses to progressive reductions in
intravascular pressure were significantly reduced in the 30-minute (P = 0.01, bTBI vs.
Sham) and 60-minute (P = 0.02, bTBI vs. Sham) ABS bTBI groups after blast exposure
(Figure 19).
EXPERIMENT 2: EFFECTS OF ABS bTBI ON MAP, RELATIVE CEREBRAL
PERFUSION AND CVR
Mean bTBI overpressure for Experiment 2 was 20.0 psi ± 2.1. To correct for changes
in relative perfusion that may have been due to the removal and repositioning of the LDF
probe rather than blast-induced changes in perfusion, rats in either group in which
perfusion changed more than 20% in either direction of baseline were excluded from the
study (see Discussion for details and rationale). Although there was a trend towards
elevated MAP in the bTBI group, the differences were not statistically significant (P =
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0.11, bTBI vs. Sham) (Figure 20). In contrast, cerebral perfusion was significantly reduced
(P < 0.0001, bTBI vs. Sham) (Figure 21) and CVR significantly elevated (P = 0.00042,
bTBI vs. Sham) (Figure 22) in the bTBI group for at least two hours post-bTBI.
EXPERIMENT 3: EFFECTS OF ABS bTBI ON CELL INJURY IN THE BRAIN
Mean bTBI overpressure for Experiment 3 was 19.1 psi ± 1.8. The majority of
positively stained neuronal cell bodies appeared throughout the cortex in the region
overlapping the frontal and parietal/temporal lobes of the sectioned brain. The total
numbers of FJC-positive cells were significantly greater 24 hours (566 mean count ± 20.9)
(P = 0.0004, 24 hour bTBI vs. 24 hour Sham) and 48 hours (456 mean count ± 17.9) (P =
0.0001, 48 hour bTBI vs. 48 hour Sham) after ABS bTBI (Figure 23) compared to both
the 24 hour Sham (147 mean count ± 10.9) and 48 hour Sham (162 mean count ± 11.4)
groups, respectively. The mean number of FJC positive cells in the 24 hour bTBI group’s
frontal lobe region (74 mean count ± 21), parietal/temporal lobe region (462 mean count ±
65.6) and occipital lobe region (38 mean count ± 10.6) were significantly greater than in
the 24 hour Sham group’s frontal lobe region (20 mean count ± 2.3) (P = 0.026, 24 hour
bTBI frontal counts vs. 24 hour Sham frontal counts), parietal/temporal region (115 ± 7)
(P < 0.0001, 24 hour bTBI parietal/temporal counts vs. 24 hour Sham parietal/temporal
counts) and occipital region (11 ± 2.4) (P = 0.035, 24 hour bTBI occipital counts vs. 24
hour Sham occipital counts) (Figure 24). The mean number of FJC positive cells in all
three 24 hour bTBI group regions was significantly greater than in all three 24 hour Sham
regions (P < 0.0001, 24 hour bTBI group vs. 24 hour Sham group). The mean number of
FJC positive cells in the 48 hour bTBI group’s frontal lobe region (76 mean count ± 19.5)
and parietal/temporal lobe region (354 mean count ± 31.3) were significantly greater than
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in the 48 hour Sham group’s frontal lobe region (23 mean count ± 4.8) (P = 0.025, 48 hour
bTBI frontal counts vs. 48 hour Sham frontal counts) and parietal/temporal region (130
mean count ± 7.1) (P < 0.0001, 48 hour bTBI parietal/temporal counts vs. 48 hour Sham
parietal/temporal counts). However, the 48 hour bBTI group’s occipital lobe region (28
mean count ± 15.1) was not significantly different from the 48 hour Sham group’s occipital
region (9 mean count ± 2.4) (P = 0.239, 48 hour bTBI occipital counts vs. 48 hour Sham
occipital counts) (Figure 25). The mean number of FJC positive cells in all three 48 hour
bTBI group regions was significantly greater than in all three 48 hour Sham regions (P <
0.0001, 48 hour bTBI group vs. 48 hour Sham group). The mean number of FJC positive
cells in the frontal lobe region in the 24 hour bTBI group (74 mean count ± 21) and 48 hour
bTBI group (76 mean count ± 19.5) and the occipital region in the 24 hour bTBI (38 mean
count ± 10.6) and 48 hour bTBI group (28 mean count ± 15.1) were significantly less than
those found in the parietal/temporal lobe region in the 24 hour bTBI (462 mean count ±
65.6) and 48 hour bTBI group (354 mean count ± 31.3) (P = 0.012, bTBI frontal lobe
counts vs. bTBI parietal/temporal lobe counts; P = 0.010, bTBI occipital lobe counts vs.
bTBI parietal/temporal lobe counts). The mean number of positively stained neuronal cell
bodies for the frontal lobe region in both bTBI groups were significantly greater than those
in both bTBI groups in the occipital lobe region (P = 0.007, bTBI frontal lobe counts vs.
bTBI occipital lobe counts) (Figure 26).
EXPERIMENT 4: EFFECTS OF ABS bTBI ON VESTIBULOMOTOR AND
COGNITIVE FUNCTION
Mean bTBI overpressure for Experiment 4 was 20.9 ± 0.7. Beam walk performance
was not significantly different between the bTBI and Sham groups (P = 0.2, bTBI vs.
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Sham) (Figure 27) even though there appeared to be a trend of improved performance
between days 1 – 4 in the Sham group. Although there was a trend towards impaired beam
balance performance in the bTBI group and improved performance in the Sham group
throughout all days tested, the differences were not significantly different (P = 0.06, bTBI
vs. Sham) (Figure 28). Similarly, though there was a trend towards longer MWM latencies
to the goal platform in the bTBI group (38.2 seconds ± 3.4) compared to the Sham group
(30.2 seconds ± 3.2) across days eleven through fourteen, these latencies were not
significantly different between the Sham and bTBI groups (P = 0.067, bTBI vs. Sham)
(Figure 29). However, the inter-trial (trial 1 vs. trial 2 for each pair of trials) differences in
latencies were significantly longer for the Sham group compared to the bTBI group in each
post-injury day tested (P = 0.01, bTBI vs. Sham) (Figure 30), indicating that the noninjured animals were able to remember where to find the platform quicker during the
second trial, making the difference between the pair of trials larger compared to an animal
with impaired working memory who will have shorter differences between the pair of
trials.
EXPERIMENT 5: EFFECTS OF ABS bTBI ON MAP, RELATIVE CEREBRAL
PERFUSION AND CVR AFTER PenME ADMINISTRATION
Mean bTBI overpressure for Experiment 5 was 20.6 psi ± 2.3. MAP was
significantly elevated in the bTBI group compared to the Sham group (P < 0.01, bTBI vs.
Sham) and the bTBI + PenME group (P = 0.001, bTBI vs. bTBI + PenME). However, there
were no significant differences between the Sham and bTBI + PenME groups (P = 0.24,
Sham vs bTBI + PenME) (Figure 31), suggesting a possible therapeutic effect of PenME.
Relative cerebral perfusion was significantly reduced in the bTBI (P < 0.0001, bTBI vs.
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Sham) and bTBI + PenME groups (P < 0.0001, bTBI + PenME vs. Sham) for at least two
hours after mild bTBI. Although there was a trend towards increased perfusion in the bTBI
+ PenME group beginning 30 minutes post-injury, there were no statistically significant
differences in perfusion between the bTBI and bTBI + PenME groups (P = 0.11, bTBI vs.
bTBI + PenME) (Figure 32). Cerebral vascular resistance was significantly elevated in the
bTBI group compared to the Sham (P < 0.01, bTBI vs. Sham) and bTBI + PenME groups
(P < 0.0001, bTBI vs. bTBI + PenME). Interestingly, CVR was significantly lower in the
bTBI + PenME group compared to the Sham group (P < 0.0001, bTBI + PenME vs. Sham)
as well as the bTBI group (P < 0.0001, bTBI + PenME vs. bTBI) for at least two hrs postbTBI (Figure 33).
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Figure 18: Effects of bTBI on righting reflex (RR) suppression
Duration of RR suppression (n=46/group) was significantly elevated in the bTBI group
compared to the Sham group. Mean duration of RR suppression (inset) for the bTBI group
(5.19 min ± 2.1) was significantly longer (P = 0.007, bTBI vs. Sham) than in the Sham
group (4.27 min ± 1.6). The bTBI group’s duration of RR suppression is considered within
the range of mild bTBI injury. Values are plotted as means ± SEM. *P = 0.007 vs. Sham.
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Figure 19: Effects of bTBI on middle cerebral arterial (MCA) responses to reduced
intravascular pressure
Dilator responses to progressive reductions in intravascular pressure exhibited impaired
vasodilatory responses and were significantly reduced in the 30-minute (P = 0.01, bTBI
vs. Sham) and 60-minute (P = 0.02, bTBI vs. Sham) bTBI groups (n=6/group) after blast
exposure compared to the Sham group (n=12). In both the 30 and 60-minute Sham
groups, MCA diameters increased above baseline as intraluminal pressure was reduced
from 100 to 20 mmHg. Values are plotted as means ± SEM. *P < 0.05 vs. Sham.
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Figure 20: Effects of bTBI on mean arterial blood pressure (MAP)
Although there was a trend towards elevated MAP in the bTBI group (n=12) for at least
two hours after injury, the difference in MAP between the bTBI and Sham (n=10) group
was not significant (P = 0.11, bTBI vs. Sham). Values are plotted as means ± SEM.
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Figure 21: Effects of bTBI on relative cerebral perfusion
Relative cerebral perfusion was significantly reduced (P < 0.0001, bTBI vs. Sham) in the
bTBI group (n=12) compared to the Sham group (n=10) for at least two hours after
injury. To correct for changes in relative perfusion that may have been due to the removal
and repositioning of the LDF probe rather than blast-induced changes in perfusion, rats in
either group in which perfusion changed more than 20% in either direction of baseline
were excluded from the study. Values are plotted as means ± SEM. *P < 0.0001 vs.
Sham.
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Figure 22: Effects of bTBI on cerebral vascular resistance (CVR)
CVR was significantly elevated (P = 0.00042, bTBI vs. Sham) in the bTBI group (n=12)
compared to the Sham group (n=10) for at least two hours after injury. Values are plotted
as means ± SEM. *P < 0.001 vs. Sham.
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Figure 23: Effects of bTBI on cell injury in the brain
The number of FluoroJade-C (FJC) positive cells counted throughout sixty sections taken
from the whole brain were significantly greater 24 hours (n=6) (566 ± 20.9) (P = 0.0004,
24 hour bTBI vs. 24 hour Sham) and 48 hours (n=6) (456 ± 17.9) (P = 0.0001, 48 hour
bTBI vs. 48 hour Sham) after bTBI compared to both the 24 hour Sham (n=6) (147 ± 10.9)
and 48 hour Sham (n=6) (162 ± 11.4) groups. Values are plotted as means ± SEM. *P <
0.001 vs. Sham.
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Figure 24: Effects of bTBI on cell injury in the brain – 24-hour group regions
The number of FluoroJade-C (FJC) positive cells in all three 24 hour bTBI group (n=6)
regions was significantly greater than in all three Sham (n=6) regions (P < 0.0001, bTBI
group vs. Sham group). The number of FJC positive cells in the bTBI group’s frontal lobe
(F) region (n=6) (74 ± 21), parietal/temporal lobe (PT) region (n=6) (462 ± 65.6) and the
occipital lobe (O) region (n=6) (38 ± 10.6) were significantly greater than in the Sham
group’s F region (n=6) (20 ± 2.3) (P = 0.026, F bTBI vs. F Sham), PT region (n=6) (115 ±
7) (P < 0.0001, PT bTBI vs. PT Sham) and O region (n=6) (11 ± 2.4) (P = 0.035, O bTBI
vs. O Sham). Values are plotted as means ± SEM. *P < 0.05 vs. Sham.
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Figure 25: Effects of bTBI on cell injury in the brain – 48-hour group regions
The number of FluoroJade-C (FJC) positive cells in all three 48 hour bTBI group (n=6)
regions was significantly greater than in all three Sham (n=6) regions (P < 0.0001, 48 hour
bTBI group vs. 48 hour Sham group). The number of FJC positive cells in the bTBI group’s
frontal lobe (F) region (n=6) (76 ± 19.5) and parietal/temporal lobe (PT) region (n=6) (354
± 31.3) were significantly greater than in the Sham group’s F region (n=6) (23 ± 4.8) (P =
0.025, F bTBI vs. F Sham) and PT region (n=6) (130 ± 7.1) (P < 0.0001, PT bTBI vs. PT
Sham). However, the bBTI group’s occipital lobe (O) region (n=6) (28 ± 15.1) was not
significantly different from the Sham group’s O region (n=6) (9 ± 2.4) (P = 0.239, O bTBI
vs. O Sham). Values are plotted as means ± SEM. *P < 0.05 vs. Sham.
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Figure 26: Effects of bTBI on cell injury in the brain – bTBI group regions
The number of FluoroJade-C (FJC) positive cells in the bTBI group’s frontal lobe (F) 24
hour group (n=6) (74 ± 21) and 48 hour group (n=6) (76 ± 19.5) and in the occipital lobe’s
(O) 24 hour group (n=6) (38 ± 10.6) and 48 hour group (n=6) (28 ± 15.1) were significantly
less than those found in the group’s parietal/temporal lobes (PT) in the 24 hour group (n=6)
(462 ± 65.6) and 48 hour group (n=6) (354 ± 31.3) (P = 0.012, F vs. PT; P = 0.010, O vs.
PT). The number of FJC positive cells in both F groups were significantly greater than
those in both O groups (P = 0.007, F vs. O). Values are plotted as means ± SEM. *P < 0.05
vs. each of the other two groups.
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Figure 27: Effects of bTBI on beam walk performance
Beam walk performance was not statistically significantly worse in the bTBI group (n=10)
compared to the Sham group (n=10) (P = 0.2, bTBI vs. Sham) even though there appeared
to be a trend of improved performance between days 1 – 4 in the Sham group. Values are
plotted as means ± SEM.
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Figure 28: Effects of bTBI beam balance performance
Although there was a trend towards impaired beam balance performance in the bTBI group
and improved performance in the Sham group throughout all days tested, performance was
not significantly worse in the bTBI group (n=10) compared to the Sham group (n=10)
(P = 0.06, bTBI vs. Sham). Values are plotted as means ± SEM.
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Figure 29: Effects of bTBI on working memory performance – overall latencies
Though there was a trend towards longer overall Morris water maze (MWM) latencies to
locate the goal platform (inset) in the bTBI group (n=10) (38.2 sec ± 3.4) across days 11 –
14 post-injury, these latencies were not significantly different (P = 0.067, bTBI vs. Sham)
from the Sham group (n=10) (30.2 sec ± 3.2). Values are plotted as means ± SEM.

64

Figure 30: Effects of bTBI on working memory performance – latencies between trial
pairs
The differences in latencies to the goal platform between the first and second trials for each
pair of trials were significantly longer for the Sham group (n=10) compared to the bTBI
group (n=10) in each post-injury day tested (P = 0.01, bTBI vs. Sham), indicating impaired
working memory in the bTBI group as the injured animals took significantly longer than
the Sham animals to find the goal platform on the second trial for each pair of trials on each
day tested. Means for each group across all days tested as a whole were compared. Values
are plotted as means ± SEM. *P < 0.01 vs. Sham.
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PenME

Figure 31: Effects of bTBI on mean arterial blood pressure (MAP) after penicillamine
methyl ester (PenME) treatment
MAP was significantly elevated in the bTBI group (n=8) compared to the Sham group
(n=8) (P < 0.01, bTBI vs. Sham) and bTBI+PenME group (n=8) (P = 0.001, bTBI vs.
bTBI+PenME) for at least two hours after bTBI. However, there were no statistically
significant differences between the Sham and bTBI+PenME groups (P = 0.24, Sham vs.
bTBI+PenME), suggesting ONOO‾ and/or ROS scavenging as well as a possible
therapeutic effect of PenME. Values are plotted as means ± SEM. *P < 0.01 vs. Sham;
**P = 0.001 vs. bTBI+PenMe.
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PenME

Figure 32: Effects of bTBI on relative cerebral perfusion after penicillamine methyl
ester (PenME) treatment
Relative cerebral perfusion was significantly reduced in the bTBI (n=8) (P < 0.0001, bTBI
vs. Sham) and bTBI+PenME group (n=8) (P < 0.0001, bTBI+PenME vs. Sham) compared
to the Sham group (n=8) for at least two hours after bTBI. Although there was a trend
towards increased perfusion in the bTBI+PenME group beginning 30 minutes post-injury,
there were no statistically significant differences in perfusion between the bTBI and
bTBI+PenME groups (P = 0.11, bTBI vs. bTBI+PenME). Values are plotted as means ±
SEM. *P < 0.0001 vs. Sham.
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PenME

Figure 33: Effects of bTBI on cerebral vascular resistance (CVR) after penicillamine
methyl ester (PenME) treatment
CVR was significantly elevated in the bTBI group (n=8) compared to both the Sham group
(n=8) (P < 0.01, bTBI vs. Sham) and bTBI+PenME group (n=8) (P < 0.0001, bTBI vs.
bTBI+PenME) but significantly reduced in the bTBI+PenME group compared to the both
the Sham group (P < 0.0001, bTBI+PenME vs. Sham) and bTBI group (P < 0.0001,
bTBI+PenME vs. bTBI) for at least two hours after bTBI. Values are plotted as means ±
SEM. *P < 0.01 vs. Sham; **P < 0.0001 vs. Sham and vs. bTBI+PenME.
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DISCUSSION
Chapter 4: Discussion and Conclusions
These studies revealed that mild bTBI significantly impaired cerebral compensatory
dilator responses to reduced intravascular pressure in MCA segments 30 and 60 minutes
after mild bTBI, reduced relative cerebral perfusion without significantly altering MAP for
at least two hours after injury and increased CVR, an observation consistent with previous
reports of blast-induced vasospasm. Additionally, mild bTBI resulted in significantly
impaired working memory up to two-weeks post-bTBI and led to increased numbers of
FJC-positive cells throughout the cortex of the rat brain with the greater quantity located
amongst the areas overlapping the frontal and parietal/temporal lobes. Significant
reductions in blast-induced increases in MAP and significant reductions in CVR after
treatment with the ONOO‾ scavenger PenME suggest that blast-induced cerebral vascular
dysfunction may be due, in part, to the action of oxidants such as ONOO‾.
Although shock wave exposure was associated with impaired cerebral perfusion
and dilator responses to reduced intravascular pressures, neuronal injury and cognitive
dysfunction, the mild shock wave levels used in these studies resulted in durations of
suppression of the RR (< 1 minute) only slightly higher than those in Sham-injured rats.
Due to the nature of Experiment 2 and 5’s protocol of having MAP and relative cerebral
perfusion measured at the 5 minute time point post-blast, duration of RR suppression was
only recorded for the animals in Experiment 1, 3 and 4.
In experimental studies of bTBI, as in non-blast TBI, there is some overlap
between overpressure levels considered to result in “mild” or “moderate” bTBI (DeWitt
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et al., 2013). Comparisons across different models of blast injury are difficult due to
numerous factors such as variations in the magnitude of blast overpressure ranges used
for injury, the assorted details of the experimental setup such as the location of the animal
(inside vs. out) relative to the shock tube and the size, length, and type of shock or blast
tube used (Cernak, 2005; Cernak and Noble-Haeusslein, 2010; Risling and Davidsson,
2012). Inconsistencies in these blast experiment methodologies confound the proper
characterization of injury severity level. A major ambiguity is the duration of suppression
of the RR and what range constitutes a mild, moderate or severe bTBI. To that end, my
study based our definition of mild bTBI on a duration of suppression of RR less than or
equal to 7 minutes; a moderate injury between 8 – 14 minutes; and a severe injury more
than 14 minutes (Readnower et al., 2010; DeWitt et al., 2013; Rosenfeld et al., 2013;
Wang et al., 2014; Perez-Polo et al., 2015). The RR is a brainstem reflex that is widely
used in studies of the effects of anesthetics (Tung et al., 2008; Nguyen et al., 2009) or
brain injury (Henninger et al., 2005; Pang et al., 2006; Raghupathi and Huh, 2007).
Duration of suppression of the RR is considered to be analogous to duration of loss of
consciousness, one of the most consistent criteria for the definition of mild TBI in
humans (DeWitt et al., 2013). However, while most definitions of mild TBI in humans
assume normal imaging, mild TBI in experimental animals may be associated with
significant neuronal injury (for review, see DeWitt et al., 2013).
The pathobiology of primary bTBI consists of a complex set of systemic, cerebral
and cerebral vascular events that begin at blast exposure and likely continue for hours to
days or weeks afterwards (Long et al., 2009; Cernak and Noble-Haeusslein, 2010;
Nakagawa et al., 2011; Risling et al., 2011). Bauman et al. (1997) observed that sublethal
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blast overpressure exposure reduced food consumption and exercise performance (rats),
possibly due to the development of diffused hemorrhage as well as the progression of
pulmonary oxidative and inflammatory responses in the lungs that Chavko et al. (2006)
detected, ultimately leading to lung damage. Cheng at al. (2010) noted that 87% of
study rats also developed a poor appetite in addition to apnea, limb seizure, and limpness.
Long et al. (2009) and Bauman et al. (2009) observed the appearance of widespread
white matter fiber degeneration in rats and swine respectively, and astrocytosis (swine)
while Ling et al. (2009) reviewed and reported on the clinical finding that exposure to
severe bTBI lead to the development of pseudoaneurysms (humans) with both studies
observing vasospasm in a significant number of study subjects. Some studies revealed
capillary damage, diffuse subarachnoid hemorrhage and edema within
the brain parenchyma as well as enlarged intercellular and vascular space in the cortex
(Cheng et al., 2010), a dose-dependent rise in ICP (Saljo et al., 2009) and discerned
significantly increased BBB permeability at 3 and 24 hours post-blast, increased levels of
4-hydroxynonenal (4-HNE) and 3-nitrotyrosine (3-NT) at 3 hours post-blast and an
activated microglia morphology in the hippocampus of animals exposed to blast
(Readnower et al., 2010). Tompkins et al. (2013) detected tissue damage, apoptosis
initiation and an early inflammatory response within 1 hour post-blast, which remained
measureable for up to 3 weeks post-injury. Neuronal swelling (Cernak et al. (2001b),
neuronal and glial cells loss (Ahmed et al., 2013), glial and myelin debris in the
hippocampus (Cernak et al., 2001b), the development of lasting oxidative stress (Cernak
et al., 2001b; Ahmed et al., 2013) and altered antioxidant enzyme defenses (Cernak et al.,
2001b) have all been discerned after blast exposure. Predictably, significant impairments
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in neurologic and neurobehavioral function in rats on tasks such as rotametric and gripstrength tests (Moochala et al., 2004), beam walking (Long et al., 2009) active avoidance
task (Cernak et al., 2001b) and a delayed navigational acquisition of the goal platform in
the Morris water maze (Long et al., 2009; Saljo et al., 2009; Tompkins et al., 2013) were
also observed. All these results indicate that BBB breakdown, oxidative stress, and
microglia activation likely play a role in the neuropathology associated with TBI as a
result of blast exposure.
Although the studies above and others focused on the histopathological and
behavioral effects of blast exposure (Bauman et al., 1997; Cernak et al., 2001b; Moochhala
et al., 2004; Chavko et al., 2006; Park et al., 2007; Bauman et al., 2009; Chen et al., 2009;
Elder and Cristian, 2009; Ling et al., 2009; Long et al., 2009; Säljö et al., 2009; Cheng et
al., 2010; Elder et al., 2010; Readnower et al., 2010; Chavko et al., 2011; Park et al., 2011;
Masel et al., 2012; Ahmed et al., 2013; Tompkins et al., 2013), there have been fewer
dedicated to blast’s cerebral vascular effects. Previous research suggests that bTBI is
associated with cerebral vascular injury (for review, see Elder et al., 2015). Pun et al. (2011)
observed histological evidence of narrowing of cerebral vessels in rats one and four days
after low level (7.1 or 11.3 psi), whole body explosive blast exposure. Gama Sosa et al.
(2014) reported abnormal collagen IV and laminin staining in the primary visual cortex in
rats 24 hours after shock wave exposure (10.8 psi) that persisted for up to 10 months postblast as well as ultrastructural changes in the microvasculature of the frontal cortex. Kwon
et al. (2011) and Kovesdi et al. (2011) reported elevated vascular endothelial growth factor
levels more than two months after shock wave injury (20.6 psi) in rats. While these results
indicate that bTBI results in cerebral vascular injury that may persist for months post-
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injury, whether blast-induced vascular injury is associated with acute alterations in cerebral
perfusion and cerebral vascular reactivity is unexplored. Due to this lack of information,
the importance of identifying what physical and biochemical deficiencies injuries to the
cerebral vasculature and the brain exposure to bTBI causes could aid in determining the
level of therapeutic and/or rehabilitative success fairly immediately after injury.
My results that relative cerebral perfusion was reduced in the bTBI group indicates
that mild bTBI contributed to significant cerebral hypoperfusion that started within five
minutes of and persisted for at least two hours after ABS injury. Although my studies
indicated that mild bTBI was associated with acute reductions in cerebral perfusion, Bir et
al. (2012) using magnetic resonance imaging (MRI) methods to measure relative cerebral
perfusion, reported that shock wave exposure (13 – 27 psi) resulted in significantly reduced
relative perfusion from 24 to 72 hours post-injury in rats. In my present study, as in that of
Bir et al. (2012), the rats were anesthetized with isoflurane, a volatile anesthetic that
increases CBF in a concentration-dependent manner (Maekawa et al., 1986; Todd and
Weeks, 1996). Considering the vasodilatory properties of isoflurane, it is likely that the
blast-induced reductions in cerebral perfusion would have been greater had I and Bir et al.
(2012) used a constrictory vasopressor without such dilator effects such as epinephrine
(adrenaline) (Naftalin and Yagiela, 2002; Becker and Reed, 2012).
The myogenic vascular response, first described by Bayliss (1902), a major
mechanism contributing to autoregulation of CBF, is characterized by vasoconstriction if
perfusion pressure increases and vasodilatation if perfusion pressure decreases (Kontos,
1981; Paulson, 1990). Impairment of endothelium-dependent dilator responses to
acetylcholine in isolated basilar arteries harvested from rats subjected to single or repeated
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shock wave exposure (30 psi) were reported by Toklu et al. (2015). These investigators
also reported that constrictor responses to endothelin-1 in basilar arterial segments were
enhanced by shock wave exposure. Increased endothelin-dependent vasoconstriction after
blast would be consistent with my observations that CVR was significantly increased by
bTBI. Alford et al. (2011) reported that blast exposure in vitro resulted in increased
sensitivity to the constrictor effects of endothelin-1 within one hour of simulated blast
exposure (high velocity uniaxial stretch) in a highly aligned monolayer of VSMC’s on an
elastic substrate. Furthermore, 24 hours after high velocity stretch injury, the VSMC’s
exhibited prolonged hyperconstriction dependent on the force of the stretch. Baumann et
al. (2009) reported cerebral arterial vasospasm after blast exposure in swine in vivo.
Armonda et al. (2006) reported cerebral vasospasm in 48% of patients with severe blastrelated trauma. While cerebral vasospasm often was observed after bTBI in combat
casualties and is common after subarachnoid hemorrhage (SAH), Armonda et al. (2006)
observed vasospasm in bTBI patients even in the absence of SAH. Together, my results
and those of Toklu et al. (2015), Alford et al. (2011) and Armonda et al. (2006) suggest
that blast exposure may contribute to cerebral arterial vasospasm observed in patients after
bTBI (Ling et al., 2009; Armonda et al., 2006).
Impact (i.e. non-blast) TBI was followed by cerebral hypoperfusion in some
patients (Bouma et al., 1991; Bouma et al., 1992a; Bouma et al., 1992b) and experimental
animals (Yamakami and McIntosh, 1989; DeWitt et al., 1992; DeWitt et al., 1997b).
Clinical TBI (Bouma and Muizelaar, 1990) and FPI TBI (Lewelt et al., 1980; DeWitt et
al., 1986; Engelborghs et al., 2000) impaired cerebral vascular responses to changes in
arterial blood pressure (i.e. autoregulation). Impact TBI also was associated with impaired
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cerebral vascular compensatory responses to changes in PaCO2 (Overgaard and Tweed,
1974; Wei et al., 1980a; Wei et al., 1980b), PaO2 (Lewelt et al., 1982) and hematocrit
(DeWitt et al., 1997a). Though many of these similarities exist between impact TBI and
bTBI, there are key differences between the two. While impact TBI’s present some
evidence of external and/or penetrating injury, primary bTBI’s may occur in the absence
of external injures, thus internal injuries can be unrecognized and their severity
underestimated. Exposure to a blast wave can cause hidden brain damage and the potential
for neurological consequences days to month after the blast event. Additionally, in contrast
to concussive and/or penetrating wounds where the nature of the injury is often focal, blast
injuries are often multifocal.
Impact TBI markedly increased the mortality and morbidity due to posttraumatic
insults such as hemorrhagic hypotension (HH) (Luerssen et al., 1988; Chesnut et al., 1993a;
Chesnut et al., 1993b; Navarro et al., 2012), in part, because traumatic cerebral vascular
injury impairs or abolishes compensatory cerebral vasodilation to reduced intravascular
pressure (Lewelt et al., 1980; DeWitt and Prough, 2003; DeWitt and Prough, 2009).
Although my study did not include any groups exposed to HH, my results and those of
Toklu et al. (2015) indicate that bTBI-impaired cerebral vasodilatory responses from blast
exposure, like impact TBI, may increase vulnerability to post-blast HH. This hypothesis is
supported by the work of Long et al. (2009) who observed that survival rates were
significantly lower in rats subjected to HH after blast injury than in Sham-injured rats.
Unfortunately, the likelihood that combatants exposed to bTBI also sustain posttraumatic
HH is high.
Hemorrhage is the leading cause of death in combat including those killed instantly
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(killed in action) and those who died after transport to a medical facility (died of wounds)
(Alam et al., 2005). Chambers et al. (2005) reported that 90% of patients treated by the
U.S. Marine Forward Resuscitation Surgical System (FRSS) during OIF sustained
penetrating injuries and, therefore, some degree of hemorrhage. More than 80% of the most
critically ill patients treated by the FRSS presented in class three or four hemorrhagic shock
and 40% of patients who required treatment during transport to higher echelons of care
were treated for systemic arterial hypotension (Chambers et al., 2005). Nelson et al. (2006)
observed that 100% of blast-injured patients with persistent arterial hypotension (systolic
blood pressure < 90) died while all of those without hypotension survived their injuries.
Although the results of Nelson et al. (2006) suggest that HH after blast injury is associated
with higher mortality, it was a small study (n=14) and it is possible that mortality was high
in the patients with hypotension because they were more seriously injured. While these
results are inconclusive, they are consistent with a hypothesis that blast injury, like nonblast injury, renders patients more vulnerable to post-blast HH.
The majority of positively stained neuronal cell bodies appeared localized throughout
the cortex in the areas overlapping the frontal and parietal/temporal lobes and slightly
superior to the CA1 region while the particularly vulnerable hippocampal CA3 region did
not present with a consistently localized pattern throughout each sectioned brain tissue
examined. Though the significance of this observed parietal/temporal lobe positively
stained localization during the time points examined warrants further studies, my observed
results that the numbers of FJC-positive cells increased in the brains of rats subjected to
mild bTBI (as compared to Sham) (Figure 34) are consistent with previous reports of blastinduced neuronal injury. Sajja et al. (2012) observed significant increases in the numbers
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of FJ-positive neurons in the rat hippocampus 24 and 48 hours after 117 kPa (17 psi) shock
wave exposure. In a separate study, Sajja et al. (2014) reported significant increases in the
numbers of FJ-positive neurons in the pre-frontal cortices of rats three to 168 hours after
117 kPa shock wave exposure. Although most studies of the histopathological effects of
primary blast used shock tubes, Kuehn et al. (2010) observed increases in the numbers of
FJ-positive neurons in the cerebellum and hippocampus of rats subjected to severe blast
exposure (427-517 kPa, 62-75 psi) in a blast tube powered by nail gun blank cartridges. In
addition to neuronal injury assessed using FJ staining, Cho et al. (2013) observed reduced
neuronal nuclear antigen (NeuN) immunoreactivity in the hippocampus from 24 hours to
two weeks post-blast using an ABS shock tube similar to ours and comparable in shock
wave amplitudes (19 psi, 129 kPa). As NeuN is a protein expressed by mature neurons,
these results indicate that blast injury is associated with the loss of hippocampal neurons
that continues for at least two weeks post-blast. Although these studies were limited to
assessments of acute neuronal injury (< two weeks), Sajja, et al. (2015) reported significant
increases in the numbers of FJ-positive neurons in the amygdala and prefrontal cortex that
persisted for at least six months after 117 kPa ABS shock wave exposure. Together, these
reports and my results indicate that mild primary blast/shock wave exposure results in
significant neuronal injury that lasts at least six months post-blast.
FJC, an anionic tribasic derivative dye of fluorescein, is extremely acidic (Shmued
et al., 1997). FJC has an improved signal to noise ratio, therefore creating a better
compound for visualizing finer neuronal morphology on almost any tissue section type or
thickness (Shmued et al., 1997; Schmued and Hopkins, 2000; Schmuck et al., 2009).
Comparisons of silver staining methods and FJ techniques using a time course of cellular
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disintegration, revealed that silver staining is apparent sooner after neurotoxicity compared
to FJ, implying that FJ contains specificity for the delayed assured phase of the
neurodegenerative process (Shmued et al., 1997; Schmuck et al., 2009). In comparison
with other indicators of neural injury, FJC exhibited the greatest signal to background ratio,
highest resolution, maximum contrast and affinity for neurons, making it ideal for
localizing degenerating nerve cell bodies (Shmued et al., 1997; Schmued and Hopkins,
2000; Schmuck et al., 2009).
In addition to cerebral vascular and cellular injury, I observed significant impairment
in working memory. The differences between the time to the goal platform in trials 1 and
2 of the MWM were significantly greater in the Sham than in the bTBI group on days 11 15 after blast or Sham blast. Since rats with normal working memory were able to
remember where to find the goal platform more rapidly during the second trial of each pair
of trials, their differences between the trial pairs would be larger. An animal with impaired
working memory will not remember as quickly on the second trial where to locate the goal
platform, thus having a smaller, much shorter difference between the trial pairs. My results
indicate significant deficits in working memory in the bTBI group. These results are
consistent with previous reports of blast-induced memory deficits. Sajja et al. (2014) and
Cho et al. (2013) reported working memory deficits (novel object recognition) one to two
weeks after 117 kPa shock wave exposure while Sajja et al. (2015) observed deficits in
working memory that persisted for at least three months after. Spatial memory deficits
(Barnes maze) were observed in rats two weeks (Kamnaksh et al., 2012) or two months
(Kovesdi et al., 2011) after 138 kPa (20 psi) or 142 kPa (21 psi) shock wave exposure,
respectively. These results indicate that mild bTBI results in working and spatial memory
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deficits that may persist as long as three months after blast exposure.
Several experimental studies have implicated a significant role of the toxic
ROS/RNS ONOO‾ in the pathophysiology of impact (i.e. non-blast) TBI (Hall, 1995b;
Wei et al., 1996; Hall et al., 1999; Hall et al., 2004) and bTBI (DeWitt and Prough, 2009;
Masel et al., 2012). NO, a potent vasodilator, has been identified as the endotheliumderived relaxing factor (EDRF) (Angus and Cocks, 1987; Gryglewski and Moncada, 1987;
Guo et al., 2016) that relaxes VSMC’s and dilates all types of blood vessels. NO is
synthesized by enzymes (nitric oxide synthases, NOS) that convert L-arginine to NO and
citrulline (Alderton et al., 2001). There are three distinctive NOS isoforms: neuronal NOS
(nNOS) predominantly but not exclusively localized in neuronal tissue and constitutively
expressed; inducible NOS (iNOS) which is normally present in miniscule quantities but
can be induced in a wide range and variety of tissues; and endothelial NOS (eNOS) which
was first identified in vascular endothelial cells and also constitutively expressed (Alderton
et al., 2001; Guo et al, 2016). In addition to its powerful vasodilatory properties, NO
transmits cellular signals for various physiological functions (Liu et al., 2002).
Immediately after impact TBI, the activity of nNOS and eNOS was increased, resulting in
elevated concentrations of NO as early as five minutes post-injury (Zunic et al., 2005) and
returning to baseline 30 minutes after FPI (Wada et al., 1998) to several hours after
controlled cortical impact injury (CCI) (Wada et al., 1998; Cherian et al., 2000). Cernak et
al. (2001a.) reported that bTBI resulted in increases in the expression of iNOS messenger
RNA (mRNA) and brain nitrite/nitrate levels while Abdul-Muneer et al. (2013) reported
that iNOS immunoreactivity increased within one hour of mild (123 kPa) shock wave
exposure. Cho et al. (2013) reported evidence of superoxide production (dihydroethidium
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fluorescence) starting four hours and persisting for at least two weeks after 129.2 kPA ±
3.0 (18.7 psi ± 0.4) shock wave exposure in an ABS.
Though NO may affect myriad cellular functions either directly or indirectly
(Förstermann and Sessa, 2012; Roszer, 2012), the balance between detrimental
neurotoxicity and beneficial importance as a cellular signaling molecule for various
physiological functions is contingent upon many aspects such as the NO synthase isoform
producing NO, the particular microenvironment in which it is being produced as well as
the cell type in charge of production (Liu et al., 2015). It has been considered that iNOSderived NO is accountable for some of the more neurotoxic activity of NO post-injury
(Garry et al., 2015). Although originally isolated and expressed primarily in activated
macrophages (Stuehr et al., 1991; Robinson et al., 2011), iNOS expression ensues after
exposure to pro-inflammatory cytokines such as interferon-gamma (IFN-ɣ ) and/or
microbial products such as bacterial lipopolysaccharides (LPS).
Increased NO levels due to TBI may result in the production of elevated
concentrations of ONOO‾. The ONOO‾ reaction is calculated to transpire in vivo
(Beckman et al., 1990; Squadrito and Pryor, 1995) and is formed when excessive iNOSproduced NO (Garry et al., 2015) reacts with NADPH (nicotinamide adenine
dinucleotide phosphate) oxidase-generated superoxide anion (•O2‾) radicals (Beckman et
al., 1990; Angeloni et al., 2015). With one of the largest rate constants known for
reactions of NO (Huie and Padmaja, 1993; Kobayashi et al., 1995), the reaction is near
diffusion controlled and the rate of formation of ONOO‾ is first order in both
concentrations of NO and •O2‾ (Huie and Padmaja, 1993; Goldstein and Czapski, 1995;
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Kobayashi et al., 1995); thus, formation of ONOO‾ depends upon the actions of both
NOS and SOD.
ONOO‾ may oxidatively attack a wide range of cellular targets such as cell
membrane lipids and ion channels (lipid peroxidation) (Hall et al., 2016), the thiol groups
and tyrosine residues of proteins and enzymes (hydroxylation and nitration) (Singh et al.,
2007; Sun et al, 2012), nucleic acids (fragmentation) (Zhang et al., 2002) and the
mitochondria through calcium efflux and inhibition of the electron transport chain
(mitochondrial dysfunction) (Hall et al., 1999; Zhang et al., 2002; Singh et al., 2007).
Studies utilizing a mouse impact acceleration (IA) head injury model provided evidence
implicating ONOO‾ in the pathophysiology of TBI (Hall, 1995b; Hall et al., 1999).
Previous studies have observed ONOO‾-related impairment in cerebral arterial reactivity
(DeWitt et al., 2001; Maneen et al., 2006; Maneen and Cipolla, 2007). In pial arteries in
cats (Wei et al., 1996) and isolated pressurized MCA’s in rats (Elliot et al., 1998; DeWitt
et al., 2001), ONOO‾ exposure produced dose-dependent dilation (cats) and constriction
(rats) and resulted in decreased or eliminated vasodilatory responses to progressive
reductions in intravascular pressure (rats). Observations during the development of
hemorrhagic and endotoxic shock indicated endogenous ONOO‾-production in vascular
hyporeactivity (Zingarelli et al., 1997; Zhao et al., 2000) while systemic ONOO‾
administration caused a decreased vascular reactivity which resembled this shockinduced occurring hyporeactivity (Szabo et al., 1996; Benkusky et al., 1999), further
associating ONOO‾ with decreased vasoreactivity. Blast-induced ONOO‾ formation is
further supported by evidence that bTBI is associated with increases in 3-NT
immunoreactivity in the hippocampus and cortex (Masel et al., 2012). Abdul-Muneer et
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al. (2013) reported that mild bTBI was followed by increases in 3-NT immunoreactivity
in rat brain microvessels. The evidence of blast-induced increases in NO (Cernak et al.,
2001a; Abdul-Muneer et al., 2013), •O2‾ (Cho et al., 2013) and 3-NT immunoreactivity
in the brain and cerebral vasculature (Masel et al., 2012; Abdul-Muneer et al., 2013)
provide support for the hypothesis that bTBI results in increases in brain tissue and
vascular ONOO‾ levels.
ONOO‾-mediated damage after impact TBI can be reduced through the
administration of scavengers. Penicillamine (Pen) and PenME are non-specific ONOO‾
scavengers that improve outcome after TBI (Hall et al., 1999; Hall et al., 2004; Singh et
al., 2007). A strong derivative of the amino acid cysteine, Pen or ß,ß-dimethyl cysteine, a
sulfur-containing monothiol (Walshe, 1956; Khayyal et al., 1967), has an extensive record
of clinical use in both copper- and non-copper based disease and disorders due to its regard
as a prevailing copper chelator (Tran-Ho et al., 1997; Weiss and Stremmel, 2012; Fieten et
al., 2013b; Riha et al., 2016) that promotes the detoxification of numerous metal ions
located in the body (Khayyal et al., 1967). Stable in its reduced form, Pen is a highly soluble
degradation product of penicillin that binds copper at its SH-group, is swiftly excreted by
the kidneys (Walshe, 1956) and forms fairly stable chelates with all biologically effective
trace metals as well as iron and zinc (Lenz and Martell, 1964). Previous studies revealed
efficacy in diminishing hepatic copper concentrations (dogs) (Twedt et al., 1979;
Mandigers et al., 2005; Hoffmann et al., 2006), enhancing urinary copper excretion and
reducing toxicity due to Wilson’s disease (humans) (Walshe, 1956; Weiss and Stremmel,
2012), promoting iron excretion and effective in cases of lead poisoning (Boulding and
Baker, 1957) and in subsiding the degree of inflammation (Fieten et al., 2013a) brought
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about by such heavy-metal poisoning. While Pen has limited BBB permeability and acts
intravascularly, PenME or methyl (2R)-2-amino-3-methyl-3-sulfanylbutanoate is a
lipophilic, blood brain barrier-penetrable free radical scavenger (Hall et al., 1999) that can
act extravascularly in cerebral vessels and tissues. Hall et al. (1999) reported that both Pen
and PenME improved early neurological outcome (grip test) after TBI in mice, suggesting
that the intravascular scavenging of ONOO‾ contributed to the therapeutic effects of Pen.
Moreover, bTBI can result in BBB breakdown leading to increased BBB permeability
(Readnower et al., 2010; Garman et al., 2011), thereby increasing the access of substances
that normally wouldn’t traverse the BBB. I tested the PenME compound as our
experimental free radical scavenger in order to determine the cerebral vascular effects of
ONOO‾ scavenging after bTBI as measured by relative cerebral perfusion and mean
arterial pressure in rats treated with PenME after blast injury. Together, these studies
indicating that bTBI results in increases in NO and superoxide and 3-NT immunoreactivity
(DeWitt and Prough, 2009; Masel et al., 2012), suggest ONOO‾ formation is likely after
bTBI and that ONOO‾ contributes to blast-induced cerebral vascular dysfunction.
Our results of a trend towards increases in cerebral perfusion and significant
reductions in cerebral vascular resistance after treatment with PenMe suggests that blastinduced cerebral vascular dysfunction may be due, in part, to the actions of ONOO‾.
The manner in which blast energy is transmitted into the brain remains
controversial (Rossle, 1950; Cernak et al., 2001b; Courtney and Courtney, 2009; Long et
al., 2009; Taylor and Ford, 2009; Chafi et al., 2010; Bolander et al., 2011; Courtney and
Courtney, 2011; Koliatsos et al., 2011; Nakagawa et al., 2011). One of several theorized
mechanisms is the transfer of kinetic blast energy to the cerebral vasculature and brain via
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the great vessels of the thorax (Rossle, 1950; Cernak et al., 2001b; Courtney and Courtney,
2009; Courtney and Courtney, 2011; Nakagawa et al., 2011). In studies of intracranial
pressure oscillations in a non-protected, whole-body shock wave-exposed Rhesus monkey
(Romba and Martin, 1961) and in a swine outfitted with a lead-and-foam-lined vest that
covered the chest and upper abdomen (Bauman et al., 2009), similar occurrences of
significant increases in intraparenchymal and intravascular pressure pulses were observed.
Experimental blast studies in rodents demonstrated that protecting the torso virtually
eliminated axonopathy and fiber degeneration (Long et al., 2009) while the use of a
plexiglass covering around the torso of blast-injured mice abolished axonal nerve cell
damage compared to non-shielded mice who suffered up to 80% axonal damage (Koliatsos
et al., 2011). In contrast, in ferrets (Rafaels et al., 2012) and rabbits (Rafaels et al., 2011)
with thoracic and abdominal protection, apnea, meningeal bleeding (ferrets) and multifocal
subdural and SAH’s (rabbits) as well as fatalities were observed. In a rat model in which
blast overpressures were delivered exclusively to the head through direct cranial blast
injury (dcBI) (Kuehn et al., 2010), sub-lethal injury resulted in apnea, SAH’s in the path
of the blast wave, abnormal immunoglobulin (IgG) immunolabeling, cleaved caspase-3
and beta-amyloid precursor protein (β-APP), FJC staining in brain regions not over-lapping
the SAH’s and abnormalities on the behavioral Rotarod task. These results of blast-induced
brain injury in the presence of thoracic protection indicate that primary blast exposure to
the head in the absence of thoracic injury is sufficient to produce significant brain injury.
We used head-only blast exposure to determine blast effects to the head alone, excluding
the possibility of indirect brain injury through thoracic transmission of the blast wave.
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Due to recent combat operations in almost the last two decades, the incidence of
bTBI has risen significantly (Cernak et al., 2001b; Warden, 2006; Martin et al., 2008). 52%
- 63% of U.S. combat TBI’s from OIF are blast-related injuries (Galarneau, et al., 2008;
Wojcik, et al., 2010) with the Department of Defense reporting (January 2015) that over
73% of all U.S. military casualties were caused by explosive weaponry. The increase in
explosive injuries and the fact that alterations in brain functionality could modify the
posttraumatic course of neurological performance, emphasize the importance of clarifying
the structural and biochemical impairments to the brain and the cerebral vasculature that
exposure to bTBI causes.
My findings of increased RR suppression, impaired cerebral dilator responses to
reduced intravascular pressure, reduced cerebral perfusion, a sustained increased MAP,
increased CVR, acute cellular injury/degeneration and impaired working memory and/or
cognitive dysfunction are fairly consistent with both prior non-blast (i.e. impact) and blast
TBI studies. Though the blast pressure levels employed in my study produced brief
unconsciousness in the injured animals, this small increase in RR suppression indicated a
mild injury. Impaired cerebral dilatory properties to reduced intravascular pressures could
potentially be a function of the vasospasm and VSMC hyperconstriction previously
reported after blast exposure, ultimately leading to the reduced cerebral perfusion and
increase in MAP observed. Prolonged reduction in cerebral perfusion may have also
contributed to the acute cellular injury/degeneration detected throughout the whole brain
which in turn may have been a factor in the impaired cognitive dysfunction seen with the
behavioral tasks.
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STUDY CONSIDERATIONS
These studies had aspects worth noting. They were conducted using an ABS, a new
shock tube that circumvents some of the problems associated with experimental blast
research. Overpressure waves generated by older blast/shock tubes may be altered by
reflected pressure waves produced when the primary blast wave impacts the closed end of
the tube (Kovacs et al., 2014). The use of a reflected wave suppressor in the ABS prevents
or minimizes the effects of shock wave reflection. A potential limitation of shock tubes is
the impact of fragments produced by the rupture of membranes (Alphonse et al., 2014).
Acetate membranes, which are utilized in other ABS devices, produce true Friedlandertype overpressure waves but the fragments produced may act as projectiles, resulting in a
combined insult of primary blast wave exposure plus secondary impacts from acetate
fragments. In contrast, Mylar ruptures without producing fragments, making it better suited
for studies of the effects of primary blast/shock wave exposure. Although the incomplete
rupture of Mylar membranes may alter the shape of the overpressure wave in some studies
(Alphonse et al., 2014), the overpressure wave generated by the ABS using Mylar
membranes in the present study closely resembled an idealized Friedlander wave.
I used isoflurane as the primary anesthetic for all of our studies because it is the
most widely used general anesthetic for TBI studies in rats (Kochanek et al., 1995; Adelson
et al., 1996; Singleton et al., 2001; Hallam et al., 2004; Statler et al., 2006; Hawkins et al.,
2013; Rowe et al., 2013; Sell et al., 2016). However, previous human (Pauca and Dripps,
1973; Lam et al., 1994; Matta et al., 1999) and animal (Drummond et al., 1986; Flynn et
al., 1992; Koenig et al., 1994; Farber et al., 1997; Masamoto et al., 2007) studies indicated
that isoflurane is a cerebral vasodilator (Eger, 1984; Schwinn et al., 1990; Iida et al., 1998)
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because of direct effects on vascular smooth muscle (Altura et al., 1980; Longnecker and
Harris, 1980; Akata, 2007). Among the observations detected due to isoflurane
administration in the previously mentioned studies are significant effects (increases) on
CBF (Cucchiara et al., 1974; Van Aken et al., 1986; Olsen et al., 1994; Matta et al., 1999;
Sloan, 2002; Oshima et al., 2003; Schlunzen et al., 2006; Kimme et al., 2007; Li et al.,
2013), cerebral blood volume (CBV) (Matta et al., 1999; Sloan, 2002; Kimme et al., 2007),
a reduced rate of cerebral oxygen consumption (CMRO2) (Cucchiara et al., 1974),
permeability and neurovascular coupling (Sloan, 2002; Oshima et al., 2003; Masamoto et
al., 2009) and a disturbance in the CBF autoregulation mechanism (McPherson and
Traystman, 1988; Olsen et al., 1994). Though administration of volatile anesthetics can
also affect net decreases in CBF (Mielck et al., 1998; Mielck et al., 1999), the reduced CBF
observed after blast and impact TBI could possibly be even lower if not for the increased
CBF effect of isoflurane. If an anesthetic possesses a substantial vasodilatory effect on the
cerebral vasculature that could be countered by a conflicting vasoconstrictory influence
(such as a non-impact TBI blast injury or exposure), the vasodilatory effect of the volatile
anesthetic may be compromised (Sakabe et al., 1983; Mielck et al., 1998; Mielck et al.,
1999; Patel and Drummond, 2010). Of the commonly used volatile anesthetics, isoflurane
ranks second to last in the order of vasodilating effectiveness (Reinstrup et al., 1995;
Kuroda et al., 1997). While isoflurane-mediated vasodilation may have contributed to some
of the blast effects I observed, the minimum alveolar concentration (MAC) that was
utilized as an anesthetic for my studies (1 MAC = ~1.5% for rats) is likely negligible in
terms of causing such cerebral vasodilation as to be solely responsible for the reductions
in CBF I observed in our experimental animals after blast overpressure exposure.
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A third limitation was the use of LDF to measure relative cerebral perfusion. Laser
Doppler perfusion measurements are expressed as a percentage of baseline values. Ideally,
the LDF probe remains in exactly the same location for the duration of the measurements.
However, in my studies, baseline LDF measurements were recorded, the rats were removed
from the stereotaxic frame, subjected to ABS bTBI or Sham injury then returned to the
stereotaxic frame. Although I attempted to replace the probe in exactly the same location
from which the baseline measurements were made, in some cases I may have been unable
to do so. In order to compensate for misplaced probes in both the Sham and bTBI groups,
I excluded all animals in which the first measurement after the probe was replaced yielded
values 20% higher or lower than baseline in the absence of comparable changes in MAP
(five excluded Sham rats and three bTBI rats). However, it is important to note that relative
cerebral perfusion was significantly (P < 0.02, bTBI vs Sham) reduced by mild bTBI even
if all animals were included in the calculations of relative cerebral perfusion. Additionally,
it is possible that thinning of the skull for LDF measurements may have compromised skull
integrity, thus contributing to injury induction/severity. However, the scalp covering the
thinned area was tightly sutured before administration of blast injury. I observed no
evidence of skull fracture in the rats subjected to bTBI. While minor surface hemorrhage
under the thinned area was observed in four out of the twelve rats subjected to bTBI, no
hemorrhage was observed in eight of the twelve.
A fourth potential limitation is that FJC-positive cells were counted throughout the
entire brain, while relative cerebral perfusion was measured only at one location in the
cerebral cortex. Working memory performance is particularly sensitive to hippocampal
injury but hippocampal perfusion was not measured. Therefore, I cannot definitively
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establish that blast-induced reductions in cerebral perfusion contributed to either the
neuronal injury seen and quantified throughout the brain or the observed impaired working
memory performance.
Finally, it is important to note that, although FJ is widely used to stain injured and/or
dying neuronal cells (Schmued et al., 1997; Larsson et al., 2001; Sato el al., 2001; Hellmich
et al., 2005a; Hellmich et al., 2005b), there is evidence that FJ-positive cells may be injured
but not necessarily dying (Wang et al., 2015) and FJ may stain non-neural cells (e.g.
activated microglia, astrocytes) under circumstances when combined with specific markers
for detection of GFAP or activated CD68 microglia (Damjanac et al., 2007).
SUMMARY
My results indicate that mild bTBI levels associated with statistically significant
but small increases in the duration of suppression of RR’s produced significant reductions
in relative cerebral perfusion and significant increases in CVR. Additionally, these studies
indicated that mild bTBI resulted in significant increases in the numbers of FJC-positive
cells throughout the brain and significant impairments in working memory performance.
My results that cerebral vasodilator responses to reduced intravascular pressure in MCA
segments were impaired by mild bTBI suggest that blast exposure may result in increased
vulnerability to hemorrhagic hypotension. Finally, my results that PenME significantly
reduced blast-induced increases in CVR suggests that ONOO‾ contributes to the
impairment of cerebral vascular function after bTBI.
FUTURE DIRECTIONS
Hemorrhage is a common complication of closed head (blunt trauma) injuries,
penetrating injuries and explosive blast injuries and frequently accompanies TBI.
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Uncontrolled hemorrhage can ultimately lead to decreases in blood pressure (arterial
hypotension) that, in conjunction with impaired cerebral vasodilatory responses, may
further contribute to cerebral hypoperfusion and, perhaps, cerebral ischemia (DeWitt and
Prough, 2003; DeWitt and Prough, 2009). In the laboratory setting, hypotension after TBI
was linked with reduced CBF (Giri et al., 2000; Matsushita et al., 2001) and brain tissue
oxygen levels (Giri et al., 2000), impaired ion homeostasis (Stiefel et al., 2005) and
impaired energy metabolism (Ishige et al., 1988). Hemorrhage associated with TBI
results in poor neurologic outcomes and can nearly double the morbidity and mortality
compared with TBI alone (Miller et al., 1978; Wald et al., 1993). Rapid infusion of large
volumes of plasma expanders is the standard treatment for patients with combined TBI
and hemorrhage (Bullock et al., 1996). In uninjured patients, the infusion of fluid results
in hemodilution (Messmer, 1975; Mirhashemi et al., 1987; Chatpun and Cabrales, 2010),
which reduces arterial O2 content, blood viscosity and vascular resistance and therefore
increases CBF. However, TBI impairs normal dilator responses to blood viscosity
(DeWitt et al., 1996), potentially reducing the efficacy of volume expanders.
As stated above, our results that blast reduced dilator responses to reduced
intravascular pressure in isolated MCA’s suggest that blast exposure increases
vulnerability to post-blast HH. This hypothesis could be tested by measuring cerebral
perfusion, MAP and CVR for two hours post-bTBI in rats subjected to (n = 8/group):
a. Sham bTBI
b. Sham bTBI + HH (MAP reduced to 50 mmHg for 45 minutes)
c. bTBI
d. bTBI + HH (starting 15 minutes post-bTBI)
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Hemorrhagic hypotension would be followed by reinfusion of shed blood (see Ishige et
al., 1988; Cherian et al., 1994; Hellmich et al., 2005b; Navarro et al., 2012).
If reductions in cerebral perfusion were greater in the bTBI + HH than in the HH
group alone, we plan to conduct a second set of experiments to determine whether the
administration of PenME would improve cerebral perfusion after bTBI + HH in rats
subjected to (n = 8/group):
a. bTBI + HH
b. Sham bTBI + HH + 10 mg/kg PenME 5 minutes post-Sham bTBI
c. bTBI + HH + 10 mg/kg PenME 5 minutes post-bTBI
These studies will test the hypothesis that relative cerebral perfusion will be
significantly lower after bTBI followed by HH than in HH alone and that this increased
vulnerability to post-blast hemorrhagic hypotension is due, in part, to the effects of
ONOO‾.
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Figure 34: FluoroJade-C (FJC) stained brain sections
FluoroJade-C stained brain sections in a bTBI rat. Circled FJC-positive cell bodies in the
(A) frontal cortex edge and the corpus callosum (B) cortex (C) cortex and hippocampus
or (D) Sham rats 24 hours after injury.
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Appendix A: Preclinical Common Data Elements for ABS bTBI
Animal Characteristics
Species
Age Range
Sex
Animal Vendor
Strain
Weight Range
Animal History
Pre-TBI Housing
Anesthetic Type
Anesthetic Route
Analgesia Type
Injury Severity
Number of Injury Exposures

Post-TBI Housing
Euthanasia Type
Assessments and Outcomes
Acute Neurological Assessment
Righting Reflex Response Time
Learning and Memory Tests
Sensory/Motor Tests
Anxiety and Depression Tests
Histopathology
Injury Model Characteristics
Injury Model
Device Mfg

Animal Stabilization Method
Impact Location Side

Rat
3-5 mo. prior to TBI
Male
Charles River
Sprague-Dawley
350-480g pre-TBI
Group housed; 12hr light/dark cycle; food and water ad libitum;
AAALAC accredited animal care facility maintained to USDA standards
Isoflurane (4% for induction, 2% for maintenance), intubated and
mechanically ventilated
Inhaled
Acetaminophen suppository
Mild (blast)
Single
Group housed unless separated for fighting, etc.; 12hr light/dark cycle;
food and water ad libitum; AAALAC accredited animal care facility
maintained to USDA standards
4% isoflurane followed by decapitation
Neuroscore
mild = ≤ 7 minutes; moderate = 8-14 minutes; severe = > 14 minutes
Morris water maze
Beam walk; beam balance
N/A
Cellular/neuronal injury
Advanced Blast Simulator (ABS) TBI
ORA, Inc., Fredericksburg, VA
Rat’s dorsal scalp perpendicular to the ABS blast wave with only the
cranium located inside ABS device and supported by a sling to prevent
head movement. The rest of the body lies in a left lateral position outside
the ABS device on a specimen tray that locks into the blast chamber.
Central dorsal
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ABS Blast TBI

Blast Induced Delivery Device
Pressure Wave Type

Advanced Blast Simulator device is a shock tube designed by David
Ritzel (Dyn-FX Consulting, Ltd. Ontario, Canada) and produced by
Steve Parks (ORA, Inc., Fredericksburg, VA)

Detonation Type
Detonation Material Quantity
Driver Gas
Pressure Wave Medium
Distance From Detonation
Blast Tube or Column Area
Blast Tube Length
Shock Tube Driven Section Length
Membrane Thickness
Membrane Burst Method
Membrane Burst Pressure
Tube End Configuration
Distance Between Animal and Tube
Animal Orientation to Blast Wave
Overpressure Peak
Overpressure Rise Time
Overpressure Wave Duration
Impulse
Reflective Wave Overpressure
Blast Wind Pressure
Pressure Sensor Type
Pressure Sensor Sampling Frequency
Incident Pressure Time History
Body Exposure
Protective Shielding Location
Protective Shielding Type
Reflective Surfaces

Single pulse blast-waves (Friedlander-style over/under pressure waves)
Shock waves produced using compressed gas driver and Mylar®
membranes
Mylar® sheets (4)
Compressed air
Air
6 feet, 7 inches (2 m)
90 square inches (581 cm2)
14 feet (4.27 m)
10 inches (254 mm)
0.016 inches (0.4 mm/sheet)
Non-debris complete rupture
179.33 psi ± 3.0 (1236.4 kPa ± 20.7)
Cylindrical reflected wave suppressor
Rat's head is inside of tube
Perpendicular
20.88 psi (138 kPa)
0.37 millisec ± 0.006
3.50 millisec ± 0.063
N/A
N/A
N/A
Piezoelectric pressure probe transducers
20 microsec time sample ≥ 50 kHz sample rate
< 2 microsec
Head only
N/A
N/A
N/A

Primary Blast Effects
Secondary Blast Effects
Tertiary Blast Effects

Absence of external injury: occluded blood vessels, cerebral vasospasm,
SAH hemorrhage, tympanic membrane rupture, neuronal
death/degeneration
N/A
N/A
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Quaternary Blast Effects
Systemic Injuries
Extracranial Injuries
Pre-BINT Surgical Procedures
Post-BINT Surgical Procedures

N/A
N/A
N/A
Isoflurane (4% initial, 2% to maintain until blast injury), intubated,
mechanically ventilated and the top of the scalp is shaved
Measurement of duration of righting reflex suppression and removal of
intubation tube
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Summary of Dissertation
Traumatic brain injuries (TBI) caused by blast have been called the “signature wound” of
the latest conflicts in the Middle East with estimates of the prevalence of blast-induced
TBI (bTBI) as high as 19% - 23%. Of the four currently accepted classifications of injury
due to blast, primary blast injury due to blast wave over- and underpressure exposure is
the least understood. Recent evidence indicates that bTBI is associated with some degree
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of cerebral vascular injury and alterations in cerebral perfusion. However, the degree to
which blast-related cerebral vascular dysfunction contributes to the pathophysiology of
bTBI is unknown. This research was aimed at investigating the effects of primary blast
injury on cerebral perfusion and cerebral vascular reactivity in rats using a compressed
air driven shock tube in which only the animal’s head was exposed to the shock wave,
avoiding the controversial effects of torso protection in whole body blast exposure. I
tested the hypothesis that bTBI, like non-blast TBI, results in cerebral hypoperfusion and
impaired cerebral vascular reactivity by measuring relative cerebral perfusion in vivo and
dilatory responses to reduced intravascular pressure in middle cerebral arterial segments
harvested from rats subjected to mild bTBI. Additionally, I wanted to determine if
cognitive and vestibulomotor dysfunction and neuronal injury resulted after mild bTBI.
Lastly, we assessed the effects of peroxynitrite scavenging on relative cerebral perfusion,
mean arterial blood pressure and cerebral vascular resistance in rats treated with
penicillamine methyl ester after mild bTBI. These studies revealed that mild bTBI
reduced cerebral perfusion without reducing blood pressure, indicating that mild bTBI
significantly increased cerebral vascular resistance. Blast-induced impairment of cerebral
dilator responses to reduced intravascular pressure might contribute to these significant
reductions in cerebral perfusion, especially in the presence of arterial hypotension, a
common occurrence in combat situations when blast exposure is accompanied by
hemorrhagic hypotension. Additionally, these results indicate that low level shock wave
exposure resulted in neuronal injury and cognitive and vestibulomotor dysfunction.
Lastly, a trend towards increased cerebral perfusion along with significant reductions in
cerebral vascular resistance after treatment with penicillamine methyl ester suggest that
blast-induced cerebral vascular dysfunction may be due, in part, to the actions of
peroxynitrite.
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