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Traumatic brain injury (TBI) is a common cause of injury and death in combat casualties.
Aeromedical evacuation (AE), a crucial component in providing rapid care for these
patients, exposes casualties to prolonged periods of hypobaria (HB). The effects of such
exposure on pathophysiological changes and outcome following TBI are unknown. The
effects of prolonged exposure to HB (6h duration of HB exposure; equivalent to 0.75
atmospheres) at 6h, 24h, 72h or 7d on short and long-term cognitive and pathological
outcomes following TBI were evaluated using a lateral fluid percussion (LFP) model in
adult male Sprague-Dawley rats. Additional groups were evaluated to determine the
effects of both primary AE (6h duration of HB at 24h after injury) and secondary AE
(10h duration of HB at 72h after injury) following TBI as well as the effects of breathing
100% inspired O2 concentrations (hyperoxia) during AE. HB exposure up to 3d
following injury resulted in significant cognitive deficits, hippocampal neuronal cell loss
and chronic microglial activation in comparison to injured controls not exposed to HB.

Further characterization of the effects of AE following TBI on inflammatory responses
demonstrated that HB exposure induced increases in levels of reactive oxygen species,
cell cycle activation proteins and microparticles. Administration of a potent and
selective CDK inhibitor CR8 3h after injury attenuated post-traumatic inflammatory
responses caused by HB exposure and related injury exacerbation. These findings
demonstrate that exposure to prolonged hypobaria up to 72hrs after TBI worsens longterm cognitive outcomes and is associated with increased neuroinflammation. Early
transport without risk of further intensifying secondary injury processes could potentially
be facilitated through the administration of an inhibitor of cell cycle activation which was
shown to attenuate HB induced exacerbations in inflammation, neuronal cell loss, and
cognitive dysfunction.
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Chapter 1. Introduction
Traumatic Brain Injury (TBI) is a major public health issue, as well as an
important concern for the military services. In the US, it is estimated that at least 1.7
million civilians sustain a brain injury annually with TBI contributing to 30.5% of all
injury related deaths (Faul et al. 2010). This incidence, however, is considered to be
greatly underestimated, as it fails to include most sports related head injuries and injuries
sustained by US military forces (Langlios, 2006).
TBI results from a direct impact to the head or body, or from an accelerationdeceleration movement that alters brain function. It is classified as mild, moderate, or
severe, based upon the score determined using the Glasgow Coma scale (GCS) which
utilizes eye, verbal, and motor responses to yield a score from 3 to 15 (mild 13-15;
moderate 9-12; severe 3-8). In both the civilian and military population, approximately
70% of TBIs diagnosed are mild (Faul et al. 2010; Defense and Veterans Brain Injury
Center, 2014). Although moderate-severe TBI causes the majority of hospitalizations,
life-long disabilities and most of the economic costs, it is increasingly recognized that
even a mild TBI, and especially repeated mild TBI, can cause chronic disabilities,
particularly in older age groups (Finkelstein et al., 2006; Aungst et al., 2014). At least
3.2 million people in the US are estimated to live with long-term disability resulting from
TBI. Estimates for the lifetime costs of TBI including expenditures related to lost quality
of life and productivity losses exceed $200 billion (Finkelstein et al., 2006).
The great cost of TBI on society has fueled extensive research efforts to develop
neuroprotective therapies for more than a century. The complex nature of this
devastating disorder is still not fully understood and therapeutic strategies have met very
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limited clinical success. Today TBI remains one of the leading causes of mortality and
morbidity around the world.

Incidence of TBI in the military
TBI is one of the leading causes of death and long-term disability associated with
recent military conflicts. Isolated TBI represented 8% of all war-related wounds during
Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) (Owens et al.,
2008). During these conflicts injuries to the head and neck ranked as the second most
frequently injured body regions, occurring in 52% of all battle injuries and 22% of all non
battle injury patients (Owens et al., 2008; Bridges & Evers, 2009). Approximately 25%
of all injured soldiers evacuated during OIF/OEF suffered head or neck injuries; this
percentage is higher than for other major military operations of the 20th century and has
lead to TBI being labeled the signature injury of these conflicts (Bridges & Evers, 2009;
Bridges & Biever, 2010).
The total number of TBIs occurring to US military forces is difficult to measure
since many cases likely go unreported, but the proportion of service members deployed
oversees who experienced a TBI is estimated at between 15-23% (Okie, 2005, Owens et
al., 2008). According to the Defense and Veterans Brain Injury Center (DVBIC)
diagnosed cases of TBI in US forces increased each year from 2000 to 2011 with the
number of cases nearly tripling over this time period (10,958 cases in 2000 to 32,625
cases in 2011). Overall 294,172 medical diagnoses of TBI occurred in US forces
between 2000 and 2013, most of which were classified as mild (Fig. 1.1).
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Figure 1.1 Incidence of Traumatic Brain Injury in US Armed Forces since 2000.
The overall medical diagnosis of TBI in the US Armed forces worldwide broken down by
injury severity. Adapted from: The Defense Medical Surveillance System, Theater
Medical Data Store, Armed Forces Health Surveillance Center, and Defense and
Veterans Brain Injury Center.

The effects of brain trauma extend beyond that of active duty service members.
From the years 2004 to 2009, 26,600 veterans were evaluated or treated for a TBI related
condition at VA medical centers. In 2010 the VA spent over 2 billion in health care costs
for patients with TBI and post traumatic stress disorder (PTSD), with the average costs of
care for TBI patients increasing in the years following injury (Congress of The United
States Congressional Budget Office, 2012). As the incidence of TBI in the military
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continues to rise more veterans will need long term care for TBI related injuries, creating
both a logistical and financial strain on an already encumbered VA system.

US Military Joint Theatre Trauma System
With an increasing proportion of casualties suffering TBIs safe and successful
movement of these patients from the battlefield to the appropriate level of care is critical
to increasing survival and improving long term neurological outcomes. The US military
Joint Theatre Trauma System (JTTS) focuses on getting patients the proper level of care
within the appropriate time frame from locations worldwide. Implemented in 2005, this
system is modeled after civilian trauma systems and provides the structure necessary to
standardize care across several theater locations creating a unified intensive care unit that
spans 7000 miles and 12 time zones (Bridges & Biever, 2010). Following injury, the
JTTS ensures combat casualties are transported as quickly as possible through several
levels of resuscitative and surgical care, with the principal goal of preventing the
development of secondary injury and emphasizing control of intracranial pressure (ICP)
and avoidance of hypotension or hypoxemia (Fig. 1.2).

Figure 1.2 Patient Movement through the US Military Joint Theatre Trauma System.
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Stages and Timing of TBI Patient Movement and the Importance of Aeromedical
Evacuation.
Once the scene is secure and safe enough for evacuation from the battlefield,
injured soldiers are moved from their first medical provider (company medic) or what is
known as Level I care to a Level II battalion aid station/field hospital (Reno, 2010).
Evacuation of casualties with TBI from the battle field to Level II field hospitals are most
commonly conducted via MEDEVAC, a helicopter based transport. Arrival at Level II
facilities within the “golden hour” after injury for surgical or intensive stabilization is a
DOD priority (Fang et al., 2010). Flight time from the battlefield varies, but typically
ranges between 30-90 minutes. At this facility a forward surgical team can perform
limited damage control surgery to stabilize the patient for further transfer to a Level III
facility (Reno, 2010).
TBI patients enter into the official aeromedical evacuation (AE) system following
arrival at the combat support hospitals and are designated for urgent, priority, or routine
evacuation. Once the decision has been made to move a patient from a combat support
hospital to one of the main theater hospitals (Level III; i.e. during OIF/OEF Balad base,
Iraq or Bagram base Afghanistan) transport typically occurs via C-130, C-12, or C-21
aircraft, but may also occur by UH-60 Blackhawk helicopter (Reno, 2010). Level III
facilities may have specialized neurosurgeons and CT scanning capabilities available. At
this level a decompressive craniotomy may be performed to excise devitalized brain
tissue and to attempt to restore the integrity of the dura.
Patients can then be moved to a Level IV facility outside the combat zone,
typically a permanent centralized hospital such as Landstuhl Regional Medical Center
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(LRMC) in Germany. Stabilization and transport of TBI patients to non-theater hospitals
aboard fixed wing cargo planes typically requires a 6-8h flight and occurs within the first
24-48 hours following injury. Ultimately within 4-5 days of injury, patients are
transferred by an intercontinental flight averaging 10 hours to a Level V medical center in
the United States for definitive care (Walter Reed Army Medical Center, National Navel
Medical Center, Brooke Army Medical Center). (Fang et al., 2010; Reno, 2010).
Cases that require intensive care unit level care are handled by the USAF Critical
Care Air Transport Team (CCATT). Introduced in the early 1990s these highly trained 3
person teams consist of a physician, a critical care nurse, and a respiratory therapist.
CCATT plays an integral part in the safe and rapid evacuations of TBI casualties.
Among patients transported by CCATT from Iraq/Afghanistan between 2001-2006, 1625% had TBI (Bridges & Biever, 2010). In addition, between January 2007 and June
2008, 12% of CCATT patients were diagnosed with a TBI (Fang et al., 2010).

Stressors of Flight
Although current AE practices have been successful at increasing survival from
different types of battle wounds, concerns have been raised that for TBI patients AE itself
may pose an added risk. The physiological stressors associated with flight may serve to
exacerbate secondary injury mechanisms, adversely influencing outcomes. AE exposes
casualties to reduced barometric pressure (hypobaria). Commercial aircraft typically
maintain an average cabin pressure of 5000ft (84.6 kPa) and regulations require cabin
pressures no lower than 8000ft (75.22Pa). Cabin pressures of 8,000ft above sea level are
routinely used during military flights (Fang et al., 2010). At this altitude there is only
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76% of the oxygen at sea level, in other words, the oxygen partial pressure is
approximately equivalent to breathing only 14% oxygen at sea level pressure. Although
healthy passengers can generally tolerate these conditions relatively well, they have
reduced oxygen saturation levels (89-92%). For TBI patients, maintaining sufficient
oxygenation is necessary for preventing increased intracranial pressure (ICP) and
ensuring a sufficient cerebral perfusion pressure (Reno, 2010). Avoiding tissue hypoxia
in TBI patients is essential, as even a single hypoxic episode can be highly detrimental
(Fang et al., 2010; Goodman et al., 2010).
Decreased atmospheric pressure also changes the solubility of gases and causes
them to expand. At sea level the ambient pressure allows for gases to dissolve into the
tissue. When the pressure is reduced such as during an ascent to high altitudes the gas can
be released from the tissues in the form of bubbles causing blood gas disorders such as
decompression sickness. During events of decompressive stress, levels of lipid bilayerenclosed membranous vesicles known as microparticles (MPs) have also been shown to
increase in the circulation leading to pathophysiological vascular changes (Thom et al.,
2011; Thom et al., 2013).
Trapped air in the brain introduced from penetrating fragments or during surgery
can also be problematic. According to Boyle’s law trapped air can expand up to 35% in
volume at an altitude of 8,000ft. The expansion of any trapped gas in the brain or body
cavities can cause barotrauma and contribute to an increase in intracranial pressure.
Barotrauma from the change in barometric pressure at higher altitudes may also occur
even in the absence of any trapped gases and is especially dangerous in cases of head
trauma where ICP control is critical (Reno, 2010).
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Exposure to high altitudes above 6500ft can also lead to a condition known as
acute mountain sickness (AMS). AMS is characterized by headache, nausea, emesis,
fatigue, and sleep disturbances. Though typically associated with unacclimatized
terrestrial travelers, 7% of passengers on long commercial flights experience symptoms
similar to AMS (Goodman et al., 2010). Prolonged high altitude exposure after AMS
onset can progress to high altitude pulmonary edema (HAPE) or high altitude cerebral
edema (HACE). These two conditions often occur simultaneously producing pulmonary
dysfunction, ataxia, and altered consciousness. Preexisting inflammation is known to
predispose individuals to these high altitude illnesses (Baumgartner, 2007; Grocott et al.,
2007).
Increasing cabin pressurization to lower altitudes to reduce the impact of flight
has several limitations. Pressure differences in the operational flight altitude of the plane
and the cabin altitude must be within the structural capacity that can be resisted by the
bulkheads. If the pressure difference between that inside the cabin and the atmosphere
outside the plane is too great the bulkheads will collapse. This is an especially important
consideration when the flight path requires operating at altitudes high enough to pass
over mountain ranges or safely avoid combat zones. Making the structure of the air
frame strong enough to resist these pressure gradients adds weight to the aircraft
increasing fuel consumption and thus reducing flight range. In addition increasing cabin
pressure is typically accomplished by drawing in air from the compression stages of jet
engines. This air is superheated and must be cooled and humidified further increasing the
demands on fuel consumption and reducing the power supply available to other flight
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systems. On board air compressors are also used to accomplish cabin pressure increases
and have similar demands on fuel consumption.
Air evacuations are commonly conducted on “aircraft of opportunity” and not
dedicated medical aircraft. The most commonly used aircraft are the C-130 “Hercules”
and the C-17 “Globemaster III”. Whereas both are designed for cargo transport, they are
not specifically designed for medical transport. Therefore, as they have no intrinsic
medical capabilities these aircraft must be reconfigured to accommodate litters and
patients and all of the medical supplies necessary for the treatment and maintenance of
patients must be brought on board. The aircraft environment, although suitable for
medical transport, is not optimal for TBI patients. During AE, TBI patients can be
subjected to a variety of stimuli that can affect stabilization and increase stress. Prop
engine planes, such as the C-130, produce constant noise and vibrations that can be
agitating. Abrupt changes in cabin temperature also commonly occur on military cargo
planes. In addition, humidity levels decrease at altitude leading to an increase in fluid loss
during long duration flights. Take off, landing, and combat maneuvers also place
physiological stress on patients with the forces from acceleration and deceleration
influencing cerebral blood flow (CBF) and ICP (Fang et al, 2010; Reno, 2010).
Collectively the stress of flight, in addition to hypobaria introduces substantial risk that
could aggravate and intensify secondary injury mechanisms and subsequently negatively
influence outcomes in TBI patients (Table 1.1).
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Table 1.1 Summary of Physiological Stressors caused by Aeromedical Evacuation.

Animal Models of Simulated AE
The effects of hypobaria produced during AE have not been well studied in TBI
patients. Evidence that AE might worsen outcomes in TBI patients is largely anecdotal
impressions from AE transport medics. More recently an observational research project
conducted during OIF/OEF on TBI CCATT patients demonstrated increases in ICP
during takeoff that continued for variable durations (Fang et al., 2010). These
observations, although important, do not well address potential detrimental effects of AE
or the relation to timing of air flight after trauma.
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Only a single published experimental study has examined the effects of hypobaria
on TBI. After weight-drop induced brain injury in mice, exposure to 5h of hypobaria
(8800ft) at 3h, but not 24h, after injury, increased neuron specific enolase (NSE) a serum
marker of neuronal injury and cerebral levels of the inflammatory cytokine IL-6
(Goodman et al., 2011). Given such limited experimental data, there is a clear need to
further characterize the effects of flight-equivalents on TBI, the mechanisms involved in
potential exacerbation of injury, as well as the effects of timing of transport.

Mechanisms of TBI
TBI is perhaps the most heterogeneous of neurological disorders, where tissue
changes reflect both direct mechanical damage (primary injury) and delayed induced
molecular and cellular cascades (secondary injury), leading to neuronal cell death, axonal
disruption, demyelination, astrogliosis, and inflammation (Fig. 1.3). The neurological
consequences reflect injury severity, location, gender, genetic predisposition, cognitive
reserve, and various co-morbidities. The primary injury is the result of tissue damage
caused at the moment of impact; consequent contusions, hemorrhages, and lacerations of
the tissue and vasculature lead to impaired regulation of CBF and metabolism. Secondary
injury involves changes in a multitude of biochemical cascades that can begin
immediately after the direct physical disruption of the tissue caused by the initial trauma
and lead to further, often progressive pathophysiological changes.
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Figure 1.3 Mechanisms involved in the progression of Traumatic Brain Injury.

It is difficult to fully detail the extremely complex nature of the secondary injury.
Descriptions of secondary injury are limited in their ability to define the entire scope of
the biological processes and system interactions. A more comprehensive review of
secondary injury mechanisms can been found in articles by McIntosh et al. (1996),
DeKosky et al. (1998), Werner and Engelhard (2007), Morganti-Kossman et al. (2007),
and Zink et al. (2010). The following will draw attention to several key components of
the secondary injury process that may be influenced by AE.
Cellular membrane depolarization and excessive excitatory neurotransmitter
release following TBI result in high Ca+2 and Na+ influx and the activation of lipid
peroxidases, proteases, phospholipases, caspases, endonucleases, and the generation of
reactive free radicals leading to blood brain barrier (BBB) breakdown, development of
cerebral edema and cell death (Maas, 2008; Greve & Zink 2009; Das, 2012). Cytotoxic
edema from swelling brain cells also increases cerebral volume and tissue pressure
leading to changes in CBF, altered tissue perfusion, and increased ICP. Increased ICP
and altered cerebral perfusion can lead to tissue hypoxia and ischemia. During these
secondary injury processes many different pro-inflammatory molecules are also
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generated including prostaglandins, oxidative metabolites, chemokines, and proinflammatory cytokines which further contribute to BBB disruption and the development
of edema. Pro-inflammatory cytokines also stimulate the recruitment of inflammatory
cells. Many of these secondary events occur concurrently and can have additive effects.
Cell cycle activation (CCA) has also been shown to occur following TBI and
contributes to secondary injury (Di Giovanni et al., 2005; Kabadi et al., 2012). Both
neurons and glia have been shown to express cell cycle markers after injury. Cell cycle
activation in neurons leads to programmed cell death. In glia, CCA induces astrocyte and
microglial proliferation leading to astroglial scar formation, inhibition of axonal
regeneration, pro-inflammatory cytokine release, reactive oxygen species (ROS)
generation, and ultimately neuronal degeneration (Di Giovanni et al., 2005; Cernak et al.,
2005; Byrnes et al., 2007; Stoica et al., 2009).
TBI induced cerebral inflammation appears to play a pivotal role in secondary
injury severity and progression. The primary insult initiates an endogenous
neuroinflammatory response as well as an influx of systemic inflammatory mediators into
the brain caused by a breakdown in the BBB. Though the neuroinflammatory response to
injury is a tissue defense mechanism with beneficial properties for protection, repair, and
resolution it does not act in a purely beneficial manner and has been found to contribute
to neuronal cell death (Dardiotis et al., 2012) The neuroinflammatory response is
characterized by infiltration of circulating monocytes and the activation of astrocytes and
microglia (Colton, 2009; Loane and Byrnes, 2010).
The brain is traditionally viewed as an immunologically privileged organ
separated from the peripheral circulation by the BBB. Breakdown of the BBB caused by
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the primary injury and secondary injury cascades and the induction of cytokines,
chemokines and adhesion molecules leads to the recruitment and influx of systemic
inflammatory mediators such as neutrophils, macrophages, and lymphocytes (Werner and
Engelhard, 2007; Zink et al., 2010). These infiltrating peripheral immune cells can
eliminate not only injured but also adjacent tissue to facilitate repair. Though this
process is critical to the protective host defense it can also be detrimental when
inappropriate or excessive. In addition, leukocytes release vasoconstrictors following
adhesion and obstruct the tissue microvasculature reducing tissue perfusion. Infiltrating
peripheral immune cells can also release pro-inflammatory cytokines and other
neurotoxic mediators causing edema formation and aggravating secondary brain damage
(Morganti-Kossman et al., 2001).
The astrocyte response to injury is known as reactive gliosis and is characterized
by increases in intermediate filaments such as glial fibrillary acidic protein (GFAP),
cellular hypertrophy, and proliferation. Reactive astrocytes can play a beneficial role
through the secretion of neurotrophic factors and uptake of glutamate that can reduce
excitotoxicity. Reactive astrocytes also form what is referred to as a glial scar to separate
injured from healthy tissue, repair the blood brain barrier (BBB), prevent an
overwhelming inflammatory response and limit cellular degeneration (Silver & Miller,
2004). Ablation of dividing reactive astrocytes following TBI has been shown to
intensify cortical degeneration emphasizing their important role in preserving neural
tissue and restricting inflammation (Myer, 2006). Prolonged astrogliosis may be
detrimental instead of beneficial. The dense physical and chemical barrier created by the
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glial scar inhibits axonal regeneration leading to dystrophic endbulbs and impairing
functional recovery (Silver & Miller, 2004).
Microglia are the brain’s resident macrophages and under normal conditions
maintain a resting/surveying state. Resting microglia display a ramified morphology with
long branched projections extending out to survey the local microenvironment which are
very sensitive to subtle changes (Nimmerjahn et al., 2005; Kettenmann et al., 2011).
Several different molecules such as cytokines and ATP released from injured tissue and
serum factors such as thrombin can stimulate microglia to become activated once they are
detected (Nakamura et al., 2002). Upon activation microglia increase in size, change to
an amoeboid morphology, proliferate and migrate to the injury site. After migration to the
site of injury activated microglia are unable to be differentiated from infiltrating
macrophages based on morphology alone (Streit & Xue, 1999; Loane & Byrnes, 2010).
Two primary phenotypes of activated microglia have been identified. These
phenotypes likely represent two extremes with many in between states sharing attributes
from both. The classical activation or M1 phenotype of microglia has been shown to be
pro-inflammatory and neurotoxic through the secretion of cytokines, chemokines, and
reactive oxygen species (ROS) (Werner and Engelhard, 2007; Loane and Byrnes, 2010).
Alternatively activated or M2 phenotype microglial have been shown to promote
neuronal survival and secrete anti-inflammatory cytokines. When resolution of
inflammation and the return of microglia to a resting state do not occur it has been shown
to result in chronic neurodegeneration and functional deficits. In addition, microglia
retain a “memory” of activation once they have returned to a resting state (Werner and
Engelhard, 2007). In this case microglia are said to be “primed” meaning they have
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increased sensitivity to inflammatory stimuli. Primed microglia produce an exaggerated
response to subsequent exposure of inflammatory stimuli (Kumar & Loane, 2012). This
can be detrimental when the exaggerated response is beyond that necessary to reconcile
the cause of the secondary stimulus or “second hit.”

TBI as a Chronic Disorder
Secondary injury processes can continue for months or longer, causing
progressive cellular and tissue loss (Werner and Engelhard, 2007; Dardiotis et al., 2012).
This has led to the understanding that TBI is a chronic disorder. Descriptions on the
breadth of secondary injury processes that contribute to chronic deterioration can be
further found in reviews by Faden (2011), Das et al. (2012), Ransohoff and Brown
(2012), Dardoitis (2012), and Kumar and Loane (2012).
Structural imaging from clinical studies has shown progressive atrophy in several
subcortical brain structures including the hippocampus and loss of central myelinated
nerve fibers beyond 1 year after injury (Green et al., 2014). Positron emission
tomography (PET) imaging studies have also shown that at times longer than 6 months
after injury TBI patients have reductions in cerebral metabolism (Shiga et al., 2006; Kato
et al., 2007) and that patients with chronic cognitive symptoms have alterations in brain
neurotransmitter systems (Östberg et al., 2011). In addition microglial activation has
been shown to be present up to 17 years after TBI suggesting a chronic inflammatory
response particularly in subcortical regions (Gentleman et al., 2004; Ramlackhansingh et
al., 2011). These finding have been recapitulated in experimental models. Most recently,
Loane et al. (2014) have shown lesion volume expansion, neuronal loss, and persistent
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microglial activation for up to 1 year after TBI in a murine controlled cortical impact
model. Treatments inhibiting chronic microglial activation have also been demonstrated
to significantly improve cognitive deficits and histological outcomes when given as late
as 1 month post-injury (Byrnes et al., 2012). Traumatic brain injury is also recognized as
a risk factor for dementia and has been associated with the development of Alzheimer’s
disease (AD) based on findings of chronic AD like pathologies such as amyloid-β (Aβ)
plaques in the brains of TBI patients and in animal models of TBI (Smith, 2013).
However recent findings suggest that dementia in individuals with a history of TBI may
be distinct from AD (Sayed et al., 2013). The association of secondary injury with
chronic pathology for years following TBI further illustrates the critical need to prevent
exacerbations in secondary injury such as those that may occur during AE.

Summary
Currently the timing of transport for injured soldiers from the battlefield to more
definitive care at permanent medical facilities is based on experience with little data from
validated bench-science models. Evidence suggests that current AE practices pose an
added risk to TBI patients by aggravating the progression of secondary injury
mechanisms. Given the importance of AE in providing care to injured military personnel
it is critical to understand the physiological effects of transport on TBI in order to reduce
the risk of further injury.
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Based on the available, albeit limited data, the following three hypotheses were
developed:
1) Low atmospheric pressure present at AE cruising altitudes worsens outcomes after
TBI. It is predicted that exposure to prolonged hypobaria during the first hours to days
following a TBI exacerbates pathophysiological changes, resulting in greater neurological
deficits and related histological changes.
Aim #1a: To examine the effects of hypobaric exposure at varying times after TBI (6h,
24h 72h, 7d) on long-term histological and behavioral outcomes in order to determine the
“best time to fly” after a TBI. #1b: To compare the effects of single AE equivalent to
two exposures, so as to simulate primary (6h flight at 24h post injury) followed by
secondary evacuation (10hr flight at 72h post injury). #1c: To compare the effects of
breathing 100% inspired O2 concentrations (hyperoxia) versus normoxia during AE (6hr
flight at 6hr post injury).

2) The exacerbating effects of prolonged hypobaria on TBI reflect accentuated
neuroinflammatory changes.
As previous studies have suggested a neuroinflammatory component in the exacerbation
of injury caused by hypobaria, it is important to characterize the effects of AE following
TBI with regard to the inflammatory response. In addition, the identification of key
biomarkers of injury (e.g. cytokines, microparticles) could be used to determine whether
it is safe to transport a patient or if patients have been negatively affected by transport.
Aim #2: To show that the effects of prolonged hypobaria following TBI are associated
with an increased neuroinflammatory response. To test this hypothesis, blood and tissue
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samples were taken 24h after induction of brain injury and analyzed for selected
inflammatory cytokines, ROS, microparticles, and cell cycle marker expression levels.
These biomarkers were chosen because of their direct involvement in secondary injury
inflammatory pathways.

3) Exacerbation of injury after TBI plus hypobaria can be improved by attenuating
post-traumatic inflammation. Secondary injury mechanisms provide a potentially
reversible target for therapuetic strategies to reduce the impact of AE following TBI.
Aim #3. A potent and selective CDK inhibitor, known to reduce inflammation and
neuronal cell loss after experimental TBI, was administered to attempt to attenuate posttraumatic inflammation caused by hypobaria exposure and related injury exacerbation.
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Chapter 2. Methods
Animals
Male Sprague Dawley rats (Harlan Labs, Frederick, MD) weighing 325g (+25g)
were utilized for these studies. Animals were fed a standard laboratory diet with food
and water ad libitum. All surgical procedures and experiments were carried out in
accordance with protocols approved by the Animal Care and Use Committee at the
University of Maryland and the United States Air Force.

Surgery
Rats were anesthetized with isoflurane (4% induction, 2% maintenance)
evaporated in a gas mixture containing 70% room air and 30% O2 administered through a
nose cone. The surgical site on the scalp was cleared of hair with small animal electric
clippers and the animal’s head was mounted in a stereotaxic frame. A surgical plane of
anesthesia was confirmed by a lack of eye reflexes and withdrawal response to a foot
pinch. A sterile petrolatum ophthalmic lubricant (Puralube vet ointment) was applied to
form a protective film over the ocular surface, lubricate the eye, and protect the eye from
drying. The surgical site was then cleaned three times alternating with a povidoneiodine prep pad and 70% isopropyl alcohol pads and covered with a sterile drape. A
midline incision was made to expose the craniotomy site and the skin and fascia were
reflected. A 5mm craniotomy was made over the left parietal cortex midway between
lambda and bregma using a small drill with a sterile bit. A leur-loc female adaptor was
secured to the craniotomy site using superglue and dental acrylic to facilitate connection
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with the micro-fluid percussion (FP) device for the injury induction. Following injury the
incision was closed with surgical staples. Anesthesia was then terminated and the animal
was placed into a heated recovery chamber where animals were monitored for 1 hour post
surgery before being returned to their home cage. The animal’s systemic temperature
was maintained at 37.0 ± 0.5 °C through use of a circulating water heating pad. Sham
animals underwent the same procedure as injured rats with the exception of the micro-FP
impact.

Induction of Injury
The female leur lock attached to the craniotomy site on the skull was fit into a
male leur lock adaptor of a custom micro-FP device. This device is a microprocessorcontrolled pneumatically driven device consisting of a microprocessor-controlled initiator
assembly, an air-driven impactor and pressure chamber. When the device is triggered,
the pneumatic cylinder extends and impacts the piston, causing the transfer of impact
energy to the fluid in the pressure chamber resulting in a pressure wave released from the
chamber directly onto the exposed dura. The pressure is recorded by a pressure
transducer on the bottom of the fluid chamber and displayed on a labtop using the
Powerlab data acquisition system through the Chart4 Windows 4.2 software program.
The degree of injury is directly related to the pressure wave expressed in atmospheres
(atm). A 1.5-1.9 atm pressure was used to produce a mild injury with regard to
neurologic and histologic deficits.
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Hypobaric Animal Experiments
Hypobaric experiments were performed using a dedicated small animal
hyperbaric chamber. The hyperbaric chamber was modified to produce hypobaric
conditions for altitude experiments through the use of a vacuum pump and gas analyzer.
Animals were placed into the chamber in cages with free access to water bottles and food
throughout the duration of the experiment. The chamber door was then secured and the
vacuum pump was used to de-pressurize the chamber over a 30 minute period to reach
the desired hypobaric conditions (simulated cabin altitude of 8,000ft, 0.75 atmospheres,
570mm Hg) approximating the conditions found at flight altitudes during military AE.
During AE aircraft change pitch along the lateral axis and roll along the longitudinal axis
(take off and landing and other flight maneuvers). In addition the cabins of aircraft used
for AE are known to exhibit constant vibration. In an attempt to evaluate the effects of
pressure without significant confounding variables, the chamber was maintained
horizontally, without vibration. To account for the mean oxygen saturation decrease of
5.5% experienced at this pressure, 28% O2 was continuously delivered to the chamber to
maintain a “normoxic” environment such that arterial oxygen concentration reproduces
the pO2 at sea level despite the drop in atmospheric pressure. Chamber gases were
continuously monitored to validate concentration of O2 delivered, as well as to verify that
CO2 was not accumulating in the chamber. At 5.5h of “flight” the chamber was repressurized over 30 min to 1 atm, the animals were then removed and returned to their
home cages. Interior chamber temperature was monitored continuously and maintained
at 22 ± 3° C.
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Experiment 1
This experiment was designed to evaluate the effects of exposure to prolonged
hypobaria after TBI on both short-term histological and long-term histological and
behavioral outcomes in order to determine the “best time to fly” after a TBI. Groups of
animals received a mild TBI (1.5-1.9 atm) utilizing an in vivo lateral fluid percussion
model or sham injury (craniotomy only) and were subjected to hypobaria for 6hr at a
simulated cabin altitude of 8,000ft (0.75 atmospheres, 570mm Hg) at either 6h, 24h, 72h,
or 7d following TBI (Fig. 2.1). Additional groups were evaluated to determine the
effects of both primary AE (6h of HB at 24h after injury) and secondary AE (10h of HB
at 72h after injury) following TBI (Fig. 2.2) as well as the effects of breathing 100%
inspired O2 concentrations (hyperoxia) during AE (Fig. 2.1). The experimental timeline
of 30d post-HB was chosen in order to be consistent and comparable to established
procedures for accurate assessment of cognitive and behavioral outcomes following TBI
(Kabadi et al., 2010; Luo et al., 2013; Kabadi et al., 2014) . An experimental Behavioral
testing included Morris water maze tests for learning and memory (post-HB days 14-18),
novel object recognition test for retention memory (post-HB day 21) and the forced swim
test (post-HB day 26) for depressive-like behaviors. Brains were collected at post-injury
day 7 (n=6 for each group) and post-HB day 30 for pathologic or immunohistochemical
analysis (Sham n=9, Sham + HB n=9, TBI no HB n=19, TBI + HB @ 6h n=15, TBI +
HB @ 24h n=14, TBI + HB @ 72h n=14, TBI + HB @ 7d n=15, Two flights n=15,
100% O2 n=15).
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Figure 2.1 Experimental Timeline for Evaluating the Effects of Simulated AE
following TBI.

Figure 2.2 Experimental Timeline for Evaluating the Effects of Primary and
Secondary AE following TBI.

Behavioral Testing
Composite Neuroscore
Standardized motor scoring was performed at 1, 7, 14, and 21 days after HB
exposure. Motor function was evaluated using three separate tests, each of which was
scored via an ordinal scale ranging from zero (severely impaired) to five (normal
function). The tests include the ability to maintain position on an inclined plane in the
vertical and two horizontal positions for 5s (forelimb flexion and forced lateral pulsion).
The first test measured the reflex extension of the forelimb to break a fall when
suspended by the tail. Forelimb contraflexion was assessed by temporarily suspending the
rat by the tail above a flat surface and assigning a score based on the position of the head,
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shoulders and paws in response to this perceived fall. The second test measured the
animals ability to resist a lateral push. Finally, animals were tested on their ability to
stand on an angle board (30-70 angle) positioned head up, and right and left horizontal
positions. Each test will be rated 0 to 5. Each of seven individual scores (vertical angle,
right and left horizontal angle, right and left forelimb flexion, right and left lateral
pulsion) were added to yield a composite neurological score ranging from 0 to 35.

Morris Water Maze
Spatial learning and memory were assessed by using the acquisition paradigm of
Morris Water Maze (MWM) test on post-HB days 14, 15, 16 and 17. A circular pool (1.5
m in diameter) was divided into four quadrants: northwest, northeast, southwest and
southeast using computer-based AnyMaze video tracking system (Stoelting Co., Wood
Dale, IL) and non-toxic white paint was used to color the water, such that a platform
could be hidden in one of the quadrants (Southwest) 14 inches from the side-wall. Each
rat was subjected to 4 trials to locate the hidden platform every day from post-HB days
14-17 (acquisition phase), such that the rat was introduced into the apparatus from a
different quadrant for every trial, and order of introduction varied across the trial days.
The cognitive outcomes were determined in terms of latency (seconds) to locate the
hidden platform with a 90 second limit per trial. In addition, distance traveled and
swimming velocities were assessed. Water maze search strategy analysis was also
performed. Three strategies were identified using a categorization scheme: 1) spatial
strategies were defined as swimming directly to platform with no more than 1 loop, or
swimming directly to the correct target quadrant and searching; 2) systematic strategies
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were defined as searching the interior portion or the entire tank without spatial bias, and
searching incorrect target quadrant; and 3) looping strategies were defined as circular
swimming around the tank, swimming in a tight circle, and swimming around the wall of
the tank. The search strategies were analyzed on all acquisition trials on post-HB day 17,
and a percentage of each strategy in each group was calculated. Reference memory was
assessed by a probe trial carried out on post-HB day 18. For this trial the platform was
removed from the apparatus. The rat was then introduced into the apparatus from
northeast quadrant and the animal was allowed to search with a 60 second limit. A visual
cue test was performed on post-HB day 18 by using a flagged platform placed in one of
the quadrants to ensure visual acuity of all animals with a 90 second limit per trial and
latency (seconds) to locate the flagged platform was recorded.
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Novel object recognition
Non spatial retention and recognition memory was assessed by the novel object
recognition test on post-hypobaria day 21. The apparatus consisted of an open field (60
cm X 24 cm X 45.4 cm). Using the computer-based AnyMaze video tracking system
two circular zones were created equally spaced from the sides and in the center of the
apparatus. The zones were designated as the “old object” and “novel object” zones. The
objects used were assembled from lego-duplo building blocks and were clearly distinct in
their shape and appearance. The “old object” used was square-shaped, whereas the
“novel object” was triangular. On post-HB day 20 animals were placed into the open
field and allowed to explore for 10 minutes each without any of the objects present for
habituation and familiarization. On the testing day (post-HB day 21) two trials of 5
minutes each were performed. The first trial (training phase) involved placing identical
square shaped “old objects” in both zones of the open field. There was then an inter-trial
interval of 60 minutes, during which the animals were placed back into their cages. The
second trial (testing phase) involved placing one square shaped “old object” and one
triangular shaped “novel object” in respective zones of the open field. The time that was
spent exploring each object during both trials was recorded. In addition, time spent in
novel object and old object zones was analyzed and compared between groups separately.
The cognitive outcomes were calculated as the “Discrimination Index” (D.I.) for the
second trial using the following formula:
% D.I. = (Time spent exploring novel object/(Total time spent exploring both objects)) X
100
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Forced swim test
The forced swim test was used to examine depressive like behaviors. On post-HB
day 26 rats were individually forced to swim inside a vertical plastic container (height: 60
cm; diameter: 25 cm) containing 30 cm of water for a time period of 6 minutes. The total
duration of immobility (passive floating, slightly hunched, upright position, the head just
above the surface) vs. struggle (diving, jumping, strongly moving all four limbs,
scratching the walls) was recorded.

Immunohistochemistry
At 30 days post-HB rats were anesthetized with sodium pentobarbital (100 mg/kg,
IP) and transcardially perfused with saline followed by 4% paraformaldehyde. The brains
were removed, placed in 4% paraformaldehyde for 24h and then cryoprotected in 30%
sucrose. Brains were serially sectioned (60 μm and 20 μm) on a cryostat and mounted
onto glass slides. Selected slides were stained with, Cresyl Violet (FD
Neurotechnologies, Columbia, MD) for hippocampal neuronal cell counts and lesion
volume analysis or with a polyclonal anti-IBA-1 antibody (Wako Chemicals, Richmond,
VA) for cortical microglial cell counts.

Assessment of Microglial Morphology in the Ipsilateral Cortex
Brain sections obtained as described above were immunostained for the microglia
marker ionized calcium-binding adapter molecule 1 (IBA-1). The number of cortical
microglia in either activated or resting morphologic phenotypes were counted using the
optical fractionator method of unbiased stereology with Stereoinvestigator software
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(MBF Biosciences) as described by Byrnes et al. (2012) and Kabadi et al. (2012) (n=512/group). The sampling region was between -2.04 mm and -4.56 mm from bregma in
the ipsilateral cortex with a dorsal depth of 2.0 mm from the surface. Every fourth 60 µm
section was analyzed. Sections were analyzed using a Leica DM4000B microscope
(Leica Micro-systems Inc., Buffalo Grove, IL, USA). The optical dissector had a size of
50 μm in the x and y axes with a height of 10 μm and guard zone of 4 μm from the top of
the section. Dissectors were positioned every 150 μm in the x and y axes. Microglial
phenotypic classification was based on the length and thickness of the projections, the
number of branches, and the size of the cell body as described previously (Soltys et al,
2001; Byrnes et al., 2012; Kabadi et al., 2012). The volume of the region of interest was
measured using the Cavalieri estimator method. The estimated number of microglia in
each phenotypic class was divided by the volume of the region of interest to obtain
cellular density expressed in counts/mm3.

Assessment of Hippocampal Neuronal Cell Loss
Brain sections obtained as described above were stained with cresyl violet (FD
Neuro Technologies, Baltimore, MD), dehydrated, and mounted for analysis (n=410/group). Neuronal cell loss was quantified with Stereo investigator software (MBF
Biosciences, Williston,VT) as described by Byrnes (2012) and Lou et al, (2013) to count
the total number of surviving neurons in the Cornu Ammonis (CA)1, CA2, CA3, and
dentate gyrus (DG) subregions of the hippocampus using the optical fractionator method
of unbiased stereology. Every fourth 60 μm section between −2.04 mm and −4.56 mm
from bregma was analyzed, beginning from a random start point. The optical dissector

29

had a size of 50 μm by 50 μm in the x- and y-axis, respectively, with a height of 10 μm
and a guard-zone of 4 μm from the top of the section. The sampled region for each
hippocampal subfield was demarcated in the injured hemisphere and cresyl violet
neuronal cell bodies were counted. For each subregion a grid spacing of 400 μm in the xaxis and 400 μm in the y-axis was used, resulting in an area fraction of one-sixty-fourth.
The volume of each hippocampal subfield was measured using the Cavalieri estimator
method with a grid spacing of 50 μm. The estimated number of surviving neurons in each
field was divided by the volume of the region of interest to obtain the neuronal cellular
density, expressed as counts/mm3.

Assessment of Lesion Volume in the Ipsilateral Cortex
Brain sections obtained as described above were stained with cresyl violet (FD
Neuro Technologies, Baltimore, MD), dehydrated, and mounted for analysis (n=4/group).
Lesion volume was quantified based on the Cavalieri method of unbiased stereology
using Stereo investigator software (MBF Biosciences, Williston,VT). The lesion volume
was quantified by out-lining the missing tissue on the injured hemisphere using the
Cavalieri estimator with a grid spacing of 0.1mm. From 96 total 60 µm sections, every
eigth section was analyzed beginning from a random start point.

Experiment 2
This experiment examined the effects of prolonged HB following TBI on the
levels of pro-inflammatory cytokines, ROS, microparticles, and cell cycle markers in the
serum and cortex (Fig. 2.3). Six hours after injury animals were exposed to HB (6h;
simulated cabin altitude of 8,000ft, 0.75 atmospheres, 570mm Hg). Blood and brain
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tissue samples were collected at 24h after induction of brain injury (Naïve=8, Sham=10,
Injury no HB=10, Injury + HB @ 6h=9).

Figure 2.3 Experimental Timeline for Evaluating the Effects of Simulated AE
following TBI on Inflammatory Biomarkers.

Serum Collection
At 24h post injury rats were injected with 100 mg/kg, i.p. of euthasol using a 25gauge needle. Adequate anesthesia was determined by the eye blink and tail pinch
methods. An incision was then made through the sternum with a pair of surgical scissors
and the rib cage was lifted to expose the heart. The heart was then released from the
surrounding tissue. A 23g x 1” needle was inserted into the left ventricle and 1ml of
blood was collected. The needle was removed from the syringe prior to transfer of the
blood into a 13 x 100mm lithium heparin (90 USP) hemogard closure tube (Fisher
Scientific, Pittsburgh, PA) and placed on ice. Serum was extracted from the blood
samples by centrifugation at 1000XG and 4o C for 10 min. The serum was then carefully
removed with a pipette so as not to include any red or white blood cells and stored at 80oC until analysis.
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Tissue Collection
Following blood collection a blunt 21 gauge needle was connected to a peristaltic
pump (Harvard Apparatus, Holliston, MA) primed with 0.9% sodium chloride (saline).
The needle was pierced through the left lateral ventricle and inserted diagonally into the
ascending aorta. An incision was made in the right atrium to allow the fluid to flow
through. The brain was then perfused with saline at a rate of 50mL/min for 10 minutes
before being removed. A 5-mm area surrounding the lesion epicenter on the ipsilateral
cortex was rapidly dissected placed in a 1ml microcentrifuge tube and flash frozen with
liquid nitrogen. Frozen tissue samples were stored at -80oC prior to analysis.

Cytokine Analysis
Cytokine levels were assayed following the manufacturer’s instructions (n=610/group) using a multiplex ELISA (Q-Plex™, Quansys Biosciences) allowing the
concurrent measurement of nine analytes (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL12p70, IFN-γ, TNF-α). Protein was extracted from ipsilateral cortex tissue in ice-cold 1X
PBS containing a protease inhibitor cocktail (10ul/ml, Sigma-Aldrich, St.Louis, MO) and
DNase (50ug/ml, Sigma-Aldrich, St. Louis, MO) using dounce homogenization.
Insoluble debris was separated by centrifugation at 10,000 x g for 20 minutes at 4oC. The
supernatant was then transferred to sterile microcentrifuge tubes on ice and the protein
concentration was determined using the Pierce BCA Protein Assay kit (Thermo
Scientific, Rockford, IL). Aliquots with a protein concentration of 1mg/ml were then
prepared from the samples to assay cytokine levels. Antigen standards were reconstituted
using Q-Plex Array Sample Dilutant and the standard curve was prepared according to
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the Antigen Standard Card provided in the kit. The prepared sample aliquots were
diluted 1:2 (parts:total) with Sample Dilutant in a 96 well plate. The Q-Plex Array 96
well plate was washed six times with 1X Wash Buffer and 50ul per well of the
standards/diluted samples were loaded into the plate. A seal was applied and the plate
was shaken for 3 hrs at 500 rpm. The plate was then washed three times with 1X Wash
Buffer, 50ul per well of Detection Mix was added, sealed and shaken for 90 minutes at
500 rpm. After 90 minutes, the plate was washed three times with 1X Wash buffer, 1X
Streptavidin-HRP was added (50ul per well), sealed and shaken for 15 minutes at 500
rpm. The plate was then washed six times with 1X Wash Buffer, 50ul per well of mixed
substrate was added and imaged immediately using the Bio-Rad ChemiDoc XRS+
system. Cytokines were quanitified by densitometric analysis using the provided Q-View
software.

Oxyblot Immunoblot
All procedures for the derivatization of protein carbonyls with DNPH and
subsequent detection using the Oxyblot kit follow the procedure outlined in the kit
brochure (n=6-8/group). All immunoblot samples cortical tissue was homogenized in
radioimmunoprecipiatation assay (RIPA) buffer containing protease and phosphatase
inhibitors (10ul/ml, Sigma-Aldrich, St.Louis, MO) and centrifuged at 15,000 rpm for 15
minutes at 4oC to isolate proteins, and protein concentration was determined using the
Pierce BCA Protein Assay kit (Thermo Scientific, 23225, Rockford, IL). 12% SDS (6%
v/v final) was added to 12.5ug protein to denature the protein. 1X DNPH was added to
each sample at a 1:1 (v/v) ratio and incubated at room temperature for 15 minutes to
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derivatize the protein. Neutralization solution was then added to all samples to stop the
reaction, followed by the addition of 2-mercaptoethanol (5% v/v final) to reduce the
protein. The samples were then loaded and run on 4-12% polyacrylamide gels and the
proteins transferred to nitrocellulose membranes. The membranes were blocked with
blocking buffer for 1 hour, incubated with the primary antibody at a 1:150 dilution in
blocking buffer for 1 hour, washed with PBS-T and incubated with the secondary
antibody at a 1:300 dilution in blocking buffer for 1 hr. After washing, chemiluminescent
substrate was added (SuperSignal West Dura Extended Duration Substrate, Thermo
Scientific, Rockford, IL) to the membranes and the membranes were imaged using the
Kodak Image Station 4000R (Carestream Health, Rochester, NY). Protein bands were
quantified by densitometric analysis using the Carestream Molecular Imaging Software.
Membranes were then stripped, washed, blocked and probed with GAPDH (1:2000,
Sigma-Aldrich, St. Louis, MO), followed by incubation with Anti-Mouse IgG (1:2000,
KPL, Inc., Gaithersburg, MD) for 1 hour. The membranes were then washed and
developed as previously indicted.

Western Immunoblot
For all immunoblot samples cortical tissue was homogenized in
radioimmunoprecipitation assay (RIPA) buffer and centrifuged at 15,000 rpm for 15
minutes at 4°C to isolate proteins, and protein concentration was determined using the
Pierce BCA Protein Assay kit (Thermo Scientific, Rockford,IL). Twenty-five µg of
protein was run on sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membrane (n=6-10/group). The blots were probed with
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antibodies against CDK-4 (1:2000, Santa Cruz Biotechnology,Inc., Santa Cruz, CA),
IBA-1 (1:2000, Wako Chemicals, Richmond, VA.), PCNA (1:2000, Santa Cruz
Biotechnology,Inc., Santa Cruz, CA), GAPDH (1:2000; Sigma-Aldrich, St. Louis, MO)
was used as an endogenous control. Immune complexes were detected with the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (KPL, Inc.,
Gaithersburg, MD) and visualized using SuperSignal West Dura Extended Duration
Substrate (Thermo Scientific, Rockford, IL). Chemiluminescence was captured on a
Kodak Image Station 4000R station (Carestream Health, Rochester, NY), and protein
bands were quantified by densitometric analysis using Carestream Molecular Imaging
Software. The data presented reflect the intensity of the target protein band compared to
the control and were normalized based on the intensity of the endogenous control for
each sample.

Microparticle acquisition and quantification.
Serum collected as previously described was suspended in 0.2 M EDTA to
diminish ex vivo MPs aggregation. Flow cytometry was performed with a 10-color
FACSCanto (Becton Dickinson, San Jose, CA) using standard acquisition software.
Events were counted based on light scatter, with gates set to include 0.3- to 6.5-µm
particles, excluding background corresponding to debris usually present in buffers. MPs
were stained with annexin V antibody and analyzed. Samples also included 0.3-µmdiameter (Sigma) and 1.0-, 3.0-, and 6.5-µm-diameter (Spherotech, Lake Forest, IL)
microbeads, which were used for initial settings and before each experiment to estimate
MP diameters. Analysis involved establishing true-negative controls by a fluorescence-
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minus-one analysis and by using isotype-matched irrelevant antibodies at the same
concentration and under the same conditions. Forward and side scatter were set at
logarithmic gain. The absolute numbers of MPs per milliliter of plasma were determined
by counting the proportion of beads and the exact volume of plasma from which MPs
were analyzed (n=6-10/group).

Experiment 3
This experiment tested an advanced pharmacologic inhibitor of cell cycle
activation (2-(R)-(1-Ethyl-2-hydroxyethylamino)-6-(4-(2-pyridyl)benzyl)-9isopropylpurine trihydrochloride ((R)-CR8; Tocris Bioscience, Minneapolis, MN) for its
ability to both inhibit cellular inflammatory reactions (microglial and astrocyte
activation) and for improving both histologic and neurologic outcome after TBI. Six
hours following induction of TBI (1.5–2.0atms) rats were randomized to 1 of 4 groups:
sham injury + HB, sham injury + vehicle + HB, injury + HB, injury + CR8 + HB.
Animals were exposed to HB for 6hr at 0.75atm (8000ft). Animals in the treatment
groups received a dose CR8 (5 mg/kg in saline, IP) 3hr following induction of a TBI or
an equal volume of vehicle (Saline). This dose and timing of administration was based
on previous studies using this compound in experimental animal models of TBI which
have shown neuroprotection by limiting microglial activation, astrocytosis, and neuronal
loss (Kabadi et al. 2012, Kabadi et al. 2014). Animals from all experimental groups were
subjected to the same behavioral testing used in experiment 1. Behavioral testing
included Morris water maze tests for learning and memory (post-HB days 14-18), novel
object recognition test for retention memory (post-HB day 21) and the forced swim test
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(post-HB day 26) for depressive-like behaviors. Brains were collected at post-HB day 30
for pathologic or immunohistochemical analysis (Fig 2.4; Sham + HB n=8, Sham +
Vehichle + HB n=8, Injury +Vehicle + HB n=14, Injury +CR8 + HB n=15).

Figure 2.4 Experimental Timeline for Evaluating CR8 Treatment on Simulated AE
induced inflammatory responses following TBI.

Statistical Analysis
Quantitative data were expressed as mean + standard errors of the mean.
Functional data (latency to find the platform) for the acquisition phase of the MWM were
analyzed by repeated measure (trial) one-way ANOVA (groups) to determine the
interactions of post-injury days and groups, followed by post-hoc adjustments using the
Student-Newman-Keuls test. The comparison of search strategies during the final day of
trials of the MWM acquisition phase were analyzed using a chi-square test. The data for
the probe trial and swim speeds for the MWM, the novel object recognition test, the
forced swim test, the expression of biochemical markers using immunoblots, cytokine
expression levels, and microparticle levels were evaluated using a one-way ANOVA
followed by Student-Newman-Keuls post-hoc adjustments when three or more groups
were being analyzed. In cases where only two groups were being compared a one-tailed
Student’s t test was used for analysis. Assessment of motor function utilizing composite
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neurological scores were analyzed using the non-parametric Kruskal Wallis ANOVA.
Stereological and lesion volume assessments were analyzed by one-way ANOVA
followed by post-hoc adjustments using Student-Newman-Keuls test. All tests were
performed using either SigmaPlot 12 (Systat Software; San Jose, CA) or GraphPad Prism
program (GraphPad Software; San Diego, CA). Symbols representing statistical
significance were as follows: * vs. sham injury; # vs. TBI no HB; ^ vs TBI + HB. A p
value of less than 0.05 was considered statistically significant.
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Chapter 3. Hypobaria Exacerbates Pathophysiological
Changes and Neurological Deficits following TBI
Introduction
Traumatic brain injury (TBI) is one of the leading causes of death and long-term
disability associated with recent military conflicts. Safe and successful movement of
TBI casualties from the battlefield to the appropriate level of care is critical to increasing
survival and improving long term neurological outcomes. A crucial component in
providing rapid advanced medical care is an integrated world-wide aeromedical
evacuation (AE) system. Transport of TBI patients to central hospitals aboard fixed wing
cargo planes occurs within the first 24-48 hours following injury with patients
undergoing a second flight to the US usually within 4-5 days of injury. There are
concerns that in the case of TBI patients the process of transport itself may pose an added
risk. Hypobaria (HB) exposure during the AE process could serve as a “second hit”
intensifying secondary injury mechanisms and potentially adversely influence TBI
outcomes.
This experiment was designed to test the hypothesis that: Low atmospheric
pressure present at AE cruising altitudes worsens outcomes after TBI. Animals
underwent a mild TBI (1.5-1.9 atms) utilizing an in vivo lateral fluid percussion model or
sham injury (craniotomy only) and were subjected to HB for 6h at a simulated cabin
altitude of 8,000ft at either 6h, 24h, 72h, or 7d following TBI. During AE casualties are
exposed to reduced barometric pressure (hypobaria) which has been shown to augment
inflammatory responses and increase neuronal injury following TBI (Goodman et al.,
2011). In order to evaluate that reduced barometric pressure and not hypoxemia
influences injury responses during hypobaria (HB) exposure 28% O2 was continuously
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delivered to maintain a “normoxic” environment such that arterial oxygen concentration
reproduces the pO2 at sea level despite the drop in atmospheric pressure.

Additional

groups were evaluated to determine the effects of both primary AE (6h of HB at 24h after
injury) and secondary AE (10h of HB at 72h after injury) following TBI as well as the
effects of breathing 100% inspired O2 concentrations (hyperoxia) during AE. (Sham n=9,
Sham + HB n=9, TBI no HB n=19, TBI + HB @ 6h n=15, TBI + HB @ 24h n=14, TBI +
HB @ 72h n=14, TBI + HB @ 7d n=15, Two flights n=15, 100% O2 n=15).
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Results
In order to evaluate the long-term effects of HB exposure on TBI-induced
neurological impairments motor and cognitive functional testing were conducted over
one month post-HB. Assessment of motor function used a composite of established tests
(Cernak et al., 2004; Hilton et al., 2008), each scored 0-5; given the ordinal scoring the
non-parametric Kruskal Wallis ANOVA was used to analze differences across groups; no
signficant differences were found (Fig. 3.1; p=0.1302), with all groups recovering to
sham injury levels by one month.

Figure 3.1 Assessment of Motor Function.
Standardized motor scoring was performed at 1, 7, 14 and 21 days after HB exposure.
Motor function was evaluated using seven separate tests, each of which was scored via an
ordinal scale ranging from zero (severely impaired) to five (normal function). Each test
was rated 0 to 5. Each of seven individual scores (vertical angle, right and left horizontal
angle, right and left forelimb flexion, right and left lateral pulsion) were added to yield a
composite neurological score ranging from 0 to 35.
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Hypobaria Worsens Functional Cognitive Outcomes following TBI.
Spatial learning was tested using the acquisition phase of the MWM test to
examine whether HB exposure following TBI increases deficits in hippocampal
dependent learning (Fig. 3.2). The factors of “post-injury days” (F(3,283)=123.39;
p<0.001) and “groups” (F(5,283)=8.15; p<0.001) were found to be significant. The
interaction of “post-injury days X groups” (F(15,283)= 5.522; p<0.01; repeated measures
one-way ANOVA) was significant. The TBI no HB and TBI + HB at 6h,24h, and 72h
groups showed impairments in spatial learning in comparison to the sham injury group
(Fig. 3.2; p<0.05 vs. sham injury). The TBI + HB at 6h, TBI + HB at 24h (p<0.05), and
TBI + HB at 72h (p<0.05) groups showed significant impairment in spatial learning in
comparison to the TBI no HB group (Fig. 3.2).
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Figure 3.2 Cognitive Assessment using the Morris Water Maze.
The Morris water maze was used to evaluate the effects of HB following brain injury on
spatial learning. Induction of TBI caused significant deficits in spatial learning and
memory function in the acquisition phase of MWM in the TBI no HB and TBI + HB at
6h,24h,72h, and 7d groups compared to sham injury (*p<0.05; repeated measures oneway ANOVA; Student-Newman-Keuls post-hoc test). Prolonged HB exposure at 6h,
24h, and 72h following TBI further exacerbated learning deficits in comparison to the
TBI no HB group (#p<0.05; repeated measures one-way ANOVA; Student-NewmanKeuls post-hoc test).
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The swimming patterns during all trials on the fourth day of the acquisition phase
were analyzed to assess the search strategies utilized by the animals to locate the hidden
platform (Fig. 3.3), as previously described (Byrnes et al., 2012; Kabadi et al., 2012). A
chi-square analysis was used to compare strategies across groups and was found to be
significant (p< 0.0001, χ2 =135.7, df=10). HB-exposed animals displayed an inefficient
search strategy relying less on a direct strategy (spatial) with increased circling activity
(looping) around the edge of the maze. The sham injury group displayed a predominately
spatial search strategy (81% spatial, 18% systematic, 1% looping). In the TBI no HB
group utilization of the spatial search strategy (65%) was lower than that of the sham
injury group with systematic (31%) and looping (4%) strategies increased. A further
reduction in the percentage of trials using the spatial search strategy was observed in HB
exposure groups with 35%, 38%, and 32% in the 6h, 24h, and 72h HB exposure postinjury groups, respectively. For groups exposed to HB utilization of a spatial search
strategy was highest (41%) and the instance of looping was lowest (8%) in the HB
exposure at 7d after TBI group.
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Figure 3.3 Morris Water Maze Acquisition Phase Day 4 Search Strategies.
The swimming patterns during all trials on the fourth day of the acquisition phase were
analyzed to assess the search strategies utilized by the animals to locate the hidden
platform. A chi-square analysis was used to compare strategies between groups. HBexposed animals were less efficient in their search strategy while attempting to locate the
hidden platform relying less on a direct strategy (spatial) and an increase in the amount of
circling activity (looping) around the edge of the maze (p< 0.0001, χ2 =135.7, df=10).
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Spatial memory was assessed using the MWM probe trial on day 18 post-HB by
examining the number of entries into the platform zone following removal of the
platform to determine if HB exposure following TBI increases hippocampal dependent
memory deficits (Fig. 3.4). Statistical analysis using a one-way ANOVA was found to be
significant (p=0.0246). Post-Hoc comparison using the Student-Newman-Keuls test
showed a significant difference between only the HB @ 24h vs sham injury groups. No
statistically significant differences were observed between the TBI no HB group and the
HB @ 6h, 24h, 72h, or 7d groups or between any of the HB exposure groups (Fig 3.4).
Since no differences were found between groups of animals exposed to HB (HB @ 6h,
24h, 72h, or 7d ) these groups were combined to compare TBI plus HB exposure to TBI
animals not exposed to HB (TBI no HB group) in order to determine if there was an
effect of HB exposure at anytime following TBI on spatial memory in comparison to no
HB exposure following TBI (Fig. 3.5). The combined group of TBI + HB exposed
animals demonstrated a significant impairment in spatial memory in comparison to TBI
no HB animals (Fig. 3.5). Swim speeds did not differ across groups (Fig. 3.6).
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Figure 3.4 Morris Water Maze Probe Trial Platform Entries.
Spatial memory was assessed using the MWM probe trial on day 18 post-HB by
examining the number of entries into the platform zone following removal of the
platform. A one-way ANOVA analysis was found to be statistically significant
(p=0.0246). Post-Hoc comparison using the Student-Newman-Keuls test showed a
significant difference between only the HB @ 24h vs the sham injury group (*p<0.05).
No statistically significant differences were observed between the TBI no HB group and
the HB @ 6h, 24h, 72h, or 7d groups or among any of the HB exposure groups (One-way
ANOVA Student-Newman-Keuls post-hoc test).
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Figure 3.5 Hypobaria Exposure Increases Deficits in Reference Memory.
Spatial memory was assessed using the MWM probe trial on day 18 post-HB by
examining the number of entries into the platform zone following removal of the
platform. TBI plus HB exposure animals were combined in order to determine if there
was an effect of HB exposure at anytime following TBI on spatial memory in comparison
to no HB exposure following TBI. Comparison of the combined TBI + HB group vs.
TBI no HB exposure animals demonstrated a significant impairment in spatial memory in
HB exposed animals (#p= 0.0257, one-tailed t-test).
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Figure 3.6 Swim Speeds during Morris Water Maze Probe Trial.
Assessment of swim speeds during the MWM probe trial on day 18 post-HB showed no
difference across groups (p=0.2428, one-way ANOVA).

49

Non-spatial memory was assessed by novel object recognition test on post-HB
day 21 to determine in HB exposure following TBI affects non-hippocampal dependent
memory (Fig. 3.7). Animals showed an equal preference for the two identical objects
during the training phase. During the testing phase the sham injury group showed a
marked increase in the time exploring the novel versus the familiar objects and the
discrimination index increased from 43.6 + 2.3% to 55.1% + 2.6% (p=0.0029, two-tailed
t-test). The TBI no HB and HB exposure at 6h, 24h, 72h, or 7d after injury groups had
no or reduced preference for the novel object. No statistically significant differences in
the discrimination index for the testing phase were observed across groups (p=0.1878,
one-way ANOVA).
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Figure 3.7 Effect of Hypobaria Exposure following TBI on Retention Memory.
Non-spatial memory was assessed by novel object recognition test on post-HB day 21.
No statistically significant differences in the discrimination index during the testing phase
were observed between groups (p=0.1878, one-way ANOVA).
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Effects of Hypobaria on Depressive-like Behaviors.
The forced swim test was used to examine whether HB exposure increases
depressive-like behaviors following TBI (Fig. 3.8). Prolonged HB exposure at 6h, 24h,
and 72h following TBI significantly increased depressive-like behavior vs. the sham
injury group (p<0.001 TBI + HB @ 6h vs. sham injury; p<0.05 TBI + HB @24h vs.
sham injury; p<0.01 TBI + HB @ 72h vs. sham injury; one-way ANOVA followed by
Student-Newman-Keuls post hoc test). HB exposure at 6h following injury significantly
increased depressive-like behavior vs. TBI no HB group (p<0.01, TBI + HB @ 6h vs.
TBI no HB; one-way ANOVA followed by Student-Newman-Keuls post hoc test).
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Figure 3.8 Effects of Hypobaria following TBI on Depressive-like Behaviors.
The effect of HB exposure following TBI on depressive-like behaviors was assessed of
post-HB day 26. Rats were individually forced to swim inside a vertical cylindrical
container of water for a time period of 6 minutes. The total duration of immobility vs.
struggle was recorded. Prolonged HB exposure at 6h (***p<0.001), 24h (*p<0.05), and
72h (**p<0.01) following TBI significantly increased depressive-like behavior vs. the
sham injury group (one-way ANOVA followed by Student-Newman-Keuls post hoc
test). HB exposure at 6h following injury significantly increased depressive-like
behavior vs. TBI no HB group (##p<0.01; one-way ANOVA followed by StudentNewman-Keuls post hoc test).
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Hypobaria following TBI Increased Neuronal Cell Loss in the Hippocampus.
Total neuronal cell numbers in the hippocampus were evaluated at post-HB day
30 to determine if deficits in spatial learning and memory correlated with neuronal cell
loss (Fig. 3.9). Unbiased stereological quantifications show that mild TBI (represented
by the TBI no HB group) caused significant neuronal cell loss in the CA1 and CA2/3
subregions of the hippocampus and the dentate gyrus vs. the sham injury group (Fig.
3.10; Total & DG p<0.05, CA1 & CA2/3 p<0.01 TBI no HB vs. Sham injury; one-way
ANOVA followed by Student-Newman-Keuls post hoc test). HB exposure at 6h, 24h, or
72h following TBI significantly decreased the total number of hippocampal cells vs. the
sham injury (p<0.001 TBI + HB @ 6h, 24h, 72h vs. Sham injury; one-way ANOVA
followed by Student-Newman-Keuls post hoc test) as well as the number of hippocampal
cells in the CA1 (p<0.001 TBI + HB @ 6h, 24h, 72h vs. Sham injury; one-way ANOVA
followed by Student-Newman-Keuls post hoc test), CA2/3 (p<0.001 TBI + HB @ 6h,
24h, 72h vs. Sham injury; one-way ANOVA followed by Student-Newman-Keuls post
hoc test), and DG (p<0.01 TBI + HB @ 6h, 24h, 72h vs. Sham injury; one-way ANOVA
followed by Student-Newman-Keuls post hoc test). HB exposure at @ 6h, 24h, or 72h
decreased the number of total cells surviving in the hippocampus in comparison to the
TBI no HB group ( p<0.01 TBI + HB @ 6h vs. TBI no HB; p<0.05 TBI + HB @ 24h or
72h vs. TBI no HB; one-way ANOVA followed by Student-Newman-Keuls post hoc
test). HB exposure at @ 6h, 24h, or 72h increased hippocampal cell loss in both the CA1
and CA2/3 regions in comparison to the TBI no HB group (p<0.01 TBI + HB @ 6h vs.
TBI no HB; p<0.05 TBI + HB @ 24h or 72h vs. TBI no HB; one-way ANOVA followed
by Student-Newman-Keuls post hoc test).
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Figure 3.9 Effects of Hypobaria following TBI on Neuronal Cell Loss in the
Hippocampus. Representative images of cresyl violet stained brain sections illustrating
neuronal cells in the CA3 subregion of the hippocampus at 30d post-HB in sham, TBI no
HB and TBI + HB @ 6h.
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Figure 3.10 Hypobaria following TBI Increases Neuronal Cell Loss in the
Hippocampus. Total neuronal cell numbers in the hippocampus ipsilateral to the site of
injury were evaluated at post-HB day 30 using unbiased stereological quantification. TBI
caused significant neuronal cell loss in the CA1 and CA2/3 subregions of the
hippocampus and the dentate gyrus vs. the sham injury group (*p<0.05, **p<0.01,
***p<0.001, TBI no HB vs sham injury; one-way ANOVA followed by StudentNewman-Keuls post hoc test). HB exposure following TBI significantly increased
hippocampal cell loss in the CA1 and CA2/3 subregions vs. the TBI no HB group
(#p<0.05,## p<0.01, HB @ 6h, 24h, or 72h vs. TBI no HB; one-way ANOVA followed by
Student-Newman-Keuls post hoc test).
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Effects of Hypobaria Exposure following TBI on Lesion Volume.
In order to determine if HB exposure following TBI increased lesion volume the
Cavalieri method of unbiased stereology was used to assess brain section on post-HB day
30 (Fig. 3.11). Lesion volume was quantified by outlining the missing tissue on every
eighth section of the injured hemisphere using the Cavalieri estimator (n=4 rats/group). A
non-significant trend was observed in the TBI + HB exposure at 6h, 24h, and 72h groups
(p=0.2987; one-way ANOVA).

Figure 3.11 Effects of Hypobaria Exposure following TBI on Lesion Volume.
Lesion volume was assessed at post-HB day 30 using the Cavalieri method of unbiased
stereology. No significant difference in lesion volume was observed across groups
(p=0.2987; one-way ANOVA).
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Hypobaria Exposure following TBI Causes Long-term Activation of Microglia.
Using morphological phenotypes to differentiate between resting and activated
states (Fig. 3.12), unbiased stereological quantifications of microglial cell numbers in the
injured cortex were performed at 7d post-injury (Fig. 3.13) and at 30d post-HB (Fig.
3.14) in order to examine whether an increased inflammatory response was associated
with HB exposure. At 7d post-injury the number of activated microglial cells in the
ipsilateral cortex were significantly increased in the TBI no HB group (p<0.01) and HB
at 6h, 24h, or 72h groups (p<0.001) in comparison to the sham injury group. A
significant increase in the number of activated microglial cells was observed in animals
exposed to HB at 6h following injury in comparison to the injured no HB group (Fig.
3.12). HB exposure at 6h, 24h, or 72h following TBI also significantly increased the
total number of microglia (Fig. 3.13) in comparison to the sham injury (p<0.001 vs. sham
injury) and the TBI no HB group (p<0.01 TBI + HB @ 6h vs. TBI no HB; p<0.05 TBI +
HB @ 24h or 72h vs. TBI no HB; one-way ANOVA followed by Student-NewmanKeuls post hoc test). At 30d post-HB the number of activated (Fig. 3.10) and total
microglia (Fig. 3.9) remained significantly increased in TBI + HB at 6h, 24h, or 72h
groups in comparison to sham injury (Activated: p<0.001 TBI + HB @ 6h; p<0.01 TBI +
HB @ 24h; p<0.001 TBI + HB @ 72h vs. sham injury; one-way ANOVA followed by
Student-Newman-Keuls post hoc test; Total: p<0.01 TBI + HB @ 6h; p<0.05 TBI + HB
@ 24h; p<0.001 TBI + HB @ 72h vs. sham injury, one-way ANOVA followed by
Student-Newman-Keuls post hoc test). The number of total and activated microglial at
30d post-HB also was significanlty increased in the TBI + HB @ 6h or 72h groups vs.
TBI no HB (Activated: p<0.05 TBI + HB @ 6h or 72h vs. TBI no HB; Total: p<0.05 TBI
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+ HB @ 6h or 72h vs. TBI no HB one-way ANOVA followed by Student-NewmanKeuls post hoc test).

Figure 3.12 Assessment of Microglial Morphological Phenotypes in the Injured
Cortex. Morphological Phenotypes of microglia for unbiased stereological
quantifications of microglial cell numbers in the injured cortex (A) were used to
differentiate between resting (B) and activated states(C).
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Figure 3.13 Quantification of Microglial Cell Numbers in the Injured Cortex 7d PostInjury. Unbiased stereological quantification based on morphological appearance of
microglia in the ipsilateral cortex (resting state,activated state, and total number). The
number of activated microglial cells in the ipsilateral cortex was significantly increased in
the TBI no HB group (**p<0.01) and 6h, 24h, and 72h HB exposure groups
(***p<0.001) vs. the sham injury group (one-way ANOVA followed by StudentNewman-Keuls post hoc test). A significant increase in the number of activated
microglial cells was observed in animals exposed to HB at 6h following injury vs. the
TBI no HB group (##p<0.01; one-way ANOVA followed by Student-Newman-Keuls post
hoc test). HB exposure at 6h, 24h, and 72h also significantly increased the total number
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of microglia vs. the sham injury (***p<0.001) and TBI no HB group (##p<0.01, #p<0.05;
one-way ANOVA followed by Student-Newman-Keuls post hoc test).

Figure 3.14 Quantification of Microglial Cell Numbers in the Injured Cortex 30d PostHB. Unbiased stereological quantification based on morphological appearance of
microglia in the ipsilateral cortex (resting state, activated state and total). At 30d post-HB
the number of activated and total microglia was significantly increased in TBI + HB @
6h, 24h, or 72h groups vs. the sham injury group and in the TBI + HB @ 6h or 72h vs.
the TBI no HB group (***p<0.001, **p<0.01, *p<0.05 vs. sham injury; #p<0.05 vs.
injured no HB; one-way ANOVA followed by Student-Newman-Keuls post hoc test).
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Effects of Simulated Primary and Secondary AE following TBI
To examine if the full course of transport for TBI patients effects functional
outcomes, primary AE (6h of HB at 24h after injury) and secondary AE (10h of HB at
72h after injury) following TBI were evaluated. The TBI + HB @ 6h, 24h, and 72h
groups showed no statistical difference between groups for all tests in the first
experiment. These groups (TBI + HB @ 6h, 24h, 72h) receiving only a single HB were
therefore combined to serve as a control for comparison to animals receiving both
primary (HB @ 24h following TBI) and secondary AE (HB @ 72h following TBI) based
on the similarity in timing of HB exposure following TBI (TBI + HB n=43, TBI + 1o &
2o HB n=15).
The MWM was used to evaluate whether primary AE and secondary AE
following brain injury cause increased deficits in spatial learning in comparison to a
single AE equivalent (Fig. 3.15). No significant increase in spatial learning deficits were
observed in the acquisition phase of MWM in comparison to the TBI + HB group
(“groups” (F(1,165)=0.964; p=0.331; “post-injury days X groups” (F(3,165)=0.897;
p=0.444; repeated measures one-way ANOVA).
The swimming patterns during all trials on the fourth day of the acquisition phase
were analyzed to assess the search strategies utilized by the animals to locate the hidden
platform (Fig. 3.16). Animals exposed to HB representing primary AE and secondary
AE displayed an insignificant trend toward utilizing less of a spatial search strategy than
the TBI + HB group and relied primarily on a systematic search strategy (p=0.0554, χ2
=5.786, df=2 chi-square analysis).
Spatial memory was assessed using the MWM probe trial on day 18 post-HB by
examining the time spent in the target quadrant following removal of the platform (Fig.
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3.17). TBI plus HB exposure vs. primary AE and secondary AE exposure animals
demonstrated a significant impairment in spatial memory in primary AE and secondary
AE exposed animals (p=0.0483; one-tailed t-test). Swim speeds did not differ between
animals exposed to a single AE equivalent (TBI + HB) and the primary and secondary
HB exposure group (Fig. 3.18; p=0.1023; two-tailed t-test).

Figure 3.15 Cognitive Assessment using the Morris Water Maze following 1o and 2o
HB.
The Morris water maze was used to evaluate the effects of primary AE and secondary AE
following brain injury on spatial learning. No significant deficits in spatial learning and
memory function were observed in the acquisition phase of MWM in comparison to the
TBI + HB group.
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Figure 3.16 Morris Water Maze Search Strategies following 1o and 2o HB.
The swimming patterns during all trials on the fourth day of the acquisition phase were
analyzed to assess the search strategies utilized by the animals to locate the hidden
platform. Animals exposed to HB representing primary AE and secondary AE utilzed
less of a spatial search strategy than the TBI + HB group and relied primarily on a
systematic search strategy, but this did not reach significance.
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Figure 3.17 Morris Water Maze Probe Trial Time in Target Quadrant following 1o and
2o HB. Spatial memory was assessed using the MWM probe trial on day 18 post-HB by
examining the time spent in the target quadrant following removal of the platform. TBI
plus HB exposure vs. the primary and secondary HB exposure group demonstrated a
significantly greater impairment in spatial memory following two HB exposures
(^p<0.05; one-tailed t-test).
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Figure 3.18 Morris Water Maze Probe Trial Swim Speeds following 1o and 2o HB.
Swim speeds did not differ between animals exposed to a single AE equivalent (TBI +
HB) and the primary and secondary HB exposure group (p=0.1023; two-tailed t-test).
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Non-spatial memory was assessed by the novel object recognition test on post-HB
day 21 to evaluate if two HB exposures increased non-hippocampal dependent memory
deficits in comparison to a single HB exposure (Fig. 3.19). During the testing phase the
primary AE and secondary AE exposed animals showed a significant decrease in the
discrimination index from that of TBI + HB exposed animals (p=0.0295; one-tailed ttest).

Figure 3.19 Novel Object Recognition following 1o and 2o HB.
Non-spatial memory was assessed by novel object recognition test on post-HB day 21.
During the testing phase the primary and secondary HB exposure group showed a
significant decrease in the discrimination index in comparison to TBI + HB exposed
animals (^p<0.05; one-tailed t-test).
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Deppressive-like behavior was assessed using the forced swim test on post-HB
day 26 to determine if two HB exposures following TBI increases depressive-like
behaviors compared to a single HB exposure (Fig. 3.20). Primary and secondary AE
exposure following TBI had no effect on depressive-like behavior in comparison to the
TBI + HB group (p=0.3377; one-tailed t-test).

Figure 3.20 Effects of 1o and 2o Hypobaria following TBI on Depressive-like
Behaviors. The effect of HB exposure following TBI on depressive-like behaviors was
assessed on post-HB day 26. Primary and secondary AE exposure following TBI had no
effect on depressive-like behavior in comparison to the TBI + HB group (p=0.3377; onetailed t-test).
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Effects of Hyperoxia during simulated AE following TBI
As supplemental oxygenation is routinely provided to TBI patients transported via
AE the effects of 100% O2 (hyperoxia) during HB following TBI on functional cognitive
outcomes were evaluated. The TBI + HB @ 6h, 24h, and 72h groups showed no
statistical difference across groups for any tests in the first experiment. These groups
(TBI + HB @ 6h, 24h, 72h) received 28% supplemental oxygen (normoxia) during HB
exposure and were therefore combined to serve as a control for comparison to animals
receiving 100% supplemental oxygen (hyperoxia) during HB based on the similarity in
the timing of HB exposure following TBI (TBI + HB n=43, TBI + 100% O2 HB n=15).
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The Morris water maze (MWM) was used to evaluate the effects hyperoxia during
HB exposure following brain injury on spatial learning (Fig. 3.21). No significant
deficits in spatial learning and memory function were observed in the acquisition phase
of MWM in comparison to the TBI + HB group (“groups” (F(1,165)=1.153; p=0.288;
“post-injury days X groups” (F(3,165)=0.564; p=0.640; repeated measures one-way
ANOVA).

Figure 3.21 Cognitive Assessment using the Morris Water Maze following Hyperoxia
during HB. The Morris water maze was used to evaluate the effects hyperoxia during
HB exposure following brain injury on spatial learning. No significant deficits in spatial
learning and memory function were observed.
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The swimming patterns during all trials on the fourth day of the acquisition phase
were analyzed to assess the search strategies utilized by the animals to locate the hidden
platform (Fig. 3.22). A chi-square analysis was used to compare strategies across groups
and was found to be significant (p< 0.0121, χ2 =8.825, df=2). Animals exposed to
hyperoxia during HB displayed an insignificant trend toward utilizing less of a spatial
search strategy than the TBI + HB group and relied primarily on a systematic search
strategy.

Figure 3.22 Morris Water Maze Search Strategies following Hyperoxia during HB.
The swimming patterns during all trials on the fourth day of the acquisition phase were
analyzed to assess the search strategies utilized by the animals to locate the hidden
platform. A chi-square analysis was used to compare strategies across groups and was
found to be significant (p< 0.0121, χ2 =8.825, df=2). Animals exposed to hyperoxia
during HB displayed an insignificant trend toward utilizing less of a spatial search
strategy than the TBI + HB group and relied primarily on a systematic search strategy.
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Spatial memory deficits following hyperoxia during HB exposure were assessed
using the MWM probe trial on day 18 post-HB by examining the time spent in the target
quadrant following removal of the platform (Fig. 3.23). The hyperoxia group
demonstrated a significant impairment in spatial memory in comparison to TBI + HB
animals (p=0.0203; one-tailed t-test). Swim speeds did not differ between animals
exposed to normoxia during HB (TBI + HB) and the hyperoxia group (Fig. 3.24; p=
0.5113; two-tailed t-test).

Figure 3.23 Morris Water Maze Probe Trial Time in Target Quadrant following
Hyperoxia during HB. Spatial memory was assessed using the MWM probe trial on day
18 post-HB by examining the time spent in the target quadrant following removal of the
platform. The hyperoxia group demonstrated a significant impairment in spatial memory
in comparison to TBI + HB group (^p<0.05; one-tailed t-test).
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Figure 3.24 Morris Water Maze Probe Trial Swim Speeds following Hyperoxia during
HB. Swim speeds did not differ between animals exposed to normoxia during HB (TBI
+ HB) and the hyperoxia group (p= 0.5113; two-tailed t-test).
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Non-spatial memory was assessed with the novel object recognition test on postHB day 21 to determine if hyperoxia during HB exposure increases memory deficits (Fig.
3.25). No difference was observed between TBI + HB and hyperoxia groups (p=0.4056;
one-tailed t-test).

Figure 3.25 Novel Object Recognition following Hyperoxia during HB.
Non-spatial memory was assessed with the novel object recognition test on post-HB day
21. No difference was observed between TBI + HB and hyperoxia groups (p=0.4056;
one-tailed t-test).
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In order to determine if hyperoxia during HB exposure following TBI increases
depressive-like behaviors the forced swim test was performed on post-HB day 26 (Fig.
3.26). Hyperoxia during HB significantly increased depressive-like behavior in
comparison to the TBI + HB group (p=0.0382; one-tailed t-test).

Figure 3.26 Effects of Hyperoxia during Hypobaria following TBI on Depressive-like
Behaviors.
The effect of HB exposure following TBI on depressive-like behaviors was assessed on
post-HB day 26. Hyperoxia during HB significantly increased depressive-like behavior
in comparison to the TBI + HB group (^p<0.05; one-tailed t-test).
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Summary
Motor and behavioral testing was conducted following HB exposure to evaluate
functional cognitive outcomes. No significant differences in motor function were
detected between TBI groups with or without HB exposure. The MWM was used to
evaluate the effects of HB following brain injury on hipppocampal dependent spatial
learning. The inability to efficiently switch search strategies and locate the hidden
platform during the MWM acquisition phase is a hallmark of hippocampal damage
(Thompson et al., 2006). Water maze testing showed increased deficits in spatial
learning and memory in injured animals exposed to HB in comparison to injured animals
not exposed to HB. These deficits were reflected by increased neuronal cell loss in the
hippocampus of HB exposed animals. The novel object recognition test was used to
evaluate non-spatial dependent memory that correlates less with hippocampal changes.
In this test HB exposed animals displayed a non-significant trend for no preference or
reduced preference to the novel object during the testing phase.
Depression is a common long-term health consequence in patients with TBI and
can negatively affect recovery (Borsini and Meli, 1988; Jorge et. al., 2004). Since the
hypothesis is that AE following TBI worsens neurobehavioral outcomes it is important to
assess behavioral paradigms related to common clinically observed complications to
provide a more thorough evaluation of behavioral deficits. The forced swim test was
used to examine depressive like behaviors. HB exposure at 6h following TBI increased
deppressive like behaviors in comparison to injured animals not exposed to HB.
Microglial activation is one of the hallmarks of the neuroinflammatory response
following TBI and augmentations of the neuroinflammatory response have been shown
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following HB exposure simulating AE following TBI (Goodman et al., 2011). Peak
levels of microglial activation occur approximately 7d following injury (Kumar and
Loane, 2012). Chronic microglial activation observed one month or longer following
TBI has been associated with chronic neurodegenration (Loane and Byrnes, 2010). In
this experiment we evaluated the effects of HB exposure following TBI on levels of
activated microglia at 7d post-injury (peak microglial activation) and at 30d posthypobaria (chronic activation). At 7d post injury animals exposed to HB following TBI
showed a non-significant trend for increased microglial activation in comparison to
injured animals not exposed to HB. Microglial activation was sustained for 30d in HB
exposed animals while levels of activated microglia in injured animals not exposed to HB
returned towards control levels.
Comparison of the effects of single AE equivalent to two exposures, so as to
simulate primary followed by secondary evacuation, showed an increase in spatial
memory deficits in animals exposed to HB twice following injury. Comparison of the
effects of breathing 100% inspired O2 concentrations versus normoxia during AE also
showed an increase in spatial memory deficits in animals exposed hyperoxic conditions
during HB in comparison to normoxic conditions during HB.
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Chapter 4. The Exacerbating Effects of Prolonged Hypobaria
on TBI Reflect Early Neuroinflammatory Changes.
Introduction
Previous studies have suggested a neuroinflammatory component in the
exacerbation of injury caused by hypobaria, it is important to characterize the effects of
AE following TBI with regard to the inflammatory response (Goodman et al., 2011). In
addition, the identification of key biomarkers of injury (e.g. cytokines, microparticles)
might potentially be used to determine whether it is safe to transport a patient or if
patients have been negatively affected by transport. This experiment tested the
hypothesis that: the exacerbating effects of prolonged hypobaria on TBI reflect
accentuated neuroinflammatory changes. To test this hypothesis, blood and tissue
samples were taken 24h after induction of brain injury and analyzed for selected
inflammatory cytokines, ROS, microparticles, and cell cycle marker expression levels.
These biomarkers were chosen because of their suggested involvement in secondary
injury inflammatory pathways that could be influenced by HB exposure. Animals were
exposed to HB (6h; 8,000ft) at 6h after injury and blood and brain tissue samples were
collected at 24h after induction of brain injury (n=6-10/group).
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Results
Effects of Prolonged Hypobaria following TBI on Serum and Cortical Cytokine levels
To determine if HB exposure augments early neuroinflammatory responses
cytokine levels were assayed at 24h post-injury using a using a multiplex ELISA (QPlex™, Quansys Biosciences). IL-2, IL-10, and IL-12 were the only cytokines that were
detected in plasma 24h post injury, and levels of these cytokines were not further
influenced by HB exposure (Table 4.1; n=6-10/group; IL-2: p=0.4739; IL-10: p=0.0663;
IL-12: p=0.0685; one-way ANOVA).
IL-2
IL-10
IL-12

Sham
213 (+61)
267 (+29)
30,708 (+ 1774)

TBI No HB
336 (+120)
452 (+82)
23,986 (+3968)

TBI + HB
209 (+58)
235 (+43)
18,913 (+3193)

Table 4.1 Plasma Cytokine levels 24h Post-injury(pg/ml).
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Similar to the serum, levels of IL-2 and IL-12 in the ipsilateral cortex were not
influenced by injury or injury + HB exposure in comparison to sham injury (IL-2
p=0.2778; IL-12 p=0.2685; one-way ANOVA) . IL-1β, IFN , IL-6, and IL-10 were also
detected in the ipsilateral cortex. At 24h post injury cortical levels of IL-1β and IFN ,
were not significantly different following injury or injury + HB exposure in comparison
to sham injury (IL-1β p=0.2015; IFN p=0.1044) . Cortical levels of IL-6 and IL-10 were
significantly elevated in comparison to sham injury (Table 4.2; n=6-10/group; IL-6
p<0.05 TBI + HB vs. sham injury; IL-10 p<0.01TBI + HB vs. sham injury; one-way
ANOVA followed by Student-Newman-Keuls post hoc test). Levels of IL-10 were also
significantly elevated in comparison to TBI no HB (p<0.01TBI + HB vs. TBI no HB;
one-way ANOVA followed by Student-Newman-Keuls post hoc test.

IL-1β
IL-2
IL-6
IL-10
IL-12
IFN

Sham
16,446 (+3163)
1,093 (+211)
2,473 (+314)
476 (+162)
1,293 (+265)
3,089 (+146)

TBI No HB
37,485 (+13380)
1,238 (+216)
4,599 (+767)
567 (+123)
3,884 (+1503)
3,874 (+406)

TBI + HB
42,840 (+10321)
1,605 (+248)
6,309 (+1212)*
1,785 (+340)*#
4,919 (+1317)
4,490 (+500)

Table 4.2 Prolonged Hypobaria following TBI on Cerebral Cytokine Levels (pg/mg
protein). Cytokine levels in the ipsilateral cortex were assayed at 24h post-injury using a
using a multiplex ELISA (Q-Plex™, Quansys Biosciences). Levels of IL-6 were
significantly elevated in the TBI + HB group in comparison to sham injury (*p<0.05). IL10 was significantly elevated in the TBI + HB group in comparison to the sham injury
group (*p<0.05) and TBI no HB group (#p<0.05; one-way ANOVA followed by
Student-Newman-Keuls post hoc test for all analyses).
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Effects of Prolonged Hypobaria following TBI on ROS in the Ipsilateral Cortex
To determine if HB exposure increases levels of oxidative stress immunoblotting
was performed to detect carbonyl groups introduced into proteins by oxidative reactions
with ozone or oxides of nitrogen or by metal catalyzed oxidation at 24h following injury
in the ipsilateral cortex (Fig. 4.1). A significant increase in the levels of carbonylated
proteins were detected in the HB exposure group vs. the sham injury group (Fig. 4.2;
Sham n=6; TBI No HB n=8; TBI + HB n=8; p<0.05 TBI + HB vs. sham injury; one-way
ANOVA followed by followed by Student-Newman-Keuls post hoc test).

Figure 4.1 OxyBlot of Carbonylated Proteins in the Cortex.
Representative image of immunoblots performed to detect carbonylated protein levels at
24h following injury in the ipsilateral cortex.
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Figure 4.2 Effects of Prolonged Hypobaria following TBI on ROS in the Ipsilateral
Cortex. Immunoblots were performed to detect carbonyl groups introduced into proteins
by oxidative reactions at 24h following injury in the ipsilateral cortex. A significant
increase in the levels of carbonylated proteins were detected in the TBI + HB exposure
group vs. the sham injury group (*p<0.05 TBI + HB vs. sham injury; one-way ANOVA
followed by followed by Student-Newman-Keuls post hoc test).
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Hypobaria Exposure Increases Markers of Microglial and Cell Cycle Activation
To examine whether HB exposure following injury increased markers of
microglial activation and CCA, Western blotting was performed for the inflammatory
microglial marker IBA-1, and proliferating cell markers PCNA and CDK4 (Fig. 4.3). At
24h post-injury a significant increase in the protein expression of all three markers was
observed in the injured no HB exposure group in comparison to the sham injury group
(Fig. 4.4; p<0.05 TBI no HB vs. sham injury; one-way ANOVA followed by StudentNewman-Keuls post hoc test.) HB exposure following TBI significantly increased the
protein expression of all three markers in comparison to the TBI no HB exposure group
(p<0.05 TBI + HB vs. TBI no HB; one-way ANOVA followed by Student-NewmanKeuls post hoc test).

Figure 4.3 Western Blot Analysis of Microglial and Cell Cycle Activation Markers.
Representative image of immunoblots performed to detect protein levels of IBA-1,
PCNA and CDK4 at 24h following injury in the ipsilateral cortex.
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Figure 4.4 Hypobaria Exposure Increases Markers of Microglial and Cell Cycle
Activation. At 24h post-injury a significant increase in the protein expression of IBA-1,
PCNA and CDK4 was observed in the TBI no HB exposure group in comparison to the
sham injury group (*p<0.05 TBI no HB vs. sham injury; one-way ANOVA followed by
Student-Newman-Keuls post hoc test.) HB exposure following TBI significantly
increased the protein expression of all three markers in comparison to the TBI no HB
exposure group (#p<0.05, ##p<0.01, ###p<0.001 TBI + HB vs. TBI no HB; one-way
ANOVA followed by Student-Newman-Keuls post hoc test).
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Effects of Hypobaria following TBI on Levels of Circulating Microparticles
To determine if HB exposure following TBI influenced levels of circulating MPs,
the absolute number of MPs per milliliter in serum samples was analyzed using flow
cytometry (Fig. 4.5). There was no significant difference found between groups (n=610/group; p=0.2347; one-way ANOVA followed by Student-Newman-Keuls post hoc
test). HB exposure displayed a non-significant trend toward increased levels of
circulating MPs in comparison to the TBI no HB group.

Figure 4.5 Effects of Hypobaria following TBI on Levels of Circulating Microparticles.
The absolute number of MPs per milliliter in serum samples was analyzed using flow
cytometry. There was no significant difference found between groups (p=0.2347; oneway ANOVA followed by Student-Newman-Keuls post hoc test). HB exposure
displayed a non-significant trend toward increased levels of circulating MPs in
comparison to the TBI no HB group.
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Summary
Secondary injury involves changes in a multitude of biochemical cascades that
can begin immediately after the direct physical disruption of the tissue caused by the
initial trauma and lead to further, often progressive pathophysiological changes.
Hypobaria exposure following TBI augmented several of these secondary injury
mechanisms related to early neuroinflammatory responses including increased levels of
ROS and increased markers of cell cycle and microglial activation. Similar to the
previous study by Goodman et al. 2011 a significant increase in the level of the proinflammatory cytokine IL-6 was observed in the cortex at 24h post injury in the HB
exposure group. Additionally, levels of cortical IL-10 were significantly elevated in the
TBI + HB group in comparison to the sham injury and injured animals without HB
exposure. Levels of circulating MP showed a non-significant trend towards increasing
following HB exposure in comparison to injured animals not exposed to HB.
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Chapter 5. Exacerbation of Injury after TBI plus Hypobaria is
Improved by Attenuating Post-Traumatic Inflammation.
Introduction
The occurrence of cell cycle activation (CCA) in the brain following TBI and
other central nervous system (CNS) injuries has been previously well documented and is
associated with neuronal apoptosis and an increase in inflammatory cells (Cernak et al.,
2005; Byrnes & Faden 2007; Stoica et al., 2009). Administration of cell cycle inhibitors
has been shown to increase neuronal survival and reduce microglial proliferation after
experimental TBI, including multiple studies utilizing rat LFP injury (Cernak et al., 2005;
Di Giovanni et al., 2005; Hilton et al., 2008; Kabadi et al., 2014). In the previous
experiments it was shown that HB exposure following TBI increases markers of cell
cycle activation and is associated with an increase in microglia. This experiment was
designed to test the hypothesis that: exacerbation of injury after TBI plus hypobaria can
be improved by attenuating post-traumatic inflammation using a cell cycle inhibitor.
The effectiveness of a potent and selective second generation CDK inhibitor, CR8 was
evaluated for its ability to improve long-term behavioral and neuropathological outcome
by attenuating post-traumatic inflammation following TBI plus HB. Six hours following
induction of TBI (1.5–2.0atms) rats were randomized to 1 of 4 groups: sham injury + HB
(n=8), sham injury + vehicle + HB (n=8), injury + HB (n=14), injury + CR8 + HB
(n=15). Animals were exposed to HB for 6h at 0.75atm (8000ft) 6h following injury.
Animals in the treatment groups received a dose CR8 (5 mg/kg in saline, IP) 3hr
following induction of TBI or an equal volume of vehicle (Saline). This dose and timing
of administration for CR8 was chosen based on previous studies using this compound in
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experimental animal models of TBI which have shown neuroprotection by limiting
microglial activation, astrocytosis, and neuronal loss (Kabadi et al. 2012, Kabadi et al.
2014). As no significant difference was found for any test between the sham injury + HB
and sham injury + vehicle + HB groups these groups were combined to improve
statistical power and reduce animal use.

Results
Effects of CR8 Treatment on Plasma and Cortex Cytokine Levels following TBI + HB
To evaluate if CR8 modulates the early neuroinflammatory response following
TBI + HB cytokine levels were assayed at 24h post-injury using a using a multiplex
ELISA (n=6-10/group; Q-Plex™, Quansys Biosciences). IL-2, IL-10, and IL-12 were
the only cytokines that were detected in plasma 24h post injury, and levels of these
cytokines were not further influenced by CR8 treatment following TBI + HB in
comparison to the TBI + HB group (Table 5.1; TBI + HB vs. TBI + CR8 + HB; IL-2
p=0.0959; IL-10 p=0.3154; IL-12 p=0.1396; one-tailed t-test). Levels of IL-1β, IL-2 ,
IL-10, IL-12, and IFN in the ipsilateral cortex were also not influenced by CR8
treatment following TBI + HB in comparison to the TBI + HB group (IL-1β p= 0.4480,
IL-2 p=0.0897, IL-10 p=0.2549, IL-12 p=0.3044, IFN p

one-tailed t-test).

Cortical levels of IL-6 showed a treatment effect with CR8 in comparison to TBI + HB
but were not significantly different (p=0.1165 TBI + HB vs. TBI + CR8 + HB).
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Plasma
TBI + HB

Cortex

TBI + CR8 + HB

TBI + HB
TBI + CR8 + HB
IL-1β
42,840 (+10321) 44,850 (+3615)
IL-2
209 (+58)
438 (+127)
1,605 (+248)
2,145 (+289)
IL-6
6,309 (+1212)*
4,817 (+370)
IL-10
235 (+43)
282 (+94)
1,785 (+340)
2,329 (+768)
IL-12 18,913 (+3193) 23,342 (+1016) 4,919 (+1317)
4,071 (+268)
4,490 (+500)
4,825 (+664)
IFN

Table 5.1 Effects of CR8 treatment on Plasma and Cortex Cytokine Levels following
TBI + HB (plasma: pg/ml; cortex: pg/mg protein). Levels of cortical IL-6 were
significantly elevated in comparison to sham injury by HB exposure and showed a
treatment effect with CR8 (p<0.05; one-way ANOVA followed by Student-NewmanKeuls post hoc test).
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CR8 Treatment Reduces ROS in the Ipsilateral Cortex following TBI + HB
To examine if CR8 treatment also reduces levels of oxidative stress
immunoblotting was performed to detect carbonyl groups introduced into proteins by
oxidative reactions at 24h following injury in the ipsilateral cortex (Fig. 5.1). A
significant decrease in the levels of carbonylated proteins was observed in the CR8
treatment group vs. TBI + HB group (Fig. 5.2; TBI + HB n=8; TBI + CR8 + HB n=7;
p=0.004; one-tailed t-test).

Figure 5.1 OxyBlot of Carbonylated Proteins in the Cortex following CR8 Treatment.
Representative image of immunoblots performed to detect carbonylated protein levels
following TBI + HB and TBI + CR8 + HB at 24h following injury in the ipsilateral
cortex.
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Figure 5.2 CR8 Treatment Reduces ROS in the Ipsilateral Cortex following TBI + HB.
Immunoblots were performed to detect carbonyl groups introduced into proteins by
oxidative reactions at 24h following injury in the ipsilateral cortex. A significant
decrease in the levels of carbonylated proteins was observed in the CR8 treatment group
vs. TBI + HB group (^p<0.05; one-tailed t-test).
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CR8 Treatment Reduces Microglial and Cell Cycle Activation Marker Protein Levels
To examine whether CR8 treatment reduces HB induced elevations in markers of
microglial activation and CCA, Western blotting was performed for the inflammatory
microglial marker IBA-1, and proliferating cell markers PCNA and CDK4 (Fig. 5.3). At
24h post-injury a significant decrease in the protein expression of all three markers was
observed in the CR8 treatment group in comparison to the TBI + HB group (Fig. 5.4;
CDK-4 p=0.0099; PCNA p=0.0058; IBA-1p=0.0009; TBI + HB vs. TBI + HB + CR8;
one-tailed t-test).

Figure 5.3 Western Blot Analysis of Microglial and Cell Cycle Activation Markers
following CR8 Treament. Representative image of immunoblots performed to detect
protein levels of IBA-1, PCNA and CDK4 at 24h following injury in the ipsilateral
cortex.

92

Figure 5.4 CR8 Treatment Reduces Microglial and Cell Cycle Activation Marker
Protein Levels. Western blotting was performed for the inflammatory microglial marker
IBA-1, and proliferating cell markers PCNA and CDK4. At 24h post-injury a significant
decrease in the protein expression of all three markers was observed in the CR8 treatment
group in comparison to the TBI + HB group (^^p<0.01;^^^p<0.001; one-tailed t-test).
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CR8 Treatment Reduces Levels of Circulating Microparticles following TBI + HB
To determine if CR8 treatment influenced levels of circulating MPs, the absolute
number of MPs per milliliter in serum samples was analyzed using flow cytometry (Fig.
5.5). CR8 treatment significantly reduced the levels of circulating MPs < 1um in
comparison to the TBI + HB group (TBI + HB n=10/9; TBI + CR8 + HB n=7/6;
^p=0.0252; one-tailed t-test).

Figure 5.5 CR8 Treatment Reduces Levels of Circulating Microparticles following TBI
+ HB. The absolute number of MPs per milliliter in serum samples was analyzed using
flow cytometry. CR8 treatment significantly reduced the levels of circulating MPs < 1um
in comparison to the TBI + HB group (^p<0.05; one-tailed t-test).
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CR8 Improves Functional Cognitive Outcomes following TBI plus Hypobaria.
The MWM was used to evaluate if CR8 treatment attenuates deficits in spatial
learning caused by HB exposure following TBI (Fig. 5.6). The factors of “post-injury
days” (F(3,126)=102.803; p<0.001) and “groups” (F(2,126)=12.576; p<0.001) were
found to be significant. The interaction of “post-injury days X groups” (F(6,126)=7.730;
p<0.01; repeated measures one-way ANOVA) was significant. Prolonged hypobaria
exposure at 6h following TBI induced significant deficits in spatial learning duirng the
acquisition phase of the MWM in comparison to the sham injury group (p<0.001;
repeated measures one-way ANOVA followed by Student-Newman-Keuls post hoc test).
The TBI + CR8 + HB group showed significant deficits in spatial learning in comparison
to the sham injury group (p<0.001) and significantly improved spatial learning deficits in
comparison to the TBI + vehicle + HB group (p<0.01; repeated measures one-way
ANOVA followed by Student-Newman-Keuls post hoc test). The mean escape latency
on the last day of training was 30.2 + 3.9s for the sham injured group, 68.6 + 6.7 for the
Vehicle + HB group, and 51.0 + 6.7 for the CR8 treated group.
The swimming patterns during all trials on the fourth day of the acquisition phase
were analyzed to assess the search strategies utilized by the animals to locate the hidden
platform (Fig. 5.7). A chi-square analysis was used to compare strategies between groups
(p<0.001; χ2=57.79, df=4). HB-exposed animals were less efficient in their search
strategy while attempting to locate the hidden platform with only 32% of day 4 trials
reflecting a spatial strategy. CR8 treated animals utilized a spatial search strategy on day
4 in a higher percentage of trials 61% than untreated injured animals. Spatial memory
was assessed using the MWM probe trial on day 18 after HB by examining the number of
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entries into the target quadrant (Fig. 5.8). A significant decrease in the number of entries
into the target quadrant by the vehicle + HB group was observed (p<0.01 TBI + vehicle +
HB vs. sham injury; one-way ANOVA followed by Student-Newman-Keuls post hoc
test). CR8 treatment increased the number of target quadrant entries in comparison to the
TBI + vehicle + HB group indicating a reduction in spatial memory deficits in the probe
trial. (p<0.05 vs. vehicle + HB; one-way ANOVA followed by Student-Newman-Keuls
post hoc test). Swim speeds did not differ across groups (Fig. 5.9; p=0.5514; one-way
ANOVA).
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Figure 5.6 Cognitive Assessment of CR8 Treatment using Morris Water Maze.
Prolonged hypobaria exposure at 6h following TBI induced significant deficits in spatial
learning duirng the acquisition phase of the MWM in comparison to the sham injury
group (*p<0.001; repeated measures one-way ANOVA followed by Student-NewmanKeuls post hoc test). The TBI + CR8 + HB group showed significant deficits in spatial
learning in comparison to the sham injury group (*p<0.001) and significantly improved
spatial learning deficits in comparison to the TBI + vehicle + HB group (^p<0.01;
repeated measures one-way ANOVA followed by Student-Newman-Keuls post hoc test).
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Figure 5.7 Morris Water Maze Acquisition Phase Day 4 Search Strategies following
CR8 Treatment. The swimming patterns during all trials on the fourth day of the
acquisition phase were analyzed to assess the search strategies utilized by the animals to
locate the hidden platform. A chi-square analysis was used to compare strategies
between groups and was found to be significant (p< 0.0001, χ2 =57.79, df=4 ). Animals
in the vehicle + HB group were less efficient in their search strategy while attempting to
locate the hidden platform. CR8 treatment increased the percentage of trials in which a
spatial search strategy was utilized.
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Figure 5.8 Morris Water Maze Probe Trial Entries into Target Quadrant.
Spatial memory was assessed using the MWM probe trial on day 18 after HB by
examining the number of entries into the target quadrant. A significant decrease in the
number of entries into the target quadrant by the vehicle + HB group in comparison to the
sham injury group was observed (**p<0.01 vs. sham; one-way ANOVA followed by
Student-Newman-Keuls post hoc test). CR8 treatment increased the number of target
quadrant entries in comparison to the TBI + vehicle + HB group indicating a reduction in
retention memory deficits in the probe trial. (^p<0.05 vs. vehicle + HB; one-way
ANOVA followed by Student-Newman-Keuls post hoc test).
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Figure 5.9 Morris Water Maze Probe Trial Swim Speeds following CR8 Treatment.
The average swim speed (m/s) during the Morris water maze probe trial was recorded.
Swim speeds did not differ across groups (p=0.5514; one-way ANOVA).
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Non-spatial memory was assessed using the novel object recognition test on postHB day 21 to evaluate if CR8 treatment improves non-hippocampal dependent memory
(Fig. 5.10). Animals showed an equal preference for the two identical objects during the
training phase. During the testing phase a significant decrease in the discrimination index
was observed in the vehicle + HB group compared to the sham injury group indicating a
reduced preference for the novel object (p<0.001 vs. sham; one-way ANOVA followed
by Student-Newman-Keuls post hoc test). CR8 treatment significantly increased the
discrimination index in comparison to the TBI + vehicle + HB group indicating an
improvement in non-spatial memory (p<0.05 vs. TBI + vehicle + HB; one-way ANOVA
followed by Student-Newman-Keuls post hoc test).
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Figure 5.10 Effect of CR8 Treatment following TBI plus Hypobaria Exposure on
Retention Memory. Non-spatial memory was assessed using the novel object recognition
test on post-HB day 21. Animals showed an equal preference for the two identical
objects during the training phase. During the testing phase a significant decrease in the
discrimination index was observed in the vehicle + HB group compared to the sham
injury group indicating a reduced preference for the novel object (***p<0.001 vs. sham;
one-way ANOVA followed by Student-Newman-Keuls post hoc test). CR8 treatment
significantly increased the discrimination index in comparison to the TBI + vehicle + HB
group indicating an improvement in non-spatial memory (^^p<0.01 vs. TBI + vehicle +
HB; one-way ANOVA followed by Student-Newman-Keuls post hoc test).
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Effects of CR8 Treatment on Depressive-like Behavior following TBI plus Hypobaria
The forced swim test was performed on post-HB day 26 to determine if CR8
treatment reduces depressive-like behaviors induced by TBI + HB (Fig. 5.11). Prolonged
HB exposure at 6h following TBI significantly increased depressive-like behavior vs. the
sham injury group (p<0.001 TBI + vehicle + HB vs. sham injury; p<0.01 TBI + CR8 +
HB vs. sham injury; one-way ANOVA followed by Student-Newman-Keuls post hoc
test). CR8 treatment did not significantly reduce the depressive-like behavior caused by
TBI plus HB (p>0.05 TBI + vehicle + HB vs. TBI + CR8 + HB; one-way ANOVA
followed by Student-Newman-Keuls post hoc test).

Figure 5.11 Effects of CR8 Treatment on Depressive-like Behavior following TBI plus
Hypobaria. Depressive-like behaviors were assessed using the forced swim test.
Prolonged HB exposure at 6h following TBI significantly increased depressive-like
behavior vs. the sham injury group (***p<0.001 TBI + vehicle + HB vs. sham injury,
**p<0.01 TBI + CR8 + HB vs. sham injury; one-way ANOVA followed by Student-

103

Newman-Keuls post hoc test). CR8 treatment did not significantly reduce the depressivelike behavior caused by TBI plus HB.

Hypobaria following TBI Increased Neuronal Cell Loss in the Hippocampus.
Total neuronal cell numbers in the hippocampus were evaluated at post-HB day
30 to determine if improvements in cognitive memory function following CR8 treatment
were associated with increased hippocampal neuronal survival (Fig. 5.12). Unbiased
stereological quantifications show that mild TBI plus HB caused significant neuronal cell
loss in the CA1 subregion of the hippocampus and the dentate gyrus vs. the sham injury
group (Fig. 5.13; n=5-6/group; p<0.05 TBI + vehicle + HB vs. sham injury; one-way
ANOVA followed by Student-Newman-Keuls post hoc test). The TBI + CR8 + HB
group exhibited a non-significant trend towards sham injury neuronal levels.

Figure 5.12 Effects of CR8 Treatment following TBI plus Hypobaria on Neuronal Cell
Survival in the Hippocampus. Representative image of cresyl violet staining in the
dentage gyrus subregion of the hippocampus showing TBI + vehicle + HB and TBI +
CR8 + HB brain sections.
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Figure 5.13 Effect of CR8 Treatment following TBI plus Hypobaria on Neuronal Cell
Loss in the Hippocampus. Total neuronal cell numbers in the hippocampus ipsilateral to
the site of injury were evaluated at post-HB day 30. Unbiased stereological
quantifications show that mild TBI plus HB caused significant neuronal cell loss in the
CA1 subregion of the hippocampus and the dentate gyrus vs. the sham injury group
(*p<0.05 TBI + vehicle + HB vs. sham injury; one-way ANOVA followed by StudentNewman-Keuls post hoc test). The TBI + CR8 + HB group exhibited a non-significant
trend towards sham injury neuronal levels.
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CR8 Treatment Reduces Microglia Activation following TBI plus Hypobaria
Using unbiased stereological quantifications of resting and activated microglia
cell numbers in the injured cortex were evaluated at 30d post-HB in order to examine if
CR8 treatment reduced the neuroinflammatory response associated with TBI + HB (Fig.
5.14). HB exposure resulted in a significant increase in the total number of microglia
and the number of activated microglia in comparison to the sham injury group (Fig. 5.15;
Sham n=4; Vehicle + HB n=6; CR8 + HB n=6; p<0.05 TBI + vehicle + HB vs. sham
injury; one-way ANOVA followed by Student-Newman-Keuls post hoc test). CR8
treatment significantly reduced the total number of microglia and number of activated
microglia in comparison to the TBI + vehicle + HB group (p<0.01 TBI + CR8 + HB vs.
TBI + vehicle + HB; one-way ANOVA followed by Student-Newman-Keuls post hoc
test).

Figure 5.14 Microglia in the Ipsilateral Cortex 30d Post-HB exposure.
Representative image of IBA-1 stained brain sections for morpological analysis of
microglial phenotypes. Unbiased stereological quantifications of resting and activated
microglia cell numbers in the injured cortex were determined at 30d post-HB.
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Figure 5.15 CR8 Treatment Reduces Microglia Activation following TBI plus
Hypobaria. Microglial densities in the injured cortex were determined at 30d post-HB
using unbiased stereological quantifications. TBI + vehicle + HB exposure resulted in a
significant increase in the total number of microglia and the number of activated
microglia in comparison to the sham injury group (*p<0.05; one-way ANOVA followed
by Student-Newman-Keuls post hoc test). CR8 treatment significantly reduced the total
number of microglia and number of activated microglia in comparison to the TBI +
vehicle + HB group (^^p<0.01; one-way ANOVA followed by Student-Newman-Keuls
post hoc test).
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Summary
Treatment with the CDK inhibitor CR8 following TBI and prior to HB
significantly reduced the levels of several markers of secondary injury related to early
neuroinflammatory responses compared to untreated TBI + HB animals. CR8 reduced
the expression of a marker of oxidative stress (carbonylated proteins), two cell cycle
markers (CDK-4 and PCNA) and IBA-1 protein levels at 24h post-injury in comparison
to untreated HB exposed TBI animals. Levels of MP in serum were also reduced by CR8
treatment. CR8 was then evaluated for its ability to improve long-term behavioral and
neuropathological outcomes by attenuating post-traumatic inflammation following TBI
plus HB. CR8 significantly reduced deficits in spatial learning and memory function
caused by HB exposure plus TBI, as reflected by the MWM. CR8 treatment also
improved non-spatial memory as shown by the novel object recognition test.
Improvements in cognitive function were associated with increased hippocampal
neuronal survival in TBI + CR8 +HB animals toward that of sham injury animals. CR8
treatment following TBI + HB also decreased levels of activated microglia in the cortex
at 30d post-HB.
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Chapter 6. Discussion
The number of casualties surviving from injuries in recent wars is much greater
than from past conflicts (Meyer et al., 2010). This has been attributed to advances in
battlefield medicine and the establishment of an aggressive air evacuation (AE) system to
quickly execute casualty management. Although there have been clinical impressions
that the stressors and hypobaria (HB) associated with AE may exacerbate traumatic brain
injury (TBI), there have been no clinical studies and only a single limited animal study to
address this issue (Goodman et al., 2011).
In Goodman’s report, exposure to HB at 3hr, but not 24h following induction of
TBI, increased levels of the inflammatory cytokine IL-6 and serum neuron specific
enolase (a glycolytic enzyme found predominantly in neuronal cell cytoplasm released
following structural damage). Several key differences between Goodman’s paper and the
current study should be noted, including injury model and species. Goodman et al used a
mouse model of controlled corticol impact injury, in contrast to our rat LFP model.
Other differences include HB exposuure initiation time, and higher simulated altitude
(8800ft) over a shorter duration (5h) than in the current study (8000ft/6h). But perhaps
the most important difference between these studies relates to levels of oxygenation
during HB exposure. Goodman et al provided no supplemental oxygen and measurements
of oxygen saturation levels demonstrated significant hypoxia in HB exposed animals.
However, in the current study 28% O2 was continuously delivered to maintain normoxia,
in order to separate effects of HB exposure from hypoxia- which is known to worsen TBI
outcome (Nangunoori et al., 2012).
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HB exposure is typically associated with terrestrial cases, mostly involving
mountain climbers and acclimatization to living in areas at high-altitudes. Substantial
research on mountain climbing has shown alterations in cognition and motor
performances with ascent to high-altitudes (Hornbein et al., 1989; Regard et al., 1989;
Lieberman, 1994; Harris et al., 2009; Zhang et al., 2012). High altitude illnesses such as
acute mountain sickness (AMS) affect approximately 25% of individuals ascending to
altitudes between 6,000-9,000 ft (Honigman et al., 1993). The most common aspect of
acute HB exposure is hypoxemia which results from breathing a low fractional inspired
oxygen tension (Grocott et al., 2007). A consequence of hypoxemia is reduced cellular
and mitochondrial oxygen availability, leading to tissue hypoxia. Hypoxic epithelial cell
activation results in cytokine release, in particular IL-6, and increases in vascular
permeability (Grocott et al., 2007). Mild hypoxia stimulates peripheral chemoreceptors;
however, hyperventilation is usually not evident until altitudes of approximately 10,000
ft. (Mason, 2000). Up to this altitude it is believed that increases in CBF decreases
extracellular PCO2, altering pH in the central medullary chemoreceptors that limits
increased ventilation (Mason, 2000). Impairments in cerebral autoregulation also occur
with high-altitude HB exposure, with increased CBF and reduced CBF reactivity
(Iwasaki et al., 2011). In addition, acute exposure to high altitude increases heart rate and
cardiac output, and produces pulmonary vasoconstriction resulting in hypertension
(Mason, 2000).
Although hypoxia has long been believed to be the causative agent of high
altitude illnesses such as AMS and associated high altitude cerebral edema (HACE) and
high altitude pulmonary edema (HAPE), several studies have suggested a role for
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inflammation in the pathogenesis. Pre-existing inflammatory conditions are believed to
increase sensitivity to altitude, with illness occurring at lower altitudes and during slower
ascents (Hackett and Roach, 2001; Baumgartner et al., 2007). One study in children
suggested that pre-existing inflammation-producing illnesses such as viral respiratory
tract infections contributed to the development of HAPE when traveling to higher
altitudes (Durmowicz et al., 1997). In addition, bronchoalveolar lavage fluids from cases
of HAPE have high levels of inflammatory cells, predominantly macrophages, and
inflammatory cytokines (Kubo et al., 1996 & 1998; Schoene et al., 1988). These
examples of pre-existing inflammation sensitizing the brain to HB exposure are
consistent with the “two hit model” of critical illness whereby a single insult primes the
body for a more severe response to a second insult (Moore & Moore., 1995; Grocott et
al., 2007). Similarly, HB during AE may result in a “second hit” following TBI. The
precise mechanism(s) through which HB may exacerbate neuroinflammatory responses is
unknown, but likely reflects alterations in multiple pathways involved in secondary
injury.
This study is the first to examine the effects of HB, as occurs during AE, on longterm behavioral outcomes following experimental TBI, as well as the first to examine the
effects of HB simulating AE without the confounding effects of hypoxia. The lateral
micro-fluid percussion model used in this study has been extensively used to investigate
the biochemical cascades that lead to progressive secondary injury and to evaluate novel
therapeutic approaches (Aungst et al. 2014, Luo et al., 2013; Kabadi et al., 2010). The
duration of HB exposure chosen (6h) was based on the average AE flight time between
combat support hospitals and non-theater hospitals during the Operation Iraqi Freedom
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(OIF) and Operation Enduring Freedom (OEF) conflicts. The data provides evidence that
exposure to prolonged HB within 72h following injury exacerbates cognitive deficits
associated with an increased inflammatory response and secondary brain injury. These
effects can be attenuated by treatment with a CDK inhibitor.

Influence and Timing of AE following TBI on Cognitive Function
Due to potential of HB exposure exacerbating injury following TBI, behavorial
testing began at fixed times after HB exposure rather than following TBI to insure that all
behavioral testing occurred during a similar time frame following the last insult.
Differences in the timing of HB exposure during the first three days following injury (6h,
24h, 72h) did not significantly alter the negative impact of HB on behavioral outcomes.
Although HB exposure at 7d following injury appeared to produce less exacerbation on
some tests, for analytical purposes, this group was included in certain comparisons that
examined effects of HB exposure to no exposure. The difference in timing of behavorial
tests following injury induction among HB groups is not believed to have affected
cognitive outcomes, as the chronic neuronal damage caused by TBI is slowly progressive
after the first week.
Current AE protocol attempts to transport combat casualties as quickly as possible
to higher echelons of care. As early exposure to HB following TBI exacerbates injury,
delaying the movement of TBI patients may limit the potential for secondary injury.
Given that hypobaric exposure at 7 days appeared to be associated with reduced
exacerbation on some measures, delaying transport for at least a week may be indicated.
Considerations, however, must be given to the ability of combat support hospitals to
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provide supportive care to these patients for the duration of their stay prior to movement,
as well as requirements for treating other potential injuries.
Patient transport typically requires a 6-8h flight within the first 24-48 hours
following injury followed within 4-5 days of injury by an intercontinental flight
averaging 10 hours to a medical center in the United States for definitive care (Reno,
2010). Therefore, the effects of two HB exposures (simulating both primary and
secondary AE) on TBI animals was evaluated. Comparison of the effects of single versus
two sequential HB exposures showed an increase in both spatial and non-spatial memory
deficits in the latter group. Due to the apparent additive effect of multiple HB exposures
following TBI, further evaluation of the timing of secondary transport of TBI patients is
warranted.

Spatial memory involves storing and recalling information about navigation and
spatial orientation within an environment. Functional spatial memory is required in order
for rats to navigate using visual cues to locate the submerged platform in the water maze.
The increased cognitive deficits that resulted from HB exposure using the classic Morris
Water Maze (MWM) were relatively modest. In part, this may reflect the substantiial
cognitive deficits induced by lateral fluid percussion alone, which required titrating
toward lower injury to limit potential “ceiling” effects. Statistical analyses were also
impacted by the number of groups utilized to evaluate the time course of HB effects. For
this reason, a more sophisticated analysis was used in addition to traditional evaluations
of performance in the MWM. Examination of navigational search strategies on the final
day of the acquisition trials can be helpful in further determining behavioral differences
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between groups that show similar escape latencies (Byrnes et al., 2012; Kabadi et al.,
2012). The underlying differences in search strategy showed that injured animals not
exposed to HB used predominantly spatial strategies, similar to that of sham-injured
animals. These included swimming either directly to the platform or performing a focal
search. Injured animals exposed to HB displayed reduced spatial learning abilities,
indicated by their reliance on a less efficient but systematic search strategy or use of nonspatial “looping” behavior. No significant differences in motor function were detected
between TBI groups with or without HB exposure in either composite motor scores or
assessment of swim speed during MWM testing. This indicates that motor dysfunction
was not a contributing factor to deficits observed during cognitive testing.
Impaired cognitive performance in the MWM task is an indicator of hippocampal
damage. The relative contribution of various hippocampal sub-regions in encoding and
retrieval of spatial learning and memory can be quantified by counting neurons in such
sub- regions (Redish & Touretzky, 1998; Kabadi et al., 2012). Loss of neurons in the
CA3 and DG sub-regions is associated with cognitive impairment in spatial navigation
and object exploration tasks. Data here show that HB exposure following injury causes a
significantly greater loss of neurons in CA1/2/3, with only modest differences in the
dentate gyrus, compared to injured control animals. This loss of neuronal hippocampal
cells is consistent with the impairments in spatial learning and memory caused by HB
exposure.
The novel object recognition test evaluates non-spatial dependent memory and
correlates less with hippocampal changes. This test relies on a rat’s innate exploratory
behavior without application of external motivation or reinforcement and is widely used
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to investigate memory alterations. The perirhinal, entorhinal and temporal cortices as
well as the hippocampus have all been shown to contribute to object memory recognition
using this test (Antunes and Biala, 2012). Thus, this paradigm can be influenced by
either hippocampal and cortical lesions (Buckmaster et al., 2004; Clark et al., 2000). In
this test HB exposed animals displayed a non-significant trend for no preference or
reduced preference to the novel object during the testing phase in the first experiment.
This may have been due to the mild level of injury induced in these animals and
similarities in cortical lesion volumes between groups. However, in experiment three a
significant deficit in non-spatial memory was observed in animals exposed to HB
following TBI. The magnified difference in non-spatial memory deficits between the
first and third experiment may be due in part to differences in injury severity, not
unexpected given the inherent biological variability in all experimental TBI models . In
experiment 1 there was a 39% reduction in total hippocampal neuronal cells following
TBI + HB exposure, whereas in experiment 3 there was a 48% decrease.
Depression is a common long-term health consequence in patients with TBI and
can negatively affect recovery (Borsini and Meli, 1988; Jorge et. al., 2004). It is
important to assess behavioral paradigms related to common clinically observed
complications to provide a thorough evaluation of behavioral deficits following HB
exposure. Depression involves not only changes in brain neurotransmitter levels but also
nerve connections and function. Imaging studies have shown a reduction in the size of
the hippocampus and thalamus in human TBI patients (Frodl et al., 2006; Nugent et al.,
2013). The forced swim test was used to examine depressive-like behaviors. This test is
based on the premise that an animal will try to escape a stressful stimulus, and is one of
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the most commonly used and highly sensitive behavioral despair tests in rats (ref). HB
exposure at 6h following TBI increased deppressive-like behaviors in comparison to
injured animals not exposed to HB. The mechanism through which HB exposure might
increase depression requires further evaluation, but may reflect chronic
neuroinflammation.

Influence and Timing of AE following TBI on Inflammatory Responses
Microglial Activation
Under normal physiological conditions microglia, the brain’s resident
macrophages, maintain a resting/surveying state (Kumar & Loane, 2012). Molecules
released from injured tissue and serum factors can stimulate microglia to become
activated (Nakamura et al., 2002). Upon activation, microglia increase in size, change to
an amoeboid morphology, proliferate and migrate to the injury site (Loane & Byrnes,
2010). Although part of the repairative/resolution process following injury activated
microglia can be either beneficial or detrimental. The M1 phenotype of microglia has
been shown to be pro-inflammatory and neurotoxic through the secretion of cytokines,
chemokines, and reactive oxygen species (ROS) (Werner and Engelhard, 2007; Loane
and Byrnes, 2010). Alternatively the M2 microglial phenotype have been shown to
promote neuronal survival and secrete anti-inflammatory cytokines (Loane and Byrnes,
2010).
Microglial activation has been recognized as a key contributor to secondary injury
severity and progressive cognitive decline following TBI (Loane & Byrnes, 2010).
Microglia react within minutes to neuronal injury and can remain chronically activated
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(Koshinaga et al., 2000). Areas of neuronal degeneration and axonal abnormality
frequently correspond to sites of microglial activation (Johnson et al., 2013). Sustained
microglial activation is associated with changes in cognitive function likely through
NADPH oxidase induced ROS formation and release of pro-inflammatory cytokines
(Loane et al., 2014). Microglial activation has been shown to persist for at least 12
months following TBI in non-human primates (Nagamoto-Combs et al., 2007). Post
mortem studies in humans have shown persistent elevated microglial activity for years
after TBI (Gentleman et al., 2004; Smith, 2013). Additionally, clinical studies using a
positron emission tomography ligand that binds to activated microglia have shown
persistent microglial activation many years after TBI, suggesting the importance of
microglial activation in chronic neurodegeneration (Ramlackhansingh et al., 2011; Smith
et al., 2013). It is important to note that increases in microglial activation observed years
after injury were significant in subcortical structures, such as the thalamus, rather than the
original site of brain injury, and was associated with cognitive impairment that reflected
these structures (Ramlackhansingh et al., 2011).
The present data demonstrated that HB exposure following TBI caused early
increases in the number of activated microglia, which were significantly elevated at 30d
post-HB in comparison to injured controls. As long-term microglial activation has been
shown to persist for years and and likely contribute to progressive cognitive decline
(Ramlackhansingh et al., 2011), the persistent activation of microglia following AE may
contribute the development of chronic neurodegeneration through release of ROS and
inflammatory cytokines.
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Reactive Oxygen Species
Immunoblotting was performed to detect carbonyl groups introduced into proteins
by oxidative reactions at 24h following injury in the ipsilateral cortex. A significant
increase in the levels of carbonylated proteins was observed in animals exposed to HB
following TBI in comparison to control animals. A number of studies have implicated
reactive oxygen species (ROS) in the development of secondary injury after TBI (Tavazzi
et al., 2005; Dohi et al., 2010; Choi et al., 2012; Zhang et al., 2012; Abdul-Muneer,
2014). Increased ROS generation may come from several sources, the hydroxl radical is
the main source of ROS that leads to lipid peroxidation. The superoxide anion (O2-) also
likely contributes to lipid peroxidation. It is generated by NADPH oxidase in neurons,
glial cells, and cerebral blood vessels and has been shown to increase following TBI (Lu
et al., 2014). ROS may affect many cellular and molecular processes associated with
secondary injury that contribute to neurodegeneration and the behavioral deficits
observed following HB exposure. ROS are free radicals and reactive molecules
containing oxygen that can chemically modify proteins, lipids, and nucleic acids, altering
their function. They are produced at low levels during several normal physiological
processes and can signal through soluble guanylate cyclase to induce vascular dilation
and blood brain barrier (BBB) permeability (Pun et al., 2009; Zink et al., 2010).
However, oxidative stress from increases in ROS can lead to significant cellular
dysfunction, inflammation, and damage through interactions with DNA, lipids, proteins,
and carbohydrates (Pun et al., 2009). Disruptions of the BBB caused by changes in ROS
levels can facilitate the movement of inflammatory molecules and cells into and out of
the brain, stimulating further inflammatory reactions (Zink et al., 2010). ROS activate
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the ERK pathway and cause cytochrome c release, which can lead to cell death (Lewen,
2001;Clausen, 2004). ROS can also activate cell cycle pathways through mitogenic
pathways that are sensitive to oxidant levels, and that directly regulate the expression of
cyclin D1 (Burch & Heintz, 2005).
Supplemental oxygenation may represent another source of ROS generation.
Protocols for oxygen conditions during HB exposure have not been questioned.
Increasing evidence suggests that the safety of standard clinical oxygen supplementation
may be damaging (Rosenthal & Fiskum, 2005). TBI patients are routinely provided with
70-100% oxygen during transport. Exposure to hyperoxic conditions has been shown to
worsen neurological outcomes and increase oxidative damage of brain lipids in an animal
model of cardiac arrest (Liu et al., 1998). Two recent retrospective clinical studies
evaluating the effects of hyperoxia within the first 24h following brain injury have also
shown hyperoxic conditions are associated with worse funtional outcomes and increased
mortality (Brenner et al., 2012; Rincon et al., 2014). In this study hyperoxia during HB
exposure following TBI increased cognitve deficits and deppressive-like behaviors in
comparison to normoxic conditions. Further investigation into optimizing levels of
oxygen supplementation during HB exposure is warranted as adjusting oxygen levels can
be easily achieved and quickly adapted into clinical practice.

Cytokines
As the results from the first experiment and the previous study by Goodman et al.
(2011) suggest a neuroinflammatory component in the exacerbation of injury caused by
HB, the effects of AE following TBI with regard to the inflammatory response were
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further characterized. Following TBI, a number of pro and anti-inflammatory cytokines
are released. The time course for most cytokines following TBI indicates peak
expression levels between 6-8h and return to baseline by 24h following injury (Goodman
et al., 2010). Expression profiles of different cytokines may provide important
information on the extent of tissue damage and have been used as biomarkers of injury
(Woodcock and Morganti-Kossmann, 2013). The influence of HB as a “second hit”
could alter the time course of cytokine release. Increases in inflammatory cells such as
microglia and infiltrating monocytes following HB exposure could also influence
cytokine release following TBI (Kumar & Loane, 2012).
As Goodman et al. (2011) examined cytokine levels in the serum and injured
cortex at 24h post-injury, this study included similar measurements in the rat LFP model
in order to provide a comparison between studies. Only one pro-inflammatory cytokine
(IL-2) and two anti-inflammatory cytokines (IL-10, IL-12) were at detectable levels in
plasma 24h post injury, and levels of these cytokines were not further influenced by HB
exposure. Similar to the serum, levels of IL-2 and IL-12 in the ipsilateral cortex were not
influenced by HB exposure. IL-10 levels in the ipsilateral cortex were significantly
elevated in HB exposed animals, suggesting an increased anti-inflammatory response.
IL-10 is believed to be a strictly anti-inflammatory cytokine and promotes
immunosuppression; it reduces inflammation through a potent inhibitory effect on the
production of other cytokines such as TNFα and IL-1β. Increased levels of IL-10 in the
cortex were not observed in the Goodman et al. (2011) study. This difference is unlikely
due to the hypoxic conditions in their model as IL-10 levels have been shown to increase
following hypoxia (Tukhovskaya et al., 2014). The disparity in the cortical levels of IL-
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10 between these two studies may be attributed to differences in the method of induction
of injury or species studied.
Additional cytokines at detectable levels in the ipsilateral cortex included IL-1β,
IFN , and IL-6, but only IL-6 was significantly elevated by HB exposure and showed a
treatment effect with CR8. IL-6 is known to have both anti-inflammatory and proinflammatory effects (Allan & Rothwell, 2001, Morganti-Kossman, et al., 2002).
Elevated levels of IL-6 have also been observed in the CSF and serum of TBI patients,
albeit with conflicting correlations to neurological outcomes or injury severity (Arand et
al., 2001; Singhal et al., 2002; Minambres et al., 2003; Chiaretti et al., 2008). Rodent
models of TBI have demonstrated that IL-6 levels peak between 4 to 8 hours post-inury
and return to baseline by 24h (Morganti-Kossman et al., 2007). The shift in the
timecourse of IL-6 release following HB exposure may be due to initiation of secondary
release of IL-6 in response to HB as a secondary insult. Increases in microglia activation
were observed at 24h. Release of IL-6 from activated microglial could also potentially
contribute to the increased levels of this cytokine. Inhibition of microglial activation
following CR8 administration may account for the observed treatment effect.

Microparticles
Microparticle (MP) levels were analyzed at 24h following injury for their
potential to be “biomarkers” of injury. Identification of a key serum biomarker for injury
could be used to determine whether it is safe to transport a patient or if patients have been
negatively affected by transport. S-100B (a glial specific calcium binding protein) is
presently the most studied biomarker and has been strongly correlated with injury
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severity and poor outcomes (Hermann et al., 1999; Hermann et al., 2001; Townsend et
al., 2002; Savola et al., 2004; Vos et al., 2004; Rainey et al., 2009). However, there are
problems with S-100B as a biomarker. It does not readily cross the BBB and has not
always reliably correlated with outcomes (Berger et al., 2007; Piazza et al., 2007). There
is also difficulty in distinguishing between brain damage and peripheral injuries with S100B. Serum levels have been shown to increase following peripheral trauma in the
absence of brain injury limiting its usefulness in polytrauma patients (Anderson et al.,
2001; Savola et al., 2004).
MPs are expressed at constitutively low levels in the cerebrospinal fluid (CSF)
and serum of normal healthy individuals. However, unlike many traditionally used
biomarkers for brain injury, MPs may have a direct involvement in secondary injury
inflammatory pathways. MPs are membrane lipid bilayer enclosed vesicles and may
contain cytokines, mRNA, microRNA, and other intracellular messaging proteins (Patz et
al., 2013). They can be generated by cell activation from plasma membrane blebbing and
shedding (Freyssinet, 2003). A number of stress conditions and inflammatory mediators
such as oxidative stress and apoptosis are also known to increase MP formation. MPs
have also been observed to be increased following traumatic injuries and inflammatory
disorders (Morel et al., 2008; Doeuvre et al., 2009).
MPs are characterized by their expression of antigenic markers from parent cells.
The most characterized cellular MPs are those originating from platelets, leukocytes,
erythrocytes, and endothelial cells. The ability to identify MPs from specific tissues that
have been damaged following injury may provide a reliable marker of CNS
pathophysiological processes (Doeuvre et al, 2009). MPs contain miRNA and distinct
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genetic information, suggesting a role in the adaptive response to injury (Patz et al.,
2013). MPs may also carry molecular components (membrane receptors, cytokines, TFs,
and mRNA) that can be used as indicators of the activation status of the parent cell
(Morel et al., 2004, Jiminez et al., 2005). MPs interact promiscuously and may exhange
surface receptors with MPs originating from different parental cells. This promiscuity
may serve as a limitation on the usefullness of MPs as an indicator of specific tissue
injury.
MPs can be generated during events of decompressive stress, such as in scuba
divers; similar conditions may occur during an ascent to high altitudes. In a series of
studies, Thom et al. (2011, 2013) and Yang et al. (2012, 2013) examined the role of MPs
in causing CNS injury due to decompressive stress. They have shown that MPs
generated during decompression are required for development of tissue injuries (Thom et
al., 2011). Moreover, they demonstrated that injection of naïve mice with MPs isolated
from decompressed mice, but not control mice, caused intravascular neutrophil
activation, perivascular neutrophil sequestration and tissue injuries measured as elevated
vascular permeability and activated caspase-3 (Yang et al., 2012). In addition, injection
of MPs from mice exposed to decompressive stress into naïve animals produced nerve
dysfunction measured by increased action potential broadening (Yang et al., 2013). MPs
from decompressed mice also were associated with increased NADPH oxidase activity
(Yang et al., 2013), an enzyme whose activation has been strongly implicated in
inflammatory mediated secondary injury in experimental TBI (Dohi et al., 2010; Zhang et
al., 2012; Loane et al., 2013 & 2014; Lu et al., 2014). Abatement of decompression
generated MPs with polyethylene glycol (PEG), which can lyse the MPs, reduced
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intravascular neutrophil activation and sequestration as well as tissue injury (Thom et al.,
2011).
MPs have also been observed to be increased following traumatic injuries and
inflammatory disorders (Morel et al., 2008). In a study evaluating MPs in 16 patients
with TBI, CSF and plasma MP levels were increased. The MPs in these patients were
identified as being mainly of platelet and endothelial origin, and remained elevated for 10
days following injuries. The presence of platelet and endothelial derived MPs in the CSF
was suggested to reflect enhanced apoptosis (Morel et al., 2008).
In this study no significant difference was observed in MP levels between HB and
non HB exposed groups following TBI. However, exposure to HB following TBI
showed trends for increased levels of MPs, and the lack of significance may have
reflected the small sample sizing and considerable variability in MP levels. Future studies
evaluating different conditions such as the timing of serum collection following HB
exposure may further elucidate changes in MP levels following TBI + HB. The levels of
MPs in the serum following CR8 treatment were strongly decreased in comparison to
injured animals with or without HB exposure. Neuronal apoptosis is known to generate
MPs (Freyssinet, 2003). Cell cycle inhibition has been shown to reduce neuronal
apoptosis in experimental TBI models (Di Giovanni et al., 2005). The effect of CR8
treatment on reducing circulating MP levels may be in part attributed to reduction of MP
release from decreasing neuronal apoptosis.
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Cell Cycle Activation
The occurrence of cell cycle activation (CCA) in the brain following TBI and
other central nervous system (CNS) injuries has been previously well documented
(Cernak et al., 2005; Byrnes & Faden 2007; Stoica et al., 2009). Both neurons and glia
express cell cycle markers after injury (Cernak et al., 2005; Di Giovanni et al., 2005;
Byrnes et al., 2007). The end result of cell cycle activation in these cell types, however,
is very different. Although glia have important physiological roles, following trauma the
proliferation/activation of astrocytes and microglia may contribute to secondary injury
and/or limit neurorestoration. Reactive astrocytes are involved in the formation of the
glial scar, which can inhibit axonal regeneration (Silver & Miller, 2004). Microglia
produce pro-inflammatory cytokines and ROS, leading to neuronal degeneration.
Neurons were believed to be post-mitotic cells that once differentiated do not re-enter the
cell cycle. However, it is now clear that adult differentiated post-mitotic neurons can reenter the cell cycle and that such re-entry is associated with caspase-mediated neuronal
apoptosis (Kranenburg et al., 1996; Di Giovanni et al., 2005; Herrup & Yang, 2007).
CCA is intricate and highly regulated. Through each phase in the cycle there is a
systematic progression of synthesis and degradation of phase specific cyclin proteins.
Cyclins bind and activate Ser/Thr kinases known as cyclin-dependent kinases (CDKs),
which in turn phosphorylate additional substrates promoting transcription of other cyclins
and progression through the cycle. During the first phase of the cell cycle, Gap 1 (G1),
levels of cyclin D increase. Cyclin D binds to CDK4, promoting phosphorylation of the
retinoblastoma (Rb) family of proteins. Phosphorylated Rb proteins dissociate from E2F
transcription factors, which translocate to the cell nucleus and induce the transcription of
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other cyclins. Proteins involved in the G1 phase of the cell cycle have been identified as
part of a pro-apoptotic pathway in post-mitotic neurons (Byrnes and Faden, 2007; Stoica
et al., 2009). Activation of CDK4 by cyclin D1 has been found to be necessary in the
progression to apoptosis in neurons that re-enter the cell cycle (Shan & Lee, 1994;
Kranenburg et al., 1996). Furthermore, reduction of CDK4 expression is protective
against apoptosis in neuronal cultures (Rashidian et al., 2005) and ablation of the cyclin
D1 gene has been shown to reduce the extent of damage and improve outcomes following
TBI (Kabadi et al., 2012).
Administration of cell cycle inhibitors increase neuronal survival and reduce glial
proliferation in several injury models of the central nervous system including several
studies utilizing a lateral fluid percussion model of brain injury in rats (Di Giovanni et al.,
2005; Byrnes et al., 2007; Kabadi et al., 2012; Wu et al., 2012). After fluid percussion
injury, flavopiridol administration reduced cyclin D1 expression in neurons and glia in
the cortex and hippocampus; treatment also decreased neuronal cell death, lesion volume,
astroglial scar formation and microglial activation, and improved motor and cognitive
recovery (Di Giovanni, 2005). Central administration of another CDK inhibitor,
roscovitine, 30 minutes after fluid percussion-induced brain injury also significantly
decreases lesion volume, as well as improves motor and cognitive recovery (Hilton et al.,
2008). Roscovitine also attenuated neuronal death and inhibited activation of CCA in
neurons, as well as decreasing microglial activation and astrogliosis. In primary cortical
microglia and neuronal cultures, roscovitine treatment attenuated neuronal cell death and
decreased microglial activation and microglial dependent neurotoxicity (Hilton et al.,
2008). Central administration of CR8, a selective and highly potent CDK inhibitor after
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TBI, attenuated CCA pathways and reduced post-traumatic apoptotic cell death at 24h
post TBI. Administration of CR8 at 3h post-injury limited CCA, reduced microglial
activation and lesion volume, and improved behavioral outcomes in both mouse and rat
models of experimental TBI (Kabadi et al., 2012).
In this study, cell cycle markers PCNA and CDK4 were significantly increased
following TBI plus HB at 24h. In addition, expression of the microglial marker IBA-1
was significantly increased with HB exposure following TBI at 24h, suggesting an
increase in microglial activation and proliferation. The dose and timing of administration
for treatment with the CDK inhibitor CR8 was based on previous studies using this
compound in experimental animal models of TBI which have shown neuroprotection by
limiting microglial activation, astrocytosis, and neuronal loss (Kabadi et al. 2012, Kabadi
et al. 2014). Treatment with CR8 prior to HB significantly reduced the expression of both
cell cycle markers and IBA-1 in comparison to untreated HB exposed TBI animals. CR8
was also evaluated for its ability to improve long-term behavioral and neuropathological
outcome by attenuating post-traumatic inflammation following TBI plus HB. CR8
significantly reduced deficits in spatial learning and retention memory function caused by
HB exposure plus TBI, as reflected by the MWM and novel object recognition test.
Improvements in cognitive function were associated with a non-significant trend toward
increased hippocampal neuronal survival. CR8 treatment did not reduce deppressive-like
behavioral increases associated with HB exposure. Suppression of neurogenesis in the
DG is known to be associated with increasing depression. Stimulation of neurogenesis
by anti-depressant treatments has been considered a potential mechanism for such effects.
Inhibition of the cell cycle by CR8 may suppress the production of new neurons in the
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DG, which may have contributed to its lack of anti-depressant effect. Chronic microglial
activation at 30d post-HB was also attenuated by CR8 treatment. Collectively these
results suggest that increases in CCA activation caused by HB exposure following TBI
may contribute to neuronal apoptosis and the microglial proliferation and hippocampal
neuronal cell loss observed in these experiments, thus contributing to exacerbations in
cognitive deficits. CR8 treatment attenuated CCA and other neuroinflammatory
secondary injury reponses that were intensified by HB exposure following TBI. There is
no direct molecular marker or discriminating factor indicating injury caused by HB. It
cannot be determined whether the effects of CR8 treatment ameliorated the effects of the
initial TBI thus reducing the apparent exacerbation of injury following HB or if CR8
treatment directly targeted the effects of HB exposure. As HB exposure exacerbates
neuroinflammatory responses following TBI and CR8 attenuates these
neuroinflammatory responses, the distinction between the effects caused by the initial
injury and those caused by HB exposure may be secondary to reducing
neuroinflammation. Further clarification of the effect of CR8 treatment in specifically
attenuating the effects of HB might be addressed by delaying treatment with CR8 at least
24h following injury to allow for the progression of the initial TBI. CR8 could then be
administered prior to HB exposure and may more clearly represent attenuation of HB
induced exacerbation of injury.
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Summary
There is an increasing prevalence of TBI among military service members. The
potential risks involved in use of AE for TBI patients underscore the need for
investigations on the effects of transport in such patients, yet limited work has been
conducted in this area. The present study demonstrates that HB exposure during
simulated air transport following TBI exacerbates neuroinflammatory secondary injury
mechanisms, leading to increased deficits in learning and memory, as well as
hippocampal neuronal cell loss and prolonged microglial activation. These results also
suggest that it may be beneficial to delay AE of TBI patients by at least 3d following
injury in order to limit increased secondary injury. The present studies suggest
possibilities for mitigating injury exacerbations by HB exposure following TBI. These
include retaining patients at in-theater hospitals for longer periods of time prior to
transport; increasing cabin pressurization to reduce barometric effects or specialized
enclosures for individual pressurization; treatment with a cell cycle inhibitors prior to
AE; and/or changes to the supplemental oxygenation protocol.
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