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Abstract

Central and Peripheral Nervous System Sequelae Following Blast
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Chair of the Supervisory Committee:
Abigail Schindler

Department of Pharmacology

Many injuries have the capacity to impact the entire body, even if the inciting
incident was something seemingly localized to one body part, like a concussion.
Injuries sustained following blast overpressure waves (such as in the case of
exposure to improvised explosive devices (IED), building collapses, etc.) however,
due to their mechanism of action, don’t just start in one location and spread to the
rest of the body, but occur as the result of the overpressure wave hitting the entire
body at the same time. Thus, the focus of my dissertation is to examine the impact
of blast injuries on the entire body instead of narrowing down one particular portion
of the system. | accomplish this by 1) analyzing a broad range of central and
peripheral biomarkers and behavioral changes in both male and female mice at

multiple timepoints following blast exposures 2) analyze higher level cognitive



functioning following blast exposure at a chronic time point and 3) use our mouse
model of blast injuries to gain further insight into a clinical disorder seen in a large
portion of blast-exposed veterans. Taken together, these experiments detail the
full-body sequelae that often co-occurs with blast-induced mild traumatic brain

injuries (MTBI).

The main conclusion of all the studies presented in this dissertation is the
finding that TBIs caused by blast overpressure waves can be particularly
detrimental to daily functioning. Both males and females exhibited changes in pro-
and anti-inflammatory cytokine expression and gut microbiome flora (some
changes were similar and others dissimilar) with specific bacteria tracking with
increased blood-brain behavior permeability, cytokine expression, and behaviors
following blasts, suggesting potential targets for biomarkers. Chronic deficits in
PTSD-related phenotypes occurred only in males at the chronic timepoint and in
other experiments done in males alone, blast male mice expressed increased
motivation for natural rewards, cognitive inflexibility and increased risky alcohol
consumption, the latter of which mimicked risky drinking behaviors in male
Veterans with a history of blast mTBI diagnoses. Therefore, this dissertation
demonstrates that the impact of a blast exposure can be seen across a broad
range of behaviors and blast has a negative impact on multiple different organ
systems in the body, from the brain to vasculature structure, circulating

inflammatory cytokines, to the gastrointestinal tract.
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Chapter 1.

Introduction to Blast Traumatic Brain Injuries, Outcomes of Blast Exposures, and The

Biochemical Changes that Follow Blast mTBIs

Traumatic Brain Injuries

Most people know someone who has had a minor concussion, whether it be
caused by a fall, a sports injury, or a car accident. In most cases, these people will
recover and return to life as normal, not focusing on how this injury has impacted them.
In fact, as is the case with many people who sustain sub-concussions or minor
concussions, many won’t even seek medical treatment because they may perceive the
injury as minor, disclosure may impact their ability to play a sport or work, or they are
impacted by social constructs related to attributes like “toughness” (Redmond et al.,
2015; Ruff et al., 2009; Sanderson et al.,, 2017; Tallapragada & Cranmer, 2022).
However, concussions, also known as traumatic brain injuries (TBI), are currently a
leading cause of death and disability not just in the United States but globally (Johnson
& Griswold, 2017; A. I. Maas et al., 2008; Taylor et al., 2017). TBIs affect every segment
of the population and can often lead to significantly decreased quality of life and
increased financial burden for both the person with a TBI and their caregiver(s) (Di
Battista et al., 2012; Hendrickson et al., 2018; Malec et al., 2017; Ozga et al., 2018).
The majority of TBIs (70-90%) are classified as mild (Gardner & Yaffe, 2015; Narayan et
al., 2002) using the Glasgow Coma Scale, a tool typically used to assess the extent of

impaired consciousness immediately following a TBI which bases it's score on three



aspects of responsiveness: eye-opening, motor, and verbal responses. Yet mild comes
off as a misnomer in the case of TBIs because mild traumatic brain injuries (mTBI) often
result in a constellation of physical, cognitive, sensorimotor, affective, and behavioral
disturbances that may persist months to years after the initial injury. Though awareness
of mTBI and the resulting adverse health outcomes has increased in the past few
decades, particularly through research articles, movies and news focusing on
concussions sustained during sports injuries (Beidler et al., 2020; Bell et al., 2019;
Sarmiento et al., 2014; Tallapragada & Cranmer, 2022), few interventions exist that
address post-concussive symptoms and behavioral dysfunction either acutely following
injury, and for subsequent chronic health problems that which may be hard to identify

and treat.

Blast Traumatic Brain Injuries

Blast overpressure waves are the propagation of a sudden strong change in
atmospheric pressure such as those caused by improvised explosive devices (IEDs),
explosions related to building collapses and failing infrastructure, and industrial
accidents, and are becoming an increasingly common cause of TBI (Salem et al.,
2017; Song et al., 2018; Wolf et al., 2009). In fact, blast exposure (via detonation of
high explosives; most commonly repetitive in nature) is the primary source of mTBI in
Veterans, a significant driver of PTSD in this group, and a major source of morbidity
among Veterans enrolled in the VA health care system (DOD TBI Worldwide Numbers,

n.d.; Elder & Cristian, 2009; Peskind et al., 2011) due to increased use of IEDs in war.



Additionally, since improvements in body armor have occurred over time, more
soldiers that may have once died in combat are coming home with mTBI sustained
from repetitive blast exposures. Futhermore, even if their armor enables them to
survive deployment, the helmets designed to protect Servicemembers, were designed
to protect from projectile head trauma not blast-related injuries, and may even have
been exacerbating blast-related injuries (Ganpule et al., 2012; Gruijicic et al., 2011;

Kulkarni et al., 2013; Moss et al., 2009).

This has led to mTBI being referred to as the “signature injury” in the conflicts
in Iraq and Afghanistan (OEF/OIF/OND) (DOD TBI Worldwide Numbers, n.d.;
Hendrickson et al., 2018; Tanielian et al., 2008). Rates of mTBI post-deployment are
estimated at 10-25% (approximately 380,000 Veterans diagnosed with mTBI since
2000), with PTSD comorbidity estimated at 50-75% (DOD TBI Worldwide Numbers,
n.d.; Hendrickson et al., 2018; Owens et al., 2008). Further, war does not only impact
or even target soldiers, and for every police or soldier injured or killed by a blast
exposure, ~4 civilians are injured or killed (Edwards et al., 2012; Overton, 2020) many
of which are women and children, a group underrepresented in blast TBI research
(Edwards et al., 2012; Tovar et al., 2021). Thus, the research in pre-clinical models of
blast exposures have relevance both to military personnel impacted by war but also, as
mentioned previously, civilians exposed to events including explosions from failing
infrastructure and industrial accidents. Additionally, women have been serving in
military positions with increased risk of blast trauma since 2016 yet there are no
published reports examining sex as a biological variable in models of repetitive blast

mTBI, potentially limiting diagnosis and treatment. Finally, because of the mechanism



of blast TBIs, where the primary injury is caused by the blast overpressure wave and
not the skull coming into contact with another physical object, many who sustain blast
TBI may not even know it, especially if it is “mild” in terms of the Glascow Coma Scale.
This may cause people to not seek treatment right away and once they do seek
treatment, might not know to bring it up. Further, in the case of veterans, if a blast
exposure is mild, they likely will not take a moment of their day to care for it, and just
continue as planned, particularly since military culture and values may dissuade
Servicemembers and Veterans (Lindberg et al., 2021; Redmond et al., 2015).
Additionally, many brief screening assessments such as the Brief Traumatic Brain
Injury Screen (BTBIS) only ask about recent or deployment related TBIs and may miss
a prior history of TBI during the assessment (Betthauser et al., 2019) which is
concerning because repetitive TBIs are likely to cause more neurological damage.
Additionally, the odds of being diagnosed with a deployment-related TBI is 8 times
higher during the first 4 weeks post-deployment when compared to the subsequent 32
weeks, and the likelihood, decreases even more after 32 weeks (Regasa et al., 2019).
Yet, the majority of veterans that participate in clinical research received their blast
exposures years before enrollment; all of which makes it difficult for us to determine
what is taking place acutely following blast and prevents early interventions from

occurring.

Alcohol Use

TBI has been historically linked to alcohol use however previously, the general

view of comorbid TBIs and substance use is that substance use predates the



existence of a TBI and can be a cause of TBIs, primarily through violence, motor
vehicle accidents and falls (Bogner et al., 2001; Corrigan, 1995). Conversely, now we
know that a history of mTBI is associated with increased health risk behaviors (e.g.,
sensation/novelty seeking, impulsivity, risk taking, irritability/aggression, (Elder &
Cristian, 2009; Halbauer et al., 2009; Hendrickson et al., 2018; Miller et al., 2013;
Olson-Madden et al., 2012; Peskind et al., 2011, Petrie et al., 2014; A. G. Schindler et
al., 2017; Seidl et al., 2015; Tanielian et al., 2008) and substance use/misuse (e.qg.,
alcohol use disorder (AUD) (Adams et al., 2012; Grossbard et al., 2017; Miller et al.,
2013; Petrie et al., 2014; A. G. Schindler et al., 2017). Comorbid alcohol use could
potentially compound negative outcomes following blast mTBI yet much research does
not address this relationship however because clinical studies examining the effects of
TBI on cognition often exclude applicants with a history of a substance use disorder

and vice versa (Bjork & Grant, 2009; Saxon, 2011).

In fact, a common outcome of blast mTBI is increased alcohol use, problematic
alcohol use is increased in Veterans with TBI than those without TBI (Grossbard et al.,
2017), and this alcohol use can exacerbate the previously mentioned negative effect
mMTBI have on executive function and memory. Servicemembers are already at a
higher risk of adverse consequences from substance use (Bray et al., 2010; Norman et
al., 2014) with 84.5% of those in active-duty reporting alcohol use and over 25%
reporting moderate to heavy use (Barlas et al., 2013), whereas only 16% of civilians
reporting moderate to heavy use. This heavy drinking isn’t limited to active duty
Servicemembers but Veterans continue to drink significantly following their military

term (Balan et al., 2013; Chermack et al., 2012) sometimes using alcohol to self-



medicate symptoms such as headache, fatigue, and sleep, (Derefinko et al., 2018),
symptoms that overlap with mTBI sequelae. In fact, in a study looking at mTBI in
almost two million discharged military personnel, the relative risk of discharge due to
AUD was 2.6 times higher for those who had sustained a mTBI (n=1778) (Ommaya et

al., 1996).

What complicates the role that alcohol plays in mTBI recovery is that there
exists a bidirectional relationship between heavy alcohol use and mTBI. First those
who have a history of heavy alcohol use are more likely to sustain a mTBI and those
who sustain a mTBI are likely to have heavy alcohol use post-injury, with one
longitudinal study of subjects sustaining a mTBI at age 5 or younger, finding that there
was 3.6 times more likely to experience heavy substance use in adolescence, many
years following the injury (McKinlay et al., 2009). Further, a history of risky alcohol use
prior to mTBI correlates with poorer outcomes following mTBI (Dikmen et al., 1993;
Ruff et al., 1990) and alcohol use post-injury negatively impacts recovery from
cognitive impairment (Gontkovsky et al., 2006). The research within, offers a controlled
way to look at repetitive blast mTBIs in animal without a prior history of heavy alcohol
use or previous mTBIs so that we can analyze if blast mTBI alone will increase alcohol
intake, and compare this alcohol use to that reported in Veteran populations with or

without blast mTBI.

Executive Dysfunction



Beyond risky behaviors, the most common complaints that Veterans have when
presenting to the VA are related to executive dysfunction. The umbrella term
“executive function” refers to a broad group of cognitive processes that are often
considered “higher order capabilities” necessary for cognitive control and motivated
behavior. Although there is some debate over the number of cognitive functions that
make up executive function, the following are examples of capabilities that are
considered executive functions: working memory, self-monitoring, planning and
prioritizing, organization, initiating tasks, cognitive flexibility, and impulsive control.
These functions allow people to continually adapt to a changing environment, make
and pursue goals, and are integral to productivity. Thus, proper executive function is
necessary for daily life including but not limited to, work-related activities, independent
living, functioning at all levels of schooling, and social interactions, and impaired
executive function (executive dysfunction or dysexecutive syndrome), can negatively
impact life and well-being. The capabilities related to executive function are primarily
controlled by the prefrontal cortex but also involve areas such as the nucleus

accumbens and cerebellum, all of which are often impacted following blast exposures.

Executive dysfunction, i.e. problems with the following higher order capabilities,
has been widely documented in patients with a history of mTBI, including patients with
a history of blast-induced mTBI (Amick et al., 2013; Hendrickson et al., 2018; Karr et
al., 2019; Pagulayan et al., 2018, 2020; A. G. Schindler et al., 2017; Sullivan et al.,
2018), and are one of the most commonly reported persistent symptoms in patients
with a history of mTBI (McDonald et al., 2002; McInnes et al., 2017; Rabinowitz &

Levin, 2014). Some commonly reported issues with executive dysfunction that are



reported to follow TBI include impulsively, working memory, and learning difficulties.
Executive dysfunction is considered one of the most debilitating outcomes following
mTBI injuries, because as previously mentioned, executive dysfunction often leads to
impaired daily functioning (Alexander, 1995) and decreased quality of life
(Hendrickson et al., 2018; McDonald et al., 2002; MclInnes et al., 2017; Ozga et al.,
2018). Even in those who do not present with comorbid PTSD, prolonged stress, such
as stress that would be present during deployment, negatively impacts
neuropsychological functioning (Vasterling et al., 2006; Vasterling & Proctor, 2011),
and prolonged stress combined with TBI has been associated with poorer recovery.
Further, in age-matched groups with similar TBI severities (~90% mild, ~10%
moderate), military participants with blast TBIs performed more poorly on a task of
inhibitory control than civilians who had sustained blunt TBIs and had exhibited fMRI
hyperactivation in areas related to inhibition and attention modulation of visual cues

when they were unable to inhibit a response (Fischer et al., 2014).

Although behavioral deficits related to executive dysfunction have been studied
in rodent models of moderate and severe TBI (Modrak et al., 2020; Ozga et al., 2018;
Vonder Haar et al., 2014; Vonder Haar & Winstanley, 2016) the research described in
this thesis is the first to examine executive dysfunction following repetitive blasts that

induced TBI in the mild range.

Biochemical Biomarkers



A large focus of the research on mTBI following blast exposure has focused on
damage done directly to the brain itself. One study using diffusion tensor imaging to
determine white matter integrity found that a history of blast mTBI was associated with a
diffuse, global pattern of lower white matter integrity with increased blast exposures
correlating to larger white matter disruption when compared to deployed controlled
without history of blast exposures (Davenport et al., 2012). An fMRI study comparing
participants in the military with a history of blast mTBI to civilians with blunt TBIs found
that the blast TBI cohort exhibited hyperactivation in bilateral inferior temporal and
fusiform gyri inactivation compared to non-TBI military controls when failing to inhibit
responses on an inhibition task (Stop Signal Task) and under activation when they were
able to correctly inhibit a response compared to when they correctly inhibited (Fischer et
al., 2014). Yet a review on neuroimaging in patients with a history of blast mTBI found
mixed results due to difference in samples, design, and measurements (Caplan et al.,

2017).

Because of the technology necessary to examine the pathophysiology
associated with mTBI in patients presenting to clinicians and clinical researchers
(Caplan et al., 2017; Salat et al., 2017) and their limitations, a lot of the evidence we
have on anatomical dysfunction, and biochemical changes comes from animal models
or analyzing post-mortem tissue. Animal models have replicated some of the results
and expanded on the imaging results in humans finding evidence of axonal injury and
neuronal death, increased BBB permeability, and mitochondrial degeneration in areas
such as the cortex, hippocampus, and striatum (Garman et al., 2011; Song et al.,

2018). Although there have been attempts to find a biomarker for blast mTBI to create



a biosensor to monitor troops for concussive effects following blast, so far, no

biomarkers for blast mTBI exist (Engel et al., 2019).

One mechanism believed to contribute to the development of post-concussive
symptoms (PCS; e.g., headaches, dizziness, fatigue, sensorimotor impairment), and
behavioral dysfunction (e.g., anxiety, depression, impulsivity) following mTBI is mTBI-
induced autonomic system dysfunction, or dysautonomia, which is expressed by
changes in heart rate variability (HRV), blood pressure, pupillary dynamics, and
problems with the gastrointestinal (Gl) system (Esterov & Greenwald, 2017; Howard et
al., 2018; Swai et al., 2019). Likewise, acute and chronic inflammatory responses have
been demonstrated in mild to severe TBI (Fan et al., 1996; Perez-Polo et al., 2013b;
Shohami et al., 1999), and correlate with autonomic and behavioral dysfunction (Khalid
et al., 2019; Perez-Polo et al., 2013a; Ramlackhansingh et al., 2011). While much work
has focused on developing and evaluating therapeutics that target the central nervous
system following blast exposure and mTBI, less attention has been placed on
understanding and developing treatments that target peripheral systems for potential

therapeutic application.
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Chapter 2.

Pre-Clinical Models of Repetitive Blast Exposures Give Insight Into Mechanisms

Underlying Risky Drinking Behaviors in Blast Exposed Combat Veterans*

*This chapter was formatted for this thesis from the following peer-reviewed

publication:

“‘Repetitive blast mild traumatic brain injury increases ethanol sensitivity in male mice
and risky drinking behavior in male combat veterans.” Schindler, A. G., Baskin, B.,
Juarez, B., Lee, S. J., Hendrickson, R., Pagulayan, K., Zweifel, L.S., Raskind, M.A.,
Phillips, P.E., Peskind, E.R. & Cook, D. G. (2021) Alcoholism: clinical and

experimental research. 45(5), pp.1051-1064.

B.M.B helped designed, performed, and analyzed the experiments done on the mice in

the paper and helped write the paper. (Work started as part of rotation)
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Introduction

Traumatic brain injury (TBI) affects every segment of the population and can lead to
significantly decreased quality of life and social and occupational functioning. This is
particularly important for Veterans, who experience disproportionate rates of physical
and mental illness compared with civilian counterparts (Hoerster et al., 2012; Trivedi et
al., 2020). Critically, US Veterans of the conflicts in Iraq and Afghanistan (Operation
Enduring Freedom/Operation Iraqi Freedom/Operation New Dawn (OEF/OIF/OND))
exhibit especially high rates of mild traumatic brain injury (mTBI; labeled the “signature
injury” of these conflicts)(DOD TBI Worldwide Numbers, n.d.; Hoge et al., 2008; Hoge &
Cotting, 2004; Tanielian et al., 2008). OEF/OIF/OND mTBI rates are estimated at 10—
25% (approximately 400,000 Veterans diagnosed since 2000); most commonly
repetitive in nature, blast exposure (via detonation of high explosives) is the primary
source of mTBI (blast-mTBI) in this population, and a major source of morbidity among
Veterans enrolled in the VA health care (Hendrickson et al., 2018; Tanielian et al., 2008;
Wenger et al., 2018). A history of mTBI is associated with increased health risk
behaviors (e.g., sensation/novelty seeking, impulsivity, risk taking, irritability/aggression,
(Elder & Cristian, 2009; Halbauer et al., 2009; Hendrickson et al., 2018; Miller et al.,
2013; Olson-Madden et al., 2012; Peskind et al., 2011; Petrie et al., 2014; A. G.
Schindler et al., 2017; Seidl et al., 2015; Tanielian et al., 2008) and substance
use/misuse (e.g., alcohol use disorder (AUD) (Adams et al., 2012; Grossbard et al.,
2017; Miller et al., 2013; Petrie et al., 2014), potentially compounding negative

outcomes following injury/trauma, but how mTBI and substance use might interact to

12



promote addiction risk remains poorly understood. Likewise, potential differences in
single vs. repetitive mTBI in relation to alcohol use/abuse have not been previously
examined. Previous work in animal models supports the notion of brain injury as a risk
factor for adverse health risk behaviors, including substance misuse/abuse (Cernak et
al., 2001; Lim et al., 2015; Lowing et al., 2014; Muelbl et al., 2018; Nawarawong et al.,
2019; Perez-Garcia et al., 2018; Schindler et al., 2020; Schindler et al., 2017; Vonder
Haar et al., 2019). Indeed, using our established mouse model of blast exposure (Huber
et al., 2013; Logsdon et al., 2020; Meabon et al., 2016; A. Schindler et al., 2020; A. G.
Schindler et al., 2017), we previously demonstrated increased novelty-seeking behavior
at acute (7 days) and chronic (1 month) time points following injury (Schindler et al.,
2017). Likewise, increased risk-like behavior has also been reported following mild
impact TBI (Krukowski et al., 2020; Mouzon et al., 2014). Results from animal models
are more varied in relation to potential addiction risk following brain injury and depend
on the type and severity of TBI exposure. For example, a moderate impact TBI
increased ethanol (EtOH)-induced sedation and decreased voluntary EtOH
consumption (Lowing et al., 2014), whereas mild impact or blast with body shielding
resulted in increased cocaine, oxycodone, and alcohol intake and/or seeking behaviors
(Lim et al., 2015; Muelbl et al., 2018; Nawarawong et al., 2019; Vonder Haar et al.,

2019).

Critically, no study to date has compared single vs. repetitive blast exposure nor
examined potential mTBI-induced differences in EtOH-induced stimulation vs. sedation
vs. voluntary intake. Here, we investigated in male mouse potential effects of single (1x)

and repetitive (3%) blast exposure on low-dose EtOH locomotor stimulation, high-dose

13



EtOH sedation, tolerance, and metabolism, and finally, voluntary EtOH intake using
intermittent 2-bottle choice (herein referred to collectively as measures of “EtOH
responsivity”). Using an electronically controlled pneumatic shock tube that models
battlefield-relevant open-field blast forces generated by detonation of high explosives
(Huber et al., 2013; Logsdon et al., 2020; Meabon et al., 2016; A. Schindler et al., 2020;
A. G. Schindler et al., 2017), we found that while both single and repetitive blast
exposure increased the sedative properties of high-dose EtOH (with no change in
tolerance nor metabolism), only repetitive blast exposure resulted in potentiation of
EtOH-induced locomotor stimulation and a shift in EtOH intake patterns (i.e., increased
consumption “front-loading” and decreased total daily intake) during intermittent 2-bottle
choice (2BC). Next, we examined self-report responses to the Alcohol Use Disorders
Identification Test-Consumption Questions (AUDIT- C; a widely used measure to
identify risky drinking and potential AUD) (Bush et al., 1998; Crawford et al., 2013;
Dawson et al., 2005) in male OEF/OIF/OND Veterans and used a novel unsupervised
machine learning approach to investigate whether a history of repetitive blast exposure
and mTBI affected drinking behaviors. As predicted, AUDIT-C scores were increased in
OEF/OIF/OND Veterans with a history of acute symptomatic blast. Subsequent AUDIT -
C cluster analysis identified a 3-cluster solution: “low” (low intake and low frequency),
“frequent” (low intake but high frequency), and “risky” (high intake and high frequency)
and revealed a significant increase in assignment to the “risky” drinking cluster in
Veterans with a history of blast exposure, where the “risky” cluster was characterized by
a higher level of combat exposure and numbers of mTBIs with loss of consciousness

(LOC). Together, these results suggest disparate trauma effects of single vs. repetitive
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blast exposure, where only repetitive blast-mTBI is characterized by increased risky
drinking self-report in male Veterans and increased EtOH-induced stimulation and

consumption front-loading in male mice.

Materials and Methods

Animals and mouse model of blast overpressure Male C57BI/6 mice (Jackson
Laboratory) aged 3—4 months (weight 25-33 g; mean 28.5 + 0.17 g) were used. All
animal experiments were carried out in accordance with Association for Assessment
and Accreditation of Laboratory Animal Care guidelines and were approved by the VA
Puget Sound Institutional Animal Care and Use Committees. The shock tube (Baker
Engineering and Risk Consultants) was designed to generate blast overpressures that
mimic open-field high explosive detonations encountered by military service members in
combat, and the design and modeling characteristics have been described in detail
elsewhere (Huber et al., 2013; Logsdon et al., 2020; Meabon et al., 2016; A. Schindler
et al., 2020; A. G. Schindler et al., 2017). Briefly, mice were anesthetized with isoflurane
(induced at 5% and maintained at 2—3%), secured against a gurney, and placed into the
shock tube oriented perpendicular to the oncoming blast wave (ventral body surface
toward blast). Sham (control) animals received anesthesia only for a duration matched
to blast animals. Repeated blast/sham exposures occurred successively over the
course of 3 days (1 per day). The blast overpressure (BOP) peak intensity (psi), initial
pulse duration (ms), and impulse (psi/ms) used were in keeping with mild blast TBI
(19.9 psi +/- 0.14 psi). Under these experimental conditions, the overall survival rate
exceeded 95%, with blast-exposed mice appearing comparable to sham-exposed mice

by inspection 2—4 h postblast exposure as previously reported (Huber et al., 2013,
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Logsdon et al., 2020; Meabon et al., 2016; A. Schindler et al., 2020; A. G. Schindler et
al., 2017). All behavioral tests were conducted starting at 1 month postsham/blast
exposure, a time point that allows for the development of blast-induced neuropathology
(Goldstein et al., 2014; Rubovitch et al., 2011) and that correlates to a time period
where enduring functional and behavioral deficits are detected (A. Schindler et al.,
2020; A. G. Schindler et al., 2017). Separate groups of mice were used for EtOH
locomotor stimulation, EtOH sedation, and voluntary EtOH consumption (see below for
specific details of each procedure), 1x and 3x sham and blast mice were run in parallel,

and at least 2 cohorts of mice were used in each behavioral paradigm.

Low-dose EtOH-induced locomotor stimulation

Ethanol-induced locomotor stimulation was investigated over the course of 3
days. On day 1, each animal was preexposed/habituated to the behavioral arena (clean
rat cage) for 15 min. On the second day, animals were injected with saline (1.0 ml/kg
wlv, i.p.) and were again allowed to explore the behavioral arena for 15 min. Finally, on
day 3, animals were injected with EtOH (2.0 g/kg, i.p., 20% wi/v) and allowed to explore
the behavioral area for 15 min. Activity was recorded from above and analyzed using
ANY-maze (Wood Dale, IL). EtOH-induced locomotor stimulation was expressed as a

percent increase in distance traveled (EtOH/saline).

High-dose EtOH-induced sedation, tolerance, and metabolism

Ethanol-induced sedation and tolerance were investigated using the loss of righting
reflex (LORR) paradigm. Each animal was injected with EtOH (4 g/kg, i.p., 40% w/v)

and upon sedation (1-3 minutes later) was placed on its back in a V-shaped trough (any
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animal that did not lose LORR within 5 min was excluded from the study (n = 2)).
Animals were then observed undisturbed for up to 5 hours. When the animal was able
to right itself twice within 30 seconds (i.e., flipped from back to stomach in the V-shaped
trough), total sedation time was recorded (LORR duration). The identical procedure was
repeated 24 h later to assess EtOH tolerance. Blood was collected from the
submandibular vein at 10 min and 4 h following EtOH injection to determine blood EtOH
concentrations. Blood EtOH concentrations were determined using Bioassay Systems

(Hayward, CA) EnzyChrom EtOH Assay Kit as per manufacturer instructions.

Intermittent 2-bottle choice (12BC)

Starting 4 days prior to the commencement of the 12BC procedure, mice were singly
housed, and their usual water bottle removed and replaced with 2 bottles filled each
with water. The bottles were 50-mL centrifuge tubes with a #6.5 neoprene rubber
stopper and 2.5” ball sipper tube (Antrin). Bottles were weighed immediately prior to
placement in the cage and then again at 24-h timepoints (at approximately 5:30 pm)
throughout the duration of the study. Each time the bottles were weighed, their position
in the cage was reversed to prevent any side bias. One night each week (Wednesday),
bottles were also weighed at 8 pm (2 h into the dark cycle) to assess drinking patterns
during the acute phase of access. Following 4 days of baseline exposure to the water
bottles, animals had access to 1 water bottle and 1 EtOH bottle every Monday,
Wednesday, and Friday, and access to only water every Tuesday, Thursday, Saturday,
and Sunday. During the first week of EtOH exposure, the EtOH dose was slowly

increased (3% on Monday, 6% on Wednesday, and 9% on Friday). For the remaining
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duration of the study (21 more days), the 20% EtOH dose was used. Body weight was

recorded for each animal on Sundays and used to express EtOH intake in g/kg.

Human subjects

These studies were approved by the VA Puget Sound Health Care System
Human Subjects Committee and conformed to institutional regulatory guidelines and
principles of human subject protection in the Declaration of Helsinki. All participants
provided written informed consent prior to any study procedures. The current study
used the self-reports of 105 Veterans with a history of blast exposure with acute
symptoms and 34 deployed controls with no lifetime history of TBI of any severity (Table
1). As previously reported (Meabon et al., 2016; Peskind et al., 2011; Petrie et al.,
2014), blast exposure(s) were reported as mild in nature and ranging from 1 (10%) to 50
or greater (15%) blast exposures. All participants in this report were male. Both males
and females were eligible for enroliment and study inclusion. However, in this study we
currently have no available data from blast-mTBI women because most mTBI Veteran
participants were from combat military occupational specialties. Inclusion criteria for the
blast group were as follows: documented hazardous duty in Irag and/or Afghanistan
with the U.S. Armed Forces and at least 1 blast exposure with acute symptoms (e.g.,
nausea, ringing in ears, blurry vision, hearing loss, unsteady on feet, eyes sensitive to
light, headache, alteration of consciousness; occurring within 30 minutes of blast
exposure). The VA/Department of Defense/American Congress of Rehabilitation
Medicine criteria was used to establish mTBI (for the blast group), with 98% of Veterans
within these group meeting criteria for at least 1 mTBI. Exclusion criteria were as

follows: moderate-severe TBI, seizure disorder, insulin-dependent diabetes, current
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Study participant demographics and blast exposures

Deployed control Blast exposed

Mean = SEM, (Range) Mean + SEM, (Range) p Value

Demographics
Number of participants, n 34 105
Age (years) 327+ 1.1(22-406) 33.6 +0.8 (21-60) 0.588
Education (years) 142 +0.3 (12-18) 14.1+0.2 (11-20) 0.805
Race, nonwhite, n (%) 9 (26%) 21 (20%) 0476
Blast exposure
Estimated number of blast exposures with 19 = 3 (1 to >100)
Acute symptoms during military service (lifetime) Median =7
Estimated number of mTBI with loss of 098 +0.2(0to8)
Consciousness (lifetime) Median = 1
Time since last blast-related 54+03(025-13)
mTBI (years) Median =5

Table 2.1. Study participant demographics and blast exposures
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diagnosis of alcohol or other substance abuse or dependence (excluding nicotine),
schizophrenia or other psychotic disorders, bipolar disorder, dementia, and taking
medications likely to affect cognition performance. Inclusion and exclusion criteria for
deployed control Veterans were identical with the exception that controls had no lifetime
history of TBI of any severity. Exclusionary psychiatric disorders were ruled out by
SCID- IV interview (First et al., 1995). Self-report alcohol use was examined using the
Alcohol Use Disorders Identification Test-Consumption Questions (AUDIT-C) (Bush et

al., 1998; Crawford et al., 2013; Dawson et al., 2005).

Unsupervised machine learning (cluster analysis)

Individual AUDIT-C question responses were used as features in an
unsupervised machine learning model. Using Python and common scientific computing
libraries (e.g., scipy, pandas, sk-learn), hierarchical clustering algorithm (Ward method)
and k-means (Euclid) were used to assist in optimal cluster number selection.
Silhouette, Davies Bouldin, and Calinski Harabasz scores were computed to assess k-
means cluster assignments. Cluster stability was assessed using the scores for
homogeneity, completeness, and mutual information criterion and a bootstrap approach
with repeated random assignment of initial cluster centroids. K = 3 clusters were chosen
based on above evaluation metrics. Finally, cluster assignment was compared between
deployed controls and Veterans with a history of blast exposure and potential effects of

combat and blast exposure on cluster assignment was examined.

Data analysis
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As appropriate, data were analyzed using: (i) 2-tailed Student’s t-tests; (i) 1-way
or 2-way (between/within-subjects design) repeated-measures analysis of variance (RM
ANOVA), followed by Newman—Keuls multiple comparison tests or Bonferroni post hoc
tests, respectively; (iii) chi-square tests were conducted for categorical data (e.g.,
AUDIT-C). Reported p values denote 2-tailed probabilities of p < 0.05, and
nonsignificance (n.s.) indicates p > 0.05. Statistical analyses were conducted using

GraphPad Prism 4.0 (GraphPad Software, Inc.) and Python.

Results

EtOH-induced locomotor stimulation is prolonged following repetitive blast
exposure. Depending on dose, EtOH can have stimulating and/or sedative effects and
can be assessed in mice via EtOH-induced locomotion and loss of righting reflex
paradigms, respectively. To investigate whether blast exposure modulates the
stimulating effects of EtOH, we first examined the ability of low-dose EtOH (2 g/kg) to
increase locomotion (over saline) in C57BL/6 male mice 1 month after they received
either 1 (1x) or 3 (3%, 1 per day) blast exposures. EtOH stimulation was expressed as a
percent change in distance traveled (EtOH/ saline) and was examined in 5-minute bins
(15 min total). There were no statistically significant differences between 1x sham-(n =
8) and 3x sham-treated (n = 9) mice, 2-way RM ANOVA: interaction effect F(2, 30) =
0.554, p > 0.05, and thus, 1x and 3x sham animals were pooled together for
subsequent analyses related to EtOH stimulation. Figure 2.1A shows a significant effect
of time postethanol injection, 2-way RM ANOVA: main effect of time F(2, 68) = 19.54, p
= 0.0001, Bonferroni multiple comparison test post hoc: sham = 17, blast 1x = 12, blast

3x = 8, and while post hoc analysis revealed no difference in locomotor stimulation at 5
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min postethanol injection, a significantly prolonged EtOH effect in 3x but not 1x animals
was apparent when examined at 15 min postethanol injection (Figure 1A). We next
examined raw distance traveled during the entire 15-min tests across the 3 days of
behavioral testing (habituation/baseline, saline, and EtOH) and found a significant effect
across groups, 2-way RM ANOVA: interaction effect F(4,68) = 3.359, p = 0.014,
Bonferroni multiple comparison test post hoc: sham = 17, blast 1x = 12, blast 3x = 8,
Figure 2.1B). Post hoc analyses demonstrated no differences during the initial
habituation/baseline phase (base) but did reveal a significant increase in distance
traveled during the final EtOH phase (EtOH) in 3% but not 1x animals. Finally, we
examined raw distance traveled in 5-min bins during the each of the behavioral testing
days. At baseline, there was a significant effect of time, 2-way RM ANOVA: time effect
F(2, 68) = 10.12, p = 0.0005, Bonferroni multiple comparison test post hoc: sham = 17,
blast 1x = 12, blast 3x = 8, Figure 2.1C, but post hoc analyses revealed no differences
between groups in any time bin. Likewise, following saline injection, there was a
significant interaction effect, 2-way RM ANOVA: interaction effect, F(4, 68) =4.91, p =
0.0043, Bonferroni multiple comparison test post hoc: sham = 17, blast 1x = 12, blast
3x = 8, Figure 2.1D, but post hoc analyses revealed no differences between groups in
any time bin. Conversely, following EtOH injection, there was a significant group effect,
2-way RM ANOVA: group effect F(2, 68) = 7.762, p = 0.0017, Bonferroni multiple
comparison test post hoc: sham = 17, blast 1x = 12, blast 3x =8, Figure 2.1E. Post hoc
analyses demonstrated increased distance traveled at 5 min in 1x blast mice and at 10

and 15 min in 3% blast mice.
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Figure 2.1. Repetitive blast exposure increases ethanol (EtOH)-induced locomotor
stimulation (A) Locomotor stimulating effects of EtOH as expressed by percent distance
traveled. Two-way RM ANOVA post hoc Bonferroni multiple comparison test. (B)

Distance traveled at baseline and following saline or EtOH administration. Two-way RM
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ANOVA post hoc Bonferroni multiple comparison test. (C) Distance traveled at baseline
in 5-min bins. Two-way RM ANOVA post hoc Bonferroni multiple comparison test. (D)
Distance traveled following saline administration in 5-min bins. Two-way RM ANOVA
post hoc Bonferroni multiple comparison test. (E) Distance traveled following EtOH
administration in 5-min bins. Two-way RM ANOVA post hoc Bonferroni multiple
comparison test. (F) Locomotor habituation. One-way ANOVA post hoc Newman—Keuls
comparison test. (G) Correlation between EtOH locomotor stimulation and locomotor
habituation rate. Spearman correlation. *p < 0.05 **p < 0.001: sham vs. blast. Values

represent mean + SEM
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Differences in locomotor habituation can potentially confound EtOH investigations and
are especially relevant in paradigms where locomotion is repeatedly measured over a
number of days, as is the case here. Indeed, when we computed a habituation rate
(saline/base), we found a significant difference in both 1x and 3x blast-exposed mice, 1-
way ANOVA: F(2, 36) = 4.946, p = 0.013, Newman—Keuls comparison test post hoc:
sham = 17, blast 1x = 12, blast 3x = 8, Figure 2.1C. Critically, we did not find any
significant correlation between habituation rate (saline/base) and EtOH stimulation
(EtOH/saline) at any of the 5-min bins (min 0-5: Spearman p = 0.153, n.s, n = 27; min
5-10: Spearman p = 0.749, n.s, n = 27; min 10-15: Spearman p = 0.945, n.s, n = 27),
suggesting that our blast effects on EtOH stimulation were not mediated by potentially
unrelated differences in locomotor habituation rates. Together, these results
demonstrate that repetitive blast exposure increases the duration of the stimulatory

effects of EtOH, which is not related to blast-induced deficits in habituation.

Blast exposure increases EtOH-induced sedation without affecting tolerance or

metabolism

To investigate whether blast exposure modulates the sedative effects of EtOH,
we examined the ability of high-dose EtOH (4 g/kg) to cause loss of righting reflex
(LORR) on 2 consecutive days in C57BL/6 male mice 1 month after they received either
1 (1x) or 3 (3%, 1 per day) blast exposures. There were no statistically significant
differences between 1x sham- (n = 8) and 3% sham-treated (n = 11) mice, LORR day 1:

Student’s unpaired t-test, t(17) = 0.463, p > 0.05; LORR day 2: Student’s unpaired t-

25



=
@

i B — =20 —2r
o g ' ~ E ’ *%
B)v 40' - B)v 40‘
<5 5
T~ = 30 T = 307
S 5 S5 T
w © 204 w © 201
- -
% 101 &= 101
®© ©
e 3 g
0- . 0- .

Sham Blast 1xBlast 3x Sham Blast 1xBlast 3x
(C) %k ** *k (D)
m 10 ..................................... . 06. . Sham
&~ 5 - Blast 1x
= 0.8 O Blast 3x
a3 8§ ¢ 04
= © 0.6 i - s
< £
S 0.4 85 0.2
S © o2

&

o 0.0
Y 0.0 - . 9 360

Sham Blast 1xBlast 3x Time post ethanol inj. (min)

Figure 2.2. Blast exposure increases ethanol (EtOH)-induced loss of righting reflex. (A,
B) EtOH-induced LORR duration on day 1 (A) and day 2 (B) of EtOH administration.
One-way ANOVA post hoc Newman—Keuls comparison test. (C) Tolerance to EtOH-
induced LORR. One-way ANOVA post hoc Newman—Keuls comparison test. (D) Blood
EtOH concentration 9 min and 4 h after EtOH administration. Two-way RM ANOVA post
hoc Bonferroni multiple comparison test. *p < 0.05, **p < 0.001, and ***p < 0.0001. Error

bars are mean + SEM
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test, t(17) = 0.056, p > 0.05, and thus, 1x and 3x sham animals were pooled together

for subsequent analyses related to EtOH sedation.

In accordance with previous results [21], a significant increase in LORR duration
on the first day of testing was found in both 1x and 3x blast-exposed mice, 1-way
ANOVA: F(2, 42) = 9.854, p = 0.0003, Newman-Keuls multiple comparison test post
hoc: sham = 19, blast 1x = 13, blast 3x = 13, Figure 2A. A similar increase was found
on the second day of repeat testing, 1-way ANOVA: F(2, 42) = 7.413, p = 0.001,
Newman-Keuls multiple comparison test post hoc: sham = 19, blast 1x = 13, blast 3x =
13, Figure 2B. We next assessed EtOH tolerance by examining LORR change (day 2 /
day 1). Figure 2C shows significant tolerance to repeated EtOH injections for all groups,
1-sample t-test vs. a theoretical mean of 1.0 (no tolerance): sham: t(16) = 3.788, p =
0.001, blast 1x: t(12) = 3.709, p = 0.003, blast 3x: t(12) = 3.66, p = 0.003, and no
significant difference in tolerance rate across groups, 1-way ANOVA: F(2, 42) = 1.615, p

=0.211, sham = 17 blast 1x = 13, blast 3x = 13.

Finally, we examined potential blast-induced changes to EtOH metabolism by
measuring blood EtOH concentrations (BEC) at 10 min and 4 hours postinjection. There
were no statistically significant differences between 1x sham- (n = 4) and 3x sham-
treated (x = 5) mice, 10 min: Student’s unpaired t-test, t(7) = 1.667, p > 0.05; 4 h:
Student’s unpaired t-test, t(7) = 1.098, p > 0.05, and thus, 1x and 3x sham animals
were pooled together for subsequent analyses related to EtOH metabolism. In
accordance with previous results [21], no significant differences were found in EtOH

metabolism at time point in either 1x or 3x blast-exposed mice, 2-way RM ANOVA:
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interaction effect F(2, 15) = 0.427, p > 0.05, sham = 8, blast 1x = 4, blast 3x = 6, Figure

2D.

Repetitive, but not single, blast exposure decreases 24-hour EtOH intake but

increases consumption “front-loading”

Previous results have suggested seemingly disparate trauma outcomes in
rodents when EtOH self-administration is measured in short-access vs. long-access
paradigms. To further investigate these phenomena, we conducted intermittent 2-bottle
choice testing with 20% EtOH in C57BL/6 male mice 1 month after they received either
1 (1x) or 3 (3%, 1 per day) blast exposures, where intake measurements were
repeatedly taken at time points corresponding to short access (after approximately 2 h
of access) and long access (after 24 h of access). Consumption front-loading describes
the tendency for some groups to consume significantly more in the acute phase of a
self-administration paradigm after a period of forced abstinence and has implications for

health risk behaviors such as binge drinking.

Using this paradigm, blast exposure caused a significant decrease in daily EtOH
intake across the 3 weeks of testing, 2-way RM ANOVA: main effect of group F(2,192) =
4.417, p = 0.023, sham = 10, blast 1x = 9, blast 3x = 8, Figure 2.3A, and a significant
decrease in average daily intake, 1-way ANOVA: F(2, 24) = 4.632, p = 0.02, Newman—
Keuls multiple comparison test post hoc: sham = 10, blast 1x = 9, blast 3x = 8, Figure
2.3B. Conversely, blast exposure caused a significant increase in daily water intake

across the 3 weeks of testing, 2-way RM ANOVA: main effect of group F(2, 192) =
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Bonferroni multiple comparison test (daily) and 1-way ANOVA post hoc Newman—Keuls
comparison test (average). (C, D) Daily intermittent water intake. Two-way RM ANOVA
post hoc Bonferroni multiple comparison test (daily) and 1-way ANOVA post hoc
Newman-Keuls comparison test (average). (E, F) Daily intermittent 2-bottle choice 20%
EtOH preference. Two-way RM ANOVA post hoc Bonferroni multiple comparison test
(daily) and 1-way ANOVA post hoc Newman—Keuls comparison test (average). (G)
EtOH consumption during initial 2 hours of access. One-way ANOVA post hoc
Newman—Keuls comparison test. (H) Water consumption during initial 2 hours of
access. One-way ANOVA post hoc Newman—Keuls comparison test. (I) EtOH
preference during initial 2 hours of access. One-way ANOVA post hoc Newman—Keuls
comparison test. (J) EtOH “front-loading” (percent total intake). One-way ANOVA post
hoc Newman—Keuls comparison test. (K) Water “front-loading” (percent total intake).
One-way ANOVA post hoc Newman—Keuls comparison test. *p < 0.05 **p < 0.001:

sham vs. blast. Values represent mean + SEM
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6.711, p = 0.0048, sham = 10, blast 1x = 9, blast 3x = 8, Figure 2.3C, and a significant
increase in average daily intake, 1-way ANOVA: F(2, 24) = 6.711, p = 0.0048,
Newman—Keuls multiple comparison test post hoc: sham = 10, blast 1x = 9, blast 3x =
8, Figure 3D. In accordance with these intake results, we found a similar pattern of
effects when examining daily EtOH preference (EtOH intake/water intake), 2-way RM
ANOVA: main effect of group F(2, 192) = 5.866, p = 0.008, sham = 10, blast 1x =9,
blast 3x = 138, Figure 2.3E, and average daily preference, 1-way ANOVA: F(2, 24) =
6.038, p = 0.007, Newman—Keuls multiple comparison test post hoc: sham = 10, blast

1x =9, blast 3x = 138, Figure 3F, across the 3 weeks of testing.

Conversely, when we measured intake levels approximately 2.5 h after reaccess
to EtOH (i.e., each Wednesday evening at 6 pm, 2 h into the dark cycle). We found no
significant difference between sham- and blast-exposed animals in average EtOH
intake, 1-way ANOVA: F(2, 24) = 0.744, p = 0.485; sham = 10, blast 1x = 9, blast 3x =
8, Figure 2.3G, a significant difference between sham- and blast-exposed animals in
average water intake, 1-way ANOVA: F(2, 24) = 3.549, p = 0.045; sham = 10, blast 1x =
9, blast 3x = 138, Figure 2.3H, and no significant difference in EtOH preference, 1-way
ANOVA: F(2, 24) = 1.714, p = 0.201; n = 8-10, Figure 3l, measured after approximately
2.5 h of access. To assess potential changes in consumption “front-loading” (e.g., the
tendency to consume higher amounts immediately following a period of forced
abstinence), we computed the percent of EtOH consumed within the first 2.5 h of
exposure and found that repetitive, but not single, blast exposure caused a significant
increase in “front-loading” consumption, 1-way ANOVA: F(2, 24) = 3.975, p = 0.032,

Newman-Keuls multiple comparison test post hoc: sham = 10, blast 1x = 9, blast 3x =
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138, Figure 2.3J. Conversely, percent of water consumed within the first 2.5 hours of
exposure was significantly decreased in 1x but not 3% blast mice, 1-way ANOVA: F(2,
24) = 3.509, p = 0.046, Newman—Keuls multiple comparison test post hoc: sham = 10,
blast 1x = 9, blast 3x = 138, Figure 2.3K. Together, these results suggest that repetitive
blast exposure modifies the pattern of voluntary EtOH intake resulting in increased

consumption “front-loading.”

Cluster analysis reveals a change in drinking patterns in Veterans with a history

of repetitive blast exposure

A cohort of 105 OEF/OIF/OND Veterans with previous history of blast exposure
with acute symptoms (BE) and 34 OEF/OIF/OND Deployed Control (DC) Veterans with
no lifetime history of TBI of any severity were studied. Table 2.1 shows that the BE and
DC groups were statistically comparable in terms of age at time of evaluation, education
level, and race distribution (nonwhite/white ratio). Veterans in the BE group had an
average of 19 + 3 blast exposures (median = 7) where the average time from their last
blast exposure to evaluation was 5.4 + 0.3 years. Current alcohol use was assessed as
previously shown (Peskind et al., 2011) with the Alcohol Use Disorders Identification
Test-Consumption Questions (AUDIT-C), a screening measure used to identify
individuals who are at risk for problematic drinking (Olson-Madden et al., 2012). Scores
on this measure range from 0 to 12, with O indicating no alcohol use and higher scores
indicating more risk of unhealthy alcohol use. Previously established study criteria
(Elder & Cristian, 2009; Hendrickson et al., 2018; Nawarawong et al., 2019)required

individuals meeting DSM-1V criteria for alcohol abuse or dependence to be excluded
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from study. Nonetheless, AUDIT-C scores were significantly higher in BE as compared

to DC (x2 = 20.95, p = 0.021) (Figure 2.4A).
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Figure 2.4. AUDIT-C cluster analysis. (A) Self-report AUDIT-C total scores in Veterans

with/without a history of blast exposure with acute symptoms. Chi-square. (B)
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Hierarchical clustering dendrogram visualization. (C) K-means cluster metrics highlight
an optimal 3-cluster optimal. (D) AUDIT-C total scores across the 3 clusters. Chi-
square. (D) AUDIT-C total scores across the 3 clusters. Chi-square. (E) AUDIT-C
guestion 1 (i.e., drinking frequency) scores across the 3 clusters. Chi-square. (F)
AUDIT-C question 2 (i.e., drinking amount) scores across the 3 clusters. (G) AUDIT-C
guestion 3 (i.e., binge-like drinking) scores across the 3 clusters. Chi-square. *p < 0.05

and ***p < 0.0001. Values represent mean £+ SEM
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The AUDIT-C consists of 3 Likert-scale questions; while all 3 questions are
related to intake patterns, each question probes a different drinking modality—the first
guestion focuses on drinking frequency, the second on drinking quantity, and the third
on “binge”-like drinking behavior. Here, we used an unsupervised machine learning
approach to examine potential subgroup differences across the AUDIT-C questions.
Distance (dissimilarity) from a hierarchical clustering algorithm suggested an optimal
cluster number of 3 (Figure 2.4B), and this was further supported by examining cluster
metrics using a K-means clustering algorithm (Figure 2.4C). Finally, analysis of cluster
stability also supported a 3-cluster solution for this data set (Table 2.2). Using k = 3 with
k-means clustering, Veterans were assigned to a single cluster based on their AUDIT-C
responses. In support of this cluster assignment, total AUDIT-C scores were
significantly different across cluster groups (x2 = 201.3, p = 0.0001) (Figure 4D).
Likewise, individual question AUDIT-C scores were also significantly different across
cluster groups (question 1 (drinking frequency): x2 = 82.99, p = 0.0001; question 2
(drinking quantity): x2 = 157.7, p = 0.0001; question 3 (binge-like frequency): x2 =
123.4, p = 0.001). Based on the distribution of scores within each cluster, we labeled the
clusters as “low” (n = 58), “often” (n = 48), and “risky” (n = 33). Figure 4D—-G shows the
outcomes of the cluster assignments: The “low” drinking cluster is characterized by low
responses across the 3 AUDIT-C questions, the “often” drinking cluster is characterized
by a high response on question 1 (i.e., the question related to drinking frequency) but

low responses on questions 2 (i.e., quantity) and 3 (i.e., binge), and the “risky” drinking
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Figure 2.5. Blast-mTBI results in shift to “risky” drinking cluster. (A) AUDIT-C k-means
cluster assignment in Veterans with/without a history of blast exposure with acute
symptoms. Chi-square. (B) Combat exposure by cluster assignment in Veterans with a
history of blast exposure with acute symptoms. One-way ANOVA post hoc Newman—
Keuls comparison test. (C) Blast-mTBI with loss of consciousness (KO) count by cluster

assignment in Veterans with a history of blast exposure with acute symptoms. One-way
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ANOVA post hoc Newman—Keuls comparison test. (D) Blast exposure count by cluster
assignment in Veterans with a history of blast exposure with acute symptoms. One-way
ANOVA post hoc Newman—Keuls comparison test. *p < 0.05 and **p < 0.01. Values

represent mean = SEM
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cluster is characterized by high responses on questions 2 (i.e., the question related to
drinking quantity) and 3 (i.e., the question related to binge-like consumption) and

intermediate responses on question 1 (i.e., frequency).

Comparing cluster assignment between DC and BE Veterans, we found a
significant change in cluster assignment (x2 = 6.326, p = 0.042) toward an increased
“risky” group membership in the BE group (Figure 2.5A). To further understand potential
drivers of cluster assignment, we examined whether there were significant differences in
combat exposure and/or blast number across the clusters (focusing now only on BE
Veterans). We found a significant increase in reported combat exposure, 1-way
ANOVA: F(2,103) = 4.725, p = 0.012, Newman—Keuls post hoc: “low” n = 43, “often” n =
32, and “risky” n = 29) (Figure 5B) within the “risky” drinking cluster. Likewise, we found
that the risky drinking cluster was also associated with significantly greater number of
blast-mTBIs resulting in loss of consciousness, 1-way ANOVA: F(2, 100) =5.21, p =
0.007, Newman—-Keuls comparison test post hoc: “low” n = 42, “often” n = 31, and
“risky” n = 29) (Figure 5C), and greater number of blast-mTBIs, 1-way ANOVA: F(2,
101) = 3.895, p = 0.023, Newman—Keuls comparison test post hoc: “low” n = 43, “often”
n = 32, and “risky” n = 29, Figure 5D). Together, these results suggest that repetitive
blast-mTBI increases alcohol intake and potentially risky drinking behaviors and are in

correspondence with current results from our animal model of blast.
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K-means cluster stability

k  Homogeneity Completeness Adj. mutual info.

2 093 0.94 0.93
3 098 0.98 0.98
4  0.85 0.86 0.85

Table 4.2. K-means cluster stability
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Discussion

The armed conflicts of OEF/OIF/OND have resulted in an estimated mTBI rate of
10-25% (DOD TBI Worldwide Numbers, n.d.; Hoge et al., 2008; Tanielian et al., 2008).
In these conflicts, an estimated 75% of all TBIs reported by service members are a
result of blast caused by detonation of high explosives (Tanielian et al., 2008) and
multiple deployments are common (2.77 million service members have served on 5.4
million deployments since 2011) (Wenger et al., 2018), resulting in the increased
potential for repetitive blast exposure. As such, blast exposure represents a major
potential source of physical and psychological trauma, with implications for subsequent
health risk behaviors (e.g., sensation/novelty seeking, impulsivity, risk taking,
irritability/aggression). Indeed, mTBI can worsen preexisting psychiatric disorders such
as depression and increase and/or exacerbate substance misuse/addiction and other
health risk behaviors (Adams et al., 2012; Elder & Cristian, 2009; Grossbard et al.,
2017; Halbauer et al., 2009; Hendrickson et al., 2018; Miller et al., 2013; Olson-Madden
et al., 2012; Peskind et al., 2011; Petrie et al., 2014; A. G. Schindler et al., 2017; Seidl
et al., 2015; Tanielian et al., 2008) potentially compounding negative outcomes
following injury and trauma. We previously reported increased PTSD and depression
symptoms as well as alcohol use in OEF/OIF/OND Veterans with a history of blast-
mTBI as compared to deployed control Veterans with no lifetime history of TBI (Peskind
et al., 2011; Petrie et al., 2014), and more recently reported increased Veteran self-
report of disinhibition and risk taking behaviors chronically following blast-mTBI (A. G.
Schindler et al., 2017). Here, we provide evidence demonstrating blast-dose effects in

relation to EtOH responsivity in mice and risky drinking behavior in Veterans,
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highlighting the importance of understanding blast-mTBI history in OEF/OIF/OND
Veterans that might be at heightened risk for health risk behaviors related to substance

misuse and/or abuse.

Animal models support the notion of brain injury as a risk factor for adverse
health risk behaviors, including substance abuse and addiction (Cernak, 2001; Lim et
al., 2015; Lowing et al., 2014; Muelbl et al., 2018; Nawarawong et al., 2019; Perez-
Garcia et al., 2019; A. Schindler et al., 2020; A. G. Schindler et al., 2017; Vonder Haar
et al., 2019). Using our established mouse model of repetitive blast exposure (Huber et
al., 2013; Logsdon et al., 2020; Meabon et al., 2016; A. Schindler et al., 2020; A. G.
Schindler et al., 2017) we previously demonstrated increased novelty seeking in blast-
exposed mice (A. G. Schindler et al., 2017) and more recently demonstrated acute (30
minutes post) stress responses and chronic (3 months post) PTSD-like outcomes
following repetitive blast exposure (A. Schindler et al., 2020). Likewise, a variety of
anxiety and depression-related behavioral outcomes have been demonstrated in rodent
models of blast (Cernak, 2001; Krukowski et al., 2020; Mouzon et al., 2014; Perez-
Garcia et al., 2018, 2019). In relation to potential substance misuse and abuse,
repetitive blast exposure with body shielding in rats increased voluntary EtOH intake
during a short-access challenge session and increased oxycodone seeking following
extinction and a period of forced abstinence (Lim et al., 2015; Nawarawong et al.,
2019). Likewise, a single mild frontal impact injury resulted in increased cocaine self-
administration in rats (Vonder Haar et al., 2019), whereas a single moderate impact
injury increased EtOH sedation and decreased voluntary consumption in mice

(Krukowski et al., 2020). Finally, we report here that both single blast and repetitive
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blast increased the sedative properties of EtOH (with no change in tolerance or
metabolism), but only repetitive blast potentiated EtOH-induced locomotor stimulation
and shifted EtOH intake patterns (i.e., increased consumption “front-loading,” decreased
total daily intake) during intermittent 2-bottle choice. As is common for home cage
drinking studies, mice were single housed during the intermittent 2-bottle choice
procedure, creating a potential confound warranting future investigation to determine
the potential for blast x housing interaction effects. Together, these results demonstrate
important similarities and differences across TBI models in respect to TBI number,
severity, and injury method. Our result of decreased daily EtOH intake 1 month
following repetitive blast-mTBI in mice might seem contrary to our clinical data,
suggesting increased EtOH intake self-report in Veterans with a history of blast-mTBI.
We interpret these findings to suggest that increased EtOH stimulation and sensitivity
following repetitive blast exposure in mice act to limit the overall amount of EtOH
consumed (e.g., blast-mTBI mice reach reward and/or intoxication more quickly than
shams, thus limiting subsequent opportunities for consumption). In line with this idea,
we found that EtOH consumption “front-loading” was significantly increased in our
repetitive blast-mTBI mice, highlighting a potentially more “binge”-like intake pattern
following repetitive blast exposure. Such “front-loading” behavior is linked to “binge”-like
consumption and has been previously reported in other animal models (Salling et al.,
2018; Wilcox et al., 2014) and observed in humans with increased vulnerability to
developing problem drinking and alcohol use disorder (Gowin et al., 2017). While the
current studies were not originally designed to specifically investigate EtOH binge

intake, back translation of the results from our AUDIT-C analysis in Veterans will be

43



enhanced by the specific use of an established animal model of binge drinking (i.e.,
drinking in the dark) and will be a focus of future investigations. The findings reported
here from our unsupervised cluster analysis of AUDIT-C self-report in Veterans
with/without a history of blast-mTBI are in keeping with results from animal models of
mTBI. Specifically, frequency of assignment to the “risky” drinking cluster was higher in
Veterans reporting a history of repetitive blast-mTBI with loss of consciousness (as
compared to blast-mTBI with only altered consciousness). Our cluster analysis findings
are a Iso in line with a previous report demonstrating increased odds of frequent binge
drinking in Veterans with a history of TBI with loss of consciousness as compared to
Veterans with no history of TBI or Veterans with history of TBI without loss of
consciousness (Adams et al., 2012). It is important to note that while we tested drinking
acquisition in mice using the intermittent 2-bottle choice procedure 1 month following
blast-mTBI, it is likely that many of the Veteran study participants had a history of
alcohol intake prior to deployment and blast exposure. Likewise, alcohol consumption
and binge drinking have been commonly reported by active-duty military personnel and
correlate with combat exposure, with increased rates seen in Irag/Afghanistan (Santiago
et al., 2010; Seal et al., 2011; Stahre et al., 2009), so it is possible that the Veteran
participants consumed alcohol starting at a more acute time point (e.g., hours or days)
post blast than the mice examined at 1 month after in the current study (mice are
estimated to mature 45x faster than humans during early adulthood (Fox et al., 2007).
Thus, it will be important to investigate how prior history of alcohol affects subsequent
blast-induced changes to alcohol intake patters and sensitivity in future studies. Indeed,

alcohol intake occurring peri-TBI exposure in male rats resulted in worse outcomes as
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compared to rats with TBI but no previous history of alcohol (Fucich et al., 2019;
Mayeux et al., 2015; Teng et al., 2015), supporting the potential for alcohol to impair

recovery and/or exacerbate injury.

An AUDIT-C total score of 5 or higher in male Veterans is recommended as a
positive screen for potential alcohol misuse and/or dependence (a score of 4 or higher
Is used for males in the general population), requiring follow-up with a healthcare
provider (Bradley et al., 1998; Bush et al., 1998). When examined for its predictive
ability, a cutoff of 5 exhibits a high rate of specificity but lower sensitivity in its ability to
properly identify patients with substance misuse; indeed, this number was optimized to
minimize the burden of false-positive rates on VA providers (Bradley et al., 1998; Bush
et al., 1998). Using our cluster-based approach, the “frequent” and “risky” clusters share
overlapping AUDIT-C scores of 4-7, raising the possibility that this approach might
provide useful additional information to aid in the assessment of whether self-reported
drinking behavior should be of concern for the medical provider. These results now
require external validation in a larger sample without exclusion criteria related to
substance abuse/dependence and/or in a population outside of the VA to determine

potential merit of using such a cluster-based approach in a clinical care setting.

How repetitive blast-mTBI might drive subsequent health risk behaviors and
addiction risk at the mechanistic level remains unknown. Null results from the current
study discount blast- induced changes to EtOH tolerance and metabolism as potential
underlying mechanisms. Conversely, we and others have demonstrated mTBI-induced
changes to both tonic and phasic dopamine release patterns, as well as

neuropathological/inflammatory changes within the mesolimbic system (Sajja et al.,
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2013, 2015; A. G. Schindler et al., 2017; Vonder Haar et al., 2019). We previously
demonstrated a blast-mTBI-induced increase in stimulated phasic dopamine release
within the nucleus accumbens, and other reports demonstrate blast- mTBI-induced
neuroinflammation and tissue damage within the mesolimbic system (Sajja et al., 2013,
2015). Likewise, mild-to-moderate impact TBI models in rats and mice demonstrate
alterations in mesolimbic dopamine receptors and related signal-transduction proteins
(Lowing et al., 2014; Vonder Haar et al., 2019). Damage to the mesolimbic system has
been associated with deficits in executive function and emotional control, potentially
leading to increased health risk behaviors and addiction risk. Blast-induced changes to
the structure and/or function of mesolimbic circuits thus pose a potential underlying
mechanism related to blast-induced changes in EtOH and drug sensitivity and intake.
While the adverse outcomes of trauma are thought to be mediated at least in part
though maladaptive changes to the mesolimbic dopamine system, a causal role for
mesolimbic dopamine dysfunction in blast-induced behavioral pathology has yet to be

established and will be the focus of future investigations.

Together, our results highlight that while a single blast-mTBI can result in
changes to the sedating properties of alcohol (without changes in tolerance or
metabolism), only repetitive blast-mTBI results in prolonged EtOH-induced locomotor
stimulation and “binge”-like consumption “front-loading” in mice and a shift to the “risky”
drinking cluster in Veterans. Binge drinking specifically is associated with increased risk
for negative consequences related to addiction, criminality, and chronic adverse health
outcomes (e.g., obesity, liver damage). Over 400,000 OEF/OIF/OND Veterans have a

history of blast exposure and mTBI (most often repetitive), highlighting the potential for
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significant costs related to blast-mTBI- induced increases in risky drinking patterns and
binging. While we are not able to draw causal inferences from our Veteran cohort, these
data in combination with data from our animal model strongly support the notion of
repetitive blast-mTBI as a driver of health vrisk behaviors such as risky drinking.
Together, these results highlight the importance of understanding blast trauma history in
OEF/OIF/OND Veterans who might also be at risk for substance misuse and/or abuse.
Additional studies are warranted to further explore potential underlying mechanisms and
treatment targets (e.g., the mesolimbic dopamine system) for those with a history of
repetitive mTBI and higher potential likelihood of health risk behaviors and addiction

risk.
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Chapter 3.

Blast Exposures Have a Complex Impact on Executive Function, Simultaneously

Increasing Appetitive Motivation While Also Negatively Impacting Behavioral Flexibility*

*This chapter was formatted for this thesis from the following peer-reviewed

publication:

“‘Repetitive Blast Exposure Increases Appetitive Motivation and Behavioral Inflexibility
in Male Mice”. Baskin B., Lee, S. J., Skillen, E., Wong, K., Rau, H., Hendrickson, R.
C., Pagulayan, K., Raskind, M. A., Peskind, E. R., Phillips, P. E. M., Cook, D. G. &

Schindler, A. G. (2021) Frontiers in Behavioral Neuroscience,. 15:792648.

B.M.B designed, performed, and analyzed the experiments in the paper and wrote the

paper.
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INTRODUCTION

Deficits in cognitive control and flexibility are common following mild traumatic brain
injury (mTBI) and can significantly contribute to decreased quality of life (Hendrickson et
al., 2018; Mclnnes et al., 2017; Ozga et al., 2018). Blast exposure is a leading cause of
mMTBI in Servicemembers and Veterans of the Iraq and Afghanistan War and can also
occur in urban terrorist attacks and industrial accidents (Hendrickson et al., 2018; Hoge
et al., 2008; Rosenfeld et al., 2013; Tanielian et al., 2008). Cognitive impairments
commonly reported by Veterans with a history of blast exposure include alterations in
memory, deficits in mental flexibility, and difficulty with adaptability (e.g., executive
dysfunction) (Amick et al., 2013; Hendrickson et al., 2018; Karr et al., 2019; Pagulayan
et al., 2018; A. G. Schindler et al., 2017; Sullivan et al., 2018). Posttraumatic stress
disorder (PTSD) and depression are also highly comorbid with blast-related mTBlI,
leading to complications and difficulty in diagnosis and treatment development (Amick et
al., 2013; Hendrickson et al., 2018; Karr et al., 2019; Neipert et al., 2014; Rau et al.,
2018; Verfaellie et al., 2014).While an estimated 400,000 Veterans have experienced
blast mTBI, prophylactic approaches and treatment options remain limited and are not

universally effective.

We and others have previously reported acute and chronic maladaptive outcomes
related to PTSD and depression following blast mTBI exposure in animal models
(Baskin et al., 2021; Elder et al., 2010, 2012; Goldstein et al., 2014; Logsdon et al.,
2020; Muelbl et al., 2018; Perez-Garcia et al., 2019; A. G. Schindler et al., 2017; A. G.

Schindler, Terry, et al., 2021, 2021). Using a variety of behavioral paradigms, collective
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results demonstrate blast mTBI-induced deficits in working memory, sensorimotor
performance, and motivation. These results raise the possibility that deficits in executive
function arise indirectly because of anxiety, hyperarousal, and/or motivation deficits.
More sophisticated operant based paradigms aimed at assessing discrete aspects of
flexible goal directed behavior in animal models are now required to further uncover
how repetitive blast exposure contributes to executive dysfunction and is the focus of

the current study.

Here we utilized our well-established pneumatic shock tube that models battlefield-
relevant open-field blast forces generated by detonation of high explosives (Logsdon et
al., 2020; Schindler et al.,, 2021; Schindler et al., 2017; Schindler, et al., 2021),
behavioral measures related to anxiety, compulsivity, and hyperarousal, and operant
reward learning, motivation, and flexibility paradigms in adult male mice. We
hypothesized that a history of blast exposure would result in anxiety/compulsivity-like
outcomes and corresponding performance deficits in operant-based reward learning
and behavioral flexibility assays. Results instead demonstrate that repetitive blast
exposure results in enhanced motivation and goal directed behavior with a
corresponding increase in behavioral inflexibility and compulsive-like responding.
Together, these data highlight a unique constellation of adverse behavioral outcomes
related to executive dysfunction following repetitive blast mTBI and highlight new areas

for future research aimed at diagnosis and treatment development.
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MATERIALS AND METHODS

Animals and mouse model of blast overpressure:

All animal experiments were carried out in accordance with Association for Assessment
and Accreditation of Laboratory Animal Care guidelines and were approved by the VA
Puget Sound Institutional Animal Care and Use Committees. Male C57BIl/6 mice
(Jackson Laboratory) were aged 9 weeks upon arrival and allowed to acclimate for a
week followed by an additional week of handling habituation prior to any blast or sham
exposures. The shock tube (Baker Engineering and Risk Consultants) was designed to
generate blast overpressures to induce blast TBIs in mice that mimic open-field high
explosive detonations encountered by military service members in combat, and the
design and modeling characteristics have been described in detail elsewhere (Logsdon
et al., 2020; Schindler, et al., 2021; Schindler et al., 2017; Schindler, et al., 2021).
Briefly, mice were anesthetized with isoflurane (induced at 5% and maintained at 2-3%),
secured against a gurney, and placed into the shock tube oriented perpendicular to the
oncoming blast wave (ventral body surface toward blast). Sham (control) animals
received anesthesia for a duration matched to blast animals. All mice had repeated
blast/sham exposures which occurred successively over the course of 3 days (1 per
day). The blast overpressure (BOP) peak intensity (psi), initial pulse duration (ms), and
impulse (psi=ms) used were in keeping with mild blast TBI (20.1 psi +/- 0.13 psi). Under
these experimental conditions, the overall survival rate exceeded 95%, with blast-
exposed mice comparable to sham-exposed mice on inspection 2—4 h following
exposure (e.g., responsive to stimuli, normal posture and breathing). All behavioral tests

were conducted starting at 1 month post-sham/blast exposure, a time point that allows
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for the development of blast-induced neuropathology (Elder et al., 2010; Goldstein et
al., 2014; Huber et al., 2013, 2016; Meabon et al., 2016) and that correlates to a time
period where enduring functional and behavioral deficits are detected (Logsdon et al.,
2020; Schindler, et al., 2021; Schindler et al., 2017; Schindler et al., 2021)Separate sets
of mice were used for the behavioral battery (marble burying, elevated zero maze,
acoustic startle) and the operant tasks (lever press discrimination, progressive ratio
break point, lever alternation) and at least 2 cohorts of mice were used in each
behavioral paradigm. Mice were housed on a 12:12 light:dark cycle (lights on at 6am)
and were given ad libitum food and water, except during operant behaviors where their

food was restricted to maintain 83%-90% of their ad libitum body weight.

Behavioral Battery (Figure 3.1A)

The behavioral battery consisted of three testing paradigms conducted over one week
(one test paradigm per day). The order of behavioral tests was specifically chosen to go
from the least stressful to the most stressful task in order to prevent carryover distress
from one behavior to the next. Marble burying: Animals were allowed to explore an open
field (clean rat cage) filled with 5 cm of bedding and 18 marbles for 30 min. Marbles
were counted as buried if at least 2/3 of the height of the marble was covered with
bedding. Elevated zero maze: Animals were allowed to explore an elevated zero maze
for 5 minutes. Movement was recorded to video from above and analyzed using
Anymaze (Wood Dale, IL). Acoustic startle: Conducted using SR-LAB acoustic startle
boxes (San Diego Instruments, San Diego, CA). Following a 5-min acclimation period,

startle habituation testing consisted of fifty trials of 120-dB pulses delivered with an
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inter-trial interval of 7-23 s. Prepulse inhibition (PPI) was next assessed and consisted
of forty trials of 81-dB prepulse followed by a 120-dB pulse with varying interstimulus
interval (ISI) of 2-1000 ms (five trials each). Blast exposure can result in hearing loss;
we use the within subject analysis approaches of startle habituation and PPI in attempts
to mitigate potential confounds of hearing loss on startle outcome measures and

interpretation.

Operant testing (Figure 3.2A)

Operant testing was conducted in chambers (ENV-307W; Med Associates, Inc.)
outfitted with a feeder situated in between two retractable levers, cue light above each
lever, a houselight, and a white noise fan. Head entries were recorded during all
sessions by breaking an infrared photobeam within the pellet feeder. Mice were food
restricted one week prior and throughout the duration of operant behaviors. Initially,
mice were trained to retrieve food pellets in a single 15-minute magazine training
session in which 10 food pellets (20 mg; BIO-SERV) were delivered randomly and all
mice consumed a minimum of 2 pellets. Lever press discrimination (LPD): Mice
underwent six one-hour fixed-ratio one (FR1) discrimination sessions (one per day)
during which both levers were inserted into the chamber and a response on the active
lever (counterbalanced across exposure conditions and cohorts of mice), indicated by a
blinking cue light above the lever, earned them a pellet. Lever presses on the inactive
lever were recorded but had no consequences. After a successful press on the active
lever, both levers retracted for an average inter-trial interval of 30 seconds (range 15-45

S). Mice were able to earn up to 120 pellets per session. Progressive ratio (PR): Next,
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animals were tested for motivation and willingness to work to earn pellets in a standard
progressive ratio break point task. The progressive ratio increased by a factor of square
root of two across trials (rounded down integers: 1, 2, 2, 3, 4, 6, 8, 11, 16, 23, 32, 45,
63, 89, 125, 176, etc.). Sessions were terminated when an animal failed to complete a
PR trial within 15 min. Animals were assessed in separate sessions where either 1 or 3
pellets served as the reinforcer. Animals were first trained in a FR3 where three lever
presses were required to obtain one sucrose pellet. Animals were further trained
following the 1 pellet PR session in a FR3 where three lever presses were required to
obtain 3 sucrose pellets. Lever press alternation (LPA): Finally, animals were tested for
behavioral flexibility over the course of 3 days using a 60-minute lever switching
paradigm during which each session the active lever alternated between their learned
active lever and the previously inactive lever every 5 trials (i.e., lever contingency

switched after every 5 pellets earned).

Data analysis:

As appropriate, data were analyzed using: (i) two-tailed Student’s t-tests; (i) two-way

(between/within subjects design) repeated measures analysis of variance (RM ANOVA),

followed by Bonferroni-Sidak Post-hoc tests. Reported significant p values denote two-

tailed probabilities of p< 0.05 and non-significance (n.s.) indicates p> 0.05. Med

associated data were analyzed using custom Python scripts. Statistical analyses were
conducted using Python and Graph Pad Prism 4.0 (GraphPad Software, Inc., La Jolla,

CA).
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RESULTS

Repetitive blast exposure increases behavioral measures of anxiety-like behavior

and sensory reactivity

One month following repetitive sham or blast exposure, male mice were tested in the
marble burying assay (anxiety/compulsivity), elevated zero maze (anxiety/risk-taking),
acoustic startle habituation (non-associated learning), and acoustic startle prepulse
inhibition (sensory gating) (Figure 3.1a), as behavioral dysfunction in these paradigms
have previously been linked to deficits in executive function and motivation (Ozga et al.,
2018). Repetitive blast exposure resulted in acute weight loss that resolved to sham

levels by one month
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Figure 3.1. Repetitive blast exposure increases behavioral indices of
anxiety/compulsivity and hyperreactivity. (A) Timeline schematic. (B) Weight change as

% baseline weight. (C) Number of marbles buried. (D) Distance traveled in the elevated
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zero maze. (E) Time spent in the open arm of the elevated zero maze. (F) Entries into
the open arms of the elevated zero maze. (G) Raw acoustic startle amplitude. (H)
Acoustic startle habituation rate. (1) Pre-pulse inhibition (PPI). Student’s t-test (C-H),
two-way RM ANOVA Bonferroni-Sidak post hoc (B,E). *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, ns, not significant. Values represent mean + SEM.
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post exposure (two-way RM ANOVA: main effect of group F[1,28]=21.11, p=0.0001,
main effect of time F[3,28]=164.3, p<0.0001, interaction effect F[3,84]=7.884, p=0.0001,
Bonferroni-Sidak; n=11-15) (Figure 3.1b). At the one month time point, repetitive blast
exposure increased the number of marbles buried (Student’s unpaired t-test,
t[24]=3.541, p=0.002, n=11-15) (Figure 3.1c), decreased the distance traveled in the
elevated zero maze (Student’s unpaired t-test, t[24]=2.267, p=0.03, n=11-15) (Figure
1d), decreased the time spent in the open arms of the elevated zero maze (Student’s
unpaired t-test, t[24]=2.914, p=0.008, n=11-15) (Figure 1e), and decreased the number
of entries into the open arms of the elevated zero maze (Student’s unpaired t-test,
t[24]=2.115, p=0.04, n=11-15) (Figure 1f). Likewise, repetitive blast exposure resulted in
acoustic startle deficits as evidenced by a decrease in raw startle amplitude (Student’s
unpaired t-test, t[24]=4.417, p=0.0002, n=11-15) (Figure 3.1g), inhibited acquisition of
acoustic startle habituation (Student’s unpaired t-test, t[24]=3.183, p=0.004, n=11-15)
(Figure 3.1h), and impaired prepulse inhibition (two-way RM ANOVA: main effect of
group F[1,28]=21.2, p<0.0001, main effect of delay F[5,140]=17.65, p<0.0001,
interaction effect F[7,196]=0.437, p>0.05, Bonferroni-Sidak; n=11-15) (Figure 3.1i).
Together these results identify affective and sensorimotor deficits that might negatively
impact executive function and highlight the need for further research aimed at assessing

discrete aspects of these behaviors using more sophisticated operant paradigms.

Repetitive blast exposure increases goal directed behavior

In a separate set of male mice, we conducted a series of operant paradigms one month

following repetitive sham or blast exposure (Figure 3.2a). Mice were first tested for goal-
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Figure 3.2. Repetitive blast exposure increases appetitive operant behavior. (A)

Timeline schematic. (B) Number of active lever presses. (C) Number of inactive lever
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presses. (D) Discrimination Index (active — inactive/active + inactive). (E) Number of
pellets left uneaten. (F) Trial duration in seconds. (G) Number of head entries during
lever out. (H) Number of active lever presses during ITI. (I) Number of inactive lever
presses during ITI. (J) Number of head entries during ITl. Two-way RM ANOVA
Bonferroni-Sidak post hoc (B-J). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns,

not significant. Values represent mean + SEM. ITI, inter-trial-interval.
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directed lever press discrimination over six days in standard operant conditioning boxes
using a fixed-ratio 1 (FR1) where a press on the active, but not on the inactive, lever
yielded sucrose-pellet delivery. Blast mTBI mice displayed enhanced goal directed
behavior as characterized by increased active lever presses (two-way RM ANOVA:
main effect of group F[1,22]=16.77, p=0.0005, main effect of session F[3,63]=63.96,
p<0.0001, interaction effect F[5,110]=0.46, p>0.05 Bonferroni-Sidak; n=11-13) (Figure
3.2b), no difference in inactive lever presses (two-way RM ANOVA: main effect of group
F[1,22]=0.87, p>0.05, main effect of session F[4,80]=3.3, p=0.018, interaction effect
F[5,110]=1.8, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.2c), and no difference in
discrimination index (two-way RM ANOVA: main effect of group F[1,22]=0.812, p>0.05,
main effect of session F[5,22]=19.55, p<0.0001, interaction effect F[5,110]=0.65, p>0.05
Bonferroni-Sidak; n=11-13) (Figure 3.2d). Furthermore, sham and blast mice had no
difference in the number of pellets left uneaten (two-way RM ANOVA: main effect of
group F[1,22]=0.005, p>0.05, main effect of session F[5,22]=7.06, p=.001, interaction
effect F[5,110]=0.96, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.2e) but blast
exposed mice exhibited a shorter trial duration (two-way RM ANOVA: main effect of
group F[1,22]=2.7, p=0.11, main effect of session F[5,22]=17.39, p<0.0001, interaction
effect F[5,110]=2.87, p=0.012 Bonferroni-Sidak; n=11-13) (Figure 3.2f) and no
difference in the number of head entries (two-way RM ANOVA: main effect of group
F[1,22]=0.47, p>0.05, main effect of session F[5,22]=46.66, p<0.0001, interaction effect
F[5,110]=0.31, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.2g). Blast mTBI mice also
displayed enhanced perseverative/compulsive-like reward seeking behavior, as

characterized by increased active lever presses during the inter-trial intervals when the
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levers were retracted and unrewarded (two-way RM ANOVA: main effect of group
F[1,22]=5.65, p=0.023, main effect of session F[5,22]=1.933, p>0.05, interaction effect
F[5,110]=1.825, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.2h), but not inactive lever
presses (two-way RM ANOVA: main effect of group F[1,22]=0.36, p>0.05, main effect of
session F[5,22]=1.4, p>0.05, interaction effect F[5,110]=0.19, p>0.05 Bonferroni-Sidak;
n=11-13) (Figure 3.2i), and increased head entries (two-way RM ANOVA: main effect
of group F[1,22]=6.314, p=0.02, main effect of session F[5,22]=8.45, p<0.0001,

interaction effect F[5,110]=1.6, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 2j).

Repetitive blast exposure increases willingness to work for reward

To further examine motivation, mice were next tested in a progressive ratio schedule
during which the ratio requirement to obtain reward (either 1 or 3 sucrose pellets)
increased across trials (Figure 3.3a). In line with enhanced motivation, repetitive blast
exposure resulted in a higher break point (two-way RM ANOVA: main effect of group
F[1,22]=9.01, p=0.007, main effect of session F[1,22]=0.2, p>0.05, interaction effect
F[1,22]=3.67, p>0.05 Bonferroni-Sidak multiple comparison method; n=11-13) (Figure
3.3b), increased reinforcers earned (two-way RM ANOVA: main effect of group
F[1,22]=10.07, p=0.004, main effect of session F[1,22]=1.41, p>0.05, interaction effect
F[1,22]=2.03, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.3c), a shorter inter-response
interval time (IRT) (two-way RM ANOVA: main effect of group F[1,22]=8.08, p=0.009,
main effect of session F[1,22]=10.6, p=.004, interaction effect F[1,22]=1.266, p>0.05
Bonferroni-Sidak; n=11-13) (Figure 3d), no difference in inactive lever presses (two-way

RM ANOVA: main effect of group F[1,22]=1.23, p>0.05, main effect of session
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F[1,22]=1.45, p>0.05, interaction effect F[1,22]=0.05, p>0.05 Bonferroni-Sidak; n=11-
13) (Figure 3.3e), no difference in the number of pellets left unwanted (two-way RM
ANOVA: main effect of group F[1,22]=1.71, p>0.05, main effect of session F[1,22]=1.71,
p>0.05, interaction effect F[1,22]=1.17, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.3f),
and no difference in the number of head entries (two-way RM ANOVA: main effect of
group F[1,22]=0.16, p>0.05, main effect of session F[1,22]=6.85, p=0.02, interaction

effect F[1,22]=2.66, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3g).

Repetitive blast exposure reduces behavioral flexibility

Finally, to study reward-related behavioral flexibility, mice were tested in a lever press
alternation paradigm where the active/inactive lever contingencies switched every five

correct trials (Figure 3.4a).
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trials. (E,F) Number of inactive lever presses on original (E) and switch (F) trials. Two-
way RM ANOVA Bonferroni-Sidak post hoc (A-F). *p < 0.05, **p < 0.01, ns, not

significant. Values represent mean + SEM.
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In line with increased compulsive/perseverative behavior and a decrease in behavioral
flexibility, repetitive blast exposure impaired performed on this task, as evidenced by a
significant decrease in the number of reinforcers earned (two-way RM ANOVA: main
effect of group F[1,22]=5.374, p=0.03, main effect of session F[2,44]=72.32, p=0.0001,
interaction effect F[2,44]=2.82, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.4b). We
next analyzed separately trials where the current active lever was the lever used in
initial training as the active lever (original lever) and where the current active lever was
the lever used in initial training as the inactive lever (switch lever) and found that while
blast mice performed similarly well on the trials with the original lever, they performed
significantly worse on the switch trials (Figure 3.4c-h). Specifically, we found no
difference in lever discrimination on trials when the original lever was active (two-way
RM ANOVA: main effect of group F[1,22]=2.89, p>0.05, main effect of session
F[2,44]=15.0, p<0.0001, interaction effect F[2,44]=1.57, p>0.05 Bonferroni-Sidak; n=11-
13) (Figure 3.4c) but worse lever discrimination on trials when the alternative lever was
active (two-way RM ANOVA: main effect of group F[1,22]=7.31, p=0.01, main effect of
session F[2,44]=31.15, p<0.0001, interaction effect F[2,44]=0.71, p>0.05 Bonferroni-
Sidak; n=11-13) (Figure 3.4d). Likewise, while we found no group difference in the
number of inactive lever presses on the original lever trials (two-way RM ANOVA: main
effect of group F[1,22]=0.2, p>0.05, main effect of session F[2,44]=6.27, p=.004,
interaction effect F[2,44]=0.09, p>0.05 Bonferroni-Sidak; n=11-13) (Figure 3.4e) but an
increased number of inactive lever presses on the switch lever trials (two-way RM
ANOVA: main effect of group F[1,22]=6.84, p=0.01, main effect of session

F[2,44]=17.81, p<0.0001, interaction effect F[2,44]=1.35, p>0.05 Bonferroni-Sidak;
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n=11-13) (Figure 4d). Together, these results suggest that repetitive blast exposure in
male mice reduces behavioral flexibility, resulting in enhanced

perseverative/compulsive-like responding.

DISCUSSION

Changes in affective processing, learning, and motivation are commonly reported in
patients with a history of mTBI and are hallmarks of PTSD, depression, and addiction
(Mclnnes et al., 2017; Ozga et al., 2018). Failure to properly use contextual information
to modify conditioned responses and goal-directed behavior may underlie heightened
fear generalization, increased impulsivity/compulsivity, and deficits in updating of
stimulus-response and action-outcome contingencies (i.e., executive dysfunction)
(Berridge, 2004; Maria-Rios & Morrow, 2020; Treadway & Zald, 2013). Critically, while
behavioral deficits related to executive function have been well studied in animal models
of moderate-to-severe TBI (Modrak et al., 2020; Ozga et al., 2018; Vonder Haar et al.,
2013, 2014; Vonder Haar & Winstanley, 2016), no previous animal studies have
focused on examining the effects of repetitive blast mTBI on executive function. Based
on clinical reports of increased executive dysfunction in Veterans with a history of blast
mTBI, we hypothesized that repetitive blast exposure in male mice would result in
anxiety/compulsivity-like outcomes and performance deficits in operant-based reward
learning and behavioral flexibility paradigms. Instead, here we provide evidence for an
increase in reward seeking and a congruent decrease in behavioral flexibility.
Furthermore, we report chronic adverse behavioral changes related to anxiety,

compulsivity, and hyperreactivity. In combination, these data suggest that blast mTBI
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reduces behavioral flexibility and cognitive control that strengthens appetitive
responding because of enhanced compulsivity/hyperreactivity while at the same time

reducing the ability to update performance and adapt to new task structures.

Here we utilized a series of goal-oriented operant tasks where mice were rewarded
when they successfully completed an appropriate lever press. In contrast to our original
hypothesis, we found that blast mice were not delayed in acquiring lever pressing for
sucrose pellets relative sham animals and did not have an impairment in operant
discrimination learning. Further, blast mice completed trials faster, suggesting they
displayed increased motivation when compared to sham mice. Blast mice also had
increased lever pressing in the inter-trial-intervals (on the active lever alone) which
suggests blast mice had higher levels of goal-directed reward seeking that they were
not able to inhibit in between trials (i.e., perseveration). When mice were moved to the
more demanding, progressive ratio task, blast mice reached higher breakpoints (defined
as the last FR in the progressive ratio sequence that was earned) and exhibited
decreased inter-response interval times, indicating higher levels of motivation and
willingness to work for reward. These behavioral outcomes are in line with our reported
results from the marble burying and acoustic startle assays demonstrating increased
hyperreactivity and anxious/compulsive-like outcomes and are largely consistent with
data from the clinical literature (Mclnnes et al., 2017; Ozga et al., 2018). Indeed, when
animals were finally tested in the lever press alternation task, blast mice had increased
difficulty in correctly completing trials in which the active lever was ‘switch’ (the lever

that they were originally trained on as the inactive lever), highlighting a deficit in
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behavioral flexibility with maladaptive outcomes related to task performance (i.e., fewer
reinforcers earned). Importantly, although blast mice showed decreases in body weight
during blast/sham exposure days, weights between groups were not different at the time
of behavioral testing, suggesting motivation differences were not confounded by blast-

induced weight changes.

Only two previous studies thus far have examined operant responding following blast
exposure in rodent models. Muelbl et al. (2018) demonstrated that a single blast
exposure with body shielding in male rats resulted in more errors during acquisition of a
cue discrimination task but no differences in extradimensional set shifting or delayed
matching to sample. Genovese et al. (2013) demonstrated that repetitive low-level blast
exposure resulted in a decrease in inhibitory behavioral control in a conditioned fear
suppression task. Likewise, results from more moderate-to-severe impact TBI exposure
in animal models suggest higher levels of appetitive motivation, perseveration, and
behavioral inflexibility (Mclnnes et al., 2017; Ozga et al., 2018). In combination with our
current results, these data suggest that potential deficits in executive function following
MTBI are at least in part related to maladaptive changes in perseveration/compulsivity
and behavioral inflexibility and not simply due to a lack of motivation or inability to
acquire task parameters, with important implications for subsequent diagnosis and

treatment management.
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Though our results are in line with clinical reports of Veterans with blast mTBI, there are
several limitations to our current findings. As only male mice were used in these
experiments, these findings may not extend to biological females. While most blast-
related research has been conducted only in male animal models, a growing number of
females are now serving with military occupational specialty codes which, like their male
colleagues, can entail increased risk for blast exposure (Gray et al., 2020; Iverson et al.,
2011). Sex differences in relation to a single blast exposure have been previously
reported (Kawa et al., 2020; Russell, Handa, et al., 2018; Russell, Richardson, et al.,
2018) and ongoing research is focused on comparing repetitive blast exposure in male
and female mice. Further, here we assess behavioral outcomes to ~2 months post-
blast, but these results may not extrapolate to more extreme timepoints and will require
additional follow-up work focused on understanding blast mTBI outcomes in more aged
populations. Likewise, here we focus on appetitive learning and motivation for sucrose
reward, future work should also include the investigation of aversive stimuli and/or other

rewarding substances such as alcohol.

Finally, while our current results highlight potential behavioral mechanisms
underlying executive dysfunction post blast mTBI, potential underlying molecular
mechanisms were not investigated. Brain network disruption, axonal sheering, white
matter damage, and inflammation are blast associated outcomes and might contribute
to adverse cognitive symptoms (Elder et al., 2010; Goldstein et al., 2014; Huber et al.,
2013, 2016; lvanov et al., 2017; Meabon et al., 2016; Petrie et al., 2014; Sponheim et
al., 2011; Taber et al.,, 2015; Yeh et al., 2014). Future efforts should be placed on

evaluating these outcomes as potential mechanisms underlying blast-induced executive
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dysfunction. Likewise, dopaminergic neurotransmission within mesocorticolimbic circuits
Is critical for executive functioning and damage to these brain regions can occur
because of blast exposure (Lim et al., 2015; Sajja et al., 2013; Schindler et al., 2017).
Indeed, we previously demonstrated a blast mTBI-induced increase in stimulated phasic
dopamine release within the nucleus accumbens (Schindler et al., 2017), and
hypothesize that dopamine dysfunction may contribute to increased hyperreactivity and
compulsive/perseverative behaviors exhibited post blast mTBI. Future research will thus
focus on connecting potential blast mTBIl-induced mesocorticolimbic dopamine

dysfunction causally to adverse behavioral outcomes related to executive dysfunction.
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Chapter 4.

Timing and Testing Matters: Sex Differences May Occur in Part Due to Age of Injury,

and Analysis Methods*

*This chapter was formatted for this thesis from the following article that is currently

being edited for submission.

“Timing matters: Sex differences in acute and chronic outcomes following repetitive

blast trauma”. Baskin, B., Logsdon A., Lee, S. J., Peskind E., Banks, W., Cook, D. G.,

Schindler, A. G. (in prep)

B.M.B designed, performed, and analyzed the experiments in the paper and wrote the

paper.
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Introduction

Traumatic brain injury (TBI) is currently a leading cause of death and disability
not just in the United States but globally (Johnson & Griswold, 2017; A. I. R. Maas et al.,
2017; Taylor et al., 2017)_ Affecting every segment of the population, TBI often leads to
significant decreased quality of life and increased financial burden for both the person
who sustained a TBI and caregivers of those with a TBI (Di Battista et al., 2012; Malec
et al., 2017; Ozga et al., 2018; Taylor et al., 2017). Diagnosis and treatment options are
not universally consistent nor effective, at least in part due to wide symptom variety
post-TBI. The vast majority of preclinical TBI research has focused only on male
research animals, which may express different symptom trajectories than female
animals, resulting in a critical knowledge gap in the field at a time when women are at
increasingly high risk for repetitive TBI exposure (Gupte et al., 2019; McCabe & Tucker,
2020).

Blast overpressure (BOP) waves, such as those caused by improvised explosive
devices (IEDs), building collapses, failing infrastructure, and industrial accidents are
becoming an increasingly common cause of TBI. Referred to as the “signature injury” of
the conflicts in Irag/Afghanistan (OEF/OIF/OND), repetitive blast exposure is the
primary source of mTBI in warfighters, a significant driver of comorbid posttraumatic
stress disorder (PTSD), and a major source of morbidity among Veterans enrolled in the
VA health care system (Hendrickson et al., 2018; O’Neil et al., 2013; Owens et al.,
2008; Tanielian et al., 2008; Wenger et al., 2018). In these conflicts, an estimated 75%
of all mTBI reported by Servicemembers are a result of blast exposure caused by

detonation of high explosives (Owens et al., 2008; Tanielian et al., 2008), and multiple
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deployments are common (2.77 million Servicemembers have served on 5.4 million
deployments since 2011), resulting in high potential for repetitive blast exposures.
Currently, there is a lack of research on how these injuries may differentially impact
people identifying as male vs. female, yet females currently represent ~15% of active
duty Servicemembers and ~20% of the United States Reserve and Guard (Dye et al.,
2016; Iverson et al., 2011; Kamarck, 2015; Street et al., 2013). Indeed, few preclinical
studies have included both male and female animals and the few that have, have
exclusively focused on impact TBI, a single TBI exposure, and/or only examined acute
timepoints. To date there have only five reports examining potential sex differences
following single blast mTBI (Hubbard et al., 2022; Kawa et al., 2020; McNamara et al.,
2022; Russell, Handa, et al., 2018; Russell, Richardson, et al., 2018) and no reports
following repetitive blast mTBI.

Given the lack of preclinical research using models of repetitive blast exposure in
female rodents, this study was envisioned as a first-of-its-kind survey of adverse
outcomes commonly seen following blast trauma in warfighters, with a specific focus on
delineating acute and chronic outcomes related to inflammatory, blood brain barrier,
microbiome, and behavioral pathology. Results highlight both similar and disparate
outcomes in female vs. male mice at acute timepoints and an effect only in male mice at
chronic time points following repetitive blast mTBI. Together, these results highlight new
targets for diagnosis and treatment development and confirm the need for increased
research dedicated to understanding how repetitive blast trauma affects diverse

populations.
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MATERIALS AND METHODS

Animals

All experiments utilized female and male (as determined by genital appearance at
weaning) C57BI/6 mice aged 9-11 weeks of age at time of arrival to VA Puget Sound.
Mice were housed by sex in cages of three on a 12:12 light:dark cycle (lights on at
06:00), and were given ad libitum food and water. All animal experiments were carried
out in accordance with Association for Assessment and Accreditation of Laboratory
Animal Care guidelines and were approved by the VA Puget Sound Institutional Animal
Care and Use Committees. Mice were acclimated to the housing room for a week
following arrival and subsequently handled for an additional week prior to sham or blast
exposure. Three experimental timelines were employed (Figure 4.1a) in separate sets
of mice. To increase rigor and reproducibility, each experimental timeline included at

least two cohorts of mice each run at separate times.

Model of Blast Trauma

The shock tube (Baker Engineering and Risk Consultants, San Antonio, TX) was
designed to generate blast overpressures that mimic open field high explosive
detonations encountered by military Servicemembers in combat, and the design and
modeling characteristics have been described in detail elsewhere(Baskin et al., 2021;
Huber et al., 2013, 2016; Logsdon et al., 2020; Meabon et al., 2016; Schindler et al.,
2021; A. G. Schindler et al., 2017; Schindler, et al., 2021). Briefly, mice were weighed
and then anesthetized with isoflurane (induced at 5% and maintained at 2-3% for the
duration of the blast), secured against a gurney, and placed into the shock tube oriented

perpendicular to the oncoming blast wave (ventral body surface towards Utilizing
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condensed helium, pressurized air is built up on one end of the tube and released in a
way that creates a blast overpressure wave that induces neuropathological and
behavioral changes in line with blast mild traumatic brain injuries (mTBI) in warfighters
(Ghai et al., 2020; Meabon et al., 2020; Peskind et al., 2011; Petrie et al., 2014,
Schindler et al., 2021; Schindler et al., 2017; Wilkinson et al., 2012). Sham (control)
animals received anesthesia only for a duration matched to blast animals and repeated
blast/sham exposures occurred successively over the course of three days (one per
day). The blast overpressure (BOP) peak intensity (psi), initial pulse duration (ms), and
impulse (psi*ms) used were in keeping with mild blast injury (19.1 +/- 0.09 psi). Under
these experimental conditions, the overall survival rate exceeded 97%, with blast-
exposed mice presenting comparable to sham-exposed mice by inspection 2-4 hours-
post blast exposure as previously reported (Baskin et al., 2021; Huber et al., 2013,
2016; Logsdon et al., 2018, 2020; Meabon et al., 2016; Schindler et al., 2021; Schindler
et al., 2017; Schindler et al., 2021). Following sham/blast exposure and removal from
isoflurane, loss of righting reflex (LORR) was recorded as the amount of time it took for
animals to right themselves. Once animals were able to regain full sternal recumbency,

they were weighed and then returned to their cages for recovery.

Cytokine Measurement:

Mice were euthanized via cervical decapitation 4 hours after their last sham or blast
exposure. Trunk blood was collected in 1.5-mL capacity serum-separator tubes
containing EDTA, allowed to clot at room temperature for 30-40 minutes, and then
centrifuged at 3,000 x g for 10 minutes. Serum was then aliquoted and stored at -80°C

until analyzed. Whole brains were also collected at the time of euthanasia,
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hemisectioned, and flash frozen at -80°C. One hemisphere of brain tissue was then
lysed in a 0.02% Triton-X homogenization buffer of :0mM HEPES, 1.5mM MgCI2, and
10mM KCI, with fresh protease/phosphatase inhibitor cocktail (Sigma) in a bead
homogenizer. The samples were then centrifuged at 4°C at 18,000 x g for 10 minutes
and the supernatant was aliquoted and stored at -80°C. Pro- and anti-inflammatory
cytokine level were then analyzed using the IDEXX (Columbia, MO) Cytokine Mouse
25-Plex Panel and values were normalized by protein concentration quantified with a

BCA Protein Assay Kit.

Fecal Microbiome:

Fresh fecal pellets were collected 24 hours following final sham or blast exposure.
Collection occurred in the morning between 09:00 and 11:00 using sterile technique.
Fecal pellets were flash frozen in liquid nitrogen and stored at -80°C until shipment to
Diversigen for downstream processing and analysis. Briefly, the DNA of fecal pellets
were extracted and sequenced by Diversigen using their BoosterShot Shallow Shotgun
Sequencing. DNA sequences were aligned to a curated database containing all
representative genomes in RefSeq for bacteria. Alignments were made at 97% identity
against all reference genomes. Every input sequence was compared to every reference
sequence in the Diversigen Venti database using fully gapped alignment with BURST.
For taxonomy assignment, each input sequence was assigned the lowest common
ancestor that was consistent across at least 80% of all reference sequences tied for
best hit. Samples with fewer than 10,000 sequences were discarded. OTUs accounting
for less than one millionth of all strain-level markers and those with less than 0.01% of

their unique genome regions covered (and < 0.1% of the whole genome) at the species
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level were discarded. The number of counts for each OTU was normalized to the OTU's

genome length.

Blood-brain barrier:

Following established procedures (Banks et al., 2015; Logsdon et al., 2018, 2020),
albumin (Sigma, St. Louis MO), (~66.44 kDa), a blood-borne molecule not normally
localized in the CNS was labeled with 99mTc (GE Healthcare, Piscataway, NJ). A
mixture of 240 mg/ml stannous tartrate and 1 mg/ml albumin was adjusted to pH 3.0
with HCI and one millicurie of 99mTc-NaOH4 was added to this mixture and incubated
for 20 min. The 99mTc-albumin was purified on a column of G-10 Sephadex (GE
Healthcare) in 0.1 ml fractions of phosphate buffer (0.25 M). Radioactivity in the purified
99mTc-albumin peak was more than 90% acid precipitable in an equal volume of 1%
bovine serum albumin (BSA) and trichloroacetic acid (30%). 5 x 106 cpm/mouse of
purified 99mTc-albumin fraction was prepared in a final volume (0.2 ml/mouse) of
lactated Ringer’s solution containing 1% BSA.

In keeping with previous experiments, 72 hours after the final blast/sham
exposure, mice were anesthetized with urethane (4 g/kg; 0.2 ml; ip); and jugular veins
were exposed and injected with 99mTc-albumin (5 x 106 Counts per minute (cpm)) in
0.2 ml of lactated Ringer’s solution with 1% BSA for 10 min. The descending abdominal
aorta was clamped with hemostats, severed, and blood collected in 1.5-mL capacity
serum-separator tubes containing EDTA, allowed to clot at room temperature for 30-40
minutes, and then centrifuged at room temp at 3,200 x g for 10 minutes. Serum was
then aliquoted and stored at -80°C until analyzed. Next, the brain was perfused with

20 ml of lactated Ringer’s solution through the left ventricle of the heart in less than
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1 min and collected and flash frozen in liquid nitrogen. 99mTc radioactivity in the serum
and brain was measured by a gamma counter. Brain tissue radioactivity was calculated
by dividing the cpm in the brain by the weight of the brain to yield cpm/g. Serum
radioactivity was calculated by dividing the cpm in the serum by the microliters of serum
counted to yield cpm/microliter. The brain tissue radioactivity was then divided by the
corresponding serum radioactivity and the results given in units of microliters/gram of

brain tissue.

Behavioral assays:
Acute (48 hours post): To probe potential locomotor deficits and anxiety-like behavior
acutely following sham/blast exposure, mice were tested in an open field assay. Mice
were allowed 5 minutes to explore a large circular open space (1 meter diameter) and
their movements were recorded from above and analyzed with Anymaze (Wood Dale,
IL). On this test, decreases in the amount of time spent in the middle of the environment
is indicative of an anxiety-like phenotype. The total distance traveled, the delay to first
enter the center of the field, time spent in the center, and entries into the center were
recorded and analyzed.
Chronic (1 month post): A behavioral battery consisting of three testing paradigms was
conducted over 1 week (one test paradigm per day) starting one month after the last
sham/blast exposure. The order of behavioral tests was specifically chosen to go from
the least stressful to the most stressful task to prevent carryover distress from one
behavior to the next.

Elevated zero maze (EZM): Animals were allowed to explore an elevated zero

maze (Maze Engineers, Skokie, IL) for 5 min. Decreased time spent exploring the open
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arms is thought to reflect an anxiety-like behavior. Movement was recorded from above
and analyzed using Anymaze (Stoelting, Wood Dale, IL).

Acoustic startle (AS): In accordance with previous reports (Baskin et al., 2021)
acoustic startle habituation and prepulse inhibition was measured using SR-LAB
acoustic startle boxes (San Diego Instruments, San Diego, CA). Following a 5-min
acclimation period, startle habituation testing consisted of 50 trials of 120-dB pulses
delivered with an inter-trial interval of 7-23 s. Following a two min break period,
prepulse inhibition (PPI) was next assessed and consisted of forty trials of 81-dB
prepulse followed by a 120-dB pulse with varying interstimulus interval (ISI) of 2—1,000
ms (five trials each). Due to the established effects of blast exposure on hearing loss,
we use these established within-subject analysis approaches of startle habituation and
PPI in attempts to mitigate potential confounds of hearing loss on startle outcome
measures and interpretation.

Conditioned odorant aversion (COA): As previously described (Schindler et al.,
2021) mice were first exposed to a neutral almond scent starting five minutes prior to
sham/blast exposure by placing a mesh tea ball containing a quarter nestlet with 20 ul
almond extract into the home cage. The tea ball and the nestlet with almond scent was
refreshed daily and remained in the home cage until 24 hours after the final sham/blast
exposure. To measure blast-induced aversion at the chronic testing time point, a tea
ball with almond extract nestlet was placed in the left arm of a tea maze and a tea ball
with a clean nestlet was placed in the right arm of the t-maze. Animals were then placed
in the long arm of the T-maze, equidistant away from either tea ball and given 5 min to

explore the entire maze. Latency to enter and time spent in each of the two distal ends
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of the short arms was recorded and analyzed using Anymaze (Stoelting, Wood Dale,

IL).

Analysis:

Data are expressed as mean + SEM. Differences between groups were determined
using two-way (between-subjects design: sex and exposure factors) analysis of
variance (ANOVA) followed by posthoc testing using Sidak’s Multiple Comoparison.
Microbiome bioinformatics (alpha (Shannon) and beta diversity (Bray Curtis), relative
abundance) were performed by Diversigen. Shannon diversity and relative abundance
at the taxonomic order level were compared across all groups using Kruskal-Wallis test
followed by Mann-Whitney U test for individual group by group comparison if Kruskal-
Walllis was significant at FDR p<0.1. Bray Curtis dissimilarity was used to estimate beta
diversity among samples and represented using PCoA plot. Analysis of similarities
(ANOSIM) was used to compare beta diversity across groups (999 permutations).
Spearman correlation with FDR correction was used to examine associations between
microbial abundance and behavioral parameters. Hierarchical clustering was performed
using Ward agglomeration method. Differentially expressed taxa were identified using
Lefse (Huttentower Galaxy). Reported p values denote two-tailed probabilities of p <
0.05 and non-significance (n.s.) indicates p > 0.05. Statistical analysis and visualization
were conducted using Graph Pad Prism 4.0 (GraphPad Software, Inc., La Jolla, CA)

and with custom Python scripts.
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Figure 4.1. Female and male mice both display increased LORR and weight loss

acutely following repetitive blast exposure. (A) Experimental timelines. Three groups of
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female and male mice were used. (B) LORR is increased acutely following each blast
exposure in female and male mice. (C) Mean LORR across days 1-3 of blast exposure
is increased in female and male mice and female blast mice are significantly higher than

male blast mice. (D) Both female and male mice lose weight to a similar extend 24

the blast).
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RESULTS
Repetitive blast exposure increases loss of righting reflex and acute weight loss
in both female and male mice.
Using well-established methods adult female and male mice were exposed to repetitive
BOPs (1/day for 3 consecutive days) using a pneumatic shock tube. Loss of righting
reflex (LORR; the time it takes for a mouse to right itself following sedation) was
measured starting immediately upon removal from isoflurane and consisted of placing
the mouse on its back and waiting until it rights itself two times within 15 seconds.
Following LORR, mice were weighed and then returned to their home cage to recover.
Repetitive blast exposure resulted in increased LORR in both male and female
mice (Fig 4.1b) immediately following each sham/blast exposure (two-way RM ANOVA:
main effect of exposure F(3,124) = 171.5, p<0.0001), but was not affected by
sham/blast day (two-way RM ANOVA: main effect of time F(2,217) = 3.19, ns) and there
was no interaction effect (two-way RM ANOVA: main effect of time F(6,248) = 1.30, ns).
When examining the mean LORR across all three exposure days, there was a
significant interaction effect between exposure and sex (two-way ANOVA: interaction
effect F(1,124) = 6.674, p=0.01) and main effects of exposure (two-way ANOVA: main
effect of exposure F(1,124) = 482.6, p<0.0001) and time (two-way ANOVA: main effect
of time F(1,124) = 5.384, p=0.022). Sidak's multiple comparison post-hoc test revealed
that male blast mice (n=32) took longer to right themselves when compared to male
sham mice (n=33; p<0.0001) and female blast mice (n=27) had longer LORR than both

female shams (n=38; p<0.0001) and male blast mice (p<0.01).
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Acute weight loss was also seen in both male and female blast mice (Fig 4.1d,
e). Following one blast (Fig 1d), blast mice lost more weight (represented as a decrease
in percent of their total baseline weight) than their sham controls (two-way RM ANOVA:
main effect of exposure F(1,144) = 466.5, p<0.0001). There was no significant
interaction effect between exposure and sex (two-way ANOVA: interaction effect
F(1,144) = 0.07, ns) or main effect of sex (two-way ANOVA: main effect of sex F(1,144)
= 0.346, ns). Sidak's multiple comparison post-hoc found that both male and female
blast mice lost weight when compared to their sham controls but there was no
difference between male and female blast mice. When examining weight loss at 48
hours post (day of open field testing), there remained a main effect of blast (two-way
ANOVA F(1,84) = 39.72, p<0.0001) and no significant interaction effect between
exposure and sex (two-way ANOVA: interaction effect F(1,84) = 1.45, ns) or main effect
of sex (two-way ANOVA: main effect of sex F(1,84) = 0.927, ns) (Fig 1e). Sidak's
multiple comparison post-hoc found that both male and female blast mice lost weight
when compared to their sham controls but there was no difference between male and

female blast mice.

Repetitive blast exposure results in both similar and disparate acute cytokine
changes in serum and brain of female and male mice.

To determine if acute changes in serum and brain cytokine levels were different
between female and male mice following repetitive blast, we euthanized a subgroup of
mice (Fig 4.1a) 4 hours following their final sham/blast exposure. Analysis revealed both
blast and sex differences dependent on cytokine sample type (Fig 4.2-3). Results from

two-way ANOVA (exposure, sex factors) followed by Sidak's multiple comparisons tests
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Table 1: Serum Cytokine Statistics

Analyte Interaction F(df) | Interaction P Sex F(df) Sex P Exposure F(df) | Exposure P
IL-1a F[1,44] = 0.008 0.927 F[1,44] = 0.415 0.523 F[1,44] = 1.53 0.223
IL-5 F[1,44]=0.113 0.739 F[1,44] = 0.019 0.89 F[1,44] = 13.91 0.0005
IL-6 F[1,43] = 0.266 0.608 F[1,43] =0.06 0.807 F[1,43] = 38.62 <0.0001
IL-9 F[1,46] =0.242 0.625 F[1,46] = 14.28 0.0005 F[1,46] =0.218 0.643
IL-12 (p40) | F[1,44]=1.611 0.211 F[1,44] =5.324 0.026 F[1,44] = 12.66 0.0009
G-CSF F[1,42] = 8.429 0.006 F[1,42] = 6.36 0.016 F[1,42] = 24.99 <0.0001
IP-10 F[1,43] = 0.637 0.429 F[1,43]=0.116 0.735 F[1,44] = 34.02 <0.0001
MKC F[1,43] = 0.063 0.803 F[1,43] =0.289 0.594 F[1,43] = 24.29 <0.0001
MCP-1 F[1,42] = 5.602 0.023 F[1,42] = 4.302 0.044 F[1,42] = 99.65 <0.0001

Table 4.1. Statistical analysis of cytokine levels in blood serum four hours after the final

blast. All analysis used two-way ANOVA and Sidak post-hoc analysis.
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Figure 4.3. Brain cytokine levels are acutely affected by blast in both female and male
mice. Two-way ANOVA Sidak's multiple comparison post-hoc. *p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.0001, ns = not significant. Values represent mean £ SEM.
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Table 1: Brain Cytokine Statistics
Analyte Interaction F(df) | Interaction P Sex F(df) Sex P Exposure F{df) | Exposure P
IL-1a F[1,44]=2.212 0.144 F[1,44] = 0.249 0.62 F[1,44] = 1.850 0.1807
IL-2 F[1,43] = 0.351 0.557 F[1,43]= 0.885 0.352 F[1,43] =1.298 0.261
IL-6 F[1,43]= 1.040 0.314 F[1,43]1=1.107 0.299 F[1,43] =8.612 0.005
IL-9 F[1,44] =5.247 0.027 F[1,44]=2.422 0.127 F[1,44] = 2.256 0.14
IL-10 F[1,42] = 6.909 0.012 F[1,42]= 3.38 0.062 F[1,42] = 3.999 0.052
IL-12 (p40) | F[1,44] =9.873 0.003 F[1,44]= 2.02 0.162 F[1,44] =248 0.123
IL-12 (p70) | F[1,45] =1.706 0.198 F[1,45]=1.143 0.291 F[1,45] = 0.039 0.844
IL-13 F[1,45]1=4.977 0.031 F[1,45] = 0.157 0.694 F[1,45] = 0.061 0.805
IL-15 F[1,44]= 0.304 0.584 F[1,44] = 1.594 0.214 F[1,44] = 1.669 0.203
IL-17 F[1,44] = 3.216 0.08 F[1,44]= 0.619 0.436 F[1,44] = 0.363 0.55
G-CSF F[1,41] = 8.167 0.007 F[1,41]=7.932 0.007 F[1,41] = 40.83 <0.0001
INFy F[1,43] =0.235 0.631 F[1,43] =0.732 0.397 F[1,43] =0.038 0.846
IP-10 F[1,43] = 6.567 0.014 F[1,43]=5.877 0.02 F[1,43] =36.15 <0.0001
MKC F[1,42]1=2.2 0.146 F[1,42] = 5.502 0.031 F[1,42] = 33.37 <0.0001
MCP-1 F[1,43] = 1.585 0.215 F[1,43] = 4.919 0.032 F[1,43] =25.01 <0.0001

Table 4.2. Statistical analysis of cytokine levels in brain lysate four hours after the final

blast. All analysis used two-way ANOVA and Sidak post-hoc analysis.
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for each analyze measured in appreciable concentration are reported in Tables 4.1 and
4.2 (for serum and brain respectively).

In the serum (Fig 4.2, Table 1), there was a main effect of blast on IL-6, G-CSF,
IP-10, MKC, and MCP-1. There was main effect of sex on G-CSF and MCP-1. Only G-
CSF and MCP-1 showed an interaction effect. Blast male and female mice only
significantly differed in two cytokines, G-CSF and MCP-1, with blast males expressing
significantly lower levels than blast females. In samples taken from whole brain (Fig 3,
Table 2), there was a main effect of blast on IL-6, G-CSF, IL-10, MKC, and MCP-1.
There were main effects of sex on G-CSF, IP-10, MKC, and MCP-1 and an interaction
effect on IL-9, IL-10, IL-12(p40), IL-13, G-CSF, and IP-10. Blast males showed higher
levels of IL-9 and IL-12(p40) as compared to blast females whereas blast females

showed higher levels of IP-10, G-CSF, IP-10, and MKC as compared to blast males.

Repetitive blast exposure differentially affects gut microbiota in female vs. male
mice.

To determine if repetitive blast exposure differentially affected the gut microbiome in
female vs. male mice, fecal samples were collected 24 hours post final sham/blast
exposure and analyzed using shallow shotgun sequencing. Alpha diversity measured
using the Shannon Index (Figure 4.4a) was not different when comparing across groups
(Kruskal Wallis F(4,94) = 2.47, p=0.57). Conversely, beta diversity measured using Bray
Curtis distance (Figure 44.b) was significantly different across groups (ANOSIM, 999
permutations, p=0.001). Furthermore, we found significant differences in abundance of

nine bacteria orders (Figure 4.4c). Finally, we examined relative abundance differences
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Figure 4.4. Differential effects of repetitive blast on acute gut microbiome changes in

female vs. male mice. (A). No difference in Shannon (alpha) diversity as a function of
exposure type or sex. (B) PCoA on Bray-Curtis dissimilarity distances (beta diversity)
among the four groups examined. Each point represents an individual sample colored
according to group. Ellipses represent 95% CI around cluster centroid for each
experimental group. (C) Differences between female sham vs. blast mice (top row) and
male sham vs. blast mice (bottom row) at the order level, expressed as mean relative
abundance z score (z score computed separately for female and male mice). Kruskal-
Wallis test followed by Mann-Whitney U test for individual group by group comparison if
Kruskal-Wallis was significant at FDR p<0.1 (A, C). Analysis of similarities (ANOSIM)
(B). *p = 0.05, **p = 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. Values

represent mean + SEM.

93



A. ™Female Sham ==Male Sham B.
== Female Blast ==Male Blast

c__Bacim
o__Lactobacillabes
s__Lactobacilhus_jonnsoni
s__Other

s __Lactobaciius_talwanensis
s__ Clostridium__dakarense
s_Other
f__Peptostreptococcacose
G__Romboutsia
S__Romboutsia_timonensis
s__Lactobacillus_gigeriorum
s__Lactobacibus_kitasatonis
s__Lactobacifus_gasseri
s_Lactobacillus_sp_ ASF3I60
5__Lactobacillus_intestinaks
s__Lactobacillus_amylovorus
s__Lactobacillus_helveticus
¢__Actinobacteria
1_Bifidobacteriaceae
o__Bifidobactenales
9__Bifidobacterium
s__Bifidobacterium_pseudolongum
I_Clostridiaceae

g__Clostridium
f_Other

o_ Other
c__Other
g__Other
s__Other

s_ Other
s__Clostridium_sp_ ASF356
s___Clostridium__citroniae & !
s Bifidobacterium_animals I S
s_Bifidobacterium_sp_ AGR2156 IS (N ,_.1_} MDY

g__Butyricicoccus X 3 1,
s__Butyricicoccus_pullicaecorum £ \ f s
s _Other \)*@

p__Verrucomicrobia
__Akkermansia

f_axkermansiaceae N

k]

|
JAT
]

“"QW)«WW
""Qmm)m

SEEc i mmeen,  mroe
s__Akkeérmansia_muciniphils EE b:!_Bifidobactenaceas B s 0 Other

o_ Streptomycetales I = Bfidobacterisle " V-

(_Sireptomycetacea: EE— co_| acterisles W g Butyricicoccus
__Streptomyces - o —
qq__Paembva:llme d: g__Other g Clostridium

 —— N o F_char - v f_Clostrdiacese
'—'T,”#Ziféi’:.f§ii— W o Other . wog_ Other
"o_Bacullme'.- g g_ Streptomyces N« g Romboutsia
s_Other BN W h: ! Streptomycetaceae

l_Sm%hylo:olcca(eae __ — R v __Peptostreptococcacese

.. Staphylococcus o
s,__St;pr?ylo(o:tus-xylosus - u—::leuomy(elalﬁ N 7: g_Tuncibacter
<__Turicibacter_sanguinis =2 ercrauton
s__En(evococ:us_sp__NMSC(rJ‘?sFOS_ 119_ -l 0 9__0"‘9’
s_Clostridium_phoceensis I EER Kk g_Paenibacilus = al 1 Other
‘—S‘°""V'°‘°““,‘%'5’,‘§.‘2 W |1 Paenibacillaceas W a2 0 Other
s_ Adlercreutzia_equolifaciens Arshi . —
o Adiercreutzia B g_Staphylococcus EEE 23 g_ Akkermansia
s_Other
s_Turicioactersp_ 121 Emm— SR n: {_Staphylococcacese B 24 f_Akkermansiaceae
ot E— W o o_Bacdales B a5 o_ Verrucomicrobiales
s_Other I W oo Lactobacillales
ot"?f
s_Bindoboc!evlumgam(uh= W g:g_Other

0 1 2 3 B 5
LDA SCORE (log 10)
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the species level using LeFSe (Huttentower Lab Galaxy) and found unique species

characterizing each of the four experimental groups (Figure 4.5).
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Repetitive blast exposure decreases locomotion and increase anxiety-like
behavior acutely in both male and female mice.

To probe potential locomotor deficits and anxiety-like behavior acutely following blast
exposure, male and female mice were tested in a large circular open field 48 hours
following their last sham/blast exposure. In distance traveled, there was a significant
main effect of blast (two-way ANOVA F(1,85) = 43.15, p<0.0001) and no significant
interaction effect between exposure and sex (two-way ANOVA: interaction effect
F(1,85) = 2.573, ns) or main effect of sex (two-way ANOVA: main effect of sex F(1,85) =
0.158, ns) (Fig 4.6a). In entries to the center of the open field, there was a significant
main effect of blast (two-way ANOVA F(1,85) = 35.71, p=0.0001) and a main effect of
sex (two-way ANOVA: main effect of sex F(1,85) = 6.591, ns), but no significant
interaction effect between exposure and sex (two-way ANOVA: interaction effect
F(1,85) = 0.641, ns) (Fig 4.6b). In time spent in the center of the open field, there was a
significant main effect of blast (two-way ANOVA F(1,85) = 15.05, p=0.0002) and a main
effect of sex (two-way ANOVA: main effect of sex F(1,85) = 8.736, p=0.004), but no
significant interaction effect between exposure and sex (two-way ANOVA: interaction
effect F(1,85) = 0.081, ns) (Fig 4.6c). Finally, in delay to first center entry, there was a
significant main effect of blast (two-way ANOVA F(1,85) = 11.57, p=0.001) and no

significant interaction effect between exposure and sex (two-way ANOVA: interaction
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Figure 4.6. Blast exposure increases acute anxiety-like open field behaviors in both
female and male mice. (A) Distance traveled in open field. (B) Entries into center of
open field. (C) Time spent in center of open field. (D) Delay to first entry into center of
open field. (E) Pearson correlation between bacterial taxa (taxa order that were

significantly different between groups from Figure 4) and open field parameters. Two-
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way ANOVA Sidak's multiple comparison post-hoc. *p < 0.05, **p < 0.01, ****p < 0.0001,

ns = not significant. Values represent mean + SEM.
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effect F(1,85) = 1.99, ns) or main effect of sex (two-way RM ANOVA: main effect of sex
F(1,85) = 0.045, ns) (Fig 4.6d).

To further examine potential interactions between acute behavioral effects and
fecal microbiome changes, we computed Pearson correlations and corrected for
multiple comparison using FDR (Figure 6€). The bacterial orders bacillales,
bifidobacteriales, and streptomycetales were all correlated with multiple open field

parameters as well as LORR and 24-hour weight loss.

Blood brain barrier disruption is apparent in both female and male mice acutely
following repetitive blast exposure.

We previously reported that repetitive (2X or 3X), but not single (1X) blast
exposure results in delayed-onset (72 h) brain BBB permeability to albumin (Logsdon et
al., 2018, 2020). Consistent with these prior reports, we found a blast effect on BBB
permeability to albumin 72 hours following the last blast exposure (two-way ANOVA
F(1,33) = 5.607, p=0.024) but there were no differences between sexes (Figure 4.7a).
To further examine potential interactions between blood brain barrier disruption and
fecal microbiome changes, we computed Pearson correlations and corrected for
multiple comparison using FDR (Figure 4.7b). Only the bacterial order enterobacterales

was correlated with albumin levels after correcting for multiple comparisons.

Male but not female mice exhibit anxious/aversive-like outcomes one moth
following repetitive blast exposure.
To examine more chronic effects of repeated blast exposure on mTBI and PTSD-

like outcomes, one month following their last sham/blast exposure, mice were tested in
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Figure 4.7. BBB disruption in female and male mice acutely following repetitive blast
exposure. (A) Blast increases brain/serum (ul/g) radiolabeled albumin 72 h after final
blast. Brain/serum ratios were calculated by dividing the cpm per brain by the cpm per
microliter in the corresponding serum and then by the weight of the brain. (B) Pearson
correlation between bacterial taxa (taxa order that were significantly different between
groups from Figure 4) and albumin BBB permeability. Two-way ANOVA Sidak post-hoc
analysis. **p < 0.01, ns = not significant. Values represent means + SEM and are

expressed as microliters per gram of brain tissue.
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a behavioral battery consisting of elevated zero maze, acoustic startle, and blast-
odorant aversion (Fig 4.8).

Mice were exposed to an elevated zero maze to probe anxiety-like behaviors
with less time spent exploring the open arms indicative of a more anxious phenotype.
For distance traveled, there was no significant main effect of exposure (two-way
ANOVA F(1,48) = 2.518, ns) and no significant interaction effect between exposure and
sex (two-way ANOVA: interaction effect F(1,48) = 0.209, ns), but there was a significant
main effect of sex (two-way ANOVA: main effect of sex F(1,48) = 5.95, p=0.018) (Fig
8a). Conversely, on time spent in the open arm of the maze, there was a significant
main effect of exposure (two-way ANOVA F(1,48) = 5.354, p=0.025), significant main
effect of sex (two-way ANOVA: main effect of sex F(1,48) = 10.10, p=0.003), and a
significant interaction effect between exposure and sex (two-way ANOVA: interaction
effect F(1,48) = 4.317, p=0.043) (Fig 4.8b). Post-hoc analysis revealed that blast males
spent significantly less time in the open arms than sham males (p<0.05) and whereas
female sham and blast mice did not differ in open arm time.

To test a PTSD-like startle response in the mice, mice went through an acoustic
startle session during which decreases in the ability to habituate to repeated
presentation of the same stimuli is representative of a higher startle magnitude/deficit in
non-associative learning and decreases in prepulse inhibition is indicative of a difficulty
in sensory gating (Valsamis & Schmid, 2011). In line with previous reports in male mice
(Baskin et al., 2021), there was a main effect of exposure (two-way ANOVA F(1,37) =
8.764, p=0.005), but no significant main effect of sex (two-way ANOVA: main effect of

sex F(1,37) = 0.769, ns) or interaction effect between exposure and sex
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Figure 4.8. Male but not female mice exhibit chronic blast-induced behavioral deficits.

Male and female mice did not differ on total distance traveled on the elevated zero

maze 1-month post-blast exposure (A) but male blast mice spent significantly less time

than their sham controls in the open arms (B). Only male blast mice showed impaired

102



startle habituation (C) and prepulse inhibition (D, E) on the acoustic startle task. Male
and female mice did not differ on total distance traveled in the conditioned odorant
aversion posttest (F) but male blast showed an aversion to an odorant previously paired
with blast-exposures (G). (H) Pearson correlation between bacterial taxa (taxa order
that were significantly different between groups from Figure 4) and chronic behavioral
parameters. (I) Heatmap of hierarchical clustering between individual mice vs.
behavioral and microbiota composition (taxa order that were significantly different
between groups from Figure 4). Each row is a mouse, each column is a parameter.
Group column colors: sham female — dark blue; blast female — red; sham male — light
blue; blast male yellow. Heatmap colors represent z-score for each parameter
computed from all mice. Two-way ANOVA Sidak post-hoc analysis (A-G). *p < 0.05, **p

<0.01, *™*p <0.0001, ns = not significant. Values represent mean £ SEM.
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(two-way ANOVA: interaction effect F(1,37) = 2.04, ns) (Fig 4.8c). Prepulse inhibition
was measured following a five minute rest period after the habituation procedure. The
area under the curve of the PPI vs. time delay showed a main effect of exposure (two-
way ANOVA F(1,37) = 17.63, p=0.0002) and main effect of sex (two-way ANOVA: main
effect of sex F(1,37) = 7.074, p=0.011), but no interaction effect between exposure and
delay (two-way ANOVA: interaction effect F(1,37) = 3.218, ns) (Fig 4.8d). We also
examined PPI across time delays and found a main effect of exposure (two-way
ANOVA F(3,37) = 9.96, p<0.0001) and main effect of pulse-prepulse delay time (two-
way ANOVA: main effect of delay F(5,154) = 13.37, p<0.0001) but no interaction effect
between exposure and delay (two-way ANOVA: interaction effect F(21,259) = 0.688, ns)
(Fig 4.8e). Post-hoc analysis revealed that only blast males demonstrated acoustic
startle deficits as compared to sham controls but there was no blast effect in females.
Finally, to test aversion-like behaviors in mice, prior to every sham/blast
exposure, a fresh almond-scented nestlet in a tea diffuser was placed in the home
cages of the mice to associate the scent with the experience of the sham or blast
trauma. We measured aversion to the almond-scented nestlet in a posttest conducted in
a T-maze where the almond scent was placed in the left arm of the T and a clean
nestlet with no scent was placed in the right arm of the T. When examining distance
traveled, there was no significant main effect of exposure (two-way ANOVA F(1,48) =
0.0178, ns), no significant main effect of sex (two-way ANOVA: main effect of sex
F(1,48) = 0.117, ns), and no significant interaction effect between exposure and sex
(two-way ANOVA: interaction effect F(1,48) = 0.209, ns) (Fig 4.8f). Conversely, in the

difference between time spent with the odor vs. without the odor (COA), there was a
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significant main effect of exposure (two-way ANOVA F(1,48) = 6.148, p=0.017),
significant main effect of sex (two-way ANOVA: main effect of sex F(1,48) = 14.11,
p=0.0005), and a significant interaction effect between exposure and sex (two-way
ANOVA: interaction effect F(1,48) = 24.00, p<0.0001) (Fig 8g). Post-hoc analysis
revealed that blast males spent significantly less time with the almond odor than sham
males (p<0.05), whereas females did not different between sham and blast groups.

To further examine potential interactions between chronic behavioral effects and
fecal microbiome changes, we computed Pearson correlations and corrected for
multiple comparisons using FDR (Figure 8h). The bacterial orders clostridales and
lactobacillales were each correlated with distinct behavioral parameters. Finally,
hierarchical clustering across acute and chronic parameters revealed distinct clusters of
sham male vs. sham female mice but more mixed clusters consisting of male and

female blast mice.

DISCUSSION

While the effects of repetitive blast mTBI have been well studied using rodent
models, these studies almost exclusively used male research subjects. Thus, almost
nothing is known regarding potential adverse outcomes of repetitive blast exposure in
female rodents, resulting in a critical knowledge gap at a time when women are
increasingly seen in combat roles with high probability of repetitive blast exposure. Here
we present novel data demonstrating acute and chronic behavioral and inflammatory
changes in male and female mice; intriguingly, while acute behavioral outcomes were

relatively consistent between male and female blast mice, chronic adverse behavioral
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outcomes were only found in male mice. These results highlight the importance of
examining potential blast effects across sexes and at multiple time points. Furthermore,
differential effects of blast in male vs. female mice in cytokine and gut microbiome
changes identify potential diagnostic and therapeutic targets for future development and
precision medicine efforts.

Understanding the effects of repetitive blast exposure across sexes is critical for
diagnostic and treatment development (McCabe & Tucker, 2020). Due in large part to
increases in body armor and battlefield medicine, multiple deployments are exceedingly
common, greatly increasing the potential for repetitive blast exposure resulting in mTBI
comorbid with PTSD (O’Neil et al., 2013; Owens et al., 2008; Tanielian et al., 2008;
Wenger et al., 2018). Indeed, following blast exposure, mTBI-related persistent post-
concussive symptoms (e.g., cognitive difficulties, auditory and vestibular dysfunction,
sleep disturbances, negative affect) appreciably overlap with PTSD symptoms (e.qg.,
hypervigilance, aversion to trauma cues, cognitive difficulties, sleep disturbances,
negative affect) (Elder & Cristian, 2009; Owens et al., 2008; Petrie et al., 2014,
Schindler et al., 2021; Schindler et al., 2017; Tanielian et al., 2008). Likewise, both
mTBI and PTSD can worsen pre-existing psychiatric disorders such as depression and
increase and/or exacerbate substance misuse/addiction and other health risk behaviors
(e.g., sensation/novelty seeking, impulsivity, risk taking, irritability/aggression) (Maria-
Rios & Morrow, 2020; McFarlane, 2010; Miller et al., 2013; Olson-Madden et al., 2012;
Schindler et al., 2021; Schindler et al., 2017), potentially compounding negative
outcomes following injury and trauma. Indeed, in Veterans we previously reported

worse outcomes in relation to ‘risky’ drinking behavior as a function of combat exposure
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and blast mTBI number ( Schindler et al., 2021) and significant correlation between
blast mTBI number and neuroimaging results (Meabon et al., 2016; Piantino et al.,
2021; Schindler et al., 2021). Results from animal models further highlight the
importance of studying repetitive blast exposure; we previously demonstrated PTSD-like
outcomes in male mice only following repetitive but not single blast mTBI (Schindler et
al., 2021) and more recently demonstrated a blast-dose effect in relation to ethanol
sensitivity and ‘binge’-like intake patterns in male mice (Schindler et al., 2021). Critically,
to date there has been no reports of repetitive blast TBI research in female rodent
models.

Acute increase in pro-inflammatory cytokines and blood brain barrier disruption
has been well documented in male TBI rodents but has not yet been investigated in
females following repetitive blast trauma. Here we demonstrate robust blast-induced
changes in serum and brain cytokine levels that display similar and disparate patterns in
male vs. female mice. In line with these results, models of single moderate to severe
impact TBI have demonstrated disparate inflammatory outcomes in male vs. female
mice acutely following injury (Bromberg et al., 2020; Doran et al., 2019; Krukowski,
2021; Krukowski et al., 2020; Spéani et al., 2018; Villapol et al., 2017). Likewise, a recent
study using a single mild blast exposure with body shielding reported worse acute and
sub-acute neuroinflammatory and blood brain barrier outcomes in male vs. female rats
(Hubbard et al., 2022). The discrepancy between this study and our current results of
similar BBB disruption in male vs. female blast mice is likely due to the repetitive nature

of our blast model and suggests that while female rodents are protected from acute
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single TBI effects, repetitive blast exposure is sufficient to result in cytokine changes
and blood brain barrier disruption in females as well as males.

To more fully understand potential differences in adverse outcomes as an effect
of sex, we analyzed fecal microbial abundance acutely following repetitive blast
exposure. Intestinal (gut) microbiota and the genes they produce (collectively referred to
as the gut metagenome) help regulate homeostasis and benefit the host through a
range of physiological functions (e.g., protection against pathogens, digestion and
assimilation of nutrients, regulation of immune system) (Moloney et al., 2014; Thursby &
Juge, 2017). Likewise, the ‘microbiota-gut-brain-axis’ (MGBA) represents a critical
bidirectional communication system between the gut and the brain, involving metabolic,
endocrine, neural, and immune pathways critical for brain health and cognition (Cryan et
al., 2019; Moloney et al., 2014; Thursby & Juge, 2017; Wiley et al., 2017). Conversely,
altered microbial abundance and composition (i.e., dysbiosis) can have detrimental
effects on health and wellness, including implications for cognitive functioning, mental
health, and neurodegeneration (Ceppa et al., 2020; Liu et al., 2020; Ticinesi et al., 2018;
Tremlett et al., 2017). Importantly, alterations in gut microbiota have been documented
years post injury in individuals with a history of moderate/severe TBI (Brenner et al.,
2020; Urban et al., 2020), and preclinical work using animal models also supports the
microbiome as playing a mechanistic role in adverse outcomes following stress and
trauma(Angoa-Pérez et al., 2020; Matharu et al., 2019; Opeyemi et al., 2021), but no
studies thus far have specifically utilized animal models of blast (either single or
repetitive). In line with our cytokine results, we find similar and disparate effects of

repetitive blast on gut microbiome in male vs. female mice. Linear discriminant analysis
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of fecal samples demonstrated bifidobacteria as significantly increased in sham vs. blast
mice, which is already being tested as a potential probiotic for PTSD and depression,
raising the possibility of this bacteria as a potential treatment target for further
development.

In relation to potential sex differences in adverse behavioral outcomes following
blast exposure, only three studies thus far has been reported (Hubbard et al., 2022;
McNamara et al., 2022; Russell, Handa, et al., 2018). Hubbard et al. (2022) found
increased anxiety-like behavior in male but not female rats in the open field (at 2 days
post) and elevated plus maze (at 14 days post) following single blast mTBI with body
shielding. Conversely, McNamara et al. (2022) found no injury effects in either female or
male mice on the elevated plus and zero mazes when tested at 2-4 weeks post single
blast exposure. Finally, Russell et al (2018) found increased anxiety-like behavior in
male, and to a lesser extent in female, mice at 6 days post single blast exposure.
Differences in reported results are likely due to differences in injury severity and
specifically the repetitive nature of our injury model. Our behavioral outcomes at the
one-month time point are also in line with recent preclinical research looking at animal
models of PTSD. One preclinical model of PTSD based on the ability of rats to
extinguish fear conditioning, found that female mice were less likely to show long-term
fear and anxiety-like behaviors on a variety of behaviors when compared to males with
similar deficits in fear extinguishing (Emtyazi et al., 2022).

There are several drawbacks and limitations to our current study, including the
lack of brain region specific cytokine measurement and/or biochemical/histochemical

assays aimed at understanding potential chances in microglia and astrocytes. Likewise,
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the behavioral tests conducted were relatively simple and warrant future investigation
focused on using more sophisticated operant behavioral paradigms as previously
reported in male mice following repetitive blast (Baskin et al., 2021). Finally, we did not
measure estrus cycle or gonadal hormone levels, but it is important to note that we
consistently find less variability in our female mice as compared to their male
counterparts. Likewise, research on sex differences in preclinical models of PTSD
repeatedly have indicated no association between estrous stage and development of
PTSD-like phenotypes (Emtyazi et al., 2022; Zoladz et al., 2019).

Despite TBI being a leading cause of morbidity and mortality worldwide, as well
as a common outcome of modern-day warfare, understanding sex as a biological
variable in TBI is still in its infancy (Cogan et al., 2020; Gupte et al., 2019). Results from
existing human literature are mixed, and overwhelmingly these reports were not
powered to examine potential sex differences. Here we report on a series of
translationally relevant outcome measures known to be impacted by TBI in humans,
with the goal of providing a survey comparison of male and female mice at acute and
chronic timepoint following repetitive blast mTBI. Together, our results demonstrate that
adverse effects of repetitive blast are dependent on interactions between gonadal sex,
timepoint, sample time, and/or behavioral test, and highlight new targets for diagnosis
and treatment development aimed at understanding how repetitive blast trauma affects

diverse populations.
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Chapter 5.

Discussion and Recommendations for Future Research

Traumatic brain injury is a leading cause of death and disability globally (Johnson
& Griswold, 2017; A. I. R. Maas et al., 2017, 2017) affecting millions of people a year,
leading to some people referring to the rates of TBIs as a pandemic. TBIs affects every
portion of the population, leading to significant decreased quality of life for those injured
and those supporting them (Di Battista et al., 2012; A. I. R. Maas et al., 2017; Malec et
al., 2017; Ozga et al., 2018). Research on the risk and outcomes of TBI has increased
in the past few decades but primarily the research on TBIs has focused on contact TBIs,
or trauma to the brain when something solid physically comes into contact with the skull
and/or causes the brain to rapidly shift inside the head, particularly severe contact TBIs.
Further research has 1. either excluded crucial portions of the population that
experience TBIs, either through exclusion criteria that removes clinical participants with
co-existing diagnoses or preclinical research utilizing only male animals; 2. has focused
on prevention or treating the more well-defined symptomology that follows or co-occurs
with TBIs such as headaches, dizziness, and nausea and 3. has focused on analyzing

the central nervous system to examine sequelae and treatment options.

In order to address these gaps in the literature, this dissertation focused on blast-
induced mTBI, an increasingly common injury in both servicemembers and civilians

through exposures to explosions, building collapses, failing infrastructure, and industrial
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accidents, which can all cause blast overpressure waves. They are particularly common
in Servicemembers though due to the increasing use of high explosives such as IEDs in
warfare and are considered both a “invisible illness” and the “signature injury” of current
conflicts since many of the symptoms that follow a blast mTBI are not readily apparent
or immediately linked to the injury. This, along with the military culture of “toughness”,
and some of the self-reports used to diagnose mTBI lead to missed and inconsistent
diagnosis. Common through all the studies presented in this dissertation is the finding
that TBIs caused solely by blast overpressure waves without any additional physical
impact to the skull can be particularly detrimental to functioning. This impact can be
seen across a broad range of comorbid behaviors and through the negative impact that
blast injuries have on multiple different systems in the body, from the brain to

vasculature structure, circulating inflammatory cytokines, to the gastrointestinal tract.

One group of people with a history of mTBI (blast or otherwise) that is overlooked
is those with comorbid disorders, in particular those that have risky drinking behaviors
or show signs of alcohol use disorder. Mild TBIs have been found to increase risky
health behaviors and addiction risk, so | conducted an experiment where | exposed
mice to either a single (1) or repetitive (3) blasts and then examined how this impacted
ethanol induced behaviors. | found that there was a dose-dependent (blast being the
dose) effect on locomotor stimulation and intake patterns. In collaboration with clinical
researchers at the VA Seattle MIRECC, we found similar changes in drinking behaviors
in combat veterans exposed to blasts. Consistent with other papers, the most severe
outcomes were associated with repetitive blast exposures, and the majority of veterans

report high numbers of blast exposures.
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To understand more complex behavioral changes that occur following blast
mTBI, | sought to analyze how blast mTBI may impact executive dysfunction and
cognitive flexibility and how these changes may influence the resulting blast mTBI
negative sequelae such as affective disorders, risky drinking behaviors, and quality of
life. In this, | found blast mTBI animals exhibited more reward-seeking and a goal-
directed phenotype yet decreased behavioral flexibility while also exhibiting increased
anxiety- and compulsive-like phenotypes as well as hyperarousal, suggesting important
implications for diagnosis and treatment management. Future work on blast mTBI
should consider how complex the injury is, how it manifests differently in different
populations of people, and how a treatment may need to impact both the central and

peripheral nervous systems and symptoms.

The final aim of this dissertation was to further our understanding of the
biochemical and behavioral impact that blast exposures have on females, and to
compare that to males. Because there are no published reports examining sex as a
biological variable in models of repetitive blast mTBI, almost nothing is known regarding
potential adverse outcomes of repetitive blast exposure in female rodents, resulting in a
critical knowledge gap at a time when women are increasingly seen in combat roles with
high probability of repetitive blast exposure. Therefore, | exposed both male and female
mice to repetitive (3x) blast exposures to examine differences, if any, in males and
females following repetitive blast exposures at both an acute and chronic time point. In
keeping with analyzing the effects on the entire system, and to identify potential
diagnostic and therapeutic targets for future development and precision medicine

efforts, | looked at behavioral, inflammatory, microbiome, and vascular dysfunction.
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First, of particular importance, | found that while acute behavioral outcomes were
found to be consistent in male and female mice, at the chronic timepoint (1 month post-
blast) adverse behavioral outcomes were only detected in male mice, demonstrating the
importance of using not just both male and female rodents in pre-clinical experiments,
but enough of each sex to be able to detect differences, if any, between the two sexes.
Specifically, we found that both males and females showed similar decreases in weight
loss and increases in their loss of righting reflexes on blast days and increased anxiety-
like behaviors compared to their sham controls 48 hours post-blast. At the 1 month
post-blast timepoint however, males but not females, showed increased PTSD-adjacent
behaviors as determined through increased anxiety-like behaviors on the elevated zero
maze, increased startling behaviors on the acoustic startle, and increased aversion of a
scent previously paired with blast exposures. Since multiple deployments are increasing
common, leading to repetitive blast exposure resulting in mTBI comorbid with PTSD
(O’Neil et al., 2013; Owens et al., 2008; Tanielian et al., 2008; Wenger et al., 2018),
many post-concussive symptoms overlap with PTSD symptoms (Elder & Cristian, 2009;
Owens et al., 2008; Petrie et al., 2014; Schindler et al., 2021; Schindler et al., 2017;
Tanielian et al., 2008), co-occurring mTBI and PTSD can synergistically worsen quality
of life, and compound negative outcomes following injury and trauma. Results from
animal models further highlight the importance of studying repetitive blast exposure; we
previously demonstrated PTSD-like outcomes in male mice only following repetitive but
not single blast mTBI (Schindler et al., 2021) and in this dissertation demonstrated a

blast-dose effect in relation to ethanol sensitivity and ‘binge’-like intake patterns in male
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mice. Yet this is the first study to date looking at repetitive blast-injuries in female mice

and it indicates that the trajectory of TBI sequelae may differ between sexes.

Even in the cases that both sexes appear similar on behavioral tasks, the
takeaway from those experiments are at least more applicable to a wider population,
however as shown here, there may be differences that are time-dependent. This finding
underscores the value in more longitudinal studies, particularly for chronic diseases and
disorders. Thus, in order to more accurately represent disease/disorder states and more
reliably find targets for biomarkers and treatments, more resources should be allocated
for researchers to do studies in multiple sexes spanning a longer, more translationally

valuable, timeline.

To target potential biomarkers of mTBI and in an effort to examine the peripheral
nervous system changes, we also analyzed serum and brain cytokine expression (4
hours post-blast) gut microbiome changes (24 hours post-blast), and blood brain barrier
disruption (72 hours post-blast). Here we demonstrate robust blast-induced changes in
serum and brain cytokine levels some of which were in males and females, while others
differed, with some changes dependent on whether the sample was from blood serum
or whole-brain. The changes in blood brain barrier disruption (an increase in
permeability to albumin) didn’t differ between males and females. The changes found in
inflammatory cytokine expression is in line with models of single moderate to severe
impact TBI have demonstrated disparate inflammatory outcomes in male vs. female
mice acutely following injury (Bromberg et al., 2020; Doran et al., 2019; Krukowski,
2021; Krukowski et al., 2020; Spéani et al., 2018; Villapol et al., 2017) but is the first to

examine the effect of repetitive blasts.
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Finally, I analyzed the intestinal microbiota in order to analyze changes acutely
following blast and potentially find a biomarker of mTBI/or target for treatment.
Sometimes called our “second brain” the gut microbiota helps us to regulate
homeostasis can improve protection against pathogens, digestion, and assimilation of
nutrients, along with impacting our immune system (Moloney et al., 2014; Thursby &
Juge, 2017). The ‘microbiota-gut-brain-axis’ (MGBA) represents a critical bidirectional
communication system between the gut and the brain, involving metabolic, endocrine,
neural, and immune pathways critical for brain health and cognition (Cryan et al., 2019;
Moloney et al., 2014; Thursby & Juge, 2017; Wiley et al., 2017). Altered microbial
abundance and composition can have detrimental effects on health and wellness,
including implications for cognitive functioning, mental health, and neurodegeneration
(Ceppa et al., 2020; Liu et al., 2020; Ticinesi et al., 2018; Tremlett et al., 2017) and
alterations in gut microbiota have been documented years post injury in individuals with
a history of moderate/severe TBI (Brenner et al., 2020; Urban et al., 2020). Preclinical
work using animal models also supports the microbiome as playing a mechanistic role
in adverse outcomes following stress and trauma (Angoa-Pérez et al., 2020; Matharu et
al., 2019; Opeyemi et al., 2021), but this is the first study analyzing gut microbiota in a
model of blast (either single or repetitive), and the first of it’s kind to compare gut
microbiota following blasts across sexes. Similar to our cytokine results, | found both
similar and disparate effects of repetitive blast on gut microbiome in male vs. female
mice. Of particular note however, linear discriminant analysis of fecal samples

demonstrated bifidobacteria as significantly increased in sham vs. blast mice, which is
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already being tested as a potential probiotic for PTSD and depression, raising the

possibility of this bacteria as a potential treatment target for further development.
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