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Thousands of military members suffer long-term consequences of blast-induced
traumatic brain injury (Blast-TBI), including chronic head and face pain. Pain after blastTBI usually manifests as post-traumatic headaches with a high degree of comorbid mood

disorders, suggesting that the affective dimension of pain may burden survivors of blastTBI.
Here, we tested the hypothesis that an innovative model of the unique aspect of
blast-TBI over blunt-force TBI, the primary blast injury, directed over the cranium
sufficiently modeled long-term conditions of human blast exposure in rats. Rats exposed
to cranium-directed primary blast-TBI demonstrated behavioral manifestations of
ongoing pain, mechanical hyperalgesia, and cold allodynia three weeks after injury,
recapitulating chronic facial pain in patients after blast-TBI.
We predicted that maladaptive changes to pain-signaling and –processing nuclei
in CNS would induce and maintain pain behavior after blast-TBI. We recorded single
units in sensory pain-associated nuclei, the posterior nucleus of the thalamus (PO) and
spinal trigeminal nucleus caudalis (SpVc), which have previously been causally
associated with pain after spinal cord injury. We observed hyperexcitability at baseline of
PO neurons after blast injury in absence of changes to evoked response to cutaneous
noxious stimuli. Neuronal hyperexcitability in PO is not associated with persistent
gliosis.
Affective pain processing through the parabrachial complex (PB) occurs in
parallel to information coding the sensory dimension of pain through PO. We assessed
central changes to PB neuronal activity in a robust model of post-traumatic pain using the
chronic constriction injury of the infraorbital nerve (CCI-ION). PB neurons, weeks to
months after injury, are hyper-excitable in chronic pain, as shown by prolonged response
after presentation of noxious cutaneous stimulation (“after-discharges”), previously
observed to be causally-related to pain due to CCI-ION in SpVc. Further study of PB

hyperexcitability in blast-TBI rodent models may elucidate the mechanism underlying
blast-TBI-associated affective pain.
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General Introduction

Pain is a subjective, complex experience promoting behaviors conducive to
surviving threats of harm and allowing tissue to heal after damage. In addition to the
sensation of nociception, pain is also comprised of affective, cognitive, and autonomic
elements mediated by divergent ascending pathways and a multitude of brain regions.

Trigeminal pain as a sensation
Nociceptors, the nerve endings with slow-conducting C- and A-delta fibers
mediating noxious stimuli, transmit through three branches of the trigeminal nerve
innervating the face: the ophthalmic, maxillary/infraorbital, and mandibular (Dubin and
Patapoutian 2010). These nerve endings sense preferentially noxious stimuli to skin on
the face, corneal surface, and in the teeth and transmit the sensory information to the
neuronal cell bodies in the trigeminal ganglia. From the trigeminal ganglia, this
information passes to second order neurons in the spinal trigeminal nucleus caudalis
(SpVc), where the ascending pain pathway clearly diverges (Almeida et al. 2004).
The trigeminothalamic tract carries sensory and discriminative aspects of
orofacial pain. Some of the second order neurons receiving nociceptive information in the
trigeminal spinal nucleus send projections via the lemniscal and paralemniscal pathways
to ventral posteromedial (VPM) and posterior thalamus (PO) cells in the thalamus, which
then project to the first and second sensory cortices (S1 and S2), and other cortical areas,
for cortical processing of the noxious sensation (Frangeul et al. 2014).
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Previous research on the PO in chronic pain conditions caused by SCI and
migraine have implicated hyperexcitability of PO in pain state maintanence. A loss of
inhibitory control over PO activity from the zona incerta, after SCI, leads to elevated
baseline firing and exaggerated responses to cutaneous stimuli (Masri et al. 2009, Masri
and Keller 2014, Park et al. 2014, Park et al. 2017). Aberrantly high activity after injury
may confer more sensory pain information to cortical pain processing areas to exacerbate
and sensitize the system to painful input (Quiton et al. 2010). However, the role of PO
activity in chronic pain after blast-TBI has not been characterized in similar fashion.

Pain as an emotion and source of motivation
Pain also has characteristics of negative motivational value and unpleasant
emotions experienced with noxious stimuli—affective pain. Ascending affective pain
information diverges from the sensory-discriminative nociceptive information at the level
of the facial analogue to the spinal dorsal horn, the trigeminal spinal nucleus caudalis
(SpVc), or the medullary dorsal horn (Gauriau and Bernard 2002, Almeida et al. 2004,
Rodriguez et al. 2017). From the SpVc, affective information travels to the parabrachial
(PB) complex and then to multiple cortical, limbic, and pain-modulatory regions, such as
the central nucleus of the amygdala (CeA), the ventromedial hypothalamus (VMH),
prefrontal cortex, anterior cingulate cortex, insula, zona incerta (ZI), periaqueductal gray
(PAG), and rostral ventromedial medulla (RVM) (Fulwiler and Saper 1984, Auvray et al.
2010, Bianchi et al. 1998, Gauriau and Bernard 2002, Heinricher et al. 2009, Bushnell et
al. 2013, Ossipov et al. 2014, Roeder et al. 2016).
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Due to shared neural circuitry, dysfunctional affective pain processing may
mediate the high incidence of comorbid mood disorders associated with chronic
neuropathic pain, such as depression and anxiety (Auvray et al. 2010, Gustin et al. 2011,
O’Connor 2009, Tsang et al. 2008). Due to the reciprocal connections between the central
nucleus of the amygdala (CeA) and PB, affective pain, in acutely noxious scenarios,
motivates fear and threat memory to facilitate avoidance learning of pain-inducing
stimuli or dangerous conditions (Sato et al. 2015, Watabe et al. 2013). The PB is
positioned as a nexus of ascending pain input and descending modulation of pain, and has
both reciprocal connections with the CeA and a projection to the rostral ventral medulla
(RVM) (Auvray et al. 2010, Gauriau and Bernard 2002, Heinricher et al. 2009, Saito et
al. 2017, Aicher et al. 2014). Affective pain, as a motivational impetus for threat learning,
confers benefit to the animal (Auvray et al. 2010). However, prolonged affective pain and
abnormal descending modulation in chronic conditions may significantly reduce quality
of life. In fact, chronic affective pain is the main complaint and contributing factor to
pain-related disability in chronic pain patients (Sullivan et al. 2005, Casey et al. 2008,
Smith et al. 2013). Patients with trigeminal neuropathic pain subjectively rate their pain
as excruciating and often suffer without adequate relief, suggesting that trigeminal pain
has a strong affective and emotional component unaddressed by many current therapies
(Gustin et al. 2011, Jensen et al. 2007, Elias and Buchiel 2002, Finnerup et al. 2015).

Pain modulation
Pain has strong motivational elements that promote a balance between escape of a
dangerous situation and rest for wound healing (Auvray et al. 2010, Ossipov et al. 2014).
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Descending pain modulatory pathways through the periaqueductal gray and rostral
ventromedial medulla mediate context-specific, opioid-dependent inhibition or
facilitation of ascending nociceptive signaling (Basbaum and Fields 1978, Abols and
Basbaum 1981, Ren and Dubner 2002, Ren and Dubner 2009). Human neuroimaging
studies have suggested aberrant activity in PAG and RVM may mediate persistent pain in
patients with traumatic brain injury, migraine with cutaneous allodynia, and peripheral
nerve injury (Tracey et al. 2002, Becerra et al. 2006, Mainero et al. 2011, Schwedt et al.
2014). Recent evidence suggests that the descending modulatory system shifts balance
towards pain facilitation in chronic pain states (Porreca et al. 2002, Ren and Dubner
2002, Vanegas and Schaible 2004, Vuilleumier 2017).

Chronic orofacial pain

Shift from acute to chronic pain
After injury, several pathophysiological processes can occur to promote a shift
from useful acute pain to maladapative chronic pain. Peripheral nociceptors may become
sensitized through repetitive stimulation-induced plasticity leading to increased
expression of, or decreased activation thresholds for, receptors and ion channels
mediating nociceptive signaling (Omana-Zapata et al. 1997, Wood et al. 2004, Catarina et
al. 2000, Mogil et al. 2005). Following high activity in peripheral nociceptors, central
sensitization of pain signaling and processing nuclei can also occur to induce pain
chronicity. Baron (2009), in a review chapter, characterized hallmarks of central
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sensitization: elevated stimulus-evoked neuronal activity and expansion of neuronal
receptive fields.

Contribution of glia to chronic pain
Glial cells in the CNS, astrocytes and microglia, maintain homeostasis, provide
metabolic support, and react to insults to neurons (Hauwel et al. 2005, Milligan and
Watkins 2009, Barres 2008). Glia release proinflammatory cytokines and chemokines
after injury to recruit immune cells, often microglia or infiltrating macrophages, that
mitigate damage and clear cellular debris (Barres 2008, Milligan and Watkins 2009).
While this process is initially neuroprotective, aberrant persistent glial reactivity can
contribute to neuronal hyperexcitability and sensitization after injury (Milligan and
Watkins 2009). Gliopathy is causally-related to pain behaviors and PO thalamus
hyperexcitability after spinal cord injury (SCI): pharmacological cell cycle activation
inhibitors prevent glial activation and further hyperalgesia development (Wu et al. 2013).
After injury, glia can stimulate neuronal damage and promote pain.

Pain after trauma

Post-traumatic headache after blast-TBI
The prevalence of blast-TBI in military populations has risen with the use of
improvised explosive devices (IEDs) in recent conflicts. Better body armor and helmets
have improved likelihood of surviving combat and exposure to blasts (Rosenfeld and
Ford 2010), yielding a substantial veteran population dealing with the long-term impacts
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of blast-TBI. The most common chronic pain modality diagnosed after TBI is posttraumatic headache (PTH), a secondary headache disorder (Uomoto and Esselman 1993,
Headache Classification Committee of the International Headache Society 2013).
Chronic post-traumatic headaches significantly affect the quality-of-life of 57% of TBI
survivors (Nampiaparampil 2008). In a US Army combat brigade, of the 22% of
members diagnosed with mild TBI, 81% had acute post-traumatic headaches immediately
following injury and 20% had chronic post-traumatic headache when surveyed after
returning from their one-year deployment (Terrio et al. 2009). Most blast-TBI patients
suffer migraine-like headaches (Hoffman et al. 2011, Lucas 2011, Lucas 2015). Migraine
headaches are generally unilateral, episodic bouts of head and face pain that may present
with nausea, photophobia, and phonobia (Headache Classification Committee of the
International Headache Society 2013). Service members with a history of mild blast-TBI
and persistent neurological symptoms reported more frequent headaches that had more
migraine-like features, worse pain, and higher rates of PTSD diagnosis when compared to
mild blast-TBI survivors without persistent neurocognitive defects (Ruff et al. 2008).
PTSD is also a common comorbidity with blast-TBI and shares significant
overlap in symptoms with mild blast-TBI. PTSD is defined by three symptom clusters:
re-experiencing the traumatic event, avoidance of related stimuli or emotional numbing,
and hyper-arousal (American Psychiatric Association 2013, Brenner et al. 2012). Brenner
et al. (2012) state that the prevalence of PTSD in veterans of recent conflicts-- Operation
Enduring Freedom and Operation Iraqi Freedom (OEF/OIF)-- is 13.8%, which potentially
represents thousands of cases because nearly 2 million soldiers were deployed to Iraq and
Afghanistan between 2001 and 2010 (Institute of Medicine, 2010). Rates of PTSD are
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higher in mild TBI patients-- 44% in a study by Hoge et al. (2008) had both mild TBI and
PTSD, while only 9% of soldiers studied had PTSD without a brain injury.
While clinical presentations and some pathological mechanisms overlap between
blast-TBI and blunt force-induced TBIs, there is evidence that blast exposure may cause
unique brain injuries. Erickson et al. (2011) reported that patients with blast-TBI were
more resistant to prophylactic treatment for their chronic, migraine-like headaches,
compared to patients with other types of TBI. There is also a significant diagnostic
overlap between mild cases of blast-TBI and Post-Traumatic Stress Disorder (PTSD)
(Ling et al. 2009), even when comparing reports of PTSD symptoms in blast- and other
types of TBI (Lippa et al. 2010). Vestibulomotor deficits and gait abnormalities are noted
in 98% of blast-TBI patients during the acute phase after injury (within 72 hours), and
complaints of dizziness persist in 85% of chronic blast-TBI patients (>30 dpi) (Hoffer et
al. 2010). These blast-TBI survivors also report high rates of post-traumatic headache and
PTSD in the chronic phase (Reid et al. 2014, Ruff and Blake 2016, Macera et al. 2012,
Verfaellie et al. 2014, Hoge et al. 2008, Fausti et al. 2009). Development of a preclinical
model of primary blast-TBI to study PTH is necessary to elucidate the role of the unique
injury mechanism of blast-TBI over other, blunt-force TBI.

Mechanisms of blast injury
To account for the variability between blunt-force and blast-TBI in terms of pain
outcomes, we need to focus on the unique aspects of a blast-derived injury. The rapid
conversion of solid or liquid explosive into gas during an explosive blast creates waves of
high pressure, blast wind, and searing heat causing four levels of injury: primary,
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secondary, tertiary, and quaternary blast injuries (Cernak 2015, Cernak and NobleHaeusslein 2010). Primary blast injury results from the rapid wave of over-pressure
consisting of the shock wave that emanates from the explosive source. Gas-filled organs
are particularly susceptible to primary blast injury due to the difference in density
between gas and tissue (Committee on Gulf War and Health 2014). When a shock wave
passes through the body, part of the wave passes through different tissues and part of it
reflects back at the tissue border, exacerbating damage at these border regions. This
direct interaction of the blast wave with tissue is also a proposed mechanism for primary
blast injury to the brain: regions of brain tissue bordering cerebrospinal-fluid filled
ventricles or blood vessels have shown some evidence of selective damage. Other
mechanisms of primary blast injury to the brain have been proposed (none of which are
mutually exclusive of direct cranial transmission of the blast wave), including a thoracic
pulse, skull flexion, and blast-induced acceleration in the brain (Courtney and Courtney
2015).
Secondary blast injuries result from material blown outward from the blast source.
This type of blast injury can cause penetrating brain injuries due to projectiles or shrapnel
from the explosion. Popular rodent models of TBI, particularly the controlled cortical
impact and fluid percussion injury models, require craniotomy and direct impact of the
dura or brain tissue itself and best model a secondary blast injury due to penetration of
the brain. Using a blast-TBI model without surgical intervention or craniotomy is
particularly useful when considering post-traumatic pain conditions. Craniotomy can
cause meningeal irritation and post-traumatic headache, precluding study of headache
due to central pain after TBI in models necessitating dural incision (Russo 2014).
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Tertiary blast injury is caused by the blast wind following the shock wave. The rapid
change in air pressure that creates the shock wave leaves a vacuum filled shortly with
high-strength wind. Tertiary blast injuries to the brain mirror injury mechanisms
commonly noted in blunt-force TBIs: the victim may be knocked to the ground or into an
object, striking their head and developing coup-countercoup injuries or diffuse axonal
injury attributed to rotational acceleration of the brain. While linear acceleration
associated with, for example, the head striking a surface, often causes injury due to
transient increases in intracranial pressure, rotational acceleration to the brain tissue
strains axons and vasculature within the brain (Rowson and Duma 2013). The strain
stress leads to diffuse axonal injury and compromises the integrity of the blood-brain
barrier, which not only allows for extravasation of blood and possibly deleterious agents
circulating in the periphery, but is also known to activate glial responses to promote
inflammatory processes in the brain (Gaetz 2004, Kilbourne et al. 2009, Turner et al.
2013, Proctor et al. 2014).
The final category, quaternary blast injury refers to all remaining, indirect injury
mechanisms associated with explosive blasts, such as fire, toxin or radiation exposure, or
crush injuries from collapsing debris (Nakagawa et al. 2011).
While all categories of blast injury present threats to brain health, primary blast injury
is a unique mechanism of blast-TBI. Blast-TBI, compared to blunt-force or non-blast
injury, is associated with worse pain, more frequent headaches, and detrimental
psychological outcomes after injury (Clark et al. 2009, Elder et al. 2014, Mac Donald
2014, Schwab et al. 2017). Blast injuries may lead to worse outcomes due to chronic
stress, autonomic dysfunction, and inflammation precipated by blast injury (Kobeissy et
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al. 2013). The COBIA model of cranium-directed blast injury, developed by the Simard
laboratory and initially published in Kuehn et al. (2011), isolates effects of a primary
blast injury to the head by directing a collimated blast wave over the posterior cranium.

Chronic trigeminal neuropathic pain
Neuropathic craniofacial pain symptoms occurred in nearly 70% of brain injury
patients in a recent study (Widerstrom-Noga et al. 2016). Chronic neuropathic pain after
TBI develops with late-onset months after injury and is frequently characterized by
feelings of pricking, throbbing, and burning (Ofek and Defrin 2007). Sensory profiles of
TBI patients with neuropathic pain mirror that of other central pain conditions: allodynia,
aberrant thermal hyposensitivity, and exaggerated wind-up (Herrero et al. 2000, Ofek and
Defrin 2007, Jang et al. 2016). Chronic trigeminal pain frequently manifests in human
patients as trigeminal neuralgia (TN) or post-traumatic trigeminal neuropathic pain.
While trigeminal neuralgia (TN) and post-traumatic trigeminal neuropathic pain
(PTTNP) are both facial pain conditions, the sensory-discriminative aspects of the
conditions are different: TN pain is shooting, sharp, and electric-like and PTTNP is
usually described as burning, tingling, and may be sharp (Gustin et al. 2011, Zakrzewska
2013). However, despite this difference in the sensory aspects of pain, both chronic pain
disorders are associated with similar affective pain qualities: high incidence of
depression, anxiety, catastrophizing, and perceived disability (Gustin et al. 2011,
Zakrzewska 2013). CCI-ION models similar trigeminal pain states in rodents.
Trigeminal neuropathic pain is often secondary to trauma, such as TBI, dental
procedures, or facial traumas (Peñarrocha et al. 2011). Chronic trigeminal neuropathic
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pain is debilitating –so much so that trigeminal neuralgia is colloquially referred to as
“the suicide disease” because the refractory, frequent, and excruciating bouts of pain
drive many sufferers to attempt to end their lives (Fromm 1984, Sweet 1984, Gregg
1979). The trigeminal nerve sends some projections directly to the PB and several
autonomic nuclei (ie. nucleus tractus solitarius and ventrolateral medulla), bypassing the
SpVc, a unique innervation pattern not seen in the spinal sensory system (Kerr 1961,
Jacquin et al. 1983, Marfurt and Rajchert 1991, Panneton 1991, Panneton et al. 1994,
Rodriguez et al. 2017). Post-herpetic neuralgia in the trigeminal system causes different
pain profiles than that of the spinal system, again supporting distinct mechanisms of pain
signaling and processing in these two systems (Pappagallo et al. 2000). There is also
convergence of afferents from face, tooth pulp, neck, and viscera onto neurons in SpVc,
suggesting that pain in the face has a high likelihood of being referred to other areas
(Sessle et al. 1986). Spreading of pain and hypersensitivity beyond the trigeminal
dermatome affected is common in many conditions, including migraine, TN, and TMD
(Dubner et al. 1987, Maixner et al. 1998, Burstein et al. 2000, Idanpaan-Heikkila and
Guilband 1999).

CCI-ION model
To supplement studies of blast-TBI induced craniofacial affective pain in a robust
and reproducible pain model, we also addressed pain-related outcomes of a trigeminal
nerve injury. The chronic constriction injury to the infraorbital nerve (CCI-ION) models
traumatic neuropathic pain in rats (Vos et al. 1994, Benoist et al. 1999). Adapted from the
sciatic nerve CCI model by Bennett and Xie (1988), CCI-ION induces robust, persistent
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pain, hyperalgesia, and allodynia, characterized by hypersensitivity to innocuous and
noxious mechanical and thermal stimulation in the receptive field of the affected nerve
(V2), as well as later development of hyperalgesia in the adjacent receptive fields
(particularly in that of V3, the mandibular nerve branch of the trigeminal nerve) as well
as the contralateral V2 on the initially unaffected side of the face (Okubo et al. 2013,
Castro et al. 2017, Akintola et al. 2017). The spread of this hypersensitive region suggests
that both peripheral and central changes to pain-processing nerves and nuclei contribute
to the expression of chronic neuropathic pain, thereby validating the use of the CCI-ION
model in our studies of behavioral and electrophysiological indicators of chronic pain
mechanisms.

Dissertation goal
The goal of this project was to characterize the behavioral and
electrophysiological outcomes of CNS trauma in relation to chronic affective pain. We
hypothesized that chronic orofacial pain results from glial-maintained hyperexcitability
of pain modulatory nuclei, following blast-induced traumatic brain injury and peripheral
nerve injury.
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General Methods

Behavioral confirmation of pain and hyperalgesia
All animals were tested for ongoing pain and hypersensitivity to thermal and
mechanical stimuli at least three weeks after injury. To minimize the animals’ anxiety,
they were habituated before behavioral testing and trained with the use of rewards (i.e.
sweet milk and rodent treats).

Mechanical withdrawal threshold measurement of face
We measured mechanical withdrawal thresholds by restraining the rat in a cloth,
leaving the head exposed. Starting with the 4.0 grams filament, we applied von Frey
filaments to the center of the whisker pad (in V2 receptive field). We observed the rat for
a withdrawal, consisting of either an abrupt head withdrawal, an attempt to bite, or
attempt to swipe away the filament. We determined the average mechanical threshold
using the Dixon up-and-down method (Dixon 1965) over ten trials with a lower
withdrawal threshold denoting higher sensitivity.

Hind-paw mechanical withdrawal thresholds
Rats were also tested for their mechanical sensitivity using calibrated von Frey
filaments, ranging from 0.008 to 300 grams of force, applied to the plantar side of the
hind-paws. Quick withdrawal or licking of the paw in response to the stimulus was
considered a positive response. Filaments were continuously applied for at least 20
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applications with a 1 to 2 minute interval between stimuli, using the previously described
Up-and-Down method (Dixon 1965).

Behavioral measures of thermal sensitivity
A small drop of acetone was applied to the plantar surface of the hind paw to
assess nocifensive behaviors, defined as targeted licking, lifting, or shaking the
stimulated paw, which would suggest the presence of cold allodynia. Finally, on a
separate testing day, hind paw withdrawal latencies from an infrared beam in a
Hargreaves apparatus were measured over five trials and then averaged to assess
hypersensitivity to heat.

Face thermal sensitivity in OPAD
We quantified facial thermal sensitivity with the orofacial pain assessment device
(OPAD, Stoelting, Wood Dale IL), using methods previously described (Neubert et al.
2005). Unlike reflexive withdrawal measures, this approach relies on operant behavioral
strategies, involving cortical structures, to initiate a motivated behavior that terminates
exposure to the noxious stimuli. Operant strategies, such as the one we employed,
overcome many of the pitfalls associated with more traditional, reflexive behaviors
(Mogil 2009). Rats were habituated and trained to drink sweetened milk in the OPAD
chamber, which is a closed plexiglass chamber with a small gap surrounded by
thermodes, of which we can control the temperature. Rats were trained to place their
heads through this gap and come in contact with the thermodes through the incentive of a
reward on the other side. During the training phase, which lasts for approximately a

14

week, the thermodes are set to 27˚C. Following training, rats had one testing session a
day for three days. Each testing session lasted 10 minutes, during which the temperature
of the thermodes was randomly set to 7, 37, 45, or 50˚C. The order in which the testing
was performed at these temperatures was randomized for each rat. The animals
voluntarily approached the feeding tube, and could freely withdraw from the thermodes
and feeding tube at any time. An Any Maze module for OPAD analysis was used to
quantify the number of times the rats made contact with the thermodes, the number of
licks of the reward, and the amount of reward consumed.

Ongoing pain assessment with Rat Grimace Scale
Rat grimace scores were determined based on methods described by Sotocinal et
al. (2011). At 30 to 32 dpi, rats were placed in a lidded Plexiglas chamber measuring 10 x
20 x 14 cm and filmed for thirty minutes. Video files were processed using Rodent Face
Finder® software (Sotocinal et al. 2011) to randomly select ten images from each video,
discarding images in which the rat appeared to be grooming or sleeping. We then scored
the images for three action units: orbital tightness, nose/cheek flatness, and ear position
changes. However, because in our set-up the vibrissae could not be reliably and
consistently imaged, we excluded analysis of the vibrissae from the grimace scale. Rat
grimace scores were determined as the mean score of the three action units for each
image, averaged by rat.

Grooming as a metric of ongoing pain
Grooming after noxious trigeminal receptive field stimulation has been verified as
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a metric of pain in rats (Pelissier et al. 2002, Vos et al. 1994, Vos et al. 1998, Clavelou et
al. 1995). An experimenter timed the duration the rats spent scratching at their cheek with
their hind-paws and swiping at their face with their fore-paws as time spent grooming.

Behavioral assessment of anxiety-like phenotypes

Tracking thigmotaxis in an open field
Three weeks after sham or injury procedure, rats were placed in a chamber
measuring 36 x 50 cm. for thirty minutes. Any-Maze video tracking software (Stoetling
Co., Wood Dale, IL) was used to measure distance traveled and time spent in the 26 x 35
cm center rectangle and outer perimeter zones.

Quantifying exploratory behavior in the elevated plus maze
Anxiety-like behavior was assessed in an elevated plus maze (Coulbourn
Instruments, Holliston MA) comprised of two intersecting arms measuring 10 by 50 cm.,
one of which was an open platform and the other closed with walls 30 cm. high. The
maze was 55 cm. off the ground. Rats were placed in the center of the maze, facing an
open arm, and filmed from overhead for five minutes. Time spent in the open arms of the
maze, with the rat exposing at least its head and body through to its fore-limbs in the
open arm, was quantified using Any-Maze video tracking software (Stoelting, Wood
Dale IL), validated by an experimenter.
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Measuring approach and avoidance conflict via light-dark box task
To assess anxiety-like behavior, rats were placed in a two-chambered Plexiglas
box. One chamber was lit from above with a clear Plexiglas roof, while the other side of
the chamber was dark, with an opaque lid. Rats walked freely between the chambers and
the time spent in each side was measured in real-time using piezo pressure-sensitive
devices in the floor of the chambers.

In vivo extracellular recordings

Surgical preparation for electrophysiology
To maintain a constant level of light anesthesia (Level III-2, as defined by
Friedberg et al. 1999), we implanted an intravenous catheter into the right jugular vein to
deliver urethane (10% w/v solution in normal saline) throughout the electrophysiological
experiments (Sceniak and Maciver 2006). Following jugular catheterization, rats were
placed in a stereotaxic frame with body heat maintenance, and a small craniotomy was
made over the recording site (AP −9.2, ML +1.9, and DV −6.0 mm, relative to bregma).

In vivo electrophysiology
Using platinum-iridium recording electrodes (2-4 MΩ) produced in our
laboratory, we recorded from the PB ipsilateral to injury. We isolated units responsive to
noxious cutaneous stimuli and digitized the waveforms using a Plexon system (Plexon
Inc., Dallas TX). Upon encountering a cell responsive to noxious cutaneous stimulation,
we recorded spontaneous firing for three minutes and mapped the receptive field of the
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cell. We then applied mechanical and thermal stimuli within the receptive field.
Mechanical stimulation was produced with a calibrated electronic aesthesiometer (IITC,
Woodland Hills CA) and thermal stimulation with a Picasso Lite dental surgical laser
(AMD Lasers, Indianapolis IN), set to alternate on/off in 30 ms cycles at 2W for three
seconds. We calibrated the laser output by placing a micro-temperature probe in the
whisker pad; laser pulses resulted in a heat stimulus of 56±4°C.

Electrophysiology data analysis
Cells were sorted using Offline Sorter (Plexon Inc., Dallas TX) using dual
thresholds and principal component analysis. We subsequently generated
autocorrelograms in NeuroExplorer (Plexon Inc.) to confirm that each recording was of a
single unit.
Responses to tactile stimuli were analyzed using custom Matlab (MathWorks,
Natick MA) routines to calculate the integrated force applied by the electronic
aesthesiometer and determine the firing rate during the mechanical stimulation. We then
normalized the evoked firing rate to the force applied and to the spontaneous firing rate
recorded from each neuron, to determine the normalized mechanical evoked response
magnitude.
Responses to thermal stimuli were analyzed with custom Matlab routines, and
significant responses were defined as firing activity exceeding the 99% confidence
interval of the baseline firing rate. Peristimulus time histograms (PSTHs) were generated
to analyze responses to successive stimuli.
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We defined after-discharges—periods of sustained activity that outlast a stimulus
presentation (Okubo et al. 2013)—as PSTH bins in which activity exceeded the 99%
confidence interval for a period lasting at least 500 msec after stimulus offset.
A small proportion of PB neurons exhibited suppressed firing in response to a
stimulus, followed by rebound spikes (described below). We defined periods of
significant response suppression using paired t-tests to compare firing rates during a 5
second period before the stimulus with firing rates during the stimulus. Periods of
rebound spiking were defined as PSTH bins fin which activity during the period
immediately following removal of the stimulus exceeded the 99% confidence interval.

Histology
Following the electrophysiological recording session, animals were deeply
anesthetized and transcardially perfused with buffered saline followed by 4% buffered
paraformaldehyde. We obtained 60 to 80 um-thick coronal brain sections and Nisslstained them. The sections were examined with a transmission microscope to identify
recording sites within the PO, SpVc, or PB (marked with electrolytic lesions).

Statistical analysis
All statistical analyses were performed using GraphPad Prism version 7.00 for
Mac (GraphPad Software, La Jolla). Results of tests performed at a single time point
were compared with a Mann-Whitney U ranked sum test. Repeated measures were
compared with a two-way mixed model ANOVA and p-values reported are from posthoc tests with correction for multiple comparisons. All data, unless otherwise noted, are
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presented as median ± 95% confidence interval error bars. A p value < 0.05 was
considered to be statistically significant.
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Chapter 1: Blast-induced brain injury in rats leads to transient
vestibulomotor deficits and persistent orofacial pain

Introduction
High-order explosives, such as landmines or improvised explosive devices
(IEDs), create blast waves upon detonation. In an explosion, solid or liquid fuel is rapidly
converted to gas, which forms a wave of high pressure. As the blast wave passes through
the body, it induces primary blast injuries (Institute of Medicine 2010, Chafi et al.
2010). Primary blast injury to the brain induces neurotrauma. The United States
Department of Defense reported over 361,000 diagnosed traumatic brain injuries (TBIs)
in service members from 2000 to 2016, the majority of which result from explosive blasts
(Defense and Veterans Brain Injury Center 2017).
Patients with blast-TBI endure a wide range of short-term and persistent
complications and comorbid conditions after injury. Vestibulomotor deficits and gait
abnormalities are noted in 98% of patients with blast-TBI during the acute phase after
injury (within 72 hours), and complaints of dizziness persist in 72% into a subacute phase
(<30 days after injury) and 85% into the chronic phase (>30 dpi) (Hoffer et al. 2010).
Survivors of blast-TBI also report high rates of post-traumatic headache and PTSD
developing in the weeks to months after injury (Reid et al. 2014, Ruff et al. 2012, Macera
et al. 2012, Verfaellie et al. 2014, Hoge et al. 2008, Fausti et al. 2009).
Chronic post-traumatic headaches significantly affect the quality-of-life of a
sizeable subset, upwards of 57%, of TBI survivors (Nampiaparampil 2008). In a US
Army combat brigade, of the 22% of members diagnosed with mild TBI, 81% had acute
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post-traumatic headaches immediately following injury and 20% had chronic posttraumatic headache, when surveyed after returning from their one-year deployment
(Terrio et al. 2009). Service members with a history of mild blast-TBI and persistent
neurological symptoms reported more frequent headaches that had more migraine-like
features, worse pain, higher rates of PTSD diagnosis, and impaired sleep with nightmares
when compared to mild blast-TBI survivors without persistent neurocognitive defects
(Ruff et al. 2008).
While clinical presentations and some pathological mechanisms overlap between
blast-TBI and other, blunt force-induced TBIs, there is evidence that blast exposure may
cause unique brain injuries. Erickson et al. reported that patients with blast-TBI were
more resistant to prophylactic treatment for chronic, migraine-like headaches when
compared to patients with other types of TBI (Erickson et al. 2011). There is also a
significant diagnostic overlap between mild cases of blast-TBI and Post-Traumatic Stress
Disorder (PTSD) (Ling et al. 2009), even when comparing reports of PTSD symptoms in
blast- and other types of TBI (Lippa et al. 2010).
Previous studies of chronic pain after neurotrauma, such as spinal cord injury
(SCI), have causally-related pain behavior to maladaptive hyper-excitability and
persistent glial inflammation in the posterior nucleus of the thalamus (PO), the primary
pain relay nucleus in the sensory pain pathway (Masri and Keller 2012, Masri et al. 2009,
Wu et al. 2013, Keller and Masri 2014). Because we have previously demonstrated an
impact of PO inflammation on pain after SCI, we predicted that pain after blast injury
would also be mediated by persistent glial activation in PO.
Rodents have been exposed to complex blast conditions in shock tubes and open
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field explosions (Xiong et al. 2013, Cernak 2005, Cernak 2010). While these other rodent
models of blast-TBI mirror many of the environmental conditions faced by soldiers
exposed to explosive blasts, who are often in vehicles or areas with buildings that would
interact with the blast wave, there is utility in focusing on the mechanism unique to blastTBI over other TBIs: the primary blast injury, the damage caused by the rapid passage of
a wave of over-and under-pressure through the skull and brain tissue. We therefore
isolated the primary blast injury by tightly physically coupling the rat head to the blast
source using the Cranium-Only Blast Injury apparatus (COBIA) (Kuehn et al. 2011). We
applied the COBIA model to the study several debilitating, common, and persistent
comorbidities reported following blast-TBI: vestibulomotor abnormalities, chronic posttraumatic headaches, and PTSD. We hypothesize that blast-TBI caused by COBIA will
cause persistent pain and anxiety-like behaviour in rats due to periventricular
inflammation of central pain-processing nuclei of the thalamus, the PO.

Methods
Animals
All procedures were conducted according to Animal Welfare Act regulations and
Public Health Service guidelines and approved by the University of Maryland School of
Medicine Animal Care and Use Committee. A total of 42 pair-housed adult male LongEvans rats (250–300 g; Harlan, Indianapolis, IN) and 20 adult male Wistar rats (250–
325g; Harlan, Indianapolis, IN) were used in this study. Male rats were used exclusively
in this study for two reasons: TBI in humans is much more prevalent in men than women
and military populations susceptible to blast injury are also overwhelmingly male with a
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male:female ratio of 4:1 (Faul et al. 2010, Department of Defense Office of Diveristy
Management and Equal Opportunity). We used Wistar rats specifically for facial grimace
analysis, which necessitates adequate contrast between light-coloured faces and darker
eyes. No effects of strain on behavioural metrics were observed.
Following sham procedure and blast injury, we tested one group of rats (Long
Evans, n=30) for short-term vestibulomotor function, while we reserved another two
groups (Long Evans, n=12, and Wistar strains, n=20) for persistent pain, hyperalgesia,
and anxiety assessments following blast injury (see experimental schematic in Figure 1).
Animals were randomly allocated to experimental or control groups, as described by Kim
and Shin (2014). In all experiments, the investigators were blinded to animal condition. A
coded key of all specimens evaluated was kept and not shared with the investigators
performing the experiments until data analysis was completed. Thus, allocation,
concealment, blinded conduct of the experiment, and blinded assessment of the outcomes
was performed.

Figure 1. Experimental schematic outlining group sizes and strains and behavioral testing
schedule.
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Blast injury
Rats were anesthetized with intraperitoneal injection of ketamine (50 mg/kg) and
xylazine (5 mg/kg) before placement in the COBIA apparatus. We traced the occipital
ridge with marker on the scalp to ensure proper alignment of the occipital ridge under the
blast dissipation chamber-cranium interface (BDCCI). Rats were intubated, but not yet
placed on a ventilator, to allow for timely oxygen delivery if spontaneous breathing
ceased following injury. No rats in the present study needed artificial ventilation. After
intubation, rats were placed prone on the platform below the blast dissipation chamber.
The head was aligned under the BDCCI, and a small balloon was inflated under the chin
to create a seal between the scalp and the BDCCI. The cartridge was then detonated in
the gun to prompt blast injury. Sham animals were anesthetized and placed in the
apparatus but no cartridge was detonated.

Oxygen saturation
All rats underwent continuous pulse-oximetry with the sensor placed on the hindlimb (Mouse Ox™; STARR Life Sciences Corp., Oakmont, PA) at baseline, immediately
after intubation. Arterial oxygen saturation measurements were continuously collected for
30 minutes after the injury or sham procedure.

Vestibulomotor function tasks

Beam walk and balance assessment
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Starting one day before injury (baseline) and continuing on 1, 3, 7, 14, and 21
days post-injury (dpi), rats were placed at the end of a 3 cm wide wooden beam, and time
to traverse the 90 cm length of the beam was recorded. The average time needed to walk
the beam in three trials was used to determine a beam walk score using the scoring
criteria described by Petullo and colleagues (1999). Briefly, if a rat was able to walk the
entire length of the beam in less than 4 seconds, it received a 0 for that trial, and every
two-second increment longer received an additional point. If the rat was unable to run the
beam, it received a 5. Three trials per rat of a beam balance task were also performed,
with the same wooden beam, each testing day. Beam balance was scored using guidelines
in Petullo et al. (1999): if a rat balances on the beam without foot slipping or wavering, it
received a 0. As more limbs slip from the beam or foot faults accumulate, the score is
increased. However, if the rat falls off the beam, it received the maximum score of 5.

Accelerating rotarod
Rats were tested for motor coordination on a Rotarod (IITC Life Science,
Woodland Hills, CA) set to accelerate 2 m/s from its starting speed of 4 rotations per
minute (rpm) every five seconds, up to a maximum speed of 45 rpm and maximum test
duration of 300 s. Latency to fall was recorded for three trials, each separated by twenty
minutes, per test day.

Rearing
Also on the same testing days as other vestibulomotor tasks, we placed rats in a
clear, cylindrical Plexiglas chamber (19 x 20 cm) with metal grid floor. An experimenter
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observed the rat for three minutes and recorded the amount of time the rat spent reared up
onto its hind-limbs with its fore-limbs placed on the walls of the chamber, termed rearing
time.

Quantification of glial populations in thalamus
Immunohistochemistry
After behavioral assessments were complete, rats were euthanized and
transcardially-perfused with phosphate buffered saline, followed by 4%
paraformaldehyde (PFA). Brains were fixed in 4% PFA for two days and then sectioned
on a vibratome. Sections were collected from 3.5 to 3.8 mm posterior to bregma at 50 um
thickness. Primary antibodies were directed against glial fibrillary acid protein (GFAP;
mouse, 1:20,000, C9205, Sigma-Aldrich, St. Louis MO) and ionized calcium-binding
adapter molecule 1 (Iba1; rabbit, 1:20,000, 019-19741, Wako Pure Chemical Industries,
Richmond VA). The GFAP antibody was conjugated to a Cy3 fluorophore. Secondary
antibody for Iba1 labeling was goat anti-rabbit antibody conjugated to an Alexa Fluor
488 nm fluorophore (1:1500, 4412, Cell Signaling Technology, Danvers MA). Sections
were imaged for fluorescence with an Olympus Fluoview 500 confocal microscope
(Olympus Corp., Center Valley, PA).

Assessment of fluorescence area
Using ImageJ software (Rasband et al. 2016), the VPM/VPL and PO thalamus
were traced in summed z-series images (made up of 5 images per ROI taken at 4 um
intervals through the z-plane). Integrated fluorescence density quantifying either the
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GFAP or Iba1 labeling was measured, normalized to an unlabeled region of the image
stack, and averaged by rat.

Scoring microglia morphology
An experimenter sorted microglia into three morphological categories: ramified,
bushy, and amoeboid (Lawson et al. 1990, Karperien et al. 2013). Total number of
microglia in the counting frame was also quantified.

Results
Apnea
Blast injury typically results in transient apnea (Adams et al. 2014). To compare
the immediate effects of blast injury produced by the Blast Dissipation Chamber (BDC)
tubes yielding different peak over-pressures, we measured the duration of apnea that
immediately followed the blast. Mortality due to blast injury occurred at a rate of 25%
and apnea duration values for these rats were excluded from analysis. The median apnea
duration of rats exposed to blast waves using the 29.5 cm BDC with peak over-pressures
of 427 kilopascals (kPa) was 11.35 seconds (95% CI 8.5-15.5; n=14). These apnea
periods were indistinguishable from those exposed to blast waves peaking at 462 kPa (27
cm BDC: median 9, 95% CI 3-22; Mann-Whitney U=64; p=0.32; Figure 2A). Because
apnea durations did not differ significantly between rats exposed to blast injuries with
peak over-pressures of 427 and 462 kPa, we combined data from both groups and
considered both to model a similar severity of blast-TBI. Due to our model's extremely
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short overpressure duration and high peak overpressure [24] summating to induce injury,
we cannot directly compare to other shock tube-based models in terms of kilopascals to
determine injury severity and must characterize injury level based on mortality, apnea
duration, and behavioural outcomes.

Oxygen saturation
To determine the effects of blast and apnea on respiration, we compared arterial
oxygen saturation in blast animals with that in sham-treated rats. Before the blast or sham
treatments, oxygen saturation did not differ significantly between blast and sham groups
(blast: 89.11±4.64%, 80.7 to 98.2%; sham: 89.33±5.06%, 82.4 to 98.4%; two-way
ANOVA t(234)=0.06, p=0.99). However, 30 seconds after the blast, rats exposed to blast
injury had significantly (t(234)=7.72, p<0.0001) lower oxygen saturation levels
(70.13±16.28%, 35.0 to 92.1%), compared to shams (90.16±8.01%, 71.4 to 98.9%), and
these remained depressed for at least 1 minute after the blast. The decrease in oxygen
saturation was transient, as by 5 minutes post-blast there was no significant difference
(t(234)=2.07,p =0.30) between blast-injured (86.23±7.73%, 68.6 to 97.5%) and sham rats
(91.85±5.10%, 82.4 to 99.2%), and oxygen saturation levels remained stable until
monitoring ceased at thirty minutes post-injury (Figure 2B). These results indicate that
blast injury causes a transient depression in respiratory function that recovers within five
minutes.
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Figure 2. Rats display transient periods of apnea and decreased arterial oxygen
saturation immediately following COBIA blast injury. A: Blast injuries at 427 and
462 kPa led to comparable apnea durations following blast induction (Mann-Whitney
ranked-sum test, U=64). B: Arterial oxygen saturation levels are transiently depressed
after cranium-directed blast injury, but recover to sham levels within five minutes (sham
n= 14, blast-TBI n=14, two-way mixed-model ANOVA with Sidak’s multiple
comparisons). Data represent medians with 95% confidence intervals (CI). Asterisks
signify time-points at which p<0.05.
Vestibulomotor tests
Beam walk
Previous studies in models of blunt-force and penetrating TBI in rats have
validated the beam walk task as a sensitive metric of injury severity and deficit duration
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during the post-injury period (Fujimoto et al. 2004). To assess the detrimental effects of
blast injury on motor coordination, we measured the time required to walk a narrow
wooden beam. Mean scores for the beam walk task did not differ at baseline between the
sham and blast groups (sham: 1.69±0.36, 1.20 to 2.30; blast: 1.83±0.33, 1.20 to 2.40;
two-way ANOVA t(132)=0.58, p=0.99, Figure 3A). However, 24 hours post-injury,
animals in the blast group traversed the beam in significantly longer time, which yielded
higher scores, compared to shams (blast: 3.51±2.50, 1.43 to 5.83; shams: 1.88±0.70,
1.32-3.63; t(132)=4.76, p<0.0001). The decline in beam walk performance in blastinjured animals at one day post-injury recovered by three days post-injury (sham:
1.54±0.42, 1.06 to 2.67; blast: 2.14±0.65, 1.07 to 3.33; t(132)=2.55, p=0.07). These
findings suggest that blast-TBI resulted in transient impaired motor coordination and
vestibular function.

Beam Balance
To further assess vestibulomotor function and balance, we scored performance on
a beam balance task [10]. Beam balance scores did not differ between sham animals and
blast animals at baseline (sham: 0±0; blast: 0±0; two-way ANOVA t(138)=0, p=1.00).
However, testing one day after injury revealed a deficit in beam balance in blast-injured
rats, compared to shams (blast: 0.93±0.62, 0 to 2; sham: 0±0; t(138)=7.24, p<0.0001),
that persisted for at least one week after injury (Figure 3B). However, beam balance
scores of blast rats returned to sham levels by two weeks after injury (blast: 0.23±0.44, 0
to 1; sham: 0.00±0.00; t(138)=1.81, p=0.36). After blast injury, the ability of rats to
balance on the narrow beam decreases, suggesting that vestibulomotor function is
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transiently impaired.

Rearing
Rearing in a Plexiglas chamber measures exploratory behavior, as well as rats’
motor coordination and ability to balance on hind-limbs (Fujimoto et al. 2004). Rats in
the sham and blast groups did not differ in rearing time before the injury (sham:
54.0±15.3 seconds, 31.0 to 82.0; blast: 58.1±11.0 seconds, 41.0 to 78.0; two-way
ANOVA, t(138)=0.55, p=0.99; Figure 3C). However, rats in the blast group spent
significantly less time rearing at one day post-injury, compared to shams (blast:
28.62±14.11, 7 to 55; shams: 53.25±23.17, 18 to 105; t(138)=3.37, p=0.01). Rats with
blast-TBI also spent less time rearing than shams when tested three days after injury
(blast: 39.67±13.16, 22 to 71; shams: 58.27±19.28, 36 to 92; t(138)=2.99, p=0.02). The
transient difference in rearing duration in the initial days after blast injury reflects a shortlived decrease in exploratory behavior and motor coordination in blast-injured animals.
However, the deficits resolve back to sham levels shortly after injury.

Accelerating rotarod
Traumatic brain injury in rodents induces balance and motor deficits that affect
performance on the accelerating rotarod task, even in cases of mild brain injuries that do
not significantly affect beam balance and beam walk (Hamm et al. 2009). We have
previously shown that blast-TBI with the COBIA system results in balance and motor
function deficits (Kuehn et al. 2011, Zhuo et al. 2015, Stokum et al. 2017). Here, we
attempted to replicate the post-injury motor coordination deficit on a longer time-scale
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after blast injury in an accelerating rotarod task. Pre-injury baseline latencies to fall off
the rotating barrel of the rotarod were not different between rats in the blast and sham
groups (sham: 68.04±12.28 seconds, 50.00 to 92.67; blast: 76.16±21.56 seconds, 49.00 to
145.00; one-way ANOVA, t(126)=1.60, p=0.22; Figure 3D). Rotarod performance,
normalized to the pre-injury baseline performance of each individual, subsequently
decreased significantly in blast-TBI rats when compared to sham rats at 1, 3, 7, and 14
dpi. Like other vestibulomotor assessments performed after blast-TBI, performance on
the rotarod was indistinguishable from sham by 21 dpi.
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Figure 3. Vestibulomotor function and exploratory behavior are transiently
impaired following blast injury. A: Latency to walk the beam and foot fault
observations comprised a beam walk score, which was impaired in rats with blast-TBI
(n=12) compared to shams only at 24 hours after injury before resolving to sham (n=12)
performance levels. B: Ability to balance on the beam without foot fault errors and
compensatory gripping strategies were scored and found to be transiently dysfunctional
in blast-TBI rats (n=13), reaching sham (n=12) levels 14 days post-injury (dpi). C:
Rearing in a Plexiglas chamber, like the beam walk and balance tasks, was reduced shortterm in blast-TBI rats (n=13), which increased to sham (n=12) times by 7 dpi. D: Latency
to fall from the accelerating rotarod, normalized to baseline performances, was decreased
following blast-TBI (n=12) until 21 dpi (sham n=11). Data points are mean +/- 95% CI
bars and statistical comparisons were made using a two-way mixed-model ANOVA with
multiple comparisons.
Anxiety metrics
Tracking activity in an open field arena serves two purposes: to measure anxietylike behavior through thigmotaxis tracking and to assess locomotor function by
measuring total distance traveled during the trial. Distance traveled in the open field
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arena did not differ between blast-injured (median 41.71m, 95% CI 34.16-57.61) and
sham rats (median 43.11m, 95% CI 30.24-62.94; Mann-Whitney U=46; p=0.66),
suggesting that there is no lasting locomotor deficit in an open field four weeks after
injury.
Distance traveled in the open field did not differ between sham-injured and blastTBI rats, and, likewise, time spent in the center of the open field, reflecting exploratory
behavior and suppression of anxiety-like behaviors, also did not change in the injured
rats. This lack of anxiety-like behavior was corroborated by the elevated plus maze and
light-dark box assessments (Table 1). Three separate tests of approach-avoidance conflict
behavior indicative of an anxiety-like phenotype found no effect of blast exposure three
weeks after injury.

Table 1. No lasting anxiety-like behaviors are present 3 to 5 weeks after blast-TBI.
A: Thigmotaxis in an open field did not significantly differ between blast-TBI and sham
rats. C: Rats in both groups spent comparable amounts of time in the open arms of the
elevated plus maze. D: Blast-TBI rats spent similar lengths of time in the light side of a
light-dark box as their sham counterparts.
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Pain metrics
Rat Grimace Scale
The facial grimace scale is widely used and validated as a sensitive, objective
metric for pain in humans (Ekman and Rosenberg 2005, Prkachin 1992), and in animal
models of pain (Lanford et al. 2010, Sotocinal et al. 2011, Matsumiya et al. 2012, Dalla
Costa et al. 2014). We have recently validated its use in chronic orofacial neuropathic
pain to dissociate affective aspects of pain from sensory and reflexive measures of
mechanical hyperalgesia (Akintola et al. 2017). Modified rat grimace scale (RGS) scores,
representing the mean of the orbital tightening, nose and cheek flattening, and ear
position change scores for each frame (representative images shown in Figure 4B)
averaged for each rat, were significantly increased in blast-TBI rats compared to sham
rats at four weeks after injury. The median RGS score of blast-TBI rats was 1.13 (95% CI
0.98-1.27; n=5), while the sham-injured rats displayed less severe markers yielding
scores with a median of 0.79 (95% CI 0.58-0.98; n=4; Mann-Whitney U=1; p=0.03;
Figure 4C). These elevated rat grimace scale scores in blast-injured rats suggest that those
rats experience ongoing pain.

Orofacial mechanical withdrawal threshold assessment
Post-traumatic pain and chronic migraines are associated with cutaneous
allodynia of the face (Edelmayer et al. 2012). To determine if blast-TBI resulted in
persistent hyperalgesia, we tested each rat for mechanical withdrawal thresholds, 58 to 68
days after TBI, as described in Methods. Mean thresholds for withdrawal from
mechanical stimuli applied to the face were significantly decreased in animals with blast-
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TBI, compared to shams (Fig. 4A). Thresholds in animals with TBI (median 5.23; 95%
CI 3.4-8.04; n=10) were 60% lower than those calculated from sham animals (13.12;
7.45-20.58; n=9; Mann Whitney U=7.5; p=0.001). These findings indicate that TBI
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Figure 4. Metrics of hyperalgesia and spontaneous pain suggest pain symptoms
persist at least four weeks after blast injury. A: Mechanical withdrawal thresholds of
the face are significantly reduced in blast-TBI rats compared to shams four weeks after
injury (Mann-Whitney U=7.5). B: Representative images of screenshots used to score
rat grimace scale (RGS), with each action unit area highlighted with boxes. C: The
median RGS scores were significantly elevated in blast-TBI rats compared to shams at
five weeks after injury (Mann-Whitney U=1). Data represented are medians and 95% CI.
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Glial markers
We have previously shown that blast-TBI results in changes in hippocampal glia
activity that is correlated with behavioral abnormalities in learning and memory tasks
(Zhuo et al. 2015). To assess glia in thalamic nuclei important for pain and sensory
processing, we labeled thalamic sections for GFAP and Iba1 to quantify the amount of
astrocytes and microglia. We focused on the PO and on the VPM, nuclei we have
previously shown to be involved in the pathogenesis of chronic orofacial pain (Masri et
al. 2009). We found no significant changes in labeling for either Iba1 or GFAP in both
the PO and VPM (Figure 5A, B, C).
To further test the prediction that blast-TBI results in an increase in microglia, we
used stereological approaches to compare the number of Iba1-labeled microglia in blastTBI and sham animals, which did not differ between shams and blast-TBI sections
through either PO (sham: 46.61+/-5.73, 39.5 to 56.25; blast: 47.94+/-12.34, 32 to 65;
Mann-Whitney U=17,p=0.94; Figure 5D) or VPM (sham: 37.72+/-5.40, 29.25 to 46;
blast: 38.25+/-11.45, 24 to 53.5; Mann-Whitney U=17.5, p=0.97).
Microglia phenotypes are indicative of their inflammatory states, so we classified
the Iba1-labeled microglia in PO and VPM as ramified, bushy, or amoeboid,
corresponding to their transition from anti-inflammatory to pro-inflammatory (Thomas
1992, Taylor and Sansing 2013). The majority of microglia in both nuclei were ramified
in appearance (sham: 80.34+/-12.86%, 57.69 to 91.80; blast: 86.08+/-8.64, 75.43 to
98.75; Figure 5E and 5F), suggesting that microglia-mediated inflammation, if present
after injury, had abated by 9 weeks after injury.
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Figure 5. Persistent pain behaviors were not associated with increased glial
expression in the posterior thalamus (PO) or the ventral posteromedial thalamus
(VPM). A: Integrated fluorescence densities of GFAP labeling in PO (sham:
326.1±106.4, 227.8 to 484.4; blast: 376.6±54.47, 249.2 to 569.4; U=12, p=0.39) and
VPM (sham: 348.9±154.7, 227.9 to 608.7; blast: 310.2±188.7, 174.1 to 640.4; U=10,
p=0.43) did not differ between sham (n=6) and blast-TBI (n=5) rats. Note representative
images of GFAP labeling inset. B: Representative images of Iba1 labeling in PO and
VPM show the microglial phenotypes. C: Integrated fluorescence densities of Iba1 in PO
(sham: 259.9±28.25, 225.6 to 302.3; blast: 290.2±58.92, 224.3 to 362.7; U=11, p=0.54)
and VPM (sham: 265.4±49.95, 214.8 to 351; blast: 299.1±80.43, 218.4 to 419.6; U=12,
p=0.66) did not show a difference in total fluorescent signal associated with microglial
labeling in sham and blast-TBI rats (sham n=6, blast-TBI n=5). D: Total microglia counts
in PO and VPM are comparable in sections taken from sham and blast-TBI rats (sham
n=6, blast-TBI n=6). Data for 5A through 5D are medians and 95% CI, tested with
Mann-Whitney ranked-sum analyses. E, F: Categorization of microglia morphology
shows comparable microglia phenotype in PO (5E) and VPM (5F) after blast injury or
sham treatment (sham n=6, blast-TBI n=6). Data for 5E and 5F are medians with 95% CI
and analyzed with two-way mixed-model ANOVA tests with corrections for multiple
comparisons.
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Discussion
Because most studies of blast-TBI rodent models monitor outcomes for only
relatively short post-injury times, we sought to determine if blast-TBI using COBIA
recapitulates the polytrauma clinical triad – persistent post-concussive symptoms (PCS),
chronic pain, and PTSD. Here we show that some sequelae to blast-TBI are transient,
whereas others are persistent, consistent with the human condition.

Vestibulomotor function
Our cranium-directed primary blast-TBI model led to transient vestibulomotor
deficits (Figure 3). These findings are consistent with previous reports that examined
vestibulomotor functions beyond the acute stage: Cernak et al. (2011) found that mice
spontaneously recover rotarod performance by 21 dpi. Also, Elder et al. (2012) saw no
deficits in rat motor performance at 8 weeks after injury. Results from patient studies are
inconsistent, with some reporting long-term impairment of vestibular and motor
coordination (Berman and Fredrickson 1978, Sayer et al. 2008), whereas others report
transient impairments (O’Neil et al. 2017, Terrio et al. 2009, Franke et al. 2012, Gottshall
et al. 2003, Scherer and Schubert 2009), consistent with our preclinical findings in
rodents.

Anxiety
Blast-TBI in humans has been associated with high incidence of mood disorders,
particularly PTSD, depression, and anxiety (O’Neil et al. 2017, MacGregor et al. 2013,
Lew et al. 2009, Seal et al. 2007, Lew et al. 2008). We assessed rodent behavioral
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analogues to anxiety in several approach-avoidance conflict tasks, and found no effect of
injury in three metrics of unconditioned exploratory behavior: the open field, elevated
plus maze, and light-dark box tasks (Table 1). This matches previous reports
demonstrating the absence of lasting anxiety-like signs in rats exposed to a shock-tube
model of blast injury (Stemper et al. 2016, Awwad et al. 2015).
In contrast, other studies report persistent behavioral markers of PTSD and
anxiety-like conditions. However, these studies expose the animals to different sources of
blast or to multiple injuries. Zuckerman et al. (2017) used a flash-bang blast model in rats
while awake – 11% developed PTSD-like behaviors. Also, Elder et al. (2012) reported
persistent anxiety-like behavior in rats exposed to three blasts, suggesting that repeated
injury increases susceptibility to developing lasting anxiety. A single, cranium-directed
blast injury performed under anesthesia, such as the one performed here, may be too
subtle to induce lasting anxiety.

Pain and hyperalgesia
Migraine-like and tension-type headaches are common, debilitating complaints
after blast-TBI (Theeler et al. 2013, Erickson 2011, Theeler et al. 2008). Hoge et al.
(2008) found that persistent post-traumatic headaches (PTH) after blast-TBI were the
only persistent symptom of PCS that was not correlated with PTSD symptoms,
suggesting that PTH is not the result of psychological distress. While migraine-like
headaches are well documented in clinical literature, there are few studies of blast-TBIinduced PTH in rodent models (Levy et al. 2016).
Through the use of a validated, experimenter manipulation-independent metric of

41

ongoing pain (the RGS), we found that, weeks after the blast injury, rats display
increased RGS scores (Fig. 4C). Grimace scores are reliable metrics of ongoing pain in
several species, including humans (Langford et al. 2010, Sotocinal et al. 2011, Leung et
al. 2016, De Rantere et al. 2016, Whittaker et al. 2015). These findings mirror RGS score
increases induced in rodent models of migraine (Alabwah et al. 2016, Harris et al 2017,
Sufka et al. 2016, Karatas et al. 2013).
Cranial cutaneous hypersensitivity occurs in both migraineurs and sufferers of
blunt force-induced TBI (Lipton et al. 2008, Tietjen et al. 2009, Guskiewicz et al. 2000,
Mihalik et al. 2005), but hyperalgesia associated with orofacial pain has not been
previously examined, to our knowledge, in rodent models of blast-TBI. Here, rats
subjected to blast injury displayed signs of significant and persistent mechanical
hypersensitivity of the face, lasting at least two months after injury (Fig. 4A). This
suggests that rats with a COBIA-induced blast-TBI are useful models for studying
persistent neurotrauma-related orofacial pain and hyperalgesia and effectively
recapitulates aspects of the polytrauma triad (chronic pain and TBI).

Gliosis in the thalamus
The PO and VPM thalamus are critical somatosensory nuclei implicated in central
pain following injury (Masri et al. 2009, Masri and Keller 2012, Bigal et al. 2008, Noseda
and Burstein 2013, Sandrini et al. 2002). Glia, as potent inflammatory mediators and
sources of synaptic modulation, can mediate long-term changes in the thalamus to
potentiate post-traumatic behavioral abnormalities (Likavcanová et al. 2008, Mayeux et
al. 2015, Okimura et al. 1996). Indeed, we have demonstrated that persistent pain
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following spinal cord injury (SCI) is associated with persistent microglial and astroglial
activation in PO (Wu et al. 2013).
Here, rats exposed to blast-TBI, and examined 9 weeks later, did not show
elevated levels of astrocyte expression or reactive microglia in the PO or VPM,
suggesting that the chronic pain and facial hyperalgesia is not dependent on sustained PO
and VPM gliosis. Brain tissue at interfaces with fluid, such as that bordering the
cerebrospinal fluid-filled ventricles or blood-filled sinuses, are particularly susceptible to
primary blast injury due to the reflection of blast waves at borders of materials with
differing densities (Jang et al. 2016, Cernak and Noble-Haeusslein 2010, Cernak 2010).
The thalamus may be protected from the brunt of primary blast injury due to its location
in the center of the brain, which may explain the lack of gliosis present after blast-TBI in
the present study.
It is also possible that transient gliosis occurred at time-points earlier than those
studied here. For example, after a similar mild blast injury, Perez-Polo et al. (2015) found
higher Iba1 labeling in the thalamus, lasting through 30 dpi. Similarly, we have
previously demonstrated increased astrocyte and microglia labeling in the hippocampus 4
weeks after blast-TBI (Stokum et al. 2017). Our results suggest that glial activation in rat
thalamus, which may be present at earlier time-points, subsides after several months.

Modeling human condition after blast-TBI
With the current goal of this study to validate the COBIA model of blast injury
for study of chronic complications of blast-TBI, we found that our rat model of blast
injury recapitulates aspects of the polytrauma triad (TBI PCS, PTSD, and chronic pain)
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experienced by a large population of soldiers and veterans of recent conflicts (Stratton et
al. 2014, Lew et al. 2009, Sayer et al. 2008, Lew et al. 2008). Like humans exposed to
mild blast-TBI, rats display vestibulomotor deficits resolving in the weeks after injury
and chronic pain and facial hyperalgesia persisting at least several months. Persistent pain
and hyperalgesia after blast-TBI is not mediated by innate immune cell-mediated
inflammation in the sensory thalamus. The COBIA model does not recapitulate the
persistent anxiety-like behavior, indicative of a PTSD-like phenotype, frequently noted
after human blast-TBI. Altogether, our results suggest that this clinically relevant blastTBI model is suited for studies regarding persistent post-traumatic headache in the
absence of PTSD.
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Chapter 2: Chronic pain and thalamic abnormalities after blast-induced
traumatic brain injury in awake rats
Introduction
Blast-induced traumatic brain injury (blast-TBI) is a prevalent and serious trauma
encountered by U.S military personnel. Explosive blasts are responsible for 71.5% of
service member TBI cases (Dobscha et al. 2009) and blast-TBI patients incur medical
costs at four times that of other veterans treated at Veterans Affairs hospitals (Taylor et
al. 2012). Adding to this higher treatment burden, TBI often precedes chronic
neurological and psychological disorders.
Several conditions co-morbid with mild blast-TBI are particularly impactful on
quality-of-life and healthcare burden: chronic pain and post-traumatic stress disorder
(PTSD) (Polusny et al. 2011; Dobscha et al. 2009; Taylor et al. 2012). Nearly 74% of
veterans with mild blast-TBI suffer chronic pain, with headaches and back pains most
common (Patil et al. 2011; Belanger et al. 2009; Strigo et al. 2014). Service members
with a history of mild blast-TBI and persistent neurological symptoms report frequent
headaches with migraine-like features, along with high rates of PTSD diagnosis (Ruff et
al. 2008).
PTSD is a persistent condition associated with hyper-vigilance, anxiety, and reexperiencing of trauma (Vaishnavi et al 2009; Trudeau et al 1998; Warden 2006), which
is particularly common in blast-TBI survivors also suffering from chronic pain
conditions. In one study of veterans returning from Iraq and Afghanistan, 42% of queried
soldiers with chronic TBI-pain also had PTSD (Lew et al. 2009).
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Despite the large number of veterans suffering from anxiety and chronic pain after
blast-TBI (TBI-Pain), there are few studies seeking to elucidate the mechanism of this
phenomenon. In clinical studies of mild blast-TBI survivors, resting-state functional
magnetic resonance imaging (fMRI) revealed increased activity of brain regions
associated with pain, particularly enhancement of thalamocortical connectivity
(Venkatesan et al. 2015; Zhou et al. 2014; Tang et al. 2011). These findings suggest the
involvement of CNS sensitization in TBI-Pain.
Sensitization of thalamic nuclei, in particular, is associated with chronic pain
disorders, such as migraine (Noseda and Burstein 2013) and spinal cord injury (SCI)
(Masri and Keller 2012; Keller and Masri 2014). We recently demonstrated that chronic
pain after SCI (SCI-Pain) is causally related to maladaptive changes in the posterior
thalamus (PO) (Masri et al. 2009). The PO is critically involved in nociceptive
processing, and elevated spontaneous firing and exaggerated evoked responses to noxious
stimuli in PO neurons causes chronic SCI-Pain (Apkarian and Shi 1994; Casey 1966;
Poggio and Mountcastle 1960). Moreover, studies of chronic pain due to migraine report
similar increases in activity of the PO thalamus in both patient populations and animal
models (Burstein et al. 2010). Because blast-TBI patients report similar headache features
as chronic migraineurs, we hypothesize that TBI-Pain is associated with abnormal
increases in spontaneous and evoked activity of PO neurons.
Alternatively, descending pain modulatory pathways through the periaqueductal
gray (PAG) and rostral ventral medulla (RVM) mediate context-specific inhibition and
facilitation on ascending nociceptive signaling (Ossipov and Porreca 1975; Basbaum et
al. 1978; Abols and Basbaum 1981; Ren and Dubner 2002; Ossipov et al. 2010). Human
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neuroimaging and rodent behavioral studies suggest that aberrant activity in PAG and
RVM may mediate persistent pain, attentional deficits, and anxiety after TBI (Ossipov et
al. 2014; Tracey et al. 2002; Adamec 2001). The PAG, in particular, is thought to be
vulnerable to primary blast injury due to its anatomical location surrounding the
cerebrospinal fluid (CSF)-filled aqueduct connecting the third and fourth ventricles (Jang
et al. 2016; Cernak and Noble-Haeusslein 2010; Cernak 2010). Blast waves traversing the
head cause exaggerated damage due to spallation at tissue borders of different densities,
such as periventricular and perivascular regions of the brain or gray-white matter
junctions within brain tissue (Elder et al. 2010; Nakagawa et al. 2011; Cernak et al. 2010;
Rosenfeld et al. 2013; Shively et al. 2016). Because the PAG is both critical for cognitive
and emotional control over pain processing and vulnerable to blast injury, we predicted
that persistent pain and anxiety behavior would be associated with persistent gliamediated inflammation in PAG and its downstream target, the RVM, due to the passage
of a blast wave directed over the brainstem in this model.
Current experimental models of blast-TBI are not ideal for studying the
mechanisms of pain due to the use of anesthetics and surgical procedures. Therefore, we
modified our previously described model of direct cranial blast injury (dcBI) (Kuehn et
al. 2011) to expose awake, unanesthetized rats to an explosive blast. The model facilitates
study of TBI-pain independent of confounds due to anesthetic exposure (Warner et al.
1991; Kapinya et al. 2002; Hara and Harris 2002). Also, mood disorders frequently
comorbid to blast-TBI, namely post-traumatic stress disorder (PTSD), depression, and
anxiety, may depend on conscious animals experiencing the trauma of blast-TBI
(Glaesser et al. 2004; Hoge et al. 2008; Bryant et al. 2009). By exposing rats to the dcBI
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model without anesthesia, we test the hypothesis that blast-TBI will induce glia-mediated
inflammation to sensitize the PO thalamus, resulting in elevated pain and hyperalgesia.

Methods
All procedures were conducted according to Animal Welfare Act regulations and
Public Health Service guidelines. Strict aseptic surgical procedures were used, according
to the guidelines of the International Association for the Study of Pain, and approved by
the University of Maryland School of Medicine Animal Care and Use Committee. A total
of 38 adult male Long-Evans rats (250–300 g; Harlan, Indianapolis, IN) and 37 adult
male Wistar rats (250--325g; Harlan, Indianapolis, IN) were used in this study. Unlike
Long Evans rats, Wistar rats have white hair and red eyes, which creates a color contrast
for facial grimace analysis.

Cranium only blast injury in awake rats.
Rats were trained to place their head through the Blast Dissipation Chamber
Cranium Interface, BDCCI, which is described in our previous study (Kuehn et al. 2011).
Rats were placed in a behavior chamber (Figure 6A) with access to a positive reward
(sweetened milk). The reward was delivered through a feeding tube situated on the
opposite side of the BDCCI. At all times, the animals could voluntarily approach and
freely withdraw from the feeding tube. Training was discontinued when rats place their
head into the BDCCI chamber continuously for at least 30 seconds in order to access the
reward. The apparatus was cleaned after each session with Roccal-D disinfectant and
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wiped dry. Rats were acclimated to the chamber for one to two weeks, and, on each day,
training was performed at the same time.

B

A

BDCCI

Gun

C

D

BDC

Behaving
Chamber
Figure 6. Cranium Only Blast Injury Apparatus (COBIA) adapted for awake rats.
A: Photographs of the COBIA showing the vertically-oriented gun interfacing with the
blast dissipation chamber (BDC) that connects to the BDC-cranium interface (BDCCI).
B,C: Views of the BDCCI placed in the behaving chamber. D: Photograph of rat properly
placing head through the BDCCI.
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Prior to each training session, rats were food fasted for 12 hours. A recovery day
from the fasting was included between the training sessions to minimize nutritional
differences from their normal food routine. The animals were returned to regular diet,
supplied by animal facilities, after the fasting period. Diet was provided ad libitum on
recovery day. Water was available ad libitum before and after testing sessions. During the
food restriction phase, animals were weighed daily to ensure that their body weight did
not fall below 85% of the baseline.
Animals received one blast-TBI following the completion of training. The blast
itself required no surgical procedures and lasted for a fraction of a second. Rats were
placed in the behavior chamber used in the training phase. When the rat placed his head
against the end of the BDC centered over the occipital crest for at least five seconds, a
blast wave was applied as we previously described (Kuehn et al. 2011). Based on our
published data (Kuehn et al. 2011), we used a blast wave intensity of ~ 500 kPa, which
was produced using a level four charge and a blast dissipation chamber (BDC) of 27 cm
in length. The impact produced by the blast wave at this intensity did not produce skull
damage, bleeding or skin lacerations, and resulted in 1.3% mortality.
Immediately following the blast, we noted the location of injury, and, for
remainder of the study, we only included rats that received blast-TBI in the posterior
cranium— in the region of the occipital crest and behind the foramen magnum. We also
recorded changes in the following physical abnormalities: number of seizure-like body
contractions (contractions), fore-limb and hind-limb weakness measured with grip
strength assessments, and the steepest angle at which the rat can climb an inclined slope
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(inclined plane). Rats were observed closely for at least one hour for any other physical
side effects. We continued to monitor them daily thereafter.

Immunohistochemistry.
After behavioral assessments, rats were transcardially perfused with 4%
paraformaldehyde, brains were removed, placed in fixative overnight, and cryoprotected
with 30% sucrose for one week. After embedding in Tissue-Tek OCT compound (Sakura
Finetek, Torrance, CA), 10 µm sagittal cryosections were mounted on slides, washed
with 0.4 M phosphate-buffered saline (PBS), blocked in 2% donkey serum with 0.2%
Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 1 hour. Sections were then
incubated overnight with primary antibody directed against rabbit anti-ionized calciumbinding adapter molecule 1 (Iba1, 1:500, 019-19741, Wako Pure Chemical Industries,
Richmond, VA) and mouse anti-Glial fibrillary acid protein (GFAP, 1:500, C9205,
Sigma-Aldrich, St. Louis, MO). For secondary fluorescent labeling, the sections were
washed three times in PBS, then incubated in the dark. After 1 hour the slides were
washed, dried, and covered with Prolong Antifade reagent with 4,6-diamino-2phenlindole (DAPI, P-36931, Life Technologies, Grand Island, NY). Low- and highpower photomicrographs were taken using a Nikon Eclipse 90i camera, and images were
adjusted for brightness and contrast using NIS software (Nikon Instruments Inc.,
Melville, NY).
For quantitative immunohistochemistry of PO and SpVc regions-of-interest
(ROI), all sections were immunolabeled as a single batch. All images were collected
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using uniform parameters of magnification and exposure. Analysis was performed using
NIS software (Nikon Instruments Inc., Melville, NY) by computing % ROI or cell count
within a specified ROI for each of the markers (GFAP and Iba1). For GFAP in PO and
SpVc, specific labeling was defined as pixels with signal intensity greater than twice that
of background, and the area occupied by pixels with specific labeling was used to
determine the percent area with specific labeling (% ROI). For Iba1 in PO and SpVc, the
nuclei with specific labeling in the ROI were counted.
While ascending sensory pain information travels through the PO, processing and
descending modulation through the PAG and RVM are also aberrant in chronic pain
states. Higher activity in PO may correlate with inflammation in these downstream
descending pain modulatory centers. Neuroimaging studies in human survivors of blastTBI note abnormal pain anticipation correlates with abnormal PAG BOLD signal,
suggesting that pain modulation involving the PAG is disrupted (Tracey et al. 2002).
Persistent astrogliosis along the fluid-brain borders was also noted in autopsy tissue of
blast-TBI survivors years after injury (Shively et al. 2016). We also have cause to believe
that the PAG may be particularly susceptible to our new blast-TBI model because we aim
the collimated blast wave over the occipital crest, likely hitting the ventricles and
aqueduct the PAG surrounds. Glia labeling in the PAG and RVM was determined in a
separate cohort of blast-exposed rats. Brains for this experiment were collected from
paraformaldehyde-perfused rats 15 to 16 weeks after injury. After overnight fixation,
brains were stored in PBS until sectioning. Fifty micron-thick coronal sections through
the PAG and RVM were collected and free-floating sections were labeled with the
following: double-labeling with mouse anti-GFAP conjugated to a CY3 fluorophore
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(1:10,000, C9205, Sigma-Aldrich, St. Louis MO) and rabbit anti-Iba1 (1:10,000, 01919741, Wako Pure Chemical Industries, Richmond VA) and goat anti-rabbit secondary
antibody with 488 nm fluorophore (1:1,500; 4412, Cell Signaling Technology, Danvers
MA).

Results
Acute effects of TBI-Pain.
We used several criteria to classify the severity of TBI immediately after the blast.
We included only rats that received blast-TBI in the posterior cranium—assessed by
noting gunpowder residue—in the region of the occipital crest and over the foramen
magnum. Unpublished data from our laboratory indicates that neurofunctional outcome
and severity of subdural hemorrhage due to blast injury are worse when blasts are
directed over this region, as compared to more rostral points.
Blast-TBI resulted in muscle weakness and short-lived motor impairment in the
recovery period following the blast injury (lasting about an hour) that was corroborated
with grip strength measures. Fore-limb grip strength was significantly impaired in blastTBI rats (n=23, median=826g, 95% CI=743-883) over sham rats (n=21, median=1050,
95% CI=868-1106; Mann-Whitney U=125.5; p= 0.006, Figure 7A). Hind-limb grip
strength was even more profoundly impaired: blast-TBI rats (n=24) had median grip
strength of 311.1 grams (95% CI=233-359), while sham-injured rats (n=21) were 60%
stronger (median=497, 95% CI=420-565, Mann-Whitney U=48, p<0.0001, Figure
7B). Blast-exposed rats also had reduced ability to climb a steep inclined plane,
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compared to sham rats (blast-TBI: n=45, median=60, 95%CI=58-65; sham:
n=28,median=70, 95%CI=60-73; Mann-Whitney U=365; p=0.002; Figure 7D).
Injured rats had contractions that lasted less than 60 s after the blast, with no
strain effect between Long Evans (LE, n=23) and Wistar rats (Wis, n=27) (LE
median=15, 95%CI=5-30; Wis median=20, 95% CI=15-28; Kruskal-Wallis test with
Dunn’s multiple comparisons; p=0.93, Figure 7C).
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Figure 7. Early motor deficits after blast-TBI. A, B: Grip strength measurements 10
minutes after blast injury demonstrate an early motor deficit in both the fore-limbs
(Mann-Whitney U=125.5) and hind-limbs (Mann-Whitney U=48). C: Immediately
following blast-TBI, rats of both the Long Evans and Wistar strains have seizure-like
body contractions (Kruskal-Wallis test with Dunn’s multiple comparisons) D: Maximum
inclined plane angle climbed after blast-TBI is significantly lower in rats exposed to blast
(n=45) compared to sham-injured rats (n=28, Mann-Whitney U=365).
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Persistent anxiety
To test for persistent anxiety-like behaviors, rats at 4 to 5 weeks after injury were
placed in an elevated plus maze and allowed to freely navigate closed, walled arms or
open arms. Rats in the blast-TBI group (n=8) spent a median 5.4% (95% CI 1.6-15.9) of
the time in the open arms, largely preferring the closed arms. Sham-injured rats (n=10)
spent significantly more of the trial time exploring the open arms (median 13.6%, 95% CI
7.5-28.5), compared to blast-TBI animals (Mann-Whitney U=15; p=0.03; Figure 8A).
This suggests that rats subjected to blast injury while awake develop persistent
anxiety-like behavior. In contrast, rats subjected to a similar blast injury while
anesthetized with ketamine-xylazine do not exhibit these changes (Studlack et al. in
press).

Ongoing pain
Blast-TBI in humans is associated with increased sensitivity to painful stimuli and
chronic pain, particularly in the head and back (Rosenfeld et al. 2013; Sayer et al. 2012;
Tham et al. 2013). To determine if similar outcomes occur in our animal model, we
compared blast-TBI and sham rats with tests of ongoing pain and hyperalgesia.
We quantified facial grimace, an established metric of ongoing pain in both
humans and animal models of pain (Ballantyne et al. 1999; Langford et al. 2010;
Sotocinal et al. 2011; Matsumiya et al. 2012; De Rantere et al. 2016; Leung et al. 2016).
As an average of scores for the orbital tightening, nose and cheek flattening, and ear
position change action units (see Methods), we compared rat grimace scale (RGS) scores
for blast-injured and sham rats four to five weeks after injury. RGS scores were
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significantly elevated in blast-TBI (n=13, median=0.83, 95% CI=0.61-1.15) compared to
sham rats (n=25, median=0.6, 95% CI=0.35-0.73; Mann-Whitney U=86, p=0.02; Figure
8B). The significantly higher RGS scores in blast-TBI rats suggest that they endure
ongoing pain for at least four weeks after blast injury.

Facial hyperalgesia
We assessed sensitivity to noxious stimuli applied to the face by using an operant
test of thermal sensitivity, the Orofacial Pain Assessment Device (OPAD, Stoelting)
(Neubert et al. 2005). The OPAD establishes an operant conflict paradigm that creates a
behavioral outcome where an animal must decide between receiving a reward and
escaping a noxious stimulus. Unlike traditional reflexive tests, this operant test uses
behavioral strategies that depend on cortical processing of input from pain pathways and
does not rely on the experimenter’s bias (Neubert et al. 2005).
Because the maximum reward consumption varied by animal, for analysis of
group data we normalized reward consumption to the proportion of reward consumed at
the innocuous testing temperature of 37˚C. Figure 8C compares normalized reward
consumed at by sham and blast-TBI rats at each of the testing temperatures. At 7˚C, rats
in the sham group (n=6) consumed approximately 62% of reward (median=61.8, 95%
CI=0.5-126.2), whereas rats with blast-TBI (n=3, median=24.7%, 95% CI=16.1-49.6)
consumed only about 25% of their innocuous baseline consumption (two-way ANOVA,
p=0.03). There was no significant difference in consumption at 45˚C between blast-TBI
(n=20, median=25.9, 95% CI=18.0-36.3) and sham rats (n=18, median=31.9%, 95%
CI=24.3-39.3; two-way ANOVA; p=0.99). Similarly, at 50˚C, both groups had similar
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levels of low reward consumption (sham n=12, median=1.75%, 95% CI=0-6.25; blastTBI n=17, median=6.52, 95% CI=1.96-10.32; two-way ANOVA, p=0.99). These results
suggest that blast-TBI in rats precludes persistent sensitivity to cold.
Unlike thermal hypersensitivity, we found no differences between sham and blastTBI rats in measurements of mechanical sensitivity of the face (see Methods). Blast-TBI
rats (n=21) had a median withdrawal threshold from mechanical stimuli of 5.37 g (95%
CI 3.14-9.77g). Sham rats (n=19) had a similar median threshold of 3.93 g (95%
CI=1.09-11.23; Mann-Whitney U=170.5; p=0.44, Figure 8D). This suggests that
mechanical hyperalgesia in V2 region of the face is not present in blast-TBI rats in the
weeks following blast injury.

Hind-paw hyperalgesia.
To test whether rats with blast-TBI developed hyperalgesia to uninjured
extremities of the body, we tested for responses to mechanical stimuli by applying von
Frey filaments to the plantar surface of hind-paws. Figure 8E compares hind-paw
withdrawal thresholds of blast-TBI rats (n=6) and sham rats (n=10). There was no
significant difference in withdrawal threshold between the groups (blast: median 27.39g;
95% CI 17.33-35.02 vs. sham median 29.18g; 95% CI 18.9-43.22; Mann-Whitney U=23;
p = 0.49). These results indicate that rats with blast-TBI do not exhibit distal mechanical
hyperalgesia three to four weeks after blast-injury.
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Figure 8. Blast-TBI rats have persistent anxiety, ongoing pain, and cold
hyperalgesia. All tests were performed 3 to 5 weeks after blast or sham treatments. A:
Anxiety: Time spent in open arms of the elevated plus maze was significantly reduced in
blast-TBI rats (U=15, p=0.03). B: Ongoing pain: Rat Grimace Scale scores in blast-TBI
rats are increased (Mann-Whitney U=86). C: Cold hyperalgesia: Rats with blast-TBI
(n=3) drank significantly less reward at 7°C, normalized to individual reward
consumption at the innocuous temperature of 37C, than sham rats (n=6; two-way
ANOVA), but consumed similar reward at the noxiously hot temperatures of 45°C
(sham: n=18, blast-TBI: n=20) and 50°C (sham n=12; blast-TBI n=17). D: Tactile
sensitivity: Mechanical withdrawal thresholds of the face do not differ between shams
and blast-injured rats (U=170.5). E: Compared to the sham rats, blast-TBI rats did not
have significantly different hind-paw withdrawal thresholds (U=23).
Neuronal response abnormalities in thalamus after blast-TBI
Chronic pain after SCI is causally related to amplified neuronal activity in PO
thalamus (see Introduction). To test if trigeminal hyperalgesia after blast-TBI involves
similar mechanisms, we recorded spontaneous and evoked activity of PO neurons (see
Methods). Typical of PO neurons in control animals (Trageser and Keller 2004; Masri et
al. 2009; Wu et al. 2013), the unit depicted in Figure 9A (sham) exhibited relatively low
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spontaneous activity (1.52 Hz). In contrast, the unit recorded from the blast-TBI rat
(Figure 9B) had a higher spontaneous firing rate (4.05 Hz). As a group, the median
spontaneous firing rate of neurons from blast-TBI rats (2.00 Hz; 95% CI 1.77-2.54 Hz;
n=107 cells) was significantly higher than that of sham rats (1.49 Hz; 95% CI 1.31-1.93;
n=79 cells; Mann-Whitney U=3449; p = 0.03, Fig 9C). However, there were no
significant differences between response magnitudes of sham and blast-TBI neurons to
mechanical stimuli applied to the face (Fig. 9E). Neurons from blast-TBI rats (n=61) had
a median normalized response magnitude (see Methods) of 0.05 (95% CI 0.05-0.08) and
those from sham rats (n=51) had a normalized response magnitude of 0.05 (95% CI 0.040.07), suggesting there was no mechanically-induced hyperactivity in PO after blast-TBI
(Mann-Whitney U=1454; p=0.72).
Similarly, group analysis revealed no significant differences in vibrissae-evoked
(innocuous) responses between the blast-injured (median=0.05 spikes/stimulus; 95% CI
0.02-0.28; n=37 cells) and sham-injured rats (median 0.06 spikes/stimulus; 95% CI 0.030.25; n=31 cells; Mann-Whitney U=522; p = 0.53; Fig 9D).
We compared also PO response to noxious thermal heat applied to the face (see
Methods). Neurons in PO of blast-TBI rats (n=11) responded with a median normalized
magnitude of 0.03 units (95% CI 0.005-0.08), while cells in sham rats (n=8) responded at
0.02 units (95% CI 0.003-0.08). The thermal response, like the mechanical responses,
was indistinguishable between the two conditions (Mann-Whitney U=39; p=0.72, Fig
9F). Thus, response of PO cells to noxious thermal stimulation was not altered by blastTBI.
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Figure 9. Spontaneous neuronal activity in the posterior thalamus (PO) is enhanced
in rats with blast-TBI. A, B: Representative PSTHs (1 ms bins) demonstrate
spontaneous and noxious sensory-evoked activity of a PO neuron from a sham rat (A) and
a blast-TBI rat (B). Horizontal lines depict 99% confidence intervals. C: Median
spontaneous firing rate was significantly (p =0.03) higher in blast-TBI rats (n = 107 cells)
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compared to sham rats (n = 79; Mann-Whitney U=3449). D: Sensory-evoked responses
to innocuous stimuli are not significantly different between blast-TBI (n=37 cells) and
sham conditions (n=31; U=522, p=0.53). E, F: Sensory-evoked responses to noxious
mechanical (sham: n=51; blast-TBI: n=61; U=1454, Fig. 9E) or thermal (sham: n=8;
blast-TBI: n=11; U=39, Fig. 9F) stimuli to the face are indistinguishable in neurons of
blast-TBI and sham-injured rats. G: GFAP labeling in PO shows no significant difference
in percent ROI between sham and blast-TBI rats at either short-term (sham: n=3,
median=1.01, 95% CI=0.42-1.58; blast-TBI: n=5, median=0.65, 95% CI=0.10-1.11; U=4,
p=0.39) and long-term time-points post-injury (sham: n=4, median=1.00, 95% CI=0.451.54; blast-TBI: n=4, median=1.29, 95% CI=0.32-1.40; U=7, p=0.89). H: Number of
Iba1-positive cells in sham and blast-TBI rats was not different 2 (sham n=4 rats,
median=25 cells per ROI, 95% CI=2-33; blast-TBI n=5, median=17, 95% CI=10-29;
U=7, p=0.56) or 60 dpi (sham: n=4, median=28.5, 95% CI=5-42; blast-TBI: n=4,
median=30, 95% CI=9-46; U=7, p=0.89).
Neuronal responses in the trigeminal nucleus
To test whether the increased spontaneous activity reflects mechanisms intrinsic
to the thalamus, or whether they are due to increased drive from afferent inputs, we
recorded activity in the spinal trigeminal nucleus caudalis (SpVc). SpVc receives thermal
and noxious inputs from the trigeminal nerve (Rusu 2004) and is the main source of
afferent inputs to the PO (Rowe and Sessle 1968; Poggio and Mountcastle 1960;
Apkarian and Shi 1994). We recorded spontaneous and stimulus-evoked responses from
wide dynamic range (WDR) neurons that had receptive fields in the trigeminal
dermatome (see Methods). WDR neurons were identified by their responses to both lowthreshold and noxious mechanical stimuli, and their enhanced responses to increases in
stimulus intensity in the noxious range (Okubo et al. 2013). Consistent with previous
findings (Okubo et al. 2013; Urch et al. 2003), spontaneous activity in neurons of sham
rats was close to 0 Hz (n=39 cells, median=0, 95% CI=0-0.01 Hz). Spontaneous activity
was not significantly different in rats with blast-TBI (n=34 cells median=0.01 Hz, 95%
CI=0-0.03 Hz; Mann-Whitney U=535, p=0.13; Figure 10A).
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Similarly, the magnitude of responses to noxious mechanical stimuli applied to
the face by an electronic aesthesiometer was also indistinguishable in both groups, with
normalized response magnitude of 0.17 in the blast-TBI group (n=18, 95% CI=0.05-0.27)
and 0.10 in the sham group (n=20, median=0.10, 95% CI=0.05-0.48; Mann-Whitney
U=170, p=0.78; Figure 10B). These results indicate that, four weeks after blast-TBI,
WDR neurons in the SpVc of blast-TBI rats have activity comparable to that of sham
controls, suggesting that the increased activity in of PO neurons in results from changes
intrinsic to that nucleus.
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Figure 10. Neuronal activity of WDR neurons and glial activation in the spinal
trigeminal nucleus (SpVc) are not enhanced after blast injury. A, B: Median
spontaneous firing rate (A; sham n=39 cells; blast-TBI n=34 cells; Mann-Whitney
U=535) and sensory-evoked firing (B; sham n=20; blast-TBI n=18; U=170) are not
significantly different in blast-TBI rats compared to sham rats. C: GFAP labeling in the
brainstem show no significant difference in percent ROI between sham (n=4) and blastTBI rats (n=5 at 2 dpi and n=6 at 60 dpi) at both 48 h (sham: median=0.99, 95% CI=0.801.23; blast-TBI: median=1.17%, 95% CI=0.99-1.78; U=4, p=0.19) and 2 months (sham:
median=1.19, 95% CI=0.37-1.26; blast-TBI: median=1.73, 95% CI=0.82-2.47; U=3,
p=0.07). D: Cell counts of Iba1 labeled microglia in the brainstem show no significant
difference in population size at 2 dpi (sham: n=4, median=50.5, 95% CI=42-84; blastTBI: n=5, median=52, 95% CI=33-64; U=9.5, p=0.96) or 60 dpi (sham: n=3, median=51,
95% CI=45-60; blast-TBI: n=5, median=57, 95% CI=36-85; U=7, p=0.99).

Glia after blast-TBI
We, and others, have shown that some CNS injuries are associated with activation
of glia in thalamus (Wu et al. 2013; Hazra et al. 2014; Ramlackhansingh et al. 2011).
However, densitometry analysis revealed no significant differences in intensity of GFAP
immunoreactivity in blast-TBI rats, compared to shams, at either 48 h or 2 months
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(Figure 9G). Nor did we find changes in Iba1 stereological cell counts at the 48 h or 2
months time points (Figure 9H).
Gliosis upstream of the thalamus, in SpVc, could also mediate thalamic
abnormalities. There were no significant changes in percent of the ROI field labeled
positively for GFAP in the SpVc of blast-TBI rats at 48 h or 2 months (Figure 10C) after
blast-TBI. Numbers of Iba1-labeled cells were also indistinguishable 2 months after
injury.

Gliosis in descending modulatory centers after blast-TBI
Due to its importance for pain modulation and susceptibility to blast trauma (see
Introduction), we examined gliosis in the periaquedactal gray (PAG) and its downstream
target in the brainstem, the rostroventral medulla (RVM). Sections containing the PAG
and RVM were labeled for GFAP and Iba1 at 16 weeks after injury to quantify and
classify astrocytes and microglia, respectively. Sham (n=4) and blast-TBI rats (n=6) had
similar integrated densities of GFAP labeling in both the PAG (Figure 11C) and RVM
(Figure 11D). Thus, persistent gliosis in the descending pain modulatory centers does not
mediate ongoing pain at late time-points after blast-TBI.
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Figure 11. Astrogliosis is not present in the PAG or RVM 16 weeks after blast-TBI.
A, B: Representative images of GFAP in PAG (A) and RVM (B) show comparable
labeling in sham (top) and blast-injured rats (bottom). C: Sham (n=4, median=1074,
95%CI=765.5-1228) and blast-TBI rats (n=6, median=1207, 95%CI=1044-1380) have
similar amounts of GFAP labeling in PAG (U=6, p=0.26). D: GFAP labeling was also
similar between groups in RVM ((sham median=925, 95%CI=626.5-1277; blast-TBI
median=982.2, 95%CI=925.3-1224; U=9, p=0.61).
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Discussion
Hyperactivity of thalamic neurons plays a causal role in several chronic pain
disorders, including spinal cord injury (reviewed in Masri and Keller 2012) and migraine
headaches (Burstein et al. 2010). Patients with blast-TBI develop symptoms in common
with SCI and migraine sufferers (Bowsher 1996; Burstein et al. 2011), such as pain
lasting months or years after injury and development of secondary hyperalgesia
extending beyond the receptive field of the injured nerves (Bosco et al. 2013; Helmer et
al. 2009). Preclinical studies of pain pathophysiology after blast-TBI are limited. Due to
the experience of similar symptoms in SCI, migraine, and TBI-Pain, we tested the
hypothesis that maladaptive plasticity in the posterior thalamus (PO) causes pain after
blast-TBI.

Pain and thalamic activity after blast-TBI
Rats with blast-TBI displayed signs of persistent pain, i.e. elevated grimace scores
(Figure 8B). These animals also displayed increased sensitivity to hypothermia, assessed
using an operant conditioning task (Figure 8C). The latter findings are consistent with
data on patients with TBI, showing that they suffer not only from post-traumatic
headaches, but also generalized pain, including aberrant hypersensitivity to cold (Ofek
and Defrin 2007; Nampiaparampil 2008; Strigo et al. 2014). TBI animals in the present
study also displayed amplified spontaneous firing rates of PO neurons, lasting at least
four weeks after the blast (Figure 9D). These findings are consistent with our previous
reports of increased spontaneous firing of thalamic neurons and aberrant thalamocortical
connectivity in animals with pain after SCI (Masri et al. 2009; Whitt et al. 2013; Wu et al.
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2013; Seminowicz et al. 2012). Indeed, functional imaging studies of TBI patients have
revealed enhancement of thalamocortical connectivity (Venkatesan et al. 2015; Zhou et
al. 2014; Tang et al. 2011). Thus, the amplified spontaneous firing rates in PO in the
present study are consistent with preclinical and human studies implicating this
hyperactive pain pathway in chronic pain conditions.
In contrast, rats with blast-TBI had no altered mechanical or heat sensitivity of the
face (Figure 8D and 8C), or mechanical hypersensitivity of the hind-paws (Figure 8E), in
response to either innocuous or noxious stimulation (Figure 9D). Consistent with these
behavioral findings, there were no increased evoked responses of thalamic neurons after
blast-TBI (Figure 9E).

Inflammatory gliosis in thalamus after TBI
We hypothesized that the aberrant elevated PO activity after injury was caused by
inflammatory factors from activated glia, sensitizing PO neurons (Scholz and Woolf
2007; Milligan and Watkins 2009; Ren and Dubner 2008). To test this prediction, we
quantified gliosis in the thalamus at 2 dpi and 60 dpi to capture early stages of activation
and persistent, maintained up-regulation. Contrary to our hypothesis, we found no
changes in resting-state glial cells at either time-point. These findings are consistent
with reports that glial activation is limited to areas of neurodegeneration (Readnower et
al. 2010; Gama Sosa et al. 2014; Garman et al. 2011).
However, these findings are in contrast with a previous TBI studies that detected
inflammatory damage in the thalamus. In rodents with fluid percussion injury (FPI)
model of TBI, Cao et al. (2012) report that sensory deficits are associated with thalamic
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microglia activation lasting one week after injury. Hazra and colleagues (2014)
demonstrate thalamic astrogliosis in mice up to four weeks after controlled cortical
impact. However, mice with thalamic astrogliosis did not exhibit altered pain behaviors
(Hazra et al. 2014; Vos et al. 1994). These results might differ from our findings due to
the use of different TBI models. They might also be confounded by the use, in these
invasive, non-blast TBI models, of anesthesia, craniotomy, and direct impact to the brain.
The lack of activated glia in the thalamus was not unexpected, due to the
orientation of the blast wave and the nature of primary blast injury to brain tissue. We
directed the blast wave over the brainstem caudal to the thalamus, which was not in the
direct path of the collimated wave. Additionally, tissue at the borders of a material with
different density are particularly susceptible to blast injury, noted by glial scarring
(Shively et al. 2016; Nakagawa et al. 2011). The thalamus, situated towards the center of
the brain mass, may be largely protected by local effects of primary blast injury.
However, we observed aberrant PO activity and persistent behavioral markers of pain and
hyperalgesia, leading us to examine other potential sources of maladaptive pressure on
the PO after blast-TBI.

Sources of altered thalamic activity
We considered the possibility that enhanced activity in the PO is due to increased
excitatory inputs. Because the blast wave is targeted at the brainstem, we predicted that
enhanced activity in the PO is due to increased excitatory inputs from the spinal
trigeminal nucleus caudalis (SpVc). However, we found no change in spontaneous or
evoked activity of SpVc neurons. This suggests that the neuronal responses of the SpVc
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are not significantly affected by TBI-Pain and likely are not responsible for the enhanced
activity of PO neurons. Instead, differences in PO activity after blast injury must reflect
either intrinsic changes to PO neurons or altered activity elsewhere in the sensory pain
pathways.

Gliosis in the descending pain modulatory system
We assessed persistent glial-mediated inflammation (Watkins et al. 2001) in the
PAG or RVM, key structures in the descending pain modulatory pathway (Tsou and Jang
1964; Reynolds 1969; Basbaum et al. 1976). We found no disparities in glial labeling 16
weeks after injury, suggesting that if chronic pain is mediated by gliosis in PAG and
RVM, it is a transient process that abates by the time we tested. Persistent ongoing pain
must be maintained through other mechanisms.

Blast-TBI with awake rats models human injury
We used a novel model of blast-TBI, adapted from our previously described
direct cranial blast injury (dcBI) model (Kuehn et al. 2011). The model resembles human
injury by removing the use of anesthetics or surgery common in other rodent models of
TBI. Craniotomies alone—without brain damage—can produce profound proinflammatory, morphological, and behavioral deficits that may confound interpretation of
results in conventional experimental brain injury models (Cole et al. 2011; Kurland et al.
2015).
Additionally, anesthesia may produce neuroprotective effects that mask the nerve
damage initiated by blast-TBI, a crucial step for the development of central pain
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(Freynhagen and Baron 2009. Anesthetics can reduce neuronal activity and brain
inflammation (Combes 2013; Hertle et al. 2012). It has been shown that even a brief, 15minute exposure to isoflurane is sufficient to reduce secondary injury and inflammation
after controlled cortical impact (CCI) (Luh et al. 2011). Thus, variability in long-term
outcomes in preclinical TBI studies is influenced by the anesthetic used at time of injury.
The present findings differ somewhat from those we recently reported using the same
bTBI approach in ketamine-xylazine anesthetized rats (Studlack et al. in press). While the
system used to produce the blast injury is the identical in both studies, mortality is
markedly decreased (25% vs. 1.3%) when animals are awake, possibly due to detrimental
effects of the anesthetics on respiratory depression. Due to the reduction in mortality
when rats are awake for blast injury, we can, in future experiments, reduce the number of
animals needed for study. Also, rats exposed to blast-TBI under anesthesia did develop
persistent mechanical hyperalgesia of the face, a finding not replicated in awake blastTBI rats. This may be due to tighter coupling between the blast dissipation chamber and
the rat's head when anesthetized, resulting in more efficient blast wave dissipation in the
anesthetized model. Unlike the awake rats reported here, anesthetized rats did not display
increased anxiety-like behavior—measured in an elevated plus maze—suggesting that
anesthesia may mask the development of co-morbid anxiety in some models of blast-TBI.
In summary, the awake blast-TBI model may recapitulate multiple aspects the human
condition at time of primary blast injury, making it a more parsimonious rodent model for
future study.
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Chapter 3: Effects of stress and acute noxious stimulation on chronic
orofacial pain after blast-TBI
Introduction
Traumatic brain injury due to explosive blasts affects military and veterans of
recent conflicts at higher rates than past wars due to shifts in war technology and conflict
style. Blasts result from the detonation of improvised explosive devices, which are
increasingly used in modern warfare: causing 77% of combat wounds during Operation
Iraqi Freedom (OIF) (Belmont et al. 2010). While penetrating wounds to the body were
more common during conflicts in Korea and Vietnam, the injury profile of combat
casualties in recent years have shifted to head, neck, and extremity injuries, likely due to
improvements in body shielding armor (Belmont et al. 2010). Additionally, blast injuries
have, in the past, been more fatal. Faster access to emergency healthcare has improved
survivability of combat injuries, including blast-TBI (Clark et al. 2007, Cordts et al.
2008). These changes in injury profiles and advancements in protection and healthcare
have all culminated in larger populations of blast-exposed individuals surviving the initial
injury to face the persistent consequences of traumatic brain injury (Clark et al. 2007;
Owens et al. 2008; Courtney and Courtney 2015).
A significant cause of concern to military and veteran populations, blast-TBIs are
likely occurring in concert with combat and operational stressors, such as personal injury,
exposure to extreme environments, sleep deprivation, and separation from support
systems (Brusher 2007). When soldiers endure TBIs with exposure to combat, they are
more likely to develop comorbid mood disorders, such as depression, anxiety, and PTSD
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(Joseph and Masterson 1999; Gil et al. 2005; Rosenfeld and Ford 2010; Elder et al.
2014).
In addition to high prevalence of mood disorders, blast-TBI predisposes soldiers
and veterans to both development of secondary headache disorder, post-traumatic
headaches, as well as worsening of preexisting headaches. This seems to be directly
related to blast-TBI: blast-exposed veterans had worse headaches and more severe PTSD
than veterans without history of blast exposure (Mac Donald et al. 2015). Rodents with
Fluid Percussion Injury (FPI), a model of non-blast-TBI, developed mechanical
hyperalgesia in their hind-paws (Feliciano et al. 2014, Liang et al. 2017). Because
combat-related blast-TBI leads to PTH and pain in humans, we hypothesized that stress
and primary blast injury would interact to predispose animals to chronic orofacial pain,
evident as exaggerated responses to acute noxious stimuli.

Methods
Animals
A total of 36 adult male Wistar rats (250--325g; Harlan, Indianapolis, IN) were
used in this study. Rats were distributed into one of two groups (blast-TBI and shamoperated) allocated to one of three experimental protocols: sleep deprivation stress before
blast-TBI, sleep deprivation stress immediately following blast-TBI, or immobilization
stress in the chronic phase of blast-TBI (9 weeks after injury).
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Figure 12. Experimental schematic for stressor exposure and acute noxious stimulation
behavioral testing after blast-TBI.

Blast injury

Training
Rats were trained, as described in the previous chapter, to place their head
through the BDCCI over ten days to access a sweetened milk reward for placing their
head into a suitable position for blast. The chamber was cleaned between each use with
disinfectant and wiped dry.
Prior to each training session, rats were food fasted for 12 hours. The animals
were returned to regular diet, supplied by animal facilities, after the fasting period. Food
and water were provided ad libitum on recovery day. During the food restriction phase,
animals were weighed daily to ensure that their body weight did not fall below 85% of
the baseline.

Blast-TBI
After training (and stressor exposure for group 1) was successfully completed (ie.
rats consumed reward in at least 30s bouts with occipital ridge centered under BDCCI),
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rats received one blast-TBI in the same chamber as used for training. When the rat placed
his head correctly into the BDCCI chamber for at least five seconds, a blast wave was
applied as we previously described (Kuehn et al. 2011). As in the previous chapter, we
created a blast wave with peak overpressure of 462 kPa, with a level four charge and a 27
cm BDC.
Immediately following the blast, we noted the location of injury, and, for
remainder of the study, we only included rats that received blast-TBI in the posterior
cranium— in the region of the occipital crest and behind the foramen magnum. We
observed rats immediately following injury for the duration of trauma-induced apnea,
duration of seizure-like body contractions, the steepest angle at which the rat could climb
an inclined plane, and hind-paw and forepaw grip strength. Rats were observed closely
for at least one hour for any other physical side effects. We tested grip strength 24 hours
after injury in group 1 to ensure that motor function was sufficient to climb out of the
water during the flowerpot stressor task (Figure 15).

Stressor Exposure

Paradoxical sleep deprivation stressor
Sleep deprivation is a stressful experience reported by many active duty soldiers
also at risk of blast-TBI. The flower pot platform model has been used to induce rapideye movement (REM) sleep deprivation because, as muscle atonia sets in when rats reach
the REM stage of sleeping, they tend to fall into the water surrounding each platform and
awaken. Previous studies have suggested that this model is stressful (Coenen and Van
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Luijtelaar 1985) and similar water avoidance stressors are capable of inducing visceral
hyperalgesia in otherwise healthy rats (Bradesi et al. 2005, Million et al. 2000). We
exposed rats to a sleep deprivation-based stressor at two different time points to assess
two possible environmental conditions that would exacerbate recovery after blast-TBI:
sleep deprivation stress before injury (group 1) and fractured sleep stress after injury
(group 2).
Rats in group 1 were trained to assume the blast position in the training chamber
before undergoing 20 hour on- 4 hour off cycles in the multiple flowerpot platform model
of paradoxical sleep deprivation for 72 hours. Within an hour after removal from the
stressful environment, we performed the blast injury.

Figure 13. Flower pot sleep deprivation stressor set-up. Three rats were placed in a
clear plastic tub with six inverted clay flowerpots serving as platforms (4 inch diameter)
two inches above the room temperature tap water. A wire lid on the tub ensured that rats
remained in the enclosure and held water and food available ad libitum.
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Immobilization stress with noise exposure
Repeated exposure to immobilization stress has been demonstrated to induced
stress-induced hyperalgesia in uninjured rodents (Costa et al. 2005, Seo et al. 2006), but
its effects have not been examined in animals with chronic pain conditions. Months after
blast-TBI, we subjected rats to a single, two-hour bout of restraint stress while rats were
rolled onto their backs. Loud, unpredictable noise was played through nearby speakers.
To restrain, we wrapped the rat in a cloth, bound the shoulders, hips, and tail with vet
wrap tape, and placed the rats in a 3-inch diameter PVC pipe. The pipe was then rolled
until the rat was supine and loud unpredictable noise was played. During the two-hour
restraint session, subjective observations were recorded, with particular attention to
vocalization, porphyrin excretion, and escape attempts. After the immobilization session
time expired, rats were tested in the elevated plus maze and then returned to their homecages.

Figure 14. Immobilization stress set-up. The rat, illustrated here using a stuffed toy rat,
is wrapped in a pink cotton towel, placed in the PVC pipe, and rolled supine for two
hours as music is played through nearby speakers.

76

Acute noxious stimulation with topical capsaicin
Professional Arts Pharmacy (Baltimore, MD) produced topical capsaicin cream
(1% weight/volume capsaicin in a mineral oil emulsion cream base). Before we applied
the capsaicin cream, we removed the hair on the buccal pads, wrapped the rat in a towel,
and secured a veterinary Elizabethan collar around the neck (to prevent grooming during
exposure). Using a sterile cotton-tip applicator, capsaicin cream was applied to one
buccal pad, taking care to avoid contact with the eye and mouth, and left on the skin for
five minutes. After five minutes of contact with the skin, we wiped away the cream with
damp gauze and immediately transferred the rat to the Plexiglas chamber for filming.

Behavioral confirmation of pain and hyperalgesia after capsaicin
Immediately following capsaicin cream application, rats were filmed for thirty
minutes. The videos were analyzed for grooming behaviors and facial grimace markers.
After thirty minutes of filming, mechanical withdrawal thresholds were taken from the
center of the whisker-pad adjacent to the skin on the cheek exposed to capsaicin thirty
minutes earlier, as well as the contralateral whisker-pad.
Rats in groups 1 and 2 were subjected to capsaicin exposure and behavioral
assessment approximately two weeks after the blast injury and sleep deprivation stressor
paradigm. For groups 1 and 2, we also tested the rats for RGS and facial mechanical
withdrawal thresholds 24 and 72 hours after capsaicin exposure to assess extinction of
pain and hyperalgesia behaviors after stress in sham and blast-TBI rats.
Blast-TBI for group 3 occurred 67 days before the immobilization stress, which
was followed 6 days later by capsaicin testing. Six days after immobilization, rats were
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habituated to the testing room for two hours in their home-cages. They were individually
filmed for grooming and grimace analysis (30 minutes), then tested for facial von Frey
thresholds on both whisker-pads.

Results

Motor deficits caused by blast injury
The flower pot stressor set-up requires rats to pull themselves up onto the
platforms if they fall into the water, which occurs during REM sleep when muscle tone is
lost. However, there is motor impairment immediately following blast-TBI (see Chapter
2, Figure 7). To ensure that rats would regain motor function sufficient to climb onto the
platforms, we reassessed their grip strength and maximum inclined angle climbed 24
hours after injury (See General Methods; Figure 7). Rats in the sham-operated condition
had similar forelimb grip strength 10 minutes after blast (n=6, median=1089g, 95%
CI=962-1369 g) to that of blast-TBI rats (n=6, median=1118 g, 95% CI=675-1219 g;
Mann-Whitney U=16, p=0.79; Figure 15A). An early deficit due to blast-TBI on grip
strength was only apparent in the hind-limbs: sham rats had a median grip strength of 575
g (95% CI=486-651g), while blast-TBI rats were able to grip at a median strength of 357
g (95% CI=185-465g; Mann-Whitney U=0, p=0.002, Figure 15B).
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Figure 15. Early motor effects of blast-TBI. A: Forelimb grip strength is unaffected by
blast-TBI. B: Hind-limb grip strength is initially lower in rats subjected to blast-TBI
(n=6; MW U=16), but recovers by 24h post-injury to that of sham levels in rats (n=6;
U=6) allocated to group 2. C: The maximum angle of an inclined plane that rats subjected
to blast-TBI or sham procedures were able to climb did not differ 10 mins post-injury
(U=16) or 1 dpi (U=9).
After 24 hours of recovery, rats in group 1 were tested in the grip strength metrics
again. Blast-TBI rat forelimb grip strength was still equivalent to that of shams (blast-TBI
median=810g, 95% CI=569-1023g; sham median=977 g, 95% CI=910-1255g; MW U=6,
p=0.06; Figures 15A), while the hind-limb strength returned to blast-TBI rats (blast-TBI
median=415g, 95% CI=360-697g; sham median=587g, 95% CI=533-756; MW U=11,
p=0.13; Figure 15B).
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We also assessed the ability of rats to climb a wooden board set at steep angles,
between 65 and 85 degrees. Ten minutes after blast, rats in the blast-TBI (median=71°,
95% CI=67-74°) and sham-operated (median=72.5°, 95% CI=65-77°) groups were able
to climb the board at similar angles (MW U=16, p=0.79, Figure 15C). No deficit in the
angle board task developed over the next 24 hours (blast-TBI median=65.5°, 95% CI=5772°; sham median=68°, 95% CI=67-75°; MW U=9, p=0.16). Due to the recovery of
hindlimb grip strength and lack of a deficit in head-up angle task, we determined that rats
exposed to blast were prepared for flower pot stressor exposure 24 hours later.

Acute noxious stimulation induces elevated pain and hyperalgesia
Two weeks after blast-TBI, we assessed rats for pain and hyperalgesia behaviors,
hypothesized to be exacerbated by stressor exposure and acute noxious stimulation with
topical capsaicin. After capsaicin exposure, facial grooming behaviors are reliable
metrics of pain. Rats unexposed to blast-TBI or paradoxical sleep deprivation (PSD)
stress—shams—spent a median of 366 seconds of the first 1800 seconds after capsaicin
exposure grooming their face (95% CI=222-440 seconds; n=4). Rats exposed to blastTBI and PSD showed an effect of the order of injury and stressor, when compared to
shams. If the blast-TBI was followed by stressor exposure, rats later spent significantly
more time grooming their face after capsaicin exposure (median=520 s, 95% CI=450920; n=5), compared to shams (MW U=0, p=0.02, Figure 16). However, rats with blastTBI after stressor exposure (n=5) spent approximately the same amount of time grooming
after capsaicin exposure (median= 444s, 95% CI=161-677) as sham-operated rats (MW
U=6, p=0.41, Figure 16).
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Figure 16. Sleep deprivation stress after blast-TBI, but not before, exacerbates
grooming response to capsaicin. Sham rats, without stressor exposure, spent less time
grooming after a 5-minute exposure to topical capsaicin than rats with blast-TBI exposed
to paradoxical sleep deprivation (PSD) stress. Rats subjected to blast-TBI after exposure
to stressor (PSD, then blast-TBI) did not spend more time grooming than either shamoperated or blast-TBI then PSD rats.
The effect size for the comparison between sham and blast-TBI before stressor
group was large, at 1.59 (Cohen’s d, Carson et al. 2012). However, an a priori power
analysis finds that the sample sizes are too small, requiring an n of 12 per group. The
effect size between shams and blast-TBI after stressor groups was modest, at 0.43
(Cohen’s d). Further replicates must be completed to sufficiently power this study.
We used another validated metric of ongoing pain, the Rat Grimace Scale (RGS),
to quantify changes in pain induced by capsaicin exposure (See General Methods). Two
weeks after injury, we filmed baseline post-injury videos before capsaicin exposure. Rats
with blast-TBI after PSD stressor (n=6, median=1.21, 95% CI=1.00-1.49) had
significantly higher baseline RGS scores than either shams (n=7, median=0.77, 95%
CI=0.52-0.98; KW with Dunn’s multiple comparisons p=0.02) or rats with blast-TBI
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followed by PSD stress (n=6, median=0.66, 95% CI=0.47-1.15; KW with Dunn’s
multiple comparisons p=0.02; Figure 17A). However, once capsaicin was applied, all
rats showed similar, high RGS scores, indicating that capsaicin exposure induced features
of facial grimace 30 minutes after exposure. The lack of group differences persisted 24
hours and 72 hours after capsaicin exposure, suggesting that blast-TBI and stress does not
affect the resolution of pain after acute noxious stimulation.

Figure 17. RGS scores and mechanical hyperalgesia resolve similarly with time after
capsaicin exposure. A: RGS scores are initially higher in the rats stressed before blastTBI 14 dpi, but all rats respond similarly to acute noxious stimulation with topical
capsaicin. B: Mechanical withdrawal thresholds do not differ, at any time-point after
capsaicin stimulation, between sham-injured and blast-TBI rats with stressor exposure
before or after injury.
Mechanical hyperalgesia is known to develop after TRPV1 stimulation with
capsaicin (Simone et al. 1989). We predicted that blast-TBI and stress history would
exacerbate this mechanical hypersensitivity after stimulation. We did not, however,
measure any significant group differences in mechanical withdrawal thresholds from the
whisker pad adjacent to the capsaicin-exposed buccal region at any time-point (Figure
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17B). This suggests that both the sham-operated and blast-TBI rats developed similar
degrees of hyperalgesia in response to capsaicin application. Taken together with the
grooming and RGS studied after capsaicin exposure, we conclude that affective pain
processing may be modulated by blast-TBI and stress without affecting peripheral
sensitivity to capsaicin, although replication is necessary to sufficiently power these
studies.

Pain behavior after stressor exposure in chronic blast-TBI
Combat and operational stressors present around the time of blast-TBI are
extreme and often traumatic instances of stress. However, the stress of returning to
civilian life after blast-TBI may also present veterans with a unique, negative effect on
their post-traumatic pain. To assess TBI-Pain after chronic phase stress, we subjected rats
to a single bout of immobilization and noise stress 9 weeks after blast-TBI. Six days later,
we exposed the rats to acute noxious stimulation with capsaicin and measured pain and
mechanical hyperalgesia behaviors.
Rats subjected to the immobilization stress paradigm exhibited behavioral stress
responses while undergoing stressor exposure, subjectively observed by an experimenter
blinded to injury condition of the animals. Porphyrin excretion, frequent defecation,
audible vocalizations, and frequent attempts to escape the restraint were present in all
animals, suggesting that the restraint stress was a distressing event.
Grooming after capsaicin exposure was, again, a sensitive metric of both injury
and stress conditions. Rats spared immobilization stress (No Stress condition, n=5) spent
a median of 135 seconds (95% CI=91-428) grooming in the 1800 second period
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immediately following capsaicin application. Sham-injured rats exposed to the
immobilization stressor (n=3) spent a comparable amount of time grooming—median of
359 s (95% CI=101-495). However, rats with both blast-TBI and stressor exposure (n=4)
spent more time grooming after capsaicin exposure than either control condition, with a
median of 751 s (95% CI=532-850; Figure 18A).

Figure 18. Grooming after capsaicin application was sensitive to injury and stressor
exposure 6 days later. A: Capsaicin exposure lead to more grooming in rats with a
history of blast-TBI and immobilization stress 6 days before, compared to both
unstressed rats and uninjured rats exposed to immobilization stress. B: RGS scores were
high after capsaicin exposure in all groups.
In contrast to behavioral findings after stressor exposure in subacute phases of
blast-TBI, we did not observe any effects of stressor exposure in the chronic phase of
blast-TBI on RGS scores (Figure 18B). However, like the previous experiments, the
sample sizes are low and replication is necessary to confirm these preliminary findings.
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Astrocytes in descending pain modulatory nuclei after blast-TBI and stress
Due to the convergence of stress and pain modulatory circuitry on the
periaqueductal gray (PAG) and the rostral ventral medulla (RVM), glial cells, including
astrocytes, may be important for regulation of neurotransmission and protection from
injury (Imbe et al. 2013). Astrocytes have been shown to be reactive and proinflammatory in the initial days after TBI (Tyburski et al. 2017, Sandhir et al. 2008,
Burda et al. 2016) but are pathologically stunted in terms of process length and
complexity after stress exposure. We predicted that blast injury would predispose
astrocytes to be susceptible to later stressor, manifesting as reduced GFAP labeling for
astrocytes of rats exposed to both immobilization stress and blast-TBI. GFAP labeling for
reactive astrocytes did not differ between stressed sham-injured rats (n=6, median=639,
95% CI=236-1586) and stressed blast-TBI rats (n=9, median=1184, 498-2415) in PAG
(MW U=14; p=0.14; Figure 19A), but there was a significant loss of GFAP
immunoreactivity in RVM of animals previously exposed to blast injury (median=635,
95% CI=510-798, n=7) compared to shams (median=1304, 95% CI=1217-1483, n=6;
U=0, p=0.001, Figure 19B).

85

Figure 19. Fluorescent labeling of astrocytes in descending pain modulatory nuclei.
A: GFAP labeling in PAG did not differ between sham-operated and blast-TBI rats after
all were exposed to immobilization stress (U=14). B: GFAP fluorescence was higher in
the RVM of sham rats exposed to stress than blast-TBI rats exposed to stress (U=0).

To assess the extent to which the immobilization stress exposure affects the
anxiety phenotype of rats in both the sham and blast-TBI conditions, we measured their
anxiety-like behaviors in the elevated plus maze task and an open field without capsaicin
exposure. Sham-injured rats (n=3) spent a post-injury baseline median of 13.7% of the
trial in the open arms of the elevated plus maze, while blast-TBI rats (n=4) spent a
median of 5.9% of the trial in the open arms (MW U=4, p=0.63, Figure 20A). Exposure
to the immobilization stressor did not alter anxiety-like behavior in the elevated plus
maze immediately after the stressor or six days later, just before capsaicin exposure.
However, these studies are under-powered and larger sample sizes are necessary to
confirm these preliminary results.
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Figure 20. Immobilization stress does not induce a behavioral anxiety phenotype. A:
Time spent in the open arms of the elevated plus maze never changed due to injury
condition or immobilization stress exposure. B: Time spent in the center zone of the open
field 6 days after immobilization stress did not differ between sham-injured and blast-TBI
rats.
Similarly, rats in both the sham-operated and blast-TBI injury conditions spent
comparable amounts of time in the center zone of an open field when tested six days after
immobilization stressor exposure (Figure 20B). While the experimenters observed signs
of distress in rats while they were restrained in the stressor paradigm, two common tests
of anxiety-like behaviors revealed no differences due to injury condition.

Discussion

Pain behaviors are influenced by stress
Rats exposed to stressful conditions after blast-TBI, whether sleep deprivation
stress in the first few days after injury or immobilization stress months later, exhibited
greater grooming responses to noxious stimulation (Figures 16 and 18A). However,
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stressor exposure before blast-TBI did not lead to higher behavioral expressions of pain
(Figure 16). This suggests that blast-TBI predisposes rodents to stress worsening pain.
Veterans with both PTSD and mild blast-TBI self-report more intense day-to-day
pain than veterans with blast-TBI in absence of PTSD, which is consistent with the
interpretation that the psychological distress associated with PTSD amplifies the
experience of affective pain after blast-TBI (Stojanovic et al. 2016).

Reactive gliosis after stress is attenuated in RVM of blast-TBI rats
Astrocytes are sensitive to stress (Czeh et al. 2006, Gosselin et al. 2009, Ye et al.
2011, Imbe et al. 2013) and targeted ablation of astrocytes in prefrontal cortex can induce
some depressive-like behaviors observed after some stressor exposures (Banasr and
Duman 2008). Additionally, post-mortem brain tissue studies of patients with PTSD have
reported decreased astrocyte density throughout the cortex (Si et al. 2004).
Consistent with our immunohistochemical findings, reduced GFAP
immunoreactivity in the RVM after restraint stress has previously been significantly
correlated with hind-paw mechanical hyperalgesia (Imbe et al. 2013). Chronic stress
induces atrophy of astrocytic processes, which accounts for decreased GFAP
immunoreactivity, as astrocyte cell death does not occur after stress exposure (Tynan et
al. 2013). Astrocytes play vital roles to synaptic maintenance, neurotransmission, and
response to insults, so dysfunctional astrocytes may weaken the ability of the RVM to
successfully modulate nociception and pain (Schousboe and Waagepetersen 2006, Imbe
et al. 2013).
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Disconnect between anxiety metrics and stressor exposure
In all rats stressed, we observed signs of distress (porphyrin excretion, audible
vocalizations, and frequent defecation) during the immobilization procedure, but the
anxiety-like behavior metrics-- elevated plus maze and thigmotaxis in the open field-- did
not reveal exacerbation by blast-TBI of an anxious phenotype after stress exposure
(Figure 20). All rats in group 3, in both the sham and blast-TBI conditions, were exposed
to the immobilization stressor, so another control group unexposed to blast-TBI and
stress may reveal an effect of just stressor exposure on anxiety-like behavior metrics.
While stressor exposure was sufficient to exacerbate grooming responses to capsaicin
challenge in blast-exposed rats, it did not induce a lasting anxiety-like state.
Other rodent studies in the chronic phase of blast-TBI implicate lasting effects of
a repeated brain injury with elevated response to predator scent stressor exposure and
conditioned fear abnormalities (Perez-Garcia et al. 2016, Genovese et al. 2013),
suggesting that blast-TBI can predispose subjects to later PTSD development. Behavioral
metrics of anxiety are not sensitive to the effects of a single blast-TBI, and repeated
injury may be necessary to observe anxiety-like behaviors after blast-TBI.
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Chapter 4: Amplified parabrachial nucleus activity in a rat model of
orofacial neuropathic pain1
Introduction

Chronic pain is a major health issue affecting over a million people in the US and
causing an annual economic burden of approximately $600 billion (Committee on
Advancing Pain Research 2011). Of significant concern is chronic neuropathic pain,
which arises due to lesions or dysfunction in peripheral or central pain pathways.
Neuropathic pain affecting the trigeminal system, in particular, is frequently
associated with negative affective states, including a high incidence of depression,
anxiety, and sleep disorders (Wu et al. 2015, Mousavi et al. 2016, Smith et al. 2013).
Patients with trigeminal neuralgia and traumatic trigeminal neuropathic pain also suffer
from hypersensitivity to light touch and temperature, often accompanied by a more
persistent, dull pain in the region of the face innervated by the damaged nerve (Gregg et
al. 1979, Dubner et al. 1987, Love and Coakham 2001, Elias et al. 2014).
The parabrachial complex (PB), a focus of pain circuitry studies, is a collection of
nuclei at the junction of the midbrain and pons that mediates, in addition to pain, a variety
of functions important to satiety, taste, arousal, respiratory control, and fluid and salt
balance (Davern 2014, Martelli et al. 2013, Hajnal et al. 2009). PB neurons respond
robustly to noxious cutaneous and visceral stimuli (Roeder et al. 2016, Nakao et al.

1

Studlack PE, Uddin O, Akintola T, Raver C, Castro A, Masri R, Keller A (2017).
Amplified parabrachial nucleus activity in a rat model of trigeminal neuropathic pain.
(Under review at Neurobiology of Pain).
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2012), and are an anatomical target of nociceptive neurons from both the trigeminal and
spinal dorsal horn (Gauriau and Bernard 2002, Spike et al. 2003, Saito et al. 2017,
Rodriguez et al. 2017). Nociceptive information from the periphery is relayed from PB to
brain regions implicated in pain and affect, including the central nucleus of the amygdala,
thalamus, zona incerta, hypothalamus, bed nucleus of the stria terminalis, and insular
cortex (Gauriau and Bernard 2002, Bianchi et al. 1998, Krukoff et al. 1993). PB also
shares reciprocal connections with regions comprising the descending pain modulatory
system, including the prefrontal cortex, periaqueductal gray, and rostral ventral medulla
(Buchanan et al. 1994, Roeder et al. 2016, Chen et al. 2017). Thus, PB is situated at the
nexus of ascending and descending pain processing pathways.
This anatomical substrate suggests that PB may be involved in the pathogenesis of
chronic pain. Consistent with this hypothesis, Matsumoto and colleagues (1996) report
that both spontaneous and evoked activity of PB neurons are increased in arthritic rats.
Jergova et al. (2008) found enhanced c-Fos expression in PB of rats with chronic
constriction injury (CCI) of the sciatic nerve.
We have recently shown that CCI of the infraorbital nerve (CCI-ION) results in a
transition from acute to persistent pain that is dependent on central mechanisms (Okubo
et al. 2013, Castro et al. 2017). We also suggested that this chronic, trigeminal pain might
differ from somatic pain (Akintola et al. 2017), consistent with previous studies (Schmidt
et al. 2015, Meier et al. 2014). Therefore, we tested the hypothesis that hyperactivity of
PB neurons contributes to the pathogenesis of trigeminal chronic pain.
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Methods

Animals
All procedures were conducted according to Animal Welfare Act regulations and
Public Health Service guidelines and approved by the University of Maryland School of
Medicine Animal Care and Use Committee. We studied 27 male Sprague-Dawley rats
(375 to 475g at time of electrophysiological recordings, ordered from Envigo,
Indianapolis IN) in these experiments: 7 sham-operated and 20 CCI-ION.
Animals were randomly allocated to experimental or control groups, as described
in Kim and Shin (2014). In all experiments, the investigators were blinded to animal
condition until data analysis was completed. Thus, allocation concealment, blinded
conduct of the experiment, and blinded assessment of the outcomes were performed.

Induction of chronic orofacial pain
We used a rodent model of neuropathic pain, evoked by chronic constriction of
the infraorbital nerve (CCI-ION) (Benoist et al. 1999, Okubo et al. 2013, Castro et al.
2017, Akintola et al. 2017). Animals were first induced with 2% isoflurane and then
injected intraperitoneally with ketamine (100mg/kg) / xylazine (10mg/kg). Depth of
anesthesia was confirmed by the absence of blink and hind paw pinch withdrawal
reflexes, and monitored periodically throughout the surgery. The animal was placed in a
supine position on a sterile surgical platform, and an 8 to 10 mm long intraoral incision
was made along the roof of the mouth next to left cheek, beginning distal to the first
molar. The infraorbital nerve was freed from surrounding connective tissue and clearly
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visualized before loosely tying it with silk thread (4-0), 1 to 2 mm from where the nerve
emerges from the infraorbital foramen. The wound was cleaned and closed using
Vetbond tissue glue (3M products, St. Paul, MN). Animals were monitored and allowed
to recover on a warm heating pad and then monitored daily as they recovered for 5 - 7
days in their home cage.

Results

Behavioral confirmation of pain and hyperalgesia after CCI-ION

Mechanical withdrawal thresholds lowered by CCI-ION in face and hind-paw
Rats with CCI-ION had decreased thresholds for mechanical withdrawal from
stimuli applied to the ipsilateral vibrissae pad. Median mechanical withdrawal threshold
for rats (n=7) after sham surgery was 8.58 g (95% CI=5.99-9.83g). In comparison,
median mechanical withdrawal threshold of CCI-ION rats (n=15) was nearly 8 fold
lower, at 1.12 g (95% CI=0.73-1.71g; Mann-Whitney U=0; ipsilateral sham vs. ipsilateral
CCI-ION: p=0.0001, Figure 21A). The effect size was large, at 3.88 (Cohen’s d).
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Figure 21. Behavioral confirmation of pain and hyperalgesia after CCI-ION. A:
Mechanical withdrawal thresholds are significantly reduced in CCI-ION rats (n=14)
compared to shams (n=6; ipsilateral Mann-Whitney U=0; contralateral MW U=24). B:
Hind-paw withdrawal thresholds are significantly lower in CCI-ION rats compared to
shams (U=0). C: In contrast to mechanical thresholds, the latency to withdraw hind-paws
from thermal stimuli is comparable in both groups (U=24). D: Rat Grimace Scale scores
are significantly elevated in CCI-ION rats compared to sham rats (U=0).

Mechanical withdrawal thresholds contralateral to the injured nerve, in the V2
region of CCI-ION rats were also lower than those of shams (CCI-ION: median=5.4g,
95% CI=2.91-7.25; sham: median=7.45g, 5.25-10.03g; Mann-Whitney U=24; p=0.04;
Figure 21A). The effect size was, again, large, at 1.04.
We measured hind paw mechanical withdrawal thresholds after injury to assess
distal, secondary hyperalgesia following CCI-ION. The median withdrawal threshold of
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sham-operated rats (n=7) was 24.2g (95%CI=17-43.8g). In contrast, rats with CCI-ION
(n=8) had a median hind paw withdrawal threshold nearly 50% lower (effect size = 1.92):
12.83g (95% CI=10.06-15.24g; Mann-Whitney U=0, p=0.0003, Figure 21B), suggesting
that secondary hyperalgesia may extend beyond the face in this model of trigeminal
neuropathic pain.

Thermal sensitivity of hind paws was unaffected by CCI-ION
Unlike the mechanical withdrawal threshold results, thermal hind paw withdrawal
thresholds measured with a Hargreaves apparatus were unaffected, with shams
withdrawing at a median of 7.84 s (95%CI=4.89-10.93s) and CCI-ION rats withdrawing
at 7.27 s (95% CI=6.19-9.16s; Mann-Whitney U=24, p=0.54, Figure 21C). Thus,
behavioral response to noxious thermal stimuli of the hind paws was not altered by
trigeminal nerve injury.

Ongoing pain assessment with Rat Grimace Scores
To assess ongoing pain we used the rat grimace scale (RGS) (Sotocinal et al.
2011). We have recently demonstrated that RGS is a reliable and sensitive metric for the
assessment of ongoing pain in the CCI-ION model (Akintola et al. 2017). Nine days after
injury, rats with CCI-ION demonstrated significantly higher RGS scores (CCI-ION:
median=1.25, 95% CI=0.96-1.40, n=12) than their sham-operated cohorts (median= 0.36,
95% CI 0.19-0.47, n=7, Mann-Whitney U ranked-sum test, U=0, p<0.0001, Figure 21D).
The effect size was large, at 3.91. This finding confirms that CCI-ION results in
persistent, ongoing pain.
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Increased after-discharges of PB neurons after CCI-ION
To assess electrophysiological correlates of the behavioral changes described
above, we quantified the spontaneous activity of PB neurons, and their responses to
noxious application of an electronic aesthesiometer to the face and hind paws. We
correlated the output, in voltage, of the electronic aesthesiometer to force applied, in
grams, and stimulated at forces greater than their behavioral withdrawal thresholds. The
magnitude of responses to tactile stimuli (normalized to baseline firing rates, see
Methods) did not differ for either facial or hind paw stimulation between injury condition
groups. Cells from rats with sham injuries responded to facial stimuli with a median
magnitude of 10.9 units (95% CI=2.37-28.9, n=5) while those from CCI-ION rats
responded at a median magnitude of 12.3 units (95% CI=7.89-19.9, n=15; Mann-Whitney
U=31, p=0.60; Figure 22A). Similarly, cells in both conditions responded comparatively
to hind-paw stimulation: shams (n=12) had a median response magnitude of 6.11 units
(95% CI=1.83-9.34) and CCI-ION cells (n=23) had a median response of 4.8 units (95%
CI=2.55-7.92; Mann-Whitney U=134; p=0.90; Figure 22B).
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Figure 22. Parabrachial neurons respond to cutaneous stimuli. Responses to
mechanical stimuli of the face (A; U=31) and hind paws (B; U=134) did not differ in
sham and CCI-ION rats.

We previously reported that after-discharges—prolonged firing exceeding the
duration of a stimulus—in trigeminal nucleus neurons are causally related to chronic pain
after CCI-ION (Okubo et al. 2013). We identified after-discharges in PB in response to
tactile stimulation of either the hind-paws or the face in a subset of tactile responsive
cells. Figures 23A and 23B depict two representative PSTHs and raster plots comparing
sham responses (A) to CCI-ION responses (B). Tactile stimulation last from 0 to 3
seconds in each PSTH, yet the representative neuron from the CCI-ION rat (Figure 23B)
continues firing at a sustained, high rate – displaying after-discharges.
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Figure 23. After-discharges in PB neurons are more prevalent and last longer after
nerve injury. Representative post-stimulus time histogram (PSTH) and associated raster
plot demonstrating firing in response to tactile stimulation (applied from time 0 to 3s) to
the hind-paw in a neuron from a sham animal (A) and from an animal with CCI-ION (B).
B: C: After-discharge duration is longer in neurons from CCI-ION rats, compared to
those from sham-operated rats (medians and 95% CI). The proportion of neurons
responding with after-discharges (AD) in CCI-ION rats was significantly higher than that
in sham animals (two-tailed binomial test).
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PB neurons recorded from CCI-ION neurons were more than twice as likely to
exhibit after-discharges, with 44.1% of tactile responsive neurons from CCI-ION rats and
18.8% of neurons from sham animals displaying after-discharges. This difference was
statistically significant (binomial test, p<0.0006, Figures 23D and 23E).
When analyzing all neurons responsive to tactile stimuli—whether or not they
displayed after-discharges—we found that PB neurons from CCI-ION rats (n=37, 95%
CI=0-1.72s) had significantly longer after-discharges, compared to neurons from shamoperated rats (n=22, 95% CI=0-0s; Mann-Whitney U=190.5; p=0.02; Cohen's d=0.78, or,
a large effect size). When analyzing only neurons that showed after-discharges after
tactile stimulation, CCI-ION neurons (n=16, median=5.26s, 95% CI=1.72-6.61s)
exhibited significantly longer after-discharges, compared to the few sham cells with afterdischarges (n=3, median=0.71s, 95% CI=0.27-2.73s; Mann-Whitney U= 6; p=0.048;
Figure 23C; Cohen’s d=0.98).

Subset of PB neurons depress firing to stimuli followed by rebound bursting
A small, different subset of tactile responsive neurons showed a different response
to mechanical stimulation: depressed responses with rebound bursting, as shown in the
representative PSTH and raster plot in Figure 24A. Three neurons from a single shamoperated animal displayed this response, whereas 11 neurons in PB of 6 CCI-ION rats
suppressed firing (Figure 24B). These proportions did not differ significantly between
sham and CCI-ION groups (Chi square p=0.44, Figures 24D). The period of depressed
firing quickly resolved after removal of the mechanical stimulus, with some cells
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displaying a rebound burst (Figure 24). The duration of the rebound burst was similar in
sham and CCI-ION rats (sham: median=3s, 95% CI=0-3s; CCI: median=1s, 95% CI=07s; Mann-Whitney U=15.5, p=0.98; Figure 24C).
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Figure 24. Depressed firing and rebound bursting cells in the PB. A: Example PSTH
and raster plot demonstrating reduced firing during tactile stimulation (0-3s), and rebound
spiking. B: Suppressed firing in a subset of CCI-ION neurons (n=11) during tactile
stimulation; paired t-test, t(df)=6.82(10). C: The duration of post-inhibitory rebound
spikes did not differ between neurons from sham and CCI-animals (U=15.5; medians and
95% CI). D: The proportion of OFF-cells with and without bursts, as a subset of all
responsive neurons, was similar between sham and CCI-ION groups (Chi-square test;
p=0.44).
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Thermal response of PB cells are exaggerated after CCI-ION
Only eight neurons responded to thermal stimulation of the face: 4 cells from 4
sham-operated rats and 4 from 4 CCI-ION rats. The response to thermal stimulation was
significantly greater in the CCI-ION cells (median=12.15, 95% CI=2.49-20.52) than
sham-operated cells (median=1.35, 95% CI=0.45-2.36; Mann-Whitney U=0, p=0.03;
Figure 25A; Cohen's d=1.99).
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Figure 25. PB neurons in CCI-ION rats have amplified thermal responses. A:
Response magnitude to thermal stimulation of the hind-paws and face was higher in
neurons from CCI-ION animals, compared to shams (U=0). B: Spontaneous firing rate
was unchanged by CCI-ION (sham n=20, CCI-ION n=45, Mann-Whitney U=415).

Spontaneous firing rate is similar in shams and CCI-ION PB neurons
Despite the hyperactivity of PB neurons after cutaneous stimulation in CCI-ION
rats, spontaneous firing rates of neurons from sham-operated and CCI-ION rats did not
differ. Neurons from sham animals (n=20) had a median firing rate of 0.50 Hz (95%
CI=0.06-2.65). Neurons in CCI-ION condition (n=45) fired at a median firing rate of 0.33
Hz (95% CI=0.04-1.90; U=415, p=0.62; Figure 25B).
Approximately 50 to 65% of PB neurons in both the CCI-ION and sham-operated
groups, respectively, had no spontaneous firing. When comparing only neurons that did
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fire spontaneously, there was still no significant difference in spontaneous firing rate
between shams (n=12, median=3.58 Hz, 95% CI=2.34-6.95) and CCI-ION PB neurons
(n=17, median=5.35 Hz, 95% CI=1.90-7.62; U=91, p = 0.64).

Discussion

Development of pain behaviors in neuropathic trigeminal pain model
As in our previous studies, CCI-ION induced significant trigeminal hyperalgesia,
as evident by the lowered thresholds for response to mechanical stimulation to the
vibrissae pad (Akintola et al. 2017, Okubo et al. 2013, Castro et al. 2017). In addition,
CCI-ION resulted in mechanical hypersensitivity in the hind paw (Figure 21B), which
has not been previously reported after CCI-ION, to our knowledge. Expansion of
hypersensitivity to areas beyond the receptive field of the injured nerve is consistent with
the interpretation that maladaptive central changes occur in chronic pain (Woolf 1983,
Ziegler et al 1999, Latremoliere and Woolf 2009). The expansion of hyperalgesia to
dermatomes distal from the trigeminal distribution may involve convergence of spinal
and trigeminal inputs to the parabrachial nucleus (Rodriguez et al. 2017).
Consistent with our recent report (Akintola et al. 2017), CCI-ION resulted also in
significant increases in facial grimace scores, a reliable and sensitive metric for the
assessment of ongoing pain (Langford et al. 2010, Sotocinal et al. 2011).

102

Hyperexcitability of parabrachial neurons
PB neurons responsive to noxious thermal stimuli fired more robustly after CCIION than after sham procedures. Cha et al. (2012) used the operant orofacial pain
assessment device (OPAD) to assess thermal sensitivity of the face in rats subjected to
CCI-ION, and found that thermal hyperalgesia persisted for at least eight weeks after
injury, supporting our findings of hyperactive, thermally-responsive neurons in PB.
Contrary to our prediction, spontaneous firing rates and magnitudes of PB neuronal
responses to noxious mechanical stimuli were not elevated in CCI-ION animals.
Matusmoto and colleagues (1996) reported increased spontaneous firing rates of PB
neurons in an arthritis model affecting mainly hind limb joints. It is possible that our
results differ because of the different pain models studied. Matsumoto et al. studied a
systemic, spinally mediated chronic inflammatory pain state, whereas we induced chronic
neuropathic pain with a trigeminal nerve injury. It is also possible that our studies
focused on different populations of parabrachial neurons: We included a large population
of nociceptive neurons that had no spontaneous firing, whereas Matsumoto et al. (1996)
report no spontaneously ‘silent’ neurons.
We did find that CCI-ION was associated with robust hyperexcitability of PB
neurons, evidenced as a 2-fold increased incidence of neurons exhibiting after-discharges,
and a 7-fold increase in the duration of these discharges (Figure 23). We have previously
demonstrated a causal relationship between after-discharges and pain metrics (Okubo et
al. 2013). We have yet to determine whether the after-discharges in PB reflect afterdischarges in their presynaptic, SpVc inputs, or whether they reflect also changes
intrinsic to PB neurons, or other pathophysiological mechanisms.
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While aspects of parabrachial perturbations in the CCI-ION model mirror changes
seen in SpVc after the same injury (Castro et al. 2017, Okubo et al. 2013), there are
several distinctions. Unlike PB neurons (present findings), SpVc neurons in animals with
CCI-ION exhibit amplified spontaneous and evoked responses (Okubo et al. 2013).
Whereas neurons in both regions exhibit after-discharges following CCI-ION, afterdischarges in SpVc may last for minutes (Okubo et al. 2013), whereas those in PB last
seconds (present findings). These differences suggest that PB may be subject to
modulation from other brain regions after CCI-ION, such that its amplified responses do
not entirely reflect the changes in its SpVc inputs.
A subset of parabrachial neurons responsive to mechanical stimulation exhibited
stimulus-evoked depression followed by rebound bursts (Figure 24). These rebounds
spikes may reflect hyperexcitability related to the perception of pain (Bourinet et al.
1996, Choi et al. 2016, Rivera-Arconada et al. 2015). We found similar proportions of
neuron with depressed firing during mechanical stimulation in both sham and CCI-ION
conditions (Figure 24), but rebound bursting occurred more often and with longer
duration in neurons from CCI-ION rats, suggesting that they may be hyper-excitable.
The pronounced hyperexcitability of PB neurons in this model of chronic pain—
expressed as amplified after-discharges and rebound firing—suggest that CNS structures
downstream from PB also reflect this amplified activity. The divergence of PB efferents
to regions associated with the perception of affective pain, and to structures associated
with descending pain modulation (see Chapter 4 Introduction), strongly indicate that the
parabrachial nucleus is a key node in pain processing and in the pathogenesis of chronic
pain.
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General Discussion

Pain after blast-TBI
Pain is a dual experience comprised of the sensation of injurious or potentially
dangerous action to the body and the motivating negative emotional experience of pain
(Auvray et al 2010). Chronic affective pain, manifesting as post-traumatic headaches
with comorbid mood disorders and PTSD, significantly lessens the quality-of-life of
blast-TBI survivors. Chronic pain patients rate affective pain as most debilitating.
However, much of the focus of pain studies has centered on the sensory aspect of pain.
To assess affective pain in a rodent model of blast-TBI, we exposed rats to a
single primary blast injury. Following injury, rats with blast exposure had significantly
more markers of facial grimace, a validated metric of ongoing affective pain. Grimace
scales offer a unique method of non-evoked pain behavior devoid of experimenter
handling and testing stress.
Interestingly, the vestibulomotor deficits that occur in the first few weeks after
blast injury may also indicate an alternative manifestation of psychological distress.
Variance in vestibular deficit prevalence at later time-points, in clinical studies of blastTBI patients, was modeled most effectively when taking PTSD diagnoses into account,
suggesting that persistent vestibular issues may be affected by emotional distress
(Belanger et al. 2011, Kerr and Byrne 1975, Nelson 2015, Hoge et al. 2008). Gottshall
and colleagues (2003) report that TBI patients improved on a dynamic visual acuity task,
a measure of the vestibulo-ocular reflex, to the levels of uninjured control participants by
4 weeks after injury, yet their self-reported metric of dizziness remained stagnant and
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much higher than controls (Peters et al. 2014). Thus, some of the incongruence in human
vestibulomotor research may be due to reliance on self-reports of vestibular symptoms,
and failure to account for psychological mediators. As it stands, our findings in rats
exposed to blast-TBI mirror the transient nature of deficits noted in objective vestibular
metrics in the human population.
Affective pain in chronic conditions leads to secondary pain affect, characterized
in humans as rumination on effects of pain in the future as well as comorbid mood
disorders, like PTSD, depression, and anxiety (Price 2000). In rodents, affective pain is
associated with anxiety-like phenotypes (Mogil 2009, Narita et al. 2006, Wilson et al.
2007, Suzuki et al. 2007). We found mixed results of blast injury on behavior in an
elevated plus maze—rats exposed to blast while under anesthesia did not display anxietylike behaviors while rats awake at time of injury behaved as if they were significantly
more anxious than their sham counterparts.
Anesthesia exposure during injury induction in preclinical models potentially
confounds pathophysiology and development of chronic pain due to dampening of
excitotoxic and inflammatory secondary injury mechanisms. Because we were modeling
persistent affective pain after blast-TBI, we sought to mitigate any neuroprotective effects
of anesthetic agents so rats would be more likely to develop chronic post-traumatic pain.
To do so, we adapted the COBIA model (Kuehn et al. 2011) for use with awake and
behaving rats. Blast in COBIA is extremely brief (around 1 millisecond), reducing stress
of experiencing injury. We also reduced mortality rates of blast-TBI, which was
potentiated by use of anesthesia due to severe respiratory depression. In Chapters 1 and
2, we were able to compare the effects of ketamine-xylazine anesthesia at time of blast
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injury on later behavioral anxiety, pain and hyperalgesia measures. Despite the
improvement of the model to better recapitulate the human experience during blast injury
(awake, not anesthetized), we still had small effect sizes due to blast injury in behavioral
metrics of chronic affective pain.
Pain unpleasantness represents integration of inputs beyond just emotional:
autonomic, arousal-related, and sensory pain regions mediate affective pain as well.
Therefore, we also needed to assess effects of blast-TBI on sensory pain metrics. Rats
with blast-TBI demonstrated cold allodynia on the buccal regions of their faces after
injury. While rats in the same test do not display hyperalgesic responses to noxious heat
(45C or 50C), further assessments with other thermode test temperatures could reveal a
similar allodynic response to high temperature; perhaps testing rats' motivation to pursue
reward at 42C, which is below the noxious heat threshold of uninjured rats would reveal
allodynia after injury. Previous studies assessing thermal allodynia induced by capsaicin
cream application to the face of naïve rats found an allodynic effect at 42C (Neubert et al.
2006).
After SCI, chronic pain behaviors are correlated with hallmarks of central
sensitization in the PO thalamus: elevated spontaneous firing rate and exaggerated
responses to noxious stimulation. However, in contrast to pathophysiologic changes in
PO activity after SCI, we found that only unevoked firing at baseline after blast-TBI was
higher in injured rats compared to shams – a weaker injury manifestation. This is
consistent with the less-robust behavioral indicators of pain measured after blast-TBI as
compared to after SCI.
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Glia after blast-TBI
Glia, after injury, act as the brain’s innate immune system to clear debris and
mitigate damage. Following this early pro-survival function, some evidence suggests that
glial cells switch to a phenotype that, rather than restoring homeostatic brain function,
contributes to secondary injury mechanisms that cause further damage (Kernie et al.
2001, Giovanni et al. 2005, Hu et al. 2012, Alok et al. 2016). Previous studies have
suggested that persistent inflammation mediated by reactive astrocytes and amoeboid
microglia may influence long-term behavioral abnormalities after traumatic brain injury
(Tyburski et al., 2017, Hazra et al. 2014, Sandhir et al. 2008, Watkins et al. 2001,
Watkins and Maier 2000, Meller et al. 1994, Aldskogius and Kozlova 2013).
Neuroimaging and MRS spectroscopy studies in human patients with chronic pain after
SCI and peripheral nerve injuries show thalamic dysfunction accompanied by persistent
up-regulation of activated glia (Widerstrom-Noga et al 2015, Banati et al 2001, Banati
2002). In a small case study of post-mortem brains from patients who experienced nonlethal blast-TBI years before autopsy, there was astroglial scarring at periventricular
regions of the brain, suggesting that blast wave damage at the interface of tissues of
different densities (eg. CSF and brain tissue) lead to long-term glia upregulation (Shively
et al. 2016). Ramlackhansingh et al. (2011) found that patients with blast-TBI had
increased microglia activation in the thalamus correlated with reports of cognitive
deficits. However, that study focused on moderate to severe blunt-force, not blast, TBI.
To our knowledge, little is known about persistent thalamic gliosis after mild blast-TBI.
Persistent astrogliosis is frequently noted in blunt-force TBI (Elliot et al. 2012,
Tyburski et al. 2017) and some clinical blast-TBI tissues (Shively et al. 2016), but studies
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of just primary blast injury do not report prolonged glial response lasting longer than
several weeks after injury (Kaur et al. 1995). Following awake blast-TBI in the current
study, there are no gross neuronal lesions and glia appear quiescent, consistent with
studies by Readnower et al. (2010), Gama Sosa et al. (2014), and Garman et al. (2011)
that all found glial activation limited to areas of neurodegeneration.
One potential caveat to the present study is the use of relatively low magnification
while imaging glia for fluorescence intensity measurements and morphology
characterization. We may not have had sufficient resolution to view glia morphology. In
attempts to rectify this, we used stereological techniques at higher magnifications to
determine microglia population sizes, and took series of consecutive images through the
z-plane for GFAP and Iba1 quantification.
Models of rotational acceleration injury mechanisms are more likely to observe
both diffuse axonal injury (DAI) and persistent astrogliosis, quantified by increased
immunolabeling for GFAP (Ganpule et al. 2017). Persistent astrogliosis and microglial
activation is present from 1 day to over 6 months after injury when the injury mechanism
is rotational acceleration of the head, suggesting that tertiary blast injury, not primary
blast injury, is the cause of persistent glial inflammation after complex blast-TBI (Chen et
al. 2017, Stemper et al. 2015, McLean and Anderson 1997). Despite the lack of glialmediated inflammation, we induced maladaptive plasticity in the PO thalamus and
persistent pain behaviors that must be maintained through other mechanisms.

Issues with modeling blast injury in rodents
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Studying mechanisms of injury in rodents is facilitated by their manageable small
size, ease of collecting large sample sizes, and the bounty of behavioral,
immunohistochemical, and electrophysiological assays specific to rodents. However,
traumatic brain injury studies may be hampered by use of a rodent model. While some
maladaptive changes occur in sensory pain-processing areas of the thalamus after blast
injury (see Chapter 2), all the chronic behavioral effects of blast-TBI are fairly weak.
Skull thickness and geometry is a factor of concern in preclinical blast injury
studies. When simulated blast waves are applied to a model of the human head, the blast
wave is largely attenuated by the skull, with a peak pressure of approximately half the
initial peak overpressure hitting the brain closest to the blast source (Wang et al. 2014).
However, similar studies conducted with preclinical rodent models measuring intracranial
pressure after blast exposure instead found that the skull of rodents did little to attenuate
the blast wave which passed nearly unaltered to the probe inserted at the dural surface
(Chavko et al. 2007). Despite this, rodents, likely due to the lower ratio of their brain
mass to skull thickness and relative simplicity of the brain geometry, seem to be
especially resilient to blast-TBI, as compared to larger animals and humans (Jean et al.
2014). In the present studies, blast-TBI was directed over the foramen magnum due to
insight from the military helmet design leaving the top of the neck exposed, despite the
concentration of pain-processing nuclei in the region. Rats and humans have large
anatomical disparities in the orientation of the brain in the hindbrain due to being
quadripedal and bipedal, respectively: rats have skulls oriented with the spinal column
emerging from the back of the head, while humans have midbrain and hindbrain regions
folded under the rest of the brain so our spinal columns begin at the bottom of the skull.
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These differences in anatomy may also complicate the translation of blast injury studies
conducted in rodents. Compromises made in blast-TBI research in rodents necessitate the
prediction and application of animal scaling laws for blast exposure magnitude.

Mechanisms of affective pain
Affective pain is a major burden, conferring high rates of perceived disability in
chronic pain patient populations (Sullivan et al. 2005, Casey et al. 2008, Smith et al.
2013). Trigeminal pain is particularly excruciating and resistant to current analgesics and
surgical interventions (Fromm 1984, Sweet 1984, Gregg 1979, Rodriguez et al. 2017).
Because we observed weak and sometimes inconsistent effects of pain and affect
measures after blast-TBI in Chapters 1, 2, and 3, we pursued a final aim in an established,
robust pain model demonstrated to induce affective pain: CCI-ION.
Neuropathic pain after peripheral nerve injury results from both peripheral and
central sensitization processes. While gross sensory nerve damage may yield hypoalgesia
in the injured nerve territory, peripheral sensitization of the nerve and its uninjured
neighbors causes primary hyperalgesia (von Hehn et al. 2012). Centrally, sensitization of
pain sensory and processing areas exacerbates pain sensitivity, reduces thresholds, and
can extend the cutaneous area associated with pain. Additionally, altered temporal
summation of pain inputs causes wind-up of pain responses to subsequent noxious insults
(Baron et al. 2010, von Hehn et al. 2012).
Following CCI-ION, rats display behaviors consistent with sensory and affective
pain. RGS scores are significantly elevated after injury (Chapter 4, Akintola et al. 2017),
and previous reports have found that grooming behaviors are also abnormal and
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exaggerated (Deseure and Hans 2015, Chichorro et al. 2006, Vos et al. 1994, Vos et al.
1998), suggesting that CCI-ION induces affective pain states. Although rats did not
develop significant hind paw thermal hyperresponsivity, previous studies have noted
thermal hyperalgesia and cold allodynia in the OPAD 4 to 8 weeks after CCI-ION (Cha
et al. 2012) and increased nocifensive responses to a cold stimulus to the face (Chichorro
et al. 2006), consistent with our preliminary PB electrophysiological findings in response
to thermal stimulation (Chapter 4). We confirmed robust affective and sensory pain
behaviors after CCI-ION lasting for months.
Perception of trigeminal pain may be worse than many spinal neuropathic pain
conditions due to unique, redundant, and bilateral innervation of pain signaling regions,
particularly the PB, from trigeminal ganglia and SpVc (Rodriguez et al. 2017). Due to its
position in both ascending affective pain pathways and descending pain modulatory
circuits, the parabrachial complex (PB) was compelling. We did not observe similar
electrophysiological signatures of central pain in PB as previously observed in the PO of
rats with SCI (elevated spontaneous firing rates and larger evoked responses to noxious
stimuli). Spontaneous activity of normally-quiescent neurons after induction of chronic
pain is associated with pain symptoms, such as spontaneous pain seen in TN or SCI
(Baron et al. 2010, Zakrzewska 2013, Masri et al. 2009, Masri and Keller 2012, Keller
and Masri 2014). Peripheral nerve injury leads to high background activity of dorsal horn
neurons, abnormal responses to innocuous stimuli, and strong and prolonged response to
noxious stimuli, suggesting that the signaling pathway is hyperexcitable at multiple levels
(Palecek et al. 1992; Laird et al. 1993).
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Despite similar spontaneous and evoked firing rates, PB is indeed hyperexcitable
in this neuropathic pain condition because neurons in PB of CCI-ION rats display afterdischarges in response to noxious cutaneous mechanical stimulation (Chapter 4). Afterdischarges, periods of prolonged, rapid firing lasting beyond the duration of a noxious
stimulus, in SpVc have been found to be an electrophysiological "signature" of CCI-ION
pain (Okubo et al. 2013). These after-discharges are causally-related to pain and
dependent on serotonin release from the RVM onto SpVc. When depleted of serotonin,
the after-discharges ceased and hyperalgesia was no longer observed.
The SpVc is a primary source of PB innervation mediating nociceptive input from
the face and head. As chronic pain after sciatic nerve CCI develops, neurons in the
parabrachial region express the early-active gene marker c-Fos at elevated levels up to 14
dpi, suggesting the parabrachial region is more active in the first few weeks after sciatic
CCI (Jergova et al. 2008). While the c-Fos labeling correlates with the timing of
expression of tactile allodynia behavior, it does not characterize parabrachial activity in
neuropathic pain. We found after-discharges, similar to those seen in SpVc following
CCI-ION, but shorter in duration, are present after mechanical stimulation in PB
dermatomes months after injury induction.
We have strong indications of the importance of PB hyperexcitability in affective
pain after nerve injury. The PB sends information encoding noxious input to the RVM to
manipulate pain input through either descending pain facilitation or inhibition at SpVc
(Chen et al. 2017). Acute noxious stimulation induces an ON-cell burst and OFF-cells
pause in the RVM of anesthetized animals, and Roeder et al. (2016) found that the
spinoparabrachial tract communicates this pain signal to the RVM, positioning the PB as
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an essential relay for endogenous pain modulation. Altered PB hyperactivity in chronic
pain states may facilitate chronic pain through its output to RVM.
Human epilepsy studies have noted after-discharges during seizures
(Kalamangalam et al. 2014), which posit that ADs occur when local field potentials
become synchronized in the absence of inhibitory interneuron activity (temporarily
inactivated by repetitive stimulation-induced depolarization). Interestingly, we have
preliminary evidence for reduced inhibitory control in PB after CCI-ION. The central
nucleus of the amygdala normally has a strong GABAergic connection to PB but GABA
immunolabeling is decreased in PB after CCI-ION. With less inhibitory neurotransmitter
release onto PB neurons, they would be hyperexcitable.
Overall, hyperexcitability in PB after CCI-ION, correlated with robust sensory
and affective pain behaviors, presents a compelling potential mechanism mediating
chronic affective orofacial pain. To advance our knowledge of affective pain in military
medicine, we must examine PB activity after blast-TBI.
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