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CHAPTER 1. INTRODUCTION
1.1 Traumatic brain injury: definitions and epidemiology
The Centers for Disease Control (CDC) and World Health Organization (WHO) define
traumatic brain injury (TBI) as the result of an insult from an external mechanical force to the
head or a penetrating head injury that disrupts normal brain function (CDC (2003). The CDC and
WHO define mild TBI (mTBI) as an acute brain injury resulting from mechanical energy to the
head from external physical forces. Concussion is often used synonymously with mTBI, and
subconcussive impacts refer to those which do not elicit any immediately observable clinical
symptoms (Spiotta, Shin, Bartsch, & Benzel, 2011).
Approximately 42 million people worldwide suffer a mTBI or concussion annually
(Gardner & Yaffe, 2015) and an estimated 10 million TBIs will result in death or hospitalization
(Langlois, Rutland-Brown, & Wald, 2006). In addition to suffering long-term disability, the
average cost of lifetime care for an individual TBI survivor is upwards of one million dollars and
conservative global estimates of the annual direct and indirect costs of TBI exceed $60 billion
(Finkelstein, Corso, & Miller, 2006).
In the United States (US), an estimated 1.4–3.8 million TBIs occur annually (CDC, 2003;
Langlois et al., 2006) and approximately 1.4 million emergency department (ED) visits are
TBI-related (Faul, Xu, Wald, Coronado, & Dellinger, 2010). From 2006 to 2010, falls accounted
for the majority (over 70%) of TBI-related ED visits in young (≤ 4 years) and old (≥ 65 years)
individuals. Both falls and injuries from striking or being struck by an object comprised
approximately 35% of ED visits in youth (5-14 years). For persons aged 15-44 years, assaults,
falls, and motor vehicle accidents contributed equally to the number of TBI-related ED visits.
Each year, TBI results in 275,000 hospitalizations and 52,000 deaths. In fact, over 30% of all
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injury-related deaths are attributed to TBI (Faul et al., 2010) and the overall mortality rate due to
severe TBI is 30-40% (Hukkelhoven et al., 2003).
Worldwide, TBI is referred to as a silent epidemic because many cases go unrecognized
and are not included in official statistics (Rusnak, 2013). Routinely reported national data also
consistently underestimate the burden of TBI (Langlois et al., 2006). One reason for this is that
they do not include data for persons treated with TBI in other settings (Langlois et al., 2006).
One study suggests an additional 200,000 persons with TBI are treated annually in either a
physician's office or outpatient setting (Finkelstein et al., 2006). Another reason that the
prevalence is underestimated is because statistics for patients treated in military facilities in the
US and abroad are not included (Langlois et al., 2006). Lastly, the number of people that receive
medical care but are not diagnosed with TBI, or those with a TBI who do not seek medical care,
is unknown (Langlois et al., 2006). Despite the underestimated prevalence, the global burden of
TBI is undeniable. A better understanding of the mechanism and pathophysiology of TBI is
required.
1.2 Classification of traumatic brain injury
1. 2.a Clinical severity
Individuals with head injuries may be classified according to clinical severity, mechanism
of injury, morphology/pathoanatomic changes (Saatman et al., 2008; van Baalen et al., 2003),
and pathophysiology of injury (Saatman et al., 2008). In the field of head injury, symptom
classification is generally based on clinical indices of injury severity at presentation (Saatman et
al., 2008). The severity of TBI can range from mild to severe (Faul et al., 2010). A mTBI may
induce a brief change in mental status or consciousness, whereas a severe TBI may cause loss of
consciousness (LOC) or result in post-traumatic amnesia (PTA) (Faul et al., 2010). The clinical
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severity of TBI is primarily based on the duration of PTA and the degree and duration of a
depressed level of consciousness (van Baalen et al., 2003). Several tests exist that are designed to
measure these outcomes.
1.2.a.i Post-traumatic amnesia
The Galveston Orientation and Amnesia Test (GOAT) is a reliable measure of PTA (van
Baalen et al., 2003) and is used to assess cognitive function, orientation, and memory after head
injury (Hanks et al., 2008; Levin, O'Donnell, & Grossman, 1979). This 100-point test is
comprised of a series of questions designed to assess parameters such as temporal and
visual-spatial orientation and biographical recall. Patients who score < 65 points are considered
to be in the period of PTA (Arciniegas & Beresford, 2001). The GOAT can be administered
repeatedly, usually daily, until 2 consecutive scores are achieved at or above the threshold
(≥ 76 points) for clearing PTA (Hanks et al., 2008; Kalmar et al., 2008). Based on the duration of
PTA, injury severity may be defined as mild (15 min-1 h), moderate (1-24 h), or severe (> 24 h)
(Arciniegas & Beresford, 2001).
1.2.a.ii Loss of consciousness
The Glasgow Coma Scale (GCS) is used to assess depression of or LOC (van Baalen et
al., 2003). This 15-point test determines overall initial injury severity by assessing one's ability to
follow directions, their movement, and speech coherence. Abilities are assigned a numerical
score allowing injuries to be classified as mild (13-15), moderate (9-12), or severe (3-8).
The Head Injury Severity Score (HISS) is a modified classification system based on the
initial GCS score (Stein & Spettell, 1995). The HISS employs a scale consisting of 5 intervals
(minimal through critical) and each interval integrates aspects of retrograde amnesia, LOC, and
focal neurological deficits (Stein & Spettell, 1995). Other neurological severity scales exist but
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are not as widely used as the GCS including the Brussells Coma Grades, Grady Coma Grades,
Innsbruck Coma Scale, and Full Outline of Unresponsiveness (FOUR) Score (Brihaye, Frowein,
Lindgren, Loew, & Stroobandt, 1978; Fleischer, Payne, & Tindall, 1976; Gerstenbrand &
Lucking, 1970; Wijdicks, Bamlet, Maramattom, Manno, & McClelland, 2005). While the FOUR
Score was developed to overcome the limitations of the GCS (e.g., the inability to generate a
verbal score in intubated patients) it has yet to surpass its predecessor in popularity (Wijdicks et
al., 2005).
1.2.a.iii Extracranial injury and physiological instability
Extracranial injury and physiological instability also influence outcome after TBI and
several scales exist to assess these factors (Saatman et al., 2008). The Trauma Score (TS) ranges
from 1-16 and uses a simplified scale to assess TBI severity. This test integrates performance on
the GCS, respiratory rate and expansion, capillary refill and systolic blood pressure (Champion,
Sacco, Carnazzo, Copes, & Fouty, 1981).
The Abbreviated Injury Severity (AIS) Scale is another commonly used index to assess
TBI severity (Carroll, Cochran, Price, Guse, & Wang, 2010; Committee on Medical Aspects of
Automotive Safety, 1971; Wang & Gennarelli, 2009). The AIS assesses six body regions: head,
face, chest, abdomen, extremities and pelvis; and assigns each region a numerical value (0-5)
based on injury severity. The Injury Severity Score (ISS) is derived from the AIS score and sums
the squared values of the three most severely injured regions and is strongly correlated with
mortality, morbidity, hospital stay, and other measures of brain injury severity (Baker & O'Neill,
1976; Baker, O'Neill, Haddon, & Long, 1974).
Based on the operational criteria described above, mTBI is defined as: "(1) one or more
of the following: confusion or disorientation, LOC ≤ 30 min, PTA < 24 h, and/or other transient
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neurological abnormalities such as focal signs, seizure, and intracranial lesion not requiring
surgery; and (2) GCS score of 13–15 after 30 min post-injury or later upon presentation for
healthcare. (3) These manifestations of mTBI must not be due to drugs, alcohol, medications,
caused by other injuries or treatment for other injuries (e.g., systemic injuries, facial injuries or
intubation), caused by other problems (e.g., psychological trauma, language barrier or coexisting
medical conditions) or caused by penetrating craniocerebral injury" (Carroll et al., 2004).
Despite the usefulness of the aforementioned clinical tests in the prognosis and
management of TBI, they do not provide information on the pathophysiologic mechanisms
responsible for neurological deficits that arise after brain injury (Saatman et al., 2008).
1.2.b Mechanism of injury
The physical mechanism, or causative force associated with the injury, is most often used
in the fields of injury prevention and biomechanics (Saatman et al., 2008). Classification by
mechanism has advantages in understanding how specific forces at specific magnitudes result in
predictable patterns of injury (Saatman et al., 2008).
Patients with TBI can be classified according to the mechanism (e.g., gunshot wounds or
blast injuries) based on whether the head is struck by or strikes an object (impact loading) and/or
the brain moves in the skull (inertial loading) (Saatman et al., 2008). Penetrating head injuries
usually cause local damage but can also have widespread effects depending on the kinetic energy
transmitted to the tissue (van Baalen et al., 2003). Most focal injuries such as brain contusion or
skull fracture result from impact loading, whereas more diffuse injuries such as diffuse axonal
injury (DAI), subdural hematoma and mTBI/concussion result from inertial loading (Saatman et
al., 2008). Closed head injuries often involve acceleration and deceleration forces which can
result in both diffuse and focal injuries (van Baalen et al., 2003).
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1.2.b.i Traumatic axonal injury
A common occurrence in both focal and diffuse brain trauma regardless of injury severity
is traumatic axonal injury (TAI) (Adams et al., 1989; Cordobes et al., 1986; Gentleman et al.,
1995; Sahuquillo-Barris, Lamarca-Ciuro, Vilalta-Castan, Rubio-Garcia, & Rodriguez-Pazos,
1988). The mechanical breakage of axons and buckling of microtubules can ultimately trigger
their progressive disassembly (Tang-Schomer, Patel, Baas, & Smith, 2010) through secondary
injury mechanisms (described below). The stretching of axons elicits an unregulated flux in ion
concentrations including potassium efflux and sodium influx leading to increased intra-axonal
concentrations of calcium (Maxwell, Kosanlavit, McCreath, Reid, & Graham, 1999; Maxwell,
McCreath, Graham, & Gennarelli, 1995; Wolf, Stys, Lusardi, Meaney, & Smith, 2001).
Increased calcium concentrations activate calpain-mediated proteolysis of cytoskeletal proteins
(Saatman, Creed, & Raghupathi, 2010). The enzymatic degradation of structural proteins results
in an accumulation of transported proteins, axon swelling and disconnection (Maxwell,
Povlishock, & Graham, 1997; Park, Bell, & Baker, 2008). Due to impaired axonal transport and
subsequent accumulation of protein products, two neuropathological phenotypes of axonal
swelling may be observed (Zetterberg, Smith, & Blennow, 2013). These include singular axonal
bulbs and protrusions along individual axons (axonal varicosities) (Johnson, Stewart, & Smith,
2013; Tang-Schomer et al., 2010). Large numbers of axons can continue to undergo
disconnection long after the initial axonal shearing (Maxwell, Watt, Graham, & Gennarelli,
1993).
1.2.c Morphology and pathoanatomy
Neurologic injury severity scales such as the GCS are impaired by the fact that patients
may arrive to the hospital sedated or unconscious (van Baalen et al., 2003). As such, it is
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important to employ other diagnostic modalities, such as neuroimaging, to identify TBI based on
short and long-term morphological changes. The pathoanatomic classification is most often used
to describe injuries for acute management (Saatman et al., 2008). Injury types include scalp
and/or brain laceration and contusion, subdural hemorrhage, subarachnoid hemorrhage,
intraparenchymal hemorrhage, intraventricular hemorrhage, and focal and diffuse patterns of
axonal injury (Saatman et al., 2008).
1.2.d Pathophysiology
In science and research, the pathophysiology and induction of brain injury cascades are
most often used to characterize aspects of TBI. The pathophysiological sequelae of TBI are
delayed and progressive in nature (Park et al., 2008). These can include processes that take time
to evolve as well as events that further complicate brain injury such as systemic insults (Saatman
et al., 2008). A popular scheme in head injury relating to pathophysiologic processes is that
which differentiates primary from secondary damage (Adams, Graham, & Anderson, 1994).
1.2.d.i Primary injury
In general, primary injury describes the immediate parenchymal damage that occurs at
the time of injury (Saatman et al., 2008). More specifically, primary injury refers to the initial
shear, tear, or hemorrhage that results from a physical force that affects the brain (Park et al.,
2008). Systemic impairments including edema, increased intracranial pressure, and hemorrhage
contribute to decreased cerebral blood flow and impaired metabolism resulting in ischemia.
These impairments ultimately contribute to the initiation of secondary brain injuries.
1.2.d.ii Secondary injury
Secondary injuries are multiple, parallel, interacting and interdependent cascades of
biological reactions that are caused by the primary injury (Park et al., 2008). Specifically,
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secondary injury refers to the ongoing nervous tissue damage that is perpetuated by early failure
of neuronal energy and mitochondrial dysfunction, free radical generation, injury to glial cells
and glial cell dysfunction (swelling of processes of astrocyte endfeet, reactive astrogliosis and
neurotransmitter reuptake reversal), inflammation (microgliosis and release of proinflammatory
cytokines), stenosis and destruction of microvasculature, excitotoxicity, calcium overload,
aberrant neuronal ionic homeostasis, and continuous white matter atrophy (Park et al., 2008).
These cellular injury processes can result in neuronal cell loss via necrosis and apoptosis.
Specific examples of secondary injuries include hypoxia, hypertension, hypercarbia,
hyponatremia and seizures (Saatman et al., 2008). A summary of the major pathways involved in
the progression of secondary injury following TBI (as reviewed by Park and colleagues, 2008) is
shown in Fig. 1.
1.2.d.iii Calcium dyshomeostasis
An important component of the progression of secondary injury in grey and white matter
is abnormal calcium homeostasis (Park et al., 2008). In neuronal cell injury, abnormal calcium
homeostasis is associated with excitotoxic cell death, initiation of apoptosis and post-synaptic
receptor modifications (Park et al., 2008). When axons are injured, a calcium-initiated cascade
ultimately leads to axonal disconnection (Park et al., 2008). Calcium overload is associated with
early swelling of the mitochondria in both axonal and neuronal injury (Buki & Povlishock, 2006;
Kim, He, & Lemasters, 2003). Mitochondria excessively sequestering calcium results in
depolarization of the mitochondrial membrane, opening of membrane permeability transition
pores, and subsequent release of pro-apoptotic factors (Saelens et al., 2004; Stefanis, 2005).
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Figure 1: Pathways associated with the progression of secondary injury following TBI
"Microcirculatory derangements involve stenosis (1) and loss of microvasculature, and the blood–
brain barrier (BBB) may break down as a result of astrocyte foot processes swelling (2).
Proliferation of astrocytes (“astrogliosis”) (3) is a characteristic of injuries to the central nervous
system, and their dysfunction results in a reversal of glutamate uptake (4) and neuronal
depolarization through excitotoxic mechanisms. In injuries to white and grey matter, calcium
influx (5) is a key initiating event in a molecular cascades resulting in delayed cell death or
dysfunction as well as delayed axonal disconnection. In neurons, calcium and zinc influx though
channels in the AMPA and NMDA receptors results in excitotoxicity (6), generation of free
radicals, mitochondrial dysfunction and postsynaptic receptor modifications. These mechanisms
are not ubiquitous in the traumatized brain but are dependent on the subcellular routes of calcium
influx and the degree of injury. Calcium influx into axons (7) initiates a series of protein
degradation cascades that result in axonal disconnection (8). Inflammatory cells also mediate
secondary injury, through the release of proinflammatory cytokines (9) that contribute to the
activation of cell-death cascades or postsynaptic receptor modifications" (Park et al., 2008).
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1.2.d.iv Excitotoxicity
Increased extracellular glutamate is the primary initiating event responsible for
intracellular calcium overload and secondary damage following TBI (Arundine, Aarts, Lau, &
Tymianski, 2004). Increased extracellular glutamate is derived from a number of
sources: 1) mechanical damage to the blood brain barrier (BBB) and cellular membranes from
the primary injury resulting in release of glutamate into the extracellular space; 2) following TBI,
failure of presynaptic ion pumps and calcium-mediated exocytosis is believed to contribute to the
initial depolarization-dependent release of glutamate from neurons (Dirnagl, Iadecola, &
Moskowitz, 1999; Endres & Dirnagl, 2002; Taylor & Meldrum, 1995); 3) injury-induced energy
depletion can also lead to impaired extracellular glutamate uptake by ATP-dependent glial
glutamate transporters (Yi & Hazell, 2006). Excitotoxicity may also occur due to changes in
postsynaptic glutamate receptor kinetics, subunit composition, pharmacology, and the location of
calcium influx (Park et al., 2008). Cell culture models of TBI have identified changes in the
function of AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA
(N-methyl-D-aspartic acid) receptors leading to calcium overload and neuronal hyperexcitability
(Park et al., 2008).
It has been repeatedly found that trauma to cortical neurons causes an increased current
response to AMPA receptor agonists (Park et al., 2008). Larger AMPA receptor ionic currents
may underlie the response of injured neurons increasing intracellular calcium, hyperexcitability,
and hyper-susceptibility to otherwise innocuous concentrations of synthetic glutamate receptor
analogues (Bell, Ai, Chen, & Baker, 2007; Goforth, Ellis, & Satin, 1999, 2004; Liu et al., 2006;
Stellwagen, Beattie, Seo, & Malenka, 2005). Overactivity, or a reduction in AMPA receptor
desensitization, and small excesses of synaptic glutamate can lead to hyperexcitability, epileptic
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activity or delayed calcium-dependent cellular edema, damage, and death (Park et al., 2008).
Because the intracellular mechanisms regulating the excitability of AMPA receptors are well
understood, investigations to attenuate their function following trauma are being pursued (Park et
al., 2008). Calcium influx is further amplified by alterations in glutamate AMPA receptor
subunit composition, specifically loss of GluR2, making them more permeable to calcium (Luo et
al., 2011b). Because AMPA receptors lacking the GluR2 subunit are highly permeable to calcium
it has been proposed that reduced levels of GluR2 may be associated with abnormal calcium
homeostasis or hyperexcitability following brain trauma (Isaac, Ashby, & McBain, 2007; Kwak
& Weiss, 2006; Park et al., 2008).
Excessive activity of glutamate NMDA receptors has also been implicated in studies of
traumatic neuronal degeneration (Ahmed et al., 2002; Arundine et al., 2004; Arundine et al.,
2003; Geddes-Klein, Serbest, Mesfin, Cohen, & Meaney, 2006; Lau, Arundine, Sun, Jones, &
Tymianski, 2006; Lusardi, Wolf, Putt, Smith, & Meaney, 2004). In an attempt to restore
intracellular calcium homeostasis, excessive calcium is sequestered by mitochondria during
periods of excitotoxicity leading to increased production of reactive oxygen species (ROS) (Park
et al., 2008). NMDA receptor-mediated ROS and nitrogen species provide a route for ion flux
(Park et al., 2008). NMDA receptor activity-dependent generation of neuronal nitric oxide (NO)
can combine with other free radicals such as superoxide (SO- generated by compromised
mitochondria) producing peroxynitrite- a highly reactive nitrating species (Koppenol, Moreno,
Pryor, Ischiropoulos, & Beckman, 1992). Experimental TBI resulting in excess peroxynitrite
(Arundine et al., 2004; Bayir et al., 2007; Lau et al., 2006) has led to fatal cellular outcomes due
to the production of nitrated amino acid rings (Halliwell, Zhao, & Whiteman, 1999),
fragmentation of DNA (Dawson & Dawson, 2004; Halliwell et al., 1999), and lipid peroxidation
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(Radi, Beckman, Bush, & Freeman, 1991a, 1991b). West and colleagues (2002) provide a more
detailed review describing the role of gaseous neuromodulators in mediating excitatory
glutamatergic neurotransmission in the brain (West, Galloway, & Grace, 2002).
Glutamate can also activate group I metabotropic receptors (mGLUR) thereby opening of
voltage-gated calcium channels leading to further calcium influx. As membrane pumps work to
restore ionic balance, glucose stores are consumed, energy stores deplete, calcium floods the
mitochondria, and oxidative metabolism, glycolysis, and lactate production become impaired
leading to acidosis and edema (Zetterberg et al., 2013).
1.3 Identification of traumatic brain injury
1.3.a Biomarkers of acute injury
Reliable biomarkers for diagnosing and monitoring TBI pathophysiology are necessary
for injury management and several cerebrospinal fluid (CSF) and blood biomarkers of acute
injury have been identified. To assess the integrity of the BBB, the CSF:albumin ratio is most
often used (Tibbling, Link, & Ohman, 1977). Because the majority of albumin in CSF comes
from blood passage across the BBB (Zetterberg et al., 2013), an increase in this ratio indicates
that the barrier has been compromised (Blennow, Hampel, Weiner, & Zetterberg, 2010). While
biomarkers of neuroinflammation for mTBI are lacking, more severe forms of TBI have been
found to increase CSF levels of interleukin-6 (IL-6), IL-8, and IL-10 (Zetterberg et al., 2013).
Biomarkers of acute axonal injury include total tau and neurofilament light polypeptide (NFL)
(Zetterberg et al., 2013). Because tau is highly expressed in thin, nonmyelinated axons of cortical
neurons (cortical U-fibers) (Trojanowski, Schuck, Schmidt, & Lee, 1989) and NFL in
large-caliber axons projecting into deeper brain layers (Friede & Samorajski, 1970), these
proteins can be used to identify which regions of the brain have been affected by TBI.
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Neuron-specific enolase (NSE), a glycolytic enzyme found in neuronal cell bodies, erythrocytes,
and endocrine cells (Olsson, Zetterberg, Hampel, & Blennow, 2011), was identified as a marker
of acute neuronal damage when elevated levels were found in ventricular CSF and serum of
patients with severe head trauma and coma (Scarna et al., 1982). Calcium-binding protein B
(S100-B) is used as a biomarker to detect acute astroglial injury (Olsson et al., 2011; Zetterberg
et al., 2013); however, S100-B is also found in oligodendrocytes and other extracerebral cell
types (Olsson et al., 2011). While vigorous studies using lumbar CSF are lacking, elevated levels
of S100-B have been observed in the CSF of amateur boxers (Neselius et al., 2012). Elevated
levels of glial fibrillary acidic protein (GFAP), a central nervous system (CNS)-specific
intermediate filament protein almost exclusively expressed in astroglia (Olsson et al., 2011),
have also been found in the CSF of amateur boxers (Neselius et al., 2012; Zetterberg et al.,
2006). However, following mTBI, changes in levels of S100-B or GFAP are not as robust as
those observed in total tau and NFL in the CSF (Neselius et al., 2012). Biomarkers that indicate
amyloid-related processes include amyloid precursor protein (APP), which is known to
accumulate in neurons and axons following axonal damage (Ahlgren, Li, & Olsson, 1996;
Gentleman et al., 1995; Gleckman, Bell, Evans, & Smith, 1999; McKenzie, Gentleman, Roberts,
Graham, & Royston, 1994; Sherriff, Bridges, & Sivaloganathan, 1994). Accumulations of APP
in CSF have been found within hours of experimental brain injury as well as in patients with
mTBI (Blumbergs et al., 1994; McKenzie et al., 1996). Elevated ventricular CSF levels of Aβ40
(beta amyloid peptide 40) and Aβ42 were found 7 d following severe TBI (Olsson et al., 2004;
Raby et al., 1998) but lumbar levels following mTBI were unchanged (Neselius et al., 2012;
Zetterberg et al., 2006).
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Some proteins expressed in the CNS are also detectable in peripheral blood (Mortberg et
al., 2011; Randall et al., 2013) but detection may be difficult due to their low concentrations
(Zetterberg et al., 2013). While severe TBI can increase levels of brain-derived biomarkers in the
blood, mainly due to a compromised BBB, detecting such changes following mTBI is by
definition more difficult (Abbott, Ronnback, & Hansson, 2006). Adding to the difficulty is the
fact that some biomarkers may undergo proteolytic degradation and levels may be affected by
clearance via the liver or kidney (Zetterberg et al., 2013). Both GFAP and S100-B have received
attention as peripheral blood biomarkers of astroglial injury (Zetterberg et al., 2013). Studies
have found that serum levels of these proteins are increased in patients with TBI and correlate
with GCS score (Kovesdi et al., 2010; Mussack et al., 2006). These findings may be useful in
distinguishing mild from severe TBI. NSE is a candidate biomarker of axonal and neuronal
injury (Zetterberg et al., 2013); however, because high levels of NSE have been detected in CSF
due to erythrocyte lysis, it has limited potential as a blood biomarker (Zetterberg et al., 2013).
Although no studies on the use of myelin basic protein (MBP) as a CSF biomarker exist, it is
more promising that NSE as a peripheral blood biomarker due to its higher level of specificity
(Berger et al., 2005). Other potential biomarkers of axonal and neuronal injury include
hyperphosphorylated neurofilament heavy chain (NFH) and S100-B. While levels of both NFH
and S100B increased in the blood over 6 d in patients with severe TBI, levels of S100-B
increased more rapidly (Zurek & Fedora, 2012). Digital immunoassays have been developed to
quantify amyloid-related processes in the blood following TBI (Randall et al., 2013; Zetterberg
et al., 2013). Although current studies are lacking, this highly sensitive technique might be useful
in the context of detecting mTBI. Because time-specific peaks in CNS-specific tau
concentrations have been detected in the serum of patients resuscitated after cardiac arrest
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(Randall et al., 2013; Zurek & Fedora, 2012), future studies may reveal time-specific peaks in
CNS-specific tau concentrations following TBI.
1.3.b Biomarkers of chronic injury
Phosphorylated tau (p-tau) is the best established CSF biomarker for neurofibrillary
tangle (NFT) pathology in Alzheimer's disease (AD) (Blennow et al., 2010) and increases in
p-tau have also been found post-mortem in the brains of individuals with a history of TBI.
However, the presence and levels of hyperphosphorylated tau and its isoforms in CSF have not
been studied in TBI patients. Another neuropathological correlate associated with TBI is
increased transactive response DNA binding protein 43 (TDP-43) (Jordan, 2013; King et al.,
2010; McKee et al., 2010b) but studies investigating CSF levels of this protein in TBI patients
are also lacking.
Other fluid biomarkers of chronic injury are pituitary hormones. Chronic pituitary
dysfunction is prevalent after TBI due to the shearing of axons in the pituitary stalk and may
affect 30-80% of patients for up to 3 years after injury (Guerrero & Alfonso, 2010). Abnormal
hormone levels have been found to correlate with long-term cognitive symptoms following brain
injury (Guerrero & Alfonso, 2010). While mTBI-related pituitary dysfunction has been reported
in athletes with a history of repetitive head injury (boxers, kickboxers), occurrence itself does not
correlate with injury severity (Guerrero & Alfonso, 2010). One study found that 45% of
professional boxers had growth hormone deficiency alone (Kelestimur et al., 2004) while another
found 18% of active and retired boxers had hormone deficiencies in one or more of the
hypothalamic-pituitary-adrenal

and
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hormone-insulin-like
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(Tanriverdi et al., 2008). Another study in male combat veterans found abnormal levels of at
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least one pituitary hormone in 11 of the 26 participants with histories of blast-related
mTBI/concussion (Wilkinson et al., 2012).
1.3.c Novel potential biomarkers
Several potential CSF biomarkers exist that correlate with both predicted outcome and
brain injury severity. However, longitudinal clinical studies in patients with mTBI are needed
(Zetterberg et al., 2013). Candidates include the breakdown products of spectrin α chain,
non-erythrocytic 1 (αII spectrin), a primarily neuronal protein expressed in presynaptic terminals
and axons (Riederer, Zagon, & Goodman, 1986). Following TBI, neuronal necrosis and
apoptosis upregulate calpain and caspase-3, which in turn break down αII spectrin. These
breakdown products in ventricular CSF were found to correlate with other measures of injury
severity such as GCS score (Czeiter et al., 2012; Farkas et al., 2005; Mondello et al., 2010).
Another potential biomarker is ubiquitin carboxyl-terminal hydrolase isoenzyme L1
(UCH-L1), a deubiquitinase highly expressed in neurons (Wilkinson et al., 1989). One
prospective study found that levels of UCH-L1 were increased 1 h following mild and moderate
TBI and that levels were associated with other measures of injury severity including GCS score,
positive neuroimaging findings, and the need for surgical intervention (Papa et al., 2012).
In summary, there is a need for more definitive biomarkers that relate to the various
facets of TBI pathology. The identification of more sensitive biomarkers that are predictive for
outcome

may

also

inform

potential

targets

for

therapeutic

intervention.

17
CHAPTER 2. REPETITIVE MILD TRAUMATIC BRAIN INJURY
2.1 Sports-related head impact
Particular subpopulations such as victims of domestic violence, military personnel, and
especially athletes are at high risk for experiencing mTBI, or worse, repetitive mTBI (rmTBI)
(Gardner & Yaffe, 2015). Millions of athletes participate in contact sports that involve repetitive
head impacts (e.g., American-style football, ice hockey, boxing, mixed martial arts, soccer) often
from a very young age, and it is feared that subsequent impacts can synergize with previous ones
so that their deleterious effects on the brain become magnified (Gardner & Yaffe, 2015).
Human sports-related head impacts are high-velocity, and result in a rapid change in head
velocity as well as rapid acceleration of the head. Recently, football helmets outfitted with
impact sensing accelerometers (HITS: head impact telemetry system) have allowed head
collisions to be described in biomechanical terms. This new approach has revealed that football
players are subjected to frequent head impacts, up to 1,444 per season in college athletes (Crisco
et al., 2010) and 2,235 in high school athletes (Broglio et al., 2011). These studies reveal another
very interesting fact: despite the fact that most of these impacts impart surprisingly large forces
to the head, only a small number (i.e., < 0.02%) cause mTBI/concussion (Blennow, Hardy, &
Zetterberg, 2012; Forbes, Awad, Zuckerman, Carr, & Cheng, 2012).
Following physical trauma to the head, some individuals develop acute symptoms that
may persist for several months (although usually ≤ 6 months) and include dizziness, fatigue,
irritability, headache, memory impairment, concentration difficulty, photosensitivity, and sleep
disturbances. Collectively, these outcomes describe post-concussion syndrome (PCS). Three or
more of the aforementioned symptoms (which may develop over several days or weeks
following concussion) satisfies the diagnostic criteria of PCS. Although no universally accepted
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definition of PCS exists, most of the literature recognizes PCS as a diagnosis due to its transient
nature. The issue of what defines a concussion clinically, or if a concussion represents brain
injury (Blennow et al., 2012), is complex but it does not appear that a concussion can be
predicted solely from biomechanical analysis (Forbes et al., 2012). Furthermore, the emphasis on
concussion as an injury may divert attention from the possibility that the more numerous nonconcussive head impacts may present an equally serious risk of injury to the CNS (Stern et al.,
2011). In fact, repeated exposure to multiple mild head impacts can lead to salient and
debilitating psychiatric, cognitive, and motoric impairments. (Gavett, Stern, & McKee, 2011;
McKee et al., 2009; McKee et al., 2010a; McKee et al., 2013; Stern et al., 2011).
2.2 Psychiatric manifestations
In general TBI is associated with the tardive emergence of several co-morbid psychiatric
illnesses (Fleminger, 2008; Guskiewicz et al., 2005; Guskiewicz, Marshall, et al., 2007;
Holsinger et al., 2002; Kerr, Marshall, Harding, & Guskiewicz, 2012; Kim et al., 2007; Koponen
et al., 2002; Leon-Carrion et al., 2001; Schatz, Moser, Covassin, & Karpf, 2011; Silver, Kramer,
Greenwald, & Weissman, 2001; Teasdale & Engberg, 2001). Koponen and colleagues (2002)
assessed the prevalence of Axis I and Axis II disorders 30 years after TBI and found that 50% of
all subjects developed a major mental disorder. A 20% incidence of psychosis was observed,
20-40% of subjects developed post-traumatic aggression, and nearly 25% of subjects with a
history of mTBI developed a new anxiety disorder.
An estimated 10–77% of TBI patients suffer from depression (Kim et al., 2007). A
diagnosis of major depression increases the risk for suicide 20-fold and depression is present in
half of all suicide cases (Leon-Carrion et al., 2001) (Chehil, 2012; Teasdale & Engberg, 2001).
Studies have found an association between recurrent concussion and diagnosis of lifetime
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depression, suggesting that prevalence of mood disorder increases with increasing concussion
history (Holsinger et al., 2002; Leon-Carrion et al., 2001; Teasdale & Engberg, 2001). Recently,
the chronic, serious health issues suffered by numerous former professional athletes are receiving
widespread attention in the popular press as well as in the scientific literature. One study looked
at the nine-year risk of depression diagnosis in retired National Football League players
(Guskiewicz, Marshall, et al., 2007). Players with no concussion history had a 3% risk of being
diagnosed with depression, whereas players reporting ≥ 10 concussions had a 27% risk
(Guskiewicz, Marshall, et al., 2007).
2.3 Cognitive manifestations
In addition to long-term psychiatric impairments, rmTBI can lead to cognitive
disturbances in domains such as executive function, attention, and memory (Arciniegas, Held, &
Wagner, 2002; Guskiewicz et al., 2005; Iverson, Gaetz, Lovell, & Collins, 2004; Kim et al.,
2007; Schatz et al., 2011). Amateur American football players sustaining multiple concussions
were 7.7x more likely to exhibit significant memory impairments than athletes concussed only
once (Iverson et al., 2004). Similarly, retired professional football players with a history of
multiple concussions were 3x more likely to report significant memory problems (Guskiewicz et
al., 2005). Retired professional football players having sustained ≥ 3 concussions also had a 5x
higher prevalence of mild cognitive impairment compared to players with no concussion history
(Guskiewicz et al., 2005).
2.4 Neuropathological manifestations
2.4.a Chronic traumatic encephalopathy
Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease believed to
result from exposure to multiple head impacts (McKee et al., 2009). The neurodegeneration
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accompanying CTE occurs over many years following repeated head impacts and may be caused
by the abnormal accumulation of the protein tau (McKee et al., 2009; McKee et al., 2013). As a
protein, tau binds to and stabilizes microtubules, which are necessary for maintaining neuronal
shape and for the transport of cellular cargo (Brunden et al., 2010). The stabilizing properties of
tau are lost upon its hyper-phosphorylation, resulting in tangles of paired helical and straight
filaments throughout the brain.
Confirmed cases of CTE display a unique pattern from other proteinopathies and
specifically dilated ventricles, a fenestrated cavum septum pellucidum, significant atrophy of the
medial temporal lobes, thalamus, and mammillary bodies and occasionally pallor of the locus
coeruleus and substantia nigra (Gavett et al., 2011; McKee et al., 2009; Stern et al., 2011). The
pathological distribution of p-tau occurs along the amygdalo-hippocampal-septo-hypothalamicmesencephalic continuum- part of the emotional or visceral brain (McKee et al., 2009). The
greatest changes in p-tau are observed at the depths of the sulci, perivascularly, and in superficial
cortical layers II/III (McKee et al., 2009). Additional characteristics of CTE are prominent tau
deposits in periventricular and subpial areas and an irregular, patchy tau distribution (Tartaglia et
al., 2014). Two other cellular markers of CTE are widespread neuronal and glial inclusions of
TDP-43, a protein involved in translation, transcriptional repression, and pre-mRNA splicing
(Gavett et al., 2011; McKee et al., 2009; McKee et al., 2010a; McKee et al., 2013; Stern et al.,
2011), as well as reactive astrogliosis evidenced by increases in GFAP. In patients with CTE, the
distribution of TDP-43 can be widespread and is found in grey matter structures including the
brainstem, cortical areas and basal ganglia, as well as throughout subcortical white matter
(Jordan, 2013; McKee et al., 2010b).
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Unfortunately, CTE can only be diagnosed post-mortem and several cases have been
confirmed in athletes participating in sports involving frequent head collisions (McKee et al.,
2009). A recent study revealed that 34 of 35 former professional football players suffered from
CTE (McKee et al., 2013). Cases of CTE have also been confirmed in patients with epilepsy,
patients with a history of physical abuse (McKee et al., 2009), and military personnel exposed to
blast trauma (Goldstein et al., 2012) including individuals with no obvious signs of concussion
(Omalu et al., 2011). It is important to note that, in general, brains referred for autopsy are those
of individuals who displayed neurological signs at the time of death and were perhaps at elevated
risk of harboring an underlying pathology (Tartaglia et al., 2014). This brief overview compels a
view of rmTBI as an extreme risk factor for psychopathologies and the development of CTE.
Based on the distribution of NFTs and neuritic threads in the cortex, brainstem,
subcortical nuclei, basal ganglia, and cerebellum, Omalu and colleagues (2011) described four
histomorphologic phenotypes of CTE. Notably, one phenotype allows for the inclusion of
amyloid plaques. CTE has also been described using graded stages of severity based on tau
distribution from focal epicentres in the frontal cortex and perivascularly at the depths of the
sulci, to a more patchy, widespread, and irregular distribution in cortical areas, medial temporal
lobe, thalamus, hypothalamus, mammillary bodies, basal ganglia, brainstem and white matter
tracts (McKee et al., 2013).
2.4.b Overlapping neuropathologies
Little is known about the chronic pathologies of TBI and how they might contribute to
the later onset of neurodegenerative disease. Accumulations of hyperphosphorylayted tau in
neurons of specific brain areas in athletes with repetitive head trauma adds CTE to the list of
tauopathies that include progressive supranuclear palsy (PSP), corticobasal degeneration (CBD),
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frontotemporal lobar degeneration (FTLD), Guam-Parkinson Dementia Complex, and AD
(Tartaglia et al., 2014). It has become increasingly apparent that CTE frequently coexists with
other pathologies, however the relative contribution of the different pathological substrates to the
clinical symptoms is currently unknown.
Expanding upon their previously published work, McKee and colleagues investigated the
post-mortem brains of 85 former athletes, veterans and civilians with a history of multiple
concussions (McKee et al., 2013). In 20% of the cases, no evidence of CTE was found (McKee
et al., 2013). In 37% of the cases, there was significant comorbid pathology of AD, Lewy body
disease (LBD), motor neuron disease (MND), or FTLD (McKee et al., 2013). In advanced cases
of CTE, a comorbid condition was found in 50% of the cases (McKee et al., 2013). In addition to
similarities in neuropathology, CTE shares several cognitive, psychiatric, and behavioral
symptoms with other neurodegenerative diseases. The overlap in signs and symptoms of CTE
and other neurodegenerative diseases is likely a result of focal involvement of frontal networks
that subserve several higher functions including executive function, personality/emotional life,
and motivation (Stuss & Levine, 2002). Diagrams showing the symptom overlap (Fig. 2A) and
pathological overlap (Fig. 2B) between CTE and other neurodegenerative proteinopathies are
well illustrated in a perspective published by Tartaglia and colleagues (2014).
2.4.b.i Punch-drunk syndrome/ dementia pugilistica
In 1928, the term 'punch-drunk' was used to describe the motoric and psychiatric
consequences of repeated blows to the head in boxing (Martland, 1928). Similar cases were later
described as having 'dementia pugilistica' (Millspaugh, 1937). Years later, this progressive
neurological disease was described as 'chronic progressive traumatic encephalopathy of boxers'
(Critchley, 1957).
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Figure 2: Interrelationships among concussion, PCS, CTE and neurodegenerative diseases
"There is considerable symptom overlap among concussion, PCS, CTE, and the
neurodegenerative diseases (A). Pathologically the relationship between concussion, PCS, CTE,
and all the neurodegenerative diseases is unclear. In CTE there is substantial evidence for
overlapping pathology of tau, TDP-43, amyloid, and alpha-synuclein with neurodegenerative
diseases. In neurodegenerative diseases such as AD, PD, and LBD, there is also overlapping
pathology. The pathology of concussion and PCS and their relationship to CTE remains to be
explored (B). AD, Alzheimer's Disease; ALS-PDC, amyotrophic lateral sclerosis-parkinson's
dementia complex (Guam); CBD, corticobasal degeneration; CBS, corticobasal syndrome; CTE,
chronic traumatic encephalopathy; LBD, Lewy Body Disease; FTD, frontotemporal dementia;
MND, motor neuron disease; PCS, Post-concussive syndrome; PSP, progressive supranuclear
palsy; PD, Parkinson's disease. “?” indicates uncertainty about overlap" (Tartaglia et al., 2014).
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The cognitive and psychiatric manifestations of punch-drunk syndrome are similar to
CTE and include emotional lability, a lack of insight, progressive bradyphrenia, memory
impairments, mood swings, irritability, and occasionally violent behavior (Critchley, 1957;
Tartaglia et al., 2014). Patients also developed neurological, motor and sensory impairments
including postural dizziness, unsteady gait, poor vision, and persistent headaches (Critchley,
1957).
CTE and punch-drunk syndrome have significant neuropathological overlap including
cerebral atrophy, thinning of the CC, enlarged ventricles, large caven septum pellucidi,
perivascular distribution of NFTs and clustered patches in the dorsal lateral prefrontal cortex,
temporal cortex, and orbital gyri. Both pathologies report tau aggregates in glial cells and
neurites throughout subcortical white matter and Aβ plaques found typically in the brainstem or
in superficial layers of the neocortex.
Despite the significant clinical overlap between CTE and punch-drunk syndrome, the
question remains of whether they describe the same entity. While both can be associated with the
cumulative effects of concussion, it is possible that CTE reflects a delayed onset entity, while the
punch-drunk syndrome represents a continuation and progression of symptoms from an acute
concussive state (Gardner, Iverson, & McCrory, 2014). This potential difference is difficult to
discern, as the age of symptom onset in both conditions is quite diverse. One study of 11 patients
identified with punch-drunk syndrome were in their 20's and 30's, and one patient was 61
(Critchley, 1957). In CTE, age at symptom onset ranges from 17-76 years old; although
one-third were symptomatic at retirement and half were symptomatic within 4 years of their
retirement (McKee et al., 2009).
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2.4.b.ii Frontotemporal lobar degeneration
The behavioral variant of FTLD is characterized by apathy, loss of social norms, and
decreased empathy. These are also frequent symptoms in TBI including moderate-severe TBI,
concussion, and CTE and are attributed to frontal lobe degeneration (Damasio, Tranel, &
Damasio, 1991; Jordan, 2013; Stuss, Gallup, & Alexander, 2001) and especially the orbitofrontal
and ventromedial cortices and insula (Rosen et al., 2005). CTE and FTLD are both characterized
by abnormal aggregates of tau and TDP-43 (Whitwell & Josephs, 2012).
2.4.b.iii Lewy body disease and Parkinson's disease
Cognitive deficits are observed in CTE, LBD, and PD (Hazrati et al., 2013; McKee et al.,
2013) and Parkinsonism symptoms are observed in CTE and PD. Although this finding is not
typical, α-synuclein positive Lewy bodies have been reported in CTE (McKee et al., 2013).
2.4.b.iv Alzheimer's disease
Although some cases have been reported (McKee et al., 2013), CTE generally lacks
AD- like accumulations of Aβ plaques (Braak, Braak, & Bohl, 1993; Gavett et al., 2011; McKee
et al., 2009; Stern et al., 2011). And, while NFTs are a hallmark feature of CTE and AD, their
distributions are unique. In AD, NFTs are primarily found in cortical layers III and V and tangles
aren't typically observed perivascularly or at the depths of the sulci (Tartaglia et al., 2014).
Despite these differences, several studies implicate head injury as a risk factor for the
development of AD and other dementias. Walker and colleagues (2013) provide evidence of
potential molecular mechanisms involved in modulating Aβ and tau following TBI and provide
evidence of the role of these mechanisms in AD pathology. They also propose a specific
mechanism by which Aβ, generated as a result of TBI, is capable of exacerbating secondary
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injury mechanisms thereby initiating a neurotoxic cascade that leads to chronic
neurodegeneration (Walker & Tesco, 2013). A summary of these mechanisms is shown in Fig. 3.
2.4.b.v Progressive supranuclear palsy and corticobasal degeneration
While CTE, CBD, and PSP all involve pathological accumulation of NFTs, some
distinguishing factors have been found. For example, unlike CTE, the NFTs observed in PSP are
primarily found in the basal ganglia and hindbrain structures (Tartaglia et al., 2014).
2.4.b.vi Amyotrophic lateral sclerosis
Some CTE patients develop neuropathological features of motor neuron diseases such as
amyotrophic lateral sclerosis (ALS). For example, lesions involving the corticospinal tracts and
the anterior horns of the spinal cord have been observed and were associated with clinical motor
findings of spasticity, weakness, and fasciculations (McKee et al., 2010b). In addition, the
proteinopathy of CTE and ALS both involve abnormal TDP-43 protein aggregates.
2.4.b.vii Moderate and severe TBI overlap
CTE also shares some characteristics consistent with the long-term neurodegenerative
effects of moderate and severe TBI including sub-acute atrophy within the hippocampi and other
regions (Green, Koshimori, & Turner, 2010; Ng et al., 2008). Unmyelinated axons in the corpus
callosum (CC) are particularly vulnerable to protein deposition in CTE and following moderate
and severe TBI (Reeves, Phillips, & Povlishock, 2005; Reeves, Smith, Williamson, & Phillips,
2012).
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Figure 3: Potential mechanisms modulating Aβ and tau pathology following TBI
'Loss of neurons, synapses, spines, elevated soluble Aβ levels, amyloid plaque deposition,
elevated p-tau levels and the formation of NFTs are pathological features common to both TBI
and AD. Inflammation may amplify excitotoxic cell death by reducing glial glutamate
transporters leading increased glutamate at the synapse exacerbating calcium dysgregulation.
Experimental evidence suggests calcium-induced activation of calpain and calcineurin induces
spine remodeling and loss and impairs synaptic transmission. Additionally, calpain and
calcinuerin have been implicated in NFT formation via cleavage induced activation of GSK-3β
leading to hyperphosphorylation of tau. TBI induces elevated levels of soluble Aβ which is
capable of inducing synaptic dysfunction. β-secretase (BACE1) is a key rate limiting enzyme in
the production of Aβ and we have demonstrated a molecular mechanism by caspase-3 mediated
depletion of the adaptor proteins GGA1 and GGA3 modulates BACE1 levels and Aβ production
following experimental TBI. Experimental evidence suggests that soluble Aβ is capable of
directly mediating many of the cellular injury processes characteristic of the secondary phase of
TBI and hence elevated Aβ levels may be key initiating events in the development of a “feed
forward” toxic cascade that links TBI to chronic neurodegeneration' (Walker & Tesco, 2013.

28
CHAPTER 3. DESIGN AND VALIDATION OF A METHOD OF REPETITIVE MILD
TRAUMATIC BRAIN INJURY
3.1 The imperative need of an animal model of sports-related head impact
Most existing animal models of TBI, focused on more severe forms of brain injury, have
provided valuable insight to the consequences of a single contusive or penetrating blow to the
head. For example, controlled cortical impact (CCI) induces brain injury through use of a
pneumatic impactor to impale the exposed dura through a craniotomy (Dixon, Clifton, Lighthall,
Yaghmai, & Hayes, 1991; Kabadi, Hilton, Stoica, Zapple, & Faden, 2010; Lighthall, 1988;
Lighthall, Goshgarian, & Pinderski, 1990; Smith et al., 1995; Xiong, Mahmood, & Chopp,
2013). Lateral fluid percussion (LFP) models brain injury by rapidly injecting fluid into the
cranial cavity also through a craniotomy (McIntosh, Noble, Andrews, & Faden, 1987; Morales et
al., 2005; Xiong et al., 2013). Impact-acceleration describes a category of weight-drop models
used to study closed or open head injury (Morales et al., 2005; Xiong et al., 2013). In these
methods, an animal is placed on a solid platform (usually with a sponge) and a weight is dropped
onto the head through a guide tube.
Several characteristics of these conventional TBI models make their use as models of
sports-related head impact difficult and limited: 1) animals are either restrained on an immovable
platform (weight drop) or immobilized in a stereotaxic frame (CCI, LFP); 2) at least the CCI and
LFP models involve craniotomy, which itself causes morphological, behavioral, and
pro-inflammatory damage (Bramlett & Dietrich, 2002; Cole et al., 2011) indicative of brain
injury; and 3) injuries inflicted in these models are more severe than those seen in sports-related
head impacts and are hard to repeat more than 1-2 times in the same animal. In short, most
existing models of TBI in animals do not simulate the form of repeated head impact seen in
athletes.
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3.2 Requisites to appropriately model human head impact
Movement of the head is a very important determinant of the nature of impact-induced
brain injury. Denny-Brown and Russell noted more than 70 years ago (Denny-Brown & Russell,
1941) that head movement upon impact, versus impact to a head fixed in place, was far more
likely to cause concussive-like injuries in animals. Rhesus monkeys are rendered unconscious
more readily when rapid head movement is allowed than when the head is not allowed to move
(Ommaya & Gennarelli, 1974). Studies of sports-related head impact have repeatedly shown that
the key characteristics of collisions that result in concussion are high velocity impacts that
involve a rapid change in head velocity and acceleration of the head (Jordan, 2013; Meaney &
Smith, 2011; Mihalik, Bell, Marshall, & Guskiewicz, 2007; Pellman, Viano, Tucker, Casson, &
Committee on Mild Traumatic Brain Injury, 2003; Viano, Casson, & Pellman, 2007; Viano et al.,
2005; Viano & Pellman, 2005). With this in mind, the following characteristics would define a
model of sports-related head impact with high face and construct validity: 1) the head, with skull
and scalp intact, should be impacted directly; 2) the impact should occur with high velocity and
should cause rapid acceleration of the head; 3) unrestricted movement of the head should be
allowed upon impact; and 4) single impacts should not be injurious (e.g., should not cause skull
fracture, hemorrhage, or neuronal loss). The fact that most existing animal models of TBI do not
allow impact-induced head movement (see above) is perhaps the most significant limitation to
their use as models of sports-related head impact.
3.3 Research significance
Animal models of TBI are an important element in the study of how the CNS responds to
injury and an animal model of rmTBI (i.e., sports-related TBI) is urgently needed to minimize
risk of TBI in athletes. As discussed previously, a large number of technologically sophisticated
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experiments have described the biomechanical forces of head impacts experienced by athletes.
These studies fall short of predicting concussion and they cannot forecast if head impacts
(concussive or subconcussive) will result in neuropathology or behavioral dysfunction later in
life. Therefore, a validated animal model of rmTBI would augment ongoing studies of human
head impact exactly as much as the CCI, LFP and weight drop models have contributed to the
understanding of severe head injury. An animal model would allow expanded study of the most
pressing issues relating to sports-related head impact to include 1) increased understanding of the
relationship between the number and frequency of head impacts (and the cumulative forces
absorbed by the head) to the development of behavioral and CTE-like outcomes;
2) determination of whether males and females differ in response to rmTBI; 3) a search for
additional peripheral biomarkers that may forecast impending CNS damage; 4) identification of
factors that put some individuals at greater risk for the development of chronic injury; and 5) use
of the model as a platform for testing of drugs and treatments that could minimize or prevent the
development of CNS damage.
Since initial publication of our method of rmTBI (Kane et al., 2012), the experimental
apparatus has been refined. Namely, a platform consisting of two magnetically adjoined
transparent acetate sheets supports the animal prior to head impact and is secured to the
“H”-shaped Plexiglas frame (15 cm length × 9 cm width × 23 cm depth) by brass hinges. The
saloon-style platform doors were constructed with a weight limit of 30 g, ensuring that the
platform barely supports the weight of a mouse and provides minimal resistance to movement
upon head impact. Solid brass weights (19 mm diameter) ranging from 30 g to 120 g are dropped
from distances up to 1.0 m through a clear guide tube (20 mm diameter × 1.0 m length). A small
steel cap (2 mm × 10 mm) is glued to the bottom of each weight to restrict the zone of contact to
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the top of the mouse head between the ears. The weight is allowed to transverse the plane of the
platform before being stopped by the tether and avoids re-hits of the mouse's head. In this
arrangement, the impact-induced acceleration triggers the release of the platform doors and
always involve a 180° horizontal rotation of the mouse body and free movement of the head
upon impact. Photographs of the rmTBI apparatus are shown in Fig 4.
In order to assess the consistency of head impacts using this method and the updated
apparatus, a parametric study was conducted by dropping a 120 g weight from heights of 0.5 m,
0.75 m, and 1.0 m. Mice received one, two, or three head impacts on consecutive days and
several post-impact outcomes were assessed. Absolute outcomes of mortality and frequency of
meningeal bleeding were confirmed post-mortem. Additional observational outcomes included
seizure-like indications, post-traumatic automatism, and respiratory disturbances. A consistent
correlation between impact distance and the aforementioned outcomes aided validation of this
method and established its predictive value.

The outcomes of the experiments described

presently allowed us to further characterize our method and confirmed that it bears the attributes
necessary to model human sports-related head impact.
3.4 Validation methods
3.4.a Animals
One hundred and fifty two male C57Bl\6 mice (7-8 weeks old) weighing ~25 g were used
(Harlan, Indianapolis, IN, USA). Mice were housed 5 per cage on a 12 h light/dark cycle in a
temperature-controlled room with ad libitum access to food and water. Mice were randomly
assigned to either the control group receiving 1x, 2x, or 3x isoflurane only (n = 4-5 per group;
n = 17-18 pooled) or TBI receiving 1x, 2x, or 3x head impacts from an impact distance of either
0.5 m, 0.75 m, or 1.0 m (n = 6-8 per group). An additional TBI group receiving head impacts
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A

B

C

Figure 4: RmTBI apparatus
The essential components and arrangement of the rmTBI apparatus are shown:
weight drop guide tube (A), platform (B), mouse atop platform prior to
receiving head impact (C).
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from 1.0 m was used to assess the buffering effect of additional padding fixed to the bottom of
the weight (n = 5-8 per group). Two circular pieces of craft store grade felt (2 × 10 mm) were
fixed to the bottom of the steel cap and used for the purpose of simulating a padded helmet.
Following head impact, several immediate observational outcomes were recorded including
seizure-like activity indicated by gross motoric spasticity. Post-traumatic automatism was
defined as spastic and irregular bouts of post-impact forelimb and hind limb movements. Signs
of respiratory distress included post-impact gasping/heaving. Any indication of seizure-like
activity, post-traumatic automatism, and/or respiratory distress resolved within 10 s following
head impact. Absolute outcomes including mortality and frequency of meningeal bleeding were
recorded and confirmed port-mortem. All procedures involving the use of animals were reviewed
and approved by the Wayne State University Institutional Animal Care and Use Committee.
3.4.b Administration of head impacts
Mice are placed into an enclosed induction chamber (~ 1 L in size) containing 0.5 mL of
isoflurane in a cotton ball yielding a steady 2-4% concentration for inhalation until unresponsive
to paw or tail pinch (~ 1-2 min). The anesthetized mouse is then positioned on the platform using
markers to place the head directly in the path of the falling weight. When the weight contacts the
animal’s head, the platform doors immediately release. A sponge cushion (15 cm length × 9 cm
width × 13 cm depth) is located 10 cm below the stage to cushion the fall. The vertical traverse
of the dropped weight is limited by Orvis Super Strong knotless tapered leader (5X),
commercially available nylon fly-fishing line (2.2 kg test, 0.53 mm diameter).
3.4.c Recovery of righting reflex
To assess the neurological outcomes of mTBI and rmTBI, latency to recover the righting
reflex was recorded each day following isoflurane-induced anesthesia (controls) or anesthesia
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followed by head impact as previously reported (Kane et al., 2012). Immediately following head
impact, mice were placed on a heating pad covered with a Versi-Dry surface liner (Thermo
Fisher Scientific, Waltham, MA) in a supine position. The time it took each animal to adopt a
prone position was recorded.
3.4.d Assessment of balance and motor coordination
To determine if head impacts caused immediate sensorimotor impairment, performance
was assessed using an accelerating rotarod as previously described (Kane et al., 2012). Mice
were tested 24 h following the final head impact. Mice were placed onto the accelerating rod,
which gradually increased in rotational speed from 4 > 40 rpm and left undisturbed until they fell
off or reached the maximum time (300 s). Time spent on the apparatus was recorded for each
animal.
3.4.e Impact biomechanics
High-speed video was recorded at 10,000 frames per second from lateral and frontal
views simultaneously. Black and yellow engineering target tape was affixed to the weight,
platform, and mouse’s head and used for subsequent image tracking and analysis. Impact
velocity was recorded using a light-beam velocity trap (laser optical photocell, 10 KHz;
OGSL-PUK-ST3, Dietz Sensortechnik, Heppenheim, Germany) with a 20.2-mm beam
separation. The velocity trap was aligned with the bottom of the guide tube and the head of the
animal such that the falling weight passed through the beam providing a measurement of impact
velocity. Three impacts were recorded for these preliminary biomechanical analyses using a 95 g
weight dropped from a height of 1.0 m. These impact parameters were selected based on the
outcomes of the study described presently, the outcomes of experiments conducted in tandem,
and data obtained from previous studies. From the time and head trajectory data collected during
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video analysis we were able to generate a displacement curve from which we derived peak
acceleration, impact force, and rotational velocity values.
The most commonly used technique to scale impact conditions from humans to animals
is equal stress/equal velocity (Namjoshi et al., 2014; Viano, Hamberger, Bolouri, & Saljo, 2009).
Using this model, velocity is continuous across species. This technique operates on the premise
of geometric similitude where the ratio of all corresponding dimensions in the model and
prototype are equal. The scaling determines a characteristic length ratio (λ = rh/rm) between the
radius of the human brain (rh) and the radius of the mouse brain (rm). Using the lateral radius of
the mouse brain, the characteristic length ratio will be defined. We will determine the average
lateral radius (from 5 mouse brains) and then determine the characteristic length ratio. The lateral
radius of the human brain is known to be 80 mm.
3.4.f Immunohistochemistry
Upon completion of behavioral testing (~25 h following the last head impact), mice were
sacrificed by decapitation and their brains assessed for markers of neuroinflammation. The brain
was divided into two halves through the sagittal plane. Immunohistochemistry (IHC) analyses
were carried out as previously described (Angoa-Pérez et al., 2010; Thomas et al., 2008b, Kane
et al., 2012). Coronal sections (25 µm) within the coordinates of Interaural 2.46 mm, Bregma
-1.34 mm and Interaural 0.64 mm, Bregma -3.16 mm were selected for analysis (Franklin, K.,
Paxinos, G. The mouse brain. 3rd edition. New York: Elsevier, 2008). Primary antibodies
directed at GFAP (1:500; LabVision, Fremont, CA) and ionized calcium-binding adapter
molecule 1 (Iba1) (1:500; DAKO, Richmond, VA) were used. Sections were incubated with
primary antibodies at 4°C overnight. Primary antibody amplification was achieved using the
VECTASTAIN Elite ABC kit (Vector Labs, Burlingame, CA). Sections were then washed with
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1 mL 1x PBS/0.1% Triton X-100 3x for 5 min each. After the last wash, sections were incubated
in 1x PBS for 5 min. The 1x PBS was removed and 1 mL of DAB staining solution (Vector
Labs, Burlingame, CA) added to each section and incubated for 5-10 min at room temperature,
until sufficient color developed. DAB staining solution was removed and 1 mL 1x PBS was
added to each section to stop the DAB reaction. Sections were mounted on Fisher SuperFrost
Plus Slides and thoroughly dried. Sections were dehydrated through graded ethanol washes,
incubated in Citrisolv for 5 min, and cover slipped with Permount. Slides were allowed to dry
overnight before viewing. Images were acquired using an Olympus BX51 fluorescence
microscope with a DP71 camera. Images acquired at 100x magnification from ROIs were used
for analysis. ImageJ was used to quantify immunoreactive cells.
3.4.g Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 6.04, GraphPad
Software Inc.). Behavioral data and graphs are presented as mean ± SEM. Righting reflex was
analyzed using one-way ANOVA or split-plot ANOVA (SPANOVA; i.e., mixed-measures
ANOVA) followed by the Dunnet's multiple comparison test (MCT) or Holm-Sidak posthoc test.
For analyses using ANOVA, treatment refers to experimental group (isoflurane or isoflurane
followed by head impact). Rotarod performance and IHC data were analyzed by one-way
ANOVA followed by the Dunnet's posthoc test. Differences were considered significant if
p < 0.05.
3.5 Results
3.5.a Recovery of righting reflex
The effects of impact number and impact distance on the righting reflex are shown in
Fig. 5. A significant main effect of impact distance was found on latency to recover the righting
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reflex following one head impact and is shown in Fig. 5A (one-way ANOVA; F(4, 43) = 12.52,
p < 0.001). Animals receiving one head impact from a distance of 1.0 m took significantly longer
to recover the righting reflex compared to controls (Dunnet's MCT; p < 0.05). In the 2x TBI
group, significant main effects of impact number (F(1, 44) = 4.095, p = 0.0491) and impact
distance (F(4, 44) = 22.82, p < 0.0001) were found on latency to recover the righting reflex and
the results are shown in Fig. 5B (2 x 4 SPANOVA). The 2x TBI (1.0 m) group took significantly
longer to recover the righting reflex following the first and second head impact compared to
controls (Holm-Sidak's; p < 0.05). In the 3x TBI group, a significant main effect of impact
distance (F(4, 46) = 73.61, p < 0.0001) was found on latency to recover the righting reflex and
the results are shown in Fig. 5C (3 x 4 SPANOVA). The 3x TBI (0.75 m), 3x TBI (1.0 m), and
3x TBI (1.0 m + buffer) groups took significantly longer to recover the righting reflex following
the first, second, and third head impact compared to controls (Holm-Sidak's; p < 0.05).
3.5.b Rotarod performance
The effects of impact number and impact distance on rotarod performance are shown in
Fig. 6. A significant main effect of impact distance was found on rotarod performance for mice
receiving one head impact and is shown in Fig. 6A (one-way ANOVA; F(4, 43) = 5.104,
p = 0.0018). Animals receiving one head impact from a distance of 1.0 m and 1.0 m + buffer
spent significantly less time on the rotarod compared to controls (Dunnet's MCT; p < 0.05). In
the 2x TBI group, a significant main effect of impact distance was found on rotarod performance
and is shown in Fig. 6B (one-way ANOVA; F(4, 43) = 2.923, p = 0.0318). Animals receiving
two head impacts from an impact distance of 0.5 m spent significantly less time on the rotarod
compared to controls (Dunnet's MCT; p < 0.05). No significant differences were found on
rotarod performance for mice receiving three head impacts (see Fig. 6C).
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Figure 5: Effects of impact number and distance on the righting reflex
Mice were impacted once, twice, or three times using a 120 g weight dropped from a height of
0.5 m, 0.75 m, or 1.0 m. Latency to recover the righting reflex was recorded following each head
impact. In the 1x TBI group, the 1.0 m condition produced significantly longer righting times
compared to controls. Controls, n = 18; 0.5 m, n = 7; 0.75 m, n = 7; 1.0 m, n = 8; 1.0 m + buffer,
n = 8 (A). In the 2x TBI group, the 1.0 m condition produced significantly longer righting times
compared to controls. Controls, n = 18; 0.5 m, n = 8; 0.75 m, n = 8; 1.0 m, n = 7; 1.0 m + buffer,
n = 8 (B). In the 3x TBI group, the 0.75 m, 1.0 m, and 1.0 m + buffer conditions produced
significantly longer righting times compared to controls. Controls, n = 19; 0.5 m, n = 8; 0.75 m,
n = 8; 1.0 m, n = 8; 1.0 m + buffer, n = 8 (C). Error bars indicate SEM; ** = p < 0.01;
# = p < 0.001; $ = p < 0.0001.
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Figure 6: Effects impact number and
distance on balance and motor
coordination
In the 1x TBI group, the 1.0 m and
1.0 m + buffer conditions impaired
performance on the rotarod. Controls,
n = 18; 0.5 m, n = 8; 0.75 m, n = 7;
1.0 m, n = 7; 1.0 m + buffer, n = 8 (A).
In the 2x TBI group, the 0.5 m condition
impaired performance on the rotarod.
Controls, n = 18; 0.5 m, n = 8; 0.75 m,
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n = 8 (B). Rotarod performance in the 3x
TBI group. Controls, n = 15; 0.5 m,
n = 8; 0.75 m, n = 7; 1.0 m + buffer,
n = 5 (C). Error bars indicate SEM;
* = p < 0.05, # = p < 0.001.
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3.5.c Rates of absolute and observed outcomes
The mortality rate and frequency of meningeal bleeding were contingent upon impact
number and drop distance as shown in Fig. 7. Mice impacted from a height of 0.75 m accounted
for 7.7% of the overall mortality rate across all groups (Fig. 7A). Within the 0.75 m group, no
mortality was observed in mice receiving one or two head impacts. Mice receiving three head
impacts had a mortality rate of 12.5%. Mice impacted from a height of 1.0 m accounted for
61.5% of the overall mortality rate across all groups (Fig. 7A). Within the 1.0 m group, the
mortality rate was 12.5% following one head impact, 37.5% following two head impacts, and
100% following three head impacts. Mice impacted from a height of 1.0 m + buffer accounted
for 30.8% of the overall mortality rate across all groups (Fig. 7A). Within the 1.0 m + buffer
group, no mortality was observed in mice receiving one or two head impacts. Mice receiving
three head impacts had a mortality rate of 66.7%. No mortality was observed in mice receiving
one, two, or three head impacts from a height of 0.5 m. Post-mortem analysis confirmed that all
incidences of bleeding were restricted to the meninges. Mice impacted from a height of 1.0 m
comprised 77.8% of the overall incidence of meningeal bleeding across all groups (Fig. 7B).
Within the 1.0 m group, 25% of mice receiving two head impacts and 87.5% of mice receiving
three head impacts had meningeal bleeding. No evidence of meningeal bleeding was observed in
mice receiving one head impact. Mice impacted from a height of 1.0 m + buffer comprised
22.2% of the overall incidence of meningeal bleeding across all groups (Fig. 7B). Within the
1.0 m + buffer group, 33.3% of mice receiving three head impacts had meningeal bleeding. No
evidence of meningeal bleeding was observed in mice receiving one or two head impacts. No
evidence of meningeal bleeding was observed in mice receiving one, two, or three head impacts
from a height of 0.5 m or 0.75 m. The overall rate of seizure-like activity was comparable in
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mice impacted from distances of 0.75 m, 1.0 m, and 1.0 m + buffer and was not affected by
impact number (Fig. 8A). Incidences of post-traumatic automatism (Fig. 8B), and respiratory
distress (Fig. 8C) were only observed in mice impacted from distances ≥ 0.75 m and were not
affected by impact number. Use of the buffered weight did not mitigate any of these outcomes.
3.5.d Analysis of impact biomechanics and selection of impact parameters
The outcomes of the parametric study described presently as well as data collected from
other experiments conducted in tandem guided our selection of specific impact parameters for
biomechanical analyses. These analyses complement previously published observations (Kane et
al., 2012) and confirms that our method of rmTBI possesses excellent reproducibility of head
impacts and it is highly customizable and capable of generating impact forces similar to those
seen in athletes. Subsequent studies confirm that we are able to administer a large number of
head impacts (≥ 30) to a lightly anesthetized, completely unrestrained mouse and are described
in further detail in Chapters 5 and 6.
Estimates of the potential energy of head impacts based on different impact parameters
(impact distance, weight) are shown in Table 1. Impacts using the 120 g weight dropped from a
height of 1.0 m (1.18 J) caused high rates of mortality and meningeal bleeding. Under these
conditions, administration of three head impacts was lethal. Conversely, an impact distance of
0.5 m (0.59 J) caused no mortality or bleeding and did not delay recovery of the righting reflex.
Based on this study, mild injuries were best defined by energies > 0.88 J but significantly
< 1.18 J. To avoid compromising impact consistency, and because the apparatus used for our
parametric studies was previously equipped with a 1.0 m guide tube, the condition best suited to
model mild head impact (according to Table 1) was the 95 g weight dropped from a height of
1.0 m (0.93 J).
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Figure 7: Effects of impact distance on mortality and
meningeal bleed rate
Shown are the contributions by group indicated by % of
whole to the overall mortality and meningeal bleed rate.
Mortality and bleed rate were highly comorbid and
contingent upon drop distance. Mice impacted from a
drop height of 1.0 m comprised 61.5% of the overall
mortality rate while those impacted from 0.75 m
comprised 7.7% of the overall mortality rate. Use of the
buffered weight decreased mortality in mice impacted
from 1.0 m and comprised 30.8% of the overall mortality
rate (A). Mice impacted from a drop height of 1.0 m
comprised 77.8% of the overall meningeal bleed rate
while those impacted using the buffered weight
comprised 22.2% (B).
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Figure 8: Effects of impact distance on rates of observational outcomes
Shown are the contributions by group indicated by % of whole to the overall
rates of seizure-like activity, post-traumatic automatism, and respiratory
distress. Comparable rates of seizure-like activity were observed in mice
impacted from distances of 0.75 m, 1.0 m, and 1.0 m + buffer (A).
Post-traumatic automatism was only observed in mice impacted from
distances ≥ 0.75 m (B). Respiratory distress was only observed in mice
impacted from distances ≥ 0.75 m (C).
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30 g

60 g

75 g

95 g

120 g

0.25 m

0.07

0.15

0.18

0.23

0.29

0.5 m

0.15

0.29

0.37

0.47

0.59

0.75 m

0.22

0.44

0.55

0.70

0.88

1.0 m

0.29

0.59

0.74

0.93

1.18

1.25 m

0.37

0.74

0.92

1.16

1.47

1.5 m

0.44

0.88

1.10

1.40

1.76

2.0 m

0.59

1.18

1.47

1.86

2.35

Minimally observable outcomes
Minimal mortality, no meningeal bleeding
≥ 3 impacts *lethal*

Table 1: Potential energy of head impacts
The potential energy (Joules (J)) is shown under various impact parameters. Grey shaded
cells indicate the energy estimates of the conditions used for the parametric study. The
light blue shaded cells specify the impact parameters and their corresponding potential
energies to be used in subsequent studies.
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Our studies of TBI began with a slightly modified version of Shohami's model of
closed-head injury (Flierl et al., 2009). Instead of impacting mice on a hard surface, a small
sponge was used to cushion the bottom of the head. This method resulted in high rates of
mortality, skull fracture, and bleeding. Based on these outcomes we incorporated aspects of
Marmarou's weight drop method (Marmarou et al., 1994) and adapted it for use in mice. A
plastic disc was adhered to the skull of a mouse through a small incision made on the scalp.
These modifications allowed us to increase the impact distance; however, when we attempted to
administer multiple head impacts we observed high rates of barrel rotation, paralysis, and
mortality. A summary of these experiments is provided in Table 2. As discussed in our previous
publication (Kane et al., 2012) impacts that do not allow for free movement of the head drive the
head into the sponge resulting in severe compressive deformation of the cranial vault and a high
incidence of brainstem injury. Most importantly, they do not simulate human sports-related head
impact. Development of our method (Kane et al., 2012) allowed for the administration of
multiple head impacts from greater heights using various weights. Using a systematic approach
we varied the drop distance (0.5 m - 1.5 m), weight (30 g - 120 g), number of impacts (1 - 30),
time between impacts (0 h - 72 h), and survival times (0 d - 93 d). The outcomes of these
previous studies helped guide future ones and are summarized in Table 3A and Table 3B. The
apparatus was modified (described presently) in order to improve the efficiency and consistency
of head impacts and a summary of the studies conducted post-modification is shown in Table 4.
We began to observe significant behavioral and neuropathological outcomes in studies using the
95 g weight dropped from a height of 1.0 m with impacts (≥ 5) and survival times (> 14 d).
In summary, our decision to use the 95 g weight dropped from a height of 1.0 m for
biomechanical analysis (Fig. 9) was guided by the estimates shown in Table 1, the outcomes of
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previous studies (Table 2, 3A, 3B), the parametric study described presently, the outcomes of
studies conducted in tandem (Table 4), and our desire to model mild brain injury. Sample video
stills from lateral and frontal views are shown in Fig. 9A illustrating the 180° horizontal rotation
of the mouse body and free movement of the head upon impact. Photographs of the mouse,
weight, platform, and markers attached for analysis are shown in Fig. 9B. The marker
trajectories are shown in Fig. 9C. Three impacts were recorded and the impact velocity was
consistently found to be 4.2 m/s. The peak acceleration of the 95 g weight was calculated to be
300 g (g-force of acceleration). The head rotation was 0.35 rad at 25 ms duration, corresponding
a rotational velocity of ~15 rad/s (Fig 9D). Sample outputs showing head displacement in the
vertical direction by time and head kinematics in the x-z plane are shown in Fig. 9E and Fig. 9F,
respectively. Based on the output of this analysis (summarized in Table 5), we were able to
estimate how the angular velocity generated by our method compares to that observed in humans
using the scaling factor λ=13.8. Scaling between animals and humans in terms of biomechanical
forces has been validated experimentally (Namjoshi et al., 2014; Viano et al., 2009).
3.5.e Immunohistochemistry
Iba1 was used to detect activated microglia in the optic tract (OT) and CC and the results
are shown in Fig 10. A significant main effect of treatment was found on Iba1 expression in the
1x TBI group throughout the OT and is shown in Fig. 10A (one-way ANOVA; F(4, 25) = 18.17,
p < 0.0001). Mice receiving a single impact from a drop height of 0.75 m had less Iba1 labeled
cells in the OT while mice in the 1.0 m group had more Iba1 labeled cells compared to controls
(Dunnett's MCT; p < 0.05). A significant main effect of treatment was found on Iba1 expression
in the 2x TBI group throughout the OT and is shown in Fig. 10B (one-way ANOVA;
F(4, 25) = 13.49, p < 0.0001). Mice impacted from 0.5 m, 0.75 m, 1.0 m, and 1.0 m + buffer had
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more Iba1 in the OT compared to controls (Dunnett's MCT; p < 0.05). A significant main effect
of treatment was also found on Iba1 expression in the 3x TBI group throughout the CC and is
shown in Fig. 10C (one-way ANOVA; F(3, 20) = 5.156, p = 0.0084). Mice impacted from 0.5 m
and 1.0 m + buffer had fewer Iba1 in the CC compared to controls (Dunnett's MCT; p < 0.05).
GFAP was used to detect activated astrocytes in the OT and CC and the results are shown
in Fig 11. A significant main effect of treatment was found on GFAP expression in the 1x TBI
group throughout the OT and is shown in Fig. 11A (one-way ANOVA; F(4, 25) = 10.05,
p < 0.0001). Mice receiving a single impact from a drop height of 0.5 m, 1.0 m, and
1.0 m + buffer had more GFAP labeled cells in the OT compared to controls (Dunnett's MCT;
p < 0.05). A significant main effect of treatment was found on GFAP expression in the 2x TBI
group throughout the CC and is shown in Fig. 11B (one-way ANOVA; F(4, 25) = 6.131,
p = 0.0014). Mice impacted from 0.75 m had more GFAP in the CC compared to controls
(Dunnett's MCT; p < 0.05). A significant main effect of treatment was also found on GFAP
expression in the 3x TBI group throughout the CC and is shown in Fig. 11C (one-way ANOVA;
F(3, 20) = 5.481, p = 0.0065). Mice impacted from 0.5 m and 0.75 m had more GFAP in the CC
compared to controls (Dunnett's MCT; p < 0.05).
3.6 Considerations for method of repetitive mild traumatic brain injury
We assessed several outcomes following TBI and found that some, but not all, were
dependent upon impact number or drop distance. While recovery of the righting reflex, mortality
rate, and the frequency of meningeal bleeding correlated with impact number and drop distance,
no such relationship was observed on rotarod performance. This may be due to the fact that
several groups were missing mice due to mortality, especially from the 2x and 3x TBI groups.
Inconsistent performance deficits may also be due to differences in the amount of time between
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Distance,
weight

Impact
protocol

Sacrificed

8.5 cm, 95 g

1x

4h

GFAP

8.5 cm, 95 g

1x

24 h

GFAP

8.5 cm, 95 g

1x

48 h

GFAP

8.5 cm, 95 g

1x

24 h

GFAP, ILB4

GFP mice, thin sponge, 100%
bleed, 56% fracture
GFP mice, thin sponge, 100%
bleed, 56% fracture
GFP mice, thin sponge, 100%
bleed, 56% fracture
scalp incision, plastic disk

10 cm, 95 g

1x

24 h

GFAP, ILB4

scalp incision, plastic disk

20 cm, 95 g

1x

24 h

GFAP, ILB4

scalp incision, plastic disk

40 cm, 95 g

1x

24 h

GFAP, ILB4

scalp incision, plastic disk

60 cm, 95 g

1x

24 h

GFAP, ILB4

90 cm, 95 g

1x

24 h

GFAP, ILB4

scalp incision, plastic disk
scalp incision, plastic disk, 25%
mortality

90 cm, 95 g

1x

24 h

90 cm, 95 g

1x

48 h

90 cm, 95 g

1x

72 h

90 cm, 95 g

2x

24 h

90 cm, 95 g

2x

48 h

90 cm, 95 g

2x

72 h

90 cm, 95 g

3x

24 h

90 cm, 95 g

3x

48 h

90 cm, 95 g

3x

72 h

90 cm, 95 g

4 day ETOH
+ 1x, 2x

24 h

ILB4, GFAP, neurosilver

ETOH binge protocol

90 cm, 95 g

5x

4h

RT, RR, LD; ILB4, GFAP, neurosilver

44% mortality

90 cm, 95 g

5x

24 h

RT, RR, LD; ILB4, GFAP, neurosilver

44% mortality

90 cm, 95 g

5x

72 h

RT, RR, LD; ILB4, GFAP, neurosilver

44% mortality

90 cm, 95 g

5x

3d

RT, RR, LD; ILB4, GFAP, neurosilver

44% mortality

90 cm, 95 g

5x

7d

RT, RR, LD; ILB4, GFAP, neurosilver

44% mortality

90 cm, 95 g

1x

1h

RT

90 cm, 95 g

1x

4h

RT

90 cm, 95 g

1x

24 h

RT

Behavior & neuropathology

RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver
RT, RR, WMT; NFL, p-tau, ILB4, β-APP,
GFAP, Cox-2, neurosilver

Notes

Disk - 3 hr (2x), 0% mortality
Disk - 3 hr (2x), 0% mortality
Disk - 3 hr (2x), 0% mortality
Disk - 3 hr (2x), 6.25%
mortality
Disk - 3 hr (2x), 6.25%
mortality
Disk - 3 hr (2x), 6.25%
mortality
Disk - 3 hr (2x), 25% mortality
Disk - 3 hr (2x), 25% mortality
Disk - 3 hr (2x), 25% mortality

90 cm, 95 g
5x
24 h RT
50% mortality
Table 2: Parameters and outcomes assessed using modified versions of the Shohami and Marmarou method
Experiment dates range from 01/14/09 – 03/15/10. Behavior: RT = righting times; RR = rotarod;
WMT = wire mesh test; LD = light dark test. Neuropathology: GFAP = glial fibrillary acidic protein;
ILB4 = isolectinB4; NFL = neurofilament-L; p-tau = phosphorylated tau; β-APP = beta- amyloid precursor protein;
Cox-2 = cyclooxygenase-2.
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Distance,
Impact protocol Sacrificed
Behavior & neuropathology
weight
1 m, 95 g
1x
24 h
RT
1.5 m, 95 g
1x
24 h
RT, RR; neurosilver
1.2 m, 95 g
1x
24 h
RT, RR
1 m, 95 g ETOH (10%) + 1x
24 h
RT, RR
1 m, 95 g ETOH (10%) + 1x
3d
RT, RR
1 m, 95 g ETOH (10%) + 1x
7d
RT, RR
1 m, 95 g ETOH (10%) + 5x
24 h
RR
1 m, 95 g ETOH (10%) + 5x
3d
RR
1 m, 95 g ETOH (10%) + 5x
7d
RR
ETOH (10%) + 2x,
1 m, 95 g
3d
RR, LM
2x
ETOH (10%) + 2x,
1 m, 95 g
5d
RR, LM
2x
ETOH (10%) + 2x,
1 m, 95 g
7d
RR, LM
2x
ETOH (10%) + 2x,
1 m, 95 g
30 d
RR, LM
2x
1 m, 95 g 5x + MPH, FLX
7d
edema, LD
1 m, 95 g 5x + MPH, FLX
30 d
edema, LD
1 m, 95 g ETOH (10%) + 1x
24 h
RR, NO
1 m, 95 g ETOH (10%) + 5x
5 d
RR, NO
1 m, 95 g

2x2x

7d

RR

1 m, 95 g

10x

7d

RT, RR, NO

1 m, 95 g

2x2x2x

24 h

RR

Notes
17% bleed
50% bleed
ETOH 4- day binge protocol
ETOH 4- day binge protocol
ETOH 4- day binge protocol

0% mortality
Tried 2x as long as possible, 40%
mortality, 40% bleed
Tried 1x as long as possible
2x as long as possible; 50%
mortality
50% mortality

1 m, 95 g
2x2x
24 h
RR; GFAP, iNOS
1 m, 95 g
2x2x
2d
RR; GFAP, iNOS
1 m, 95 g
2x2x
7d
RR; GFAP, iNOS
1 m, 95 g
2x2x2x
1d
RR; GFAP, iNOS, caspase-3, ILB4
1 m, 95 g
2x2x2x
7d
RR; GFAP, iNOS, caspase-3, ILB4
1 m, 95 g
5x
3d
RR; GFAP, iNOS, caspase-3, edema
1 m, 95 g
5x
7d
RR
1 m, 95 g
5x
15 d
RR
1 m, 95 g
5x
30 d
RR
1 m, 95 g
5x
30 d
RR, NS; GFAP
1 m, 95 g
2x2x2x1x
30 d
RR, NO; GFAP
1 m, 95 g
10x
30 d
RR, MWM; GFAP
1 m, 95 g
5x
immed. RT
13.3% mortality
1 m, 95 g
5x
30 d
RT, MWM
0% mortality
1 m, 95 g
5x
30 d
edema
0% mortality
1 m, 95 g
5x
60 d
RT; p-tau
0% mortality
1 m, 95 g
1x2x2x
30 d
p-tau
1 m, 95 g
2x2x2x2x2x
30 d
p-tau
Table 3A: Parameters and outcomes assessed using Kane et al., 2012
Experiment dates range from 04/13/10 – 06/10/13. Behavior: RT = righting times, RR = rotarod, LM = locomotion,
LD = light dark box, NO = novel object recognition test, NS = novelty suppressed feeding, MWM = Morris water
maze.
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Distance,
weight
1 m, 95 g

Impact
protocol
3x (same
day)

Sacrificed

Behavior & neuropathology

30 d

RT, GR, RR, BM, EPM

1 m, 95 g

4x

30 d

RT, RR, EPM, TST, BM; NR2a, NR2b,
mGLUR2, p-tau, SNAP-25, CamkII, GFAP,
PSD-95, p-tau

1 m, 95 g

5x

30 d

RT, TST, food/water intake

1 m, 95 g
1 m, 30 g
1 m, 30 g
1 m, 30 g
1 m, 30 g

2x2x1x
24, 48 h
1x
24 h
5x
30 d
2x3x1x2x
30 d
10x
30 d
2x3x2x1x1x1
1 m, 30 g
7d
x

RT, RR; GFAP, p-tau, ILB-4
GFAP, p-tau, ILB-4
GFAP, p-tau, ILB-4
GFAP, p-tau, ILB-4
GFAP, p-tau, ILB-4

1 m, 95 g

2x2x

7d

GFAP, p-tau, ILB-4

1 m, 95 g

1x2x2x

30 d

GFAP, p-tau, ILB-4

1 m, 95 g

2x2x1x

30 d

GFAP, p-tau, ILB-4

1 m, 95 g

2x2x2x

30 d

GFAP, p-tau, ILB-4

1 m, 95 g

3x3x

7d

GFAP, p-tau, ILB-4

1 m, 95 g
1 m, 95 g

9x
10x

30 d
30 d

GFAP, p-tau, ILB-4
GFAP, p-tau, ILB-4

1.5 m, 95 g

1x

immed

GFAP, p-tau, ILB-4

1 m, 95 g

10x

30 d

GFAP, p-tau, ILB-4

Notes

TBI + chronic unpredictable
stress protocol
TBI + chronic unpredictable
stress protocol
UCONN collaboration
5% mortality, 4.2% bleed
8% mortality, 4.8% bleed
10% mortality
10% mortality, 50% bleed

GFAP, p-tau, ILB-4
4% mortality, 40% bleed, 60%
skull fracture
5% mortality, 0% bleed
6% mortality, 6.25 - 12.5%
bleed, 86 - 100% skull
fracture
6% mortality, 44% bleed, 25%
skull fracture
6% mortality, 0% bleed,
70.8% skull fracture
6% mortality, 0% bleed
9% mortality, 40% bleed
100% mortality, 100%
fracture
10% mortality, 12.5 - 50%
bleed

RR, BM, reflex (grasp, air righting, spinning,
Old mice (~ 18 weeks)
MT)
RR, EPM, reflex (grasp, air righting, spinning,
1 m, 30 g
1x
30 d
Young mice (~4-5 weeks)
MT), PA, ST, TST
RR, EPM, reflex (grasp, air righting, spinning,
1 m, 30 g
5x
30 d
Young mice (~4-5 weeks)
MT), PA, ST, TST, SP
RR, EPM, reflex (grasp, air righting, spinning,
1 m, 30 g
10 x
30 d
Young mice (~4-5 weeks)
MT), PA, ST, TST, SP, NSF
1 m, 95 g
2x2x1x
immed. RT, ST
UCONN collaboration
1 m, 95 g
2x2x1x
7d
RT, ST
UCONN collaboration
1 m, 95 g
2x2x1x
33 d
RT, ST
UCONN collaboration
1 m, 95 g
2x2x1x
93 d
RT, ST
UCONN collaboration
RT, BM; NR2a, NR2b, mGLUR2, p-tau,
1 m, 95 g
10x
30 d
HDAC6 inhibitor experiment
SNAP-25, CamkII, GFAP, PSD-95, p-tau
Table 3B: Parameters and outcomes assessed using Kane et al., 2012
Experiment dates range from 04/13/10 – 06/10/13. Treatment: MPH = methylphenidate; FLX = fluoxetine;
ACY738 = HDAC6 inhibitor. Behavior: RT = righting times; RR = rotarod; LM = locomotion; LD = light dark test;
NO = novel object recognition test; NS = nestlet shred; MWM = Morris water maze; GR = grasping reflex;
BM = Barnes maze; EPM = elevated plus maze; TST = tail suspension test; MT = mesh test; PA = passive
avoidance; ST = splash test; SP = sucrose preference; NSF = novelty suppressed feeding.
1 m, 30 g

2x3x1x2x

30 d
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Distance, weight
Impact protocol
Sacrificed
Behavior & neuropathology
1 m, 95 g
10x
immed
RT
1 m, 95 g
10x
30 d
RT
1 m, 95 g
2(2x2x1x)
immed.
p-tau, TDP-43, GFAP, GSK3β
1 m, 120 g (felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 120 g (felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 120 g (felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 120 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 120 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 120 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 120 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 120 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 120 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
m, 120 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.5 m, 120 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.5 m, 120 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1.5 m, 95 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1.5 m, 95 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1.5 m, 95 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 95 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 95 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 95 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 95 g (no felt)
1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 95 g (no felt)
2x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
.75 m, 95 g (no felt)
3x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 95 g
2x2x1x
immed.
S, PTA, RD, PTP, RT, RR; Iba1, GFAP
1 m, 95 g
30x
53 d
Described presently
1 m, 75 g
30x
53 d
Described presently
1 m, 95 g
20x
30 d
GFAP, ILB4
1 m, 95 g
2x2x1x
immed.
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
47 d
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
immed.
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
14 d
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
6w
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
immed
S, PTA, RD, PTP, RT
1 m, 95 g
5x (over 2 w)
immed
S, PTA, RD, PTP, RT
1 m, 95 g
5x (over 2 w)
2w
S, PTA, RD, PTP, RT
1 m, 95 g
5x (over 2 w)
6w
S, PTA, RD, PTP, RT
1 m, 95 g
2x2x1x
2w
S, PTA, RD, PTP, RT
Table 4: Parameters and outcomes assessed using current method
Experiment dates range from 06/16/13 - present. Behavior: S = seizure-like activity; PTA = post-traumatic
automatism; RD = respiratory disturbances; RT = righting times; RR = rotarod; PTP = post-traumatic paralysis; LM
= locomotion; LD = light dark box; OF = open field; SP = sucrose preference; ST = splast test; BM = Barnes maze;
WT = wire test; KIS = Kondziela's inverted screen test; PA = passive avoidance. Neuropathology: GFAP = glial
fibrillary acidic protein; ILB4 = isolectinB4; p-tau = phosphorylated tau; TDP-43 = transactive response DNA
binding protein 43; GSK3β = glycogen synthase kinase 3 beta; Iba1 = ionized calcium-binding adapter molecule 1;
β-app = beta amyloid precursor protein; MOG = myelin-associated glycoprotein. Additional neuropathology for 30x
described in Chapter 6.
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A

B

E
marker 1

marker 3

marker 4

marker 2

F
Movement in x- plane

C

-- marker 1
-- marker 2
-- marker 3
-- marker 4

Movement in y- plane

(Rad)

D

Time (ms)

Figure 9: Sample output used for
biomechanics analysis
Sample video stills from lateral and frontal
views (A); markers attached to the mouse,
weight and platform (B); marker trajectories
(C); head angle across time used to calculate
angular velocity (D); sample output showing
lateral head displacement in the vertical
direction plotted against time (E); sample
output showing lateral head kinematics in
the x - z plane (F).
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Measurement

RmTBI method

Concussive football impact

Linear velocity (m/s)

4.2

9.3 +/- 1.9

Linear acceleration (g)

300 (impacting weight)

~ 97.8 (impacted player)

Angular velocity (rad/s)

15 (207 scaled)

~ 34.8

Table 5: RmTBI method is capable of generating forces associated with mild head impact
Output obtained from analysis of the impact biomechanics of our novel method of rmTBI are
shown. Forces recorded in professional football players resulting in concussive brain injuries
are shown for comparison.
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1x TBI Iba1
A

1x20TBI GFAP

Cells per 2.61x106 µm2

Cells per 2.61x106 µm2

25

15

**

$

20
15
10
5

Cells per 2.61x106 µm2

B0

10

*

Cells per 2.61x106 µm2

#

5
0

2x TBI Iba1
OT

20

OT

15
10

CC

CC

$
**

#

**

5
0

C

*

OT
3x TBI Iba1

CC

20
15
10

*

5
0

OT

*

CC

Figure 10: Effects of impact number and distance on levels of Iba1 in the OT and CC
Levels of Iba1 in the 1x TBI group were decreased in the 0.75 m group and increased in the
1.0 m group in the OT. Controls, n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m, n = 6; 1.0 m + buffer,
n = 6 (A). Levels of Iba1 in the 2x TBI group were increased in the 0.75 m, 1.0 m, and
1.0 m + buffer groups in the OT. Controls, n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m, n = 6;
1.0 m + buffer, n = 6 (B). Levels of Iba1 in the 3x TBI group were decreased in the 0.5 m and
1.0 m + buffer groups in the CC. Controls, n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m + buffer,
n = 6 (C). Error bars indicate SEM; * = p < 0.05, ** = p < 0.01, # = p < 0.001, $ = p < 0.0001.
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1x TBI GFAP
A

Cells per 2.61x106 µm2

Cells per 2.61x106 µm2
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1x
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$
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*

*

*

*

5
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C
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OT

CC
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15
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Figure 11: Effects of impact number and distance on levels of GFAP in the OT and CC
Levels of GFAP in the 1x TBI group were increased in the 0.5 m, 1.0 m, and 1.0 m + buffer
groups in the OT. Controls, n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m, n = 6; 1.0 m + buffer,
n = 6 (A). Levels of GFAP in the 2x TBI group were increased in the 0.75 m group in the CC.
Controls, n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m, n = 6; 1.0 m + buffer, n = 6 (B). Levels of
GFAP in the 3x TBI group were increased in the 0.5 m and 0.75 m groups in the CC. Controls,
n = 6; 0.5 m, n = 6; 0.75 m, n = 6; 1.0 m + buffer, n = 6 (C). Error bars indicate SEM;
* = p < 0.05, ** = p < 0.01, $ = p < 0.0001.
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the first impact and the test day (24 h for the 1x TBI group, 72 h for the 3x TBI group). It is also
possible that a larger number of less severe head impacts may be required to elicit persistent and
predictable impairments in balance and motor coordination.
We also assessed the effects of TBI on neuroinflammation throughout the OT and CC.
Interestingly, levels of Iba1 and GFAP did not appear to increase as a function of impact number
or drop distance (Figs. 10, 11). These neuroinflammatory markers appeared to manifest first in
the OT of mice receiving one or two head impacts, and then later in the CC following subsequent
impacts. Spatially, the OT is quite distant from the site of impact and its early response may be
indicative of a contrecoup injury. The CC is closer to the site of impact and began to show
evidence of astrogliosis following two or three head impacts possibly due to repeated
invagination of the tract. Interestingly, levels of Iba1 were reduced in the OT of the 1x TBI
0.75 m group, in the CC of the 3x TBI 0.5 m and 1.0 m + buffer groups, and unchanged in the
OT of the 3x TBI groups. And, levels of GFAP were only increased in the OT of the 1x TBI
group and in the CC of the 2x and 3x TBI groups. One possible explanation for these findings
involves the synergistic relationship between TBI, ATP, astrocytes and microglia. Previous in
vitro and in vivo studies have found that ATP signaling through P2Y G protein-coupled
receptors induces a rapid microglial response including whole-cell migration (Davalos et al.,
2005; Honda et al., 2006). Davalos and colleagues (2005) found that TBI induces ATP release
from tissue, which can trigger subsequent release of ATP from surrounding astrocytes- all of
which are capable of activating microglia. However, if the ATP concentration gradient was
eliminated, microglia did not migrate toward the site of damage. It is possible that the reductions
in microglia we observed were due to ATP- induced elimination of the ATP gradient or
saturation of purinergic receptors resulting from the injury. It is also possible that TBI caused
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glial apoptosis under these conditions, or that microglia migrated to other surrounding tissue in
an attempt to mitigate damage. Another possible explanation involves the time-dependent
response of astrocytes and microglia to TBI. Davalos and colleagues (2005) studied the response
of microglia to mechanical and laser-induced TBI in the mouse cortex and found that while
microglia immediately begin extending their processes toward the site of injury, the cell bodies
themselves remained at the same location for a minimum of 10 h. Similarly, Susarla and
colleagues (2014) conducted a study using CCI and found that the largest number of proliferating
microglia and astrocytes surrounding the cortical contusion was greatest at 3 d following TBI.
These studies suggest that the neuroinflammatory response to TBI is best assessed at time points
> 24 h. However, Susarla noted proliferating astrocytes, but not microglia, in the CC 1 d
following injury. Similarly, we observed increased GFAP immunoreactivity, but not Iba1
immunoreactivity, in the CC of the 2x and 3x TBI groups.
Interestingly, there appeared to be a relationship between levels of Iba1 in the OT and
performance on the rotarod. In the 1x TBI group, the 1.0 m condition had the highest levels of
Iba1 immunoreactivity and worst performance on the rotarod. In the 2x TBI group, the
0.5 m condition had the highest levels of Iba1 immunoreactivity and worst performance on the
rotarod. In the 3x TBI group, no changes in Iba1 immunoreactivity were found nor were there
performance deficits on the rotarod. The acute levels of inflammation we observed in the OT
may have affected visual-motor processing as indicated by performance deficits on the rotarod.
We also examined the capacity of a 'padded' helmet to buffer and attenuate the
aforementioned outcomes. Despite the fact that the impact parameters were the same (120 g,
dropped from a height of 1.0 m), the buffered helmet was very effective in mitigating negative
outcomes. Recovery of the righting reflex using the buffered helmet from 1.0 m was nearly
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identical to those impacted without the buffer from 0.75 m. Mice receiving impacts from 0.75 m
recovered 57.3% faster than those impacted from 1.0 m. Similarly, those impacted from a height
of 1.0 m with the buffered helmet recovered 57.5% faster than those without. The buffered
helmet also reduced the rate of mortality by 33.3%, the incidence of meningeal bleeding by 62%,
and the frequency of respiratory distress to rates comparable to those observed in the 0.75 m
group- regardless of impact number.
Today's football helmets consist of a hard polycarbonate outer shell and an inner layer of
padding. The mechanism by which most football helmets provide protection is by preventing
skull fracture and dissipating the forces of impact. Ultimately, brain damage occurs from energy
dissipated in the brain rather than the helmet or skull. However, preventing skull fracture using
helmets will not stop the brain from crashing into the skull and sufficient cushioning in helmets
is required to reduce head impact acceleration and attenuate the force on the brain. Interestingly,
helmets designed with an outer layer of padding claim to do a better job of preventing head
injuries. For example, the manufacturers of Guardian Cap claim that their product reduces the
force of impact up to 33% by reducing helmet collision momentum transfer. A study released at
the American Academy of Neurology Annual Meeting (2015) found that the Guardian Cap
reduced linear accelerations by ~11% and angular accelerations by 2%. Our research supports
these findings and suggests buffering the outer shell of a helmet may provide added protection
from head impacts. However, angular accelerations are believed to be the major biomechanical
forces involved in concussion and different material properties are needed to protect based on
different accelerations. From this standpoint, our method has the potential to serve as a platform
for materials testing.
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Because most animal models do not allow for free movement of the head, there were no
previously established impact guidelines to use as a starting point. Our previous studies have
provided necessary validation and helped us to identify and define the operational criteria for
modeling mild brain injury (i.e., no skull fracture, brain bleeding, paralysis, etc.). The present
study allowed us to further characterize this method by impact force and outcome. Collectively,
these studies informed our decision to use the 95 g weight dropped from a height of 1.0 m for
biomechanical analysis and to model mTBI. The output from biomechanical analyses of other
head impact models will allow studies in animals that cannot currently be completed in humans
(e.g., further determination of whether repeated impacts to the head will lead to psychiatric and
CTE-like conditions).
3.7 Limitations
We are aware of the limitations imposed by the use of rodents as subjects in head impact
studies. In rodents, the brain-spinal cord interface is parallel, versus its perpendicular
arrangement in humans, which may render them less susceptible to injury. However, the
successful use of a large number of different animal models of TBI over the past 20 years argues
in favor of using mice to study sports-related head impact in our model. It is also important to
note the limitations of scaling in the study of impact biomechanics. While scaling has been
widely used (Gutierrez et al., 2001; Holbourn, 1943; Viano et al., 2009) it is important to
exercise caution in its extrapolation. Because human brains differ from rodent brains in
ventricular volume, white:grey matter ratio, cortical folding and geometry, the scaling of rodent
data to human is an approximation at best (Namjoshi et al., 2014). We were also limited in our
ability to fully characterize the impact biomechanics of our method. A more complete analysis
required data obtained from accelerometers attached to the mouse's head and to the weight.
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Because the platform was designed to provide minimal resistance and to barely support the
weight of a mouse, accommodating the additional weight of an accelerometer was not feasible.
In addition, the accelerometer cable restricted the free fall of the weight down the guide tube.
Despite these shortcomings, pinning down quantitative thresholds for injury also requires better
in vivo measurements of tissue properties and correlation with clinical data. Correlations
between specific external forces (e.g., impact duration) and specific internal stresses should be
identified and further correlated with biological/biochemical changes.
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CHAPTER 4. POTENTIAL USE OF METHOD FOR THERAPEUTIC SCREENING
4.1 Research significance
No other public health problem is as devoid of targeted treatments as TBI (Zasler, 2007).
The heterogeneity of TBI is considered to be one of the most challenging barriers to identifying
effective therapeutic interventions. While early indications of mTBI usually involve direct
trauma to the head and brief LOC, it can occur without direct trauma and LOC (Park et al.,
2008). Outcome and survival following TBI are most affected by intracranial and systemic
physiology management such as fluid resuscitation and monitoring intracranial pressure (Park et
al., 2008). For severe TBI, interventions that might reduce secondary injury include managing
these outcomes as well as monitoring oxygenation parameters, temperature, and blood pressure
(Park et al., 2008). However, because the pathophysiological sequelae of TBI are delayed and
progressive in nature, targeting secondary injury cascades using molecular and pharmacologic
interventions and gene therapies are potential treatment options (Park et al., 2008).
4.1.a Potential therapeutics and proteomic screening technologies
An

in

depth

review

describing

the

regulation

of

excitatory

glutamatergic

neurotransmission by NO is provided by West and colleagues (2002). One possible avenue of
therapeutic intervention involves perturbing the physical interaction between the NMDA
receptor and the generation of neuronal NO (Park et al., 2008). In vitro experiments that sever
interactions between scaffolding proteins and the receptor complex have attenuated peroxynitrite
and NO production (Arundine et al., 2004) resulting in improved outcomes.
As a result of axonal injury, secondary injury processes activate enzymes that produce
particular protein fragments whose identification through proteomic screening technologies has
high diagnostic and therapeutic potential (Ottens et al., 2007; Park et al., 2008). Calpains, a
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ubiquitous family of enzymes, are key mediators of axonal injury and may be potential
therapeutic targets for white matter damage (Buki, Farkas, Doczi, & Povlishock, 2003; Park et
al., 2008; Posmantur et al., 1997; Saatman et al., 1996).
Histone deacetylase (HDAC) inhibitors are another potential therapeutic candidate for the
treatment of TBI and other neurodegenerative diseases. Neuropathologies and neurodegenerative
diseases such as AD and CTE are associated with defective tau proteins whose inherent function
is to stabilize microtubules. A hypothetical model showing microtubules in normal and diseased
states is shown in Fig. 12. Alterations in the diseased state include increased levels of HDAC6,
increases in amyloid, ROS levels, and posttranslational modifications to both tau and tubulin. We
tested the therapeutic potential of a particular HDAC6 inhibitor (ACY738) using our method of
rmTBI.
4.2 Methods
4.2.a Animals
Thirty C57Bl\6 mice (7-8 weeks old) weighing ~25 g were used (Harlan, Indianapolis,
IN, USA). Mice were housed 5 per cage on a 12 h light/dark cycle in a temperature-controlled
room with ad libitum access to food and water. Mice were randomly assigned to either the
control group receiving 10x isoflurane (once per day for 10 d, n = 7); ACY738 only, n = 7;
ACY738 + rmTBI, n = 8; and rmTBI only, n = 8. As a positive control for the p-tau antibody,
4 mice were treated with chloryl hydrate (500 mg/kg, ip); which is known to cause
hyper-phosphorylation of tau (data not shown). All procedures involving the use of animals in
this study were reviewed and approved by the Wayne State University Institutional Animal Care
and Use Committee.
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Figure 12: HDAC inhibitors: potential therapeutics for microtubule-associated pathologies
Abbreviations: HDAC6, histone deacetylase 6; ROS, reactive oxygen species
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4.2.b Administration of HDAC6 inhibitor
Animals in the ACY738 group(s) were given an IP injection daily at 11 am for 30 d prior
to the administration of head impacts (stock 3mg/kg suspension in 0.05% cellulose-1x PBS,
prepared weekly). Control mice received injections of 0.05% cellulose-1x PBS. Injections were
calibrated based on each animal’s body weight.
4.2.c Apparatus and head impact methodology
Head impacts were administered as described in Chapter 3. The rmTBI groups received
one impact per day for 10 d using a 95 g weight dropped from 1.0 m for a total of 10 impacts.
4.2.d Recovery of righting reflex
To assess the neurological outcomes of rmTBI, latency to recover the righting reflex was
recorded each day following isoflurane-induced anesthesia (controls) or anesthesia followed by
head impact as previously reported (Kane et al., 2012) and as described in Chapter 3.
4.2.e Immunoblotting
Thirty days following the final head impact, mice were sacrificed and their brains
assessed for neuropathology. Immunoblot analyses were carried out as previously described by
our lab (Angoa-Pérez et al., 2010; Thomas et al., 2009, 2008b, Kane et al., 2012). Briefly, mice
were sacrificed by decapitation and the cortex and hippocampus were dissected unilaterally and
stored at −80°C. Frozen tissue was disrupted by sonication in 1% sodium dodecyl sulfate (SDS)
at 95°C and insoluble material was sedimented by centrifugation (18,000 × g). Protein
concentration was determined by the bicinchoninic acid method and equal amounts of protein
(20 µg/lane) were resolved by SDS–polyacrylamide gel electrophoresis and electroblotted to
nitrocellulose membranes. Blots were incubated in Odyssey blocking buffer (Licor, Lincoln, NE)
for 1 h at room temperature. Primary antibodies directed at p-tau AT8 (1:500; Thermo, Beverly,
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MA) and GAPDH (1:5000; Sigma Aldrich, St. Louis, MO) were diluted in Odyssey blocking
buffer and incubated on blots for 16 h at 4°C. Blots were subsequently washed 3x for 5 min in 1x
TBS/Tween to remove excess primary antibody and incubated with infrared fluorescent
secondary antibody (1:4000; Licor, Lincoln, NE) diluted in blocking buffer for 1 h at room
temperature. The blots were washed 3x for 5 min in 1x TBS/Tween to remove excess secondary
antibody. Immunoreactive bands were visualized by IR fluorescence on an Odyssey CLx
imaging system (Licor, Lincoln, NE). The relative densities of reactive bands were quantified
using the ImageJ software program and normalized to GAPDH.
4.2.e Statistical analysis
Statistical analyses were performed using GraphPad Prism (version 6.04, GraphPad
Software Inc.). Behavioral data and graphs are presented as mean ± SEM. Righting reflex was
analyzed using split-plot ANOVA (SPANOVA) followed by the Holm-Sidak posthoc test. For
analyses using ANOVA, treatment refers to experimental group (isoflurane or isoflurane
followed by head impact). Immunoblotting data were analyzed by one-way ANOVA followed
by Tukey's honest significant difference (HSD) posthoc test. Differences were considered
significant if p < 0.05.
4.3 Results
4.3.a Recovery of the righting reflex
The effects of rmTBI and ACY738 on the righting reflex are shown in Fig. 13.
Significant main effects of impact number (F(9, 243) = 2.550, p = 0.0081), treatment
(F(3, 27) = 15.65, p < 0.0001) and a significant interaction between these variables
(F(27, 243) = 2.557, p < 0.0001) were found on latency to recover the righting reflex
(10 x 3 SPANOVA). The rmTBI group took longer to recover the righting reflex following the
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first impact and impacts 5 – 9 compared to controls. The rmTBI + ACY738 group took
significantly longer to recover the righting reflex following impacts 5 – 9 compared to controls
(Holm-Sidak; p < 0.5).
4.3.b Immunoblotting
To assess the effects of rmTBI and ACY738 on levels of p-tau in the cortex and
hippocampus, western blotting was used and the results are shown in Fig. 14. A significant main
effect of treatment was found on p-tau expression in the cortex and is shown in Fig. 14A
(one-way ANOVA; F(3, 12) = 8.692, p = 0.0025). While no differences were found compared to
controls, ACY738 only and rmTBI + ACY738 significantly reduced levels of p-tau compared to
rmTBI alone (Tukey’s HSD; p < 0.05). A significant main effect of treatment was also found on
p-tau expression in the hippocampus and the results are shown in Fig. 14B (one-way ANOVA;
F(3, 4) = 8.410, p = 0.0335). ACY738 significantly reduced levels of p-tau in the hippocampus
compared to controls (Tukey’s HSD; p < 0.05).
4.4 Discussion
These preliminary data suggest that ACY738, through inhibition of HDAC6, decreases
levels of p-tau known to accumulate in the brains of athletes subjected to rmTBI. While mice
treated with ACY738 had significant reductions in p-tau, a larger number of head impacts may
be required to increase p-tau overall. Additional studies later showed that we may not have
reached the threshold for eliciting tau pathology. It is also possible that p-tau was increased
following rmTBI in brain regions other than the cortex and hippocampus. This study confirms
that our method bears the attributes necessary to serve as a testing platform for potential
pharmacologics. Further investigations should heed the importance of identifying peripheral
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Figure 13: Effects of rmTBI and ACY738 on recovery of the righting reflex
Mice subjected to rmTBI and rmTBI + ACY738 took significantly longer to
recover the righting reflex compared to controls. Controls, n = 7; ACY738,
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* = p < 0.05; ** = p < 0.01; # = p < 0.001; $ = p < 0.0001.
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Figure 14: Effects of rmTBI and ACY738 on levels of p-tau in
the cortex and hippocampus
Treatment with ACY738 results in decreased cortical p-tau
compared to rmTBI. Controls, n = 4; ACY738, n = 4; rmTBI, n = 4;
rmTBI + ACY738, n = 4 (A). ACY738 decreases levels of
hippocampal p-tau compared to controls. Controls, n = 2; ACY738,
n = 2; rmTBI, n = 2; rmTBI + ACY738, n = 2 (B). Error bars
indicate SEM; * = p < 0.05, ** = p < 0.01.
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biomarkers that may forecast impending CNS damage and guide the development of more
targeted treatments.
4.5 Limitations
As a result of the daily injections of ACY738, some mice developed swollen and irritated
abdomens and were therefore excluded from the study. Future studies using ACY738 or other
potential therapeutics should consider other routes of administration (e.g., food, water).
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CHAPTER 5. NEUROLOGICAL, PSYCHIATRIC, AND COGNITIVE
MANIFESTATIONS OF REPETITIVE MILD TRAUMATIC BRAIN INJURY
5.1 Research significance
In the U.S., millions of TBIs occur annually, the majority of which are mild,
sports- related, and cannot be detected by current neuroimaging technology. One indicator of the
severity of a head impact is occurrence of a concussion and particularly LOC (McCrory et al.,
2013). Current sideline tests for concussion assessment in athletes (e.g., Immediate
Post-Concussion Assessment and Cognitive Testing (ImPact)) rely on an established pre-injury
baseline and detection of changes in neuropsychological function and consciousness after an
impact. The diagnosis of sideline concussion is variable and can be unreliable (Resch et al.,
2013; Schatz, Pardini, Lovell, Collins, & Podell, 2006). This situation is made more difficult
because many athletes receive numerous subconcussive blows to the head that exceed the forces
known to cause concussion in other athletes (Beckwith et al., 2013; Broglio, Eckner, & Kutcher,
2012; Broglio et al., 2011; Crisco et al., 2010), giving the impression that subconcussive impacts
are not injurious. Players can sandbag performance on sideline tests of concussion (Schatz et al.,
2006; Szabo, Alosco, Fedor, & Gunstad, 2013) and many under-report concussion symptoms
(Meier et al., 2015). It is also known that athletes who sustain a concussion are at heightened risk
for sustaining another one (Beckwith et al., 2013; Guskiewicz et al., 2003; Guskiewicz, Mihalik,
et al., 2007). Many individuals suffering from mild or moderate TBI do not solicit medical
advice, especially the 81-92% of cases in which concussion does not result in LOC (Daneshvar,
Nowinski, McKee, & Cantu, 2011; Faul et al., 2010; Langlois et al., 2006). It is possible that
repetitive trauma does not have to be concussive (mTBI) or structural (TBI) (Baugh et al., 2012;
Gavett et al., 2011; McKee et al., 2009; Stern et al., 2011). Subconcussive brain injury (Spiotta et
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al., 2011) or impacts to the head that exert adequate g-force to produce a non-structural injury
may be sufficient to elicit a neurodegenerative cascade.
Another possibility, and one that has not received much attention, is that the threshold for
concussion can vary in individuals who are exposed to large numbers of concussive and
subconcussive head impacts. Athletes who play American-style college football can be exposed
to as many as 1,444 (Crisco et al., 2010) head collisions in a single season. An adaptive response
that leads to an increase in the threshold for concussion (i.e., greater amounts of force per
collision are required in subsequent impacts to cause a concussion) could give the false
indication that a non-concussive blow is less serious than would be expected from reactions to
previous impacts.
RmTBI is associated with the development of several co-morbid psychiatric illnesses,
particularly depression (Gavett et al., 2011; Holsinger et al., 2002; Kerr et al., 2012; G. Mooney
& Speed, 2001), and can result in cognitive impairments involving attention and memory
(Arciniegas et al., 2002; Broglio et al., 2011; Iverson et al., 2004; Schatz et al., 2011). To assess
the effects of rmTBI on these outcomes, mice received 30 impacts and their behavior was
assessed immediately following the final head impact and again at a later time point. Mice
receiving rmTBI exhibited learning and memory impairments and evidence of depression-like
behavior consistent with the outcomes observed in athletes with a history of rmTBI.
5.2 Materials and Methods
5.2.a Animals
One hundred and fifty two male C57Bl\6 mice (7-8 weeks old) weighing ~25 g were used
(Harlan, Indianapolis, IN, USA). Mice were housed 5 per cage on a 12 h light/dark cycle in a
temperature-controlled room with ad libitum access to food and water. Animals were randomly
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divided into 3 groups: 1) isoflurane- only (i.e., controls, n = 8); 2) rmTBI using a 75 g weight,
n = 16); 3) rmTBI using a 95 g weight, n = 16). All procedures involving the use of animals in
this study were reviewed and approved by the Wayne State University Institutional Animal Care
and Use Committee.
5.2.b Administration of head impacts
Head impacts were administered as described in Chapter 3. The rmTBI groups received 1
head impact per day for 5 d followed by 2 d rest. This schedule was repeated over the course of 6
weeks until 30 head impacts were administered in total. Mice were impacted using either a 75 g
or a 95 g weight dropped from a height of 1.0 m. The 95 g weight was selected based on the
outcomes of previous studies (see Tables 2, 3A, 3B, 4) and the results are described in Chapter
3. Because the potential energy of the 95 g weight dropped from a height of 1.0 m was ~ 0.93 J,
the 75 g weight (~ 0.74 J) was selected to model a more mild head impact. The mortality rates
for the rmTBI (75 g) and (95 g) groups were 18.75% and 25%, respectively. On the first day of
head impacts, 4 mice died from the 95 g group and 2 died from the 75 g group. One animal died
from the 75 g group after the 13th head impact. Post mortem analysis revealed no evidence of
bleeding or skull fracture in any mice that died or those used for neuropathology analysis.
5.2.c Recovery of righting reflex
To assess the neurological outcomes of rmTBI, latency to recover the righting reflex was
recorded each day following isoflurane-induced anesthesia (controls) or anesthesia followed by
head impact as previously reported (Kane et al., 2012) and as described in Chapter 3.
5.2.d Body weight and timeline of behavioral outcomes
Body weight was recorded for each mouse immediately following the final head impact
(day 0) and again 30 d later. In order to assess the temporal manifestation of the behavioral
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outcomes, mice underwent various behavioral assessments shortly after the last head impact and
again at a later time point. For the sake of simplicity, 'immediate' time points will refer to
behavioral outcomes tested ≤ 14 d after the last head impact, and 'late' time points refer to tests
administered ≥ 28 d following the last head impact. A timeline of our experiments is shown in
Fig. 15 and a summary of the behavioral outcomes assessed is shown in Table 6.
5.2.e Assessment of sensorimotor and vestibulomotor function
5.2.e.i Balance and motor coordination
To determine if head impacts caused immediate or delayed-onset sensorimotor
impairment, performance was assessed using an accelerating rotarod as previously described in
Chapter 3 (Kane et al., 2012). Animals were tested on days 1 and 28 following the final head
impact.
5.2.e.ii Locomotor /sleep activity
Locomotor activity was measured in four transparent plastic cages (AccuScan
Instruments, Columbus, OH; 43 cm × 42 cm × 42 cm) each covered by a removable perforated
plastic lid. Controls (anesthetized, not impacted) and impacted mice were placed in the center of
the cage and allowed to move freely for 1 h on the first day following the final head impact.
Mice were group tested (n = 4 per cage) for 24 h in their home cage on days 2, 3, and 4 following
the final head impact. Mice were tested individually for 24 h in their home cage on days 35-44
During these times, activity was measured by 16 infrared light beam arrays in the horizontal and
vertical axes. Motor activity was recorded on a computer and analyzed by Fusion software
(AccuScan, Columbus, OH). Total activity was defined as the sum of all beam breaks in both the
horizontal and vertical planes during the entire session.
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Figure 15: Experiment timeline
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Test/assessment
Righting reflex
Body weight
Rotarod

Outcome measure
Test details
Dependent variables
Sensorimotor
to recover the
function
Mice were placed in a supine position Latency
reflex (adopt a prone
following isoflurane or head impact
(recovery of
position)
consciousness)
Overall health

Weights of mice were recorded

Weight

were placed onto an accelerating Ti m e s p e n t o n t h e
Balance & motor Mice
rod, which gradually increased in apparatus (up to 300 s)
coordination
rotational speed
was recorded

Locomotion

Ambulatory
ability & sleep
disturbances

Weights test

Strength

Inverted screen test

Strength

Coat status

Depression-like
behaviors
(interest in selfcare)

Dark emergence

Impulsivity

Open field

Anxiety-like
behavior

Splash test

Depression-like
behaviors
(motivational
drive)

Mice were placed in locomotion
chambers (acute) or left in home cages
& their activity recorded (1 h
individual, 24 h individual & group
housed)
Mice were presented with a series of
increasingly heavy links
Mice were placed on a mesh screen
that is slowly inverted

I, L
I, L

I, L

Maximum links held
based on formula

I, L

Latency to drop

I, L

Latency to emerge from
dark
Time spent in center of
chamber, # of center
crossings

time spent grooming
A 10% sucrose solution was sprayed The
during the
5 min test
onto the coat of each animal
was recorded

I, L
I, L
I, L

I

Latency to locate goal
box (acquisition); time,
frequency, & latency to
Barnes maze
I
enter goal box quadrant
(probe day)
mount of nestlet
Compulsive-like Mice were given intact nestlet & left A
L
shredded (start weightNestlet shred
behavior
undisturbed for 1 h
end)
Depression-like
Mice
were
given
a
choice
of
2
bottles
L
Sucrose preference
Preference
behavior
– water or 3% sucrose
Table 6: Summary of behavioral outcome measures
I = immediate time point (≤ 14 days following final head impact), L = late time point (≥ 28 days following final head
impact).
Cognitive
function
(spatial learning
& memory)

Mice trained (4 days) to locate a goal
box under one of 40 open holes on the
maze using external room cues - a
memory probe test is carried out on
day 5 by removing the goal box

Daily

Time spent moving, # of
horizontal & vertical
beam breaks, # of
movement episodes

The quality of the animal’s coat was
scored using previously established Coat condition (score)
criteria
Mice were placed in a darkened box &
presented with an opening
Mice were placed in locomotion
chambers & their activity recorded
using beams breaks & zone map

Time
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5.2.e.iii Muscle strength and motor coordination
To assess both muscle strength and motor coordination, the inverted screen test was used
as described by (Tai et al., 2015). Mice were placed in the center of a mesh screen (14 × 14 cm2)
that was slowly inverted 180° so that the mice were oriented upside down on the bottom of the
screen. The time it took mice to reach the reverse (top) side of the screen was recorded. This test
was administered on days 2 and 28 following the final head impact. Mice taking longer to
transverse the screen are considered to have deficits in muscle strength and motor coordination.
A modified version of the weights test was used as described by (Deacon, 2013) as a
more sensitive test to determine if rmTBI affected muscular strength. A paperclip is attached to a
series of chains comprised of steel links. Each link weighs approximately 13 g, and each chain
ranges from 1 to 7 links in length. Holding the mouse by the tail allows it to grasp the paper clip
(and links attached) with its forepaws. Timing began as soon as the links were lifted off of the
lab bench. Mice are required to hold each chain for 3 s before moving on to the next chain. The
mouse is allowed 3 trials to satisfy the 3 s criteria, with 10 s inter-trial intervals. The final score
is equal to the product of the maximum number of links held for 3 s + the time the animal was
able to lift the next largest chain (see Deacon, 2013). Mice were tested on days 2 and 28
following the final head impact. Mice receiving low scores on the weights test are considered to
have deficits in muscular strength.
5.2.f Assessment of psychiatric outcomes
5.2.f.i. Depression-like behavior
Coat status was assessed on days 2 and 30 following the final head impact as previously
described (Piato et al., 2008; Yalcin, Aksu, & Belzung, 2005; Yalcin, Aksu, Bodard, Chalon, &
Belzung, 2007). Seven body regions were evaluated: head, neck, forepaws, dorsal coat, ventral
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coat, hind legs, and tail and each received a score of either 0 (healthy coat), or 1 (disheveled or
damaged). The sum of the scores from all regions for each animal was used for statistical
analyses. Higher scores are believed to indicate depression-like behavior.
The splash test was also used to assess depression-like behavior. In this test, a 10%
sucrose solution is sprayed onto the coat of each animal (Isingrini et al., 2010). The time spent
grooming in a 5 min test period reflects motivational drive and interest in self-care, and is used
as an index of depression (Isingrini et al., 2010). The splash test was administered 14 d following
the final head impact. Animals that spend less time grooming (compared to controls) are
considered to be exhibiting depressive-like behavior.
Mice were tested for the development of depression-like behavior using a modified
version of the sucrose preference test on days 32 - 34 following the final head impact (Papp,
Willner, & Muscat, 1991; Strekalova, Spanagel, Bartsch, Henn, & Gass, 2004). Mice were
immediately given the two-bottle choice. Sipper tubes contained ball bearings to minimize loss
of fluid. To eliminate potential side preferences, the position of the bottles was randomized per
animal. Consumption of water and sucrose and total liquid intake was measured over the course
of 2 d. Fluid intake was determined by weighing each bottle at the start of the test period and the
weight of the bottles after 48 h on each cage was subtracted from the starting weight to yield
fluid intake (i.e., 1 g = 1 mL of fluid). Preference for sucrose is expressed as % of consumed
sucrose divided by the total volume of liquid consumed. Diminished preference for sucrose
versus water is indicative of depression-like behavior.
5.2.f.ii Anxiety-like behavior
Mice were assessed for the development of anxiety-like behavior using the open field
days administered on days 10 and 46 following the final head impact. The open field box
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(AccuScan Instruments) with dimensions (42cm x 42cm x 12cm) was used for this test. Mice
were placed in the center of the box and ambulatory activity was recorded for 1 h. A map
comprised of eight concentric zones was used to assess time spent in or near the middle of the
box compared to the sides of the box. Total time spent in each zone was recorded. Tendency to
remain close to the perimeter of the box (i.e., thigmotaxis) is indicative of anxiety-like behavior.
5.2.f.iii Impulsive-like behavior
Mice were tested for signs of impulsivity using the dark emergence test. The test was
administered on days 3 and 4 following the final head impact. The open field box (AccuScan
Instruments) with dimensions (42cm x 42cm x 12cm) was used for this test. Half of the box was
covered with a removable opaque “dark box” that had an opening of 10 cm x 5 cm in the middle
through which the mouse could freely move to the lighted half. Mice were placed into the
darkened section of the box facing away from the opening and the lid was gently replaced to
enclose the mouse. For each mouse, we recorded the time it took to exit completely the dark half
of the box (all four paws in the lighted half) up to a total of 10 min. Decreased latency to emerge
from the dark side of the box and enter the light side of the box is indicative of impulsive-like
behavior.
5.2.f.i.v Compulsive-like behavior
The nestlet shredding test is an established behavioral method for studying
compulsive-like behaviors in mice. The nestlet shred test was administered 32 d following the
final head impact as previously described (Angoa-Perez, Kane, Briggs, Francescutti, & Kuhn,
2013). Mice were placed into a cage containing a single, pre-weighed nestlet and left undisturbed
for 30 min. The mouse was then removed and returned to its home cage after test completion.
The remaining intact nestlet material was removed from the cage using forceps and allowed to
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dry overnight. The weight of the remaining un-shredded nestlet is divided by the starting weight
in order to calculate the percentage of nestlet shredded. Shredding large amounts of nestlet is
indicative of compulsive-like behavior.
5.2.g Assessment of cognitive outcomes
Cognitive function was assessed on days 21-25 following the final head impact using the
Barnes maze spatial learning task as previously reported (Kane et al., 2012). Briefly, mice were
trained to locate a darkened goal box under one of 40 open holes on the perimeter of a brightly lit
maze platform using external room cues. The Barnes maze task requires 5 d to complete. Days
1-4 are training days and are used to assess acquisition. Each training day consisted of 2 trials
with inter-trial intervals of 30 min. The amount of time required for each mouse to locate and
enter the goal box was recorded using EthoVision XT video tracking software (Noldus,
Leesburg, VA). A memory test probe was carried out on day 5 by removing the goal box.
5.2.h Statistical Analysis
Statistical analyses were performed using GraphPad Prism (version 6.04, GraphPad
Software Inc.). Behavioral and neuropathological data and graphs are presented as mean ± SEM.
Righting reflex, body weight, rotarod, locomotion, inverted screen test, weights test, open field,
coat status, and Barnes' maze acquisition data were analyzed using two-way repeated measures
ANOVA or mixed-measures ANOVA (SPANOVA) followed by the Holm-Sidak or Sidak
posthoc test, as mice were tested repeatedly until they were sacrificed for neuropathology
analysis. For analyses using ANOVA, treatment refers to experimental group (isoflurane or
isoflurane followed by head impact). Sucrose preference, splash test, nestlet shred, dark
emergence and Barnes' maze probe test data were analyzed by one-way ANOVA followed by the
Holm-Sidak posthoc test.
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5.3 Results
5.3.a Body weight
The effects of rmTBI on body weight are shown in Fig. 16. A significant main effect of
time was found on body weight (F(1, 30) = 28.55, p < 0.0001) and the results are shown in
Fig. 16 (1 x 3 SPANOVA). All groups weighed significantly more at the late time point
compared to the immediate time point (Holm-Sidak's; p < 0.05). RmTBI had no effect on body
weight.
5.3.b Recovery of the righting reflex
The effects of rmTBI on the righting reflex are shown in Fig. 17. Significant main effects
of day (F(29, 899) = 15.62, p < 0.0001), treatment (F(2, 31) = 45.75, p < 0.0001) as well as a
significant interaction between these variables (F(58, 899) = 5.482, p < 0.0001) were found on
latency to recover the righting reflex (3 x 30 SPANOVA). Compared to controls, the rmTBI
(95 g) group took longer to recover the righting reflex following impacts 1–11 and 13 and the
75 g group took longer to recover following impacts 1–5 and 9–11 (Holm-Sidak; p < 0.5).
Compared to the rmTBI (75 g) group, the 95 g group had longer righting times following
impacts 1–4 and 6–8 while the 75 g group had longer righting times following impact 9 (HolmSidak; p < 0.5).
5.3.c Sensorimotor and vestibulomotor function
5.3.c.i Locomotion
In order to ensure that impairments in sensorimotor function were not due to a reduction
in gross motor activity, spontaneous locomotion was assessed for 1 h at the immediate and late
time points and the results are shown in Fig. 18. No differences in locomotor activity were found
on either test day across all parameters assessed including total distance travelled (shown in
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Fig. 18), horizontal and ambulatory activity, rest time, rest number, movement time, movement
number, vertical activity time, vertical activity count, stereotypy time, or stereotypy activity
count. To quickly assess the immediate effects of rmTBI on locomotor activity over a 12 h
light/dark cycle, group-housed mice were recorded over 24 h in their home cage. The results
obtained during the light phase of the cycle are shown in Fig. 19A, and the results obtained
during the dark phase of the cycle are shown in Fig 19B. To assess the late-term effects of
locomotor activity over a 12 h light/dark cycle, individually housed mice were recorded over
24 h in their home cage. The results obtained during the light phase of the cycle are shown in
Fig. 20A, and results obtained during the dark phase of the cycle are shown in Fig 20B. All
groups showed increased locomotor activity during the dark phase and no within or
between-group differences were found during either phase of the light/dark cycle.
5.3.c.ii Rotarod
The effects of rmTBI on rotarod performance are shown in Fig. 21. A significant main
effect of treatment was found on time spent on the rotarod (2 x 3 SPANOVA; F(2, 30) = 12.00,
p = 0.0001). At the late time point both rmTBI groups spent less time on the rotarod compared to
controls (Holm-Sidak; p < 0.01). The pattern of effects at the late time point were very similar to
those observed at the immediate time point. While both rmTBI groups spent less time on the
rotarod compared to controls, the results were not significant.
5.3.c.iii Inverted screen and weights test
The effects of rmTBI on muscular strength are shown in Fig. 22. While no differences in
performance were found on the inverted screen test (Fig. 22A), significant differences were
found on the weights test at the immediate time point (Fig. 22B). A significant main effect of
treatment was found on weight test score (2 x 3 SPANOVA; F(2, 30) = 9.671, p < 0.0006).
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Animals subjected to rmTBI (95 g) had an acute reduction in strength at the immediate time
point compared to controls (Sidak's; p < 0.01).
5.3.d Psychiatric outcomes
5.3.d.i Depression-like behavior
The effects of rmTBI on the three depression-like behaviors used are shown in Fig. 23.
The effects of rmTBI on coat status are shown in Fig 23A. Significant main effects of test day
(F(1, 30) = 25.16, p < 0.0001) and treatment (F(2, 30) = 30.62, p < 0.0001) were found on coat
status score (2 x 3 SPANOVA), and are indicative of increased depression-like behavior. The
rmTBI (95 g) group had persistently higher scores than control and rmTBI (75 g) groups
(Holm-Sidak; p < 0.001, p < 0.0001). The outcomes of the splash test are shown in Fig. 23B and
while the results were not significant (p = 0.0793), mice subjected to rmTBI spent less time
grooming compared to controls. Similarly, no effect of rmTBI was found on sucrose preference
and the results are shown in Fig. 23C.
5.3.d.ii Anxiety-like behavior
The effects of rmTBI on anxiety-like behavior are shown in Fig. 24. RmTBI did not
cause anxiety-like behavior assessed using the open field test and the results from the immediate
test point are shown in Fig. 24A. No differences were found in the open field at the late test point
and the results are shown in Fig. 24B. All groups spent more time in the periphery during the
immediate and late test points.
5.3.d.iii Impulsive and compulsive-like behavior
RmTBI did not result in impulsive-like behavior assessed using the dark emergence test
and the results are shown in Fig. 25A. RmTBI did not result in compulsive-like behavior
assessed using the nestlet shred test and the results are shown in Fig. 25B.
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Figure 16: RmTBI does not affect body weight
All groups had a significant increase in body weight over time. Controls,
n = 8; rmTBI (75 g), n = 13; rmTBI (95 g), n = 12. Error bars indicate
SEM; * = p < 0.05, ** = p < 0.01.
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Figure 17: RmTBI delays recovery of the righting reflex
Mice subjected to rmTBI took significantly longer to recover the righting reflex compared to
controls. Controls, n = 8; rmTBI (75 g), n = 13; rmTBI (95 g), n = 12. Black symbols indicate
differences compared to controls. Red symbols indicate differences between rmTBI groups.
Error bars indicate SEM; * = p < 0.05; ** = p < 0.01; # = p < 0.001; $ = p < 0.0001.
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Figure 18: RmTBI does not result in locomotor impairment
RmTBI does not result in spontaneous locomotor impairment.
Controls, n = 8; rmTBI (75 g), n = 12; rmTBI (95 g), n = 12.
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Figure 19: Immediate effects of rmTBI on locomotor activity over 24 h
RmTBI does not result in locomotor impairment recorded during the 12 h
light (A) or 12 h dark (B) cycle at the immediate test point. Controls, n = 8;
rmTBI (75 g), n = 12; rmTBI (95 g), n = 12.
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Figure 20: Late effects of rmTBI on locomotor activity over 24 h
RmTBI does not result in locomotor impairment recorded during the 12 h
light (A) or 12 h dark (B) cycle at the late test point. Controls, n = 8; rmTBI
(75 g), n = 12; rmTBI (95 g), n = 12.
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Figure 21: RmTBI is associated with progressive sensorimotor impairment
RmTBI results in balance and motor coordination deficits at the late time point.
Controls, n = 8; rmTBI (75 g), n = 13; rmTBI (95 g), n = 12. Error bars indicate
SEM; ** = p < 0.01, # = p < 0.001.
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Figure 22: RmTBI causes an acute, transient reduction in muscular strength
RmTBI did not affect performance on the inverted screen test (A). RmTBI caused a
reduction in muscular strength measured using the weights test (B). Controls, n = 8;
rmTBI (75 g), n = 13; rmTBI (95 g), n = 12 (c). Error bars indicate SEM; ** = p < 0.01.
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Figure 23: RmTBI results in depression-like behavior
RmTBI results in depression-like behavior as assessed using coat status (A), but results for the
splash test (B) and sucrose preference (C) were not significant. Controls, n = 8; rmTBI (75 g),
n = 13; rmTBI (95 g), n = 12. Error bars indicate SEM; * = p < 0.05, # = p < 0.001,
$ = p < 0.0001.
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Figure 24: RmTBI does not result in anxiety-like behavior
RmTBI did not affect performance on the open field test at the immediate (A) or late (B) test
points. Mice subjected to rmTBI spent comparable amounts of time as controls in each zone.
Inset indicates zone delegations. Controls, n = 8; rmTBI (75 g), n = 13; rmTBI (95 g), n = 12.

92

B

150

0.3

100

0.2

Δ weight (g)

Time (s)

A

50

0

g)
g)
trol
I (75 TBI (95
Con
B
T
rm
rm

0.1

0.0
Con

g)
g)
trols
I (75 TBI (95
B
T
rm
rm

Figure 25: RmTBI does not result in impulsive or compulsive-like behavior
RmTBI did not affect performance on the dark emergence test as measured by latency to emerge
from the dark (A), or the nestlet shred test (B) as measured by change in nestlet weight. Controls,
n = 8; rmTBI (75 g), n = 13; rmTBI (95 g), n = 12.
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5.3.e Cognitive outcomes
5.3.e.i Spatial learning and memory
The effects of rmTBI on cognitive function are shown in Fig. 26. Animals subjected to
rmTBI exhibited deficits in learning and memory compared to controls. There was a significant
main effect of trial number on latency to enter the goal box during the training/acquisition phase
of the Barnes maze spatial learning task (3 x 8 SPANOVA; F(7, 210) = 14.07, p < 0.0001).
Subsequent trials were compared within groups to trial 1 in order to assess acquisition learning
over time. While all groups performed significantly better on trial 8 compared to trial 1,
improvement was less pronounced in the rmTBI groups and especially the 95 g group
(Holm-Sidak; controls, p < 0.0001, rmTBI (75 g), p < 0.001, rmTBI (95 g), p < 0.01). Controls
showed significant improvements by trial 4 and continued to improve through trial 8
(Holm-Sidak; p < 0.05 - p < 0.0001). These results are presented in Fig. 26A. During the probe
test, latency to enter the goal box zone, total number of entries into the goal box zone, and time
spent in the goal box zone quadrant were used to access memory. A significant main effect of
treatment was found on latency to enter the goal box zone (one-way ANOVA; F(2, 30) = 6.113,
p = 0.0059). The rmTBI groups took longer to enter the goal box zone (Holm-Sidak; p < 0.05)
and the results are shown in Fig. 26B. There was a significant main effect of treatment on
number of goal box zone entries (one-way ANOVA; F(2, 30) = 10.70, p = 0.0003). Animals
subjected to rmTBI entered the goal box zone less frequently (Holm-Sidak; p < 0.0001) and the
results are shown in Fig. 26C. There was also a significant main effect of treatment on time
spent in the goal box quadrant (one-way ANOVA; F(2, 30) = 3.767, p = 0.0347). Fig. 26D
shows that, compared to controls, both rmTBI groups spent less time in the goal box quadrant
(Holm-Sidak; p < 0.05). The Barnes maze zone delegations and example traces of a control
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mouse (Fig. 26E) and rmTBI (95 g) mouse (Fig. 26F) navigating the maze during the probe test
are shown.
5.4 Discussion
We report presently that repetitive head impacts in mice result in the gradual reduction to
control levels in the time required to recover the righting reflex, a corollary of a reduction in the
LOC in humans post-concussion. These mice exposed to multiple head impacts can no longer be
differentiated from mice not exposed to a single impact in this regard. However, mice exposed to
rmTBI show persistent behavioral and cognitive problems that are indicative of late-stage CTE.
Together, these studies suggest that our mouse model of rmTBI recapitulates the most salient
elements of CTE that have now been documented in athletes and soldiers exposed to repetitive
mild head impacts (Goldstein et al., 2012; McKee et al., 2009). Our results also raise the
alarming possibility that an increase in concussion threshold can occur in response to repeated
head impacts. This can mask the severity of an underlying and developing neuropathology that
does not manifest itself until long after cessation of head collisions.
In humans, LOC is considered a reliable indicator of concussion severity (Hayes et al.,
2015). In animals, an analogous measure to LOC is latency to recover the righting reflex. In
mice, impacts resulting in LOC lasting ≤ 15 min are classified as mild (Dewitt et al., 2013;
Namjoshi, 2014). In our experiment, latency to recover the righting reflex never exceeded
15 min indicating that our impacts induce a mild injury. As expected, mice impacted by the 95 g
weight took longer to recover than those impacted by the 75 g weight. Interestingly, righting
times decreased in a dose-dependent manner. It is possible that the threshold for concussion may
vary in individuals who are exposed to large numbers of concussive and subconcussive head
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Figure 26: RmTBI impairs acquisition learning and spatial memory recall
Mice subjected to rmTBI show impaired acquisition learning. Controls, n = 8; rmTBI (75 g), n = 13;
rmTBI (95 g), n = 12 (A). Mice subjected to rmTBI took significantly longer to enter the goal box
quadrant (B). Mice subjected to rmTBI enter the goal box zone less frequently (C). Mice subjected to
rmTBI spent less time in the goal zone quadrant (D). Shown are the Barnes maze zone delegations
and a representative trace of a control mouse en route to the goal box zone (E). Representative trace
of a rmTBI (95 g) mouse searching for the goal box (F). Error bars indicate SEM; * = p < 0.05,
** = p < 0.01, # = p < 0.001, $ = p < 0.0001.
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impacts. These data suggest that an adaptive response may raise the threshold for concussion and
possibly mask the severity of an underlying neuropathology
In addition to LOC, humans may display an unsteady posture or exhibit balance
difficulties shortly after mild brain injury (Daneshvar, Baugh, et al., 2011; Daneshvar, Nowinski,
et al., 2011; Guskiewicz et al., 2003). We observed significant impairments in rotarod
performance at the late test point. This may be due to the fact that our injuries are quite mild and
therefore insufficient to elicit immediate performance deficits. Delayed-onset sensorimotor
impairment is a known correlate of CTE and the performance deficits we observed at the late
time point are consistent with this outcome (McKee et al., 2009; McKee et al., 2010b; McKee et
al., 2013). This finding highlights the possibility that the cumulative effect of repeated head
impacts can manifest later in life despite the absence of immediate deficits.
Muscular weakness is also often observed in humans following mTBI and studies have
found that neuropsychomotor deficits such as reduced grip strength do not persist after injury
(Greiffenstein, Baker, & Gola, 1996). In line with these findings, we observed an acute deficit in
strength in the rmTBI (95 g) group that had resolved by the late test point. However, we did not
observe any significant differences using the inverted screen test. Comparatively, the weights test
is a more sensitive measure of muscular strength. The inverted screen requires mice to support
and manipulate their own body weight, whereas the weights test challenges the ability of mice to
lift up to 3x their body weight. Sensitivity differences might explain why we observed significant
differences using the weight test, but not the inverted screen test.
From a psychiatric standpoint, studies in humans have found an association between
recurrent concussion and diagnosis of lifetime depression, suggesting that the prevalence of
depression increases with extended concussion history (Holsinger et al., 2002; Leon-Carrion et

97
al., 2001; Teasdale & Engberg, 2001). Patients suffering from depression often exhibit poor
personal hygiene. Similarly, an animal’s coat status declines with increasing depression-like
behavior (Piato et al., 2008; Yalcin et al., 2005; Yalcin et al., 2007). We observed a significant
increase in depression-like behavior at both the immediate and late time points in the rmTBI
(95 g) group. Coat status scores in the 75 g group were not statistically higher than controls
indicating that depression-like behavior may develop over time in relation to severity of head
impacts. Similarly because the splash test was only administered once at the immediate time
point, it is possible that differences may have been significant at a later time point. However, a
trend was observed and mice receiving rmTBI spent less time grooming compared to controls. In
order to minimize stress on the mice and because our behavioral timeline was highly constrained,
this test was not repeated at the late time point. No differences were observed in sucrose
preference; however, because none of the groups exhibited a preference, it is highly likely that
not enough time was given for a preference to be established. As described in the methods, we
employed a significantly shortened version of the sucrose preference test for logistical reasons.
Because this modified protocol was not sufficient for establishing preference, future studies will
allow mice adequate time to habituate to the test.
Another outcome associated with TBI in humans and in animal models is persistent
cognitive dysfunction (Bales, Wagner, Kline, & Dixon, 2009). We were able to corroborate this
finding using the Barnes maze. RmTBI groups exhibited significant cognitive impairments
evidenced by impaired acquisition during the training phase and poor spatial memory recall
during the probe test. Similarly, Guskiewicz et al. (2005) found an association between recurrent
concussion history and mild cognitive impairment (MCI). Retired players reporting ≥ 3
concussions were 5x more likely to be diagnosed with MCI than those with no concussion
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history. Iverson et al. (2004) found similar results in high school and collegiate level athletes.
Athletes sustaining multiple concussions were 7.7x more likely to exhibit significant memory
impairments than athletes concussed only once.
5.5 Limitations
It is not known with any certainty how many head impacts (concussive or nonconcussive) will result in clinically significant behavioral and neuropathological conditions in
humans. Likewise, the frequency of head impacts causing long-term pathologies is not known.
Our studies can only approach this problem in a correlative way. The impact parameters were
chosen based on positive results obtained from several previous experiments (see Tables 2, 3a,
3b, 4), the parametric output obtained from experiments described in Chapter 3, and the output
from the biomechanical analysis. We have used 5 and 10 impacts previously but increased this
number to 30 presently, especially in anticipation of employing lower impact velocities due to
use of the 75 g weight. Despite the subconcussive-like outcomes we observed in previous studies
using impacts comparable to the 75 g condition (see Chapter 3), the 75 g weight produced
significant cognitive and psychiatric outcomes, although the results were not as robust as those
observed using the 95 g weight.
Clinically, there is considerable symptom overlap between concussion, PCS, and CTE
(see Fig. 2). CTE is believed to be characterized clinically by a progressive decline of memory
and executive functioning; mood and behavioral disturbances that include depression, apathy,
impulsivity, anger, irritability, suicidal behavior, and aggressiveness; gait changes that resemble
Parkinsonism; and, eventually, progression to dementia. Once this disease process is initiated,
the neurodegeneration typically progresses slowly (Belanger, Spiegel, & Vanderploeg, 2010;
Guskiewicz, Marshall, et al., 2007; McKee et al., 2009; Omalu, Bailes, Hammers, &
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Fitzsimmons, 2010). However, symptoms of dementia pugilistica, which may represent the same
entity as CTE, were previously observed in young adults (Critchley, 1957; Gardner et al., 2014).
Presently, we assessed the cognitive and psychiatric outcomes of rmTBI at immediate and late
time points; however, it is possible that a more appropriate window of time for studying these
outcomes exists. How soon after the cessation of head impacts chronic behavioral outcomes
manifest is a question that warrants further investigation.
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CHAPTER 6. NEUROPATHOLOGICAL MANIFESTATIONS OF REPETITIVE MILD
TRAUMATIC BRAIN INJURY
6.1 Research significance
There is growing concern that a major outcome of repetitive head impacts could be CTE.
CTE is a slowly developing neurodegenerative condition that is characterized by progressive
brain atrophy, accumulation of hyper-phosphorylated tau and aggregates of TDP-43, myelinated
axonopathy, neuroinflammation and degeneration of white matter tracts (McKee & Daneshvar,
2015). CTE is also accompanied by cognitive disruption and the emergence of psychiatric-like
behavioral abnormalities. These outcomes were previously assessed and the study discussed
presently is the neuropathology counterpart to the research described in Chapter 5.
In this study, mice that previously received 30 head impacts were sacrificed and their
brains assessed for the development of CTE-like neuropathology. Because CTE is not usually
detectable during the time when individuals are actively exposed to repeated head impacts (e.g.,
in younger athletes and military personnel), and because a definitive diagnosis usually requires
postmortem examination, neuropathology was assessed 53 d following the final head impact. We
found that rmTBI resulted in severe white matter damage and increased several
neuroinflammatory and neuropathological markers characteristic of CTE and other
neurodegenerative diseases.
6.2 Materials and Methods
6.2.a Animals
Animals used for neuropathology were the same as those used for behavioral analysis as
described in Chapter 5. Upon completion of behavioral testing, mice were sacrificed and their
brains assessed for the development of CTE-like neuropathology.
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6.2.b Administration of head impacts
Animals received a total of 30 head impacts using either a 75 g or a 95 g weight as
previously described in Chapter 5. Controls received isoflurane only.
6.2.c Immunohistochemistry: reactive gliosis, AD- and CTE-like neuropathology
Immunohistochemical analyses were carried out as previously described in Chapter 3
(Angoa-Pérez et al., 2010; Thomas et al., 2008b, Kane et al., 2012). Fifty-three days following
the final head impact, mice were sacrificed by decapitation. Primary antibodies directed at β-App
(1:200; Invitrogen, Camarillo, CA); Aβ (1-42) (1:500; Abcam, Cambridge, MA); β-amyloid
(1:500; DAKO, Richmond, VA); GFAP (1:500; LabVision, Fremont, CA); Iba1 (1:500; DAKO,
Richmond, VA); MBP (1:500; Abcam, Cambridge, MA); p-tau AT8 (1:500; Thermo Scientific,
Rockford, IL); olig2 (1:500; Abcam, Cambridge, MA); and TARDBP (1:200; Proteintech,
Chicago, IL) were used. Images acquired at 4x, 20x, 60x and 100x magnification from ROIs
were used for analysis. ImageJ was used to quantify immunoreactive cells. For analysis of MBP,
images (20x magnification) were converted by default to 8-bit images and adjusted to a threshold
of ~1.00 using ImageJ. The ratio of the area of positive signal to total area was determined.
Values exceeding zero were used to indicate fibers.
6.2.d Immunofluorescence
Sections were incubated with Alexa Fluor 568-conjugated ILB4 (1:200, Life
Technologies, Grand Island, NY) at 4°C overnight, washed the following day, and incubated
overnight with anti-GFAP (1:500; LabVision, Fremont, CA). Sections were washed and
incubated with Alexa Fluor 488 conjugate goat anti-rabbit IgG secondary (1:2000, Life
Technologies, Grand Island, NY), washed again, mounted, and cover slipped using Prolong Gold

102
with DAPI (Life Technologies, Grand Island, NY). Images were acquired at 2x and 100x using
an Olympus BX51 fluorescence microscope with a DP71 camera.
6.2.e Luxol fast blue staining: white matter alterations
Coronal brain sections (25 µm) were mounted (as described above) and incubated for 2 h
at 60° C in the Luxol fast blue solution (Abcam, Cambridge, MA). Sections were then rinsed
with distilled water, differentiated using lithium carbonate, and counterstained with cresyl violet.
Images were acquired as described above and the trace tool in ImageJ was used to measure the
volume and area of white matter tracts.
6.2.f Neurosilver staining: axonal injury
Coronal brain sections (25 µm) were incubated and processed according to the
manufacturer's protocol using the FD NeurosilverTM Kit II (FD Neurotechnologies, Inc.,
Columbia, MD). Images (100x magnification) were converted by default to 8-bit images in
ImageJ and adjusted to a threshold of ~1.00 for analysis. The ratio of the area of positive signal
to total area was determined. Values exceeding zero were used to indicate positive silver
staining.
6.2.g Immunoblotting
Immunoblot analyses were carried out as previously described by our lab and in Chapter
4 (Angoa-Perez et al., 2010; Thomas, Francescutti-Verbeem, & Kuhn, 2009). The cortex,
hippocampus, and striatum were dissected unilaterally and stored at −80°C. A summary and
description of the p-tau antibodies used for these studies is provided in Table 7. A complete list
of the antibodies used and a brief description is provided in Table 8A and Table 8B. Primary
antibodies directed at acetylated tubulin

(1:10,000; Sigma Aldrich, St. Louis, MO), actin

(1:2000; Sigma Aldrich, St. Louis, MO), α-synuclein (1:100; Cell signaling, Beverly, MA), IL6
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Company

Residue

Species

CR

Application

MW

Santa Cruz

Thr205

Rb

H

WB, IHC

46 – 68 kDa

Transgenic

Ser416

Rb

H

WB

59 – 68 kDa

Invitrogen

Ser199/202

Rb

H

WB

60 – 87 kDa

Thermo

Thr231 (PHF Clone 180)

M monoclonal

H

WB

79 kDa

Cell signaling

Ser396 (PHF13)

M monoclonal

H, M R

WB

50 – 80 kDa

Invitrogen

Ser262

Rb

H

WB

~74 kDa

Invitrogen

Ser199

Rb

H

WB

~74 kDa

Invitrogen

Thr212

Rb

H

WB

~74 kDa

Calbiochem

Human tau

Rb

H

IHC

50 – 80 kDa

Medimabs

Tyr 18

M monoclonal

H

WB/IHC

50 – 64 kDa

Thermo

Ser202/Thr205 (PHF AT8)

M monoclonal

H

WB

79 kDa

Thermo

Thr231 (PHF 6)

H

WB, IHC

79 kDa

Cell signaling

Ser515/516

G

H, M R

WB, IHC

46 – 80 kDa

Cell signaling

Ser400/Thr403/Ser404

Rb

H, M R

WB, IHC

50 – 80 kDa

Cell signaling

Thr181

Rb monoclonal

WB, IHC

50 – 80 kDa

M monoclonal

H, M R

Table 7: Antibodies directed against p-tau
A summary of the antibodies used in the present studies is shown. H = human; M = mouse; R = rat; Rb = rabbit;
G = goat; CR = cross reactivity; MW = molecular weight; WB = western blot; IF = immunofluorescence;
IHC = immunohistochemistry.
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Target

Description

Implications

Acetylated
tubulin

Indicator of stable microtubules - tubulin
acetylation may function as general
mechanism to regulate microtubule (MT)based transport and organization of
signaling complexes

In neurons, level of tubulin acetylation is a strong
regulator of vesicular trafficking - promotes axonal
transport of BDNF

Actin

Cytoskeletal protein, polymerizes to form
microfilaments

Cofilin-actin dynamics, loading control

α-synuclein

Presynaptic protein involved in synaptic
vesicle recycling

Increases reported following TBI - possible pathological
link between TBI and Parkinson's disease

Arc-C,
Arc-N

Activity-regulated cytoskeleton-associated
protein - N-terminal & C-terminal

Induction required for late LTP & memory consolidation
as well as LTP-induced cofilin phosphorylation & F-actin
stabilization

BACE1

Beta-site APP cleaving enzyme 1

Aβ genesis initiator

Bad

BCL2-associated agonist of cell death

Apoptosis

BDNF

Brain-derived neurotrophic factor

Induction can produce neural regeneration, reconnection,
dendritic sprouting, and improve synaptic efficacy

β-tubulin

Forms dimer with α-tubulin & acts as a
structural component of MTs

Internal loading control

Caspase-3

Critical executioner of apoptosis

Apoptosis

CDK5

Cell division protein kinase 5

Kinase regulating phosphorylation of tau

Cofilin,
pCofilin

Actin-binding protein - regulatory role in
actin filament dynamics & reorganization

Stimulates severance and depolymerization of actin
filaments - cofilin phospho-regulation involved in cell
migration, neuronal development, synaptic plasticity

FYN

Proto-oncogene tyrosine-protein kinase
Fyn - member of the Src family of tyrosine
kinases

Tyrosine-protein kinase activated by cell surface binding
of Aβ oligomers to cellular prion protein - involved in
tau phosphorylation - implicated in control of cell
growth, regulation of intracellular calcium levels,
synaptic plasticity, synapse density, myelination

GAPDH

Glyceraldehyde 3-phosphate
dehydrogenase - glycolytic enzyme

Internal loading control

GluR1,
GluR4

α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor
(AMPAR) 1, 4

Ionotropic glutamate signaling pathway, synaptic
transmission, long-term memory

GSK3β ,
p-GSK3β

Glycogen synthase kinase 3

Kinase phosphorylating majority of sites of tau molecule

HDAC1,
HDAC6

Histone Deacetylase 1 (nuclear), involved
in transcriptional repression Histone Deacetylase6 (cytoplasmic),
associates with microtubules

Nuclear export of HDAC1 found to be critical event for
impaired mitochondrial transport in damaged neurons HDAC6 has role in MT stabilization and potential
therapeutic target - catalyzes reverse of tubulin
acetylation

Table 8A: Summary of immunoblotting targets

105

Target

Description

Implications

iNOS

Nitric oxide synthase

Role in TBI pathogensis - astrocytes are major source

KCNC2

Potassium voltage-gated channel controls repolarization & frequency of
action potentials

Potential target informed by epigenetics analysis

MBP

Myelin basic protein - second most
abundant protein in CNS myelin responsible for adhesion of cytosolic
surfaces of multilayered compact
myelin

Capable of interacting with polyanionic proteins
(actin, tubulin, Ca2+-calmodulin, clathrin) & lipids acquires structure upon binding; may act as membrane
actin-binding protein & participate in transmission of
extracellular signals to cytoskeleton in
oligodendrocytes & tight junctions in myelin

NeuN

Nuclear protein expressed in postmitotic neurons

Neuronal marker

NFH, NFL, NFM

NFs - most abundant cytoskeletal
intermediate filaments in neurons NFL is a component of central core of
the NF - NFM & NFH contribute to
core & form side-arm or cross-bridge
connections between filaments

Radial growth of axons during development,
maintenance of axon caliber, transmission of electrical
impulses along axons

pCREB

Phosphorylated cyclic AMP-response
element binding protein - promotes
activation of genes with upstream CRE
element

Alternations in function found to affect long-term
synaptic changes and long-term memory while
sparing short-term changes

PSD93, PSD95

Postsynaptic density protein - scaffold
protein - excitatory synapses
characterized by a dense network of
proteins (the PSD transmembrane
receptors, scaffold proteins, &
signaling molecules)

PSD95 binds indirectly to AMPAR, regulates synaptic
strength and AMPAR content - synaptic abundance is
regulated by activity

REST

RE1-silencing transcription factor

Postmitotic adult neurons found to upregulate REST
in response to ischemic or seizure stimuli

Synapsin I

Neuron-specific phosphoprotein synaptic vesicle protein - substrate for
cAMP-dependent & Ca2+/calmodulindependent protein kinases

Implicated in synaptogenesis & modulation of
neurotransmitter release

Synaptophysin

Major synaptic vesicle protein p38

Possibly involved in structural functions - organizing,
targeting the vesicles to plasma membrane - involved
in the regulation of short- &long-term synaptic
plasticity

Synaptotagmin IV

Integral membrane protein of synaptic
vesicles

TNFα

Pro-inflammatory cytokine

Table 8B: Summary of immunoblotting targets

May be involved in Ca2+-dependent exocytosis of
secretory vesicles
Neuroinflammation
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(1:500; Cell signaling, Beverly, MA), Arc-C (1:100; Sigma Aldrich, St. Louis, MO), Arc-N
(1:100; Sigma Aldrich, St. Louis, MO), BACE1 (1:200; Abcam, Cambridge, MA), Bad (1:100;
Sigma Aldrich, St. Louis, MO), BDNF (1:500; Abcam, Cambridge, MA), β-tubulin (1:5000;
Sigma Aldrich, St. Louis, MO), caspase-3 (1:200; Cell signaling, Beverly, MA), CDK5 (1:100;
Cell signaling, Beverly, MA), cofilin (1:50; Abcam, Cambridge, MA), FYN (1:100; Cell
signaling, Beverly, MA), GAPDH (1:5000; Sigma Aldrich, St. Louis, MO), β-App (1:200;
Invitrogen, Camarillo, CA), GluR1 (1:100; Cell signaling, Beverly, MA), GluR4 (1:100; Cell
signaling, Beverly, MA), GSK3β (1:100; Cell signaling, Beverly, MA), HDAC1 (1:100; Santa
Cruz Biotechnology, Inc., Dallas, TX), HDAC6 (1:100; Santa Cruz Biotechnology, Inc., Dallas,
TX), iNOS (1:200; LabVision, Fremont, CA), KCNC2 (1:200; Proteintech, Chicago, IL), MBP
(1:500; Abcam, Cambridge, MA), NeuN (1:250; Millipore, Billerica, MA), NFH

(1:500;

Abcam, Cambridge, MA), NFL (1:500; Abcam, Cambridge, MA), NFM (1:100; Cell signaling,
Beverly, MA), pCofilin (1:200; Abcam, Cambridge, MA), pCREB (1:1000; Cell signaling,
Beverly, MA), p-GSK3β (1:100; Abcam, Cambridge, MA), PSD93 (1:200; Abcam, Cambridge,
MA), PSD95 (1:200; Abcam, Cambridge, MA), p-tau AT8 (1:500; Thermo Scientific, Rockford,
IL), PHF tau (1:500; Thermo Scientific, Rockford, IL), PHF tau 180 (1:500; Thermo Scientific,
Rockford, IL), PHF tau 6 (1:500; Thermo Scientific, Rockford, IL), p-tau (1:100; Santa Cruz
Biotechnology, Inc., Dallas, TX), p-tau Ser 199/202 (1:200; Invitrogen, Camarillo, CA), p-tau
Ser262 (1:200; Invitrogen, Camarillo, CA), p-tau Ser199 (1:200; Invitrogen, Camarillo, CA),
p-tau Thr212 (1:200; Invitrogen, Camarillo, CA), p-tau PHF13 (1:500; Cell signaling, Beverly,
MA), p-tau Ser515/516 (1:500; Cell signaling, Beverly, MA), p-tau Ser400/Thr403/Ser404
(1:500; Cell signaling, Beverly, MA), p-tau Thr181 (1:500; Cell signaling, Beverly, MA), p-tau
Tyr18 (1:100; Medimabs, Québec, CA), REST (1:200; Proteintech, Chicago, IL), synapsin I

107
(1:200; Abcam, Cambridge, MA), synaptophysin (1:200; Abcam, Cambridge, MA),
synaptotagmin IV (1:200; Abcam, Cambridge, MA), TNFα (1:100; Cell signaling, Beverly,
MA), total tau (1:200; DAKO, Richmond, VA) and total tau (1:200; Calbiochem, Nottingham,
UK) were used. Immunoreactive bands were visualized by IR fluorescence on an Odyssey CLx
imaging system (Licor, Lincoln, NE). The relative densities of pCREB and pCofilin reactive
bands were quantified using the ImageJ software program and normalized to GAPDH.
6.2.h Statistical Analysis
Statistical analyses were performed using GraphPad Prism (version 6.04, GraphPad
Software Inc.). Neuropathological data and graphs are presented as mean ± SEM. Chi-square
tests for independence were used to analyze the neurosilver data and all immunoblotting data
were analyzed using Student's t-test. All other IHC data were analyzed by one-way ANOVA
followed by Tukey’s HSD test. Differences were considered significant if p < 0.05.
6.3 Results
6.3.a RmTBI does not result in disruption of the blood brain barrier
There was no evidence of BBB disruption assessed using IgG or loss of cortical matter
below the point of impact to the skull (Fig. 27). Control, rmTBI (75 g) and rmTBI (95 g)
photomicrographs (2x) are shown in Fig. 27A1-A3.
6.3.b RmTBI results in neuroinflammation
RmTBI elicited a robust neuroinflammatory response indicated by astrogliosis and
microgliosis. A triple immuoflourescent staining for astrocytes (GFAP), microglia (ILB4) and
cellular nuclei (DAPI) revealed robust increases in both markers throughout the CC and OT in
mice subjected to rmTBI and is shown in Fig. 28. Control, rmTBI (75 g) and rmTBI (95 g)
photomicrographs (2x) are shown in Fig. 28A1-A3, and the OT and CC are shown at 100x in
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Fig. 28B1-B3 and Fig. 28C1-C3, respectively. The immuoflourescence signals were very
intense and made quantifying the numbers of astrocytes and microglia difficult. In order to make
quantification of each cell type possible, individual immunohistochemical stains were performed
separately to detect and quantify microglia and astrocytes. Fig. 28 is shown for qualitative
purposes only and is intended to illustrate that microglia and astrocytes colocalize in the OT and
CC following rmTBI.
Iba1 was used to detect microglia and the effects of rmTBI on microglia are shown in
Figs. 29-31. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (2x) are shown in
Fig. 29A1-A3, and the OT and CC are shown at 100x in Fig. 29B1-B3 and Fig. 29C1-C3,
respectively. A significant main effect of treatment was found on Iba1 expression throughout the
OT and is shown in Fig. 29D (one-way ANOVA; F(2, 14) = 10.49, p = 0.0016). Animals
receiving rmTBI had more Iba1 labeled cells in the OT compared to controls (Tukey’s HSD;
p < 0.05). A significant main effect of treatment was also found on Iba1 expression throughout
the CC and is shown in Fig. 29D (one-way ANOVA; F(2, 17) = 4.727, p = 0.0233). Animals
subjected to rmTBI (95 g) had more Iba1 in the CC compared to controls (Tukey’s HSD;
p < 0.05). Although microglia were not quantified by activation state (ramified, primed,
hypertrophic, amoeboid) (Torres-Platas et al., 2014), the majority of cells in the rmTBI groups
and especially the 95 g group exhibited a hypertrophic or amoeboid morphology. The different
morphologies can provide a quick qualitative indication of activation state. Cells expressing
these activated morphologies are indicated by arrows and are shown in Fig. 29B2, C3. Examples
of ramified and primed microglia are shown in Fig. 30. RmTBI also increased microglia in the
dorsal fornix and control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (100x) are shown in
Fig. 31A1-A3. A significant treatment effect was found on Iba1 levels throughout the dorsal
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fornix and is shown is Fig. 31B (one-way ANOVA; F(2, 17) = 7.530, p = 0.0046). Compared to
controls, the rmTBI groups had increased levels of Iba1 in this region (Tukey’s HSD; p < 0.05).
The effects of rmTBI on GFAP are shown in Fig. 32. Control, rmTBI (75 g) and rmTBI
(95 g) photomicrographs (2x) are shown in Fig. 32A1-A3, and the OT and CC are shown at 100x
in Fig. 32B1-B3 and Fig. 32C1-C3, respectively. A significant main effect of treatment was
found on GFAP expression throughout the OT and CC and is shown in Fig. 32D
(one-way ANOVA; F(2, 10) = 6.978, p = 0.0127; F(2, 13) = 13.97, p = 0.0006, respectively).
Both rmTBI groups had significantly more GFAP in these regions compared to controls
(Tukey’s HSD; p < 0.05).
6.3.c RmTBI results in CTE-like neuropathology
RmTBI increased the expression of several CTE-related proteins throughout the OT and
CC. The effects of rmTBI on p-tau are shown in Fig. 33. Control, rmTBI (75 g) and rmTBI
(95 g) photomicrographs (2x) are shown in Fig. 33A1-A3, and the OT and CC are shown at 100x
in Fig. 33B1-B3 and Fig. 33C1-C3, respectively. A significant main effect of treatment was
found on levels of p-tau throughout the OT and is shown in Fig. 33D (one-way ANOVA;
F(2, 13) = 8.474, p = 0.0044). Compared to controls, mice subjected to rmTBI had greater levels
of p-tau in the OT (Tukey’s HSD; p < 0.05). A significant effect of treatment was also found on
levels of p-tau throughout the CC and is shown in Fig. 33D

(one-way ANOVA;

F(2, 14) = 4296, p = 0.0351). While the rmTBI (75 g group) had elevated p-tau in this region
compared to controls, the difference was not significant. The rmTBI (95 g) group had more p-tau
in the CC compared to controls (Tukey’s HSD; p < 0.05).
The effects of rmTBI on TDP-43 expression are shown in Fig. 34. Control, rmTBI (75 g)
and rmTBI (95 g) photomicrographs (2x) are shown in Fig. 34A1-A3, and the OT and CC are
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shown at 100x in Fig. 34B1-B3 and Fig. 34C1-C3, respectively. A significant main effect of
treatment was observed on TDP-43 expression throughout the OT and is shown in Fig. 34D
(one-way ANOVA; F(2, 5) = 13.40, p = 0.0098). Compared to controls, more TDP-43 labeled
cells were found in the OT of mice receiving rmTBI (Tukey’s HSD; p < 0.05). Treatment also
affected TDP-43 expression throughout the CC and is shown in Fig. 34D (one-way ANOVA;
F(2, 11) = 6.246, p = 0.0154). While the rmTBI (75 g group) had increased TDP-43 in this
region compared to controls, the difference was not significant. The rmTBI (95 g) had more
TDP-43 labeled cells in the CC compared to controls (Tukey’s HSD; p < 0.05).
6.3.d RmTBI results in AD-like neuropathology
RmTBI also increased the expression of several AD-related proteins throughout the OT
and CC. RmTBI affected β-App expression and the results are shown in Fig. 35. Control, rmTBI
(75 g) and rmTBI (95 g) photomicrographs (2x) are shown in Fig. 35A1-A3, and the OT and CC
are shown at 100x in Fig. 35B1-B3 and Fig. 35C1-C3, respectively. A significant main effect of
treatment on β-App expression throughout the OT was found and is shown in Fig. 35D (one-way
ANOVA; F(2, 11) = 10.55, p = 0.0028). Animals subjected to rmTBI had more β-App in the OT
compared to controls (Tukey’s HSD; p < 0.05). Although the difference was not significant
compared to controls (p = 0.3217), rmTBI increased levels of β-App throughout the CC as
shown in Fig. 35D.
The effects of rmTBI on Aβ (1-42) are shown in Fig. 36. Control, rmTBI (75 g) and
rmTBI (95 g) photomicrographs (2x) are shown in Fig. 36A1-A3, and the OT and CC are shown
at 100x in Fig. 36B1-B3 and Fig. 36C1-C3, respectively. A significant main effect of treatment
was found on Aβ (1-42) expression throughout the OT and is shown in Fig. 36D (one-way
ANOVA; F(2, 7) = 11.02, p = 0.0069). The rmTBI groups had higher levels of Aβ (1-42)
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compared to controls (Tukey’s HSD; p < 0.05). Treatment also significantly affected Aβ (1-42)
expression throughout the CC and is shown in Fig. 36D (one-way ANOVA; F(2, 11) = 4.337,
p = 0.0409). Animals subjected to rmTBI (95 g) expressed significantly more Aβ (1-42) in the
CC compared to controls (Tukey’s HSD; p < 0.05). While the rmTBI (75 g group) had increased
levels of Aβ (1-42) in this region compared to controls, the difference was not significant as is
shown in Fig. 36D.
The rmTBI groups had increased vascular β-amyloid staining throughout the CC and OT
and the results are shown in Fig. 37. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs
(2x) are shown in Fig. 37A1-A3, and the OT and CC are shown at 100x in Fig. 37B1-B3 and
Fig. 37C1-C3, respectively. A significant main effect of treatment on β-amyloid accumulation
throughout the OT was found and is shown in Fig. 37D (one-way ANOVA; F(2, 11) = 11.33,
p = 0.0021). Animals subjected to rmTBI had more vascular β-amyloid in the OT than controls
(Tukey’s HSD; p < 0.05). Although the difference was not significant compared to controls
(p = 0.1323), rmTBI increased levels of vascular β-amyloid throughout the CC as shown in
Fig. 37D.
6.3.e RmTBI results in white matter thinning and reduction in MBP
RmTBI resulted in white matter thinning and myelin loss. White matter was visualized
using Luxol fast blue and the effect of rmTBI on thickness of the CC is shown in Fig. 38.
Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (4x) are shown in Fig. 38A1-A3.
The width of the tract was measured at two locations indicated by the red arrows and is shown in
Fig. 38A1-A3. A two-way ANOVA revealed significant main effects of measurement location
(F(1, 20) = 63.99, p < 0.0001) and treatment (F(2, 20) = 30.62, p = 0.0008) on CC width. The
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CC was significantly thinner in the rmTBI groups compared to controls (Tukey’s HSD; p < 0.01)
and the results are shown in Fig. 38B.
RmTBI also affected the area of the external capsule and cingulum (indicated by red
arrows) and is shown in Fig. 39. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (4x)
are shown in Fig. 39A1-A3 and representative traces used for analysis are shown in
Fig. 39B1-B3. A significant main effect of treatment was found on the area of the external
capsule and cingulum (one-way ANOVA; F(2,13) = 6.663, p = 0.0102). These regions were
significantly smaller in mice subjected to rmTBI (Tukey’s HSD; p < 0.05) and the results are
shown in Fig. 39C.
RmTBI caused a loss of MBP and the results are shown in Fig. 40. Control, rmTBI (75 g)
and rmTBI (95 g) photomicrographs (2x) and monochrome photomicrographs (20x) of fibers of
the centrum semiovale used for our analysis are shown in Fig. 40A1-A3 and Fig. 40B1-B3,
respectively. A significant main effect of treatment on levels of MBP throughout the cortical
white matter was found and is shown in Fig. 40C (one-way ANOVA; F(2, 10) = 10.96,
p = 0.0030). Animals subjected to rmTBI had less MBP compared to controls (Tukey’s HSD;
p < 0.05). Punctate-like MBP staining and areas of myelin rarefaction (indicated by arrows) were
observed throughout the OT and CC of mice subjected to rmTBI and are shown in Fig. 41.
Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (100x) of the OT and CC are shown
in Fig. 41A1-A3 and Fig. 41B1-B3, respectively. Although the results of the fiber density
analysis within the CC were not significant, loss of MBP-labeled fibers was observed in mice
subjected to rmTBI and is shown in Fig. 42. Control, rmTBI (75 g) and rmTBI (95 g)
photomicrographs (10x) are shown in Fig. 42A1-A3.
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A1
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A3

Figure 27: RmTBI does not disrupt the blood brain barrier
The integrity of the blood brain barrier was assessed by immunohistochemical
analysis of intracerebral levels of mouse IgG. Shown are photomicrographs
(2x magnification) of control (A1), rmTBI 75 g (A2), and rmTBI 95 g (A3) brain
sections.
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Figure 28: RmTBI results in astro- and microgliosis in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and
rmTBI 95 g (A3, B3, C3) brain sections stained using anti-GFAP (green), ILB4
(red), and DAPI (blue). Sections are shown at 2x magnification and ellipses indicate
the OT and CC (A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown at 100x
magnification.
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Figure 29: RmTBI results in microgliosis in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI
95 g (A3, B3, C3) brain sections stained using anti-Iba1. Controls, n = 5; rmTBI (75 g), n = 5;
rmTBI (95 g), n = 6. Sections are shown at 2x magnification and ellipses indicate the OT and CC
(A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown at 100x magnification. Mice
subjected to rmTBI have significantly more Iba1 labeling of activated microglia in the OT and
CC compared to controls (D). Error bars indicate SEM; * = p < 0.05, ** = p < 0.01.
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Figure 30: Microglia (non-activated)
Shown are examples of ramified and primed
microglia in the OT and CC of control and rmTBI
(75 g) brain sections stained using anti-Iba1.
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Figure 31: RmTBI results in chronic microgliosis in the dorsal fornix
Shown are photomicrographs (60x magnification) of control (A1), rmTBI 75 g
(A2), and rmTBI 95 g (A3) brain sections stained using anti-Iba1. Controls, n = 5;
rmTBI (75 g), n = 6; rmTBI (95 g), n = 9. Mice subjected to rmTBI have more
Iba1 in the dorsal fornix compared to controls (B). Error bars indicate SEM;
* = p < 0.05, ** = p < 0.01.
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Figure 32: RmTBI results in reactive astrogliosis in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI 95
g (A3, B3, C3) brain sections stained using anti-GFAP. Controls, n = 5; rmTBI (75 g), n = 5;
rmTBI (95 g), n = 6. Sections are shown at 2x magnification and ellipses indicate the OT and CC
(A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown at 100x magnification. Mice
subjected to rmTBI have significantly more GFAP in the OT and CC compared to controls (D).
Error bars indicate SEM; * = p < 0.05, ** = p < 0.01.
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Figure 33: RmTBI increases p-tau in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI 95
g (A3, B3, C3) brain sections stained using anti- p-tau. Sections are shown at 2x magnification
and ellipses indicate the OT and CC (A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown
at 100x magnification. Compared to controls, mice subjected to rmTBI have significantly more
p-tau throughout the OT (controls, n = 6; rmTBI (75 g), n = 5; rmTBI (95 g), n = 5) and CC
(controls, n = 6; rmTBI (75 g), n = 6; rmTBI (95 g), n = 5) (D). Error bars indicate SEM;
* = p < 0.05, ** = p < 0.01.

120

A1

A2

A3

B1

B2

B3

C1

C2

C3

D

Inclusions per 2.61x106 µm2

150

300
*

*

*

100

50

0

250

200

OT

CC

150

Figure 34: RmTBI increases TDP-43 in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI
95 g (A3, B3, C3) brain sections stained using anti- TDP-43. Sections are shown at 2x
magnification and ellipses indicate the OT and CC (A1 - A3). The OT (B1 - B3) and CC
(C1 - C3) are shown at 100x magnification. Compared to controls, mice subjected to rmTBI
have significantly more TDP-43 throughout the OT (controls, n = 2; rmTBI (75 g), n = 2; rmTBI
(95 g), n = 4) and CC (controls, n = 3; rmTBI (75 g), n = 5; rmTBI (95 g), n = 6) (D). Error bars
indicate SEM; * = p < 0.05.
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Figure 35: RmTBI increases β-App in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI
95 g (A3, B3, C3) brain sections stained using anti- β-App. Sections are shown at 2x
magnification and ellipses indicate the OT and CC (A1 - A3). The OT (B1 - B3) and CC
(C1 - C3) are shown at 100x magnification. Compared to controls, mice subjected to rmTBI
have significantly more β-App throughout the OT (controls, n = 3; rmTBI (75 g), n = 4; rmTBI
(95 g), n = 7). Although the difference was not significant compared to controls (p = 0.3217),
rmTBI increased levels of β-App throughout the CC (controls, n = 4; rmTBI (75 g), n = 5;
rmTBI (95 g), n = 8) (D). Error bars indicate SEM; * = p < 0.05, ** = p < 0.01.
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Figure 36: RmTBI increases Aβ (1-42) in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI
95 g (A3, B3, C3) brain sections stained using anti- Aβ 1-42. Sections are shown at 2x
magnification and ellipses indicate the OT and CC (A1 - A3). The OT (B1 - B3) and CC
(C1 - C3) are shown at 100x magnification. Mice subjected to rmTBI have significantly more
Aβ 1-42 throughout the OT (controls, n = 4; rmTBI (75 g), n = 3; rmTBI (95 g), n = 3) and CC
(controls, n = 4; rmTBI (75 g), n = 5; rmTBI (95 g), n = 5) compared to controls (D). Error bars
indicate SEM; * = p < 0.05, ** = p < 0.01.
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Figure 37: RmTBI increases vascular β-amyloid in the CC and OT
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI
95 g (A3, B3, C3) brain sections stained using anti- β-amyloid. Controls, n = 3; rmTBI (75 g),
n = 5; rmTBI (95 g), n = 6. Sections are shown at 2x magnification and ellipses indicate the OT
and CC (A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown at 100x magnification. Mice
subjected to rmTBI have significantly more vascular β-amyloid throughout the OT compared to
controls (D). Although the difference was not significant (p = 0.1323), mice subjected to rmTBI
had greater accumulations of vascular β-amyloid throughout the CC. Error bars indicate SEM;
* = p < 0.05, ** = p < 0.01.
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Figure 38: RmTBI causes white matter thinning
Shown are photomicrographs (4x magnification) of control (A1), rmTBI 75 g (A2),
and rmTBI 95 g (A3) brain sections stained using Luxol fast blue (nissl
counterstain). Controls, n = 5; rmTBI (75 g), n = 5; rmTBI (95 g), n = 3. Arrows
indicate measurement locations. RmTBI results in thinning of the CC (B). Error bars
indicate SEM; ** = p < 0.01.
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Figure 39: RmTBI is associated with thinning of the external capsule and cingulum
Shown are photomicrographs of control (A1, B1), rmTBI 75 g (A2, B2), and rmTBI 95 g
(A3, B3) brain sections stained using Luxol fast blue (nissl counterstain). Controls, n = 5;
rmTBI (75 g), n = 5; rmTBI (95 g), n = 6. Arrows indicate the ROI. Sections are shown at
4x magnification (A1 - A3) and their respective traces are shown below (B1 - B3). RmTBI
results in thinning of the external capsule and cingulum (C). Error bars indicate SEM;
* = p < 0.05.
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Figure 40: RmTBI decreases MBP in cerebral white matter
Shown are photomicrographs and images of control (A1, B1), rmTBI 75 g (A2, B2),
and rmTBI 95 g (A3, B3) brain sections stained using anti- MBP. Controls, n = 3;
rmTBI (75 g), n = 5; rmTBI (95 g), n = 5. Sections are shown at 2x magnification
and ellipses indicate the ROI (A1 - A3). The circled ROI (20x magnification) used
for analysis is shown (B1 - B3). Mice subjected to rmTBI had decreased MBP in
this region containing cerebral white matter compared to controls (C). Error bars
indicate SEM; * = p < 0.05, ** = p < 0.01.
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Figure 41: RmTBI results in myelin puncta and rarefaction
Shown are photomicrographs (100x) of the OT (top) and CC (bottom) of control (A1, B1),
rmTBI 75 g (A2, B2), and rmTBI 95 g (A3, B3) brain sections stained using anti- MBP. Arrows
indicate punctate staining and evidence of myelin rarefaction.
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Figure 42: RmTBI decreases MBP in the CC
Shown are photomicrographs (10x) of the CC of control (A1), rmTBI 75 g (A2),
and rmTBI 95 g (A3) brain sections stained for MBP.
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6.3.f RmTBI includes diffuse axonal injury
RmTBI resulted in DAI and the results are shown in Fig. 43. Control, and rmTBI (95 g)
photomicrographs (100x) of the CC are shown in Fig. 43A and Fig. 43B, respectively.
Chi-square tests of independence were performed to examine the relationship between rmTBI
and axonal damage. There was a significant relationship between these variables. A larger
percentage of rmTBI (75 g) mice had silver staining throughout the OT but the difference was
not significant as is shown in Fig. 43C. The rmTBI (95 g) group had increased silver uptake in
the OT (Χ2 (1, N = 10) = 6.429, p = 0.0112) and the results are shown in Fig. 43C. Compared to
controls, both rmTBI groups had increased silver uptake throughout the CC (rmTBI (75 g):
Χ2 (1, N = 12) = 4.286, p = 0.0384; rmTBI (95 g): Χ2 (1, N = 11) = 7.639, p = 0.0057) as shown
in Fig. 43C. DAI was also observed in the fimbria and the results are shown in Fig. 44. Control
and rmTBI (95 g) photomicrographs (100x) are shown in Fig. 44A and Fig. 44B, respectively.
The rmTBI (95 g) group had significantly more silver uptake in the fimbria
(Χ2 (1, N = 12) = 6.122, p = 0.0133) compared to controls and the results are shown in Fig. 44C.
6.3.g RmTBI increases oligodendrocyte lineage cells
RmTBI caused an increase in olig2-labeled oligodendroglia and the results are shown in
Fig. 45. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (2x) are shown in
Fig. 45A1-A3, and the OT and CC are shown at 100x in Fig. 45B1-B3 and Fig. 45C1-C3,
respectively. Although the difference was not significant, mice subjected to rmTBI showed an
increase in olig2 throughout the OT as is shown in Fig. 45D. A significant main effect of
treatment on olig2 levels throughout the CC was found and is shown in Fig. 45D (one-way
ANOVA; F(2, 9) = 5.884, p = 0.0232). Animals subjected to rmTBI had more olig2-labeled
oligodendrocyte lineage cells in the CC than controls (Tukey’s HSD; p < 0.05).
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Figure 43: RmTBI results in axonal damage in the CC and OT
Shown are 100x photomicrographs of the CC from a control (A) and rmTBI 95 g mouse (B).
Sections were stained using the FD NeurosilverTM Kit II. Controls, n = 5; rmTBI (75 g), n = 5;
rmTBI (95 g), n = 6. Red arrows indicate degenerating axons. Mice subjected to rmTBI had
increased silver uptake in the OT and CC compared to controls (C); * = p < 0.05, ** = p < 0.01.
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Figure 44: RmTBI results in axonal damage in the fimbria of the hippocampus
Shown are 100x photomicrographs of the fimbria from a control (A) and rmTBI 95 g mouse (B).
Brain sections were stained using the FD NeurosilverTM Kit II. Controls, n = 5; rmTBI (75 g),
n = 5; rmTBI (95 g), n = 6. Red arrows indicate degenerating axons. Mice subjected to rmTBI
had increased silver uptake in the fimbria compared to controls (C); * = p < 0.05.
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Figure 45: RmTBI results in increased olig2 in the CC
Shown are photomicrographs of control (A1, B1, C1), rmTBI 75 g (A2, B2, C2), and rmTBI 95
g (A3, B3, C3) brain sections stained using anti- olig2. Controls, n = 3; rmTBI (75 g), n = 5;
rmTBI (95 g), n = 4. Sections are shown at 2x magnification and ellipses indicate the OT and CC
(A1 - A3). The OT (B1 - B3) and CC (C1 - C3) are shown at 100x magnification. Mice
subjected to rmTBI have significantly more olig2 throughout the CC compared to controls (D).
Error bars indicate SEM; * = p < 0.05.
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6.3.h RmTBI results in grey matter damage
6.3.h.i Neuroinflammation
While evidence of neuropathology was primarily found in subcortical white matter
following rmTBI, some grey matter regions were implicated. RmTBI increased the number of
astrocytes in the motor cortex as shown in Fig. 46. Control, rmTBI (75 g) and rmTBI (95 g)
photomicrographs (4x) are shown in Fig. 46A1-A3 and at 60x in Fig. 46B1-B3, respectively. A
significant main effect of treatment was found on GFAP expression and the results are shown in
Fig. 46C (one-way ANOVA; F(2,45) = 4.752, p = 0.0134). Animals subjected to rmTBI (95 g)
had more GFAP in this region compared to controls (Tukey’s HSD; p < 0.05).
6.3.h.ii P-tau
RmTBI resulted in accumulations of p-tau within cortical grey matter and is shown in
Fig. 47. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (20x) are shown of the
piriform cortex and amygdalopiriform transition (Fig. 47A1-A3), perirhinal cortex and
dorsolateral entorhinal cortex (Fig. 47B1-B3), retrosplenial dysgranular cortex and secondary
visual cortex (Fig. 47C1-C3), and primary dorsal auditory cortex (Fig. 47D1-D3), respectively.
RmTBI mice developed perivascular accumulations of p-tau and showed evidence of NFTs.
However, because increased levels of p-tau were occasionally observed in control mice, the
statistical analysis was not significant.
6.3.h.iii AD-like neuropathology
RmTBI increased β-App staining in the amygdala and the results are shown in Fig. 48.
Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (10x) are shown in Fig. 48A1-A3,
respectively. A significant main effect of treatment on β-App expression was found and is shown
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in Fig. 48B (one-way ANOVA; F(2, 12) = 3.967, p = 0.0476). Animals subjected to rmTBI
(95 g) had more β-App in the amygdala compared to controls (Tukey’s HSD; p < 0.05).
RmTBI appeared to increase Aβ (1-42) immunoreactivity in the amygdala as is shown in
Fig. 49. Control and rmTBI (95 g) photomicrographs (4x) are shown in Fig. 49A1-A2 and
Fig. 49B1-B2, respectively. Our previous IHC analyses utilized a large number of brain sections
and because so few sections remained, we were unable to conduct a statistical analysis of this
data. The rmTBI (95 g) group did have higher levels of Aβ (1-42) in the hippocampus as shown
in Fig. 50. Control, rmTBI (75 g) and rmTBI (95 g) photomicrographs (10x) are shown in
Fig. 50A1-A3, respectively. A significant main effect of treatment was found and is shown in
Fig. 50B (one-way ANOVA; F(2, 11) = 5.296, p = 0.0245). Animals subjected to rmTBI (95 g)
had more Aβ (1-42) in the hippocampus compared to controls (Tukey’s HSD; p < 0.05).
6.3.h.iv RmTBI decreases pCREB and pCofilin
Immunoblot analysis revealed that rmTBI (75 g) decreased levels of pCREB and pCofilin
in the striatum and the results are shown in Fig. 51. Animals subjected to rmTBI (75 g)
expressed significantly less pCREB (t(14) = 9.392, p < 0.0001, two tailed) and pCofilin
(t(14) = 21.62, p < 0.001, two tailed)

in the striatum compared to controls. Additional

immunoblots of control and rmTBI (75 g) striatal homogenates were probed for acetylated
tubulin, GAPDH, HDAC6, NFL and NFM and representative immunoblots and are shown in
Fig. 52. RmTBI (95 g) decreased levels of pCREB and pCofilin in the striatum and the results
are shown in Fig. 53. The rmTBI (95 g) group had significantly less pCREB (t(14) = 3.779,
p = 0.0020, two tailed) and pCofilin (t(14) = 7.588, p < 0.0001), two tailed) in the striatum
compared to controls. Additional immunoblots of control and rmTBI (95 g) striatal homogenates
were probed for α-synuclein, acetylated tubulin, β-App, BACE-1, BDNF, caspase-3, cofilin,

135
FYN, GAPDH, GluR4, IL6, NeuN, NFL, NFM, PSD93, and p-tau and representative
immunoblots are shown in Fig. 54. Additional immunoblots of control, rmTBI (75 g) and rmTBI
(95 g) striatal homogenates were probed for Arc-N, EPS8, iNOS, and REST but the data are not
shown and no differences in protein levels of these markers were found.
A number of immunoblots were run comparing control and rmTBI (75 g) cortical
homogenates and are shown in Fig. 55. No differences in levels of acetylated tubulin, GAPDH,
HDAC1, MBP, NFL, pCofilin, or pCREB were found. Immunoblots of control and rmTBI (95 g)
cortical homogenates were probed for α-synuclein, actin, BACE1, BDNF, caspase-3, FYN,
GAPDH, GluR1, GluR4, KCNC2, MBP, NeuN, NFL, NMDAR2, pCofilin, pCREB, pGSK3β,
PSD93, PSD95, p-tau, synapsin I, synaptophysin, synaptotagmin, tau, TNFα, and vGlut1 and are
shown in Fig. 56. No differences in protein levels of these markers were found. Additional
immunoblots of control, rmTBI (75 g), and rmTBI (95 g) cortical homogenates were probed for
Arc-N, CDK5, EPS8, GSK3β, iNOS, p-tau (Ser396), and REST (data not shown) and no
significant differences were found.
A number of immunoblots were run comparing control and rmTBI (75 g) hippocampal
homogenates and are shown in Fig. 57. No differences in levels of acetylated tubulin, acetylated
histone H3, cofilin, GAPDH, MBP, NFH, NFL, or pCofilin were found. Immunoblots of control
and rmTBI (95 g) hippocampal homogenates were probed for α-synuclein, acetylated tubulin,
Arc-N, BACE-1, BDNF, caspase-3, cofilin, FYN, GAPDH, NeuN, NFL, pCofilin, pCREB,
p-tau, and synaptotagmin and are shown in Fig. 58 and no differences were found. Additional
immunoblots of 75 g and 95 g hippocampal homogenates were probed for Arc-C, Bad, EPS8,
GFAP, GluR4, iNOS, KCNC2, PSD93, REST, synapsin I, and vGlut1 (data not shown) and no
significant differences were found.
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Figure 46: RmTBI results in chronic astrogliosis in the motor cortex
Shown are photomicrographs (4x, 60x magnification) of control (A1, B1), rmTBI
75 g (A2, B2), and rmTBI 95 g (A3, B3) brain sections stained using anti-GFAP.
Controls, n = 5; rmTBI (75 g), n = 6; rmTBI (95 g), n = 9. Mice subjected to
rmTBI (95 g) have more GFAP in the motor cortex compared to controls (C).
Error bars indicate SEM; * = p < 0.05.
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Figure 47: RmTBI results in increased perivascular p-tau
Shown are photomicrographs of control (A1, B1, C1, D1), rmTBI 75 g
(A2, B2, C2, D2), and rmTBI 95 g (A3, B3, C3, D3) brain sections stained using
anti- p-tau. Shown at 20x magnification are the piriform cortex and
amygdalopiriform transition (A1 – A3); perirhinal cortex and dorsolateral
entorhinal cortex (B1 – B3); retrosplenial dysgranular cortex and secondary visual
cortex (C1 – C3); and the primary dorsal auditory cortex (D1 – D3). Although the
results of our analysis were not significant, mice subjected to rmTBI showed
evidence of CTE-like neuropathology such as perivascular accumulations of p-tau
(red arrows) and pre- NFTs and NFTS (green arrows). In some instances, increased
p-tau was observed in control mice.
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Figure 48: RmTBI results in increased β-App in the amygdala
Shown are photomicrographs (10x magnification) of control (A1), rmTBI 75 g (A2),
and rmTBI 95 g (A3) brain sections stained using anti- β-App. Controls, n = 4; rmTBI
(75 g), n = 4; rmTBI (95 g), n = 7. Mice subjected to rmTBI (95 g) have more β-App
in the amygdala compared to controls (B). Error bars indicate SEM; * = p < 0.05.
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Figure 49: Effects of rmTBI on Aβ (1-42) in the amygdala
Shown are photomicrographs (4x magnification) of control
(A1 – A2) and rmTBI 95 g (BI - B2), stained using
anti- Aβ (1-42). Circles indicate the amygdala.
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Figure 50: RmTBI results in increased Aβ (1-42) in the hippocampus
Shown are photomicrographs (10x magnification) of control (A1), rmTBI 75 g (A2),
and rmTBI 95 g (A3) brain sections stained using anti- Aβ (1-42). Controls, n = 4;
rmTBI (75 g), n = 4; rmTBI (95 g), n = 5. Mice subjected to rmTBI (95 g) have
more Aβ (1-42) in the hippocampus compared to controls (B). Error bars indicate
SEM; * = p < 0.05.
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Figure 51: RmTBI (75 g) decreases levels of pCREB and pCofilin in
the striatum
RmTBI results in decreased striatal pCREB and pCofilin in mice
subjected to rmTBI (75 g). Error bars indicate SEM; $ = p < 0.0001.
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Figure 52: Immunoblots of rmTBI (75 g) striatal homogenates
Striatal tissue from control and rmTBI (75 g) mice was
immunoblotted and probed using the antibodies indicated above.
Additional antibodies directed against Arc-N, EPS8, iNOS, and
REST were also used but the data are not shown. No significant
differences were found in any measure compared to controls.
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Figure 53: RmTBI (95 g) decreases levels of pCREB and pCofilin in
the striatum
RmTBI results in decreased striatal pCREB and pCofilin in mice
subjected to rmTBI (95 g). Error bars indicate SEM; ** = p < 0.01,
$ = p < 0.0001.
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Figure 54: Immunoblots of rmTBI (95 g) striatal homogenates
Striatal tissue from control and rmTBI (95 g) mice was
immunoblotted and probed using the antibodies indicated above.
Additional antibodies directed against Arc-N, EPS8, iNOS, and
REST were also used but the data are not shown. No significant
differences were found in any measure compared to controls.
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Figure 55: Immunoblots of rmTBI (75 g) cortical homogenates
Cortical tissue from control and rmTBI (75 g) mice was
immunoblotted and probed using the antibodies indicated above.
Additional antibodies directed against Arc-N, CDK5, EPS8,
GSK3β, iNOS, p-tau (Ser396), and REST were also used but the
data are not shown. No significant differences were found in any
measure compared to controls.
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Figure 56: Immunoblots of rmTBI (95 g) cortical homogenates
Cortical tissue from control and rmTBI (95 g) mice was immunoblotted and probed using the
antibodies indicated above. Additional antibodies directed against Arc-N, CDK5, EPS8, GSK3β,
iNOS, p-tau (Ser396), and REST were also used but the data are not shown. No significant
differences were found in any measure compared to controls.
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Figure 57: Immunoblots of rmTBI (75 g) hippocampal homogenates
Hippocampal tissue from control and rmTBI (75 g) mice was
immunoblotted and probed using the antibodies indicated above.
Additional antibodies directed against Arc-C, Bad, EPS8, GFAP, GluR4,
iNOS, KCNC2, PSD93, REST, synapsin I, and vGlut1 were also used but
the data are not shown. No significant differences were found in any
measure compared to controls.
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Figure 58: Immunoblots of rmTBI (95 g) hippocampal homogenates
Hippocampal tissue from control and rmTBI (95 g) mice was
immunoblotted and probed using the antibodies indicated above.
Additional antibodies directed against Arc-C, Bad, EPS8, GFAP,
GluR4, iNOS, KCNC2, PSD93, REST, synapsin I, and vGlut1 were
also used but the data are not shown. No significant differences were
found in any measure compared to controls.
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6.4 Discussion
TBI is the most heterogeneous of neurological disorders and is defined by a complex
spectrum of neuropathological sequelae (Loane & Faden, 2010). The patterns of deterioration in
white matter are different from those observed in grey matter (Park et al., 2008) and the
significance of white matter injury is being increasingly recognized as having a direct impact on
quality of life following mild or severe TBI (Park et al., 2008). Following mTBI, white matter
lesions may be the determinant of ongoing symptoms as well as patients' increased susceptibility
to future traumatic events (Park et al., 2008). RmTBI had significant ramifications in the OT and
CC indicative of the coup-countrecoup impact profile consistently observed in athletes
(Daneshvar, Baugh, et al., 2011; Daneshvar, Nowinski, et al., 2011; Denny-Brown & Russell,
1940; Holbourn, 1943). In humans, DAI has been found throughout the white matter and
especially along midline structures including the CC (Meythaler, Peduzzi, Eleftheriou, &
Novack, 2001; Smith, Meaney, & Shull, 2003) and intracranial optic pathways following fatal
TBI (Perunovic, Quilty, Athanasiou, & Love, 2001).
In humans, persistent microglial activation is involved in the neurodegeneration
associated with DAI (Lucke-Wold et al., 2014). Similarly, we observed large numbers of
astrocytes and microglia in regions where DAI was most severe and especially the CC and OT.
Increased numbers of microglia were also observed in the dorsal fornix; a structure highly
implicated in cognitive function. In humans, the structural and functional integrity of the fornix
is specifically correlated with efficiency of memory function and associative learning (Kinnunen
et al., 2011).
A known consequence of the impaired axonal transport that results from DAI is the rapid
and considerable accumulation of APP in damaged axons (Gentleman, Nash, Sweeting, Graham,
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& Roberts, 1993; Uryu et al., 2007). We observed an increase β-App in the CC and OT and
confirmed that these accumulations were due to axonal injury using argyrophilic/silver staining.
However, not all mice had clear indications of DAI and only the rmTBI (95 g) group had
evidence of DAI in the fimbria. All axons within a white matter tract are believed to suffer
somewhat similar deformations during TBI, yet even in severe TBI, only a small fraction
undergo transport interruption as identified by the accumulation of transported cargoes in
swellings (Johnson, Stewart, Begbie, et al., 2013) and may be why axonal damage was not
observed in all mice receiving repeated head impacts.
Studies of mTBI in humans using diffusion tensor imaging report white matter lesions in
the CC, internal capsule, centrum semiovale (Inglese et al., 2005) and provide evidence that
DAI is linked to white matter thinning (Kelley, Farkas, Lifshitz, & Povlishock, 2006). Similar
studies in animals have reported significant thinning, demyelination, and DAI throughout the
external capsule (Bramlett & Dietrich, 2002), optic nerve, and OT following rmTBI (Namjoshi et
al., 2014; Tzekov et al., 2014). In line with these findings, we observed significant thinning of
the CC and cingulum + external capsule following rmTBI as well as a significant reduction in
MBP labeled fibers in the centrum semiovale. We also observed as increase in the number of
olig2-labeled oligodendrocyte lineage cells in the CC following rmTBI. The olig2 antibody does
not differentiate between mature oligodendrocytes and oligodendrocyte precursor cells (OPCs);
however, OPCs are known to rapidly proliferate near white matter lesions undergoing
demyelination (Di Bello, Dawson, Levine, & Reynolds, 1999; Tan, Zhang, & Levine, 2005).
Because there is a known correlation between OPC proliferation and myelin loss, and OPC
reduction and myelin restoration, the increase in olig2-labeled oligodendrocytes may indicate a
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reparative response to ongoing demyelination following rmTBI (Di Bello et al., 1999; Tan et al.,
2005).
We observed a robust reduction in striatal pCREB following rmTBI. In the striatum,
glutamate is the major contributor of excitation and activation of extrasynaptic NMDA receptors
has been found to down regulate the phosphorylation of CREB and enhance long-term
depression while signaling the activation of cell death pathways (Bordji, Becerril-Ortega, Nicole,
& Buisson, 2010; Hardingham, Fukunaga, & Bading, 2002). Animal studies have observed
dephosphorylation of CREB and the induction of glial apoptosis following TBI (Campbell, Low,
et al., 2012). It is possible that in our studies, rmTBI induced activation of extrasynaptic NMDA
receptors resulting in CREB dephosphorylation and glial apoptosis. It is also possible that rmTBI
affected levels of upstream regulatory elements in the signaling pathway such as MAPK or PKA
- the kinases responsible for CREB phosphorylation (see Fig. 59). Because CREB factors are
critical in many important functions in the nervous system, including neuronal survival,
neuroprotection, axonal outgrowth, synaptic plasticity, and memory formation (Walker & Tesco,
2013), reduced levels of pCREB may be responsible for the cognitive deficits observed
following rmTBI as described in Chapter 5.
We also observed a significant reduction in striatal pCofilin following rmTBI. Cofilin is a
regulator of actin filament dynamics and upon phosphorylation, loses its ability to bind and
depolymerize actin (Yang et al., 1998). In line with our decreased pCofilin findings, similar
studies have demonstrated that TBI results in a cofilin-dependent degradation of the cytoskeleton
of the dendritic spines leading to shrinkage/collapse and eventual loss (Campbell, Register, &
Churn, 2012) and that phosphorylation of cofilin is necessary for morphological changes in
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Figure 59: pCREB pathway
Possible factors involved in CREB-induced neuronal survival within the hippocampus
(Walton & Dragunow, 2000).
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synaptic spines of neurons (Tavazoie, Alvarez, Ridenour, Kwiatkowski, & Sabatini, 2005).
Wu and colleagues (2013) proposed what they refer to as the 'calcineurin compensation
model'. A schematic of the model is shown in Fig. 60 wherein TBI induces alterations in many
intracellular functions regulated by calcineurins. The downregulation of calcineurins ultimately
leads to mitochondrial dysfunction, metabolic disturbances, and alterations in synaptic structure
and function that disrupt normal neuronal activity (Wu et al., 2013).
We did not observe changes in levels of neuron-specific phosphoprotein (synapsin I),
BDNF, synaptic vesicle proteins (synaptophysin, synaptotagmin IV), caspase-3, or NeuN
following TBI, which may suggest that rmTBI did not cause excessive neuronal loss. We also
did not detect any changes in AD-related markers (BACE1, Fyn, β-App) using immunoblotting.
While evidence of CTE-like neuropathology was detected using IHC, analysis using western blot
did not reveal significant increases in p-tau (or other CTE-related markers; e.g., acetylated
tubulin, HDAC6, p-tau, CDK5, GSK3β) following rmTBI. These data indicate that blotting may
not be the ideal method for assessing particular neuropathology markers and especially those that
were elevated in white matter. It is possible that rmTBI affected the expression of
immunoblotted markers (see Table 8A and Table 8B) but that the effect was not observed because
the anatomical specificity was lost using western blot.
6.5 Limitations
The same limitations described for the behavioral analyses apply here as well. It is
possible that increases in CTE-like neuropathology will become maximal at times greater than
53 d after the last head impact. It is also possible that the neuropathology manifested in regions
not presently assessed. We were also limited in our immunoblotting data. Due to the significant
reductions in pCREB and pCofilin observed in the striatum, we were eager to run immunoblots
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for extrasynaptic NMDA receptor subunits NR1/GluN1 and NR2/GluN2. However, we were
unable to obtain a successful signal using these antibodies.
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Figure 60: Calcineurin compensation model
The calcineurin compensation model describes how TBI induces alterations in many
intracellular functions regulated by calcineurins. The downregulation of calcineurins
ultimately leads to mitochondrial dysfunction, metabolic disturbances, and alterations in
synaptic structure and function that disrupt normal neuronal activity (Wu et al., 2013).
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CHAPTER 7. CONCLUSIONS
Movement of the head is a very important determinant of the nature of impact-induced
brain injury. Denny-Brown and Russell (1941) noted more than 70 years ago that head
movement after impact, versus impact to a head fixed in place, was far more likely to cause
concussive-like injuries in animals. We have improved upon our method of rmTBI and
confirmed that it bears the attributes necessary to model human sports-related head impact.
In order to assess the consistency of head impacts a parametric study was conducted and
several post-impact outcomes were assessed. We also examined the capacity of a padded helmet
to buffer and attenuate the aforementioned outcomes. Despite the fact that the impact parameters
were the same (120 g, dropped from a height of 1.0 m), the buffered helmet was very effective in
mitigating negative outcomes. Furthermore, the buffered helmet reduced negative outcomes in a
linear and dose-dependent manner. Companies that manufacture padded helmet shells claim to
reduce helmet collision momentum transfer. Our research supports these findings and suggests
buffering the outer shell of a helmet may provide added protection from head impacts. However,
angular accelerations are believed to be the major biomechanical forces involved in concussion
and different material properties are needed to protect based on different accelerations. From this
standpoint, our method has the potential to serve as a platform for materials testing.
The outcomes of the parametric study and data collected from other experiments
conducted in tandem were used to guide our selection of specific impact parameters for
biomechanical analyses. These analyses complement what had been previously published (Kane
et al., 2012) and confirm that our method of rmTBI possesses excellent reproducibility of head
impacts and it is highly customizable and capable of generating impact forces similar to those
seen in athletes. Subsequent studies confirm that we are able to administer a large number of
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head impacts (≥ 30) to a lightly anesthetized, completely unrestrained mouse. The studies
described presently embarked on the identification of the neurobiological and neurobehavioral
changes that follow rmTBI based on relevant impact biomechanics.
The relationship between head impact parameters (force, number, frequency) and the
manifestations (acute, chronic) of rmTBI is not well understood nor is the severity or frequency
of head injury required to trigger adverse behavioral outcomes. Furthermore, the majority of
individuals with mTBI are initially asymptomatic yet debilitating psychiatric and cognitive
impairments may gradually emerge (Stern et al., 2011; McKee et al., 2013). We assessed the
cognitive and psychiatric outcomes of rmTBI using a 75 g weight, and a 95 g weight, using a
variety of behavioral tests administered at different time points. We report presently that
repetitive head impacts in mice result in the gradual reduction to control levels of the time
required to recover the righting reflex, a corollary of a reduction in the LOC in humans postconcussion. These mice exposed to multiple head impacts can no longer be differentiated from
mice not exposed to a single impact in this regard. However, mice exposed to rmTBI show
persistent behavioral and cognitive problems that are indicative of late-stage CTE.
CTE is a slowly developing neurodegenerative condition that is characterized by
progressive brain atrophy, accumulation of hyper-phosphorylated tau and aggregates of TDP-43,
myelinated axonopathy, neuroinflammation and degeneration of white matter tracts (McKee &
Daneshvar, 2015). We assessed the neuropathological outcomes of rmTBI using markers that are
known correlates of CTE, AD, or any other overlapping neuropathology. While CTE resulting
from rmTBI is a heterogeneous neurological disorder defined by a complex spectrum of
neuropathological sequelae, we consistently observed neuropathological outcomes consistent
with those seen in athletes with a history of head trauma.
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Together, these studies suggest that our mouse model of rmTBI recapitulates the most
salient elements of CTE that have now been documented in athletes and soldiers exposed to
repetitive mild head impacts. Our results also raise the alarming possibility that an increase
in concussion threshold can occur in response to repeated head impacts. This can mask the
severity of an underlying and slowly developing neuropathology that does not manifest
itself until long after cessation of head collisions.
This method will enable future study of the most pressing issues associated with sportsrelated head impact including the relationship between the number and frequency of head
impacts to the development of behavioral and CTE-like outcomes and the identification of
factors that put some individuals at greater risk for the development of chronic injury. Future
studies elucidating the cellular manifestations of rmTBI and its behavioral correlates will aid in
the development, rapid identification, and testing of novel pharmacotherapies for rmTBI;
ultimately improving the lives of those afflicted.
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Millions of athletes participate in contact sports that involve repeated head impacts (e.g.,
football, ice hockey, boxing), often from a very young age, and it is feared that subsequent
impacts can synergize with previous ones so that their effects on the brain become magnified.
Repetitive mild traumatic brain injury (rmTBI) has been linked to the development of chronic
traumatic encephalopathy (CTE). The neurodegeneration accompanying CTE occurs over many
years following repeated head impacts and is characterized by progressive brain atrophy,
accumulation of hyper-phosphorylated tau and aggregates of TDP-43, myelinated axonopathy,
neuroinflammation and degeneration of white matter tracts. The relationship between head
impact parameters (force, number, frequency) and the manifestations of rmTBI is not well
understood nor is the severity or frequency of head injury required to trigger CTE. An animal
model of rmTBI (i.e., sports-related TBI) is urgently needed to minimize risk of TBI in athletes
and the studies described herein confirm that our method bears the attributes necessary to fulfill
this need. The studies included in this project validate a method of rmTBI that unequivocally
simulates human sports-related head impact in both form and outcome. To our knowledge, this is
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the first study to administer 30 head impacts over an extended period of time to a lightly
anesthetized, completely unrestrained mouse. We have assessed the sensorimotor, psychiatric,
and cognitive outcomes of rmTBI at two different time points using different impact conditions.
Animals receiving repeated head impacts exhibited outcomes consistent with those observed in
athletes with a history of rmTBI including depression-like behavior and cognitive impairment.
The neuropathological outcomes of rmTBI included reactive gliosis, axonal degeneration,
elevated levels of Aβ (1-42), β-amyloid, p-tau, TDP-43, and significant thinning of several white
matter tracts. Notably, these outcomes occurred in mice receiving head impacts that did not delay
recovery of the righting reflex indicating that subconcussive impacts present just as serious risk
of injury to the CNS as concussive blows. Aside from this outcome, these data indicate that there
is a cumulative and dose-dependent effect of repetitive head impacts that exacerbate the
neurobehavioral and neuropathological outcomes as seen in humans with a history of rmTBI.
This model will enable future study of the most pressing issues associated with sports-related
head impact including the relationship between the number and frequency of head impacts to the
development of behavioral and CTE-like outcomes. Future studies elucidating the cellular
manifestations of rmTBI and its behavioral correlates will aid in the development of potential
therapeutics. Finally, these results demonstrate the ability of our method to expand our
understanding of the neuropathological, psychiatric, and cognitive sequelae underlying this
insidious injury.
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