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ABSTRACT

Traumatic brain injury (TBI) most frequently occumspediatric patients and
remains a leading cause of childhood death anditiigaMild TBI (mTBI) accounts for
70-90% of all TBI cases, yet its neuropathophyggls still poorly understood. While a
single mTBI injury can lead to persistent deficrepeat injuries increase the severity and
duration of both acute symptoms and long term dsfidn this study, to model pediatric
repetitive mTBI (rmTBI) we subjected unrestrainadgnile animals (post-natal day 20)
to repeat weight drop impact. Animals were ane=theé and subjected to sham or
rmTBI once per day for 5 days. At 14 days postrpnfiPID), magnetic resonance
imaging (MRI) revealed that rmTBI animals displayedrked cortical atrophy and
ventriculomegaly. Specifically, the thickness loé tortex was reduced up to 46%
beneath and the ventricles increased up to 970%slkethe impact zone.
Immunostaining with the neuron specific marker NeeMealed an overall loss of
neurons within the motor cortex but no change uroeal density. Examination of
intrinsic and synaptic properties of layer Il/Iygamidal neurons revealed no significant
difference between sham and rmTBI animals at neghder convulsant challenge with
the potassium channel blocker, 4-Aminophyridinezei@ll, our findings indicate that the
neuropathological changes reported after pediatritBl can be effectively modeled by
repeat weight drop in juvenile animals. Developinigetter understanding of how rmTBI
alters the pediatric brain may help improve pateare and direct “return to game”

decision making in adolescents.
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CHAPTER 1

INTRODUCTION

Traumatic Brain Injury/Mild Traumatic Brain Injury

Traumatic brain injury (TBI) is described as areddtion in brain function, or
other evidence of brain pathology, caused by aereat force (Menon, Schwab, Wright,
and Maas 2010). Rapid acceleration/deceleratidgheohead, blast wave overpressure,
penetration of a foreign object, and blunt impadhte head are a few of the ways a TBI
can occur. As the causation of TBI is broad, itsdance among the population is quite
high. An estimated 1.7 million people per year gunsé TBI in the United States.
Children aged 0-4, adolescents aged 15-19, andsaayed 65+ are the most likely to
receive a TBI. Males have higher incidence ratas females across all age groups

(Faul, Xu, Wald, and Coronado 2010).

TBI is an umbrella term that encompasses a spaadfunjuries commonly rated
as mild, moderate, or severe. In clinical situatitme Glasgow coma scale (GCS) is often
utilized to quickly evaluate an incoming head igjpatient. It assesses the patient’s
fundamental functions like their ability to operitheyes, speak coherently, and move on
command. A GCS of 8 or less is considered comatondea 3 or below is totally
unresponsive. The duration of loss of conscious(ig3€), the duration of alteration of
consciousness (AOC) such as confusion, the durafipost-traumatic amnesia (PTA),
and presence of penetrating injury all play a moldefining the severity of TBI. A
definition of mTBI widely used by medical and héatirganizations around the world is

as follows: normal structural imaging, LOC lessril3® minutes, AOC less than 24hours,



PTA less than 24 hours, and a GCS of 13-15 (ACRBB)9Carrol et al 2004) (NCIPC

2003).

Mild traumatic brain injury (mTBI) accounts for appimately 80% of all treated
cases of TBI in the United States (1.375 milliosital visits). However, it has been
estimated that this number is only a fraction @f &ictual incidence of mTBI. Injuries
without loss of consciousness are highly underiteppespecially in sports-related

environments (Yuh, Hawryluk, & Manely 2014).

Clinical symptoms of mTBI can include cognitivehavioral, and physical
features including: loss of consciousness, cognitieficits, emotional liability, impaired
coordination, motor deficits, sleep disturbancemory impairments, and photophobia
(Jordan 2013). While the term mild is used to desdhe acute injury, the effects of
mTBI can be significant and far reaching. Approxieitya50% of patients with mTBI
experience resolution of their symptoms by 3 moptbhst-injury, another 40% see
symptoms persist up to 6 months post injury, whtleers experience one or more
symptoms indefinitely (Arciniegas, Anderson, Todk& McAllister 2005). Use of
neuroimaging, specifically computed Tomography (G3yecommended by several
professional societies/academies when: LOC is 80rsks or longer, there is a prolonged
altered or deteriorating state of consciousnes®reéheadache, focal neurological deficit
or seizure, or worsening symptoms (Yuh, Hawrylukyl@nely 2014). Studies involving
CT imaging have shown that 5% of patients with 88&€ 15 and 30% of patients with a
GCS of 13 had an acute intracranial hemorrhageg(Bbal 2004). While MRI is not
generally recommended for routine management deanal Bl, in cases of chronic or

malingering symptoms MRI has been shown to be a pavygnostic value. A recent



study showed abnormal MRI findings in 10 of 34 @ats diagnosed with “grade I” or

mildest grade of concussion (Yuh et al 2013).

Currently there are no effective treatments fersimptoms of mTBI. Escalating
factors include intracranial bleeding, skull fraetuand intracranial lesions. Aside from
those factors, no effective markers of functionaicome have been established (Borg,

Holm, & Cassidy 2004).
Repeated Mild Traumatic Brain Injury

A single mild traumatic brain injury (smTBI) carstdt in an array of acute
cognitive, behavioral, and physical symptoms. Hosvethe majority of patients (90%)
see these symptoms resolve over the course of hparciniegas, Anderson, Topkoff,
and McAllister 2005). Studies of cognitive functiafter a smTBI have shown that
deficits recover to the level of control groupshwito history of mTBI within 3 months

(Levin & Robertson 2013).

However, when there is a history of previous mir& acute symptomology,
recovery times, and long-term outcomes are allisogmtly altered. A study of collegiate
and high school athletes showed that players whdokan diagnosed with a mTBI
within the previous year were more likely to expade loss of consciousness (LOC) and
post-traumatic amnesia (PTA) when injured agaiay&is with recurrent injuries also
reported a greater number of symptoms at timejofyrwhen compared to players with
a non-recurrent injury (Guskiewicz, Weaver, & Pa@080). Not only do the acute
symptoms present more severely in cases of repeal& (rmTBI), they also resolve
more slowly. When compared to players experienttieq first mTBI, players with a

history of rmTBI are twice as likely to have clinisymptoms last for greater than 1
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week (Guskiewicz et al 2003). The effects of rmERlend past evident clinical
symptoms. Covassin et al compiled several stutiesshow acute cognitive, attention,
working memory, and visual memory deficits (CovasSitearne, & Robert 2008). The
long-term effects of rmTBI and repeated sub-thrésboncussions have long been
hypothesized. The recent characterization of acu®generative disease termed chronic
traumatic encephalopathy (CTE) and its possibkslio rmTBI has spurred a flurry of
research into the topic. One study of retired &tislshowed that 80% of individuals with

a history of rmTBI had evidence of CTE upon autofddgKay et al 2013).

After an initial mTBI, the risk for another mTBI other accident is greatly
increased. A study of male high school footballypla showed that individuals with a
history of mTBI have a 5.8 times greater risk aurring another mTBI compared to
individuals with no history of mTBI (Zemper 20030 NCAA study showed that
college athletes who have sustained an mTBI hdvad5 chance of sustaining another
mTBI within the same season. Of those that haveesseason repeat injuries 91.7%
occur within a 10 day period and 75% occur withih day window (Guskiewicz et al
2003). This risk is not limited to sports-relatedBi. A study of military personal who
received 2 or more concussions showed that 20%vegtéhe second injury within 2
weeks and 87% received the second injury withinoBtims (MacGregor, Dougherty,
Morrison, Quinn, & Garlarneau 2011). Risk for injuoutside of mTBI is also increased
after an initial mTBI. A study of U.S. airmen wheceived a non-combat related mTBI
were found to be at increased risk of having andtinéshap” when compared to a

control group with no history of mTBI. The “mishdpscluded such incidents as car



accidents, sports injuries, and industrial relangaries. The increased risk was still

evident over one month post-injury (Whitehead, Walklls, & Hunter 2014).

The close temporal proximity seen with cases of Bin$ of particular concern
when considered in light of recent animal resed#nealh suggests there is a “window of
vulnerability” after an initial mTBI. This windowhat is correlated with worse long term
outcomes and altered physiological response teuhsequent injury. Mannix et al
showed that consecutive injuries one week apamwsti@ognitive deficits up to a year
after the last injury (Mannix et al 2013). The sacognitive deficits were not seen if the
injuries occurred biweekly or monthly. Other stigdive demonstrated that the
physiological response is altered and the sevefiheurodegeneration was increased
when multiple injuries occurred within 3 days orl#3urs respectively (Weil, Gaier, &

Karelina 2014) (Bolton & Saatman 2014).

The effect of rmTBI amongst the pediatric popwlatis of particular concern.
Not only do initial injury rates of high school fitall players exceed that of division |
college athletes (5.6 vs. 4.4%), but rates of mpldtinjury also outpace division | athletes
(17 vs. 9.8%) (Guskiewicz et al 2000). This trendtues to an even earlier age point,
and in some comparison areas are considerably wosgos et al found that the mTBI
incidence rate during practices amongst 8-12 ylehmales was similar to high school
players (Kontos et al 2013). However, the mTBl dacice rate for 8-12 year olds during
games was 3 times higher than their high schoahtesparts and nearly twice as high as
their collegiate counterparts (Kontos et al 20¥8hile the majority of pediatric mTBI
studies focus on male football players, the epidasmnot limited to that population

alone. Lincoln et al showed that in similar spdbiaseball/softball, basketball, soccer)



girls had roughly twice the risk of mTBI as boyslahat mTBI occurred in all 12 of the
sports they studied (Lincoln et al 2011). Againjlevimost studies focus on sports-related
injuries, mTBI is a threat that does not heed thenlolaries of the sports field. When
considering mTBI from all sources, children undex &ge of 5 have more than double
the annual incidence rate compared to the genepallation. Children aged 5-14 and 15-
24 also have elevated incidence rates compardxktgeneral population (1.45 times and
1.37 times respectively). Sports-related injurieserthe 8 most common behind falls,
motor vehicle trauma, accidentally struck, and al¢¢Bazarian et al 2005). It is
abundantly clear that rmTBI is a major concern s€@l epidemiological groups.
However, it is of particular concern among maledarrthe age of 24 who are involved in

contact sports or are enlisted in the military.
Cortex

The human cortex is a highly convoluted sheetssiug that measures between 2
to 3 millimeters in depth and consists of 6 layeesyers | through VI are characterized
by the type and distribution of their resident ¢eties as well as the connections they
make with other cortical layers and subcorticalctires. From lateral to medial, the

outermost layer is | and the innermost layer is VI.

Layer I's (the molecular layer) most noticeabletfiea is its near complete lack of
neuronal cell bodies. It is mostly comprised ofoming axonal ramifications, branching
apical dendrites extending from pyramidal neuratsied in the deeper layers, and glial
cells (Shipp 2007). The connectivity of layer Imarily consists of a dense matrix of

apical dendrites from the pyramidal cells fromth# other layers (Staiger 2010).



Layers Il (external granular layer) and Il (extgrpyramidal layer) are closely
related from both a cellular standpoint and themrectivity. Both layers are dominated
small to medium sized pyramidal neurons. Layetf pfimarily project intralaminarly
to layers V and VI, though the projections to layéare comparably weaker. The main
intralaminar projections into layers II/lll comedfn layer IV (Shipp 2007). In addition to
vertical communication, layers II/lll are uniquethreir extension of large arborizations
within the same layer that play a large role irilaminar communication (Douglas &
Martin 2004). The unique nature of layers Il/llirpynidal neurons allows them to issue
and receive cortico-cortico projections both wittheir home hemisphere as well as the
contralateral hemisphere (Staiger 2010). This &steds layers 1l/1ll as the primary area

for collaborating input from disparate regions lué tortex.

Layer IV (internal granular layer) is a very dersggeearing layer that consists
mainly of spiny stellate and star pyramidal neur(®taiger 2010). Connectively, it is the
primary target for incoming sensory signals froma thalamus which it then relays
mostly to layers II/lll (Shipp 2007). Layer IV al$m@s lateral connections to layer Il of
adjacent cortical regions which also get relayelhyers II/lll (Douglas & Martin 2004).
Layer IV also sends projections down into layem¥fich forms part of the thalamic-
cortical loop that runs from the thalamus throuayers IV, 1I/1ll, and VI and closes
when layer VI projects back into the thalamus. d@hect layer IV to VI projections are
likely modulatory as they predominantly project npohibitory neurons. Unlike the
other layers, layer IV is not ubiquitous acrossabgex. The motor cortex, for one,

notably lacks a layer IV (Shipp 2007).



Layers V (internal pyramidal layer) and VI (multifo layer) both consist
primarily of pyramidal neurons that project to sotiical structures. Layer V is
populated by the largest pyramidal neurons amahgssix layers. Layer VI is populated
by a morphologically variable mix of excitatory mens (Staiger 2010). Layer V is the
sole output center for the motor cortex to spinatonneurons and it is at its densest in
that region. Beyond spinal innervation, it serveshee ‘motor’ output center for the entire
cortex. Nearly all signals directing behavior entarfeom layer V, including projections
to superior colliculus which governs head and epgements. Primary inputs to layer V
come from layers II/lll (Shipp 2007). Layer VI algeceives input from layers Il/lll as
well as layer IV. Layer VI however, solely projettsthe thalamus and is the outgoing
component of the cortico-thalamo-cortical loopalgeneral sense layer V is regarded as

the source for driving output, while layer VI prdes modulatory output (Shipp 2007).

Due to their primacy regarding cortico-cortico coamtation, layers II/Ill were
the targets of investigation for the electrophysiptal portion of this study. The clinical
and neurobehavioral symptoms associated with mfABIrenTBI involve integration of
several different primary cortical regions suchrator and visual as well as more diffuse
functions such as learning, memory, and attent@m(per et al 2013). Furthermore,
there have been demonstrated links between whiteenthsruption and rmTBI
(Donovan et al 2014) (Mouzan et al 2012). Considgetihe extensive white matter
involvement associated with layer II/1ll, it wasgothesized that damage to the white
matter seen in rmTBI may result in abnormal elgattgsiological activity within layers

/111



Models of repetitive mild traumatic brain injury

Animal studies have long been used to replicateiatnicately study human
injuries. Their usefulness in elucidating mecharsisrhinjury, intervention strategies,
and pathophysiology is evident throughout the Inystd science. However, the
effectiveness of animal studies is intimately tiedhe model used to replicate the injury
being studied. In the field of repeated mild tratimbrain injury there are 4 major injury
models: fluid percussion, controlled cortical impdntast, and weight drop. While each
of these models is usually modified to suit thedseef any given study, the fundamental

characteristics of each can be discussed.

Fluid percussion (FP) translates energy througkra¢ mediums before it finally
imparts an impact force upon the animal. Firstjradew craniotomy is performed to
expose the intact dura of the animal. Then, edgheretal pendulum or pneumatic device
is used to impact a tube containing saline solufldns generates a fluid pressure pulse
that moves along the tube, through a small exizileand strikes the exposed dura mater
of the animal (Xiong, Mahmood, & Chopp 2013). Twaimcraniotomy locations are
used to produce different effects. Midline FP (MiRlizes a craniotomy placed on the
dorsal midline between lambda and bregma. MFP &as bhown to produce bilateral
cortical damage, axial brainstem movement, difsgnal injury, and death depending
on the severity of force imparted. Lateral FP (LBRes the craniotomy between
lambda and bregma as well, but is moved latertgi@midline so that it exposes the
parietal cortex. LFP can produce focal lesionspeddissue shearing, and blood brain
barrier (BBB) disruption depending on the seveoityhe force used (Petraglia et al

2014). When scaled to a lower severity, this metiaglbeen shown to produce several



of the neurobehavioral symptoms associated witl trdumatic brain injury (mTBI). It

has also been used to investigate repeated mTBIB{Petraglia et al 2014).

Controlled cortical impact (CCI) uses a pneumatielectromagnetic device to
impart its impact force to the animal. Like the faBdel, a craniotomy is performed over
the desired location to expose a target region.afmal is then placed in a stereotaxic
frame and held rigidly in place. The impacter ierttpositioned over the craniotomy
window and is programmed for a specific velocitgpact depth, and impact duration
(Xiong, Mahmood, & Chopp 2013). This method progi@ehighly controlled impact at a
precise location. The type of injury produced iagyally focal in nature and has been
associated with cortical tissue loss, hematomanaxajury, contusion, and BBB
disruption. The resulting pathophysiological antidaoral effects are greatly associated
with the depth and velocity of the impact. By lowerthe impact severity, many of the
cognitive, motor, and behavioral symptoms of mT&h de replicated. However the need
for a craniotomy restricts the ability to perforapeated injuries. In order to adapt this
method to be used in modeling rmTBI, several modifons have been made to avoid
the use of a craniotomy. Two common modificatioresthe use of a rubberized impact

tip or the application of a protective helmet (Bgtia et al 2014).

Blast injury models utilize a shock tube to dirantoverpressure wave at the
animals head without any penetration or impact bglal object. Most models use
compressed air as the source of the overpresswe Whe resultant blast wave is
recorded and used to produce a pressure-time ddareent studies reveal that injury
severity is tied to the area underneath this c(fPetraglia et al 2014). This model has

been shown to produce prolonged behavioral, cagniind motor deficits at even mild

10



levels. Various pathophysiological effects inclugltirssue damage, hemorrhage,
neuroinflammation, neurodegeneration, and phosjéieq tauopathy have also been

associated with blast injury (Xiong, Mahmood, & @pd2013).

Weight drop injury (WDI) utilizes a free-fallingeight guided by a tube to
impact the head of the animal. The height and roBte falling object determines the
force of impact (Petraglia 2014). Beyond the seyeri impact force, this method is
highly modifiable and has the most variations of ahthe previous methods. However,
a few core features stand out: the head is alldwedove freely after impact and the
skull remains intact. Because of those two featuhes method most authentically
reproduces injuries seen in real life. Studiesainiy this method have shown a variety of
cognitive, behavioral, motor, and pathophysiolobeféects (Mychasiuk, Farran, & Esser
2014) (Kane et al 2012) (Angoa-Perez et al 2014)eiscaled to a mild impact force,
many of the symptoms seen in human mTBI can beugexti (Petraglia 2014) (Kane et al
2012). Multiple impacts are tolerated and this mdthas been used to investigate the

effects of rmTBI (Kane et al 2012).

For the purposes of this study | wanted to impartild injury directly to an
intact, unmodified skull of a juvenile rat. Furth@re, | wanted to allow for unrestricted
head movement after the impact, acceleration/deteda forces, and rotational forces.
The impacts had to be tolerable enough to repetd Ggimes with 24 hours in between
impacts. For these reasons | utilized a modifietyatedrop technique characterized by
Kane et al in adult mice and | scaled the methdaktased in juvenile rats. The technique

is described in depth in chapter 2. This methofilled all of my requirements and was

11



shown by Kane et al to produce cognitive, motod behavioral deficits similar to those

seen after human mTBI.
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CHAPTER 2

REPETITIVE MILD TRAUMATIC BRAIN INJURY INDUCES

VENTRICULOMEGALY AND CORTICAL THINNING IN JUVENILE RATS

Traumatic brain injury (TBI) most frequently occunspediatric patients and
remains a leading cause of childhood death anditiigaMild TBI (mTBI) accounts for
70-90% of all TBI cases, yet its neuropathophyggls still poorly understood. While a
single mTBI injury can lead to persistent deficrepeat injuries increase the severity and
duration of both acute symptoms and long term dsfidn this study, to model pediatric
repetitive mTBI (rmTBI) we subjected unrestrainadgnile animals (post-natal day 20)
to repeat weight drop impact. Animals were ane=theé and subjected to sham or
rmTBI once per day for 5 days. At 14 days postrynfiPID), magnetic resonance
imaging (MRI) revealed that rmTBI animals displayedrked cortical atrophy and
ventriculomegaly. Specifically, the thickness loé tortex was reduced up to 46% and
the ventricles increased up to 970% beneath thastrgpne. Immunostaining with the
neuron specific marker NeuN revealed an overall aeurons within the motor cortex
but no change in neuronal density. Examinatiomtinsic and synaptic properties of
layer II/1ll pyramidal neurons revealed no sigrégiint difference between sham and
rmTBI animals at rest or under convulsant challengk the potassium channel blocker,
4-Aminophyridine. Overall, our findings indicateat the neuropathological changes
reported after pediatric rmTBI can be effectivelgdrled by repeat weight drop in
juvenile animals. Developing a better understandingow rmTBI alters the pediatric
brain may help improve patient care and directfireto game” decision making in

adolescents.
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I ntroduction

Traumatic brain injury (TBI) is a significant hdalktoncern that affects more than
1.5 million Americans each year(Langlois, RutlandiBn, and Wald 2006)(Rutland-
Brown et al. 2006)(Faul et al. 2010). At presentsimgle classification system has been
developed that encompasses the host of clinictipfmagical, behavioral and cellular
changes that occur as a result of TBI. In gen&ial,is categorized into mild, moderate
and severe. Mild traumatic brain injury (mTBI), inding concussions, accounts for
nearly 75% of all TBI cases(Langlois, Rutland-Browand Thomas 2005)(Minifio et al.
2006)(Cassidy, Carroll, Peloso, et al. 2004)(Cassidrroll, Coté, et al. 2004)(Elder and
Cristian 2009)(Langlois, Rutland-Brown, and Wald@@} Mild TBI (mTBI) is often
called an “invisible wound” as it results in a nmral loss of consciousness (<30 minutes)
and minimal acute neuropathological findings(Carbhl. 2004)(Smith, Johnson, and
Stewart 2013)(Morey et al. 2013). Consequently, m$®ften difficult to detect and
diagnose in the early acute stages after injurymaag result in the incidence being
underreported. Following mTBI patients may expeeeecognitive and behavioral
impairments including confusion, cognitive deficiémd headaches (Barkhoudarian,
Hovda, and Giza 2011). These symptoms usuallyvesmmpletely within 2—3 weeks
after a single mTBI(Lovell et al. 2003)(McCrea £t2003). However, especially with
repeat injuries these symptoms may persist fomebee periods of time. This condition is
known as post-concussion syndrome(Halstead, Walter Council on Sports Medicine

and Fitness 2010)(Pellman et al. 2003)(Arciniedad.€005).

Repetitive mTBI (rmTBI) significantly increases sgtam severity(Collins et al.

2002), leads to longer term cognitive and motoraite{Omalu, Hamilton, et al.

14



2010)(Kevin M. Guskiewicz 2011)(De Beaumont e807), and increases the risk for
developing dementia(Kevin M. Guskiewicz et al. 2088d neurodegenerative
disorders(McKee et al. 2009)(McKee et al. 2010)(@&land DeWitt 2010)(Plassman et
al. 2000). Contrasting with a single mTBI evenpattive mild traumatic brain injury
(rmTBI) induces significant long term structurabglges to the brain including brain
atrophy and enlargement of the ventricles(Smithndon, and Stewart 2013)(Huh,
Widing, and Raghupathi 2007)(Wang et al. 2014)(Melk2012)(Giza 2006). Currently
no effective treatments are available to preveatativerse complications associated with
rmTBI. Development of new therapeutic strategiesoistingent on an improved

understanding of the underlying pathophysiologprakesses induced by rmTBI.

Recent public and research attention has focuseshderstanding rmTBI that
occurs in adult athletes and military personnebwiver, recent reports indicate that
children may be particularly susceptible and serestb the effects of TBI(K. M.
Guskiewicz et al. 2000)(Kontos et al. 2013)(Barlewval. 2010)(Eisenberg et al.
2013)(Field et al. 2003). In children, traumatiaib injury (TBI) remains a leading
cause of death and disability(Faul et al. 2010hwiter 10% experiencing a mTBI by the
age of 10(Barlow et al. 2010)(Bruns and Hauser 2088 with adults, the source of the
TBI varies greatly in children, but may occur francombination of events including
accidents, abuse (shaken baby syndrome) or adotegoart concussions. The pediatric
brain is unique from the adult brain owing to athmfson-going neurodevelopmental
processes including cortical hypertrophy, synapteges, use-dependent pruning,
enhanced glucose metabolism, increased neurotrégatiars and altered excitatory

amino acid receptors(Adelson 1999)(Chugani, Phelpd,Mazziotta 1987)(Prins et al.
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2010) (Friedman, Olson, and Persson 1991)(Insdleiand Gelhard 1990)(Giza 2006).
These processes have often been thought to cdmfdren with an advantage in coping
with brain injury, but recent evidence suggesty tnay be particularly sensitive to the

effects of repetitive mTBI(Eisenberg et al. 2018)(é et al. 2003).

Several models of TBI have been developed(Cern@k)2Riong, Mahmood, and
Chopp 2013) but many are intended to induce a s@rere TBI and do not effectively
model mild TBI. In this study, we modified a redgrpublished adult weight-drop
rmTBI model(Kane et al. 2012a) for use in juvemdes. This method of inducing rmTBI
recapitulates the nature of the injury (closed hepady, unrestrained animal, linear and
rotational acceleration forces) and was recentbyshto produce several of the cognitive
and behavioral outcomes associated with clinicaBiRane et al. 2012b)(Viano,
Casson, and Pellman 2007)(Meaney and Smith 20KInguhis method in juvenile rats,
a single mTBI was sufficient to induce clinicalgievant impairments to executive,
motor and balance functions(Mychasiuk, Farran,Bsger 2014). The duration of these
impairments are variable, but have been reportgetsist for up to months following
mTBI(Petraglia et al. 2014)(McCrea et al. 2003)e Purpose of this study was to
examine the neuropathological and neurophysiolbgitanges induced early after
rmTBI in juvenile rats using MRI, immunohistochemi@nd electrophysiological
approaches. The results validate the use of thititere weight-drop method to
effectively model pediatric rmTBI. Similar to whiads been reported in humans(McCrea
et al. 2003)(Halstead, Walter, and Council on Spbtedicine and Fitness 2010)(Smith,
Johnson, and Stewart 2013), rmTBI in juvenile natlkiced marked cortical atrophy (i.e.

decreased cortical thickness) and enlarged veedritlat were most pronounced beneath
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the impact site. Despite significant cortical atrg no intrinsic or synaptic
electrophysiological changes were evident in ldldt neurons recorded from rmTBI
animals. These findings are in contrast to themeport from adult rodents(Kane et al.
2012a) and after single mTBI (Mychasiuk, Farrard Bsser 2014) and suggest impact
number, severity and age are critical determinentle pathophysiological changes

following rmTBI.
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Materials and M ethods

All procedures were performed under protocols ayguidy University of

Arizona Institutional Animal Care and Use Committee
Repetitive Mild Traumatic Brain Injury

To experimentally model repetitive mild traumatrain injury (rmTBI) we
modified a recently developed model by Kane et2@l12. This model replicates many of
the clinical characteristics and mechanics of a mmary including low impact force,
low incidence of skull fracture and subdural hemapno immediate or early seizures
and no gross cavitation at the impact site. Thigdehbas been shown to effectively
induce and model rmTBI in adult mice and was heneidlified to model pediatric
rmTBI using juvenile rats. In brief, 20 day old (B2nale Sprague-Dawley rats were
subjected to a single mTBI once per day for 5 coutbee days (Fig. 1). Rats were lightly
sedated via isoflurane inhalation and immediaté&ggd ventral side down on a tightly
stretched Kimwipe© secured to a plexiglass stagge @A). The animal’'s head was then
carefully centered under the vertical aluminum guigbe. As the animal’s skull and skin
remain completely intact the animal’s position \adfusted using external anatomical
land marks (i.e. ear canals, eyes) so that itsoxppated impact was between the bregma
and lambda sutures. The impact weight (92 grams) gimmeter) was then positioned at
the top of the aluminum tube so that the bottorthefweight was precisely 865
millimeters above the animals head and was allawéddll freely down the aluminum
guide tube. The guide tube is threaded to allowcé&weful adjustment between animals to
ensure accurate positioning of the guide tube anphct location (Fig 2A). The force of

the impact caused the animal to break throughttieéched Kimwipe®©, rotate 180
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degrees and land dorsally on the foam pad below.rdtfalls away from the impact
weight and no secondary impacts were observedaiimeal’'s movement after impact is
not mechanically constrained allowing simulatiortle# rotational and linear acceleration
and deceleration forces most often associatedtishtype of injury. The animal is then
monitored for righting reflex time, defined as #m@mal’s ability to right itself from a
supine to prone position. Once righted and ambrydte animal was placed back into
its home cage and monitored daily. In the rmTBhaadigroup, this procedure was
repeated once per day for a total of 5 impactse mgtched sham animals were given
anesthesia, underwent mock impacts and were placedupine position to test righting
reflex times. After the Bsham or rmTBI animals were again monitored dailiylbeft for
14 days to recover before further experimentattdh’post-injury day” (PID)

descriptions were calculated as days betweenrngsidt and day of sacrifice.
Brain Fixation and Tissue Processing

At 14 days post-injury (PID 14) the animals wereflg anesthetized with
isoflurane and perfused transcardially with col@l@.saline followed by a fixative
containing 4% paraformaldehyde. The brains were theoved and fixed in
paraformaldehyde overnight. The following day bsaiwere cryoprotected in 2 stages:
15% sucrose for 24 hours followed by 30% sucros@4chours. Brains selected for
MRI imaging were then washed in PBS for 48 houos.ifimunofluorescence, thirty-
micrometer-thick sections were cut serially usingyastat (Leica Biosytems, IL, USA)
and stored at -20°C. Sections were then staingdtthie mature neuronal marker NeuN
(Abcam, Cambridge, MA). In brief, the sections /érst washed in PBS (2 x 15

minutes) before being permeabilized with 0.3% Tri¥0for 1hr (Abcam, MA, USA).
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Non-specific binding was blocked with CAS-Block fg.iTechnologies, NY, USA).
Finally, the sections were moved into the primaguN antibody diluted to 1:2000 and
incubated overnight on an orbital shaker at 4°@e 3ections were then washed
repeatedly in PBS and incubated with a Cy3 secqralaitbody (1:1000, Jackson
Immunoresearch, PA, USA) in the dark at 4°C ovdrhigmages were taken of both
control and rmTBI animals using an epifluorescantanfocal microscope. For analysis
measurements, a region of interest (ROI) of theommtrtex was created using ImageJ
software (National Institute of Health) and NeuMsipige cells within the ROI were
manually counted. Cell count and density valuepagsented as the average cell count

for 3 serial sections from each animal normalizethe area of the ROI.
Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) was performed ast4njury day 14 brains
that had been previously perfusion fixed. Imagiwas performed on a Bruker Biospec
7.0T small animal MR scanner (Bruker Medizintechiiirisruhe, Germany) with
72mm transmitter coil and a rat brain surface naretoil. 3D RARE sequence was used
to acquire coronal T2-weighted image (TE 60ms, 3B00ms, RARE factor: 8,
resolution 0.2mmx0.1mmx0.1mm, matrix 192x192x19QVFL9.2mm x19.2mm
x19.2mm, total acquisition time 3h50m) covering plosterior cerebellum to the frontal

lobe. MRI data was analyzed using ImageJ software.
Electrophysiolgical Slice Preparation

Coronal brain slices were made as described prsljiAnderson, Huguenard,
and Prince 2010)(Anderson et al. 2005)(Iremongeat.€2006). In brief, male Sprague-

Dawley rats aged 38-45 days (PID 14-21) were desgdiated via isoflurane inhalation
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and decapitated. Brains were quickly removed aadgqul in ice cold (4°C)
carboxygenated (95%:,06% CQ) high sucrose solution composed of (in mM): 234
sucrose, 11 glucose, 26 NaH¢ Q.5 KCI, 1.25 NakPO,-H,0, 10 MgSQ-7 H.0, 0.5
CaCb-2 H0. The tissue was kept in this solution while 35Ghrok coronal slices were
taken using a vibratome (VT 1200; Leica, Nussl@geermany). Brain slices were
harvested from beneath the site of impact in rmdiBmals or from the corresponding
area in sham animals. Slices were incubated faut im a water bath-warmed (32°C)
container filled with carboxygenated artificial ebral spinal fluid (aCSF) composed of
(in mM): 126 NaCl, 26 NaHC¢) 2.5 KClI, 10 Glucose, 1.25 NaPiO,-H,0, 1 MgSQ-7
H»0, 2 CaC}-2 H,0, pH 7.4. After the 1hr incubation, the slices evesturned to room
temperature before the tissue was moved to a riegpetiamber for whole-cell patch

clamp recording.

Whole-Cell Patch Clamp Recording

Coronal brains slices prepared from rmTBI and shaimals was placed into the
recording chamber and immersed in carboxygenat&fFafiaintained at a temperature of
32°C. Initial visualization and identification obtical layers was done under 4x
brightfield magnification. Recordings were madanirtayer 11/11l neurons of motor
cortex within the impact zone for rmTBI animalstioe corresponding region in sham
animals. An upright microscope (Axioexaminer, €&giss, NY, USA) equipped with
infrared differential interference contrast optieas used to acquire whole-cell patch
clamp recordings from regular spiking cortical pyrdal neurons. Current-clamp firing
behavior was used to identify regular spiking (R$amidal neurons as previously

described(Guatteo et al. 1994)(Connors, Gutnic#f,Rince 1982). Electrode
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capacitance and bridge circuit were appropriatdjysied. Neurons chosen for analysis
had a stable membrane resistancg) Rat was less than 20% of the input resistange (R
a resting membrane potential less than -55mV aed-sivooting action potentials. All
current and voltage clamp recordings were obtaurtdiding a Multiclamp 700A patch-
clamp amplifier (Axon Instruments, Union City, CASA). Borosilicate glass
microelectrodes (tip resistance, 2.5-3.2Mvere produced by a SutterP-97 automated
pipette puller (Sutter instruments, Novato, CA, U%Ad used for patch clamp
recordings. For recording excitatory events, pgeettere filled with intracellular solution
(in mM): 135 KGluconate, 4 KCI, 2 NaCl, 10 HEPESEGTA, 4 Mg ATP, 0.3Na TRIS.
For recording inhibitory events, pipettes wereefillwith intracellular solution (in mM):
70 KGluconate, 70 KCI, 2 NaCl, 10 HEPES, 4 EGTAIg4 ATP, 0.3 GTP with a
calculated k. of -16mV resulting in inward GABA currents at a holding potential of -
70mV. This internal solution has been previouslyndaestrated(Anderson, Huguenard,
and Prince 2010)(Sun, Huguenard, and Prince 2@0@tlitate detection of inhibitory

events.

Data Analysis

Date was analyzed using pClamp (Axon Instrumeris3m (GraphPad), ImageJ
and MiniAnalysis (Synaptosoft) software and is préed as means * s.e.m. Spontaneous
events were detected as previously described asitognated threshold detection and
manual verification(Nichols et al. in press). Inpesistance was calculated from the
voltage response to the input of a current stepS@sV). The adaptation index was
calculated based on the ratio of the last inteespikerval (kas) divided by the second, F

as per the equation 100 x (1s§F2). Pyramidal neurons often displayed a highly
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variable first interspike interval and consequeRtlyvas chosen for analysis. Firing
frequency was calculated as the number of actidenpals induced by a 1 second,
250pA current step. Rheobase current was detednaisi¢he minimum current step
(50msec duration) that produced an action poterizion potential threshold was
calculated as the voltage at the maximum slopbeftieobase voltage recording(Nichols
et al. in press). Statistical significance was deieed using an unpaired t-test, one-way

ANOVA or K-S test and differences determined tcslgmificant if P<0.05.
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Results

RmTBI is effectively modeled by repetitive weighpd

To model repetitive mild traumatic brain injuryn(fBI) in pediatric patients, we
modified the weight drop method recently publisbgdKane et al.2012 to be used with
juvenile rats (Fig 2A). To determine the reprodhilty of the rmTBI method, we tested
the consistency of the impact force across 20striél force meter (Chatillon DFM-10,
Ametek Instruments) was placed at the base ofdidegube and the peak impact force
measured across 20 trials. We found the averagadtforce with a 92g weight to be
highly consistent across trials with an averagedaf 7.890 + 0.06 N and a maximum
variation of less than 1N (Fig 2C. The rmTBI progexlresulted in no incidence of scalp
lacerations and no immediate or late seizures wigserved. At post-injury day 14 to 21
(PID 14-21) rat brains were removed for furtherempentation. As previously
reported, the incidence of skull fractures or iotamial bleeding was low and any
animals displaying either where removed from furgtady(Kane et al. 2012a).
Additionally no gross morphological changes, idiaitie surface deformations, or tissue
loss at the site of the impact were noted (Figle ZHowever, acute slices prepared

from rmTBI brains revealed marked cortical thinnargd ventriculomegaly (Fig 2B).

In humans, the duration of loss of consciousne®€)) is an important criterion
in assessing the severity of a brain injury. Whbilain injury may occur in the absence of
LOC it is generally accepted that “mild” traumai@in injuries induce LOC between a
few seconds and less than 30 minutes(Carroll &084)(Smith, Johnson, and Stewart
2013). Assessing LOC in rats is difficult, but danindirectly evaluated by measuring

the righting reflex time as an indicator of neugiorestoration(Kane et al.
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2012a)(Zecharia et al. 2012). Righting reflex tisiéefined as the time taken for an
animal to right itself from a supine to prone piosit Although both rmTBI and sham
animals were lightly anesthetized we noted a Sicaniit increase in the righting reflex
time between sham (92.31 £ 4.0s) and rmTBI anirfi#l8.1 + 6.7s)(Figure 2C). There
was no significant change in the righting reflexdibetween day 1 and day 5 in sham
(Day 1: 200.60 = 18.2s vs. Day 5: 199.30 + 14a83mTBI (Day 1: 86.92 + 8.8s vs.

Day 5: 88.59 + 6.9s) animals (P>0.05 for both).
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Figure 1. Experimental Timeline. Overview of the timeline used to model repetitive mild traumatic
brain injury (rmTBI). Arrowheads represent time of single impact repeated once daily for 5 days.

Control animals were given anesthesia only. Post-injury day (PID) indicates number of days
following the 5th rmTBI injury.
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Figure 2. Experimental Model of rmTBI. A) Photograph of repetitive mild traumatic brain injury
device and impact weight. B) (Left) Photographs of brains acutely prepared 14 days after sham
injury or rmTBI (1 impact/day for 5 days) in juvenile (P20) rats. Red dotted circle indicates
approximate site ofimpact. (Right) Photograph of coronal brain slices taken from respective sham or
rmTBI brains. Note the presence of enlarged ventricles and cortical thinning after rmTBI. C) (Top)
Scatter plot of impact force measurements taken across 20 trials (92g weight, 865mm drop height).
(Bottom) Bar graph of average righting reflex time between sham (n=38) and rmTBI (n=42) animals.
***P<0.0001.

27



MRI of rmTBI reveals significant ventriculomegahdacortical thinning

To better assess the anatomical and structurabeiseto the brain following
rmTBI, we performed T2-weighted magnetic resonamaging (MRI). Brains were
perfusion fixed on post-injury day 14 and ex-viveRMmaging performed on control
(n=4) or rmTBI (n=3) brains. MRI imaging was perfeed from the frontal cortex to
posterior cerebellum. To determine changes inaarhinning, we measured the depth
of the motor, somatosensory and insular cortexsacBdorain regions — one region
outside (bregma +2.3) and two regions within threatiimpact zone (bregma -0.6 and -
3.5). The rmTBI was delivered by a 9mm impact tlwat spanned the region between
bregma and lambda sutures in the rat. As imagiag performed ex-vivo, we utilized
anatomical landmarks to approximate the image locaelative to the impact zone and
published stereotaxic co-ordinates (i.e. bregm&mth, -0.6mm or —3.5mm
respectively)(Paxinos and Watson 2007). In thig,wa assessed changes in cortical
depth across brain regions in the anterior-postasavell as medial-lateral directions in
both control and rmTBI animals. Substantial cadtibinning was observed in the motor
cortex in all three brain regions with up to a 4@étrease in cortical depth within the
impact zone (Fig. 4). Similarly the depth of tlmenatosensory cortex was significantly
reduced by over 25%, but this reduction was restiito directly within the impact zone
(i.e. bregma -0.6mm and bregma -3.5mm). Measureofd¢he depth of the insular
cortex revealed no significant difference acrosghate brains regions examined
(P>0.05). We next performed similar measurementthe area of the third and lateral
ventricles. While no significant difference in theea of the third ventricle was observed

(P>0.05) the lateral ventricles area increased§¥0% after rmTBI (Fig. 5). Within the
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impact zone (bregma -0.6 and -3.3), the laterairicd@ maximally increased from 1.37
0.2 mnf to 13.30 + 1.0 mM(P<0.0001). Outside of the direct impact zoneghra

+2.3), the lateral ventricles were again signifitaimcreased from 0.84 + 0.1 nirto

4.40 + 0.4 mrfi(P<0.0001). Collectively the data reveal that Bhihduces rapid and
significant reduction in the depth of the cortex aentriculomegaly that is most

substantial at the site of impact.
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Control rmTBI

Bregma +2.3

Bregma -3.5

Figure 3. Magnetic Resonance Imaging (MRI) reveals significant structural changes
following rmTBI. Coronal T2 weighted MRI images were obtained with a 7T MRI scanner
from perfusion fixed brains 14 days after sham or rmTBIl. Representative images from sham
(left) or rmTBI (right) are presented. Approximate anatomical position of images are
referenced relative to bregma. Scale bar represents 2mm. Yellow arrowheads and box
represent regions where cortical depth and lateral ventricle area measurements where taken.
Similar respective measurements where made across all sham and rmTBI images. In T2
weighted images water and edema are bright while gray and white matter appear darker.
Note the significant cortical thinning and ventriculomegaly evident in rmTBI brains.
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Figure 4. rmTBI induces cortical thinning. Bar charts of average cortical depth measured in
MRI images from motor (left), somatosensory (middle) or insular (right) cortex. Corresponding
sham (black) and rmTBI (red) bars are presented for regions in the anterior, middle and posterior
positions in the brain. Positions in the brain are identified relative to approximated stereotaxic
coordinates from bregma (i.e. +2.3mm, -0.6mm and -3.5mm). No statistical difference was
observed between sham and rmTBI for somatosensory cortex at +2.3 (P>0.05), or for any insular
cortex measurement (P>0.05). *P<0.05, **P<0.01.
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Figure 5. rmTBI induces lateral ventriculomegaly. Bar charts of
average ventricle area measured in MRI images from the 3rd ventricle
(left) or lateral ventricle (right). Corresponding sham (black) and rmTBI
(red) bars are presented for regions in the anterior, middle and
posterior positions in the brain. Positions in the brain are identified
relative to approximated stereotaxic coordinates from bregma (i.e.
+2.3mm, -0.6mm and -3.5mm). No statistical difference was observed
in the area of the 3rd ventricle between sham and rmTBI. *P<0.05,
**P<0.01.
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RmTBI induces no change in neuronal density orgtissue damage

To determine if rmTBI altered the total numbedensity of neurons within the
cortex, we performed immunohistochemical analysik the neuron specific marker
NeuN (Fig 6A). As the amount of rmTBI-induced ¢cat thinning was most
pronounced in the motor cortex, we focused theyarsato this region. The decrease in
cortical thickness resulted in an overall decreagetal NeuN positive cells between
sham (476.1 + 17) and rmTBI (296.1 £ 24) animaksO®01). However, analysis of the
density of neurons (i.e. total neurons/area) rexeab significant change between shams
or rmTBI animals (P=0.21)(Fig. 6B). Therefore, tte#a suggest that rmTBI induces a
significant reduction in the volume of the cortbyt the cortex that remains is of similar

neuronal density as sham animals.
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Figure 6. Effect of repetitive mild traumatic brain injury (rmTBI) on NeuN staining. A)
Representative epilfluorescence and confocal images taken from sham (n=8) or rmTBI (n=6) stained
with the neuron specific marker NeuN (green). White scale bar is 1mm. Images are at 2.5, 10 and
20x magnification. B) Bar graphs of average neuronal number (top) and density (bottom) within the
motor cortex. Cell counts were made of NeuN positive cells within standardized regions of interest
(yellow dotted box). Note the substantial reduction of NeuN positive cells following rmTBI but

absence of neuronal density changes. ***P<0.0001.
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RmTBI does not significantly alter the electropbi@iical properties of layer /1

motor neurons

In humans, the consequence of rmTBI includes adfasignitive, sensory,
motor and behavioral complications(Barkhoudariaoydth, and Giza 2011)(Halstead,
Walter, and Council on Sports Medicine and Fitriz&B0)(Pellman et al. 2003).
Structurally, this study has revealed a signifiaqaaiuction in the depth of the cortex that
is the most widespread and profound within theaegif the motor cortex. Layer II/IlI
cortical pyramidal neurons are involved in intram@ communication that is known to
play a significant role in the sensory and motarcpssing adversely affected by
rmTBI(Douglas and Martin 2004)(Kamper et al. 201Becently, pyramidal neurons in
layer 1I/11l of the cortex have also been reportedindergo extensive dendrite
degeneration and synapse reduction following TB&(@ad Chen 2011). As such, to
determine if functional changes to the intrinsid agnaptic properties of neurons within
the cortex have been altered we performed elecyplogical experiments in layer
[I/11l pyramidal neurons 14 days after animals madeived rmTBI or in age-matched

shams.
Intrinsic Excitability

Intrinsic excitability refers to the propensity@heuron to fire an action potential
and is governed by the membrane properties, cereerd channels expressed by a
neuron. Alterations to intrinsic excitability halleen shown in numerous models of
CNS disorders(Willmore 1990)(Yang et al. 2007) araly contribute to the
pathophysiology of rmTBI. To examine for changeirinsic excitability induced by

rmTBI, we recorded under current clamp the respofis@am (n=10) or rmTBI (n=14)
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neurons to a series of hyperpolarizing and depoiayisteps (-100pA to 350pA, 50pA
steps). Analysis revealed no statistical diffeeeimcthe input resistance (P=0.38), resting
membrane potential (P=0.77), firing frequency araemodation index (P=0.82)
between sham and rmTBI neurons (Fig. 7). Usingealvase protocol (50msec, 5pA
steps) we performed a more detailed analysis afrapotential properties, but again
found no statistical difference in rheobase cur(B=0.73), action potential threshold

(P=0.52), or amplitude (P=0.31)(Fig. 8).
Spontaneous Activity

The frequency of activity and strength of synaptianections between neurons
are fundamental to the way the brain processeseays information. To investigate if
rmTBI disrupts or alters cortical synaptic excitdabiwe again recorded from layer II/IlI
pyramidal neurons in the motor cortex of sham ofBinanimals. First, under voltage
clamp (Moig=-70mV), we examined for rmTBI-induced changespordganeous
excitatory post-synaptic currents (SEPSCs). Tdammae detection of inhibitory events,
neurons were held near and positive of the reveantial of chloride (Woig=-70mV,
calculated E.=-80mV) and only inward synaptic events were detdctPharmacological
isolation of glutamatergic events was avoided agésultant synaptic disinhibition may
mask rmTBI induced changes to network excitability.neurons from rmTBI animals,
there were no significant changes in the averatge-gvent interval (P=0.77), amplitude
(P=0.94), decay time (P=0.82) or charge transf&4()0of SEPSCs (Fig. 9). Next, we
similarly examined for changes in spontaneous itdmp post-synaptic currents
(sIPSCs). Inhibitory events were pharmacologicesibfated with bath application of the

glutamate receptor antagonist Kyuranate. To eréndetection fidelity of inhibitory
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synaptic events, a modified high intracellular ctale internal solution was used as
previously described(Anderson, Huguenard, and Br2@d.0)(Sun, Huguenard, and
Prince 2006). Again, no significant change waseoled in sIPSCs properties including
inter-event interval (P=0.90), amplitude (P=0.®B¢ay time (P=0.33) or charge transfer

(P=0.46). Representative traces and summary eéttesults are detailed in figure 10.

Finally, the effects of rmTBI in humans are oftebbfe and may not be reflected
in changes to baseline synaptic activity, but dmdgome evident during periods of high
activity or demand. The reduction of cortical vokel and neuronal number in rmTBI
animals relative to control suggested that the pexadd of network activity may be
reduced in rmTBI animals. To test these possislitve challenged pyramidal neurons
from shams (n=15) or rmTBI (n=18) with the convulis4d-Aminopyridine (4-AP,
100uM). Bath application of 4-AP for 15 minutesluiced a rapid decrease in inter-event
interval of SEPSCs recorded in neurons from bo#ms(b3.59 + 5.6s) and rmTBI
animals (81.21 £ 20.0s). The amplitude of SEPS&s similarly increased by 4-AP in
neurons from both sham (22.47 £ 0.6 pA) and rmTR140 = 1.1 pA) animals.
However, neither the inter-event interval nor amoale during application of 4-AP were
statistically different between neurons recordednfisham and rmTBI animal (P>0.05).
Overall, this suggests that despite a significass lof the depth of the motor cortex in
rmTBI animals, the injury fails to alter excitatooy inhibitory synaptic properties or the

potential peak state of synaptic excitability.
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Intrinsic membrane properties are not altered by repetitive mild traumatic brain
injury. A) Representative current clamp recordings in response to intracellular current steps (-
100pA to 350pA, 1 second) in layer II/lll pyramidal neurons from sham (n=10) or rmTBI (n=14)
animals. Note the similarity in the intrinsic cellular response. B) Bar charts of average intrinsic
membrane properties. No significant difference was found for input resistance (P=0.38) or
resting membrane potential (P=0.77). C) Comparison of firing properties of a sham and rmTBI
animal. (Left) Plot of average firing frequency versus current (f-/ curve). (Right) Bar chart of
adaptation index (first interevent interval between action potentials/last interevent interval).
*P<0.05.
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Figure 8. Action potential properties are not altered by repetitive mild traumatic brain injury
(rmTBI). A) Representative whole-cell current clamp recording in response to a series of 50msec
injection (5pA steps). B) Bar graphs of average values for sham (n=15) or rmTBI (n=18). Rheobase
was calculated as the minimum current which produced an action potential. Threshold was
measured at the greatest change in calculated slope. Amplitude was measured as the difference
between threshold and the peak of the action potential. No statistically significant differences were
found between control and rmTBI animals for rheobase (P=0.73), action potential amplitude
(P=0.52) or threshold (P=0.31).

39



A)  sham rmTBI B)

‘ Average sePSC
L A L A I L o

W \"W’r”[\"ﬁ mmmm ™™ ,WW BpA|
 20pAL 20ms

1sec
C) 600+ 25+ D) 8+ 150+
[72]
74 —_
£ 5004 = 20 6 g 1254
$ 4001 g N S 100
g g 157 £ o
£ 3004 3 > 44 g 754
= £ 104 9 3] 5
g 200- g 8] & 504
2 < 5 ©
& 1004 14 5 251
£
d 0- 0- 0-
SHAM rmTBI Sham rmTBI Sham rmTBI Sham rmTBI

Figure 9. Excitatory spontaneous synaptic activity is not altered by repetitive mild traumatic
brain injury (rmTBI). A) Voltage clamp recordings of spontaneous excitatory post-synaptic currents
(sEPSC) in sham (n=19) or rmTBI (n=14) animals. B) Overlay of sham and rmTBI scaled average
sEPSC. C) Bar charts of average sEPSC inter-event interval (IEI) and amplitude for sham (black)
and rmTBI (red). No significant difference was determined for IEI (P=0.77) or amplitude (P=0.94).
D) Bar graphs of average sEPSC kinetic properties. No significant difference was detected between
sham and rmTBI for sEPSC decay time (P=0.82) or charge transfer (P=0.34). Vhold = -70mV.
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Figure 10. Inhibitory spontaneous synaptic activity is not altered by repetitive mild traumatic
brain injury (rmTBI). A) Voltage clamp recordings of spontaneous inhibitory post-synaptic currents
(sIPSC) in sham (n=15) or rmTBI (n=18) animals. B) Overlay of sham and rmTBI scaled average
sIPSC. C) Bar charts of average sIPSC inter-event interval (IEl) and amplitude for sham (black) and
rmTBI (red). No significant difference was determined for IEI (P=0.90) or amplitude (P=0.74). D)
Bar graphs of average sIPSC kinetic properties. No significant difference was detected between
sham and rmTBI for sEPSC decay time (P=0.33) or charge transfer (P=0.46). Vhold =-70mV.
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Figure 11. Repetitive mild traumatic brain injury (rmTBI) does not enhance the
response to the convulsant 4-AP. A) Voltage clamp recordings of spontaneous excitatory
post-synaptic currents (SEPSC) from sham (n=14) or rmTBI (n=12) animals during bath
application of 4-AP (100uM). B) Bar chart and cumulative probability curves of sham
(white), sham during 4-AP (black) and rmTBI during 4-AP (red) for inter-event interval (B) or
amplitude (C). Bath application of 4-AP induced a significant decrease in IEl and amplitude
of sEPSCs. However, the effects of 4-AP on sEPSC IEI and amplitude where not
statistically different between sham and rmTBI. Vhold = -70mV. *P<0.05. **P<0.01.
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Discussion

In the pediatric population, traumatic brain injlyBl) remains a significant
health concern that is known to place patientss&tfor adverse long-term cognitive and
behavioral changes. TBI may vary in severity, brero/5% of all TBI is classified as
mild(Langlois, Rutland-Brown, and Thomas 2005)(Mimiet al. 2006)(Cassidy, Carroll,
Coté, et al. 2004)(Cassidy, Carroll, Peloso, e2@D4)(Elder and Cristian 2009). In this
study, we sought to determine how repetitive nddinatic brain injury (rmTBI) affects
the pediatric brain. To effectively model humanTish, we modified a recently
developed method for inducing rmTBI(Kane et al. 28)1in adult animals for use in
juveniles. This rmTBI weight-drop method produdeghly consistent impact forces
across trials. The impacts occurred in a non-restdeanimal and have been shown to
effectively model the direct, acceleration and deetion forces determined to be
important to human TBI(Kane et al. 2012a) (Pandérpd, and Bass 2014)(Holbourn
1943)(Gennarelli and Thibault 1982)(Ommaya, Yatreeid Hirsch 1967). Following
mTBI, animals exhibited a significant increaseighting reflex time that suggests a brief
injury induced period of “loss of consciousnesdh contrast to what has generally been
reported following single mTBI(Mychasiuk, FarramdaEsser 2014) or rmTBI in adult
animals(Kane et al. 2012a), rmTBI in juvenile angrnaduced significant structural
changes to the brain including cortical atrophy aextriculomegaly. This is supported
by recent evidence that indicates children may beerprone to the effects of repeat
concussions(Eisenberg et al. 2013)(Field et al3200leuronal specific immunostaining
revealed that the cortical atrophy was accompayeal loss of total cortical neurons.

However, this overall neuronal loss was not dua $pecific reduction in cortical density.
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The cortical atrophy was most pronounced in theomoartex with up to a 46% decrease
in cortical thickness beneath the site of injurynml' Bl animals. Despite the significant
structural changes to the motor cortex, we obseneesignificant changes in the intrinsic
or synaptic properties of layer Il/1ll pyramidalurens at rest or under convulsant
challenge. Overall our results indicate the effectess of this new weight-drop method
for reliably inducing a clinically relevant rmTBIThe select changes induced by rmTBI
in juvenile rats suggest a potentially unique pphhysiological response to TBI in

children.

Modeling repetitive mild traumatic brain injury (i)

Recent attention by patients, families, researchad the media has
highlighted the significant short and long term seguences of rmTBI (Allen, Gerami,
and Esser 2000)(Creeley et al. 2004)(Longhi €2@05)(Shitaka et al. 2011)(Friess et al.
2009). Critical to understanding the pathophygi@al mechanisms that drive rmTBI
has been the development of new, clinically relevaodels. Effective modeling of
rmTBI requires an induced injury that reflects tiyge of impact and forces known to
occur in mTBI and that results in neuropathologara clinically relevant outcomes.
Mild TBI is characterized as occurring in a clos&dll with minimal skull fractures and
minimal tissue loss after a single mTBI. The impafdhe mild TBI induces direct force
to the skull that translates into accelerationetlation and shearing forces in the brain
that are thought to be important to the injury pssfDuhaime et al. 2012). Several
models of TBI exist, including controlled cortiagadpact and fluid percussion(Xiong,
Mahmood, and Chopp 2013), but these require aai@ny and/or a fixed skull that

inadequately models these forces. Limited data®ris the exact biomechanical forces

44



that would be classified as “mild” or concussioduning, but the most comprehensive
data has been obtained from head impact telemetnges placed within athlete’s
helmets. An in depth review of the combined teleynienpact studies revealed that
concussion is correlated with g-forces above 108gkiith et al. 2013). In our study,
calculated impact forces were on average 26.8gnetidvithin the “mild” range (i.e. G-
Force = (F=ma)/9.8m7sF=7.89N, m= 30g (P20-25rat). The method useadimstudy
overcomes these limitations and effectively mothelh the biomechanical forces of the
impact as well as shown to induce clinically rel@veognitive and behavioral clinical
changes(Kane et al. 2012a)(Panzer, Wood, and Bdgh(&ennarelli and Thibault

1982)(Meaney and Smith 2011)(Mychasiuk, Farran,Essker 2014).
Repetitive mild traumatic brain injury (rmTBI) indes significant neuropathology

A single mild traumatic brain injury (mTBI) ofteesolves quickly and has
generally not been associated with any significesuroimaging abnormalities
(Petchprapai and Winkelman 2007)(Belanger et &7 Morey et al. 2013). As a result,
mTBI is often referred to as an “invisible woundidais difficult to diagnose. Whether a
single mTBI induces long-term deficits is currgrdlsource of significant
debate(Vasterling et al. 2012)(Konrad et al. 20apderploeg, Curtiss, and Belanger
2005)(Klein, Houx, and Jolles 1996)(Carroll et2004)(Yuh, Hawryluk, and Manley
2014). It is clear, however, that when a patieoerges multiple mTBI within a short
period of time the result is more severe symptansnger recovery period and
increased risk for serious long term consequencdd(Ksuskiewicz et al. 2000)(Kevin
M. Guskiewicz et al. 2003). In contrast to a singl€BI event, repetitive mild traumatic

brain injury (rmTBI) patients show clear neuropatigical findings including enlarged
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ventricles (ventriculomegaly) and cortical atrofBiy(ith, Johnson, and Stewart
2013)(Huh, Widing, and Raghupathi 2007). Theseifigsl are supported by the results
of this study which indicate that following rmTBhe lateral ventricles may be increased
up to 970% while the thickness of the cortex mayddluced by up to 46%. These
changes were not observed following rmTBI in adnitmals(Kane et al. 2012b)
suggesting a potentially unique response to TBUwenile animals. In humans, rmTBI
can induce a neurodegenerative disease termediclwammatic encephalopathy
(CTE)(Gavett, Stern, and McKee 2011)(Smith, Johnaad Stewart 2013) that has been
most commonly found in professional athletes(Omidamilton, et al. 2010)(Omalu,
Fitzsimmons, et al. 2010)(McKee et al. 2009) od®wk exposed to blast or concussive
injury(Goldstein et al. 2012). CTE can currenthhyobe diagnosed on autopsy, but
results in degeneration of brain tissue (i.e. caftatrophy) and ventriculomegaly similar
to what was observed in this study. Additionalrelsteristics of CTE include tau
accumulation, cognitive impairments, memory lossifasion and depression(H. Miller
1966)(McKee et al. 2009)(McKee et al. 2010). Furtherk examining these
characteristics will be required to determine iffih in this study induced CTE. CTE
has normally been examined in older adult braios alrecent autopsy by McKee et al.,
of an 18 year old high school football player wathistory of repeat concussions
confirmed the presence and ability of pediatriansdo experience CTE. It remains
unknown how the impact severity, time between, iandlence of TBI events influence
the development of CTE, but it is clear that repatiTBI is a significant risk factor. In
our study, the ventricular enlargement was isol&dtie lateral ventricle and did not

include any significant changes to the third veateri This is in contrast to findings from
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studies of professional athletes who have beemdsegl post-mortem with chronic
traumatic encephalopathy (CTE) and displayed buotd tand lateral
ventriculomegaly(Mez, Stern, and McKee 2013). Hosvethose studies were performed
many years after the injuries were incurred, whema study only examined brains 14
days after injury. As CTE is thought to be a pesgive neurodegeneration disease,
analysis of MRI across a wider range of time pofal®wing injury (acute and long

term) may reveal significant additional findings.

Cortical excitability is not altered by repetitiveild traumatic brain injury (rmTBI).

Structurally, this study revealed extensive thignof the cortex that was most
pronounced beneath the site of injury in the mototex. Immunohistochemical staining
revealed that rmTBI reduced the total number oficalrneurons, but this was not
accompanied by a decrease in neuronal density.sighdicant loss of motor cortex is
supported by several studies which have indicagegigtent motor dysfunction and
abnormalities in the motor cortex following mTBl¢Beaumont et al. 2011)(De
Beaumont et al. 2012)(Sara Tremblay et al. 2014 addition, many of the behavioral
deficits associated with rmTBI such as balancestrea time, and visual memory involve
high levels of integration across cortical regi@isbounov et al. 2007) (Khurana and
Kaye 2012)(Covassin, Stearne, and Elbin 2008) waretthought to be governed by
input and output from layer II/lll cortex(DouglarcdaMartin 2004)(Kamper et al. 2013).
This is in line with a recent study that has foam@BI induces specific dendritic
degeneration and synaptic reduction in corticagtdi/1ll pyramidal neurons(Gao and

Chen 2011). As such, in this study we began by examfor rmTBI induced changes in
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the intrinsic and synaptic properties of layerllifyramidal neurons within the motor

cortex.

A neuron’s intrinsic excitability determines thepability it will fire an action
potential and the output pattern of that firing basn shown to contribute to the
pathophysiology of several other neurological dieos(Prince and Connors 1986)(Bush,
Prince, and Miller 1999)(Prinz et al. 2013)(van dart et al. 2012). However, we
investigated several possible measures of intriesoitability and found no significant
differences between our rmTBI and sham groupss fihding is supported by recent
work from our lab where even severe TBI in juvendts failed to alter the intrinsic
properties of cortical pyramidal neurons(Nicholsletn press). At a synaptic level, again
no significant changes were found in the strenigguency, or kinetics of excitatory or
inhibitory synaptic neurotransmission following r8IT To our knowledge this is the
first study to investigate detailed intracellul&arophysiological changes following
rmTBI. In humans, the use of transcranial magrsttroulation from 72 hours to 2
months after mTBI has shown increases in intrai@@rinhibition(N. R. Miller et al.
2014). Young athletes who have sustained multipiegssions have also been reported
to have abnormal intracortical inhibition(De Beaurnet al. 2007)(Sara Tremblay et al.
2011)(De Beaumont et al. 2011). While no changahibition onto pyramidal neurons
was observed in this study, future examinatiornefimpact of rmTBI directly on other
cortical layers and inhibitory interneurons mayeahdistinct changes. The lack of
synaptic excitability changes observed followingr'h in this study contrast with recent

findings following severe TBI from our lab in juvdarats (Nichols et al. in press), and
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from previous reports in adult animals(Cantu eR@lL4). This supports the literature that

suggests the pathophysiology of rmTBI is distimotrf more severe TBI.

The lack of intrinsic and synaptic changes in layét pyramidal neurons
following rmTBI may be an important component talarstanding the “silent” nature of
the injuries. In fact, the effects of mTBI mayesftbe subtle and only evident when the
cortex is challenged with a high demand task(AlB#Hi et al. 2009). With the clear loss
of mature neurons and significant cortical atrophg,hypothesized that differences may
arise only when the cortex was put under “strebg"test this, we examined the synaptic
properties of sham and rmTBI animals during applicaeof 4-Aminopyridine (4-AP), a
potassium channel blocker and known convulsam\P4as been shown to increase
synaptic excitability(Boudkkazi, Fronzaroli-Molines, and Debanne 2011)(Buckle and
Haas 1982) and affect cortical pyramidal neuronrisic excitability(Higgs and Spain
2011)(Shu et al. 2007). As expected, both the fraqu and amplitude of spontaneous
excitatory activity were increased from controlipds by bath application of 4-AP.
However, the effects of 4-AP were not statisticdlifferent between sham and rmTBI
animals. Therefore, even when cortical excitapitpharmacologically increased,
rmTBI animals remain equally responsive and ablenttance synaptic activity as
compared with sham animals. In this study we t¢edyed the response of a saturating
dose of 4-AP that produces near maximal level o&ptic activity. The use of a dose-

response protocol may reveal changes in the thicesthd-AP following rmTBI.

In conclusion, rmTBI has been associated with serminical consequences
including chronic traumatic encephalopathy andnengiased risk for the development of

dementia and neurodegenerative diseases(McKeezfi08l)(McKee et al. 2010)(Omalu,
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Fitzsimmons, et al. 2010). In this study, we fotimak rmTBI can be effectively modeled
in young animals using a modified weight drop mdth@he impacts can be consistently
delivered and replicate clinically relevant imptmtces and structural changes including
cortical atrophy and ventriculomegaly. This metlodehducing mTBI has also recently
been shown in juvenile(Mychasiuk, Farran, and E26&1) and adult(Kane et al. 2012a)
animals to induce clinically relevant changes tgrebon and behavior. At present, the
findings from this study suggest the pathophysiglormTBI may be unique when
occurring in pediatric patients. An improved urgdanding of how the pediatric brain
responds to rmTBI may help identify novel therapetargets, influence pediatric

treatment and improve “return to game” decision imgikn adolescents.
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CHAPTER 3
DISCUSSION

Mild traumatic brain injury (mTBI) is an epidemierbughout the United States.
It affects nearly 1.4 million individuals every yewaith children being particularly
susceptible. The clinical symptoms of mTBI usuadlgolve rapidly with little
intervention necessary. However, the underlyinga$f may be much more far-reaching.
Repeated insults have been shown to exacerbatehso#tute and long term
consequences of mTBI, but the mechanisms undertiiege observations are poorly
understood. In order to reproduce as authentio ahjary as possible, we chose a weight
drop technique that left the skull intact, did nedgtrain the head, and did not utilize any
helmet or cap. This model was demonstrated by kaaéto produce cognitive and
behavioral outcomes in adult mice that were conipar® the symptoms reported after
mTBI in humans. We modified this method to utilgediatric-aged rats in order to
investigate the unique effects mTBI have on thiserable age group. After repeated
mTBI, we observed an increase in the size of ttezdhventricles that was clearly
evident by upon dissection. To further investigate phenomenon, we utilized magnetic
resonance imaging (MRI). The scans confirmed ogeplations and allowed us to
guantify this ventriculomegaly. In addition, theaaaevealed an uneven thinning of the
cortex in the brains of rmTBI animals. The levekoftical thinning corresponded to the
relative proximity of the cortical region to theparct center. An immunohistochemical
analysis of rmTBI animals revealed that the cottilsenning was not accompanied by
any change in neuronal density. At a cellular lewa recorded electrical activity from

layer II/1ll pyramidal neurons present in the motortex of rmTBI animals. These
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neurons showed no significant change in their edpbtysiological properties when
compared to their sham counterparts. They alsmreiga similarly to their sham

counterparts when challenged with a known convtjgaAminopryidine.
Weight drop injuries consistently reproduce milgumatic brain injury criteria

In order to successfully study the effects of e#pd mild traumatic brain injury
(rmTBI), we had to ensure that every injury we imed was consistent and appropriate.
Determining consistency was a straight-forward pssaof recording the impact force of
20 trial runs with a force meter. The results shibaer average impact of 7.890 newtons
(N) with a standard deviation of 0.06 N, yieldingaefficient of variation (CV) of
0.76%. When compared to a published value for impalocity using a controlled
cortical impact device (5.23 +/- 0.03 m/s, CV =04 (Brody et al 2008) we saw that
our weight drop model was nearly as consistent@srguter controlled model.
Therefore we could confidently proceed, knowing #haery impact delivered a reliable

and consistent force.

Assessing the appropriateness of our impacts wagra complex matter. Several
studies have attempted to utilize force, laterakration, rotational acceleration, or a
combination of those measurements to create bioamécdl criterion for mTBI
(Duhaime et al 2012). However, these attempts baea far from precise and have only
been performed in human subjects. Use of any @ibarsed on human studies would
also have to be scaled to our animal model. Schlatgyeen species is a very difficult
proposition that involves a multitude of variablBsfferences in physical morphology,
tissue properties, and metabolism all play a noleaw the brain will respond to an injury

(Panzer, Wood, & Bass 2014). Scaling models usauty lonass or brain mass ratios have
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been proposed, however none have been validatedg asange of species (Panzer,
Wood, & Bass 2014). Considering the lack of anldsthhed mTBI impact force criteria
and the difficulties involved in human to animahkieg, we have chosen to gauge our

models appropriateness by injury outcomes instéag biomechanical properties.

Mild TBI is generally defined as any non-penetrgtinjury to the head that
involves one or more of the following: a periodcohfusion or unconsciousness not to
exceed 30 minutes, any period of amnesia arountinigeof injury not to exceed 24
hours, or any observed signs of neurological dst(@lCIPC 2003). While some of those
criteria are difficult to evaluate in an animal negdighting reflex time in rodents is
commonly correlated to loss of consciousness indnafKane et al 2012) (Zecharia et al
2012) Righting reflex time is defined as the timtakes an animal to right itself from a
supine to prone position under its own power. A&taingle impact from our model,
injured animals showed a significant increase @irthghting times when compared to
sham animals (rmTBI: 200.6s versus sham: 86.9283%. 8ffect was seen after each of the
five injuries imparted and remained consistent leetwthe first and last injuries (rmTBI
day 1: 200.6s versus rmTBI day 5: 199.3). Thisaghan average increase in righting
reflex time of approximately 100 seconds. This @&iof unconsciousness places the

injury severity of our model well within the boundbkaccepted mTBI criteria.

Further evaluation of human mTBI studies revealsextommonalities between
clinical mTBI and the injury produced by our modé&lhile they have yet to show
significant prognostic use, neuroimaging can bdéulge determining if an injury is truly
mild or whether it should be escalated. In a revaéweuroimaging studies, one study

showed that only 5% of patients diagnosed showgrtssaf skull fracture. Another study
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showed that only 3% of patients with mTBI showegl abnormality including
hematomas, hemorrhaging, skull fractures, andardraal lesions (Borg et al 2004). A
statistical analysis of TBI in the U.S. showed ghhincidence of mTBI, but only a 0.07%
mortality rate (Bazarian et al 2005). These findisgggest that any model designed to
replicate mTBI should have a very low incidencey of these factors: skull fracture,
intracranial bleeding, tissue cavitation/lesiondeath. The injuries produced by our

model showed low to zero incidence in all of thasmas.

We have demonstrated that the weight drop methsdrited in chapter 2 of this
thesis delivers a consistent and reliable impaciefoBased on generally accepted
inclusion criteria, the injury produced by our mbdan confidently be described as a
mild traumatic brain injury. This description igflaer supported by its low incidence of

mortality or escalating factors.

Magnetic resonance imaging reveals ventricular egganent and atrophy of the

cortex after repeated mild traumatic brain injury

A frequent finding in the study of mild traumablicain injury is that a single
injury often has transient clinical symptoms anaimial neuropathology (Weil, Gaier, &
Karelina 2014) (Levin & Robertson 2013). Althougjfette is emerging evidence that a
single injury can have lasting cognitive effectaidsh et al 2012). In contrast, repeated
injuries result in more pronounced acute symptdmstake longer to resolve, often
result in long term deficits, and demonstrate npsmounced neuropathology (Tremblay
et al 2013) (Mannix et al 2013) (Slobounov et &20(Covassin, Moran, & Wilhelm
2013). This is particularly true when the injurescur within 24 hours of each other

(Bolton & Saatman 2014) (Prins et al 2013) (Weki€3, & Karelina 2014). Two
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features that are clearly evident in cases of tepeaTBI (rmTBI) that are not generally
seen after a single mTBI are cortical atrophy amédrgement of the ventricles
(ventriculomegaly) (Smith, Johnson, & Stewart 2013) further investigate this
phenomenon, we performed magnetic resonance imégiRg) on animals that received
a single mTBI, animals that received 5 mTBI at Bdrintervals, and age matched sham
animals that only received anesthesia. In the yngohort, we performed the imaging 14
days after the last injury was imparted (PID 14)tHe sham group, we performed the
imaging at an age-matched time point to our inju@dorts. In line with previous
imaging studies, our results showed no differemece®ntricular size of cortical atrophy
between the singly impacted and sham groups (Eetrati2014) (Yuh, Hawryluk, &
Manley 2014). However, our rmTBI group showed digant changes in both lateral

ventricle size and regions of pronounced cortitany.

Interestingly, in our study, the ventricular egiament was isolated to the lateral
ventricle and did not include any significant cheasigp the third ventricle. This separates
our findings from studies of professional athletd® have been diagnosed post-mortem
with chronic traumatic encephalopathy (CTE). Instagtudies, both the lateral ventricle
and the third ventricle showed signs of enlargeniigietz, Stern, & McKee 2013).
However, those studies were performed many yetesthke injuries were incurred,
whereas our study only included a time point of B¥D Since CTE is thought to be a
progressive neurodegeneration disease, involveaiehe third ventricle may only be
present as the disease progresses. This possdalitg be tested by performing MRI
analysis across a wider range of time points, Spgrfrom the acute (days post injury) to

the long term (months to years’ post injury).
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The MRI scanning procedure takes serial esdgom the posterior
cerebellum to the end of the frontal cortex, thiedpcing a series of 2-dimensional
coronal sections beginning caudally and endingabigt In order to better characterize
our findings, we compared measurements across dmstect longitudinal areas with
respect to the center of the impact zone. The itng@awe stretched from the coronal
sutures Bregma to Lambda (approx. 9mm) with itserest approximately 4.5mm caudal
to Bregma. Utilizing anatomical features found be MRI scans and comparing them to
coordinates fronThe Rat Brain in Stereotaxic Coordinatese selected three images
from each series. The first area was approximatetier the center of impact, the second
was near the rostral limit of the impact zone, thellast area was several millimeters
rostral of the impact zone. We determined the gizbe lateral ventricles at each of
these three areas. Within these three areas wenalasured the cortical thickness (to
determine cortical atrophy) of three different c@t regions. From dorsal-medial to
lateral-ventral, we choose a region proximal toithpact, a region distal from the impact
zone, and a region in between. Approximately thlesee regions correspond to the
motor cortex, the insular cortex, and the somatsmgncortex respectively. By
comparing measurements taken at each of thesdragans, we were able to get an
idea of how the changes in ventricular size anticaratrophy correlated with proximity

to the impact center both rostral-caudally and iedierally.

The lateral ventricular size was significantlyre@sed at all three areas measured.
However, the most pronounced increases were se@e iwo areas within the impact
zone. The area rostral to the impact zone sawa@aaase of approx. 5 fold while the area

within the impact zone saw more drastic increasegpprox. 9 fold. This may indicate
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that the lateral ventricular increase is initiatedier the impact zone and then extends to
areas outside the injury zone. To my knowledgepther study has compared ventricular

size with the relative proximity to the impact site

The cortical atrophy we observed also correlat#ld proximity to the impact
zone. The most lateral-ventral region measurediitiselar cortex”, did not show any
significant atrophy neither in the areas within itin@act zone nor the area rostral to the
impact zone. The “somatosensory” region showedfggnt cortical atrophy in the areas
within the impact zone, but not the area rostrah®mimpact zone. The most dorsal-
medial region, the “motor” cortex, showed signifitatrophy in both the areas under the
impact zone as well as the area rostral to the actrgzne. While these findings point
toward more diffuse cortical atrophy as proximimthe impact increases, the cause
remains unknown. It may also be the case thata@ms most grossly affected are
simply more vulnerable to atrophy regardless ofnehike impact occurred. Human
studies have shown that the frontal and tempolsdare particularly susceptible to
atrophy in cases of moderate and severe TBI (Bargsal 2004). It could also be
attributed to flexibility of the immature craniahult deforming longitudinally. Future
studies could utilize a weight with a smaller diaeneand multiple impact sites (dorsal,

lateral, frontal, caudal) to compare cortical alrpn relation to impact proximity.

To better understand our cortical atrophy findjngs stained the tissue with the
mature neuron marker NeuN. In line with previousBh3tudies, we showed no signs of
gross tissue loss or cavitation at the site of chp@etraglia et al 2014) (Kane et al 2012)
(Mychasiuk, Farran, & Esser 2014). While the comes thinned, the density of the

neurons remained unchanged compared to sham rAwtditionally, no differences in
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the dispersion or composition of neurons withindbetical layers were evident between
sham and rmTBI. This indicates a generalized I6$$c0N positive cells from all

cortical layers accounting for the overall atropAg.we did not perform cognitive or
behavioral testing we do not know if this globatlzeeuronal loss correlated with any
particular deficit. However, previous studies irttbbumans and animal models have
shown correlations between degree of cortical &ityand a variety of cognitive,
behavioral, motor, and emotional deficits (Bergesbal 2004) (Kamper et al 2013)
(McKee et al 2009) (Tremblay et al 2012). In futgtedies we plan to test this possibility

by pairing MRI imaging with various outcome testing

Repeated Mild Traumatic Brain Injury Does Not Sigpaintly Alter the

Electrophysiological Properties of Layer 1l/11l Mot Cortex Pyramidal Neurons

Structurally, this study revealed significant axgensive thinning of the motor
cortex. Immunohistochemical staining revealed thatdensity and distribution of
mature neurons was unchanged between rmTBI and graups. This led to the
conclusion that generalized neuronal loss was btieedactors behind the observed
cortical atrophy. A recent study of surviving laygll pyramidal neurons present after
mTBI demonstrated extensive dendritic degeneraimhsynaptic reduction (Gao &
Chen 2011). Furthermore, many of the behavioratidefssociated with rmTBI such as
balance, reaction time, and visual memory involigh hevels of collaboration across
cortical regions (Slobounov et al 2007) (Khuran&&ye 2012) (Covassin, Stearne, &
Elbin 2008). As layer II/11l is the main hub of ¢mo-cortico communication, there was
strong evidence to support investigating pyramigalrons within this layer of the motor

cortex (Staiger 2010) (Douglas & Martin 2004). Téfere, we conducted
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electrophysiological experiments within this popiga to determine if any abnormal

functionality could be elucidated.

There are two main tests of a neuron’s functidyailis intrinsic excitability and
its spontaneous firing activity. A neuron’s intrimgxcitability determines the likelihood
that it will fire an action potential. Several nelagical disorders have been linked to
abnormal intrinsic excitability, and it may conuile to the pathophysiology observed in
rmTBI (Prinz et al 2013) (Holth et al 2013) (Vanrdlert et al 2012). We investigated
several possible measures of intrinsic excitabditg found no significant differences
between our rmTBI and sham groups. Since our strailctindings were present at 14
days post-injury, we used a time point of 14 tada¥s post-injury for our
electrophysiological recordings as well. While vixserved no abnormalities within this
timeframe, it should be noted that they may beeuneat an earlier or later time point.
They may only accompany the transient acute symgitmyy or they only may be
evident once further neurodegeneration occurshEurtore, we only targeted pyramidal
neurons present in a specific layer of a specditical region. Extensive further
investigation is required to determine what rokeimsic firing properties play in the

pathophysiology of rmTBI.

A neuron’s spontaneous synaptic activity is deteeah by the activity and
strength of its connections to other neurons. Chaimgspontaneous activity reflect the
state of the neural network that the recorded meigrconnected to. Altered spontaneous
activity is a hallmark of neurological diseasegd thaolve the abnormal recruitment and
sustainment of network synchronicity such as epiep link between severe TBI and

development of spontaneous epileptiform activity recently been demonstrated our lab
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(Nichols et al 2014). To investigate if any abnors@ontaneous activity was present, we
once again recorded from layer Il/1ll pyramidal rens within the motor cortex. Our
investigation timeframe was 14 to 21 days aftedaiseinjury occurred. We isolated both
the excitatory and the inhibitory spontaneous agtiiowever, neither one demonstrated
any significant change to their activity rate anddic profile. These findings have the
same limitations as our observations concerniminsit firing properties. Additional

time points, cell types, cortical layers, and aatiregions must be investigated before

the complete picture regarding rmTBI and spontasemtivity can be determined.

The effects of mTBI can often be subtle and mdy be evident when the cortex
is placed under high demand (Baki et al 2009). Whthclear loss of mature neurons and
significant cortical atrophy, we hypothesized ttidfierence may arise when the cortex
was put under stress. To test this, we appliedniogn convulsant 4-Aminopyridine (4-
AP) to our pyramidal neurons and recorded theilitglo respond. In healthy pyramidal
neurons, application of 4-AP results in a significeacrease in the rate and amplitude of
its spontaneous synaptic activity. Both our rmTBd &ham groups responded similarly
to the application of 4-AP, with no significant féifences observed. This indicates that
despite the generalized loss of mature neuronsuhaving layer II/1ll pyramidal
neurons retain their maximum excitability statewdwoer, we only tested the response to
a saturating dosage. Through the utilization obsedstep protocol that incrementally
increased the concentration of 4-AP, it may be iptssso determine if rmTBI neurons
differ in their excitability threshold. It is cone@able that rmTBI neurons could
demonstrate a higher sensitivity to the convulsiang.clear from our findings that

extensive future research must be undertakinguicicdte the underlying

72



pathophysiological mechanisms behind the functide#icits associated with repeated

mild traumatic brain injury.

Conclusion

Mild traumatic brain injury (mTBI) is an epidenticat affects millions of
individuals every year. A history of multiple mTB&s been shown to be associated with
an increased risk of long term cognitive, behavjaad functional deficits (Jordan 2013)
(Petraglia et al 2014) (Aungst et al 2014). RepetinTBI (rmTBI) is also a risk factor
for the development of dementia and neurodegenerdiseases including chronic
traumatic encephalopathy (Chen & D’Esposito 20MBgel & DeWitt 2010) (Plassman
et al 2000). Unfortunately, many of those affecdes young and otherwise healthy
children participating in various sporting endeavdriuch of the current research focus
regarding mTBI and the effects of repeated mildrratic brain injury (rmTBI) has been
on adult subjects and many of the current modelgeared towards that age group.
Pediatric and juvenile age groups have an arrapimfue physiologic attributes and their
response to injury is often markedly different thieir older counterparts. In this study,
we modified an adult model of rmTBI for use witly@nger cohort. This model has
been shown to reproduce many of the functionalauts associated with mTBI in adult
(Kane et al 2012) and pediatric (Mychasiuk, Faréakssar 2014), while also
maintaining an authentic injury mechanism. We ferttharacterized the models
consistency, showing that it produces a reliabbkraproducible impact force. The
ventriculomegaly, cortical atrophy, and generalinedronal loss observed in this study
have not been previously reported in older agegg @t this time point. This could be an

indication of an age-related pathophysiology tleguires further investigation to fully
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characterize. In order to best treat mTBI and ttgate the long term effects of rmTBlI,
we need to understand not only the mechanismguwiirbut also how different age

groups respond to them.
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