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ABSTRACT OF THE DISSERTATION

Restoration of experience-dependent plasticity through enhancementofhafiertgic

neurotransmission after traumatic brain injury in the developing brain

by

Naomi Sulit Sta Maria
Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2012

Professor Christopher C. Giza, Chair

Traumatic brain injury (TBI) in children can cause persistent cognitidebahavioral
dysfunction and inevitably raises concerns about lost potential or the inabiléiutn to
“normalcy” in these injured youths. After a diffuse model of traumatimngury, lateral fluid
percussion injury (FPI), there is evidence of pathological activation of nagjoiropic
glutamate receptors, N-methyl-D-aspartate receptors (NMIR)-amino-3-hydroxy-5-
methyl-4-isoxazole-proprionate receptors (AMPAR), and an NMDAR-meatade/nstream

effector (calcium-calmodulin dependent protein kinase Il — CAMKII) in the hipppaam



These injury-induced molecular alterations have been shown to last longer in the dgvelopi
brain compared to the mature brain. Moreover, these molecules are cruciabraefia
experience-dependent plasticity and normal cerebral development, whiehtpersynaptic
milieu for pro-plasticity circuitry formation. FPI administered tcawing rats has further been
shown to impair enriched environment (EE)-induced experience-dependent pldsaicit

persists into adulthood.

Glutamate neurotransmission is essential in normal physiology, maturatigriasticity,
and is greatly perturbed by TBI. While spontaneous recovery still occurguhg injured
brain is less receptive to the benefits of behavioral experience. Injured sub@gcstill recover
to pre-injury baseline, depending on the severity of injury; however, they could dert@nstra
altered development and never perform at the same level as their non-injusedlfes is
translated into lost potential. Clinically, however, glutamate blockad¢hesapeutic
intervention has failed to show neuroprotection or promote functional recoverylgfinica
Recently there is a shift in focus to agents that target the glutamatgstem positively.
NMDAR agonists have facilitated recovery of learning and memory afparienental TBI in
the mature brain. Particularly, when treated with NMDA or D-cycloegiDCS), a partial
agonist at the NMDAR glycine-binding site, brain injured animals have shqahfranctional

recovery.

The central hypothesis of this dissertation is that the administration of arARMD
agonist (DCS) during the post-injury period of diminished glutamatergic nensotrssion
would do the following two things: 1) restore hippocampal glutamate-mediatkennaf

plasticity in the post-subacute time point (one week post-injury); and 2) teihgd@ocampal-



dependent, EE-induced experience-dependent plasticity. This translatée irgstbration of

lost plasticity after developmental FPI.

Twenty-four to seventy-two hours post-injury, DCS was administered intitaxuesally,
once every 12 hours, to postnatal day 19 rats that received either sham or FPptdén Chhe
effects of DCS treatment on glutamate-mediated pro-plasticity mee(NMDAR, AMPAR,
and CAMKII) were investigated on post-injury day four (PID4) using westettiry. At the
same time point, the effects of DCS were assessed using novel objgaittendNOR), a
hippocampally-mediated, NMDAR-dependent working memory task. Not only wasuseR
as a functional assay of NMDAR-mediated neurotransmission in the sub#adterfe point,
but also as measure of capacity for EE-induced plasticity. The abilitgtiogliish novelty

would be essential in benefiting from the EE experience.

In Chapter 2, following either an FPI or a sham procedure, postnatal day 19 rat pups were
differentially housed in standard cages or an EE for 17 days. The extentudtEd
experience-dependent plasticity was measured by testing the arperésmance in a spatial
learning paradigm (Morris water maze) thirty days after injury whentiage matured. How
early DCS treatment after developmental FPI influences experiepesdent plasticity was
investigated. From the results of Chapter 1 and 2, enhancing NMDAR function dharing t
period of reduced glutamatergic transmission following traumatic bgpiryiin young rats can
reinstate molecular and behavioral responses. This subsequently manifestsied potential

and experience-dependent plasticity later with long-lasting bésdefansequences.

Furthermore, glutamatergic neural activity can now be indirectly quechbly mapping
the coupled change in relative cerebral blood volume (rCBV) using pharmacologigaétic

iv



resonance imaging (phMRI). The noninvasive and translatable potential of tisisrenabbiows
for a powerful within subject experimental design. In Chapter 3, a stimulatiorofiase
NMDAR agonist (DCS) was used to induce increases of rCBV specific to the hippasan
intact developing rats. This evoked change in the NMDAR-mediat€BV was explored as a
physiological biomarker for FPI. Clinical translational potential fog tiipe of noninvasive
diagnostic measure include the ability to assess the extent of diminished Rivi24diated

glutamatergic activity and the efficacy of a glutamate-mediagadrent after TBI.

Using converging operations, this dissertation demonstrates that NMDAR{etdi
glutamatergic dysfunction is an underlying mechanism of long-lastingnedpalasticity after
developmental FPI. NMDAR agonist treatment after FPI during a crgerabd of development
can reinstate the pro-plasticity milieu, which is crucial for acquiring b&@akéxperience-

dependent plasticity.
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INTRODUCTION

EPIDEMIOLOGY OF TRAUMATIC BRAIN |NJURY

Traumatic brain injury (TBI) is a major health problem in the United Statesudly,
1.7 million people are hospitalized or receive medical care due to TBI (Falul2@10). This
estimate can reach to approximately 4.5 million when taking into account mild ate rgbated
TBI for which medical care may not be sought (Langlois et al., 2006). Even therstitmigte
may still be low because mild TBI is often under-diagnosed or under-recogninezd. are an
estimated 275,000 (16.3%) hospitalizations for nonfatal TBI, 1.365 million (80.7%) emergency
department visits, and 52,000 (3%) TBI fatalities each year (Langldis 20@6; Faul et al.,
2010). 124,000 (43%) of those who were acutely hospitalized develop TBI-related long-term

disability (Selassie et al., 2008).

TBI has been referred to as the ‘silent epidemic’ due to its high in@daric
concomitant frequent under-recognition. However, more and more people arergecom
cognizant of its devastating and sometime insidious effects. TBI is reedgaszhe “signature
wound” of the current military conflicts in Iraq and Afghanistan and theasad awareness of
TBI has resulted in significant recent changes to the military’s pslir@garding casualty care
and management (Meyer et al., 2010). There has also been substantial metia atie¢he
dangers of sport concussion and growing concern for increased vulnerabilityabingrées in
both the young and adult populations. California has recently passed a bill mandatedjate
removal from play of athletes who are suspected of having a concussion in sstrané dhat

sanction athletic events. These student athletes will not be allowed to retumuatplthey
1



are cleared by certified health care provider (Bill number: AB 25, HayadtwoSdistricts:

athletics: concussion and head injuries, signed October 4, 2011).

The major risk factors for TBI include age (both oldest and youngest), male gamndle
lower socioeconomic status. Children O to 4 years and 15 to 19 years are more likely t
experience TBI than any other age group for all hospitalization, emerdepaytment visits,
and deaths combined (Langlois et al., 2006). For hospitalizations only, those older thars65 ye
have the highest incidence of TBI (Faul et al., 2010). Males are twideehstd sustain TBI as
females. In general, those with low economic status have a higher propensity for Hgople
with no health insurance are estimated to be twice at risk of acquirindgdBpersons with
private insurance (Langlois et al., 2006). A retrospective review of the Nafi@uena Data
Bank (from 2000 to 2005) showed that insured patients with the most severe TBI had

significantly lower mortality rates compared to uninsured patients (Adbah, 2010).

TBI is caused mainly by falls (35.2%), motor vehicle incidents (17.3%), struck by or
against events (which include colliding with a moving or stationary object) (16.5%Asaadlts
(10%) (Faul et al., 2010). Among active military personnel in war zones, impt@xpdosive
device (IED) blasts are a leading cause of TBI. Sports and recreatibwisiescare also a major
source of TBI. Up to 3.8 million sports-related TBI injuries are estimateddur each year
(Langlois et al., 2006). These numbers for incidence and prevalence of TBI, and imild TB
particular, may be severe underestimates as they do not take into account thasegivhoase

outside hospitalization, or those who went unrecognized.

Not only can TBI lead to lasting disability due to neurobehavioral definithjding
impairments in cognition, mood and/or behavior, but TBI can also lead to increasen agkefr

2



health conditions. Estimates of 5.3 million people in the U.S. live with TBI-relatebildisa
(Selassie et al., 2008). There are reported presentations of sleep distuiOdhetsl., 2009),
chronic pain (Manpiaparampil, 2008), anxiety, mood disorders, and depression (Horner et al.,
2008; Vaishnavi et al., 2009). One to three years post-injury, people with TBI areds&tm
likely to report binge drinking, 11 times as likely to develop epilepsy, and 7.5 timé&elggdi

die (Langlois et al., 2006). With advancing age, those with TBI are 1.5 at risk etsliepr, and
have 2.3 and 4.5 times increased risk of Alzheimer disease for moderate andngenere i
respectively (Langlois et al., 2006). TBI poses as a major public healthrcavitte significant
economic burden. In the United States, TBI is estimated to cost $76.5 billiorapé€geonado

et al., 2012). This estimate reflects the cost of acute care, lifetisieaheosts, and societal

costs or value of lost productivity (defined by short- and long-term wagedsss). On

average, the direct medical and rehabilitation cost of severe TBI is apateki $65,000 per
patient. This estimate ranges from $36,000 for patients with moderate tidalgjiood

outcomes to $92,600 for severely head injured patients or in a vegetative st @f., 2007).
Overall estimated societal cost per person is $330,000. Per deceasedipisrapproximately
$1,000,000. For non-fatal TBI, the average societal cost is $4,103 for patients with moderate
disability to good outcomes and $74,673 for patients with more severe TBI outcomes. When
taking into account the long-term neuropsychiatric sequelae of TBI, the presengehudipis
illness has been associated with more than doubling the costs of non-mental heafth car

patients with moderate to severe TBI (Rockhill et al., 2011).



TBI Severity

The Centers for Disease Control (CDC) have defined TBI as “craniocktralimaa,
specifically an occurrence of injury to the head (arising from blunt or pengtteduma or from
acceleration-deceleration forces) that is associated with anyrences attributable to the
injury: decreased level of consciousness, amnesia, other neurologic or newntgaggal
abnormalities, skull fracture, diagnosed intracranial lesions, or death.” a3s#ficiation of
injury severity in TBI is pertinent to both clinicians and researchers.irttportant in assessing
proper acute medical care for patients with acquired brain trauma, aswelbrognosticating
recovery and outcome. Injury severity indices currently used in clagsif@hinclude
describing the intensity of structural neuroanatomical alteratiochshee person’s acute mental
status. Most commonly used severity indices are the Glasgow Coma Sc8leai@&iGhe
Abbreviated Injury Scale (AIS). These scales are cumulative sasigmed by trained
personnel to assess the injured person’s level of injury and responsivenesyg édsuiaistered
within 48 hours post injury). The recorded GCS is a composite score from giseeetpe,
verbal and motor responses. Scores from each test and their sum is considered andsess] to a
the level of consciousness after injury. The AIS is an anatomically-basedisabclassifies the
severity of every injury in a body region (e.g. Head) according to a six pdinabscale (1
Minor, 2 Moderate, 3 Serious, 4 Severe, 5 Critical, 6 Maximal — untreatable). Otlsmraseaf
severity used are occurrence and duration of loss of consciousness (LOC) orafipadit
amnesia. All of these measures are categorizearihtlh moderate, andsevere and are usually
used for patient triage management and to predict outcome (Corrigan et al., 2010pCThe C
defines the severity of a TBI may range from “mild” (a brief changeantai status or

consciousness) to “severe” (an extended period of unconsciousness or amndbia iaftey).
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Table 1. Comparative Grouping of Indices of Severity
From Corrigan et al., 2010, with permission.

Index of Severity Measurement Approach Severity Category

Mild Moderate Severe
Abbreviated Injury Scale Anatomic/structural damage 1-2 3 4-6
Glasgow Coma Scale Neurologic deficits/mental status  13-15 9-12 3-8
Loss of Consciousness Mental status/alertness <30 min 30min—24hr >24hr
Posttraumatic Amnesia Mental status/memory and recall 0-1 day >1to>7days >7days

PATHOPHYSIOLOGY OF TBI

TBI is the result of an external mechanical force applied to the head, cauapid a
displacement of the brain within the skull that can lead to transient or lasipagyinents in
cognition and behavior. There are two major pathophysiological prochasesitribute to
brain injury after trauma: primary and secondary injuries. The primary irgingidamage that
results directly from the mechanical force on cerebral tissue or vaseuddtihe moment of
insult. Typically, the primary injury is irreversible and the extent of the iedldamage
depends on the load applied to the brain. The secondary injury begins immediately following
after the trauma and can exacerbate the primary injury damage thaivgiti@n of pathological
cellular sequelae, which can persist over a period of hours or days from thenjuthal iThe
underlying mechanisms for the secondary injury are potentially revepsdalesses because
they need time to evolve and may be intervened upon. Concussions and mild TBI cases,
however, result from the biomechanical activation of the secondary injury sequtiaut the

presence of primary injuries.



Primary Injury

The physical forces involved at the moment of trauma can dictate the type afyprim
injuries, which can lead to lasting dysfunction after TBI. Margulies and C2@19) describe
that large impact forces to the head can result in one or a combination of skutegaepidural,
subdural or subarachnoid hemorrhages, cerebral contusions and lacerations. High angular
accelerations are more correlated with subdural hematomas and traaxoagt injury
(commonly known as diffuse axonal injury — DAI) than linear accelerationsn@elli et al.,
1982; Raghupathi and Margulies, 2002). DAI involves shearing of the axonal cytoskekkton a
the damage occurs not only at the time of injury but can last up to years due tusnbse
deleterious biochemical cascades and Wallerian-type degenérdiidhhas been widely

accepted as the main pathological substrate for TBI, especially for mild TB

Rapid angular accelerations can occur without head impact, such as in blaes injuri
military personnel or shaken-baby syndrome in children, but are usually assedthtenpact
to the cranium, for instance in motor vehicle accidents, falls and ass&1@.(Furthermore, if
there were no evidence of contact injury, as in the case of abusive head tralo@s nibt mean
that impact did not occur. Prange, et al, showed that a forceful impact of an infant tda 4-inc
thick soft foam could dissipate the force to the head and leave no external evidemgacbiiut

delivers head angular acceleration three times greater than shakingget al., 2003).

The site of injuries can also occur in other regions of the head other than the site of
impact and can usually have a coup-contrecoup pattern. A coup injury can occuitatdhars

impact or initial direction of the angular acceleration, which usually tddesform of cerebral

! Wallerian degeneration: degeneration of nerversitieat occurs following injury or disease and finan the place
of injury along the axon away from the cell bodyilelthe part between the place of injury and tHelomly
remains intact (Merriam-Webster).
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contusion or local hemorrhage. Injury to the opposite site of the impact or inkictliolir
(contrecoup) also occurs, can be focal and/or diffuse in nature and can be ofsgneaiey that
coup injuries. Precise mechanisms of the contrecoup contusions need further investigation.
proposed that the buoyant brain in CSF is displaced towards the opposite side of intgract (A

1896; Ommaya et al., 1971; Ommaya et al., 2002; Drew and Drew, 2004).

Using radiological imaging, primary injuries may be visualized and progiaosi plan of
action can be further identified. Traditional computed tomography (CT) scasnitexpensive
and can be easily executed in the clinical setting. CT quickly and acgudatefifies conditions
that require immediate medical attention (e.g. mass lesions - hemorreygessed skull
fractures and cerebral edema). CT findings have also been correitéohg term outcome.
In adults with TBI, a midline shift of greater than 5 mm or subcortical contusiichesng in CT

one week post injury have been associated with greater need for asgistaglander, 2003).

However DAI is incredibly difficult to diagnose by CT scan. Less than 10% dAle
patients demonstrate the classical CT primary injury manifestatigretethial hemorrhages at
the gray-white junction of the cerebral hemispheres, corpus callosum, or brajkisteand
Gean, 2011). Since more than 80% of DAI is non-hemorrhagic, it is not evident in most CT
scans. Magnetic resonance imaging (MRI) is a better diagnostic tookéoeffectively detect
both hemorrhagic and nonhemorrhagic lesions. Also, advanced MRI techniques, such as
diffusion tensor imaging (DTI), have been used to examine potential DAI ie wigtter of
living adult and adolescent TBI patients (Arfanakis et al., 2002; Levin, 2003; Huidrabn e
2004; Wilde et al., 2008) and measures of white matter integrity such as fraah@wftopy

have been correlated with outcome (Benson et al., 2007; Suskauer and Huisman, 2009).



Assessment of primary injuries allows for identification of the magnitude antdafucd neural

unresponsiveness after TBI and would further help prognosticate the timeline ofyecove

Secondary I njury

Secondary injuries result indirectly from the biomechanical insult and develop from
minutes to days after the primary trauma to the brain. These injuries saifsistmplex
biochemical cascade of events that results in cerebral swellinglassvesting cognitive
deficits if no intervention is set in place. Secondary injuries echo that TBt imerely a single
event, but instead a progressive condition.

In severe cases of TBI, critical care management of clinicallysaitite secondary
injuries such as intracranial pressure (ICP) (< 20 mm Hg) and cereltaipempressure (CPP)
(between 50 — 70 mm Hg) and cerebral oxygenation have been shown to maximize recovery and
avert compounding the injury in adults (Nangunoori et al., 2011) and children (8tiafel
2006). CPP is the difference between mean arterial pressure (MAP) and IGRised as an
index for cerebral blood flow (Kim and Gean, 2011) (Bratton et al., 2007). CPP drixgenox
and nutrient delivery to the brain. Increased ICP is one of the hallmark conseqaacéBl.
When ICP increases due to TBI, or systemic blood pressure falls, CPPsdscrelmwever, for
instance, after a very severe injury, normal autoregulation (i.e. capédity brain to maintain
appropriate blood pressure and blood flow to affected regions) is compromised. In thisecase
brain loses the compensatory ability to maintain adequate blood flow and becomegischem
which leads to infarction and damage (Chesnut et al., 1993). Children and young adults ar

more susceptible to post-traumatic dysautoregulation that can lead to vasugdilgberemia,



and cerebral swelling. Children are twice as likely to sustain diffusbr@aswelling after TBI
than adults (Marmarou et al., 2006). Prins et al has shown experimentally thatgbostynaf7
(P17) rats demonstrated significantly different ICP and MAP responsaaiifuse TBI (Prins
et al., 1996). However, reduced oxygenation of brain tissue has been independentledssociat
with poor outcome in adults and children and can occur with adequate control of ICP and CPP
(Bohman et al., 2011; Rohlwink et al., 2011). The relationship of ICP, CPP and brain
oxygenation needs further investigation for optimal patient managementcdndtian of
recovery.

With targeted attempts to reduce secondary injuries, such as increasgdridta
pressure (ICP) due to cerebral edema after TBI, many systemic mitengehave been shown to
lead to improved outcomes. For example, a decompressive craniotomy has been used to
alleviate severe increases of ICP and allows for the brain to expand edeimz. Removal of
hematomas could also relieve upsurges in pressure. Lastly, osmotherapy usitogicygaline
treatment have been shown to reduce cerebral edema while still allowthg fegulation of

CPP to homeostatic levels (Noppens et al., 2006; Ziai et al., 2007).

Neurochemical and Metabolic Consequencesin Secondary I njuries

Following TBI, cells experience neurochemical and metabolic changeaterahe
extra- and intra- cellular environments. Depending on the time courses aadtioteof these
events, functional outcomes may be further exacerbated by the resattogdary sub-cellular
processes. The cascade of events includes an indiscriminate releasanoétg, which
corresponds to TBI-induced ionic flux across the cell membrane and triggeub Hegsent

subcellular sequelae. While glutamate is normally in the mM concensaifoysiologically,
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clinical and experimental studies utilizing microdialysis have shown higtslef extracellular
levels of glutamate (Katayama et al., 1990; Brown et al., 1998; Reinert20@0) that can
increase more than 100% within minutes after TBl. Excessive presenceaohaf@triggers the
phenomenon known &scitotoxicity, which is a pathological process due to excessive
stimulation by neurotransmitters, such as glutamate. This is common pathmexyatic cell
death in TBI, in other brain insults and neurodegenerative diseases (Choi, 1992).

The acute TBI-induced glutamate release binds to corresponding receptoEs sue
N-methyl-D-aspartate receptor (NMDAR), which in turn results assive efflux of potassium
ions and sustained intracellular increases in calcium levels (measuf&sbyautoradiography)
(Fineman et al., 1993; Osteen et al., 2001; Osteen et al., 2004). Consequently aluem@mand
for the sodium-potassium (RK™) pump action to return the cell from the ionic imbalance to a
homeostatic level. The Ri&™ pump requires large amounts of adenosine triphosphate (ATP)
and its activation results in a drastic increase in glucose metabolisrowiRgllexperimental
TBI, [**C]-2-deoxy-D-glucose autoradiography has shown marked increases in glucose
metabolism, lasting from 30 to 60 minutes after injury (Yoshino et al., 1991). Contribution of
excitatory amino acid receptor activation in this hyperglycolysis followiBbhas already been
explored, wherein lesion of regions with high levels of excitatory amino a@gtaes, like the
hippocampal CA3, or use of excitatory amino acid antagonists after concoissivenjury has
been shown to block this rise in glucose utilization (Kawamata et al., 1992; Yoshino et al
1992). Additionally, accelerated glucose utilization has been shown to resuteased levels
of lactate, which is a metabolic byproduct of anaerobic glycolysis (Kateashal., 1995).
Lactate accumulation in the brain has been associated with “energg,faii@. ATP hydrolysis

exceeds ATP synthesis) and worsened neuronal damage in pathologisakstdieas ischemia
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(Rehncrona et al., 1988jesjo, 198) and TBI (Vink et al., 1988)During these metabol
derangements, cerebral blood flow is redLu(Hovda et al., 1995)Therefore, the resulting ion
imbalance drives the cell into a “metabolic crisisherein the cell is not able geate energy
ATP to restore ionic homeostasis concut with high energy demand from increased glycol
(Hovda et al., 1995; Giza andkda, 200).

As early as six hours after the injuthe initial hyperglycolysis is followed bdepressed
glucose and oxidative metabolism (Yoshino et &91). Figure 1 shows summary othe time
course of the neurochemical and metabolic casafter TBI.

The acute pathophysiology that occurs following Tiglludes excitotoxicity, excessi'
calcium influx into cells, mitochondrial dysfunctipcell swelling, inflammation, free radic
formation and cell deathMany of these processes may intre with neural developmer
plasticity and have significant impact in subsedquagnitive and behavioral outcomes after

(Giza and Hovda, 2001; Gizand Prins, 200).
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PEDIATRIC TRAUMATIC BRAIN INJURY AND NEUROPLASTICITY

TBI is the leading cause of death and disability among youths (NCIPC, 2000) and is a
major public concern in the U.S. and worldwide. Out of the 1.7 million people who are
hospitalized for TBI each year, 45% are children (Langlois et al., 2006)dré&haged 0 to 5
years has the highest rate of TBI-related emergency departmén(ij266 per 100,000
population), followed by older adolescents ages 15-19 years (757 per 100,000 population) (Faul
et al., 2010). Pediatric TBI is mainly caused by falls (50.2%) and struck by/agasmss
(24.8%). Motor venhicle-traffic incidences have amounted only 6.8% of externakcause
children, but have become the predominant cause of TBI cases in older adolestgotag

adults (Faul et al., 2010).

Proponents of neuroplasticity argue that young children sustain less sevagedsm
focal brain injury compared to older children and adults. This is because brain function and
structure is highly modifiable early in life, wherein intact healthyaegicould compensate and
assume functions of absent or damaged tissues. This enhanced plasticity in tErdglehin
has been elegantly described in detail by Margaret Kennard in monkeysnétgral focal
brain injury (Kennard, 1938; Kennard and Fulton, 1942). In rats, those that received
hemicortication early in life exhibited better behavioral outcomes than doltsand Tomie,
1988). While adult rats demonstrated significant deficits in the Morris waze (MWM) after
lateral fluid percussion injury (FPI1) (Prins and Hovda, 1998), injured weanlinghgtaktay 17
— P17) rats showed no deficits in MWM acquisition and recall when compared to shams. The
view of “younger is better” has been described as the “Kennard Principle.&udown some
cases of brain injury, the immature brain may show devastating developmeoatahesiiafter

injury compared to adults with similar injury severity. Hebb has shown that chikdtie frontal
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lobe injuries had more severe functional loss than adults with similar sizedsridebb, 1942).

In TBI, there are higher reported incidences of posttraumatic epilepsydrechwith TBI than

in adults (Annegers and Coan, 2000). Moreover, infants and toddlers, arguably the most plast
can suffer the most severe consequences of TBI (Ewing-Cobbs et al., 1997; Antlatson e
2005; Anderson et al., 2011), with persistent deficits in intellectual abilggary, and

processing speed.

What is it about children that can make their functional outcomes worse than adults? In
contrast to focal lesion injuries, TBI forces are applied generallyghot the brain; therefore,
reorganization may be diminished because there is little unaffected tidsuetur@l factors
among children can increase the likelihood for more generalized insults andffectiedabrain
regions, which may contribute to more severe end results. Early in developmeranthke c
bones are not yet fully-fused and have greater flexibility and compliamdestob traumatic
forces. The relatively larger size of the head among children supportedariajier sieck (the
mass of the head of a small child is 25% of the body mass) also increases thremistef
diffuse injuries. Furthermore, many brain regions are still undergoingmaieh during the
early stages of brain development. Unmyelinated fibers have been shown to be menabial
to injury impacts (Reeves et al., 2005). Lastly, frontal and subcortical regibick, ave centers
for capacities such as executive function, attention and memory, are mogiblesteci for
impact rotational forces after diffuse TBI in the young brain. Thus, the yobrgjarmay be
experiencing the traumatic impact more severely compared to a mataréhataxperiences the

same injury.
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Alternatively, with such high incidence rates, it is apparent that TBtdsranon
interruption of the course of normal development of children. Although most of TBlarases
mild and result in little to no long-term deficits, those who do sustain severeraeadht
demonstrate lasting impairments in a myriad of capacities, such asoatteméimory, learning,
social function, and behavior (Anderson et al., 2005). These deficits in partalaffect the
way children interact with their environment which then result in delayed atguisf skills
necessary for normal cognitive and behavioral development (Anderson et al., 201djenChi
who suffer significant TBI have persistent deficits in general inteld¢tinctioning and
executive functions (Babikian and Asarnow, 2009) and even quality of life in adulthood
(Anderson et al., 2011). Despite some recovery, children with severe TBI noalbblgtind in
neurocognitive performance to non-injured peers but also fall farther oveiEwneg-Cobbs et
al., 1997; Babikian and Asarnow, 2009), neither recovering back to their premorbgdrevel
achieving their potential. This disruption in development, in addition to the stiuettias,
may be attributed to the worsened outcomes in pediatric TBI compared to injury caifoome
adults. Interference with existing neural networks and the ability to fonmones through
coordinated synaptic activity (Hebbian learning) could lead to missed Igpgicads of
development. Throughout maturation, TBI early in life would then be expected toimesult
cumulative deficits because of the limited or altered skill set that injinittien would acquire,
which makes it difficult for subsequent consolidation of new skills and knowledge. TBbena
sending the immature brain into an altered developmental trajectory, wheremldnen “grow

into” their cognitive deficits and exhibit a developmental lag from non-injure pee

In his delivery of the Ingersoll Lecture in 1898, William James, an American

psychologist and philosopher, remarked: “Everyone knows that arrest of brain development
14



occasion imbecility, that blows on the head abolish memory or consciousness, andrthat bra
stimulants and poisons change the quality of our ideas.” Contemporary scientists hade echo
this developmental approach to injury of the brain, which was first declargahtgs, and argue
that the recovery of function is necessary after pediatric brain i(Giky2003). Functional
recovery needs to be assessed not only by the age at injury, but also through evaluation of the
developmental stage of the child before the injury, what skills were impaired,andsat what

time course do skills in normal development are acquired, if any, by the injured dbilger
predictors for TBI and recovery are the mechanism of injury, premorbid cognitiveaainohte
abilities, family function, and access to rehabilitation (Schwartz, 2003).intéraction of

cognitive and biological recovery processes must be considered in order to provige optim

treatment following injury.
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EXPERIMENTAL TBI

Experimental models of TBI have been developed to gain a better understanding of this
complex clinical problem. Although the primary biomechanical injuries sustaineatious
models of TBI may differ, the cascade of secondary cellular and physalldgimage that

follows have been shown to occur under similar conditions in both humans and animals.

The fluid percussion injury (FPI, Figure 2) is a highly reproducible and well
characterized diffuse model of TBI (Dixon et al., 1987; McIntosh et al., 1989; étrats 1996;
Thompson et al., 2005) that simulates many clinically relevant sequelae anh lnlosed head
injury. FPI has been shown to result in acute compromise of the blood brain barrigr (BBB
(Cortez et al., 1989; Soares et al., 1992; Schmidt and Grady, 1993) or progressae edem
formation without continued BBB permeability (Beaumont et al., 2006a), attesat cerebral
blood flow and metabolism (Hovda et al., 1991; Yoshino et al., 1991), and chronic neurological
motor and cognitive dysfunction (Mcintosh et al., 1989; Fineman et al., 2000;t@iza2605;

Reger et al., 2005; Whiting and Hamm, 2006).

Briefly, force is delivered onto the dura mater within a closed fluid systemfoiteeis
generated by a pendulum that impacts the piston of a fluid filled (0.9% salimg)esydireating a
21-23 ms fluid pulse through a craniotomy into the closed cranial cavity. The fluid pulse in t
causes movement and brief brain deformation that can trigger a series of psittiogtcal
responses. Adjustment of the pendulum hammer drop angle can change the magnitude of the
administered force (Prins et al., 1996; Thompson et al., 2005). The location of the cramotom

chosen depending on the scientific question in focus. When placed between the coronal and
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lambdoid sutures in the antero-posterior direction and laterally between longitadd lateral

fissures, this model is called tregeral fluid percussion injury.

Experimental animal models have also allowed further elucidation of thesfiutar
pathophysiology of TBI. Immediately after a biomechanical event, teene indiscriminate
release of excitatory amino acid (EAA) neurotransmitters, such as ghatafathologic
activation of EAA membrane receptors, particularly glutamate recepiolsN-methyl-D-
aspartate receptors (NMDAR),amino-3-hydroxy-5-methyl-4-isoxazole-proprionate receptors
(AMPAR) and kainate receptors, ensues and leads to massive ionic perturtizdi@tserized
by increased Kand Md* efflux and N4 and C&" influx (Katayama et al., 1990; Osteen et al.,
2001). The excess intracellular®Ceay be sequestered into the mitochondria causing further
energy failure (hypometabolism). Additionally, increased levels &fi@ay trigger cell death
mechanisms that can lead to free radical overproduction and apoptosis (Raghupathi, 2004).
These mechanisms have been attributed as the driving force for subsequesg¢dceeabral
glucose uptake (hyperglycolysis ~30 min) followed by a prolonged period obatieta
depression (7-10 days) after FPI in adult rats (Yoshino et al., 1991).

A progressive, diffuse pattern of cell death and axonal injury have been observed
throughout the brain after experimental brain injury, particularly in the padeipital cortex
and in hippocampal pyramidal cell layer CA3 (Povlishock and Christman, 1995; Halks et
1996; Conti et al., 1998). In the young rat, a diffuse model of FPI has been shown tio result
little to no cell loss (Prins et al., 1996; Gurkoff et al., 2006). However, thelerain regions
that remain structurally intact but become pathologically altered. Ndutgsfanction caused

by FPI even without significant cell death can evolve into lasting imgeaitsrin cognition,
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behavior and experience-dependent plasticity (Lyeth et al., 1990; Fineman et alGR2@0&x

al., 2005; Reger et al., 2005).

Figure 2. The Lateral Fluid Percussion Injury (FPI) Device
The insert shows the craniotomy location. An injury cap is cemented over thearanatd

the rat is attached to the injury device via the injury cap. From Dixon et al, 1987, with
permission.
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HIPPOCAMPAL VULNERABILITY

The most common cognitive impairments reported following TBI are in the areas of
learning and memory. The hippocampus, which is integral in learning and essential i
declarative memory formation, is particularly vulnerable to damage a@lerArequent
posttraumatic nonconvulsive seizures that occur acutely after TBI has beeataslswith
hippocampal atrophy measured at a chronic time point (Vespa et al., 2010). In vivo MRI has
revealed significant hippocampal atrophy in moderate to severe TBI p4liates2000;

Tomaiuolo, 2004) and have been shown to be highly associated with subsequent long-term
cognitive and behavioral deficits after TBI (Bigler et al., 1997). Howeegsigient deficits in
hippocampal function can still occur without overt pathology following TBI, espganall

concussive or mild TBI. Concussive or mild TBI makes up to about 75% to 90% of all reported
cases of human TBI (Kraus and Nourjah, 1988; Kraus et al., 1994) and resulting imfgairme
generally resolve spontaneously over several weeks, but some can last upear@feeythe

head injury in adults (McAllister, 2008). In children, significant deficits fropderate to severe

TBI involve perceptual coordination and processing speed, both of which recruit the
hippocampus (Anderson et al., 2005; Anderson et al., 2011). Impairments in these two domains
have been shown to be more severe in younger children compared to adolescents (Anderson et
al., 2005). Focusing on dysfunction in the absence of gross histological damage, this

dissertation will investigate FPI-induced impairments in the hippocampus youing rat.
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DEVELOPMENT AND PLASTICITY

Devel opment

It is important to understand what occurs in normal cerebral development as arbasis f
comprehending injury effects, as well as for developing treatments faringabrain injured
patients. In this dissertation, the rat model will be used to investigate ¢otsedf TBI on
developmental plasticity and recovery. A myriad of behavioral measures atidnes
functional outcomes after normal development and after injury have also been deewirstra

rats.

Figure 3 shows the timeline of cerebral development in rats and a comparaiiteetim
humans (Kolb et al., 2000). Like many mammals, the rat brain originates fromahtnber
which is the embryo’s precursor to the central nervous system. Cells arecimatadly form the
cortex begin to be generated on embryonic day 12 (E12) until E21. Rats are born on day 22
(postnatal day 0 — P0), with neurogenesis already completed. Generatedgralis o
appropriate locations, from the first week after birth until about 7 to 10 days of agesganddb
differentiate. Cell differentiation is almost complete by eye openib§)(Put neuronal

maturation still continues and peaks for another 2 to 3 weeks then declines.

Identifying critical developmental events, such as neurogenesis, ¢mmpécell
migration, maximum dendritic growth, and maximum synaptic density, can be usedpareom
this animal rat model to humans and other species. Note that the rat cerebasnlévétoped
at birth compared to the human brain, and that the first week of life is approxintateiglent
to the third trimester in humans. Maximum dendritic growth occurs around 2 weeks ftiom bir

in rats, which corresponds to around 8 months in humans; whereas synaptogenesiseaeks ar
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P35 in rats and 7-8 years in humans. Injury at various time points during these demtdbpme
stages has been shown to result in different functional outcomes by disruptiragettterty of
neural network formation and maturation (Kolb and Tomie, 1988).

Plasticity

Having plasticity has been generally viewed as being beneficial iabpatterms of
recovery from injury or disease. To be able to adapt to changing external culesrease
chances for survival in demanding circumstances. The younger brainemashiosvn to possess
higher levels of plasticity, exhibiting resilience to insults and rapid reg@fter injury. For
instance, young rats that received hemicortication exhibited better betiaittomes than
adults (Kolb and Tomie, 1988). While adult rats demonstrated significant defittis Morris
water maze (MWM) after lateral fluid percussion injury (FPI) (Pand Hovda, 1998), injured
weanling (postnatal day 17 — P17) rats showed no deficits in MWM acquisition ahdviesra
compared to shams. This enhanced plasticity in the developing brain has beencfitstdi@s
detail by Margaret Kennard in 1942 in monkeys after unilateral focal injany. The view of
“younger is better” has been described as the “Kennard Principle.”

Cerebral plasticity is described as the capacity of the brain tatalstructure and
function in reaction to environmental diversity (Kolb et al., 2011), a concept which cacée tr
to the Hebbian postulate. For instance, housing animals in complex, enriched envirgafents
has been shown to alter neuronal morphology and enhance cognition and behavior (Rosenzweig
et al., 1972, Greenough, 1976, Rosenzweig and Bennett, 1996). In much of his work, Kolb has
investigated many aspects of neural plasticity using EE as an assastaitylthat will be
discussed here (Kolb et al, 2011). EE-induced changes are age-dependent. When Kolb and

colleagues placed weanling, adult, or senescent rats in EE for 90 days, all grodestetani
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enhanced synaptic changes with increased dendritic arbors. But some einenegdidferent for
the different age groups. The increases in dendritic arbors were highestiaanling
compared to the adult and senescent rats. In contrast, while adult and senasskeotved
increased spine density after EE exposure, the weanling rats showed a de@gp@asedensity
(Kolb et al., 2003). Newborn rats given early tactile stimulation on with a soft bhush,times
a day for 10 days, have also displayed similar decrease in spine density (Koliblan2i0&0).
Additionally, there are sex differences in spine density responses BftaiRile adult females
showed increases in spine density in the parietal cortex after EE expesandng females
showed decreases in parietal spine density (Kolb et al., 2003).

Plastic changes can be time- and region-dependent. When placed in EE in varying
intervals of 4, 8, or 16 days, Comeau and colleagues have demonstrated that theraesia trans
dendritic length increase in Golgi-stained neurons in the prefrontakcaiter 4 days of EE but
was not observed after 16 days of EE. However, in the sensory cortex, increabéctde
arborization seemed evident in all EE intervals (Comeau et al., 2010). Moreg@ezicege-
dependent changes accumulate and interact, which is also known as metgplaghein
methylphenidate and amphetamine were administered to weanling and aduéisectively,
then exposed to EE, the drug blocked EE-induced changes in dendritic arbors. Although the
drugs themselves did not show any disturbance in physiology or morphology, it is thetioter
with the pharmacology and EE that resulted in impaired experience-dependaaitypl@olb et
al., 2003). In many cases of experimental TBI in adult rats, EE exposuré#sealfiown
expected enhancements in neuroanatomy and improved outcomes. In several cases, only
combined effects of EE and drug treatment or task-specific neurobehavjpedakaxe have

been demonstrated functional improvement after injury (Hoffman et al., 2008). Mdikyriabi
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TBI adult rats and acquisition of spatial learning in the MWM significantly awgd when
animals were also exposed to EE during the behavioral tests (Matter2ét11). However, EE
after developmental TBI has failed to induce gains in cortical and behaviastitpy (Fineman
et al., 2000; Giza et al., 2005).

Lastly, since the benefits of plasticity are contingent upon the nature sifrthéi or
experience, not all plasticity is good. For instance, when rats have stty@ay, there is
increased number of synapses in the medial prefrontal cortex that corréfateshvanced
cognition. However, when rats are given repeated doses of nicotine, a psychsimmtiant,
lasting cognitive and behavioral dysfunctions arise, but increases in egnapke medial
prefrontal cortex are also observed (Kolb et al., 2011). Therefore, the resporgeaded

synapse number can have a dichotomous nature and may not always be good.

Children affected with TBI are known to develop long lasting cognitive and behaviora
impairments (Babikian and Asarnow, 2009), and they are more susceptible taptaitra
epilepsy (Annegers and Coan, 2000). Furthermore, infants and toddlers, arguablyheaving
most neuroplasticity, seem to have the worst developmental outcomes @&téngesignificant
TBI as compared to adults (Ewing-Cobbs et al., 1997; Anderson et al., 2005). Our current
understanding of pediatric traumatic brain injury (TBI) suggests that ‘yousmiget always
better.” Understanding the interplay between the developmental stages @lthanolr plasticity

can better elucidate underlying mechanisms and outcomes in TBI.
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Figure 3. Schematic lllustration of Brain Development in Rat and in Human
Abbreviation: E = embryonic day; P = postnatal day; mo = month; yr = year. Hexagosa
indicate main cellular events. Adapted from Kolb et al., 2000, with permission.
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GLUTAMATERGIC NEUROTRANSMISSION

In 1949, Hebb hypothesized that neural circuitry can be formed and strengthened by
repeated coordinated activity of the presynaptic and postsynaptic cefighdtsignals generated
by synaptic response associated with experience that initiate theitormiabheural circuits.
These signals that allow neurons to communicate with each other include dise adlehemical
messengers called neurotransmitters. In response to stimuli, an dleufridae generated in
one cell causes influx of €aions and subsequent release of these neurotransmitters. The
neurotransmitter diffuses across the synaptic cleft and stimulateslatarthe postsynaptic cell
through its interaction with the receptor proteins. These neurotransmittdr®lproteins called
receptors to evoke electrical responses through opening and closing of pogtsgnajtannels.

Postsynaptic receptors could be from either of two families: ionotropic taboteopic.
lonotropic receptors have two functional domains: an extracellular site fartraamitter
binding, and a transmembrane domain that forms the ion channel. Their structure obnsists
multimers that have four or five subunits, each of which contribute to the pore of tharoreth
They are also called ligand-gated ion channels. The second family is thetrogier receptors
that do not have ion channel domains in their structure. Among many things, metabotropic
receptors affect channels by activating intermediate moleculés] €&lproteins. These
receptors are monomeric proteins with an extracellular ligand bindingngitan intracellular
domain that binds G-proteins. Neurotransmitter binding to metabotropic receptocsicaie a
G-proteins that dissociate from the receptor and interact directly witbrifehannel or affect
ion channel action indirectly through other effector proteins, such as enzymesbolvigpic

receptors can also have effects independent of ion channels. For instancantaetyvate
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kinases or lipases that alter intracellular molecules by phosphorylation, deplytspgrand
cleaving lipids.

Glutamate is the major excitatory neurotransmitter in the mammalmrakceervous
system. Its action on large families of metabotropic and ionotropic receptoteial in many
forms of synaptic plasticity, such as long-term potentiation (LTP) and longelepression
(LTD), which mediate learning and memory formation. lonotropic glutameépters have
been identified based on the synthetic agonists that activate them: N-Dedbphrtate
(NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole-proprionate (AMPA), and kainate.
Therefore, these receptors have been candidate targets for treatiiityeagpairments that
result from injury or disease. This dissertation examines the responskanhage receptors
NMDA and AMPA, as well as the secondary effectors that are assbaiateNMDAR or

AMPAR after diffuse TBI and their roles in mediating experience-dependastiqity.

NMDAR

Composition

The NMDAR is a cation channel permeable td N&, and more so to Ga Full
activation requires binding of 2 glutamate molecules to NR2 subunits and 2 glycemuhaslito
NR1 subunits. Under normal conditions, the resting (polarized) NMDAR can be opened by
glutamate but is voltage-gated. The presence df Kpses an open channel block, wherein the
pore is permeated but there is no passage of ions across. When depolarization accurs, thi

removes the Mg block and allows full ionic flow.
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The NMDAR is a heteromeric assembly containing 4 subunits, usually compa&ed of
NR1 and 2 NR2 or NR3 subtypes. NMDARs may consist of the following subunit complexes:
NR1/NR2, NR1/NR3, or NR1/NR2/NR3. The NRL1 transcript can be spliced to produce 8
distinct isoforms at three sites in the subunit protein, one in the N-terminus arteZn t
terminus. Four separate genes make up NR2 (A-D) and 2 genes produce NR3 $AbB)pes
The NR1 subunit is a necessary constituent for a functional receptor, whereathe N3
subunit confer modulatory properties that regulate glutamate senatintghannel opening
(Ishii, 1993; Cull-Candy et al., 2001; Low and Wee, 2010; Benarroch, 2011). Forcastdren
NR3 complexes with NR1, it forms a glycine-responsive NMDA receptor thatrehdesquire
glutamate. Table 2 summarizes the NMDAR subunit function and distribution. For @)stanc
predominantly NR2B-containing NMDARSs are more sensitive to glutamatg (EC3uM),
conduct larger currents (peak current = 667 nA) and have a longer deactivation titaatgons
= 300 ms) than NR2A-containing NMDARSs (Ef& 2.1uM; peak current = 364 nA;= 50 ms).

NR1/NR2C NMDARs have similar deactivation constant to NR28 280 ms), while

NR1/NR2D receptors are open much longer than thetresL (7 s) (Scheetz and Constantine-
Paton, 1994; Cull-Candy et al., 2001). The diversity of NMDARs depends on the RNA splicing

of NR1, the type of NR2 subunit, and the presence or absence of the NR3 subunit.

The developmental stage of the brain, how the NMDARs are cellularly localized, and
what environmental cues are being experienced can dictate NMDAR subunitrrandbe
composition, and therefore NMDAR function. During normal development, NR2B subunit-
containing NMDARs predominate. Over time there is a decreasing, but significatribution
from NR2B to the synaptic current, which is associated with the increage2A Monyer et

al., 1994; Flint et al., 1997; Laurie et al., 1997; Roberts and Ramoa, 1999; Cull-Cahdy e
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2001). Depending on the brain region, NR2A begins to be expressed during the second and
third postnatal weeks (Monyer et al., 1994; Sheng et al., 1994; Wenzel, 1997) and goes on to
exceed NR2B expression in adulthood. NR2C is not detected in the whole rat brain until around
weanling age (postnatal day 20) up to adulthood, during which is predominantly edpnesse
cerebellar granule cells. Lastly, similarly to NR2B, NR2D is highiyressed early in

development in the diencephalon and brain stem and diminishes during maturation (Ldwrie et a

1997; Cull-Candy et al., 2001).

As for the recently cloned NR3 subunit (Low and Wee, 2010), NR3A is only detected in
the fetal rodent brain until two weeks postnatally, whereas NR3B gradualdasss over
development. There are very low levels of NR3A in adult rodent cerebrum and NR3A-
containing NMDARs are only localized in sparse thalamic and pontine nuclei and thdadany
Higher NR3A levels can be detected in the rat spinal cord (Eriksson et al., 2007).N\RBA
co-assembles with NR2A, the NR3A subunits reduces channel conductance (CyleCaind
2001). NRS3B protein is widely expressed in the brain and spinal cord, particularly in the
hippocampus, cortex, projection neurons and interneurons of the striatum, and the cerebellum
(Low and Wee, 2010). NR3B is detected in both neuronal and non-neuronal cells. hygresti
NR3 subunits are quite similar to NR1 subunits that can bind glycine rather thanajkita
Therefore, NR3-only containing NMDARSs form excitatory glycineweted receptors
independent of glutamate action.

Experience and environmental cues can also induce the NR2B-toNR2A shifiultin a
rats, genes that regulate NR2A and NR2B expression in the hippocampus increaseiteit
and chronic voluntary periods of exercise (Molteni et al., 2002). Eye opening and visudl sti

can induce increases in NR2A. But this enhanced NR2A expression can be delayetsedre
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by dark-rearing (Quinlan et al., 1999a; Quinlan et al., 1999b). Nurturing mateheviors,
such as arch-back nursing and high frequency of licking, correlate with iedrB&2A levels in
rats (Liu et al., 2000). NR2A-containing NMDARs are primarily found in the synapgsreas
NR2B is expressed both synaptically and extrasynaptically. Activatidresétrespective
NMDAR pools can induce very different cellular responses. Activation of SgidptDARS
has been demonstrated to promote neuroprotection by triggering pro-survival signaysa
that include cAMP response element binding protein (CREB) dependent genaiexpres
(Papadia et al., 2005) and brain-derived neurotrophic factor protein (BDNFEssion.
Extrasynaptic NMDA activity inhibits pro-survival pathways and promoteEE inactivation
as well as blockade of BDNF transcription, when concurrently activateédswiaptic NMDA

(Hardingham et al., 2002).

Structure

The NMDAR structure consists of two large extracellular aminojNNHterminal
(NTD) and agonist-binding domains (ABD), a pore membrane domain with threménausane
segments (M1, 3 and 4) and a re-entrant loop (M2), and an intracellular carboQHJE
terminal domain (CTD) that contains phosphorylation sites (Figure 4A). TbBedditains
allosteric modulatory sites for hydrogen ions and polyamines in the NR1, zf{} ifzthe
NR2A subunit, and ligands such as ifenprodil, an NR2B-selective antagonist, in 282 NR
subunit. The pairing of two discrete segments (S1 and S2) forms the bilobed ABD. The
resulting cavity between the lobes constitutes the binding sites fomgligar glycine. The M2
segment lines the pore membrane domain and contains an asparagine (N) resislgeuttial
for ion selectivity, particularly for Ga permeability and Mg sensitivity. This asparagine

residue is also a binding site for several NMDAR blockers, such as mamdiamine,
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MK801, and phencyclidine (PCP). The extracellulafMgcalized in the channel pore voltage-
gates the NMDAR. Lastly, the CTD contains phosphorylation sites for variougitres
influence activity-dependent modulation of NMDARs (Furukawa et al., 2005; Baoidt
Neyton, 2007; Chaffey and Chazot, 2008; Benarroch, 2011). In the NR1subunit, the CTD has 2
sites for gene splicing that can result in variant NR1 forms (C1 and C2 segments).

The NMDAR have been shown to assemble disner of dimers depending on the
interactions between different domains. The arrangement NR1/NR1/NR2/R/2 &dir
formation of either homo- or heterodimers. Functional dimerization depends on the NiR2 of
or NR3 present in the receptor. Figure 4B shows the top view of an NMDAR with the

quaternary arrangement.

Allosteric modulation

There are several modulatory sites in the NMDAR that affect the chamaébiu, which
include polyamine site, Zfisite, proton-sensitive site, and a redox modulatory site (Figure 4C).
Depending on the NR1 and NR2 subunits present, endogenous polyamines like spermidine and
spermine, can either stimulate or inhibit NMDAR currents. Zinc inhibits NR2Ain a
voltage-dependent manner. Zinc, however, is released with glutamaté'byePandent
exocytosis and may play a physiological role in NMDAR inhibition. Protorisihd to the
proton-sensitive site on the NTD of the NR1 subunit also inhibit NMDARs. The redox
modulatory site is located in the NTD of NR2 subunits. Nitric oxide (NO) reattisive
cysteine residues, which also inhibits the NMDAR. (Paoletti and Neyton, @b@ffey and

Chazot, 2008; Benarroch, 2011).

30



Trafficking

Synaptic NMDARs are localized in the postsynaptic density (B8B) are part of a
large macromolecular signaling complex This complex includes scaffoldingdapdor
proteins that connect the NMDAR to the cytoskeleton and downstream effectongpaotdito
metabotropic receptors. PSD scaffolding protein 95 kDa in size (PSDiRSXtie NR1/NR2
receptors to signaling effectors, such as calcium-calmodulin kain@SAMKII), protein kinase

A (PKA), protein kinase C (PKC), and NO synthase, in mature synapses.

Functional receptors are assembled in the endoplasmic reticulum and are tedrtspor
then synapse via microtubules. The number and subunit composition at the cell surfads depe
on the balance of subunit insertion and clathrin-mediated endocytosis based on the
developmental stage and neuronal activity. Furthermore, the activityabagesynaptic or
extrasynaptic targeting, insertion, and retrieval of NMDARSs depend upon tifeking signals
intrinsic to the subunits that are present. NR1 phosphorylation by PKA and PKC promotes
NMDAR trafficking to the plasma membrane. On the other hand, NR2 phosphorylation by
protein tyrosine kinase Fyn prevents clathrin-mediated endocytosis. xpesuee by glutamate
dephosphorylates this tyrosine site and promotes rapid receptor internalizatioity-Ac
dependent protein degradation by ubiquitin protomease cascade can also afftot reenber
and composition. Increased synaptic activity enhances NR1 and NR2B turn ovéangésul
higher levels of NR2A and PSD95 at the synapse. Please see Lau et al. (200&)itw af

the molecular mechanisms of NMDAR trafficking (Lau and Zukin, 2007; Benarroch,.2011)

2PSD is a protein dense region that concentratey meurotransmitter receptors, kinases and phoagésin close
apposition to the presynaptic neurotransmitteragdezone in the synaptic cleft. This structurevslved in signal
transduction, wherein kinases and phosphatasesflurence protein expression in the dendritic spnare
transported in the nucleus (Purves et al., 2004).

31



Synaptic plasticity

The NMDAR functions as a coincidence detector due to the voltage-gating of the Mg

block. This is crucial for experience-dependent synaptic activity like lemg-otentiation

(LTP) or depression (LTD). Activation of NMDARs increases intracellGi?, which

activates kinases, such as CAMKII, and phosphatases, such as calcineurin. |@Addigted

phosphorylation of GluR1 AMPARSs promote their synaptic insertion, resulting ieased

AMPAR conductance and LTP. Calcineurin, on the other hand, can in turn dephosphorylate

AMPAR and promote receptor internalization, which results in LTD. An optima

NMDAR:AMPAR ratio is typically maintained depending on neuronal activityl(Candy et

al., 2001; Lau and Zukin, 2007; Paoletti and Neyton, 2007; Benarroch, 2011).

Table 2. NMDAR Subunit Function and Distribution
From Benarroch, 2011, with permission.

Subunit Type NR1 NR2 NR3
Variants 8 splice variants NR2A-D NR3A-B
Function in Obligatory NR2A or NR2B are the most Activated by binding of
NMDAR common glycine only
Binds glycine Bind glutamate
Dictates receptor kinetics Inhibits Ca**
Binding site Glycine Glutamate Glycine
Modulatory Polyamines zn** ?
sites
Protons Redox site
NO (nitrosylation) site
Predominant Postsynaptic density NR2A: PSD Dendritic spines during

location

Predominant
distribution

(PSD) and
extrasynaptic

Throughout the CNS

NR2B: Extrasynaptic (NR2A/NR2B
ratio increases in adult brain
Hippocampus (NR2A, NR2B)

Neocortex (NR2A, NR2B)

Cerebellum in Purkinje cell (NR2A,
NR2C), molecular (NR2B) and
granule cell (NR2C) layers
Cortical interneuron (NR2C)

Brainstem (NR2C)

development
Oligodendrocytes
Neurons

Oligodendrocytes
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Figure 4. NMDAR Structure

Schematic diagrams of NMDAR heterodimer structure (A), tetransenasly (top view) (B),
and heterodimer sites of modulation (C). Each NMDAR subunit consists of elilieacit
terminal domain (NTD), agonist-binding domain (ABD), pore membrane domain, and a C
terminal domain (CTD). Adapted from Paoletti et al., 2007 and Benarroch, 2011, both with
permission. Gray bar indicates the plasma membrane.
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AMPAR

Composition

The AMPAR is also a cation channel permeable t0,Q¢8’, and K. The functional
properties of AMPARSs also depend on the subunits that assemble as homo- or heterstetram
(GluR1-4). Most AMPARSs are heteromeric receptors that assembimas of dimers
containing 2 GIluR2 and 2 GluR1 or GIuR3 or GluR4. AMPARs are found in both neurons and
glia as heteromers containing GIluR2. GIuR1 and GIuR2 subunits are highlysexjpireshe
hippocampus and cortex, with only low levels of GIUR3 and GluR4 detected in these regions.
Mature pyramidal cells primarily express heterotetramerdwuiR Gand GluR2 (Isaac et al.,

2007).

Development, synaptic activity, and injury can influence thé-parmeability and
subunit composition of AMPARS, via the regulation of the GIuR2 subunit expression. During
the first postnatal weeks of neocortical development, during maximal synagsegand
increased expression of spiny neurons, GluR1 levels are higher than GluR2, whigbesicre
rapidly during the first week after birth. Additionally, GABAergic inteunons also express
primarily GluR2-lacking AMPARSs during developmental stages. GluR2amoing AMPAs are
impermeable to G4, and this suggests that AMPARs play a crucial role in developmental
synaptic function (Pickard et al., 2000; Kumar et al., 2002a; Cull-Candy et al.,|2886¢t al.,
2007). Synaptic inactivity due to tetrodotoxin (TTX), highdt AMPA-blockers have been
shown to increase the expression of ‘Geermeable (GluR2-lacking) AMPARS in the

cerebellum, visual cortex and hippocampus. Synaptic potentiation, on the other hand,sincrease
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the proportion of GluR2-containing AMPARS in hippocampal slice cultures (Guld¢ et al.,

2006).

Structure

AMPAR subunits consist of an extracellular N-terminal domain (NTD), aniay
binding domain (ABD), a pore membrane domain that includes three transmembrames protei
(M1, M3, and M4) and a re-entrant loop (M2) that lines the channel pore, and a cytoplasmic C
terminal domain (CTD), similar to NMDARSs (Figure 5). The pairing of twordigcsegments
(S1 and S2) also forms the bilobed ABD, which contains the glutamate binding site. Eac
AMPAR subunit can vary due to alternative splicing and RNA editing. PartigusrAMPAR
subunits exist as two splice variants, known as flip and flop. The flip/flop splicettesiss
found between M3 and M4, and it determines the speed of desensitization and resemsifizat
the receptor, as well as rate of channel closing. GluR2-containing AMPABs\&ec
impermeable to Gadue to editing of the GIuR2 mRNA glutamine (Q) to arginine (R). This

Q/R editing site is located at the top of M2 (Cull-Candy et al., 2006).

Trafficking

Translation and dimerization of AMPAR subunits occur in the endoplasmic reticulum
(ER). AMPARSs are continuously internalized (endocytosed) and inserted in th@plasm
membrane. Surface AMPARs are moved to the synapse via lateral diffusiontaliwkestay
postsynaptic density scaffolding proteins. Depending on the subunits present, rezeptors
trafficked to synaptic or extrasynaptic sites. The C-terminal domaimbay binding sites of
protein interactions and phosphorylation sites that influence trafficking oétleptor. The PDZ

binding site on GluR2 binds PICK1 (protein interacting with C kinase) and GRIPn(gitda

35



receptor interacting protein). GRIP keeps the receptor in place, whereadIBWslraovement
of the receptor in and out of the plasma membrane. Phosphorylation of GluR1 by CAMKII and
PKC during LTP promotes translocation of GluR1-containing AMPARS to the syn&isR1

has 4 phosphorylation sites (serine 818, S831, threonine 840 and S245).

Polyamine modulation

Polyamine and polyamine derivatives, which are either extracellularlyedpmliare
intracelluarly endogenous, can block GluR2-lacking AMPARs. Development andquatiabl
conditions changes polyamine availability in the cell, which affect AMPAR funisaiac et al.,
2007). The polyamine spermine is greatest in immature neuron during the developragetal st

when cells contain mostly &apermeable AMPARSs.

Synaptic plasticity

AMPA receptors mediate fast excitatory neurotransmission and have haeraied in
synaptic plasticity and learning and memory (Cull-Candy et al., 2006)-p&emeable
AMPARSs play a crucial role in the maintenance of NMDAR-dependent it Brapses. In
basal conditions, most AMPARS in the synapses contain GIuR2 subunits. After induction of
LTP, GluR2-lacking AMPARSs (primarily GluR1-containing) are trandieimserted into the
postsynaptic membrane, which promoteé'@aflux and signal propagation. Additionally, €a
influx through these receptors is important in the subsequent regulatory insertidi-of Ca
impermeable AMPARs (Kauer and Malenka, 2006). Activation &f-parmeable AMPARS
has also been shown to lead to NMDAR-independent LTP and LTD in inhibitory internaurons i
the basolateral amygdala and hippocampus. Mossy fiber- interneuron synapses anCA3 ¢

contain populations of either GluR2-lacking or GluR2-containing AMPARs. Although Ca
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entry via AMPARSs is modest compared to that through NMDARs, AMPAR-mediated

transmission still plays a crucial role in development, neuroplasticity ape.
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Figure 5. AMPAR Structure
Schematic diagram of the AMPAR. (A) Each subunit consists of extrardNuierminal

domain (NTD), agonist-binding domain (ABD), a pore membrane domain, and a @akrmi
domain (CTD). (B) A heterodimer with Glur2 and Glul or Glur4 or Glur4 subunits and CTD
sites of phosphorylation and protein interaction. Gray bar indicates the plasmaamembr
Adapted from Fleming and England, 2010, and Gouaux, 2003, both with permission.
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Second Messenger Targets and Effectors

Hippocampal-dependent learning requires the activation of NMDARs and ABIPAR
which allows the influx of Cd into the postsynaptic neuron. Intracellular calcium in turn
activates various protein kinases that facilitate memory formation, sweticasn-calmodulin
protein kinase (CAMK) and extracellular signal regulated kinases (EERKs are also known
as mitogen-activated kinases (MAPK). These kinases, as well as adammsftfector of ERK
(cAMP response element binding protein — CREB) are implicated in longgastanges in
brain activity, such as long-term synaptic plasticity and spatialifea(Purves et al., 2004).

Figure 6 shows NMDAR-mediated action on these secondary messenger targéectomg.e

CAMKII is a calcium activated enzyme that is highly abundant (1- 2% of totadipjan
the brain. This enzyme constitutes about 30-40% of the protein in the PSD, whepirmally
located to function as a functional protein at the synapse (Lisman et al., 2002KIICaite
activated, it autophosphorylates and then translocates to the PSD and biineistlip the
NMDAR. Upon arrival in the PSD, CAMKII can continue to be active without further
calcium/calmodulin activation and this is considered to be a mechanism in strength
synapses and forming memories (Lisman et al., 2002; Purves et al., 2004). Autopfiasphor
of CAMKII leads to strengthened binding of CAMKII to NMDAR subunit NR1 or NR2B, Whic
regulates kinase activity. After CAMKII binds to NR2B, it remainsvaceven after CAMKII
dissociates from its phosphate group. This type of activation propagates autophasphari/l
CAMKII. Lee et al. have demonstrated that CAMKII a necessary medimtdrP, as well as in

synapse specificifiin living neurons (Lee et al., 2009). Additionally, CAMKII has been shown

% Synapse specificity entails that “only synapses #ne activated become strengthened, and neigltbsyhapses
located on a micrometer or two away on the sameonenemain unaffected” Thompson SM, Mattison HAG2D
Secret of Synapse Specificity. Nature 458:296-297.
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to have a role in the trafficking of AMPARs in the PSD. CAMKII phosphorylates AREat
the serine 831 site, which increases the channel conductance and synaptit. sGAMKII can
also facilitate membrane AMPAR integration through the exocytosisdafsemes containing
AMPARs. This results in the increase of AMPARS in the synapse to promot@é_Lshifan et

al., 2002) and confer synapse specificity during synaptic plasticity.

The ERK pathway, synonymous with the MAPK pathway, are involved in
differentiation, proliferation or apoptosis in mammalian cells and have been shown to be
necessary in associative learning (Atkins et al., 1998; Purves et al., 2004sTaodhHuganir,
2004). In the ERK pathway, Ras activates c-Raf, followed by ERK 1/2 regelatirvival and
axonal growth. This pathway is important in spatial learning and hippocampus-dependent
memory formation. Ras and raf are part of protein families found insidearellare involved in
signal transduction. On the other hand, regulation of MAPK c-Jun N terminal kiiNisg{as
been shown to mediate cell stress or death. Activated JNK is evident in apoptotic aedrons
glia. Elevated levels of JNK precede neuronal cell death after glolealrakischemia

(Raghupathi, 2003).

The cAMP response element binding protein (CREB) is a ubiquitous transcriptional
activator that is normally bound to its binding site on DNA, called cAMP responserdle
(CRE). Itis usually found as a homodimer or bound to another, closely related priaorscri
factor. Only when CREB is phosphorylated that it has transcriptional gctRKA and the Ras
pathway phosphorylates CREB. Increased intracellulat &a also phosphorylate CREB,
wherein CRE site is activated. Here CRE is also called the CaRERi(oaksponse element)

site. C&"*-mediated phosphorylation of CREB is mainly due to CAMKIV and ERK. The CREB
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phosphorylation must be long enough in duration for transcription to occur, even if only

increases in G levels are transient (Purves et al., 2004).

Hippocampal synaptic plasticity can be perturbed by disturbances in these sgconda
messenger targets and effectors. CAMKII is necessary for LTP indudtibitition of ERK
activation blocks LTP maintenance in the hippocampus (English and Sweatt, 1998;&itél.,
1998). Inability to activate ERK may prevent CREB-mediated gene expreddrain derived
neurotrophic factor (BDNF). Sustained phosphorylation of CREB is involved in the amgtivati
of genes that promote enhanced cognition, such as BDNF (Finkbeiner, 2000), and neural

protection and recovery from injury (Griesbach, 2004).

40



Outside cell

Inside cell

i \
{ (P> (P)  Target genes ]
| {e.g. BDNF) i
‘\ DMNAC I I I R .f
5 B ’
o &
\\ -~

—_——— =

Figure 6. NMDAR-Mediated Secondary Effectors

Simplified schematic of NMDAR activated secondary effectors alurcisynaptic plasticity.
Once activated, NMDAR allows &3to enter the cell. Gacan activate calcium-dependent
kinases, such as CAMKII and IV, which in turn can phosphorylate (circled P) deamst
targets (e.g. Ras, ERK, and CREB). CREB activation leads to transcriptiontafget genes,
like BDNF that is important in cell survival and synaptic plasticity. Adhftem Thomas and
Huganir, 2004, with permission.
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Glutamatergic Neurotransmission and Developmental TBI

Following TBI, the increase in intracellular calcium has been attributed tctivation
of NMDARs and AMPARSs, which has been shown to change as a function of time post-injury
brain region and age. NMDAR activation dramatically increases 15 minutegx@fterimental
TBI in adult mice (Biegon et al., 2004; Schumann et al., 2008), followed by diminishedARMD
expression (hours to days) in cortex and hippocampus (Biegon et al., 2004). A decrease in
NMDAR binding has been reported three hours post-injury in the hippocampus and neocortex
(Miller et al., 1990), and reduced protein expression occurs as early as 6fteur8 a(Kumar
et al., 2002a; Osteen et al., 2004). This downregulation lasts even longer in the deweloping
In postnatal day 19 (P19) rats that sustained a lateral FPI, the NR2A subunit isrogeiuced
by 40% in the ipsilateral hippocampus during the first post-injury week @ialk, 2006). This
molecular response has correlated with reduced electrophysiologiwatiactithrough
hippocampal NMDAR. FPI in young rats showed reduced amplitude of NMDA-teddia
excitatory post-synaptic currents (EPSCs) (down 40-50%) in hippocampal CAhsewiso,
application of subunit specific inhibitors isolating NR2A currents showed tha¢dueed
NMDA current is due primarily to a 50-60% loss of NR2A-mediated currents €Li,&2005).
Furthermore, the post-TBI alteration of NMDARs has been shown to functionalijestaas a
loss of plasticity in the young rat. Rats that received FPI at P19 failedwoEdhanduced
anatomical (increased cortical thickness, expanded dendritic arborizattbodpgnitive
enhancements (improved spatial learning in the Morris water maze), wheshdsstoung adults
(Fineman et al., 2000; Ip et al., 2002; Giza et al., 2005). The period of diminished neural

plasticity within one week post-FPI in the developing brain coincides with iegpaiorking
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memory (Reger et al., 2005), as well as with the critical period of nes@bmsiveness to EE-
rearing (Giza et al., 2005).

In post-kindled and post-ischemic pyramidal cells’ @@rmeable AMPARs are re-
expressed when spines are withdrawn. Brain injury due to ischemia has demanstrat
downregulation of GIuR2, as well as suppression of enzyme, ADAR2, normally respdaoisible
the mRNA GIuR2 glutamine (Q) to arginine (R) editing at the nucleus Caridy et al., 2006).
After FPI in adult rats, there is an increase if"@ermeable AMPARS, as well as a decrease in
GluR2 levels (Bell et al., 2007; Bell et al., 2009). In a closed head injury model oGTER 1
levels increased in the hippocampus ipsilateral to the injury 15 minutes afied ¢lead injury
(weight drop) (Schumann J. et al., 2008).

The global changes in calcium signaling following TBI suggest that downstrea
signaling molecules would also be affected. TBI induces change in CAMKI|dirst with an
initial increase followed by a long lasting reduction, that is assdoiete impaired cognition
and experience-dependent plasticity (Glazewski et al., 2000; Schwiaethalc, 2006; Wu et al.,
2009, 2011). FPI induces transient increases in phosphorylated CAMKII (Atkins et al., 2006;
Folkerts et al., 2007) and total CAMKII in the hippocampus and cortex ipsilatettad injury
site (30 minutes) (Atkins et al., 2006; Folkerts et al., 2007). Additionally, downs&#aohors
of CAMKII (GIluR1 and cytoplasmic polyadenylation element-binding protein — GREB
increase phosphorylation states in synaptic samples post-injury. CPEB ethed@anslation
of dendritic mMRNAs during hippocampal LTP 30 minutes after FPI and returns tdehgmby
4 hours (Atkins et al., 2006). This suggests that the aberrant increase of autophosphorylat
CAMKII can result in loss of synapse specificity of neuronal activationpgada role in deficits

long term memory formation. In CNS injury, ERKs have a different pathophygialog
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response. Following TBI, ERK1/2 is activated in injured cortical neurons, assnreinia

neuronal cells in cortex, hippocampus and thalamus, as early as 3hrs lasting up to 3 days
(Raghupathi, 2003). Pre-injury treatment of phosphorylated ERK inhibitor was shownde redu
ERK activation and the extent of cell death, but worsened cognitive and motoisdefical

animals (Dash et al., 2002). Long lasting deficits in ERK activation havedbesvn after FPI

up to 12 weeks after injury (Atkins et al., 2009). JNK activation, in contrast, was not abserve
injured regions nor correlated with trauma-induced cell death (Raghupathi, 2@y, after

FPI1in adult rats, phosphorylated CREB is decreased from one week after Gijegb@ach,

2004). This reduction have been shown to persist up to 12 weeks (Atkins et al., 2009). Table 3

briefly summarizes glutamate-mediated responses following TBI.

Table 3. Summary of TBI-Induced Glutamate-Mediated Responses

Target Post TBI response

NMDAR Transient increase in activity followed by lasting reduction in activation (up to 1 week)

AMPAR  Adult rats: Increase in Ca**-permeable AMPARSs (GIuR1 increases); and decrease in
Ca”**-permeable AMPARs ( GIUR2 decreases)

CAMKII  Transient increase followed by long lasting reduction (up to 1 week)
ERK Lost lasting reduction in activation (up to 12 weeks)

CREB Long lasting reduction in phosphorylated CREB (up to 12 weeks)
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NMDAR AS TARGET FOR THERAPEUTIC INTERVENTION

To protect the brain from the acute excitotoxic effects of indiscrimirciiteation of
glutamate receptors, NMDAR inhibitors have been used as a therapeutic imbarvetite TBI
setting. Although this approach has been implemented successfully in expalrmeaié|s of
TBI (Rao et al., 2001; Schumann et al., 2008; Han et al., 2009), NMDAR blockadelédsdali
show neuroprotection or promote functional recovery clinically, and in some casekeeé to
worsened outcome (Morris et al., 1999; Albers et al., 2001; lkonomidou and Turski, 2002;
Naranyan et al., 2002; Muir, 2006; Maas et al., 2010). Due to the dynamic response ARNMD
activity post-injury, NMDAR antagonists may be been delivered during periodseatsl
down-regulated NMDAR function that missed the critical window of receptoeragtivity.
Furthermore, during the recovery phase, excitatory synaptic activitypenaecessary to
facilitate optimal outcome (Ikonomidou and Turski, 2002). This follows from emerging
evidence that NMDAR inhibition at critical developmental time points canaserapoptosis
and promote pathological processes detrimental for cell survival, suchreasiedt oxidative
stress and formation of abnormal cortical neural connections. (Bittigau et al, Id@88midou,
1999; Pohl et al., 1999; Kaindl et al., 2008). Glutamatergic blockade has also been shown to
impair neuroplasticity during development by interfering with LTP and iadwexpression of
pro-plasticity molecules, such as BDNF and CREB (Hardingham et al., Ba@@&ingham and
Bading, 2003; Hardingham, 2006; Hardingham, 2009). NMDAR blockade in adult CNS may
not kill cells right away but can worsen cell death in response to TBI.

More recently, the use of NMDAR agonists has shown to promote neuroprotection and
has facilitated rapid recovery after TBI (Temple and Hamm, 1996; Biegan 2004; Yaka et
al., 2007), with a potentially wide therapeutic window (Adeleye et al., 2008¥. doses of
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NMDA have been shown to preferentially activate synaptic NMDA receplae to significant
increases in action potential firing and activation of a pro-survivaleulaecascade. Toxic
levels of NMDA suppress firing rates below baseline and extrasynapticAditinaling
dominates (Soriano et al., 2006). Global NMDA antagonism may therefore be mdymio-
apoptotic state, resulting in even worsened outcome (lkonomidou and Turski, 2002).

The opening of the NMDAR channel requires both the binding of glutamate and the
activation of its co-agonist glycine-binding site by glycine or D-sdidonénson and Ascher,
1987; Kleckner and Dingledine, 1988). Evidence of glycine’s interaction withM2AR has
been shown biochemically through the enhancement by glycine of the bindingotdlvaded
ligands (N-(1-[2-thienyl]cyclohexyl)3,4-piperidine®d] TCP) and fH]MK-801) to the
phencyclidine (PCP) recognition site of the NMDAR (Bonhaus et al., 1987; Johnson #ed, Asc
1987; Thomas et al., 1988; Hood et al., 1988 TCP is a derivative of PCP and binds with
high affinity in brain regions highly correlated with that of NMDAR sites. MK-8)a non-
competitive antagonist of the NMDAR that binds to the PCP site in the channel pore. The
binding of PH]glycine in rat brain also demonstrated properties of a modulatory site in the
NMDAR (Monahan et al., 1989b). In the absence of glycine, the binding of glutarma¢evall
not activate NMDAR channel opening. Addition of glycine has been shown to potentiate
NMDAR responses in cultured cortical neurons (Johnson and Ascher, 1987). Histahcsll
modulatory site was named for the binding of glycine and its interaction with tHh2ARM
complex, but the site has been recently shown to have a more natural affirigy émdbgenous
amino acid D-serine (Wolosker, 2007). Furthermore, this glycine-binding siteclea shown to

not be saturated in hippocampal neurons in culture and in slice preparation (WetoX4296)
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and therefore allows modulation of NMDAR function without posing direct risks of
excitotoxicity.

D-cycloserine has also been shown to selectively bind to the [3H]glycinenrecogite
and possesses partial agonist characteristics on the NMDAR (Hood 688t. McBain et al.,
1989; Watson et al., 1990; Priestley and Kemp, 1994; Baxter and Lanthorn, 1995). Depending
on the concentration of DCS, DCS can act as an agonist or an antagonist. As an agonist, DCS
stimulates {H]TCP) binding to a max of 40-50% of the stimulation induced by glycine or D-
serine alone. In the presence of glyciae.{uM), D-cycloserine demonstrates antagonist
properties and can reduce glycine stimulation (Hood et al., 1989; Lanthorn, 1994). £CS ha
been described as a “cognitive enhancer” and has been utilized in differehgmparan both
experimental and clinical setting in pursuit of neural repair (Monahan et al.,; Fi8&men et
al., 1994; Pitkédnen et al., 1995; Temple and Hamm, 1996; Yaka et al., 2007; Norberg et al
2008; Krystal et al., 2009; Bado et al., 2011). Interestingly, while DCS had pgdrast
property compared to glycine (35-65% efficacy of glycine controls) whenrgridiNR2A or
NR2B containing NMDARSs, DCS has much higher efficacy than glycine controldRacC

subunits (Sheinin et al., 2001).
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GLUTAMATERGIC DYSFUNCTION HYPOTHESIS

NMDAR binding is first increased then decreased acutely after Ry iililler et al.,
1990; Kumar et al., 2002a). Reduced binding can persist up to one week after closed head
weight drop injury (Biegon et al., 2004). There is a region specific alteration ofARVD
expression following experimental TBI in immature rats. Hippocampal NiR2&wnregulated
within the first post-injury week (Giza et al., 2006), and this hippocampal dowategubf
NR2A has also been demonstrated electrophysiologically by measuring RMRéitatory
post-synaptic currents, after administration of an NR2B inhibitor ifenproddt(al., 2005).
This period of diminished neural plasticity after FPI in the developing brain demwaith
impaired NMDAR mediated hippocampal working memory (Reger et al., 2005) |laaswéth
the critical period of neural responsiveness to enriched environment readag(@l., 2005).
Lastly, experimental FPI in developing rats results in no gross histolagicege (Prins et al.,
1996; Gurkoff et al., 2006). Impairments in cognition and behavior are then attribuedidiar c
dysfunction rather than destruction. Injury-induced dysfunction includeataites in

physiological expression of glutamate receptors, particularly NMEAR

The glutamatergic dysfunction hypothesis then holds that enhancing dietgima
neurotransmission during the subacute phase (after the immediate 24 hours and withigkone we
post-injury) will promote recovery, while inhibition of glutamate-mediatedsimraission during

this period will impair recovery (Figure 7).
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Figure 7. The Glutamatergic Dysfunction Hypothesis

Following TBI, there is a hyperacute release of glutamate, followed byi@f diminished
glutamatergic neurotransmission. The hyperacute peak is posited to mediat@hi@jury and
cell death through increased excitotoxicity; whereas the delayed imgrdiof glutamate-driven
transmission is a more likely underlying mechanism of lost plasticitpatelerminant of the
duration and magnitude of neural recovery. Enhancing glutamatergic neurossioania
agonist therapy during the post-subacute period of diminished responsivenéssilitate
recovery. In contrast, inhibition of glutamate-mediated neurotransmission cusrigte will
impair recovery.
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TOWARDS A PHYSIOLOGICAL BIOMARKER

One of the goals of this dissertation is to identify a viable noninvasive pbyisial
biomarker that can be used to determine the appropriate time period afteuth®idsliver a
specific treatment intervention. This dissertation has targetediiAR-mediated
transmission as a biomarker for TBI, due to the intimate involvement of NMDARsnmahor
development, plasticity and the pathophysiology of TBI. Furthermore, gltésgitaneural
activity can now be measured using magnetic resonance imaging (MRNegBto et al., 2002).
Functional MRI signals acquired for investigating neural functions, such as blggembevel
dependent (BOLD) signal, has been shown to be primarily driven by NMDARs. Using a
somatosensory evoked potential stimulation, BOLD signal can be significadtlged using the
NMDAR antagonist MK801 (Gsell et al., 2006). In addition, pharmacological MRI Rihkbs
also been utilized to elicit increases in hippocampal NMDAR-mediated changlative
cerebral blood volumeAfCBV) by administering D-serine, an NMDAR agonist. This induced
increase has been shown to be blocked by the co-administration of an NMDAR antagonist L
701,324 (Panizzutti et al., 2005). PhMRI rCBYV signals were measured in developingsham a
FPI rats during the subacute phase post-injury. The phMRI rCBV was genesatg D-

cycloserine (DCS), a partial NMDAR agonist, to induce the NMDAR-mediegCBYV response.
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SCOPE OF THE DISSERTATION

Following TBI to the developing brain, an acute neurometabolic cascade oc¢urs tha
results in pathological activation of glutamatergic synapses and ledter¢o aeural
development and lost potential. This alteration in neural development manifests through
molecular and behavioral measures of plasticity. The central hypothesis disgertation is
that enhancing glutamatergic neurotransmission at a critical posg-tmjwe window will
facilitate recovery of impaired neural activation and will subsequentlgreeekperience-

dependent plasticity following developmental TBI.

This dissertation demonstrated three main findings: (1) TBI during a time énain
is still developing will result in subacute reduction of hippocampal, glutarfdidbAR)-driven
neural responsiveness that leads to impaired plasticity in young adulthood; (2apblagical
facilitation of this NMDAR-mediated responsiveness in the appropriatamgosg-time window
can be used as a strategy to rescue impaired neuroplasticity; and (2 ti@hbIRI can serve
as a physiological biomarker that can correlate with NMDAR-mediatadrrigsion to help
assess NMDAR-mediated glutamatergic dysfunction after TBIl. wid3linduced using the
lateral fluid percussion injury (FP1) model in postnatal day 19 rats, which catfsse derebral
dysfunction without significant neuronal loss. Therefore, deficits in plgstiay be separated
from the deficits due to overt tissue damage. Diminished hippocampal neural respessinas
been measured molecularly, behaviorally, and physiologically. The followapgeas will

cover studies that address this central hypothesis.

In Chapter 1, the effects of FPl1 and DCS on molecular markers of plastititgy

hippocampus are investigated, on post-injury day four (PID4). Glutamate rec®{NDAR
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and AMPAR) and an NMDAR-mediated secondary messenger (CAMKII) messured using
western blotting techniques. Injury and drug effects on these molecular snar&énhen
correlated with a hippocampus-mediated behavioral outcome (novel object recosk) on

the same post-injury day four.

In Chapter 2, the effects of FPl and DCS treatment on experience-dependegitypdas
assessed. To measure the effects on the capacity for plastipiyieexe-dependent plasticity
was induced in the developing pups by housing the animals in an enriched environment (EE).
The extent of induced plasticity was measured by testing the animatismgand memory in a
spatial learning task, the Morris water maze (MWM), when they havereakinto adulthood

(PID 30-40).

Finally, in Chapter 3, the novel use of phMRI as a non-invasive diagnostic tool for
hippocampal neural responsiveness is demonstrated. NMDAR-mefti@&BY within one
week and after two weeks post-FPI is shown. At@BV time course has been used to assess
the magnitude and duration of NMDAR dysfunction and to target the optimal thecapeuti

window for an NMDAR-based treatment.

The appendix includes supplementary material that supports Chapters 1 and 3.
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CHAPTER 1.

D-CYCLOSERINE RESTORESMOLECULAR AND BEHAVIORAL

M ARKERS OF PLASTICITY FOLLOWING LATERAL FLUID

PERCUSSION INJURY IN THE DEVELOPING RAT

INTRODUCTION

Previous studies have shown that TBI can disrupt experience-dependentylasine
young brain through acute indiscriminate glutamate release and the palcdotvation of
excitatory glutamate-mediated neurotransmitter receptors (Millal., 1990; Kumar et al.,
2002a; Biegon et al., 2004; Osteen et al., 2004), elevation of calcium levels impp8tsgells
(Osteen et al., 2001) and eventually alterations of neural activation, congeatidtexperience-
dependent plasticity (Fineman et al., 2000; Ip et al., 2002; Giza et al., 2005). laraddéi
global changes in calcium signaling during TBI due to glutamatergitogoxicity suggest that
calcium-dependent protein kinases and effectors would also be altered. HerfectseéfPlI
injury on molecular markers of plasticity in the hippocampus of postnatal daysh9ena
investigated. Glutamate receptors, NMDAR and AMPAR, as well asqigstlated
secondary messenger targets and effectors, such as CAMKII and ERKpeeifecally

measured.

NMDARs and AMPARs are the predominant excitatory glutamate recepttrs brain
and are necessary in signal transduction, learning and memory, and expaejeecgent

plasticity (Cull-Candy et al., 2001; Cull-Candy et al., 2006). The NMDAR&tramer
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assembly containing two dimers (a chemical structure formed from twmissi one NR1 and
one NR2 subunit dimers. The resulting structure forms a voltage-gated chanrsehthiaated
by the binding of co-agonists glutamate and glycine. The NR1 subunit is a mngcessiituent
for a functional receptor, whereas the NR2A (A-D) subunits confer modulatory pesgbat
regulate glutamate sensitivity and channel opening. NR2A and NR2B are the praataiR2
subtypes that are extensively expressed in the hippocampus and neocortex, wiitly diffe
temporal developmental profiles (Flint et al., 1997). Subunit composition detemadeggor
function, and changes occur during development (Sheng et al., 1994; Wenzel, 1997) or in
response to physiological sensory stimuli and experience (Quinlan et al., @@@8lan et al.,

1999b) or trauma.

Following experimental TBI in adult mice, there is a period of dramatic iserefa
NMDAR activation 15 minutes post-injury and a second period of diminished NMDAR
expression hours to days later (Biegon et al., 2004). In adult rats, a decreRi2ARNINnding
has also been reported three hours post-injury (Miller et al., 1990), as weluasdeNMDAR
protein levels as early as 6 hours (Kumar et al., 2002a; Osteen et al., 20@4al flad
percussion injury (FPI) in postnatal day 19 (P19) weanling rats resuluocec hippocampal
NR2A subunit protein levels from post-injury day (PID)1-4 (Giza et al., 2006) adndsfaif
these FPI animals to manifest enhanced cognition, behavior, and neuroaatiéosrbging
housed in an enriched-environment (EE). When tested between PID30-50, FéPswgarding
rats reared in EE did not show enhanced spatial learning on the Morris wateaska@é\W M)
compared to shams (Fineman et al., 2000; Giza et al., 2005). Cortical thickness anid dendri
arborization did not significantly increase in FPI animals when mehswoeind PID50

(Fineman et al., 2000; Ip et al., 2002). Moreover, FPI in this age group did nbimesudrt
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histological damage (Prins et al., 1996; Gurkoff et al., 2006); thereforendiRied deficits

suggest neuronal dysfunction rather than extensive cell death.

AMPARSs, much like the NMDARSs, also mediate excitatory ionotropic neurgtnassn
and have been implicated in synaptic plasticity, learning and memory. SioN&8MDARS,
AMPAR composition is as dimer of dimers. A dimer is a complex with two subunits; thus, a
dimer of dimers is an assembly with two dimers. The AMPAR has a tetracoenfgex, which
is composed of four subunits (GluR1-4). The presence of the GIuR2 subunit renders the
AMPAR impermeable to calcium influx. Eapermeable AMPARSs are important in
maintaining long-term potentiation (LTP) at synapses, wherein h&eanduction of LTP
AMPARSs (particularly GIuR1 homo-multimers) are transiently inseméalthe postsynaptic
membrane (Kauer and Malenka, 2006). Changes to AMPAR subunit composition occur during
synaptic activity, development and injury and can confer differential r@ctiction (Pickard
et al., 2000; Kumar et al., 2002b; Cull-Candy et al., 2006). FPI to adult rats hasibeearts
reduce GluR2 expression and increase phosphorylation of GIuR1. (Atkins et al., 20@8; Bell

al., 2007; Bell et al., 2009).

Furthermore, the aberrant intracellular calcium influx during TBI thrdugiidARs and
AMPARSs can in turn disrupt various protein kinases that are also key players in
neurotransmission, gene expression and memory formation. CAMKII, ERK, and GREB a
implicated in long-lasting changes in brain activity (Purves et al., 2@&H=)increases
phosphorylated CAMKII (phos-CAMKII) in minutes (Atkins et al., 2006) to hours and decsrease
phosphorylated CREB (phos-CREB) one week after injury. Persistent alteratithese

kinases are observed with impaired activation of phosphorylated ERK (phos-ERK) and phos
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CREB upon stimulation in hippocampal slices from FPI animals up to 12 weekpiitgr

(Atkins et al., 2009).

Previous work has focused on the blockade of NMDARS as an attempt to halt subsequent
damage due to widespread injury-induced excitotoxicity and pathological NMD#Ritzon.
Although this neuroprotective approach has been implemented successfully imexypedri
models of TBI (Rao et al., 2001; Schumann et al., 2008; Han et al., 2009), use of NMDAR
antagonists has not been successful to improve outcomes in previous clinicdMuals2006).
One reason NMDAR antagonists may have failed is that by the time the astagwai
administered, the NMDARs are already down-regulated following TBI, miskegritical
window of hyperactivity of these receptors. Inhibition of NMDARSs during thig tvould then
interfere with normal physiological receptor function. Moreover, during tevesy phase,
excitatory synaptic activity may be essential to promote pro-plgstesponses and facilitate a
more favorable outcome. This idea has led to a shift of focus towards NMDAR agathstr
than antagonists in the subacute phase (greater than 24 hours, after excitotmkiof pejury-
induced heightened levels of glutamate). Recently, the use of NMDA or D-ego®¢DCS)
has been shown to promote neuroprotection and has facilitated more rapid redevdarilah
rodents (Temple and Hamm, 1996; Biegon et al., 2004; Yaka et al., 2007) with a wide
therapeutic window (Adeleye et al., 2009). Specifically, the use of DCS, d pgdrast of the
NMDAR glycine site, as therapy may be suitable in a post-TBI situatiorevgtzatial efficacy is
desired to prevent further excitotoxicity. Furthermore, DCS is an FDAeapg@rdrug, and its
pharmacokinetics and efficacy have been well characterized for safetfuseans (Baxter and
Lanthorn, 1995). However, DCS not only affects NMDAR transmission directly, lmuhats

been shown to indirectly modulate calcium signaling via AMPAR. DCS has been sbbwn
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only to facilitate NMDAR-mediated synaptic potentials in hippocampeg gireparations, but

also to decrease AMPAR-mediated neurotransmission. (Rouaud and Billard, 2003).

The goal of this study was to investigate whether systemic DCS adatioistduring a
critical time window will modulate molecular markers of plasticity arstue behavior
subacutely following developmental TBI. This study consisted of two ewrpats. In
Experiment 1, the effects of DCS treatment on the post-FPI molecysansssof hippocampal
NMDARs and AMPARs were gquantified during the window of maximal NMDAR subunit
change in weanling rats (PID1-4). Additionally, exploratory open field\nehwas evaluated
to investigate injury and drug effects on global animal behavior. In Experimert&valuated
effects of FPI on the animal’s novel object recognition (NOR), a test of workeéngony that is
hippocampally mediated and NMDAR-dependent (Ennaceur and Delacour, 1988). Wasused t
task to behaviorally assay TBI-induced deficits in hippocampal NMDAR nensoirigsion.
From these same subjects, pro-plasticity molecules that are glutaredigted downstream
effectors (CAMKII and ERK) were also measured. We hypothesizetbRRé P19 rat will
reduce NR2A, CAMKII and ERK levels, while increasing GluR1 levels amghiring subacute
performance in the NOR task. Moreover, DCS treatment during the subacute phastore
not only the NR2A subunit, but also NMDAR mediated downstream signaling molecules. The

restoration of molecular markers by DCS will be manifest in rescuel b&Davior post-FPI.
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METHODS

Experimental Design and Subjects
One hundred and two Sprague-Dawley (Charles River, Boston, MA) rat pups underwent
sham or severe lateral fluid percussion (FPI) on postnatal day 19 (P19)fi&dpd fifty-
seven animals were used in Experiment 1 and Experiment 2, respectively.|sAnara
randomized to receive intraperitoneal (i.p.) injections every 12 hours with eiliner (Sal) or
DCS (Sigma Aldrich) between post-injury days one to three (PID 1-3). On P2@lanvere
weaned from their mothers. They were maintained in a 12 hour light-dark cyclad and
water ad libitum and 3 or more other littermates in a cage. The UCLA Chargé@torimittee
for Animal Research approved all animal studies. Figure 8 illustiaesxperimental design

timelines for Experiment 1 and 2.

Experiment 1 consisted of five groups: Sham-Sal, Sham-highDCS (30 mg/k@akPI
FPI-lowDCS (10mg/kg) and FPI-highDCS (30 mg/kg). Open field exploratory hehasas
observed on PID 2 and 3. On PID4, 20 animals (N = 4 per group) were perfused and processed
for thionine histology (see Appendix: Al). All remaining animals were theifisadron PID4
(N = 7-8 per group), and brains were harvested and dissected for synaptone Wesiara
blotting of NMDAR (NR1, NR2A and NR2B) and AMPAR (GIuR1 and GluR2) subunits (N =

8/group).

Experiment 2 included four groups: Sham-Sal (N = 15), Sham-highDCS (N = 9), FPI-Sal
(N =15) and FPI-highDCS (N = 9). DCS treated groups were administered 30 (nu)kiger
dose. On PID4, animals were tested on the NOR task using a 1-hour retention inteleast A

one hour after the NOR task, animals were sacrificed and brains were prooessed f
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synaptoneurosomes. Total and phosphorylated levels of CAMKII and ERK1/2 were rdeasure

using Western blotting.

Experimental Design 1 & 2

= = .
L{R\M Habituation Trial Test Trial i
‘\_‘_" E

P13

Cpen Field / Familiarization

0 1 2 3 4
Post-injury Day

Figure 8. Experimental Design Timelines 1 and 2

Experiment 1 animals underwent sham or FPI surgery on P19 (designated agippsily,

PID 0). After 24 hours of recovery, animals were weaned and randomizedhaosailine (Sal)

or DCS treatment (lowDCS = 10 mg/kg, i.p.; or highDCS = 30 mg/kg, i.p., every 12 hours) from
PID1-3. On PID 2-3, general exploratory open field behavior was evaluated. @n PID
hippocampal brain regions were harvested, dissected and processed for immunoblotting
Experiment 2 animals followed the same design as Experiment 1, except thaelpen f
behaviors were monitored in the post-injury period and performance in the NOR vsasedea

on PIDA4.
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Fluid Percussion I njury

The standard lateral FPI protocol previously described in detail (Prihs E9%6) was
followed. In brief, after general anesthesia induction using 3% isofltadd.5 ml/min in
100% O2) in a chamber, 1.5-2.5% isoflurane was maintained via a hose-cone in spontaneously
respiring postnatal day 19 rat pups. Body temperature was kept constant (33y88°C)
thermostatically-controlled heating pad. Following aseptic surgicphpagion, the head was
secured in a stereotaxic frame and a midline skin incision was made to expsladitha 3.0
mm diameter craniotomy was made 3.0 mm posterior to bregma and 6.0 mm latgal (left
midline. The injury cap was secured over the craniotomy with silicone and demtahtand
was later filled with 0.9% saline. Once the injury cap was secured anastlassiiscontinued
and the animal was attached to the FPI device. When the animal exhibited a hind paw
withdrawal reflex initiated by a toe pinch, a mild-moderate fluid pulsé(atn) was delivered.
Apnea time was determined by the resumption of spontaneous respiration and the loss of
consciousness time (LOC) by the return of the hind paw withdrawal reflex frepincie
Positive pressure ventilation was administered through the mask with 100% O2 iftla¢ ani
remained apneic for at least 30 seconds, and was maintained until spontane@i®respir
returned. Only animals displaying LOC times of at least 120 secondsnskréed in the

experiments and were considered to have sustained severe injuries.

Upon the return of the hindpaw withdrawal reflex, the animal was placed back under
anesthesia for the removal of the injury cap and the cleaning and closurewfjibal svound.
Intradermal injections of 0.25% bupivacaine and topical antibiotic ointment weraiatired at

the surgical site. The animal was then removed from anesthesia and placedtedadwovery
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chamber. Sham animals underwent identical surgical procedures, but withouda¢hmatit of

the injury cap or fluid pulse induction.

Drugs
D-cycloserine (DCS) was obtained from Sigma Aldrich (Boston, MA). DCS viseedm
in sterile 0.9% saline with a constant injection volume of 0.25 ml/kg. DCS was frozen (-20°C)

and thawed 15 min prior to each injection time.

DCS has been shown to freely cross the blood-brain barrier in humans (Baxter and
Lanthorn, 1995). In mice, however, Wlaz et al showed that after subcutaneous injectio® of D
at a low dose (5 mg/kg), there were only trace amounts of DCS detected in nheAfter
administration of a much higher dose (320 mg/kg) of DCS, only about 14% of the DCS plasma
levels were detected in mice cortex during peak plasma levels of DCSr{litesnpost-
injection) . The slower penetration into the brain was evident when higher R&Sweere
detected 60 minutes after injection (Wlaz et al., 1994). The half-life of DCS&isB80
minutes, and 1 hour in rats, and most of the administered DCS dose is excreted in rodents

unchanged (Baxter and Lanthorn, 1995).

The doses chosen in this dissertation were based on the known pharmacokinetics of DCS
and on previous studies that used DCS to induce cognitive enhancement or theséfpetgic
after pharmacologically- or injury-induced memory impairments. Btseels of at least
0.3mg/kg doses were shown to enhance learning in a passive-shock avoidance taskaits adul
showing optimal improvement with 3mg/kg DCS (Monahan et al., 1989a). Aftereddiesd

injury in adult mice, a 10 mg/kg dose of DCS was demonstrated to sigrlificaptove
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neurological outcome (Yaka et al., 2007; Adeleye et al., 2009). Following F&lirats, a

dose of 30mg/kg administered intraperitoneally (i.p.), and not 10 mg/kg, was tohadrtore
effective in rescuing deficits in the Morris water maze task. SowerlDCS doses (5mg/kQ)

had higher rates of clearance and only resulted in small amounts in the brain dkiptapea
levels of DCS (Wlaz et al., 1994), 10 mg/kg DCS was designated as the low dose irethe dos
response study (Experiment 1). 30 mg/kg was used as the high dose, which isstilange
where DCS potentiates NMDAR-mediated processes and demonstraiz&RNagonist

properties (under 50 mg/kg in rats and mice; under 100 mg/kg in humans). At even higker dos
(over 100 mg/kg in rodents and over 250 mg/kg in humans), DCS behaves more like an

NMDAR antagonist (Baxter and Lanthorn, 1995).

In Experiment 1, DCS treatment was implemented as follows: beginning tveemty-f
hours following sham or FPI injury, rats were randomized into saline (SaDa&xi.p
10mg/kg), or highDCS (i.p. 30 mg/kg) treatment groups. Animals received five dogedose
every 12 hours, from post-injury day 1 through 3 (PID 1-3). Based on the results from
Experiment 1, only the highDCS (30 mg/kg) dose was used in Experiment 2 with the same

treatment regimen.

Synaptoneurosome Preparation

Experiment 1 animals were sacrificed on post-injury day four. The braiesr@mapved
and sectioned into four Imm-thick slabs and dissected on ice into regions of interest.
Hippocampal regions ipsilateral and contralateral to the injury site weseatied on ice and
homogenized in buffer (0.137M NacCl, 2.7mM KCI, 0.44mM KH2PO4, 4.2mM NaHCO3,
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10mM HEPES, 10mM glucose, pH 7.4) with protease inhibitors (ComfleRache,

Germany). The homogenate was loaded into a 1mL syringe attached to a 18matedi

Millipore syringe filter holder and forced through one 1@0nylon filter and then again through

two 5um nitrocellulose filters. The filtered samples were centrifuged at 10@0x@Pmin,

followed by 1000xg for 10min. The resulting synaptoneurosome pellet was resuspended in 150

uL homogenization buffer with protease inhibitors and stored at —70° (Johnson et al., 1997).

Western Blotting

Protein concentrations of synaptoneurosome fractions were determined usiing the B
Rad DC Protein Assay. Protein (10ug per lane) was prepped in Laemmle darffpl,
electrophoresed on 7.5% pre-case Tris-HCI gels (Bio-Rad, Hercules, CA) atdr6@minutes,
and then transferred onto nitrocellulose membranes (Bio-Rad, Hercules, T¥)\ator 60
minutes. Total protein was imaged and quantified using the Bio-Rad Fluor-tigkr and
the Sypro® Ruby Protein Blot Stain, respectively. The nitrocellulose meetveere
subsequently blocked in 5% milk in Tris-buffered saline with 1% Tween-20 (Y880
minutes at room temperature and probed overnight with various primary antibodied hl
TTBS. Primary antibodies (Chemicon, Temecula, CA) were used at the folldikatigns:
NR1 (1:1000), NR2A (1:500), NR2B (1:500), GIuR1 (1:1000), and GIuR2 (1:1000), total-
CAMKII (1:1000), phos-CAMKII (1:1000), total-ERK1/2 (1:1000), and phos-ERK1/2 (1:1000).
Membranes were incubated in peroxidase-conjugated secondary antibodiaC{BarBiotech,
Santa Cruz, CA), diluted in 1:10,000 in 1% milk in TTBS. We developed these blots using

either ECL reagents (Cell Signaling, Boston, MA) or Supersignal Chenmescent substrate
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(PIERCE Prod#34080). Bands were detected with the Bio-Rad ChemiDoc Xie® syxl

analyzed with the Quantity One® software (Bio-Rad).

The raw subunit density signal for each band was controlled to the totahgroteithe
same lane, on the same blot. Protein controlled subunit values from each individual ser@ple w
normalized to the average of the Sham-Sal group, such that the mean Sham-Sal vidde equa

100%. Protein levels were presented as percent change from Sham-Sal.

Open Field Exploratory Behavior

Any change in synaptic plasticity ultimately affects neural ndta/that control
behavior. To evaluate simply the effects of FPl and DCS treatment in the subasetafpdra
FPI (time points more than twenty-four hours post-injury), the open field explptabavior of
the animals was measured. The testing chamber was a standard vivgeu@#8cam x 25 cm X
20 cm), void of the litter bedding (Figure 9A). The chamber was wiped down with 70% ethanol
between subjects. Rats were allowed to freely explore the cage for thrgesn Open field
behavior was observed and video recorded on PID 2 and 3. Rearing was manually scored and
was averaged over PID 2 and 3. A digital tracking system was used (SMAIRDesm@
Instruments) to quantify locomotion (subject speed and total distance travelted)ahamber.
Occurrence of exploratory rearing was counted when both of the animal’s fnbstwere off
the floor of the chamber and had a sniffing behavior or when the animal rears upwarccasd pla
both front limbs onto the chamber walls. While the animal maintains contact wittaliheyen

with only one front limb that would still be counted as one rearing occurrence. Whemtia¢ ani
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displaces the front-limbs from the wall and then puts them back, this would be counted as a

separate rearing instance.

Novel Object Recognition (NOR) Task

The NOR task has been previously shown to measure hippocampal, NMDA-mediated
working memory (Ennaceur and Delacour, 1988; Clark et al., 2000; Hammond, 2004; &lere et
2007). The NOR testing chamber (Figure 9B) was a white, plexiglass(&2om x 32 cm x 30
cm) that approximated the size of the home cage adjusted for the weanlingyeatéRa.,
2009). Testing objects were similar in form and color yet discernibly ditféfegure 9C). The
arena and objects were wiped down with 70% ethanol between subjects. The NOR task

consisted of a familiarization phase followed by a testing phase.

Familiarization Phase
Animals were allowed to freely explore the testing chamber without sld@ch minutes

per session. One session per day was administered on post-injury day two and three.

Testing Phase

The testing phase was given on post-injury day four and consisted of a (Liatiaibit
trial, followed by a (2) test trial one hour later. During the habituation tnielabimal was
placed in the testing chamber for 5 minutes with two identical objects. A drgit&ing system
(SMART, San Diego Instruments) was used to measure the animal’s locomotionezadtion
with the objects. Interaction was defined as direct object contact wéhsitthe nose or

whiskers. The test trial was administered the same way as the habitdatjdout using one
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object from the habituation trial and one novel object. Positions of the novel and familiar

objects were counterbalanced in the chamber.

Figure 9. Exploratory Open Field Behavior and NOR Chambers and Objects

In Experiment 1, locomotion and exploratory rearing were measured a standathvivage
without bedding (A). Concentric rectangular outlines define the cage peritaeger) and the
center zone (smaller, dotted) and were used to evaluate time spent in eitherpauisideer or
center zones. In Experiment 2, the NOR chamber size used was adjusted for watn(&i2)

cm x 32 cm x 30 cm) to maximize exploration (B). NOR objects used in the habituatie@stind t
phases are shown (C). Appropriately sized objects were used for weanlilmgmatsrmize
interaction. NOR images (B and C) were adapted from Reger et al., 200pewnission.

Statistics
All data are expressed as the meatandard error of the mean (SEM). A one-way
analysis of variance (ANOVA) was performed on the injury charadtepatameters (LOC,

apnea, atm, and PIDO weight).
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Immunoblotting Analysis

All statistical analyses were conducted using SPSS version 16. MutevaNE©VAS
were implemented with injury and drug as independent variables and hippocantpah \wkx
signal and general open field behavior as dependent variables. Post-hoc teBnfesreni
adjusted comparisons. For all analyges,0.05 was considered significant. Additionally, a
Pearson correlation coefficient was computed to assess the relationshigrbtgvehanges in

NMDAR and AMPAR subunit levels in both ipsilateral and contralateral hippocaegiahis.

NOR Performance Analysis

Data were analyzed for percent object interaction with the novel objaetgpent with
novel object divided by total object interaction tim&00%) and locomotion (subject speed and
total distance travelled) in the chamber. The subject speed was computed onlyerdramal
was on motion. Object recognition was defined as an interaction rate with tharfalject
that was significantly greater than chance performance. An animal that detoghize the
object from the habituation trial was expected to split its object interactierb0:50 between
the novel and familiar object at testing. Therefore the percentage of ta&ted mlbgraction time
spent with the novel object was tested against chance performance (50%) fooeaalsgrg
one-sample t-tests. Remembrance occurs when the percent time spent withltbbjactvis

significantly higher p < 0.05) than chance performance.
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RESULTS

Injury Severity

All animals included in the study were administered either a sham surgeryderate-
severe FPI. Moderate-severe FPI was defined as having duration of unrespesssio toe
pinch (loss of consciousness, LOC) of at least 120 seconds. Six and nine animabsciveed
from Experiment 1 and 2, respectively, due to complications from surgery or injtory.GC
times of less than 120 seconds. Within each experiment, mean apnea, LOC, and the
corresponding atmospheric pressure (atm) did not significantly diffeebatFPI groups (Table
4). Also, within each experiment, there were no significant differences ircsulgights across
groups on the surgery day (PID0) and end (PID4) weights. However, when oaipween
experiments, ANOVA showed significant differences between Experitnent! Experiment 2
on apneaH,60= 5.635,p = 0.021) and LOCHy g0 = 4.846,0 = 0.032). The corresponding
atmospheric pressures during FPI induction in both experiments were corapakphka and
LOC times were consistently lower in Experiment 2 than those in Experiment ltioAdty,
there were significant differences between Experiment 1 and Expérznselbject weights on
surgery day [PIDO:K; 10s= 12.320p = 0.001)] and at the end [PID£(105= 11.846p =
0.001)]. Experiment 2 animals had significantly higher weights than Experiment alsuaitm

both time points.

Additionally, an analysis of covariance (ANCOVA) was performed to beshypothesis
whether the difference between experiments on the injury severity paratapteza and LOC)
still manifests itself in the data once body weight on surgery day has lueemesc for. Here

the independent variable again was the experiment (Experiment 1 vs. 2), the deperatdes va
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are apnea and LOC, and the covariate is the PIDO surgery weight on P19. Th& ANCO
resulted in significant differences between experiments on the injuaynpéers, apne&{ss =
4.519,p = 0.038) and LOCHK; 5= 4.013p = 0.050). Although all animals included in both
experiments reached our criteria for moderate-severe FPI . TXDs) and had no significant
differences, Experiment 2 animals were experiencing a “more moteatiter than a severe

injury (Table 5).

Experiment 1: FPI and DCS Effects on PID4 NMDAR & AMPAR Levels

NMDAR

In Experiment 1, a low and a high dose was used to evaluate DCS effects on hippocampal
NMDAR and AMPAR subunit levels after developmental FPI. Across all Sal @&ldamples,
ANOVA showed an overall effect of injury on NR2A subunit in the ipsilateral hippocampus
(F137=4.740p = 0.037). No overall effects were observed for NR1 and NR2B. Overall, the
highDCS dose showed more robust effects than the lowDCS dose. When comparing Sal and
only highDCS groups, there was a main effect of inj&y,{=5.148,p = 0.032) and drug
treatment 120 = 4.384p = 0.046) on ipsilateral NR2A. FPI reduced ipsilateral hippocampal
NR2A by 20% regardless of drug treatment (Figures 10A and 12A) and DCS @&ttreas
hippocampal NR2A levels by 20% in both Sham and FPI pups (Figures10B and 12B). DCS
resulted in a dose-dependent restoration of NR2A levels in ipsilateral hippocafiihaesigh
no main effects were observed for ipsilateral NR2B, there was a strongegositelation
between NR2A and NR2B in ipsilateral hippocampus (r = 0.653, N p 88.001).
Representative western blots for each NMDAR subunit are shown in Figures 12 E and F.
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In the contralateral hippocampus, NR2B showed trend for overall effect of iRy~
3.590,p = 0.068) but for DCS. There were no main effects of injury or drug for contedlater
NR1 and NR2A levels. While no main effects were observed for NR1, the aailcailation of a
Pearson’s r correlation coefficient showed a strong positive correlatiediefNR1 and NR2B
in the contralateral hippocampus (r = 0.559, N =p49,0.001). Along with a significant
reduction of NR2B (-21%) from Sham-Sal levels (Independent samplep te8t05), there was

a relative decrease in NR1.

AMPAR

For AMPARSs, initial Pearson’s r coefficient calculation revealed no letives between
GluR1 and GIuR2 subunit levels in ipsilateral and contralateral hippocampus. Two-way
ANOVA showed no overall effect of injury for GIuR1 and GIuR2 subunits in the ipsilatera
hippocampus (Figure 13A). There was a significant main effect of BCp€ 4.772p =
0.015) only for ipsilateral GIuR2 (Figure 11B), as well as a significantyiijyrdrug interaction
(F130=6.223p =0.017). This result suggests that DCS had a different effect at different dose
levels on ipsilateral GIuR2. Post-hoc testing showed FPI-highDCS animalgheidantly
higher levels of ipsilateral hippocampal GIuR2 (+72.5%) compared to FPI-lowp€8.006).
In the contralateral hippocampus there was a significant main effecunf on) GIUR1 1 35=
6.140,p = 0.018) (Figure 13B). FPIto P19 rats resulted in increased GIuR1 levels by
approximately +45%, compared to Sham-Sal animals, regardless of drugaimNeffact of
DCS was observed in GIuR1. Contralateral hippocampal GIuR2 levels were tethifganjury

or DCS. Representative blots for each AMPAR subunit are shown in Figure 13 (E and F)
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Table 4. Experiment 1and 2 — Injury Characteristics by Group

Mean ¢ SEM) starting (PID0) and ending (PID4) weights in grams (g), apneass0fl
consciousness (LOC) times in seconds (s) and the corresponding atmosphsuie @afsr FPI
induction by group for Experiment 1 and 2.

Exp Group N wtPIDO(g) wtPID4(g) Drop< Apnea(s) LOC (s) Atm

1 Sham-Sall 12 445+1.4 576+24 NA NA NA NA
Sham-highDCS 11 436+1.3 59.0+1.8 NA NA NA NA
FPI-Sal 11 46.0+1.1 552+28 16 222+26 247+20 2.26+0.01
FPI-lowDCS 12 44.0+1.0 526+1.8 16 230+£30 248128 2.28+0.02
FPI-highDCS 12 446+0.8 546+11 16 230+21 254+22 229+0.01

2 Sham-Sal 15 473+1.1 61.9+1.2 NA NA NA NA
Sham-highDCS 7 46.0+14 595+21 NA NA NA NA
FPI-Sal 15 46.2+0.6 57.8+1.3 16 178+20 199+21 2.29+0.03
FPI-highDCS 7 509+20 606+12 16 173+23 214+23 2.23+0.01

Table 5. Experiment 1 and 2 — Injury Characteristics by Experiment

Mean ¢ SEM) injury characteristic values for atm, LOC, and apnea, and surge(l ki) and
end (PID4) weights for animals in Experiment 1 and 2. The asterisk (*) indicgtefscaint
differences were found between Experiment 1 and 2 values.

Exp N Mean SEM

Atm 1 36 228 0.01
2 24 227 0.02
*LOC (s) 1 36 250 13
2 24 205 15
*Apnea (s) 1 36 227 14
2 24 176 15
*WtPIDO (g) 1 59 446 05
2 48 473 0.6
*WtPID4 (g) 1 59 55.8 0.9
2 48 599 0.7
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Figure 10. NMDAR Main Effects

(Mean+ SEM) NMDAR main effects of injury (A) and DCS (B). A main effect of injungla
DCS treatment was observed only for the NR2A subunit. FPI did not significaietty R1
and NR2B. t p < 0.05).
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Figure 11. AMPAR Main Effects

(Mean+ SEM) (A) GIuR1 main effects of injury. FPI resulted in increased levelduR Gin the
contralateral hippocampus (Hipp). (B) GIluR2 DCS main effects. DCS treasigaiiticantly
increased GIuR2 levels in the ipsilateral hippocamgys<(0.05).
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Figure 12. NMDAR Subunit Levels

(Meant+ SEM) NMDAR NR1, NR2A and NR2B subunit levels in the hippocampus, ipsilateral
(A) and contralateral (B) to the FPI injury site. The astefisklicates significant difference
from Sham-Sal levelg(< 0.05) and the dagger (1) indicates significant difference from FPI-Sal
(p < 0.05). Representative western blots of NR1, NR2A, and NR2B subunits in ips{i@)eral
and contralateral (D) hippocampus.
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Figure 13. AMPAR Subunit Levels
(Mean+ SEM) AMPAR GIuR1 and GIuR2 subunit levels in the hippocampus, ipsilateral (A)
and contralateral (B) to FPI injury site. The astert3kndicates significant difference from
Sham-Salff < 0.05) and the dagger (1) indicates significant difference from FPpSa).05).
Representative western blots of GIuR1 and GIuR2 subunits in ipsilateral (C) aralaterdt

(D) hippocampus.

74

—Sham-Sal
OSham-highDCS
OFPI-Sal
BFPI-lowDCS
mFPI-highDCS
S
o S
]
> & & &
o 0 & 8
D & & &R L
g g ¢ < <

GluR1~106kDa (il TN W% &
GluR2~106kDa H ' B W W

Contralateral Hippocampus



Experiment 1: FPI and DCS Effects on Open Field Behavior

Overall, ANOVA showed significant effect of DCS on rearing couRis{= 4.744p =
0.034). The number of rearing increased when DCS was on board, in a dose-dependent manner
(Figure 14). The highDCS dose effect on rearing only reached significaR€4 animals (*p <
0.05). One animal was excluded in the open field behavior test due to non-performance. Non-
perfomance was defined as having no significant movements from one corner orahimiaig
distance of less than 200 cm in 60 s. Throughout the 3 minute test on PID2 and 3, the animal

had very little exploration.

Only PID3 locomotion data set was complete across all groups and wgzedndhe
subject’s total distance travelled and speed were quantified on two cut-off timg: |60 s and
150 s. When comparing saline and highDCS groups, independent samples test (Bonferroni
corrected) showed significant reduction in the total distance travelledury (§ham-Sal > FPI-
Sal,p = 0.016) and that highDCS significantly increased total distance travebdchighDCS >
FPI-Sal,p = 0.013) to Sham-Sal levels. The same pattern in the 60 s cut-off was mirrored in the
150 s cut-off. The exploration speed results were computed at the 150 s cutioffftr al
increased acquisition of data points. The exploration speed matched the sameapdtiat of
the total distance travelled: FPI-Sal showed significantly reduced spegxared to Sham-Sal
(p=0.02), and FPI-highDCS had higher speed than FPpSa0(04), but comparable to Sham-
Sal. As expected, there were strong positive correlations between tbgsarameters >
0.97). Moreover, there was a dose-dependent graded response on distance and speed of the

animals (Figure 15 A and B).
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Figure 14. Open Field Exploratory Rearing Counts

Mean ¢ SEM) rearing counts quantified on PID 2 and PID3 during 3 minute open field
exploration. No main effect of injury was observed. There was an overall saghiétfect of
DCS across all subjects, with a DCS dose-dependent response in rearing coehighDES-
induced increases in rearing counts only reached significance in FPI arti;m&al8.05).
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Figure 15. Open Field Locomotion

Only PID3 data set was used in the analysis. (A) Total distance égyeth in 60 s) and (B)
total exploratory speed in arena (cm/s in 150 s) were quantified (95). Locomotion deficits
were seen in the FPI-Sal group and highDCS treatment returned perfoimaheen levels,
without affecting shams.
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Experiment 2. FPI and DCS Effects on NMDAR-Mediated Secondary Effectors

ERK

Initial calculation of Pearson’s r correlation showed no correlations between
phosphorylated-ERK (phos-ERK) and total basal ERK (total-ERK) in thetgsilaand
contralateral hippocampal regions. In ipsilateral hippocampus, two-way ANDYwed no
significant effects of injury or drug for phosphorylated-ERK (phos-ERK) atad basal ERK
(total-ERK) (Figures 16 A and B). In the contralateral side, a signifimain effect of injury
(F141=5.723p = .022) and a significant injury*drug interaction were observed in total-ERK

(F141=4.241p = .046) (Figures 16 C and D).

For ERK, no significant main effects of injury or drug were observed in eitherfRKs
total-ERK, or the phos/total ERK ratio protein in the ipsilateral hippocampus razdatal to
the FPI site, DCS significantly increases total-ERK levels only inrfjred pups (Injury*Drug
interaction: Fq 41 = 4.241p = 0.046). Trends for Injury*Drug interaction was also observed in
the basal phos/total ERK(1/2) ratiw£ 0.074). Figures 16 E and F show representative western

blots for phos-ERK and total-ERK in the ipsilateral and contralateral hippocampus.
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CAMKII

A Pearson’s r correlation calculation also showed no correlations between
phosphorylated-CAMKII (phos-CAMKII) and total basal levels of CAMKII (1eEAMKII) in
the ipsilateral and contralateral hippocampal regions. For CAMKII, &fisigmi main effect of
injury was detected only in basal total-CAMKII levels (; = 4.314p = 0.045). Contralateral

total-CAMKII showed only a significant main effect of drug ;= 7.061,p = 0.011).

In the ipsilateral hippocampus, post-hoc testing (Bonferroni corrected) showSaIFP
rats had a 53 10% reduction in basal phosphorylated CAMKIIF 0.04) compared to Sham-
Sal rats. Although FPI significantly decreased levels of total-CANMKipsilateral
hippocampus (Figure 17A), the basal phos/total CAMKII ratio was restored byrDEFS rats
(Figure 17B). By sign test, developmental FPI reduces basal levels of thotah&SAMKII
ratio (p = 0.006) on PID4. In the contralateral hippocampus, FPI had no overall main effect on
total-CAMKII levels, whereas DCS significantly reduced levels @lt@AMKII, regardless of
surgery procedurd=¢ 41 = 7.081p = 0.011). No main effects of injury or drug were observed in
phos-CAMKII or in the phos/total CAMKII ratio in contralateral hippocampus (feéigl7 C and
D). Figures 17 E and F show representative western blots for phos-CAMKII an@ AdvH{II

in the ipsilateral and contralateral hippocampus.

78



NMDAR

In Experiment 2, NR1, NR2A, and NR2B subunit levels were also evaluated on PID4.
ANOVA showed no main effects of injury or DCS on any of the NMDAR subunits. However,
by sign test, ipsilateral hippocampal NR1 and NR2A (both, p < 0.0001) was shown to be
significantly decreased on PID4 after FPI to a P19 rat. 14-out-of-14 raniked gamples
showed FPI-Sal was less than Sham-Sal in both NR1 and NR2A protein levels. NR2B was
unchanged after FPI. This data suggest that NMDARSs that were predomisaetiydies of
NR1-NR2A decreased. No significant changes were detected in the cordtdigigocampus
for any of the NMDAR subunits. In contrast with Experiment 1, NMDAR subunit leeelsied
to be unchanged with parametric measures. However, the highly significantamoepar test
paralleled the decrease of NR2A subunits in ipsilateral hippocampus. In adtgiamuty
severity analysis revealed that the FPI in Experiment 2 was less demeia Experiment 1,
which may contribute to the diminished magnitude of reduction in previously obsena NR

subunit.
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Figure 16. Phosphorylated and Total ERK Protein Levels

(Mean+ SEM ) Phos- and total-ERK in the hippocampus, ipsilateral (A) and contral&gtal (
FPI. Phosphorylated-to-total protein ratio is also presented in (B) and (D) hosides. Post-
hoc testing showed FPI-DCS pups had significantly higher levels of totaltkikihe other
groups (# < 0.05). The asteriskK)(indicates significant difference from Sham-Sak(0.05).
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Figure 17. Phosphorylated and Total CAMKII Protein Levels

(Meant+ SEM) Phos- and total-CAMKII in the hippocampus, ipsilateral (A) and contral4(@)
to FPI. Phosphorylated-to-total protein ratio is also presented in (B) and (D) Hithes. The
asterisk ) indicates significant difference from Sham-Sak(0.05).
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Experiment 2. FPI and DCS Effects on Novel Object Recognition

The inherent ability to distinguish novelty is hypothesized to be pertinentéhogenent
and in experience-dependent plasticity. The NOR task was used as a behssayralfa
hippocampally-mediated, NMDAR-dependent neural responsiveness aftendBICS
treatment. The NOR task was performed on PID4, during which the NR2A subunit was found to
still be significantly diminished after developmental FPI. The percerdhtptal object
interaction time spent with the novel object after a one hour retention inteasalompared to
chance performance (50%) using one-sample t-tests (Figure 18A). Shah=SHb)Y animals
showed intact novel object recognition (6686 0.015), whereas FPI-Sal rats (N = 15) lost the
ability to distinguish between novel and familiar objects (5F%0.069). Although Sham-
highDCS animals (N = 9) showed only trends for intact novel object recognition 62%,
0.077), the FPI-highDCS group (N = 9) showed intact novel object recognition /A %022).
Shams animals significantly spent more time over both object during theaksbtnpared to
FPI pups. Interestingly, FPI-DCS animals still spent more time withdkel object compared
to FPI-Sal, even though both groups had comparable amount of interaction time over both
objects (Figure 18B). Lastly, locomotion was also quantified the famat@on and test phases
of the NOR (Figures 19 A and B). Although no overall effect of injury or DCSakgerved in
speed, a significant effect of DCS was detected on the total distancéettaaabss all NOR

phases (ANOVAp < 0.05).
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Figure 18. Novel Object Recognition Interaction Time NOR Task Locomotion

(Mean+ SEM) (A) Percent time spent with the novel object during NOR test and (B) total
exploration time over both objects. Dotted horizontal line shows 50% (chance) of NOR- Sham
Sal pups displayed intact novel object recognitiom<€ 0.05). FPI-Sal animals only exhibited
chance performance. DCS treatment restored NOR in FPI aninpadsQ.05).
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Figure 19. NOR Task Locomotion

(Mean+ SEM) Locomotion during the habituation and test trials were also recordetdh)
distance travelled in cm, and (B) speed in cm/sec. There was a matroéflCS observed.
No overall effect of injury or drug was observed in the speed of the animals.
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DisCUSSION

Neural responsiveness to a spectrum of stimuli, from physiologic to pathologiceéa
closely linked with glutamatergic transmission. On one hand, physiologic atiomubf
NMDAR and AMPAR glutamatergic receptors promote plasticity and cell\wlrand have
been shown to be crucial for normal development and learning and memory (SHeripéda
Wenzel, 1997; Quinlan et al., 1999a; Quinlan et al., 1999b; Liu et al., 2000; Cull-Candy et al.,
2001; Liu et al., 2004; Cull-Candy et al., 2006). On the other hand, pathological glutacnate
activation via the AMPARs and NMDARs has been demonstrated as a criticadjgense of
TBI that may underlie chronic deficits in behavior and cognition. FPI in adslhas been
shown to increase &apermeable GluR1-containing AMPARS, as well as induce endocytosis of
Cd* -impermeable GluR2-containing AMPARSs that may be NMDA-mediated anccoragiate
with increased neuronal death (Bell et al., 2007; Bell et al., 2009). In a closeajoeadiodel
of TBI, GIuR1 levels increased in the hippocampus ipsilateral to the injury (Scimudn et al.,
2008). A dramatic increase of NMDAR activation via the release of glteairaden et al.,
1989; Katayama et al., 1990) has been observed as early as 15 minutes afteestaerdhin
rodents, followed by diminished NMDAR binding (Miller et al., 1990) and expression (from

hours to days), that is long lasting in developing rats (Giza et al., 2006).

The use of NMDAR agonists has been shown to promote neuroprotection and to facilitate
more rapid recovery after TBI (Temple and Hamm, 1996; Biegon et al., 2004; Yalka2€07;
Adeleye et al., 2009). It has been shown that there is a differential activaNdhDARSs with
varying concentrations of NMDAR agonists. While low doses of NMDA prefeitgnéetivate
synaptic NMDA receptors and trigger a pro-survival molecular cascaddy higher toxic levels

of NMDA activates extrasynaptic NMDA signaling that lead to pro-apaps&tquelae (Soriano
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et al., 2006). Failure of NMDAR blockade in clinical trials may have been atthleuto

mistimed delivery during periods of already down regulated NMDAR function, mgisise

critical window of hyperactivity of the receptors. Global antagonism oDRMSs during the

period of receptor down-regulation inhibits NMDAR mediated pro-survival Sgpabmotes
apoptosis, and results in worsened outcome (Morris et al., 1999, Albers et al., 2001, lkonomidou
and Turski, 2002, Naranyan et al., 2002, Muir, 2006, Maas et al., 2010). Both the lowDCS and
highDCS treatment levels used in Chapter 1 are still considered to be in thedoges of the
effective DCS dose (< 50 mg/kg), whereas high toxic levels would be > 50 nGiepter 1

shows a dose-dependent restoration of hippocampal NR2A levels ipsilateralinquFPat

using 30 mg/kg DCS.

The subacute (after 24 hours and less than one week post-injury) molecular response t
developmental FPI includes reduced hippocampal NR2A ipsilateral to the iip@$ treatment
subacutely after the insult restored NR2A to sham levels. AMPAR subunitsséem t
unaffected in the present developmental TBI saline treated model. Héner tiee increase in
GIuR1 nor the decrease in GIuR2 levels was observed in ipsilateral hippocampupaeddm
previous reports. However, there is an increase in GIuR1 levels contraiateraty. This
could be due to differences in the investigated developmental time window (imwvstorature

rats) or to differences in injury models used (FPI vs. closed head injury — weagt dr

After DCS treatment in FPI rat pups there were increased GIuR2 levelsipsithteral
hippocampus on PID4. One possible explanation is that DCS treatment upregufated Ca
impermeable GIuR2 containing AMPARS in a neuroprotective response to counter

excitotoxicity. Interestingly, the observed upregulation of GIuR1 on the catetraill
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hippocampus follows previous report on TBI induced increases of GIuR1 containing AMPAR in
regions not directly in the injury site (Schumann et al., 2008). The data further support a
contralateral enhancement of neural activation, with increased ERK(1/23 ileagldition to

GluR1, as a compensatory response to depressed ipsilateral activity.

The diminished NMDAR-mediated molecular response following developmE&tal
corresponded with impaired performance in the NOR task. FPI resulted inathpairel object
recognition, which may parallel the inability of injured weanlings tceiefrom EE rearing
reported in other studies (Fineman et al., 2000; Giza et al., 2005). Here, D@fenteat
significantly affected only the FPI pups and restored novel object recognitionnpance to
sham levels. FPI rats showed down regulation of hippocampal NMDAR (NR2A) sudnits
reduced phos-CaMKIl ipsilateral to the injury four days after the inadlieahibited impaired
performance in NOR, a hippocampal dependent task. Brief treatment whaQidsitive
modulator of NMDARSs, restored normal levels of NR2A and p-CaMKIl in ips@dte
hippocampus and also resulted in preserved NOR performance by 4 days posh€&Pl in t

immature rat.

86



CHAPTER 2.

RESTORATION OF EXPERIENCE-DEPENDENT PLASTICITY

FOLLOWING LATERAL FLUID PERCUSSIONINJURY TO THE

| MMATURE RAT BRAIN

INTRODUCTION

Traumatic brain injury (TBI) is the leading cause of death and disabiliheipediatric
population (Faul et al., 2010). Annually, almost half a million children aged 0 to 14 years a
admitted to emergency department visits due to TBI. 50.2% of TBI incidences iouthg gre
due to falls, followed by 24.8% struck by/against injuries (injuries causeddiortal or
unintentional impact by or against objects or people.) Among children, TBI tbymokl that
results in few, if any, lasting deficits. Children who sustain severe irsydesience lasting
impairments in a range of skills, which include information processing, attentiemory,
learning, social function, and behavior, during the acute and short-term repbeses
following injury (Anderson et al., 2005; Yeates and Enrile, 2005). Children also devetse w
outcomes compared to adults with similar severity of injury (Ewing-Cobdls, d1997;

Anderson et al., 2011). Although spontaneous recovery occurs, children with TBI do not seem
to return to the same level of cognitive and behavioral function as non-injured cohorts. The
purported capacity for enhanced neural plasticity in the young does not seanskatérinto

better cognitive outcomes following TBI. From our current understanding of pediBt,

being young (i.e. possessing higher levels of plasticity) maybe not dbgdystter (Anderson et
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al., 2005; Giza and Prins, 2006; Babikian and Asarnow, 2009; Anderson et al., 2011). The
disruption of normal NMDAR physiology during development may have lasting conseguanc

cognition, behavior, and experience-dependent plasticity following TBI.

Experience-dependent plasticity is the process through which coordinatedspatter
stimulation from the environment help shape brain structure and function. In development,
experience during a specific time in early life often times help shapéultebahavioral
repertoire. These time periods are referred to as “critical periods.ingtance, inducing
informal learning via housing in EE can result in higher brain weightscabttickness, and
increased dendritic arborization (Rosenzweig et al., 1962; Rosenzweig ramettB&996;
Fineman et al., 2000). Experience-dependent plasticity can also be induced wusaig for
training. Adult rats housed in an impoverished environment can catch up with enriched
environment housed littermates when exposed to serial behavioral testingaiflepating and
memory (Rosenzweig and Bennett, 1996). Based on Hebb’s postulate, sigeedéegefiom
experience at the synaptic level lead to acute or lasting changes in the Iesge. signals
include physiological release of neurotransmitters, like glutgrtaeactivatéN-methyl-D-
aspartate receptors (NMDARSs) which then regulate calcium homesoatakinfluence post-
synaptic molecular sequelae. NMDARs are the predominant glutamate-edaeetptors and
are necessary in signal transduction, learning and memory, and experipandente plasticity.
The NMDAR is a tetramer assembly. Depending on the synaptic location, sutrmpigition
and manner (physiologic or excitotoxic) of activation, NMDARs can haverdiifial channel
opening characteristics (Sheng et al., 1994; Flint et al., 1997; Wenzel, 198Ca8d} et al.,
2001), which can then trigger either pro-plasticity or pro-death mecha(ttardingham and

Bading, 2003; Papadia and Hardingham, 2007). Furthermore, early changes inrR\ddDA
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result in lasting changes. FPI in the postnatal day 19 rat has resulted in NMID&ft s
composition changes that lasted up to one week after the injury. When attempting to induce
experience-dependent plasticity in these postnatal 19 FPI pups by reaninig tre EE,

Fineman and colleagues found that the FPI pups failed to manifest EE-induceceerdraamf
cortical thickness, dendritic arborization, and cognitive and behavioral parioenin the Morris
water maze task (Fineman et al., 2000; Ip et al., 2002). Only when EE reariagmiasstered
two weeks after injury (after the period of down-regulated NMDAR function spamniahe
recovers) did the FPI pups demonstrate EE-induced improvements on MWM acquisizeet(G

al., 2005).

It has been shown that NMDAR blockade in the young brain exacerbates neuronal death
and promotes detrimental changes in proteins associated with oxidativesttésBammation,
cell proliferation, and neuronal circuit formation in the cerebral cortexidBit et al., 1999;
Ikonomidou, 1999; Pohl et al., 1999; Papadia and Hardingham, 2007; Kaindl et al., 2008). More
recently, there is evidence that administration of NMDAR agonists, such afANMD-
cycloserine (DCS), during the subacute phase (from 1-7 days post-inpyyaailitate rapid
recovery after TBI in adult rodents (Temple and Hamm, 1996; Biegon et al., 28kd eYal.,

2007; Adeleye et al., 2009) .

In Chapter 1, lateral fluid percussion injury (FPI) to postnatal day 19 rathaas $0
alter pro-plasticity molecules, such as glutamate receptor (NMDAMEAR) subunits and
NMDAR-mediated kinases such as CAMKII and ERK. Moreover, systemic adratios of
NMDAR partial agonist (D-cycloserine — DCS) during the period of NR2A degalation

could restore these pro-plasticity molecules to sham levels. DCS treatrR&itrat pups also
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rescued novel object recognition, a form of working memory that can be impantdedrining

in an EE condition.

In this chapter, the effects of DCS administration after developmentahHEE-induced
experience-dependent plasticity were investigated. EE was used asanfgdasticity and the
outcome measure was Morris water maze performance in early adulthogds hypothesized
that after sustaining an early life FPI, DCS treatment could regnsistt EE-induced potential

that is measured later in life.

METHODS

Experimental Design and Subjects

Male Sprague-Dawley rat pups (Charles River, Boston, MA) underwent shaneos se
lateral fluid percussion (FPI) on postnatal day 19 (P19). Animals were maintaiad®ihour
light-dark cycle with food and water ad libitum. The UCLA Chancellor's Cadtemfor Animal

Research approved all animal studies.

Rat pups were weaned and differentially housed in standard (STD) or enriched
environment (EE) conditions for seventeen days after 24 hours of recovery posy-§oaggr
They were returned to standard vivarium housing until behavioral testing atdmsypost-
injury (PID30) using the Morris water maze task. This study consisteigluf groups: Sham-
STD-Sal (N = 9), Sham-STD-DCS (N = 8), FPI-STD-Sal (N = 8), FFD-®CS (N = 8), Sham-
EE-Sal (N = 8), Sham-EE-DCS (N = 9), FPI-EE-Sal (N = 9), and FPBES (N = 9). Figure

20 illustrates the experimental design for Chapter 2.
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Figure 20. Experimental Design 3

P19 rats underwent sham or FPI surgery on PIDO and were given either sd)ine (&5
(30mg/kg, i.p.) on PID1-3. Additionally, animals were differentially placed irodstrd (STD)
or enriched-environment (EE) housing on PID1, lasting for 17 days. After whig&k-déloused
rats were returned to standard vivarium conditions. MWM acquisition traioinghenced on
PID30 through PID40 (P49-P59). One week later, we tested the MWM training retemigm us
probe trial on PID26 (P66).

Fluid Percussion I njury

Same as in Chapter 1.

Enriched Environment

The enriched environment (EE) chamber consisted of various toys, tunnels, ansl ladder
placed in a two level cage measuring 78 cm x 36 cm x 48 cm (Figure 21). Batcixéseof s
animals were housed together in the chamber for 17 days and were then retulareghra s
vivarium conditions until the start of the MWM training on P50. Every day the anineaés w
removed from the EE cage and placed back after the toys and objects werel eémzhge
rearranged. A light-dark cycle of 12 hours was maintained and food and weteavadable ad

libitum.
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Figure 21. Enriched Environment (EE)

The EE chamber has two levels that are filled with toys, tunnels, and various olijeginning

on PID1, 12-16 animals are housed in EE for 17 days. Animals were moved from one level to
the other each day. All objects were also changed and rearranged daily. aiheseeived

either a sham or FPI procedure and saline or DCS treatment. All aninmalsetvgned to

standard vivarium housing conditions until the start of the Morris water maze (M¥&iMing

on PID30.

Drugs

D-cycloserine (DCS) was obtained from Sigma Aldrich (Boston, MA). DCS wiesdm
in sterile 0.9% saline with a constant injection volume of 0.25 ml/kg. DCS was frozen (-20°C)
and thawed 15 min prior to each injection time. The DCS treatment regimen wasanggd
the same as in Chapter 1, except here all DCS treated groups received thé idbse (30
mg/kg, i.p.). Beginning twenty-four hours following sham or FPI injury, rats veer@éomized
into saline (Sal), DCS (30 mg/kg, i.p.) treatment groups. Animals received fivg dogedose

every 12 hours, from post-injury day 1 through 3 (PID 1-3).
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Morris Water Maze Training

Acquisition Training

Experiment 3 animals began the Morris water maze (MWM) acquisitionnigathirty
days after surgery. Animals were trained for ten consecutive days. Whié Was a blue
circular tank (1.5 m in diameter, 0.6 m in height) filled with water maintained bath& 20°C.
Each animal underwent two blocks of training per day (28 minutes between blocks).dtkch bl
consisted of four trials wherein the animal was released from the founaladdections (N, S,
E, W) in random order. For each trial, the animal was given 45 seconds to locatilére hi
platform. If the animal did not find the platform in the allotted time, it was thetlygguided to
the platform. A 15 cm x 15 cm platform submerged 2 cm below water level was placed in the
SW quadrant of the tank. The animal remained on the platform for 60 seconds in betigeen tria
The time it took the animal to reach the platform was recorded. The swim pathdomity ve
were recorded using a digital tracking system (SMART, San Dieguinshts).

The goal was to discover whether enriched environment rearing, injury and drug
treatment are important predictors for latency in MWM acquisition. Addifipriaials to
criterion’” and slope of learning were also determined to measure learrtimgy WM task.
The ‘trials to criterion’ was defined as the number of trials achieved ¢b tha hidden platform
in five seconds or less in one block (four consecutive trials). Slope of learning emasidet
from the slope of the linear regression of the mean latencies betweestthbéotik and the block

when the animal reached ‘trials to criterion’.
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Probe Trial

Retention of the location of the hidden platform location was tested 7 days lager. T
hidden platform was removed and each animal was released at the center of tharigrik for
a single 60 second trial. Animals that were able to recall the learnefochthe platform
were expected to spend a greater amount of time swimming in the quadrant that haddonta
the platform. Swim path and velocity were also quantified. The first 15 secondspobitiee
trial were used for analysis of recall. It has been shown that the animabkascpeity within

the first 15 seconds in the MWM probe trial (Maei, 2009).

Statistical Analysis

A one-way Analysis of Variance (ANOVA) was performed on the injury ataristics
(LOC, apnea, atm, and PIDO weight) by group. A two-way repeated meAN@ALA was
performed on the within-subject PID weights (PID 0, 1, 2, 3, 5, and 14) with injoayn(8r
FPI), housing (STD or EE), and drug (Sal or DCS) as between-subjectfacaiencies to
reach the platform were analyzed using a linear mixed-effects mblbglréstricted maximum
likelihood in R (R Development Core Team, 2010). MWM acquisition parameters,drials t

criterion and slope of learning, were analyzed using ANOVA.
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RESULTS

Injury Severity

All animals included in the study were given severe FPI, defined as rdwiatipn of
unresponsiveness to toe pinch (loss of consciousness, LOC) of at least 120 secemig.siXw
percent (26/99) of the animals were excluded from the study due to complicationsuirgery
or injury or to LOC times of less than 120 seconds. Mean LOC, apnea timelseand t
corresponding atmospheric pressure did not significantly differ betweenrdtipisgTable 6).
There were no significant differences in subject weights across groupgenysiday (PID0). A
repeated measures ANOVA shows a significant main effect for posy-utgyr (PID) €292 =
1.963E3p = 0.000) and a significant PID*group interaction effégl, g,= 7.482,p = 0.000)
across the post-injury day weights from PID 0-14. Between subjects, thesigisfigant main
effect of housingK;, 46= 18.345p = 0.000) across the PID weights. By PID14, EE-reared
animals had significantly lower weights compared to standard housed animaidlaeg of

injury or drug treatment (Figure 22).

FPI and DCS Effects on Experience-Dependent Plasticity
Experience-dependent plasticity was induced by rearing animals inielmeenr
environment (EE). FPI and DCS effects were evaluated on EE-induced gains alnesoating

and memory using the Morris water maze (MWM) task between PID30-50.

Morris Water Maze Acquisition: Latency
Linear mixed effects model showed that there is a main effect of housing &t MW

latency (Figure 23 A and B). Animals housed in an enriched environment have stiertelies
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in finding the hidden platform, regardless of injury or drug treatment. Over they®ofda
acquisition training, all animals improved their latencies. Using groupigsdadffect (latency
by group), FPI-EE-Sal group did not significantly improve their latenoypased to Sham-EE-
Sal animals. Only when treated with DCS, FPI-EE- DCS pups significampisoved their

acquisition latencies (Sham-STD-Sal > FPI-EE-DES8,0.05).

Morris Water Maze Acquisition: Trialsto Criterion

The ‘trials to criterion’ was defined as the mastery of learning the $gecifically, it is
the number of trials required to reach the hidden platform in five seconds or less in one block
(four consecutive trials from four different cardinal location starting points)exfpected, EE
rearing significantly improved the ‘trials to criterion’ in shamg 4z = 20.102, p = 0.000), but
not in FPI animalsK; 33= 0.489,p = 0.490) (Figure 24A). Additionally, DCS treatment only
significantly affected FPI animal&{ 33 = 8.869,p = 0.006) and not the sham groupg {3 =
0.110,p=0.742). While FPI-STD-DCS animals only showed a trend for reduced ‘trials t
criterion’ (FPI-STD-DCS, 4156.6 < FPI-STD-Sal, 5948.1,p = 0.106), FPI-EE-DCS pups
demonstrated significantly improved ‘trials to criterion’ (FPI-EE® 34.#4.0 < FPI-STD-Sal,

59.6t8.1,p = 0.012).

Morris Water Maze Acquisition: Sope of Learning

The slope of learning was defined as the slope from the linear regressiemuddn
latencies between the first block and the block when the animal reacheddtcaterion’.
Similarly to ‘trials to criterion’ enriched environment rearing signifitta enhanced slopes of
learning only in shamg~¢ 33 = 8.005,p = 0.008) and DCS treatment only significantly affected

the slope of learning in FPI pups: (33 = 5.032,p = 0.032) (Figure 24B).
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Morris Water Maze Retention: Probe Trial

The probe trial was administered after a one week hiatus following the M&hty.
The percent time spent in the target quadrant (SW) was significantlgigiieat any of the other
guadrantsg < 0.001) across all groups (Figure 25A). ANOVA showed a three-way signtifica
interaction effect of injury-by-housing-by-druBi(s7 = 6.530,p = 0.013) in the number of target
entries. Figure 25B shows the number of target entries per group. Independent pestishoc t
showed no significant difference between the number of target entriesrfSHa-Sal and
FPI-STD-Sal groups. EE rearing trended to significantly increase thieamwhentries to the
target zone in Sham-EE-Sal (Sham-STD-Sal vs. Sham-Ep-S41,055), whereas EE had no
effects on FPI-EE-Sal animals. DCS, however, had a differential aff&ttam and FPI
animals. DCS had no significant effects on the probe trial entries of Sham-$abdFP |-
STD-Sal pups. Sham-EE-DCS had significantly less entries to the targetaropared to the
Sham-EE-Sal group(= 0.022). FPI-EE-DCS animals reached the same number of target zone
entries as Sham-EE-Sal animals, which was significantly higher thaesemiade by Sham-
STD-Sal (FPI-EE-DCS vs. Sham-STD-Sal, p = 0.037) and FPI-STD-Sal giféRp&E-DCS

vs. FPI-STD-Sal, p = 0.037).
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Table 6. Experiment 3 — Injury Characteristics
Mean ¢ SEM) apnea and loss of consciousness (LOC) times in seconds (s) and the
corresponding atmospheric pressure after FPI induction.

Group N wtPIDO(g) Drop< Apnea(s) LOC (s) Atm
Sham-STD-Sal 9 49.1+1.3 NA NA NA NA
Sham-STD-DCS 8 43.8+5.7 NA NA NA NA
Sham-EE-Sal 8 458+1.2 NA NA NA NA
Sham-EE-DCS 8 46.1+1.8 NA NA NA NA
FPI-STD-Sal 11 476+14 16 210+31 228+40 254+0.11
FPI-STD-DCS 10 508+1.7 16 202 +42 218+41 2.64+0.08
FPI-EE-Sal 9 46.7+21 16 232+38 290+59 2.42+0.10
FPI-EE-DCS 10 443+12 16 195+33 219+31 2.60+0.07
160
140 -
—&— Sham-STD-Sal
o 120 | —&— Sham-STD-DCS
E) 100 - FPI-STD-Sal
() —%—FPI-STD-DCS
= g0 - —%— Sham-EE-Sal
60 - b Sham-EE-DCS
, /»_/_/ FPI-EE-Sal
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Figure 22. Experiment 3 Subject Weights Time Course

Mean ¢ SEM) weights in grams (g) from PID 0-14. A repeated measures ANOVA showed
significant main effects of PID (within-subject) and housing (betwgubject). Animals housed
in EE had lower weights compared to animals in STD conditions.
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Figure 23. MWM Acquisition — Latency
(Mean+ SEM) Latency in seconds for Sham (A) and FPI (B) groups.
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(A) Trials to criterion is a measure of MWM acqtisn mastery. The trials to criterion is t
number of trials the subject acquired to reachhidden platform in 5 seconds or less in f

consecutive trials. (B) Slope of learning measuhe linear rate of learning the MWM te
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DisCUSSION

It is widely believed that youth promises higher levels of plasticity meréased rates of
spontaneous recovery from injury or disease. For instance, cortical lesibynis déife resulted
in better recovery and sparing of function compared to lesions that were givkittaes (Kolb
and Tomie, 1988) and monkeys (Kennard, 1936, 1938; Kennard and Fulton, 1942).

The benefits of increased plasticity seem to be contingent upon the natweestimuli
and the elaborate interplay of molecular, cellular and physiological respoRseinstance,
enriched environment rearing resulted in anatomical and cognitive enhancenrentsally
developing animals (Rosenzweig et al., 1972; Greenough, 1976; Rosenzweig artt| B886e
In this study, Sham-EE-Sal animals significantly enhanced learngngf{sant reduction of the
number of trials to criterion and enhanced slope of learning) and retention (@tcezdssy to
probe trial target zone) of the MWM task. However, FPI-EE-Sal animals taikechuire the
benefits of prolonged exposure to EE. Although FPI-EE-Sal pups did perform to theflevel
STD animals and learned and recalled the MWM task, these FPI pups did not demtmstra
same potential as their uninjured cohorts in trials to criterion and probe triat.wOah DCS
was administered did the FPI-EE pups showed comparable performance in ierdstery
and recall to the Sham-EE-Sal group.

In Sham animals, DCS had a different effect. While DCS did not alter learning of t
MWM task, DCS treatment improved MWM retention in standard housed shams (Sham-STD
DCS), as demonstrated by an increase in target zone entries during theigkobtowever,
Sham-EE-DCS animals had a significantly reduced number of target entgesypared to the
Sham-EE-Sal group. There are at least 2 possible explanations for thisghgeontradictory
finding: 1) Sham-EE-DCS animals unlearned faster, and 2) DCS negatively reddyllaamate
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transmission in the Shams-EE-DCS group. All sham animals spent comparablmtihes
target quadrant, which is greater than the amount of time spent in the other threatguadr
Therefore, Sham-EE-DCS recalled the location of the hidden platform but did not spend
substantial time in the target zone in particular. Alternatively, it has lepented that
differential housing in EE significantly increases glycine levels ialmal cortex (Cordoba et
al., 1984). The glycine co-agonist site on NMDARs may be more saturated initieedrorain
and the presence of DCS may be competing with the endogenous glycine. loadhisnsiDCS
plays an antagonist role, reducing the NMDAR glycine-site activatiaraey (Hood et al.,
1989; Lanthorn, 1994).

Chapter 2 demonstrated that there is lasting loss of potential in diffuselydigpuag
animals. These injured rats were still functional and were able todedrachieve trials to
criterion in the hippocampus- and NMDAR-mediated MWM task. Nevertheless,thsifd=
experience as an assay for plasticity, there is still a developngeptaéletween Sham-EE-Sal
and FPI-EE-Sal pups 30 days after the insult, during their early adulthosdcyfiathesized
that worsened outcome after TBI at very young ages (infants and toddlerbdag to altered
developmental profiles (Anderson et al., 2005). Although the FPI-EE-Sal group in oumstud
the end learned the MWM trained task, they never achieved the same performarais tn
criterion as their Sham-EE-Sal counterparts and this impairment wasathtanto their early
adulthood. Giving DCS during the critical window of injury-altered glutamatérgnsmission,
similar levels of mastery and recall were restored to FPI-EE-DCS pugmsygared to Sham-
EE-Sal animals.

Although the persisting belief that there is better restitution of function wiaam br

damage occurs early in life has been ascribed as the “Kennard Princiglajchily Kennard
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would posit that age would not have been the sole predictor of recovery. Depending on the
features of the injury, post-injury reorganization, staging of the lesion, andthg and

method of outcome measure assessment, early brain injury would be as equathtidevas
damage to the mature brain (Dennis, 2010). ‘Younger is not always better.inThBleffects

of TBI can be worse and longer lasting in the immature brain. By understaheing
dichotomous nature of NMDAR activation, this dissertation demonstrates tlest tntivation

of hippocampal NMDAR during the pathological process can reinstate lostipbéert

experience-dependent plasticity after early life TBI.
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CHAPTER 3.

GLUTAMATERGIC TRANSMISSION AS A PHYSIOLOGICAL

BIOMARKER FOR TRAUMATIC BRAIN INJURY

I NTRODUCTION

Currently, there are many treatments for TBI, but there is no speciéc dinis may be
partly due to the heterogeneity of the injury, as well as a lack of physialdgiemarkers to
target and apply treatment in humans and experimental animals. One of thef gl
dissertation is to identify a viable physiological biomarker, particuanpninvasive in vivo
measure, to assess the state of the injury and target a possible treatmmamt a¢@n
appropriate time period after the insult. Due to the intimate involvement of NMDARs mal
development, plasticity and the pathophysiology of TBI, pharmacologicaletiagesonance
imaging (phMRI) was used not as mapping technique but rather as a non-invasigkgitygd

biomarker for NMDAR mediated glutamatergic neurotransmission agé

What is a Biomarker?

Biomarkers are important in determining which molecular processes woulddi& to
target for clinical efficacy and drug development. The National Inssitot Health (NIH)
Biomarker Definitions Working Group defines a biomarker as “a charaatdhat is objectively
measured and evaluated as an indicator of normal biological processes, pathamesses or

pharmacological responses to a therapeutic intervention” (Lesko and Atkinson, Zo@1)IH
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defines three levels of biomarkers: type 0 can track the natural course otslngpe 1
examines intervention effects wherein the mechanism of action of the drug is knaten but
relationship with outcome is not yet known; and type 2 biomarkers are truly predittlinical
outcome (Minzenberg, 2011). Biomarkers are generally used to measuegydadidrugs to
their targets, to understand and predict pathophysiology, to elucidate how the sliatase
progresses or changes with therapy, and to predict clinical outcome. These atetdonegh
monitoring parameters that have clinical relevance. Biomarkers enabfeofpimncept studies
for novel agents or new drug applications, which reduces risks in safety and dragyeffi
determinations early on during drug discovery for a particular condition. Not entlhey
useful in resolving treatment parameters, such as optimal dose and duration, but also in
comparing competing treatments and exposing adverse effects of a gneriMigzenberg,

2011).

Neuroimaging Signals as Biomarkers

Neuroimaging has been identified by the NIH Critical Path Initidf\oodcock and
Woosley, 2008) to be a critical technology in elucidating underlying mechaofsgGi¥S
diseases and disorders, as well as in drug development, The acquired imagilsgesey
currently argued to belong under type 0 and 1 biomarkers and can be crucial in bab criti
phases in drug development: 1) proof-of-biology and 2) proof-of-concept. The noninvasive
nature of neuroimaging allows early clinical testing to investigagetanechanisms

hypothesized to be associated with a biological change in normal physiology or in gaatholo

* NIH Critical Path Initiative (http://www.fda.govédinitiatives/criticalpath/)
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(proof of biology). In proof of concept studies, clinical experiments demonstrataeharget
mechanism is linked to a significant change in a clinical endpoint. Engagemeung afindihe
target mechanism could change the patient condition when the treatmeninstded (Wong

et al., 2008; Minzenberg, 2011).

Examples of functional brain imaging include lesion-deficit models, gebtiain
function and activation imaging. Lesion-deficit models have been develope@imtleanges
in measured signals ranging from single unit recordings, local field poteatiastructural
MRI have been correlated with cognitive and behavioral testing in humans and afimeals
study of aphasic patients contributed greatly to this type of neuroimagingd. n@@ldssic
examples of lesion-deficit models include postmortem studies that show a pétenady
impaired language articulation had damage in the third frontal convolution of tiheurare
(Broca’s aphasia) and a patient with a deficit in speech comprehensionnhageda the left
posterior temporal cortex (Wernike’s aphasia) (Toga and Mazziotta, 2088)use of MRI to
visualize structural neuroanatomy has been highly effective in identiig@igned areas may be
affected by disease or injury while the patient is still living. Another notrtaiye way of
performing lesion studies can be achieved using transcranial magnetiastm Resting brain
function can be accessed by targeting basal glucose metabolism, blood fling, stete
functional magnetic resonance imaging (fMRI), positron emission topogrBaT) @nd resting
electroencephalogram (EEG) power. Activation imaging allows measuotreievoked
responses due to sensory, electrical or pharmacological stimuli adneithibtethe
experimenter. Activation studies may utilize blood flow PET, fMRI , evdatee potentials

(ERP), optical intrinsic signal imaging or single unit recordinggéland Mazziotta, 2000).
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When neural activity increases in response to a sensory stimulus or a drug, oxyge
consumption and glucose utilization increases. The vascular system respondsdsyrigc
blood flow and volume to the local area exceeding the increased oxygen consumption rates,
which results in better oxygenation of the active region. Since deoxyhemoglobin is
paramagnetic (Pauling and Coryell, 1936), changes in blood oxygenation ladeis thanges
in MRI signal intensity, making deoxyhemoglobin an endogenous contrast ageritreldRon
intact neurovascular coupling, which translates neural activity into changesfusion rates.
Additionally, the use of intravascular contrast agents allows for direct ne@asoir of alteration
in local perfusion and CBV (Mandeville et al., 2001). The fMRI signal using attesain blood
oxygenation is referred to as blood oxygen level-dependent contrast (BOLD)d@galy,
1990; Kwong et al., 1992) [reviewed in (Logothetis and Wandell, 2004)]. Therefore, by
focusing on the various components of the complex biophysical basis of neural ,adififatgnt
types of fMRI signals can be measured, such as relative cerebral blood voB¥)e ¢€rebral
blood flow (CBF), BOLD, and oxygen extraction fraction (OEF — measures how much

oxyhemoglobin is converted into deoxyhemoglobin).

fMRI has been shown to be practical for noninvasive mapping of brain and function with
high spatial and temporal resolution (Belliveau et al., 1991). No exposure to radiagguired
during this technique and it can be implemented for repeat imaging of individuattsubj
Repeat studies allow for within-subject study designs that confer gstatistical power to

evaluate normal or pathological physiology and to determine drug effectffaracy.
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MRI of NMDAR-Mediated Glutamatergic Transmission

The vascular and metabolic demands of neuronal activity underlying fMR Isignae
been suggested to be mostly driven by glutamate and the effects on its rewghtded action
on neurons and astrocytes (Bonvento et al., 2002). For instance, NMDAR activati@ehas
shown to be the primary factor in BOLD responses. Using a somatosensory evekeidlpot
stimulation, BOLD signal can be significantly reduced using NMDAR antagbt{801 (Gsell
et al., 2006). NMDAR mediated activation can also be elicited in the hippocampusibyrimg
the change in relative cerebral blood volumeOBYV ) elicited by pharmacological stimulus
targeting the NMDAR co-agonist glycine-binding site, which is not sadriat hippocampal
neurons in culture or in slice preparations (Wilcox et al., 1996). Systemic adatiarsbf D-
serine, which targets the NMDAR co-agonist glycine-binding site, caaaeekrCBV in a
region-specific manner in the hippocampus using pharmacological MRI (phM&1)zzutti et
al., 2005). This induced increase can be blocked by the co-administration ofl2ARNM

antagonist L-701,324 (Panizzutti et al., 2005).

In this chapter, a proof of biology study was performed to demonstrate that the
pharmacologically evoked increase in rCBV is associated with potentidM&RR mediated
transmission. D-cycloserine (DCS) was used as the stimulating drug toseebkage in the
fMRI signal. D-cycloserine has demonstrated high specificity and partialsigdincacy on the
NMDAR glycine binding site. (Hood et al., 1989; Watson et al., 1990; Priestley and, Kem
1994; Baxter and Lanthorn, 1995). Historically, this modulatory site was namée fointling
of glycine and its interaction with the NMDAR complex (Bonhaus et al., 1987; Johndon a
Ascher, 1987; Thomas et al., 1988; Hood et al., 1989; Monahan et al., 1989b), but other glycine

analogs have demonstrated affinity to this site. In the absence of glyarenting of
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glutamate alone will not activate NMDAR channel opening. The NMDAR channelr@peni
necessitates both the binding of glutamate and the activation of its co-aggeirst-binding
site (Johnson and Ascher, 1987). Addition of glycine has been shown to potentiate NMDAR
responses in cultured cortical neurons (Johnson and Ascher, 1987). Additionally, kinetg studi
have shown that there is a coupling between the glutamate and glycine co-agogjisition
sites. While agonist affinity at either site is dependent upon the ligand th@iexthe other
site, the extent of the modulation of one site is dependent on the intrinsic activityyqfeod t
agonist rather than its affinity (Priestley and Kemp, 1994).

NMDAR-mediated evoked rCBYV response was detected by phMRI as a plgysad|
biomarker for the diagnosis of altered glutamatergic transmission andechpéasticity
following traumatic brain injury. The immature, injured brain was hypothesizedibite
impaired responsiveness to drug induced activation subacutely after flaiggien injury
(FPI). This subacute time point corresponds to diminished NMDAR expression (NiREA)
function, as demonstrated in Chapter 1 and by Giza et al. (2006). Additionally, we Bigeathe
that at a chronic time point (approximately after 2 weeks), during which NM&4ARnits have
been reported to be normalized to sham levels (Li et al., 2005; Santa Mari2@0%), the
recovered brain could then respond to drug-induced activation. Dynamic suscepbhtilist
enhanced MRI (DCE-MRI) was used to measure DCS induced changes in AGEBM) in
weanling rats. This required two MRI scans: one scan without DCS on board and onelscan wit
DCS. During each scan, changes in signal intensity induced by the bolus injectmontfat
agent (Gd(DTPA)-2: Magnevist) were tracked. rCBV maps were then gehératethe
trapezoidal integration of the signal time course. The difference betwB& m@ps from pre-

and post-DCS scans were calculated at different regions of interest .(ROy®ung rats,
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ArCBV were measured on post-injury days (PID) 3-5, during the time when NMDAdRidn is

reduced, as well as on PIDs 13-18 when NMDARSs have been reported to have normalized.

METHODS

Experimental Design and Subjects

Male Sprague-Dawley rat pups (Charles River, Boston, MA) underwent sham @& seve
lateral fluid percussion (FPI) on postnatal day 19. On post-injury days (PIDn8&ala
underwent pharmacological MRI (phMRI). Figure 26 shows the experimenighdes
Chapter 3. Animals were maintained in a 12 hour light-dark cycle with food andasater

libitum. The UCLA Chancellor's Committee for Animal Research approvexhahal studies.
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Figure 26. Experimental Design 4

T2*- weighted DSCE-MRI data were acquired in a Bruker 7 Tesla scannerdtsi®-5 days

and 13-18 days following sham and FPI procedure at postnatal day 19. Data acquasition w
repeated on the same day in each rat, 1.5 hour following stimulation DCS (30mg/kg, ¢ip.). Ea
subject underwent two imaging sessions, one pre- and one post-DCS. Inset shioneditiee t

of one imaging session.
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Fluid Percussion I njury

Same as Chapter 1.

Pharmacological MRI (phMRI)

All imaging experiments were performed on a 7T (300 MHz) horizontal bore MfReha
interfaced to a Bruker MR imaging console equipped with ParaVision 5.0 saftiaeescanner
has an actively shielded gradient system (1 T/m). Animals were scanng@ uadiofrequency
birdcage transmit coil decoupled from a 15 mm receive-only surface coil positiondtie@ve

head.

Two imaging sessions were performed on each rat to measure percent chelageén r
cerebral blood volumeAfCBV). The first session (pre scan) measured baseline rCBV and the
second (post scan) will measure rCBV after the administration of a tilruguss (30 mg/kg
DCS, i.p.). For each session, T2*- weighted Dynamic Susceptibility Contrast EdhdRde
(DCE-MRI) was used to acquire data that can be used to obtain rCBV. The second iscagi
was timed to capture rCBV maps approximately 90 minutes after the injectioa difug

stimulus.

Animal Preparation
Animals were induced with 4.5% enflurane (in 100% O2, 1.0ml/min) via nose mask.
When the animals reached a surgical level of anesthesia, the animalsavdeen®d at 3%

enflurane. The tail vein was sterilely prepped and cannulated with a 24G dmgigioa
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Science). The animals were secured into a semicircular cradle withreankaa bite bar to
minimize movement. Rectal temperature was maintained at 37°C with a theicabgta
controlled warm air and respiration rate was monitored using a balloon pressswe s
(BIOPAC). The anesthesia level was adjusted between 2-3% to mainégipiration rate of

approximately 60 breaths per minute. Rats were allowed to breathe spontaneously.

Imaging Parameters

T2*-weighted Fast Low Angle Shot (FLASH) gradient echo images wepgirad.
Parameters include: effective echo time (TE) = 17ms, repetition TiRe<x 250 ms, flip angle
30°, single slice thickness = 1mm, number of slices 8, field of view (FOV) = 30 mm x 30mm,
and matrix size (MS) = 64 x 128, reconstructed to MS =128 x 128. After acquiring 5 minutes of
baseline volumes, gadolinium (Gd(DTPA)-2 (Magnevist) , 0.5mmol/kg ) was bolateidje
(~20sec) via the tail vein. Total FLASH acquisition time was 24 minutes. Airbraference
images for 20 horizontal slices corresponding to the FLASH imaging wereeatgging a two-
dimensional (2D) Rapid Acquisition with Relaxation Enhancement (RARE) sequéhdhev
following parameters: TE = 60 ms, TR = 5000 ms, single slice thickness = 0.5 mm, number of
slices = 20, FOV = 30 mm x 30 mm, MS = 128 x 128, number of averages (NA) = 16, RARE

factor = 8. Total RARE acquisition time was 21 minutes and 20 seconds.

DCSas a pharmacological challenge

After the first imaging session (pre scan), DCS was administeregpm»xamately 20-
30 min after the animal awoke and recovered from anesthesia. After 15 min follo@hg D
injection, the animal was again induced with enflurane and prepared for the secgimgjima

session (post scan). The same imaging parameters were used in both scans.
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Analysis

The Image J plug-in, Dynamic Susceptibility Contrast MR Analysis (DS&M
(https://dblab.duhs.duke.edu/modules/dscoman/ index.php? id=1) software, was used in
generating rCBV maps. DSCoMAN computd’2 using

AR2 = - (1/TE) In ( S(t)/8),
where TE is the time after excitation, S(t) is the dynamic signal itlyeasad S is the average
baseline signal intensity. Figures 27A and 29B illustrate the time colarstihe signal intensity
and for theAR2, respectively. ThAR2 represents the relaxivity-time curve, which is a
parameter related to the concentration of gadolinium in the voxel. Relativeatéiebd
volume (rCBV) maps were generated from the acquired FLASH imagespeztidal
integration ofAR2 maps from
rCBV = TRX[i=1...N] AR2i,

which is built in the DSCoMAN software. The rCBV and maps were normalizéxe tgldbal
mean rCBYV to account for inter-subject and inter-session differences tigdgical and
experimental variation. Scaling to global mean signal accounted for vasgadsvity in
response to the pharmacological stimulus and allowed detection of a drudfdiesth et al.,
2005). Appendix section A3 further discusses the importance of normalizing to thienggaiva
Regions of interest (ROIs) were manually defined on the coplanar anatoefécahce image
and transferred to the rCBV map. ROlIs included hippocampus (Hipp), thalamis (Tha
caudate/putamen (Cpu), and cortex (Ctx) (Figure 27C). The percent chang¥/iinCBV)
was obtained for each ROI between sessions without and with pharmacologicaisti

Statistical analysis using the Student’s t-test was performed on plarmedresons between the
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subacute Control and FRICBYV and between the subacute and chronicA¥EBV. Statistical

significance was defined @s< 0.05. p-values were adjusted for Type | error.

RESULTS

Injury Severity
Mean LOC, apnea times, and the corresponding atmospheric pressure (atm) did not
significantly differ between FPI groups (Table 7). There were no signifttHerences in

subject weights across groups on surgery day (PIDO).

Table 7. Experiment 4 — Injury Characteristics
Control subjects include naive and sham animals.

Drug Challenge Time point Group N wtPIDO(g) Drop< Apnea(s) LOC(s) Atm
Saline Subacute Control 6 49.8+45 NA NA NA NA
Stim-DCS Subacute Control 8 50.6+1.6 NA NA NA NA
FPI 6 48.1+17 16 90 + 26 131+35 2.25+0.03
Chronic Control 3 50.0+2.2 NA NA NA NA
FPI 4 50.8+13 16 148+30 98+48 2.22+0.04
Sengitivity Test

Pre scam\rCBV values between subjects were computed to determine variability and
relative changes between pre scans across groups. BetweenAuDiétsignals were
computed by normalizing to their respective group means using the followitignshap:

(rCBV; — rCBVpean) / rCBVmeanx 100), where rCBYWwas the raw rCBV value for a given rat and
rCBVmeanWas the mean across all subjects for the group. To determine signal vanatiiry

a subject, a separate group of naive and shams controls (Naive: N = 3, Shamigd = 3) a
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underwent pre and post scans following a saline (i.p.) injection instead of stomDeZiS.
Within-subjectArCBV values were computed between the pre and post scans. Standard errors
were comparable across groups (Figure 30A). The within-subject datassiten compared to

the control (Naive: N = 4, Sham: N = 4) animals that received stimulation-Di@8drepre and

post imaging sessions. Region specific increasasdBV were observed in the hippocampus
(Hipp) only in animals administered with the stimulation-DCS dose between thagpmost

scans (Figure 28B).

DCS-Induced 4rCBV

Figure 29A illustrates a representative rCBV map for a control an&bsubject. The
generated rCBV maps are generated in arbitrary units of 0-255 pixel intemsityn by the color
calibration bar. Figure 29B shows the percent difference of the rCBV. nkagrsent difference
between Pre and Post-DCS scans were computed in the pre-defined regionesis i(fReI:
Hipp = hippocampus, Cpu = caudate/putamen, and Ctx = cortex) visualized in Figure 29C.
Since there were no significant differences between the Naive andA3G&M, values were
collapsed together to constitute the Contid@BYV. DCS evoked a region-specific increase in
hippocampalArCBV (+65%) in control animals bilaterally. This response was absent in FPI
pups that underwent phMRI subacutely on post-injury days 3-5 (Figure 30). At the ¢hmanic
point (>2weeks post-FPI), increastaCBV values were observed both in Controls (+32%) and
FPI animals (+100%). Further breakdown of the FPI group imaged in the subacete phas

showed a trend for an injury severity response of evak€®BV (Figure 31).
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Figure 27. FLASH and RARE Images for rCBV
(A) Sample FLASH image (left) and signal
intensity tracking the bolus transit of the contrast
agent (Gd(DTPA)-2: Magnevist) in a defined
region of interest (ROI) generated from DSCoMA
(right). (B) Generated Delta RAR2) map (left)
using Raw Perfusion plugin from DScoMAN and |
the corresponding plot (right). (C) Structural ' S—
anatomical RARE images with sample ROIs (Hip R
= hippocampus, Ctx = cortex, and Cpu =
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Figure 28. ArCBV Sensitivity

(Mean+ SEM)ArCBV (without DCS). (A) Between-subject pre scaBV values were
normalized to their respective mean rCBV for Control animals (bold solid emyrN@ive: N =
6, Sham: N = 4) and for FPI rats (dashed error bars, N = 6). Bar graph with thirmsuliches
show within-subjecArCBV (Naive: N = 3; Sham: N = 3). (BYrCBV in control animals that
received either saline or DCS between scans. The asterisk (*) indicatéigant difference
from the stim-DCS grougp(< 0.05).

117



rCBV maps
A Structural (RARE) DCS () DCS (+)

- 255
I 191

128

I64
0

Control

FPI

100%

Figure 29. Representative rCBV Maps

(A) Representative Control and FPI Structural (RARE) images and cole@Bdd maps pre
(DCS(-)) and post (DCS(+)) administration of DCS. (B) Perte@BYV difference maps
superimposed over their respective RARE images.
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Figure 30. Subacute and ChronidrCBYV Post-FPI

(Mean+ SEM) DCS-inducedrCBYV obtained from manually drawn ROIs in the hippocampus
(Hipp), caudate-putamen (Cpu), and cortex (Ctx). Stimulation doses of DCS induced a
hippocampal-specific increase in rCBV signal in uninjured animals (suba&i&o; chronic,
33%) that is abolished by developmental FPI. The asterisk (*) indicatescagnfiifference
from Subacute Control group € 0.05). There is spontaneous recovery of DCS-indaceaV

in the Chronic FPI group (+100%) The dagger () indicates significant diffenr@emseSubacute
FPI group p < 0.05).
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mContral
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Figure 31. SubacuteArCBV Breakdown in FPI Animals

(Mean+ SEM)ArCBYV in the hippocampus of FPI animals that received either mild (loss of
consciousness time, LOC < 60 seconds) or severe injury (LOC > 120 seconds). Auntimals
mild FPI showed partial enhancement in rCBYV after a DCS dose.
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DisCUSSION

Methods that are non-invasive and translatable, such as PET, SPECT, MRS and MR,
allow for the evaluation of hemodynamic parameters and are now more widelysusets dor
diagnosis and drug development. In traumatic brain injury (TBI), MRI is being used
experimentally and clinically, to characterize injury effects ombralume, intrinsic MR
constants (T1 and T2) of different brain tissue, neuro-metabolism, hemodgnaml
connectivity. Injury induced changes in these parameters have also hetstedmwith
impaired cognitive performance and behavior (Immonen et al., 2009). Due to the coupling of
neuronal activity, neuronal metabolism and cerebral perfusion, rCBV response taaiog
used as a biomarker to investigate effects of pathologies, normal plgysasid drug
therapeutics on brain function. Additionally, an evoked change in rCBV signal can yield a

measurable parameter with a high signal to noise ratio (Mandeville et al), 2001

Glutamatergic transmission plays an inherent role in neuronal and astiergbral
activity and can now be mapped using MRI (Sibson et al., 1998; Bonvento et al., 2002t Gsel
al., 2006). Pharmacological MRI (phMRI) studies have mapped neural substrisli€s36fL, an
NMDAR antagonist, by measuring changes in BOLD signal. MK-801 admitstnasulted in
reduced activity in the hippocampus, anterior cingulate, retrospinal cortex, anedra
prefrontal cortex (Roberts et al., 2008). Additionally, by targeting thargyco-agonist site of
the NMDAR, administration of D-serine systemically in adult rats indute@ases in local

rCBV in the hippocampus (Panizzutti et al., 2005).

In this chapter, increased rCBV was elicited in hippocampus, in a region cpea&ifner,

by systemically administering an NMDAR agonist, D-cycloserine$ in control subjects.
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Control animals given a saline stimulation dose did not show any changes in rCBV. Moreove
FPI1in P19 rats abolished the DCS-induae@BV on PIDs 3-5 (Figure 32). This is the first
description of a proof of biology study using phMRI in normal and diffusely brain injured
weanling rats, wherein the NMDAR system was associated with a walagiangeArCBV)

using DCS, an NMDAR agonist. DCS has been demonstrated to have a high affinity to the
glycine recognition co-agonist site in the NMDAR. The region-spegifafiDCS-induced

ArCBV, under the present experimental conditions, seems to be in accord with prepmts r
that indicated that the glycine-binding site in the hippocampus is not saturatedredrto other
brain regions (Dalkara et al., 1992; Pitkédnen et al., 1994). Furthermm®®Y in cortex and
caudate/putamen did not significantly differ between FPI and control animalscanot @&ixceed

the threshold of rCBV signal variability.

The time course of DCS-inducadCBYV parallels NMDAR-mediated neural
responsiveness in the subacute and chronic time points after FPI. The abseb8eindixed
ArCBYV in the subacute time point corresponds to diminished NMDAR function, impaired
behavior and experience-dependent plasticity, in the absence of gross hidtdegiage (Giza
et al., 2005; Li et al., 2005; Reger et al., 2005; Giza et al., 2006). Four days afdrigary to
postnatal day 19 rats, NR2A subunit protein levels are reduced by 20-40% in thergbsilate
hippocampus (Chapter 1 and Giza et al., 2006). On the same post-injury day (PID), FPI induced
decreases in NMDAR-mediated EPSCs, which were attributed to diminished HeS8C
NR2A-containing NMDAR (Li et al., 2005). Weanling rats subjected to FPI alsoezshow
disturbed novel object recognition memory, a hippocampus- and NMDAR-mediated working

memory task (Chapter 1, Reger et al., 2005), at the same subacute time poiibn&tdithe
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loss of DCS-inducedrCBYV in the first 7-10 days post-injury coincides with the critical time
window when enriched environment rearing was not effective in inducing enhandécitplas
(Giza et al., 2005). Giza et al. showed when postnatal day 19 animals weratititgreoused
in an enriched environment immediately after FPI (on PID1), FPI-EE anfailis functionally
demonstrate EE-induced enhancement in MWM performance when tested in adulBiveth-
EE animals significantly improved their spatial learning in the MWM. Howevkile FPI-EE
animals still were able to learn the MWM task, they only performed teetet df standard
housed counterparts (Chapter 2, Fineman et al., 2000). In addition, previous studied tiegtorte
FPI-EE animals also failed to show EE-induced structural plasticity, sudcr@ased cortical
thickness and expanded dendritic arborization (Fineman et al., 2000; Ip et al., 2002). The
recovery of DCS-inducedrCBYV two weeks after FPI coincided with normalized levels of
NMDAR subunits, NMDAR-mediated electrophysiology and novel object recognitiomonye
(Li et al., 2005; Reger et al., 2005; Santa Maria et al., 2005; Gurkoff et al., Zo@@hermore,
when EE rearing was delayed until two weeks after FPI, FPI animals deatets
responsiveness to the EE-rearing condition and significantly improved tidé\ Marning

(Giza et al., 2005).

These results suggest that DCS-indusedBYV can be used as a non-invasive surrogate
biomarker of NMDAR-mediated transmission. Its clinical implicatiom$uitie the use of the
phMRI ArCBYV signal as a diagnostic tool to assess the magnitude and duration of impaired
NMDAR-mediated glutamatergic transmission after traumatic\brguiry. Moreover, Figure 33
suggests an injury severity dependence of DCS-indneBY in the subacute FPI group.

However, with a small sample size, this preliminary breakdown needsrfavieation.
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DISCUSSION OF THE DISSERTATION

Traumatic brain injury (TBI) is the leading cause of death and disabiliheigdung.
Children may recover physically from the acute effects of TBI, only tofetrdhronic
cognitive and behavioral dysfunction during maturation. Although the developing brain
demonstrates increased capacity for experience-dependent plastiogytdoeadaptive and
malleable can be a double-edged sword. Depending on the nature of the stimuli oeaeegeri
the neural response may be either a physiological or pathological sommestillt. This
dichotomous outcome is dependent on the underlying mechanisms involved in neural circuitry
formation. What initiates circuitry formation are the signals generatsgraptic responses
associated with the stimuli. These signals include the ionic flux or maledideations
triggered by neurotransmitters, like glutamate. Glutamate’s action eariitsis receptors
ultimately influence intracellular calcium levels that can drive thierel either pro-survival or
pro-apoptotic states and can have lasting effects on development, leamingyynand

neuroplasticity.

The N-methyl-D-aspartate receptor (NMDAR) is a subtype of ionotroptamlate
receptor that has a profound influence on calcium homeostasis and plays & kepyohptic
plasticity, learning, memory, and development, but is also involved in the pathophysiblogy
TBI. Modulation of this receptor could have therapeutic potential in treating wrsdénd
disorders that are mediated by abnormal/pathological glutamatergicraesrission, such as
in stroke (Newell et al., 1995; Dhawan et al., 2011; Lai et al., 2011), schizaphi@mey et al.,

1999), Parkinson disease (Wang et al., 2010; Ho et al., 2011; Nandhu et al., 2011), autism

123



(Rinaldi et al., 2007; Moskal et al., 2011) and TBI (Biegon et al., 2004; Yaka et al., 2007;

Adeleye et al., 2009).

The opening of the NMDAR channel requires the binding of both glutamate and the
activation of its co-agonist glycine-recognition site, either by gyar D-serine (Thomas et al.,
1988; Monahan et al., 1989b; Kleckner and Dingledine, 1991; Wilcox et al., 1996). Depending
on the subunit composition and the nature of activation, direct stimulation of the NMDARS vi
either the co-agonist binding sites or modulatory sites (polyamine site and lghame)ean
trigger either pro- or anti- plasticity sequelae (Hardingham anchBag@003; Hardingham,

2006; Soriano et al., 2006; Papadia and Hardingham, 2007; Hardingham, 2009). NMDAR’s

intimate involvement in “good” or “bad” plasticity is currently being unceddurther.

In experimental TBI, alterations in NMDAR composition have been correlatad w
impairments in hippocampally-mediated learning and behavior in the developing tothim, i
absence of histological pathology (Fineman et al., 2000; Giza et al., 20@%tGilz, 2006;
Gurkoff et al., 2006; Schwarzbach et al., 2006). Blockade of pathological NMDiMAtaam
(excitotoxicity) at the different modulatory sites seemed promisinggipte-clinical setting;
however, many clinical trials in acute brain injury have not been succg$stutis et al., 1999;

Albers et al., 2001; Ikonomidou and Turski, 2002; Naranyan et al., 2002; Maas et al., 2010).

Alternatively, while direct pharmacological activation of the glutarb@tding site can
lead to a risk of excitotoxicity, NMDAR modulation via the glycine-recognisite provides a
safer and more feasible way of facilitating NMDAR function. This glyca@gnition site has a
high affinity for D-cycloserine, a cyclic glycine analogue, whichafejng on the ligand
concentration can have agonist or antagonist properties (Hood et al., 1989; Waltsd9eda
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Lanthorn, 1994; Baxter and Lanthorn, 1995). Previous studies have demonstrated that DCS
augments amygdala- (Lin et al., 2009) and hippocampus-dependent learning in rodents
(Monahan et al., 1989a; Thompson et al., 1992; Pitkanen et al., 1995; Lelong et al., 2001) and in
humans (Onur et al., 2010). Successful recovery of function has already been déadovistra
NMDAR activation at this co-agonist glycine site after TBI in adodtemts (Temple and Hamm,

1996; Yaka et al., 2007).

It is demonstrated in this dissertation that DCS therapy during a cpédald after
developmental FPI can promote neuroprotection and restoration of subacute NMD/AdRedhedi
pro-plasticity molecules, such as the NR2A subunit and phos-CAMKII. ThigatEingent to
physiological levels sets the stage for a normalized pro-plasteviglabmental trajectory. DCS
therapy, in conjunction with EE rearing, is therefore demonstrated to restprive potential
lost to injury. Further investigation is necessary to optimize the needed numbegadds

inter-dosage interval of DCS therapy that is translatable to humans.
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SUMMARY OF FINDINGS

Fluid percussion injury causes indiscriminate glutamate releasen(Eade, 1989;
Katayama et al., 1990) and pathological activation of NMDARs. The majoriheaxcessive
calcium accumulation post-TBI has been attributed to NMDARSs (Bullock, 198@eNet al.,

1993; Nadler et al., 1995) and altered NMDAR subunit composition. There is reduced protein
expression of NR2A:NR2B ratio in within one week post-FPI in the adult and young brain
(Osteen et al., 2004; Giza et al., 2006) that corresponds to the time-courssuaf cal
accumulation (Osteen et al., 2001) post-injury across development. In P19 pups,seddcrea
NR2A subunit in the ipsilateral hippocampus occurs in the first week followih¢@tFa et al.,

2006).

In Chapter 1, western blotting techniques were used to measure protein levels of
glutamate-mediated receptors and downstream signal transduction moletukesdwithout
DCS treatment subacutely after FPI in postnatal day 19 rats. Readmioits of NMDAR and
AMPAR receptors, as well as CAMKII and ERK, were also measured. DCHiattation
during the first few days post-injury restored ipsilateral NR2A in hipppcano sham levels.
Phos-CAMKII was also observed to be positively modulated by DCS therapy. DS als
induced increases in calcium-impermeable Glur2-containing AMPARS. This cesresponds
to the indirect interaction of DCS with AMPAR-mediated transmission in pgilcampal slices
(Rouaud and Billard, 2003; Billard and Rouaud, 2007). The increase in GIuR2 levels has been
correlated with the developmental switch of synaptic AMPARSs frofi-fermeable to C&
impermeable receptors during the period of maximal synaptic growth. Tésests Isuggest that
DCS induces recovery of developmental physiological AMPAR levels. Concyrreatiel

object recognition, a NMDAR-mediated working memory task that involves the lpgms, is
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rescued by DCS treatment in FPI-EE pups. Novelty recognition is likely tabi@lan
learning, memory and plasticity, particularly in the setting of EE reanpgrhaps other

scenarios of experience-dependent plasticity.

DCS treatment sets the stage for reinstated capacity for gigdtigcinormalizing pro-
plasticity molecules (NR2A subunit and CAMKII levels) and inducing a milieteptet from
further excitotoxicity in the injured brain (with increased GIuR2 levels)s Trolecular

restoration manifest in rescued cognitive performance using the novel objectitieadgsk.

In Chapter 2, the results suggest that after diffuse TBI, spontaneous recavecg\sts.
All animals housed in the standard condition were still successful in finding the hidtfempla
reaching trials to criterion, and recalling the platform location duringblee trial when tested
on the MWM on PID 30-40. These standard-housed young animals demonstrated higher
learning than adult rats trained on the same task, with linear slopes of lehatingte greater

than 1 and exceeded the reported adult rodent MWM performance (Fineman et al., 2000).

When experience-dependence plasticity was induced, only sham animals dat@dnstr
EE-induced enhancement in cognition. Figure 19 shows that Sham-EE-Sal and Sbe&EE
demonstrated significantly improved MWM acquisition and recall compared to slamuiased
subjects. In contrast, FPI-EE-Sal pups showed no effects of EE-rearimmgnpedf only to the
level of standard housed subjects. This translates to lost plasticity and potdffihanimals.
While DCS had no effect in shams regardless of housing condition, DCS improved MWM
acquisition (trials to criterion) in FPI animals, in particular showingaifscant effect in FPI-
DCS-EE pups (Figure 23). DCS treatment during a diminished period of reduced neural
responsiveness after FPI resulted in rescue of experience-dependéantyplast
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DCS, however, had a differential effect on Shams and FPI animals in the probe trial.
While DCS seemed to increase the number of entries to the target zone inSSHauausinals,
Sham-EE pups had significantly reduced target entries when treated witlFigG® 25). DCS
has been shown to facilitate declarative learning and hippocampal activitytimyHeahans
(Onur et al., 2010) and extinction learning in rats (Bouton et al., 2008). These datt thagge
Sham-DCS reduction in probe trial target entries may be due to faciléateung that the

platform does not exist in the original location.

Alternatively, antagonist properties of DCS (Hood et al., 1989; Lanthorn, 199&rBa
and Lanthorn, 1995) may explain this differential effect in shams. Hood et al., showed shat
has agonist properties and stimulalgd| TCP binding to a maximum of 40-50% that of the
effect of glycine alone. DCS also has antagonist characteristiceiwiethe presence of
varying concentrations of glycine, DCS reduces the maximal levels@hglgtimulation. In
intact mice, EE-rearing increases levels of glycine in the brain (Caretodl., 1984). Increased
glycine levels could facilitate NMDAR function by occupying the unsatdrgtgcine binding
sites on NMDARs and promoting enhancement of synaptic plasticity, learning amaryne
Glycine is a full agonist acting on the same binding site as DCS on NMDARscdthis
arguably be an underlying mechanism for EE-induced experience-dependentypld3GS
administration in the presence of glycine, therefore, may be reducing tinéigdetE effects of

elevated levels of glycine in the uninjured brain.

Based on the findings in Chapters 1 and 2, modulation of NMDAR-mediated
transmission could result in either physiological or pathological plastigityhough, effects of

FP1 on NMDAR subunits levels recover over one week, alteration of NMDARSs durniticalc
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period in development has lasting consequences on experience-dependeny plBatnirtished
NMDAR-mediated transmission has been demonstrated in ex-vivo electropbicablo
recordings or correlatively through cognitive and behavioral testing.inhportant to be able to
detect reduced NMDAR-mediated neural responsiveness non-invasively afi@idr&o
translating this finding to humans. In addition, this non-invasive assessioarg far a within-

subject design in the evaluation of therapies that target the NMDAR system.

In Chapter 3, pharmacological MRI was used to characterize an MRI sighabn be
used as a biomarker of NMDAR-mediated transmission. It has been previousiysieted
that an NMDAR agonist, D-serine, increases hippocampal relative celpétmwdlvolume
(rCBV) in intact adult rats. The effect is region-specific due the lf@ttthe co-agonist glycine
binding site of hippocampal NMDARs are normally unsaturated as compared to other bra
areas. Co-administration of a full antagonist of the glycine site inhibitdd-t#&ine-induced
ArCBYV indicating the specificity of this interaction (Panizzuttilet2005). In Chapter 3, using
a partial NMDAR-agonist, DCS, increases in relative cerebral blood volir@BY) signal
were induced in a region-specific manner in developing rat. It was demahs$trati¢he DCS-
induced increase inrCBV was abolished within one week following FPI. Over time, evoked
ArCBV recovered two to three weeks post-injury, which corresponds to recovery oARMD
subunit protein expression, NMDAR-dependent novel object recognition, and NMDAR-
mediated excitatory postsynaptic currents (Li et al., 2005; Regky 20@5; Santa Maria et al.,
2005). Clinical implications of identifying a non-invasive physiological bionraidkeT Bl
include the ability to assess the state of the injury (magnitude and duratiomt pregicted
deficits, and identify potential treatment responses for NMDAR-mediaadrission targeted

therapy.
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Recording changes in perfusion is still a surrogate marker of neuronatyaeind
pharmacological MRI carries several limitations. The stimulating dray affect systemic and
vascular physiology during scanning and could prevent acquisition of the desired brontrarke
a separate group of animals, monitoring at the bench-side validated physilodtgodlity during
the imaging sessions. Simultaneous physiological monitoring during imaging should be
observed in future studies. In addition, DCS as the phMRI stimulating agent could have a
potential confound when used in conjunction with DCS as treatment. Other NMDAR agobnists
the different modulatory sites could be used in replacement of DCS as the storaghgeve the
evokedArCBV. Further proof of concept experiments could also be pursued through direct
electrical stimulation of the hippocampus in vivo. The evoked electrophysiologpainsge
could be used as the biomarker in this setting (and would eliminate the potential confounds of
using DCS for both treatment and stimulation). Within-subject effectsIadrePdifferent drug
treatments could then be evaluated through electrophysiological, mojendebehavioral

methods.

Table 8. Summary of Findings

Measure P19 FPI P19 FPI (+DCS)

Molecular J NR2A (PID4) T Restored NR2A (PID4)
Phos/total CAMKII (PID4) Restored phos/total CAMKII (PID4)

Behavioral (subacute) | NOR (PID4) T Restored NOR (PID4)

Behavioral (chronic) 4 MWM Trials to Criterion T Restored MWM Trials to Criterion
MWM Probe Trial Restored MWM Probe Trial
(P1ID30-40)

phMRI (subacute) {4 ArCBV (evoked) (PID3-5) -
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INTERPRETATION OF DATA

Following FPI, there is a reduced NR2A:NR2B ratio during a criticabdenf a
developmental switch to a higher NR2A:NR2B expression (Flint et al., 198l/C&ndy et al.,
2001; Cull-Candy, 2004; Giza et al., 2006). This would yield an NMDAR assemblyg tnare
sensitive and electrophysiologically active. Since DCS has an wfioniboth NR2A- and
NR2B- containing NMDARSs, it would be a concern that DCS could result in potentiated

NMDAR activity and pose a risk for worsened excitotoxicity, especédtiyr FPI.

However, DCS efficacy is subunit-specific and elicited by the interaatietyshrough
the glycine binding site of the NMDAR. DCS interacts with NR2A-only and NB2IB-
containing NMDARs with 69% and 38% maximal efficacies, respectively, coohpaugdycine
controls. In contrast, NR2C-containing NMDARs demonstrate potentiated resptm&sCS
(192% maximal efficacy compared to glycine controls) (Sheinin et al., 2001h NR2A and
NR2B prevalently expressed and the glycine binding site unsaturated in the hippecB@S
demonstrates agonist properties when interacting with this NMDAR co-agaaiwith all
recombinant NR1/NR assemblies) (Hood et al., 1989; Monahan et al., 1989a; Watson et a
1990; Baxter and Lanthorn, 1995). Therefore, even with the down-regulation of NR2RRifter
to the P19 rat, it is hypothesized that DCS can still facilitate physiallogitivation during this
developmental stage, by potentiating NR2A- more than NR2B-containing NMDARSghted
NR2A activation can promote fast desensitization of NMDAR activity (Calhdy, 2004). This
action can allow necessary synaptic firing, while faster channehglpsotects the postsynaptic
neuron from prolonged glutamate excitotoxicity. Furthermore, activation ofithe
synaptically localized NR2A-containing NMDARSs has been reported to peoangtore pro-

plasticity sequelae (Hardingham, 2006; Papadia and Hardingham, 2007). This isezvldenc
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the restoration of CAMKII to sham levels after DCS therapy and novel obggnigion after

FPI in the immature rat.

DCS efficacy is also pH-dependent. Brain injury decreases brain pH from&..Zbt
(Zauner et al., 1995). DCS efficacy is increased with decreasing pH (feets7.2 to 6.5 pH
levels) for both NR2A-only and NR2B-only containing receptors (Sheinin et al., 2G0drair
pH continues to be reduced after FPI, DCS is still hypothesized to fagidtaetiated NMDAR
activation in both NR2A- and NR2B-containing NMDARSs in the hippocampus. While lowered
pH results in inhibition of the NMDAR (Banke, 2005; Dravid et al., 2007), DCSagffic

actually increases with reduced pH levels (Sheinin et al., 2001).

The traditional approach for an injury would be to quiet down the perturbed system and
allow spontaneous recovery to occur. Efficacy of this approach is evidencedeasuhsg of
Chapter 2, wherein the standard-housed FPI animals still performed to the walras tae
sham group. EE-induced benefits can also still be acquired after FPI iedhéng rat without
pharmacological intervention if EE rearing was started after noratializof NR2A subunit
levels. FPI animals exposed to delayed-EE (two weeks post-FPI) demonstyaiféchatly
improved trials to criterion in the MWM comparable to EE-housed shams (Gata 2005).
However, in the delayed-EE animals, remembrance of the hidden platform wadaretres
during the probe trial. In contrast, only with DCS treatment were both MWjisition and
recall reinstated to sham levels, as shown in Chapter 2. This finding confirmgé&mnelelece on

NMDAR-mediated transmission of experience-dependent plasticity.

Arguably, all humans live in a continuous complex environment that is constantly filled
with new and changing stimuli. Injury to the young brain can reduce function. Howdwier
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spontaneous recovery still occurs and development ensues, the young injured brainnsaaot pri
to fully benefit from the continuous stream of stimuli from its environment. Injure@ss

could still reach their pre-injury baseline, but they would have delayed developmenaygdtm
fall behind their non-injured peers. This translates into lost potential. In Chapter &jimals
housed in EE failed to manifest benefits of experience-dependent plasticitpudth the

outcome in FPI-EE rats still yielded recovery of function (FPI-EE-Sal yuaps still able to

learn), their capacity for plasticity was impaired (FPI-EE-®a&ken ‘mastered’ the spatial

learning task).

It is demonstrated in this dissertation, using converging operations, that DGtates
NMDAR activation during a critical period of development that is cruciahéguiring
beneficial experience-dependent plasticity. Targeting the glycineAgirsite using DCS allows
for NMDAR activation without the adverse effects of direct stimulation. Furtbee, NMDAR-
mediated transmission can be assessed non-invasively using MRI sifimed® MRI signals
can be used as physiological biomarkers to ascertain the extent of the injusdindpairment

of function and the potential for enhanced therapeutic recovery.
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APPENDIX

Al. HISTOLOGY

To determine whether the use of DCS as treatment following FPIedfewrphology in
the subacute phase (within one week, greater than twenty-four hours) followtrtiy four
animals per group in Chapter 1, Experiment 2 (Sham-Sal, Sham-highDCXlFeEFPI-
highDCS) were perfused on PID4. Animals were anesthetized with adeg®bf sodium
pentobarbital (100 mg/kg) and perfused via the ascending aorta with phosphaediséfiere
(PBS) followed by cold 4% paraformaldehyde in PBS. Brain tissue was pedtifixthe same
fixative for 24 hours in 4C and infiltrated with 30% sucrose and stored in a*C7ezer.
Brains were sectioned coronally on a cryostat (Leica) atd@ntervals, saving sections
between the genu and splenium of the corpus callosum. Sections were preserved in 0.1 M Tris
buffered saline (TBS) with 0.05% sodium azide and storetiCat Brains were prepared for
thionine immunohistochemistry for gross evaluation of brain tissue under a bteghtfie

microscope (Leica).

Representative sections are shown in Figure 32. No overt histological pathalegges
observed following moderate-severe FPI and/or highDCS dose on PID4. Thiomns stai
specific to DNA and Nissl substance, which is primarily ribosomal RNA. {Vhis of stain does
not however mark cells undergoing apoptosis. To elucidate whether DCS treattnessges
apoptosis after FPI, alternative methods of histology may be pursued with thieFhsero Jade
or Annexin V to label degenerating neurons. Furthermore, one would not be able totiatkere
different types of cells (neurons vs. glia) with thionine staining alone.
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Sham-Sal

Sham-DCS

FPI-Sal

FPI-DCS

Figure 32. Experiment 1 — Thionine Histology

Coronal sections (40m thickness) stained with Thionine. Horizontal panels show sample
sections from the experimental groups: Sham-Sal, Sham-highDCS, FPI;Sald $)PI-

highDCS (4). The columns indicate the magnification at 1x (A) and 4x (B). Column B shows
magnified regions of the hippocampus, ipsilateral to the FPI site. Sectamg&ch group are
shown to demonstrate the lack of gross morphological damage from FPI or fromea@%eht.
Scale bars are 1 mm (A) and 50 (B).
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A2. PHMRI: DCSAS ADRUG CHALLENGE —FEASIBILITY

This preliminary experiment was designed to determine the feasibiRZ&f as a
pharmacological challenge during contrast enhanced pharmacologicgpMRRI) in vivo.
The early effects of DCS on MRI signal and relative cerebral blood volumenvestigated.
An adult naive Sprague Dawley rat (289g) was cannulated in the right femorahdein2.5%
isoflurane anesthesia with a 1m polyethylene (PE-50) tube. The cannula wasadade
gadolinium bolus (Gd(DTPA)-2: Magnevist, 0.5 mmol/kg) flanked by a saline frahtaal.
Femoral vein cannulation was used to ensure bolus administration of the contrastSan@haC
relative cerebral blood volume (rCB}) was calculated from T2-weighted gradient echo RARE
images at 5 time points: baseline, 60 minutes before DCS injection (ia-D@®$: 10 minutes
after gadolinium injection), 10 minutes after DCS injection (i.v.) (post-DCS-20minutes
after DCS (post-DCS-30’), and 60 minutes after DCS (post-DCS-60’) (Figure 38xaging
parameters were as follows: TE =15 ms, TR = 5000 ms, slice thickness = 1 mm, number of
slices = 12, FOV = 30 mm x 30 mm, MS = 128 x 128, resolution = 0.0234 cm/pixel x 0.0234
cm/pixel, NA = 16, RARE factor 8. Total RARE acquisition time was 21 minutes and 20

seconds. Regions of interest were manually drawn over the hippocampus and cortex.

Assuming a linear relationship between the tissue relaxation rate (R2 =T2/i2the
transverse relaxation time) and the total amount of contrast agent in the txasignal
attenuation induced by the contrast agent in T2- weighted MR images can tilgeddsyg
(1/T2Zr¢) = (L/TZh0s) + r2cprCBV. TZye and TZostare the transverse relaxation times before
and after contrast agent injection, r2 is the molar relaxivity of the coatdstp is the plasma
concentration of the contrast agent. Assuming steady-state plasmafebelsontrast agent,

T2 becomes proportional to the rCBV. Therefore, the rGBValues can be simply computed
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using rCBMarc = - In (Sost/ Soire), Where Ge and Sostare the signal intensities prior to and after

administration of the contrast agent (Panizzutti et al., 2005).

No perturbations in animal physiology (temperature and breathing raiepbszrved.
Calculated Pre-DCS rCBY. showed comparable values to reported in literature (DCE-MRI:
0.068+ 0.01 and positron emission topography (PET): 0082012, both in mL blood per gram
of tissue (ml/g), (Tofts, 2005)). Evident changes in rgRBWithin 60 minutes of DCS
injection reflects the optimal time for maximal effect of DCS, which haalfalife of

approximately 45 minutes in the rat brain (Baxter and Lanthorn, 1995) (Figure 33B).

This feasibility experiment showed that DCS can be used to induce increases in
hippocampal and cortical rCBV in vivo within an imaging session, with no adverselplgysal
effects. This also suggests that future within-subject experiments coaildaequiring images

pre- and post- DCS challenge within the same day, minimizing variability eetesgeriment

days.
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Figure 33. DCS as Pharmacological Challenge: Design and rCBV
(A) Experimental design for A2. (B) Calculated rCBV values within the sammal after DCS
administration. Pre-DCS time point was obtained after injection of gadolinium
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A3. PHMRI: DCSAS ADRUG CHALLENGE —PHYSIOLOGICAL CONCERN

The feasibility experiment in A2 showed that DCS can be used as a drug challenge
phMRI in an adult control (naive) Sprague Dawley rat. The objective of thisieegpe was to
determine the effects of DCS on rCBV values in control (sham), Sham apds$tRatal day
P20-25 weanling rats. Two postnatal day 24 pups experienced drastic reductiorhms feeat
minute (BPM) (from 60-70 to 30-40 BPM) immediately following DCS tail veindtge during
scanning. For weanlings, intraperitoneal (i.p.) injection of DCS was fauhave less drastic
physiological effects on the pup. DCS was given i.p. when the animal was awalae, tsilmow
DCS as treatment was administered in Chapters 1 and 2. The majority (~t6%)vetanling
rats that received DCS in the awake state (i.p.), however, did show tranfaets when DCS
was given intraperitoneally. These effects lasted approximately 10rlBewiand included
piloerection, increased breathing rate, ataxia and mild body shakes. Tbatepgnrthe awake
state was eventually used for all subsequent experiments, to eliminateShanesthesia effects
that were not yet elucidated, as well as to de-couple drug-induced effectssaiqgyand on

neurovascular activation.

After successfully obtaining DCS-evoked rCBV responses in a cohort of anerfaw
important questions were addressed to characterize the DCS-imdh@#Md signal. In phMRI,
rCBV is taken as a surrogate marker of neural activation. In Chapter 3)saniena imaged
under anesthesia. rCBV can be confounded by several factors, such as physrokagcaes
(blood pressure, vascular g@espiration rate, temperature), as well as anesthetic and drug
effects on blood flow (Kalisch et al., 2001; Gozzi et al., 2007; Zaharchuk, 2007). The firs
guestion asked was how the anesthetic and the stimulation DCS dose affect plegsdiologi

parameters in the weanling and juvenile rats.
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During the imaging sessions, a few of the physiological monitors were tnotplace.
Therefore, bench-side physiological measurements were acquired separate groups of
naive and sham operated rats (postnatal day 20-22 (N = 4) and postnatal day 33-34t¢N = 3))
determine the effects of anesthesia and stimulation-DCS dose during tbetswral chronic
time points when performed pharmacological MRI (phMRI) was performed one ancegks w
post-injury, respectively. In the subacute time point, end-tidal (exhalegjv@®©monitored
using a micro-capnograph (Columbus Instruments, Columbus, Ohio). While end-tidé&dgxha
breathing rate (Bio-pac), and temperature (Bio-pac) were recardled postnatal day 20-22
pups, only breathing rate, heart rate, mean arterial pressure, and tanepeese available in
the postnatal day 34 animals. Enflurane anesthesia was used before and afiendsewere

awakened and the administered a stimulation- DCS dose (30mg/kg, i.p.).

Figures 34 and 35 show the bench-side physiological monitoring in two segranas
of animals at the two time points (subacute — PID3-5, and chronic — PID 13-21). In the
anesthetized postnatal day 20-23 animals, administration of DCS resulted ereddreathing
rate, while end-tidal C@and temperature remained constant. This could mean that the
maintenance of exhaled G@vels and slower breathing rate with DCS on board could result
from animals breathing deeper but less frequently, i€@ vasodilator that causes the relaxation
of smooth muscle within vessel walls, resulting in increased vessel diaandtbtood flow.
Blood flow would in turn result in increased blood volume. Conversely, lack et@@d result
in vasoconstriction and reduced blood flow and volume. However, if decreased respirdtions le
to increased levels of GOrCBV signals would be expected to increase; instead, rCBV showed
no change at the early time point. Since physiological monitoring at themi@t@adint showed

no DCS-induced perturbations in any of the measured parameters, the data sagtesiet
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could be a DCS interaction with developmental stage of animal physiology. postant to
consider other phMRI agents that have no physiological effects across develbpgentan
future experiments, it is recommended that end-tidal Ie¢els, blood pressure, breathing rate

and heart rate should be always be monitored during the imaging session.
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Figure 34.

Bench-Side Physiological Monitoring (Subacute)

(Mean+ SEM) End tidal (exhaled) CObreathing rate, and temperature were measured in a
separate group of postnatal day 20 to 22 naive rats (N = 4) under enflurane enlestbes and
after the animals were awakened and administered a stimulation dose of D@&B0m.).
Although we observed decrease of breathing rate during the second scan, nasigfigct of
ETCQO;, was detected between pre and post DCS.
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Figure 35. Bench-Side Physiological Monitoring (Chronic)

(Mean + SEM) Mean arterial pressure, breathing rate, heart rate goel&une were measured
in a separate group of postnatal day 34 naive control rats (N=3) No DCS-inducetbpioa
perturbations were observed in the chronic time point.
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A4. PHMRI: DCSAS ADRUG CHALLENGE —RCBYV CONCERN

All animals underwent the DSCE-MRI protocol described in Chapter 3. In one day,
animals were scanned 2 times. Scans were 90 minutes apart. rCBV valueswereddrom
each scan from tracking the bolus injection (i.v.) of gadolinium (Magnevist). Although
gadolinium has a half-life of 20 minutes, a concern was raised that thexrastilldingering
levels of gadolinium in the body by the second post scan. A brain with contrasp eegantt
would be dark (i.e. have reduced signal) in a T2-weighted image. Thereforeathisbuld
have a darker starting signal, and injection of more contrast agent duringahd sean would

result in artificially reduced rCBV values because maximal sigmange could not be achieved.

This same concept of contrast agent pooling is quite relevant in TBI, in thalisFBpts
the blood brain barrier (BBB). Opening of the BBB would cause pooling of the contrastragent
post-injury tissues, which would artificially elevate levels of computed rCBYhis occurs in
our region of interest, DCS would fail to induce enhano€eBYV (i.e. ceiling effect). This is
great concern because the failure to evak&BYV is not due to the dysfunction of NMDAR-
mediated neurotransmission, but instead due to pooling of contrast agent in tissue. Enis conc
in turn raised two questions: 1) was the BBB intact during the post-injury ighaggsion in
FPI animals? and 2) if the brain were already experiencing signagehavith contrast pooling,

how can the DCS-evoked change in rCBV be parsed out from the overall brairci2Bye?

In addressing these issues, the experimental design for the phMRI sessiatedincl
timing of scans to coincide with reduced NMDAR expression and function as well aghvehe
BBB integrity has been previously reported to be intact after a diffus@atac brain injury

(Tanno et al., 1992; Osteen et al., 2001; Beaumont et al., 2006b). We also monitored the signal
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intensity time curves during contrast agent bolus injections and observed thalt @oat-PI
subjects showed similar contrast agent bolus profiles. This indicated that¢hkattas and
BBB were intact during imaging. Additionally, rCBV values per sessioe wermalized to the
global rCBV mean, so that any region-specific changes would not be explainegidbal

change in cerebral blood flow or volume ((Panizzutti et al., 2005; Rausch et al., 2005)).

To investigate in more detail the effects of contrast agent pooling in our,aagions
of interest (ROI) analysis was performed on the DSCoMAN generated BWm@ps from
pre- and post-DCS injection. These values were then compared to the rCBV vahiaizedr
to the global rCBV mean. Data from Sham (N = 4) and FPI (N=6) data fropteZl&awere
used. Additional control (shams, N = 3) were also imaged before andraiter saline
injection. We observed that raw rCBV values appeared less in post-DCS thaiDi@$srans
(Figure 36 A and C). This meant that the trapezoidal integral undaRtheurve was indeed
reduced in the post scans compared to the pre scans. However, these raw valuesatdntot ac
for the global effect of prolonged anesthesia exposure and DCS challengeforEhere
normalizing to the global mean was indeed essential to control for signaliatapltietween
imaging sessions. Normalized values revealed DCS-induced increase in mppbcaBV
(Figure 36B). Control animals that received saline also showed reducedBswin@ no
change in normalized hippocampal rCBV (Figure 36D). Final percent cirang8V (ArCBV)
outcome measures presented in Chapter 3 were computed from the rCBV valuezedrmali

the global meanAfCBV = (norm_rCBVpost - norm_rCBVpre) / norm_rCBVpre 100 ).
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AS5. PHMRI: DCSAs ADRUG CHALLENGE —RCBF

An alternative neurovascular coupled perfusion parameter, relative cdriemciflow
(rCBF), could also be obtained from tracking the gadolinium bolus during DSCE-MRF. rCB
was obtained from the ratio of the rCBF and the relative mean transit time \rMAd@ rMTT
was estimated in DSCoMAN as the first moment ofAR2 curve. rCBF in control (Sham, N =
1; naive, N = 2) and FPI (N = 3) animals that underwent DSCE-MRI in Chapter anayeed.
DCS induced increases in normalized rCBF ArdBF values (Figure 38). Taking both
hemispheres together, FPI animals had significantly reduced rCBFglimechto global mean)
in hippocampusg < 0.05) (Figure 38B). This result corresponds to reported reduced blood flow
following TBI. The percent change in rCBErCBF) values between the pre and post DCS
administration did not significantly differ between control and FPI gropipsQ(1). However,
with the small sample size for each group (N = 3/group), analysis af@iF parameter may

be underpowered.

Pre-DCS Post-DCS

Cortrol

FP|

Figure 37. Representative rCBF Maps
Sample P23 Control and FP1 rCBF maps on PID4.
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