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Abstract

A CELLULAR MECHANISM FOR DENDRITIC SPINE LOSS FOLLWING
TRAUMATIC BRAIN INJURY IN RAT
By Brian Low, M.S.
A thesis submitted in partial fulfilment of the reqennents for the degree of Master of
Science at Virginia Commonwealth University.

Virginia Commonwealth University, 2009

Major Director: Dr. Severn. B Churn, Ph.D
Associate Professor, Departments of Physiology andiysics, Neurology, Anatomy and
Neurobiology, Pharmacology and Toxicology

Traumatic brain injury is a leading cause of death arabdis in the United States. The
injury is often composed of two processes: the pringuyy, which can involve
irreversible loss of tissue, and the secondary injurychvimvolves a cascade of reactive
processes such as excitotoxicity that occur in the howurslays after the initial insult.
Excitotoxic stimulation of neuronal circuits can leadcellular dysfunction and
modulation of neuronal sensitivity. One mechanism ofuhgion involves the calcium-

regulated phosphatase, calcineurin. Calcineurin has beamgo be involved in the
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modulation of the neuronal post-synaptic structures kresastendritic spines. One means
by which CaN regulates spine structure is through the depbigdation of the down-
stream effector proteins such as, cofilin. This studk&#ice changes in CaN activity
levels as well as the phosphorylation state of icoifil the cortex and hippocampus in each
hemisphere of the laterally injured brain. We repat the lateral brain injury causes an
increase in CaN activity in the hippocampus with a corredipgrdephosphorylation of
cofilin. Trauma-induced changes in CaN follow a sligklilyerent time course in cortical
tissue, as there is a biphasic modulation of cofflat begins with an increased
phosphorylation which is followed by an extended dephospdimmy. This
dephosphorylation is partially prevented by a single postyinpjection of FK506, a
calcineurin inhibitor. Since dephosphorylation of cofi a rate-limiting step in dendritic
spine collapse, the results of this study demonstrateemtial cellular mechanism through

which traumatic brain injury results in altered neurduoacttion.
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INTRODUCTION

Traumatic Brain Injury

Traumatic brain injury (TBI) remains a major cause @teand disability in the United
States and it is associated with a high rate of magbidi affects people of all ages, but
occurrence peaks with children under the age of 5, bett®d years, and over 70 years
(Kraus and McArthur, 1999). The 15-24 year age group is of pkticoncern as these
individuals often lose their ability to fully contrileito society and can often become a
financial burden. The injury can be caused by a varietgaddrs including blunt trauma,
penetrating injury, and concussive force. Trauma can implezated by skull fracture,
intercranial hemorrhage, and contrecoup effects. Howthwe primary injury is not the
only pathology associated with trauma; many patienfersttbm a variety of secondary
effects that manifest in the days, months, and yeaftstmuma. The secondary effects
can be as mild as headache, dizziness, and nausealomoue severe, such as the

development of epilepsy.

The causes of secondary effects have been difficellutmdate and therefore, challenging
to treat. While some pharmacological treatments haversipromise, treatment that is
efficacious at all stages and in all injuries has prdodre elusive. In order to shed light
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on this matter, the focus of research should be onifgieg key pathways that yield
secondary injury. By determining cellular and moleculacihanisms, we can begin
identifying treatments that are effective in preventimgdevelopment of secondary

pathologies.

Epilepsy

A seizure is caused by synchronous electrical activitig@rbrain, which may last
anywhere from a few seconds to a few minutes. A pdrawvimg at least two seizures that
were not acutely caused by a medical condition igraiaed with epilepsy. Epilepsy is
one of the most common neurological disorders irlihiged States and it affects 0.5-2%
of people worldwide (Pitkanen et al., 2006). While it i€nftontrollable with chronic
treatment, it has proven to be incurable. Still, eveéh affective therapy options, with
over 40 varieties of epilepsy, some are non-responsivedoment and completely

uncontrolled.

Epilepsy is a disorder that can affect people of anylagat is more likely to occur in
young children or in people over the age of 65. On ayéadis, epilepsy and seizures
affect nearly 3 million Americans with approximately 200,0@Wtases diagnosed
annually. In addition to the social stigma attacheelpitepsy, there is a high rate of
morbidity, many people suffer from depression, anxietgrames, infertility, or reduced
sexual libido. Furthermore, patients with epilepsy heaweo to three times greater chance

of mortality than the general population.



While the etiology of most epilepsy is unknown, one vestiablished cause is traumatic
brain injury. However, epileptic seizures usually do regjith immediately after injury;
rather they occur in the months and years aftemitialitrauma. This latency period,
known as epileptogenesis, is common, but poorly understbbekefore, research is

needed to elucidate cellular markers of trauma-induceckdlteruronal physiology.

Calcineurin and Cofilin

Two particular markers of interest are calcineurin (Cai) its down-stream mediator,
cofilin. CaN is a neuronally enriched calcium-regedhphosphatase that is implicated in
learning and memory (Mulkey et al., 1994; Lu et al., 2000) alut#ized to the post-
synaptic structure (Kurz et al., 2005a). Cofilin is a ddve@sn mediator of CaN activity
and is also found within dendritic spines (Racz and Weinl28@g). In its
dephosphorylated form, cofilin acts by binding the actioskeleton and causing a
structural breakdown by generating torsional forces (Bolgt@l., 2006). This results in a
loss of the spiny formation and decreased interneucmmamunication. CaN also
regulates cellular processes such as apoptosis (Ankaretal., 1996; Asai et al., 1999),
gene transcription (Enslen and Soderling, 1994; Genazzani #889), and in neurons,
membrane potential (Tong and Jahr, 1994). Due to its irdricablvement in so many
processes, dysregulation of CaN activity is a potemtédthanism for development and

maintenance of pathology.



The Lateral Fluid Percussion Injury in Rat

There are a variety of experimental models that a@d tesmodel traumatic brain injury.
As the brain is a complicated organ, it responds diftireéo assorted types of trauma. In
the following study, rats were subjected to a laterad faercussion injury (LFPI) by first
doing a craniectomy and attaching a hub to the skull iresalaftashion. The rats were
attached to the injury apparatus and a pressure wave wastgdrmsra swinging metal
pendulum striking the end of the injury device, injecting alkuolume of isotonic saline
into the surgically implanted hub (Figure 1). The satiaesed a brief displacement of
brain tissue and the time was noted as the primaryyinjlihe hub was removed from the

skull and the rats were allowed to recover for pre-datexd lengths of time.

This study was conducted in order to characterize thelaedind molecular mechanisms
that occur following LFPI. After injury, rats were de¢ated at specific time points and
post-mortem analysis was conducted. In previous studiésa@a cofilin have been
implicated in the loss of dendritic spines (Kurz et2005a; Kurz et al., 2005b; Kurz et al.,
2008). For this reason, biochemical assays were perfommwder to examine the activity
levels of CaN and the phosphorylation state of cofibst-TBI. The data suggests that
there is an increase in the activity level of CaN amrresponding decrease in
phosphorylated cofilin. Additionally, these changes arggtlg blocked by a single post-
injury injection of the CaN inhibitor, FK506. The follawg chapters represent a paper

that will be submitted for publication. The paper, A Glell Mechanism for Dendritic

Spine Loss Following Traumatic Brain Injury in Rafll be submitted to thdournal of
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Neurotrauma. Accordingly, the paper is formatted to conform with guidelines set

forth by the journal.



Figurel. Thelateral fluid percussion injury device. Representative placement and site
of originally described lateral (parasaggital) fluid pesis brain injury (inset) and
schematic of a fluid percussion brain injury device. A pamauirom a known height
impacts the piston of a saline-filled reservoir, fogcanbrief fluid bolus into the sealed

cranial cavity (Thompson et al., 2005).






A CELLULAR MECHANISM FOR DENDRITIC SPINE LOSS
FOLLOWING TRAUMATIC BRAIN INJURY IN RAT

Introduction

Traumatic brain injury (TBI) is a major cause of deatld disability in the United States
(Ghajar, 2000). The initial injury often involves an gaitreversible destruction of tissue;
however, secondary, potentially preventable injury psessake place in the days and
weeks following the initial insult. This secondary damaméses pathological changes in
cells over a much greater area and time than the primary and is often responsible for
many of the long lasting neurological deficits associatigl TBI (Siesjo and Siesjo,
1996; Ghajar, 2000). The delayed nature of the secondary irffarg a potential window
for treatment, making it an exciting area for both bessearch and clinical trials.
However, to develop treatment protocols, it is necgdsaelucidate the cellular

mechanisms through which TBI induces altered brain functio

Calcium-regulated systems have been implicated ingiteaad of neuronal damage
following ischemia and TBI (Tymianski and Tator, 1996; Queside et al., 2008; Sun et
al., 2008). One of the calcium-mediated systems of ingtdves the neuronally enriched

calcium-regulated phosphatase, calcineurin (CaN) (PafidiNang, 1985). Among its



many actions, CaN plays a role in neuronal reguladfamtric oxide synthase (Dawson et
al., 1993), glial apoptosis (Szydlowska et al., 2006), inflararggirocesses (Norris et al.,
2005), and expression of cytokines (Fernandez et al., 20@Teurons, CaN has been
shown to modulate neuronal excitability and alter irearanal communication — e.g., (Lu
et al., 2000; Groth et al., 2003; Park et al., 2006). For instavithin dendritic spines,
changes in CaN activity have been shown to resulhamges in dendritic spine
morphology ((Kurz et al., 2008); Campbell, Kurz and Ch2049,in press) and decreased
sensitivity to neurotransmitters by dephosphorylationeafrotransmitter receptors (Yuen
et al., 2008). Since CaN is involved in so many importaatanal processes, changes in
CaN activity are likely involved in the development of &l pathologies. Indeed,
modulating CaN activity has been identified in patholsgiech as status epilepticus (SE)
(Kurz et al., 2008), stroke (Nagahiro et al., 1998), and TBIZlktial., 2005a; Kurz et al.,

2005h).

Changes in CaN activity and distribution have been irafgit as a mechanism for
dendritic spine loss in rodent models of SE through tbdifination of the actin binding
protein, cofilin (Kurz et al., 2008). SE induces a post-tatiosmial modification of CaN
that yields C&'-independent activity in addition to intracellular tragsiton of CaN (Kurz
et al., 2003). The activity change coupled with transiosahay be a key component in
the dendritic spine loss seen after SE (Kurz et al., 208Bilarly, an increase in &a

independent CaN activity and an increase in the conciemti@t CaN in the post-synaptic



density of dendritic spines was observed with the cefitidl percussion injury (Kurz et

al., 2005a; Kurz et al., 2005b).

The present study investigated the temporal changes iraGality in rat brain
homogenate from the hippocampus and cortex both ipsilatedacontralateral to a lateral
fluid percussion injury. CaN activity was measured botlymazically and by quantifying
the phosphorylation state of down-stream substratks.d&ta indicate there was a
transient increase in CaN activity as well as a kasgng dephosphorylation of the
downstream effector, cofilin. The studies charactettie effect of LFPI on an important
calcium-dependent signal transduction pathway. Togetliggr our companion paper
(Campbell et al., 2009); the data demonstrate a cellulbwps through which LFPI

results in altered spine density.
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M aterials and M ethods

Surgical preparation and fluid percussion injury

All animal use procedures were performed in strict accaeaith the Guide for the Care
and Use of Laboratory Animals described by the Nationaituss of Health and were
approved by the Virginia Commonwealth University Instdo#l Animal Care and Use
Committee. Animal subjects received ad libitum acte$sod and water and were
maintained on 12-hour light/dark cycles throughout the expgeri. The fluid percussion
injury was performed as previously described (Kurz et al., 200Bla)exceptions as

described below.

Adult male Sprague-Dawley rats were anesthetized wdlusopentobarbital (54 mg/kg
intraperitoneally) and placed into a stereotactic fraifiee scalp was sagittally incised and
a 4.8-mm hole was made with a trephine centered 4 mm caudi@gma and - 3 mm
lateral to the sagittal suture, approximately over the{zd cortex. A screw was placed
over the opposite hemisphere to anchor the skulltatiants. A modified female Luer-
Loc syringe hub (2.6 mm inside diameter) was placed treeexposed dura and affixed
with a cyanoacrylate adhesive. Dental acrylic was tpplied around the hub and screws.
The scalp was sutured, a topical antibiotic ointment wakeaipio the wound, and the
animal was allowed to recover on a heating pad prioeiaglreturned to its home cage.
Within 24 hours following the surgery, the rats were amtgidd (4% isoflurane in a
carrier gas mixture of 30%-R and 70% @) and subjected to a lateral FPI of moderate

severity (2.2 £ 0.2 atm). Immediately after injury, theer-Loc fitting, screws, and dental
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cement were then removed from the skull. The ratdpswas then sutured closed and a
topical antibiotic was applied to the sutured area. fhestat which somatosensory and
righting reflexes returned after FPI were recordedlofzahg recovery, rats were returned
to their home cages and allowed to survive for 1 hr, 612 $ys, 18 hrs, 24 hrs, 1 wk, 2

wks, or 4 wks.

Fluid percussion injury device

The FPI device used in these experiments is identichbtadescribed by Dixon and
coworkers (Dixon et al., 1987). Briefly, the device cetesd of a Plexiglas cylinder
reservoir 60 cm long and 4.5 cm in diameter. At one etldeo€ylinder was a rubber-
covered Plexiglas piston mounted on O-rings. The otgesd of the cylinder was
connected to a metal housing 2 cm long, containing adwaes. A 5-mm-long tube with
a 2-mm inner diameter was fitted at the end of the nhetasing. The tube terminated
with a male Luer-Loc fitting. This fitting was connedt® the female Luer-loc fitting that
had been implanted over the exposed dura of the rateritie system was filled with
sterile isotonic saline and a metal pendulum that sthelpiston of the injury device
produced the injury. The device injected a small volumelimfesanto the closed cranial
cavity and produced a brief displacement of brain tisMagying the height from which
the pendulum was released controlled the magnitude afjthvg. The resulting pressure
pulse was measured externally by a pressure transducael(E®N-0300A*-100A,

Entran Devices, Fairfield, NJ) and recorded on a stavagédoscope (model 5111,

12



Tektronix, Beaverton, OR). Where stated, FK506 (5mg/kgs&wjm Chemical Company,

Osaka, Japan) was administered intraperitoneally 1 dfterFPI.

Isolation and homogenization of brain regions

Rats were anesthetized using isoflurane and euthanized wipitd¢ion 1 hr, 6 hrs, 12 hrs,
18 hrs, 24 hrs, 1 wk, 2 wks, or 4 wks after injury. Brainsawapidly dissected on a Petri
dish on ice to reduce postmortem alteration of enzystieity as described previously in
detail (Kurz et al., 2005a). Ipsilateral and contralateealcortical and hippocampal brain
regions were quickly isolated and immediately homogeinzih 10 strokes (up and
down) at 12,000 rpm using a motorized homogenizer (TRI-R Institsninc., Rockville
Center, NY). Brain regions were homogenized in ice-bomogenization buffer
containing 7 mM EGTA, 5 mM EDTA, 1 mM dithiothreitol, 0.3 mM
phenylmethylsulfonylfluoride, and 300 mM sucrose. Neocortigabres were
homogenized in 4 mL of buffer, hippocampal regions in 2 anid cerebellar regions in 5

mL. The homogenate was aliquoted and stored at -80°C uatil us

pNPP assay of CaN activity

CaN activity was quantified using the procedure of Pallervdadg (1983) as described
in detail by Kurz and coworkers (Kurz et al., 2001; Kurz gt26105b). Briefly, all
reaction tubes were prepared on ice and contained towifod: 25 mM MOPS (pH 7.0),
1 mM DTT, 2 mM p-nitrophenyl phosphate (pNPP) (Sigma-AldricBome tubes used to

measure basal CaN activity also contained 2 mM EGTA2amil EDTA. Tubes used to
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measure maximal CaN activity contained the same reagefitgsal reactions, with the
addition of 2 MM MnCJ. Manganese activates CaN much more strongly tHaiuoain
the pNPP assay and is therefore used to better vistisizdfects of TBI on maximal CaN
activity (Kurz et al., 2005b). Final reaction volumeseaviémL. Prior to use, the protein
concentrations of all homogenate samples were detetrasiarg the method of Bradford
(Bradford, 1976). Reactions were initiated by the additiddOang/mL brain
homogenate. Reactions were incubated at 37°C for 30esimut shaking water bath.
Tubes were then removed from the water bath and piaded to stop the reaction.
Absorbance of the reaction mixture was immediatelysmesd at 405 nm in a
spectrophotometer (UV-2101, Shimadzu Scientific Instrumemts, Columbia, MD).
Absorbance units were converted to nmol of pNP produced bygarson to a pNP

concentration standard absorption curve.

Western analysis

Brain samples were normalized using the Bradford metiesd)ved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGEhd®Arotean Il system, BioRad,
Hercules, CA), and transferred to a nitrocellulose brame using the Trans-blot system
(BioRad, Hercules, CA) with the plates in the high-istgnfield configuration.
Nitrocellulose was then twice immersed for 15 minutelslocking solution containing
phosphate buffered saline (PBS, pH 7.4), 0.05% (v/v) polyoxyathydorbitan
monolaurate (Tween 20), and 2.5% Bio-Rad blotting grade dky riithe nitrocellulose

was then incubated with the appropriate antibody in lrgckolution over night. Anti-

14



cofilin (Chemicon International, #3842, Temecula, CASIA.) and anti-phosphocofilin
(Chemicon International, #3831) were diluted 1:500 for Wediltnanalysis.

Membranes were then washed three times for 10 minutesveasthin PBS and Tween 20.
Next, the nitrocellulose was reacted with horserageioxidase-conjugated secondary
antibody in blocking solution for 45 minutes. Then thedbleére washed three times in
PBS and Tween 20 for 10 minutes each wash. Lastly, e Wwere reacted with a
luminol reagent for 5 minutes (Pierce Femto-sensitivercB, Rockford, IL). Blots were
immediately exposed to x-ray film (Kodak X-OMAT) and dexedd using a Kodak X-
OMAT developer. Specific immunoreactive bands were gjiiesh by computer-assisted
densitometry (GS-800 Calibrated Densitometer, BioRad) ampbaed to a linear

concentration curve as described previously (Churn et al., 1992)

Statistical analysis

All statistical analysis was performed using GraphPad P4iéniGraph-Pad Software, San
Diego, CA). For single group comparisons, Student’s twastused and for multiple
group comparisons, ANOVA with Tukey post hoc analysis ugesl with a minimum
significance level of p < 0.05. All data are presensethaan + SEM unless otherwise

noted.
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Results

A total of 44 rats were injured used to complete the timet@studied. Injury severity
was determined both by pressure pulse and righting reflexongsh the 44 injured
animals, the average pressure pulse was 222613 atm and the average righting time
was 384t 12 seconds, which correspond to a moderate injury (Morehtesld 1994;
Schmidt and Grady, 1995; Carbonell et al., 1998; Hallam,e2@04). All data is reported
as a percentage of control and phosphocofilin datades formalized to total cofilin

levels to control for experimental error.

Effects of LFPI on CaN activity

In order to determine the effects of LFPI on calcineadtivity, we utilized the well
characterized pNPP assay (Kurz et al., 2001; Kurz et al., Rad3;et al., 2005b; Kurz et
al., 2008) in whole cell homogenates from both controliajuded tissue isolated at
specific time points post-LFPI (see Materials and Mé#ho In hippocampal fractions, a
delayed increase in basal CaN activity was observeaAfmly TBI (Figure 2). In the
hippocampus located ipsilateral to the injury (Figure 2A3ab&aN activity levels were
unchanged up to 1 hour post-injury (96 + 8% of control, p >, RAOEVA). However, by
6 hours post-injury, CaN activity was significantly ince$141 + 13% of control, p <
0.05, ANOVA). Activity remained significantly elevatedlst hours post-TBI (134 + 8%
of control, p < 0.05, ANOVA) and at 18 hours (154 = 16% ofted, p < 0.01, ANOVA).
After 18 hours post-TBI, CaN activity decreased and retutmeontrol levels by 24 hours

(105 £ 7% of control, p > 0.05, ANOVA). At 1 week post-injuBaN was slightly
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elevated (133 = 14% of control, p < 0.05, ANOVA), but did néfedssignificantly from
control at 2 or 4 weeks (110 + 7%; 85 + 4% of control respely, p > 0.05 for both,

ANOVA).

LFPI resulted in a significant change in CaN actiuityhie contralateral hippocampus as
well (Figure 2B). As observed in the ipsilateral hippocasnasal CaN activity in the
contralateral hippocampus was not significantly diffefestin control levels at 1 hour
post-LFPI (110 £ 7% of control, p > 0.05, ANOVA). HoweVve&BlI resulted in a near
two-fold increase in activity by 6 hours (170 + 9% of colhfoo< 0.01, ANOVA) and
activity levels remained elevated at 12 hours (157 + 13% dfapp < 0.01, ANOVA).

At 18 hours post-TBI, activity levels were elevated, fmtt significantly (115 + 12% of
control, p > 0.05, ANOVA).The downward trend in activity continued through 24 hours
when CaN was slightly decreased compared to contrdkl€®82 + 6% of control, p < 0.05,
ANOVA). Activity levels slowly recovered to contri@vels, but did not significantly
differ from control at 1 week, 2 weeks, or 4 weeks pasiry (77 = 14%; 86 + 18%; 107 +
11% of control respectively, p > 0.05 for each, ANOVAheTdata demonstrate a delayed,
persistent increase in cation-independent CaN acfoiigwing TBI in both ipsilateral and
contralateral hippocampi. This increase in basal GaNity is consistent of a post-

translational modification of the enzyme (Kurz et 2003).

As observed for basal CaN activity, LFPI resulted imeased maximal CaN activity in

both the ipsilateral and contralateral hippocampus. Umdermal stimulation, CaN

17



activity in ipsilateral hippocampal brain regions (Figure 8@&5 not significantly different
from control at 1 or 6 hours post-injury (89 = 6%; 107 = 3%aoftrol respectively, p >
0.05, ANOVA). By 12 hours, there was a significant inoedasmaximal CaN activity
(128 £ 5% of control, p < 0.01, ANOVA), which persisted ahd8rs (125 + 9% of
control, p < 0.05, ANOVA). CaN activity returned to cattevels by 24 hours (97 + 5%
of control, p > 0.05, ANOVA) and did not differ significinfrom controls at 1 week, 2
weeks, or 4 weeks (113 + 11%; 103 + 6%; 85 * 4% of contrgleatsely; p > 0.05,

ANOVA).

In the contralateral hippocampus, changes in the masiotaity of CaN were similar to
those observed of basal (Figure 3B). At 1 hour post-iiakimal CaN activity was not
significantly different from control (104 + 5% of conkrp > 0.05, ANOVA), but there
was a significant increase at 6 hours (131 + 4% of chmqtre 0.05, ANOVA) and 12
hours (129 % 7% of control, p < 0.05, ANOVA). Maximal ati levels at 18 hours
remained slightly elevated, but were not significantly18 + 6% of control, p > 0.05,
ANOVA). By 24 hours, there was a significant loss @xmal activity (88 + 4% of
control, p < 0.05, ANOVA) and, similar to basal actiyi#yrestoring trend across the
remaining time points studied: 1 week (91 + 6% of control,0p0%, ANOVA), 2 weeks
(92 £ 12% of control, p > 0.05, ANOVA), 4 weeks (108 + 5% aftool p > 0.05,

ANOVA).
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In cortical fractions, unlike hippocampal fractions, we s@ change in either basal or
maximal CaN activity at any time point, relative to cold, in either the ipsilateral or
contralateral cortex (Data not shown). This suggest3 Bi-induced changes in CaN are
not due to post-translation modification, but rathens@ther mechanism. Alternatively,
the change in CaN may not be global and instead rtestrio peri-contusional structures.
Therefore, any changes in CaN activity are likely belyihre range of detection for the

pPNPP assay. Altered CaN activity is explored furtheowel

Cofilin dephosphorylation in LFPI

In order to determine the cellular consequences of lirkRieed increases in CaN activity,
our group examined the effects of LFPI on the phosphasylatate of cofilin, a
downstream CaN-regulated protein, in both the ipsilaterdicontralateral cortex and
hippocampus. Using a phospho-specific cofilin antibody (ktira., 2008), we quantified
the levels of phosphorylated cofilin following LFPI batith and without the
administration of CaN inhibitors. LFPI resulted in #er@d phosphorylation state of

cofilin in both ipsilateral and contralateral braisstie.

In homogenates isolated from the ipsilateral hippocanthasg was an immediate
dephosphorylation of cofilin following LFPI (Figure 4AAs soon as 1 hour post-TBI,
compared to controls, an approximate 80% dephosphorylatismbserved (21 = 5% of
control, p < 0.05, Student’s t-test). At 12 and 24 hoursippsty, cofilin was still

significantly dephosphorylated relative to controls (14% of control, p < 0.05 and 30 +
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13% of control, p < 0.05, Student’s t-test). There waapgrarent renewal of cofilin
phosphorylation at 1 week, but the change was not signily different from control (144
+ 26% of control, p > 0.05, Student’s t-test). Interggyincofilin phosphorylation was
reduced again at 2 weeks (33 £ 6% of control, p < 0.01, Studdests) and 4 weeks post-
TBI (22 £ 7% of control, p > 0.01, Student’s t-test). Ta¢a suggest a dynamic regulation

of cofilin activity following TBI.

Similarly, in homogenates of the contralateral hippamas, LFPI caused a substantial
dephosphorylation of cofilin (Figure 4B). At 1 hour posthT&filin was significantly
dephosphorylated (28 + 6% of control, p < 0.01, Student’st}-té\t 12 hours post-injury,
cofilin phosphorylation remained below that of cont(dls + 4% of control, p < 0.05,
Student’s t-test) and was still down at 24 hours (26 + 10€6mtrol, p < 0.01, Student’s t-
test). Cofilin partially recovered by 1 week post-TBI (78% of control, p > 0.05,
Student’s t-test) and remained comparable to controlsvaeRs post-injury (112 + 18% of
control, p > 0.05, Student’s t-test). Similar to ipgfat phospho-cofilin expression,
contralateral expression was significantly decreasedeksvpost-TBI (37 + 4% of control,
p < 0.05, Student’s t-test). Thus, LFPI resulted in simalbeit not the same, modulation

of cofilin in both ipsilateral and contralateral hippocamp

Unlike the hippocampal fractions, cortical samples displaybiphasic modulation of
cofilin phosphorylation (Figure 5). In ipsilateral hogemates of the cortex (Figure 5A),

there was a hyper-phosphorylation of cofilin by 1 howst{BI (221 + 27% of control, p
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< 0.01, Student’s t-test). The data suggests that thareasute hypofunction of cortical
structures, which agrees with SPECT data (Abdel-Dayeah,et998). By 12 hours post-
injury, however, cofilin was significantly dephosphat@d as compared to control (57
7% of control, p < 0.05, Student’s t-test). With theegton of the 1 week time point (76
+ 7% of control, p > 0.05, Student’s t-test), cofilin veagnificantly dephosphorylated at
every remaining time point thereafter: 24 hours (56 = 17&ontrol, p < 0.05, Student’s t-
test), 2 weeks (42 + 7% of control, p < 0.01, Student’st);tand 4 weeks (46 + 11% of

control, p < 0.01, Student’s t-test).

Phosphorylation of cofilin in the contralateral carteas similar to that observed in the
ipsilateral cortex (Figure 5B). Cofilin was hyper-phospleted at 1 hour (156 + 18% of
control, p < 0.05, Student’s t-test), but returned to cotguwels between 6 and 12 hours
post-TBI (107 £ 13%; 111 + 5% of control respectively, p > 0ddSbth, Student’s t-
test). By 18 hours post-TBI, cofilin was significantlyptesphorylated (41 £ 13% of
control, p < 0.01, Student’s t-test), which persisted 24spast-injury (25 £ 9% of
control, p < 0.05, Student’s t-test), and through the In@4aveek time points (50 = 7%
of control, p < 0.05; 60 £ 14% of control, p < 0.05; 52 + 7%arftool, p < 0.01,

respectively, Student’s t-test).

FK506 decreases cofilin dephosphorylation in LFPI

To determine the CaN-dependence of cofilin dephosphorylatiemdministered the

selective CaN-inhibitor, FK506 (Tacrolimus). Animals earjected with FK506 1 hour
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post-injury and allowed to recover for 23 hours to deterihiaesingle post-injury
injection would preserve the phosphorylation stateo@ific. An age-matched control
group also received an injection of FK506 but did not sustainy. The animals were

decapitated 23 hours after injection to match injury groupitions.

In all cortical and hippocampal regions, there was &tsllgut not significant, increase in
phosphocofilin levels in FK506-treated uninjured animals as credga those that did
not receive FK506. Therefore, FK506-treated trauma sam@es compared to FK506-
treated control samples. In the hippocampus, FK506 pampiaserved cofilin
phosphorylation levels, but did not prevent the dephosphanylaf cofilin after TBI.
There was significant dephosphorylation of cofilinpsilateral fractions (Figure 6A, 33
9% of control, p < 0.001, Student’s t-test), but the @ateral hippocampus was mildly

protected (Figure 6B, 51 £ 26% of control, p > 0.05, Studenést).

However, in cortical structures, FK506 treatment wasenpootective as it prevented the
bilateral dephosphorylation of cofilin in the corteddwing LFPI. In the ipsilateral
cortex, phosphorylation of cofilin remained close totomrevels (Figure 7A, 103 £ 11%
of control, p > 0.05, Student’s t-test). Similarlyti® contralateral cortex, cofilin was not
significantly dephosphorylated relative to controlgy(ffe 7B, 107 £ 20% of control, p >
0.05, Student’s t-test). These data demonstrate thatrbahtion is sufficient to prevent

the dephosphorylation of cofilin in the cortex, and pdlstiin the hippocampus, following
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lateral brain injury. The data suggests that the mechasi§€aN-dependent in the cortex,

but in the hippocampus, there are other mechanisms condywenking with CaN.

Overall, cofilin immunoreactivity was not significaptffected in any region of the brain

nor at any time point. This indicates that the chamyesosphorylated cofilin levels were

due to a change in phosphorylation rather than altediprexpression.
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Figure2. TheLFPI-induced increasein basal CaN activity in the hippocampusis

acute. Hippocampal homogenates from injured and control animais iselated at
specific time points post-TBI. Under basal reacti@a\ activity was significantly
elevated in the hippocampus located ipsilateral to irjjyat 6 hours, 12 hours, 18 hours,
and 1 week post-trauma. Basal CaN activity was not signifig different from controls

at 1 hour, 24 hours, 2 weeks, or 4 weeks. In the hippocaogated contralateral to
injury, basal CaN activity was significantly eleva(@&j at 6 and 12 hours post-injury and
significantly decreased at 24 hours. At 1 hour, 18 houngek, 2 weeks, and 4 weeks,
basal CaN activity did not significantly differ froromtrols (**p < 0.01, *p < 0.05, one-

way ANOVA with Tukey post-hoc analysis).
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Figure3. TheLFPI-induced increasein maximal CaN activity in the hippocampusis
acute. Hippocampal homogenates from injured and control animais iselated at
specific time points post-TBI. Under maximal reactigd®aN activity was significantly
elevated in the hippocampus located ipsilateral to irjjyat 12 hours and 18 hours. In
the hippocampus located contralateral to injury, cationuttited CaN activity was
significantly elevatedB) at 6 and 12 hours post-injury and significantly decreas2d at
hours post-trauma (**p < 0.01, *p < 0.05, one-way ANOVA with Tukegt-hoc

analysis).
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Figure4. Temporal profile of cofilin dephosphorylation in the hippocampus

following LFPI. Calibrated densitometry of phosphocofilin Western i the
ipsilateral and contralateral hippocampus. In the ipsdateppocampus, cofilin
phosphorylation was significantly decreagad at 1 hour, 12 hours, 24 hours, 2 weeks,
and 4 weeks post-TBI. Contralateral to the injury sivdilic was significantly
dephosphorylate(B) 1 hour, 12 hours, 24 hours, and 4 weeks after trauma (**p <01,

< 0.05, Student’s t-test for each time point).
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Figure5. Temporal profile of cofilin dephosphorylation in the cortex following L FPI.
Calibrated densitometry of phosphocofilin Western blaimfthe ipsilateral and
contralateral cortex. In the ipsilateral cortextillm phosphorylation was significantly
increasedA) at 1 hour and significantly decreased at 12 hours, 24hBweeks, and 4
weeks post-TBI. Contralateral to the injury site, aofivas hyper-phosphorylatég) 1
hour post-injury and significantly decreased 24 hours, 1 vizzeleeks, and 4 weeks after

trauma (**p < 0.01, *p < 0.05, Student’s t-test for each toomt).
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Figure6. FK506 partially blocksthe CaN-dependent decreasein phosphocofilin in

the hippocampus. One post-injury injection of FK506 did not prevent the
dephosphorylation of cofilin in the ipsilateral hippocamp(A) 24 hours post-injury
cofilin was significantly dephosphorylated in the hippopamlocated ipsilateral to injury
as compared to control. Phosphocofilin le@¥%24 hours post-TBI in the contralateral
hippocampus did not significantly differ from controléds (***p < 0.001, Student’s t-

test).
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Figure 7. FK506 blocksthe CaN-dependent decrease in phosphocofilin in the cortex.
One post-injury injection of FK506 prevented the dephospharylatf cofilin in the
ipsilateral and contralateral corte¢d) 24 hours post-injury phosphocofilin was not
significantly dephosphorylated in the cortex locateslaperal to injury as compared to
control. Phosphocofilin leve[®) 24 hours post-TBI in the contralateral cortex alsb di

not significantly differ from control levels (Studentest).
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Discussion

This manuscript describes a differential modulation @af@ctivity following LFPI. In the
hippocampus, there was a delayed increase in CaN activéy weasured directly by an
enzymatic assay or by tracking the phosphorylationduvanstream mediator. However,
the increase in hippocampal CaN activity returned to cbletvels 24 hours post-TBI. In
contrast, cortical tissue displayed biphasic chang€s activity following LFPI. An
initial decrease in CaN activity was observed acuteligwed by a prolonged increase in
CaN activity as measured by a downstream substrate gf€diih. The data
demonstrate that LFPI results in significant modulatib@aN activity. Considering these
results along with those of the companion histochemsicaly (Campbell et al., 2009), we
believe that the increase in CaN activity is reldtethe subsequent loss of dendritic spines
in the LFPI model, as has been previously shown intass&gpilepticus model (Kurz et al.,

2008).

One pathology associated with head trauma is alteredta@gfinction, which is
especially manifest in hippocampal-dependent learning and menuatels (Hamm et al.,
1992; Hamm et al., 1993; Hamm et al., 1996; Wiley et al., 1998N flays an important
role in these processes by regulating long-term potemtiéltiTP) and long-term
depression (LTD) (Mansuy et al., 1998; Mansuy, 2003). CaNbban shown to be
involved in synaptic plasticity under physiological circtiamges such as in the
dephosphorylation of AMPA receptors (Tong et al., 1995; Isamet al., 2005) or

decreased spine stability (Halpain et al., 1998). Under pagical conditions, CaN has
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been shown to translocate to the post-synaptic defiodityving SE (Kurz et al., 2008) and
central fluid percussion injury (Kurz et al., 2005a), wheraay affect post-synaptic
function and/or structure. As CaN is known to reguleaening and memory, and because
TBI induces an increase in CaN activity (Kurz et al., 2006l possible that the
cognitive impairment associated with TBI is due in partadl@ysregulation. Indeed,
cognitive deficits are evident following a central injuryafdm et al., 1992; Hamm et al.,
1993; Hamm et al., 1996) and correspond to increased CaN\aatidgtimmunoreactivity
in synaptoplasmic membrane fractions (Kurz et al., 2006ez Kt al., 2005b). These
cognitive deficits may be explained by a loss of dendsfiioes, such as that observed in
models of SE (Kurz et al., 2008; Wong, 2008). A loss of daadpines is associated
with cognitive impairment in other brain pathologiegluding Alzheimer’s disease
(Knobloch and Mansuy, 2008). In our companion paper (Camgitball, 2009); we
observed a decrease in dendritic spine densities at 24 pmsirEFPI. Therefore, these
companion studies together demonstrate a cellular anduteienechanism through

which TBI can alter learning and memory.

Another consequence of traumatic brain injury is the ld@weent of post-traumatic
epilepsy (PTE). The risk of developing PTE correlatestiwely with the severity and
type of injury (Annegers et al., 1998). This recurrent seidis@der often appears many
weeks or months following the initial injury (Frey, 2003; Agral et al., 2006).
Furthermore, a rat model of PTE has been establishetiah a severe lateral fluid

percussion injury induces epilepsy in 43%-50% of animals froraéksito 1 year post-
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injury (Kharatishvili et al., 2006; Pitkanen and MclIntosh, 200B)is latency period
suggests that the development of epilepsy involves mareaih acute cell loss, but a
delayed, chronic cellular response, such as the lossudnsegquent regrowth of dendritic
spines. With the loss of spines, there are thresillesoutcomes: the spines may not
regrow (decreased learning and memory), the spines mayaiglieh neuronal networks
(healing), or more interestingly, may connect aberyamith pre-synaptic cells and thus
create new networks. These new connections may updedltmee of excitability or

inhibition in the neuronal networks, potentially fating epileptiform activity.

Compared to the central fluid percussion injury model (Ktied.e2005b), the modulation
in CaN activity following LFPI proved to be more compléwith a central injury, basal
and maximal activity levels were significantly increadcdhours post-injury in both the
hippocampus and cortex, as compared to controls. Further@aN activity was
significantly increased at least 3 weeks post-injury éenhippocampus. In the cortex, both
basal and maximal levels of CaN activity were increalszligh 2 weeks post-TBI (Kurz
et al., 2005b). However, when the injury was locatedd#ye basal and maximal CaN
activity changed between 6 and 18 hours in both hippocampetunthed to normal by 24
hours in ipsilateral regions and by 18 hours in regiorstéatcontralateral to the injury.
When assessing cortical CaN activity levels, we recongechanges in CaN activity
following lateral injury, which may suggest that the etffeon CaN activity are localized to

the injury site as opposed to throughout the whole cotieadisphere. Therefore, since
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both studies were performed on the same FPI device, thesdggests that the injury site

is critical in determining the severity and duratiom8i-related changes.

The bilateral effect of lateral brain injury on Cadtiaity was surprising, but not
unprecedented. LFPI has been shown previously to havaerdlilaffect on the
phosphorylation state of calcium calmodulin-dependent pr&irase 1l (Folkerts et al.,
2007). The bilaterality may be due to a contrecoup injuaiyrigsults from the lateral
injury, causing the contralateral regions to undergo chagigelar to the ipsilateral
regions. However, it is likely that the contralatieside is injured less severely as it is not
exposed to the direct insult. If that is true, an unergpir process could yield aberrant

interneuronal connections, leading to further pathology.

A precipitating event for the changes reported by thidysand its companion (Campbell
et al., 2009) may be glutamate receptor-mediated ceiyinjExtracellular glutamate is
elevated immediately following the primary injury, causingigstoxic damage to neurons
by over-activating glutamate receptors (Faden et al., ¥88yama et al., 1990; Michaels
and Rothman, 1990; Globus et al., 1995; Tymianski and Tator, 1836essive
stimulation of glutamate receptors leads to a langeease in intracellular calcium

([Ca?"];) and the subsequent dysregulation of calciunijGagnaling pathways (Choi,
1988b, a; Choi et al., 1988). The*Chypothesis of epileptogenesis suggests that this
influx of C&* triggers pathological plasticity, leading to a persistdevation of [C&];

and the establishment of a new’Calateau, which in turn promotes epileptogenesis
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(Delorenzo et al., 2005). Establishment of a ne?W @lateau has been observed in models
of SE (Nagarkatti et al., 2009) and in central fluid percussijuries (Sun et al., 2008).
With the central fluid percussion injury, [ER re-establishes between 200-300 nM for at
least one week following the injury (Sun et al., 2008}erestingly, CaN has a,K

between 250-500 nM, which means that the ne®/ @ateau after injury could

constitutively activate CaN.

In the cortex following LFPI, we did not detect any alpasin basal or maximal CaN
activity levels utilizing a post-hoc assay. However,dickobserve an acute increase in the
phosphorylation state of cofilin in the cortex, whichsxfollowed by a sustained
dephosphorylation. Generally, the sustained dephosptiorytaf cofilin may be due to

the establishment of a higher baseline’[Galateau by neural cells in the hours following
injury(Sun et al., 2008; Nagarkatti et al., 2009). As in@idatbove, if the new €a

plateau is within the K of CaN, there could be constitutive activation of Gaid a

continuous dephosphorylation of cofilin.

The prolonged increase in cation-independent CaN actiatyinvolve a post-
translational modification of the enzyme (Kurz et 2003). Proteolysis of the CaN A
subunit by calpain | can produce a calcium-independent fo@aN that is highly active
(Tallant et al., 1988; Wang et al., 1999). However, irespitthese changes, CaN activity
returns to baseline 1 to 2 weeks post-LFPI. It is pésshat by this time, the modified

CaN has been replaced by new, unmodified enzyme. Th&dnarncrease in CaN
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activity, as observed in the hippocampus, may lead talpesderrant regrowth of

dendritic spines.

Interestingly, when we used a direct measurement Nfdcaivity, only the hippocampus
showed a change in CaN activity. This change in CaNigcpiositively correlates with

the dephosphorylation of cofilin in both hemispherethefthippocampus. There are many
potential outcomes of increased CaN activity including noatimited to, apoptosis
(Ankarcrona et al., 1996; Asai et al., 1999) and changes dritlerspines (Kurz et al.,
2008). CaN mediates cofilin indirectly through the a¢ioraof the cofilin phosphatase,
slingshot (Wang et al., 2005). When cofilin is dephosplabed, it regulates actin
dynamics by binding actin filaments and causing torsistiaks that severs the
filamentous structure (Bobkov et al., 2006). Because &lgtiments are the major
cytoskeletal element of spines (Fifkova and Delay, 1988)ldss of actin filaments due to

cofilin activation may lead to the collapse of dendgaines.

A substantial problem with PTE is the lack of effectireatment. Many anti-epileptic
drugs have proven ineffective or unreliable for terminasmigure activity and are not
recommended as prophylactic treatment (Formisano et al., 268%ell et al., 2007).
Rather than initiating treatment at the onset ofeg@sy, it may be more effective to combat
the disease during its developmental stage, epileptogeri@sims/eniently, the latency
period between injury and epilepsy suggests a wide windothdéoapeutic interaction.

This potentially provides a large time frame in which to adster pharmacological
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treatment. In this study, we have identified a cellolachanism which occurs during the
latency period following TBI, and which can be preventea Ippst-injury injection of a
commercially available drug, FK506. FK506 proved effectivetapping the
dephosphorylation of cofilin in the cortex as wellpasventing the loss of dendritic spines.
If by preventing spine loss, FK506 preserved neuronal aiyctitis may reduce the risk of

TBI-induced pathologies such as cognitive impairment artel. P
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