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ABSTRACT

Title of Thesis: Mechanisms Regulating Edema in Anterior Ischemic Optic

Neuropathy and Approaches to Treatment.

Name: JameD. Nicholson, Doctor of Philosophy, 2012
Dissertation Directed By: Steven L. Bernstein, MD, Ph.D., Professor

Department of Ophthalmology

There are fevelinically effective approachabkatreduce CNSvhite matter(WM)

injury. Following WM infarctnuc | e ar fNk& B-doiven pehflainmatory
signalng can amplifyvasculainnjury, resulting in progressive endothelial dysfunction
anda severe ischemic lesiohevaluated whetheamplification of vascular injurin

WM could bereducedusing complementary approachetated toNFa Bsignaling

1) | administeredhe antiinflammatorycompoundl5-deoxyq***prostaglandin 2
(15d-PGJ), a prostaglandiknown to inhibit N Biuclear translocatiqr?) |
investigate the role cfulfonylureareceptorl (SUR1), which igeportedcto contribute

to vascular dysfunctioby opening a noispecific cation channéh response tdiFe B

signaling

| evaluatedhe effects ofl5d-PGJ in therodent anterior ischemic optic neuropathy
(rAION) model| anin vivo optic nerve (ON)schemia modehat shares many
characteristics with the clinical condition rarteritic anterior ischemic optic

neuropathy (NAION) | found thatl5d-PGJ administeredntravenouslygither



acutelyor 5 hours posinsult, reduced tissue edema and signifibamcreased

survival ofretinal ganglion cells (RGCS8P days postAION. | developedanovel

quantitative capillary vascular analytical techniguigch allowed me to shothat

15d-PGJ improvesON capillaryperfusionat 1day postinfarct. To investigate the

mechanism of 15 GJ action, Ideveloped aimmunohistochemical techniqtieat

enabled me to directly determitreat15dPGJ actstoreduceNFa B si gnal i ng i n
white matteby preventing nuclear localization sfédNFa B p 6 5 Westelhu n i t

blot analysisand qRTPCR gene expression analystfirmed thel5d-PG3-

associatededuction ofN F a dgynaling

SUR1 upregulation after other types@NfiSfocal ischemic events has been
associated witedema formation. Because edema is associated with rAION,
evaluated SUR1 expression p@l infarctusingimmunohistochemistry, western
blot analysisand quantitative real timgolymerase chain reaction ((fRCR). |

found no evidence that SUR1upregilatedin WM after rAION. Using the SUR1
modulatorglibenclamidea drug approved by tHé.S. Food and Drug Administration
(FDA) for the treatment of type 2 diabeté$ound no difference i©ON edema with

and without gliben@mide treatment.

My resuls showthat, while15d-PGJi associated N& Bnodulation may be a useful
approach foreducingON ischemic injuriesincreasedNFa Bsignalingapparently

does not result isulfonylurea receptdt (SUR1) upregulation in the Obnder the



conditions testedlhese studies may have importance for improved clinical treatment

of NAION and other WMschemic events.
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Chapter 1 : Introduction

Non-Arteritic Anterior Ischemic Optic NeuropathyNAION)

NAION is ahumanoptic nervestrokethat is thought to occun conjunction with a
reductionof microvasculamperfusion otthe anterior portion of the optic nerve.

Before describingny work with a rodent model of thisjury, | will provide a short
introduction to the vascular suppdf the optic nerveelevant to NAIONthe effects

of this injury,andrisk factorsthought to contribute to NAION.

Anatomy and Blood Supply of the Optic Ner{®@N)

The retinacan be divided int@ layers The layers containing cell nuclgom
innermost to outermaoysére theretinal ganglion cellRGCQ) layer, theinner nuclear
layer (INL), which contains amacrineells and other inteeuronsandthe outer
nuclear layer (ONL}hatcontains theauclei of photoreceptor neurons ($egurel-

1). The retinal layers containing no nuc{féom innermost to outermosdye the
nerve fiber layer (NFL) containing the axons of the RGC c#ills interneuronal
connection layergr{ner plexiform layerlPL) andouter plexiform layer@QPL), and

a photoreceptdayer (PRC) containing the outer segments of photoreceptor gells

retinal schematic diagram is shown in figure 1.1.

RGCs are neurons whose axons become the axons of the ON wheritliey eye.

EachRGCcellis believed to giveise to a singl@xon that travelsiithin the nerve
1



fiber layer (NFL)toward the disc of the optic nerve at the back of the eye. The
action potentials carried by RGC axons prowateutputfrom the eydo thebrain
transmitted along the optic nerve (Ofs¢eKaufman, Alm, & Adler, 2002or

review).

NFL
' RGC

' IPL

INL
*+ OPL

ONL

L TR \“\. N\ |'\\_‘\\_ LR N\
DR LN R TR P=e

Figure 1-1. The 7layers of the retina nerve fiber layer (NFL),
retinal ganglion cell layer (RGC), inner plexiform layer (IPL), ir
nuclear layer (INL), outer plexiform layer (OPL),teunuclear

layer (ONL), photoreceptor layer (PRChlematoxylin and eosin

were used to stain the cell nuclei and cytoplasm, respectively



RGC axons travel along the innermost layer of the retina, converging at the optic
disc in theposteriormedial area of the eye where they dive into the disc of the eye
(also called the optic nerve head (ONH)) and pass through a perfaataden

rich layer known aghelamina cribrosain humangsee Figure 1.2) arttie lamina
cribriform layer in rodents) to enter the ON proximal segm&@.C axons in the

NFL are typically unmyelinated until they pass tamina cribrosaand enter the

initial segment of the ON where they become highly myelinaggdhis point, the

ON becomes central nervous system (CNS) tract.

The central nervous system (CNSYlefined as that part of the nervous system
enclosed within the meningé<ingsley, 2000) Howeverpodieslabeledi ner v e s 0
typically are part of the peripheral nervous systeot the CNS This discrepancy in
naming the ON has caused some ositin about the classification of the ON.

Despite being called a nervlagetON is covered by the ON sheaffhe ON sheatls

an extension of the meninges, aallithe meningedhyersare represented in the

ON sheath The ON pia/arachnoid is tightly lagrent to the body of the ON, and, an
arachnoid space separates the pia mater from the dura mater. The ON is bathed in
cerebrospinal fluid (CSF) ithis arachnoid spagavhichis contiguous with CNS
cisternae.Thus, the ON is &NS white matter tractln addition, he vasculature in

the NFL, the ONH, and the entibedy of theON hastight junctions ands therefore
protected by the blood brain barrier (BBBh addition toRGC axons, the ON

contains only CNS cell types: oligodendrocytes, microgliaptralial cells,

3



astrocytes, fibroblasts. All of these characteristemonstrate thahe ONis a CNS

tractin composition as well as by definition

An important structural feature of the ON is that pheximal ON substance and the
retina are supplied with blooda different vascular systems. Thus, the RGC axons
in the ON may be made ischemic independently oRBE cell bodiesif the

supply to the proximal ON is interruptadthout interrupting the supply to the

retina

The huma inner retinal supply is provided by tkentral retinal artery (CRA) and
central retinal vein (CRV)which primarilysupplyanddrainthe inner portions of
retinabut not the substance of the @aufman et al., 200seeFigurel-2). The
CRA and CRV do noappreciablysuppy the substance of the Gdespite running
through thecenter of the proximal human ONh rodents, the CRA and CRV run

parallel to the ON but do not entar supply the substance of the proximal .ON



Retina Chooida
e essels

Figure 1-2. Circulation of the Proximal Optic Nerve. The proximal ON
microvasculature is primarily supplied by three sources: ONH capillaries, vess:

from the choriocapillaris, and pial vessels. Reproduced from (Bernstein, John:

Miller, 2011)



Thesubstancef theproximal ON is supplied by three sourcessmall contribution
from ONH capillarieqanterior) choriocapillarigthe vascular networutsidethe
retina) and pial vesseldrom around the nerve sheafsgeFigurel-2). Themost
anteriorcapillary networksupplying the first portioof the ONH(inside the globge
see Figure R) is continuous with the capillary network of the anterior ON through
a small number of capillariggavelingfrom theONH and perforating thleamina
cribrosato reach the proximal ORDIver, Spalton, & McCartney, 1994Liliary
arteries pass blood through choroidal vessels closest to theh{@N in turn supply
the proximal ON(Morrison, Johnson, Cepurna, & Funk, 199%is portion of the

chorio@pillaris has tight junctions and is therefore protected by the BBB.

Rat and human pial vessels supplying the dff¢r somewhat The circle oZinn-
Haller is an anastomodiisat surrounds the optic nerve, stretchaegween medial
and lateral shoutiliary arteriegFigure1-3). This structure isound in humas (but

not rodens) andsupplies the initial segment of the ON via recurrent pial arterioles
(Olver, Spalton, & ME€artney, 1990) However, he circle of ZinAHaller occurs

with nonpathological variants. gproximately 3% of postmortemeyesfrom
cadavers without knowoculardiseasavere found to lacla complete circle aZinn-
Haller (Olver, Spalton, &8cCartney, 199), suggestinghatif a focal ischemic

event were to occur itheanterior portion oflifferenthuman ON, the incomplete
ring in some individuals may contributedasceptibility taschemic damageln
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generalhowever the perfusion andrdinage of the initial segment of the ON

proceeds along the same basic plan in rodents and human



Figure 1-3. Circle of Zinn-Haller. This scanning electron microscopy

image of an erosion cast of human ON vasculature shows a posterio
of the ON with choriocapillaris in the background. The circle of Zinn
Haller (arrowheads) around the dense ON capillary network sends v
into the ON capillary network. Scale bar = 1300. Adapted from

(Olver et al., 1994)



Figure 1-4. The Dense Capillary Network of the Proximal ON in Human and

Rat. This scanning electromicroscopy image of erosion casts of human (A)
rat (B) ON shows pial vessels supplying the ON (gk#e arrows in panel A an
blackarrow heads in panel Br pial vessels communicating with the substan

of the ON. Adapted from(Bernstein et al., 2011)



Within the substance of the ON itself, the migasculature is restricted to the
collagenous septae dividing the axonal fasciclds anteriorON parenchyma is
heavily perfused with apatially dense angighly branched capillary network, both
in human(Olver et al., 1990, 1994nd rat(Morrison et al., 1999ith very few
arterioles or venules present in gubstance of the ner¢Eigurel-4). The rat ON
initial segment capillary bed is organized witlost capillaries orientetlansverse to
the axis of the ONas seen in Figure-4B and Figure ), with short capillary
segments conneatj these longer segments. This organization transitions to a more
axial orientation of capillariesl-2 mm behind the glob@lorrison et al., 1999)In
my experience, this transitiggointis variable intherat The human capillary
network appears to be radially oriented and possibly radially segm@nitest et

al., 1990) consistent with the observed radially segmentBids@okes found
clinically. This arean the proximal ON contasthe greatest density of capillaries
andhas beemssociated with the initiation of ON stroke both clinicglligsser,

Niendorf, & Levin, 2003jand in theodentinjury model used for this study

NAION: Pathology and Risk Factors

There are two major classessoidderischemic optic neuropathgrteritic and non
arteritic. Arteritic Anterior Ischemic Optic Neuropathy (AAION) is a neuropathy
caused by arterial inflammation directed at the snbalinidsize arteries that supply

the circle of ZinrHaller (reviewedbriefly in Hayreh, 2009)Whenthese small to
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mid-sized arterieare damaged, the iscompromise to the ON head circulatjon
leading to segmental photoreceptor infa@ edema, thrombus, and ischemia. In
contrastNAION is an idiopathic, painless ischemia of the anterior segment of the
ON affecting the capillary network in the nerve parenchyma. A separate disease,
Posterior Ischemic Optic Neuropathy (PION) is another idiopathic ischemic optic
neuropathy that occurs faw individualsand can occur asseequelao facedown

surgeries that involve prolonged hypotengi@viewed inHayreh, 2008

NAION occurs within the relatively dense capillary network of the ON initial
segment, while PION occurs in the more sparse microvasculature of the ON
posterior to the initial segment. Initial observable NAION pathology always
includes swelling of the disc of tl@&N with occasional disc hemorrhages that may
extend into the retinal nerve fiber layer. After several weeks of ON edema, the
edema resolves, typically with the progressive death of retinal ganglion cells. This
occurs presumably through retrograde degdimergAlasil, Tan, Lu, Huang, &

Sadun, 2008; Bellusci al., 2008; Contreras, Rebolleda, Noval, Mufidegrete, &
MunozNegrete, 2007; Contreras, Noval, Rebolleda, & MuRegrete, 2007,
DeleonOrtega, Carroll, Arthur, & Girkin, 2007)In the mature NAION injury, the

retina appears pale due to reduced repedusion.

NAION is the leading cause of sudd®i-related blindness in older adults. The
incidence of NAIONwasestimated to be 10.2 patients per 100,(8&tenhauer,
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Leavitt, Hodge, @ll, & Gray, 1997)in a Caucasianohort with an increased

incidence (51.8 per 100,000) at 6 months after cataract extraction surgery

separate studiMcCulley, Lam, & Feuer, 2001)There can beevere regional loss

in the visual field with a slightredominance afuperioraltitudinal defect in vision

Altitudinal defect is a loss of vision in the supemwrinferiorvisual field,

suggesting a preferent@ damage in the optic nerve region teapplies the

inferior retina. After the first NAION incident, 127% of patients develop NAION

in theothereye within Syears(Beck, Hayreh, Podhajsky, Tan, & Moke, 1997;

Newman et al., 2002)The primary risk factor for NAION is believed to be a

smaller than average opticnerve head, s o cal |l ed a crsoavded ON d
ri sko. The disc at risk is identified vias
disc depression (known as the optic cup) compared to the area of the totdisaptic

diameter (known as the cip-disc ratio) idessthan 20% (0.2) Although a nunber

of small group studies purport to liarticular drug®r systemicconditiors to an

increased incidence of NAION, the commonly agrapdn risk factors for NAION

(in addition to the disc at risk)clude age > 5@ears arterial hypertension,

nocturral hypotension, diabetes, sleep apnea, hyperlipidemia, and atherosclerosis.

Various prescription medicatiohgwve beetinked to NAION( Hayreh, 2009; Kerr,

Chew,& DaneshMeyer, 2009) but only the associatiowith sildenafil {/iagra®)

and similarvasoactivedrugs is widely accepted. NAION can also occur without a

history of risk factors odrug exposure
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Few tissue samples have been collected during the phase of NAION due to the

fact that NAION is not lethalOne of the few histopathologicatudies okarly

NAION, (Tesser eal., 2003)showed that ON injury due to NAION is initiated at

the lamina cribrosa and progresses posteriorly along the ON. Thus, edema and the
inflammatory responsafter NAION must be inferred from nemvasiveor post

mortemmeasurement$Salgado, Vilson, Miller, & Bernstein, 2011)

Following an emode of NAION, approximately 40% of patients can experience
spontaneous improvement in visual acuity over several m@dthgeh &

Zimmerman, 2008; IONDT Group, 1995fpontaneous improvement of vision

after NAION can be a confounding factor in small clinical trials aimed at evaluating
whether a NAION treatment is effective. However, sdmprovement may also be
due to resolution of retinal edema that accompanies the condition (S. Kelman MD,

personal communication).

The Current State oNAION Treatment

NAION tends not to be reported promptlye to lack of public awareness of its
symptons. However, there @lsoa lack of effective treatment (reviewedAikins,
2017), so, except at the epidemiologic level, the issUSAION reportingis moot

at present.
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Many treatments that have been used to treat focal cerebral stroke during the acute

phase have also been tested against NAIONike cerebral strokdj c | ot busti ngo
thrombolytic drugs such as tissue plasminogen actiyePA) arenot indicated for

treament of NAION because thrombus is poesen{Hayreh, 2009; Tesser et al.,

2003) Nevertheless, single case study of urokinase plasminogen activator (also a
thrombolytic agent) claimed protection against NAION injury in two of three

patients.

Corticosteroidswhile widely promoted for NAION treatmerdo not significantly
improve vision in NAION patientsHigh doses of corticosteroid have been
clinically evaluatd for treating NAION on the basis of its aiflammatory
properties Onestudyof the corticosteroid prednisofidayreh & Zimmerman,
2008)evaluated 696 eyes in 6NAION patients and found that the prednisone
treated eyes had a 69.8% chance of having vision at 20/70 or better vs. 40.5%.
However, V.Biousse points out th#tte Hayreh, 2008tudy was noappropriately
blinded and patients decided which treatment to recdlvee & Biousse, 2010)
The patients with the greatest risk factors for NAION also had the greatest risk
factors for complications due to prednisone and therefere mordikely to

decline the treatment.

Theearly phase of NAION is likely to cause permanent damage to the axons and
oligodendrocytes of the infarcted are®n often-given reason for continuing to use
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corticosteroids for NAION is that administration might aid recovery from NAION
by preventing futier progress of the infarct due to inflammation, and for that reason
corticosteroid treatment of NAION continues to receive interest from the

ophthalmology community (S. L. Bernstein, personal communication).

Surgical treatment of NAION based on the assunmgithat NAION results from a
compartment syndrome. In early theoria® ONwas believed to beompressed by
fluid accumulatingvithin the ON sheath creatinga region of high vascular
resistanceand ON compressio®y analogy to oter compartment syndromes, it
was reasoned that allowing tfieid to drain would reducthevascularesistance of
the compartmergyndrome and restore perfusion to the tissudowever,ON
surgical decompressiatid notimprove outcomes in NAION patiesinh a
randomized tria{lschemic Optic Neuropathy Decompression Trial [[ONDT]
Research Group, 20R0Long-term follow-up on patients who received
decompressive surgery after NAION showed no improvement, compared with
individuals who were left untreated (R. W. Scherer et al., 200®ye recently, the
NAION lesion has been localized to the masteriorON segmentwith swelling
and edema within the nerve tissue its@sser et al., 2003 have shown that the
NAION lesion extends 1.5 mm from the most anterior segment of th@a ON
surgicallyinaccessibleegion.This site is densely supplied byesmall (ial)
vesselsupplying he ONthrough thesheath as well as a component supplied by
the small vesselsomprisingthe circle of ZinaHaller. These small vessels are
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exquisitely gnsitive to surgical manipulatiorThus,surgical manipulation tgain
access to this part of the Gtuld causalestruction othesevesselsandincrease

damage.

Other failed approaches to treating NAION have includgri (Botelho,

Johnson, & Arnold, 199&nd hyperbaric oxygefArnold, Hepler, Lieber, &

Alexander, 1996) Currently, no clinically effective means of treating NAION exist.

A Rodent Model of NAION (rAION)

An ON stroke model consistent with many of the features of NAION was developed
at theUniversity of MarylandBaltimore in the laboratory of Dr. Steven Bernstein

and is referred to as rodent anterior ischemic optic neuropath@{)ABernsein,

Guo, Kelman, Flower, & Johnson, 2003AION is induced in mice or rats by
illuminating the optidiscwith laser light (514635 nm) afteintravenousi(v.)

injection of the photaeactive dye Rose Bengal (RBRB fluoresces and produces
oxygenradicals when illuminated at the appropriate wavelengths. Thrombosis can
occur either as a direct result of thrombotic clots shed from the larger vessels if the
illumination is intraarterial (primary hemostasis),, @hotothrombosis can result

from damag to endothelial cells lining the capillary and small vessel vasculature,

with the subsequent involvement of tissue factors (secondary hemostasis).
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However,in the work described herepbservethat thrombosis actually plays a

minor role in rAION, similawhat is seen clinically iNAION (see chaptet).

The rAION injury produces its effects almost exclusively via reactive species
produced by the laser and not by heat deposition into the {issueo, Belougne,

& Doutremepuich, 1996; Rodgers, 1981; Schafer et al., 2d0Qure 15A shows
themanner in whichrAION is induced imagestaken fromBernstein et al., 2003

The rat ONH can be directly visualized through a slit lamp microscope and a
custom contact lens that is used to aim the laser beam. Laser illumination is shown
without RB dye Figure1-5B) and with dye presenfigurel-5C). In the presence

of RB dye, the laselumination produces a pronounced golden sha to

fluorescence of the dydn contrast, laser illumination without administratiorRiE

doesnot produce vascular fluorescenaed alsaloes not produce injury.

After rAION injury, there ar@a defined gquence of events that reddmclinical
NAION progression Oneday after rAION injury, a pronounced swelling of the
ONH occurs Figure1-5D), and, estriction of venous drainage causegorgement
of the retinal veinsCapillary perfusion of the ONl$ reduced as we{Bernstein et
al., 2003) Flow to the retina via the large retinal vessedselatively spared, and
little or no direct retinal injury. These signs aimilar to the signs of NAION in

humans.
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The characteristic effect of rAION injury is to produce pronoureziema limited to
theproximal ON and ONH with an occasional production of subretinal fluid (also
seen in NAION).Venous insufficiency resolves within three dafter rAION,

and the ONH edema typically resolves byrslays Figurel1l-5E). Histologically
macrophages infiltrate the injured nerve byagspostinjury (Zhang, Guo, Miller,

& Bernstein, 2009) The pace of changes to the rat ON is significantly faster than in
humanswhere ONH inflammation can persist for 1 mqgrghd macrophages were

foundin the substance of the G days posNAION (Salgado eal., 2011)

Theterminal outcomef NAION and rAION is RGC deattiollowing an insult
causing axonal ischemia whiafitially spares the RGC cell bodieSimilarly,
rAION-injured eyeshow the characteristic ON pallatr >30 days after rAION
induction(Figure 15F), suggesting RGC loss. Long term retinal pallor with loss of
RGCs is a typical finding in NAIONThe inner retinal vasculature is rtbbught to

be compromised bsAION or NAION. The relative ON pallor observed after these
injuries may becaused byhanges irautoregulation of blood flow to a tissue with

reduced metabolic requirements due to cell loss.

TherAION model has beensed to evaluatghysiologicaland gene expression
changes following optic nerve ischemiafter rAION, RGCs transiently express ¢
fos (a common marker of cell stress) as wethastress proteins heat shock protein
84 and 86 (HSP84 & HSP86) at 3 days pogiry (Slater, Mehrabian, Guo, Hunter,
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& Bernstein, 2008) Retrograde axoplasmic transport in the RGCs is inhibited
following rAION, as demonstrated by reduced RGC labeling following fluorogold
injection into the lateral geniculate nucleus. RGCs undergo apoptosis after rAION,
with a bimodal death curwbatpeaks at 10 and 21 days pogtry. There is no
immediatdoss ofneurons that are found in the retinal ganglion cell layer,
suggesting that there is no direct damage to the reqinsed by rAION Taken

together, all these effects of rAION, their similarity to clinical NAION, combined
with the isolated loss of RGCs g&st that the rAION injury is a good injury model

that simulates many of the features of clinical NAION.
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A Normal

Laser/no dye Laser/dye

-

D 1 day post-AION E 5 days post-AION F 37 days post-AION

-
-
-

Figure 1-5. rAION injury model images. Panel A demonstrates a fundus imi

of a normal SpraguBawley rat retina with the disc of the ON indicated by ar
arrow. Panels B & C demonstrate the laser illumination of the ON disc with
and with RB dye, respectively. Paneld-Rilemonstrate the ggression of the

injury from 1 to 37 days. ON edema is initially apparent with engorgement
retinal veins followed by the development of retinal pallor due to reduced bl

flow by 37 days.Figure taken from Bernstegt al, 2003.
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Ischemic Inflammation and Niclear FactoreB ( NF 8 B)

N F adiynalingis recognized as a major factorgro-inflammatory gene

transcription.Th e tNeraoB Mmief er s t o a class of di mer.
bind to the DNA kapp# consensus sequengeviewed inHayden & Ghosh, 2011;

Hoffmann & Baltimore, 2006 TheN F af8mily comprises 5 individual proteins

that form one ofl5 heterodimec or homodimeric transcription factordheN F o B

dimeiic is transcriptionallyinactive when localized to theellularcytoplasmandis

maintained in this inactive form by being bound trimeric complexo one of 8

| B proteins (1l aBB3, IlkBNS,| pBO0, ! bBs p1B&))
Hayden & Ghosh, 2031 Th i s NIF @ @meric complex effectively retasithe

dimericN F a dggnaling complexn the cytoplasm and prevismuclear

localization N F atBatis retained in the cytoplasm cannot bind nuclear DNA and

is considered inactive.

There are twgeneral pativaysfor N F o &tivation thecanonicalandnon
canonicapathwayqshown schematically iRigure1-6). Canonical activatiomns
associated witthe production of preinflammatory moleculess(ich asl N Fdud
IL-1 b(Hayden & Ghosh, 2011; Hoffmann & Baltimore, 2006hile thenon
canonicaimechanism is associatedth lymphoid organognesis B cell survival,
dendritic cell maturation, and bone marrow metabolisialyden & Ghosh, 2011;
Sun, 2011) The canonical phatvayreceives inpigfrom many different upstream

signaling mechanismshich converge othe phosphorylabn of two N-terminal
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serine residues (S32/36)thiel a @otein N-terminal phosphorylation results in

K48-linked polyubiquitination and proteasonmthle gr adat i on of the | 8B
(Chen et al., 1995; Scher@&rockman, Chen, Maniatis, & Ballard, 1995;

Traenckner et al., 1995Yhis inducedd g r a d at ifreesthed F o dineB

from the | aB pr ot ¢ibetranalocatedrdolthe ousleus whbre di mer

it participatesin gene transcriptionActivation of N F a-dBivengene expression

thus begins with anncrease inN e r mi n a | phosphoryl ated | aB
adeclineirtotall @B pr ot eins due t oNFparddivene as o ma | deg
expression of | aBU event asahdgativeifeadbacke ases t

mechanism to extinguidk F a diynaling(Hayden & Ghosh, 2008)Nevertheless
upregulation of phosphorylatéda d&@monstrates that upstream signalingNdf @ B

activation is intact.

N F @ Bappears to be a common cellular pratelihe number athe canonical

N F adBbunitsp65present ira human T cell carcinoma afteimor necrosis factor
alpha TNFU stimulation was estimated to be ~124,@B0ttiger, Felzien, & Nabel,
1998) Given that a human T cell carcinoma haslavolume of ~B500 pm? (see
Jurkat radius in Tdb 1 of Rosenbluth, Lam, & Fletcher, 200e average cellular
concentratiorof p65can beestimated to reachl37 nM [calculated as follows
(124x10/6.023x13° mol™) / (1500x10'® m® * 0.001 L/nT)], or abouB.9 mg/mL

(p65is ~65kDa). Ev e n i -§timdlahedF rat cells were to have an oroler
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magnitude less phan the observed concentratigrnatever p65 is presesiould

be easily detectabley immunohistochemistry.

Review articles and textbook descriptions of canomic&l a dgynalingrely upon
experimentzonducted usingultured cellstypically cancer cell linesyhere the
p65/p50 heterodimes the dominant geonical transcription factqHayden &
Ghosh, 2008; Hoffmnn & Baltimore, 2006) In contrast, Witt and colleagues
observedat CNSendothelial cefin vivoand found thalN F & dgynaling during
ischemiavasdominated byhe p65homodimer andhatthe p50 subuniivas
present in a greatly reduced concentraf\dfitt, Mark, Huber, & Davis, 2005)The
Witt article also showed thaa50 expression changed independently of p65 after
ischemia/reperfusion, demonstratingtthvehile the p65/p50 heterodime
transcription factomay be presentit is not likely to be the dominafirm inrat
CNS endothelial cellafterischemic injury Thiswasan important consideration in
my in vivo experiments whereusedthe p65subunit asa marker for upregulation of

canonicaN F a@oteins duringAION.

CNS edema subsequent to ischemia is promoted Bys-dBiven expression of pro
inflammatory cytokines and chemoking€B¢li et al., 1995; Dickstein, Moldofsky,

& Hay, 2000) for endothelialspecific effectseePober, Min, & Bradley, 2009

ReducingN F adiynaling during CNS ischeméanresult in improved outconse

(van der Kooij et al., 2010) Reductionl@fsiTHNF& iamg ViLa
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neutralizing atibodieshas alsdeen shown to be particularly important for ON
neuroprotection after ischemi&herwin & Fern, 2005) CNS ischemiaanalso
cause microvascular compress{@arcia, Liu, Yoshida, Chen, & Lian, 199nd
damage to capillary endothdlzellsand other CNS cell types anN F a- B
dependent mannéPober et al., 2009; Ridder & Schwaninger, 200&)erdore,
control ofN F a-diven inflammation is an important mechanism to considenwhe

attempting to reduce edema and protect tissue from ischemic damage.
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Figure 1-6. Typical schematic diagram for the camnical NFeB activation
pathway. The canonical N8B pathway begins with extracellular signals |
T N F U-1 bdxtivating a series of tyrosine kinases urBUserines S32
and S36 are phosphorylated. Phosphorylation of S32/S36 signals for
ubiquitination of 8BUand proteasomal degradataion. OraUis degradet
the NGB dimeric signaling complex enters the nucleus using a nuclear
import signal on p65/RelA, where it participates in enhancing or repress
gene transcriptionThe canonicaNFaB pathway is typically studied for its

ability to promote inflammationimage credit: wikimedia.org.
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15aPGJ,: Synthesis and Function

15-deoxyqd**“Prostaglandin (15d-PGJ) is formed as aonenzymatialouble

dehydration produatf prostaglandin B (PGD;) (reviewed inScher & Pillinger,

2009; Scher & Pillinger, 2005a ubiquitous cyclooxygenaederived

prostaglandin in the arachidonic acid casd@iak & Khanna, 2011) 15dPGJ}

has been found to be neuroprotective in a number of sy¢teang), Wu, Hand, &

Andreasson, 2005; Pereira et al., 2006} has many known mechanisms of action

on diverse systen(seviewed inScher & Pillinger, 2006 The most studied anti
inflammatorymechanismef 15dPGJ areits ability to activatgperoxisome

proliferatoractivated receptegamma (PPAB) (Ou et al., 2006; Zhao, Ou, Gta,

Waxham, & Aronowski, 2006ndits abilityt o i nhi bi t (GilkaB si gnal i i
Rattan, Singh, & Singh, 2004)Postinfarct 15dPGJ administratiormay be

neuroprotective following middle cerebral artery occlusion (MCAQ) by non

overl apping NFeaB and PPARO de((Pererdetnt and i

al., 2006)

15d-PGJ is reported testahlize vasculature by redimmy endothelialnflammatory
signaling(Huang et al., 2008; Sasaguri & Miwa, 2004; Verrier et al., 2004has
also beemeported to be toxic when testedvitro against neuronal cel(&i et al.,
2004)as well as oligodendrocytes and their precurféiang, Lin, & Reeves,
2007) Determiningl5d-PGJ toxicity usingin vitro testingis subject to aumber

of caveats, most notabtat15d-PGJ} is a reactive compound that depletes
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glutathione in cultured celi®runoldi et al., 2007) Because of thiseactivity,
toxicity mayoccur moreeasilyundertypical cell culture conditions where the
typical doseof the15d-PGJ relative to the biomass of cultured cells is much larger
than thetypical doseof 15d-PGJ relative to the mass ain intactanimal.
Additionally, 15dPG43 is a hydrophobic prostaglandimatis likely to be rapidly
metabolizé or eliminatedn vivo. Related prostaglandins have a plasmalifalf

of underoneminutefor the parent compound rat(Eguchi, Kaneko, Urade,
Hayashi, & Hayaishi, 1992)This is in contrast ti vitro testing where the paren
compound is in constant high concentratidimus the answeas towhether such a
potentially useful compound is too toxiclie a neuroprotectashould be evaluated
in an intactanimalusing reasonable doses angbute of administratiothat does

not excessively burden any group of cells

Sulfonylurea Receptor 1 (SR1) Upregulation Produces Delayed

Edema

The upregulation of the SUR1 ion channel regulatory subunit after CNS injury is
associaté with the formation of CNS edema.UR1 expressiomcreases
immediately after experimental ischemia or ischemia/reperfSionard et al.,
2006) DownregulatingsUR1 expressioar blocking its activitynaybe beneficial
after CNS injuy. In the work reported heréusedthe rAION injury model to

examine ON injury and the role of SUR1. This is noteworthy because the rAION
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system specifically examines CNS white matt@emaafter focal ischemiavhich

is not studied as often as CNSygmeatteredema after focal ischemia

Duringtheearlycourse of my work withthe rAION model,I came to suspethat

SUR1 was involved in ON edema formation due to the presence of delayed edema

24 hous after rAION (see chapter 2) and the slow rate ohelprogression after

NAION and rAION. SURL1 expression halksobeen shown to be dependent upon

NFa B s i gknoahtargetpf 15eRGJ} activity. BecauseSUR1has been

shown to benvolved in delayed CNS edema formation afteral CNSinjury in

both human and rodentsee below for full discussiont seemed a reasonable

moleculartarget to investigatas a mechanism for edema after rAIOAs noted,

N F ai8a major transcriptiofactorregulating SUR1 expressiohe abcc8 gene
thatproducesSURl1 contaiea @B binding site for the NFaeE
factorsand SUR1 expression can be driven by NFal
(Geng, 2009) My work presenteth chapter ZuggestshatrAION upregulates

N F aeé&pressioras well as signaling tdownstreangenetargetstypically

associated with inflammation also demonstrate thabd-PGJ reduceN F a- B

drivensignaling

As previouslynoted, ncreased F 8 B s i aftar BAION lmag been shown to
increase SUR1 expressiomcreasd SUR1 expressioafter ischemidnas, in turn,
been shown tproduce cytotoxic edenadter CNS injury(Simard, Tsymbalyuk, et
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al., 2007) ReducingN F @ B s i after BAION apgeadto bea likely way to
reduceSUR1 expressioand improve edemia the ON after rAION injury.l,
therefore, soughb test whetheN F & B s i ogrrelatél with §UR1 upregulation

and edema after rAION rat ON

SURZ1: Structure Function, and Biochemical Role

The Biochemical Role of SUR1

SUR1 is a ion channetegulatory protein thatlters ion channel conductictates
based on intracelluladenosine trphosphateATP). SUR1is knownto associate
with inward rectifying potassium channels of thgbkk familyto form a Karp
channekontainingan ion channethat is blocked by ATPSUR1 and I6.2 exist as
atetramer of SUR1/K6.2 heterodimers a 4:4 compleXBabenko, AguilaBryan,
and Bryan 1998; AguilaBryan et al. 1998)S U R Jfuhaionhas been extensively
studiedbecause of its rolm regulating K6.2 in pancreatic beta islet cellmaking

it a primary molecular target for asdtiabetic drugs

SUR1 is known as a sulfonylurea receptor becamsdin-sensitizinganti-diabetic
drugs many of which contain sulfonylureagroup,bind to SUR(glibenclamide,
tolbutamide, glibpirideetc). Drugs in this claskind to SUR1 andlose theSUR L
associatedir6.2 potassium channelin pancreatic beteells, sulfonyluredindsto

SURZ1/Kir6.2resultingin cell depolarization, calcium entrgndenhancegbulsatile
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release of calcium due to ryanodine receptediated calcium releagEridlyand,
Tamarina, & Philipson, 2010Activated SUR1ultimatelyleads to enhanced release

of insulin due to elevated cytoplasmic calcium pulses.

SURZLregulatedKir6.2 ion channels undergo bursts of ttieannelopen state

followed by a prolongedhanneklosed state. SURL1 effectively closes this
potassium channel e presence of elevated ATP by prolonging the interval
between bursts and shortening the burst duréddakei & Noma, 1984)

Conversely, when intracellll&TP is low, theSUR1/Kir6.2remains in the open

state for a longer period of tim&@hus, SUR1 association wiir6.2 confers
increased ATP sensitivityponthe Karp channel and allosthe SUR1antagonist
glibenclamide to reduce SUR#gulated ion channel current in the presence of low

ATP (John, Monck, Weiss, & Ribalet, 1998; Mukai et al., 1998)
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The Structure of the SUR1 Gene

SURL1is produced by transcription tfeabcc8gene into a complex protein

Figure 17 showshe SURL1 predictetansmembrane domamndicated alongith
potentialglycosylation and phosphorylation sities the human protein taken from a
protein map of guinea pig SURID( review seéAguilar-Bryan et al., 1995, 1998;
Béguin, Nagashima, Nishimura, Gonoi, & Seino, 19%he exon map from the
SURL1 entry in Genbank (Accession #Q09428.8) contains 39 exons andnaigns
with one created using the Spidey mRNA to genome alignment prqgvaeelan,

Church, & Ostell, 2001jsee Figure -B).

SURZ1has ondull-length form and seven known splice variants detected in various
species and tissu@sartially revieved inAguilar-Bryan et al., 1998 Some SURL1
splice variants are known to be less séresito ATP(Shi, Ye, & Makielski, 2005)

and glibenclamide than the fuéngth SUR1 (for the Delt81 splice variant see
Aguilar-Bryan et al., 1998for the Delta2 splice variant seBchmid et al., 20)1
Thus,any method fodetection of SUR1 protein may find multiple forms that may

affect the function of SURL1.

SUR1 contains two pa& of Walker A and B domainsomprisingtwo nucleotide
binding domains (NBD1 & NBD2)Rigure1-7). Binding of ATP to NBD1 or
NBD2 modulates the ion channel associated with SURMile NBD1 binds ATP,

NBD2 binds MgATP and may have weak ATPase acti\{iByyan, Crane, Vila
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Carriles, Babenko, & AguilaBryan, 2005) SUR1 contains three transmbrane
domains (TMDO, TMD1, TMD2)Bryan et al., 2005hat allows it to be an
essential membrane protein and to bind to ion chan®&Rk1also acts asma
essentiathaperone for ion channels via itstéfminal domairwhich binds tothe
RKR endoplasmigeticulum retention domain of iten channepartner and allows
the channel protein to reach the cytoplasmic memifeasehenberger et al., 2002;

Zerangue, Schwappach, Jan, & Jan, 1999)
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Figure 1-7. SUR1 transmembrane protein diagram depicting regions of

interestin the human SUR1 protein Transmembrane helices and Walker

. Glycosy

domains responsible for binding ATP are labeled in pink and blue

Phosphorylation sit@dapted for the human
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sequence fromguilar-Bryanet al, 1995 are labeled with a circled green P ai
the residue numbeSee Appendix figure AL for enlargements of this figure.
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Figure 1-8. Alignment of SUR1 proteins from mouse, rat, and, human with exons
and immunogensequences for SUR1 indicatedThe mouse, rat, and human SUR1
protein sequence shows many areas of high homology. A gusssequence runs acr
the top of the alignments with numbered introns running along the bottom of each
Known transmembrane regions are indicated in blue. Protein sequences used to
antibodies used in this study are indicated in brown wighniame of the
company/creator. See text for further details of antibody specifi8ig figure A2 for

enlargements of alignment.
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SUR1Regulates a Norspecific Monovalent Cation Channel after Ischemia

Thelaboratory of DrJ. MarcSimard atUniversity of MarylaneBaltimore

discovered that SURttanslational upregulatiois associated with delayed edema in
animal models of CNS injur§Simard, Tsymbalyuk, et al., 2008imard, Kilbourne,
et al., 2009; Simard, Woo, Norenberg, et al., 2010; Woo et al., 2Uh¢y

proposed thaBUR1regulates a nonspecific cation channel that is opened at low
intracellular ATP concentratiofNCcaarp). They furthersuggestedhat SUR1
associatewith the Transient Receptor Potential M4 (TRPM4) ion channel to form
thenon-selective monovalent cation channel, N&p (Simard, Kahle, &

Gerzanich, 2010)The NGeaarp channelwasdemonstrated in primary activated
astrocyts subjected to azide chemical hypof@hen & Simard, 2001) TheNCc,

e has a single channel conductance®p3, does not conduct Ear Mg, is
mildly inwardly rectifying, and is modulated by ATwhich is simi&r to what the
characteristics of the TRPM4 chanbek with increased sensitivity to ATf€hen &
Simard, 2001; Chen, Dong, & Simard, 2003)st as with SUR1/K6.x,

dramatically reducefATP]; opens théNCcaarp channel whilaypicalintracellular
concentrations of ATP keep the channel clodglévated cytoplasmic [G4; opens
the channefound after hypoxic injurgyChen & Simard, 2001; Chen et al., 20@3)
well as the proposed TRPM4 chan(&imard, Kahle, et al., 2010)Continuousan
flow through this norspecific cation channel malepolarize a celicausing cell
swelling and resulting in cytotoxic edemahis channel ibelievedto beintimately

involved in cytotoxic edema in multiple cell types after ischemic injury.
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The roles of SUR1 and NGaarp in CNS injuryhavebeen established by multiple
lines of evidence SUR1{/-) mice are protected during spinal cord injury relative to
wild-type animalgSimard, WooNorenberg, et al., 2010A temporaryreduction of
SUR1 expression using antisense DNA gisatectsagainst spinal cord contusifn
Simard, Woo, Norenberg, et al., 201G)nally, SUR1 expressiorsiupregulated in
injuredhumanspinal cord sections, confirmir® U R lpésence in clinical cases of
CNS ischemia. Blocking SUR1 using glibenclamidesecond generation
sulfonylurea receptor antagonistduces spinal cord injury after contus{@mard,
Tarasov, & Gerzanich, 200@nhd CNS injury after MCAO occlusiqisimard et al.,
2006) A retrospective clinical studynewed that type 2 diabetes patients who
suffered ischemic stroke and continued to receive glibenclamide for the duration of
their hospital stapad significatly improved functional outcome upon release
(Kunte et al., 2007) The fact thalNCcaarp is susceptible tblockade byan FDA
approved drug (glibenclamide) makes inhibiting StiBdulated ion channels an

attractive research objective.

Interaction of Glibenclamide with SUR1

Glibenclamide is one of a class of adibetic compounds that binds to SUR
proteins and results in closing of ion channels regulated by the SUR proteins
Glibenclamide will close a SURegulated channelespite ATP]; thatmayhave

fallen to a concentration that would normally activateGlibenclamidebinds
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SURL1 preferentially over SUR2 with at least 100x selectivity {sdxe inBabenko
et al., 1998alsoseeRuss et al., 1999 Because of glibenclamide's selectivity for
SUR1 oer SUR2, glibenclamide effectdbservedn the low nanomolar range are

believedto be related to its SUR1 activity.

Gl i benclamide can act as tePPPFPRRIagamitstal a
activity of 15d-PGJ. T h eagdhiBtacRity of gliberclamide has an effective

concentration (E€) o f  {Flkien etldl., 2005)Becasethis effective

concentrations three orders of magnitude higher ttla@dose of glibenclamide

given to rAlION ratsthe secondary effects glibenclamides not relevanin the

concentratiommangebeing utilized

Sinceglibenclamide is an antiabetc agent, care must be tak® prevent
pathologic reduction in blood glucose levels in fgbetic patients and animall
glibenclamide concentratioms ratsare maintained below 10 nM by constant
infusion, serum glucoss notdepresse@Simard, Geng, et al., 2009)Another
important point regarding glibenclamide is that gfibenclamide concentration
foundto promoteneuroprotection shouldheoreticallybeinsufficientto block
SUR1/Kr6.x or NGeaarp maximally. Sincethe urionizedfraction {s. ionized)of
glibenclamide (pK= 6.3)is responsible for interacting with SUR1, the fraction of
drug available tdlock the NGa.arp channel isncreasedy the lower pH found in
ischemic tissue Thusglibenclamidecanact to block the NEaarp channel at
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concentratiorthat would normally be ineffectiv&Simard et al.2006) Because
rAION also induces ischemiasuspectethat glibenclamidevould showeither a

neuroprotective or edemraducingeffect if SUR1wereinvolved.
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Chapter 2 : 15d-PGJ, Protects Against rAION by Reducing
Edema

Hypothesis 15d-PGJ2 Protect?Against rAION by Reducing Edema

My hypothesis for this aspect of my investigations wastbet"GJ would reduce
the photoethromboticinfarct volume of the optic nerve by reducing optic nerve
edema and the subsequent additional vascular compromisevibisesithe infarct

penumbra.

Rationale for Hypothesis

Edemais Important in NAION and rAION Injuries

ONH edema with occasional hemorrhage into the retinal fiber layer is the hallmark

of NAION andis always presenpérsonacommunication, Dr. N. Miller) NAION

is not lethal, therefore it is has not been possibledimlogicallyexamine human

ON for the presence of edema in the proximal segment of the ON during the acute

phase (< 7 days) of NAION. Such ON edema might explain the cellular destruction
seen with NAION(Tesser et al., 2003)nd recapitulated in rAIOKZhang et al.,

2009) Thus,| felt that edema reductiammediately after rAIONmaybe acritical

factorin the neuroprotection produced Bpd-PGJ.
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15d-PGJ; may Reduce WM Edema

15d-PGJ reducs injury after an experimental spinal cord ischemic injury
(Genovese et al2008) An example of edema reductitwy 15d-PGJ comparing
tissue wet weight to dry weighalbeit norneuronal, is found iflGenovese et al.,
2005)wherel5d-PGJ protected the lung after injury specifically by reducing
edemaas measured ke ratio ofwetto dry weight Thus, the literature

surroundindgl5d-PGJ demonstrates the antidema potential of this drug.

Methods:

Chapter 5 contains a description of all methods used in this work.

Results:

Intravenous 15d-PGJ, Improves RGC Survival 30 DaysAfter rAION

As described abova5d-PGJ is a neuroprotective compound that improloesy
termRGC survival after rAION.Figure 21 shows d5d-PGJ doseresponse curve
for 30 day RGC survivalvherewhere the fraction of surviving RGCs is plotted
against the dose afsingle i.v15d-PGJ injection administered immediately pest
rAION. 30 dayRGC survival is expressed as a ratidcR@C densityper unit arean
rAION-injuredretinanormalized to the averadg®GC density per unit ardaund in
uninjured eye A significantnon-zero correlatiorexists between 158GJ3 dose and
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RGC survival(PearsorR = 0.89, p = 0.02Prism 4, Graphpad Inc.) he effective
neuroprotection of RGCs 30 days following rAION when given ordingle15d
PGJ administration combined witpreliminaryobservations oédema reduction in
15d-PGJ-treated animalat 1 day {estedsystematicallyn the next section)

suggested thdt5d-PGJ protectsthe ONby acting early in the injury process
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30 Day RGC Survival Post-rAION

15d-PGJ, Dose-Response

1.0;
0.9
0.8;
0.71
0.6
0.5
0.41
0.3
0.2
0.14
0.0

Fractional RGC Survival

0 100 200 300 400

15d-PGJ, pglkg i.v.
Figure 2-1. RGC survival at 30 days postrAION as a function of 15d-PGJ, dose.
Retinas from rAIONinjured eyes were flat mounted, immunostained for Brn3a (RG
marker) and counted using unbiased stereology. RGC survival is expretisedadi® o
RGC density in rAIONNjuredretinas to RGC density afnlasered eyesn the yaxis,
with the dose of 15 GJ on the xaxis The data shows a significant rpero slope
(Pearsonbts R, p=0.02, Prism 4, Graph
not modelbased. Ermobars represent standard error. Red numbers indicate the nt

of eyes tested for each dose.
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15d-PGJ; ReducesONH Edemal Day PostrAION .

Edema in theatanterior ON and optic nerve head (ONH) carvisealizedin vivo
using spectratiomain Optical Coherence Tomography (SCOT). SD-OCT isa
clinically-relevantimagingmethodthat usesnfra-red lasetight to measurehanges
in tissue index of refractiqryielding an accurate three dimensional computer model
of the retindlaminar structur@and ONH Alterationsto the thickness of retinal or
ONH structures due to edema ¢hos be quantified using SOCT (Alasil, Tan,

Lu, et al, 2008 Lee, Woo & Hwang, 2011; Sarac, Tasci, Gurdal & Can, 200%
have adapted a clinicbleidelberg Spectralis® (Heidelberg Engineeri8§-OCT
instrument for use in rodenby way of using g@lancconvexcontact lens Figure
2-2 compareedema ofat ONH under three treatment conditions by showing
representative images of IBD-OCT (Figure2-2 panels A, C, [Eandcolor retinal

images(Figure2-2 panels B, D,

Thecolor retinal image of the naive effeigure2-2B) shows that th©NH lies

even with the inner retinal surface while the ON border is defined by straight lines.
Naive etinal veins (Rv) are of normal calibe@ne day posinfarct in vehicle

treated animals, ONs are edematous and increased in size with whitening and
blurred margins Figure2-2D, white arrowsshow ONH margih Retinal veins are
engorged, with edema blocking vein outlines at the ON maFiguie2-2B, black
arrow). rAION-induced aimals treated acutely withO0 pg/kg 15ePGJ have

ONHsthat arereduced in sizeompared with vehickreatedrAION-induced
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animalswith significantly reduced edenf&igure2-2F) at 1 daypostrAION (for
hematoxylin and eosinistology of rAIONinjured ONssee longitudinal sections in
Zhang et al., 2009 The rAION-injured ONH of animals treated with 15} has
a reddish huat 1 daysimilar to that of urinduced eyes (compakegure2-2F with
that seen ifrigure2-2B). There is less venous congestioanipareFigure2-2F and

2-2D). Thel5dPGJ-treated ONypically is similar to that of the naive control

OCT imagesn figure 2-2 panels A, C, and Ehowa horizontakcanof the ONH at
the level of the hyaloid arteryOCT of naiverat eyereveals the laminatestructure
of the retingFigure2-2A, ret). The ONH diameter is indicated by white arrows.
One daypostrAION vehicletreated animalé~igure2-2C) show increased opacity
of the intraretinal axonal layer and CHNdiameter expansiorBy comparison15d
PGJ-treated animals show reduced BEdema and diameteas 1 day(Figure2-

2E) compared with vehicle treated rats.

Using OCT imagingl quantified ONH edema by @asuring the apparent diameter
of theedematou®NH at thehorizontallevel of the hyaloid @ery and the axial

level of the inner nuclear layat 1 day postAION with either vehiclgn=5)or 100
pHo/kg 15dPGa i.v. treatmen{n=7) (Figure2-2G). The mean diameter of the
edematous ONH treated with 2853 536+108 pm (n=5yvassignificantly less

than thegroup treated with vehickehich had a mean diameter of 67695 um (n=7)

and both rAIONinjured groups were significantly larger than both baseline groups
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(p<0.05,St udent 6s t test all pai rog NGSE&pari son
software, NCSS LLE Thus,measurement of the ONH usi@T is consistent

with the observation made with retinal imaging thetitel5dPGJ} treatment

reduces ONH edema at 1 day poStON.
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Figure 2-2. Retinal (Ret) color photosand OCT scans showing ONHedema 1 day
post-rAION with reduction of edema by 15d-PGJ, treatment. A. An OCT scan of a
naive eyeshows thattteinner surface of the ONK even withtheinnerretinal layer ant
the ONH is narrow(white line) B. A color retinal imageof the same naive eye shows
ONH margin is well defined by an optic disc that is redder than the surrounding re
The retinal veins (Rv) are obrmal diameterC. An OCT san of a 1 day posAlON
i.v. vehicletreatedeyeshows increase@NH diameter (arrows) compared with the ne
eye (compare white line lengthd). The colorretinal image of the same eghowsa
swollen and edematous ®INdelineated by the white arroyvsE. OCT imaging shows
reduction of ONH edema 1 day pasdON i.v. 15dPGJ treaed eye relative to vehicle
treatment (compare white line to white line in panel EYONH edema irthe i.v. 15d
PGJ-treatedl day postAION eyeis reduced in the color photo atiek definition and
color of the optic dis¢s similar to the naive eyeRetinal vein (Rv) engorgement is
reduced.G. ONH diameter measured by OCT is significantly reduced at 1 day pos
rAION (100 ug/kg i.v. 15ePGJ (n=5) vs i.v. vehicle (n=7), *** p < 0.05 Bonferroni

multiple comparison test).

a7



1d rAION-PGJ;

48



Automated Microvascular Quantification Using Fluorescent Gelatin Perfusion

Quantifying patent microvasculature in the ON after rAION&s most direct test of
microvascular compromis#ue to rAIONinduced edemaA previoudy-used
microvasculaimagingtechniqueemployedvessel fillingwith Indiaink to study

ON ischemigBernstein et al., 2003 Howeverfluorescent gelatiperfusion
appeared to ba better alternativior three reasong) a liquid more viscous than
bloodwill resist enteringlamaged/esses that are not paten)filling capillaries
with a fluorescently labeled solution does not depend upon the presence of
endothelialuminal markergo adequately label a blood vess®id 3)confocal
imaging of fluorescently labeled structuzs be digitally rendered to yieldree
dimensional information that allovasitomated digitatolumdric reconstruction

(see methods sectionrfdetails ofgelatin perfusiortechniqué.

Automation of digitaivessekeconstruction saves a great deal of time compared to
manual reconstructioof vessel volumand allows a much larger volume of tissue

to be imagedhanwould be practical with manual vessel tracidganual vessel
reconstruction of filled vessels is performed by tracing vessel outdmssrial

sections of tissugor serial optical sections if confocal imaging is Ysaal

connecting the vessel outlinesing an approximation for the surface between the
traced vessel outlinedo facilitate vessel reconstructiphdeveloped vessel
guantification method using Imaris software (Bitplane Inc.) after considering several

commercial and neoommercial altaratives. Briefly (see methods section for
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details) a confocal image stack is processed through the following: Sepssian
filtering and background subtraction on the input confocal image stack, masking a
volume of interest (volume masking), masking ttesselgas separate from
background autofluorescen@assel maskingp allow automatic filament
generationfilamenttracing todefine the centerline of the vessealad filament

radius calculatiomo determinghe volume of the capillary networKhevessel

volume of the rAIONdamaged ON is then normalized by comparing it to the vessel

volume of the undamaged contralateral ON.

The Imaris filament modedxists within the space defined by a confocal image stack
and is comprised afhort, connected lineegments with adiameterassignedor

each line segment | mar i s & f iatiraulaecrosseatiom diieete thel s e s
radius is set by searching for the least distance from the centerline that satisfies a
threshold condition (seeigure2-3A for a typcal example).This method provides

a suitable approximation to vessel volume because the filament models created by
this method appear to cover the volume ofdhagillaryfluorescent density

reasonably welby visual inspectionHowever,vessel volumeneasurement is

subject to systematic and negstemic sources of erroExamplesof suchsources

of error arecapillary volumemay varyfrom animal to animabr between eyes in a
single animalthe total fluorescent intensity may differ between batcheglatin
gelatinfluorescence intensity may vary becao$gelatin mixingwith residual
saline,the autofluorescent background of the tissue may makelsegspear larger
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than they areand noise in the fluorescent signal due to confocal digitization may
alterthe filament diameter calculation. These errors are mitigated by normalizing
the capillary volume to the uninjured contralateral ON, because the sources of error
in the capillarie®f one ON are likely to be present in ttentralateral ON of the

individual animal.

B e ¢ a u s efilamentalgoritlsn® are not publically discloseldperformedwo

tests to determine thsensitivityof the quantification methoi variations in input
parametersThe vessel volumes of 5 uninjured ONs were calculated with different
threshold settingsa6 input parameter that varies from B)qFigure2-3B). Vessel
volumes showed a linear correlation witineshold setting, witF e ar sn 6s R
95%for eachON reconstructioriPrism 4, Graphpad Inc. This analysis showed

that, while absolute vessel volume numbers vary with the threshold setting, the
relative ranking of the different samples was linéae(a r s “o>0.81sfor &l data

sets, Prism 4, Gphpad Ing.and did not change significantly with changes in
threshold settinANCOVA, Prism 4, Graphpad Inc.)n all subsequent testing |

used the middle threshold value of 3, which is the Imaris software default sétting
alsocompared vessel volus of 10 uninjured ONwith background subtraction
pre-processinggompared to no background subtractwe processingFigure2-

3C). There is no significanariation of volume with background subtraction

(Wil coxonds mat ched plad).rwilethersisno Pr i sm
significant difference in volume between the two groups, samples in which
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background subtraction was performed could be calculated by the Imaris software
with fewer software crash eventshus, subsequent analysis are perforored

samples in which the background has been subtracted.

Automatic vessel tracingith appropriate controlis likely to be at least as accurate
as manual tracing witthe advantages afgnificantly reduced processing time and
reduced variability between users of the methiddwever computer software
cannotjudgewhere a vessel exists or what its radius might be. It is the
experimented s r e s p oreject albadlvassedgondtretion and to confirm

that the reconstruction is plausible. | have done so with all of the vessel

reconstruction data presented in the following sections.
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Figure 2-3. Sensitivity of ON Quantification Method to Threshold Setting. A. FITC-
BSA (in green) gelatin filled ON capillarieswered bya flament(blue surface)
calculated usinghreshold= 3 form a reasonably accurate surface covering the
fluorescent signalThe filament threshold setting of 3 isad in capillary quantification
in subsequent result®. The sensitivity of the ON quantificationethod to the threshc
setting was tested by varying the filament setting from 1 to 5. The relative order o
relative vessel volume shows some sensitigtihreshold but retains the general ranl
of relative vessel volumeC. Background subtraction necessary to allow Imaris to
calculate filament diameters does not introduce significant error into vessel volum

calculations.
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15d-PGJ; Improves Capillary Perfusion by ReducingPost-infarct Edema.

The effect of 15PGJ on rAION was determined lyuantitative evaluation of

capillary perfusion vinme in the rAIONinjured ON proximal segment 1 day after
injury. ON sections selected for analysis were aligned to within ~160 pum of the

ma x i mal di ameter for each nerve which
an axialgroove in the ON that allows the CRA and CRV to pass througDlthe

discinto the eye. When this landmark was not present, the widest portion of the ON
was used as the landmark. This area of the proximal ON was previously shown to
have a dense, highly branched capillary network with limited arterial perfusion or

venous draiage (see Figure-2A) (Morrison et al., 1999).

| found a significan{p = 0.03)increasen ON capillary volumewhen animals were
treated with100 pg/kgl5d-PGJ i.v. vs.vehicleadministrationwherethe capillary
volume of the unanfarcted eye of eacmanal servedas an internal control to

eliminate individual variation in capillary densiyd diamete(Figure2-4B). The

mean perfusion was only 25+%i(standard error of the meami)filling compared

with contralateral uanfarcted control ON¢Figure2-4E, untreated).In contrast,
15d-PGJ-treated animals had dramatically more ON vascular perfusion at the level
of the infarct, with a mean of &28% (standard error of the meamf)un-infarcted

nerve perfusionKigure2-4F, treated).This difference was significant 0.03by

singletailed MannWhitney Utest).
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Importantly, here was no significant differenaecapillary perfusion 4 hours pest
rAION (Figure 24B) when compared to thmntralateral uninjuredontrol eyes or
when teatment groups were compafgd>0.05St udent 6s t test
comparison with Bonferroni correctipNCSS 8software NCSS LLQ (see Figs. 2
4C & D for representative 4 hour paztlON capillary perfusion) This suggests
that the rAION infarct develms slowly, transitioning from almost no loss of
perfusion at 4 hours to almost complete loss of perfusion by 1 dayAd@xtl in

the vehicletreated group Thesedataareconsistent with previous reports
evaluating the region of ON infarct associatedhinflammation(Zhang et al.,

2009)

To better understand the loss of ON microvascular perfusion after rAION, |
examined by immunohistochemical analysis a 1 day@d€IN ON section shown
by fluorescent gelatin perfusion to have partial logsesfusion. | utilized

antibodies against Laminin, which identifies the capillary basement membrane
(reviewed in Wang & Shuaib, 200 7ibrinogen, using an anfibrinogen beta chain
C-terminal directed antibody, and FITBSA filling of the remaining patent
capillaries. Figure 25A shows laminin in capillary basement membrane (red) and
thrombi or trapped blood labeled using an-fibtinogenbeta chain @erminal
directed antibody (orange) with FITBSA filling of the remaining patent capillaries
(green). In capillaries 1day poshduction, occasional focal fibrinogen signal
(indicative of fibrin clots, blue arrows) is present within the capillaféguie2-

56

al



5A, arrowheads). Thinning of capillaries and loss of FFlléd capillary lumens
were observedtd.day, but, there was also laminin immunofluorescence without
fibrin or FITC-BSA filling, suggestive of edemassociated capillary collapdeack
of fibrinogen staining with capillary collapseapparent in a section shown at low
magnification in figure2-5C. An adjacent section from this nerve was used to

evaluate capillary changes by TEM ultrastructural analysis.

| explored lood brain barrier (BBB) breakdown and related interstitial tissue edema
by staining for the presence of endogenousmatunogbbulin G(IgG) at 1 day
postrAION (Figure2-5B and D). The uninfarcted ON of a vehickreated animal
(Figure2-5B) hadminimal rat IgG signain the ON substanaghile the rAION

induced ON of the same animal revealed diffuse IgG staining in the affected area
(Figure2-5D), implying the occurrence of plasma protein extravasation.
Quantification of the fluorescent afigG signal (using the umfarcted

contralateal ONs as baseline) revealed that 100 pug/kgR6&ad i.v. treatment
significantly reduced poshfarct extravasated IgG in the ONH and the substance of
the proximal ON, compared with vehidieated infarcted ON and ONH 1 day post
rAION (see Figure B, p= 0.047 forthe maineffect of 15dPGJ treatment, 2

factor ANOVA, Prism Graphpad Ing. A parametric testvas used because ttata
cannot be rejected as naormal by KolmogorovSmirnov testRrism, Graphpad

Inc.). Asingle tailed statistical test appropriate for comparing IgG leakage to
background, because theranegligiblelgG in uninjured ON.Bonferronicorrected
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t tests showed no significant difference between any two treatisaé groups

(Prism, Graphpad Inc.).

| further evaluated altetians in the microvasculature by ultrastructural analysis via
TEM. TEM analysis revealthat endothelial cells from regions of ON severely
affected by rAION (outlined ifrigure2-5C) hal swollen nuclei Figure2-5F,

labeled Nfor nucleu$ and the preseroof cytotoxic edema compared with ON
endothelial cells from uinfarcted tissue of the same animal (comgageire2-5F

with 2-5E). These capillaries als@dareduced lumen diameteGee Garciat al.,

1994for a more thorough treatment of this phenomenon.

At high magnificationnaiveON capillary shows intact mitochondria and the
presence of small vacuoles (Figur@). In comparison, larger vacuoles fusing
with the cytoplasmic membrane are consisteptgsent in the cytoplasm oAION-
injuredendothelial cells These vacuoles aie communicatiorwith both the
lumenal and ablurenal surfaces of the endothelial celsgure2-5F & H , marked
with L for lumen). A total of 5 capillaries from the side tife ON with collapsed
capillaries &s imagedy vessel filling) and 8 capillaries from the side with patent
capillaries were imaged. All endothelial cetbsamined in the injured OBhowed a
consistent increase in actively fusing vesicles when compatid taiinjured ON
from the same animal (séggure2-5G). Swollen endothelial cells with swollen
nuclei were a consistent feature of endothelial cells on the side of the ON showing
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collapsed capillaries. Thus, the lossOM perfusion observed with fluescent
gelatin perfusion involves the direct collapse of capillaries due to swelling
endothelial cells with a possible contribution from extracellular edema due to

extravasating blood plasma proteins.
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Figure 2-4. ON vessel filling and quantitative microvascular analysis of naiv
and infarcted ONs at 1 day posinduction. A. Fluorescentascular imaging of
naive ON. Filled capillarie@reen) are shown in the central region of the ON
covered by a vascular filament model (bright blue) amdiense andniformly
distributed throughout the nerve. B. Quantitatrescularanalysisat4 hours and
1 daypost rAIONinduced ONn vehicle and15d-PGJ}-treated animalsThe
microvascular volume ohfarctedONswere compared with the contralateral
(naive controlON of the same animalith the comparison representaa the Y
axis as a fractional vessel volume (OD/O%ere isno statistical dference
between vehickdéreated and 100 pg/kg 198G }-treated proximal segment ON
perfusion volume at 4 hours pagtiON (p > 0.05, ManAVhitney U test, Prism
Graphpad Inc.), budignificantlygreater capillary volumat 1 daypostrAION in
15d-PGJ-treated animals tharehicletreated animals (p=0.0®8annWhitney U
test,Prism, Graphpad Ing.There is no significant difference from 1 for the
OD/OS fractional vessel volume for either treatment condition at 4 hours (p
test, Prism 4, Graphpad j)oC and D: ON capillary filling 4 hours pest
induction. There is minimal loss of capillary patency in both veh{planel C)
and PGJzreated (panel D) nerves. E and F: ON capillary filling 1 day-post
induction. There is significant loss of vasculargmaty in ONs of vehicl¢reated
animals (panel E). ONs itbd-PGJ treated animals (panel Bhowconsiderably

more patent vasculature at one.day
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Figure 2-5. Immunohistochemical and ultrastructural analysis of vascular damage
following ON infarct. A-D: Immunohistochemical imaging of vessel and luminal
changes. A. One day pesiduction the capillary bed is visualized usifggmninin
immunostaining (red). FIT®SA vascular filling (greendhowsincompletevascular
filling, with occasional small fibridibrinogen thrombi (orange, indicated by blue arrc
present in the capillary bed. Bhe naive contralateral ON of the same animal shows
completeFITC-BSA vasculafilling with minimal 1gG signal, indicating no BBB
breakdowror seum leakage. C. FITBSA filling of ON 1d postinfarct demonstrating
partial filling of ON microvasculaturePanels F & H imageldly TEM were derived fron
this nerve. The yellow rectangle indicates the area imaged to locate partially colla
capillaries D: FITC-BSA filling of ON 1d postinduction, immunostained with antiboc
against rat IgG (red)There is a strong, diffuse IgG signal, indicating BBB breakdow
and extensive serum leaka@empared to panel BE-H: ultrastructural analysis usin¢
TEM. E. Naive ON, low poweultrastructural analysig400X). An endothelial cell
nucleus (N) is adjacent to the capillary lumen (E).ON 1d posinduction. The
endothelial cell nucleus (N) is lobulated and enlarged, protruding into the lumen (L
which is rediced in diameterG. Naive ON, high power (15000X). Mitochondria are
intact and there are small vacuoles in the endothelial cytoplasm, adjacent to the I
(L). The nucleus (N) is normal in appearanee.High power ultrastructural analysis o
ON 1ldaypostinduction (15000X). The endothelial cell nucleus (N) has changed
appearanceThere are large cytoplasmiesicles open to both the luminal and ablum
endothelial membrangsonsistent wittenhancegbroteintransit

62



<
v
11}

FITC

63



« 110000+ EZAON e

8 100000- 4

< 9o000{ B3I

2 80000-

€ 70000-

S 6ooted - ot 7 %

il N

£ 30000- ? T \

= 20000- / 7 %

- -

sl 72 N N
& O &
4° ¥ +° &

Figure 2-6. 150-PGJ, Reduces IgG Leakagd Day postrAION.
Immunofluorescence staining for IgG in ON and ONH tissue was quantifiec
day postrAION. The signal was normalized on a per animal basis to elimini
the intersubject variability by subtracting 1gG fluorescence signal from the
uninjured ON of eachramal from the IgG fluorescence signal found in the
injured ON (see chapter 5 for detailed methods). -faetor ANOVA analysis
showed a significant (n=6, p < 0.05) main effect for drug treatment on IgG

leakage with no significant effect for tissue typegi 4, Graphpad Inc.).
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15d-PGJ, Exerts White Matter Neuroprotection by Inhibiting the Canonical NF-

8 BPathway.

Previous studies df5dPG30s mechani sms of ada&5dP@in have s
works bymixed mechanisms, including paisomalproliferatoractivator receptor

gammaP PAR2) and NFlenB orndherbitta oindenti fy NFaB
and its inhibition byl5d-PGJ, | examined p5SNFoa B) expressi on and n
localizationin vivovia a novel immunbistochemial techniqueRigure2-7A). |

| ocal i z e @g65 subuait b sS@gEMMuUhGtochemical precipitation of
nickeldiaminobenzidingNi-DAB), a blackprecipitatethat quenches fluorescence.

Nuclei were theffluorescently labeleth situwith 4',6-diamidine2-phenylindle

(DAPI). The presence diigh amounts op65-associated NDAB quenches the

DAPI signal when p65 is found in the nuclel®elative dfferences in nuclear p65

localization can therefore be evaluated by differential DAPI fluorescé&ngeré 2-

7A, panet 1-4).

| compared nuclear fluorescence between the different treatment strategies, along
with total cellular and nuclear NDAB signal levels. Using thisechniquemy data
revealshattheN F a5 subunitexpression is diffusely present in ON gliaban
vascular cells ithe WM of the uAnfarcted, vehicldreatedON (Figure2-7A,

panel 1)with considerable quenching of the DAPI nuclear sighare2-7, panel

1 arrows).In vehicle treated animalat 1 day postAION, there is a noticeable

increase in overall p65 expression, widsue darkeningHigure2-7A, panel 2,

65



compare insets, panels 1 andthere is also prominent p65 nuclear localization,
with loss of nuclear DAPI stainingrfaws, Figure2-7A, panel 2), cosistent with
greater overall DAPI quenching (compare DAPI signdigure2-7A, panels 1 and
2). In contrastat 1 day postrAION in the unrinduced ONs ol 5d-PGJ}-treated
animals, there is increased p65 interceluNi-DAB signal withstrong DAPI
fluorescenceRigure2-7A, panel 3) compared with naive ON (compaghicle to
naive inpanes 3 andl, and compare insets). rAlGNducedONs in15dPG}
treated animals also shamcreased intracellular p65 sign&igure2-7A, panel 4
inset) but converselyalso showincreased DAPI nuclear fluorescen&gglre2-7A,
panel 4; note blue color intensityjhesedatasuggest that p6bduclear localization
is reducedn PGJ-treatedjnfarct-affected ON nuclei.This conclusions also
supported byhepresence of atrong perinuclear p65 signalthese tissues
(arrowheadskigure2-7A, panel 4) that is not present in the nucldisis,15d

PGJ results in stron@65up-regulationindependent of rAION treatmemnwith
additionalp65 upregulationif rAION is induced. Thd5dPGJ-induced increase in

p65 expression appears to occur at the expense of nuclear localization of p65.

To confirm this finding, | independently determined whetherBR&d} inhibits p65
nuclear activation by examining wa&lbcumentd downstream targets p65, using
gRT-PCR Figure2-7B). ON total RNA was prepared from both the rAl@iuced
and uninduced nerves of individual animals 1 day p@stON with both vehicle
and 15dPGJ-treatment (n=5/group), and analyzed forlilh ,-4aln,d T NF U
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expression 1 b and TNFU upr egul -nfarctinductionc(igu r r ed 1
2-7B). 15dPGJ administration significantly reduced (Stud@&rttes) ON levels of
T N F U-1b (figure2-7B), suggesting that5d-PGJ} administration inhibits th

c | as s i eassbciatddHrdl@nmatory pathway activated after ischemia.

| confirmed the results of our novel immunohistochemical assay w&stgrn blot
analysis. Protein homogenates were prepared from the first 2 mm of ON from each
animal, and, a pooled homogenate (n=3) for each injury/treatment condition was
created so that the homogenate would achieve sufficient concentration to perform a
western blot. Four conditions were tested at 1 day p@dstON: un-infarcted (U)

treated either with vehicle or 192G} and 1 day posihfarct (I) treated with either
vehicle or 15ePGJ (Figure2-7C). Infarctwith vehicletreatment increased p65
expressia slightly, while 15dPGJ}-treatment greatly increased p65 expression

independent of rAION status.

To determine whether 198G36s ef fect on ON was a gener al
white matter, | also compared results frprotein extracted from another WIVALt,

thecorpus callosum (CC)l examinedhaive, 1 day postehicletreated and 1 day

post15d-PGJi treated animals. Western analysis of these tissues showed a similar
upregulation of p65 as well as a downregulation of INOS, a protein known to be

downregilated by PGi(Figure2-7D).
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Thus, there is agreement between all methods tested th®A.bddministration
upregulates p65 and blogk from entering the nucleusl5dPGJ}6 actionmay

also be ajeneral effect upon white matter and not-§décific.
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Figure 2-7. 15d-PGJ;i nhi bi t s WM r el &atDAB-quenered
fluorescence analysis of NFaB e-©Of
sections were developed and incubated for identical amounts of time to gel
the analysis of relative DAB stainindg?anels 1 and 2 show ON cressctions
without15d-PGJ} treatment. Panels 3 and 4 are ON cissstions ofl5d-PGJ2
treated animals. Insets in each panel are low power micrographs showing r
NFaB |l evels after DAB devel opment
There isreduced DAPlinteng v (i nset ) . NFaB i s |
reduced visibility (arrows)Panel 2: IdaypostrAION induction. Increased
intracell ul ar NFaB expression (in
panels 1 and 2), with reduced visibility of DABtained nuclei (arrows)Panel 3.
ON 1d postl5dPGJ treatment.There is increased DAB signal (compare ins
with those seen in panels 1 and 2), and prominent Bdfthed nuclei, with
perinucl ear NFaB s-ihdadechONrdayposPadiP@J-
treatment. There is increased NFa
animals (compare inset panel 4 with inset, panels 1 and 2), and increased

per i nucl ewulatibhHar&vheadsyk
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B. N-&ssoBiated gene expression in infarc@dts with and without PGJ2.

Results from infarctedcompared to contralaterakrves and expressed as OD/OS

ratios, from animals treated with either vehicldbdPG3. IL-1 b and TNFU mRNA
expression increase dramatically in rAlémuced ONs from vehie-treated animals

1 day posinduction, compared with5dPG}t r eat ed ani mals ( TNFU:
vehicletreatedvs. 1.35+0.60for 15dPGJ-treated p<0.05). Results are from

individual ONs (total n=12)C. ON we st er n-subumibprotein i s: NFaB
expression from 1d post vehiclend15d-PGJ3-treated animalslhe ©5 subunit

signal is increased in the uninfarcted @%d-PGJ-treated ON. There is also

increased p65 signal in the infarcted (1) ON treat@tl 15d-PGJ}, compared with

infarcted vehicle control. The second row shows Lamin C (LamC) as a loading

contr ol . D. Westesuwmbamiatl y-elated (iNOSPppBotRIn

expression in other CNS white matter (corpus callosum). The first row git®wvs

subunit expression detected by a {p&cific antibody (Santa Cruz). There is

increased p65 signal ibd-PGJ-treated animals compared with vehicle controls.

The second row shows expression using an antibody with p65/p50 subunit specificity.

The p65subunit increase is independent of an increase in p50 subunit levels. The

third row shows INOS (NOS2) expression. Treatment WattPGJ results in a

decrease in white matter INOS protein expression, compared with either naive or

vehicletreated animaldh-Actin signal served as a loading control
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Chapter 3: The Role of SUR1 in rAION Nerve Damage

Hypothesis: 15ePGJ, Acts Via Sulfonylurea Receptor 1 (SUR1)

| hypothesize that the protective effeof 15dPGJ in the early stage gAION

injury aredue to its ability to reduce pestfarct SUR1upregulation

Rationale for Hypothesis

Delayed Edema may Promote ON Edema After rAION

SURL1 upregulation has been linked to delayed edema in many types of CNS injury

(see introduction) The ONinjury producel by the rAION injury model may be

conducive to SUR1 upregulatialue to inflammation produced pasjury and the

link between SURL1 productionand gron f | ammat or y . INléecal®ltosi gnal ir
investigagtecS UR1 6s r ol e i n produc ienemgllyleliceechtn becaus
be i mportant to ON injury after NAI ON and
edemahas beemlockedin other injury modeldy the FDA-approved drug

glibenclamidethus creating an opportunity fomaw clinical treatment of NAION

if my hypothesis were true
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Inhibition of SUR1 Activity by Glibenclamide During rAION Does Not

Protect Against Edema in ON After rAION

Administration of Glibenclamide via Osmotic (Alzet) Pump

| testedSUR1involvementin rAION injury progression by inducingnrAION

lesionin the right eye of 17 male SpragDawley rats Theuninjuredleft eyeof

each animal serveak aninternalcontrol. rAION-injured rats received either
glibenclamide (n=9) or vehicle (n=8) via a combination of intraperitoneal (i.p.)
injection and subcutaneousiyplanted osmotic pump administered immediately
postinjury (see chapter 5 methods section). The use of glibenclamide administered
in osmotic pumps enabled maintenance of glibenclamide at constant plasma
concentration over a 1 dggriod. Rats were euthanized 24 hours-ogsty to test

for a reduction in edema by quantitative fluorescent vascular filling. The
glibenclamide serum concentration produced by this protocol was previously

determined to be ~5 n@ Marc Simard et al., 2012)

Effects of Glibenclamide onONH Edemal Day dter rAION

| examined the extent of ONH edema using@SOT (special-domain optical
coherence tomography) imaging to test for glibenclaraskociated edema
reduction 1 day postAlON. | compared glibenclamideeated and vehiclgeated

rats. Typical SBOCT images from an rAlONhjured ON are shown in figures 3
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1A and3-1B, where the edematous area of the rAli@tluced ONH (Figure-3A)

can be seen to obscure the laminar structure of the retina. | quantified the extent of
the injury by measuring the diameter of the edematous area across the ONH (from
inner plexiform ayer to inner plexiform layer) at the level of the hyaloid artery
(frequently visible as a protrusion from the ON) in glibenclantidated (n=9) and
vehicletreated groups (n=10). The group mean diameter of the glibenckamide
treated animals was smalléah the group mean diameter of vehickated.

However, these results in figurel® show a nossignificant difference in ONH

edema between glibenclamide (708+26 um (n=9)) and vetredted (60554 um
(n=10)) groups (p=0.06, single tailed Studentsst,tPrism, Graphpad Inc.). The

ONH di ameter of wuninjured eyes (362N24 &gm)

| also examined OCT data from the same groups of rats using a subjective
examination for improvement of ONH edema. Three researchers blinded to the
treatment condition were asked to grade the severity of the edema based upon a
mutually agreed upon scale of edema severity which included such features as the
appearance of ON edema, expansion of the ONH into the globe and presence of
subretinal fluid (fluidtrapped between the outermost layer of the retina and the
choriocapillaris). All three researchers graded the two groups as being of equal
severity (p>.05, MariWhitney U test, Prism, Graphpad Inc.). Thus, there is no
evidence that glibenclamide provaiprotection against ONH edema using either a

subjective or an objective test.
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Figure 3-1. OCT comparison of rAION injured ONH treated with
glibenclamide vs. vehicle.Panels A and Bhowtypical images of rAION at 1
day postrAION. Panel A shows severe edema and panel B shows minimal
edema Panel C showthe diameterof rat ONHedema measured with SDCT
in rAION-injuredrats with either glibenclamide or vehicle treatment. A normr
curve is plotted over each category of daea false »axis to indicate what the
relative frequency of results would be for normally distributed.datale bars

are 200um.
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Glibenclamide Infusion Does Not ProtectProximal ON Capillary Network of

ON at 1 Day After rAION

| quantified the proximal ON microvascular perfusion liigndamidetreated rats
compared to vehiclereated rats at 24 hours pastiON. As shown above
glibenclamide treatment did not reduce visiblekDétdema. Neither did
glibenclamidamprove ONH perfusion(seeTable 31 for quantificationof
microvascular volumeandFigure 33 forimagesof fluorescent gelatin perfused

ON at 1 day postAION with vehicle or glibenclamide treatment

The experimental yield for capilkafilling was abnormally low and only allowed

n=4 for each groupl found ro significantprotection of the®ON microvasculature

with glibenclamide treatment compared to vehicle treatment (Wilcoxon rank sum
test, two tailed, p=0.38, RKward frontend to th®Rgramming Languageww.r-
project.org. Incomplete fluorescent gelatin filling of an uninjured ON used as the
internal control for each animal results in rejection of that animal the purposes of
imaging (failure é procedure). | noted that failure of procedtaewith osmotic

pump animals (58% or 11/19) was higher than for the previous 20 animals receiving
either 15dPGJ or vehicle (30% or 6/20). This 58% failure rate for pump

implanted animals can be brokeoweh into glibenclamide (67% or 8/12% vehicle
(43% or 3/7). This suggests that perhaps the stress associated with osmotic pump

implantation or an effect of glibenclamide treatment itself can increase the difficulty
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of achieving useful gelatin perfusioalthough I did not find a statistically
significant differencdb et ween any two groups (p>. 05,

Graphpad Inc.)

Given the high rate of vascular filling failure, | performeplogthoc power analysis
thatrevealed a group size ©8 would have been requiredhave a 95% probability

of achieving a significant resuljjven the 0.71 effect size of the observed
glibenclamidess vehi cl e groups (using Cohen's
3 Softwaresoftware credit té-aul, Erdfelder, Buchner, & Lang, 200ByYy

comparison, the effect size of perfusion volume from vefirelated to 15d°GJ,-

St

S

treated ani mals had a much thebBYaerag€ohenos

failure of procedureate found with the osmotic punripeated animalsan
experimental group size of approximately#® would have been required to have a
95% probability of achieving a significant result, which was deemed to be an
excessive number of animal8ecause | obtained other data confirming that SUR1
is not significant upregulated 1 day po&1ON, this part othe study was

terminated.
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J150 Veh 1.57% 0.58% 0.37

J169 Veh 0.79% 0.00% 0.00
J161 Veh 1.60% 0.88% 0.55
J158 Veh 1.14% 0.64% 0.56
Ji51 Glib 1.57% 0.60% 0.39
J162 Glib 1.14% 0.00% 0.00
J160 Glib 2.28% 0.25% 0.11
J153 Glib 1.04% 0.37% 0.35

Table 3-1. Quantification of vascular volume decrease due to rAION at 1 day
postinjury with glibenclamide vs. vehicle. Animal identifiers are listed in the left
column. The treatment conditions (Cond) were vekidated (Veh) or
glibenclamidetreated (Glib). The fluorescent gelatin capillary filling technique was

used to quantify vascular filling of the left,Wumduced ON (OS) and the right,
rAION-induced ON(OD). The results are expressed for individual nerves as the
fraction of capillary volume per tissue volume and for the animal as the ratio

(OD/OS) of fractional capillary filling of the rAIONhjured ON (OD) compared to

the uninduced ON (OS) fractionaapillary filling, giving a measure of the loss of
perfusion (0 indicates complete loss of perfusion; 1 indicates equal perfusion between

injured and uninjured eyes).
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Figure 3-2. Fluorescent capillary filling of rAION -injured ONs 1 day postrAION
with or without glibenclamide. Rats were treated via osmotic pump phisaperitonee
(i.p.) loading dose with eithehe SUR1 antagonigibenclamide or vehicleAll rAION -
injured ONs from either treatment group (vehicle and glibenclamide) with acceptal
filling of the microvasculature are shown. The vehicated ONs are in the left
column, and, the glibenclamideeated ONs are in the right column. Noteadion of the
proximal ON microvasculature is apparent (see Tatld@ quantification). All scale

bars are 10Qm.
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Qualifying SUR1 Antibody for Immunohistochemistry

Prior to testing for upregulation of SUR1 after rAION, | established the spBcif

of aSUR1antibody forimmunohistochemical purposeBrevious studies involving
SUR1 immunohistochemistry in rodent brain employed an antibody raised in goat
against a human SURL1 sequence-g589, Santa Cruz Biotechnology) and this
effectively revals SUR1 expression in the cortex and other gray matter structures
(Simard, Geng, et al., 2009; Simard, Kilbourne, et al., 20@@yever,| could not
replicate this immunositaing with the Santa Cruz goat ai#UR1 antibody in rat

ON. Instead) employed an antibod{cCG-25683, Santa Cruz Biotechnologgjsed

in rabbit against human SUR1 residues-620. This antibodywasraised agaist
human SUR1 residues 6690but isalsolisted by Santa CruBiotechnologyas

able to bindspecificallyto rodent SUR1 becausesgnificant homology between

rat, mouse and human SURilthis region(seeFigure1-8 for aSUR1 proteirmap

of antigers used to raise antibod)edBy exhaustrely testing many variations of
staining parameters and fixation conditions, | discovered that this antibody identifies
SUR1 in rat ON only with parafflembedded sections kept free from detergent.
Detergents such as Triton200 or TweerR0 actually causd nonspecific staining

(data not shown).

Figure 33 shows NiDAB immunohistochemical staining of SUR1 in the choroid

plexus of wildtype andSUR1¢/-) knockoutmouse(courtesy of the Simard
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laboratory)using the protocol in the chaptemethods Figure 5-6). The choroid
plexus wasuggestedby Dr. Simardas apreferredtarget for SUR1
immunohistochemistr{personal communication, Dr. J. M. Simard).-INAB
immunohistochemical staining showed that the choroid plexus oftyypkel mouse
stainsindividud cells in the choroid plexus with minimal background stainiig
stairing was seen in the choroid plexus from the SUR)Jlknockout animals.
Secondaryonly controls for both sections showed minimal background staining of
the choroid for either conddn, thus demonstratg the specificity of the primary
antibody for SUR1 Identical conditions were used to fix, embed, s@velop,

and image all four sections. | also imaged aged baboon ON (a nonhaidhaorid
primate) using the Santa Cruz rabbitisEUR1 antibody and immunofluorescence.
While the baboon tissue is not required to test a hypothesis in my dissertation, it
showed strongUR1vascular and ON sheath stainiggure3-4) when compaed

to secondarmpnly controls This resulincreasesny confidence in the specificity of

the SUR1 antibody.
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Figure 3-3. Test of Santa Cruz rabbit anti -SUR1 antibody against wild-type and
SUR1({/-) mouse brain. All images show choroid pkeis Panels A &B are the
positive staining and secondamyly controls, respectively, in wiltype mouse. Panel:
C & D showimmungstainingunder identical conditions SUR1knockoutbrain @ntk-
SURL1in panel Cvs.secondaryonly controlin panel D performed at the sae time
under equal processing conditions. This staining demonstrates that the Santa Cr

antrSUR1 is specific t&UR1 protein
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Figure 3-4. Test of Santa Cruz rabbit anti -SUR1 antibody onan old world
nonhuman primate (baboon)ON. UninjuredON was harvested from an age
(26 years) baboon euthanized for-agkated diseasainrelated tovision. Panel,
shows positive fluorescent staining around the vasculature of the ON, with
B beingthe secondarpnly control showing relatively little background
fluorescence. Both images were produced and imaged under the same co
This immunofluorescent imaging demonstrates that SUR1 may be express

nonhuman old worlgrimate ON vascutare. Scale bars are pdn.
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ON SUR1 Immunohistochemical Sign&oes Not Increaséfter

rAION

| evaluated SURL1 upregulation gmuncstainingfor SURL1 inthree sets afat
ONs (@ninjured and 1 day pesAION) where theanimals received the i.vehicle
treatment previously used to test 8@.J}. Rats were euthanizeddaypost
rAION, and ONs wereprocessed for paraffin embeddingll nerves were

sectioned longitudinally to show both the proximal ON and ONH

SUR1 immunohistochemical stainifignaged usindg\Ni-DAB chromagenyhowed
noincreased signaih thesubstance of theAION-injured ONvs.the uninjured ON
suggesting that SUR1 upregulatidoes not occuin the rAION-injured ON(Figure
3-5 panels Ars B (medium magnificationand Cvs D (low magnification). |
detectedsome large SURpositivecells localized to thanjuredON sheath,
representing possibly marginating neutrophilSbiR1-expressingndotheliakells
(Figure3-5 panels A & C).Immunostainedissuefrom therAION-injured ONsall
showed a lack of SUR1 staininmgthe substance of the QBind,the primary
antibodyomittedtestshowed no NDAB labeling(Figs. 3-5E, F). The lack of
stainingwhen the primary antibody was omittisca further demonstration that what
little SUR1 staining was observelgpendedipon the specific binding by the
primary antibody Given the general lack of proximal ON perfusion at 1 day-post
rAlON (Figure2-4) andthe extent ofendothelial cell damaga 1 day postAION
(Figure2-5), it is likely thatimmunohistochemical detection methods would have
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demonstrated SURdxpression and upregulatidrthis protein were contributing to

ON edema development in rodents.

Thus, vhile SURL1 proteinmay bepresent in rat ONFAION does not induce the
strongSUR1 upregulation after rAlIOBeen imother types of ischemial his lack of
ON SURL1 upregulation is consistent with tlaek of effectiveness of the SUR1

antagonisglibenclamideagainst rAIONinduced ON edemademonstrated above
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Figure 3-5. SURL1 staining in rat ON1 day postrAION. Panels A & C show
stroked ON aimmunostained for SUR1 with NDAB chromogen staining at
medium and low magnificationPanels B & D show the uninfarcted @Nthesame
two magnifications Immunostaining for anels E& F was conducted on the same
animals with the primary antibody omitted (also known as@ndaryonly contro).
SURZLpositive staining is seen in cells in the ON sheath of the infarcted ON bu

in the substance of the nerve itsebicale bars are 1Q0m.
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WesternAnalysisof ON SUR1Expression AftemrAION

To confirm the lack of change in SUR1 in ON tisdugsed western bland
immunoprecipitatioranalysisas additional test Pooledproteinfrom the initial 2
mm of ratproximal ONs (n=3)were takerfor each of three treatment conditions
(naive, vehicldreated, 15PGJ-treated) (see methods)l compared protein from
injured ONs from the right eye of the rats (OD) 1 daypA$DN to uninjured
contralateral ONs (OS) faachtreatment conditions. Naive animals received no
injury to the right eye (OD)I also extracted and pooled protéimr=3) from the
corpus callosum (CC) of the same animals to servaMdl gositivecontrol for

SURL

Figure 36 (panels A and B) show western Blgrobed for SUR1 using two
different antibodiesaisedagainst SUR1 Densitometric results for SUR1 are
shown in table 2. Quantification of the SUR1 bands (~14©7 kD) did not show
asignificant(2x) changen SUR1protein signal in rAIONinjured ONwhen
normalized to total proteiper lane (Tale 3-2A) or normalized to lamin CTable3-

2B) (seeFigure2-7D for blot of lamin .

Additionally, an immunoprecipitation experiment (performed andyze byZ.
Geng and/. Gerzanich of the Simard labooay) on protein extracted frogroups

of animalsl day postAION showeda similaty nonsignificantresult Figure3-
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6C). Protein extract from animals used in the immunoprecipitation assay was
prepaedfrom different animals than us@uthe western blot experiments
Immunoprecipitation showssanall, norsignificantdecline in SURL1 in the vehicle
and 15dPGJ treated ON when compared to naive. Surprisingly, thePI5d
treated ON appears to haes$ SURL protein than the vehicle treated @Nus,|
could findno evidence for amcrease irON SUR1 proteirexpressiomwith rAION
nor significant decrease in SURL1 protein concentration withP54dl
administration, whicluns counter tthe predictedupregulationn SUR1

expressiorafter rAION injury.
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Figure 3-6. ON-SURL1 expression after rAION analyzed by wstern blots and
immunoprecipitation. A. SUR1western blot of poole®N protein extracfrom
3 treatment conditionsaive, vehicldreated 1 dapostrAION, and 100ug/kg
15dPGJ}i.v. 1 day posinjury. Panel B shows similar staininginga different
antibodyraised againsSUR1(NeuroMal Antibodies Inc.) Panel C shows an
immunoprecipitation experiment for SUR1 showirajve vs. rAIONinjured ON
underboth treatmentonditionsperformed using custom ay8UR1 antibodies
(see methods)The immunoprecipitation assay was performed and evaluate

Z. Gengand V. Gerzanich in association with the Simard laboratory.
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A. SUR1 Quantification Using Total Protein Normalization

Vehicle 150-PGJ
SUR1 Antibody
oS oD oS oD
Woo 262 134 173 93
Neuromab 170 214 131 185

B. SUR1 Quantification Using Lamin C Normalization

Vehicle 150-PGJ
SUR1 Antibody
oS oD oS oD
Woo 0.2% 0.199 0.240 0.144
Neuromab 0.19 0.318 0.1& 0.288

Table 3-2. SUR1 western blot quantification comparing SUR1 protein of
uninjured ON (OS) to SUR1 protein 1 day rAION-injured ON (OD) with

vehicle or 15dPGJ;treatment. The SUR1 bands in figure@were quantified and
normalized to egal total protein per lan@) or lamin C (B). The difference

between OD and OS did not exceed a 2x change in either direction for any cont
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SUR1 mRNA is notUpregulated in ON After rAION

| tested ON foiSUR1 mRNA upregulation in response to rAIOQN total RNA
was isolated, and, quantitative real time polymerase chain reactiofP@RYwas
performed byDr. Y. Guo (Bernstein laboratory). gRPFCRmMRNA analysisvas
performed usinginearly amplified mRNAby analyzing the difference of
differences ircycle threshold of the test gene product vs. a control gene product

( pqr@ethod)(see methods chaptgfor primers and procedwse

SUR1 mRNA from thenjuredproximal ON did not significantly changelative to
contralateral uninjured ON SUR1 mRNp ;| > 1) at 1 day postAION with
either vehicle treatment or 185} treatment ¢omparanjuredto uninjured in
Table3-3). Treatment with 15d°PGJ produced no significardifferencein SUR1
MRNA (see last row ifable3-3, SUR1gp gpQnjuredi Uninjured)when compared
to vehicletreated(p > 0.05, Student stest Prism,Graphpad Software)gRT-PCR
results similarly to the western blot analys@ not confirm thgroposed

hypothesis for SUR1 contribution 1&d-PGJ protectionedema.
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Vehicle 15dPGJ

Rat | Injured Rat ID| Injured
Uninjure Uninjure

PGSUR1 | Y9 942 8.16 Y4 8.95 9.87
vs.CycB Y10 | 10.31 10.75 Y5 9.43 11.17
Y12 | 8.45 8.45 Y6 8.35 957

Y14 | 5.57 8.95 Y8 9.29 9.17

PGSUR1 Mean 9.08 9.19 9.94 9.00
S.D.|116 0.86 0.87 0.48

PPLCSURL Mean 0.11 0.9

Injured - S.D.

Uninjured 0.79 0.8

Table 3-3. Results of gqRFPCR for SUR1 mRNA comparing rAION-injured vs.
uninjured ON at 1 day postrAION with 15d -PGJ, or Vehicle Treatment. SUR1
amplification cycle number at threshold is reported relative to cycle number at
threshold for the control gene cyclophilin B (CycB). The final two rows show the
ddCT of the rAION injured eye compared to uninjured. A positive number for the
mean Ijuredi Uninjured ddCT (last row) indicates a reduction in mRNA in the
induced eye relative to control, whereas a negative number indicates the opposite.
There was no significant difference in SUR1 mRNA between the vehicle and 15d

PGJtreated groups (p6.5, Studentds t test, Prism,
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Chapter 4 : Summary and Future Directions

15d-PGJ, Protection Against rAIONand the Lack of SUR1

Involvement

15d-PGJ provides excellent neuroproteat after rAION for the postinjury time
points examined The dose o15d-PGJ} that | used throughout most of this study
(100 pg/kg)wasnot the maximallyprotective dose for producing RGC survival
after rAION (sedrigure2-1), yet it performed well enough to show significant
microvascular protection and reduction@NH edema.The characteristic
microvascular thinning (sdeigure2-4) seenafter rAION appearso bedue to
endothelial cytotoxic edema (segure2-5). 15dPGJ protecedthe endothelial
cellsagainst rAION injury possibly by reducinyyl F a-dBivencytokineproduction
or through some aget unreported mechanisnthesite of action fol5dPG3}
appears to bcated in the eye and not elsewhere in the body bedinest
administration to the eye bgtra-vitreal (i.v.t.) 15dPGJ} injectionalso protead
RGCs from rAlONat 30 daysn Long Evans ratéV. Touitou, S. Bernstein, and M.
Johnsonin preparatior). It would beusefulto know if microvascular analysis with
TEM conducted for the i.v.t. route @6d-PGJ administratiorconfirmsthat the

150-PGJ effect is still found in endothelial cellnd not some other cell type

While SUR1 expression after traumatic injury and major ischemic elaskbeen

shown to be important in the cerebral cortex and other higher CNS struttures
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foundno evidence that it plays a role after rAIONherefore the hypothesis that
upregulation of SUR1 expression is involved in p@ddON ON edema formation
cannot be confirmedHowever, it may be worthwhile texamine additional
glibenclamidetreated anirals using SBOCT of the ONH at 1 day pesAION to
determine if glibenclamide treatmdatcapable of reducinQNH edemaafter an
ischemic event Glibenclamide is approved for human use in the U.S. and may
therefore be useful for some otligrhemic ophthlmologic conditiondespite its

failure to protect against loss of ON perfusion after rAION.

Oneexplanatiorfor the lack of SUR1 involvement irAION vs.other ischemic

injury models may be that rAIOMjury results in a much slower change in
intracellular [ATP] relative torapid drop in ATP afteMCAO or TBI because of the
slow onset of ischemiaZ. Geng (Simard laboratory, University of Maryland
Baltimore)pointed out that the conditions which trigger increased SUR1 expression
in other injuy models are accompanied by a rapid depletiantodcellular ATP

(Geng, 2009) Thus endothelial cells undergoing a slow change in extracellular
environment may follow a pattern of gene expression that does not include

significantSUR1 upregulation.

15d-PGJ3 administered 4 hours pestjury reducedAION-inducedRGC death
measured by stereology 30 daygostinjury. 15d-PGJ therefore provides an
extended window of stroke treatment opportunitycomparing thidreatment
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window to potential use in the human clinical condition NAIONs iknown that
incipient forns of NAION can take several weeks for ONH edema to develop into
classic NAION(Hayreh & Zimmerman, 2007)The progression of ONH edema in
typical NAION cases caalso be variable. Therefore, if 2R3} were to be used
clinically, it may have an even longer window of opportunity in the human

condition due to a longer tirmmurse for injury development.

The Importance of NBB Signding in Stroke Treatment

The swcess of 15d°GJ blockade of NBB signaling infAION and its positive
effects onoutcome fronthis stroke model suggesthat thecanonicaN F @ B
signalingpathway is important for preventing ON edema and-@ngn damage
after r Al ON. mapjbEtbeRlominar maode of actmmof our drug.
The fact that corticosteroids, whienealsoc o mmonl y bel i eved to inh
signaling have failed to producdinical protectionagainst either ischemic cerebral
stroke(Sandercock& Soane, 20119r NAION (Lee & Biousse, 2010hould not be
a deterrento identifying N F & dgynaling as an important pathwiaythe 15dPG3}
protective responder the following reasos the mechanissof actionby which
corticosteroids are able to reduseme forms of edema amet well established
usingin vivomode| and, the timingf corticosteroid action for edema reduction is
considerably longer than that established for-B&i}. In support of the former

reason,tie mol ecul ar target commonly thought t
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corticosteroid§b | ockade of vMPa$BB suipgpadsiowg i on
confirmedin rat brain after dexamethasone administratidmiap & Jope, 1997)
demonstrating hat NFaB i nhi bi ti ocompletglyuodersttod c ost er c
Thisfailure could bedue tospecies difference between human andstedjn
differencedn rats, or (udging by the lack of publications on this topéclack ofin

vivo experienceegardinghe molecular targetsf corticosteroids.In my opinion,
15d-PGJ has a far better record pfotecting against injurigs vivovs.in vitro,

due largely tats potent antinflammatory effectsn vivoand the tendency of
researchers to achieve significant effeatsitro through the use of long exposure of
cells to toxic concentratienof 15d-PGJ. | believe that further experimenis
ascertairthe usefulness df F aiihibition should be performed withe rAION

stroke model to confirm the targehave identified.In particular, other drugs that
blockN F adiynaling that are approved for human (Mdéler et al., 2010)xshould

be tested against rAION injury to confirm the importance of the canddiEab B
pathway in rAION and, if successful, to provide a lead compound for future clinical

treatment of NAION.
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Chapter 5: Methods
rAION and PGJ Methods

Animals: Animal use procedures were approved by the University of Maryland
Baltimore Male Spraguéddawley (SD) rats (15@00g) were obtained from Harlan

Laboratories, USA.

Rodent Anterior Ischemic Optic Neuropathy (rAION) injury and treatment: ON
infarct was induced as previously descriliBdrnsteinet al, 2003) Intravenous

(i.v.) Rose Bengal (RB) (Sigmaldrich; 2.5 mg/kg0.45 um sterile filtered isaline)
was administered via tail vein. RB was activated by intraocular optic nerve
illumination via532nmwavelengthaser light(OcculLight GL medical laser system,
Iris Medical)by illuminating the optialiscwith a 500 um spot size at 50 mW
intensity for 12 secondsThisresults inON ischemiaat 1 daywith ~55% lossof
retinal ganglion celly 30 days pdsinduction(Chen et al., 2008)15-deoxy-qp>1+
Prostaglandin 2(15d-PGJ}) was purchased fromagman Chemicals (Ann Arbor, MI)
andre-suspended in 20% ethar@P% salinghensterile filtered prior to intravenous
injection. Animals received either vehicle (20% ethah®bb saline) ol5d-PGli.v.

via tail vein postinduction.

In vivo imaging: ONH edema wasevaluated using #hin planoconvexcontact lens
thatenables visualization of the rodent retina and anterior optic nerve. Optic nerve

fundus images were obtained at baseline and 1 daynuhsttion using a&lit lamp
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(Model BM900, Haagstrei) and imaged usingdigital camera (Nikon D1X)The
retinal cel layers and OMN diametemwere imagedia a spectral domain optical
coherence tomograpBectralis®Heidelberg Instruments) using the same contact

lens.

Ribonucleic acid RNA) isolation and quantitative real-time polymerase chain
reaction (QRT-PCR): The proximal3 mm of theON wassurgicallyisolatedafter
removing the eyand stored at80°C. Total RNA was isolated using the RNeasy
micro kit (#74004, Qiagen IncandDNAse-1 treaedto eliminate genomic DNA
contaminationNerves were crushed over dry ice, homogenized in lysis buffer using
linear acrylamidéAmbion Inc.)as a carrier, followed by proteinase K digestion.
RNA was analyzed for purity and quality using an Agilent-Bi@lyzer. Because of

the low yield for indvidual ON samplessingle chimeric primeamplificationmethod
(SPIA-Ovation pico system, Nugen Corpugs usedo providenon-biased linear
amplification of small amounts of mMRNALhis reduced animal use, enabling
comparison ofjene response in individuats rather than using pooled mRNA.

RNA was converted to first strand random primed cDNA via RETROscript 1710 kit
(Ambion Inc.) and used for gRFCR with genespecific primersusing Syber green
dye (Bio-Rad Laboratoriedpr detection with cyclophilinB used as reference

gene Specific mMRNA levels were evaluated usingdh@ T method of difference

subtraction from control gene expression levels. The following primers were used:

TNFU (f) actcccagaaaagcaaglhaa(,f)(r) cgagcag
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gctagggagcccccttgteg, (r) getctgagagacctgacttggca; cyclophilin B (f)

tgacggtcaggtcatcactatc, (r) ggcatagaggtctttacggatg.

ON vascular filling quantification: Quantitative ON vascular analysis was

performed using tissue from terminally anesthetized rats. Asiwere placed on a

warming pad (~3%) and transcardially perfused sequentially with the following

heated (~3%¢) solutions: 120 ml heparinized sal.
atropine sulfate (Sigma Chemicals) and 100
fluoresceinconjugated bovine serum albumen (FIBSA) with 2% dissolved gelatin

(300 bloom, Sigma Chemicals) in HAAS solution, 20 ml HBSA with 4%

dissolved gelatin in HAAS solution. The descending aorta was clamped during
perfusion. The ascendingrad a was c¢cl amped under pressure
carcass immersed in ice water slush for 10 minutes to set the gelatin. -tvéyree

valve with syringes was used to perform th
filter (#68211310, Whatmanadded inline to remove talissolved gelatin. Tissues

were fixed in 4% paraformaldehyde (PFA), washephasphate buffered saline

(PBS, embedded in 10% gelatin (#G1890, Sigma), arfikeel for an additional 24

hin PFA. Tissues were cryosectionedte4dth and i maged by confocal
using tiled zstacks from a Zeiss LSM510 Duo fitted with a 40x 1.4 NA oil objective.

Vascular data was quantified using a filament m¢ske below for method)

constructed in Imaris software (Bitplane Software).
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FITC -BSA Bulk Preparation: Due to the expense of using large amounts of
fluorescent label conjugated protefiiT C-BSA was created and purified time
Bernsteinab by reacting fluorescein isothiocyante (Sigmmag 9:1 molar ratio with
fraction V BSA (Signa) in 10 mM Tris buffer containing 0.9% NaCl at pH 9.0 for 1
hour. The mixture was then dialyzadainstnormal PBSuntil no unreacted
fluorescein was evident. The solution was concent@&taing a sizeexclusion

spin column(30 MDasize exclusionilter, Centricon Plug0, Millipore) and stored

aliguoted at80°C until use.

Retinal and ON immunohistochemistry. Retinal ganglion cellRGC) stereology
was performed on retinae from paraformaldehyde (Ri&¥ eyes. Retinae were
isolated angbermeabilized by freezingnder a drop of PBS§0° C) thawed at room
temperaturedigestedor 1 hourwith 1 mg/mlhyaluronidas€SigmaAldrich) in
phosphate buffered saline (PBS), washed 3x over 1 hour inikf®atedovernight
with agoat polyclonabntibody to Brn3a (s81984, Santa Cruz Biotechnology)
washed 3x over 1 hour, incubatetidurin Cy3-conjugated donkey angjoat

antibody (Santa Cruz Biotehcnology), washed 3x over 1 hour, then mounted in a
fluorescent mounting media with a#fitide agers All immunohistochemistry
involving ON and ONH sections was carried out using phosphate buffered saline with
0.2% Triton %100 (PBST) as a wash and antibody dilugdN edema and blood
brain barrier (BBB)serum leakageiereassesseoh ON and ONHsectonsusing the
following protocol:washtissuel hour, incubate it:2000biotin-conjugated

103



minimally crossreactivedonkey antirat IgG (Jackson Immunoresearciwash 3x
over 1 hour, incubate 1 hour in 1:2000 &ydhjugated streptavidin (Jackson
Immunoresearch), wash 3x over 1 holraminin (1:7000, Cat#AT-24041, EY
Labs) and fibrinogen beta chain (1:5000, Cat# 2616, Epitomics)deteetedy
shakingtissueovernightin primary antibody solutioat room temperature, followed
by 4x wash over 1 hour, and detection wit2000donkey antirabbitconjugated to
either Cy3 or Cy5 fluorophores (Jackson Immunoreseanchpated for 1 hour and
washedx over 1 hour.All samples were washed with PBS before mounting in a

glycerotbased antfademounting media

NFaB quench i49umtmck @dcsrayyo secti ons were analy
nuclear localization and immunostainfémhting in staining netsThe p65N F a B

stbunit was detected using a rabbit ggib antibody (s@72, Santa Cruz

Biotechnology) at 1:4008ilution in PBS gently shaken overnight at room

temperaure Sections were incubatdd2000 in biotinylated donkey arnabbit 1IgG
(Jacksonmmunoresearch), veaed in PB&nd developed using nickel

diaminobenzidine (NDAB), using the Elite ABC kit (Mector Labsymaging was

performed on an Olympus Fluovied®0 (Olympus Corp.xonfocal microscope using

the transmitted light detector (633 nm laser illumination)Ni-DAB white light

imaging and using the epifluorescence mode for DAPI imaging (405 nm laser

illumination). Images were analyzed using Imaris software (Bitplane Inc.)

104



Western analysis ONs and corpus callosum (G@hite matter tractvere pooled

from three animals and homogeniaeing a tissue homogenizer (#PR0O250, PRO
Scientific)in ice-cold radio-immunoprecipitation assay bufféRIPA) (Amersham
Biosciencestontainingl mM DTT, Complete Protease Inhibitor cocktail (Roche),
and1l mM heatactivated sodium orthovanad489°C, 10 minutes, then stored-at
20°C until use) Denatured proteivas quantified in triplicate using the Pierce
reducing agent compatible Microplate BCA Protein Assay Kit (#23252, Thermo
Fisher)and loaded5 pglane for CC & 1 pg/lane for ON)n 415% polyacrylamide
gels, electrophoresddr 60 min at 90Ytransferred to PVDF membransing

NuPage Transfer Buffer (Invitrogeahd detected usingrgetspecific primary
antibodies (listed below) arsgcondary antiiidies coupled to horseradish peroxidase
(1:5000,Vector labs) Blots were blocked with 5% milk in tris buffered saline (TBS).
Antibody incubations were conducted in TBS with 0.1% Tw2@rmt room
temperature Primary antibody incubations included 5% kniBlots weredeveloped
using Lumilight substrate (Roche Laboratories)d standard-ray film. Primary
antibodies used wer@65 (1:1000,s¢-372, Santa Cruz Biotechnology, CA), an
antibody thatabels both th@50andp65N F @ B s ulb2000,#4764,Cel
Signaling), inducible nitric oxide synthase (iNO$)2000,#160862, Cayman
Chemical) b-Actin (1:2000, #A5441, Sigmaand Lamin (1:2000, #4777, Cell
Signaling) Lamin C is a nuclear structural protein ara$previously been used as a

loading contro(Kim et al., 2011)
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RGC Stereolqy: Stererology was performed on flatounted whole retinae 30 days
postinduction, using Stereolnvestigator software (Microbrightfield Inc.) on a Nikon
EB00 microscope with a motdriven stage driven by the stereological software to
generate random fiesdof up to 30 cell nuclei for counting. A minimum of 1000 cells
were counted per retina, which is greater than the number required by the Schmitz
Hof equationSchmitz & Hof, 2000¥or statistical validity. The doseesponse curve

of 30 day RGC survival as a functionafutel5d-PGJ dose i.vwas calculated by
normalizing the rAIONinjured RGC areal density by the uninjured RGC areal
densty within each Brn3a staining group to eliminate graoqgroup variability. The
final curve represents 3 groups of retinae stained and counted at the same time: group
#1 (Vehicle, 100 pg/kg), group #2 (25 pg/kg, 50 pg/kg), group #3 (200 ug/kg, 400
pg/kg). Stereology was performed by F. Vilson or B. Slater of the Bernstein

laboratory.

Transmission electron microscopy Sections of optic nerve prepared as above for
vascular imaging were further analyzed after embedding in Durcupan resin (Electron
Microscopy Siences, PA). In brief, specimens were fixed in 2% paraformaldehyde,
2.5% glutaraldehyde, 2 mM calcium chloride in 0.1M Phosphate buffer (pH 7.4).
After washing with 0.1 M phosphate buffer, specimens werefp@st with 1%

osmium tetroxide, 1% potassiugrfocyanide in 0.1M phosphate buffer for 1 hour.
Specimens were then washed and dehydrated using the following solutions in series:
50% ethanol, 70% ethanol, 70% ethanol containing 1% uranyl acetate, 90% ethanol,
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and 100% ethanol for 10 m each. This wd®¥eed by two 100% acetone

dehydration and infiltration with Durcupan resin. After two exchanges of pure resin,
specimens were embedded in Durcupan resin and polymerized at 60°C overnight.
Silver colored (~70 nm) ultrathin sections were cut and collectied) & Leica UC6
ultramicrotome (Leica Microsystems, Inc., Bannockburn, IL), counterstained with
uranyl acetate and lead citrate, and examined in a transmission electron microscope
(Tecnai T12, FEI Inc.) operated at 80 kV. Digital images were acquired asiAMT
bottom mount CCD camera and AMT600 software (Advanced Microscopy
Techniques, MA).Sections were prepared for electron microscopy by J. Strong of the

UMB Dental School Electron Microscopy Facility.

Microvascular quantitation using fluorescentgelatin perfusion and Imaris
imaging software: The filament model of ON vasculature allothe removal of
background autfluorescence and calcuian of accurate capillary volumes.
createdited zstacksof ON sections filled with FITEBSA gelatin usinghe
automated tiled-stack feature of the Zeiss LSBLOconfocal microscopé&Carl
Zeiss, Inc.) Individual tles of these data sets had an intrinsic tile sizeither
512x512 or 1024x1024 with|dm zsteps.Data from the confocahicroscopevas
savedn .Ism format (the native Zeiss format) and imported directly into Imaris
software (Bitplane Inc.) In the event that a file had a 1024x1024 tile dim@ported
the .Ism fileinto Imaris softwaravith the subsampling option set to import every
other xand y line. Large tiled-stacks successfully import into Imaris, however the
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guantificationwasextremely slow and prone to software ciagtdue to the large
memory footprint.| converted the tiled-stack into a filament model using Imaris
software ersions 7.1.1 or 7.0 (Bitplane Inc.). Earlier versions of Imaris were
unstable, and, versiomadter 7.1 and before 7d® not calculate the volume of the
microvasculature properly due to a bug introduced into the software after version 7.1.
The steps focreating avascular filament model using Imaris are illustrated in figure
5-1. After importing the datd,applied a Gaussian filter to eliminate the highest
frequency voxel noiseA background subtraction was performed with the
background value calcukd using the default settingbthen created a 3 dimensional
mask using the isosurface tdolisolate tissue volume of inter¢sssue contour, or
tissue isosurface) This isosurface was used as a three dimensional mask to set
voxels outside the isoirface to zero so that they would not be considered. The
volume of this isosurface is used as the tissue volume in subsequent calculgtiens.
major innovation that made ON quantification possisimg Imarisvas the inclusion
of a secondsosurfacetliree dimensional magk isolate capillaries from background
staining. | used the isosurface tool on the previousigsked data set to create a new
isosurface, the vessel isosurface (Imaeffings: pregrocessing enabled = 1 um,
largest sphere = 7 um).varied the threshold to produce angadace that
surroundedll of the microvasculature, after whitimasked the dataset using this
new isosurfaceVessel sosurfacegenerated in this fashi@ometimes included
unwanted background fluorescenddiltered these regions of unwanted background
voxelshby exclusion based on setting a minimum standard devigdirev)for thez-
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stackFITC channel. Thedoubly maskedonfocaldata setvas then used iflament
creation. | created the filament usinggh it hr e s hia Imdrig softmare h o d
which permits creating a filament withe existence of multiply connected segments.
| setfilament creatiorparameters Imaris softwares follows: preprocessing=true,
approx. dia.=2.5 um, preserve edges=fdifle;avities=true, baseline=true, branch
length ratio=24, find dendrite beginning=false.performed any required manual
editing using | mar i s 6hautoddpttd method.| cacdlatadi ng t oo
filament statistics such as volume, lendttanchingetc.using the statistics tatf the
filament object. The capillary volume per volume of tissue masked (capillary
fraction) was calculated using the volumes from the filament model and the first
isosurface, respectively. The capillary frant{@olume of capillary filament model /
volume of tissue isosurface)as calculated for both ONs of each aninlatalculated
the relative capillary fraction (ODOS) by dividing the OD capillary fraction by the
OS capillary fraction. The OS was alwaysinfarcted and, thus, served as an

internal control for variations in the capillary fraction.
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The Fluorescent Gelatin Microvasculature
Quantification Method

Import tiled z-stack,Gaussian Filter, L
Remove Background

Create contour surface around ON
interior. Mask out exterior.

Create iso-surface surrounding vessels
with background subtraction and
threshold filtering by channel StdDev.

Create filament object using autopath

method. Filament object usually requires
extensive hand-editing with autopath method.
Center filament before calculating diameter
(contrast ratio 3). Calculate fractional vessel filling
by dividing calculated vessel volume by mask
volume.

Figure 5-1. Essential steps required for microvascular quantification.
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Extravasating Immunoglobulin Quantification: Immunohistochemical staining of
IgG found in ON tissue was used as a proxy for leakage of all plasma proteins into
tissue(seeFigure5-2 for visual representation of processing steps)
Immunohistochemistry for IgG was performed as notetthéfiretinal and ON
immunohistochemistyportion of the methodsA tiled 1 um thick optical section

was made through each ON or ONRBagedusing an LSM510 duo confocal (Carl
Zeiss Inc.). The DAPI nuclear stain was excited at 405 nm and observedd2ith a
480 nm bandpass filter. The FlIg@njugated BSA vessel filling was excited with the
488 nm laser and observed with a &8 bandpass filter. The Cy3 fluorophore was
excited with a 560 nm laser and observed with a&@lAnm bandpass filter. The

Cy5 fluorophore was excited with a 633 nm laser and observed with a 650 nm long
pass filter. The hicknessof the optical sectiowas calculated by Zen software
controllingthe LSM510 duo (Carl Zeiss Inc.). The data from this tiled section was
imported inb Imaris software. 7.1.1(Bitplane Inc.)with each fluorophore signal
assigned to a different channéln isosurface was manually created around the
capillary network of each ON or ONH (tissue isosurface) to limit detection of
extravasating 1gG to thisore region of the ON. The tissue isosurface was then used
to set the IgG channel intensity to zero outsidé sheface, limiting IgG signal to the
body of the ON.IgG signalfrom blood trapped in capillaries was removed by
manuallycreatingan isosurfae around each volume thad intense staining for
fibrinogen(capillary isosurface) Thecapillary isosurfacewhen present, was then
used tosetthealready masketyG intensity to zero inside that surface, eliminating

111



the contribution ofesidual IgGntensity fromblood trapped ircapillaries. This

results in a doubly masked IgG channthe IgG signal for each ON or ONH section
was calculated by dividing the doubly masked signal intensity biysthge isosurface
volume minus the capillary isosucivolumeusing the formula

¢ 6 OLd OQOE 60 Qe i QO O

S v e >

The IgGsignal due to IgG extravasatiaras calculated bgubtracting thégG signal
density of uAinjured ON (OS) from the IgG signal density of 1 day p@dON
injured ON (OD)to account for baseline fluorescence of uninjured tissgerding to

the formula
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Method for Quantifying Extravasating 1gG
With Removal of IgG Signal Due to Trapped Blood

Collect image with DAPI (blue), FITC-
BSA vessel filling (green), IgG (red), and
fibrinogen (yellow) channels.

Create tissue isosurface (off-white) to
define ON core region of IgG signal (red).

Examine fibrinogen channel (yellow) for
intense staining indicated possibly
trapped blood.

Create capillary isosurface over intense
fibrinogen staining.

/

Measure 1gG signal of IgG channel doubly masked
with capillary and tissue isosurfaces. IgG signal
density is calculated by dividing the summed
intensity of voxels by the volume of the tissue
isosurface minus the volume of the capillary
isosurface. See methods for formula.

Figure 5-2. Essentialsteps for processing extravasating IgG signgrior to
guantification.
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SURI1-RelatedMethods

Alzet Pump Implantation with rAION: This study was approved and performed

in accordance with the guidelines of the Institutional Animal Care and Use
Committee of the University of Maryland at Baltimore. Rats were anesthetized with
ketamine and xyalzine as described in the rAION method and remained under
anesthesiduring pump implantatianEach rat receiwea local anesthetic

consisting 00.25 mL of 0.25% bupivacaine diluted 2:1 in sterile salmected
subcutaneously a radiatiig patternaround thenape of the neck followed by a 5
minute waiting period to allow the anesthetic to take effect. Body temperature was
maintained using a thermostatically controlled Gaymar heating38@) A
subcutaneous osmotic pumplZet Cat #20Q@, Durect Corp). containing

glibenclamide or vehiclevas insertedhrough a1 cm incision in the nape of the

neck. The wound was closed with surgical staplés.intraperitoneal (i.p.Joading
dose of 1Qug/kg glibenclamiden DMSO or DMSO vehicle(1 mL/kg)was then
administered The rats recovered in a clean cage under thermal control of the
Gaymar heating pad. Simard lab personnel prepared and randomly coded the
pumps and syringes according to their most recent profScuobrd et al., 2010,

2012) The osmotic pumps were primed overnight at 37°C in order to deliver a

constant dos once implanted.

Mouse Brain Tissue:Mouse brain tissue from SURL{) miceon a C57BL/6

backgroundvas donated by the Simard lab. Mouse tissue frorCEML/6 mouse
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was donated by the Merchenthaler lab. In both cases, the mouse was euthanized

with CO, and perfused with 4% PHgxeparedy the Bernsteitab. The whole

brains were extracted and fixed for 2 days in 4% PFA then sunk in 30% sucrose
(Ultrapure, Sigma) in PBS for 2 days. The forebrain was manually sectioned with a

razor blade to exposecaronal sectiothatincluded both the hippocampus and

choroidal tissue. The brain was then placed in 70% ethanol solution and paraffin
embedded by theniversity of Maryland BaltimorelMB) Histology Core lab.

Brains were sect i onttdciness and drietioots Supedrose t o 7

slides (Fisher Scientific) overnight at 50°C.

Baboon Tissue:BaboonON was donated. A male baboon (age 25 years) was
euthanized via pentobarbital overdose because efedgted feeding difficulties.

The animal wasranscardially perfused with buffered 4% PFA approximately 2
hours postmortem. ON was removed and fixed for 3 days immersed in 4% PFA,
blockedwith a razor bladeand paraffirembeddedby the UMB Histology Core lab.
ON slides weranicrotome sectioned icrosssection to 7 pnthickness and dried

onto Superfrost slidgg-isher Scientific) overnight at 50°C

SUR1 Immunohistochemistry: Sections were deparaffinized by immersing in

xylene (Sigma Cat #247642) for 2 minutes followed by 10 minutes immersion into
previously unusedylene. The use of a long immersiorncieanxylene is essential

for good staining. The sections were rehydrated in graded ethanol solutions (100%,
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95%, 80%, 50%) for 2 minutes in each solution then transferred to PBS. In the
following steps, it is essential that no detergent be used. The addition of Triton X
100 cause irregular as well as diffse background staining and lgadalse positive
staining. No antigen retrievalvas used For rodent tissue with NDAB

visualizaton, endogenous peroxidase was inactivated by treating with 84

10% MeOH in PBS for 15 minutes then washed in PBS changed 6x over 30
minutes. Endogenous biotin was blocked by incubating the slides in 1:1000
streptavidinCy3 (Jackson Immunoresearchhs) for 1 hour, washingx overl

hour in PBS, blocking in 2% normal donkey serum made in a saturated solution of
biotin in PBS(Cat# B4501Sigma) for 1 hour, then washing 6x in PBS over 1 hour.
SUR1 was detected by incubating slides in the followingtems: 1:200 rabbit
antrSUR1 antibody (S€5683, Santa Cruz Biotechnology) in PBS overnight at
room temperature, 6x wash in PBS over 1 hour, 1:2000 biotinylated donkey anti
rabbit secondary antibody (Jackson Immunoresearch) in PBS for 35 minutes, wash
6x in PBS over 1 hour, streptavidieroxidase (Vectastain Elite ABC Kit, Vector
Labs) for 1 hour, wash 6x over 1 hour in PBS, equilibrate in 0.175 M sodium
acetate. The slides were developed with ni€kx&B by incubating in the following
solution: 50 mi0.175 M sodium acetate, 1.25 g nickel sulfate hexahydrate, 1 DAB
tablet (Cat #D5905, Sigma Chemical Co.) dissoiwe@ 175 M sodium acetate
usingsonication. The developing reaction was stopped by rinsing 3x in 0.175 M
sodium acetate. The rinse solusand all reagents containing DAB were collected
and disposeof safely via UMB waste disposal services. The slides were then
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equilibrated in PBS, dehydrated through an ethanol gradient into xglete
mountedwith a coverslipusing DPX mounting media i@na). Thesame
deparaffinization, rehydration, and primary antibody staining wasfosd&@boon

ON but with theprimary antibody at 1:200 dilution in PBS asetondary antibody
dilution at1:2000 donkey antiabbit Cy5 coupled antibody (Jackson
Immunoresearch) applied for 1durfollowed by 6x PBS wash over 1 hour. Nuclear
counterstaining was done using 15 minute exposueltpM 4',6-diamidinc2-

phenylindole (DAPI) in PBS before mounting in an gatie mounting media.

Western Blotting: Pooled proti extract (described above) from rat ON and CC
was denaturedsinglx NuPage LDS Sample Buffer (4x) (Invitrogen), 47 mM DTT
(0.5 M stock solution)and water to yield 4 pg protein per 64 pl total volume, with
protein being measured as above using theapiate DT TFcompatible Protein

Assay Kit (Pierce). The protein with sample buffer was sealed in 0.6 ml centrifuge
tubes and denatured using a heating block at 90°C for 10 minutes. The protein
solution was immediately placed on ice, allowed to cool, spwnih a benchtop
centrifuge maintained in a walk refrigerator (5415D, Eppendoyfjortexed
briefly, and spun down again. Protein was
CC) into a MiniProtean TGXL5 lane4-15% precastpolyacrylamide mingel Cat
#456:1086,Bio-RadInc.) . 8 -stained prbteinpadasolution(PageRuler,
Thermo Scientificprovidedmolecular weight markers. Protein separation was
carried out in 1X Tris/Glycine/SDS solution (Cat #1®2432, BiocRad Inc.) at 90 V

117



for 65 minues than transferred onto a briefly Me@H t t ed 0. 2 em PVDF
membrane (BieRad) in 1X NuPage Transfer Buffer (Invitrogen) at 100 V for 2

hours with a BieRad MiniProtean blotting system. The membrane was then rinsed
in TBS and blocked overnight in 5% pogréd milk in 0.1% Tweef0, pH 7.4 tris
buffered saline (TTBS) (BiRad Inc.). SUR1 was probed using: 1:200 rabbit anti
SUR1 antibodyCat #£5C25683, Santa Cruz Biotechnology) in 5% milk dissolved in
TTBS rocked for 2 hours, 6x wash in TTBS over 1 hodipyzed by 1:5000

donkey antirabbit horseradish peroxidaseupled antibody (GE Health Sciences)

in TTBS for 1 hour, followed by 6x wash in TTBS over 1 hour. Protein bands were
imaged using Lumilight developing solution (Roche Applied Science) aagl x

film that was then scanned on a flatbed scanner at 600 dpi greyQeeirtification

was performed using the gel analysis pindor the Fiji distribution of ImageJ
software (National Institutes of Healthttp://fiji.sc/wiki/index.php/Fij). For SUR1
immunoprecipitation method used by Geng and Gerzanichl, Beec Simard,

Geng, et al., 2009

gRT-PCR: ON mRNA was prepared as above. A SURL1 primer set was selected
from a previously published papef) {gaagcaactgcctccatc, (r) gaagcttttccggcttgtc
(Mingkui Chen et al., 2003)The primer set was optimized famhperature by
running a PCR reaction on rat brain cDNA across a temperature gradieadtG7
and examining the reaction products on a DNA gel for the presence of a single
product. The optimum temperature was 5&DNA was prepared from mRNA
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(described mviously) extracted from the first 3 mm of individual rat ON at 1 day
postrAION with the OD subject to rAION and the OS not subject to rAION.
MRNA was not pooled. Two treatment conditions were examined: 100 ug/kg 15d
PGJ vs vehicle. The mRNA from indidual rats(n=4) was reverse transcribed to
cDNA and subjected to amplification using BEBEA kit (see chapter 2). All cDNA
was diluted 1:10 in water before (fRCR testing. The housekeeping gene control

wascyclophilin B (f) tgacggtcaggtcatcactatc) ggcatagaggtctttacggatg.
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Appendix

Figure A-1. Enlargements offigure 1-7. SUR1 transmembrane protein diagre
depicting regions of interest in the human SUR1 protein. Transmembrane
and Walker domaingesponsible for binding ATP are labeled in pink and blue

Glycosylation sites are indicated in tree form.
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